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Curie and Becquerel Activities
1 Bq = 1 disintegration per second = 2.7 x 10 -11 Curie (Ci)

1 Ci = 3.7 x 1010 Bq = 37 GBq
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0.1
0.25
0.5
0.75
1
2
3
5
7

3.7
9.25
18.5
27.75
37
74
111
185
259

10
25
40
60
90
100
200
500
800

370
925
1480
2220
3330
3700
7400
18500
29600

To convert from one unit to another, read across from one column to the other, ensuring that the units are in the
same line of the column heading.
Examples:

0.1 mCi = 3.7 MBq

50 mCi = 1850 MBq

3.7 MBq = 0.1 mCi

Universal Decay Table
T½

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0
1
2
3
4
5
6
7
8
9
10

1.000000
0.500000
0.250000
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0.062500
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0.000977

0.933033
0.466516
0.233258
0.116629
0.058315
0.029157
0.014579
0.007289
0.003645
0.001822
0.000911

0.870551
0.435275
0.217638
0.108819
0.054409
0.027205
0.013602
0.006801
0.003401
0.001700
0.000850

0.812252
0.406126
0.203063
0.101532
0.050766
0.025383
0.012691
0.006346
0.003173
0.001586
0.000793

0.757858
0.378929
0.189465
0.094732
0.047366
0.023683
0.011842
0.005921
0.002960
0.001480
0.000740

0.707107
0.353553
0.176777
0.088388
0.044194
0.022097
0.011049
0.005524
0.002762
0.001381
0.000691

0.659754
0.329877
0.164938
0.082469
0.041235
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0.005154
0.002577
0.001289
0.000644

0.615572
0.307786
0.153893
0.076947
0.038473
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0.004809
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0.001202
0.000601

0.574349
0.287175
0.143587
0.071794
0.035897
0.017948
0.008974
0.004487
0.002244
0.001122
0.000561

0.535887
0.267943
0.133972
0.066986
0.033493
0.016746
0.008373
0.004187
0.002093
0.001047
0.000523

To calculate the activity remaining, determine the number of half-lives which have elapsed, move to the grid in the
table corresponding to that number.
Example:

You received a stock vial of P-32 (T½ = 14.3 days) with 5 mCi calibrated for 1 PM on 5 January.
It is now 25 January, 9 AM. How much remains:
Elapsed time: 19 days, 20 hours ====> 19.83 days
# of T½ = 19.83 days / 14.3 days = 1.386 l 1.4 half-lives ====> fraction = 0.3789
Activity remaining = 0.3789 x 5 mCi = 1.9 mCi
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PREFACE
This manual is written for the individual who anticipates working with or around sources of ionizing radiation or
small amounts of radioactive materials in a research setting at the University of Wisconsin - Madison. It provides
the radiation worker with basic information needed to protect himself/herself and others (i.e., non-radiation
workers), and to understand and comply with Federal, State, and University regulations regarding the use of radioactive materials or radiation-producing machines at the University of Wisconsin - Madison. It is designed for a
wide spectrum of individuals including physicians, researchers, technicians, and workers who work in areas where
radioactive materials or radiation producing devices are being used.
Based upon responsibilities, certain radiation workers are required to have extensive training and experience in
radiation physics and radiation-induced effects. These persons are usually principal investigators, lab managers
supervising radiation work or individuals working in laboratories where large quantities of radioactive materials are
used. Before becoming a principal investigator or supervisor, the Nuclear Regulatory Commission (NRC) requires
a radiation worker to have received a minimum of 40 hours formal instruction in the nature, detection, and biological hazards of radioactivity; measures effective in reducing radiation exposure; and current radiation and radioactive
materials regulations. This manual is not addressed to these individuals nor will it wholly satisfy the training and
experience requirements to become a radiation laboratory supervisor or principal investigator. However, for the
large number of radiation workers who require basic radiation protection training or who have minimal experience
in these subjects, this manual, in conjunction with the lecture and laboratory training blocks, will be sufficient to
provide the basic radiation safety procedures needed to safely function in a radiation work environment.
For principal investigators and persons who will handle radioactive materials daily, this manual and the successful completion of the Radiation Safety training block are required before being allowed to work with radioactive
materials. The training is a four-hour block of instruction which is designed to: (1) reinforce the contents of this
manual, (2) provide an understanding of the operations and limitations of various types of radiation monitoring and
detection systems, (3) present suggested forms and procedures needed to properly document a radiation program,
and (4) assess the worker's comprehension of radiation safety with a multiple-choice quiz. Principal investigators /
laboratory managers should call or eMail the Safety Department (or go to the Radiation Safety Annex in Rm. B62
Biochemistry) and ask for a Radiation Safety for Radiation Workers manual for their new workers. The training
class is held weekly at varying times and consists of a 1-hour lecture, a 2-hour demonstration/ laboratory, and a
1-hour open-book, multiple-choice exam. The training class is not meant as a substitute for prior reading of this
manual, rather it (i.e., Chapters 1, 2, 6, Labs 1 and 2) is designed to complement the manual. It is likely that some
workers will be unable to pass the exam without having studied this manual beforehand. The examination answer
sheet is used by the Safety Department to document that a worker has achieved the basic knowledge of radiation
and radiation safety to enable them to work, not just around, but with radiation sources. Thus, successful completion of the examination will allow workers to work with radiation sources or with small amounts of radioactive
materials in clinical and research laboratory settings.
Although there is often an implied distinction between Radiation Worker1, Laboratory Worker2, Medical
Worker3 and X-ray Worker4, all nonmedical personnel who work with radiation sources (e.g., 3H, 32P, analytic
x-ray, veterinary x-ray, etc.) and require monitoring must successfully complete this training program. Because
medical radiation workers normally require extensive training for certification and students enrolled in a numbered
course are required to receive training specific to the classroom hazards involved, they are exempt from this training
requirement at that particular work-site. Because researchers' workers often move from one laboratory to another
with different hazards involved, and, once they receive dosimetry there is no mechanism to assess training, this
training is targeted to them.
This manual has 17 chapters, 2 laboratories, and 5 appendices which are divided into 7 basic sections. At the
end of each chapter and throughout the labs, there are a series of questions which are useful as a self-check on your
1

Radiation workers are persons who will work for a principal investigator and will handle radioactive material daily.
Laboratory workers include persons who work in or frequent laboratories or areas where radioactivity is used or stored, but do
not work directly with radioactive materials, and workers who handle lab ware and equipment that may have been used in radiation work.
3
Medical workers are persons who perform clinical work with radioactive materials or radiation.
4
X-ray workers are persons who only work with nonmedical, machine produced radiation (e.g., x-ray diffraction, electron microscopy, veterinary and research x-ray machines) and have no contact with radioactive materials.
2

v

level of understanding the information. These questions are to gage your understanding of the material. Therefore,
if you are unsure of the correct answer, review that portion of the chapter before leaving the question. The informa tion presented can be summarized as:

 Chapters 1 - 4 contain the basic instructional material found in NRC Regulatory Guide 8.29, Instruction













Concerning Risks from Occupational Radiation Exposure (Appendix B-3). The NRC requires radiation instruction to include basic radiation terminology, biological effects of radiation, summaries of pertinent regulations,
and radiation safety work procedures.
Chapters 5, 6, and 7 contain information about working safely with radioactive materials. Chapter 5 is a
summary of the radiation safety program at the UW. It describes ordering and inventory requirements, waste
disposal options, radiation surveys, and uses requiring additional considerations. Chapter 6 discusses
emergency procedures and Chapter 7 discusses detection and measurement of radioactivity, focusing on GM
and LSC systems as well as survey procedures.
Chapters 8 and 9 are specialized chapters included in this manual to meet specific training needs. Chapter 8,
Transportation of Radioactive Materials provides some basic information that workers should review prior to
becoming certified in transportation of radioactive material. Chapter 9, Irradiators and Nuclear Gauges, is
meant to be read by workers prior to attending the special training offered by Safety to enable them to use one of
the closed-beam irradiators on campus or a nuclear moisture/density gauge off campus.
Chapters 10, 11, 12, 13, 14, 15, 16 and 17 are informational chapters which describe other sources of radiation
commonly encountered on the UW campus. Chapter 10, Analytical and Medical X-rays; Chapter 11, Nuclear
Reactors; Chapter 12, Particle Accelerators; Chapter 13, Radiation in Medicine; Chapter 14, Radioactive Waste;
Chapter 15, Laser Safety; Chapter 16, UV Radiation Safety; and Chapter 17, Electromagnetic Radiation. These
are included for completeness. Each of these pertains to other types of radiation sources used on campus and
personnel directly working with any of these sources are normally required to receive special training from the
owner of the system. Thus, these may be used to familiarize the employee or layman with each topic.
Laboratories 1 and 2 are demonstrations of some basic radiation detection (Lab 1) and record keeping concepts
(Lab 2), including suggested forms and formats. Laboratory 1 is a summary of Chapter 7 as it pertains to beta
detection and measurement. Laboratory 2 describes the radiation safety program at the UW and the requisite
record keeping. It is extracted from Chapter 5.
UW Radiation Safety Regulations are included in this booklet. Much of the booklet contains radiation safety
program requirements (e.g., Chapter 5 and Lab 2 discuss the radiation safety program, including waste and
surveys), having a separate book for regulations was redundant. This section references where to find the
needed information throughout the booklet.
Appendices expand on information contained in the main body of the manual. Appendix A is a glossary of
selected radiation safety words and phrases, other chapters contain definitions of specialized terms. Appendix B
are extracts of various NRC Regulatory Guides. Appendix B-1, B-2 and B-3 are several versions of NRC
Regulatory Guide 8.13, Instruction Concerning Prenatal Radiation Exposure. We include older versions of the
guide because the information presented is valid and useful to the pregnant worker. Appendix B-4 is the revised
NRC Regulatory Guide 8.29, Instruction Concerning Risks from Occupational Radiation Exposure. Appendices C and D contain example forms used in radiation safety. Appendix E is a sampling of questions used to
make up the radiation safety quiz. Appendix F has the correct answers to chapter and lab questions, but not the
quiz found in Appendix E.

Because familiarity often leads to callousness, workers should review this manual periodically (e.g., every two to
three years, or so) to be kept abreast of changing requirements and to refresh their memory of proper safety procedures. If you routinely work with more than one millicurie of radioactive material or if you supervise workers who
use these quantities, you should have a more thorough understanding of radiation safety and mandated work proce dures than is presented in this manual. The Radiation Safety Office can provide short, training classes tailored to
your specific safety needs. Please contact either your supervisor or the Safety Office to schedule such training.

vi

1 Radiation and Radioactivity
Although radiation and radioactive contamination of the environment are of great concern to society and cause
frustration for scientists, the fact is that the universe is and always has been permeated with radiation. Some of our
most fascinating theories attempt to explain how we arrived at our present state and what lies in the future. Because
radiation and radioactivity are offshoots of these investigations, an appropriate starting point should entail a review
of some of these more crucial discoveries.
1.1 Historical Review of the Nature of Matter
In the course of man's continuous wonder about the world, he asks "What is matter?" While the answer is still
incomplete, much information about matter has evolved through the centuries. The early Greeks had two schools of
thought regarding the nature of matter: (1) that matter is continuous and can be divided into small parts indefinitely,
and (2) that matter is made up of basic building blocks called atoms, which cannot be divided by ordinary means.
We know that the second of these concepts is correct and that the atom is truly the basic building block of matter.
The term "atom" comes from the Greek words a (meaning "not") and tomos (meaning "to cut"); atom, then, means
an indivisible unit. However, until the late 1600s most western scientists accepted the theory proposed by the Greek
philosopher Aristotle, which stated that all matter consisted of four basic materials or elements; earth, air, fire, and
water. For example, they thought wood was made of all four elements, because when it was burned, fire and air
(smoke) were emitted, water bubbled out (sap), and earth (ashes) remained; and they thought human beings were
made of all four elements because they breathed air, drank water, ate earth (contained in plants), and had fire (warm
bodies). This concept was held through the Dark Ages until about 1700 when several chemists performed classical
experiments that finally led to the popular acceptance of the atomic concept of matter.
Investigations carried out by French chemist Antoine Lavoisier and others, showed that when tin is made to
react with air in a closed vessel, the weight of the vessel and its contents is the same after the reaction as it was
before. This constancy of the weight before and after chemical reactions, which has been found to be true for all
chemical reactions, is expressed in the Law of Conservation of Mass, which states that the mass of a system is not
affected by any chemical changes within the system.
It was similarly found that when various metals were burned or oxidized in excess air, one part by weight of
oxygen always combined with: 1.52 parts by weight of magnesium, 2.50 parts of calcium, 1.12 parts of aluminum,
3.71 parts of tin, 3.97 parts of copper, etc. Experiments of this type led to several laws of combination which
pointed out the fact that elements combine in definite proportions.
In 1803 the English chemist and physicist John Dalton proposed an atomic hypothesis to account for the facts
expressed by the laws of chemical combination and was based on these postulates:
 The chemical elements consist of discrete particles of matter, called atoms, which cannot be subdivided by any
known chemical process and which preserve their individuality in chemical changes.
 All atoms of the same element are identical in all respects, particularly in weight or mass; different elements
have atoms that differ in mass and weight. Each element is characterized by the weight of its atom, and the
combining ratios of the elements represent the combining ratios of their respective atoms.
 Chemical compounds (combinations of two or more atoms) are formed by the union of atoms of different
elements in simple numerical proportions, e.g., 1:1, 1:2, 2:3, etc.
In retrospect it is easy to see that the laws of chemical combination can be deduced from these postulates. Since
atoms undergo no physical change during a chemical process, they preserve their masses; then the mass of a
compound is the sum of the masses of its elements; hence, the Law of Conservation of Mass. Because all atoms of
the same element are identical in weight, and a compound is formed by the union of atoms of different elements in a
simple numerical proportion, the proportions by weight in which two elements are combined in a given compound
are always the same.
From his postulates, Dalton showed how the weights of different atoms could be determined relative to one
another. More important, his theory encouraged others to experiment and investigate, thus enabling the atomic
theory to be put on a firm theoretical and experimental foundation.
Carrying Dalton’s work one step farther, Count Amandeo Avagadro, an Italian chemist and physicist, postulated
a theory (later proven by experiment) that determined the number of atoms or molecules in a given mass. Avagadro
proved that the sum of the masses of 6.023 x 10 23 atoms or molecules of any element or compound was numerically
equal to the atomic or molecular mass expressed in grams. Thus, 1 gm of hydrogen would contain 6.023 x 10 23

2
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Periodic Table of
1A
Hydrogen

H1
1s1
1.00794

IIA

Group

Lithium

Beryllium

Element

Li

Be4

3
1s22s1
6.941

Key to
Table

1s22s2
9.012182

EZ
electron config
At. Weight

H -- gas
Ga -- liquid
Cs -- solid
Tc -- artificial

Sodium Magnesium

Na11 Mg12
(Ne)3s1
22.989768

(Ne)3s2
24.3050

Potassium Calcium

K19

Ca20

(Ar)4s1
39.0983

(Ar)4s2
40.078

Rubidium Strontium

Rb37 Sr38
(Kr)5s1
85.4678

(kr)5s2
87.62

Cesium

Barium

Cs

Ba56

55
(Xe)6s1
132.90543

(Xe)6s2
137.327

Francium Radium

Fr

87
(Rn)7s1
[223]

Ra88
(Rn)7s2
226.0254

IIIA

IVA

VA

VIA

VIIA

VIIIA

VIIIA

VIIIA

Scandium

Titanium

Vanadium

Chromium

Manganese

Iron

Cobalt

Nickel

Sc

Lanthanides

**

Actinides

V

22
(Ar)3d24s2
47.867

23
(Ar)3d34s2
50.9415

Yttrium

Zirconium

Niobium

Y

39
(Kr)4d15s2
88.90585

Zr

40
(Kr)4d25s2
91.224

Nb

41
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Cr

24
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Mn
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42
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Fe

Co

Ni

26
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27
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58.93320

28
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58.6934

Ruthenium

Rhodium

Palladium

Ru

44
(Kr)4d75s1
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Rh

45
(Kr)4d85s1
102.90550

Pd

46
(Kr)4d10
106.42

Lanthanum
Hafnium
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Tungsten
Rhenium
Osmium
Iridium
Platinum
*
57
72
73
74
75
76
77
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(Xe)5d16s2 (Xe)4f145d26s2 (Xe)4f145d36s2 (Xe)4f145d46s2 (Xe)4f145d56s2 (Xe)4f145d66s2 (Xe)4f145d76s2 (Xe)4f145d96s1
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186.207
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192.217

La

Actinium
**
89
1
(Rn)6d 7s2
227.0278

Ac

Cerium
*

Ti

21
(Ar)4d2s1
44.955910

Ce58

Hf

Rutherfordium

Rf
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W
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Sg
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Os
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Ir

Pt
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Gd

Terbium
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[145]

62
(Xe)4f66s2
150.36

63
(Xe)4f76s2
151.965

64
(Xe)4f75d16s2
157.25

65
(Xe)4f96s2
158.92534

Thorium

Protactinium

Uranium

Neptunium

Plutonium

Americium

Curium

Berkelium

Th

90
(Rn)6d27s2
232.0381

Pa

U

Np

91
92
93
(Rn)5f26d17s2 (Rn)5f36d17s2 (Rn)5f46d17s2
231.03588
238.0289
237.0482

Pu

94
(Rn)5f67s2
[244]

Am

95
(Rn)5f77s2
[243]

Cm

96
(Rn)5f76d17s2
[247]

Bk

97
(Rn)5f97s2
[247]

hydrogen atoms, 12 grams of carbon would contain 6.023 x 10 23 carbon atoms, 18 gm of water would contain 6.023
x 1023 water (H2O) molecules, etc. This number was called Avagadro’s Number, NA.
In the latter half of the nineteenth century, experiments with electrical discharges in vacuum tubes (see Chapter
10), produced glowing rays (i.e., cathode rays) within the tube and fluorescence where they struck the glass
envelope. The fluorescence was attributed by Sir John Thomson, in 1897, to the effects of negatively charged
particles, which he called electrons. Experiments were conducted on the penetration of these rays through various
materials and, in 1895, Wilhelm Conrad Roentgen, experimenting with Crookes tubes, identified a new form of
penetrating radiation that also produced fluorescence. This previously unknown radiation was called x-rays.
Further investigation into whether materials which produced a strong fluorescence might also produce these x-rays
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the Elements
VIII
Helium

He2
IIIB

IVB

VB

VIB

VIIB

1s2
4.002602

Boron

Carbon

Nitrogen

Oxygen

Fluorine

Neon

B

6
1s22s2p2
12.011

7
1s22s2p3
14.00674

8
1s22s2p4
15.9994

9
1s22s2p5
18.9984032

F

10
1s22s2p6
20.1797

Aluminum

Silicon

Phosphorus

Sulfur

Chlorine

Argon

Al

IB

IIB

13
(Ne)3s2p1
26.981539

Copper

Zinc

Gallium

Cu

Zn

Ga

C

Si

N

P

O

Ne

5
1s22s2p1
10.811

S

Cl17

Ar

14
(Ne)3s2p2
28.0855

15
(Ne)3s2p3
30.973762

16
(Ne)3s2p4
32.066

(Ne)3s2p5
35.4527

18
(Ne)3s2p6
39.948

Germanium

Arsenic

Selenium

Bromine

Krypton

Ge

As

Se

Br

Kr

29
(Ar)3d104s1
63.546

30
(Ar)3d104s2
65.39

31
(Ar)3d104s2p1
69.723

32
(Ar)3d104s2p2
72.61

33
(Ar)3d104s2p3
74.92159

34
(Ar)3d104s2p4
78.96

35
(Ar)3d104s2p5
79.904

36
(Ar)3d104s2p6
83.80

Silver

Cadmium

Indium

Tin

Antimony

Tellurium

Iodine

Xenon

Ag

Cd

In

Sn

Sb

Te

I

Xe

47
(Kr)4d105s1
107.8682

48
(Kr)4d105s2
112.411

49
(Kr)4d105s2p1
114.818

50
(Kr)4d105s2p2
118.710

51
(Kr)4d105s2p3
121.760

52
(Kr)4d105s2p4
127.60

53
(Kr)4d105s2p5
126.90447

54
(Kr)4d105s2p6
131.29

Gold

Mercury

Thallium

Lead

Bismuth

Polonium

Astatine

Radon

Au

79
(Xe)4f145d106s1
196.96654
Roentgenium

Rg

Hg

Pb

Erbium

Thulium

Bi

Po

Dysprosium

Holmium

Ho

Er

Tm

Ytterbium

Yb

Lutetium

Lu

D 66
(Xe)4f106s2
162.50

67
(Xe)4f116s2
164.93421

68
(Xe)4f126s2
167.26

69
(Xe)4f136s2
168.93421

70
(Xe)4f146s2
173.04

71
(Xe)4f145d16s2
174.967

Californium

Einsteinium

Fermium

Mendelevium

Nobelium

Lawrencium

Cf

Rn

Uub

112
(Rn)5f146d107s2
[285]

98
(Rn)5f107s2
[251]

As

Ununbium

111
(Rn)5f146d107s1
[272]

y

Tl

80
81
82
83
84
85
86
(Xe)4f145d106s2 (Xe)4f145d106s2p1 (Xe)4f145d106s2p2 (Xe)4f145d106s2p3 (Xe)4f145d106s2p4 (Xe)4f145d106s2p5 (Xe)4f145d106s2p6
200.59
204.3833
207.2
208.98037
[209]
[210]
[222]

Es

99
(Rn)5f117s2
[252]

Fm

100
(Rn)5f127s2
[257]

Md

101
(Rn)5f137s2
[258]

No

102
(Rn)5f147s2
[259]

Lr

103
(Rn)5f146d17s2
[260]

were also conducted. In 1896, Henri Becquerel discovered that some forms of penetrating radiation, later classified
as alpha, beta, and gamma rays, were also given off by materials (e.g., uranium) without being stimulated by
external radiation. Thus, by 1900, scientists had begun to discover and experiment with high-energy radiation.
1.1.a Atomic Structure
The discovery of electricity and radioactivity provided a starting point for theories of atomic structure. The
discovery of the new particles and rays led to intense experimentation on their properties and their interactions with
matter. The fact that atoms of a radioactive element are transformed into atoms of another element by emitting
positively or negatively charged particles led to the view that atoms consist of positive and negative charges. The
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only thing known for certain about these charges was that the electron was the smallest negative charge and that
under certain conditions, electrons were emitted from inside atoms. From this meager information, scientists began
to suggest models of the atom. Much as it had for the ancient Greeks, ultimately
the debate on atomic structure was reduced to two competing models.
In 1907 the English physicist, Sir John Thomson, proposed a uniformly
Electrons
dense model of the atom. As seen in Figure 1-1, he assumed that an atom
consisted of a sphere of positive electricity of uniform density. Throughout this
sphere there was distributed an equal and opposite charge in the form of
Sphere of
electrons. Thus, the net charge on the atom would be zero. It was remarked that positive
Electricity
the atom, under this assumption, was like a plum pudding, with the negative
electricity dispersed like currants in a dough of positive electricity. The
diameter of the sphere was supposed to be of the order of 10 -8 cm, the size of an
atom. Using this model, Thomson was able to calculate theoretically how atoms Figure 1-1. Plum Pudding Model
should behave under certain conditions, and the theoretical predictions could be
compared with the results of experiments.
A competing model proposed by Sir Ernest Rutherford had the positive charge and most of the atomic mass
concentrated in a small dense core with the electrons surrounding this nucleus in some sort of cloud, probably
moving in regular orbits about the nucleus much as the planets orbit the sun in the solar system.
Because the size of the atom prevented direct observation, scientists first investigated experimental situations
which might help resolve the debate. Rutherford proposed an
alpha particle scattering experiment. An alpha particle is a
Alpha
positively charged particle that is emitted in the decay of
Diffracted
particle beam
heavy radioactive atoms such as radium. These alpha particles
Alpha particles
could be focused into a beam and directed at certain thin
targets. The deflection of these particles might indicate the
composition of the target. Using this experimental suggestion,
Radium
Angle of
Geiger used a beam of alpha particles directed at a target
Alpha source
diffraction
consisting of a thin foil of gold. If Thomson's model had been
correct, the alpha particles would have been diffracted only
Gold foil
slightly (approximately 1/100,000 of one degree) and only in
predictable directions as shown in Figure 1-2. However, just
Figure 1-2. Alpha Scattering Experiment
as Rutherford had predicted for his nuclear model, Geiger
found that considerably more alpha particles were being diffracted through angles greater than 90 ° (i.e., diffracted
back toward the source) than could be predicted by Thomson's atomic model. The explanation of this result was that
the positive charge of the atom, instead of being distributed uniformly throughout a region the size of the atom, was
concentrated in a minute center, the nucleus, and that the
negative charge was distributed over a sphere of radius
Electron
comparable to the atomic radius. This model explained the
+
sphere
°
alpha particles being diffracted through angles greater than 90
+
by interactions with the positive gold nuclei as shown in Figure
Positive nucleus
1-3.
of gold atom
original
direction
Although the Rutherford model of the atom was a start in
+
from radium source
positive
the right direction, it was still unsatisfactory in many respects.
alpha particle
By 1913, scientists had come to believe that the atom is the
basic building block of matter. While it is true that in the
Figure 1-3. Scattering Experiment Results
intervening years man has subdivided the atom into smaller
parts in atom smashing particle accelerators and in nuclear reactors, the atom remains the smallest particle into
which he can divide matter by ordinary chemical or mechanical means. The air we breathe, the food we eat, and
everything else on earth is built from atoms. Our present concept of the atom is a small "nucleus" surrounded by
electrons in orbit about the nucleus. The diameter of the nucleus is approximately 10 -12 cm. The diameter of the
atom at the outermost electron orbit is approximately 10-8 cm. The nucleus of the atom is composed of particles
called protons and neutrons. But, scientists still wanted to know what the atom looked like. To do this, they next
studied the atomic spectra.
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1.1.b Electron Configuration
The work of Planck in 1900 and Einstein in 1905 showed that many kinds of radiation (e.g., heat, visible light,
ultraviolet light, radio waves, etc.) which had previously appeared to be transmitted as continuous waves of energy,
were actually emitted as discrete bundles of energy called photons. Most of these arose from the vibrations of
electrons in matter.
As investigated by experiments with Crookes tubes, atoms of an element can be made to emit light by passing
an electric current through a vapor of the material. Similarly, burning a salt of the element in a flame can produce
colored light. The light produced in these methods can be analyzed by passing it through a prism or spectrometer to
spread the light out so different wavelengths appear at different places on a photographic plate or in an eyepiece.
Atomic spectra thus produced consist of bright, individual lines which imply that there is radiation only at particular
or discrete wavelengths (Figure 1-4) or energies.
blueThe difficulty posed by Rutherford’s nuclear model stems from the
green
red
blue violet
conflict between classical theory and the reality of orbiting electrons. In
electromagnetic theory, an accelerating electric charge radiates energy. If
that is correct, how can there be atoms with orbiting electrons? For
example, consider the hydrogen atom. It has only a single proton and
electron. The electron is attracted to the nucleus by coulombic attraction
and consequently the electron is being accelerated as it rotates. Classical
theory states that accelerating, charged particles must radiate energy. So
the electron must be continuously radiating energy, and consequently it
Figure 1-4. Hydrogen Spectrum
must lose energy resulting in the radius of the electron orbit decreasing
until it collapses into the nucleus. However, in reality, the electron does not collapse and the line spectrum from the
atom (Figure 1-4) indicates that electron energy is emitted discretely, not uniformly.
In 1913, Niels Bohr, a Danish physicist, visited Rutherford’s laboratory during the climax of the scattering
experiments. At the time he was working on the problem of accounting for the form of atomic spectra. The crucial
results of Geiger’s experiment required a theory based upon a nuclear type of atom that explained the atomic
spectra. Bohr’s first theory of the electronic configurations of the hydrogen atom was announced in 1913, and
afterwards modified by Bohr himself, as well as by Sommerfield and others. In an attempt to account for the lines
in the hydrogen spectrum, Bohr made the following assumptions:
 The electron and the atom can exist only in certain definite energy states.
 In an "unexcited" atom, each electron revolves around the nucleus in a particular orbit, which may be called its
normal orbit.
 When the atom absorbs (or radiates) energy, an electron is displaced to one of a relatively few definite orbits, at
greater (or nearer) distances from the nucleus than the present orbit.
By assuming that as long as the electron revolves in one of these allowed orbits it neither gains or loses energy,
Bohr was able to identify the orbits with the energy states of the atom. Bohr included the factor (n) in the
complicated mathematical expression he used to calculate the energies that correspond to the "allowed" orbits of a
given electron. The factor (n) has various values that correspond to the orbits in which the electron may revolve.
These orbits correspond to definite energy states of the atom. The factor (n) is always an integer. A given value of
(n) is called the quantum number for a particular state of energy of the atom. For the orbit of lowest energy, i.e., the
one nearest the nucleus, (n) is 1. The "allowed" orbits farther from the nucleus correspond to higher integral values
of (n), i.e., 2, 3, 4, ... n. These orbits represent states of higher energy, because work must be done on an atom in
order to move an electron against the force of the electrostatic attraction of its nucleus.
Bohr identified the energy state of the atom at any given time by the quantum number of the orbit in which its
electrons were revolving. He considered that each line in the emission spectrum (Figure 1-4) of an element
indicated that an electron had shifted from an orbit in which the energy was, for example, E 2, to one in which the
energy had a lower value, E1. He supposed that the difference in energy was emitted in the form of a photon of such
wavelength predicted by the energy relationship:

E = E2 − E1 =

hc

where h is Planck's constant (6.625 x 10 -27 erg-sec), c is the velocity of light (2.99793 x 10 10 cm/sec), and λ is the
photon wavelength in cm.
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The corresponding dark line in the absorption spectrum would result from the orbital electron taking up a
quantum of energy sufficiently large to raise it from the orbit of energy E 1 to the orbit of energy E2. The shift of an
electron between orbits in an atom may be likened to the progress of an elevator up and down the shaft. The elevator is in almost continuous motion up and down the shaft, but if it is being properly operated, it stops only at one or
another of the various floors. Similarly, according to Bohr's theory, the electron can jump from one orbit to another,
but cannot stop between two of these prescribed orbits.
On the basis of these assumptions, Bohr was able to account satisfactorily for all of the lines in the spectrum of
hydrogen (Figure 1-4). However, Bohr's theory, even though modified and expanded, proved less effective in the
interpretation of spectra of elements whose atoms contain more than one electron. Further, because it had been
demonstrated theoretically that it was impossible to determine exactly both the position of the particle and its
momentum at the same time (i.e., Heisenberg’s Uncertainty Principle), Bohr's postulation that electrons had definite
orbits could never be completely proven.
Later developments suggest that the nature of the electron, and indeed of all matter, not only is particle-like but
also, light-like, possessing wave properties. Using this wave mechanics system and the Bohr theory, we can
visualize the electron structure as a system where the electrons
in an atom may be grouped into shells and subshells that have
certain energies and certain electron capacities. The shells, in
the order of increasing energy, are usually denoted by the
Shells
numbers 1, 2, 3, 4, 5, etc., corresponding to the quantum
N
numbers of Bohr, or by the letters K, L, M, N, O, P, etc. The
M
L
subshells within each shell are usually denoted by the letters s,
K
p, d and f (see Figure 1-5). Electrons always fill in the orbits
closer to the nucleus before they begin filling in outer shells.
The shape of the periodic table of the elements (see pages 2-3)
nucleus
s
is actually based upon the number of electrons on the atom.
ps
Thus the elements in the first column, Group IA, all have only
dps
a single electron in the outermost orbit while those in the last
fdps
column, Group VIII all have complete shells and are
Subshells
essentially inert. The lanthanide and actinide series exist as
the subshells of a lower shell are completed before the rest of
Neodymium
the outer shell is filled.
Thus, we picture the atom as consisting of a very small
Figure 1-5. Electron Shell Structure
nucleus surrounded by orbital electrons. These orbital
electrons are the source of chemical energy. When an atom stands alone, its electrons move in certain orbital shells
depending upon the energy state of the atom. If this atom combines in a chemical reaction with another atom to
form a molecule, the electrons change their orbits. Whenever an electron changes an orbit, the energy of its atom
will change. Thus, whenever atoms combine to form molecules, they
will either give up energy or absorb energy depending on the way in
which the electron orbits are changed. Consider the compound of
lithium hydride. A lithium atom and a hydrogen atom combine
(Figure 1-6). Notice that the outermost orbits of both atoms have
changed into a figure 8 orbit with the two outer electrons traveling in
this orbit around both nuclei. By changing its orbits in this way, the
energy of each atom has been changed. It is this type of change in the
electron orbits that is the source of chemical energy. In the
LiH
combustion of coal, the carbon and oxygen atoms combine to form a
molecule of carbon dioxide, and the electrons are rearranged in such a Figure 1-6. Lithium Hydroxide Molecule
manner that energy is released: C + O2 t CO2 + Q(heat).
When electrons move from a higher shell to a lower one in energy, the energy difference between the upper and
lower shells is released as an x-ray or other electromagnetic ray. Since each shell in an atom has a well defined,
characteristic energy, these energy differences will all have the same value for atoms of the same element.
Measurement of the energy of these characteristic x-rays can be used to determine the elements in a sample by
x-ray fluorescence.
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1.1.c Atoms and Compounds
The universe is filled with matter composed of elements and compounds. Elements are substances that cannot be
broken down into simpler substances by ordinary chemical processes (e.g., oxygen, sodium, etc.) while compounds
consist of two or more elements chemically linked in definite proportions (e.g., water, H 2O, combines two hydrogen
and one oxygen atom). While it may appear that the atom is the basic building block of nature, the atom itself is
composed of three smaller, more fundamental particles, protons, neutrons, and electrons.
The proton (p) is a positively charged particle of magnitude one charge unit (1.602 x 10 -19 coulomb) and a mass
of approximately one atomic mass unit (1 amu l 1.66 x 10-24 gm).
The electron (-e) is a negatively charged particle and has the same magnitude charge (1.602 x 10 -19 coulomb) as
the proton. The electron has a negligible mass, only about 1/1840 atomic mass units (i.e., 1840 times smaller than a
proton).
The neutron (n) is an uncharged particle that is often thought of as a combination of a proton and an electron
because it is electrically neutral and has a mass of approximately one atomic mass unit (slightly more massive than
a proton). Neutrons are thought to be the “glue” which binds the nucleus together.
Combinations of the fundamental particles following certain strict natural laws result in the formation of atoms.
In concept, the neutrons and protons form a dense, central core or nucleus around which the electrons revolve in
various orbits or energy levels. Nearly all of an atom’s mass is
located in the nucleus. The natural law specifies that each atom
Proton
has the same number of protons as it has electrons (Figure 1-7).
Neutron
This means that the total positive charge in the nucleus is equal
Electron
to the total negative charge of the orbiting electrons and this
produces an electrically neutral atom.
Each element has a unique number of protons (and correHydrogen
sponding electrons) that determine its chemical properties. The
Carbon
number of protons in an atom is its atomic number, represented
by the symbol Z. Thus, for Carbon, which has 6 protons, Z = 6.
Figure 1-7. Atomic Structure
When the chemical symbol for an element is used with its
atomic number, the atomic number is subscripted, e.g., 6C. Thus, all atoms Table 1-1. Neutron : Proton Ratios
with an atomic number
Nuclide Protons Neutrons Ratio
1 are hydrogen atoms, 1H
2 are helium atoms, 2He
He-4
2
2
1
3 are lithium atoms, 3Li
P-31
15
16
1.067
4 are beryllium atoms, 4Be
Zn-65
30
35
1.167
etc.
I-127
53
74
1.396
Except for the very light elements (Z < 14), the number of neutrons exceeds the number of protons in an atom. As seen in Table 1-1, the ratio of U-238
92
146
1.587
neutrons to protons becomes greater as the atomic (Z) number increases.
Although all the atoms of a particular element have the same number of protons, they may have different
numbers of neutrons. The sum of the number of neutrons and protons in an atom is its mass number, represented
by the symbol A. When the chemical symbol for an element is used with its mass number, the mass number is
superscripted, e.g., 12C. Because the
Z-number is characteristic of the element, it is
sometimes dropped in the nomenclature (e.g.,
11
C, 12C, 13C, 14C, all written without the
subscripted 6).
Thus, it is possible for an element to have
several different nuclear configurations, but
Carbon-14
Carbon-12
Carbon-11
Carbon-13
all of these different atoms exhibit the same
6 Protons
6 Protons
6 Protons
6 Protons
chemical properties. Figure 1-8 shows four
8 Neutrons
6 Neutrons
5 Neutrons
7 Neutrons
Unstable
Stable
Unstable
nuclear forms of the element Carbon. DifferStable
ent nuclear forms are called isotopes of the
element. Carbon has about 13 different
Figure 1-8. Isotopes of Carbon
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isotopes. As seen in Figure 1-8, each of the carbon isotopes has 6 protons but the number of neutrons varies from 5
to 8. Because an element’s chemical properties are dictated by the atomic (i.e., proton) number of the element, all
isotopes of carbon are chemically identical. The term nuclide means any isotope of any element.
1.1.d Structure of the Nucleus
Rutherford bombarded many elements with energetic particles from various radioactive materials. In 1919 he found
that when alpha particles bombarded nitrogen nuclei, energetic protons were released. He had produced the first
man-made nuclear transformation: forcing an alpha particle into the nitrogen nucleus resulted in the emission of a
proton and the residual atom was transformed to oxygen. In 1932 Chadwick identified the other basic particle in the
nucleus, the neutron. He had ejected it from the nucleus of a beryllium atom by bombarding it with alpha particles.
The discovery of the neutron added support to the concept of the atomic nucleus consisting solely of neutrons and
protons, packed very close together (Figure 1-5).
It is only recently that sufficiently energetic accelerators (see Chapter 12) have been constructed which enable
scientists to investigate the structure of the nucleus. The reason high energy is needed can be explained by
wavelengths. The electrons used by Thomson in his work on atoms had energies of a few tens of thousands of
electron volts and their corresponding wavelengths were on the order of 10 -8 centimeters. Such waves cannot see
the nucleus because they are about the same size as the atoms entire electron cloud, so the nucleus within the
cloud’s interior is entirely shielded from them. To get within the nucleus, energies in the billion electron volt range
(wavelengths approximately 10-13 cm) are needed. Previously, scientists theorized the nuclear structure based upon
emanations in nuclear decay or from low-energy bombardment. To explain results, two models of the nucleus were
suggested, the liquid drop and the shell models.
When investigating the nucleus, the radius of a nucleus appeared to be proportional to the atomic number (i.e.,
A1/3) and one can easily imagine the nucleus as a mass of small (neutron and proton) particles closely packed as in a
“handful of marbles.” This mass of nucleons would assume a relatively spherical shape because the energy required
to maintain a spherical shape is minimal and it requires more energy to distort this spherical, drop-like shape. For
radiation to escape from such a spherical nucleus excess energy is required. This energy can be added by
bombarding the nucleus with charged particles (e.g., protons, alpha). In this bombardment, a nucleus absorbs the
particle whose energy causes it to oscillate so vigorously that pieces (e.g., neutrons, protons, etc.) may fall off or the
nucleus may actually break apart forming two, smaller nuclei (i.e., fission).
The shell model of the nucleus pictures the nucleus as a well with various energy levels similar to the electron
shell energy levels of an atom (Figure 1-9). Each orbit or shell would correspond to a specific level of energy and a
nuclear particle can pass from one level to another only by an abrupt, quantum, jump. A stable nucleus would have
all of the nucleons at their lowest energy level.
Energy would need to be added to a nucleon to
E
Possible states
push it free of the other nucleon’s force fields and from which a
raise it to a point where it could spring free
neutron can escape
(analogous to the water in a well where work must
be done to raise water to the top). Thus, when a
nucleus is bombarded with energy, there is a
r
Possible bound
better chance of the nucleus absorbing the energy
l 8 MeV
excited states
if it is a particle with energies comparable to one
of the nucleon energy states. This model also
Occupied to here
explains the fact that to eject neutrons out of the
nucleus using high-energy photons requires
photon energies exceeding 8 MeV. Additionally,
such a model can help explain the concept of
“tunneling” for alpha-particle emission and the
rise of various discrete energies of alpha-particle
Figure 1-9. Nuclear Well Model
emission.
1.2 Radioactivity
As noted above, naturally occurring elements often have several different isotopes. While most of these naturally
occurring isotopes are stable, some are unstable (see Section 3.2). Usually an atom is unstable because the ratio of
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neutrons to protons produces a nuclear imbalance (i.e., too many protons or too many neutrons in the nucleus).
These unstable atoms attempt to become stable by rearranging the number of protons and neutrons in the nucleus to
achieve a more stable ratio. The excess energy from this rearrangement is ejected from the nucleus as kinetic
energy. In this rearrangement, the isotope usually changes atomic number (e.g., neutron changes into proton and
electron, proton captures an electron becoming a neutron, etc.) and sheds any excess energy by emitting secondary
particles and/or electromagnetic rays/photons. This change in the nucleus is called nuclear disintegration. The
entire process of unstable isotopes disintegrating and emitting energy is called radioactive decay or decay. An
isotope capable of undergoing radioactive decay is called a radioisotope and is said to be radioactive.
Most of the isotopes encountered in nature are stable, not radioactive. However, there are ways in which
researchers can inject energy into an isotope’s nucleus to make it unstable, or radioactive. In the activation process,
the nucleus it is made radioactive. This activation can be accomplished in a nuclear reactor (see Chapter 11) where
the nucleus is bombarded by neutrons or in an accelerator (see Chapter 12) where high speed electrons, protons, or
larger particles acquire enough energy to penetrate the nucleus. The nuclei of some very massive atoms (i.e., Z >
90), with no outside energy, can spontaneously fission and split into two fragments, both of which are normally
radioactive. Similarly, under certain conditions, nuclei of these and other heavy elements (i.e., Z > 90) can absorb
energy and undergo fission. Radioactive materials produced either by nuclear bombardment in a reactor or as a
byproduct of the fission of massive nuclides within a reactor are called byproduct radioactive materials.
Unstable nuclei are radioactive. Unlike chemical processes which occur at the electron level and can be affected
by external forces (e.g., temperature, pressure, etc.), there is no known way to alter the rate of radioactive decay
causing it to accelerate or slow down. That is because radioactive decay involves extremely strong nuclear forces.
The atoms of each radioisotope decay at a rate that is unique among all the other radionuclides. Additionally, the
type and magnitude of the radioactive energy emitted depends upon the nature of isotope. Thus, there are three
parameters that uniquely identify any radionuclide: the type(s) of radiation energy emitted, the magnitude of the
energy, and the rate at which the isotope decays.
1.2.a Radiation
Table 1-2. Properties of Basic Forms of Radiation
When a radioisotope decays, it
normally emits one (or more) of the
Name
Symbol
Range
Shielding Requirements
four basic types of radiation: alpha Alpha particle
short
none
particles, beta particles, x- or gamma
Beta particle
moderate
low density material (e.g., plastic)
rays, and neutrons. These types of
Gamma
/
xray
/
x
long
high density material (e.g., lead)
radiation interact with atoms and
Neutron
n
long
hydrogenous material (e.g., paraffin)
molecules in the environment and
deposit their kinetic energy along the
path they travel. Table 1-2 (see also Figures 1-17 and 1-19) summarizes some properties of each of these basic
types of radiation.

Nunber of Alphas

Alpha Particle
An alpha ( ) particle is a massive particle on the atomic scale. It consists
of 2 neutrons and 2 protons and carries an electrical charge of +2. It is
identical to the helium nucleus. Because of energy constraints, decay by
alpha particle emission is normally restricted to very massive (Z > 82)
nuclei (exceptions include 144Nd, 147Sm, 148Sm, 174Hf and 190Pt). The alpha
particles are usually emitted at a single energy (Figure 1-10) or at a major
energy and one or two less abundant discrete energies. The alpha partiAlpha Energy
cles emitted by heavy nuclides possess kinetic energies ranging between
Figure 1-10. Alpha Decay Energy
4 - 6 MeV.
Alpha emission occurs in atoms which have a neutron:proton ratio that is too low. For example, an isotope of
Radium-226 has 88 protons, 138 neutrons and a conse4
222
226
quent neutron:proton ratio of 1.568. To achieve greater
He + 4.8 MeV
Rn +
Ra − − − − − >
2
86
88
stability, the nucleus emits an alpha particle reducing the
number of protons and neutrons to 86 and 136, respectively (Radon-222). This increases the neutron:proton ratio to 1.581.
0
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Because an alpha particle is massive and highly charged, it has a very short range (Figure 1-10). It travels less
than 5 cm in air and penetrates only 0.044 mm in tissue before expending its energy, stopping, and picking up two
electrons to become a Helium-4 atom. Alpha particles are generally not a hazard to workers unless they get inside
the body where they may cause much greater cellular damage (cf., Table 1-5)
than beta or gamma radiation.
Beta Particle
A beta ( ) particle is 7360-times less massive than an alpha particle. It is
essentially an electron and carries an electrical charge of magnitude 1. The
maximum energy of the decay, Emax, is a characteristic of the nuclide it is
emitted from. To satisfy energy-mass conservation laws, the emission of a
beta particle is accompanied by another particle, a neutrino, (neutrinos and
antineutrinos are massless, chargeless particles that are difficult to detect)
which has an energy equal to the difference between the actual kinetic energy
of the emitted beta particle and the characteristic energy of the decay. Thus,
beta particles are emitted in a spectrum of energies (Figure 1-11) up to the
maximum possible decay energy, Emax. Depending on the isotope and mechanism of decay, the beta particle can be emitted with either a negative or
Figure 1-11. Beta Decay Spectrum
positive charge.
 A positively charged beta particle is called a positron (+ ). It
usually results when the neutron:proton ratio is too low and alpha 18 F − − − − − − > 18 O + 0
+
+1
8
9
emission is not energetically possible. Positron emission
produces a daughter nucleus which has the same atomic mass but
is one less atomic number.
 Although the negatively charged beta particle is properly called an
0
32
32
+
S +
P −−−−−−>
electron (-e), in everyday usage the term beta radiation usually
−1
16
15
refers to the negative type, - . Beta emission occurs when the
neutron:proton ratio is too high. Conceptually, a neutron transforms into a proton and an electron. The electron
is ejected from the nucleus and the number of protons in the nucleus is increased by one.
Because a beta is a small particle with only a single charge, a beta particle has a much greater range than an
alpha particle with the same energy. Low energy beta particles (i.e., those with energies less than 300 keV) are
easily shielded and only pose a potential hazard if they get inside the body. Thus, the beta particle emitted from 3H
with a maximum energy of 18 keV (less than the energies of most TV / CRT tube electrons) only travels about 6
mm in air and less than 0.00052 cm in tissue (Table 1-3). Beta particles with energy less than 70 keV will not
penetrate the protective layer of the skin. Of the beta particles emitted from 14C or 35S (Emax { 160 keV), only 11%
are capable of penetrating the dead layer of the skin (0.007 cm thick). High energy beta particles have longer
ranges (Figure 1-17). The range of beta particles in air is approximately 12 feet per MeV. Thus, the beta from 32P
ejected with a maximum energy of 1.7 MeV could travel up to 20 feet (7 meters) in air and 95% of the beta particles
can penetrate the dead layer of the skin, so it may pose a potential radiation hazard even from outside the body.
Shielding large quantities of high energy beta particle emitters is usually done with plastic or Plexiglas (see also
Chapter 4). This is because when beta particles are shielded with dense materials like lead, bremsstrahlung x-rays
(see 1.2.a.3) are produced. Additionally, positron emitters are also x-ray hazards because, when a positron has
expended all of its kinetic energy and stops, it combines with a free electron and the two particles are annihilated
producing two, very penetrating, 0.511 MeV photons.
Gamma / X - Ray
A gamma ( ) ray is an electromagnetic ray emitted from the
0
22
22
+ +
Ne +
Na − − − − − − >
nucleus of an excited atom following radioactive decay.
+1
10
11
Unlike beta particles which are emitted in a spectrum of
energies up to Emax, gamma rays are emitted at discrete energies and provide a mechanism for the excited nucleus to
rid itself of the residual decay energy that was not carried off by the particle emitted in decay. Thus, many isotopes
which decay by beta emission also have gamma rays (or photons) associated with the disintegration.
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Gamma rays are similar to light but of shorter wavelength and higher energy (i.e., E = hν = hc/λ). They are
highly penetrating. Always consider gamma emitters in activities greater than 37 MBq (1 mCi) to be a possible
radiation hazard and shield with thick, dense material (e.g., lead).
An x-ray is an electromagnetic ray, identical to a gamma ray except for point of origin. Gamma rays are emitted
from the nucleus as part of a nuclear decay. X-rays originate from outside the nucleus, usually the result of electron
orbital changes. X-rays may also be produced by bremsstrahlung. When a
x-ray
charged particle is either accelerated or decelerated in an electric field, electromagnetic radiation may be given off. If an electron or beta particle passes close
to an atom while penetrating a material, the positive charge of the nucleus will
attractive
exert an attractive force on the particle causing its path to bend (Figure 1-12)
force
and the beta to accelerate. During this acceleration, the electron may radiate a
quantity of energy ranging from zero up to its total kinetic energy. If Emax is the
+Ze
maximum energy of the ß particle (Figure 1-11), the fraction of ß energy
converted to x-rays is approximately: F = 3.5 x 10 -4 Z Emax (where Z is the
atomic number of the absorbing material). Thus, the bremsstrahlung spectral
Figure 1-12. Bremsstrahlung
x-ray distribution contains x-ray energies from zero to Emax. For shielding
bremsstrahlung, it is assumed that the x-rays emitted correspond to the
maximum energy of the beta particle. Because electron beams (e.g., electron microscope, analytical x-rays, etc.) are
usually monoenergetic (versus β particles), the fraction of an electron beam’s initial energy converted to x-rays is
approximately 7 x 10-4 Z E.
As seen from the equation, bremsstrahlung production is proportional to the Z-number of the absorber. A dense
material like lead produces more bremsstrahlung from beta than does a light material like plastic. A lab which uses
32
P is likely to experience some x-ray production even using Plexiglas. Even if a lab only uses low energy beta
emitters like 14C or 35S, vials containing 18.5 MBq (0.5 mCi) may produce some measurable bremsstrahlung.
Characteristic x-rays are x-rays which result from the transition of electrons in the inner orbits of atoms. Each
atomic electron has a certain energy state. The nearer an electron is
Electron
vacancy
to the nucleus, the more tightly bound that electron is to the atom.
Figure 1-13 illustrates the transition process. When a vacancy (1)
1
appears in an inner electron shell (e.g., the K- or L-shell), outer
Emitted
Ejected
shell electrons or perhaps even “free” electrons move to fill the
x-ray
electron
3
vacancy (2). The orbital transitions produce x-ray photons of
discrete energies determined by the differences in energy states at
the beginning and end of the transition (3). Because the inner shell
electrons of high Z-number atoms are more tightly bound than the
Electron
2
transition to
inner shell electrons of low Z-number atoms, the K- and L-shell
inner shell
characteristic x-ray energy increases with increasing atomic
number. For example, the (K-shell) characteristic x-ray for a iron
Figure 1-13 Characteristic X-ray
atom is 7.11 keV while the (K-shell) characteristic x-ray from a
tungsten atom is 69.5 keV.
Other Decay Modes
We have discussed the emission of alpha, beta, and gamma radiation because of nuclear decay. There are three
other decay modes resulting in radiation emissions commonly encountered by researchers at the University.
When the neutron:proton ratio is too low and the atom is not able to 0
1
1
n +
H −−−−>
e +
decay by positron (+β) emission, the nucleus may decay by orbital
0
1
−1
electron capture or K-capture. In this decay mode, one of the orbital
electrons is captured by the nucleus, and unites with a proton to form
125
125
a neutron. Since the electrons in the K-shell are much closer to the
Te + +
I −−−−−−>
52
53
nucleus than those in any other shell, the probability that the captured
orbital electron will be from the K-shell is much greater than for any
other shell. Whenever a nucleus decays by orbital electron capture, characteristic x-rays of the daughter element are
emitted as an electron from an outer orbit falls into the energy level vacated by the electron which had been
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captured. These characteristic x-rays may produce a measurable radiation exposure if large quantities (e.g., > 37
MBq or 1 mCi) are used.
Internal conversion is an alternative decay mechanism in which an excited nucleus of a gamma-emitting
nuclide may rid itself of the excitation energy. Essentially, a tightly bound electron (e.g., K- or L-shell) interacts
with its nucleus, absorbs the excitation energy from the nucleus, and is ejected from the atom. The kinetic energy
of the “converted” electron is always equal to the difference in energy between the gamma-ray photon emitted by
the radionuclide and the binding energy of the converted electron of the daughter element. Because conversion
electrons are monoenergetic, they appear as a line spectrum superimposed on the continuous beta-ray spectra of the
isotope. After internal conversion, characteristic x-rays are emitted as outer orbital electrons fill the vacancies left
in the deeper energy levels.
Lastly, the characteristic x-rays emitted may be absorbed in an internal photoelectric interaction within the atom
from which they were emitted. This process is similar to internal conversion but occurs within the electron shells
rather than the nucleus and the electron shell. The ejected electrons from this process are called Auger electrons.
They are emitted monoenergetically but have very little kinetic energy, usually < 10 keV. For example, the L-shell
Auger electron from 125I is emitted with an energy of 3.19 keV. Auger electrons emitted with energies greater than
4 keV (e.g., 51Cr, 125I) may be detected using a liquid scintillation counter. System efficiencies for Auger electrons
will be similar to tritium efficiencies.
Neutron
A neutron (n) is an elementary nuclear particle with a mass approximately the same as that of a proton and is
electrically neutral. Normally the neutron remains in the nucleus with the protons. Except when bound in the
nucleus, the neutron is not a stable particle. A free neutron decays to a proton with the emission of a -ß and an
antineutrino. This decay process takes on the average about 12 minutes. There are few naturally occurring isotopes
which emit neutrons and the emissions are all the result of spontaneous fission (e.g., 248Cm, 252Cf, etc.). Aside from
nuclear-fission reactions, the only way to produce neutrons is by bombarding the nuclei with high energy radiation
(both particles and rays). Because a neutron is uncharged, it easily passes through the atom’s electron cloud and
can interact with the nucleus of the atom, often making the atom radioactive.
1.2.b Energy
The energy emitted during radioactive decay is expressed in units of electron volts (eV). The electron volt is a very
small quantity of energy (1.6 x 10 -19 joule). Most decay radiations are ejected with energies of many thousands or
millions of electron volts, written as either keV (kiloelectron volts - 1000 eV) or MeV (megaelectron volts 1,000,000 eV). The amount of energy involved and the type of radiation emitted determines the penetrability or
range (see Figure 1-17 and 1-19) of the radiation and consequently the shielding thickness and type required to
protect workers from the radiation. All things being equal, the higher the energy, the more penetrating the radiation.
Additionally, gamma rays are more penetrating than alpha and beta particles.
100
75

Amount

1.2.c Decay Rate
The process of radioactive decay changes a radioactive isotope into a
different (often stable) isotope(s), and over time the amount of a particular radioisotope in a sample or stock vial constantly decreases. Each
radioisotope has a unique decay rate. This rate of decay is expressed by
the isotope’s physical half-life (T½) or half-life, the time required for an
amount of a radioisotope to decrease to one-half of its original amount.
This ddecay rate is not linear. After each half-life, one-half of the radioactive atoms in the sample will have decayed. Thus, if you start with
100 radioactive atoms, after one half-life, 50 remain radioactive; after
two half-lives, 25 remain radioactive, etc. Figure 1-14 illustrates the
relationship between activity remaining and the radioactive half-life.

50
25
0

0

1

2

3

4

5

6

Time (half-lives)

Figure 1-14. Decay Rate

1.2.d Activity
The decay of a radioactive sample is statistical. Just as it is not possible to change a specific isotope’s rate of decay,
it is impossible to predict when a particular atom will disintegrate. Rather, one measures activity as the number of
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radioactive nuclei that change (or disintegrate) per unit time (e.g., per second). The special unit of activity currently
used is the curie (Ci); 1 curie represents 37 billion (37,000,000,000 or 3.7 x 10 10) nuclear disintegrations (i.e.,
nuclear transformations or decays) per second (dps) or, alternately, 2.22 x 10 12 disintegrations per minute (dpm).
Sub-multiples of the curie are the millicurie (mCi) and the microcurie (µCi) which are one-thousandth (i.e., 3.7 x
107 dps) and one-millionth of a curie (i.e., 3.7 x 10 4 dps) of a curie, respectively (see Table 1-7 for a list of common
metric prefixes). As will be seen, throughout the international scientific community (except in the US), the curie
unit has been replaced by the becquerel (Bq) unit, where 1 Bq is 1 nuclear transformation (or decay) per second.
You can use the table on the inside front cover to convert between curies and becquerels. For example, a vial with
an activity of 0.5 millicurie (mCi) is equivalent to 18.5 MBq (18,500,000 Bq). Literature discussing activities used
will normally first list the activity in becquerel and then, in parenthesis, the activity in curie units, e.g., 18.5 MBq
(0.5 mCi).
51
Although the number of nuclear transformations (or decays) per second
32
Cr
P
defines the activity of a sample, radionuclides may have more than one
- 91%
,
mechanism of decay and may emit more than one type of radiation to
-9%
1.709 MeV
become stable. A special line diagram is used to represent decay schemes
of radionuclides and the number and type of radiations emitted per decay.
- 0.320 MeV
As seen in Figure 1-15, decay is represented as a transformation from
32
unstable states (top line, the parent nuclide) to more stable states (lower
51
S
V
line, daughter nuclide). If the number of protons (i.e., Z) in the daughter
nuclide increases, the arrow points down and to the right. If the Z number
Figure 1-15. Radionuclide Decay
of the daughter nuclide decreases, the arrow points down and to the left.
Most radionuclides used at the UW are pure beta emitters (e.g., 3H, 14C, 32P, 35S, etc.). A few radionuclides are
either beta-gamma emitters or electron capture (e.g., 51Cr, 125I). Thus, in the decay of 51Cr, 91% of the time an
orbital electron is captured by the nucleus and no radiation is emitted while 9% of the time a different orbital
electron is captured and, because this electron contributes too much energy to the nucleus, a 320 keV gamma-ray is
emitted.
Figure 1-14 graphically demonstrates that the greater the number of radioactive atoms initially present, the
greater the number of nuclei that will decay during a half-life. For example, if 100 radioactive atoms are present, 50
will decay in one half-life, if 1000 radioactive atoms are present, on average 500 will decay in one half-life. The
decay rate (or activity) of a radioactive sample is proportional to the number of unstable nuclei that are initially
present. This relationship is expressed by the universal decay equation in which A0 is the original radioactivity of
the sample at time t = 0, At is the amount of radioactivity
ln 2
remaining after an elapsed time of Δt, and T½ is the (physi− T (t−t 0 )
1
−
t
2
At = A 0 e
h A0 e
cal) half-life of the radioisotope. The decay constant, λ,
expresses the rate of decay as a factor of the radioactive
half-life (T½), i.e., λ = ln2 / T½.
The equation for activity is used to determine the number of decays at any time, t, given an initial activity. For
example, if your lab received a 37 MBq (1 mCi) stock vial of 32P on 5 March and you use the material on 9 March,
the stock vial only contains 30.4 MBq (0.823 mCi).
At = A 0 e−

ln 2
T1 / 2

t

= (1 m Ci) e

ln 2
− 14.3 days (4 days )

= 0.823 m Ci %

37 MBq
m Ci

= 30.45 MBq

Some radioactive stock vials are received with a reference or calibration date that is still in the future. The
activity equation is still used to calculate the vial’s activity, except now the elapsed time is negative (i.e., t - t0 < 0).
From our example, suppose you received the stock vial on 5 March and the reference date for the vial to contain 37
MBq (1 mCi) was listed as 9 March. Then the stock vial contains 44.9 MBq (1.214 mCi) on 5 March.
At = A 0 e−

ln 2
T1 / 2

t

= (1 m Ci) e

ln 2
− 14.3 days (− 4 days )

= 1.214 m Ci %

37 MBq
m Ci

= 44.92 MBq

You could also use the universal decay table located on the inside cover to calculate the activity. To use this
table, simply calculate the fraction of elapsed half-lives (i.e., Δt / T1/2), then use this value to determine the fraction
of activity remaining. Thus, if you received a 37 MBq (1 mCi) stock vial of 32P on 5 March and use it on 9 March,
4 days have elapsed. The fraction of half-lives is 0.28. You can either use linear interpolation with the table (i.e.,
fraction remaining for 0.28 is 0.82391) or the closest value (i.e., 0.3 is 0.812252) providing an activity of approximately 30.5 MBq (0.82391 mCi) by interpolation or 30.05 MBq (0.81 mCi) by using closest table value.
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The activity only indicates the number of atoms which are decaying per second, not the total number of radioactive atoms present in a sample. However, you can use the activity to calculate the total number of radioactive atoms
and their mass by applying Avagadro’s Number (N A = 6.023 x 1023 atom/mole) to the equation, A = λΝ. For
example, in that same 1 mCi stock vial of 32P, the total number of 32P atoms is 6.595 x 1013 and the mass of 32P
present is only 3.5 x 10 -9 gm (i.e., 3.5 nanogram).

N=

A

=

mass =

3.7 x 10 7 dps
ln2 / (14.3 day x 24
N
NA

=

hr
day

x 3600

sec
hr

)

= 6.595 x 10 13 atoms

gm
6.595 x 10 13 atoms
(32 mole )
6.023 x 10 23 atoms
mole

= 3.5 x 10 −9 gm

The specific activity of a labeled compound is a measure of the radioactivity per unit mass, commonly expressed
in terms of Bq/mmol; Ci/mmol, Bq/mg, mCi/mg, etc. When there is sufficient mass of a compound for a small
sample to be accurately weighed and counted, the specific activity is expressed as Bq/mg (mCi/mg). When the
specific activity is greater than 37 GBq/mmol (1 Ci/mmol), there is often insufficient material to be weighed and
specific activity is usually calculated by relating radioactive concentration to the chemical concentration. Typical
values of specific activities are listed in Table 5-7.
The radioactive concentration of a solution is the activity per unit volume of solvent in which the radiochemical
is dissolved and is expressed as MBq/ml (mCi/ml). This concentration should not be confused with the molar
specific activity which indicates the maximum amount of radioactive solute in the solution.
The specific activity of a labeled compound required for a tracer experiment is normally determined by the
application. Some applications may require a lower specific activity than that of the commercially available
compound. Reduction of the specific activity is done by the addition of a calculated weight (normally in solution)
of the unlabeled (carrier) compound. The amount of carrier is calculated from the expression W = M $ a [ A1∏ − A1 ],
where M is the molecular weight of the compound, a is the total activity (GBq or mCi) in the sample, A is the molar
specific activity of the compound, and A' the desired molar specific activity. Thus, to reduce the specific activity of
185 MBq (5 mCi) of tritiated thymidine from 1.11 TBq/mmol (30 Ci/mmol) to 37 GBq/mmol (1 Ci/mmol) you
need to add 1.17 mg of unlabeled thymidine:

W = M $ a [ A1∏ −

1
A]

1
= 242 mmol % 5 m Ci [ 1000
−
mg

1
30000 ]

= 1.17 mg

1.2.e Interactions with Matter
Neutral Atom
Positive Ion
As radiation passes through matter it interacts with atoms and
molecules, depositing some of its energy until it has spent its kinetic
energy and comes to rest (i.e., is absorbed). When electromagnetic
energy is deposited in an atom it can excite the atom, raising one or
Electron
several orbital electrons from their normal ground state to a lower
energy orbit (i.e., farther out from the nucleus). When a sufficient
Gamma
amount of energy is deposited to raise the electron to an infinitely
Ray
Gamma
great orbit, the electron is removed from the nucleus's electric field Ray
and the atom is said to be ionized. The negative electron, together
with the remaining positively charged atom, is called an ion pair,
Figure 1-16. Ionization
and the process of removing an electron by deposition of energy in
an atom is called ionization (Figure 1-16).
Ionization is the primary mechanism by which energy is transferred from radiation to matter. The ionization
potential of an atom is the amount of energy necessary to ionize its least tightly bound electron. Because of the
resulting increased electrostatic attraction, it requires considerably more energy to remove a second electron than to
remove the first electron. For most elements, the first ionization potential is on the order of several electron volts.
For hydrogen it is 13.6 eV. Not all radiation interactions lead to ionization. Empirically, the average energy
expended in the production of an ion pair in a material is about two to three times greater than the ionization potential of that material. Thus, depending upon the molecules in the gas and the type and energy of the ionizing radiation, the energy required to produce one ion pair is approximately 30 - 35 eV in a gas. In air this averages to about
33.7 eV. Radiation decay can produce a large number of ionizations. For example, the passage of a 1.71 MeV beta
particle from 32P would produce about 50,000 ion pairs. If insufficient energy is deposited, instead of ionization, an
electron may be excited and, on returning to ground state, the atom emits low-energy (UV [~103 eV], visible [~10
eV], infrared [~10-1 eV], or (RF/microwave [~10-8 eV]) electromagnetic radiation.
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As will be seen in Chapter 2, ionizing particles produce damage in cells by ionizing the atoms and molecules of
the cell they penetrate. The particles which can produce ionization are divided into two classes; directly ionizing
and indirectly ionizing particles. Directly ionizing particles are electrically charged (alpha, beta) particles having
sufficient kinetic energy to produce ionization by collision. Indirectly ionizing radiation consists of uncharged
(neutron, x-/gamma) particles/rays which can liberate directly ionizing particles or can initiate a nuclear transformation.
1.2.f Range
The four basic types of radiation
we have discussed fall into these
two ionization classes, directly and
indirectly ionizing radiation.
There are some basic differences
between the way directly and
indirectly ionizing particles interact with matter (Figure 1-17).
Directly Ionizing Radiation
Directly ionizing particles are
charged (e.g., α, ß) decay (e.g.,
210
Po, 32P) particles that produce
ion pairs at small intervals along
their path as a result of impulses
imparted to orbital electrons. The
Figure 1-17. Ionization Patterns in Tissue
impulses are exerted at a distance
through electrical forces between the charged particles and the orbital electrons. An electron is held in the atom by
electrical forces, and energy is lost by the beta/alpha particle in overcoming these forces. Because electrical forces
act over long distances, the collision between a charged particle and an electron usually occurs without the two
particles coming into actual contact (e.g., collision between poles of two magnets). The amount of energy lost by
the charged particle depends upon its distance of approach to the electron and on its kinetic energy. In a very few
instances, head-on collisions between the electron and the charged particle may occur resulting in a greater energy
transfer than is normally seen.
In many ionizing collisions, only one ion pair is produced. In other cases, the ejected electron may have sufficient energy to produce a small cluster of several ionizations. In a small percentage of the interactions, the ejected
electron may receive a significant amount of energy, enough to allow it to travel a long distance and to leave a trail
of ion pairs. Such an electron, called a delta ray, may have kinetic energy on the order of 1000 eV (1 keV).
Because beta particles have the same mass as orbital electrons, they are easily deflected during collisions and
thus beta particles follow a tortuous path as they pass through matter. Alpha particles interact in much the same
manner, however because of their high electrical charge and relatively low velocity, they have a very high specific
ionization, often on the order of tens of thousands of ion pairs per centimeter of air.
Indirectly Ionizing Radiation
Indirectly ionizing rays / particles are uncharged (e.g., γ from 125I) and consequently penetrate through a medium
without interacting with electrons, until, by chance, they collide with electrons, atoms, or nuclei, resulting in the
liberation of energetic charged particles (e.g., -e). The charged particles that are thus liberated are directly ionizing,
and it is through these that ionization in the medium occur.
X-/γ-rays interact with the electrons of a material in a variety of alternative mechanisms, the three most important are photoelectric effect, Compton scattering and pair-production. In the photoelectric effect, all of an x-/γ-ray
photon’s energy is transferred to an atomic electron which is ejected from its parent atom. The photon in this case
is completely absorbed. Compton scattering is an interaction between a photon and an essentially free electron
whose binding energy is much less than the photon energy. Only part of the energy of the photon is transferred to
an atomic electron and the photon is thereafter scattered with a reduced energy. Pair-production occurs in the
intense electric field close to a charged particle, usually a nucleus. An energetic (E > 1.02 MeV) γ-ray photon is
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converted into a positron-electron pair and the two particles
share the available energy in excess of the 1.02 MeV required
to produce the pair. The probability of each of these interactions (Figure 1-18) depends upon the photon energy and the
atomic number (Z) of the material. The photoelectric effect
predominates at low energies and is proportional to the atomic
number and the wavelength (Z4λ3). Compton interactions
decrease with increasing energy and increasing atomic number
(Z) of the material (Zλ). Pair production is related to the
atomic number (Z) of the material (Z2).
Neutrons are uncharged and cannot cause ionization
directly. As with γ-rays, neutrons ultimately transfer their
Figure 1-18. X-/γ- Photon Interaction Probability
energy to charged particles. Additionally, a neutron may be
captured by a nucleus usually resulting in γ-ray emission (see Chapter 11).
Range Approximation
Even when the incident radiation is indirectly ionizing, the energy imparted to a medium is by charged, directly
ionizing particles. A charged particle possesses the energy required to produce ionization by virtue of its mass and
motion (i.e., E = ½mv2). As the radiation particles impart energy to the matter while penetrating, they lose kinetic
energy and velocity decreases until they are finally stopped or absorbed (i.e., v = 0). The more energy they have to
start with, the deeper they penetrate before they stop. The distance a particle travels until it comes to rest is called
the range. The farthest depth of the particle’s penetration in its initial direction of travel is the minimum amount of
shielding thickness needed to stop the particle. The charged particles emitted from radionuclides have a limited
energy range and are stopped in a relatively short distance, usually less than a few millimeters in tissue. Two
general rules of thumb regarding the range of beta particles are:
 The range of a beta particle in air is 12 feet per MeV. Thus, the range of a 32P beta particle (Emax = 1.71 MeV) is
approximately 20 feet (e.g., 12 ft/MeV x 1.71 MeV = 20.4 ft).
 The range of beta in gm/cm2 (density thickness, calculated by multiplying the substance’s density by its thickness) is approximately equal to Emax/2 (in MeV). For example, range of a 32P beta particles in tissue (density, ρ =
1 gm/cm3) is approximately 0.8 cm.
aluminum

lead

concrete

alpha
1.2.g Hazard Classification
(5 cm in air)
A major goal of radiation safety is to insure that most of the
beta
ionization which occurs from the deposition of ionizing radia(energy dependent)
tion energy, does not occur in either radiation workers or in
gamma, x-ray
the general public. However, this goal can only be achieved
by carefully considering the range or penetrating power of
each type of radiation and implementing a radiation-specific
neutron
safety program. Radiation which is sufficiently penetrating
that it can deposit ionizing energy within healthy tissues deep
Figure 1-19. Radiation Penetrating Power
in the body may damage these tissues and thus may carry
more risk than radiation which can not penetrate (see Chapter 2). In assessing radiaTable 1-3. Beta Range
tion work and a radiation lab, it is important to consider the two types of radiation
Energy
Tissue
hazards, external and internal.
(MeV)
(cm)
An external radiation hazard is a type of radiation which has sufficient energy
0.015
0.1
that, from outside of the body, it is capable of penetrating through the protective layer
0.05
0.2
of the skin and deposit its energy deep (> 0.07 cm) inside the body. External hazards
0.08
0.3
are type and energy dependent. There are three major types of external hazards: (1)
0.12
0.4
x- and γ-rays, (2) neutrons and (3) high energy (E max > 300 keV or > 0.3 MeV) ß parti0.16
0.5
cles. Each of these types of radiation is considered penetrating (Figure 1-19). These
0.24
0.7
uncharged particles and rays can interact with tissues deep in the body. Although high
0.40
1.0
energy ß particles are capable of penetrating the skin, low energy beta particles (i.e.,
0.96
2.0
3
14
33
35
45
63
Emax < 300 keV) like H, C, P, S, Ca, Ni do not have a long range in air and do
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not have enough energy to penetrate the skin. Table 1-3 relates range in tissue to maximum beta energy in MeV.
However, remember that bremsstrahlung from stock vials containing 18.5 MBq (> 0.5 mCi) can produce measurable penetrating radiation.
An internal radiation hazard arises from radioactive material taken into the body by either inhalation, ingestion,
or absorption through the skin, which is then metabolized and stored in body compartments that need the particular
chemical or elemental form. For example, radioiodine in the form of NaI, is capable of volatilizing. If inhaled,
approximately 20% to 30% will be metabolized and stored in the thyroid gland. Radioactive material stored inside
the body is capable of irradiating surrounding healthy tissues. While all radiation would thus pose a potential
hazard, it has been found that some types of radiation which are not penetrating (e.g., α- and low energy ß-particles)
have the greatest potential to damage those tissues.
A thorough radiation survey (see 5.4 and Lab 2) is a check to identify sources of external and potential internal
radiation hazards in the lab. Sources of external radiation can be identified using a portable survey meter. Likely
sources include solid and liquid waste containers, stock vials and solutions, work areas and equipment, etc. A wipe
survey is then conducted as a check to determine whether the radioactive contamination identified by the portable
meter survey is removable and thus a potential source of internal exposure. In addition, other areas in the lab should
be selected periodically and checked to identify radiation and removable contamination. Labs which only use 3H
and RIA kits do not normally perform a meter survey (see Chapter 5). For these labs a thorough wipe survey is
essential to identify contamination.
1.3 Characteristics of Commonly Used Radionuclides
Although some authorized users of radioactivity have laboratories in which relatively large
quantities of radioactive material are used, in general, radioisotope use at the University
consists of small quantities of liquid radiocompounds. To insure worker safety and to prevent
accidental exposure, all labs where radioactive materials may be used or stored are conspicuously posted with “Caution - Radioactive Materials” signs. To reduce their radiation
exposure, workers in these posted areas must understand the characteristics of the radioisoFigure 1-20. Sign
topes being used. Characteristics of commonly used radioisotopes are listed in Table 1-4.
Table 1-4. Characteristics of Commonly Used Radioisotopes
Isotope
Tritium (Hydrogen-3)
Carbon-14
Sodium-22

Symbol
3
H
14
C
22

Na

32

Half-Life
12.3 yr
5730 yr
2.605 yr

Phosphorus-32
Phosphorus-33
Sulfur-35
Calcium-45
Chromium-51
Cobalt-57
Nickel-63
Zinc-65

P
P
35
S
45
Ca
51
Cr
57
Co
63
Ni
65
Zn

14.28 day
25.3 day
87.2 day
162.7 day
27.7 day
271.8 day
100 yr
243.8 day

Rubidium-86

86

18.66 day

Technetium-99m
Iodine-125

99m

Iodine-131
Cesium-137
*

33

Ru
Tc
I

125
131

6.01 hr
60.1 day

I

8.04 day

Cs

30.17 yr

137

Radiation*
ßßß+
γ
ßßßßγ
γ
ßγ
ßγ
γ
γ
ßγ
ßγ

Energy, MeV
0.0186
0.157
0.546
1.274
1.709
0.249
0.1674
0.258
0.32 (9.8%)
0.122
0.0669
1.115
1.774
1.076 (8.8%)
0.1427
0.0355
0.606
0.3645
0.514
0.6617 (85%)

Type 1 Activity
5,000 MBq
135 mCi
500 MBq
13.5 mCi
50 MBq

1.35 mCi

500 MBq
500 MBq
500 MBq
50 MBq
500 MBq
500 MBq
500 MBq
500 MBq

13.5 mCi
13.5 mCi
13.5 mCi
1.35 mCi
13.5 mCi
13.5 mCi
13.5 mCi
13.5 mCi

500 MBq

13.5 mCi

5,000 MBq
50 MBq

135 mCi
1.35 mCi

50 MBq

1.35 mCi

500 MBq

13.5 mCi

Because ß particles are emitted in a spectrum of energies, the energy listed is the maximum energy that the beta
particle can possess, the average energy will be approximately a of the maximum energy
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The table includes: isotope and chemical symbol (e.g., 3H, 32P); half-life (T½); energy of the major radiation(s)
emitted; and maximum stock vial activity (Type 1) allowed in a lab performing routine, simple wet procedures.
Type 1 activity refers to the maximum amount that can be used in a normal lab without performing a required
survey on the day of use. This activity is based upon both the type of radiation emitted and the target body organ
(or radiotoxicity). Bone seeking radionuclides like Radium-226, Strontium-90 and Calcium-45 are taken into the
bones where they are stored for a long period of time and where they can expose blood forming tissues and damage
bones. Others like Iodine-125 are often stored in the organ systems crucial to body metabolism. It is important to
limit exposures to these types of radionuclides by limiting possession and performing frequent surveys to insure the
risk of internal and external exposure is kept as low as reasonably achievable. Thus, a lab that uses more than 500
MBq (13.5 mCi) of Sulfur-35 or 50 MBq (1.35 mCi) of Calcium-45 must do a survey each day that they handle
those quantities.
1.4 Radiation Quantities and Units
A quantity is some physically measurable entity (e.g., length, mass, time, electric current, etc.) that needs to be
measured. A unit is the amount of a quantity to be measured. Units for various quantities are formulated when
needed by national or international organizations such as by the National Institute of Science and Technology
(NIST), formally the National Bureau of Standards (NBS) or the international General Conference on Weights and
Measures (CGPM). In 1960, the 11th General Conference on Weights and Measures (CGPM) adopted the name
International System of Units (i.e., Le Système International d’Unités) or SI for a practical international system of
units of measurements and laid down rules for the prefixes, the derived and supplementary units, and other matters
to establish a comprehensive specification for units of measurements.
These internationally agreed upon units are divided into base, derived, and supplementary units. The SI “base”
units are the meter, kilogram, second, ampere, kelvin, mole, and candela corresponding to the quantities of length,
mass, time, electric current, temperature, amount of substance, and luminous intensity, respectively. “Derived” units
are disguised amalgams of “base” units generated by combining “base” units according to some algebraic relationship. All “derived” units can be expressed in terms of “basic” units. For example, the SI quantity of “energy” is expressed by the “derived” unit “joule." A “joule,” however, can also be equivalently expressed in terms of “basic” SI
units as a kilogram-meter2 per second2 (kg-m2-s-2). Currently, there are only two supplementary units, the radian
and steradian, corresponding to the quantities of plane angle and solid angle, respectively.
The number of ion pairs produced in a material is related to the amount of radiation energy deposited (see
Section 1.2.e). The oldest radiation unit still in use, the roentgen, R is based on the number of ion pairs produced
in a volume of air traversed by x- or gamma rays. This unit of x-/γ- radiation exposure in air, is defined to be the
collection of enough ions to produce a charge of 2.58 x 10-4 coulombs per kilogram of air. Since each electron
carries a charge of 1.6 x 10 -19 coulomb, one roentgen is the collection of 1,610,000,000,000,000 (1.61 x 1015) ion
pairs within a kilogram of air. Submultiples, the milliroentgen (mR) and microroentgen (µR), are frequently used.
Early radiation researchers investigated (see Chapter 2) the effects of radiation energy on matter. Initially the
roentgen was widely used in this work. However,
because by definition the roentgen is limited to x-/γDose equivalent
Flux ( )
radiation in air, it often proved difficult to extrapolate to
expresses
# of particles/(m sec)
Source
Activity
the effects of beta particles in cell cultures, etc. Therebiological damage
fore, a second, all-encompassing unit, the rad, was de- measured in
to man
becquerels or curies
Sv = Gy x Q x N
fined to be the unit of radiation absorbed dose in any
rem = rad x Q x N
matter. The rad equals 100 ergs of energy deposited per
gram of matter. Upon comparing the two units,
researchers found that 1 roentgen of x-/γ-ray exposure
in air was equivalent to 0.96 rad of absorbed dose in
Absorbed dose
expresses energy absorbed
tissue. As a practical matter, because there is only a 4%
in 1 gram of any medium
difference between the two quantities, the units rad and
1 Gy = 1 J/kg
roentgen are often (erroneously) used interchangeably.
1 rad = 100 erg/gm
The interchange is valid only for x-/γ-rays.
Figure 1-21. Relationship of Units
Investigating the effects of radiation at the cellular
level, researchers found that for the same quantity of
radiation absorbed dose, some types of radiation produced greater amounts of cellular damage than other types. For
2
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example, the cellular damage from an absorbed dose of 100 rad from alpha particles is significantly more severe
than the damage caused by 100 rad from gamma rays. The “quality” of the alpha particle’s deposited energy to
produce cellular damage, is greater than the “quality” of the gamma ray’s deposited energy. This quality is often
the result of the ionization pattern in tissue as seen in Figures 1-17 and 2-1. Therefore, for radiation safety, the rem
was defined to be the unit of radiation dose equivalence which would
Table 1-5. Quality Factors
be used to normalize the biological effectiveness of the various types
of radiation. The rem is a derived unit. To calculate an individual’s
Type of Radiation
Q
dose equivalent radiation exposure in rem, the radiation absorbed dose
in rad is multiplied by the quality factor, Q, for that particular radiax- / gamma rays
1
tion (i.e., rem = rad · Q). Values for the quality factor vary from 1 to
Beta particles, electrons
1
20 (Table 1-5) and are related to the ionization density of the radiation
Neutrons (< 10 keV, > 20 MeV)
5
(see Chapter 2). Thus, an absorbed dose of 1 rad to a tissue from a
Protons (> 5 MeV)
5
radionuclide deposition produces a dose equivalence of 1 rem if the
Neutrons
(100
keV
2
MeV)
10
radionuclide is a ß/γ emitter and a dose equivalence of 20 rem if the
radionuclide is an emitter. The use of quality factor in radiation
Alpha particles, fission fragments 20
protection is similar to the use of relative biological effectiveness
(RBE) in radiobiology. The quality factor is a somewhat arbitrarily chosen, conservative value based on a range of
RBEs related to the linear energy transfer (LET) of the radiation. When using RBE, a researcher determines the
biological effectiveness of a given type of experimental radiation and compares the effects to those from 250
kilovolt (peak) x-rays.
The adoption and use of SI faciliTable 1-6. Radiation Quantities and Units
tates communication because each
physical quantity has only one SI unit
Traditional
SI
Conversion
and all derived quantities are derived
Factor
Unit
Quantity
Unit
Quantity
from the base and supplementary
units in a coherent manner and can
1 Bq = 2.7 x 10-11 Ci
curie
3.7 x 1010 dps becquerel
1 dps
be expressed as products and
rad
100 erg/gm
gray
1 J/kg
1 Gy = 100 rad
quotients of the nine base and supplerem
rad x Q
sievert
Gy x Q
1 Sv = 100 rem
mentary units with numerical factors.
The SI units are based on the MKS
(meters, kilogram, second) system. Thus, the historic special unit of radioactivity, the curie (Ci), was changed
because it has a numerical factor of 3.7 x 10 10 (dps). The SI special unit of activity is the becquerel (Bq) which is 1
dps. The units of absorbed dose (i.e., erg/gm), the rad, are not MKS system units and converting them to MKS
creates a numerical factor of 0.0001 (J/kg). The SI unit of absorbed dose, the gray (Gy), is defined as 1 joule per
kilogram (J/kg) which is therefore equal to 100 rad. Similarly, the derived unit of dose equivalent is replaced by the
sievert (Sv). Table 1-6 gives the relationship between traditional and SI units.
Dose equivalent units (e.g., Sv, rem) are normally used to record occupational and population exposures to low
levels of radiation. Absorbed dose units (e.g., Gy, rad) are usually used to record acute exposures. For acute
exposures, the effects of radiation quality are very truncated and the cell killing effects predominate over the longterm cancer risks seen from protracted exposures. Chronic exposures exhibit considerable repair. Thus, if one
received a 20 Gy exposure to the skin surface over a two year period, there would be no observable effect.
However, if one received the same 20 Gy exposure in one day, there may be an observable effect because repair
may not have taken place (see Chapter 2).
1.5 Review Questions - Fill-in or select the correct response
,
, and
1. The three components of practically every atom are:
protons,
neutrons, and
electrons.
2. An atom of Carbon-14 (14C) has:
have equal numbers of protons but different numbers of neutrons in the nucleus.
3.
is the process by which unstable isotopes disintegrate and emit energy.
4.
is an electron-like particle emitted from the nucleus of a radioactive atom.
5. A
while
6. The most penetrating form of directly ionizing radiation is
are penetrating forms of indirectly ionizing radiation.
and

.
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7. The
is the amount of time required for a quantity of radioisotope to decrease to one-half of its
original amount.
disintegrations per second.
8. One curie (Ci) of activity represents
is created when radiation interacts with matter and ejects an electron out of its orbit.
9. An
is a special unit of x-/ radiation exposure in air.
10. The
11. One Becquerel (1 Bq) is equivalent to
disintegrations per second (dps).
millirem.
12. One rem is equivalent to
centimeters in air.
13. An alpha particle has a very short range and travels less than
14. Low-energy beta particles (3H, 14C, 35S, 63Ni) (are) (are not) external hazards.
.
15. Bremsstrahlung is possible from stock vials containing beta activities as low as
16. The energy of the characteristic x-rays from 125I will be (greater than) (less than) the energy of the characteristic x-rays from 22Na.
17. You receive 74 MBq (2 mCi) of 32P. Using the universal decay table, calculate the fraction and activity remain, activity:
ing after an elapsed time of 10 days (Δt = 10 days). fraction:
18. A gamma ray is a type of (directly) (indirectly) ionizing radiation.
19. If the range of a beta particle in air is approximately 12 feet per MeV, the range of a 45Ca beta (Emax = 0.25 MeV)
feet.
in air is
sign on the lab door.
20. All labs using radioactive materials must have a
21. A worker receives a whole body absorbed dose of 0.25 Gy (25 rad) from thermal neutrons, what is the worker’s
Sv or
rem. If the dose had been from x-rays, what
dose equivalence in Sv and rem:
Sv or
rem.
would be the worker’s dose equivalence in Sv and rem:
Sv or
mSv.
22. A dose equivalence of 200 mrem is
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Table 1-7. Metric Prefixes
Prefix
da deka
h
hecto
k
kilo
M mega
G
giga
T
tera
P
peta
E
exa
Z
zetta
Y
yotta

Quantity

1

10
102
103
106
109
10 12
10 15
10 18
10 21
10 24

Prefix
10 d
deci
100 c
centi
1,000 m milli
1,000,000 µ micro
1,000,000,000 n
nano
1,000,000,000,000 p
pico
1,000,000,000,000,000 f femto
1,000,000,000,000,000,000 a
atto
1,000,000,000,000,000,000,000 z zepto
1,000,000,000,000,000,000,000,000 y
yocto

Quantity
-1

10
10-2
10-3
10-6
10-9
10-12
10-15
10-18
10-21
10-24

0.1
0.01
0.001
0.000 001
0.000 000 001
0.000 000 000 001
0.000 000 000 000 001
0.000 000 000 000 000 001
0.000 000 000 000 000 000 001
0.000 000 000 000 000 000 000 001

2 Biological Effects of Radiation
2.1 History of Biological Effects
The discovery or x-rays and radioactivity resulted from scientific inquiry into electrical discharges in gases. At that
time not much was understood about what was happening in the gas and there was great curiosity about the beautiful electrical displays that were observed in the partially evacuated discharge tubes. On November 8, 1895, Professor Wilhelm Conrad Roentgen discovered x-rays (see Chapter 10). He was investigating the penetrability of
cathode rays in his darkened laboratory. Laying about on his lab bench were several scraps of metal, covered with
barium platinocyanide, a fluorescent material. At the time he was operating the Hittorf vacuum tube inside a lighttight box. From the corner of his eye, he noticed that some of these barium platinocyanide scraps were glowing
while the tube was energized. Further investigation showed these scraps stopped glowing when he turned the tube
off and glowed more intensely when he brought them close to the box. From this he concluded that whatever
caused the glowing originated from inside of his vacuum tube. Professor Roentgen realized that he had discovered
a new phenomenon, a new kind of radiation which he called x-rays because it was a previously unknown type of
radiation. Within a few days of Roentgen’s announcement of this “new kind of ray,” experimenters all over the
world were producing x-rays with equipment that had been in their laboratories for years.
Within a few weeks, the French scientist Henri PoincarJ reasoned that there might be some connection between
the rays from Roentgen's tubes that made certain minerals glow and something in the same minerals that would
spontaneously produce the same glow or phosphorescence. A colleague of PoincarJ, Henri Becquerel, undertook a
systematic study of such minerals, including those containing uranium and potassium. The initial experiments
entailed exposing the material to sunlight to stimulate fluorescence. In March 1896, during a period of bad weather,
Becquerel stored some uranium and the photographic plates in a drawer. When he developed the plates, he found
dark spots and the image of a metal cross which had been between the uranium and the plate. He soon realized that
he had discovered a type of radiation that was similar to Roentgen's x-rays. Becquerel had, in fact, discovered
natural radioactivity, and he reported this in April 1896, about four months after Roentgen's discovery.
When x-rays (and radiation) were first discovered there was no reason to suspect any particular danger. After
all, who would believe that a ray similar to light but unseen, unfelt or otherwise undetectable by the five senses
could be injurious? Early experimenters and physicians set up x-ray generating equipment and proceeded about
their work with no regard for the potential dangers of radiation.
The use of unshielded x-ray tubes and unshielded operators were the rule in 1896, with predictable results. Not
only some patients, but many roentgenologists were exposed to the mysterious ray because the equipment was built
without protection for the operator. The tube was often tested by placing the hand into the beam. The newness and
fascination caused the operators to demonstrate the equipment to interested colleagues and nervous patients.
Because researchers initially did not suspect damage from radiation, many clinical and experimental procedures
resulted in workers and patients suffering prompt, somatic effects such as erythema, skin burns, hair loss, etc.
Often these injuries were not attributed to x-ray exposure, in part because there was usually a several week latent
period before the onset of injury, but also because there was simply no reason to suspect x-rays as the cause.
Consider the 1898 example of a roentgen ray burn of a soldier with a gunshot fracture of the upper third of the
right humerus. A radiograph of the shoulder was attempted to ascertain the condition of the bone and an exposure
of 20 minutes was made. The tube was 10 inches from the shoulder. The result was unsuccessful. Second and
third attempts were made on successive days, but the tube was working so poorly that no satisfactory radiograph
could be obtained. Six days after the last exposure, slight redness of the skin appeared on the front of the chest and
shoulder. This erythematous condition increased and two days later small blebs appeared. These broke and small
ulcers formed which gradually spread and coalesced. The tissue necrosis deepened and extended and was accompanied by marked pain and hyperaesthesia. Inflammatory action continued until the burn covered nearly the whole
right breast. Treatment of various kinds was tried, the greatest benefit was derived from continuous application of
lead and opium lotion. The burns showed no signs of healing for 4 months. After that time it gradually grew better,
but the healing process was very slow and the burn was not entirely healed until 11 months after its first appearance.
Warnings of injuries were first sounded by early researchers. Thomas Edison, William Morton, and Nikola
Tesla all reported eye irritations from experimentation with x-rays and fluorescent substances (e.g., after testing up
to 8000 substances, Edison announced that calcium tungstate fluoresced most brightly in response to x-rays). Other
reports which described a burnlike dermatitis similar to those associated with a severe sunburn began to appear.
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However, even then scientific thinking was sharply divided regarding the source. For example, one x-ray tube
maker stated that “X-rays (are) harmless with the static machine .... whatever ill effects we get on our skin are
caused only when we use induction coils.” Even Nikola Tesla asserted that local electrical effects occurring in
proximity to a working x-ray tube were “not due to the Roentgen rays but merely to the ozone generated in contact
with skin.” In November 1896, Elihu Thomson, an American physicist, seeking to verify that an x-ray - injury
relationship existed, exposed the little finger of his left hand for ½ hour to an x-ray beam and described the signs
and symptoms of the injury. William Rollins, a Boston dentist, showed that x-rays could kill guinea pigs which had
been placed in an electrically insulated box. One of the first x-ray exposure guidelines suggested that whole body
exposures be limited to doses which would reduce the risk of workers suffering any of these obvious injuries (i.e.,
approximately 10 rem per day). The association of x-ray exposure with injury also led to the (albeit) spotty use of
x-ray techniques that were designed to reduce the patient (and staff) x-ray exposure.
After this initial era of discovery there followed a period of about two decades in which the application of x-rays
and radium dominated. Over the years researchers found that even relatively low-level radiation exposure (i.e.,
exposures in the range of 0.5 - 1 Sv [50 - 100 rem] per year) had the potential to cause long term effects. For
example, life span studies suggested that early radiologists and other radiation workers exposed to high levels of
radiation exposure or large quantities of radioactive materials appeared to have shorter life spans than
non-radiologists and suffered an increase in certain types of cancers.
Thus, the interaction of ionizing radiation with the human body, either from external sources (i.e., outside the
body) or from internal contamination of the body by radioactive substances, leads to biological effects which may
later show up as clinical symptoms. The nature and severity of these symptoms and the time at which they appear
depend on the amount of radiation absorbed and the rate at which it is received.
2.2 Cellular Damage and Possible Cellular Processes
The principal difference between nuclear radiation and other types of
electromagnetic radiation (e.g., heat, light, RF, etc.) is that nuclear
radiation ionizes (i.e., produces ion pairs) as it passes through matter.
Chapter 1 (Figures 1-17 & 1-19), discussed range and penetrability of
radiation: x-/-rays have long ranges and are very penetrating while
particulate radiation has a short range and does not penetrate deeply
into tissues before expending all of its energy. Mass, charge, and
velocity of a particle all affect the rate at which ionization and energy
deposition occurs.

Absorbing
material

Absorbing
material

Critical
target

Low LET radiation

Critical
target

High LET radiation

Figure 2-1. LET

2.2.a Linear Energy Transfer (LET) and Relative Biological Efficiency (RBE)
The amount of energy a radiation deposits per unit of path length (i.e., kiloelectron volts/micron - keV/μm) is
defined as the linear energy transfer, LET, of that radiation. Mass, charge and velocity of a particle all affect the
rate at which ionization occurs and is related to range. Heavy, highly charged particles (e.g., a-particle) lose energy
rapidly with distance and do not penetrate deeply. In general, radiation with a long range (e.g., x-/γ-rays, highenergy ß particles) usually has a low LET, while large
Table 2-1. LET and RBE in Water
particulate radiations with short range (e.g., α particles,
neutrons, protons) have a high LET. Additionally, LET
LET
increases with the square of the charge on the incident
'
RBE
Radiation
(keV/μm)
particle. Table 2-1 lists some values of LET and RBE in
4 MeV x-ray
0.3
0.6
water for various radiations.
60
0.3
0.8
Co γ-ray (1.2 - 1.3 MeV)
When ionizing radiation interacts within cells, it deposi250 keV x-ray
3.0
1.0
ts ionizing energy in the cell (Figure 2-1). The higher the
3
H beta (0.6 keV)
5.5
1.3
charge of the particle and the lower the velocity, the greater
32
P beta (0.6 keV)
0.25
0.25
likelyhood to produce ionization. In tissue, the biologic
2.5 MeV neutron
20
2.0
effect of a radiation depends upon the amount of energy
7 MeV proton
10
1.5
transferred to the tissue volume or critical target (i.e., the
210
Po alpha (5.3 MeV)
190
3.5
amount of ionization) and is therefore a function of LET.
fission fragments
4000 - 9000
0.7
In radiation biology research, many different types and
'
RBE is extremely radiation and tissue dependent,
energies of radiation are used and it become difficult to
Table 2-2 lists cell radiosensitivity
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compare the results of the experiments based solely on LET and a more general term, the relative biologic effectiveness, RBE, was developed. In using RBE, it has become customary to use 250 kV x-rays as the standard reference
radiation. The formal definition is:
RBE =

Biological efficiency of radiation under investigation
Biological efficiency of 250 kV x-rays

RBE =

Dose (Gy or rad) to produce effect with 250 kV x-rays
Dose (Gy or rad) to produce effect with radiation under investigation

RBE

RBE is initially proportional to LET and, as the LET for ionizing radiation increases, so does the RBE. This
increase is primarily the result of higher ionization density and more optimal
energy deposition for high-LET radiations. However, beyond 100 keV/μm of
tissue, the RBE decreases with increasing LET. As more ionizations are
produced in the biological system, part of the energy deposited in the system is
wasted due to an overkill effect. The quality factor (see Table 1-5) is a more
conservative upper limit of RBE used in radiation safety.
Although there has been much research in radiobiology, there are still some
elements of doubt about the specific cell structures which must be damaged to
LET (keV/m)
kill or injure the cell. Research has identified two major radiation processes
Figure 2-2. LET versus RBE
which may lead to cell impairment or death, indirect and direct action.
2.2.b Indirect Action
Absorption of radiation energy may result in a chemical reaction called free-radical formation. A free radical is a
free atom or molecule carrying an unpaired orbital electron in the outer shell. An atom with an unpaired electron in
the outer shell usually exhibits a high degree of chemical reactivity. The two substances in a cell likely to be
involved in free radical formation due to ionization are oxygen and water. The free-radical reactions with these
molecules are described by: H2O l H+ + OH- and O2 l O- + O+.
The hydroxyl radical (OH-) is the major oxidizing agent resulting from ionization of water. Although free
radicals are extremely reactive, most of the reactions recombine to form oxygen and water in about 10 -5 seconds
without causing any biological effects. However, biological effects may occur if these free radicals interact with
other nearby chemical compounds which then diffuse far enough to damage critical cell components. For example,
free radicals may act as oxidizing or reducing agents and may form peroxides when they react with water, these
may inactivate cellular mechanisms or interact with genetic material in the cell (Figure 2-3, top).
2.2.c Direct Action
Indirect
When the radiation energy is absorbed in the cell, it is possible for that radiaAction
ton
tion to interact directly with critical elements in the cell. The atoms in this
pho
target molecule may be ionized or excited, initiating a chain of events which
lead to biological change or damage (Figure 2-3). A whole body dose of 7 Gy
(700 rad) represents an absorption of only 1 calorie in a 70-kg person and
would produce a temperature increase of less than 0.002 oC. For acute wholebody low-LET radiation exposure, the LD50/60 (see 2.3.a) in humans is about 4
Gy (400 rad). Assuming it requires approximately 34 eV to produce each ion
pair and that 1 Sv of low LET radiation represents an energy absorption of 1
ton
pho
J/kg or 6.25 x 10 18 eV/gm, then a median lethal dose produces approximately
7.35 x 1017 ion pairs per gram of tissue. In soft tissue this dose represents
ionization of only 1 in 10,000,000 atoms.
Direct action is the dominant damaging process with high LET radiation
Direct
(e.g., a particles, protons, and neutrons) primarily because the ionization track
Action
is very dense (see Figure 2-1). In addition, direct action is associated with
radiation effects for which a zero threshold dose (see 2.7) is postulated (e.g.,
genetic effects). In this zero threshold scenario, damage may be transmitted to Figure 2-3. Direct / Indirect Action
succeeding generations of cells, making the damage in this instance cumulative with radiation dose.

24

Radiation Safety for Radiation Workers

2.2.d Molecular Reactions
Cells consist mostly of water. As noted above, ionization can lead to molecular changes and to the formation of
chemical species which may damage chromosome material. This damage (as opposed to cell death) can take the
form of changes in construction and function of the cell and these changes may manifest themselves as clinical
symptoms such as radiation sickness, cataracts or, in the long term, cancer. Although the processes leading to radiation damage are complex, they are often considered as occurring in four stages.
 The initial physical stage lasts only a fraction (~ 10-16) of a second. Radiation energy is deposited in the cell
causing ionization.
 The physico-chemical stage lasts about 10-6 seconds. Here the ions interact with
+
−
other water molecules resulting in the production of H+, OH-, H and OH. While H 2 O d H 2 O + e
the H+ and OH- are common in water, the other products, the free radicals H and OH, are chemically highly
reactive. Another strong oxidizing agent produced is hydrogen peroxide, H2O2.
 The chemical stage lasts a few seconds. During this time period most of the free radicals recombine but some of
the reaction products may interact with important organic molecules of the cell. These free radicals and oxidizing agents may attack the complex molecules forming the chromosomes and these agents may attach themselves
to a molecule or cause links in long chain molecules to be broken (Figure 2-3).
 The biological stage has a time scale which may last from tens of minutes to tens of years depending on the
particular endpoint symptoms. These changes may affect a cell in a number of ways as described below.
2.2.e Possible Cellular Effects
Cell
Ionizing
When ionizing radiation strikes the body, it randomly hits or misses
Damage
Radiation
millions of cells. For the cells which are not hit, the radiation simply
Altered Metabolism
passes through and no harm is done. If a cell is hit directly, the cell
and Function
may be completely killed or, somewhat less likely, just damaged.
Because dead cells are rapidly removed by biological processes,
Cell Death
Repair
radiation Safety is primarily concerned with cellular effects which
result in damage to crucial reproductive structures such as the
Transformation
Scarring
chromosomes and their components (e.g., genes, DNA, etc.).
Figure 2-4. Possible Radiation Effects
Radiation can produce several different types of damage such as
small physical displacement of molecules or the production of ion pairs. If the energy deposited within a cell is
high enough, biological damage can occur (e.g., chemical bonds can be broken and affected cells may be damaged
or killed). Some of the possible results from cellular radiation interactions include:
 Repair - the damaged cell can repair itself so no permanent damage is caused. This is the normal outcome for
low doses of low LET radiation commonly encountered in the workplace.
 Cell death - the cell can die like millions of normal cells do naturally. The dead cell debris is carried away by
the blood and a new cell is usually generated through normal biological processes to replace it.
 Mutate - in a very small number of events, a damaged cell may exhibit a change in the cell's reproductive structure allowing the cell to regenerate as a potentially pre-cancerous cell. Over a period of many years or decades,
this may result in a full-blown, malignant cancer.
2.2.f Cellular / Organ Radiosensitivity
Generally, the most radiosensitive cells are those which (1) are rapidly dividing, (2) have a long dividing future
(e.g., those in an early immature phase which are still dividing) and (3) are undifferentiated (i.e., are of an unspecialized type but will be capable of specialization at some future [adult] time). Examples of this so-called Law of
Bergonie and Tribondeau include immature blood cells, intestinal crypt cells, fetal cells, etc. Muscle and nerve
cells are relatively insensitive to radiation damage. The radiosensitivity of various organs correlates with the
relative sensitivity of the cells within the organ. Significant damage to these cells is often manifested by clinical
symptoms such as decreased blood counts, radiation sickness, birth defects, etc., and, in the long term, increased
cancer risk.
Cells are most sensitive when they are reproducing. Additionally, the presence of oxygen in a cell increases
sensitivity to radiation. Anoxic cells (i.e., insufficient oxygen) tend to be inactive and are thus less sensitive to
radiation. One example of a very sensitive cell system is a malignant tumor. The outer layer of cells reproduces
rapidly and also has a good supply of blood and oxygen. During radiation therapy, as the tumor is exposed to
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radiation, the outer layer of rapidly dividing cells is destroyed, causing it to shrink in size and exposing the inner
layer of tumor cells. Destroying the tumor is usually not a problem, but destroying it without destroying or significantly damaging the surrounding healthy tissues is the goal of cancer therapy. Therefore, fractionated radiation
doses are given to patients causing the tumor to gradually shrink and allowing the healthy tissues around the tumor
to have a chance to recover from any radiation damage.
Table 2-2. Radiosensitivity of Normal Cells
Very High
Lymphocytes
Immature hematopoietic cells
Intestinal epithelium
Spermatogonia
Ovarian follicular cells

High
Urinary bladder
epithelium
Esophageal epithelium
Gastric mucosa
Mucous membranes
Epidermal epithelium
Optic lens Epithelium

Intermediate
Endothelium
Growing bone
fibroblasts
Glandular epithelium of breast
Pulmonary epithelium
Renal epithelium
Thyroid epithelium

Low
Mature hematopoietic
cells
Muscle cells
Mature connective tissues
Mature bone and cartilage
Ganglion cells

2.2.g Cancer Induction
Cancer is a disease of more than 100 different forms. Almost every body tissue can give rise to cancerous cells and
malignancies. While each form of cancer has unique features, there are also similar processes that underlie tumor
growth. Scientists believe it is unlikely that a singular, key change or agent will be found to explain cancer and they
currently believe the steps involved in cell growth regulation and division likely trigger the source that ultimately
result in cancer. Foremost is the cells’ gene diversity and their roles in carcinogenesis are being reported on at an
ever quickening pace. While radiation is one of many carcinogens, research into the nature of cellular growth,
replication and development and their roles in cancer formation have identified both inherited (i.e., genetic) and
environmental factors as carcinogens.
Environmental Factors
Epidemiological studies have long identified relationships between unusually high exposures to particular agents
and specific types of cancer. Additionally, having observed weak relationships between agents and specific types of
cancer, epidemiologists have suggested plausible biological rationales. The problem researchers face in this evaluation is that the interplay between genes and environment is dynamic, it is not a simple cause-and-effect process.
Some environmental agents associated with cancer (see also Section 2.8) are:
 Tobacco smoke, primarily from cigarettes, is associated with 30% of all cancer deaths. Besides lung cancer, it is
causally linked to cancers of the upper respiratory tract, esophagus, bladder, pancreas and is probably a cause of
some cancers of the stomach, liver, kidneys, colon, and rectum
 Life style and diet appears related to cancer, both what we eat and what we don't eat. It is connected to 30% of
cancer fatalities. Animal (saturated) fat and red meat in particular are strongly linked to cancer of the colon and
rectum and are implicated in prostate and breast cancer as well. Not eating vegetables and fruits, which have a
salubrious effect as cancer blocking agents. Overeating and resulting excessive growth is also a component to
develop cancers especially in early life. Of food or food additives only salt has been directly related to cancers
(nasopharynx, esophagus and stomach). Alcoholic beverages can contribute to 3% of cancer fatalities (beyond
diet). A sedentary lifestyle contributes to 3% of cancer fatalities.
 Chemicals, many historically linked to the workplace, have been associated with a variety of cancers. Their
uses and potential exposures are continually being limited in efforts to reduce risks. Examples of common
industrially used chemicals that fall in this category are: benzene (myelogenous leukemia), arsenic containing
pesticides (lung cancer), polychlorinated biphenyls (liver and skin cancers), mineral oils (skin cancer). Many
carcinogenic chemicals are also teratogenic (i.e., causing birth defects - see Section 2.5), and acute exposures
during pregnancy should be followed by counseling by a qualified expert. Air pollution (e.g., diesel exhaust),
particularly long-term exposure to high levels, is believed to in crease lung cancer risk.
 Inherited genes are thought to be responsible for fewer than 5% of fatal cancers. However, certain inherited
genes enhance susceptibility to many of the other factors.
 Viruses in the form of DNA viruses, have been causally linked to 5% of cancer fatalities. Human papillomaviruses, primarily types 16 and 18, are linked to cervical cancer and hepatitis B and C are linked to liver cancer.
 Radiation is a highly publicized source of cancer induction but only accounts for 2% of cancer fatalities.
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9 Ionizing radiation, so called because it ionizes molecules, can cause gene damage or otherwise encouraging
tumor growth. Radon (see Section 3.2), a naturally occurring, inert radioactive gas produced in the soil by
decay of uranium and thorium, has been associated with lung cancer among miners; however, aboveground
ambient levels of radon have not posed a significant cancer threat. Nuclear radiation (reactor byproduct
materials) and machine produced radiation (x-ray equipment and accelerators) in high levels have proven
carcinogenic; however the risk from low levels of radiation may be overestimated.
9 Non-ionizing radiation cannot ionize molecules. Ultraviolet B from the sun can damage DNA and is associated with more than 90% of skin cancers, including melanomas. Radio frequency electromagnetic radiation
from cellular phones or microwave ovens has not been empirically linked to cancer. Electric and magnetic
fields from power lines and household appliances have not been clearly demonstrated contributors to cancer
or leukemia incidence.
9 Medical products and procedures accounts for about 1% of all cancers.

Considering that scientists have identified a great number of potential carcinogens, one may wonder how (i.e., by
what mechanism) they produce cancer. A combination of interacting factors is most commonly required to develop
cancer. Thus, tobacco in combination with any other factor (e.g. asbestos) increases the chance of cancer.
Genetic aspects of Carcinogenesis
Cancer is the general name for a group of diseases in which normal homeostatic cellular control is lost and cells
grow continuously, invading, crowding, and overwhelming the surrounding normal tissues. If left unchecked, this
unregulated growth results in the death of the organism. Most scientists believe that carcinogenesis, the process that
transforms a normal cell into a cancer cell, is a multistaged process. That is, any single event by itself is not sufficient to turn a normal cell into a cancer cell. Only when the correct number, combination, and types of aberrant
alterations have accumulated in one cell will a cancer cell develop.
Normal living (i.e., air pollution, tobacco smoke, diet, UV light, medicine, etc.) can produce a variety of cell
damage which slowly accumulates throughout a person’s lifetime. This accumulation of damage is the reason most
cancers occur late in life. Additionally, genetic background factors (e.g., sex, developmental stage, DNA repair
systems, hormones, growth factors, oncogenes, tumor suppressor genes, etc.), play a role in the cancer process.
While the identities of these crucial steps are still not completely clear, there are a number of good candidates
Normal cell division and growth is promoted by proto-oncogenes in response to signals from other cells. The
growth is regulated by tumor suppressor genes which normally function to prevent neoplasia development by
inhibiting or putting the brakes on the cell’s growth and the division cycle. DNA repair genes attempt to ensure
that each strand of genetic information is accurately copied during cell division.
It is believed that cancer arises from changes initiated in one cell because one of these three genes is impaired.
This first step in carcinogenesis is the initiation stage. A mutation (e.g., point mutation, chromosome rearrangement, gene amplification, viral insertion) occurring in a proto-oncogene may activate it and change it into an
oncogene. For example, ionizing radiation may break a proto-oncogene while another, unrelated gene in another
part of the genome breaks simultaneously, and the broken proto-oncogene is somehow fused to the unrelated gene
in just the right place, causing activation of the proto-oncogene into an oncogene (i.e., it becomes “switched on” and
is unresponsive to the “off” signal). For the activated oncogene to convert the cell to a malignant cell, it is also
necessary to deactivate the tumor supressor genes. With the tumor supressor genes deactivated, growth is promoted
and, if capable, the initiated cell may multiply. But, the growth - cell division cycle still requires external stimulation. If through additional genetic alteration, these initiated cells become capable of independent, unregulated
growth and metastasis, then a full cancer may be produced.
Thus, a single exposure to low-level radiation does not really “cause” cancer. To do so, the radiation would
have to: (1) activate one or more oncogenes and inactivate suppressor genes, (2) initiate, promote, or clonally
expand that cell many fold and (3) then convert one of those initiated cells by mutating other genes to have invasive
and metastatic abilities by a series of independent events in a single cell. Rather, radiation may act as one or several
factors in a multistage process of initiation, promotion and progression. These complex interactions have lead
scientists to question the validity of the linear-no threshold risk model (see Section 2.7) for individual exposures.
2.3 Biological Effects
The effects on the human body as the result of damage to individual cells are divided into two classes, somatic and
hereditary. Somatic effects arise from damage to the body's cells and only occur in the irradiated person.
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Hereditary (or genetic) effects result from damage to an individual’s reproductive cells making it possible to pass on
the damage to the irradiated person's children and to later generations.
Table 2-3. Physical Effects from Whole Body Acute Exposure
2.3.a Acute Radiation Syndrome
Dose
Detrimental effects have only been seen for
Result
(Gy - rad)
acute exposures, that is large doses of radiation received in a short period of time. Acute
< 0.25 < 25 No clinically detectable effects
whole body exposures in excess of 2 Gy (200
0.5
50 Slight blood changes
rad), i.e., much higher than is normally
1
100 Detectable blood changes
received by radiation workers from a lifetime
2
200 Blood changes; some nausea, vomiting, fatigue
of radiation work, may damage a sufficient
Blood changes, nausea, vomiting, fatigue,
number of radiosensitive cells to produce
4
400
anorexia, diarrhea, some deaths in 2 - 6 weeks
mild symptoms of radiation sickness within a
short period of time, perhaps a few days to a
7
700 Death likely within 2 months for 100% exposed
few weeks. The immediate somatic effects
may include symptoms such as blood changes, nausea, vomiting, hair loss, diarrhea, dizziness, nervous disorders,
hemorrhage, and maybe death. Without medical care, half of the people exposed to a whole body acute exposure of
4 Gy (400 rad) may die within 60 days (LD50/60). Regardless of care, persons exposed to an acute exposure exceeding 7 Gy (700 rad) are not likely to survive (LD100). Exposed individuals who survive acute whole body exposures
may also develop other delayed somatic effects such as epilation, cataracts, erythema, sterility and/or cancers.
 Hair loss (epilation) is similar to skin damage and can occur after acute doses of about 5 Gy (500 rad).
 Cataracts seem to have a threshold of about 2 Gy (200 rad) and are more probable from acute neutron doses.
 Skin erythema (reddening) occurs from a single dose of 6 - 8 Gy (600 - 800 rad).
 Sterility, depending on dose may be either temporary or permanent in males. Although females require a higher
dose, sterility is usually permanent. Permanent sterility usually requires doses exceeding 4 Gy (400 rad) to the
reproductive cells.
While these effects are severe, it must be remembered that acute exposures are very rare. During the past 50 years
there has been fewer than 20 fatalities in the US which were directly attributable to acute radiation exposures and
certainly fewer than 200 injuries which showed the signs and symptoms of acute radiation syndrome. The last nonpatient acute exposure at the University occurred in 1966. This good record is a testament of the safety consciousness of the worker. Although there are radiation sources capable of producing acute injuries (cf. Chapter 9), all
these sources have radiation alarms within the room to alert users of higher than expected (alarms are set at 2 - 5
mR/hr) levels of radiation and all users of these sources receive additional training in the safe use of these sources.
Hematopoietic System Effects
The hematopoietic stem cells are the most radiosensitive tissues in the body. Radiation doses of 2 Gy (200 rad) or
more can significantly damage the blood forming capability of the body. Acute doses kill some of the mitotically
active precursor stem cells, diminishing the subsequent supply of mature red cells, white cells, and platelets. As
mature circulating cells die and the supply of new cells is inadequate to replace them, the physiological consequences of hematopoietic system damage become manifest. Damage to bone marrow includes such symptoms as
increased susceptibility to infection, bleeding, anemia, and lowered immunity. One of the principal causes of death
after total-body irradiation is infection. For doses below 7 Gy (700 rad), the hematopoietic syndrome starts about 8
- 10 days post exposure with a serious drop in granulocyte and platelet counts. Pancytopenia (i.e., reduction of all
types of blood cells) follows about 3 - 4 weeks later, becoming complete at doses above 5 Gy (500 rad). Petechiae
(small hemorrhage under the skin) and purpura are evident, and bleeding may be uncontrolled, causing anemia.
There may be fever and rises in pulse and respiratory rates due to endogenous bacterial and mycotic infections. The
infections may become uncontrolled due to impaired granulocyte and antibody production. If at least 10% of the
hematopoietic stem cells remain uninjured, recovery is possible. Otherwise, death occurs within 4 - 6 weeks.
Gastrointestinal System Effects
At doses above 7 Gy (700 rad), injury to the gastrointestinal tract contributes increasingly to the severity of the
manifest-illness phase. Such high exposures inhibit the renewal of the cells lining the digestive tract. These cells
are short lived and must be renewed at a high rate. High exposures then lead to depletion of these cells within a few
days. The physiological consequences of gastrointestinal injury may vary depending upon the region and extent of
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damage. The small intestine contains the most sensitive of these tissues followed by the stomach, colon, and
rectum. The mouth and esophagus respond similarly to the skin. Thus, the result of high exposures is a breakdown
of the mucosal lining and ulceration of the intestine. As the mucosa breaks down, bacteria can enter the bloodstream and are unchallenged because of the curtailed production of granulocytes (cf. 2.3.a.1). Beginning at
approximately 12.5 Gy (1250 rad), early mortality occurs due to dehydration and electrolyte imbalance from
leakage through the extensively ulcerated intestinal mucosa. These conditions develop over a few days and are
characterized by cramping, abdominal pain, and diarrhea, followed by shock and death.

Wound + 510 R

Percent lethality

120
Combined Injury Effects
33% burn
Combined
Rad
Rad + Wound
Early Closure
A combined injury occurs when a radiation
100
radiation
injury is superimposed with another type of
80
trauma. Studies have suggested that, even if
60
two types of injuries are sublethal or
40
minimally lethal when given alone, together
20
these injuries may act synergistically to
0
increase mortality. Figure 2-5 shows that
0
20
40
60
80
100
100 rad 250 rad 500 rad
almost 100% mortality was observed in rats
Percent Mortality
given both 2.5 Gy (250 rad) gamma radiation (no mortality) and a 33% burn (50%
Figure 2-5. Radiation and Burns
Figure 2-6. Combined Injury
mortality). The importance of two types of
injury acting synergistically is demonstrated in Figure 2-6. In mice, a 510 R exposure causes 26% mortality, but
combined with an open wound (which produces essentially zero mortality), mortality increased to 90%. However,
in situations where the wound was closed early, the synergistic effect was reduced. Combined injuries compromise
a host’s normal defensive processes and induce changes in the colonization resistance of the host’s epithelial
surfaces which can create lethal situations for otherwise benign assaults.
Remember, all acute somatic effects are the result of direct and indirect cellular damage by ionization and the
consequent reactions. While workers may talk about a “hot” sample, this applies to activity and not temperature.
For example, an acute exposure of 4 Gy (400 rad) represents an absorption of energy of only about 67 calories.
Assuming a 70 kg individual, then if all the energy were converted to heat, it would represent a whole-body
temperature rise of only 0.002 oC, which would cause no harm at all.

2.3.b Delayed Somatic Effects
The immediate or acute effects described above are largely the result of the killing of cells in some crucial population. Delayed or late effects are due to damage to cells that survive but retain some legacy of the radiation damage
(cf. 2.2.f.2). This damaged cell then passes on the injury to its progeny. If this cell is a germ cell, it may result in a
genetic mutation expressed in a future generation. If the cell damaged is a somatic cell, the consequence may be
leukemia or cancer in the individual exposed.
Genetic (hereditary) effects and cancer are called stochastic effects. A stochastic effect is one that might arise
from the injury of a few cells, or even a single cell, and theoretically has no threshold. A cancer or genetic mutation
is an all-or-none effect for the individual concerned (i.e., either there is or there is not a cancer). Increasing the
radiation dose does not increase the severity of the effect in that individual, it simply increases the frequency or
incidence of the effect in a population. For example, a radiation-induced leukemia in a person may result from an
exposure to 0.01 Gy (1 rad) or to 1 Gy (100 rad). But it will be the same leukemia and the person in whom the
leukemia was induced by the higher dose will not be more ill than the person in whom the leukemia was induced by
0.01 Gy (1 rad). Thus, the probability of the biological effect occurring increases with radiation dose, but the severity of the biological effect when it occurs is not affected by the radiation dose.
A non-stochastic effect is a somatic effect that increases in severity with increasing dose in the affected individual. The severity is related to the number of cells and tissues damaged by the radiation. Non-stochastic effects
(e.g., cataracts, acute radiation syndrome, etc.) are basically degenerative. Larger doses of radiation are usually
required to cause a significant non-stochastic effect or to seriously impair health than are required to increase cancer
or mutation risks. There is often a threshold dose for non-stochastic effects. With erythema (a sunburn like injury),
the higher the radiation dose, the more quickly the redness appears and the longer it takes to completely heal.
Radiation damage to somatic cells may result in cell mutations and the manifestation of cancer (see Section
2.2.e and 2.2.g). These delayed effects cannot be measured at the low radiation doses received by radiation
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Risk

workers. In fact, radiation worker populations exposed at currently allowed standards (see Table 2-6) have not
shown increased cancer rates when compared to the rest of the population. The estimation of any (statistically)
small increased cancer risk is complicated by the facts that:
 there is a long, variable latent period (> 5 to 30 years) from radiation
Age at Exposure
exposure to cancer manifestation (Figure 2-7).
 a radiation-induced cancer is indistinguishable from spontaneous cancers.
 the effects vary from person to person.
 radiation workers may exhibit a "healthy worker" effect resulting from the
Years after Exposure
fact that their employment may also entail medical benefits and a healthy
lifestyle.
Figure 2-7. Leukemia Risk
 the normal cancer incidence is relatively high (i.e., the fatal cancer risk from
all causes in the U.S. is about 20% or one person in five).
Most regulations take a conservative approach to radiation-induced cancer risk, assuming the risk from radiation is
linearly related to the radiation exposure and that there is no threshold for effects. For that reason, workers should
aim to keep their radiation exposure ALARA (As Low As Reasonably Achievable). As an estimate, a single
exposure of 1 rem may carry with it an increased chance of eventually producing cancer in about 2 - 4 persons in a
10,000 person population. Because of cellular repair, lengthening the duration for the same exposure should lower
the expected number of cancers. However, effect-reducing measures do not enter into the risk equation because
dose-rate is not considered when establishing the dose limits from the risk model. To compare radiation risks to
other risks, refer to Section 2.8, Radiation Exposure Risks and Appendix B-4.
2.3.c Genetic Effects
Hereditary effects from radiation exposure could result from damage of chromosomes in the exposed person's
reproductive cells. These effects could then theoretically show up as genetic mutations, birth defects or other conditions in the future children of the exposed individual and succeeding generations. Again, as with cancer induction,
radiation-induced mutations are indistinguishable from naturally-occurring mutations. Chromosome damage is
continually occurring throughout a worker's lifetime from natural causes and mutagenic agents such as chemicals,
pollutants, etc. There is a normal incidence of birth defects in approximately 5 - 10% of all live births. Excess
genetic effects clearly caused by radiation have not been observed in human populations exposed to low-level radiation exposure. Even in Hiroshima and Nagasaki, no unequivocal evidence of radiation-related genetic damage
emerges. However, because ionizing radiation has the potential to increase this mutation rate (e.g., an exposure of 1
rem may carry with it an increased chance for genetic effects of 5 - 75 per 1,000,000 exposed persons), it is essential to control the use of radioactive materials, prevent the spread of radiation from the work place, and ensure that
exposure of all workers is maintained ALARA.
Table 2-4. Low-Energy Beta-Emitting Radionuclides
2.4 Internal Radiation Exposure
Isotope
Symbol Half-life Radiation Energy, MeV
Not all radiation is equally penetrating. If you are
3
Tritium
H
12.3 yr
ß0.0186
exposed to low LET radiation sources outside the
14
Carbon-14
C
5730 yr
ß
0.157
body (external radiation exposure), only high33
Phosphorus-33
P
25.3 day
ß
0.249
energy (> 300 keV) beta particles and gamma /
35
x-rays are potentially hazardous. Table 2-4 lists
Sulfur-35
S
87.2 day
ß0.1674
some commonly used, low-energy beta emitting
45
Calcium-45
Ca 163 day
ß0.2567
radioisotopes. These are not external hazards
63
Nickel-63
Ni
100 yr
ß
0.0669
because beta emitters with maximum energies less
than 300 keV (0.3 MeV) do not significantly penetrate the skin’s protective layer.
However, when inside the body, radioisotopes emitting short range, high LET particulate (i.e., α, proton) radiation are more damaging than low LET radiation. Radioisotopes can enter the body by workers eating or drinking in
a radiation work area, by breathing in dusts, vapors or aerosols, or absorption through the skin. The body treats
these radioisotopes as it does similar, non-radioactive elements. Some is excreted through normal body processes,
but some may be metabolized and incorporated in organ systems which have an affinity for that element or chemical compound.
The hazard from an internal radionuclide is directly related to the length of time it spends in the body (Table
2-5). Radioactive material not incorporated in an organ is rapidly excreted (i.e., usually about 32 hours) and
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therefore poses only a slight hazard. Radioisotopes incorporated in organs are more slowly
excreted. Different organs have different affinities for certain radionuclides, so the excretion
rate depends on the organ involved. This natural
elimination rate, the biological half-life, T½b, is
the time required for the body to naturally reduce
the amount of a chemical or elemental substance
in the body to one-half of its original amount.
Simultaneously, the radioactive material is
decreasing by radioactive decay. The combination of the biological and physical (T1/2) halflives, the effective half-life, T½e, (Table 2-5) is
less than either half-life and is calculated by the
equation at the right.

T 1/2 e =

1

T 1/2 b

1
+

1

T 1/2

=

T 1/2 $ T 1/2 b
T 1/2 b + T 1/2

Table 2-5. Effective Half-lives of Common Radioisotopes
Half-life
Isotope

Symbol

Physical

Tritium

3

12.3 yr

Carbon-14

14

Sodium-22

H

Biological Effective
12 day

12 day

C

5730 yr

10 day

10 day

Na

2.605 yr

11 day

11 day

22

Phosphorus-32

32

14.28 day

257 day

13.5 day

Phosphorus-33

33

25.3 day

257 day

23.0 day

Sulfur-35

35

S

87.2 day

90 day

44.3 day

Ca

P
P

Calcium-45

45

162.7 day

45 year

160 day

Chromium-51

51

Cr

27.7 day

1.68 year

26.6 day

Cobalt-57

57

Co

271.8 day

9.5 day

9.2 day

Nickel-63

63

Ni

100 yr

1.83 year

655 day

Zinc-65

65

Zn

243.8 day

2.54 year

193 day

6.01 hr

1 day

4.81 hr

Technetium-99m

99m

Tc

2.5 Irradiation During Pregnancy
60.1 day
138 day
42 day
Iodine-125
I
The developing embryo is a system composed of Iodine-131
131
8.04 day
138 day
7.6 day
I
rapidly dividing cells with a good blood and
137
Cesium-137
Cs 30.17 yr
70 day
69.5 day
oxygen supply. Although similar in radiosensitivity to a tumor, an embryo manifests consequences of exposure to radiation differently. Teratogenesis is a
somatic effect which may be observed in children exposed to relatively high doses (> 0.3 Gy [30 rad]) of radiation
during the fetal and embryonic stages of development. Among atomic bomb survivors, it was seen that the unborn
child was more sensitive to the effects of ionizing radiation than a child or adult and the increased sensitivity
seemed to be dependent upon fetal age. However, ionizing radiation can impair only those developmental events
that are actually occurring at the time of exposure. The most radiosensitive period for the unborn child is the first
trimester (i.e., first three months), particularly from weeks 2 to 8 of the pregnancy. During this period, the various
organ systems are forming (i.e., organogenesis) from the rapidly differentiating cells and radiation damage could
produce physical abnormalities and may result in fetal death. Among fetuses exposed to high radiation doses (i.e.,
greater than 1 Gy [100 rad]), some have exhibited growth abnormalities such as low birth weight, microcephaly,
mental retardation, etc. Some 20 of the approximately 50 pregnancies of mothers in Hiroshima and Nagasaki
exposed to more than 0.01 Gy (1 rad), terminated in a child with severe mental retardation, significantly greater
than the 4 or 5 normally expected. Besides higher incidence of these more obvious somatic injuries, epidemiological studies have suggested that fetal radiation exposure may also result in a slight increase in the risk of childhood leukemia and solid tumors. Although radiation is a known carcinogen, it should be noted that within the
Hiroshima-Nagasaki population of prenatally exposed survivors, no increase in mortality from childhood cancers
occurring in the first 10 years following birth was observed and no cases of leukemia were observed.
Most of the research on fetal radiation effects has been performed on laboratory animals exposed to very high
radiation levels. Some studies of children who were acutely exposed to low levels of radiation (e.g., > 0.1 Gy [10
rad]) as fetuses have caused regulators to suggest that, based on the linear-no threshold model (see Section 2.7),
even at lower doses, such as those allowed radiation workers, there may be an increased risk for fetal injury that
would usually be manifested as increased childhood cancer incidence. Therefore, Federal agencies require that
users of radiation implement a Pregnancy Surveillance Program to insure that the fetus and, by extrapolation, the
pregnant worker be exposed to radiation doses less than 10% (i.e., 5 mSv [500 mrem]) of a radiation worker's
whole-body exposure limit (see Chapter 3). It is believed that exposures at this level pose a negligible risk when
compared to other normal risks faced by the fetus. Pregnant workers who desire to avail themselves of this protective standard should inform their supervisor and the Radiation Safety Office. When notified, Radiation Safety will
meet with the worker to review their past exposure history, the lab’s radioactive work history, and provide
additional information to insure that the pregnant worker maintains her radiation exposure ALARA and well below
the 5 mSv (500 mrem) limit. Additional information on the various risks to the fetus from radiation and other
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exposures and Pregnancy Surveillance Program guidance can be found in Appendix B. These readings are taken
from several revisions of the Nuclear Regulatory Commission's pregnancy guides published as Regulatory Guide
8.13, "Instruction Concerning Prenatal Radiation Exposure."
2.6 Biological Hazards From Radioactive Compounds
Much of the research conducted at the University uses compounds which have radioactive material as components
of a compound (e.g., 3H steroids, 14C amino acids, 32P nucleic acids, 125I peptides, etc.). These types of material are
specially compounded to provide information about metabolism or other cell processes. Unlike "pure" radioactive
elements, these compounds will be processed differently by the body and perhaps may be stored for even longer
periods of time within the cells and organ systems they were designed to target. For example, it is estimated that 3H
ingested in the form of thymidine is 9 times more hazardous than 3H ingested in the form of water (i.e., 9-times the
dose). Those radionuclides which are incorporated into nucleic acids are of particular concern in radiation safety.
Damage to a cell's genetic material, particularly the DNA, is believed to be the major cause of harmful effects of
radiation leading to cell killing and mutations (cancers). The cell's genetic material is found mainly in the nucleus.
If ingested by a worker or if they enter the body through cuts, needle sticks, or breaks in the skin, c ompounds which
contain radiolabeled nucleic acids have the potential of exposing the worker's DNA to radiation and may affect cell
replication or cause changes in genetic function. Nucleic acids which use 3H, 14C, 32P, 33P, 35S, 45Ca and 125I are of
concern not only because the radioactive material can be incorporated in a cell's nucleus, but also because the radiation emitted will be absorbed primarily within the cell, increasing the possibility that damage will occur.
Thus, persons who work with these radioactive nucleic compounds should take greater precautions (see
Chapter 5) to insure the radioactive material remains outside the body where it will pose only a minor hazard.
Good housekeeping and cleanliness are crucial. Wear gloves and never mouth pipette any solutions, radioactive or
otherwise. Additionally, at the completion of work with a radioactive compound, wash your hands and forearms
thoroughly and use radiation survey instruments (see Chapters 4, 5 , and 7) to check your hands, feet, clothing, and
work area (bench top and floor) for radioactive contamination before leaving the laboratory.
2.7 Radiation Risk Assessment
Despite new scientific information and epidemiological studies, the health effects of low-level radiation remains a
source of uncertainty and controversy. Some studies have provided results that were quite reassuring with regard to
the hazards of radiation emissions from nuclear plants. A major survey conducted by the National Cancer Institute,
for example, found no increased risk of cancer in 107 counties of the United States located near 62 nuclear power
plants. But other evidence was more disquieting, such as a cluster of cancer cases near the Pilgrim reactor in Massachusetts and a high incidence of leukemia in children around the Sellafield reprocessing plant in Britain.
Because of the inconsistencies of these low dose studies, much of our knowledge about the detrimental effects
of radiation comes from observing the effects of high doses of radiation on individuals and populations. We know:
9 acute whole body exposures in excess of 7 Gy (700 rad) are not survivable.
9 low-energy X-ray skin exposures exceeding 2 - 3 Gy (200 - 300 rad) can produce skin reddening.
9 TB patients receiving pneumothorax treatments (in 1930s and 1940s) showed higher numbers of breast cancers
on the breast over the treated lung.
9 children with enlarged thymus glands who were treated with high doses of x-rays (in the 1930s through 1950s)
showed higher numbers of thyroid cancers 20 - 30 years (or more) after the treatment.
9 Japanese survivors of the atomic bomb attacks exhibited excess cancer deaths. About 80,000 survivors have
been followed. By about 1985 this population had about 24,000 deaths, about 5000 caused by cancer with an
estimated 250 being in excess of the expected (and therefore considered to be radiation induced).
These effects were all the result of acute exposures (i.e., > 2 Gy [200 rad]) to the tissues of interest. The question
facing scientists is whether there are similar, or any, risks from the low exposures allowed radiation workers.
When researchers investigated this question, they found there were no easy answers. Based on the radiation
quality (see Table 1-4), some types of radiation (e.g., high LET) were found to be more damaging to cells than
others. Other factors which have an impact on the effects of radiation include the individual's age, sex, physical
conditioning, total dose, and dose rate. Based primarily on observed effects in man (although some animal data was
incorporated), several models (Figure 2-8) were proposed to adequately represent the risks.
In 1980, the Biological Effects of Ionizing Radiation (BEIR) III Committee suggested a linear-quadratic model
(i.e., CC B B CC B B curve) as the model most accurate for low-dose rate, low-LET radiation (i.e., the type of exposure
received by most radiation workers). This model seemed most representative of cellular response to radiation. It
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implies that at low doses the effect is essentially linear,
since the square of a small dose will add little to the
frequency of the effect. As the dose increases, the contribution of the dose-squared term, the quadratic, becomes
important. The point at which the contribution to the total
effect of the linear and quadratic terms in the doseresponse model are equal is called the crossover value.
Where this value has been estimated, it is usually found to
lie between 1 and 2 Gy (100 - 200 rad).
However, the linear-quadratic model is primarily
applicable for acute exposures since low or protracted
doses present little opportunity for multiple events of a
given kind to occur. Physically, at low doses and low
dose rates, cellular injury has an opportunity to be reFigure 2-8. Dose Response Models
paired so the consequent damage is usually less severe.
Other drawbacks of the BEIR III model were that it was age, sex and organ specific, resulting in many different
models for each of the different types of radiation, cancers, age, gender, etc. The BEIR III general equation for
excess risk is E = α0 + α1D + α2D2.
Primarily because of the BEIR III model’s complexity, the BEIR V Committee suggested that for cancer induction and genetic effects, “the frequency of such effects increases with low-level radiation as a linear, nonthreshold
function of the dose.”
Although there have been reductions in the allowable dose, the dose reductions made in 1946 from 30 rem per
year to 15 rem per year and in 1956 from 15 rem per year to 5 rem per year were not made because of any convinc ing evidence that individual workers who were exposed within the allowable level were being injured. Rather limits
were reduced because a dose reduction was practical and prudent and could be accomplished without an unacceptable cost increase. Research has not been able to establish an unambiguous link between radiation exposure and
cancer incidence in groups of radiation workers exposed to radiation within the established levels.
One result of the inability to demonstrate low-dose detrimental effects has been the suggestion that perhaps low
dose radiation exposure is benign or even hormetic. Hormesis is characterized as a process whereby low doses of
an otherwise harmful agent could result in stimulatory or beneficial effects. The phenomenon of hormesis is
commonly found in nature in biological response to harmful chemical and physical agents. Just as with low dose
detrimental effects, radiation hormesis has not been unambiguously demonstrated in humans and most scientists are
not willing to advocate it as a definite effect of low doses of radiation exposure.
Thus, the model now accepted for regulatory purposes is a linear, no threshold model ( CCC curve). Depending upon basic assumptions, either the linear ( CCC curve) or the linear-quadratic ( CC B B CC B B curve) model is
accepted. The quadratic model ( B B B B curve) is primarily related to high-LET (e.g., α, protons, neutrons) or highdose rate (e.g., acute) where cell killing predominates.
The linear, no threshold model is a conservative model. It assumes no cellular repair (i.e., no threshold) and it is
believed that the model will overestimate the actual number of fatal cancers produced in the exposed population and
consequently be safe-sided. It was derived by extrapolating known, acute (high dose and high dose rate) exposure
data points in a linear or curvilinear fashion through the origin.
To account for differences in response to low dose and low dose rate exposures, a correction factor, the dose
and dose rate effectiveness factor (DDREF), was used to produce the linear quadratic model. The DDREF takes
into account the effects of cellular repair and the observations of epidemiology and animal studies. The slope of the
low-LET dose-response relationship at high doses and high-dose rates is greater than the slope at low doses and
low-dose rates producing the change in slope seen in the linear-quadratic curve. Current recommendations for the
DDREF are on the order of 2 or 3.
The linear, no threshold relationship between (low) dose and relative cancer risk seems to naturally result from a
multistage process of carcinogenesis. In this process, small doses of ionizing radiation simply add to the already
massive insults from chemicals, biological agents, oxidative stress, and normal mishaps of gene regulation, suppression, and expression.
Using risks calculated from the linear model, regulations are promulgated to address exposure of several groups
of populations. The basic goal is to weigh the radiation risks to the groups involved with the benefits the workers,
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patients, and society derive from the anticipated radiation exposure. Obviously, there is no risk-benefit question
involved with exposing a person to 5 mSv (500 mrem) if that exposure allows a life-enhancing or lifesaving medical
diagnosis to be made. Nor is there undue concern with exposing the population of the U.S. to an average of 0.01
μSv/yr (0.001 mrem/yr) from the radiation sources found in smoke detectors because of the early-warning from
these devices saves lives, protects property and benefits society. But, what about exposing laboratory workers to
0.5 mSv/yr (50 mrem/yr) in the hope of finding the purpose of a specific DNA coded segment?
Radiation workers derive some benefit from their work with radiation, specifically their livelihood. All jobs
carry some risk (e.g., needle sticks in medical care,
Table 2-6. Maximum Permissible Dose Limits
auto accidents in transportation, construction
injuries, etc.), however, modern workers expect to
Radiation Worker
mSv/yr mrem/yr rem/yr
survive their work and retire in good health.
Whole body
50
5,000
5
Whole body exposure limits for workers (see
Table 2-6) are set so there will be no immediate
Lens of eye
150 15,000
15
(non-stochastic) effects from radiation exposure
Skin
500 50,000
50
and, even if the worker is exposed to the maxHands, wrist, feet, ankles
500 50,000
50
imum permissible exposure year after year, the
500 50,000
50
calculated increased cancer risk (stochastic effect) Thyroid
Minor (under 18 years old)
5
500
0.5
will be low. In fact, although statistics suggest
that the worker population would be at an inUnborn child of radiation worker
0.5✝
5✝
500✝
creased risk for cancer induction, no increases in
Members of the general public
1
100
0.1
cancers have been documented in working popu✝
over entire gestation period for declared pregnant worker
lations exposed to the current limits.
Organ specific limits (e.g., lens of eye, skin, etc.) are set at about 10% of the lowest (acute) dose which has ever
been shown to produce detrimental effects within that organ. As will be seen in Chapter 3, weighing factors are
applied to specific organ system doses to insure that external and internal doses do not combine to become a more
hazardous dose.
Some workers (e.g., dishwashers, custodians, secretaries, maintenance workers, delivery people, etc.) may be
incidentally exposed to extremely small levels of radiation because their daily work takes them through areas where
radiation and radioactive materials are used. Researchers must insure that the radiation exposure of those
non-radiation workers is much lower than exposure levels for radiation workers. Exposure of individual members
of the general public from all (non-natural and nonmedical) sources is currently limited to 1 mSv/yr (100 mrem/yr).
Additionally, unborn children of radiation workers may be exposed when the mother is at work. To insure the
unborn child's exposure is below 5 mSv (500 mrem) for the entire gestation period, the normal practice is to
maintain the radiation exposure of a "declared" pregnant worker below 5 mSv (500 mrem) during her pregnancy.
2.8 Radiation Exposure Risks
Use of the linear, no-threshold dose-response model (Figure 2-8), implies that radiation exposure carries some longterm cancer risk. The NRC estimates the risk from a single whole body radiation exposure of 10 mSv (1 rem) to
represent a risk of about 4 in 10,000 of developing a fatal cancer. The linear model predicts that a worker who
receives a 50 mSv (5 rem) exposure would thus have a risk of 20 in 10,000 of developing a fatal cancer while a
worker who receives a 1 mSv (0.1 rem) exposure would have a risk of 0.4 in 10,000 of developing a fatal cancer.
But this (statistically) increased risk should not be taken as the only risk facing workers. Not all cancers are
fatal; some potential cancers are easily cured (e.g., thyroid) while some are less easy to cure. Thus, while the
natural incidence of cancer is approximately 30%, the natural incidence of fatal cancers is lower. The U.S. cancer
fatality rate is approximately 20%, and 1 in 5 persons (2,000 in 10,000) will normally die of cancer induced from
one of many possible causes (e.g., smoking, food, alcohol, drugs, pollutants, natural background radiation, inherited
traits, etc.). Integrating this estimate with the natural incidence for a group of 10,000 radiation workers, each
exposed to 10 mSv (1 rem) of occupational radiation, the model predicts 2,004 fatal cancers.
The problem facing scientists is that the radiation cancers, if produced, are of such a low frequency that they are
indistinguishable among the high background rate of natural cancers. To complicate matters even more, protracting
the exposure over an entire work year actually lowers the cancer risk by a factor 2 - 4 times less than the risk from a
single exposure.
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Risk is often expressed as a numeric value, or multiple, of background. An excess relative risk of 5.21 implies
that whatever the spontaneously occurring risk (i.e., background), exposure to 1 Gy (100 rad) will increase that risk
5.2 times. In a population with a natural rate of leukemia deaths of 7 per 100,000 persons per year, that number of
deaths would increase to 36 if every member of the population were exposed to 1 Gy (100 rad). Similarly, an
increased risk of 20% in the same population would represent an increase of only 1.4 leukemia deaths per 100,000
persons per year (i.e., 7 x 0.2 = 1.4).
Another way to look at radiation risk is to compare the average number of days of life expectancy lost per 10
mSv (1 rem) radiation exposure to the projected average loss of life expectancy from other health risks (Tables 2-7
and 2-8). In general, an individual who develops cancer loses an average of 15 years of life expectancy while
his/her coworkers suffer no loss. The average US radiation worker exposure in 1992 was 3 mSv (0.3 rem) and the
UW's radiation worker average annual exposure is below 0.2 mSv (0.02 rem). Assuming 3 mSv (0.3 rem) radiation
exposure per year from age 18 to 65 results in a projected estimate of life expectancy loss of 15 days.
Table 2-7. Health Risks vs Life Expectancy

Health Risk
Smoking 20 cigarettes a day

Estimated Life
Expectancy Loss
6 years

Table 2-8. Industrial Accidents vs Life Expectancy

Industry Type
All industries

Estimated Life
Expectancy Loss
60 days

Overweight (by 15%)

2 years

Agriculture

320 days

Alcohol consumption (US average)

1 year

Construction

227 days

Motor vehicle accidents

207 days

Mining / Quarrying

167 days

Home accidents

74 days

Transportation / Public Utilities

160 days

Natural disaster (earthquake, flood)

7 days

Government

60 days

Medical diagnostic radiation

6 days

Manufacturing

40 days

3 mSv (0.3 rem) per yr from 18 to 65

15 days

Trade

27 days

10 mSv (1 rem) per yr from 18 to 65

51 days

Services

27 days

The Biological Effects of Ionizing Radiation V (BEIR V) Committee suggested that the risk of cancer death is
0.08% per 10 mSv (1 rem) for acute doses (1-shot exposure) and might be 2 - 4 times less than that for chronic,
low-level, low-LET doses (i.e., 0.04% - 0.02% per 10 mSv [1 rem] exposure). Because these estimates are an
average for all ages, sexes and all forms of cancers, there is significant uncertainty associated with the estimate.
Other agencies have suggested other estimates which differ primarily because of the different assumptions and risk
models used in the calculation.
Table 2-9. Susceptibility of Tissues to Radiation-Induced Cancer and some Mean Latent Periods (years)
High
Leukemia (7 - 10)
Female breast (22)
Thyroid (20)

Moderate
Gastrointestinal tract
Liver
Lung (25)
Lymphatic system
Pancreas
Salivary glands (20)

Low
Bladder
Bone (10 - 15)
Brain (27)
Kidney
Larynx (24)
Skin (24)

Very Low / Absent
Cervix (27)
Chronic lymphatic leukemia
Melanoma
Prostate
Uterus

What about radiation and pregnancy? As noted earlier, although developmental effects have been seen in the
prenatally exposed atom bomb survivors, excess cancers have not been seen. Additionally, some of the developmental effects seen (e.g., microcephaly, low birth weight, etc.) may have been related to poor nutrition. What can
one determine from looking as risk?
There are also many ways to list risk from exposure. One estimate (Table 2-10) is based upon time of exposure
post conception. Notice that the first 15 weeks of pregnancy appears to be more sensitive, that the doses are
relatively large (usually greater the 0.1 Sv [10 rem]), and that there is a normal incidence of most of these outcomes
that, in some instances, is relatively large.
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But, Table 2-10 estimates risks
Possible
of detrimental effects. What about
Sensitive Period
Threshold
the risks of nothing happening, or
Effect
Estimated Risk
(post-conception)
Dose
of radiation not producing effects.
Table 2-11 presents the percent
0.05 - 0.1 Sv
------I
Prenatal Death
1 - 14 days
likelihood of not developing child(5 - 10 rem)
hood chancer after a prenatal
Growth
0.2 Sv
8 - 15 weeks
-----(diagnostic x-ray) radiation
Impairment
(20 rem)
exposure. This table assumes the
Severe Mental
0.1 - 0.4 Sv
1 in 250 per 0.01
8 - 15 weeks
absolute incidence of childhood
Retardation
(10 - 40 rem) Sv (1 rem)G
cancer mortality to be about 2 in
Loss of 1 IQ point
0.1 Sv
Intellectual
3000 and state that the "increase in
for every 0.04 Sv
8 - 15 weeks
(10 rem)
Deficit
childhood cancer is 1 - 2 cases in
(4 rem)
3000 children each exposed to 10
Congenital
0.05 - 0.25 Sv
2 - 8 weeks
-----mGy (1 rad) of in utero irradiation." Malformations'
(5 - 25 rem)
Again the risk of cancer from the
2nd & 3rd trimesters
1 in 2000 per 0.01
same dose is greater during the first Childhood
-----are less sensitive
Sv (1 rem)H
trimester. For both of these tables,
Cancer
than 1st trimester
the "risk factors have a great uncer'
The normal incidence of congenital defects is about 3% and can vary by more than
tainty and an actual causal link
a factor of 2 depending on the definition of a congenital defect
between low-dose in utero irradiaH
The normal incidence of childhood cancer is about 1 in 1500.
tion and childhood cancer is not
I
More than 50% of conceptions abort naturally, frequently before the woman is
definitely established."
aware she is pregnant.
Essentially, there is probably a
G
Effects questionable.
study which supports any specific
Table 2-11. Likelihood of NOT Developing Childhood Cancer
opinion regarding the risk from radiation
Gestation Age
0 rad
1 rad
5 rad
10 rad
exposure. The linear, no threshold model
implies that radiation is always harmful,
1st trimester
99.93%
99.75%
99.12%
98.25%
regardless of how small the dose and,
2nd / 3rd trimester 99.93%
99.88%
99.70%
99.48%
theoretically, even a single gamma photon
can produce a fatal cancer. To place this in perspective, let us quantify the risks an average person faces.
Every hour, the average person is exposed to the following radiation from naturally occurring sources (see 3.2):
200,000,000 gamma rays from the soil; 400,000 cosmic rays and 100,000 neutrons from outer space; and the
emissions from 15,000,000 40K atoms and 7,000 uranium atoms that decay within our bodies, and from 30,000
naturally occurring radionuclides that decay within our lungs. Neglecting the fact that many radionuclides emit
multiple radiations per decay, this means that a total of at least 215,537,000 radiations bombard our bodies every
hour. Assuming an average life span of 75 years, one can calculate that a total of almost 1.5 x 10 14 (i.e.,
150,000,000,000,000) radiations will have the potential of interacting with our bodies during our lifetime. In the
U.S., approximately 20% of the population currently dies from cancer. If we neglect all other sources of radiation,
and if we assume that natural background radiation is the source of all cancer fatalities in the U.S. today, this means
that each one of us has a 20% chance that one of these 1.5 x 10 14 radiations will produce a fatal cancer in our bodies.
Then the chance of dying per photon or emitted particle that bombards our body is about one in 10 15, or about 1 in
1,000,000,000,000,000.
In summary, although the radiation effects from high radiation exposure are well known and documented, no
increase in the number of cancers nor genetic effects have been found in persons occupationally exposed within the
allowable limits (50 mSv/yr or 5 rem/yr) for a lifetime of radiation work. Amongst the survivors at Hiroshima and
Nagasaki, no epidemic of congenital abnormalities occurred nor is there evidence that the health or development of
the children of the survivors has been measurably impaired. Estimates of the genetic doubling dose (i.e., the dose
that would double the rate of occurrence of an effect) following acute exposure is in the neighborhood of 2 Gy (200
rad), and for chronic exposure approximately 4 Gy (400 rem).
2.9 Review Questions - Fill-in or select the correct response
type of process which may lead to cell damage.
1. Free-radical formation is an
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effects result from damage to a person's cells and only effect the irradiated person.
effects can be passed on to future generations.
is the basic cellular effect.
Radiation damage to
Acute radiation effects are / are not likely to occur at the University.
An acute whole body exposure of 0.25 Gy (25 rad) will / will not produce clinically detectable effects.
The lethal radiation dose to half the exposed population within 60 days (LD50/60) if there is no medical treatment
Gy (
rad).
is approximately
.
A long term potential somatic effect of radiation exposure is
The NRC estimates that the fatal cancer risk from an occupational exposure of 10 mSv (1 rem) to be approxiper 10,000 persons.
mately
of all live births.
The normal incidence of birth defects is approximately
keV are not external radiation hazards.
Beta emitters with maximum energies less than
radiation are the most hazardous.
Inside the body, radioisotopes emitting
effect.
An effect which may arise from the injury of a few cells and has no threshold is a
discovered x-rays on 8 November, 1895.
The unborn child is more / less sensitive to radiation than the mother?
mSv (
mrem).
The pregnancy surveillance program goal is to keep fetal radiation exposure below
Cataract formation is an example of a non-stochastic effect. true / false
Unlike "pure" radionuclides, radioactive compounds used to provide information about cell processes are more /
less of an internal hazard?
,
model.
The dose-response model accepted for regulatory purposes is the
Among the general safety rules, good housekeeping and cleanliness are important. Additionally, wear gloves
mouth pipette any solution.
and
Eye irritations were reported by some early researchers (e.g., Thomas Edison) conducting experiments with
x-rays and fluorescent substances. true / false
keV/μm and an RBE of
while a 3H
A 250 keV x-ray (similar to 51Cr in energy) has a LET of
keV/μm and an RBE of
.
beta has a LET of
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3 Radiation Protection Standards
3.1 Background to Current Standards
Radiation protection standards evolved as knowledge of the potential effects became understood. As noted in
Chapter 2, early on there were indications that acute radiation exposures produce damage. The first x-ray exposure
guidelines suggested that whole body exposures be limited to doses in the region of approximately 10 rem per day
to reduce the risk of workers suffering any of these obvious injuries. For example, in 1925 Arthur Mutscheller
recommended a tolerance dose (i.e., a dose that the body was expected to tolerate with no immediate nor long-term
detrimental effects) equivalent to approximately 0.2 roentgen per day (50 roentgen per working year). This dose
was based on 1% of the quantity known to produce a skin erythema per month. In the same year, Rolf Sievert
suggested a tolerance dose of 10% of the skin erythema dose. The association of x-ray exposure with injury also
led to somewhat spotty use of x-ray technique factors designed to reduce the patient (and staff) x-ray exposure.
Also, during the 1910s and early 1920s, American, British, and German radiological societies recommended the
adoption of radiation protection standards for x-ray and radium exposure. However, one problem for setting
standards was that there were no uniform methods for measuring or controlling the amounts of radiation to which
physicians and researchers were exposed. While as early as 1907, some researchers were advocating the use of
photographic plates (early precursors of the film badge) to measure radiation exposure, there was the question of
how to equate a film darkening with radiation exposure. To address this issue, the First International Congress of
Radiology met in London in 1925 and established a committee to develop and reach international agreement on a
standard method and unit to measure radiation exposure. In 1928, the Second International Congress on Radiology,
defined and adopted the roentgen as a measure of x- or gamma radiation exposure in air and also established the
International Commission on Radiation Protection (ICRP). Film badges correlated to this exposure standard also
began to be used for routine personnel monitoring.
The U.S. Advisory Committee on X-ray and Radium Protection along with other groups began investigating the
tolerance dose previously advocated. In 1936 they recommended reducing Mutscheller’s tolerance dose by half to
approximately 0.1 roentgen per day (30 roentgen per 300 workday year). The committee believed that levels of
radiation below the tolerance dose were generally safe and unlikely to cause injury in the average individual.
Studies of biological effects of ingesting radium (e.g., radium dial painters) led to the 1941 recommendation that 0.1
microcurie of radium be the maximum permissible body burden. Some investigators even recommended that the
permissible level for external exposure be reduced to 0.02 roentgen per day (about 5 rem per year). Thus, radiation
safety in the 1930s and 1940s was characterized by concern for the possibility of radiation injury and a trend of
lowering acceptable exposure levels to reduce the potential long-term health risks to workers.
The atomic bomb development project of World War II also served as a testing ground for these standards.
During the three years of the project, a great amount of biological research was conducted. In 1946 several men
were killed in a laboratory accident when they were acutely exposed to very large amounts of radiation. However,
no one else was seriously injured by radiation during that entire Manhattan Project, a clear demonstration that the
standards were indeed effective.
The dawning of the "atomic age" made radiation safety more complex because nuclear fission created many
radioisotopes that did not exist naturally and aboveground testing meant that the potentially exposed population was
all individuals in the country. At the same time, experiments in genetics indicated that reproductive cells were
highly susceptible to damage from even small amounts of radiation. This led many scientists to reject the concept
of tolerance dose. Because of this, in 1946, the National Council on Radiation Protection (NCRP) replaced the term
“tolerance dose” with “maximum permissible dose” and recommended a reduction of the permissible dose for
radiation workers from 0.1 roentgen in a day to 0.3 roentgen in a six-day work week. This new limit was measured
by exposure of the more radiosensitive tissues, the blood-forming organs, gonads, and lens of the eye. Higher limits
were still applicable for less sensitive areas of the body (e.g., hands, wrists, etc.). This new limit was half of the
previous allowance, and permitted up to 15 roentgen of exposure in a year. The reduction in permissible dose was
not made because of any observed effects or new knowledge but because it was practical, prudent and could be
done without a great increase in cost. Also in 1946, an upper limit for exposure of children in the population was
recommended. This limit was to be not more than 1/10 of that for radiation workers. Since children could not be
separated from adults as far as radiation control practice is concerned, this essentially meant that all members of the
public would be equally protected with an extra safety factor of ten compared with radiation workers.
The generation from 1945 to 1975 saw the effects of radiation weapons on large, unprepared populations and, as
the cold war developed, there was an increase in above ground nuclear testing. This testing produced radioactive
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fallout that spread far from the test sites. Scientists disagreed sharply about how serious a risk fallout posed to the
population. However, one result of animal studies, the atomic bomb survivor studies and increasing fallout levels
from above ground nuclear testing was a fear that the increased nuclear fallout might have a detrimental effects on
the world’s genetic pool, increasing the rate of birth defects and (possibly) cancers in the world's population as a
whole. For this and other reasons, many nations agreed to an above ground nuclear test ban which ultimately
became universally accepted.
The fallout debate sensitized the public. Responding to increasing public concern and increased knowledge of
the biological effects of acute doses of radiation, the NCRP and the International Commission on Radiological
Protection (ICRP) lowered their recommended permissible levels of exposure. They recommended limits for
occupational exposure be an average of 50 mSv (5 rem) per year and that public levels be restricted to 1/10 this
level (5 mSv [0.5 rem] per year). Additionally, for genetic reasons, they stipulated that the average level for large
population groups should not exceed 1/30 the occupational limit (i.e., 0.17 rem per year or 5 rem per 30 years). In
1995 this population limit was reduced to 1 mSv (0.1 rem) per year. Subsequent studies have shown that, at moderate and high doses (i.e., > 0.1 - 0.5 Sv [10 - 50 rem]), radiation is a weak carcinogen, that it can increase the risk of
cancer. It is not known if low doses are also carcinogenic but, for planning and design purposes, the assumption is
made that there could be some small risk associated with low doses of radiation (see 2.7 and 2.8).
Thus, during the past 100 years there has been continuous study of ionizing radiation so it can continue to be
used within acceptable limits of safety and with freedom from fear of injury. Because of the confidence we now
have in our understanding of the biological effects of radiation and in our capabilities for properly measuring it,
ionizing radiation today is among the least threatening of the carcinogenic agents to which people are exposed.
3.2 Natural and Man-made Background Radiation Levels
In reality, nuclear weapons and nuclear power contribute less than
0.3% (Figure 3-1) to the population’s radiation exposures. Besides
medical and consumer product sources of man-made radiation
(e.g., x-rays, TVs, smoke detectors, etc.), the population is
constantly being exposed to a background of low-level natural
radiation. In the United States, the average radiation dose to the
population from both natural and man-made sources is 3.57 mSv
(357 mrem) per year. Of this average dose, approximately 82% or
2.94 mSv (294 mrem) per year comes from naturally occurring
sources and 0.63 mSv (63 mrem) per year comes from man-made
sources. Natural background sources of radiation are composed of
four major components while man-made exposure is primarily due
to medical radiation sources. Table 3-1 provides a summary of the
average U.S. population dose from these sources.
Figure 3-1. U.S. Population Exposure
 Cosmic radiation consists of high-energy particulate radiation
produced in stars and our sun that bombards the earth and makes some atoms in the upper atmosphere radioactive. Carbon-14, a radionuclide produced via the 14N(n,p)14C reaction, diffuses to the lower atmosphere to be
incorporated in living matter. Other nuclides similarly produced include 3H, 36Cl, and 41Ca. To some extent,
radiation made by cosmic rays in the upper atmosphere is absorbed by the lower atmosphere, so the exposure
from cosmic rays depends upon how near one is to outer space and the outer atmosphere. For each 13 mile of
altitude, the cosmic ray exposure doubles. Denver, at an altitude of one mile, has a cosmic radiation exposure of
about 0.5 mSv/yr (50 mrem/yr) compared to an exposure of about 0.25 mSv/yr (25 mrem/yr) at sea level.
Similarly, air travel results in an average exposure of approximately 5 μSv (0.5 mrem) per hour of flight.
 Terrestrial radiation consists of penetrating x-/γ-rays that result from radioactive decay of naturally occurring,
primordial radioactive materials (e.g., potassium, uranium, thorium, etc.) in the earth's crust. If you scraped off
one square mile of the earth’s surface to a depth of one foot and extracted all of the radioactive material, you
would find, on average, 3 tons of uranium, 6 tons of thorium, and one gram of radium. A truck load of typical
sand, gravel or concrete contains about 37 MBq (1 mCi) of radioactivity. Since terrestrial radioactivity depends
on geology, the exposure from terrestrial sources is greater if one lives near large sources of naturally occurring
radioactive materials like granite-type mountainous areas or near erosion deposits from these sources as opposed
to near calcite-type (e.g., limestone) deposits. Additionally, because most building materials contain some small
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amounts of radioactivity, remaining indoors would only
Table 3-1. Average U.S. Population Dose
reduce a person’s terrestrial dose by about 20%; the
remaining 80% of the exposure would emanate from
Natural Sources
Average Dose
the housing materials.
Cosmic Rays
0.27 mSv/yr
27 mrem/yr
 Radon is an inert gaseous element resulting from the
Terrestrial
0.28 mSv/yr
28 mrem/yr
decay of uranium which, as noted above, is abundant
Inhaled (Radon)
2.0 mSv/yr
200 mrem/yr
in the ground. Radon, and other radioactive gases, can
Internal
0.39 mSv/yr
39 mrem/yr
work their way up from underground and escape the
Subtotal: 2.94 mSv/yr
294 mrem/yr
earth's crust. Radon and its nongaseous decay products
Man-made Sources
which may adhere to dust particles, can be breathed in
and be deposited deep in the lungs. It is believed that,
Medical/Dental
0.53 mSv/yr
53 mrem/yr
inside the lungs, the massive energy of the high LET
Consumer Products 0.10 mSv/yr
10 mrem/yr
alpha particles (i.e., Q = 20) and, to a lesser extent, beta Other
< 1 mrem/yr
< 10 μSv/yr
particles resulting from the decay of radon and radon
Subtotal:
0.63
mSv/yr
63 mrem/yr
daughters may cause damage in the exposed lung cells.
 Internal radiation exposure results from cosmically produced and naturally occurring radionuclides (3H, 14C,
40
K, 87Rb, 210Po, etc.) that are ingested with food and water and treated by the body like non-radioactive
elements. These radioactive elements are stored in various organ systems and give a long-term, low level radiation exposure to the population. The major source of this exposure is from 40K, a primordial radionuclide (T2 =
1,280,000,000 yr.). Potassium is an important part of our body and the food system. It is incorporated into any
tissues containing potassium and contributes more than 95% of the internal dose experienced by the population.
Thus, every person is to some extent radioactive and the radioactivity in each person is between 5,000 to 10,000
disintegrations per second (5,000 - 10,000 kBq or 0.135 - 0.270 μCi)
The major source of man-made exposure comes from radiation used in medical and dental procedures. Because this
population exposure source is one which technologic innovations may be able to reduce, significant research effort
is expended on developing systems which will provide the needed diagnostic information or treatment with the least
amount of radiation exposure. However, it must be remembered that medical radiation exposure carries with it
potentially significant benefits, namely the diagnosis and treatment of certain injuries and diseases. Additionally,
even though a reduction in medical exposure may seem significant, when viewed against the entire background
radiation exposure, a reduction may actually be insignificant. Medical radiation averages approximately 0.4 mSv
(40 mrem). Consider the results of a 10% reduction. This is only 0.04 mSv (4 mrem) which, when compared to the
entire population dose is really only a 1.1% reduction in average dose. This reduction could be accompanied by
reducing the number of studies / films for certain symptoms and may result in more diseases being misdiagnosed,
resulting in increased deaths. Thus, not only might such a reduction be costly in societal terms, but it would not
appreciably change (i.e., 1.1%) the population dose.
Other consumer products contribute very small exposures to the average population and depend greatly upon
location, life style, etc. Some of these exposure sources include: domestic water supply -- 0.01 to 0.06 mSv (1 to 6
mrem); building materials -- 0.036 mSv (3.6 mrem); coal as a power supply -- 0.0003 - 0.003 mSv (0.03 to 0.3
mrem); nuclear as a power supply -- < 0.0005 mSv (< 0.05 mrem); natural gas for heating/cooking -- 0.003 mSv
(0.3 mrem); television receivers -- < 0.01 mSv (< 1 mrem); and smoke detectors -- < 0.00001 mSv (< 0.001 mrem).
Thus, with radioactivity and radiation, the question is not one of zero activity, but rather how much is
acceptable. No radioactive material has significant health consequences in extremely low quantities, even when it is
inside our bodies, and all radioactive material can have serious health consequences in sufficiently large quantities.
3.3 Regulation of Radiation
The use of atomic bombs against the Japanese cities of Hiroshima and Nagasaki in August 1945 ushered in a new
historical epoch, proclaimed in countless news reports, magazine articles, films, and radio broadcasts as the "Atomic
Age." Within a short time after the end of World War II, politicians, journalists, scientists, and business leaders
were suggesting that peaceful applications of nuclear energy could be as dramatic in their benefits as nuclear
weapons were awesome in their destructive power. Ideas for the civilian uses of atomic energy ranged from the
practical to the fantastic. Consider, for example: atomic-powered airplanes, rockets, and automobiles; large electrical generating stations; small home power plants to provide heat and electricity in individual homes; and tiny atomic
generators wired to clothing to keep a person cool in summer and warm in winter.
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3.3.a Atomic Energy Commission (AEC)
However, even the most enthusiastic proponents recognized that developing nuclear energy for civilian purposes
would take many years. The Atomic Energy Act of 1946 showed that the government's first priority was to
maintain strict control over atomic technology and to exploit it further for military purposes. The act acknowledged
the potential peaceful benefits of atomic power but emphasized the military aspects of nuclear energy, underscoring
the need for secrecy, raw materials, and new weapons production. The 1946 law didn't allow for private, commercial application of atomic energy; rather, it created a virtual government monopoly of the technology. To manage
the nation's atomic energy programs, the act established the five-member Atomic Energy Commission (AEC).
In 1954, Congress passed new legislation that, for the first time, permitted the wide use of atomic energy for
peaceful purposes. The 1954 Atomic Energy Act redefined the atomic energy program by ending the government
monopoly on technical data and making the growth of a private commercial nuclear industry an urgent national
goal. The measure directed the AEC to encourage widespread participation in the development and utilization of
atomic energy for peaceful purposes. At the same time, it instructed the AEC to prepare regulations that would
protect public health and safety from radiation hazards. The 1954 act thus assigned the AEC three major roles: to
continue its weapons program, to promote the private use of atomic energy for peaceful applications, and to protect
public health and safety from the hazards of commercial nuclear power. Those functions were in many respects
inseparable and incompatible, especially when combined in a single agency. The competing responsibilities and the
precedence that the AEC gave to its military and promotional duties gradually damaged the agency's credibility on
regulatory issues and undermined public confidence in its safety program.
The Atomic Energy Act of 1954 resulted partly from perceptions of the long-range need for new energy sources,
but mostly from the immediate commitment to maintain America's world leadership in nuclear technology, enhance
its international prestige, and demonstrate the benefits of peaceful atomic energy. It infused the atomic power
program with a sense of urgency, and in that atmosphere, the AEC established its developmental and regulatory
policies. The eagerness to push for rapid civilian nuclear development was intensified by a desire to show that
atomic technology could serve constructive purposes as well as destructive ones. The assertions made shortly after
World War II, that atomic energy could provide spectacular advances that would raise living standards throughout
the world, remained unproven and largely untested. Mindful of both the costs and the risks of atomic power, the
electric utility industry responded to the 1954 Atomic Energy Act and the AEC's demonstration program with
restraint. Although many utilities were interested in exploring the potential of nuclear power, few were willing to
press ahead rapidly in the face of existing uncertainties.
The AEC's determination to push nuclear development through a partnership in which private industry played a
vital role had a major impact on the agency's regulatory policies. The AEC's fundamental objective in drafting
regulations was to ensure that public health and safety were protected without imposing overly burdensome requirements that would impede industrial growth. The inherent difficulty the AEC faced in distinguishing between essential and excessive regulations was compounded by technical uncertainties and limited operating experience with
power reactors. The safety record of the AEC's own experimental reactors engendered confidence that safety
problems could be resolved and the possibility of accidents kept to an acceptable calculated risk. But experience to
that time offered little definitive guidance on some important technical and safety questions, such as the effect of
radiation on the properties of reactor materials, the durability of steel and other metals under stress in a reactor, the
ways in which water reacted with uranium, thorium, aluminum, and other elements in a reactor, and the measures
needed to minimize radiation exposure in the event of a large accident.
3.3.b Nuclear Regulatory Commission (NRC)
Created by the Atomic Energy Act of 1954, the AEC's regulatory staff confronted the task of writing regulations
and devising licensing procedures rigorous enough to assure safety but flexible enough to allow for new findings
and rapid changes in atomic technology. However, it soon became apparent that the AEC's judgment on safety
issues could be influenced by its ambition to promote the private development of nuclear power. As the nuclear
power debate continued, the AEC came under increasing attacks for its dual responsibilities of developing and
regulating the technology. This became a major argument that nuclear critics cited in their indictments of the AEC
saying it was like letting the fox guard the hen house. One of President Nixon's responses to the energy crisis of
1973-74 was to ask Congress to create a new agency that could focus on, and presumably speed up, the licensing of
nuclear plants. After much debate, in 1974 Congress divided the AEC into the Energy Research and Development
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Administration (ERDA) and the Nuclear Regulatory Commission (NRC). The Energy Reorganization Act, coupled
with the 1954 Atomic Energy Act, constitute the statutory basis for the NRC.
Although it may appear that the NRC makes the rules and regulations regarding radiation exposure, actually the
Federal Radiation Council, established in 1959 and consolidated into the Environmental Protection Agency (EPA)
in 1970, that advise the President with regard to radiation matters directly or indirectly affecting health. When the
EPA's radiation protection guides (RPG) are approved by the President, they have the force and effect of law
because all Federal agencies are required to follow them. The NRC regulations that are applicable to its licensees
must be consistent with the RPGs. Other Federal agencies and their special areas of radiation regulation include:
 Food and Drug Administration (FDA) approves new radioactive drugs and devices (e.g., x-ray , ultrasound, etc.)
under Title 21, Code of Federal Regulations (CFR).
 Occupational Safety and Health Administration (OSHA) regulates workplace exposures in Title 29 CFR.
 Postal Service (USPS) regulates delivery of radioactive material through the mails in Title 39 CFR.
 EPA regulates the emission of radioactive material to the environment under Title 40 CFR.
 Department of Transportation (DOT) regulates radioactive material transportation under Title 49 CFR.
When areas of jurisdiction overlap, conflicts are usually resolved by agreements, called memoranda of
understanding (MOU), between the Federal agencies involved via division or delegation of authority. An example
of one such conflict involved the use of radiopharmaceuticals in nuclear medicine (see Chapter 13). As radioactive
drugs these materials are governed by both the FDA and the NRC. On February 9, 1979, the NRC published a
policy, Regulation of the Medical Uses of Radioisotopes; Statement of General Policy regarding the regulatory
authority.
Many Federal and state agencies regulate exposure to radiation and radioactive material. The NRC promulgates
its regulations in Title 10 CFR (Energy). Title 10 CFR has various parts dealing with specific areas of byproduct
material use, for example:
 Part 19 Notices, Instructions, and Reports to Workers; Inspections
 Part 20 Standards for Protection Against Radiation
 Part 21 Reporting of Defects and Noncompliance
 Part 30 Rules of General Applicability to Licensing of Byproduct Material
 Part 31 General Domestic Licenses for Byproduct Material
 Part 33 Specific Domestic Licenses of Broad Scope for Byproduct Material
 Part 35 Human Uses of Byproduct Material
 Part 36 Licensing and Radiation Requirements for Irradiators
 Part 61 Licensing Requirements for Land Disposal of Radioactive Waste
 Part 71 Packaging and Transportation of Radioactive Material
The congressional statute that established the NRC specified that the NRC may regulate only certain types of
radioactive material, primarily reactor-generated byproduct radioactive materials (i.e., radioactive materials
produced by nuclear reactors), source material (e.g., U, Th, or any combination) and Special Nuclear Material ( 233U,
235
U, 239Pu). Naturally occurring radionuclides (e.g., radium) and accelerator or cyclotron produced radionuclides
(e.g., 18F, 57Co) are not under the control of the NRC. These are normally regulated by state governments.
Additionally, many states (a total of 31 as of 1999) have assumed the responsibility of regulating byproduct
radioactive material and radiation devices within the state. This leads to several categories of regulation of
radioactive material based on the regulatory agency and types of radiation regulated.
Nonagreement states (Figure 3-2) allow the NRC to regulate byproduct material use within their boundaries.
These states may regulate naturally occurring, cyclotron produced, and other machine produced (e.g., x-ray)
sources. The 18 nonagreement states are: Alaska, Connecticut, District of Columbia, Delaware, Hawaii, Idaho,
Indiana, Michigan, Missouri, Montana, New Jersey, South Dakota, Vermont, Virginia, West Virginia and Wyoming
and the territories of Guam, Puerto Rico, and the Virgin Islands.
Agreement states have entered into an agreement with the NRC allowing the state to regulate byproduct material
within its borders using regulations that are at least as stringent (i.e., equivalent) as the NRC's regulations. Before
becoming an agreement state, the state must demonstrate to the NRC that it has the capabilities to assume the NRC's
mission within its borders and that the intended regulations are consistent with NRC rules and regulations. The
NRC periodically inspects each agreement state program to insure consistency with Federal guidelines. Minnesota
and Pennsylvania are the most recent states to move from being a nonagreement states to agreement states.
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Licensing states are states that regulate all sources of
ionizing radiation (e.g., byproduct material, cyclotron
produced, naturally occurring, machine produced) within
their borders and meet the "licensing state" criteria that the
Conference of Radiation Control Program Directors
(CRCPD) publishes. The CRCPD also produces a
uniform set of suggested regulations that may be used by
states' departments of radiological health as guidance for
formulation of state law. Agreement state status is
approved by the NRC. Licensing states apply the same
level of oversight to all non-byproduct material as well as
machine-produced sources of radiation within their
borders. There are 18 licensing states; Illinois is one.
Whether a licensee is in a nonagreement state or an
agreement state will determine the specifics of obtaining a
Figure 3-2. Agreement and Nonagreement States
license to use radioactive materials at the facility.
Although there may be some differences in the forms used, because the purpose of licensing is to assure the
appropriate regulatory agency that the licensee has the necessary skills and equipment to use the requested material
safely in the desired activity, the basic information needed in either case will be similar. Approximately 22,000
licenses are issued for medical, academic, and industrial use. Of these, approximately 7,000 are administered by the
NRC; the rest are administered by the agreement states.
3.3.c Wisconsin Radiation Protection Section
Wisconsin became an agreement state on 1 July, 2003. The agreement covers all types of byproduct material
licenses except nuclear reactor licenses. As an agreement state, Wisconsin also regulates other forms of radioactive
material such as naturally occurring (NORM) and accelerator produced (see Chapter 12) as well as the machines
which can produce radiation (x-ray machines, linear accelerators, etc.).
The State's Radiation Protection Section is located in the Department of Health and Family Services (DHFS)
and their rules and regulations are published in Health and Family Services (HFS) rules as HFS 157, Radiation
Protection. While these rules are essentially identical to the NRC rules, the specific sections are divided in a
manner which makes rule making for both radioactive material (byproduct, naturally occurring, accelerator
produced) and machine produced radiation. Some of the sections of HFS 157 and their corresponding 10 CFR parts
include:
 Subchapter II Licensing of Radioactive Material (Parts 30, 31, 33)
 Subchapter III Standards for Protection from Radiation (Part 20)
 Subchapter VI Medical Use of Radioactive Material (Part 35)
 Subchapter VII Radiation Safety Requirements for Irradiators (Part 36)
 Subchapter X Notices, Instructions and Reports to Workers (Part 19)
 Subchapter XIII Transportation (Part 71)
 Subchapter VIII X-ray Device Requirements (FDA x-ray guidance)
3.4 Licenses (NRC and Wisconsin)
The type of work being done and the amount of radioactive materials that a licensee will use determines the type of
NRC (byproduct) or agreement state radioactive material license required. There are two broad categories of
licenses: general and specific.
A general license allows physicians, clinical laboratories, and hospitals to use specific small quantities (defined
in 10 CFR 31.11 or HFS 157.11(1)(f)) in certain in vitro clinical or laboratory testing. Such a license may be used
by small radioimmunoassay labs or other labs and is characterized by specific limits of some commonly used radioactive materials (e.g., 3H, 50 μCi per test; 14C, 10 μCi per vial; 125I, 10 μCi per tube, 200 μCi total). The benefit of a
general license is that it exempts a user from certain specific requirements of 10 CFR 19, 20, and 21 or HFS
Subchapters III and X (e.g., posting, waste, etc.).
A general license does not allow sufficient radioactivity (e.g., <200 μCi of 125I) for an average sized laboratory,
and it does not allow for the administration of radioactive material to humans. If larger quantities of material or
human use is desired, a specific license is needed. This type of license is called a specific license because the user
requests use of the specific radioisotopes at specified areas and locations. The application submitted to the NRC
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contains the desired radionuclides, the maximum quantities to be possessed at any one time, the proposed uses of
these radioactive materials, diagrams of laboratory facilities and handling equipment, training and experience of
users, radiation detection equipment available, external and internal personnel monitoring procedures, and radioactive waste disposal procedures. The user (either individual or facility) is responsible for compliance with the statements made in the license application. Normally, a facility conducts the radiation safety program under the
authority of a Radiation Safety Committee (RSC) as implemented by the Radiation Safety Officer (RSO). There are
two types of specific licenses.
A Specific License of Limited Scope allows the licensee to use radioactive material for specific purposes such
as specific radiopharmaceuticals approved by the FDA, specific nuclides in nuclear gauges and irradiators or to
manufacture commodities / devices containing radioactive material. The NRC has divided medical uses of radionuclides into six groups or categories based on type of medical use (e.g., diagnostic imaging, RIA, radiopharmaceutical therapy, brachytherapy, teletherapy, etc.) and specifies the requirements for each group in various subparts of 10
CFR 35. A limited scope license is often used by private nuclear medicine practitioners, smaller hospitals and
research or clinical laboratories which use only three or four radionuclides. All changes in use (e.g., labs,
quantities, etc.) must be approved by the NRC as amendments.
A Specific License of Broad Scope allows an institution or organization to engage in a broad scope of research
and development activities with quantities and types of radionuclides much greater than allowed under a limited
scope license. There may be several classes of broad scope licenses, Type A, B, and C, the major differences being
the maximum quantity of radioactive material allowed and the mechanism for approving changes to the license. A
Type A broad scope license allows for the greatest quantity of radioactive material and uses. It does not limit radionuclides to specific uses, rather it allows the facility, through the Radiation Safety Committee (RSC), to review use
applications from individual staff members and to authorize use of radionuclides on its own initiative. Essentially
the RSC is given "licensing" authority to license users who meet certain qualifications (e.g., 40 hours training and
experience). Obviously, such a broad licensure requires the facility to demonstrate to the NRC that it has the staffing, experience, facilities, and controls necessary to safely and properly manage such use. This license is used by
large hospitals and research institutions and represents approximately 3% of the 6,700 NRC-controlled licenses.
The UW-Madison has a Type A specific license of broad scope.
3.5 Standards for Protection Against Radiation (10 CFR 20; HFS 157 Subchapter III)
The basic goal of licensing and radiation protection standards is to insure radiation exposures to workers and
members of the general public are kept ALARA. Most of the issues relating to exposure control are found in Title
10, Code of Federal Regulations, Part 20, Standards for Protection against Radiation or in Wisconsin's HFS 157
Subchapter III, Standards for Protection from Radiation. A review of these requirements will provide a good understanding of elements in the UW’s Radiation Safety Program.
3.5.a Dose Limits
Table 3-2. NRC Annual Dose Equivalent Limits
Subparts B and C of Part 20 and HFS 157.22 and
157.23 address occupational and general public dose
Radiation Worker
mSv/yr mrem/yr rem/yr
limits, respectively. These limits, now called Dose
Whole body (deep dose)
50
5,000
5
Equivalent, HT are in Table 3-2 There are also
Lens of eye
150 15,000
15
provisions for planned special (i.e., emergency)
Skin
500
50,000
50
exposures (< 250 mSv or 25 rem) and a requirement
that the dose from any internal exposure from an
Hands, wrist, feet, ankles
500 50,000
50
uptake (i.e., committed effective dose equivalent) be Thyroid
500 50,000
50
added to the external deep-dose equivalent to that
Minor (under 18 years old)
5
500
0.5
organ and that the resultant organ dose be less than
Unborn child of radiation worker
0.5✝
5✝
500✝
500 mSv/yr (50 rem/yr).
Member of the general public
1
100
0.1
Dose summation was recommended in ICRP
Publication 26 (1977), which suggested that, to
✝
over entire gestation period for declared pregnant worker
prevent nonstochastic effects, a dose equivalent limit
of 0.5 Sv (50 rem) in a year be established for all tissues except the lens of the eye for which a lower limit of 0.3 Sv
(30 rem) in a year should be in effect. The uniform whole body annual limit of 50 mSv (5 rem) is to limit stochastic
effects. For non-uniform irradiation, weighting factors were assigned to various individual organs reflecting the
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harm attributable to irradiation of each organ. Then, the equation for annual dose equivalents in individual tissues
with that for the whole body is:
Table 3-3. Weighing Factors

HE =

T

w T H T [ H wb,L

Tissue
wT
where wT is the weighting factor for tissue T, HT is the annual dose equivalent in
0.25
Gonads
tissue T, and Hwb,L is the recommended annual dose equivalent limit for uniform
0.15
Breast
irradiation of the whole body (i.e., normally 50 mSv or 5 rem). The specific
0.12
Red
bone
marrow
weighting factors recommended by ICRP 26 and currently being used by the
0.12
Lung
NRC and Wisconsin's Radiation Protection Section are listed in Table 3-3. In
0.03
Thyroid
1991, the ICRP added 7 additional weighting factors in ICRP Publication 60.
0.03
Bone
surfaces
Although not used in the US, these revised factors are: gonads - 0.2; red bone
0.30
Remainder
marrow - 0.12; colon - 0.12; lung - 0.12; stomach - 0.12; bladder - 0.05; breast 0.05; liver - 0.05; esophagus - 0.05; thyroid - 0.05; skin - 0.01; bone surface - 0.01; and remainder - 0.05.
Because of weighting factors and organ dose limits, each licensee is required to consider whether a work
environment will contribute to internal deposition by either inhalation or ingestion. The annual limits of intake
(ALI) are the amount of a radionuclide (in Bq) which would give a harm commitment to the organs it irradiates
equal to that resulting from whole-body irradiation of 50 mSv (5 rem) in a year. The actual values for both air and
water are found in Appendix B of Part 20 (Table 3-9 includes an extract of this 10 CFR Appendix) or Appendix E
of HFS 157. For air in the workplace the licensee must determine the derived air concentration (DAC), the concentration of the radionuclide which would result in a worker receiving an intake of 1 ALI in a year through inhalation.
For members of the general public these tables also include an air concentration limit. This is the maximum air
effluent concentration (μCi/ml) allowed to be released to unrestricted areas so that the maximally exposed individual's dose equivalent would not exceed 100 mrem/yr.
Compliance with dose limit requirements is achieved by monitoring (see Chapter 7) occupationally exposed
individuals and either measuring concentrations in the workplace or quantities deposited in a radiation worker’s
body. To comply with dose limits for individual members of the general public, each licensee makes surveys of
radiation levels in unrestricted and controlled areas and determines radioactive material concentrations in effluents
released to unrestricted and controlled areas.
3.5.b Surveys and Monitoring / Laboratory Classification
Each licensee is required to make surveys that may be necessary for the licensee to comply with the regulations and
insure the instruments used are sensitive and calibrated for the radiation. This paragraph is thus interpreted to
require routine and other types of radiation surveys in the lab as well as being used to cite violations whenever a
spill occurs which is not detected by the lab.
Table 3-4. Radiotoxicity / Hazard Groups
The object of classification is to determine how
Very High
High
Medium
Low
often to survey the laboratory. As noted in Section 1.3
(Group 1)
(Group 2)
(Group 3)
(Group 4)
and Table 1-4, surveys are based upon both the hazard
210
22
14
55
3
Po
Na
C
Fe
H
of the radioactive material and the quantity of radioac210
36
18
63
15
Pb
Cl
F
Ni
O
tive material to be used. While there are several
226
45
24
64
99m
Ra
Ca
Na
Cu
Tc
classes of laboratory facility (e.g., routine chemical
228
90
32
65
Ra
Sr
P
Zn
Nat-U
wet lab, lab with fume hood, glove box, etc.), most of
238
124
33
86
238
Pu
I
P
Rb
U
the UW's researchers use dilute quantities of radioac241
125
35
201
Am
I
S
Tl
tive material in controlled procedures in normal chemi131
51
203
I
Cr
Hg
cal labs. The NRC and other US and international
agencies have developed tables of radiotoxicity to aid
in this survey determination. Table 3-4 includes some commonly used radionuclides and their NRC toxicity level.
The way the lab is classified is based primarily upon the toxicity or hazard group of the radionuclides and
modifying factors based on the kind of work anticipated by the lab. For example, Americium-241 has a very high
radiotoxicity, however many smoke detectors use 241Am ion sources and are sold without regulations. The reason,
the source is small in activity, it is plated on a metal disk, it is part of a device and very difficult to get to. Thus it is
with modifying factors. The NRC suggests 6 modifying factors (Table 3-5).
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Table 3-5. Modifying Factors
Modifying Factor
Simple Storage (stock solutions)
Very simple wet operations (e.g., preparation of aliquots of stock solutions)
Normal chemical operations (e.g., analysis, simple chemical preparations)
Complex wet operations (e.g., multiple operations, or operations with complex glass apparatus)
Simple dry operations (e.g., manipulation of powders) and work with volatile radioactive compounds
Exposure of non-occupational persons (including patients)
Dry and dusty operations (e.g., grinding)

Factor
x 100
x 10
x1
x 0.1
x 0.1
x 0.1
x 0.01

Once the radiotoxicity and modifying factors have been determined, these are compared to quantities of radioactive material to be used in the procedure. Table 3-6 compares Hazard Groups and activities proposed to determine
survey frequency. The corresponding survey frequency is:
9 Low
monthly
Table 3-6. Survey Frequency Category
9 Medium
weekly
9 High
daily
Group
Low
Medium
High
For example, a lab is going to use 45Ca in
< 370 kBq
370 kBq to 37 MBq
> 37 MBq
1
calcium-ion studies. This would be a "Complex
(> 1 mCi)
(< 10 μCi)
(10 μCi to 1 mCi)
wet operation" and have a modifying factor of
< 37 MBq
37 MBq to 3.7 GBq
> 3.7 GBq
0.1. Calcium-45 is a Group 2 nuclide (high
2
(< 1 mCi)
(1 mCi to 100 mCi)
(> 100 mCi)
radiotoxicity -- a bone seeker), so if they use
< 3.7 GBq
3.7 GBq to 370 GBq
> 370 GBq
more than 3.7 MBq (100 μCi --1 mCi x 0.1) at a
3
(<
100
mCi)
(100
mCi
to
10
Ci)
(> 10 Ci)
time, then they would need to conduct weekly
< 370 GBq
370 GBq to 37 TBq
> 37 TBq
surveys. The same survey requirements would
4
(< 10 Ci)
(10 Ci to 1000 Ci)
(> 1000 Ci)
exist for most other Group 2 materials. Many
labs might do a combination of activities using
several modifying factors. The initial aliquot to prepare the stock solutions (x 10 factor); followed by the actual
complex procedure (x 0.1 factor).
Workplace classification is essentially identical in concept to survey frequency. It is based upon radiotoxicity,
activity to be used in a given operation and the type of operation. Labs are generally classified into one of 3 types:
9 Type C Similar to good quality chemical lab, normal ventilation is usually sufficient
9 Type B Specifically designed for radioisotopes, airborne levels are controlled by totally ventilated fume hoods
and negative pressures are preferred
9 Type A Specially designed and constructed for handling large quantities; glove boxes are preferred.
Table 3-7 breaks out the NRC activity limits for various types of workplaces. In the case of a conventional modern
chemical laboratory with adequate ventilation
Table 3-7. Workplace Activity Limits
and non-porous work surfaces, it may be possible to increase the upper limits of activity for
Group
Type C
Type B
Type A
Type C laboratories toward the limits for Type
< 370 kBq
370 kBq
> 370 kBq
1
B for toxicity groups 3 and 4. Iodinations are
(< 10 μCi)
10 μCi
(> 10 μCi)
complex tagging operations using high-specific
< 3.7 MBq
3.7 MBq
> 3.7 MBq
2
activity radioiodine, a Group 2 (high radiotox< 100 μCi
100 μCi
(> 100 μCi)
icity) radionuclide. There is usually a high risk
< 37 MBq
37 MBq - 37 GBq
> 37 GBq
3
of volatilization. Thus, the modifying factor
(< 1 mCi)
(1 mCi to 1 Ci)
(> 1 Ci)
would be x 0.1 (complex). The allowed activ< 370 MBq
370 MBq - 370 GBq
> 370 GBq
4
ity in a normal lab (e.g., bench top use) would
(< 10 mCi)
(10 mCi to 10 Ci)
(> 10 Ci)
be restricted to less than 3.7 MBq (<100 μCi),
activities commonly seen in RIA kits. Activities greater than this would require use of a fume hood (Type B
workplace).
Contamination, especially in unrestricted areas, is also addressed. Specifically, contamination found in
unrestricted areas (e.g., outside the lab) should be immediately cleaned to background levels. If this is not possible,
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the surface should be cleaned to the levels in Table 3-8. The table addresses both fixed and removable contamination. Removable is measured using a wipe survey (see Section 7.7).
Table 3-8. Acceptable Surface Contamination Levels
Nuclide
125

I

90

Sr, 131I

All other betagamma emitters

Average
1.7 Bq/100 cm2
(100 dpm/100 cm2)
16.7 Bq/100 cm2
(1,000 dpm/100 cm 2)
83.3 Bq/100 cm2
(5,000 dpm/100 cm 2)

Maximum
5.0 Bq/100 cm2
(300 dpm/100 cm2)
50.0 Bq/100 cm2
(3,000 dpm/100 cm 2)
250 Bq/100 cm2
(15,000 dpm/100 cm 2)

Removable
0.3 Bq/100 cm2
(20 dpm/100 cm2)
3.3 Bq/100 cm2
(200 dpm/100 cm2)
16.7 Bq/100 cm2
(1,000 dpm/100 cm 2)

3.5.c Storage and Control of Licensed Material
The licensee shall secure from unauthorized removal or access licensed materials that are stored in controlled or
unrestricted areas and shall control and maintain constant surveillance of licensed material that is in a controlled or
unrestricted area and that is not in storage. Our labs are controlled areas since the UW has the ability to limit
access. They are also unrestricted areas because we do not limit access for the purpose of protecting individuals
against risks from exposure. Except for a few rooms which house high-activity 60Co and 137Cs irradiators (see
Chapter 9), there are no high exposure areas.
3.5.d Precautionary Procedures
The exact wording of any required postings are detailed in 10 CFR 20, Subpart J or
HFS 157 Subchapter X. Requirements include allowable colors (i.e., yellow and
magenta or yellow and black), various warning words (e.g., Caution, Danger) and the
type of hazard (e.g., Radioactive Materials, Radiation Area, Airborne Radioactivity
Area, etc.). Nearly all UW radioisotope laboratories are posted with Caution - Radioactive Materials. All x-ray labs and open-beam irradiator (see Chapter 9) areas are
posted with other warning signs (e.g., Caution - X-rays, Grave Danger - Very High
Radiation Area). Subpart J (or Subchapter X) also requires that containers which
Figure 3-3. Warning Sign
contain more than certain quantities (e.g., 3H, 1000 μCi; 14C, 100 μCi; 32P, 10 μCi; 33P,
100 μCi; 35S, 100 μCi; 125I, 1 μCi; etc.) of radioactive material be labeled. All licensees are required to properly
receive and survey all labeled packages containing radioactive materials received from vendors (see Chapter 8) and
should not refuse packages. Package receipt requirements are normally performed by CORD.
3.5.e Waste Disposal
Radioactive materials require cradle-to-grave tracking. Records are maintained of receipt, use and ultimate
disposal. Subpart K (or Subchapter III) addresses disposal to licensed disposal facilities, disposal to sanitary sewer
(cf., 5.3.b), decay-in-storage, etc. The basic goal is to insure that members of the general public are not needlessly
exposed to radiation. The UW waste packaging and collection program is described in Chapter 5 and Laboratory 2.
Several important issues about sewer disposal are:
9 Material must be readily soluble in water or be a readily dispersible biological material in water.
9 Concentrations averaged over a 1 month period can not exceed specified values (Table 3-9, Sewer Release).
9 Total annual activity must not exceed: 3H, 185 GBq (5 Ci); 14C, 37 GBq (1 Ci); and the sum of all other radionuclides, 37 GBq (1 Ci) as well as the average concentration limits.
9 Excreta from patients undergoing medical diagnosis or therapy (see Chapter 13) are not subject to Part 20.
3.5.f Records
Records are essential for documenting that the radiation safety program is effective. Although SI units (see Table
1-6) are desired, units used for radiation protection may be curie, becquerel, rad, gray, and / or rem units. Radiation
protection program records (e.g., surveys, inventories) must be maintained for a minimum of 3 years. Some records
such as those used to verify ALARA, to determine individual doses (e.g., air sampling, unrestricted area exposure
rates, etc.) or pertaining to disposal of radioactive materials must be kept indefinitely (i.e., cradle to grave).
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3.5.g Reports
10 CFR 20, Subpart M and HFS 157, Subchapter III, covers both routine and non-routine reports. If an incident
occurs (e.g., loss or theft of material, overexposure, etc.) the licensee is required to report the incident to the NRC
within a specific time period. The actual time period depends upon the magnitude of the event; for relatively low
exposures or losses of very small quantities, the reporting requirement may be within 30 days, for significant events
the reporting requirement is immediate. All of these reports sent to the NRC become a matter of the public record.
3.6 UW-Madison License and Regulations
The University of Wisconsin has 1 NRC license and 4 State of Wisconsin licenses. Two specific licenses pertain to
panoramic, open-beam irradiators, one licenses is for the six closed-beam irradiators (see Chapter 9), and the
reactor (see Chapter 12) is still licensed by the NRC. The (Type A) broadscope license regulates laboratory
research and medical uses of radioactive materials. This training manual describes the UW radiation safety
program. Chapter 5 discusses inventory, waste and survey procedures. Chapter 7 describes our dosimetry program
as well as meter and wipe survey techniques. Inventory, waste, and survey procedures are also described in
Laboratory 2. Other aspects of the UW's program are to insure compliance with 10 CFR Part 20 and HFS 157.
3.6.a ALARA Program
As a safe-sided estimate, it is believed that exposure to radiation may carry some risk. The linear, no-threshold
model allows one to generalize about the expected number of radiation-induced cancers in a population of exposed
individuals based upon the population’s radiation exposure. Conceptually, the model predicts that the lower the
total exposure, the lower the number of expected cancers. While one goal of radiation safety is to keep radiation
exposures ALARA (As Low As Reasonably Achievable), remember the model is applied not only to radiation
workers but to the entire population and the goal is not only that of protecting radiation workers from predicted
cancers, but also includes the goal of reducing the predicted risk of cancers and birth defects in the population as a
whole from radiation exposure. The University has implemented an ALARA program aimed to keep radiation
exposure to workers and members of the general public ALARA by focusing on two areas:
 Control the use of radioactive materials. Radioactive materials use is strictly controlled. All orders for radioactive material must be placed through the Central Ordering, Receiving, and Distribution (CORD) office. Each
authorized user is allowed sufficient material to perform research, however there are limits established to insure
new receipts of radioactive material are balanced by disposals of on-hand radioactive material. Workers are
trained on how to safely use and control radioactive materials.
 Prevent the spread of contamination. All lab workers must be sufficiently trained in both radiation safety and
general laboratory procedures to work competently and insure that accidents with radioactive material are kept
to a minimum. Should accidents occur, the lab personnel are capable of reacting to prevent the spread of
contamination from the laboratory thus keeping exposure to members of the general public low.
3.6.b ALARA Audit of Principal Investigators
Radiation Safety audits each principal investigator (PI) who is authorized to use radioactive materials to insure that
the laboratory’s radiation safety program and records meet the conditions of our NRC license. This inspection
reviews both the ability of the lab to document use of radioactive materials by lab personnel and that the required
surveys have been adequately performed. Specific items checked include:
9 Regulations available
9 Laboratory personnel are trained and wearing TLD (dosimeters) if appropriate
9 Protective clothing (i.e., gloves, lab coats, etc.), absorbent paper in use
9 Meter and wipe surveys performed in all rooms (see Chapter 7 and Laboratory 2)
9 Survey meters calibrated by Safety within the past year
9 Inventory records complete, up-to-date and agree with CORD inventory
9 Decay and sewer disposals recorded in appropriate logs and reported to CORD at least quarterly
9 Required postings (Caution - Radioactive Materials, NRC Form 3, emergency phone list, etc.)
9 Type 1 (see Table 1-4) users (e.g., iodinators and high activity, i.e., > 370 MBq [10 mCi] 14C, 32P, 35S, 51Cr; > 37
MBq [1 mCi] 45Ca, 125I), conduct required surveys immediately after use (see 3.6.d and Chapter 5)
As part of the periodic audit, the auditor also conducts radiation and contamination surveys in the laboratory and
areas outside the laboratory to insure that radiation exposure of non-radiation workers is kept as low as reasonably
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achievable. After all information has been collected and analyzed, the safety auditor will brief the PI about the audit
results and any radiation safety issues which may be of concern to the NRC and the Safety Department.
3.6.c Review of Dosimetry Records
The UW's dosimetry vendor sends the monitoring results to both the research labs and to the Safety Department. A
Health Physicist reviews all radiation dosimetry reports to insure individual exposures are ALARA. If a radiation
worker's monthly / quarterly exposure is more than 2 mSv (200 mrem), the dose investigated. Because others on
campus are doing the same type of procedure, it is unusual for workers to receive higher exposures than the norm.
Each year in March or April, the dosimetry results of the previous year are summed and a report is sent to each
dosimetry group listing each worker's radiation exposure for the past year. The annual radiation exposure to
University employees (including clinical radiation workers) averages less than 0.2 mSv/yr (20 mrem/yr). Most
persons working in research labs receive very little radiation exposure. Certain clinical procedures (e.g., angiography, cardiology, etc.) tend to have somewhat higher worker exposures, but even in these clinics, most radiation
exposures are significantly below 5 mSv/yr (0.5 rem/yr). Thus, if you are being monitored because you may have
the potential to handle stock vials containing more than 37 MBq (1 mC) of an external hazard (see 1.2.g), you may
expect to receive recorded exposures on the order of 0 - 1 mSv (0 to 100 mrem) per year and that higher exposures
will be investigated to insure work is being performed in an ALARA manner.
3.6.d Bioassay Program
Persons who have the potential to receive internal exposures are enrolled in a bioassay program. The two radioisotopes routinely used which fall under this program are 3H and 125/131I. Additionally, some research work with 14C
may produce 14CO2 gas and may require additional precautions or bioassays.
Workers who handle large quantities (i.e., total activity > 370 MBq [10 mCi]) of tritium (3H), must submit a
urine sample to Radiation Safety within 7 days of receipt of the 3H stock vial from CORD. Safety will analyze the
sample for 3H. Tritium bioassays are submitted weekly until the quantity on-hand decreases to below 370 MBq (10
mCi) or the material is placed in storage (see Chapter 5). Radioiodine workers who handle Type 1 quantities (i.e.,
> 3.7 MBq [0.1 mCi]) of volatile (sodium) iodine ( 125I or 131I) or > 37 MBq [1 mCi] of bound iodine), must have
their thyroid monitored / scanned at the Safety Annex for possible radioiodine uptake. The results of these bioassays are included in the worker's dosimetry records (cf. 3.5.a) and reported annually.
Radioiodine use entails other special requirements (see 5.6.g) including properly vented and approved fume
hoods. As part of the bioassay program, the Safety Department also routinely monitors the effluent air and the
workplace air to calculate derived air concentrations (DAC), allowable limits of intake (ALI), and effluent air
concentrations. Because 125/131I limits are based on the maximum volume of air exhausted (i.e., the air
concentration) from a hood, these approved radioiodination hoods should not be turned off, but should be left
running continuously. Notify Radiation Safety if the hood you use has to be shut down. The air the worker breaths
is monitored using a breathing zone air (BZA) monitor. This measures the DAC in an iodinator's work area. One
activated charcoal BZA filter is delivered with each radioioiodine order. The filter is inserted in a hose attached to a
vacuum pump which is run continuously while the iodine procedure is being performed. The time and flow rate are
recorded and the filter is brought to the Annex at the time the worker comes for a bioassay.
The Radiation Safety office also monitors the radioiodine air concentration of the hood effluent at the point of
exhaust from the building and retains all records. A rooftop iodine monitor (RIM) filter similar to the BZA is
inserted in the stack and continuously traps iodine in the air stream. After each radioiodine order the filters are
collected and analyzed to determine iodine concentration at the point of exhaust.
3.6.e Pregnancy Surveillance Program
Studies of atomic bomb survivors suggest that high doses of radiation (i.e., > 1 Gy [100 rad]) to the fetus delivered
early in pregnancy (3 - 17 week) may have nonstochastic effects (e.g., microcephaly, mental retardation, etc.).
Those exposed prenatally in Hiroshima and Nagasaki have not shown an increased incidence of childhood cancers,
but adult cancers seem to be increased and the onset is a bit earlier than for the non-exposed. A 1958 study (the
Oxford survey of childhood cancer by Stewart, et. al.) noted that in utero exposure was 1.9 times as frequent in the
population of children who had leukemia and other cancers compared to the control (non-cancer) group. It was
suggested that the higher frequency of x-rays performed in the cancer population may be attributable to other
factors, which caused a greater need for medical care. Fetal diagnostic x-ray exposures below 50 mGy (5 rad) have
not been shown to cause congenital malformations nor growth retardation.
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These epidemiological studies suggest that the fetus may be more sensitive to damaging effects of radiation
exposure (> 0.1 Sv [10 rem]), particularly during the first trimester of the pregnancy (i.e., the first three months).
Therefore, the exposure limit for the fetus of a "declared" pregnant radiation worker is set to 5 mSv (500 mrem)
during the entire gestation period. When a worker notifies Radiation Safety that she is pregnant, a Health Physicist
reviews the worker's radiation exposure history and their lab's radioactive material uses (i.e., quantity, procedures,
etc.). The Health Physicist meets with the pregnant worker (and other concerned individuals if requested) and
discusses this exposure and exposure potential data; ways to apply time, distance, and shielding; and NRC
pregnancy guidance found in Appendices B-1, B-2, and B-3. After the briefing, the Health Physicist offers her the
opportunity to enroll in the Pregnancy Surveillance Program. If the worker enrolls in this program, her radiation
exposure is monitored until delivery to insure the exposure is kept well below the allowed 5 mSv (500 mrem).
3.6.f Radioactive Waste
The CORD computer does not decay radionuclides. The only way in which a PI can reduce the quantity of radioactive material recorded by the computer is to properly make a disposal and complete a Radioactive Waste Disposal
form. Chapter 5 and Laboratory 2 describes packaging and labeling of radioactive waste as well as ways to
complete the necessary disposal and inventory forms. The stickers and tags that are required for disposal insure that
the packages meet the Department of Transportation (DOT) requirements.
Before Radiation Safety loads a waste box from one of the designated locations they will meter and wipe test the
package to insure both radiation and contamination levels are low. Most of the laboratory waste is classified as Low
Specific Activity (LSA) waste. DOT requires this waste be packaged in strong, tight containers and that radiation
and contamination levels be below those specified in Chapter 8. The waste is transported to one of the UW's waste
processing facilities and the Radioactive Waste Disposal form is given to CORD so the quantities the lab has
disposed can be subtracted from the lab’s inventory.
Normally, Radiation Safety will decay short lived waste before final disposal. Ultimately, aqueous liquids are
sewered; solids are incinerated. By decaying the waste before disposal the UW insures that exposures to the
environment are well below allowable levels. The Federal requirement that aqueous waste be “readily soluble ... or
dispersible biological material in water” requires either a knowledge of the chemical constituents (the reason the
Radioactive Liquid Waste Tag [see 5.3.a.6] requests the lab list chemicals) or Radiation Safety must filter the waste
through a micropore filter to insure it is dispersible. Ash for each incineration is collected and analyzed for radioactive concentration prior to ultimate disposal of the ash.
3.7 Review Questions - Fill in or select the correct response
1. The average annual radiation exposure of the U.S. population is approximately
mSv/yr
mrem/yr), which is broken out into
mSv/yr (
mrem/yr) from
(
mSv/yr (
mrem/yr) from man-made sources.
natural sources and
2. A goal of ALARA is to reduce the number of
and
in the exposed population.
3. A fear that nuclear fallout might damage the world’s
pool led to an above ground test ban.
4. One important radionuclide produced by cosmic rays is
.
5. The maximum hand or wrist dose limit for a radiation worker is
mSv/yr (
mrem/yr).
6. The UW has an NRC specific license of (limited) (broad) scope.
7. The Atomic Energy Commission (AEC) was established by the Atomic energy Act of 1946. true / false
8. Wisconsin is a(n) (agreement) (nonagreement) state.
9. Allowable dose limits were reduced in 1946 and 1956 because detrimental effects were observed in radiation
workers. true / false
10. The annual whole body dose limit for a radiation worker is
mSv/yr (
mrem/yr).
11. The dose limit for an individual member of the general public is
mSv/yr (
mrem/yr).
12. Dose limit for the unborn child of a pregnant radiation worker is
mSv (
mrem) in 9 months.
13. Safety will investigate dosimetry exposures exceeding
mSv (
mrem).
14. Aqueous waste must be readily soluble ... or dispersible biological material in water. true / false
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Table 3-9. Selected Effluent Concentrations (Appendix B, 10 CFR 20; Appendix E, HFS 157)

Isotope
Hydrogen-3
Carbon-14
Fluorine-18H
Sodium-22
Sodium-24
Phosphorus-32
Phosphorus-33
Sulfur-35
Chlorine-36
Calcium-45
Scandium-46
Chromium-51
Manganese-54
Cobalt-57
Nickel-63
Zinc-65
Strontium-85
Rubidium-86
Strontium-90
Niobium-95
Technetium-99m
Ruthenium-103
Iodine-124
Iodine-125
Iodine-131
Cerium-141
Radium-226
Americium-241
H

Table 1
Occupational Values
Col. 2
Col. 3
Col. 1
Inhalation
Oral Ingestion
ALI
ALI
ALI
Symbol
(μCi)
(μCi/ml)
(μCi)
3
H
8 x 104
8 x 104
2 x 10-5
14
3
3
C
2 x 10
2 x 10
1 x 10-6
18
F
5 x 104
7 x 104
3 x 10-5
22

Na
Na
32
P
33
P
35
S
36
Cl
45
Ca
46
Sc
51
Cr
54
Mn
57
Co
63
Ni
65
Zn
85
Sr
86
Rb
90
Sr
95
Nb
99m
Tc
103
Ru
124
I
125
I
131
I
141
Ce
226
Ra
241
Am
24

4 x 102
4 x 103
6 x 102
6 x 103
1 x 104
2 x 103
2 x 103
9 x 102
4 x 104
2 x 103
8 x 103
9 x 103
4 x 102
3 x 103
5 x 102
3 x 101
2 x 103
8 x 104
2 x 103
5 x 101
4 x 101
3 x 101
2 x 103
2 x 100
8 x 10-1

6 x 102
5 x 103
9 x 102
8 x 103
2 x 104
2 x 103
8 x 102
2 x 102
5 x 104
9 x 102
3 x 103
2 x 103
3 x 102
3 x 103
8 x 102
2 x 101
1 x 103
2 x 105
2 x 103
8 x 101
6 x 101
5 x 101
7 x 102
6 x 10-1
6 x 10-3

3 x 10-7
2 x 10-6
4 x 10-7
4 x 10-6
7 x 10-6
1 x 10-6
4 x 10-7
1 x 10-7
2 x 10-5
4 x 10-7
1 x 10-6
7 x 10-7
1 x 10-7
1 x 10-6
3 x 10-7
8 x 10-9
5 x 10-7
6 x 10-5
7 x 10-7
3 x 10-8
3 x 10-8
2 x 10-8
3 x 10-7
3 x 10-10
3 x 10-16

Table 2
Effluent Concentration
Col. 1
Col. 2

Table 3
Sewer Release

Air
(μCi/ml)
1 x 10-7
3 x 10-9
1 x 10-7

Water
(μCi/ml)
1 x 10-3
3 x 10-5
7 x 10-4

Monthly Average
Concentration
(μCi/ml)
1 x 10-2
3 x 10-4
7 x 10-3

9 x 10-10
7 x 10-9
1 x 10-9
1 x 10-8
2 x 10-8
3 x 10-9
1 x 10-9
3 x 10-10
6 x 10-8
1 x 10-9
4 x 10-9
2 x 10-9
4 x 10-10
4 x 10-9
1 x 10-9
3 x 10-11
2 x 10-9
2 x 10-7
2 x 10-9
4 x 10-10
3 x 10-10
2 x 10-10
1 x 10-9
9 x 10-13
2 x 10-14

6 x 10-6
5 x 10-5
9 x 10-6
8 x 10-5
1 x 10-4
2 x 10-5
2 x 10-5
1 x 10-5
5 x 10-4
3 x 10-5
6 x 10-5
1 x 10-4
5 x 10-6
4 x 10-5
7 x 10-6
5 x 10-7
3 x 10-5
1 x 10-3
3 x 10-5
2 x 10-6
2 x 10-6
1 x 10-6
3 x 10-5
6 x 10-8
2 x 10-8

6 x 10-5
5 x 10-4
9 x 10-5
8 x 10-4
1 x 10-3
2 x 10-4
2 x 10-4
1 x 10-4
5 x 10-3
3 x 10-4
6 x 10-4
1 x 10-3
5 x 10-5
4 x 10-4
7 x 10-5
5 x 10-6
3 x 10-4
1 x 10-2
3 x 10-4
2 x 10-5
2 x 10-5
1 x 10-5
3 x 10-4
6 x 10-7
2 x 10-7

For short lived radionuclides with half-lives < 2 hours, the total effective dose equivalent received during operations might
include a significant contribution from external exposure. .... The licensee should use individual monitoring devices or
other radiation measuring instruments that measure external exposure to demonstrate compliance with the limits.

4 Radiation Safety Principles
Radiation doses to workers can come from two types of exposures, external and internal. External exposure results
from radiation sources outside of the body emitting radiation of sufficient energy to penetrate the body and potentially damage cells and tissues deep in the body. External exposure is type and energy dependent. As a general
rule, x-rays, γ-rays and neutrons are external hazards as are ß-particles emitted with energies exceeding 300 keV
(Emax > 300 keV). Beta particles with Emax < 300 keV (3H, 14C, 33P, 35S, 45Ca, 63Ni) do not travel far in air and most of
the beta particles (i.e., > 90%) do not have enough energy to penetrate deeper than 0.1 mm of skin (see Table 1-3).
Internal exposure comes from radioactivity taken into the body (e.g., inhalation, ingestion, or absorption through
the skin) which irradiates surrounding cells and tissues. Both types of exposure carry potential risk. Thus, when
using radiation or radioactive materials, workers must understand and implement basic radiation safety principles to
protect themselves and others from the radiation energy emitted by the radioactive materials and from radioactive
contamination in the work place. The principles of time, distance and shielding apply only to external hazards.
4.1 Time
The linear no-threshold dose-response model assumes no cellular repair and that radiation damage is cumulative.
Therefore, the length of time that is spent handling a source of radiation determines the radiation exposure received
and the consequent injury risk. Most work situations require workers to handle radioactive materials for short
periods. For new procedures, a worker can reduce this "timely" radiation exposure by first practicing the new
procedures with simulated radiation sources. These dry runs enable the worker to become proficient. Once proficient, the worker may be able to work more rapidly with real sources and thus receive a lower exposure than if they
had gained that proficiency using real radiation.
2

2

I1 d1 = I2 d2

4.2 Distance
Radiation is affected by distance like light. Up
close a light bulb appears bright, but as one moves
away the light grows dim. Similarly, the exposure Na-22
rate from a radiation source decreases with
distance. Gamma ray exposure from a point
source (i.e., distance > 7-times the dimension of 370 MBq
(10 mCi)
the source) of radiation follows the Inverse
Square Law. This specifies that if you double the
200 cm
d=
50 cm
100 cm
distance from the radiation source, the radiation
3.1 mR/hr
I =
50 mR/hr
12.5 mR/hr
intensity will decrease by a factor of 4. For
Figure 4-1. Inverse Square Law
example, if the unshielded radiation intensity at 50
22
cm from a 370 MBq (10 mCi) vial of Na is 50 mR/hr, then at 100 cm from the source, the radiation intensity will
decrease to 12.5 mR/hr, and at 200 cm (i.e., twice 100 cm, 4 times 50 cm) the intensity will only be 3.1 mR/hr.
Beta particles do not follow the inverse square law (see Table 4-4).
Increasing the distance from a source of radiation is often the most effective way of decreasing exposure. Do
not stand near unshielded radiation sources unless actually working with the radiation. When it is not necessary for
you to handle radioactive materials, stand at least 6 feet from the source. The exposure at 6 feet is only 2.8% the
exposure at 1 foot. If you must work with high activity (i.e., > 37 MBq [1 mCi]) sources, work at arm's length, use
tongs, or long-handled tools to increase the distance to your hands and your whole body.
4.3 Shielding
Penetrating radiation deposits energy and produces ion pairs as it passes through matter. Anything placed between
the source of radiation and the worker will absorb some of the radiation energy and reduce subsequent exposure. A
shield is a material of some thickness which will stop or effectively reduce radiation exposure to nonhazardous
levels. Because different radionuclides emit different types and energies of radiation (see Table 1-4) with different
penetrating powers (see Figures 1-17 & 1-18), different types of radiation require different types and thicknesses of
shielding material to absorb the radiation. Table 4-1 lists various routinely used radioisotopes, the type and
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thickness of shielding material to reduce the x-/-ray exposure by a factor of 10 (e.g., from 100 mR/hr to 10 mR/hr)
or to stop essentially all of the beta radiation.
Table 4-1. Shielding Considerations
4.3.a Alpha Particles
I
Exposure Thickness (mm)
Because of their large size and charge, alpha particles
Isotope
Symbol (mR/hr)H
Lead Lucite
are stopped by very thin absorbers. A sheet of paper
22
or thin aluminum foil will absorb all the alpha parti1.6**
Sodium-22
Na
13.3
27.9
cles from any source. Energetic alpha particles travel Phosphorus-32
32
P
353*
-7
only about 5 cm in air and 0.037 mm in tissue (see
***
33
Phosphorus-33
P
--0.5***
Figure 1-17). The dead layer of the skin will stop all
35
Sulfur-35***
S
--0.3***
alpha particles with no harmful effect. Thus, alpha
***
45
particle radiation is not considered an external hazard. Calcium-45
0.5***
Ca
--51
0.18
5.6
-Chromium-51
Cr
4.3.b Beta Particles
65
3.0
33.2
-Zn
Just like alpha particles, beta particles interact electro- Zinc-65
86
Rubidium-86
Rb
0.56
32.5
7**
mechanically with orbital electrons (see 1.2.e).
99m
Because a beta particle has a much smaller mass than
0.8
1.0
-Technetium-99m
Tc
an alpha particle, for the same kinetic energy it will
125
0.78
0.056
-Iodine-125
I
have a greater velocity (i.e., E = ½mv2). The high
131
I
2.4
9.7
1.2**
velocity means the time a beta particle spends near an Iodine-131
137
1.4**
Cs
3.7
21.0
atom or molecule is shorter than for an alpha particle, Cesium-137
the beta particle is less densely ionizing (i.e., lower
H
Unshielded exposure rate (mR/hr) 30 cm (12 inch) from 37
LET) and will penetrate farther into an absorber than
MBq (1.0 mCi) source
I
an alpha particle. For a beta particle to be capable of
Lead to reduce γ exposure rate by factor of 10 (two TVL
penetrating the dead layer of the skin it must have an
reduce exposure by a factor of 100) or Lucite to stop all β
*
effective energy (i.e., Eeff l a Emax) greater than 70
Radiation from pure beta emitting radionuclides is technically
not measured in mR/hr (see 4.3.b.1) and should not be shielded
keV (0.07 MeV). Consequently, most low energy
with lead; shield beta-particles with Lucite/plastic
beta radiation (e.g., 3H, 14C, 33P, 35S, 45Ca) is not
**
considered to be an external hazard and is only a slight If gamma is attenuated by a factor of 10, dose rate from
Bremsstrahlung x-rays (cf. 1.2.a.3 & 4.3.b) should also be low
skin exposure hazard.
***
There is no need to shield low-energy β-particles 14C, 33P, 35S,
Shielding of high-energy beta particles is done by 45
Ca
using light materials (e.g., plastic, Lucite, aluminum,
etc.). As seen in Table 4-1, a few millimeters of plastic will stop even the high energy beta particles from 32P.
Dense materials (e.g., lead) are not suitable for stopping high energy (> 500 keV) beta particles because, as the beta
particles slow down in dense shields they produce a type of x-ray called bremsstrahlung, or braking radiation (see
Figure 1-12). Thus, using a lead shield for β-particles absorbs the particulate beta and produces penetrating x-rays.
Shielding high-energy beta particles with light materials do not produce as much bremsstrahlung (e.g., a factor of 10
less) as in dense materials. Thus plastic or Lucite is the preferred shielding material for high-energy beta emitters.
Additionally, shielding is not needed for low energy (< 300 keV) beta particles, but, if you are using more than 7.4
MBq (0.2 mCi) of a beta-emitting radioisotope, some bremsstrahlung is likely, even from stock vials of 33P and 35S.

Beta Skin Dose
Most (80 - 85%) of the research work on campus uses beta emitting radionuclides. Beta particles are not penetrating (Figure 1-17). For example, the beta particle emitted from 35S will only penetrate skin to a depth of 0.3 mm and
the beta particle from 32P only penetrates a maximum of 8 mm in skin. Thus, the major tissue subject to radiation
damage from external beta particles is the skin. Because the skin is less sensitive to radiation injury, the limit for
skin exposure is 0.5 Sv (50 rem) per year, 10 times the limit for whole body exposure (Table 3-2).
However, on the negative side, because all of the energy of the beta particle is absorbed within approximately ½
centimeter of tissue, the dose from even a small drop of concentrated beta-emitting radioactivity may be quite high.
Table 4-2 estimates skin exposure rate (mrem/hr) per activity (μCi or kBq) from commonly used beta emitting
radionuclides (3H is not an external hazard, the energy is too low to even penetrate the dead layer of the skin). Using
the table, if you had a 37 kBq (1 μCi) drop of 32P on your skin for 1 hour, the immediate square centimeter of skin
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would receive an exposure of approximately 6 rem (0.06
Table 4-2. Typical Beta Skin Doses
Sv). Furthermore, the time needed to exceed the annual
Max Energy Skin Dose (rem/hr)
skin dose limit for just 37 kBq (1 μCi) of 32P contamination
2
(MeV)
per kBq
per μCi
Radionuclide
for a 1 cm skin area is only about 8.4 hours.
14
35
l 0.160
1.02
0.0275
C/ S
Because high beta skin doses are possible, Radiation
33
P / 45Ca
l 0.250
2.8
0.0758
Safety requires every lab which uses beta radionuclides to
32
P
1.709
6.00
0.1622
have a calibrated thin-window GM. Without using a GM, it
is impossible to know if there is skin contamination which
may lead to either a possible overexposure, a dosimetry problem, a contamination problem, or all three.
All thin-window radiation survey meters used at the UW are calibrated using 3 different energies of beta particles, 14C, 99Tc, and 90Sr (cf. 7.5.b). The efficiency of the
Use
CPM scale only. Cal Date: 7/18/xx
meter for each of the energies is listed on the calibration
z
to probe center
sticker that is affixed to the meter. This calibration informa- Window: Fixed Beam
Battery:
O K Check Source: 1500 CPM
tion can be used in conjunction with the meter’s count rate to
Isotope:
C-14
Tc-99
P-32
estimate contamination activity and to make a cursory
Energy:
160 keV
300 keV
1710 keV
estimate of the resultant skin dose.
Efficiency:
3%
15%
40%
An efficiency of 10% means the detector is sensing only
1-in-10 decays, so the radioactivity is actually 10-times
@ Cs-137 energy:
2400 cpm / mR/hr
greater than the count rate (i.e., dpm = cpm/eff ==> dpm = 10
mR/hr
SCALES
x cpm). Table 4-3 provides a conversion relationship for the DO NOT USE
UW Safety Dept. Calibration Lab 262-8769
meter used in this example. To accurately estimate the
Figure 4-2. Calibration Sticker
response for any meter in a lab, simply make a similar table
for each meter. When calculating the dose from a small drop,
assume that approximately 1 square centimeter of skin is contaminated. All of this information can then be used to
calculate maximum skin doses from contamination.
For example, after working with 32P for about ½ hour a
Table 4-3. GM Response (Example)
researcher detects a small spot of contamination on his/her
GM Response
(2π) GM
left wrist that measures about 100,000 cpm. Calculate the
skin dose (in mrem) to the researcher’s wrist. Assume the Radionuclide efficiency cpm per μCi cpm per kBq
32
14
P contamination happened at the beginning of the proce2 - 4%
66,600
1,800
C / 35S
33
45
dure and the skin was exposed for ½ hour. From Table
P / Ca
10%
222,000
6,000
32
4-3, the lab’s GM efficiency for 32P is about 35% (i.e.,
P
35%
777,000
21,000
777,000 cpm per μCi) and the 32P skin dose is 6.0 rem/hr
per μCi. The calculation shows that the researcher’s skin dose is approximately 0.386 rem.

dose = 100, 000 cpm x 0.5 hr x

1  Ci
777,000 cpm

x

6.0 rem/hr
1  Ci

= 0.386 rem

Because beta particles are not highly penetrating, they do not quite follow the inverse square law. Table 4-4 lists
the absorbed dose rate (rad/hr) from a 37 MBq (1 mCi) point source. Notice the sharp drop in dose rate for lowenergy beta-emitters. This is because most of beta particles are emitted in a spectrum approximately a of the
maximum energy and the lowTable 4-4. Beta Dose Rate (rad/hr) from a 37 MBq (1 mCi) Point Source
energy betas are rapidly attenuated
Energy
Distance (cm)
in air. But, the measurable dose
rate for 32P / 86Rb extends to great
0.2
0.5 10
10
30
50 100
Radionuclide (MeV)
0
14
35
distances. For these very high
--C / S l 0.160 2035.7 241.7 21.3 1.78 0.04 -33
energy beta emitters, there is some
P / 45Ca l 0.250 1532.3 219.0 26.6 4.23 0.40 0.05 --32
inverse square effect.
P / 86Rb
1.710 350.0 87.0 13.8 3.44 0.87 0.39 0.14 0.03
Beta Skin Protective Measures
Because beta particles are not penetrating and deposit all of the beta energy within a few millimeters of flesh, it is
important that you wear protective clothing (disposable gloves, lab coat), monitor the gloves frequently during your
procedure and change them either when they are contaminated or periodically. Sometimes a glove may get a
pinhole. For that reason, and depending upon the procedure being performed, it may be prudent to wear several
(e.g., two or more) pairs of gloves, and dispose of the outer pair when contamination is detected.
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The range of a beta particle depends upon the beta particle energy and the type of material it is passing through.
Low energy beta particles do not penetrate. Thus, for 14C and 35S, a lab coat and single pair of disposable gloves
will stop essentially all beta particles. For slightly more energetic (i.e., Emax ~ 250 keV) beta particles such as 33P
and 45Ca, a double pair of disposable gloves will stop all beta particles. Because 32P is so energetic (1.71 MeV), the
best protective measures to use are shielding (a-inch Plexiglas) and distance (2 - 6 feet).
Beta Detection Considerations
It is not uncommon to see a GM probes covered with Parafilm M or plastic laboratory film in an effort to prevent
the detector from becoming contaminated. Most
Table 4-5. Effect of Cling Film on Efficiency
workers assume that such a thin membrane will have
little effect on the detector efficiency. But, they are
Emax
Percent Efficiency
wrong. There is a significant reduction in detection
14
33
35
(MeV)
Isotope
Unshielded
Cling Film Parafilm M
efficiency for low energy betas (e.g., C, P, S,
14
35
45
C/ S l 0.160
4.05
2.52
0.13
Ca) from laboratory film. The maximum range for
8.90
7.48
2.12
the low energy betas is about 5 - 7 cm in air and much 33P/45Ca l 0.250
32
P
1.710
22.4
22.0
21.5
less in any solid, even a thin solid like Parafilm M or
laboratory film. Table 4-5 summarizes the effect on
efficiency for major beta energies for no film, cling film, and Parafilm M.
The detection of 32P is never an issue and the impact of covering the end of the GM tube with film is negligible.
However, there is a lot of attenuation of low energy beta particles from 14C, 33P, 35S, and 45Ca. Parafilm M attenuated more than 95% of the betas from 14C and 35S. The laboratory cling wrap stopped more than 35% at these
energies. As the Emax increases, the attenuation of beta particles becomes less; being only about 75% and 16%,
respectively for 33P and 45Ca.
Remember, placing any material between a detector and a beta-emitting radionuclide will affect the detector
efficiency. The Safety Department recommends that detectors not be covered. However, if you must cover the
detector while certain procedures are under way, laboratory film is preferable over Parafilm M and always remove
the film before performing your final surveys.
4.3.c Gamma Rays
Unlike α and ß particles, gamma rays do not lose energy rapidly when passing through matter. Figure 1-17 shows
that the average distance between interactions for the 125I γ-ray (E = 35 keV) is about 33 mm compared with 3100 Å
(1 Å = 0.0000001 mm u 0.00031 mm)) for β- and 15 Å (0.0000015 mm) for α-particles. Thus, gamma ray
photons are much more penetrating than α- or ß-particles. Until the photon interacts, no energy is given up to the
matter. When gamma-rays do interact, they ionize (i.e., eject orbital electrons). It has been observed that the
number of gamma-ray interactions is proportional to the number of orbital electrons in the matter. Dense material
such as lead and iron usually have more orbital electrons per cubic centimeter than light material like aluminum.
For that reason, shielding of x-/γ-rays is best accomplished by using dense materials (e.g., lead, tungsten, uranium,
etc.) or a great thickness of less dense, but less expensive (e.g., steel, concrete), material. Lead is preferred because
of its great density and low cost. Gamma- and x-ray beam intensities with maximum energies less than 2.0 MeV
will be reduced by at least a factor of 10 (Table 4-1) by using 2-inches of lead. Protective "lead" aprons are not
effective in shielding radionuclides with γ-ray energies exceeding 0.05 MeV or 50 keV. Do not use lead aprons
with 51Cr, 99mTc, etc., it may give a false sense of security.
Because gamma rays travel greater distances between interactions than α-/β-particles travel, they do not deposit
as much energy per centimeter of tissue as do α-/β-particles
Table 4-6. Typical Gamma Ray Doses at 1 cm
(i.e., γ-rays are low LET). That means the absorbed dose (i.e.,
J/kg or erg/gm) for gamma rays is much less than for beta partiEnergy
Dose (mrem/hr)
cles. However, the range and consequent distance over which
(MeV)
per
μCi per kBq
Radionuclide
this absorbed dose occurs is much greater. The major γ-ray
51
86
99m
125
51
0.320
0.16
0.004
Cr
emitting nuclides used on campus are Cr, Rb, Tc, and I.
86
Table 4-6 lists the gamma doses for each of these nuclides at a
Rb
1.078
0.5
0.014
99m
distance of 1 cm. Of particular interest is the very low dose per
Tc
0.1427
1.1
0.030
125
kBq (μCi) of skin contamination. While this dose is low, unlike
I
0.0355
1.56
0.042
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beta-particle absorbed dose, gamma-ray dose is deposited over a greater depth, decreasing primarily according to
the inverse square law (cf. 4.2).
The 6CEn formula is a rule-of-thumb which can be used to estimate the gamma-ray dose rate. It will provide a
dose estimate with ! 20% of the actual dose for photon energies between 70 keV (0.07 MeV) and 2 MeV. Within
this energy range, the exposure rate in mR/hr at 1 foot from a 1 mCi x-/γ-ray point source is approximately 6CEn,
where C is the activity in millicuries, E is the photon energy in MeV, and n is the relative photon abundance (e.g.,
for 51Cr and 86Rb, only 1 in 10 decays [10%] results in a gamma emission). For example, at 1 foot the exposure rate
from a 5 mCi vial of 51Cr (E = 0.32) is:

Dose = 6CEn = 6 $ (5 mCi) $ (0.32 MeV) $ (0.10) = 0.96 mR/hr
Doses at other distances would follow the inverse square law, so at 2 feet it would be 0.24 mR/hr and at 1 meter
(i.e., 3.3 feet) would be approximately 0.097 mR/hr.
4.3.d Positrons and Mixed Beta / Gamma Emitters
The shielding of radionuclides that emit both high energy beta and gamma radiation (e.g., 18F , 22Na, 86Rb, 131I, etc.)
is more complicated. Ideally, a graded shield is used. Nearest the source, light material (e.g., aluminum, Lucite) is
used to stop the beta particles. Next to the light material, dense material (e.g., steel, lead) is used to stop the gamma
rays and any bremsstrahlung x-rays produced in the light material. However, for most practical applications involving beta-gamma emitters, using enough lead to reduce the gamma exposure rate by a factor of 10 is usually sufficient to stop the beta and any bremsstrahlung x-rays produced.
4.4 Practical Application
While time may be a factor over which the radia105 mR/hr
37 MBq (1 mCi) I-125 in 0.1 ml H O
tion worker has very little control, the factors of
1/8" Pb
distance and shielding can be used together to keep
570 mR/hr
essentially
(average)
6 mR/hr
3 mR/hr
exposures ALARA. Figure 4-3 shows the use of
25 mR/hr
0 mR/hr
both lead shielding and distance to reduce the
10 cm
15 cm
5 cm
exposure from a 37 MBq (1 mCi) stock vial of 125I.
(4 in)
(6 in)
(2 in)
As noted in Table 4-1, it does not require a great
Figure 4-3. Distance and Shielding for 125I
thickness of lead to reduce the exposure from the
35 keV x-/γ-ray to essentially zero. If a worker stands behind the 1/8” lead shield, then only the hands and arms are
exposed depending upon position from the stock vial.
2

4.5 Housekeeping
Many research procedures at the University use unsealed sources of radiation. The deposition of unsealed radioactive material in the body can result in prolonged internal radiation exposure (cf. Table 2-5). Radioactive materials
can enter the body through inhalation, ingestion, wound penetration, or skin absorption. Once inside the body, the
potential for cellular damage by particulate (especially α and low-energy ß particles) radiation is often greater than
if the same radiation source were outside the body. Thus, it is essential that radiation workers utilize the basic
principles of time, distance, and shielding in combination with good housekeeping practices to keep radionuclides
from getting inside the body. When working with radioactive materials, consider the following precautions to help
insure that radiation exposure (and consequent risk) will be As Low As Reasonably Achievable.
 Always wear protective clothing (e.g., disposable gloves, lab coat, safety glasses) when handling radioactive
materials; these protect skin and clothing from contamination and shield the skin from beta particle absorbed
dose. Monitor frequently. Remove gloves and wash hands when finished. Leave lab coat in the lab when you
leave.
 Do work in a fume hood if gas, vapor, dust or aerosols can occur during the procedure.
 Do not eat, drink, or perform other hand-mouth procedures (e.g., licking stamps or labels, applying makeup,
etc.) in any room or lab which has been posted Caution - Radioactive Materials. Do not mouth pipette, not
even water. Bad practices, once started, may become habitual with the consequent risk of ingestion of radioactive materials or other toxic substance.
 Lock and secure stock vials when not in use.
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 Do not store food or drink containers in the same location as radioactive materials. This particularly applies to












refrigerators containing (or labeled as containing) radioactive materials; these refrigerators are off limits for
lunch bags, milk cartons, and other food or drink containers.
Do not bring personal belongings into the radioactive work areas of the lab. Avoid wearing rings, watches, and
similar items during work. Wearing shorts, sandals, or slippers is also not recommended.
If issued a radiation dosimeter (see Chapter 7), wear it/them when working with radiation sources.
Do not work with radioactive materials if you have an open cut or wound; contamination may enter the body
through a cut.
Assume containers labeled Caution - Radioactive Materials are also contaminated and wear disposable gloves
when handling all such containers.
Employ the three basic safety principles of time, distance and shielding whenever you work with external
hazards and employ good housekeeping techniques when using any radioactive material.
When doing a new procedure, perform a "dry run" without radioactive materials to learn the procedure.
Do liquid radiation work on a non-porous tray which is capable of containing the entire volume of a liquid
radioactive material in case it is spilled. Cover the work area with plastic-backed absorbent material.
Immediately after use or work with radioactive materials, wash hands then monitor them thoroughly. Monitor
hands and clothing for radioactive contamination during and after work; especially before leaving the lab. If
you are contaminated or suspect you are contaminated, wash the contaminated area and re-monitor (cf. Chapter
6 and Chapter 7) as necessary; notify Safety of problems.
Monitor the rooms where radioactivity is used or stored, and pay special attention to all areas which may come
in contact with potentially contaminated hands, e.g., phone, door knob, refrigerator handle.
Workers should be thoroughly familiar with the properties of the radionuclides they are using. If you are uncertain about the safety of a procedure or have any questions about radioactivity call Radiation Safety.

4.5 Review Questions - Fill in or select the correct response
1. The 4 techniques to reduce radiation exposure are:
,
,
, and
.
2. Shield gamma emitters with
materials.
3. Lucite is the best material to shield beta emitters. true / false
4. The skin dose from a 37 kBq (1 μCi) drop of 32P is
mrem/hr.
5. Do / Do not eat, drink, smoke, mouth pipette in a radiation work area.
6. Do / Do not store food or drink containers in refrigerators which contain radioactive materials.
7. After radioactive materials work, you should monitor your work area, then
and monitor your
hands before leaving the lab.
8. Always do radiation work on a
which is capable of containing the entire volume of a liquid radioactive material spill.
9. If you have an open cut, do / do not work with radioactive materials.
10. If you are contaminated with radioactivity,
the contaminated area then contact Safety.
11. Procedures that may produce airborne radioactive materials must be done in a
.
12. Disposable gloves will stop all beta particles from 35S. true / false
13. Per unit of activity (e.g., per mCi or kBq) the skin dose from gamma emitters is (greater than) (less than) the
skin dose from beta emitters.
4.6 Reference
NEN Products, Iodine-125: Guide to Safe Handling, E.I. duPont de Nemours & Co
Franklin, G.L. and Gonzalez, P.L., Beta Reduction Factors for Protective Clothing at Oak Ridge National Laboratory, Proceeding of the 31st HPS Midyear Meeting, Medical Physics Publishing, Madison, WI, 1998
Michel, R. and Degenkolb, S.J., Radiation Protection Considerations and Skin Dose Assessment for Biological
Laboratory Environments, RSO Magazine, January/February, 1998
Moe, H.J., Radiation Safety Technician Training Course, Argonne National Laboratory, Argonne, IL, 1988
Shleien, B., ed. The Health Physics and Radiological Health Handbook, Scinta, Inc., Silver Spring, MD, 1992

5 Radioactive Material Work Practices
Radiation workers use time, distance, shielding, and good housekeeping to keep their radiation exposure ALARA.
Workers must also follow certain procedures to comply with the conditions of the University's radioactive material
use licenses (cf., 3.5). These procedures include: to properly order and receive radioactive materials, to maintain a
current inventory of lab's radioactive materials (including waste), to properly dispose of radioactive materials when
no longer useful, to perform periodic radiation and radioactive contamination surveys of work areas, and to follow
proper protocols when working with special exposure sources.
5.1 Ordering and Receiving Procedures
All radioactive materials must be purchased through CORD (Central Ordering, Receiving, & Distribution). The
UW has contracts with vendors for all radionuclides commonly used in research. Because of the combined buying
power of all UW researchers, CORD purchases material at a discount (e.g., some items may be 20% - 50% of their
catalogue price). The bid price includes shipping to the UW. All radioactive material entering the UW - Madison
from off campus. Personnel at CORD perform required package surveys, check the shipping documents to assure
proper contents, and deliver the packages to the laboratories placing the order. The UW requires CORD to charge a
small (i.e., $20 - $30) fee, per order to perform these services.
Materials may also be obtained locally, e.g., the University's nuclear reactor, Medical Physics cyclotron,
Hospital Nuclear Pharmacy, or from other researchers at the University. Even in cases where the materials are
obtained from a researcher in the same building, the principal investigator with the material must first notify CORD
to insure that the receiving lab is authorized to possess the material and that the CORD inventories for both
researchers are updated to reflect the transaction. CORD personnel and workers are trained in transportation of
radioactive materials (cf. Chapter 8) and normally transport the material from its current location to the lab in a
different building.
Although CORD performs required surveys on incoming packages and transfers, when a worker receives a
delivery from CORD they should safely handle the package. Because contamination can be on the outside of vials
when they are filled by the vendor, whenever working with radioactive materials wear disposable plastic gloves and
change the gloves frequently to prevent contamination from getting on your hands and then into your body by the
"hand-mouth" or skin absorption route. Guidelines for receiving packages include:
 Wear lab coat, safety glasses and disposable gloves to prevent skin and clothing contamination.
 Inspect the package for signs of damage (e.g., wet or crushed)
 If radioactive material is volatile, place package in vented hood before opening.
 Open the package and verify that the contents agree with the Radionuclide Receipt and Disposal form (Figure
5-1). If the material is not what was ordered, call CORD immediately.
 If you suspect contamination, wipe the external surface of the container and count the wipe with a sensitive
system for removable contamination (see Chapter 7 and Lab 2).
 Survey (see Section 7.5.b) the packing material and the empty packages for contamination before discarding; if
contaminated (i.e., > 100 cpm above background), treat it as radioactive waste, if not contaminated, remove or
obliterate any radiation labels before discarding it in the normal trash.
 Record the receipt in the lab's inventory record system.
5.2 Inventories
Each lab is required to have up-to-date records of radionuclides receipt, use and disposal. Copies of these inventory
records of receipt, disposal, and transfer must be kept on file by the lab for at least three years so they will be
available for inspectors. At least quarterly, the authorized users must report radioactive decay and sewer disposals
to CORD. Account for the amount decayed/disposed in the appropriate section of the inventory and Radioactive
Waste Disposal forms (Figures 5-1 and 5-12 or Lab 2).
Each person using radioactive materials in a lab must have access to the inventory logbook or system which
records radioactive receipt, use, and disposal. The information recorded must be such that the authorized user can
calculate the total activity of each radionuclide on hand at any time if requested by inspectors.
CORD maintains the University's radionuclide inventory based upon the activity of each radionuclide which the
labs on campus possess (i.e., has in the lab). This information is obtained by recording receipts and transfers of
radionuclides and subtracting activities from lab disposal slips. The CORD computer does not decay radioactive

58

Radiation Safety for Radiation Workers

material. At least once a year, the CORD
balance is compared to the lab's balance
and verified. Maintaining a good
inventory in the lab helps in reconciling
any discrepancies between the lab's and
CORD's balances.
A Radionuclide Iinventory form
(Figure 5-1 and Appendix C) is given to
the lab with each radionuclide delivery.
This form, or a comparable method, is
used to keep a record of use and disposal
of material for that stock vial. Inventory
steps include:
 Immediately verify order is right and
the information on the Radionuclide
inventory form is correct. Some stock
vials may be received with more (e.g.,
fresh lot) or less activity than indicated
on the label. The activity on the form
is the activity CORD enters in the lab's
inventory and is the activity the lab
must dispose as radioactive waste.
 Use only one Inventory form for each
order. Keep the inventory forms in a
binder or other central location (e.g.,
drawer, refrigerator door) available to
all users.
 Record, date and initial any use and
disposals as they occur, circle
appropriate volume and activity units.
 Total activity disposed should equal
the total used, minus any activity
Figure 5-1. Radionuclide Inventory Form
remaining in samples, stocks, etc.
 Records may be purged three years after final use of the material. Insure that the final entry in the USE column
is zero. Initial and date the inventory sheet before placing it in the inactive file. Insure all disposals have been
reported to CORD.
 If unsure how to do your inventory, check with your PI, lab manager or call Radiation Safety.
 At least once a year the lab must conduct a physical inventory of radioactive material, compare it with the
activities recorded in CORD and correct discrepancies. When given an inventory audit sheet, verify activities
and return it to Safety within 10 calendar days.
5.3 Disposal of Radioactive Material
After using unsealed radioisotopes in a laboratory procedure, the radioactive residue and other waste materials must
be secured until properly disposed to protect workers, staff, and the environment from unnecessary radiation
exposure or contamination. However, even as waste, the quantity of radioactivity remains on the lab’s CORD
inventory until properly disposed. Radioactivity is removed from a lab's inventory only when it has been properly
disposed or transferred and the transaction reported to CORD on a Radioactive Waste Disposal form (Figure
5-12). There are six disposal / transfer methods a lab can use to removed radioactivity from their inventory: (1)
disposal to Safety in a routine Safety Department pick up, (2) release to the sanitary sewer of aqueous liquids, (3)
exhaust to the atmosphere of volatile radioactive materials through a fume hood, (4) decay and disposal to normal
trash, (5) transfer to another authorized user or to another licensee (off-campus), and (6) administration to patients
(medical users only). Releases to the sanitary sewer and/or to the atmosphere as well as all other methods of
disposal must be reported to CORD at least quarterly. Regardless of the method used to dispose of radioactive
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waste, following these basic principles when collecting and preparing wastes for disposal will help maximize
disposal options and minimize disposal costs.
 Radioactive waste containers in the lab must be properly labeled (i.e., radioactive sticker, see Figure 3-3) and
controlled to prevent accidental disposal.
 Place radioactive solid waste and animal tissues in the yellow plastic bags used for radioactive waste. These
bags can be gotten from Safety (send e-mail) or by going to the Safety Annex, Room 62, Biochemistry.
 Minimize radioactive waste volumes. Current disposal costs are more than $300 per cubic foot for low level
radioactive wastes. To minimize costs, keep non-radioactive wastes separate from radioactive wastes, pack
waste efficiently and, whenever possible, clean/recycle reusable "wastes" (e.g. glassware).
 Segregate waste by radionuclide. Except for 3H and 14C aqueous liquids which may be mixed, separate
radionuclides whenever possible. The Safety Department decays short lived (T2 < 120 days) radioisotopes prior
to ultimate disposal. Thus, wastes are stored and held for decay by Safety based on half-life of the longest lived
nuclide in the container.
 Keep waste types separate. The Safety Department processes each type of waste (i.e., solids, lead pigs, aqueous
liquids, organic solvents, LSC wastes and animals) differently. Mixing waste types may increase the ultimate
disposal cost. Never place lead pigs in your solid waste. Lead is a hazardous metal which is recycled by the
UW, it is not disposed.
 If possible, don't mix radioactivity with other hazardous materials (hazardous wastes, infectious agents,
biohazards, pyrophorics, etc.). Disposal of hazardous wastes is based upon all of the hazards. Because there is
no single government agency to regulate a multiple-classification waste, some disposal costs may be very high.
 Sterilize infectious materials before calling the Safety Department for routine collection. Be careful when
autoclaving / sterilizing radionuclides which could become volatile and produce an airborne hazard (e.g., more
than 1 mCi of 3H, 125I).
 Do not use boxes larger than 24" length by 17" width by 14" height. Larger boxes will not fit on the shelves in
our storage facility. Additionally, there is no charge for disposal and a larger box will produce higher ambient
radiation levels in your lab. Use small boxes, dispose of them frequently.
 Boxes must weigh less than 25 - 35 pounds.
 We do not recommend that you decay correct your radioactive waste (see 5.3.d). Dispose of the total amount of
radioactivity listed on your Radionuclide Inventory form (Figure 5-1), do not correct for fresh lots, etc.
 Clearly label all liquid scintillation media with cocktail brand name, nuclide, and activity. The Safety
Department processes sewerable cocktail in a different manner than cocktail with flammable constituents.
 Do not put lead pigs in solid waste containers. Pack lead pigs in a separate container, they are recycled.
 When utilizing radioactive decay and disposal to normal trash (see 5.3.d), you must deface all radioactive labels,
hold the waste in storage for at least 10 half-lives, survey the package with a sensitive radiation detector (e.g.,
GM for 32P, LEG for 125I), record the results in a waste decay logbook (net counts-per-minute must be less than
100 cpm), and report the decay to the Safety Department at least quarterly.
 Package small volume, concentrated wastes (e.g. stocks, hot products or wastes, sealed sources, etc.) in small
boxes separate from large volumes of dilute, contaminated wastes.
5.3.a Collection by Radiation Safety Office
Routine collection (i.e., pickup) is the preferred method to dispose of radioactive waste. Simply call the Safety
Dept. (262-8769) or complete a Waste Pickup Request on Safety’s web page (http://www.fpm.wisc.edu/safety)
and schedule a pickup of properly packaged radioactive wastes. The Safety Department will come to your lab on
Tuesdays to collect all of your properly packaged radioactive and chemical wastes. Safety personnel are aware of
the requirements for safely handling and disposing of radioactive wastes. Solid and liquid radioactive wastes are
normally picked up in your lab on Tuesday AM or PM (see Appendix C for building schedule) and animals are
collected from loading docks on Wednesday and Friday mornings. The Safety Department provides five gallon
carboys for large volumes of aqueous and organic (primarily) 3H, 14C, 32P and 35S wastes (see 5.3.a.2). Safety also
provides 1-, 2-, and 4-liter bottles for smaller volumes of liquid radioactive wastes.
To be picked up, the waste must be properly packaged and the correct labels, stickers, and forms completed.
Prepare the package of radioactive waste according to the waste type in paragraphs 5.3.a.1 - 5.3.a.5. Complete the
paperwork and labeling as described in paragraphs 5.3.a.6 - 5.3.a.7. To comply with Department of Transportation
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(DOT) rules and regulations (see Chapter 8), radioactive waste boxes will not be picked up if they are improperly
packaged or the paperwork is incomplete. Radioactive Waste Disposal Guidelines are found in Appendix C.
Radioactive Solid Waste
Use yellow plastic bags to hold solid wastes within
the lab. Place solid wastes in a strong cardboard box
for disposal (Figure 5-2). Use strong packaging tape
and securely tape the bottom and top of these boxes
so they will not open while being transported.
Package and seal sharps (syringes, blades, Pasteur
pipette tips, broken glass, etc.) inside a small
secondary plastic/cardboard container before adding
this small sharps package to the other solid waste.
All boxes must have a Radioactive - LSA sticker (see
Figure 5-9) completed and placed on one side.

ZERMAT M T
23893

10/20/XX
0.05

P-32

XX

Figure 5-2. Solid Waste

Radioactive Liquid Waste
Keep aqueous and organic solvent wastes separate
ZERMAT M T
23893
10/20/XX
P-32
0.45
and collect/store each type in plastic or shatter6.3
X
proof glass containers of at least 500 ml but not
TRIS BUFFER
45
KCl
15
more than 4 liters. The Safety Department will
40
WATER
furnish 1-, 2-, and 4-liter containers upon request.
Use a container that is appropriately sized for the
actual waste volume. Five-gallon carboys may be
used for large volumes of dilute liquids (primarily
3
H, 14C, 32P or 35S; call Safety for other
radionuclides). Carboy activity limits to insure
compliance with the DOT are listed in Table 5-1.
When requested, replacement five gallon carboys
Figure 5-3. Small Volume Liquid Waste
will be brought to your lab
Table 5-1. Carboy Activity Limits
during waste pickups.
For safety in handling, labs
Activity Limits (MBq or mCi)
Carboy
Waste
should neutralize aqueous
3
14
35 1
Type
Type
H
C
S
liquids so the resultant pH is
74 MBq (2 mCi)
74 MBq (2 mCi) 74 MBq (2 mCi)
between 5.5 and 8.5 (i.e., 5.5 [ Round Organic
Square Aqueous 555 MBq (15 mCi) 74 MBq (2 mCi) 74 MBq (2 mCi)
pH [ 8.5). Very concentrated
1
wastes (e.g. stocks), not
Because of the way these are disposed, don’t mix 35S with 3H or 14C
exceeding 50 ml, should not be
diluted (and need not be neutralized). Tightly seal stock
vials and package separately in a small box (see 5.3.a.5).
Document the disposal in proper section of the disposal
form (i.e., organic liquid or aqueous liquid). Do not put
solids in liquid waste containers.
Fill containers b - : full; do not overfill; allow
room for thermal expansion. Seal containers securely by
wrapping saran wrap or parafilm around a tightly closed
twist-type cap. Do not use foil, cracked caps, etc., these
could lead to spills and contamination of your building
and our facility. Complete and attach a Radioactive
Liquid Waste tag (see 5.3.a.7) to each container > 50 ml
(Figure 5-3). For containers < 50 ml, treat as if they
Figure 5-4. Carboys
were stock vials. List all constituents, including water,
methanol, etc. For carboys, complete and attach the Radioactive Liquid Waste tag (Figure 5-4).
ZERMAT M T

10/20/XX

C-14
6.3

X

TRIS BUFFER
KCl
WATER

45
15
40

23893

0.45
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Liquid Scintillation Cocktail Vials
Although sewer disposable LSC solutions (e.g.,
Scintisafe Econo 2, BioSafe II) containing 3H or 14C
ZERMAT M T
23893
10/20/XX
only (< 1.85 kBq [0.05 μCi]) or 10-T1/2 decayed
0.05
P-32
nuclides may be poured directly to the sewer (see
5.3.b), Safety Department pick up is the easiest and
XX
safest disposal method because instead of opening the
vials, your lab simply places the vials in LSC cases or
Example Tray
similar boxes (Figure 5-5).
Flammable cocktails (e.g. toluene, xylene,
pseudocumene, etc.) must be kept in their original
counting vials for pickup by Safety. Call Safety for
information if you anticipate using an organic cocktail.
Figure 5-5. LSC Vials
When disposing of LSC vials, always keep
flammable / organic cocktails separated from sewer disposable cocktails. Labs are encouraged to use sewerable
LSC cocktail. Keep vials separated by size and type (e.g., plastic, glass, 5 ml, 20 ml, etc.). Place vials upright in
trays. Preferably package vials in full cases (e.g., 20 ml vials - 500/case, mini-vials - about 1700/case). On each box
/ case write the LSC cocktail brand name and any biological or chemical hazard that might make disposal via the
sanitary sewer inappropriate. If you do not have trays, place double-bag vials and place in sturdy cardboard box.
BIOSAFE II

Radioactive Animals and Animal Waste
Our license requires all animals that have been injected
with radioactive materials be disposed through Safety
ZERMAT M T
10/20/XX
23893
when sacrificed or expired. Double bag and box all animal
H-3
5.5
tissue and contaminated bedding/waste (Figure 5-6). All
carcasses must be frozen. The radioactivity within each
box must not exceed 555 MBq (15 mCi) for 3H and/or 14C
XX
and must be less than 74 MBq (2 mCi) for any other
nuclide (Table 5-1). If possible, the box should not weigh
Figure 5-6. Animal Carcass
more than 20 kg (45 pounds), larger animals must be
sectioned accordingly or the lab must have an exception. Blood, urine and feces should be diluted and disposed
through the sewer. Call the Radiation Safety
Department in advance to discuss any exceptions for
animal disposals.
ZERMAT, M T

10/20/XX
23893
Stock Vials and Lead Pigs
2.5
I-125
Empty stock vials should be disposed of as radioactive
Stock
Stock Vial
solid waste (see 5.3.a.1). Stock vials with residual
Vial
gamma and/or high-energy beta ( 32P) emitters must be
shielded (e.g., use lead pigs). Call Safety to arrange a
special pickup for any unused stock vials. Write the
Figure 5-7. Stock Vials
activity and radionuclide on each stock vial / lead pig
used for shielding. Stock vials still containing
radioactive material should be packaged singularly or a few together in small boxes (Figure 5-7) to reduce exposure
when handling the box. Label the box with a radioactive waste sticker.
Do not mix lead pigs with solid radioactive waste. Lead is accepted in waste boxes only when needed to shield
very hot, concentrated wastes and in small boxes only. Lead
is decontaminated (if necessary) and recycled by the UW.
ZERMAT M T
10/20/XX
23893
Use a survey meter to meter lead pigs to verify that they are
not contaminated. If the pig is contaminated it must be
labeled as contaminated and packaged separately. Pack
LEAD PIGS 0 mCi
uncontaminated pigs in a small box (Figure 5-8) weighing
less than 12 kg (25 lbs). Write Lead Pigs on both the box and

Figure 5-8. Lead Pigs
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on the Radioactive Waste Disposal form (see Figure 5-12). To prevent the spread of contamination, place any
contaminated lead pigs in a plastic bag, then separately pack contaminated pigs in small box. Identify the nuclide
and write Contaminated Lead on the box.
Radioactive LSA Sticker and Radioactive Liquid Waste Tag
Packages containing radioactive materials must be transported in a
manner that satisfies both Federal and State Transportation agencies
(see Chapter 8). The Radioactive - LSA label (Figure 5-9) satisfies
Zerman, M.T.
23893
10/20/XX
the DOT requirement. Complete the Radioactive Waste label for
P-32
0.45
each waste box. To insure compliance with transportation rules,
report activity in Becquerel (Bq) or millicurie (mCi) units, do not
use "trace" or "less than x.xx mCi." Measure or estimate the waste
XX
activity. The higher the activity listed, the more precise the estimate
should be. Waste activities should be accurately recorded if
possible. For liquids, subsample, count, correct for efficiency (cpm
to dpm), and convert from specific activity (kBq/ml, µCi/ml or
Figure 5-9. Radioactive - LSA Label
µCi/g) to total activity (specific activity times (x) volume).
Correct waste activities for decay when significant (i.e., 20% or
more of the original activity); report any decayed activity in the
ZERMAT M.T.
23893
lower right corner of the Radioactive Waste Disposal form
10/20/XX
P-32
0.45
(Figure 5-12) and subtract it from the disposed amount. A
6.3
X
universal decay table is included inside the front cover of this
TRIS BUFFER
45
manual.
15
KCl
WATER
40
Complete a Radioactive Liquid Waste tag (Figure 5-10) for
each small and large volume liquid container. Tie or tape the
tag securely to the container. Always report activity in
Becquerel (Bq) or millicurie (mCi) units. Do not use "trace" or
Figure 5-10. Radioactive Liquid Waste Tag
"less than x.xx mCi," Regulations require a numerical quantity.
Report other hazardous chemicals including biohazards and toxic materials and state precautions needed for safe
handling. Seal all containers. All wastes, except liquids (e.g., small volume liquid containers and carboys), must be
in boxes.
Waste Disposal Forms
Complete the appropriate Radioactive
Waste Disposal form. Use the blue,
Animal Waste Disposal form (Figure
5-11) for animal tissue and the orange,
Radioactive Waste Disposal form
(Figure 5-12) for all other wastes. One
form may be used for all wastes being
disposed in a pick up. List each box on
a separate line of the form. Keep the
original copy for your records and
attach the duplicate (Safety Dept.) copy
to a waste container. Additional forms
may be obtained in Room 62,
Biochemistry or call the Safety
Department for additional disposal
forms.
Figure 5-11. Radioactive Animal Waste Disposal Form
Call the Safety Department
(262-8769) or use the waste disposal request on Safety's web page, http://www.fpm.wisc.edu/safety, to schedule the
pickup. Radioactive waste pickups schedules are: (1) animals are collected from designated areas on / near the
loading dock on Wednesday and Friday mornings beginning at 8:30 and (2) all other radioactive waste is collected
in the lab along with surplus chemicals and chemical wastes on Tuesday, either AM or PM (see Appendix C or our
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Web site for a building schedule). Package the waste as described above and complete the appropriate waste forms.
If you need blank forms or supplies (e.g., labels,
tags, etc.) you can request these from the web site
waste disposal page.
Maintain all receipt and disposal records for at
least 3 years after final disposal. CORD subtracts
the activities a lab reports on the Waste Disposed
from that lab CORD inventory balance.
5.3.b Liquid Radioactive Waste Disposal
Regulations allow the University to dispose small
quantities of aqueous radioactive materials via the
sanitary sewer system. As noted in Chapter 3, each
licensee is allowed to dispose of no more than 37
GBq (1 Ci) of all radionuclides combined
excepting 3H and 14C. The annual limit for these is
185 GBq (5 Ci) and 37 GBq (1 Ci), respectively.
Additionally, the monthly average concentration
(μCi/ml) can not exceed certain table values.
Because of the many applicable regulations,
sanitary sewer disposal at the laboratory level is
approved only for small quantities (i.e., [ 74 MBq
(2 mCi) total of all nuclides per lab per year). The
material must be aqueous, not-hazardous (e.g.,
nonflammable, not infectious, etc.) chemical forms
(i.e., waste must be soluble in water, no
microspheres). This limit may be increased if
necessary or deemed practical; however, a PI must
apply for any exception. For sanitary sewer
disposal:
 Concentrations must be below the Table 5-2 limits
prior to sewer discharge. Keep records of
concentrations and activities disposed.
 Neutral pH: 5.5 [ pH [ 8.5
 Material must be aqueous and readily soluble.
 Other chemical and biological waste constituents
must be safe for sewer disposal (check the
Laboratory Safety Guide for chemical
restrictions).

Figure 5-12. Radioactive Waste Disposal Form
Table 5-2. Aqueous Concentration Limits

Nuclide
3
H
14
C
32
P
33
P
35
S
45
Ca
51
Cr
125
I
Others

Concentration Limit
dpm / ml µCi / liter Bq / ml kBq / liter
22,200
10
370
370
666
0.3
11
11.1
200
0.09
3.3
3.3
1,770
0.8
30
29.6
2,220
1
37
37
444
0.2
7.4
7.4
11,100
5
185
185
44
0.02
0.74
0.74
see Table 3-9 or 10 CFR 20 App. B, Table 3

Use only the lab's designated (i.e., labeled) "hot" sink
and run additional water during and after release to
flush the drain and pipes. Survey the sink with a meter
after use. Keep a log of disposals by the sink. In the
sink log include date, radionuclide and activity, and
initials of person disposing the material. At least quarterly, report quantities disposed to the sanitary sewer to
CORD as method #2 in the lower right corner of the Radioactive Waste Disposal form (Figure 5-12). Hazardous,
non-radioactive chemicals may be disposed of by contacting Chemical Safety and arranging for an in-lab pick up.
Small volumes of aqueous liquids should be collected in small (less than 5 liters), shatter resistant jugs. To
dispose of large volumes of aqueous 3H / 14C (alone or together), 35S, etc., liquid radioactive wastes, collect the
material in jugs or 5-gallon carboys supplied by the Safety Department. In a log, record the activities and date
material is emptied in the container. Normal procedure is to empty the aqueous liquid into the carboy, rinse the
emptied container, and dispose the first liquid rinse into the carboy. Then pre wash any contaminated glassware
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before sending it to a central cleaning facility. These prewashes do not need to be considered as radioactive and
should be treated as not radioactive. When the small volume jug or 5-gallon carboy is about 80% full, call the
Safety Department or transmit a Waste Disposal Request (http://www.fpm.wisc.edu/safety) to arrange for a pickup.
Regulations governing sanitary sewer disposal apply only to liquid radioactive waste generated in laboratory
experiments. Human wastes / body fluids excreted by patients given radioactive materials for medical purposes are
exempt from regulations and should be disposed of through the normal sanitary sewer without regard to
radioactivity.
5.3.c Release to the Atmosphere
Environmental Protection Agency regulations allow the University to release very low concentrations of radioactive
gases and vapors to the outside air. Radioactive material releases to the atmosphere require evaluation of
radionuclide air concentrations and special approval of the designated exhaust system (i.e., fume hood). When
desiring to use potentially volatile (gases, vapors, dusts, etc.) radioactive materials or procedures which could result
in an atmospheric release, the research lab must first obtain approval from Radiation Safety. A Health Physicist
will evaluate the radionuclide release activity and concentration. Air monitors are installed in hoods approved for
volatile iodine releases (cf., 3.6.d). Releases must then be through a fume hood and/or exhaust system approved by
Radiation Safety, the release must be documented on the labs inventory system and reported (at least quarterly) to
CORD as method #3 in the lower right corner of the Radioactive Waste Disposal form (Figure 5-12).
5.3.d Decay-in-storage and Disposal to Normal Trash
Safety does not recommend this disposal method and prefers labs package wastes for Safety pickup. Decay
disposal may be allowed for labs with good operational histories. Because of radioactive decay, the amount of
radioactive material on hand continually decreases. If the isotope has a half-life less than 65 days (e.g., 32P, 125I), it
may be convenient to wait until the natural decay process removes most of the radioactivity. After the material has
decayed through ten (10) half-lives, only 0.1% of the original amount will remain. This activity may be low enough
so that there is essentially no activity remaining; however, a box originally containing 37 MBq (1 mCi) of radioactive material will still have 37 kBq (1 µCi) of material remaining after 10 half-lives. To use natural decay and
disposal to the normal trash:
9 Half life of the radionuclide must be less than 65 days (i.e., can not decay 35S).
9 Hold the material for at least 10 half-lives (e.g., 143 days for 32P).
9 Use a sensitive survey meter (i.e., a thin window GM survey meter for ß or a LEG survey meter for x-/γ-ray
emitters) to survey for detectable radiation and/or radioactivity before disposal via normal trash.
9 With the detector on contact (1 cm) with the container surface, the meter must have a net count rate < 100 cpm.
9 Remove all yellow and red radiation stickers before personally placing waste in a normal trash dumpster.
When using natural decay to dispose of waste, insure that you properly document the disposal. Besides recording
the quantity decayed on the inventory sheet (Figure 5-1) and notifying CORD as method #1 in the lower right
corner of the Radioactive Waste Disposal form (Figure 5-12 or Appendix C), items which the State requires to be
recorded in the decay log include:
9 The date the material was put in storage.
9 The survey date (must be 10 half-lives between two dates).
9 Make, model, and serial number of survey meter used; initials of surveyor.
9 The background count rate (cpm).
9 The survey results (e.g., less than 25 cpm (bkg), Ludlum 3 / 44-9, SN. 1234).
5.3.e Transfers of Radioactive Material
Although transfers are not technically a waste disposal, since they result in a decrease in the lab’s on-hand
inventory, they are reported to CORD as item #6 in the lower right corner of the Radioactive Waste Disposal form.
Transfers to other authorized users (on-campus) or to other licensees (off-campus) done by Safety will include:
9 Safety will complete a Radioactive Waste Disposal form and will send a copy to your lab.
9 The transferred materials will be removed from CORD computer inventory at the time of the transfer.
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5.3.f Disposal of Uncontaminated Trash
There are many regulations governing the proper disposal of chemical, biological, medical, radioactive, etc. wastes.
Consequently, only a very few, benign items used in conjunction with radioactive material work may be disposed of
as uncontaminated waste in normal trash. For example, empty containers and boxes which have been surveyed and
found free of contamination (i.e., < 100 cpm above background with a thin-window GM or LEG survey meter) may
be disposed of as normal trash. Before placing these items in the proper trash or recycle container (e.g., cardboard
dumpster, trash dumpster, etc.), insure that you remove or deface (e.g., paint over) any yellow and red radioactive
tags or labels. Although these are not contaminated, it would be bad publicity for a package labeled as radioactive
to be found at the local landfill. Also, paperware (e.g., absorbent lab bench covers) used when working with high
energy beta or gamma materials can be metered, then disposed in the normal trash if the meter reading is essentially
background (i.e., < 100 cpm above background).
5.4 Laboratory Surveys and Allowable Contamination Levels
The only way you can be sure that radioactive contamination is not spread from the lab is to have and use a survey
meter. Survey yourself and your work area immediately after working with unsealed radioactive materials and
before leaving the laboratory for breaks or at the close of the day. More formal, monthly surveys are required to
document that contamination has not been spread from the laboratory. Results of the most recent survey must be
posted in the lab and kept for a period of 3 years or until a final (close-out) survey is performed and the results
submitted to the Safety Department. Detailed discussions of the types of radiation detection survey equipment used,
acceptable contamination levels and decontamination requirements, etc. are found in Chapter 7, Radiation
Detection and Measurement, and in Laboratory 2, Routine Record keeping for Radiation Labs. Considerations for
this formal survey include survey frequency, survey method, survey documentation and decontamination
requirements.
5.4.a Laboratory Survey Frequency
As noted in 3.5.b, the frequency for laboratory surveys is determined by the amount of each radionuclide that a lab
has had in its possession during a one month (30 day) period. Receiving an order, opening a bottle, vial, etc., or
having radioactive waste present contributes to this "possessed" / on-hand radioactivity. The survey frequency may
also be based upon the type of laboratory (e.g., counting room, storage room, etc.) and is detailed in Table 5 -3.
Table 5-3. Survey Frequency
Frequency
Possessed / On-hand Activity
Monthly (30 day intervals)
> 0.074 MBq (200 µCi) in any one month
Semiannually (6 month intervals) < 0.074 MBq (200 µCi) or radioactive material in storage / LSC room only
Daily or Immediately after use
> 37 MBq (1 mCi) of 45Ca, 125I / 131I, > 10 mCi other nuclides (Table 1-4)

 Labs that have / have used > 200 µCi (0.074 MBq) of radioactive material must perform monthly surveys.
 Labs that have / have used < 200 µCi (0.074 MBq) of radioactive material may perform semiannual surveys.
 Labs where > 37 MBq (1 mCi) 45Ca / 125I stock vials are opened or > 370 MBq (10 mCi) of 14C, 32P, 33P, 35S,
51

Cr, 86Rb (and other activities on a case-by-case basis) require a meter and wipe survey immediately after using
material from the stock vial. For > 1850 MBq (50 mCi) of radioiodine or 3H, send Radiation Safety a copy of
the survey.
 Rooms used only for storage of radioactive materials (i.e., stock vials, packaged radioactive waste, etc.),
counting rooms, and other areas for which a principal investigator / user has requested and received an
exception (see 5.5.b) may be surveyed semiannually. Materials “possessed” but placed in long-term (> 6
months) storage or materials unopened and unused must meet the following:
9 If packages of radioactive material are placed in storage (e.g., cold room, packaged waste, etc.) with
accumulated activities > 0.074 MBq (200 µCi) and the radioactive material will not be used for a period in
excess of 6 months, request an exception to the required monthly survey frequency.
9 Approval of the exception will specify that the user perform a radiation survey after the last use but before
the material is placed into storage status.
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9 Thereafter, the user must perform a laboratory survey of the storage area at least every 6 months and post the
results.
9 Labs will not be permitted to
order radioactive material until
they return to a monthly survey
schedule.

Table 5-4. Survey Requirements for Beta (ß) Emitters
Energy (keV)

Activity Possessed in 1 month

Type Survey

< 100

see Table 5-3

wipe tests

100 - 300
< 0.074 MBq (200 µCi)
wipe tests
5.4.b Laboratory Survey Method
> 100
> 0.074 MBq (200 µCi)
meter and wipe tests
The type of survey a lab performs
depends upon the type of radiation, the
energy of the radiation emitted, and the quantity of material which a lab possesses.
The general survey requirements for unsealed beta emitters are listed in Table 5-4. For example, if monthly
surveys are required (> 0.074 MBq or 200 µCi in any one month) and the lab uses 35S (Emax = 167 keV) or 45Ca (Emax
= 258 keV), then both meter and wipe surveys are required. Beta particles with Emax < 300 keV are low risk
exposure hazards, bench-top shields and dosimetry are not required. Betas with Emax > 100 keV can be detected
with thin window GM detectors (see Laboratory 1), hence meter and wipe surveys are required. Betas with Emax <
100 keV can not be detected with GM detectors, therefore wipes counted on LSC systems must be used. In
summary:
 Very low energy (< 100 keV) beta (3H) emitters - wipe tests for removable contamination are required.
 All other energy (m 100 keV) beta (14C, 35S, 33P, 45Ca, 32P, etc.) and/or beta-gamma (22Na, 46Sc, 51Cr, etc.) emitters
- a check for gross contamination and/or radiation exposure levels with the appropriate (GM and/or LEG) survey
meter followed by wipe tests for removable contamination are required.
 Labs in which a combination of radioactive material is used (e.g., high- and low-energy beta, gamma and
low-energy beta, etc.) should count the wipe samples with a Liquid Scintillation Counter (LSC) to obtain the
most accurate results.
 If low energy gamma emitters are used (e.g., 125I) and meter surveys are required, a LEG scintillation type
survey meter must be used. Usually, when bound iodine (e.g., RIA kit) is used, meter surveys will not be
required. However, RIA kit meter survey
requirements are decided on a case-by-case
basis.
5.4.c Laboratory Survey Documentation
The survey equipment used and results of the
monthly survey are posted in the lab for all persons
to see. On the survey form, (e.g., Radionuclide
Facility Survey [Appendix C]), include the:
9 Date survey is performed
9 Background radiation count rate in counts per
minute (cpm) or counts per second (cps)
9 Initials of the person doing the survey
9 Meter information (make, model, type, and
serial number)
9 Room number
Draw a diagram of the laboratory on the survey
form (see Figure 5-13) and review the meter survey
procedures outlined in Sections 7.5.b and 7.5.c and
wipe survey procedures in 7.7 and 7.7.b of this
guide to determine the proper procedures and the
action levels for the various types of surveys.
Assemble the needed survey material: a
thin-window GM detector and/or LEG probe (if
large amounts [> 3.7 MBq or 0.1 mCi] of 125I or 51Cr
Figure 5-13. Radionuclide Facility Survey
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are used), wipes (cotton applicators, paper towels cut up, parafilm, etc.), LSC vials or AGC tubes, alcohol, a survey
sheet. Because contamination may be found that requires a clean up, wear protective clothing (gloves, lab coat, and
safety glasses). First do a thorough meter survey (if required) followed by a wipe survey. Record the results of
each survey (see Figures 10 and 12, Laboratory 2 for proper format). If contamination is not detected with a meter
(i.e., meter readings are [100 cpm above background), record on the survey sheet that “All other areas are
background” is acceptable.
5.4.d Allowable Contamination Limits
Before the survey is finished, the surveyor must determine if contamination was detected and whether contaminated
areas must be decontaminated. For meter surveys, count rates exceeding 650 cpm above background are considered
grounds for decontamination. This action level has been selected based on relative hazard. For 14C / 33P / 35S / 45Ca,
650 cpm is approximately 6,500 to 30,000 dpm (111 -- 518 Bq or 3 -- 14 nCi) and for 32P it is approximately 2000
dpm (37 Bq or 1 nCi). Although the type of action depends upon the item being surveyed, the goal is to maintain
radiation exposures ALARA.
 If a high count rate is measured on the surface of the laboratory's radioactive waste container, consider using
Plexiglas shielding to reduce the count rate to below 650 cpm. A better solution would be frequent disposals.
Call Radiation Safety and have the radioactive waste picked up during a routine pickup.
 A high count rate from the bench-top work area may indicate contamination as a result of recent radioactive
work. Contamination on absorbent paper is easily cleaned by removing the contaminated paper and throwing it
in the radioactive waste container.
 Common use areas such as floors, telephones, doorknobs, computer keyboards, etc. should be kept contamination free (i.e., < 100 cpm with meter).
The meter survey only provides an
Table 5-5. Action Levels for Removable Surface Contamination
indication of radiation levels and
potentially contaminated spots in the
Contamination
Type of Radioactive Emitter
laboratory. Not all radiation in a lab is the
Units
Alpha (α)
β1, γ, x
Low Risk β2
result of contamination (e.g., exposure
2
from stored waste), but workers should be
dpm/100 cm
66
660
2,200
aware of the lab's radiation levels.
net cpm/100 cm2
23
230
770
The wipe test is a survey to determine 1
Values apply to all β emitters except those considered low risk.
what portion of the surveyed areas contain 2
Low Risk β have energies < 300 keV max, e.g., 3H, 14C , 33P, 35S , 45Ca.
removable contamination (see 7.7 and
7.7.b). Equipment used for radioactive work and radioactive material work areas within a lab which have
removable contamination in excess of the levels listed in Table 5-5 are considered contaminated and must be
cleaned (i.e., decontaminated), re-surveyed, and the record of this re-survey verifying successful decontamination
and the date must posted on the original survey form.
5.4.e Room Deletions
Before a laboratory / radionuclide usage area can be removed from a lab group's authorization, a thorough survey
consisting of both meter and wipe surveys must be performed and the results forwarded to Safety. The Safety
Department may verify this survey, but is required to maintain a copy of the final survey for future occupants.
5.5 Exceptions
The action levels listed above are meant to address commonly encountered laboratory situations. The goal of the
radiation safety program is to maintain radiation exposures ALARA and to prevent the spread of contamination
from the workplace. Exceptions to the levels may be requested in situations which pose a potential for higher
contamination levels than others (e.g., microfuge, vacuum sealers, etc.) and when strictly following the standards
above place an undue burden on the lab or increase personnel exposures when no actual radiation hazard exists and
no benefit will be realized. An exception is a modification of a lab's radiation use permit which relaxes specific
contamination requirements for a certain applications. Exception requests which violate applicable rules and
regulations cannot be approved. The two most common exception requests are for contaminated equipment and
(monthly) room surveys.
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5.5.a Equipment Exceptions
Certain laboratory procedures (e.g., centrifuge, bag sealing, water bath, etc.) may result in contamination of the
equipment being used (see also 5.7). For example, workers often blame equipment contamination on leaking
microfuge tubes. However, contamination investigations show that the contamination is usually transferred to the
outside of microfuge tubes and other sample tubes during pipetting, handling or snapping-off the caps of the tubes.
This contamination may then be spun off onto the inside of a microfuge or other piece of equipment. One easy way
to reduce contaminated equipment is to wipe microfuge tubes with tissues (e.g., Kimwipes®) before placing them in
a microfuge or other piece equipment and dispose of the tissue as radioactive waste.
If equipment is continually being used, decontaminating the equipment to Table 5-5 levels may be time
consuming and may result in higher personnel radiation exposures for no real benefit. On a case-by-case basis,
users may request an exception to allow higher contamination levels on specific equipment. The exception, if
approved, will generally specify:
 Label the equipment with a Caution - Radioactive Materials sticker to indicate it may be contaminated and
affix an exception sticker.
 Meter count rates measured on the outside surface of the equipment (with the lid closed), at the edge of the
shield, lip of the sink, etc., must be < 650 cpm.
 Removable contamination levels on the outside of the equipment must be below Table 5-5 levels.
 Removable contamination levels inside the piece of equipment must be kept below:
9 22,000 dpm/100 cm2 for low risk beta (3H, 14C, 35S, 33P, 45Ca).
9 2,200 dpm/100 cm2 for all other beta/gamma emitters.
 Monthly surveys of the piece of equipment must verify these levels are being met.
5.5.b Survey Exceptions
Some rooms are infrequently used (e.g., student labs), used with only small quantities of radioactive materials (e.g.,
counting rooms), or are generally not under the control of the lab group for long periods of time (e.g., animal
rooms). In these instances, a principal investigator may submit an exception request to the monthly survey
requirement for that room. Depending upon the specific room, exceptions may call for:
 Rooms used only for counting/analyzing radioactive samples (e.g., LSC rooms) may be approved for a 6-month
survey schedule.
 Rooms used only for student labs should have a post-use survey done and kept on file.
 Animal rooms used by the researcher for a specific experiment which then revert back to the department:
9 Door must be posted with Caution - Radioactive Materials sign.
9 Table 5-3 survey frequency and Table 5-4 survey method must be performed as long as the researcher has
the room.
9 Upon completion of the experiment, perform a formal meter and wipe survey, documenting that the results
are below Table 5-5 levels. Maintain these results for 3 years.
9 Remove all Caution - Radioactive Materials signs.
Other exceptional situations should be written as an amendment request and sent to Safety for review and inclosure
with the PI authorization file.
5.6 Radionuclides and Uses with Special Requirements
Most research using radiochemicals follows well defined procedures. However, some radioactive material uses
require either special skills or adherence to additional conditions to reduce exposures, reduce the spread of
contamination, or protect the public from unneeded radiation exposure. Common types of research using
radionuclides include microbiology research ( 3H, 14C, 32P, 35S, etc.), radioiodination (125I / 131I), and vertebrate animal
uses. Transportation and irradiator use requirements are addressed in Chapters 8 and 9, respectively.
5.6.a Radionuclide use in Microbiology and Cell Biology
Microbiology and cell biology researchers use beta emitting radiochemicals in genomics (the study of the genetic
blueprint by analyzing and sequencing DNA from a cell), proteomics (the study of proteins which are generated
from the information contained in the DNA sequence [i.e., 'expressed' by the DNA]), and cell biology (the study of
a cell's biological function, biochemical pathway, cell-to-cell interaction and the proteins they produce). The
radiochemical applications include assays, labels, probes, blots and gels to provide information on the results of
their research. There are several radionuclides used in this research: 3H, 14C, 32P, 33P, 35S or 45Ca. Each is a pure
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beta emitter. Quantities per use are normally on the order of 0.370 MBq - 7.4 MBq (10 - 200 μCi). Radiological
properties of each are listed in Table 5-6. Concentrations used in microbiology research applications are typically
74 MBq - l.48 GBq per ml (2 - 40 mCi/ml). Compounds can be purchased prelabeled by a
vendor or the experimenter may label nucleotides with compounds containing these
nuclides.
Deoxyribonucleic acid (DNA) is the key to the genetics of life. In the cell nucleus, DNA
strands contain genes and are packaged in chromosomes. DNA is a long molecule that
physically resembles a twisted and compressed ladder millions of rungs long (see Figure
5-14). DNA is chemically composed of three distinct subunits: sugar and phosphates form
the "rails" of the ladder, and four bases form the "rungs" of the ladder: adenine (A), thymine
(T), guanine (G), and cytosine (C). The arrangement of the four bases in DNA determines
all characteristics of cell structure and operation by triggering the production (or lack of
production) of substances for cell (and therefore organism) functions. Because adenine can
only pair with thymine and guanine with cytosine, the four bases of DNA pair end-to-end in
a specific fashion: A-T (T-A) and C-G (G-C). When the cell divides, the DNA unzips
Figure 5-14. DNA
between the paired bases; bases from the cell cytoplasm attach to the unpaired DNA
half-molecule bases and two identical DNA molecules result from the original molecule.
The DNA code (arrangement of bases) is used by the cell to create RNA, which is used to manufacture amino acids
and proteins that compose and operate the cell.
Table 5-6. Properties of Microbiology Beta-Emitting Isotopes
Probes
Researchers use DNA
Range
Annual Limits of Intake (ALI)
fragments of known sequence
Energy
air
lucite
Ingestion
Inhalation
to examine (probe) DNA of
Isotope
Half-life
(keV)
(cm)
(mm)
mCi
MBq
mCi
MBq
interest by incorporating a
3
H
18.6
12.3 y
0.64
0.007
80.0
2960
80.0 2960
radionuclide into the probe, so
14
156
5730 y
27.6
0.25
2.0
74
2.0
74
C
that the presence of a specific
32
P
1710
14.3 d
761
7.1
0.6
22.2
0.9
33.3
sequence can be observed.
33
P
249
25.3 d
59.6
0.55
6.0
222
3.0
111
Because the DNA code appears
35
167
87.4 d
32.5
0.30
10.0
370
20.0
740
S
as a "random" sequence, and
45
Ca
257
163 d
61
0.55
2.0
74
0.8
29.6
because there are four different
bases, the probability of any
sequence appearing is 4n where n is the number of bases of interest. For example: if a known sequence of 23 bases
is used to examine a DNA molecule, the probability of this sequence appearing is one in 4 23 or 7 x 1013. This small
probability of a sequence randomly appearing is the basis behind much of radionuclide use in microbiology. By
incubating DNA at greater than 90°C, pH greater than 10.5, or with some organic compounds, DNA will split apart
(denature). Under the right conditions of pH, temperature, and salt concentrations, the DNA will re-form. If there
are fragments (probes) of DNA available with a sequence complimentary to the DNA half-molecule, the fragments
may be incorporated into the DNA molecule when it re-forms (hybridization).
Blots
Cell colonies to be studied are grown on nutrient plates; a filter paper (blot) is placed on the plate, and some cells
will adhere to the filter. The filters are removed from the plates and hybridized. The filters are washed to remove
unincorporated isotope, dried, and placed against film. Beta radiation exposes the film and reveals which colonies
incorporated the probe.
Gels
DNA fragments can be separated and identified by placing them in a gel (e.g., acrylimide or agarose) and applying
an electric current across the gel. Because DNA fragments are negatively charged, they will move through the gel,
at a rate in proportion to the fragment's size. The fragments will remain segregated by size when current is
removed. This is called gel electrophoresis. Labeling one base, splitting the sample into four aliquots, adding a
(different) chemical to each aliquot to break the DNA at a (different) base (A, T, G, C), and running the aliquots in
adjacent lanes on an electrophoresis gel to determine the order of the bases is called sequencing. Sequencing is part
of what is used for "genetic fingerprinting." The gel is dried and placed against film. The beta radiation exposes the
film and reveals the base pair order.
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Storage and Stability Considerations
Chemical decomposition occurs naturally during storage of compounds. However, compounds labeled with
radioisotopes decompose
Table 5-7. Radiochemical Concentrations and Decomposition Rates
faster than their
unlabelled counterparts.
Typical Labeled Compound Concentration
Typical Observed
The shelf-life, the time
(molar specific activity)
Decomposition Rates
during which a labeled
Isotope
3
compound may be used
H
3.7 GBq - 3.7 TBq/mmol 100 mCi - 100 Ci/mmol
1 - 3 % per month
14
with confidence and
C
37 MBq - 3.7 GBq/mmol 1 mCi - 100 mCi/mmol
1 - 3 % per year
32
safety, is important to
P
1 - 2 % per week
370 MBq - 222 TBq/mmol 10 mCi - 6000 Ci/mmol
both the user and the
33
P
92.5 TBq/mmol
2500 Ci/mmol
supplier. The purity at
35
S
2 - 3 % per month
37 MBq - 37 TBq/mmol
1 mCi - 1000 Ci/mmol
which a radiolabeled
45
Ca
0.185 GBq - 1.85 GBq/mg
5 mCi - 50 mCi/mg
compound ceases to be of
125
I
5 % per month
3.7
GBq
74
TBq/mmol
100
mCi - 10 Ci/mmol
used depends greatly on
the application. With
radiochemical decom- position, it is important to consider the molar specific activity (e.g., MBq/mmol (mCi/mmol)
because the molar specific activity gives an appreciation of the extent of labeling of a compound. Decomposition
may be accelerated by free radicals produced from the radioactive decay energy (cf., 2.2.a). Additionally, the
observed decomposition rates of radiochemicals is more pronounced with compounds of high molar specific
activity.
Recommended storage conditions are normally included in the leaflet accompanying each item. Even slight
deviations from these conditions may result in more rapid decomposition. In general, compounds should be stored
at low temperatures in the dark. Solutions should be stored unfrozen at 37 MBq/ml (1 mCi/ml) or below. Where
instability dictates that solutions be stored frozen, it is best to avoid freeze-thaw cycles.
5.6.b Radionuclide Characteristics
We will discuss the physical and radioactive properties of some of the commonly used radionuclides, listing some
of the work requirements and other issues of use which must be understood for radiation workers to work safety and
keep their exposures ALARA. For short lived isotopes, a decay table is also included. To used the table, determine
the number of days in the top and left-hand columns of the chart, these will point to the corresponding decay factor.
Tritium (Hydrogen-3)
3
H
Tritium is a very low energy (Emax = 18.6 keV), pure beta emitter (Figure 5-15) with a physical
,
half-life of 12.35 years. Tritium has a very short range and travels only about 1.65 cm (0.65
0.0186 MeV
inches) in air. It does not have sufficient energy to penetrate the protective layer of the skin.
3
He
Therefore, 3H is not an external hazard and dosimeters are not issued to workers using tritium.
Tritium cannot be detected by a GM because the beta does not have enough energy to penetrate Figure 5-15. 3H
the thin window of a GM tube. The only way to survey for 3H is to take wipes and count the
wipe sample in an LSC (see 7.7.b). All persons using 3H must have access to an LSC to analyze wipe test samples.
Tritium, as an oxide, can be readily absorbed through latex gloves and the skin. If you are using 3H in any form
where tritium oxide may be present, double glove and change the outer gloves frequently to help reduce the
absorption of 3H through the skin.
Work with volatile forms of 3H (i.e., gas, tritiated water, etc.) or use of tritium in procedures which have the
possibility of producing airborne tritium must be conducted in a properly vented fume hood or other vented or
trapping facility that has been approved by Radiation Safety. Potential releases of volatile 3H must be evaluated by
Radiation Safety and includes calculating air concentrations released from the vent of the fume hood. Some
procedures may require the PI to provide a tritium effluent monitoring system to assure regulatory levels for
effluents are not exceeded.
Urine bioassays to measure any uptake of 3H are required from persons working with more than 370 MBq (10
mCi) of unsealed tritium. In this context, "working with" includes withdrawing any amount of the tritium from a
container holding more than 370 MBq (10 mCi), even if the quantity used in the experimental procedure is less than
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370 MBq (10 mCi). Ordering several 185 MBq (5 mCi) vials is considered the same as if the lab placed a single,
larger order. The urine sample must be submitted within 1 week following the receipt of the tritium and samples
must be submitted weekly as long as more than 370 MBq (10 mCi) of unbound tritium is in the lab. To submit the
2 - 3 ml sample, first wash a small (e.g., LSC) vial and label it with your name, your PI's name and the sample date.
Place a small amount (2 - 3 ml) of urine in the vial and wipe the outside clean. Place the vial in a small plastic (e.g.,
ziplock) bag and bring the sample either to the Safety Department (30 N. Murray) or to the Radiation Safety Annex
(room 62, Biochemistry). Do not send bioassay samples through Campus mail. Safety will send you a copy of the
results of our analysis. If the results indicate a body burden exceeding 1.85 MBq (50 μCi), weekly bioassays are
required until the body burden drops below 0.57 MBq (10 μCi).
The Safety Department performs this bioassay evaluation assuming that the tritium is in equilibrium with body
water and has an effective half-life (see Table 2-5) of 12 days. However, tritium that is bound to amino acids,
DNA, RNA, and their precursors will be metabolized and excreted differently than HTO. In this instance, the actual
dose from an ingestion or internal deposition would depend on:
9 the type of compound,
9 the position of label (e.g., 3H in the 5-position of cytosine in DNA may produce more cellular mutations than in
other positions of the molecule), and
9 the tissues (e.g., stem cells, germ cells, etc.) in which the material is stored.
Thus, it is estimated that 3H ingested in the form of thymidine may be 8 - 10 times more damaging than 3H ingested
in water. Thus, persons working with such 3H compounds should exercise care against accidental ingestion.
Besides the urine bioassay, workers who handle stock vials containing more than 370 MBq (10 mCi) of tritium
should perform a wipe survey of their immediate work area (cf. 7.7.b) when they are finished handling the stock
vial. If more than 1850 MBq (50 mCi) of 3H is handled, wipe surveys of the hood and other lab areas used in the
procedure must be performed and posted immediately upon completion of the tagging procedure.
Carbon-14
14
Carbon-14 is a low energy (Emax = 156.5 keV), pure beta emitter (Figure 5-16) with a physical
C
half-life of 5730 years. Carbon-14 has a relatively short range. It only travels about 25 cm (10
,
0.157 MeV
inches) in air and can not penetrate disposable gloves. Less than 10% of the beta particles have
sufficient energy to penetrate the 0.07 mm thick protective layer of the skin. Dosimeters are not
14
N
issued for work with 14C. If large quantities (> 3.7 MBq or 0.1 mCi) are accidentally spilled on
14
the skin, decontaminate (see 6.7) with soap and water immediately to reduce skin dose. Just as Figure 5-16. C
with Tritium, the ALI for labeled organic compounds is lower than for unbound Carbon-14.
Remember, some organic compounds can be absorbed through some kinds of disposable gloves. Insure you use
appropriate gloves for the chemical compound.
Because the 14C beta particle is low energy, there is no need to employ additional shielding beyond that inherent
in the handling apparatus (e.g., syringes, pipettes, etc.). Use a thin-window GM to survey. Do not cover the
detector window with film when surveying, the low energy beta particles can not penetrate any covering (cf. 4.3.b.3
and Table 4-5).
Some 14C procedures have a risk of producing a gaseous effluent (e.g., 14CO, 14CO2). Such procedures must be
performed in a properly vented fume hood and the potential effluent release evaluated by Radiation Safety before
use. Although procedures capable of producing gaseous effluents are rare, in the event that a lab needed to employ
such procedures, Radiation Safety would also employ filters / traps to monitor the effluent and may conduct an
appropriate bioassay on the worker involved with this use.
18

+

 (96.9%)
0.633 MeV
 (3.08%)

F

Fluorine-18
Fluorine-18 is a positron (+β) emitter (Figure 5-17 that emits a single high-energy (Emax = 633
keV) positron 96.9% of the time (3% of the decays are by electron capture). The physical
half-life is 109.7 minutes. As with all positrons emitters, the +β combines with a free electron
18
O
annihilating both particles and produces two 0.511 MeV annihilation photons. Thus, the total
18
+
Figure 5-17. F
energy yielded by this decay process is 1.653 MeV (0.653 MeV β and two 0.511 MeV
photons).
Fluorine-18 is commonly produced in a linear accelerator or cyclotron (see Chapter 12) and is primarily used in
PET imaging (see 13.1.f). The beta particle is capable of penetrating 2.4 mm of tissue. Because the range of the
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663 keV +β is small compared to the shielding required for the two 0.511 MeV photons that are emitted during
annihilation, workers do not need to use Plexiglas to shield the +β, rather bench top shields made from at least
2-inch thick lead bricks are used when working with 18F.
Although an airborne hazard is possible during production, because the photon exposure is the major contributor
to radiation exposure, the NRC recommends the use of "individual monitoring devices" to measure external
exposure and demonstrate compliance with the limits. Therefore, radiation whole body and ring dosimeters (see
7.1.c) are normally issued to workers who may handle 18F syringes. Furthermore, work with 18F gas or with
activities > 3.7 MBq (1 mCi) must be done in a fume hood. A portable GM survey meter will easily detect the +β
with an expected efficiency in the range of 20 - 25%.
Sodium-22
22
Sodium-22 is a positron (+β) emitter (Figure 5-18 that emits a single high-energy (Emax = 546
Na
+
keV) positron 89.8% of the time (10% of the decays are by electron capture). The physical

+
half-life is 2.602 years. As with all positrons emitters, the β combines with a free electron
(90%)
annihilating both particles and produces two 0.511 MeV annihilation photons. Thus, the

major radiation of concern is the 1.275 MeV gamma ray. The actual uptake depends upon
(10%)
sodium metabolism and the amount of sodium in the diet. It is assumed that about 30% of an  - 1.275 MeV
uptake is stored in the skeleton with an effective half-life of 10 days. The ALI is thus 15
22
Ne
MBq (400 μCi for oral ingestion and 22 MBq (600 μCi) for inhalation.
22
Whole body and ring dosimetry is issued to researchers using 22Na. As noted in Table
Figure 5-18. Na
4-1, 27.9 mm (~ 1.1 inch) of lead will reduce the exposure rate by a factor of 10 (e.g., if the
exposure rate is 2 mR/hr, 28 mm will reduce it to 0.2 mR/hr). The inverse square law can also be used effectively.
The exposure rate at 10 cm (~ 4 inches) from an unshielded 37 MBq (1 mCi) vial is about 130 mR/hr, then at 50 cm
(~ 20 inches), the exposure will be reduced by a factor of 25 to 5.2 mR/hr and at 100 cm (40 inch) it would only be
1.3 mR/hr.
22

Na Decay Table

Days
0
100
200
300
400
500
600
700

0
1.000
0.930
0.864
0.804
0.747
0.694
0.646
0.600

10
0.993
0.920
0.858
0.798
0.742
0.689
0.641
0.596

20
0.986
0.916
0.852
0.792
0.736
0.684
0.636
0.592

30
0.978
0.910
0.846
0.786
0.731
0.679
0.632
0.587

40
0.971
0.903
0.839
0.780
0.726
0.675
0.627
0.583

50
0.964
0.896
0.833
0.775
0.7203
0.670
0.623
0.579

60
0.957
0.890
0.827
0.769
0.715
0.665
0.618
0.575

70
0.950
0.883
0.821
0.764
0.710
0.660
0.614
0.570

80
0.943
0.877
0.815
0.758
0.705
0.655
0.609
0.566

90
0.937
0.871
0.809
0.752
0.700
0.650
0.605
0.562

A GM is the preferred meter to detect the 546 keV beta emitted from 22Na and should have efficiencies ranging
between 10% and 20%. Samples can be counted in a LSC or auto-gamma counter (AGC) with relatively high
efficiencies.
32
Phosphorus-32
P
Phosphorus-32 is a high-energy (Emax = 1710 keV) beta emitter (Figure 5-19) with a physical
,
half-life of 14.29 days. Because of its high energy, the beta particle is capable of great
1.709 MeV
penetrability (cf., 1.2.f and 1.2.g). For example, the beta particle can travel about 6.2 meters
(20.4 feet) in air and approximately 8 mm (0.31 inches) in tissue. The organ of interest for 32P
32
internal deposition is the skeleton. Depending upon chemical form, an oral ingestion may result
S
in a skeletal uptake of 20 - 33%. The exposure rate at the mouth of a 37 MBq (1 mCi) vial is
32
Figure 5-19. P
approximately 260 mGy/hr (26 rad/hr) and is 3.9 mGy/hr (390 mrad/hr) at 30 cm (see Table
4-4), thus radiation whole body and ring dosimeters (see 7.1.c) are normally issued to workers who may handle
stock vials containing more than 37 MBq (1 mCi) of 32P. Avoid exposures; do not hold tubes longer than is
necessary and use a stand or holder to hold and carry tubes of Phosphorus-32.
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Bench top shields made from at least a" (0.8 cm) of Lucite or Plexiglas (see Table 4-1) should be used when
working with 32P stock vials and a working portable survey meter must be in the laboratory whenever using vials of
32
P. The survey meters must be used to monitor your hands and work area during and immediately after the
procedure. The meter should be placed adjacent to the work area, but far enough away from any radiation source
which could give false readings or cause contamination. Bremsstrahlung (see 1.2.a.3 and 4.3.b) is also possible. A
37 MBq (1 mCi) source shielded with Plexiglas will effectively create a 1.22 MBq (33 μCi) gamma ray source.
Shielding the same source with a thin sheet of lead could create 5-times as many bremsstrahlung photons.
32

P Decay Table

Days
-4
0
4
8
12
16
20
24
28

0
1.214
1.000
0.824
0.679
0.559
0.460
0.379
0.312
0.257

0.5
1.185
0.976
0.804
0.662
0.546
0.449
0.370
0.305
0.251

1
1.157
0.953
0.785
0.646
0.533
0.439
0.361
0.298
0.245

1.5
1.129
0.930
0.766
0.631
0.520
0.428
0.353
0.291
0.239

2
1.102
0.908
0.748
0.616
0.507
0.418
0.344
0.284
0.234

2.5
1.075
0.886
0.730
0.601
0.495
0.408
0.336
0.277
0.228

3
1.050
0.865
0.712
0.587
0.483
0.398
0.328
0.270
0.223

3.5
1.025
0.844
0.695
0.573
0.472
0.389
0.320
0.264
0.217

One of the benefits of the high-energy beta is that it is very easy to detect. A thin window GM detector should
have detector efficiencies of 30% - 45%. A low-energy gamma (LEG) system may also be used to detect 32P.
Although these meters are primarily used in detection of 51Cr and 125I, the penetrability of 32P is such that efficiencies
in the range of 30% may be assumed. Cerenkov counting (cf., 7.6.m) of samples on an LSC can be done without
using liquid scintillation cocktail. Depending on method, Cerenkov counting provides an efficiency of
approximately 30% - 45% . Decontamination of 32P, 33P, and 35S spills can be done using dilute acetic acid (e.g.,
vinegar) solutions.
Phosphorus-33
33
P
Phosphorus-33 is a low-energy (Emax = 249 keV) beta emitter (Figure 5-20) with a physical
32
half-life of 25.3 days. It is often used in place of P because it is believed to be less hazardous.
,
0.249 MeV
Neither isotope of phosphorus poses an undue radiation hazard. Phosphorus-33 is more
33
expensive, has a bit longer half-life, and may require using slightly more radioactivity to obtain
S
the same type of results (e.g., auto radiography, etc.) obtained with Phosphorus-32. Most stock
Figure 5-20. 33P
vials purchased have less than 37 MBq (1 mCi). Because the range of Phosphorus-33 in tissue
is only 0.6 mm, dosimeters are not issued for 33P work. As with all beta emitters, thin- window GM survey meters
and LSC counters are used. Because detection efficiency is related to beta energy (Table 7-4), GM efficiency is
approximately the same (i.e., slightly higher) as for 35S or 45Ca.
33

P Decay Table

Days
-10
0
10
20
30
40
50

0
1.314
1.000
0.761
0.579
0.441
0.336
0.256

1
1.278
0.973
0.741
0.564
0.429
0.327
0.249

2
1.244
0.947
0.721
0.549
0.418
0.318
0.242

3
1.211
0.921
0.701
0.534
0.406
0.309
0.236

4
1.178
0.897
0.683
0.520
0.395
0.301
0.229

5
1.146
0.872
0.664
0.506
0.385
0-.293
0.223

6
1.115
0.849
0.646
0.492
0.374
0.285
0.217

7
1.085
0.826
0.629
0.479
0.364
0.277
0.211

8
1.056
0.804
0.612
0.466
0.355
0.270
0.205

9
1.028
0.782
0.595
0.453
0.345
0.263
0.200

Sulfur-35
Sulfur-35 is a low energy (Emax = 167.5 keV), pure beta emitter (Figure 5-21) with a physical half-life of 87.4 days.
Sulfur-35 only travels about 28 cm (11 inches) in air and only about 10% of the beta particles have sufficient energy
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to penetrate the 0.07 mm thick protective layer of the skin. Dosimeters are not issued for 35S
work and there is no need to employ additional shielding beyond that inherent in the handling
apparatus (e.g., syringes, pipettes, etc.). With a 35S stock vial handled several inches from the
body, the skin dose rate from the beta is zero. However, organic compounds are strongly
retained in the body, so when working with Sulfur-35, use care and avoid the generation of
sulfur dioxide and hydrogen sulfide gases which may be internally deposited.

35

S

,
0.1675 MeV
35

Cl

Figure 5-21.

35

S

35

S Decay Table

Days
-7
0
7
14
21
28
35
42
49
56
63
70
77
84

0
1.057
1.000
0.946
0.895
0.847
0.801
0.758
0.717
0.678
0.641
0.607
0.574
0.543
0.514

1
1.049
0.992
0.939
0.888
0.840
0.795
0.752
0.711
0.673
0.636
0.602
0.569
0.539
0.510

2
1.040
0.984
0.931
0.881
0.833
0.788
0.746
0.705
0.667
0.631
0.597
0.565
0.534
0.506

3
1.032
0.976
0.924
0.874
0.827
0.782
0.740
0.700
0.662
0.626
0.592
0.560
0.530
0.502

4
1.024
0.969
0.916
0.867
0.820
0.776
0.734
0.694
0.657
0.621
0.588
0.556
0.526
0.498

5
1.016
0.961
0.909
0.860
0.814
0.770
0.728
0.689
0.652
0.616
0.583
0.552
0.522
0.494

6
1.008
0.954
0.902
0.853
0.807
0.764
0.722
0.683
0.646
0.612
0.579
0.547
0.518
0.490

Radiolysis of 35S-amino acids may lead to the release of 35S-labeled volatile impurities which could contaminate
internal surfaces and reaction vessels. There have been several reports regarding the volatility of 35S labeled amino
acids (e.g., methionine, cystine). One published report noted that when a fresh (296 MBq or 8 mCi) vial was
thawed in a large open container without a septum/stopper, approximately 0.037 MBq (1 µCi) was released (i.e.,
about 0.0125% of the total activity). There also appeared to be some volatilization when 35S-amino acids were
initially added to cell culture medium at 37oC. The 35S volatility is probably due to SO2 or CH3SH, is water soluble
and may contribute to equipment contamination (cf. 5.5.a). For example, after incubating 92.5 MBq (2.5 mCi) of
35
S-methionine for 6 hours, approximately 0.592 kBq (0.16 µCi) of 35S contamination was detected in the incubator
water (i.e., approximately 0.00635% of the total solution had volatilized). For such an incubator which has water
evaporating, re-condensing, running down the inside, etc., all surfaces (e.g., trays, side walls, door, outer surfaces of
other dishes, rubber gaskets, metal fan, etc.) may become mildly contaminated with 35S at a level of approximately
1000 - 2000 cpm per 100 cm2).
Because there appears to be some risk of contamination from using 35S-amino acids in thawing and heating
operations, two work practices are recommended:
9 Thaw 35S-amino acid vials in a fume hood sticking a needle through the rubber septum (see Figure 5-28) to vent
the vial, or attach a syringe packed with activated charcoal to the needle.
9 Change the incubator water after each labeling.
Activated charcoal readily adsorbs 35S and there have been recommendations to use it such as placing activated
charcoal in a tray or wrapped in tissue to make a small bag and placing it on the top shelf of an incubator. While
activated charcoal has been shown to be effective, it is an added expense for the labs and would need to be treated
as contaminated waste. The small quantities of contamination involved can perhaps be better dealt with by diligent
surveying with a GM survey meter. While the activities volatilized are small (approximately 0.01%), these
activities are detectable. Workers should use a thin-window GM to check the walls and work surfaces of hoods and
incubators immediately after 35S use. A pancake detector is about 50% more efficient for detecting 35S than an
end-window detector (see Chapter 7). If measured at 1 cm, the minimum detector efficiency should be
approximately 2% - 5%. The action limit when using a survey meter is 650 cpm or approximately 30,000 dpm 10,000 dpm for 35S; removable contamination limits (see Table 5-5) are 770 cpm/100 cm2.
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Chlorine-36
Chlorine-36 is a high-energy (Emax = 710 keV) beta emitter (Figure 5-22) with a physical
36
half-life of 301,000 years. As with most beta emitters, thin-window GM survey meters and
Cl
LSC counters are used and the detection efficiency is related to the beta energy. Depending
,
upon the type of GM detector (e.g., pancake versus end-window) used (cf. 7.3.c and Figure
0.710 MeV
7-15), the GM efficiency will vary from approximately 15% - 35%. Efficiencies with an LSC
36
should be around 85% - 90%. The range of the beta-particle in air is about 2 m (7 ft) and in
Ar
tissue the range is about 2.6 mm (0.1 inch). Radiation whole body and ring dosimeters (see
Figure 5-22. 36Cl
7.1.c) are normally issued to workers who may handle 36Cl stock vials containing more than 37
MBq (1 mCi). Shielding of the beta particles is similar to Phosphorus-32, use about a" (0.8 cm) of Lucite or
Plexiglas. Uptakes of Chlorine-36 are assumed to be uniformly distributed and retained with an effective half-life
of about 10 days. The ALI for oral ingestion is 74 MBq (2 mCi) and for inhalation it is 7.4 MBq (0.2 mCi).
Calcium-45
45
Calcium-45 is radiologically similar to Phosphorus-33 ( 33P), emitting a low-energy (Emax = 256.7
Ca
keV) beta (Figure 5-23) with a physical half-life of 163 days. As with most beta emitters,
,
thin-window GM survey meters and LSC counters are used and the detection efficiency is
0.257
MeV
related to the beta energy. Depending upon the type of GM detector (e.g., pancake versus
45
end-window) used (cf. 7.3.c and Figure 7-15), the GM efficiency will vary from approximately
Sc
15% - 25%. Efficiencies with an LSC should be around 85% - 90%.
45
Figure 5-23. Ca
Because calcium is a bone seeker and has a long residence time in the body (i.e., effective
half-life is 162.7 days), the ALI for inhalation of some 45Ca-compounds is only 8.7 MBq (0.24
mCi). Activity levels requiring daily surveys are lower than for phosphorous. As noted in Table 1-4 (and Table
5-6), the Type I activity for 45Ca is 50 MBq (1.35 mCi) and documented meter surveys are required whenever
researchers use a stock vial with more than this quantity.
45

Ca Decay Table

Days
-35
0
35
70
105
140
175
210
245

0
1.160
1.000
0.863
0.744
0.642
0.553
0.477
0.412
0.355

5
1.136
0.979
0.844
0.728
0.628
0.542
0.467
0.403
0.348

10
1.112
0.959
0.827
0.713
0.615
0.531
0.458
0.395
0.340

15
1.089
0.939
0.810
0.698
0.602
0.519
0.448
0.386
0.333

20
1.066
0.919
0.793
0.684
0.590
0.509
0.439
0.378
0.326

25
1.043
0.900
0.776
0.669
0.577
0.498
0.430
0.370
0.320

30
1.021
0.881
0.760
0.655
0.565
0.488
0.421
0.363
0.313

Chromium-51
51
Cr
Chromium-51 decays by electron capture (Figure 5-24) with a half-life of 27.7 days. This

decay results in the emission of a 320 keV gamma ray 9.8% of the time. The decay also
(10%)

results in the emission of a 5.4 keV characteristic x-ray approximately 22% of the time, but
(90%)
this x-ray is easily absorbed and is not an external hazard. Although there are low energy (~
5 keV) electrons emitted, these are only detectable in a liquid scintillation counter. Thus, the  - 0.321 MeV
51
only detectable radiation, and the radiation of concern is the 320 keV gamma ray.
V
Dosimetry is issued to researchers using 51Cr. The ALI for inhalation is 0.7 GBq (~20
51
mCi), because Cr in the form of chromate is not selectively absorbed by any organ in the
Figure 5-24. 51Cr
body. As noted in Table 4-1, 5.6 mm (~ 3 inch) of lead will reduce the exposure rate by a
factor of 10 (e.g., if the exposure rate is 0.2 mR/hr, 5.6 mm will reduce it to 0.02 mR/hr). The inverse square law
can also be used effectively. The exposure rate at 10 cm (~ 4 inches) from an unshielded 37 MBq (1 mCi) vial is
about 1.6 mR/hr, then at 50 cm (~ 20 inches), the exposure will be reduced by a factor of 25 to 0.064 mR/hr.
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Cr Decay Table

Days
-10
0
10
20
30
40
50
60

0
1.284
1.000
0.779
0.606
0.472
0.368
0.286
0.223

1
1.253
0.975
0.759
0.591
0.460
0.358
0.279
0.217

2
1.222
0.951
0.741
0.577
0.449
0.350
0.272
0.212

3
1.191
0.928
0.722
0.562
0.438
0.341
0.265
0.207

4
1.162
0.905
0.704
0.549
0.427
0.333
0.259
0.202

5
1.133
0.882
0.687
0.535
0.417
0.3243
0.253
0.197

6
1.105
0.861
0.670
0.522
0.406
0.316
0.246
0.192

7
1.078
0.839
0.654
0.509
0.396
0.308
0.240
0.187

8
1.051
0.819
0.637
0.496
0.386
0.301
0.234
0.182

9
1.025
0.798
0.622
0.484
0.377
0.293
0.228
0.178

While a GM can detect quantities of 51Cr routinely used in experiments, it can not quantify the small quantities
established as the UW's contamination limits. The best type of detector to use is a scintillation detector (cf., 7.4).
One factor affecting the efficiency of scintillation detectors is the thickness of the detector crystal. A 2"-thick
crystal would normally have a higher efficiency than a LEG crystal used for 125I which is only about 3" thick and
typically has efficiencies around 10%; however the background for such a crystal is typically 700 cpm. Samples
can be counted in a LSC or auto-gamma counter (AGC) with relatively high efficiencies (remember, only 10% of
the decays produces a photon, 72% of the decays emit 5 keV Auger [cf., 1.2.a.4] electrons).
Zinc-65
Zinc-65 decays by electron capture 98.3% of the time and by +β 1.7% of the time (Figure
5-25) with a half-life of 244.4 days. There is the emission of a 1.114 MeV gamma ray
65
Zn
50.75% of the time. The decay also results in the emission of 8 - 9 keV characteristic x-rays


approximately 39% of the time. Although there are low energy (~ 7 keV) electrons emitted,
(49.3%)
(49%)
these are only detectable in a liquid scintillation counter. Thus, the radiation of concern is

1.7%
the 1114 keV gamma ray.
 - 1.114 MeV
Whole body and ring dosimetry is issued to researchers using 65Zn. The ALI for
65
Cu
ingestion is 15 MBq (~ 0.4 mCi) and for inhalation it is 11 MBq (0.3 mCi). As noted in
Table 4-1, 33.2 mm (~ 1.3 inch) of lead will reduce the exposure rate by a factor of 10 (e.g.,
Figure 5-25. 65Zn
if the exposure rate is 2 mR/hr, 33 mm will reduce it to 0.2 mR/hr). Lead bricks are
normally 2" thick and these will reduce the exposure about 15-fold. The inverse square law
can also be used effectively. The exposure rate at 10 cm (~ 4 inches) from an unshielded 37 MBq (1 mCi) vial is
about 81 mR/hr, then at 50 cm (~ 20 inches), the exposure will be reduced by a factor of 25 to 3.24 mR/hr and at
100 cm (40 inches) to about 0.81 mR/hr.
+

65

Zn Decay Table

Days
0
50
100
150
200
250
300
350

0
1.000
0.867
0.753
0.653
0.566
0.491
0.426
0.370

5
0.986
0.855
0.742
0.644
0.558
0.484
0.420
0.364

10
0.972
0.843
0.731
0.635
0.550
0.477
0.414
0.359

15
0.958
0.831
0.721
0.626
.0543
0.471
0.408
0.354

20
0.945
0.820
0.711
0.617
0.535
0.464
0.403
0.349

25
0.931
0.808
0.701
0.608
0.527
0.458
0.397
0.344

30
0.918
0.797
0.691
0.599
0.520
0.451
0.391
0.339

35
0.905
0.785
0.681
0.591
0.513
0.445
0.386
0.335

40
0.893
0.774
0.672
0.583
0.505
0.438
0.380
0.330

45
0.880
0.763
0.662
0.574
0.498
0.432
0.375
0.325

A GM may be able to detect Zinc-65 with efficiencies in the range of 1% to 3%. Liquid scintillation counting
would probably have efficiencies of 20% to 40% (i.e., similar to Tritium) counting the Auger electrons.
Rubidium-86
Rubidium-86 is a beta-gamma emitter (Figure 5-26) with a half-life of 18.7 days. Ninety percent (90%) of the
decays are pure beta emitters with Emax = 1.776 MeV. Ten percent (10%) of the decays result in a beta (Emax = 0.698
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MeV) and gamma (E = 1.078 MeV) emission. Radiation whole body and ring dosimeters are normally issued to
workers who may handle 86Rb stock vials containing more than 37 MBq (1 mCi) of 86Rb The
86
Rb
beta particle is essentially the same energy of 32P and can be readily detected with a
thin-window GM. The presence of high-energy gamma rays requires significant shielding to
 (9%)
0.698 MeV
reduce exposure. Table 4-1 indicates that it requires 32.5 mm (~ 13 inch) of lead to reduce
 (91%)
1.776 MeV
the exposure rate by a factor of 10. Lead bricks are normally about 2 inches thick and should
result in a significant reduction in exposure. Using lead may produce approximately 5%
 - 1.078 MeV
more photons. If bremsstrahlung is a concern, it can be reduced to about 1% by first placing
86
Sr
about 10 mm (~ 2 inch) of Plexiglas between the stock vial and the lead shield. As with
86
51
Rb
Figure
5-26.
Cr, the inverse square law can also be used to reduce the exposure rate. Samples can be
analyzed in an LSC with efficiencies comparable to 32P.
1

2

86

Rb Decay Table

Days
-5
0
5
10
15
20
25
30

0
1.204
1.000
0.831
0.690
0.573
0.476
0.396
0.329

0.5
1.182
0.982
0.816
0.678
0.563
0.468
0.389
0.323

1
1.160
0.964
0.801
0.665
0.553
0.459
0.381
0.317

1.5
1.139
0.946
0.786
0.653
0.542
0.451
0.374
0.311

2
1.118
0.929
0.771
0.641
0.533
0.442
0.368
0.305

2.5
1.097
0.911
0.757
0.629
0.523
0.4343
0.361
0.300

3
1.077
0.895
0.743
0.618
0.513
0.426
0.354
0.294

3.5
1.057
0.878
0.730
0.606
0.504
0.419
0.348
0.289

4
1.038
0.862
0.716
0.595
0.494
0.411
0.341
0.284

4.5
1.019
0.846
0.703
0.584
0.485
0.403
0.335
0.278

Iodine-125
Iodine-125 decays by electron capture with a half-life of 60.14 days (Figure 5-27) which results
125
I
in the emission of a 35 keV gamma-ray and/or several characteristic x-rays at 27 keV and 31
 (93.51%)
keV and Auger electrons with energies of 3 keV and 23 keV. Because there are no energetic
 (6.5%)
particles emitted during the decay, a thin-window GM can not be used to detect contamination.
Iodinators must have and use a low-energy gamma (LEG) scintillation probe (cf., 7.4) to monitor  - 0.0355 MeV
125
for low levels of surface contamination. Low-energy gamma detectors have relatively high
Te
counting efficiency for 125I photons (20 - 50% at 1 cm). Although background count rates with
LEG meters tend to be high (150 - 200 cpm), the background can be reduced by wrapping a thin
Figure 5-27. 125I
piece (1.6 - 3.2 mm) of lead foil around the detector tube, leaving only the detector face open.
125

I Decay Table

Days
-20
0
20
40
60
80
100

0
1.262
1.000
0.793
0.628
0.498
0.394
0.313

2
1.233
0.977
0.774
0.614
0.486
0.385
0.305

4
1.205
0.955
0.756
0.600
0.475
0.377
0.298

6
1.177
0.933
0.739
0.586
0.464
0.368
0.292

8
1.150
0.911
0.722
0.572
0.454
0.359
0.285

10
1.123
0.890
0.706
0.559
0.443
0.351
0.278

12
1.097
0.870
0.689
0.546
0.433
0.343
0.272

14
1.072
0.850
0,.673
0.534
0.423
0.335
0.266

16
1.048
0.830
0.658
0.521
0.413
0.328
0.260

18
1.024
0.811
0.643
0.509
0.404
0.320
0.254

Radioiodine is considered to have a relatively high radiotoxicity and the regulatory limits on intake and
environmental release are quite restrictive.
Table 5-8. Allowable Concentrations for 125I
Compliance is complicated by the potential
volatility of iodine solutions. Table 5-8 details the
Type of Release
Allowable Concentration
allowable effluent concentrations of 125I in air and
Air
11.1 x 10-6 Bq/ml
3 x 10-10 μCi/ml
water. To insure compliance with these limits, the
Sanitary Sewer
74 x 10-3 Bq/ml
2 x 10-6 μCi/ml
use of Na125I in radioiodination procedures has
special requirements.
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In areas where iodinations are carried out, solutions of sodium iodide in MBq or mCi amounts are handled,
usually in high radioactive concentrations. This may present significant concerns regarding both radiation exposure
rates and potential contamination. Distance and shielding are effective in reducing external exposure from 125I (cf.
4.5). Essentially complete attenuation is obtained by using 3 mm of lead. Significant exposure reduction can also
be achieved by using tongs (fitted with rubber sleeves) to handle vials during iodination procedures.
Work with volatile iodine solutions must be done in a properly vented fume hood which has been approved by
Radiation Safety. Air concentration monitoring is required for all uses of radioiodine involving 3.7 MBq (0.1 mCi
or 100 µCi) or greater of volatile radioiodine or 37 MBq (1 mCi) or greater of nonvolatile (bound) radioiodine.
Iodinators receive an air sample tube containing activated charcoal with each iodine order. This tube is used to
monitor the Derived Air Concentration (DAC) of iodine outside the fume hood during the procedure. Radiation
Safety performs continuous monitoring of radioiodine releases from these iodine fume hoods at their point of
exhaust to the atmosphere. Because allowable concentration limits are based on the maximum air exhausted from a
hood, approved iodine hoods should not be turned off, but left on continuously.
Iodine can be both an internal and external hazard (cf., 1.2.g). The critical organ for iodine is the thyroid, which
may accumulate 30% or more of the total iodine ingested or inhaled. Approximately 75% of inhaled 125I will be
deposited in the body and it is assumed that the thyroid will ultimately accumulate 30% of a soluble radioiodine
uptake with an effective half-life of 42 days (cf., 2.4). Essentially all radioiodine in the body can be assumed to be
eliminated via the urine. Because of the well documented and modeled rapid elimination of the non-accumulated
iodine from the body, some universities perform urine bioassays for 125I. However, the UW assays thyroid uptake
by counting the thyroid for 5 minutes with a large (3") scintillation crystal. All researchers using volatile
radioiodine must receive these scans within 7 days of receiving an order (unless an extension of this deadline is
requested). The UW investigation limit for thyroid uptakes is 407 Bq (11 nCi) for 125I and 296 Bq (8 nCi) for 131I.
These uptakes correspond to a thyroid dose of 48 mrem.
Thus, the radiation safety issues for radioiodine work have to address volatility, ventilation, containment, and
proper handling techniques.
 Volatility can be explained by reviewing the chemical equilibrium equation of iodine.

NaI : 4I- + O2 + 4H+ Ü 2I2 + 2H2O
The addition of acid will drive the equilibrium to the right, the soluble iodide ion is oxidized to elemental iodine
which has a low solubility in water and a high vapor pressure. Therefore, never add acids to radioiodine
solutions because the volatility of radioiodine is significantly enhanced at low pH. Rather adjust the pH by the
addition of an appropriate buffer.
9 Freezing or acidification of solutions containing iodide ions can lead to formation of volatile elemental
iodine; when possible, store solutions at room temperatures.
9 Radioiodine labeled compounds should be assumed to be potentially volatile since radiolytic decomposition
may give rise to free iodide in solution. The radiolytic decomposition can be minimized by maintaining
solutions at low concentrations or by use of free radical scavengers (i.e., BSA) when possible.
9 Adding antioxidants to either labeled or sodium iodide solutions will help reduce both decomposition and
volatilization. Volatilization of waste can be reduced by the addition of a solution of 0.1 M Na2S2O3; 0.1 M
NaI, and 0.1 M NaOH. This solution may also be used for initial spill cleanup or surface decontamination.
 Once airborne, 125I can be inhaled, released to the environment or plate out on surfaces. To prevent inhalation,
always perform iodinations in an approved, properly ventilated fume hood. Do not use a laminar flow hood.
The fume hood should provide at least 100 linear feet per minute airflow (cf., 16.4.a). The following procedures
should be followed when working in a fume hood:
9 Check for adequate airflow prior to beginning operations
9 Keep the hood sash down when not in use, and do not raise sash higher than necessary during use and
always keep sash below the 100 linear feet per minute indicator (Figure 16-2).
9 Keep activity and equipment away from the front of the hood and avoid sudden movements at the hood face
so you don’t disrupt the airflow.
9 Restrict hood use for radioiodine operations only and post adequate signs. To prevent contamination, keep
unneeded equipment and reagents out of hood.
9 Remove only clean or sealed items from the hood. Wear two or more pair of gloves and remove outer
gloves at the hood face.
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 If possible, when working with volatile radioiodine, perform the reaction in
the original stock vial, working through the septum with a syringe and
hypodermic. If the vial must be opened, first vent the vial airspace through
an activated charcoal trap as shown in Figure 5-28. Such venting will
prevent an initial “puff” release of built-up volatilized iodine, but will not
prevent subsequent volatilization.
Other practical safety suggestions to consider when planning to perform
radioiodination reactions:
 A low-energy gamma survey meter must be on hand and switched on
throughout the operation. This LEG should be located nearby, but outside
the hood to avoid contamination. Radiation levels inside the hood would
Figure 5-28. Venting 125I
probably cause the meter to "peg" on the higher scales making it virtually
useless for monitoring as long as the radioiodine vial is unshielded.
 Clothing, especially sleeves, cuffs and gloves, should be monitored frequently. Wear two pair of gloves and
replace the outer pair if they become contaminated.
 Do several practice runs following the protocol but without radioactive materials. These "dummy" or "dry" runs
(cf., 4.1) may increase proficiency and identify potential problems.
 A "recipe" or protocol should be pinned up on the fume hood for easy reference.
 The steps in the actual radioiodination should be carried out in a systematic and unhurried manner.
 Use tools (e.g., tongs) to prevent direct handling of potentially contaminated items and MBq (mCi) sources.
 Store MBq (mCi) quantities of 125I in containers surrounded by 3 mm (1/8”) thick lead.
 Avoid acidic solutions to minimize volatile species of 125I. Stabalize spills with solutions of alkaline sodium
thiosulphate before decontamination.
 An assistant who is familiar with the process should be available to help if anything unforeseen occurs.
 As noted above, solutions of sodium thiosulfate and carrier iodine for use in dealing with a spill or other
unplanned release should be readily available. The immediate area around the fume hood should have:
9 A good supply of disposable latex or Nitrile gloves.
9 A supply of tissues or absorbent paper.
9 A shielded, lidded container for highly contaminated solid waste, contaminated gloves, tissues, etc.
9 Local shielding, if appropriate.
9 A large tray which could contain at least ten times the volume of any foreseeable leakage.
9 A small tray for iodination pipettes, etc., which must be reserved for iodinations and not taken from the
hood.
 Regularly monitor and promptly decontaminate gloves and surfaces to maintain contamination control. Some
iodo-compounds can penetrate surgical gloves, two pair of nitrile gloves are better.
 Minimize the items in your work area when you do iodinations. Any materials you handle during the procedure
- pens, papers, keyboards - should be handled in one of the following ways:
9 Keep the items clean by handling them only after removing your outer gloves.
9 Bag items before moving them out of the area where iodinations are done. Leave them in the bag until they
are returned to the iodination hood/area.
9 Consider all items handled/used during the iodination to be contaminated. Handle them only while wearing
gloves until wipe tests and meter readings indicate they are not contaminated.
9 Places where these items are stored (drawers, pipette racks, pencil cups) should be included on your monthly
surveys.
9 Items that can be reserved for use only during iodinations should be labeled as such, or you can prevent their
removal by attaching them with strings or wires.
Remember, surveys are the only sure method to ascertain whether contamination occurred. Besides routinely
checking your hands and equipment, when using radioiodine the following surveys must be performed and
documented on the day of use:
 LEG meter surveys only, if the activity handled was less than or equal to 37 MBq (1 mCi).
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 Meter and wipe surveys (cf., 5.4.a) if the activity handled was greater than 37 MBq (1 mCi).
 Meter and wipe surveys with copies sent to Radiation Safety if more than 1850 MBq (50 mCi) was handled.
5.6.c Vertebrate Animals
Use of radioactive materials in vertebrate animals requires coordination with other groups besides Radiation Safety.
The Research Animal Resources Center (RARC) is a service organization providing veterinary and training services
to all investigators using vertebrate animals for teaching and research on the UW-Madison campus. The RARC
works with the various animal care and use committees to ensure responsible animal use on campus. Thus, before
an investigator can begin research using animals, they must have RARC approval for the project.
The basic principles of time, distance, and shielding are still applicable. However, the type of animal, the
characteristics of the radionuclide, and the physical form of the radioactive material (e.g., sealed versus unsealed
source) is all considered before an animal project will be approved by the University Radiation Safety Committee.
Sealed Sources in Animals
For research involving the use of sealed sources in animals, the PI must maintain an adequate inventory system to
account for all sources. At a minimum, sources must be inventoried each time the animal is moved from one room,
area or cage to another and upon their final removal from the animal. When the sources are not visible (e.g., while
they are in the animals), the sources must be inventoried by:
9 Position the animal or survey meter so the sources are facing the radiation survey meter.
9 Measure the exposure rate at a specific distance from the sources.
9 Record the exposure rate, the distance and the position of the animal with respect to the meter.
9 Repeat these steps immediately after the animal has been moved.
9 Record the results and compare with the meter readings before and after the move.
9 If the exposure rate has decreased appreciably (e.g., more than 20%), sources may have been dislodged. Secure
the area and notify Safety immediately.
Surveys are still crucial. Perform meter surveys in animal rooms to determine exposure levels for appropriate
labeling of the room. The radiation exposure rate in uncontrolled areas must not exceed 2 mR/hr (and preferably is
< 650 cpm), and the aggregate exposure must be less than 1 mSv/year (100 mrem/year). Also, monitor the radiation
levels inside the room for appropriate cage labeling after administering high energy beta or gamma emitters, e.g.,
Radiation Area signs if the exposure rate is greater than 5 mR/hr and High Radiation Area signs if the exposure
rate is greater than 100 mR/hr. Additionally, perform meter surveys to assure that exposure rates in all adjacent
unrestricted areas are at or less than regulatory limits. This may include areas above and below the animal room.
Survey animal waste and bedding before disposal, or hold all waste until the end of the experiment when all sources
have been accounted for. Survey all other materials before they are removed from the housing area of the animals.
Do meter surveys of animals after sources have been removed.
Animal care personnel are not radiation workers. Therefore, lab personnel must care for animals. If this cannot
be done, animal care personnel must complete the University Radiation Worker training and become radiation
workers, they must be shown a dummy source, be told to call or report to Safety Department and the PI immediately
if sources are loose, animal is bleeding, etc., and be shown acceptable animal care procedures for this animal.
After the animal is moved to a different room, area or cage, survey the vacated room, area or cage to confirm
that no sources have been left behind. Additionally, the animals used must be labeled until the sources are tested for
leakage. If the sources are found leaking, the animal must remain marked and must be disposed of through the UW
Safety Department upon death or sacrifice.
Unsealed Sources in Animals
For research involving the use of radioactive materials other than sealed sources in animals the authorized user must
insure that contamination is controlled and not spread outside of the animal room. After administering high energy
ß- or γ-emitters, monitor all adjacent rooms and hallways to the animal housing. Just as with sealed sources, the
radiation exposure rate in uncontrolled areas must not exceed 2 mR/hr (preferably < 650 cpm), and the aggregate
exposure must be less than 1 mSv/year (100 mrem/year). Also, monitor the radiation levels inside the room for
appropriate labeling after administering high energy beta or gamma emitters, e.g., Radiation Area signs if the
exposure rate is greater than 5 mR/hr and High Radiation Area signs if the exposure rate is greater than 100 mR/hr.
All animal wastes must be contained and treated as radioactive.
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Normally, the lab's personnel take care of the animals. If this cannot be done, animal care personnel must take
the training to become radiation workers, they must be told to report to UW Safety Department and the authorized
user if the animal is bleeding or if the urine or feces of the animal is no longer confined and be shown acceptable
animal care procedures for this animal. Additionally, the animals must be marked so that they will be disposed of
through the Safety Department upon death or sacrifice.
5.6.d Sealed Sources
A sealed source is any radioactive material that is permanently encapsulated to prevent leakage or escape of the
radioactive material. Sealed sources generally meet the specifications of ANSI N542-1977, Sealed Radioactive
Sources, Classification. After passing a prescribed regimen of extensive tests, models of these sources are assigned
a sealed source designation. Researchers are not allowed to fabricate a "sealed" source without proper approvals
from the URSC and the NRC. Contact Radiation Safety for additional information if you desire to fabricate a
sealed source. Radiation Safety is required to perform periodic leak tests and keep records for all sealed sources. If
you receive a sealed or plated source or a piece of equipment containing a sealed source (e.g., gas chromatograph,
EC foils or vacuum gauges), call Radiation Safety so the source can be leak tested and added to the leak test
schedule if it is required to be leak tested.
Certain sealed source gages (e.g., moisture density gages) are transported off campus to remote locations for the
lab to gather data. The NRC requires that the workers using this type of radiation source receive additional training
(see Chapter 9) which addresses unique radiation safety aspects of remote site use and the safe transportation (see
Chapter 8) and storage of the source off campus.
High activity (> 3.7 TBq [100 Ci]) sealed sources are normally covered by a specific NRC license. Use of the
closed-beam irradiators (e.g., J.L. Shepherd Mark 1, Model 109, Gammacell 1000, etc.) and open-beam irradiators
on campus requires additional training (see Chapter 9) and annual refresher retraining to insure worker safety and
prevent overexposures.
5.6.e Ten Rules of Working Safely with Radioactivity
1. Understand the nature of the hazard and get practical training. Never work with unprotected cuts or breaks
in the skin, particularly on the hands or forearms. Never use any mouth operated equipment in any area where
unsealed radioactive material is used. Always store compounds under the conditions recommended. Label all
containers clearly indicating nuclide, compound, specific activity, total activity, date and name of user.
Containers should be properly sealed.
2. Plan ahead to minimize time spent handling radioactivity. Carry out a dummy run without radioactivity to
check your procedures. The shorter the time the smaller the dose.
3. Distance yourself appropriately from sources of radiation. Doubling the distance from the source quarters
the radiation dose (i.e., inverse square law).
4. Use appropriate shielding for the radiation. Remember 1 cm of Plexiglas will stop all beta particles but
beware of bremsstrahlung from high energy beta emitters. Use lead for x- and γ-ray emitters.
5. Contain radioactive materials in defined work areas. Always keep active and inactive work separated as far
as possible, preferably maintaining rooms used solely for radioactive work. Always work over a spill tray and
work in a ventilated enclosure. These rules may be relaxed for small (e.g., a few tens of kBq [1 - 5 μCi])
quantities of commonly used radionuclide compounds in non-volatile form in solution.
6. Wear appropriate protective clothing and dosimeters. Lab coat, safety glasses and disposable gloves must
be worn at all times. However, beware of static charge on gloves when handling fine powders.
7. Monitor the work area frequently for contamination control. In the event of a spill, follow the spill
response plan: (1) notify others in the vicinity, (2) contain the spill, (3) decontaminate the area, (4) survey the
area.
8. Follow the local rules and safe ways of working. Do not eat, drink, smoke or apply cosmetics in an area
where unsealed radioactive substances are handled. Use paper handkerchiefs / tissues. Never pipett by mouth.
9. Minimize accumulation of waste and dispose of it by appropriate routes. Use the minimum quantity of
radioactivity needed for the investigation. Dispose of all waste properly.
10. After completion of work - monitor yourself, wash and monitor again. Report to your supervisor if
contamination is found.
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5.7 Review Questions - Fill-in or select the correct response
1. Prior to opening a package received from CORD, first put on
,
, and
.
2. Before discarding an empty cardboard package,
for contamination.
3. The Radionuclide Receipt and Disposal form provided by CORD with each radionuclide delivery to a lab is
and
information.
used to record
4. The best radioactive waste disposal method is to contact
and schedule a pickup.
5. Short-lived (half-lives less than 65 days) radioisotopes may be held for radioactive decay. Radioactive decay
half-lives, only 0.1% of the original activity will remain.
insures that after
6. When using disposal in normal trash, hold the radioactive material for at least 10 half-lives, survey the material,
if the count rate is less than
cpm.
and remove or deface all
7. The preferred method of disposing of large volumes of 3H, 14C, and 35S liquid radioactive wastes is to collect the
provided by the Safety Department.
material in
8. Before disposing of material used in a radiation work area to the normal trash, you should
the
cpm.
materials to insure it is contamination free, that is less than
9. In general, full laboratory surveys are required
.
10. A wipe test is a survey for
contamination.
11. A lab using 18.5 MBq (0.5 mCi) of 33P must perform monthly
and
surveys.
12. The action level for meter surveys is
cpm.
13. The action level for 32P removable contamination is
cpm/100 cm2.
14. Laboratories where
MBq (
mCi) of 125I is used require a survey of the area
immediately after use.
15. Areas such as floors, telephones, keyboards should be kept
.
16. An exception request which violates NRC rules and regulations
be approved.
17. Work with volatile iodine solutions must be done in a
that has been approved by Safety.
18. A
probe is used to survey for contamination after working with radioiodine.
19. A urine bioassay is required for use of more than
MBq (
mCi) of tritium.
35
20. Thawing S-amino acid vials in a fume hood with a needle stuck through the septum may reduce the
contamination. true / false
21. Radiation dosimeters are normally issued to workers who may handle stock vials containing 37 MBq (1 mCi) or
.
more of
22. Before an animal use request can be processed, approval must be obtained from the
.
23. A radiation dosimeter is issued for work involving 35S. true / false
24. The 6 predominant nuclides used in research (3H, 14C, 32P, 33P, 35S, 45Ca) are pure
emitters.
25. Types of radionuclide use in microbiology include
and
.
32
26. The exposure rate at the mouth of a 37 MBq (1 mCi) vial of P is about
mGy/hr (
rad/hr).
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6 Emergency Procedures and Decontamination
No matter how carefully you try to work, accidents can happen. With adequate training, preparation, and effort, any
radiation worker can safely handle any emergency that could occur in normal work procedures. Important phone
numbers for incidents you need assistance with include:
Radiation Safety:
UW Police:
Emergencies:

262-8769
262-4524
911 (from any University phone)

Radiation Safety personnel home phone numbers are posted in every lab. Safety personnel will respond to assist
you regardless of the hour. Also, UW Police can contact Radiation Safety personnel during or after normal business
hours and, in the CSC, the paging operator can call for help.
6.1 General Procedures
Preparedness can make the difference between a controlled situation and a disaster. Knowing what to do in an
emergency and having the proper materials on hand are essential for safe, efficient handling of spilled radioactive
materials in the laboratory. Plan ahead and equip your lab with a spill kit that contains supplies needed to handle
the most likely spill, incident, or emergency. The kit should include several pairs of disposable gloves, thick,
rubber (e.g., Playtex) gloves, absorbent material, disposable shoe covers, radioactive waste bags, etc. These items
can be kept in a ½-gallon or gallon size zip lock plastic bag and should be inventoried at least once each year.
The response to a spill depends upon the seriousness of the spill. Therefore, immediately following a spill or
dispersion of radioactive materials, assess the situation by asking, "Can I handle this myself or do I need help?"
Regardless of the assessment, the four key steps applicable for most laboratory emergencies are: notify others of
the spill, contain the spill, decontaminate the area, and monitor the area.
9 Notify others of the spill. Control access to the area and instruct all persons present in the lab to leave the
immediate area, but to remain within the laboratory area to prevent possible spreading of the contamination. For
major spills, the area should be cleared of all persons not involved in the spill and Radiation Safety should be
notified immediately.
9 Contain the spill. For large spills put on proper clothing and equipment. In serious accidents, close off and
vacate the area; contact Radiation Safety immediately. Prevent the spread of liquid spills by placing absorbent
material such as paper towels, tissues, cloth, etc. If the material is a powdered solid, attempt to contain its
spread by covering the area with a protective barrier such as a tray, beaker, or kraft paper. If appropriate, close
doors and windows and turn off the room ventilation fans, but keep any fume hood turned on to exhaust any
contaminated air. Limit movement of persons who may be contaminated. For an exposed high activity source
see directions in Chapter 9.
9 Decontaminate the area. Wear appropriate clothing. Insure a survey meter is present. Gather any material
needed for decontamination and, for large spills, organize the decontamination by task. Absorb all standing
liquids, apply a decontaminating solution and allow it to loosen the contamination before wiping the area.
Assume all material used in the decontamination are contaminated and treat as radioactive waste.
9 Monitor the area. Using proper techniques (see Chapter 7 [7.5.c & 7.7] and Laboratory 2), check the area of
the spill for contamination beginning well away from the spill to determine where the contamination actually
starts and whether contamination has been spread elsewhere. Monitor all persons (hands, clothing, and shoes especially the soles). While the UW survey meter action limit is 650 cpm, it is prudent to consider anything
over twice background as being contaminated.
Contact Radiation Safety at the first opportunity. Radiation Safety will follow-up the lab’s cleanup, document the
incident, and, if necessary, contact the NRC. While most spills should be relatively minor, some things to bear in
mind about health and safety include:
 In all cases of physical injury, even minor injuries, medical attention and hospitalization take precedence over
contamination concerns.
 Serious injury and life-or-death situations always take priority over radiological concerns.
 Do not risk external or internal exposure to save equipment or an experiment.
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6.1.a Fire or Other Major Emergencies
A major emergency is one in which you do not have the ability to safety handle the event. The first step is to
immediately notify all other persons in room and building to make them aware of the emergency. Then call 911
and report the emergency to the UW Police dispatcher. For fires, if you are certain you can extinguish the fire
yourself, attempt to put out the fire if an airborne radiation hazard is not present. Remember:
9 Always keep an egress / exit to your back so you can get out safely.
9 When in doubt, get out.
After the emergency has been resolved, survey the area involved and decontaminate if necessary. Also, monitor /
survey all personnel involved in the emergency to insure none are contaminated. For major emergencies, do not
resume work in the area until approved by Radiation Safety. Then write an incident report and send it to Safety.
6.1.b Minor Spills - No Radiation Hazard to Personnel
A minor spill is one that is relatively small, well contained, and well within the capabilities of all radiation workers
to clean with common cleaning materials. To keep people out of the possibly contaminated area, immediately
notify all persons in the room or area of the spill and limit access to the spill area to those persons needed for
cleanup purposes. Do not ask housekeeping staff to help in the cleanup or to lend you their equipment.
Prepare to decontaminate. First monitor yourself, insure you are not contaminated. Then, get cleaning supplies
(e.g., paper towels, scouring power, detergent, etc.). Wear protective clothing (heavy-duty rubber gloves, lab coat,
safety glasses) and begin clean-up. The basic goal is to confine the spill and prevent the spread of contamination.
9 Liquid spill - place absorbent paper on the spill.
9 Dry spill - dampen absorbent paper with water (or oil if a reaction producing air contamination could occur from
using water) and cover the spill.
Use a survey meter to identify and then label the boundaries of the spill area with either "Caution Radioactive
Material" tape or label the contaminated spots with a magic marker. Begin cleaning at the edges of the spill and
work towards the center (lowest to highest level of contamination). Minimize the amount of water used to reduce
runoff. Dispose of all cleanup materials as radioactive waste. Monitor all persons involved in the incident.
9 Do not let persons leave the area until they have been surveyed and found to be contamination free. This
includes those personnel not involved but in the area. The action level with a sensitive survey meter is 650 cpm
above background. If contamination is found, have them change clothes and wash as needed, then re-monitor.
9 Keep others out of the area until Safety approves access or the spill is decontaminated.
At the first convenient opportunity after the spill has been cleaned, write a report of the spill and subsequent
remedial or protective measures taken and send it to Radiation Safety. However, if you need help, call Safety and
ask for assistance / guidance.
6.1.c Major Spills - Accidents with Potential Radiation Hazard to Personnel
A major spill is one which may require more skill or equipment than your lab has available. Have all persons not
involved in spill leave the area immediately. Survey all persons leaving the room and control the movement of
these persons to prevent possible spread of contamination. The goal is to minimize the area of the spill and prevent
the spread of contamination.
9 If a liquid has spilled from a container, return container to an upright position using gloves or a lever and
prevent further spread of the liquid.
9 If material is volatile (e.g., dusts, fumes, gases), turn off all fans and shut off room ventilation system, but keep
fume hood on to exhaust possibly contaminated air from the room. Evacuate and secure the room. Close and
lock doors and/or post guards to prevent entry.
Once the area is secured, use a sensitive survey meter to monitor all persons suspected of being contaminated. The
meter action level is 650 cpm. Take immediate steps to decontaminate those workers found contaminated.
9 If skin is contaminated, wash with mild soap and water.
9 If the spill is on clothing, remove / cut contaminated clothing, as appropriate. Safety will assist in decontaminating clothing and returning cleaned items to their owners.
9 Report known or suspected inhalation or ingestion of radioactive material to Radiation Safety.
9 Re-monitor to verify decontamination efforts have reduced contamination to below 650 cpm.
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After stabilizing the spill and insuring personnel are free of contamination, notify Radiation Safety (262-8769) or
call UW Police (262-2957) after hours telling them that you need assistance from Radiation Safety. Do not panic
and call the Fire Department unless there is a fire. When Radiation Safety arrives, they will assist you in developing a decontamination plan. Some of the issues that enter this plan are:
9 An evaluation of the hazard and any safety devices needed for reentry.
9 An assessment of the cause of the contamination and methods to correct the condition.
9 Determination whether air monitoring is needed.
In a major spill, it is crucial that all other work in the area stop until Radiation Safety has verified the area is decontaminated. They will provide guidance regarding residual radioactive contamination. Remember, before leaving,
monitor persons involved in spill / cleanup with Radiation Safety's assistance. Lastly, prepare a history of the spill
and cleanup and forward the report to Radiation Safety within 72 hours.
6.2 Personnel Overexposures and Contamination Injuries
Routine laboratory emergencies (e.g., small spills, fires, etc.) may arise with work involving radioactive materials.
Depending upon the type of emergency and the radioactive material involved, there may be the potential for
increased doses to the individuals involved either through overexposure, accidental ingestion / inhalation or by
contaminated injury and possible internal deposition.
6.2.a Known or Suspected Radiation Overexposure
Few sources at the UW are capable of overexposing workers. These sealed sources in irradiators produce high
radiation levels in the irradiator when used. Persons who use irradiators must receive initial and refresher training
(see Chapter 9) from Safety in system operation, initial checks, emergency procedures, etc. Persons who have not
received this training are not allowed to operate these systems. For emergencies involving high radiation levels:
9 Eliminate the cause of the radiation (i.e., get out of the room, retract the source, etc.) and prevent access to any
area where the high radiation level exists.
9 Send persons suspected of being overexposed to the University Hospital Emergency Room. Tell the emergency
room that high radiation exposure (with or without contamination) is suspected.
9 Notify Radiation Safety or the on-call Radiologist (hospital operators have a radiation emergency notification
list). Radiation emergency notification lists are also posted in radiation labs or near any irradiator room.
9 Collect TLD badges (and any other dosimeters) and bring them to Radiation Safety for immediate reading and
dose estimation. If TLD badges are not available, collect information about the incident to allow Safety to
calculate exposures.
9 A written report of all overexposures must be sent to Radiation Safety describing the cause of the overexposure.
The Safety Department will report to Federal or state agencies, if appropriate.
6.2.b Injuries to Personnel Involving Radioactive Contamination
In the even of a serious injury (heavy bleeding, heart attack, etc.), obtain medical assistance immediately. Do not
attempt to decontaminate before seeking (or rendering) first aid. After necessary first aid has been given, notify
your supervisor and Radiation Safety.
For minor injuries (e.g., puncture wound, suspected inhalation or ingestion of radioactive material, skin contamination, etc.), first attempt to decontaminate before seeking medical care from the Emergency Room. If the injury
may still be contaminated, inform hospital personnel of the possibility of contamination. Report the incident to
Radiation Safety as soon as possible.
6.3 Personnel Decontamination Procedures
Skin contamination is always a possibility when working with radioactive materials and can result in significantly
high doses if not removed (see 4.3.b). It is important to detect skin contamination and decontaminate as quickly as
possible to keep skin doses within limits.
In case you become contaminated, follow the specified procedures below and call the UW Safety Office. As
noted above, serious wounds that require medical attention should be tended by a doctor or experienced medical
personnel. Any rinse solutions used to decontaminate personnel can be allowed to run down the drain, it need not
be collected. If you must go to the emergency room, do not leave the contaminated area until it has either been
secured (i.e., call UW Police) or the area has been decontaminated, surveyed and found to be clean.
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6.3.a Skin Contamination
To properly decontaminate skin, you first need to define the areas of
contamination by monitoring with a survey meter. Decontaminate the areas
with highest contamination levels first. Try cleaning with the mildest
methods first before progressing to harsher methods. Resurvey and continue
decontaminating until such attempts no longer result in reduction of counts
or the cleaning threatens to irritate or harm the skin. Remember, do not use
any solvents because they may cause the contamination to be absorbed into
the skin.
Wash the contaminated area several times using mild soap and warm
Figure 6-1. Skin Decon
water for 2-3 minutes. Be careful not to spread the contamination to clean
areas. Be especially careful around wounds and open sores in the contaminated area. Use a radiation survey meter
to verify successful decontamination (i.e., 650 cpm is considered clean in a contamination incident). Repeat if
counts are reduced but have not been reduced to below 650 cpm. Use a (deluge) shower for whole body decontami nation. If the contamination is 32P and the washing is ineffective, try a 1% to 5% acetic acid solution (i.e., household vinegar).
For stubborn contamination on hands and arms, use high phosphate hand decontaminating soap, such as CountOff®, lava soap or a mildly abrasive paste made from powdered laundry detergent and water. Wash for 2 - 3
minutes with soap, soft brush or sponge using light pressure, but do not abrade the skin since that could provide a
route of entry into the body for the contamination. Rinse and monitor to see if the 650 cpm target has been
achieved. Apply lanolin or hand cream to prevent chapping.
6.3.b Face Contamination
Use eyewash station or (deluge) shower to flush eyes, ears, and nose.. Flush the eye with copious amounts of water
for 15 minutes. Rinse mouth with water, but do not swallow the water. After, monitor with a thin-window GM (or
Low Energy Gamma) survey meter to verify decontamination, and repeat procedures as necessary until meter
indicates 650 cpm above background.
For hair contamination, a good washing should be performed. Tilt head back so water doesn't run across face.
Wash gently with soap and warm water for 2-3 minutes in sink, rinse and monitor to verify successful decontamination (650 cpm). Repeat as necessary. Be sure to close eyes and mouth during decontamination. As a last resort
(preferably only under the guidance of Radiation Safety), if hair is still contaminated, cut or clip the hair (being
careful not to cut the scalp) and decontaminate scalp using a highly efficient soap (e.g., count-off) or paste made
from powdered laundry detergent and water.
6.4 Laboratory and Equipment Decontamination
Most spills and contamination incidents will involve small quantities of material on lab / bench tops, floors, and
equipment. Spill decontamination is easier if radiation work is done on trays that will contain all of the radioactive
material and be easily cleaned in the sink, and by using absorbent paper on benches which can then be disposed of
in normal trash if metering shows no contamination or as radioactive waste if contaminated.
After working with radioactive materials and before leaving the area or immediately after completing a procedure involving radioactive materials, survey the work area, floor around work area, equipment, and yourself with a
sensitive (thin-window GM or Low Energy Gamma, as appropriate) survey meter. If contamination (greater than
650 cpm) is detected, evaluate the extent of the contamination. Identification of any contamination at the earliest
possible time will reduce the size and magnitude of the cleanup required.
Labs should have a cache of supplies for emergencies. Include yellow plastic bags, Caution Radioactive
Material tape, absorbent material (e.g., absorbent paper [paper towels are a very poor absorber], "floor dry"),
laundry soap or decontamination soap (e.g., Count-Off®, high phosphate soap, vinegar or other dilute acid, etc.),
rope / tape, protective clothing, heavy duty housekeeping gloves (e.g., Playtex) or a box of disposable gloves,
footwear, and safety glasses. Make sure you also have a radiation survey meter and wipes to verify decontamination.
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The first step in decontaminating any area is to secure the area and restrict traffic through it. Tape or rope-off
the contaminated area (e.g., put tape across both ends of lab aisle). Be sure to wear protective clothing, heavy
gloves or 2 - 3 pairs of disposable gloves, safety glasses and shoe covers (if appropriate).
Then evaluate (i.e., survey) the extent of the contamination and delineate the contaminated spots / area. For
standing liquid, cover the spill with absorbent materials to limit spread of contamination. To evaluate the
contamination:
9 Draw a map of the room with the spill area marked.
9 Begin surveying away from the spill. For example, for a large spill start at the entrance of the lab (it may be
prudent to also survey just outside the lab to insure contamination has not been spread), for a small spill, perhaps
in a 20 foot area of the spill.
9 Slowly (2" per second with speaker on, 1" per second with speaker off) move the meter over the area approach ing the spill. Remember, 32P is more easily detected than 35S.
9 Mark contaminated areas (e.g., m 650 cpm above background) with a magic marker or other marking pen.
9 For 3H spills (3H is not detectable with a survey meter), wear shoe covers within the contaminated area, take
wipes of the spot, leave shoe covers inside room, count wipes and determine extent of the contaminated area.
After the contaminated areas have been delineated, begin decontamination
procedures. Clean wet spills or wet contamination using absorbent paper
with the appropriate decontaminating detergents following instruction on the
detergent package. Start at the outside edge of the contaminated area and
work inward. The basic concept is to absorb any standing liquids then apply
a decontaminating solution to the area which will free the contamination
from the surface. Let the decontamination solution work on the spot for
about 2 minutes, then wipe up the solution with absorbent paper.
If the contamination is dry or from a powder or resin bead, do not try to
dry mop it. First, fix it in place with moistened, absorbent paper. Although
highly unlikely for most UW research labs, if dusts are possible, wear
appropriate respiratory protection, and decontaminate using a high efficiency
HEPA filter vacuum. If dusts are possible and a HEPA-filtered vacuum is
not available, carefully dampen the contaminated area making sure the
solution used (e.g., water, Count-off foam, vinegar, etc.) does not react with
the spill. Once the area is moistened, clean using the procedures for a wet
spill.
Contamination prevention is the goal. To prevent the spread of contamination, dispose of the absorbent paper and other contaminated material used
in the cleanup by putting them into yellow radioactive waste bags and mark
the waste with Caution Radioactive Material tape. Do not let decontamination solutions drip onto other surfaces, as it may result in cross
contamination.
If you are wearing disposable gloves (we recommend wearing Playtexstyle gloves or 2 pair of normal disposable gloves), monitor gloves
frequently and change the outer gloves frequently to prevent contamination
entering through rips and tears in the gloves.
Figure 6-2. Decontamination
After the area is decontaminated, package and remove the contaminated
waste from the area, re-monitor the cleaned area as well as areas outside the lab to
verify successful decontamination. The action level with a survey meter is 650 cpm.
Also, monitor all personnel involved in the decontamination procedures before
leaving the area. Include a survey of the area just outside the lab to verify contamination was not spread.
At a convenient time after the cleanup, conduct a debriefing and send a report to
Safety describing the spill, decontamination effort, and results. The Safety Department keeps a file of spills for inspectors. If you have a question about radioactive
contamination or need assistance in decontamination, call Safety (262-8769).

Figure 6-3. Final Survey
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For contaminated sink traps and drains, flush with a large volume of water. If the contamination is persistent,
fill the trap with (undiluted) Count-Off® or other decontamination solutions, soak for about 30 minutes, and flush
with a copious amount of water.
For contaminated lab coats, clothing or shoes, remove the contaminated items and check the skin underneath for
contamination. Decontaminate skin as described above. Place the contaminated items in a yellow plastic bag, tape
shut with "Caution Radioactive Material" tape and contact the Safety Department. If you choose to decontaminate
the items, be sure to dispose the cleaning materials and rinse water as radioactive waste.
6.5 Cautions
 Do not use hot water to clean 3H, 14C, or 125I because of possible volatilization / vaporization and consequent
production of an inhalation hazard.
 Mild acids (e.g., vinegar) appear to work well in decontaminating 32P, 33P and 35S spills.
 Do not use acids or acidic detergents to decontaminate iodine (125I or 131I) contamination because reactions
producing gaseous I 2 or IOx may occur. Always use basic decontamination solutions when cleaning iodine.
 If an airborne contamination hazard exists, contact Radiation Safety for protection guidance.
 Decontaminate to a target level of 650 cpm above background with a GM or LEG survey meter.
 Always notify Radiation Safety, even if you believe you have thoroughly decontaminated the spill.
6.6 Review Questions - Fill in or select the correct response

1. Immediately following a radioactive material spill, take precautions to
the material.
2. For all spills,
all individuals involved for contamination.
3. For large spills of potentially volatile material, switch off all fans, shut off room ventilation system, evacuate
4.
5.
6.

7.
8.
9.
10.

and seal the room, and keep all personnel out. true / false
After decontaminating a spill, prepare a
of the spill and cleanup and send to Safety.
Contaminated persons who are injured and require medical attention should be taken or sent immediately to the
.
University's
For most radionuclides, washing hands, arms, and face in a sink with mild soap and warm water is a useful
to verify successful decontaminadecontamination method. Afterwards, use a radiation
cpm above background with an appropriate survey meter is considered clean for decontamition.
nation in emergency situations.
When decontaminating equipment, change your gloves
to prevent skin contamination
through rips and tears.
Do / Do not use hot water to clean 3H, 14C, or 125I spills because hot water can produce vapors.
Always notify
, even if you believe you have thoroughly decontaminated the spill.
Decontaminate spills to a maximum target level of
above background.
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7 Radiation Detection and Measurement
7.1 Radiation Detectors
Radiation is detected using special systems which measure the amount or number of ionizations or excitation events
that occur within the detector’s sensitive volume. A radiation detection system can be either passive or active,
depending upon the device and the mechanism used to determine the number of ionizations. Passive devices are
usually processed at a special processing facility before the amount of radiation exposure can be reported.
Examples of passive devices are radiation dosimeters used in determining individual radiation exposure and radon
detectors. Active devices provide an immediate indication of the amount of radiation or radioactivity present and
consist primarily of portable radiation survey meters and laboratory counting devices. Table 7-9 located at the end
of this chapter (and the manual’s end page), lists approximate efficiencies for commonly encountered radioisotopes
using different types of survey instruments.
7.2 Radiation Dosimeters
It would be quite impractical to follow each worker around with a radiation survey meter to try to keep track of the
radiation exposure fields they enter because: (a) very likely the dose rates will vary considerably over time depending upon the procedures performed, and (b) the workers usually move around from one radiation level to another
during the course of their work. To overcome these problems, the Safety Department monitors a radiation worker's
external radiation exposure with a personal dosimeter or radiation badge. This devices essentially stores-up the
radiation energy over the period it is used and is then sent to a vendor to read the exposure and report the results.
Although there are several types of radiation dosimeters commonly used, the most common are film badges,
thermoluminescent dosimeters track-etch and optically stimulated devices.

Relative Sensitivity

7.2.a Film Badge
Photographic film is the oldest monitoring device and worldwide it is the most common type of personal dosimeter
primarily because of its low cost, simplicity and ease of use. The film badge employs one or several dental-sized
pieces of photographic film held in a special holder. With 2-film packets, one film generally has a sensitive
emulsion and the other a relatively insensitive emulsion. Such a packet is then useful over a gamma-ray exposure
range of from 10 mR to about 1800 R. Film is also sensitive to high-energy beta particles whose maximum energy
exceeds about 400 keV (i.e., Emax m 400 keV). With an appropriate type of
30
film, thermal and fast neutron exposures may also be measured.
Radiation exposure darkens film. The degree of blackening or density is
10
related to the amount of exposure. However, film is extremely photon
K-Edge (Ag)
energy dependent. In the energy region between 15 and 50 keV (Figure 7-1),
film may over respond by a factor of 20 compared to exposures above 100
3
K-Edge (Br)
keV. To compensate for this problem and to measure beta doses, the film
packet is used with a specially designed film holder (Figure 7-2). This type
1000
100
10
of badge has an open window area to measure beta doses and several differEffective Energy (keV)
ent types of filters. Common filters include aluminum, copper or tin,
Figure 7-1. Energy Response
cadmium, and lead. Reading the film employs relatively elaborate
algorithms based upon the density or darkening of the film under each of the filter elements. For example, the beta
dose is determined from the ratio of the open window film density to Film
Gamma
Beta
X-ray
that behind the filters. If only beta is involved, then the film darkenCadmium
ing is seen only behind the open "beta" window. The aluminum and
copper filters help differentiate and quantify the energies of
Copper
low-energy x-rays. The copper filter absorbs more of an x-ray beam
than the aluminum filter, so the film under the copper filter should be
Aluminum
less exposed (i.e., lighter) if x-rays are the only source of the
Beta window
exposure.
Neutrons, especially fast neutrons (i.e., E > ½ MeV), can be
Sample Exposures
monitored using a special neutron track film added to a film badge.
Figure
7-2.
Typical
Film Badge
Fast neutron irradiation of the film results in proton recoil tracks
created by elastic collisions between the neutrons and hydrogen nuclei
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in the film and wrapper. The developed film is automatically scanned and the number of tracks counted using a
high-powered microscope. The number of tracks per cm 2 is proportional to the absorbed dose. A neutron dose of
100 mrem corresponds to a track density of approximately 2600 per cm2, or approximately 1 track per two microscopic fields. This type of device is only useful for neutron energies between 0.5 MeV and 10 MeV because below
½ MeV, the recoil protons do not have enough energy to make recognizable tracks.
Cadmium and tin absorbers are used in monitoring a mix of neutrons and beta/gamma radiation. Cadmium has
capture cross sections (see Chapter 12) of 2500 b and 7400 b for thermal (0.025 eV) and slow (0.179 eV) neutrons,
respectively. Tin has a low capture cross section. To differentiate thermal from fast neutrons, the track density
under the tin and cadmium filters are counted and compared. Because the cadmium filter absorbs thermal (0.025
eV) and epithermal (0.1 eV) neutrons, the tracks under the cadmium filter will be due to all neutrons except thermal
neutrons. The fast neutron track density would be the same under both filters. The dose is determined by counting
the neutron tracks and measuring the gamma-ray film density.
Film provides a permanent record of the exposure that can be reevaluated should any question arise. The image
made on the film by the filters and other objects in the badge provide a visual record of the exposure conditions and
allow the dosimetry vendor to determine whether the wearer actually received the dose assessed. Sharp edges
indicate static exposure conditions in which the geometry remained unchanged during the exposure (e.g., leaving
the badge in the x-ray room). Typically, filter images are blurred from movement of the person during the
exposure. Radioactive contamination of the film usually appears as small blotches or hot spots.
7.2.b Thermoluminescent Dosimeter (TLD)
The thermoluminescence phenomenon had been noted as early as 1663 when it was reported that certain fluorites
and limestones were observed to emit light when slowly heated over low heat. Thermoluminescence (TL), for our
purposes, is the phenomenon by which certain crystals are able to store energy transmitted to them by radiation and
then emit this energy in the form of visible light when heated. Over b of the transparent minerals are known to
thermoluminesce to some degree. In 1953 it was proposed that thermoluminescence be used as a radiation detector.
To be useful for dosimeters, a TL material must have a relatively strong light output and be able to retain trapped
electrons for reasonable periods of time at temperatures encountered in the environment. Thermoluminescent detectors often use crystals that are purposely flawed by adding a small concentration of impurity as an activator. Some
thermoluminescent detectors do not require the addition of an
Conduction Band
activator but rely instead upon inherent impurities and defects in
the natural crystal.
Electron trap
TL photon
A simple model (Figure 7-3) can be used to explain the
thermoluminescent process. In an inorganic perfect crystal
Hole trap
lattice the outer atomic electronic energy levels are broadened
Valence Band
into a series of continuous allowed energy bands separated by
Upon heating, the trap is vacated
and a TL photon is emitted. In
Exposure to Ionizing Radiation
forbidden energy regions. The highest filled band is called the
this example, the electron trap is
valence band and is separated by several electron volts from the
the emitting center.
lowest unfilled band called the conduction band. When a crystal
Figure 7-3. Thermoluminescence
is exposed to ionizing radiation electrons are excited out of the
valence band into the conduction band, leaving a vacancy in the valence band called a hole. The electron and hole
are free to wander independently throughout their respective bands. The presence of lattice defects or impurities
gives rise to discrete local energy levels within the forbidden region between the valence and conduction bands.
These discrete energy levels trap electrons which on subsequent heating and recombination causes thermo- luminescence (i.e., light emission). The energy gap between the valence and conduction bands determines the temperature
required to release the electron and produce the thermoluminescence and is characteristic of the material used.
Usually, many trapped electrons and holes are produced. As the temperature of the crystal is increased, the
probability of releasing an electron from a trap is increased, so the emitted light will be weak at low temperatures,
pass through one or more maxima at higher temperatures, and decrease again to zero as no more electron-filled
traps remain.
A graph of the light emitted as a function of time or temperature is called a glow curve (Figure 7-4). Usually the
glow curve plots temperature versus light emitted. A typical glow curve would show one or more peaks (maxima)
as traps at various energy levels are emptied. The relative heights of the peaks indicate approximately the relative
numbers of electrons in the various traps. Either the total light emitted during part or all of the glow curve or the
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Relative Light Intensity

height of one or more peaks may be used as a measure of the absorbed dose in the TL material or the exposure in
air. However, if a peak height is used to measure the dose, the heating cycle must
be reproducible to avoid any peak-height fluctuations.
Unlike film which can only be used once, an advantage of TLDs is that they may
be reused. To prepare the dosimeter material for reuse, it must be heated again at a
high temperature or annealed, to empty all of the traps. The reading process is fast
(e.g., approximately 20 seconds per chip) and can be automated. While the
reusability of TLDs is one of their major advantages, the annealing process destroys
any information stored in the dosimeter and thus the loss of any previous records the
dosimeter may represent (i.e. it can't be reinterpreted).
There are several different TLD crystals in use depending upon application. One
Temperature ( C)
popular TLD material used for personal monitoring is lithium fluoride (LiF)
because:
Figure 7-4. Glow Curve
9 It exhibits a nearly flat response per roentgen over a wide range of photon
energies. The response at 30 keV is only l25% larger than at 1.25 MeV.
9 The light emitted shows little fading (only 10 to 15% within 3 weeks after irradiation) with storage time at room
temperature.
9 Response versus exposure is linear from about 10 mR to about 700,000 mR (700 R).
o

Lithium fluoride TLDs come in several different compositions: TLD-100 is 7.5% 6Li and 92.5% 7Li; TLD-600 is
99.993% 6Li; TLD-700 is 4.38% 6Li and 95.62% 7Li. It is thus possible to measure neutron-gamma fields using
TLD-600 because 6Li has a very high affinity for thermal neutrons while the TLD-700 which has no response to
thermal neutrons has a gamma response similar to the TLD-600.
7.2.c Other Types of Dosimeters
LiF is just one of several types of TL material. Several calcium compounds (e.g., CaF2:Mn, CaF2:Dy, CaSO4:Mn)
are useful in environmental monitoring where exposures as low as 1 - 2 mrem (10 - 20 mSv) can be detected. Some
TLD systems employ both Li- and Ca-type chips.
As noted above, 6Li is highly sensitive to thermal neutrons and special nuclear track
film can also be used. Another type detector used for neutrons is the track-etch
detector. In track-etch, radiation impinging on a solid foil causes damage along the
track of the radiation. These damaged regions can be etched by chemicals so they
become visible either microscopically or to the human eye. The number of tracks
produced per unit area can then be related directly to the amount of radiation incident on
the material, and the absorbed dose. This type of device is useful in a mixed gammaneutron field because the foil is not damaged by beta-gamma radiation. Track etch
material can be either inorganic crystals and glasses or organic polymers. However,
because only particles that lose energy at a rate > 15 MeV/mg/cm2 can be detected in
inorganic materials, the more sensitive organic polymers are normally used to record
particles which transfer energy at rates less than 4 MeV/mg/cm2.
Research with optically stimulated materials have also yielded new dosimeter
materials. The most recent innovation is optically stimulated luminescence (OSL)
dosimetry (i.e., Luxel7 by Landauer, Inc.). Certain crystals exposed to ionizing radiation can be made to luminesce following stimulation with selected frequencies of (laser)
light. The amount of luminescence is directly proportional to the radiation dose.
This material has many similarities to film dosimetry. It is provided in thin wafers
and sealed in a light- and humidity-tight envelope (Figure 7-5). The holder has several
filter elements as with other dosimeters. Radiation exposure causes electrons in the
material to move into traps. To read the device, a laser beam scans the material and
stimulates molecules with trapped electrons. The stimulated molecules become more
excited and radiate light of a different frequency than the laser beam. Thus, the intensity
of this second type of light is related to the amount of radiation exposure. However,
Figure 7-5. Luxel7
7
unlike a TLD chip where reading destroys the information, the Luxel material can be
stored and, like film, reread later if a question about the exposure arises.
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7.2.d Personal Dosimetry Program
The University’s radiation badges (Figure 7-6) use LiF chips to record exposure to
ionizing radiation. Unlike active detectors, this thermoluminescent dosimeter
Worker ID
(TLD) has no display or readout. Radiation workers wear the dosimeter for a
Name
given period (monthly or quarterly) and return the dosimeter to the Medical
Period
Group #
Physics Department for processing. Just as with film, different filters cover differRing
ent TLD elements and the whole body dose is calculated by an algorithm based on
TLD Chips
the ratio or two chip values. A report is generated and the worker learns his/her
radiation exposure several months after it has occurred.
Radiation badges are used to monitor personnel who handle large quantities (>
37 MBq or 1 mCi) of high-energy beta or gamma emitters or who work in areas
where x-/γ-ray radiation sources are used. Regulations requires personnel
monitoring if a worker is "likely to receive, in 1 year ... doses in excess of 10% of
the applicable limits." The University requires personnel to wear radiation badges
when handling or using more than 37 MBq (1 mCi) of radioactive material which
decays by gamma or beta emission with Emax m 300 keV. These dosimeters will
Figure 7-6. UW TLD Badge
not register exposure to beta radiation with energy less than 300 keV and dosimeters are not issued for 3H, 14C, 33P, 35S, and 45Ca. TLDs are also used to monitor exposure to a worker's hands.
These extremity dosimeters are ring badges with a single TLD chip. The dosimeters are processed by special
readers in Medical Physics (Figure 7-7).
If you are a radiation worker and have been issued a TLD to monitor your radiation
exposure, you should follow a few simple practices to insure that the dosimeter
accurately records your radiation exposure.
 Wear only your TLD, never wear another person's badge.
 Wear whole body badges between the collar and waist.
 To avoid contamination, wear ring badges underneath gloves with the chip on the
palm side of the hand that handles radiation sources.
 Do not store your badge near radiation or high-heat sources.
 Do not leave your badge attached to your lab coat (when not wearing your lab coat).
 If you suspect contamination on your badge, return it immediately to Medical
Figure 7-7. TLD Reader
Physics; you will be given a new, uncontaminated badge.
 Never intentionally expose your badge to any radiation.
 Do not wear your badge when receiving medical radiation exposure (e.g., x-rays, nuclear medicine, etc.).
 Return your badge to your badge group leader for processing at the end of the wearing period. You / your lab
group will be charged for late and lost badges.
SMITH, J K
A01 01May-31Jul

Meter
7.3 Gas-Filled Radiation Detectors
Many active radiation detectors use a gas-filled tube to detect radiation.
Resistor
Figure 7-8 illustrates the basic principle used by portable radiation survey
instruments for the detection and measurement of ionizing radiation.
Capacitor
Radiation
Consider for example, the Geiger counter. The detector is a gas-filled,
Cathode
cylindrical tube with a long central wire that has a 900-volt positive
+
+
Anode
charge applied to it and is then connected, through a meter, to the walls of
+
Battery
Detector
Tube
the tube. Radiation enters the sensitive volume of the detector and ionizes
+
gas molecules. The electron part of the ion pair is attracted to the
Figure 7-8. Radiation Detection
positively charged central wire where it enters the electric circuit. The
meter then shows this flow of electrons (i.e., the number of ionizing events) as pulses or counts per minute (cpm).
The only requirement for radiation detection by this type of detector is that the radiation must have enough
energy to penetrate the walls of the detector tube and create ion pairs in the gas. Particulate (alpha and beta) radiation has a limited range in solid materials. Radiation detectors designed for this type of radiation must be constructed with thin walls that allow the radiation to penetrate. The most common types of gas-filled radiation survey
meters are ion chamber, (gas-flow) proportional counters and Geiger-Müeller (GM) detectors.
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7.3.a Ion Chamber Survey Meters
Ion chamber survey meters are radiation detectors designed to collect all of the ion pairs produced in the detector
tube and then measure the current flow. These meters are primarily used to measure x- or gamma ray exposure in
air and the readings are usually expressed as milliroentgen per hour (mR/hr) or roentgen per hour (R/hr). Because
research labs use only small quantities of predominantly beta emitters, they do not use ion chamber survey meters.
However ion chambers are extremely useful for measuring high levels of x- or gamma radiation exposure as seen in
reactor and accelerator operations.
Depending upon application, the sensitive volume is designed to be either air equivalent or tissue equivalent. It
is usually filled with air and is often sealed (i.e., pressurized), but some chambers may be open to the air. The
detector consists of two charged electrodes. In circular detectors (Figure 7-8), the chamber walls are negatively
charged and an anode wire or electrode is positively charged. A resistor of 10 9 to 1020 ohms is placed in the circuit
to measure the current by measuring the voltage change after amplification of the current. An electrometer
designed as the readout device is used to measure the
Electrode
voltage change.
Current
Ion pairs are formed when ionizing radiation interAmplifier
acts with gas molecules in the chamber (Figure 7-9).
When ion pairs are formed the normal motion of the
Charged
ionized particles in the chamber take on a new
particles
behavior; the ions are attracted to the electrodes with
Electrode
Normal atoms
Ion pairs
the opposite charge. When electrons arrive at the
anode they are quickly collected and produce an
Figure 7-9. Ion Chamber
electrical current that is proportional to the amount of
the energy deposited within the chamber. Positively charged particles are attracted to the negatively charged wall of
the chamber and upon arrival are quickly neutralized. These molecules then migrate back towards the center of the
chamber in order to balance the distribution of the molecules within the chamber. The current produced is amplified and measured or the voltage change is measured and the current value is sent to the readout device.
The voltage applied to the electrodes is one of the most important factors affecting the operation of the ionization chamber. If there is zero voltage, the ions will recombine and the chamber will not work. Applying less
voltage than is optimal will cause some of the electrons to be collected, however, the system will exhibit a lower
counting efficiency because there is not enough charge on the electrodes to pull distant electrons to the anode and
many electrons will therefore recombine with their parent or other nearby molecules. The optimum voltage is
designed to collect all the free electrons produced. This voltage level results in a saturation current, characterized
by all of the ions produced being collected. Depending upon chamber design, the voltage range for saturation
current is from 50 to 200 volts. Applying too much voltage will create secondary and tertiary ions (Figure 7-11)
which will turn the ionization chamber system into a proportional counter.
Another factors affecting efficiency is the air pressure. Increasing the air pressure in the chamber will increase
the air density and thereby increase the number of ion pairs produced within the chamber for high energy x or
gamma rays. But, because there are more molecules per unit area near the electrodes, increased pressure will also
increase the chance of recombination of ion pairs. Gas molecules are in constant motion and have some tendency to
diffuse away from regions of high density. A charge transfer may occur during random motion or when the charged
ion is traveling towards the electrode and interacts with other molecules within the chamber. Recombination occurs
if the electron reassociates either with the parent or with another molecule. Recombination is most severe at high
gas pressures where diffusion is slowed by the increased density of the gas.
Ion chambers are often used for measuring x-/ -ray exposure and the exposure reading are normally expressed
in milliroentgen per hr (mR/hr), roentgen per hour (R/hr), or Coulomb per kilogram per hour (C/kg-hr) where 1
C/kg = 3876 R. An ion chamber system is stable to within plus-or-minus 0.1% over several years, so it can be used
to reliably measure calibration sources, dosages of radiopharmaceuticals (see Chapter 13), and x-ray / teletherapy
machine exposure. Research labs do not use ion chamber survey meters.
7.3.b (Gas-Flow) Proportional Counter
A proportional counter is characterized by the fact that that the magnitude of the output pulse from the chamber is
proportional to the total energy absorbed within the sensitive volume. Recall from Chapter 1, alpha particles have
large masses, high energies (~ 4 - 6 MeV) and deposit all or almost all of this energy within the chamber’s sensitive
volume. Beta particles are smaller, less energetic (0.2 - 1.7 MeV), less densely ionizing so they may only deposit
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counts

count rate

part of their low energy (Eavg l 0.3 Emax) within the chamber, and the absorption results in a smaller pulse. Thus, an
α-particle pulse is larger than ß-particle pulse. Also, in a proportional counter, the size of the pulse is proportional
to applied voltage. Therefore, the α-particle pulse, being larger than the ß-particle pulse at the same voltage, can be
detected at lower voltages.
This phenomenon results in the unique 2-plateau
beta
plateau
feature of counts versus high voltage. Because of this, the
noise
alpha
alpha
counter can be set to reject pulses below a given size by
plate
au
use of bias levels or sensitivity settings making it easy to
beta
count for α-particles only in a mixed α/ß sample either by
lowering the high voltage to the α-plateau level or only
voltage
ion current
counting pulses above a certain energy level. Similarly,
one can count only smaller ß pulses by not allowing large
Figure 7-10. Alpha and Beta Pulse Height
pulses to be counted.
Proportionality is enhanced by a feature called gas amplification. In a parallel plate chamber (Figure 7-9, 7-11),
the electric field strength, ξ, experienced by an ion is related to it's distance from the plate (i.e., ξ = V/d). But in a
circular tube with one conductor inside the other (e.g., anode inside the cathode), a non uniform electric field is
created. The electric field strength, ξ, at distance, r, from a central anode with a radius of x meters and a tube
radius of y meters is:
*
V
 ( cm
) =

V

y
r $ ln ( x )

r

1

900
Volts

}x y

Thus, the nearer a charged particle is to the anode, the greater the electric field strength attracting it. Consider a
tube with a diameter of 2 cm (radius = 1 cm) that has a 0.1 mm anode wire (radius = 0.005 cm) with an applied
voltage of 1000 V. The field strength experienced by an electron midway between the anode and cathode (i.e., r =
0.5 cm = 0.005 m) would be 37,748 V/m while the force felt by an electron 0.03 mm from the anode (i.e., r = 0.003
cm = 3 x 10-5 m) would be 6,291,300 V/m.
As the voltage between the anode and chamber wall increases, the ion pairs are accelerated toward their respective electrodes and acquire enough energy to be capable of producing secondary ionizations by collision (Figure
7-11). These secondary ionizations occur in the region
of the primary ionization (as opposed to the entire
chamber). These secondary ions also experience the
primary ions
anode wire
pulse
counter
attractive force of the electrodes. Depending on the
voltage and the type of radiation, there are approximately
secondary
103 - 106 secondary ions created for each primary ion
ions
HV
pair. This multiplication of ions in the gas is called a
Townsend avalanche. Because the electric field force
follows the inverse square law, the avalanche depends
upon the diameter of the collecting electrode. As seen in
Figure 7-11, the electric field near the anode becomes
Figure 7-10. Gas Amplification
stronger as the diameter of the anode decreases.
Decreasing the pressure of the fill gas also increases the gas multiplication, probably because this allows the ionizing particle to travel farther in the chamber and create ion pairs over a much greater path. Denser tubes cause the
radiation to expend its energy in a smaller volume and the molecules, once ionized, resist farther ionization. In the
region of the collecting electrode, a small change in voltage results in a very large change in the number of ion pairs
collected. Thus, the output pulse is "proportional" to the high voltage.
Another characteristic of proportional counters is the alpha multiplication factor (αMF). This factor takes into
account the number of alpha counts on the beta voltage plateau (beta channel). Pulse size increases with applied
voltage. The discriminator in the ß channel is set lower because the ß pulses are smaller than the α pulses (Figure
7-10). Several of the localized Townsend avalanches caused by α particles may produce small pulses which might
possibly be counted as separate ß events. The αMF is used to determine the count increase due to the increase in α
particles counts when counting a mixed sample. All samples counted which have α and ß emissions must be
corrected for the increase in α counts by using this αMF which is calculated by counting a pure α sample on both
the α and ß voltage plateaus and calculating the ratio.
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α counts in the β channel
(>1)
α counts in the α channel

The αMF is used to determine the count increase due to the higher applied voltage in the ß channel. All samples
counted which have α and ß emissions are corrected for the increase in α counts in the ß channel by using the αMF.
Essentially the ß counts would be: ßcpm = (Sample)cpm - (Background)cpm - (αMF x αcpm).
Because most alpha particles have similar energies (~ 5 MeV), the αMF value is relatively constant regardless of
the α emitter. Various systems use this factor differently. Some automatically subtract the α from the ß counts,
some provide gross counts only. Read the manufacturer's literature to see how your system operates.
A typical proportional counter (Figure 7-12) has a chamber approximately 2¼" in diameter to allows for 2"
diameter sample planchets. The chamber may be either
Insulator
windowless or have a very thin window (e.g., 0.9 mg/cm2). The
electrodes consist of an anode, a very fine tungsten wire
Gas
approximately 0.001 - 0.003" in diameter formed into a loop,
Cathode
out
and the cathode is the wall of the chamber and is also used as
reference ground. The chamber is made from high Z material to
Gas
shield against gamma and background with gas inlet and outlet
inlet
ports to allow gas to flow through chamber. The filling gas
may flow continuously during the counting cycle or may only
Chamber window Anode (0.003 inch)
purge the chamber after each count. The gas normally used for
Figure 7-11. Proportional Counter Chamber
mixed α/ß samples is P-10 gas, consisting of 10% methane and
90% argon; however, pure argon may be used for analyzing samples emitting only α particles.
Proportional counters are simple pulse counting devices versus exposure measuring instruments like ion
chambers. They are used primarily in the laboratory for beta, alpha, and neutron detection (see 7.3.d) in which a
special chamber is required for neutron detection because of the need to moderate and then capture the neutrons and
subsequently count the resultant radiation. At one time portable proportional counters were employed and some
(windowless) detectors were fabricated for tritium detection. While these may still be used in some facilities, LSC
counting is by far more sensitive in checking for removable contamination.
In laboratory counting, because there is a minimum sample to window distance, or perhaps a windowless
configuration, the sample is practically in intimate contact with sensitive volume. Some sample self-absorption may
occur so the maximum sample thickness should be between ½ - ¼ inch to allow all particulate events to have a good
probability of being counted. Most systems are 2π, that is the sensitive volume forms a hemispherical dome around
the sample. Therefore, the maximum efficiency is about 50%. However, 4π systems are available with ultra-thin
windows. Given this geometry, the intrinsic efficiency is greater than 99% for alphas and betas which can pass
through the window. Some typical efficiencies to be expected are: 14C - 40%, 90Sr - 55%, 210Po - 35%, and gamma cathode
0.5 - 1% for 0.1 to 2 MeV.
e- (ion)
oton
uv ph

7.3.c Geiger-Müeller (GM) Survey Meter
anode
A Geiger-Mueller counter is characterized by the fact that almost
all radiation ionizing in the sensitive volume is detected. Any
uv photon
individual
avalanches
incident particle that ionizes at least one fill-gas molecule will
institute a succession of ionizations and discharges in the counter
cathode
that causes the central wire to collect a multitude of additional
Figure 7-12. GM Avalanche
electrons. This tremendous avalanche of charge (about 10 9
electrons) produces a signal of about 1 volt.
Ionizing radiation enters the chamber and strikes a filling gas molecule or x-/γ-ray photons interact with the wall
material, kicking electrons into the gas to cause secondary ionization. Ion pairs produced accelerate toward their
respective electrodes due to the high voltage potential (i.e., approximately 900 V). Secondary ions are produced
due to the rapid movement of the initial ion pair towards the electrodes so the entire sensitive volume of the tube is
ionized (Townsend avalanche). The ions reaching electrodes are neutralized and produce the voltage pulse which
will be measured by the electronic processing unit.
GM systems are pulse counters but, unlike the proportional counter, the pulse height is independent of the
energy of incident radiation and is relatively independent of applied voltage. However, because of this
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Pulse height

characteristic, a GM tube tells nothing about the energy of the radiation. GM systems are primarily used as survey
type meters because of their high sensitivity. Practically every ß particle that reaches the counter gas will cause a
discharge and produce a count. However, because gamma photons are less densely ionizing than ß particles, only a
small fraction of the gamma-ray photons will interact with the walls and a much smaller fraction interacts with the
gas. With a compensated GM, which has a thick (200 mg/cm2) steel sheath around the tube, more interactions are
possible in the wall, kicking off electrons into the gas to be counted.
Time, microseconds
The production, collection and neutralization
100
0
300
200
400
of the ion pairs requires time. This time period is
called the instrument’s resolving time (Figure
7-13) and is the time required to attain the ion
field and collect it. During this period, the GM is
incapable of responding fully to a second radiareduced pulse
tion interaction. This resolving time is the sum of
heights, may
be too low to
two other time elements: (1) the dead time, the
produce a
Dead time
Recovery
time
time required for the positive ions created by the
count
Townsend avalanche to move to the anode to be
Resolving time
neutralized, and (2) the recovery time, the time
interval between dead time and full recovery.
Figure 7-13. GM Resolving Time
During the recovery phase, an output pulse from
ion avalanche is not large enough to pass the meter’s discriminator and be counted. Thus, the resolving time is the
minimum time that must elapse after detection before a second event can be detected. For GM tubes it is generally
about 10 - 1000 µsec.
A potential problem of older GM systems that is related to resolving time is saturation which may occur when a
GM tube is exposed to a high radiation field. In such fields, the ionizing events are interacting with the gas in the
GM tube with an average separation in time much shorter than the meter’s dead time (i.e., too many ionizing
events). If a new ionizing event occurs in the sensitive volume when the tube still has not fully recovered, a pulse
much smaller than normal (or none at all) is produced. In saturation, the instrument will show a momentary
upswing of the meter needle followed by a return of the needle to a point near zero. Thus, the meter may be indicating no radiation when the operator is actually in an extremely hazardous radiation field. This is why it’s important
to turn your meter on before entering a potentially high radiation field. Most new GM systems when saturated, fail
upscale (i.e., "peg") so the operator will know there is a high field.
The gas in a GM tube is usually argon or helium and is kept at less than atmospheric pressure. Decreased
pressure is used so excessively high voltages (and risk of saturation) are not required. Gases used are chemically
inert and have a high specific ionization potential to enhance ion production in the sensitive volume. A quenching
gas is also used to stop the Townsend avalanche effect by absorbing the characteristic x-rays produced by the filling
gas when the positive ions reach the cathode. The quenching gas also prevents the filling gas ions from reaching
the cathode wall and producing further ionizing events by neutralizing the positive ions moving toward the cathode.
Common quenching gases are alcohol or chlorine. Organic quenching gases are used up in the quench process so
the tube has a life expectancy about 109 pulses. Inorganic gases recombine within the tube and have essentially an
infinite life expectancy.
There are two basic types of GM tubes (Figure 7-14), compensated (or side window) and thin window tubes.
While all GM tubes have the same components, the construction of the steel wall differs depending upon use. The
thickness of material used in GM tubes is usually stated as density thickness (cf. 1.2.f.3) and measured in mg/cm2.
Compensated detectors are normally employed to measure x-/γ-ray exposure and consist of a moderately thinwalled GM tube (~ 30 mg/cm2) surrounded by a thick-walled shell (~ 200 mg/cm2) . Detection occurs because
photon radiation interacts with the thick shell and ejects energetic electrons which then penetrate the (30 mg/cm2)
GM tube to produce secondary ionizations and a pulse. This type of tube is usually calibrated to measure mR/hr
exposures and will detect, but not quantify, high-energy beta (Emax > 300 keV) particles. To detect beta particles,
the shell is usually rotated to expose a small section of the detector's 30 mg/cm2 tube. High-energy beta particles
(Emax > ~300 keV) have enough energy to penetrate the wall and produce ionizations.
Thin-window detectors are either pancake or end-window tubes. The window is usually a very thin (e.g., 1.5 - 4
mg/cm2) sheet of mica or mylar which allows for the penetration of both α/β particulate radiation. A thin-window
detector can detect beta particles with energies greater than 100 keV. Usually a pancake probe is a little more sensitive than an end-window probe (Figure 7-14), especially for low energy radiation. This is because in end-window
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behind the window where the local electric field of the
central wire is too small to attract the electrons and the
ion pairs recombine. The pancake probe has several
Central Wire
circular electrodes so the electric field is relatively
a
uniform across the face of the tube.
Pancake Gammays
al
R
ntr
At x-/γ-ray photon energies between 70 keV and
Ce ire
)
a
y
g
W
mm s
er
200 keV, a compensated GM tube over responds
Ga Ray
be
-en ow
Tu
igh wind
h
(
because the materials in the tube (gas and tube walls)
ta
GM
e
b
Protective
ire
y
W
are more efficient at stopping low energy photons.
Screen
erg s
al
r
t
-en ticle
n
r
gh
Thus, the meter reads high (Figure 7-15). At medium
Ce
Hi a Pa
t
a
Be
energies the tube will read correctly since the probabil- AlphBeta les
Compensated
& tic
End-window
r
Pa
ity of Compton interactions is independent of Z.
Geiger counters used to measure low energy photon
fields (125I) need to be calibrated specifically for that
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Figure 7-15. GM Detector Sensitivity
absorption (e.g., significant
attenuation by the air requires the source to be close to the GM tube), and absorption by GM window (i.e., even the
1.5 - 4 mg/cm2 thin-window attenuates some alphas) contribute to reduced efficiency. Generally, the GM system
should have approximately the same efficiency for every alpha emitter.
Beta particles are emitted with lower energies than alpha particles, however, their small mass and charge insures
that they have a longer range than alpha particles. Thus, geometry, particularly distance from the sensitive volume,
is less critical. All beta particles that enter the sensitive volume will be counted. The wide range of beta energies
results in a wide range of efficiencies for the same sample geometry. Higher energy beta particles will have a
greater range, source absorption and absorption by the GM window will be less, and efficiency will be higher.
In summary, GM survey meters are radiation detectors used to detect radiation or to monitor for radioactive
contamination. GM detectors usually have a window either at the end or on the side of the detector to allow alpha
or beta particles to enter the detector. These detectors may have a variety of window thicknesses, however, if the
radiation cannot penetrate the window it will not be detected. Depending upon the window thickness, GM systems
can detect x-ray, gamma, alpha, and/or beta radiation. Radioactive materials that emit these types of radiation (e.g.,
14
C, 22Na, 32P, 35S, 45Ca, 51Cr, 60Co, 137Cs) can usually be detected using GM survey meters. Because appropriately
configured GM detectors are more sensitive to x-rays, γ-rays, and high energy beta particles and less sensitive to
low energy beta and alpha particles, they are usually not used to detect alpha or very low energy beta particles.
Thus, GM tubes are not useful for monitoring 3H or 63Ni, nor are they sensitive enough to detect very small amounts
(< 37 Bq or 1 nCi) of low energy beta or gamma emitting radionuclides such as 14C or 125I. GM meters at the
University are usually read in units of counts per minute (cpm) for particle radiation.
7.3.d Neutron Detectors
Neutrons are particularly difficult to detect. Neutrons are often emitted in a wide spectrum of energies, from 0.025
eV (thermal) to 14 MeV, 9 orders of magnitude. Compare this with photon energies which range from 20 keV
(x-rays) to 5 MeV (gamma) where the range only covers 2 orders of magnitude. Additionally, at different energies,
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neutrons interact differently with different elements. It is therefore important to have a knowledge of the type
(energy) of the neutrons to be measured if one is to properly select the detector and to determine the radiation dose
equivalent from the neutron exposure. Because neutrons are uncharged particles they do not ionize directly.
Therefore, some indirect means must be used to detect their presence and measure their flux. These indirect means
are based on measuring the energy released in scatter, fission, or capture interactions.
0.05" iron sheet

BO
Boron trifluoride (BF3) Detectors
The most common neutron reaction used to detect thermal neutrons
is 10B(n,α)7Li. Boron-10 has a 3840 b thermal neutron capture cross
section (see Chapter 11) for this reaction. The α-particles emitted
Paraffin
Ceresin
from this reaction cause ionization which may then be detected.
Two types of detectors employing boron are an ion chamber lined
Output
pulse
with a thin layer of boron and a proportional counter filled with
BF Tube
boron trifluoride (BF3) gas. Only 19.8% of boron atoms are
boron-10 and 80.1% are boron-11. To increase sensitivity, some
systems enrich the quantity of the 10B isotope above its natural
Paraffin
19.8% abundance. For example, BF3 gas containing 96% 10B is
routinely available from commercial vendors.
Figure 7-16. Long Counter
A BF3 counter (Figure 7-16) can be used for fast neutrons if it is
surrounded by paraffin, polyethylene or another moderator which will slow down the neutrons and allow them to be
captured by the 10B. The count rate of such a system increases with increasing moderator thickness. At the
optimum thickness (e.g., 2d" of paraffin), the response is relatively flat over a broad range of neutron energies from
about 10 keV to over 1 MeV. The detector may also be surrounded by a thin sheet of cadmium which absorbs
thermal neutrons.
One detector of great use is the long counter. It is essentially a BF3 chamber surrounded with paraffin or another
moderator. A thickness of 2.375" of paraffin results in a flat response over the range 10 keV to 5 MeV. The name
long counter was derived because of its long, energy-independent range. The counter is highly directional and is
designed to measure neutrons that are incident only on the front face. The layer of paraffin outside the B2O3 is a
shield designed to remove neutrons that are incident on the sides.
2

3

3

Proton Recoil Counters
The most common method used for fast neutron detection is to cause them to interact with a material containing a
large proportion of hydrogen atoms. The hydrogenous material can be either as a gas or a solid (paraffin, polyethylene, methane etc.). If the neutron energy exceeds 500 keV, the neutrons can “knock out” protons from the hydrogenous material. The protons are then detected because they lose their energy by ionizing within the counting gas.
These detectors are often enclosed in Cadmium to absorb thermal neutrons. One type of fast neutron monitor uses a
proportional counter surrounded by a material like polyethylene. The fast neutrons transfer energy to the protons
which cause ions in the gas. Such instruments can detect exposures as low as 50 μSv/hr (5 mrem/hr). A proton
recoil detector usually has a lower sensitivity than a BF3 counter because the scattering cross section of 1H is less
than the capture cross section of 10B and the energy spectrum of the scattered protons is relatively wide with a large
fraction of very low energy protons.
Miscellaneous Neutron Detection Systems
Other methods have also been developed to measure neutron fluxes. Fission chambers use fission to measure
fluxes. A chamber is coated with fissionable material (e.g., 235U) which will fission when neutrons interact with it.
The fission fragments are highly ionizing. Because fissionable materials are more highly controlled than byproduct
material, this type of detector requires a source material license or specific line items on a byproduct license which
specifies the chambers being used. Neutron foils can be used to measure high neutron fluxes by measuring the
amount of neutron activation in the foil. In this method a thin foil is inserted in the beam and the amount of induced
activity in the foil is measured. Various materials can be used to measure either thermal neutrons or neutrons above
a certain energy.
Neutron Rem Counters
The problem with using the boron or proton recoil system is that the response of the instruments using boron falls
off rapidly above energies of a few eV and instruments using proton recoil only start operating at energies above
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100,000 eV (i.e., 0.1 MeV). The intermediate energy neutrons in
this undetected gap can make an appreciable contribution to
neutron dose. To overcome these energy limitations, the neutron
BF Counter
rem meter was developed. This instrument measures tissue dose
(i.e., rem, Sv) over a very wide range of energies from thermal to
15 MeV. Such a meter uses a sphere of polyethylene to slow
Boron plastic with holes
Polyethylene
down (i.e., thermalize) fast neutrons by elastic collisions. There
over 11.3% of the area
are also a series of cadmium filters arranged in the sphere to
provide an energy response correction. The thermal neutrons are
Figure 7-17. Neutron rem Counter
detected in a proportional counter filled with helium gas by the
reaction 3He(n,p)3H, where the recoil protons cause ionization within the counter.
3

7.4 Scintillation Detectors
Scintillation is a process by which energy deposited by ionizing radiation is absorbed and converted to light
photons. There are many types of scintillators including organic crystal scintillators (e.g., anthracene), organic
liquid (LSC, see 7.6) or solid scintillators, inorganic crystal scintillators (e.g., NaI(Tl), GeLi), and noble gas scintillators (e.g., xenon, helium). Scintillation detectors are superior to gas filled GM detectors because the number of
light photons produced is proportional to the energy absorbed in the scintillator.
Consider sodium iodide (NaI) crystals. The purpose of the scintillation crystal is to stop the incident photon and
convert the radiation energy into visible light. While incident photons can interact with the crystal by photoelectric,
Compton, or by pair production (see 1.2.f.2), photoelectric interactions are preferred because the photon loses all of
its energy in one interaction, hence the light produced in the scintillator will be proportional to the energy of the
photon. Other interactions may result in only partial energy absorption (e.g., several Compton interactions,
followed by a photoelectric interaction). The energized electrons are ejected from the regions in the crystal which
they had occupied and travel a short distance transferring energy to other electrons along the way.
Sodium iodide (NaI) by itself, does not produce much light. In a pure NaI crystal the electrons move around and
the energy transferred appears in the form of heat. To make them useful, NaI crystals are purposely flawed with
thallium (Tl) ions which initially trap the energized electrons and subsequently increase light output by a factor of
ten at room temperature. Because the NaI(Tl) crystal is hygroscopic, it is placed in a hermetically sealed can. If the
crystal were left unsealed, it would dissolve in about one week. The excess energy of the thallium-trapped electrons
is released as bluish light photons in the 3 eV (wavelength (λ) = 4100 Å) energy range. Approximately thirty light
photons, each of 3 eV are produced per keV of energy transferred to the crystal. The crystal is transparent to light
photons with energies around 3 eV so these light photons pass freely through the crystal.
All sides of the interior of the hermetic can encasing the crystal, except at the face of the photomultiplier tube,
are highly polished, produce a mirror-like surface. The light photons which pass through the crystal will reflect
from the mirrored sides of the can and eventually exit through the surface of the crystal facing the photomultiplier
tube. About 30% of the light photons produced in the crystal eventually reach the photocathode of the photomultiplier tube. The photocathode is selected to be maximally sensitive to light at wavelengths of 4100 Å (about 3 eV).
Just as with air filled detectors, it takes time for the photon to be absorbed in the scintillator, the electrons to
de-excite and give off the 4100 Å light photons. For NaI(Tl) crystals, this dead time is approximately 0.25 microseconds. For best results, do not count samples with activities greater than 2 MBq (~50 μCi or 110,000,000 dpm).
High activity samples may "swamp" the system and can result in inaccuracies.
The photomultiplier tube (Figure 7-18) then takes a light photon from the scintillator and converts it into a pulse
of electrons and amplifies the pulse of electrons into a measurable electric current.
The photocathode is a thin, semitransparent layer on the inside of the tube that is facing the crystal and is a
substance which will emit electrons when exposed to light from the scintillator. Cesium-antimony (CsSb) is the
most common material used for NaI(Tl) crystals. Light photons from the crystal interact with electrons in the
photocathode causing the electrons to be ejected from their orbits as photoelectrons. The number of electrons
removed from the photocathode is proportional to the energy deposited in the crystal by the incident gamma photon.
These photoelectrons, with the aid of a focusing grid, are accelerated to the first dynode.
A dynode is an electronic device which, as the name indicates, serves a dual electronic role: a dynode acts alternately as an anode and as a cathode. Seven to thirteen metal electrodes coated with a material similar to the photocathode are arranged in a special geometric pattern so each succeeding dynode will have more positive voltage
applied to it than the one before.
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Light photons from scintillator

The photocathode is maintained at ground or zero volts and emits
Photocathode
electrons when struck by a 4100 Å light photon. These photoelectrons
will move toward the first dynode which usually has a potential of
around 300 volts. Each photoelectron strikes the dynode and dislodges
several secondary electrons from its surface. These secondary
Typical
photoelectrons are in turn accelerated toward the second dynode which is
electron
about 100 volts more positive than the first dynode. This process
trajectories
Focusing
continues through the dynode chain. At each stage, a variable number electrodes
of secondary electrons, averaging about 4, are released for each
incident electron. This results in an overall "gain" ranging from 10 5 to
108 electrons produced per photoelectron (depending upon the voltage
D
y
applied to the PM tube). The anode is the last dynode of the tube. The
n
photoelectrons are collected here and then flow through a load resistor
o
to form a voltage pulse, the output signal from the PM tube. This
d
e
output signal will be in the millivolt range.
s
The output signal is shaped and matched by a preamplifier to insure
that no signal distortion is introduced from the PM tube to the main
amplifier. When it leaves the preamp, the signal is proportional to the
energy deposited in the crystal. Finally, the signal is sent through a
Figure 7-18 Photomultiplier Tube
pulse height analyzer (PHA) which quantitatively measures the
maximum amplitude reached during an electrical impulse and records the accepted pulses as counts.
At the UW several types of scintillation counters are normally used, low energy gamma (LEG) survey meters,
liquid scintillation counters (LSC), auto-gamma counters (AGC), and multichannel analyzers (MCA).
LEG survey meters are radiation detection systems used to monitor radionuclides that emit low energy gamma
radiation (e.g., 51Cr, 125I). They can not detect alpha particles nor low energy beta particles. They can detect radionuclides that emit high energy gamma (22Na) and/or high energy beta (e.g., 32P -- however pancake type GM detectors are normally more efficient) radiation. The meter is usually read in counts per minute. When measuring 125I
with a LEG survey meter, a reading of approximately 1,000,000 cpm corresponds to a gamma exposure rate of
about 1 mR/hr.
Liquid scintillation counting (cf. Laboratory 1 and 7.6) is a method of assaying a radioactive sample by
dissolving it in a chemical solution called scintillation fluid or cocktail. When alpha or beta radiation energy is
absorbed in the cocktail, it emits light. The light flashes are converted to electrical signals in the photomultiplier
tube (PMT) and the electrical signals are related to the absorbed energy allowing the sample to be quantified.
Liquid scintillation counters (LSC) are usually used to quantify radioactivity and to measure removable radioactive
contamination. They are ideal for counting radionuclides that decay by alpha and beta particle emission (e.g., 3H,
14
C, 32P, 33P, 35S, 36Cl, 45Ca, etc.) and may also be used to measure some gamma emitters (e.g., 125I, 51Cr) which emit
auger electrons as part of their decay.
7.5 Radiation Detection and Measurement Techniques
Because radioactive material may pose a potential long term risk to workers, especially if it is deposited in the body
because of loose contamination, all personnel who work with radioactive materials must understand how to use the
various types of radiation detectors to verify that their work area continues to be contamination free. To detect and
measure radiation, a worker must first understand how a detector works and then how to use the detector in the
work place.
7.5.a Portable Survey Meter Components
All portable survey meters have certain components in common (Figure 7-19).
The detector (or probe) produces electrical signals when exposed to radiation. It usually has a window through
which the radiation can penetrate to the sensitive volume of the detector.
The readout dial (or dial) is a gauge which indicates the amount of radiation present. It often has two scales,
mR/hr and/or cpm. At the University, labs only use the cpm scale.
The selector switch is used to turn the meter On-Off, check batteries, or select a scale (range) multiplier. The
scale multiplier is the number (e.g., 0.1, 1.0, 10, etc.) by which the dial readings must be multiplied to calculate the
actual number of counts per minute indicated.
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The reset button allows the meter reading to be zeroed.
When the radiation level causes the number of counts per
minute (cpm) to exceed the highest reading on a particular
range, switch the scale multiplier to a higher range, and push the
reset button. This causes the readout needle to be reset to zero
so the user can accurately determine count rate.
The response button adjusts the response time of the meter.
When this switch is fully clockwise (or fast), the meter will
have a fast response but the dial needle will be less stable (i.e.,
rapid and great fluctuations). For slow response times, the
readout's needle moves slowly, but changes are not as erratic.
The speaker is an audible device connected to the radiation
monitor. It may be located outside or inside the meter and may
have its own battery. The speaker is in-line with the detector so
each count produces a audible click on the speaker.
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7.5.b Portable Survey Meter Calibration
Detector
Detector (probe)
The UW license requires that labs have portable survey meters Window
which are sufficiently sensitive to detect an exposure of 100
cpm (α/β particles or γ-rays with LEG) or 0.1 mR/hr (x-/γ-rays)
Figure 7-19. Radiation Survey Meter
and that these meters be calibrated at least annually (and after
any major repair). A meter which is not within calibration is a potential license violation. To insure all meters are
calibrated in a timely fashion, Radiation Safety sends letters to each PI one month prior to the calibration due month
requesting the meter be brought to the Safety Annex for calibration. The calibration process normally requires
about 2 - 4 working days and includes replacement of batteries if necessary. The Safety Department has loaner
meters which a lab may use during the interim that their meter is being calibrated.
The American National Standards Institute (ANSI) recommends that portable survey instruments be calibrated
using the type and energy of radiation that the meter will be measuring. ANSO requires when calibrating a survey
instrument, the meter be calibrated at two points on each scale separated by a distance of approximately 50% of full
scale (e.g., a and b of full-scale). While these requirements are relatively easy to satisfy for ion chambers and
compensated GM systems which are designed to measure x-/γ-radiation exposures in units of milliroentgen per hour
(mR/hr), they pose a problem for thin-window Geiger counters because the β-particle energies encountered in the
lab usually run the spectrum from 160 keV (14C, 35S) to 1.71MeV (32P) and the detection system has an intrinsic
efficiency for such energies ranging from 2 - 5% to 60%, or more
Use
CPM scale only. Cal Date: 7/18/xx
depending upon detector.
Window: Fixed Beam
⊥
to probe center
Battery: O K Check Source: 1500 CPM
The calibration process for thin-window GM survey meters
used for β-particle surveys consists of five major steps. The first
Isotope:
C-14
Tc-99
P-32
step is to calibrate the meter electronics by using a signal generator
160 keV
300 keV
1.71 MeV
to send a known number of electrical pulses through the cable
13%
27%
Efficiency:
2%
normally connected to the GM tube. The signals are varied so each
scale of the meter is calibrated at two points, a and b of full scale. @ Cs-137 energy: 2400 cpm / mR/hr
Then the GM detector is connected to the meter and is exposed to 3
mR/hr
SCALES
DO NOT USE
different calibrated 99Tc sources. Technetium-99 is a pure beta
UW Safety Dept. Calibration Lab 262-8769
emitter with a maximum energy of 292 keV (0.292 MeV). The
sources range in activity from approximately 800 dpm to 113,000
Figure 7-20. Calibration Sticker
dpm. The detector efficiency for the three sources measured on
three different ranges must be relatively consistent and not vary by more than + 20%. The detector is then used to
measure both a low- and high-energy beta emitter, 14C and 90Sr. These energies are essentially equivalent to 35S and
32
P, respectively. The meter efficiency for each of these three sources is recorded on the calibration sticker (Figure
7-20). The meter is then exposed to a 137Cs gamma-ray beam and the factor to convert a cpm reading from a
gamma-ray source into mR/hr is recorded on the calibration sticker. Normally this factor is approximately 2000
cpm per mR/hr although it may vary by + 25%. The last step is to record the meter’s response to the calibration
check source which Radiation Safety affixes to the meter. When using the check source to verify the functioning of
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your meter, the reading should not vary by more than + 20%. Check source reading outside this range may indicate
a problem. Call Radiation Safety for questions.
Low energy gamma probes (i.e., scintillation detectors) are used primarily to monitor 125I. These meters are
calibrated in much the same manner as GMs except after the signal generator is used to calibrate the electronics, an
241
Am source is used to determine the meter’s response to the 60 keV (low-energy) γ-rays at several ranges and the
efficiency is recorded on the calibration sticker. As with the GM meters, the meter is then exposed to a 137Cs
gamma-ray beam and the cpm to mR/hr conversion factor is recorded. For LEG probes this factor is approximately
10,000 cpm per mR/hr although it may vary by + 20%. In Section 7.4 it was noted that for 125I, a reading of
1,000,000 cpm was approximately 1 mR/hr. This is because the NaI(Tl) crystal over responds at energies less than
100 keV. Lastly, the calibration check source is metered and the meter response indicated on the calibration sticker.
After calibration, appropriate records are completed in the Safety Department, the meter database is changed to
reflect the new calibration data, and the lab is called to pick up their meter at the Safety Annex.
7.5.c Radiation Survey Meter Operation
Before using a new meter, send it to Safety for calibration. Often the manufacturer calibrates these meters for 137Cs using the mR/hr scale. Such a calibration
is not valid for β-particles. Read the operating manual to become familiar with
the controls and operating characteristics. Each day, the first time you use your
meter.
 Check the meter for physical damage and look on the calibration certificate
(Figure 7-20) for the date the meter was calibrated. Meters are required to
be calibrated yearly. If the date is more than 1 year ago, do not use the
meter. Radiation Safety calibrates survey meters against known beta
emitting radiation sources (or gamma sources, if required) free-of-charge.
 Check the batteries. Turn selector switch to the BAT position. The
readout's needle must move into the BAT TEST (or BATT OK) range. If
not, the batteries are weak and must be replaced. To conserve batteries, turn
off the meter and speaker when not in use. When storing the survey meter
for extended periods, remove the batteries and call Safety to have the meter
posted with an In storage, insert batteries and calibrate before use label.
 Check the detector response. Radiation Safety places a check source on all
meters and writes on the calibration sticker the meter's response with the
detector on the source. With the meter and speaker turned on, choose the
appropriate range, place the detector window over the check source affixed
to the side of the meter, and measure the radiation of the source. Compare
the response with that given on the calibration certificate. This response
should be within ± 15% - 25% of the indicated response.
Figure 7-21. Meter Readout
 Determine the background count-rate so you can compare your survey
results with an "background" measurement. With the meter turned on and the selector switch on its lowest scale,
point the detector away from any radiation fields and measure the background count-rate. Remember, the meter
reading must be multiplied by the selector switch range (e.g., x 0.1, x 1, x 10, etc.). This result is the
background reading. Normal background for thin-window GM meters is between 20 - 40 cpm and is about 150
- 200 cpm for LEG meters.
 With speaker on, point the probe window at the area or equipment you wish to monitor for radiation or radioac tive contamination. Unless contamination is expected, place the selector switch on the lowest scale. When
surveying or entering contaminated areas with unknown radiation levels, turn the meter on outside the area,
place the selector switch on the highest range setting and adjust the switch downward to the appropriate scale.
Multiply the meter reading by the selector switch setting. For example, in Figure 7-21, if the needle is on 3.7K
cpm and the selector switch is on the "X 10" scale, the radiation count rate is 37,000 cpm.
7.5.d Radioactive Contamination / Radiation Exposure Level Survey Techniques
You must survey yourself and your work area when you finish working with radioactive material to check for
contamination. This informal survey is standard practice to insure contamination is not spread from the lab.
Additionally, labs and other rooms where beta and/or gamma emitting radionuclides (e.g., 14C, 22Na, 32P, 33P, 35S,
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Cl, 45Ca, 51Cr, 65Zn, 86Rb, 125I, 131I, etc.) are used or stored must be formally surveyed for radiation and radioactive
contamination levels periodically using a calibrated radiation survey meter and wipes.
Surveys are done monthly in all rooms when total quantities of radioactivity used or stored in the lab exceed 74
kBq (200 µCi), or semiannually when total quantities of radioactive material in the lab were less than 74 kBq (200
µCi), or when radioactive materials are in storage and the user has requested an exception (see 5.5) to the monthly
survey requirement. GM survey meters are appropriate to monitor for beta with E max > 100 keV and they are
capable of detecting nanocurie (i.e., 2,200 dpm) amounts of 14C, 33P, 35S and 32P. For low energy gamma emitters
(e.g., 125I, 51Cr), a portable scintillation (LEG) meter must be used. Procedures for performing these surveys are:
 Wear lab coat, safety glasses, and disposable gloves; you may need to clean contamination found on the survey.
 Identify the areas where radioactive material is used and/or stored. Survey forms (see Figure 7-33) should
include a floor plan of the room. Identify survey points on the survey form (Figure 7-33).
 Follow the Operating Procedures for Radiation Survey Meters in 7.5.b, above.
 Hold the window of the probe within 1 cm of the surface or piece of equipment you wish to monitor. Pay
special attention to door knobs, telephones, log books, instrument handle(s) and computer keyboards (all of
which may be accidentally cross-contaminated but should remain contamination free). Record the following
information on the survey form:
9 Date and room number of survey
9 Initials of the person conducting the survey
9 Background radiation count rate
9 Meter information (make, model, type, and serial number)
 Slowly move the detector over each the designated area.
9 With speaker on, move detector about 2 inches per second and listen for a change in the rate of clicking from
the speaker.
9 If the meter does not have a speaker, move detector about 1 inch every 2 seconds, observing the readout
needle for rapid movement.
 Be careful when moving the detector, electrical noise may be generated in the cord and these may register as
radiation counts. If you find an elevated spot, recheck it to see that it was not cable noise.
 Do not contaminate the probe. If you only use 32P, you may cover the probe with a thin sheet of plastic (e.g.,
saran) wrap. For 14C, 33P 35S or 45Ca, do not cover the detector (cf. 4.3.b.3), use care to prevent contamination.
 Turn the meter and speaker off when completed or when the meter is not in use.
 Areas or survey points with meter count rates exceeding 650 cpm must be mitigated (e.g., decontaminated,
shielded, etc.). If the exposure is due to radioactive contamination, the contamination must be cleaned and the
successful decontamination must be documented and verified using wipe tests. Remember, efficiencies for 35S
are about 1 - 3% and for 32P about 35%; this is a wide range of activities.
7.6 Liquid Scintillation Counter (LSC)
Liquid scintillation counting is an analytical technique which is performed by the incorporation of the radiolabeled
analyte into uniform distribution with a liquid chemical medium capable of converting the kinetic energy of nuclear
emissions into emitted photons. Although the liquid scintillation counter is a sophisticated laboratory counting
system used to quantify the activity of particulate emitting (ß and α) radioactive samples, it can also detect the auger
electrons emitted from 51Cr and 125I samples.
7.6.a Liquid Scintillation Principles
Figure 7-22 is a graphic illustration of the way the beta radiation interacts with the cocktail (a mixture of a solvent and a
solute) leading to a count being recorded by the system. In
Laboratory 2 there is a complete description of LSC counting
and pulse processing.
Step 1. Beta particle emitted in radioactive decay. To
Figure 7-22. Liquid Scintillation Counting
assure efficient transfer of energy between the beta particle and
the cocktail, the cocktail is a solvent for the sample material.
Step 2. In the relatively dense liquid, the beta particle travels only short distances before all of its kinetic energy
is dissipated. Typically a beta particle will take a few nanoseconds to dissipate all its energy. The energy is
absorbed by the medium in 3 forms: heat, ionization, and excitation. The key in LSC counting is excitation. Some
of the beta energy is absorbed by solvent molecules making them excited (not ionized).
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Step 3. Energy of the excited solvent is emitted as UV light and the solvent molecule returns to ground state.
The excited solvent molecules can transfer energy to each other and to the solute (Figure 7-23). The solute is a
fluor. An excited solvent molecule which passes its energy to a solute molecule disturbs the orbital electron cloud
of the solute raising it to a state of excitation. As the excited orbital electrons of the solute molecule return to the
ground state, a radiation results, in this case a photon of UV light. The UV light is absorbed by fluor molecules
which emit blue light (3700 Å) flashes upon return to ground state. Nuclear decay events produce approximately 10
photons per keV of energy. The beta energy is dissipated in a period of time on the order of 5 nanoseconds. The
total number of photons from the excited fluor molecules constitutes the scintillation. The intensity of light in the
scintillation is proportional to the beta particle's initial energy.
Step 4. Blue light flashes hit the photocathode of the
PMT. The PMT is essentially a linear amplifier. Electrons,
proportional in number to the blue light pulses, are ejected
producing an electrical pulse that is also proportional to the
number of blue light photons. The LSC usually has two
PMTs. The amplitude of the PMT pulse depends on the
location of the event within the vial. An event producing
100 photons will be represented by a larger pulse if the
event is close to the PMT than if the event is more remote.
The signal from each PMT is fed into a circuit which
produces an output only if the 2 signals occur together, that
is within the resolving time of the circuit, approximately 20
nanoseconds (coincidence circuit). By summing the amplitude of the pulses from each PMT, an output is obtained
which is proportional to the total intensity of the scintillation. This analog pulse rises to its maximum amplitude and
Figure 7-23. Cocktail Collision Process
falls to zero.
Step 5. The amplitude of the electrical pulse is converted into a digital value and the digital value, which represents the beta particle energy, passes into the analyzer where it is compared to digital values for each of the LSC's
channels. Each channel is the address of a memory slot in a multichannel analyzer which consists of many storage
slots or channels covering the energy range from 0 - 2000 keV.
Step 6. Number of pulses in each channel is printed out or displayed on a video monitor. In this manner, the
sample is analyzed and the spectrum can be plotted to provide information about the energy of the radiation or the
amount of radioactive material dissolved in the cocktail.
7.6.b LSC Terminology
Liquid scintillation counting has a litany of specialized terminology describing the process and product of counting.
Some of the more commonly encountered terms are listed below.
Chemiluminescence

Random single photon events generated by the chemical interaction of sample components.
Except at high rates, most chemiluminescence events are excluded by the coincidence circuit.

Chemical
Quenching

A reduction in scintillation intensity (i.e., blue photons) seen by the photomultiplier tube
because of materials present in the scintillation solution that interfere with the processes
leading to the production of light. Quenching results in fewer photons per keV of beta particle
energy and usually leads to a reduction in counting efficiency particularly for low energy beta.

Cocktail

The scintillation fluid, a mixture of 3 chemicals (solvent, emulsifier, and fluor) which
produces light flashes when it absorbs the energy of particulate radioactive decay.

cpm

Counts per minute. The number of counts the LSC registered per minute. The number of
radioactive decays in the sample is usually more than the number of cpm (cf. efficiency).

Discriminator

An electronic circuit which distinguishes signal pulses according to their pulse height or
voltage. It is often used to exclude extraneous radiation counts or background radiation, or as
the basis for pulse height analysis.
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dpm

Disintegration per minute. The sample's activity in units of nuclear decays per minute.

Efficiency

The ratio, cpm / dpm, the ratio of measured counts to the number of decays which occurred
during the measurement time.

Emulsifier

A chemical component of the liquid scintillation cocktail that works to keep the radioactive
sample suspended in the cocktail.

Fluor

A chemical component of the liquid scintillation cocktail that absorbs the UV light emitted by
the solvent and emits a flash of blue light.

Fluorescence

The emission of light resulting from the absorption of incident radiation and persisting only as
long as the stimulating radiation is continued.

Luminescence

A general term applied to the emission of light by causes other than high temperature.

Optical
Quenching

A reduction in the scintillation intensity seen by the photomultiplier tubes due to absorption of
the scintillation light either by materials present in scintillation solution or deposited on the
walls of the sample container or optic (e.g., dirt). The result is fewer photons per keV of beta
particle energy and usually a reduction in counting efficiency.

PMT

The photo-multiplier tube (Figure 7-18) is an electron tube that detects the blue light flashes
from the fluor and converts them into an electrical pulse.

Phosphor

A luminescent substance or material capable of emitting light when stimulated by radiation.

Photoluminescence

Delayed and persistent emission of single photons of light following activation by radiation
such as ultraviolet.

Pulse

PMT output signal, amplitude is proportional to the radiation energy absorbed by the cocktail.

Quench

Anything which interferes with the conversion of the sample's radioactive decay energy into
blue light photons. Quench results in a reduction in counting efficiency.

QIP

Quenching Index Parameter is a value that indicates a sample's level of quench.

Secondary
Scintillator

Material in the scintillation cocktail which absorbs the emitted light of the primary scintillator
and remits it at a longer wavelength, nearer the maximum spectral sensitivity of the photomultiplier tubes. It is added to improve the counting efficiency of the sample.

Solvent

A chemical component of the liquid scintillation cocktail that dissolves the sample, absorbs
excitation energy and emits UV light which is absorbed by the fluor.

7.6.c LSC External Settings
All LSCs operate the way, however the different LSC manufacturers may use different terms when describing
operational settings. Regardless of terminology, LSCs will have each of the following controls.
Gain

A control used to adjust the height of the signal received by the detecting system. The gain control for
newer LS counters is often automatically set for the particular radionuclide selected.

LLD

The lower level discriminator is used to discriminate against (i.e., not count) betas with energy below
that setting. This setting is also used to decrease system noise which often occurs in the region below
3 keV (e.g., set the LLD at 2 keV (Beckman Channel 156) for 3H, 14C / 35S and 32P to reduce noise).

ULD

The upper level discriminator is used to discriminate against beta energy higher than that setting (e.g.,
set the ULD to 18.6 keV for 3H and 156 keV for 14C, Beckman channel 427 and 686, respectively).

Because a cerain LSC may have other external controls depending, it is important to read the instrument’s operating
manual to be familiar with the controls and operating characteristics. Typical Gain, LLD, and ULD settings are
listed in Table 7-1.
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Some systems allow the user to select the regions of interest by selecting a keV range of interest. Others offer
several options (channel or keV). Two major vendors of LSC systems on campus. Packard / Canberra / Perkin
Elmer are designed to allow the user to select energy regions. Packard channels correspond to energy in 0.5 keV
increments; that is, the 4000 channels are each ½ keV wide, so the system can detect energies from 0 to 2000 keV
(cf. Laboratory 1). Beckman is another vendor. In a Beckman LSC, the channel option is the default option for
the count window. Beckman LSCs have 1000 channels and the energy is related to the channel by the equation:

Channel # = 72 + 280 log10(Emax)
where Emax is in keV. Thus, the ULD channel settings on a Beckman LSC to detect the maximum possible beta
energy for 3H, 14C/35S, and 32P would be 427, 686/691, and 977, respectively (see Table 7-1). Similarly, the 2 keV
LLD setting would correspond to channel 156.
Table 7-1. Typical LLD, ULD, and Gain Values

Isotope
3
H
14
C / 35S
33
P / 45Ca
32
P

LLD (keV)
Maximum
Optimum
2
2
2
5

2
12
12
5

ULD (keV)
Maximum
Optimum
18.6
156
258
1700

12
156
258
1700

Beckman
Max Channel #1
427
686
747
977

Gain2
50%
6%
5%
2%

1

The LLD and ULD can be set using keV or channel controls. If channel controls are used in a Beckman
LSC, the corresponding channel numbers are listed (see 7.6.l)
2
The gain control for newer LSC is automatically set

7.6.d Considerations in Isotopic Analysis
The beta particle must have sufficient energy to produce at least 2 photons in the cocktail and one must interact with
each PMT within the time set for the coincidence circuitry. Below a few (i.e., 2 - 4) keV of energy, the yield of
photons under ideal conditions, is 7 - 8 photons per keV. The photocathode of a PMT is not 100% efficient. The
conversion efficiency from a photon to a photoelectron is only about 30%. The coincidence threshold, and conse quent lower detection limit, occurs below 1 keV.
LSC can be used for alpha emitters because it offers very high
counting efficiencies (e.g., nearly 100%) and simplicity of sample
dN
preparation. Most α radionuclides emit high-energy particles in the
dE
range of 4 - 6 MeV. A characteristic property of alpha particle interaction with liquid scintillation media is a low scintillation or photon yield
as compared to beta or even gamma emitters (light yield is about a
keV
0
factor of 10 [i.e., 10%] lower). This is because almost all the kinetic
energy associated with an alpha emission is given up to the media in a
Figure 7-24. Typical Alpha Spectrum
relatively short distance. The relative scintillation (i.e., light) yield
from this absorption depends upon specific ionization. The higher the 700
specific ionization, the lower the relative photon yield. This results in C
o
poor alpha radionuclide energy resolution. Even though alpha
u
emission is monoenergetic, the pulse height distributions are relatively n
t
broad (Figure 7-24).
s
Because they are less dense, the organic scintillators used in LSCs
50 keV
0
have a lower gamma ray absorption coefficient than inorganic (NaI)
scintillation crystals. The photoelectric effect is small when E > 300
Figure 7-25. 125I Spectrum
keV and Compton scattering becomes the main absorption process.
Thus, the pulse depends upon gamma energy. For E < 20 keV, the photoelectric effect (i.e., all gamma energy is
transferred to a single electron) predominates. For 20 keV < E < 100 keV, both photoelectric and Compton effects
contribute. And, for 100 keV < E < 3000 keV, the Compton effects predominates. Thus, LSC can be used for
counting x-/γ-ray emitters like 49V, 51Cr, 125I (i.e., these radionuclides also emit auger electrons with energies ranging
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from 4 to 20 keV). In fact, for 125I, counting efficiency can be as high as
76% in a typical emulsifier type LSC (Figure 7-25). Efficiencies typically
seen in LSCs are found in Table 7-9.
LSC Energy Representation
Remember, in liquid scintillation counting, the total energy we are dealing
with can range from essentially 0 to 2,000,000 eV (2000 keV). Even tritium
(3H) has an energy distribution from 0 to 18,600 eV. Representing this
spectrum on linear paper is difficult. Even if the linear scale used is in units
of keV (thousand electron volts), to represent the entire spectrum encountered in research labs (up to 2,000 keV) on linear scale requires a long scale.
Often, what is used to simplify the graphing and analysis is a log scale.
Logarithms to the base 10 (Log or Log10) consist of a integer (i.e., the
characteristic) followed by decimal (i.e., the mantissa). The characteristic
represents powers of 10. Thus, the characteristic for 1, 10, 100, 1000,
10,000, etc. are 0,1, 2, 3, 4, etc., respectively. When looking at an LSC
energy range of 0 to 2,000,000 eV, the characteristic ranges from 0 to 6.
Figure 7-26. Linear vs. Log Scale
The mantissa is derived from a table, but for the same set of integers, it
remains the same. For example, the logarithms of 2, 20, 200, 2000, 20,000, etc. are 0.3010, 1.3010, 2.3010, 3.3101,
4.3010, etc., respectively. Thus, the 3H spectrum plotted on log paper will look different than the same data plotted
on linear paper, the log scale plot is more "bunched-up" at the end of the scale. Sometimes, representing information in one scale or the other (i.e., linear or log) makes it easier to visualize the information or manipulate the data.
Thus, you should be aware that the graphs of the same data look different depending upon whether a linear or log
scale is used and always look at the units used to represent the data.
Each type of representation has advantages and disadvantages. Regardless, the representation of the lowest
energies emitted (e.g., ~0 - 2 kV) is inaccurate. One reason for this is that the lowest energy required to produce a
count in the analyzer is about 0.7 to 1
keV. Most manufacturers who use
log scales use channel numbers
instead of keV on the scale. Also,
because the logarithmic scale is
compressed at the upper end, it is
difficult to determine energies and
calculate average pulse height.
Quench
The color of the light emitted in the
scintillation process is blue to UV
(3700 Å). Samples containing
colored materials (e.g., urine, plant
and animal tissues, feces, etc.) can
absorb this blue light before it can
escape the vial and strike the photomultiplier tube. In fact, virtually
anything added to a counting vial
(color, filters, solvents, etc.) can
reduce the efficiency of the scintillation process. This reduction in system
Figure 7-27. Quenching Effect
efficiency as a result of energy loss in
the liquid scintillation solution is
called quench. Three major types of quench encountered are photon, chemical, and optical quench. Photon
quenching is the incomplete transfer of beta particle energy to solvent molecule. Chemical (or impurity) quenching
causes energy losses in the transfer from solvent to solute. Optical or color quenching causes the attenuation of
photons produced in solute. The effect of quench is to shift the measured radioisotope’s energy spectrum toward the
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low energy end of the graph (Figure 7-27). This shifting depends upon the type of quench as well as the type of
display (i.e., linear versus log).
Photon quench often results from the incorporation of incompatible substances that are not soluble and may
result in a heterogeneous mixture. In this situation, detector efficiency is reduced and light collection may also be
incomplete.
In chemical quench, chemical agents (e.g., dissolved oxygen, water, etc.) added to the cocktail with the sample
interfere with the transfer of kinetic energy so the chemical quenching agent absorbs beta energy and converts it to
heat (e.g., infrared) before it can be converted to blue light photons. This leads to a reduction and loss of blue light
and reduction of efficiency. Chemical quenching appears to affect all radiation energies equally.
The cocktail ultimately produces blue light (3700 Å) light. Red, green and yellow colors in the cocktail may
absorb some of this light resulting in reduced efficiency. Thus, color quenching results from the passage of the blue
photons through the medium and depends on the color of the interfering chemical and the path length that the blue
photon must travel. Events that take place near to one PMT will give rise to a large pulse and a smaller pulse in the
other PMT. When these two pulses are summed in the coincidence circuit, the resultant pulse height may be as
large as from an unquenched decay and usually only the number of events will be significantly reduced. While
bleaching with hydrogen peroxide may reduce the color, it adds oxygen, a chemical quencher. Finally, at equal
quench levels, the pulse height of colored samples are spread over a wider energy range than for chemical quench
samples, therefore one should not use a chemical quench curve to correct for strong color-quenched samples .
Because quench affects the efficiency of sample detection, quench could have a significant impact on your LSC
results. To better understand the importance of
quench on your work note these three different
quench curves and the resulting efficiencies.
These quenched standards were counted on a
Packard 1900 LSC in the Safety Department. On
a different Packard system it is likely that the
quench numbers and resultant efficiencies will be
a little different, but not the effects of quench.
The Packard allows the user to select keV
regions of interest. For this demonstration we
selected three channels: Channel A, 0.0 - 18.6
keV; Channel B, 18.6 - 156 keV; and Channel C,
0.0 - 2,000 keV (see 7.6.l for Beckman LSC
comments).
Figure 7-28. 3H Quench Curve
3
Two of the standards counted were H
(Figure 7-28) and 14C (Figure 7-28). Channel A
encompassed the entire energy region for 3H.
Channel B was selected as a region from the top of
Channel A to the maximum possible energy of 14C,
156 keV. Channel C was selected as the entire
energy region (up to 2000 keV).
The 3H results are shown in Figure 7-28. Note
the extremes of values for the quench parameter
(tSIE). A maximum efficiency of approximately
48% is achieved with a quench parameter (tSIE) of
518. The minimum efficiency of 0.33% is obtained
with a quench of 17.9. Thus, a quench of 45 or
below would result in essentially background
counts (efficiency l 3%).
We deliberately counted 14C in two different
Figure 7-29. 14C Quench Curves
channels to allow you to observe the shifting effect
quench has on where the count is produced in the LSC. Figure 7-29 depicts the Channel A, Channel B, and
Channel C (A + B) results. Again, the extremes from quench are evident. Looking only at Channel C, a maximum
efficiency of approximately 92% is achieved with a quench parameter (tSIE) of 522. A minimum efficiency of 18%
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is seen with a quench of 17.9. The higher energy beta ( 14C) sample means it is not as severely affected by quench as
a low energy (3H) beta source. But, notice that as quench increases (tSIE decreases) the counts begin shifting from
Channel B into Channel A even while the total efficiency remains above 80% (at tSIE = 167) as depicted in
Channel C, the majority of counts are now occurring in channel A as
opposed to Channel B.
As we saw with our analysis of quench on single isotopic samples (cf.,
Figures 7-28 and 7-29), quench shifts the energy spectrum into a lower
region and reduces the efficiency (Figure 7-30). The situation is less
important for very high energy emitters like 32P and 86Rb, and only slightly
important for medium energy emitters if there is significant quench. As
you can see from Figure 7-29; even with a lot of quench, if you are reviewing your results over the entire energy spectrum (e.g., for 14C or 35S, that
would be 0 - 160 keV), the total efficiency is normally well above 50%
efficiency. Only 3H is significantly affected by quench.
However, suppose you were counting a dual label such as 3H and 14C.
Recall from Figure 7-29, quench will shift more of the 14C spectrum into
the same region that you are counting the 3H. Because of this spill over,
not all the counts in the 3H energy region will be due to 3H. Some will be
14
C counts. Consider the quench samples used in Figures 7-28 and 7-29.
The results of quench on a dual labeled sample are illustrated in Table 7-2. Figure 7-30. Quench vs Efficiency
Table 7-2. Quench Effect in Dual Label
3

tSIE
520
430
345
280
220
170
125
85
45
18

H Quenched Standard'
Ch A: 0.0 - 18.6 keVH
efficiency
cpm
47.9
93,172
44.5
86,600
38.7
75,245
33.3
64,668
26.9
52,380
20.4
39,567
13.8
26,909
8.6
16,624
2.8
5,463
0.3
641

14

C Quenched Standard'
Ch A: 0.0 - 18.6 keVH
Ch B: 19.0 - 156 keVH
efficiency
cpm
efficiency
cpm
36
49,118
57
77,771
43
58,669
50
68,220
51
69,584
40
54,576
59
80,500
30
40,932
69
94,144
19
25,924
77
105,059
8
10,915
79
107,787
2
2,729
73
99,601
0
0
54
73,678
0
0
18
24,559
0
0

Ch A
cpm
142,290
145,269
144,829
145,168
146,524
144,626
134,696
116,225
79,141
25,200

Ch B
cpm
77,771
68,220
54,576
40,932
25,924
10,915
2,729
0
0
0

Sample activities: 3H = 194,433 dpm; 14C = 136440 dpm
Counting regions: Ch A = 0.0 - 18.6 keV; Ch B = 18.6 - 156 keV

'
H

What's this mean for your results? Obviously, you can not use the cpm appearing in the appropriate channel to
determine activity in your sample. Usually a set of 3H and a set of 14C standards can be used. If you have developed a quench curve, you can determine 14C activity by using the Quench number and cpm in channel B. You
could also use the distribution of efficiencies (e.g., if quench = 430, efficiency is distributed 43% in channel A and
50% in channel B) to determine the expected cpm for 14C in Channel A, then subtract that cpm from the total in
Channel A to determine cpm for 3H and then calculate subsequent activity of 3H from the quench number.
That's a lot of work, especially if you have 100 samples. Most LSCs have the ability to do dual spectrum analysis. For this process, one of the methods used is to use a dual (e.g., 3H/14C) quenched standard set. Run the
standards (see 7.6.i) and use the program generated to determine activity (i.e., dpm, mCi, etc.) directly.
A word of caution. When you do a quench calibration using a dual standard, some LSC units shift the channel
separation points in an automatic process to assure that the greatest number of each isotopes counts appear in the
proper channel. For that reason, you can not develop a quench curve from a dual labeled standard and then apply
the curve to sample results obtained with exact energy channels (e.g., 3H: 0 - 18.6; 14C: 18.6 - 156).
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The Safety Department has several counters and programs which can be used to count either single (i.e., 3H, 14C,
S) or dual label (3H/14C or 3H/35S) sample.
Lastly, we counted a set of 125I standards. The
decay of 125I is by internal conversion and the decay
energy interact with K- and L-shell electrons ejecting monoenergetic Auger electrons at 3.6 keV and,
at a much lower abundance, 22 keV. Remember,
Auger electrons are emitted monoenergetically.
There may also be some interactions of the x-rays
in the cocktail to provide relatively high efficiencies. An efficiency of 81% is achieved with a
quench parameter (tSIE) of 607. The minimum
efficiency of 52% is seen with a quench of 1717.
Other nuclides which emit Auger electrons are 55Fe
and 51Cr.
Figure 7-31. 125I Quench Curves
The point of this discussion: Quench is important. You must understand the impact of quench and how the system you are using represents it if you desire to
obtain viable results.
Quench calibration delimits the valid ranges for quantifying a sample. Samples with quench numbers outside
the calibration range will raise a Flag indicating the value is out of range. The conversion to dpm will be made, but
will be an extrapolation from the highest/lowest recorded quench value.
35

Chemiluminescence / Photoluminescence / Static Electricity
Luminescence is a single photon event. Each reaction results in the emission of a single photon. Up to a certain
number of single events, the coincidence circuit can discriminate between luminescence and beta events. However,
with a large number of these single events, some may be registered as counts if two single events occur within the
time frame of the coincidence gate (see Laboratory 1). Thus, even though LSCs employ a coincidence circuit,
luminescence becomes a problem when the production of single photons occurs at a rate sufficiently great that
separate luminescence events stimulate each PMT within the resolving time of the coincidence circuits.
Chemiluminescence is the production of light as a result of a chemical reaction between components of the
scintillation sample in the absence of radioactive material. This most typically occurs in samples of alkaline pH
and/or samples containing peroxides when mixed with emulsifier-type scintillation cocktails, when alkaline tissue
solubilizers are added to emulsifier-type scintillation cocktails, or in the presence of oxidizing agents in the sample.
Reactions are usually exothermic and result in the production of a large number of single photons. Photoluminescence results in the excitation of the cocktail and/or vial by UV light (e.g., exposure to sunlight or sterile hood
UV lights). Chemiluminescence has a relatively slow decay time (from 0.5 hr to > 1 day depending on the temperature) while photoluminescence decays more rapidly (usually < 0.1 hr).
The luminescence spectrum has a pulse height distribution which overlaps the 3H spectrum. The maximum
pulse height is approximately 6 keV and the spectrum is (chemical) quench independent. The equivalent of a few
keV of beta particle energy, the maximum number of events occurs between 0 and 2 keV and remains there
independent of quenching. Contrary to popular belief, cooling the luminescent scintillation samples may reduce the
photon intensity to low levels, but the interference is still present and provides a false indication of luminescence
control. Chemiluminescence will decay with time or at elevated temperatures. It can be greatly reduced by acidifying the solution to be counted. The chemiluminescence count rate, although high, will decrease with time. Preparing and counting a control sample with no radioactivity will indicate the decay time of the luminescence.
Static electricity on liquid scintillation vials is also a single photon event with pulse height limited to about 10
keV. Many items used in the liquid scintillation counter environment are conducive to the development of static
charges. In general, glass vials have less problems with static than plastic vials; small vials in adapters are particularly prone to static charge buildup. Most systems offer an option which employs a static discharge device or an
electrostatic controller.
Self-absorption
Self-absorption quench (Figure 7-32) occurs when a beta particle emitted by an isotope remains undetected because
of entrapment in non-scintillating media (e.g., cell membranes, cells, precipitates). It may be particularly severe for
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weak beta emitters like 3H which travels only about 0.000863 cm in a cocktail
before the energy is completely absorbed. This form of quench occurs most
frequently with assays that involve filtration steps (e.g., membrane and whole cell
receptor assays and cell proliferation assays). Additionally, counts in particulate
materials deposited on the surface of a filter may also be susceptible to selfabsorption. This form of quench may be reduced only if adequate measures are
taken to solubilize the material from the surface of the filter before counting.
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Figure 7-32. Self-absorption

Sample Volume / Dual Phase Samples
As the sample volume decreases (e.g., below 10 ml in 20 ml vials), the light output falls on less efficient areas of the
PMT. Consequently energy detection becomes less efficient with low volumes. If you need to use small volumes,
use small LSC vials. Phase separation is also a potential problem. If two phases are present (e.g., aqueous sample
mixed with organic cocktail or samples which separate due to temperature variations), the activity may be distributed between the two phases. Because each phase will have its own counting efficiency, external standardization
and dpm calculations may provide false results.
7.6.d LSC Quench Correction / Quench Calibration
Thus, there are many factors which affect LSC counting efficiency. These include the degree of quenching, the
nature of the sample, the scintillation cocktail used and the sample preparation method. Not all types of particleemitting radiation (α, β) are detected equally well by the LSC. In general, the higher the beta particle energy the
higher the LSC efficiency. If you are counting one or two samples, looking for gross amounts of counts / activities
(e.g., "all" or "none"), the impact of quench and these other factors may be of slight importance. However, if you
need accurate results which reflect the correct activity in your assay / sample, you must determine system efficiency
and use that efficiency to determine activity in dpm, μCi, Bq, etc. The two most common methods used to make
these corrections are the sample channel ratio (SCR) and the external standard.
Sample Channels Ratio (SCR)
As seen in Figures 7-27, 7-29 and 7-33 and Table 7-2, quench will
produce a two-dimensional shift in the counting spectrum, that is a
reduction in total number of counts and shifting of the energy peak
toward the low energy end of the graph. The concept is to set up
two counting regions, A and B. Region A would encompass the
entire energy region and Region B would encompass a fraction of
the entire region. One suggestion is to set the Lower Level
Discriminator (LLD) of Region B to obtain approximately 70% of
the count rate in Region A. Another suggestion for 3H counting is
to select Region A to cover 0 to 19 keV and Region B to cover 2 to
19 keV.
Once these regions have been established, count LSC solutions
containing a known amount of radioactivity and varying amounts of
Figure 7-33. Sample Channels Ratio
quench. Calculate the ratio of the two regions, B/A (or A/B). Then
graph the channels ratio, B/A (or A/B), versus efficiency.
The benefit of using the SCR is that only two counting channels are required (i.e., A and B) and, while LSC
computers may be capable of 4000 or more channels, this method will work with either older or newer LSC
systems. On the negative side: (1) the SCR has limited use for highly quenched samples because of the spectrum's
shift, (2) the precision depends upon the instrument's region settings, (3) optimizing regions is somewhat tedious,
(4) longer counting times may be required to obtain statistical accuracy and (5) is of limited use in dual labeled
counting or with low activity samples.
External Standard
Recall that as x-/γ-rays pass through matter, it ionizes by both compton and photoelectric interactions. For a given
energy gamma-ray and absorber (e.g., liquid scintillation cocktail), the spectrum of these comptom and photoelectric electrons will be the same. Quench will shift this spectrum into a lower energy region and reduce the total
counts detected. This shifting can be analyzed and the amount of quench determined.
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One of the first methods was the Compton Edge developed by Dr. Horrocks and introduced by Beckman as the
H-number. Origninally, the H-number was
defined as the projection on the log energy scale
of the point located on the Compton Edge at half
peak height. The technique was later modified to
use a specific inflection point instead of the edge
point (Figure 7-34). While various sources have
been used in this determination, Beckman Instruments settled on a 137Cs source, allowing them to
Figure 7-34. 137Cs External Standard (linear & Log)
reduce the external standard counting time to 6
seconds. A log scale was used because in the linear scale, the inflection point is less obvious. One additional
problem with the H-number concerned the difference between chemical and color quenching (Figure 7-27). Color
quenching tends to flatten spectrum, fewer pulses are spread over a broader region. This flattening will introduce
significant errors if the activity of a color-quenched sample is calculated using a chemical quench standard.
The Packard Instruments (now PerkinElmer) LSC developed a transformed Compton spectrum. In this method,
an algorithm is applied to the energy distribution to correct to spectral distortions (e.g., wall effect, volume variations, color quenching, etc.). This method was implemented using a 133Ba external standard and proprietary
algorithms to reduce spectral distortion and allow for the use of only one quench curve per radionuclide, regardless
of cocktail used.
Quench Calibration
Once you determine the method to be used for quench correction (i.e., SCR or external standard), you are now
ready to calibrate the LSC counter for the type of sample that it will analyze. Although you could purchase components and make your own calibration standards, normally a vendor purchased quenched standard set is used following the method described below.
Each vial contains 194,433 dpm -- H-3

Quench # =
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430

cpm =

93,172

86,600

eff =
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341

279
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Figure 7-35. Set of 3H Quenched Standards
 A 10 vial standard set, Figure 7-35, each containing the same amount of radioactivity (i.e., dpm) but mixed with
increasing amounts of a chemical quenching agent (e.g., nitromethane, CCl4) is used. Quenching agents absorb
the radiation energy and, instead of emitting a pulse of UV light, they radiate infrared so the fluors do not get
excited. Thus, the more quenched the sample, the fewer the counts detected in the desired channel. The reduced
amount of light emitted per radiation energy absorbed usually results in a shifting of the spectrum into lower
channels (Figure 7-27). These samples routinely come in 3H, 14C, and mixed 3H/14C sets.
 The quenched standards are placed into a LSC tray which is then placed into the LSC. Set the LLD, ULD (or
Channel # for Beckman LSCs) and Gain as appropriate (Table 7-1), determine Regions A and B for SCR, and
begin counting. Note that for statistical reasons, the ULD for 3H is usually set to a lower value than the end
point of the 3H spectrum. Newer LSCs may allow you to program the calibration via the computer keyboard.
 The number of counts registered (cpm) for each of the standard vials and the amount of sample quench (QIP)
are determined by the LSC and printed out or stored in a designated correction program. For the SCR method,
the counts in each region will be printed for each sample.
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 Because all the standards contain the same amount of radioactivity, the efficiency (i.e., ratio cpm / dpm) of the
counter for each of the various levels of quenching can be plotted as in the graph in Figures 7-28 and 7-29. For
the SCR method, calculate the ratio B/A and plot a graph of the ratio B/A versus efficiency.
Sample Activity (i.e., dpm) Calculation
The benefit of quench correction / calibration is that it enables the user to convert sample results reported in cpm
into activity units such as μCi, pCi, dpm or Bq. Some liquid scintillation counters will do this automatically using
programs stored on the computer. For others, the calculation is done manually.
 Count your samples, the counts per minute and the quench level are printed out for each sample. If using SCR
method, calculate the ratio of B/A.
 Find the efficiency for the sample’s quench level from the appropriate quench curve (e.g., Figure 7-28 or 7-29)
or using the SCR efficiency curve.
 Calculate the activity (dpm) from the reported counts per minute (cpm) by dividing the number of counts by the
efficiency (i.e., dpm = cpm / eff).
7.6.e Operating Procedures For LSC Counters
Remember, every instrument is a little different (e.g., different instrument, models, upgrades, rebuilds, etc.). Read
the LSC's operating manual to gain familiarity with the controls and operating characteristics. To count your
sample:
 Place samples into LSC vials and add the correct amount of liquid scintillation cocktail (e.g., 1, 5, and 10 ml, as
appropriate). Include a background vial which contains scintillation cocktail and a non-radioactive sample
similar in make-up (i.e., geometry) to your radioactive samples.
 Place your sample vials with the background vial into the LSC tray (or belt) and place into the LSC.
 Set count time to at least 2 minutes, shorter times give poor counting statistics.
 Set LLD, ULD, and Gain (see Table 7-1 for Beckman LSC channel settings) and begin counting.
 Calculate the true radioactivity of the sample in units of dpm by dividing the sample cpm by the counter
efficiency for that energy of sample (i.e., dpm = cpm/eff). As discussed above, the counter efficiency may be
different for different vials depending on the amount of quenching present. The general procedure to determine
sample activity (i.e., dpm, μCi, etc.) is:
9 Count your samples so the counts per minute and the quench level are printed out for each sample.
9 Find the efficiency for the sample’s quench level from the appropriate quench curve (e.g., Figure 7-28 or
7-29).
9 Calculate the activity (dpm) from the reported counts per minute (cpm) by dividing the number of counts by
the efficiency (i.e., dpm = cpm / eff).
7.6.f Cerenkov Counting
Some beta emitting isotopes can be analyzed on an LSC without using any cocktail. The literature of several
manufacturers discusses counting high energy (E max > 800 keV) beta emitters without using any cocktail or with
only a little water, using a technique called Cerenkov counting.
When high energy beta particles travel faster than the speed of light in the medium they are traversing (e.g.,
water, etc.) Cerenkov radiation (i.e., light) is produced. Cerenkov radiation is the blue light you see when you look
into a reactor pool. Cerenkov radiation allows some beta emitting radionuclides to be analyzed using a liquid
scintillation counter without using any cocktail. For Cerenkov radiation to be produced, the beta particle energy
must exceed a minimum threshold energy (E th) which is calculated by:
511 n
Table 7-3. Cerenkov Efficiency
E th =
− 511
n2 − 1
mm water
% efficiency
In this equation, 511 is the rest mass of an electron in keV and n is the refractive
0
30.8
index of the medium (e.g., nglass = 1.5, nwater = 1.33). Consider, for example,
1
42.2
using water instead of cocktail. Then, for water, E th = 263 keV. If you were
2
44.1
counting filter papers in glass vials, then Eth = 175 keV.
32
36
86
90
90
4
48.0
Given these energy constraints, P, Cl, Rb and Sr/ Y have sufficient
8
46.8
energy to be analyzed using Cerenkov counting. From a practical point of view,
at the UW the only beta emitting radionuclides likely to be analyzed by Ceren12
46.9
kov counting are 32P and 86Rb which emits a beta particles with Emax ~ 1,710 keV.
16
46.3
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Because beta particles are emitted in a spectrum of energies, approximately 86% of the 32P beta particles have
energies exceeding the Eth = 263 keV for counting in water. With proper LSC adapters (if needed), researchers
could directly analyze their samples in 0.5 and 1.5 ml microfuge tubes.
Consider an example of Cerenkov counting of a 32P labeled compound that Radiation Safety conducted. Safety
used an aliquot from a vial containing 185 MBq (5 mCi) in a 10 ml aliquot of [alpha-P-32] UTP. The radioactive
sample was placed in a 20 ml glass vial and counted with various quantities of water added (Table 7-3). The samples were counted at ambient temperature using a Packard 1900 with the counting window / region set at 5 - 1700
keV. The activity used was estimated by counting an identical sample in LSC cocktail and assuming 90% efficiency. As seen from Table 7-3, counting 32P in a 20 ml glass vial, with 4 - 12 ml of added water gives optimum
efficiency. However, note that relatively good efficiencies were obtained for all samples. Typically the counting
efficiency of 32P in 4 - 12 ml of water is expected to be approximately 40 - 50% compared to the efficiency obtained
by using LSC cocktail for the same 32P sample of nearly 100%.
As with any counting method, Cerenkov counting has advantages and disadvantages. Advantages include
simple sample preparation (i.e., only add water, the volume is not too critical), less expensive, (i.e., no LSC cocktail
used), sample can be recovered, no chemical quench (i.e., light is given up directly to the medium, no cocktail is
employed), and waste can be treated as solid if no water was used or as aqueous. Disadvantages include lower
efficiency, higher color quench, volume dependence (particularly if using less than 2 ml of water), and medium
dependence (e.g., glass / plastic vials, water, air, etc.).
The biggest factor preventing universal use of Cerenkov counting is beta energy. In order to achieve adequate
efficiency, the average beta energy (Eavg l 13 Emax) must be greater than the required threshold energy, E th. Thus,
from a practical point of view, this criteria limits Cerenkov counting to beta emitters with maximum energies
greater than 1 MeV. The only commonly used radionuclides fitting this criteria are 32P and 86Rb.
7.7 Removable Contamination Wipe Survey Techniques
Loose surface contamination is radioactive material in a form that is easily spread, is in a place where it shouldn’t
be or places we are unaware of. If a person walks through a contaminated area, some radioactive contamination
will be picked up by their shoes and spread as they go about their work. Loose surface contamination can be
cleaned up using conventional janitorial methods, although the rags and other cleaning materials will then have to
be treated as contaminated waste. Removable contamination poses three potential problems, it might:
9 be inadvertently ingested if not quickly discovered and cleaned.
9 be spread beyond the laboratory and cause undue stress to families and friends of the workers involved.
9 become airborne and become a potential inhalation hazard.
If loose contamination is absorbed into or worked into surfaces, it becomes more difficult to remove. Although it
would now appear to be fixed contamination, it may once again become loose contamination due to grinding or
abrasive actions (e.g., walking) or may simply leach from the surface.
Labs where radionuclides are used and/or stored must be surveyed for removable radioactive contamination by a
wipe or smear survey. At a minimum, these surveys must be done monthly when a lab has had 74 kBq (200 µCi) or
more used within the lab (receipt, use, storage, etc.) in a month, semiannually when less than 74 kBq (200 µCi) is in
the lab or when radioactive materials are in storage (with approved exception), or in counting rooms only.
The wipe survey is performed by wiping areas with a small piece of filter paper or cotton swab. The Safety
Department recommends that absorbent wipes be moistened to aid in surfacing contamination. It is estimated that a
moist wipe may remove approximately 20 - 30% of the removable contamination compared to only 10% for a dry wipe. The survey is performed over an
area of approximately 300 - 400 cm 2 because that is the approximate surface
area that would be brushed by a person walked through the lab. Even though
this area is equivalent to a square approximately 7-inches on a side, the
preferred method of performing this survey is to wipe an area in an S-shaped
pattern over a distance of about 12 - 14 inches (Figure 7-36). If the item to be
surveyed is small and does not have 300 cm 2 of surface to wipe, attempt to
Figure 7-36. Wipe Survey
wipe the entire surface and report the results as activity per total surface area.
Wipe surveys are usually counted on low background, high efficiency laboratory equipment such as liquid
scintillation counters, gas flow proportional counters, or auto-gamma counters, as appropriate for the radiation.
LSCs are routinely used to analyze alpha, beta, and auger electron emitting radionuclides (3H, 14C, 32P, 33P, 35S, 36Cl,
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Vr, 51Cr, 86Rb, 125I, etc.). Proportional counters may be used to count alpha or beta emitting radionuclides (14C, 32P,
P, 35S, 45Ca, etc.) . Auto gamma counters are used to measure gamma emitting radionuclides (51Cr, 57Co, 125I, etc.).

33

7.7.a Wipe Survey Terminology
Auto-Gamma
A laboratory radiation detection instrument specially adapted to detect the presence of radioCounter
nuclides which emit gamma or x-rays (e.g., 51Cr, 57Co, 86Rb, 125I, 141Ce, etc.).
Contamination

The presence of radioactive material where it is not supposed to be. Table 7-4 delineates the
levels of radioactivity at which a work surface is considered contaminated. Some areas (desks,
floors, telephones, doorknobs, etc.) should remain contamination free.

Gas Flow
Counter

A radiation detection system (also called proportional counter - see 7.3.b) designed to detect
alpha and beta emitting radionuclides but can also detect (at very low efficiencies) x-rays.

Non-Removable
Contamination
Removable
Contamination
Survey

Radioactive contamination present on a surface that cannot be readily removed or reduced
using routine cleaning methods.
Radioactive contamination on a surface which can be readily removed or reduced using routine
cleaning methods.
A deliberate evaluation of the presence or radiation / contamination related to the production,
use, release, disposal, or presence of sources of radiation under a specific set of conditions.

7.7.b Wipe Survey Procedures (see Laboratory 2)
Although a meter survey is not required for laboratories using only 3H or 125I in kits (or other low energy emitters or
very small quantities), because many labs are shared, it is prudent to use a meter in conjunction with all surveys.
The wipe survey must also be performed monthly
and is usually done in conjunction with the meter
survey. The meter survey (see 7.5.c) is usually
done first to identify the radiation levels in the lab
and point to potentially contaminated areas. After
performing the meter survey, a wipe survey at the
same points must be performed.
 Wear lab coat, safety glasses, and disposable
gloves. Protective gloves should be worn
while taking wipes.
 Identify locations where radioactive material is
used/stored and the equipment used for radioactive work. A minimum of 10 wipes should
be taken per lab, including at least 2 on the
floor. Key these locations to the room's floor
diagram with letters or numbers (Figure 7-37).
Recommended areas for survey points include
sinks, benches where radioisotope work was
performed, near waste containers, refrigerator
handles and storage locations. The idea is to
survey the areas that are most likely to be
contaminated.
 Moisten pieces of filter paper, cloth smears,
cotton-tipped swabs or Kimwipes7 or use
parafilm. Key each swab to the identified
locations on the floor diagram (e.g., label the
vial into which they will be placed).
 Wipe an area of at least 300 cm2 (48 in2, e.g.,
7" x 7", 8" x 6", 16" x 3", etc.) at each
Figure 7-37. Radiation Survey Form
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identified location or piece of equipment. It is preferable to wipe a larger area, but use only one swab per area.
Don't wipe too large an area because you may not be able to identify the contaminated point if one is found.
Also, be careful not to spread contamination by wiping multiple areas with a single wipe.
Once taken, the wipe is considered radioactive. Handle wipes to avoid cross-contaminating the other wipe
samples. Do not place them in your pocket as they may contaminate your clothing.
Place each wipe into its appropriate vial, tube, or planchet. For LSC counting, pipette about 5 - 10 ml of liquid
scintillation cocktail into the vial. Place and secure caps on vials.
Include a background sample, that is a sample vial which contains the same type of wipe material, but one which
has not wiped any laboratory surfaces. Place all vials into counter trays including the background vial, and
place trays in the counter.
Set the counter windows as appropriate. We recommend that one counting region be kept wide open, that is to
cover the entire energy range 0 - 2000 keV. In this mode, contamination spread from other labs may be detected
and cleaned. It may be convenient to use the background subtract mechanism if the system has one. To insure
good counting statistics, set the count time for at least 2 minutes and then count the wipes.
Review the results for any indication of contamination. Areas with removable contamination in excess of the
levels in Table 7-4 must be decontaminated
Table 7-4. Removable Contamination Action Levels
and then re-wiped.
Meter and wipe survey results must be
Contamination
Type of Radioactive Emitter
recorded (or posted) on the survey sheet
Units
(Figure 7-37). For the monthly survey
Alpha (α)
ß1, γ, x Low Risk β2
include: date of survey; room number; initials
dpm/100 cm2
66
660
2,200
of person conducting survey; type of counter
2
Net cpm/100 cm
23
230
770
used; background counts; and any re-wipe
results for decontaminated and re-surveyed
1
β emitter values are applicable for all β except Low Risk β
areas.
2
Low Risk are β with Emax < 300 keV (e.g., 3H, 14C, 33P, 35S, 45Ca)
Post the most recent survey in or near the
room (or post the location where survey results are kept), keep the previous surveys on file. The UW license
requires that survey records, including counter results, be kept for a minimum of 3 years.

7.8 Counting Statistics
Before getting into the actual subject, a quick review of statistics will help define a few terms. Suppose 10 students
took a test and received the following grades (arrayed from highest to lowest): 97, 88, 88, 87, 80, 79, 78, 76, 72, and
70. The three common statistical terms used are mean, median, and mode. The mean is the arithmetic average of
the 10 scores. If the sum of the 10 scores is 815, then the mean is 815/10 or 81.5. The median score is the middle
most score. With these ten scores, the median score is 79.5, the average of 80 and 79 (scores 5 and 6, respectively).
The range of scores is 27, the difference between the highest and lowest score. If we were to divide the range of
scores into 3 groups; > 90, 80 - 89, and 70 - 79, then the frequency distribution of the scores is : > 90 -- 1; 80 - 89 -4; and 70 - 79 -- 5. The mode is the observed value with the largest relative frequency, 88, which occurs twice. In
nuclear counting the mean is an important quantity.
Continuing on with the basics. Suppose you tossed a penny into the air. It will land with either a head or not a
head (i.e., a tail). For each toss, there is a 50 - 50 chance of coming up heads. We say the probability of getting a
head is 50%.
Now, suppose you tossed the coin two times. The outcome of two tosses may be: head, tail; head, head; tail,
head; or tail, tail. Obviously, the chance of getting a head and a tail is better than getting either both heads or both
tails. The probabilities for these three outcomes are 50%, 25% and 25%, respectively.
Suppose we tossed the coin 100 times. Although 50 heads is most likely, there is a very good chance that we
may not get exactly 50 heads. The probability of flipping a certain number of heads is related to how close that
number of heads is to 50. For example, you would have a better chance of getting 49 heads out of 100 tosses than
only 1 head. If you repeated this 100 coin toss experiment 100 times and looked at the distribution of heads per 100
tosses, the greatest number of 100 coin tosses would have outcomes between 40 and 60 heads. The curve of this
100-toss frequency distribution would look a bit like a bell-shaped curve; the greatest number of 100 coin tosses
with between 45 - 55 heads; the least number of 100 coin tosses with < 10 heads or > 90 heads.
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Tossing a coin is a random event. The probability of each toss is not dependent on any other toss and the
outcome will either be a head or not a head. The frequency distribution seen for such random events as coin tossing
is a binomial distribution (i.e., only 1 of 2 outcomes possible).
Radioactive decay is also a random event. In radioactive decay, either an atom decays or it does not decay.
Consequently, the frequency distribution for radioactive decay is also a binomial (bell-shaped) distribution.
When the probability of an event occurring is small and constant (e.g., disintegrating atomic nuclei), the Poisson
distribution, a limiting case of the binomial distribution, can be used to describe the frequency of occurrence. The
benefit of using the Poisson distribution is that it can be characterized by a single parameter, the mean.
Radioactive decay follows Poisson statistics. If you were to observe a sample containing a large number of
radioactive atoms for a time period which is short compared to the half-life of the radioactive material, then the
probability that a single atom will decay during the observation time is small, but constant, for equal time intervals.
When the occurrence of an event is highly improbable such as when the half-life is long compared to the counting
time and the probability of the event (i.e., radioactive decay) occurring is small compared to the number of atoms
present, then radioactive decay follows Poisson statistics.
Recall that the mean is the average count. When the mean number of observed events is moderately large, the
Poisson distribution can be approximated by a special normal distribution for which the standard deviation of the

x ).
population is equal to the square root of the mean ( " = m e a n =
The standard deviation is the expected deviation from the most probable count (i.e., mean). For nuclear counting considerations, the standard deviation of the sample which is less than the entire population is approximated by
x ).
the square root of the mean sample count ( s Ä
The binomial and Poisson distributions pertain to discontinuous variables which take on successive whole
number integral values (e.g., particle counting). For a relatively large number of events (> 30), the "normal" or
gaussian distribution provides an adequate approximation easily applied to nuclear counting statistics. The statistical theory of errors used in nuclear counting is ordinarily based on this normal distribution.
The familiar "bell-shaped" curve is a plot of the normal distribution. As in Figure 7-38, it shows the frequency
of occurrence of some event, x, plotted against the numerical value measured for that event (e.g., in nuclear counting, the x-axis depicts the different counts or count rates measured while the y-axis depicts the number of times
(i.e., frequency) these different counts or count rates were observed. Some of the statistical terms used are:
The mean, x, is the average value of the number of counts at the center (peak) of the distribution. If two counts
were obtained, 5 and 7, the mean would be 6 [i.e., (5+7)/2].
The standard deviation, σ, is a parameter that describes the uncertainty of a measurement. It concerns the distribution of deviations ( x ±
σ) from the mean, x. In Figure 7-38, if the total area under the curve is
considered to be 1 or 100%, then the individual observations that deviate
from the mean value, x, by more than one standard deviation (±σ) should
be about 32% and 68% of the individual observations should lie within
the band x ± σ. Thus, if a sample were counted many times, 68% of the
observations (counts) should fall close to the mean value (± 1σ) while
32% of the counts should be outside the one standard deviation. The
standard deviation estimates the uncertainty (error) in a measurement and
is not a discrepancy (false measurement). The uncertainty in counting
Figure 7-38. Frequency of Occurrence
radioactive samples comes from the statistical (i.e., random) nature of
radioactive decay.
Confidence Level, C.L., indicates the certainty (i.e., confidence) the experimenter has in a measurement. In a
"normal" curve, 68% of the area falls within ± 1 σ (standard deviation) of the mean value, x. The use of ± 1σ
shows a level of confidence of 68% in the results, that the chance of the observed value falling within 1 standard
deviation of the mean value is 68%. Similarly, a standard deviation of ± 1.64σ results in a 90% confidence level.
Table 7-5 provides a listing of common confidence levels.
7.8.a Standard Deviation in Nuclear Counting
Before we begin, a short note about abbreviations. We use capital letters (e.g., N, σ, etc.) when discussing gross
items (gross counts, population standard deviation, etc.) and lower case letters (e.g., n, s, etc.) when discussing rate
items (e.g., net count rate, sample standard deviation, etc.). If used, a subscript further refines the definition (e.g.,
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Nb refers to the background gross count). In sample counting, the gross count, Ng, is defined to be the total number
of counts obtained by counting the sample. The gross count rate, ng (versus the total number of counts), is then the
gross counts, Ng, divided by the counting time, tg.
The standard deviation is related to the minimum value of the sum of the squares of the deviations from the
average value such that one standard deviation expresses the range of values about the average count in which 68%
of all similar counts should fall. In nuclear counting, the standard deviation of a count is approximately equal to the
square root of the count. If the sample yields a large enough number of decays, most of the counts fall within one
standard deviation and a single count, N g, can be used to calculate the standard deviation.
X

" =

and

s Ng =

Ng

For example, to calculate the standard deviation of a sample if the sample gross count is 40,000 counts.
s Ng =
40, 000 counts = ! 200 c t s ( @ 1 std dev )
This means, on the average, two-thirds (i.e., 68%) of the number of counts would be within the range 39800 -40200 counts and one-third (i.e., 32%) would be outside this range.
Many of the counting instruments used in radiation actually report a count rate (e.g., cpm) for a sample. If t g is
the counting time, then the standard deviation for the gross (Ng) or net (ng) count rate is calculated by:
Ng
tg

s ng =

/ tg =

ng
tg

Thus, from our example, suppose the sample had been counted for 10 minutes to give a gross count of 40,000
counts, the standard deviation of the count rate is:
40,000 counts
10 min

s ng =

$

1
10 min

4000cpm
10 min

=

= 400 cpm 2 = ! 20 cpm ( @ 1 std dev )

When counting a radioactive sample, there is always a background count, N b, or background count rate, n b. This
background must be subtracted to yield the actual net sample counting rate, n n (i.e., nn = ng - nb). However, the
addition or subtraction of counts means that there are now two sources of deviation, or error, to contend with; the
deviation associated with the gross counts and the deviation associated with the background count. The standard
deviation for such a calculation is:
"n =

" 2g + " 2b =

ng
tg

(

)2 + (

nb
tb

)2 =

ng
tg

+

nb
tb

and the standard deviation in net count rate (as opposed to gross count rate) is calculated by:

s nn =

ng
tg

+

nb
tb

For example, suppose that a sample is counted for 10 minutes yielding a count of 40,000 counts and that a
background sample counted for 20 minutes yields a count of 3600 counts, then the net count rate, n n, and the
standard deviation of that net count rate, snn are calculated as 3820 cpm and + 20.2 cpm, respectively.

nn = ng − nb =
s nn =

4000 cpm
10 min

+

180 cpm
20 min

40,000 counts
10 min

−

3600 counts
20 min

= 4000 cpm − 180 cpm = 3820 c p m

= 400 cpm 2 + 9 cpm 2 = 409 cpm 2 = ! 20.22 cpm (@ 1 std dev)

7.8.b Relative Standard Error and Confidence Level
As can be seen in Figure 7-38, a count of a radioactive sample can return a value relatively close to the mean value.
The actual difference is not as important as the relative difference. Consider a sample with a true count rate of
10,000 cpm. Not every counting will return 10,000 cpm. Many will be close. The relative standard error, or
precision, is a measure of how close a sample count is to the expected value. It is calculated by dividing the deviation or error, σ (or 2σ, etc.), by the count and multiplying by 100% to obtain the percent relative error. Thus, the
relative standard errors for a count and a sample, R g and Rs, are:

R g = n"g ( % 100 % ) @ 1 std dev and Rs =

ng
ng

% 100 % =

100 %
ng

=

100 %
S ng

Continuing with our 40,000 cpm example, if the net count rate is 3820 cpm and the standard deviation, s ng, is 20.22
cpm, then the relative standard error is:

Radiation Detection and Measurement

Rs =

ng
ng

% 100 % =

100 %
ng

=

100 %
S ng

=

100%
20.22 cpm
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= 4.9% j 5%

The resultant is usually written as:
n n = (n g − n b ) ! Rs = (4000 cpm − 180 cpm ) ! 5 % h 3280 cpm ! 5 % (@ 1 std dev )
Thus, the amount of deviation provides a measure of confidence in the results. In Table 7-5. Confidence Level
nuclear counting applications, the most common levels of statistical confidence
# Std. Dev.
C.L.
are listed in Table 7-5. When we express a value plus or minus one standard
50%
0.65
σ
deviation (! 1σ), we are 68% confident that this value will actually be between 68%
1σ
1σ and + 1σ of the mean or "true" value. When we express a value plus or minus
90%
1.65 σ
two standard deviations (! 2σ), we are 95% confident that the value will be
somewhere between -2σ and +2σ of the mean or "true" value. When we express
95%
2σ
a value plus or minus three standard deviations (! 3σ), we are 99% confident that
99%
3σ
the value will fall between -3σ and +3σ of the mean or "true" value.
Suppose you have a sample which returns a value of 10,000 counts, how would you calculate the percent error
at the 68%, 95%, and 99% confidence levels (C.L.)? First calculate the standard deviation and relative standard
deviation of the count.
Ng

$ 100% = 100%
100 = 1 % (@ 1 std dev )
At the 68% confidence interval would thus be 10,000 + 100 counts meaning we are 68% confident that the "true"
mean number of counts lies within the range of 9,900 to 10,100 counts. The 2σ or 95% confidence interval would
thus be 10,000 + 200 counts meaning we are 95% confident that the "true" mean number of counts lies within the
range of 9,800 to 10,200 counts. The 99% confidence interval would similarly be 10,000 + 300 counts and we are
99% confident that the "true" mean number of counts lies within the range of 9,700 to 10,300 counts.
Another important fact to remember when considering count rates is that the actual counting time is very important when calculating the relative error of a count. Table 7-6 shows the relationship between three identical count
rates obtained from different counting times.
We can also use the information we have discussed to determine the minimum number of counts that are
required to achieve a desired relative standard
Table 7-6. Relative Error versus Count Time
error and confidence level. Suppose you
desire to obtain results with a relative standard counts
time
count rate σ
Error
Relative Error
error no greater than 3% (or 4%, etc.) at a
100
5 min
20 cpm
10
2 cpm
10%
confidence level of 95%, how would you find
1,000
50 min
20 cpm 31.6 0.63 cpm
3.16%
the minimum number of counts required to
10,000 500 min 20 cpm 100 0.2 cpm
1%
achieve these conditions? Table 7-5 indicates
a 95% level of confidence corresponds to approximately (plus / minus) two (! 2) standard deviations from the
mean. Solving for Ng in the equation yields 4,444 counts.
s ng = 10, 000 cts = 100 cts

(2 std dev ) (100 % )
Ng

and

Rs =

Ng

= 3% − − − − − > N g = (

200
3

) 2 = 4, 444 counts

Suppose instead that you wanted to get a relative standard error that was no greater than 10% at a confidence
level of 99%; how would you calculate the minimum number of counts required to achieve these levels? The 99%
level of confidence corresponds to plus or minus three (! 3) standard deviations from the mean. Solving for N g in
the equation yields 900 counts
(3 std dev ) (100 % )
Ng

= 10% − − − − − > N g = (

300
10

) 2 = 900 counts

When counting samples which have very low activity, very long counting times may be required to achieve an
acceptable statistical accuracy. Under such circumstances, it is desirable to choose the most efficient distribution of
time between the sample + background and the background counts. The highest accuracy is achieved when
t g /t b = k where tg is the time spent counting the sample + background, tb is the time spent counting the
background, and k is the ratio of total counting rate to the background rate (ng/nb).
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Often you don’t know the actual activity of a sample until it is counted. In instances when you have a sample of
unknown activity, it may be worthwhile to perform a cursory check of the counting rates to be expected to provide
you with an estimate of relative error. This entails a short, 1 or 2 minute, sample + background count followed by a
background count. From this, the expected counting rates are roughly determined and the length and distribution of
time for the accurate assessment of the sample are estimated.
For example, if the total count rate of a sample + background, ng, is 360 cpm and the background count rate, nb,
is 40 cpm, how much time should you spend counting the background compared with the sample? Using our
equation we see that the sample should be counted 3-times as long as the background. This means there are 4
counting time units and the background should be counted for 25% of the total time available.
tg
tb

=

k =

360 cpm
40 cpm

= 3 − − − d tg = 3 tb

and total time = t g + t b = 4 t b

Notice that this implies you must normally count your sample for at least as long a time period as you count the
background. Generally radiation safety wipe samples and background are counted for the same time. If desired,
once a sample is identified as being different from background, the difference can be quantified.
7.8.c Low Level Nuclear Counting
So far we have been assuming that there were sufficient number of decays so the binomial distribution of radioactive decay can be approximated by a normal distribution. For samples which have count rates near background it
may be difficult to determine if there is actually some radioactivity in the sample or if the indicated counting activity is due to statistical variation of the background. The minimum detectable count (MDC) is the number of counts,
which for the same counting time, gives a count which is different from the background count by three times the
standard deviation of the background (i.e., .MDC = 3 $ n b / t b ). The MDC implies that the sample count must be
greater than a 3σ (i.e., 99%) variation of the background count rate. If that is the case, you are assured that only 1%
of the time will you have a false positive (i.e., suspected contamination when only background is present). Suppose
you have a sample which, when counted for 20 minutes, provides a background count rate of 30 cpm, what would
be the minimum detectable counts?

MDC = 3 $

nb / tb = 3 $

30 cpm/ 20 min = 1.22 cpm

It should be pointed out that the MDC is not a measure of activity, rather it provides a 99% confidence level that
counts at the MDC or less will not represent contamination. In this example, a sample would be considered to be
radioactive if a 20 minute count returned a gross count exceeding 31.22 cpm.
The minimum sensitivity, MS, is a more useful concept in counting because it tries to correlate all of the items
peculiar to the specific sample (LSC vial, 1 liter water sample, etc.) being counted with the minimum detectable
count for that sample and the isotopes of interest. The MS is defined as that activity concentration which is detectable under specific conditions such as known sample volume, background, counting time, chemical yield and
efficiency of counter.
MDC

MS =

(2.22

dpm
p Ci

) $ (Eff )$ (Yield ) $ (Volume )

Suppose a low-level beta counter is used to analyze a 137Cs environmental sample. The sample is evaporated and
scraped into a planchet from a 1 liter sample, the background is 0.6 cpm, the counting time is 100 min, the
efficiency of the system is 25%, and the chemical yield for this sample is 75% (i.e., in processing the liquid sample,
only 75% of the 137Cs was collected). Then the MDC and MS of the 137Cs sample is 0.23 cpm and 0.55 pCi/l,
respectively.
0.6 cpm
n
MDC = 3 $ tbb = 3 $ 100 min = 0.23 cpm

MS =

(2.22

dpm
p Ci

MDC
)$ (Eff )$ (Yield )$ (Volume )

=

0.23 cpm
dpm

(2.22 p Ci )$ (0.25 )$ (0.75 )$ (1 liter )

= 0.55

pCi
liter

Consequently, 0.55 pCi/l is the minimum concentration that could be detectable
Although you may have only a single MDC, each radionuclide will have a unique MS for a given sample
configuration, counter and background count. This is because the detector system efficiency is a component of the
MS calculation and this factor varies from counter to counter, even when using the same type counter (e.g., LSC,
GM, etc.). In general, the higher the system efficiency, the lower the MS. For example, suppose you ran a 10
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minute background count on a liquid scintillation counter and get 37 cpm. If the efficiency of this LSC for 3H, 14C,
and 32P is 35%, 75%, and 98%, respectively, what would be the MDC and MS for each of the isotopes?
nb
tb

MDC = 3 $

37 c p m
10 m i n

= 3$

= 5.77 cpm

Using the general equation for MS, you calculate a minimum sensitivity of 16.49 dpm for 3H, 7.69 dpm for 14C, and
5.89 dpm for 32P.

MS =

MDC

(2.22

dpm
p Ci

) $ (Eff )

=

5.77 cpm
dpm

(2.22 p Ci ) $ eff

Notice that for many types of counting there are only two ways to change the MDC (and consequently the MS),
either change the counting time or the background count rate. Increasing the counting time will decrease the MDC.
Suppose in our 137Cs example above, instead of counting for 20 minutes you counted the background for 30
minutes. The MDC would then be:

MDC = 3 $

nb
tb

= 3$

30 c p m
30 m i n

= 1.00 cpm

Similarly, you might be able to reduce the background count rate by using shielding. Suppose in the same example
we were able to reduce the background count rate to 25 cpm, then the resulting MDC would be:

MDC = 3 $

nb
tb

= 3$

25 c p m
20 m i n

= 1.12 cpm

The Safety Department actually reduced the MDC for the system we use to count thyroids (see Chapters 3 and
5). We had been counting thyroids for 200 seconds, getting a background count of approximately 150 counts. The
problem with this MDC value (11.0 cpm) was that the minimum sensitivity was too close to the investigational level
and any count statistically different than background resulted in an investigation. By increasing the counting time
to 300 seconds, the 230 count background reduced the MDC to 9.1 cpm and were able to provide a region in which
a worker may have a small thyroid burden but not above our investigational limit.
One additional method of reducing the MS is to change the volume size of the sample. A 2-liter sample will
have a lower per liter MS than a 1-liter sample, if all other parameters are constant. There are certain methods of
concentrating large samples into small volumes. These include evaporating a liquid sample down to its solid
contents and counting the solid or passing a liquid through anion / cation resins to concentrate an ionic radionuclide
and then counting the resins. Additional methods are to increase the chemical yield of a process or count a sample
on a system with a higher efficiency.
Suppose you have to determine the 3H activity (pCi/l) of a worker’s urine sample. You are using an LSC which
has a background count-rate of 33 cpm when counted for 100 minutes. The systems efficiency for 3H2O is 35%.
Because of volume constraints with the LSC vial and the necessity to avoid phase separation between the cocktail
and the solute (i.e., if you place too much urine with the LSC cocktail, it will not mix and will separate into 2
phases), you can only use 2 ml of sample in each LSC vial. Furthermore, your system must be capable of detecting
1000 pCi/l as its MS. How long must you count each sample to ensure that you obtain this MS? Solving the MS
equation for MDC and putting our values into this equation gives an MDC of 1.554 cpm.
MS =

(2.22

dpm
p Ci

MDC = 1000

MDC
)$ (Eff )$ (Yield )$ (Volume )

p Ci
l

$ (2.22

dpm
p Ci ) $

− − − d MDC = MS $ (2.22

dpm
p Ci ) $

(Eff ) $ (Yield ) $ (Volume )

dpm

1 liter
(0.35 cpm ) $ (2 ml ) $ ( 1000
ml ) = 1.554 cpm

Then going back to the original MDC equation and calculating for counting time yields 122.98 minutes.

MDC = 3 $

nb
tb

−−−dt =9$

9$(33 cpm)
(1.554 cpm) 2

= 122.98 minutes

Perhaps a more practical way to determining the MS is to state it in relation to the desired precision. This may
be stated as the MS is “that activity where the percent counting error does not exceed x% (e.g., 25%, 33%, etc.)
under the specific conditions of sample analysis.” When using this method, the normally accepted error used in this
calculation is the 2σ error. Thus, if you needed to find the MS from the 137Cs environmental sample we used above,
if the precision is 25% at the 95% (i.e. 2σ) confidence level. Using this precision and our background numbers, we
calculate N
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0.25 =

2

N
B
+ 2
t 2N
tB

=

N
B
tN − tB

0.6 cpm
N
100 min 2 + 100 min 2
0.6 cpm
N
10 min − 10 min

2

− − − d N = 1.25 cpm

From the Minimum Sensitivity equation we then calculate 3 pCi/l.
1.25 cpm

MS =

dpm
p Ci

(2.22

) $ (0.25

cpm
dpm

)$ (0.75 ) $ (1 liter )

=3

p Ci
l

The 95% (2σ) error associated with a 3 pCi/l minimum sensitivity is 0.75 pCi/l (i.e. (0.25)x(3 pCi/l). Although 3
pCi/l is a larger value than the 0.55 pCi/l obtained above, it is more precise (i.e. at this value you are more able to
replicate the results).
7.8.d Lower Limit of Detection (LLD)
The Nuclear Regulatory Commission has provided guidance
for analyzing low count rate (e.g., environmental and bioassay) samples. The need for this guidance arose because some
facilities performing environmental monitoring were counting the samples under conditions in which a significant level
of radioactivity would have to be present before the results
showed other than "background". In other words, the procedures were not sensitive enough to detect activity at the
desired levels. The NRC thus requires the demonstration of a
Figure 7-39. LLD
counter’s LLD.
In concept, the LLD is intended to be used as a "figure of
merit" or “seal of approval" to demonstrate that a counting system and analysis procedures are sufficiently sensitive
to perform in the desired manner. Many individuals mistakenly treat the LLD as another parameter to be calculated
for each sample along with the standard deviation. This misuse has resulted in the Nuclear Regulatory Commission
stating, "It should be recognized that the LLD is defined as an a priori (before the fact) limit representing the
capability of a measurement system and not as an a posteriori (after the fact) limit for a particular measurement."
The technical definition of the LLD (Figure 7-39) is "the smallest concentration of radioactive material in a
sample that will yield a net count (above system background) that will be detected with 95% probability with only
5% probability of falsely concluding that a blank observation represents a real signal." In other words, the LLD
amount of activity will yield a net count rate in a system that just barely exceeds two standard deviation (i.e., 2σ or
95% confidence level) for the net count rate. Thus, that sample will be reported as containing radioactivity.
The LLD strongly depends on the standard deviation of the background count rate (snb) of the counter. In
theory, even if the sample + background is counted for an infinite time, the net rate will still have an uncertainty
which is the square root of the background rate divided by the counting time for the background. The equation
recommended by the NRC for calculating the LLD of a system is:

LLD (

pCi
l )

=

4.66 $ s nb

p Ci

(2.22 dpm )$ (Eff )$ (Vol )$ (Yield )$ (Decay Factor)

For Example, the UW conducts urine bioassays to check for potential 3H ingestion. Urine samples for this
relatively long-lived isotope (i.e., decay factor = 1) will be 2 ml aliquots and the fractional yield is 1. The system
efficiency is 0.33 cpm/dpm for 3H. If a 10 minute background count results in a count rate (n b) of 30 cpm, what will
be the system's lower level of detection?

LLD (

pCi
l )

=

4.66 $
p Ci

(2.22 dpm )$ (0.33

cpm
dpm

30 cpm
10 min

)$ (0.002 l )$ (1 )$ (1)

= 5509

p Ci
l

When the LLD is determined for a wipe sample or for samples which have the same volume, if the isotopes have
a relatively long half life compared to the counting time (and consequently will not appreciably decay during the
counting time), and you are dealing with the count rate instead of activity then the LLD equation is
LLD = 4.66 $ n b /t b . The 4.66 in LLD is derived by the equation:
LLD = 2 k

2 nb
tb

= 2 2 k

nb
tb

= 2.83 k

nb
tb
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In the LLD, we are concerned with a 90% confidence level, so k = 1.65. However, from Figure 7-39, to the left of
the mean of the background count there is 50% confidence level and to the right there is only 45% confidence.
Thus a total of 95% confidence level is actually achieved.

LLD = 2.83 $ ( 1.65 )

nb
tb

= 4.66 $

nb
tb

7.8.e Chi-square (Χ2) Test
One of the most important applications of statistics to measurements is the investigation of whether or not a particular set of measurements fit an assumed statistical distribution. The test most often used for this purpose on nuclear
counting is Pearson's chi-square test. By definition, the chi-square test is a measure of the discrepancy that may
exist between the observed frequency and the expected frequency. In other words, the chi-square is an assessment
of the "goodness of fit" of the observed data to the assumed expected statistical distribution. The chi-square is
calculated by:
n

X2 =

1
x

i=1

(x i − x ) 2

where xi are individual counting events and x is the arithmetic mean of the "i" counting events. To determine the
chi-square:
 Compute the arithmetic average of the data.
 Compute chi-square (Χ2) from the above formula.
 Determine the number of "degrees of freedom" (F). F is the number of ways the observed distribution may
differ from the assumed distribution. For our applications, F = n - 1.
 From a chi-square table (Table 7-8), find P using your computed values of chi-square and F.
The probability, P, that larger deviations than those observed would be expected due solely to chance if the
observed distribution is actually identical to the assumed distribution.
Table 7-7. Chi-Square Example
From this definition, it is obvious that too little deviation is possible as
well as too much. The closer P is to 0.5, the better the observed distribuxi
(xi - x )
(xi - x)2
tion fits the assumed distribution, for larger deviations than those
29
3.8
14.44
observed are just as likely as not. The interpretation of P is for 0.1 < P <
0.9, the observed and assumed distributions are very likely the same. If P
36
10.8
116.64
< 0.02 or if P > 0.98, the equality of the distributions is very unlikely.
19
-6.2
38.44
Any other value of P would call for additional data to better define the
26
0.8
0.64
observed distribution.
24
-1.2
1.44
As an example of calculating chi-square, consider the data in Table
14
-11.2
125.44
7-7 which are from a series of ten, two-minute counts of an LSC
background standard source made with a liquid scintillation counter. We
21
-4.2
17.64
wish to determine whether these data reflect proper instrument operation.
32
6.8
46.24
After calculating Χ2, go the chi-square table. For 9 (i.e., n - 1)
24
-1.2
1.44
degrees of freedom, determine if the chi-square value is within two
27
1.8
3.24
standard deviations (95%) confidence limits. From Table 7-8, chi-square
Σ xi = 252
Σ = 365.60
x = (1/n) * Σ xi = 252 / 10 = 25.2
Χ2 = 365.6 / 25.2 = 14.51

values, for 9 degrees of freedom, we see:
3.325 < Χ 2 < 16.919 @ 95% C.L.
Since our calculated value of chi-square, 14.5, lies between these lower
and upper limits, we can conclude that our data belongs to the same
normal distribution and that our instrument is operating reliably.
7.9 Review Questions - Fill-in or select the correct response
1. Radiation is detected by measuring the amount of
radiation or
2. GM meters can be used to
3. LEG meters are used to monitor low-energy
4. Liquid scintillation counters are ideal for counting
measure most low-energy gamma emitters.
5. Wear the whole body dosimeter between your

in the device.
contamination.
emitting radionuclides.
emitting radionuclides and can also
and your

.
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6. A portable survey meter's dial often has scales with units of
and
, however,
scale is the one routinely used.
at the UW the
of the portable survey meter's detector by placing the detector
7. The user can check the
window over the meter's operational check source.
flashes.
8. Beta particles absorbed by a LSC cocktail produce
of the LSC must first be determined for the type (i.e., radia9. To calculate dpm, the
tion and energy) of sample which it is expected to analyze.
radioactive contamination.
10. A wipe test is a survey for
sq. cm
11. When performing a wipe test, you should normally wipe an area of approximately
(cm2) at each identified location.
cpm/100 cm2 above background (i.e., net cpm)
12. Areas with removable 32P activity in excess of
2
dpm/100 cm must be cleaned and re-wiped.
or
years
13. Survey records must be kept for a minimum of
MBq or
14. Dosimeters are routinely issued to individuals who may handle stock vials with more than
mCi) quantities of high-energy beta or gamma ray emitting radioactive material.
(
15. Radiation dosimeters are not issued to persons who only work with 3H, 14C, 35S or to individuals who only work
with RIA kits. true / false
.
16. Ion chamber survey meters normally express exposure in units of
17. Gas amplification / Townsend avalanche is feature of proportional counters and GM counters which make them
so sensitive to detecting α and β particle radiation. true / false
18. The alpha multiplication factor (αMF) is always (greater than) (less than) one.
μsec.
19. The resolving time for a GM tube is generally about
20. For detecting low-energy beta particles, a pancake type GM detector is normally (more) (less) sensitive than
an end-window type GM detector.
21. Compensated GM detectors are usually used to measure x-/γ-ray exposure. true / false
.
22. A Long Counter is used to monitor
23. Your survey meter indicates a reading of 250 cpm. You initially measured the background count rate as 30
cpm.
cpm. If the selector switch is on the x 10 range, the net count rate is
24. The counting efficiency of an LSC for 35S is (greater than) (less than) the counting efficiency for 32P.
25. If the counting efficiency for your counter is 75% and the printout indicates a net count (net = gross dpm.
background) rate of 450 cpm, the activity of your sample is
26. Proton recoil is a method to monitor neutron fields. true / false
,
, and
.
27. Low risk beta particles have maximum energies less than 300 keV and include
28. If the counting time for a sample is shortened, the MDC would (increase) (decrease).
29. The mean and median values are always the same. true / false
is the arithmetic average of a set of measured values while the
is the middle most score.
30. The
out of
counts fall within the range.
31. A 90% confidence level (CL) expresses the probability that
.
32. If an sample returns a count rate of 100 cpm, then the standard deviation of the count rate is
or
expresses the range of values about true count in which b
33. The
(i.e., 68.3%) of all similar count should fall.
34. The LLD is ( a priori ) ( a posteriori ) limit representing the capability of a measuring system.
is the same as precision.
35. The
detectors.
36. Low-energy gamma (LEG) and liquid scintillation (LSC) are types of
37. Cerenkov counting can be used to count 32P samples in a LSC without using cocktail. true / false
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Table 7-8. Chi-Square Values
Degrees of
Freedom
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

0.99

0.95

0.9

0.02
0.12
0.3
0.55
0.87
1.24
1.65
2.09
2.56
3.05
3.57
4.11
4.66
5.23
5.81
6.41
7.01
7.63
8.26
8.9
9.54
10.2
10.86
11.52
12.2
12.88
13.57
14.26

0.1
0.35
0.71
1.15
1.64
2.17
2.73
3.33
3.94
4.58
5.23
5.89
6.57
7.26
7.96
8.67
9.39
10.12
10.85
11.59
12.34
13.09
13.85
14.61
15.38
16.15
16.93
17.71

0.21
0.58
1.06
1.61
2.2
2.83
3.49
4.17
4.87
5.58
6.3
7.04
7.79
8.55
9.31
10.09
10.86
11.65
12.44
13.24
14.04
14.85
15.66
16.47
17.29
18.11
18.94
19.77

Probability
0.5
1.39
2.37
3.36
4.35
5.35
6.35
7.34
8.34
9.34
10.34
11.34
12.34
13.34
14.34
15.34
16.34
17.34
18.34
19.34
20.34
21.34
22.34
23.34
24.34
25.34
26.34
27.34
28.34

0.1

0.05

0.01

4.61
6.25
7.78
9.24
10.65
12.02
13.36
14.68
15.99
17.27
18.55
19.81
21.06
22.31
23.54
24.77
25.99
27.2
28.41
29.61
30.81
32.01
33.2
34.38
35.56
36.74
37.92
39.09

5.99
7.82
9.49
11.07
12.59
14.07
15.51
16.92
18.31
19.68
21.03
22.36
23.68
25
26.3
27.59
28.87
30.14
31.41
32.67
33.92
35.17
36.41
37.38
38.88
40.11
41.34
42.56

9.21
11.35
13.28
15.09
16.81
18.48
20.09
21.67
23.21
24.73
26.22
27.68
29.14
30.58
32
33.41
34.81
36.19
37.57
38.93
40.29
41.64
42.98
44.31
45.64
46.96
48.28
49.59
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Table 7-9. Detector Efficiencies for Common Radioisotopes

Isotope
Tritium

3

Carbon-14

14

Sodium-22

Energy
(MeV)

Counting
Method2

Beckman
Channel3

Typical
Efficiency4

ß-

0.0186

LSC

427

40%

ß-

0.157

LSC
GM

686

85%
2 - 5%

ß+

0.546

LSC
GM

838

95%
20%

γ

1.274

LEG

Symbol Radiation1
H
C

22

Na

5%

Phosphorus-32

32

ß-

1.709

LSC
GM

977

95%
45%

Phosphorus-33

33

ß-

0.249

LSC
GM

742

85%
10 %

Sulfur-35

35

S

ß-

0.167

LSC
GM

691

85%
2 - 5%

Ca

ß-

0.258

LSC
GM

747

90%
10%

P
P

Calcium-45

45

Chromium-51

51

Cr

γ
e-

0.320 (10%)
0.0043

LEG
LSC

252

10%
20%

Cobalt-57

57

Co

γ
e-

0.122
0.0056

LEG
LSC

282

40%
30%

Nickel-63

63

Ni

ß-

0.067

LSC

583

60%

Zinc-65

65

Zn

γ
e-

1.115
0.007

LEG
LSC

309

5%
15%

Rubidium-86

86

ß-

1.774

LSC
GM

982

95%
45%

γ

1.076 (9%)

LEG

γ

0.140

LEG

γ
e-

0.035
0.032

LEG
LSC

213

90%
20%

ß-

0.606

LSC
GM

851

95%
25%

γ

0.364

LEG

ß-

0.514

LSC
GM

γ

0.662 (85%)

LEG

Technetium-99m

Rb

99m

Tc

Iodine-125

125

Iodine-131

131

Cesium-137
1

I

I

137

Cs

35%

10%
832

95%
20%
7%

Electrons are either Auger or conversion electrons, the efficiency given accounts for abundance.
GM - GM thin end-window (e.g., HP-190) probe, pancake has slightly higher (1.5 - 2 x) efficiency.
LEG - Low Energy Gamma Probe
LSC - Liquid Scintillation Counter
3
Equation for Beckman's channel is: Channel # = 72 + 280 Log10(Emax)
4
LSC efficiency will depend on the amount of quenching present in the sample. Values listed are based on
50% quench. GM efficiency is based on probe's end-cap being "off," efficiency with the cap "on" is ½
these values. Also, the GM efficiency is percent of 2 emission rate.
2

8 Transportation of Radioactive Materials
So far we have been talking about the safe use and handling of radioactive materials in the workplace. Radiation
safety, when applied to that setting, can be boiled down to a worker performing surveys and implementing the four
basic safety measures of time, distance, shielding, and good housekeeping. When radioactive materials are transported in public, the rules and regulations promulgated by the Department of Transportation (DOT) are applied to
protect members of the general public from radiation exposure which could possibly result from a transport
accident.
Workers involved in hazardous material packaging or transportation must receive initial training, as well as
refresher training every 3 years. At the UW, this applies to persons involved in transporting radioactive material:
9 to and from research stations (e.g., Trout Lake, Arlington, etc.)
9 between buildings on campus by motor vehicle
9 in instruments and gages (e.g., soil moisture probes)
9 prepare packages of radioactive material for shipment off-campus
Each principal investigator is responsible for insuring their employees meet the training requirements if their
program involves packaging and/or transporting radioactive materials.
To comply with the Hazardous Materials Transportation Act (HMTA), the DOT promulgated Hazardous
Material Regulations codified in Title 49 Code of Federal Regulations (49 CFR), Parts 171 to 177 and Parts 178 to
180. Based on a Memorandum of Understanding, the NRC requires (10 CFR 71.5) each radioactive materials licensee who transports licensed material to comply with the regulations appropriate to the mode of transport used as
written in 49 CFR Parts 170 through 189. While each of the subparts of 49 CFR 173 also apply to transportation of
radioactive materials, 49 CFR 173 Subpart I is devoted exclusively to radioactive materials.
If you will transport or prepare packages for transport by public carriers, call UW Safety (2-8769) and talk to the
radioactive material transportation Health Physicist to determine your specific training requirements.
8.1 Hazardous Materials Regulations
The Hazardous Material Regulations cover four areas. Each will be briefly described and the applicable regulations
regarding the packaging and transport of radioactive material will be discussed. Hazardous materials regulations
applicable to non-radioactive materials are discussed in the Safety Department's Laboratory Safety Guide.
9 Hazardous materials designation and classification - 49 CFR Part 172 Subparts A, B and Part 173
9 Hazard communication standard and training - 49 CFR Part 172, Subparts C - H
9 Packaging requirements - 49 CFR Parts 173, 178, 179, 180
9 Operational Rules - 49 CFR Parts 171, 173, 174, 175, 176, 177
8.1.a Hazardous Materials Designation and Classification
The Hazardous Materials Regulations apply to substances listed in the Hazardous Materials Table, 49 CFR 172,
Subpart B. This table lists almost 3000 hazardous materials descriptions with their proper shipping names. The
shipper (i.e., you) is responsible for determining whether a material is a hazardous material, either by identifying it
with a description or proper shipping name listed in the Hazardous Materials Table, or by determining if it fits in
one of the hazard classes listed in 49 CFR 173.2 in accordance with the reference for definitions in 49 CFR 173.
The DOT defines radioactive material as "... any material containing radionuclides where both the activity
concentration and the total activity in the consignment exceed the values specified ..." (see Tables 8-9 or 8-10 for
exempt concentrations, see DOT for exempt consignment quantities). Once identified as radioactive, the material's
description and proper shipping name need to be identified to correctly label the package for shipping. With the
possible exception of multiple or mixed hazards (e.g., a poison or flammable radioactive material), most of the
radioactive material shipped from UW Madison will have a proper shipping name listed in the Hazardous Materials
Table. Any material meeting the definition of more than one hazard class must be classed according to the list in 49
CFR 173.2(a). If you suspect you may be shipping a material of mixed hazards and you don't know how to classify
it, call UW Safety. Table 8-1, an extract from the Hazardous Materials Table, contains some radioactive items.

 Column 1 - Symbols - Special "notes" which apply only to certain materials, e.g., a "D" in Column 1 means that
the shipping name that follows is only applicable to domestic shipments. A key to the symbols in Column 1 is
found in 49 CFR 172.101(b).

Table 8-1. 172.101 Hazardous Materials Table (extracted1)
Symbols

Hazardous materials descriptions and
proper shipping names

Hazard Identifi- Packclass or
cation
ing
Division Numbers group

Label Codes

Special
provisions

(8)
Packaging authorizations
(§ 173.***)
Exceptions

(1)

(2)

(3)

(4)

(6)

(5)

(7)
(8A)

1

(9)
Quantity
limitations

(10)
Vessel stowage
requirements

Nonbulk
Bulk
Passenger Cargo Vessel
Other
packaging packaging aircraft or aircraft stowage stowage
railcar
only
provisions
(8B)
(8C)
(9A)
(9B)
(10A)
(10B)

Radioactive material, excepted package-articles manufactured from natural or
depleted uranium or natural thorium

7

UN2909

None

422, 426

422, 426

Radioactive material, excepted package-instruments or articles

7

UN2911

None

422, 424

422, 424

Radioactive material, excepted package-limited quantity of material

7

UN2910

None

421, 422

421, 422

421, 422

A

Radioactive material, excepted package-empty packaging

7

UN2908

Empty

422, 428

422, 428

422, 428

A

Radioactive material, low specific activity (LSA-II) non fissile or fissile excepted

7

UN3321

7

A56, T5, 421, 422,
TP4, W7 428

427

427

A

95, 129

Radioactive material, Type A package,
non-special form, non fissile or
fissile-excepted

7

UN2915

7

A56,
W7, W8

415

415

A

95, 130

Radioactive material, Type A package,
special form, non fissile or
fissile-excepted

7

UN3332

7

A56,
W7, W8

415, 476

415, 476

A

95

Radioactive material, surface contaminated objects (SCO-I or SCO-II) non
fissile or fissile-excepted

7

UN2913

7

A56

427

427

A

95

This table is for information purposes only, verify all information with 49 CFR 172.101

421, 422,
428

422, 426

A

A
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 Column 2 - Hazardous Material Description and Proper Shipping Name - The name by which the hazardous













material is identified. There is a hierarchy in selecting the proper shipping name. Names should be selected by
the first thing that accurately describes them among
9 chemical technical name (e.g., methyl iodide)
9 chemical family name (e.g., alcohols, n.o.s.) n.o.s. means not otherwise specified
9 end use description (e.g., compound, cleaning liquid)
9 end use description n.o.s. (e.g., refrigerant gases, n.o.s.)
9 hazard class description (e.g., oxidizing solid, n.o.s.)
Column 3 - Hazard Class or Division - All hazardous materials which could be transported are assigned to one
of nine United Nations Classes. It is a numerical designation indicating the hazard corresponding to the proper
shipping name in column 2 (Class 1 - explosives; Class 2 - gases; Class 3 - flammable liquids; Class 4 - flammable solids; Class 5 - oxidizers and organic peroxides; Class 6 - poisonous and etiological materials; Class 7 radioactive materials; Class 8 - corrosives; Class 9 - miscellaneous hazardous materials) or the word forbidden.
If a material is designated as forbidden, it must not be transported.
Column 4 - Identification Number - An ID number assigned to each proper shipping name. Numbers
preceded by a UN are associated with proper shipping names appropriate for international as well as domestic
transport. Those numbers preceded by NA are for proper shipping names not covered by international dangerous goods transportation standards or not addressed by international standards for emergency response, except
transportation between the U.S. and Canada.
Column 5 - Packing Group - One or more of the numbers, I, II, or III assigned to each proper shipping name
which designates the degree of hazard associated with each material. Packing Group I materials present the
greatest hazard, Packing Group III materials present the least. Do not confuse Packing Group with Radioactive Label Category described in 8.1.b #1 and 8.3 #5, below.
Column 6 - Label(s) Required (if not excepted) - The warning label required for a package containing material
in this hazard class and proper shipping name, unless the package is otherwise excepted.
Column 7 - Special Provisions - Codes corresponding to special packaging and handling requirements as
described in 49 CFR 172.102.
Column 8 A, B, C - Exceptions - Numbers in these columns refer to the section of 49 CFR 173 that describes
packaging for the material in this hazard class and shipping name. Exceptions for packaging requirements for
radioactive materials will be described below.
Column 9 A, B - Quantity Limitations - These columns describe quantity limitations or when a material is
forbidden to be transported by a specific mode of transportation (e.g., passenger aircraft).
Column 10 A, B - Vessel Stowage Requirements - These columns describe where and how hazardous material
must be stored on cargo and passenger vessels. 10 A refers to "on deck, below deck, or forbidden." 10 B has
special stowage requirements for specific materials described in 49 CFR 176.84.

8.1.b Hazard Communication
(This is only a summary, when completing shipping papers, use 49 CFR 172, Subpart C. Remember, Safety will
ship your material for you.) The goal of hazard communication (e.g., shipping papers, labeling, placarding, etc.) is
to help prevent problems at the scene when responding to a transportation accident by providing hazard identification information to offerers/shippers, carriers and emergency responders. Hazard Communication has five
components:
1. Shipping papers - With few exceptions, (e.g., limited quantities of radioactive materials, see 8.2), any hazardous material offered for shipment must be described in the shipping paper (see Appendix C) per 49 CFR
172.201 - 172.205. Shipping papers must include contents, name of shipper, continuation page (if needed) and
emergency response telephone number as described in 49 CFR 172.604. The emergency response phone
number must be the number of a person who is knowledgeable about hazardous materials and emergency
response and who will monitor the phone 24 hours per day. Radiation Safety uses Police and Security, (608)
262-2957, as the 24 hour emergency phone number. In addition to proper shipping name, hazard class, identification number and quantity, shipping papers for radioactive materials must contain the following:
9 the words Radioactive Material unless these words are part of the proper shipping name
9 the name or abbreviation of each radionuclide (e.g., Iodine-125 or I-125)
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9 a description of the physical and chemical form of the material
9 the activity in becquerel (Bq) and (optionally) curies, millicuries, microcuries
9 the label category applied to the shipment (i.e., Radioactive White I, Radioactive Yellow II, Radioactive
Yellow III). Proper labeling will be discussed in #3, below

9 the transport index applied to each package in a shipment with Radioactive Yellow II or Yellow III label
9 Shippers Certification in accordance with 49 CFR 172.204
To assist emergency responders, shipping papers must be both readily available and visible. When the driver is
at the wheel, the shipping papers must be within his or her immediate reach and either readily visible to a person
entering the driver's compartment or in a holder which is mounted to the inside of the door on the driver's side of
the vehicle. When the driver is not at the wheel, the shipping paper shall be in a holder mounted to the inside of
the driver's side door or on the driver's seat.
2. Marking - Required marking for hazardous materials packages are described in 49 CFR 172 Subpart D.
Required marking for non-bulk package are
9 proper shipping name and identification number
9 technical name
9 consignee's or consignor's name and address
There are additional requirements for marking packages containing radioactive materials as described in 49 CFR
172.310. Some of these include:
9 packages which conform to the requirements for Type A packages as described in 8.2, below, must have
Type A clearly marked on them and the shipper must possess the package certification
9 packages offered for export must have USA clearly marked on them
9 package containing liquid hazardous materials must have orientation markings (i.e., ã) on two opposite
vertical sides of the package
3. Labeling - In addition to marking, the shipper must also apply a label to each package of hazardous material. A
label is required for each hazard if the material has multiple hazards. Label requirements for radioactive materials are described in 8.3, below.
4. Placarding - Vehicles transporting hazardous materials highway or rail must be placarded on each side and
each end to display the hazard class of the material. For radioactive materials, only vehicles carrying shipments
bearing the Yellow III label or vehicles carrying material shipped as LSA (or SCO) - Exclusive Use need to be
placarded.
5. Emergency Response Information - Each shipment of hazardous materials must include information that can
be used in mitigating an incident involving the material. At a minimum this information must include:

9 immediate hazards to health
9 risks of fire or explosion
9 immediate precautions to be taken

9 handling methods in case of leaks or fires
9 the 24 hour emergency response telephone number

8.1.c Packaging Requirements
The Hazardous Materials Regulations are designed to insure that members of the general public are not at risk from
hazardous cargoes being transported in the public transportation network. Material packaging requirements are to
(1) insure safety in routine handling situations from minimally hazardous material and (2) insure integrity under all
circumstances for highly dangerous materials. These goals are accomplished by focusing on the package and its
ability to contain the material (i.e., prevent leaks), prevent unusual occurrences (i.e., nuclear criticality), and reduce
external radiation to safe levels (i.e., shielding). The regulations require that hazardous materials packaging be of
sufficient strength and quality to withstand normal transportation conditions and high-probability accidents, and the
package selected by the shipper must be compatible with the material to be shipped and must be suitable to the level
of risk presented by the material.
The types of package which are required for transporting radioactive material at or from UW Madison should
usually be one of two types: (1) Strong, tight (e.g., UN designated) packages for transporting limited quantities of
radioactive materials or (2) Type A packages for transporting material in amounts exceeding limited quantities. A
Type B package exists, but is primarily for high activity (i.e., > A 2) shipments (see 8.2).
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8.1.d Operational Rules and Requirements
Operational rules apply to those who manufacture, test and repair certain containers like tank cars, cargo tanks, and
Type B containers. There are also operational requirements for shippers and carriers, and special requirements for
each transportation mode: rail, air, water and highway. Operational requirements are defined in 49 CFR 171 thru
180 and 49 CFR 390 thru 397. For example, two operational requirements affecting the UW are:
9 packages of hazardous materials must be blocked or braced during shipment
9 persons operating a vehicle placarded for hazardous materials must have a Commercial Driver's License (CDL)
with a hazardous materials endorsement
8.2 Radioactive Materials Transportation Definitions
The DOT defines radioactive material as any material containing radionuclides where both the activity concentration and the total activity in the consignment exceed values specified in Table 8-9 and 8-10. Transportation of
radioactive materials is regulated jointly on a federal level by the Nuclear Regulatory Commission and the Department of Transportation. Hazardous Materials Regulations applicable to radioactive materials are described in 49
CFR 173, Subpart I. The State of Wisconsin adopts these rules in HFS 157.92 and HFS 157 Appendix O. The
following are some commonly encountered terms and definitions:
A1

The maximum activity of special form radioactive material permitted in a Type A package.

A2

The maximum activity of radioactive material, other than special form material, low specific activity
material and surface contaminated object, permitted in a type A package (i.e., A2 [ A1). A list of
many A1 and A2 quantities is found in Table 8-7, at the end of this chapter. A complete list of A1
and A2 values is found in 49 CFR 173.435.

Limited
Quantity of
Radioactive
Material

A quantity of radioactive material not exceeding the activity limits found in 49 CFR 173.425 (i.e.,
Table 8-2) which conform to the requirements found in Section 8.4. Most radioactive material
shipped from the UW is limited quantity. Limited quantities of radioactive material (see Tables 8-5,
8-9, and 8-10) are excepted from specification packaging, shipping paper and certification, marking
and labeling requirements, but must meet contamination and radiation limits (see 8.4).
Table 8-2. Activity Limits for Limited Quantities, Instruments and Articles

Solids

Nature of Contents
Special Forms

10-2 A2

A2

10-3 A2

10-1 A2

10-3 A2
37 TBq
1000 Ci
3.7 TBq
100 Ci
0.037 TBq
1 Ci
10-4 A2

2 x 10-2 A2

2 x 10-1 A2

2 x 10-2 A2

Special Form

-3

10 A1

-2

10 A1

10-3 A1

Other Forms

10-3 A2

10-2 A2

10-3 A2

Other Forms
Tritiated
< 0.0037 TBq/L
Liquids
Water
< 0.1 Ci/L
0.0037 to 0.037 TBq/L
0.1 to 1.0 Ci/L
> 0.037 TBq/L
> 1 Ci/L
Other Liquids
Gases

Instruments and Articles Limits
Materials
Instrument or Article Limit Package Limits Package Limits
10-3 A1
10-2 A1
A1

Tritium*

*These values also apply to 3H in activated luminous paint and to 3H adsorbed on solid carriers
Low Specific Radioactive material consisting of limited specific activities that satisfy the descriptions and limits
Activity
set below. Although there are three LSA classes (LSA-I, LSA-II, and LSA-III), LSA-II is the most
(LSA)
common type at the UW (LSA-I is mineral ores with uranium / throium). LSA pertains to material
in which the radioactivity is essentially uniformly distributed and in which the estimated average
concentration of the contents does not exceed specified values. Shielding material surrounding the
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LSA-II

LSA-III

LSA material may not be considered in determining the estimated average specific activity of the
package contents. Transport requirements for LSA radioactive materials are found in 49 CFR
173.427.
9 Water with tritium concentration up to 0.8 TBq/L (20.0 Ci/L).
9 Material in which the radioactive material is distributed throughout and the estimated average
specific activity does not exceed 10-4 A2 /g for solids and gases, and 10 -5 A2 /g for liquids.
Solids (e.g., consolidated wastes, activated materials) in which the:
9 radioactive material is distributed in a solid binding agent (e.g., concrete, bitumen, ceramic, etc.),
and
9 radioactive material is relatively insoluble, or it is intrinsically contained in a relatively insoluble
material, so that, even under loss of packaging, the loss of radioactive material per package by
leaching when placed in water for seven days would not exceed 0.1 A 2, and
9 estimated average specific activity of the solid, excluding any shielding material, does not exceed
2 x 10-3 A2 /g.

Normal Form Radioactive material which has not been demonstrated to qualify as Special Form.
Package

The packaging together with its radioactive contents as presented for transport. An excepted
package is packaging together with its excepted radioactive materials as specified in 49 CFR
173.421 - 173.426 and 173.482.

Packaging

The assembly of components necessary to ensure compliance with the packaging requirements of 49
CFR. As described, it may consist of one or more receptacles, absorbent materials, spacing structures, thermal insulation, radiation shielding, servicing equipment and devices for cooling or absorbing mechanical shocks.

Radioactive Any manufactured instrument or article such as an instrument, clock, electronic tube, or
Instrument apparatus, or similar instruments and articles having radioactive material in gaseous or
or Article non-dispersible solid form as a component part.
Reportable
Quantity
(RQ)

Radioactive material in quantities exceeding activities listed in 49 CFR 172.101, Appendix A, Table
2 (List of Hazardous Substances and Reportable Quantities) which designate a Hazardous Material
as a Hazardous Substance. A listing of RQ values for some nuclides is in Tables 8-9 and 8-10. If a
package contains more that the reportable quantity, the letters "RQ" must also be placed on the
package along with required labels and the shipping paper must indicate the package contains a
reportable quantity of material.
9 Hazardous material is a substance which has been determined by the DOT to be capable of
posing an unreasonable risk to health, safety and property when transported in commerce and
which has been so designated.
9 Hazardous substance is a quantity of a hazardous material exceeding the reportable quantity.

Highway
Route
Controlled
Quantity

A quantity within a single package which exceeds:
9 3,000 times the A1 value of the radionuclide for special form radioactive material;
9 3,000 times the A2 value of the radionuclide for normal form radioactive material; or
9 1,000 TBq (27,000 Ci), whichever is least.

Special
Form

An indispersible solid radioactive material or a sealed capsule containing radioactive material which
satisfies the following conditions:
9 It is either a solid piece or a sealed capsule that can be opened only by destroying the capsule
(see Figure 9-8);
9 The piece or capsule has at least one dimension not less than 5 mm (0.2 in); and
9 Satisfies test requirements of 49 CFR 173.469.
For most UW Madison shipments, special form material would only be those sealed sources that are
accompanied by a special form certificate. The majority of material offered for transport by UW
Madison is Normal Form Radioactive Material.
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Specific
Activity

The activity of the radionuclide per unit mass of that nuclide. The specific activity of a material in
which the radionuclide is essentially uniformly distributed is the radioactivity per unit mass of the
material, usually reported in units of Bq/g or Ci/g.

Contamination

The presence of a radioactive substance on a surface in quantities in excess of 0.4 Bq/cm2 for beta ,
gamma and low toxicity alpha emitters or 0.04 Bq/cm2 for all other alpha emitters. Contamination
can be fixed or non-fixed..
9 Fixed radioactive contamination is contamination that cannot be removed from the surface
during normal conditions of transport.
9 Non-fixed radioactive contamination is contamination that can be removed from a surface during
normal conditions of transport.

.
Surface
Contaminated
Object
(SCO)

A solid object which is not itself radioactive but which has radioactive material distributed on its
surface. SCO exists in two phases, SCO-I and SCO-II. Each category is delineated by radioactive
contamination distributed on its surfaces that does not exceed the fixed, non-fixed, and total
contamination limits referenced in Table 8-3. The contamination is assayed by measuring the
contamination over a surface area of 300 cm2 (or the entire surface if the area is less than 300 cm2)
for two broad classes of contaminants: (1) beta, gamma and low toxicity alphas and (2) all other
alphas. SCO is not intended to include contaminated paper, plastic, booties, gloves and other similar
lab trash. If the material is activated, or activated and contaminated, it cannot be classified as SCO.
When SCO-II limits are exceeded, and depending on the fraction of the aggregate A 2 values, the
shipment must be made in a Type A or Type B package, as a Type A or Type B quantity.
Table 8-3. Surface Contaminated Object Limits
SCO - I

Non-fixed on
accessible surface
Fixed on accessible
surface
Total (fixed + non- fixed)
on inaccessible surfaces

alpha
beta/gamma
alpha
beta/gamma
alpha
beta/gamma

2

0.4 Bq/cm
4 Bq/cm2
4000Bq/cm2
40,000 Bq/cm2
4000Bq/cm2
40,000 Bq/cm2

SCO - II
-5

2

10 µCi/cm
10-4 µCi/cm2
0.1 µCi/cm2
1 µCi/cm2
0.1 µCi/cm2
1 µCi/cm2

40 Bq/cm2
400 Bq/cm2
80,000Bq/cm2
800,000 Bq/cm2
4000Bq/cm2
800,000 Bq/cm2

10-3 µCi/cm2
10-2 µCi/cm2
2 µCi/cm2
20 µCi/cm2
2 µCi/cm2
20 µCi/cm2

Transport
Index (TI)

The dimensionless number rounded up to the next tenth (e.g., 3.2) placed on the label of a package
(see Table 8-5), to designate the degree of control to be exercised by the carrier during transportation. For nonfissile material, the TI is determined by multiplying the maximum radiation level in
millisieverts (mSv) per hour at 1 m (3.3 ft) from the external surface of the package by 100 (equivalent to the maximum radiation level in millirem per hour at 1 meter (3.3 ft.)).

Type A
Packaging

Packaging designed to retain the integrity of containment and shielding required under normal
conditions as demonstrated by specific performance-based tests.

Type A
Quantity

A quantity of radioactive material, the aggregate radioactivity of which does not exceed A 1 (see
Table 8-7) for special form radioactive material or A2 for normal form radioactive materials.

8.3 General Requirements for Preparing Radioactive Materials for Transport
As noted above, authorized users or their personnel who have completed acceptable transportation training and
received a transportation training certificate, may ship limited quantities of radioactive materials directly from their
laboratories subject to the requirements given in the definition of Limited Quantity, above, if they have approval
from the Safety Department. At a minimum shippers must:
9 Be radiation workers
9 Read the Transportation of Radioactive Materials chapter (or attend DOT training), request and pass an
associated exam, and insure that exam is on file at the UW Safety Department.
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9 Contact Radiation Safety (2-8769) for approval prior to each shipment. After approving the shipment, CORD
will complete a Radioactive Waste Disposal form to adjust the lab's inventory and will send the shipper a copy
of the form which annotates the shipment.
9 Unless exempted by Safety, for each shipment, the shipper must complete a Radionuclide Shipment Checklist
(Table 8-8) and keep all documents related to the shipment for a minimum of 3 years.
9 Record required documentation on the lab's copy of the disposal form when received (you do not need to wait
for the form to ship the material).
At the lab's option, Radiation Safety will ship radioactive material for the lab. The lab's only cost is the shipping
charge (e.g., Federal Express); Radiation Safety will use the lab’s shipping account number (or some other arrangement, if needed). Call the Safety Department at 2-8769 stating you wish Safety to ship a radioactive package for
your lab.
With prior approval from Safety, some authorized users are allowed to prepare for transport or transport greater
than limited quantity radioactive materials. These types of shipments are not excepted from specification
packaging, shipping paper and certification, and marking and labeling requirements. The following rules apply:
1. Packaging Specifications - Obtain a U.S. DOT, Specification 7A Type A container or other container authorized as Type A in 49 CFR 173.415. Each shipper of a Specification 7A Type A package must maintain on file
for at least one year after the latest shipment and will provide to the DOT on request a complete documentation
of tests and an engineering evaluation or comparative data showing that the construction methods, packaging
designs and materials of construction comply to that specification. This certificate should be available from the
manufacturer and/or vendor of the container. If you use a specification package from a previous shipment, it is
important that all of the packing materials (e.g., spacers, bracing, etc.) be as described in the test documentation.
2. External Radiation Levels - Each package of radioactive materials offered for transportation must be designed
and prepared for shipment so that under conditions normally incident to transportation the radiation level does
not exceed 200 millirem per hour at any point on the external surface of the package, and the transport index
does not exceed 10 (see Table 8-4).
3. Shipping Papers - Shipping papers and emergency response information as described in 172 Subpart C, must
accompany the shipment. Becquerel units (cf. Table 8-9) are mandatory for all shipments.
4. Marking - Packages containing greater than a limited quantity of radioactive material must be marked as
described in 172 Subpart C (see 8.1.b., #2).
5. Labeling - If a package contains a radioactive material that also meets the definition of one or more additional
hazard classes (except Class 9),
the package must be labeled as a
Table 8-4. Radioactive Label Category
radioactive material as described
Transport Index (TI)
Surface Radiation Level (RL)
Label Category
in Table 8-4, and also for each
additional hazard. The proper
Not Applicable
RL [ 0.5 mrem/hr
White - I
label to be affixed to a package of
TI [ 1.0
0.5 mrem/hr < RL [ 50 mrem/hr
Yellow - II
radioactive material is based on
1.0 < TI [ 10
50 mrem/hr < RL [ 200 mrem/hr
Yellow III
the maximum radiation level
(RL) on any surface of the
package and the transport index (TI), a dimensionless number, the maximum radiation level (millirem per hour
[or microsievert per hour divided by 10]) at 1 meter or 3.3 feet from the surface of the package according to
Table 8-45. A TI of 0.05 is considered to be background and can be indicated as 0. Any package required to
have a Radioactive label must have two of these labels affixed to opposite sides of the package. The package
must be labeled with the proper shipping name, identification number, and US DOT 7A Type A labels.
Examples of labels and a labeled package can be found in Appendix C.
6. Placarding - If a vehicle contains a package labeled with a Radioactive Yellow III label, placarding is required
and the driver must have a Commercial Drivers License (CDL). If the radiation level at the surface of your
package and/or the transport index is high enough to require a Yellow III sticker (i.e., TI > 1.0 or RL > 50
mrem/hr), call UW Safety at 2-8769. It is very possible that, by using better designed packaging and judicious
use of shielding, the package may be re-engineered so ultimately the package will be shipped as a Radioactive
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Yellow II. If surface levels exceed 200 mrem/hr, a Yellow III can still be shipped via an exclusive use vehicle
providing radiation levels at: (1) the package surface < 1000 mrem/hr, (2) the vehicle surface < 200 mrem/hr,
(3) 6 feet from the vehicle surface < 10 mrem/hr and (4) the cab < 2 mrem/hr.
8.4 Shipping Limited Quantity of Radioactive Material -- a Special Category
Most radioactive material shipped from the UW is Limited Quantity (see Table 8-3). This is a special category
because limited quantities of radioactive material are excepted from specification packaging, shipping paper and
certification, marking and labeling requirements, except for the UN identification number marking and must meet
contamination and radiation limits. Use the values in Table 8-5 to determine if your shipment meets the criteria for
limited quantity. Tables 8-9 and 8-10 contains a more complete listing of Exempt, Limited and Type A quantities.
Otherwise, call Radiation Safety at 2-8769 if you need assistance or have other nuclides for shipment.
Table 8-5. Limited Quantity (LQ) Activity Values for Selected Radionuclides
Nuclide

Solids (and Gases)H

0.3 GBq

8.1 mCi

40 GBq
800 GBq
3 GBq

32

0.05 GBq

1.4 mCi

0.5 GBq

1.4 mCi

33

P
S

0.1 GBq
0.3 GBq

2.7 mCi
8.1 mCi

1 GBq
3 GBq

27 mCi
81 mCi

Ca

0.1 GBq

2.7 mCi

1 GBq

27 mCi

3

H

14

C
P

35
45

99m

Tc

H

Liquid
37 GBq

1000 mCi

Solid:
Gas:

1100 mCi
22,000 mCi
81 mCi

0.4 GBq

11 mCi

4 GBq

110 mCi

125

I

0.3 GBq

8.1 mCi

3 GBq

81 mCi

192

Ir

0.06 GBq

1.6 mCi

0.6 GBq
1.0 GBq

16 mCi
27 mCi

Normal Form:
Special Form:

All forms are normal form (solid, liquid) unless indicated

In addition to being below the limits listed in either of Tables 8-5, 8-9 or 8-10, radioactive materials that are to be
shipped as limited quantity must meet the following requirements:
 The material must be packaged in a strong, tight, vibration-tested (i.e., UN-designated) package that will not
leak any of the radioactive materials under conditions incidental to normal transport.
 The radiation level at any point on the external surface of the package must not exceed 0.005 mSv/hr (0.5 millirem per hour) (i.e., essentially background).
 Non-fixed (i.e., removable) contamination on the external surface of the package must not exceed:
9 37 Bq/100 cm2 (2200 dpm/100 cm2) for β-/γ- emitting radionuclides and nuclides with half life less than ten
days.
9 3.7 Bq/100 cm2 (220 dpm/100 cm2) for α emitting radionuclides.
As a practical rule-of-thumb, when monitoring the external surface of the package, if the removable contamination level exceeds 2-times background, verify that the material is properly packaged, repackage, and wipe again
(cf. 7.7 or 8.6).
 The outside of the inner packaging, or if there is no inner packaging, the outside of the package itself bears the
marking Radioactive.
 The package must meet the general design requirements of 49 CFR 173.410 (i.e., UN-designated) and the
outside of each package must be marked with the four digit UN identification number for the material preceded
by the letters UN as shown in the Hazardous Material Table (i.e., see below):

- Radioactive material, excepted package-limited quantity of material -- UN2910
- Radioactive material, excepted package - instruments or articles -- UN2911
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- Radioactive material, excepted package - articles manufactured from natural or depleted uranium or
natural thorium -- UN2909
- Radioactive material, excepted package - empty packaging -- UN2908
Requirements for multiple hazard limited quantity of radioactive material can be found in 49
CFR 173.421 and 173.422. For example, if the radioactive material is to be shipped with dry
ice via an air carrier (e.g., Federal Express):
 A dry ice packaging (e.g., Styrofoam liner and outer box) must be used.
 The package must be marked on one side with the warning diamond label which has vertical black bars on the top half and a 9 on the bottom half.
 On the same side as the diamond must appear the words:
Kg (
lbs) DRY ICE
UN 1845
 The dry ice and number of pounds must be identified on the shipping papers. Most carrier bills of lading have a
space for dry ice identification and often require the number of pounds be listed under the UN 1845.
8.5 Shipping Radioactive Materials via a Commercial Carrier (e.g., FedEx, DHL)
Shipping radioactive material via a commercial carrier normally means the package will be going by air. DOT rules
published in 49 CFR govern transportation in the US. Commercial carriers usually follow the International Air
Transport Association (IATA) rules because these materials are often transported by air by carriers who transport
items both domestically and internationally. The IATA regulations are at least as restrictive as DOT and, because of
the mode of transport, may be more restrictive for certain substances.
Originally founded in 1919, IATA brings together approximately 280 airlines, comprising more than 95% of all
international scheduled air traffic. The goal is to establish a cooperative system which offers a seamless service of
the highest possible standard to passengers and cargo shippers. Continual efforts by IATA ensure that people,
freight and mail can move around the vast global airline network as easily as if they were on a single airline in a
single country. In addition, IATA helps to ensure that members' aircraft can operate safely, securely, efficiently and
economically under clearly defined and understood rules.
In 1953, IATA members recognized the growing need to transport articles and substances having hazardous
properties which, if uncontrolled, could adversely affect the safety of the passengers, crew and/or aircraft on which
they were carried. Experience showed that most such articles could be carried safely, provided that they were
properly packed and the quantities in each package were properly limited. Using this experience and industry
standards, IATA published the first edition of the IATA Dangerous Goods Regulation in 1956.
The IATA Dangerous Goods Regulations manual is based on the International Civil Aviation Organization
(ICAO) Technical Instructions and incorporates additional operational requirements to produce a standardized
system for transporting dangerous goods safely and efficiently.
Packaging is the essential component in the safe transport of dangerous goods by air. IATA provides packing
instructions for all dangerous goods acceptable for air transport. The packing instructions normally require the use
of a UN performance-tested specification packaging. Some dangerous goods have been identified as being too
dangerous to be carried on any aircraft under any circumstances. Others are forbidden under normal circumstances,
but may be carried with specific approvals from the states concerned.
Training is the key to insuring safety. All individuals involved in the preparation or transport of dangerous
goods must be trained and familiar with the IATA Dangerous Goods Regulations. Training must be received
initially and then at two year intervals for IATA compliance and three year intervals for DOT.
The proper declaration of dangerous goods by the shipper insures that all individuals in the transportation chain
know what dangerous goods they are transporting, how to properly load and handle them, and what to do if an
incident or accident occurs either in-flight or on the ground.
To ship your substance, you must classify and package the material. Classification is done using Section 4 of
the IATA Dangerous Goods Regulations. This section consists of two main parts. Subsection 4.2 contains approximately 3000 articles and substances with dangerous properties which are most likely to be shipped by air. The list
is not intended to be all-inclusive. It contains several names of a general nature, known as n.o.s. (not otherwise
specified) names or entities under which unlisted items may be transported. This table is very similar to the Hazardous Materials Table found in 49 CFR 172.101 and is often called the "List of Dangerous Goods." Subsection 4.3 of
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the Dangerous Goods Regulation is a numerical cross-reference list correlating the UN/ID number to the proper
shipping name, arranged in numerical order.
Table 8-6, above, is an extract from the IATA 4.2 List of Dangerous Goods used to explain the various table
components for comparing and contrasting with 49 CFR Table 172.101.

 Column A - UN or ID (identification) Number - The number assigned the article or substance under the United
Nations classification system. The number is normally written UN ####. Some substances have not been given
a UN number. These are normally given an ID number in the 8000-range and are written ID ####.
Table 8-6. IATA 4.2 List of Dangerous Goods (extracted)
Passenger and
Cargo Aircraft
UN/
ID
No.
A
2911
2909

2909

2909
2908
2911
2910

3321

2913

2913

2915

3332

Proper Shipping
Name/Description
B
Radioactive material, excepted
package - articles
Radioactive material, excepted
package - articles manufactured from depleted uranium
Radioactive material, excepted
package - articles manufactured from natural thorium
Radioactive material, excepted
package - articles manufactured from natural uranium
Radioactive material, excepted
package - empty packaging
Radioactive material, excepted
package - instruments
Radioactive material, excepted
package - limited quantity of
material
Radioactive material, low
specific activity (LSA-II) Δ
non-fissile or fissile exempt
Radioactive material, surface
contaminated objects (SCO-I)
Δ non-fissile or fissile exempt
Radioactive material, surface
contaminated objects (SCO-II)
Δ non-fissile or fissile exempt
Radioactive material, Type A
package, Δ non-special form,
non-fissile or fissile exempt
Radioactive material, Type A
package, special form Δ
non-fissile or fissile exempt

Class
or Sub
Div. Risk
C
D

Hazard
Label(s)
E

PG
F

Cargo
Aircraft Only

Ltd Qty
S.P.
Pkg Max Qty Pkg Max Qty Pkg Max Qty see
Inst per Pkg Inst per Pkg Inst per Pkg 4.4
M
G
H
I
J
K
L

ERG
code
N

7

None

-

-

see 10.5

see 10.5

A130

7L

7

None

-

-

see 10.5

see 10.5

A130

7L

7

None

-

-

see 10.5

see 10.5

A130

7L

7

None

-

-

see 10.5

see 10.5

A130

7L

7

None

-

-

see 10.5

see 10.5

A130

7L

7

None

-

-

see 10.5

see 10.5

A130

7L

7

None

-

-

see 10.5

see 10.5

A130

7L

7

Radioactive

-

-

see 10.5

see 10.5

A78
A139

7L

7

Radioactive

-

-

see 10.5

see 10.5

A78
A139

7L

7

Radioactive

-

-

see 10.5

see 10.5

A78
A139

7L

7

Radioactive

-

-

see 10.5

see 10.5

A78
A139

7L

7

Radioactive

-

-

see 10.5

see 10.5

A78
A139

7L

Δ - A78 -- Radioactive material with a subsidiary risk must:
(a) Be labeled with subsidiary risk labels corresponding to each subsidiary risk exhibited by the material in accordance with the relevant provisions of 10.7.2. Corresponding placards must be affixed to transport units in accordance with the relevant provisions of 10.7.5;
(b) Be allocated to Packing Groups I, II or III, as and if appropriate, by application of the grouping criteria in Section
3 corresponding to the nature of the predominant subsidiary risk. The description required in 10.8.3.9.2(b) must
include a description of these subsidiary risks (e.g., "Subsidiary risk: 3, 6.1"), the names of the constituents which
most predominantly contribute to this / these subsidiary risk(s), and where applicable, the packing group.
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 Column B - Proper Shipping Name/Description - An alphabetic listing of dangerous goods identified by their















Proper Shipping Names along with any qualifying descriptive text. The Proper Shipping Name is in bold type
and descriptive text is in a lighter type. Where applicable, there are cross-references from other names by which
the substance is known.
Column C - Class or Division - The class or division number assigned to the item (see DOT Hazard Classification Table).
Column D - Subsidiary Risks - Contains the class or division number of any important subsidiary risks listed in
numerical order (see Precedence of Hazard Table).
Column E - Labels - Contains the hazard label to be applied to the outside of each package and the overpack.
The primary hazard label is listed first followed by any subsidiary risk label(s).
Column F - Packing Group - Contains the UN Packing Group (i.e., I, II, or III) assigned the substance.
Column G - Passenger and Cargo Aircraft Limited Quantity - Packing Instructions - Refers to the relevant
Limited Quantity (Y) Packing Instructions for transport of the article on a passenger or cargo aircraft. If no
packing instruction is shown, the article cannot be carried under Limited Quantity provisions.
Column H - Passenger and Cargo Aircraft Limited Quantity - Maximum Net Quantity per Package Shows the maximum net quantity (weight or volume) of the article allowed in each package for transport on a
passenger or cargo aircraft. The weight recorded is the net weight, unless indicated by a letter G which means
you must use the gross weight. Net weight for an article is normally the weight of the material and article
combined, not the weight of the hazardous material only. If the article is packaged as a Limited Quantity, it may
be carried in either a passenger or cargo aircraft. If a cargo aircraft is used, the package must not bear the
"Cargo Aircraft Only" label.
Column I - Passenger and Cargo Aircraft - Packing Instructions - Refers to the relevant packing instructions
for transport of the article on a passenger or cargo aircraft.
Column J - Passenger and Cargo Aircraft - Maximum Net Quantity per Package - Shows the maximum net
quantity (weight or volume) of the article allowed in each package for transport on a passenger or cargo aircraft.
If the word Forbidden is shown, the article can not be carried on a passenger aircraft..
Column K - Cargo Aircraft Only - Packing Instructions - Refers to the relevant Packing Instructions for
transport of the article on a cargo aircraft only.
Column L - Cargo Aircraft Only - Maximum Net Quantity per Package - Shows the maximum net quantity
(weight or volume) of the article allowed in each package for transport on a cargo aircraft only. If the word
Forbidden is shown, the article can not be carried.
Column M - Special Provisions - May show a single, double or triple digit number preceded by the letter A.
This alpha-numeric is keyed to a paragraph in Section 4.4, Special Provisions. If your item has Special Provision(s), read each paragraph and insure your package complies. If you have questions, call Safety.
Column N - ERG Code - The Emergency Response Drill Code as found in the International Civil Aviation
Organization (ICAO) documents. The code represents suggested responses to incidents involving the specific
dangerous good entry.

8.6 Emergency Response
The required tests for shipping containers of radioactive materials demonstrate that the packaging should be
adequate to assure that, in the event of an accident, undamaged packages will be safe. However, damaged packages
may or may not pose an external radiation or contamination hazard. In an emergency, priority response actions
(e.g., lifesaving, fire control, rendering first aid, etc.) may be performed before taking radiation measurements. In
any emergency situation:
9 Isolate the hazard area and deny entry. First call the emergency response number listed on the shipping paper.
Then, call the numbers listed in Notification of Radiation Emergency.
9 Life threatening injuries must be attended to by a qualified health care specialist. Uninjured persons or equipment with suspected contamination should be detained or isolated and remain accessible to Radiation Safety
personnel. Delay cleanup until instructions are received from UW Radiation Safety.
9 Unless necessary (e.g., removal from fire), don't touch damaged / spilled containers or material.
9 Remain in the area and keep the area secure until emergency response personnel arrive.
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8.7 Receipt of Radioactive Material
At the UW, all shipments of radioactive material onto the campus are received in CORD. However, radioactive
materials are transported to various research stations and certain departments use sealed sources in nuclear gages
(see Chapter 9) which may require proper receipt. Procedures for proper receipt include:
 If receiving an unsealed source, put on a lab coat, eye protection, disposable gloves and body and extremity
dosimeters (if appropriate).
 Determine whether wipe tests or exposure level monitoring (or both) is required. These "labeled" package
monitoring requirements must be performed within 3 hours of receipt if the package is received during normal
working hours or within 18 hours if received after working hours.
Exposure Level Monitoring -- 10 CFR 20.1906(b)(2) and HFS 157.29(6) requires that radiation levels external
to the package be monitored for any package containing radioactive material in excess of the Type A quantities.
All Radioactive I-, II-, or III-labeled packages (including nuclear gages) require monitoring.
9 Measure the exposure rate in mR/hr at the package surface and at three feet from the surface of all packages
which are labeled with a White I, or Yellow II / III label.
9 Record the highest exposure rates at both distances in the appropriate log. Notify Safety if exposure rates
exceed 200 mrem/hr on contact or 10 mrem/hr at 3 feet.
Wipe Tests -- 10 CFR 20.1906 and HFS 157.29(6) requires the external surfaces of each package labeled as
radioactive material be monitored for radioactive contamination. Packages containing exempt quantities aren't
"labeled" and state and federal regulations do not require wipe testing for a package without a "radioactive"
label. Also, radioactive gases and special form radioactive materials (e.g., nuclear gages) are exempt from wipe
tests as long as a current leak test is on hand. For packages requiring wipe tests:
9 Use a moistened smear and wipe an area of approximately 300 sq. cm (6 x 8 inches) (see 7.7.b). Wipe the
seal or seam of the box and any area where contamination is likely to be found.
9 For beta emitters with Emax > 100 keV, conduct a cursory check of the wipe for removable contamination by
using a thin-window survey meter. Simply hold the wipe within 1 cm of the GM beta-window and record
the highest GM reading (minus background). If the package contains 3H or 63Ni, count on a LSC. If a
wipe’s GM count rate exceeds 600 cpm for 32P packages or exceeds 100 cpm above background for
packages of 14C / 35S / 33P / 45Ca, count the wipe on an LSC (see Lab 2, LSC Wipe Test Results) to
accurately determine removable contamination levels.
9 Record the background and wipe test results (either cpm/100 cm2 or dpm/100 cm2) on the packing slip in the
survey results area. Notify Safety if any package wipe test exceeds 2200 dpm/100 cm2 (22 dpm/cm2 or 37
Bq/100 cm2) for ß / γ emitters or 220 dpm/100 cm2 (2.2 dpm/cm2 or 3.7 Bq/100 cm2) for α emitters.
 Open all packages as soon as possible. Call Safety if you need assistance.
9 Visually inspect the box and packing materials for wetness / discoloration and the inner package for signs of
damage. Take wipe tests if contamination is suspected, notify Safety and record any observations on the
packing slip. Any contaminated packing material must be treated as radioactive waste.
9 Following manufacturer's directions, open all undamaged packages down to the primary containers. For 32P,
wear ring dosimeter inside disposable gloves and use a Plexiglas shield.
9 If the wipe test results indicate the boxes and packing material are contaminated, treat them as radioactive
waste and dispose accordingly. If meter and wipe tests are free of contamination, after all the packages have
been processed, the boxes and packing may be disposed of as normal trash or recycled. Be sure to remove or
deface all yellow/magenta Radioactive or Caution - Radioactive Materials labels or radioactive symbols on
all outer and inner packages to be disposed.
8.8 Review Questions - Fill-in or select the correct response.

1. Persons who transport radioactive material to/from research stations must receive refresher training in transpor.
tation every
2. The abbreviation, n.o.s. means
.
3. At the UW,
is the 24-hour emergency phone number used on shipping papers.
4. From Table 8-7 and Table 8-2,
mCi is the materials package limit for a 125I liquid protein.
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5.
6.
7.
8.
9.
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The limited quantity value for 35S liquid is
mCi or
MBq.
2
The ß / γ surface contamination limit for a package is
dpm/100 cm .
The exposure rate in mrem/hr at 1 meter is the definition of the
.
A Type A container must say: DOT, Type A for use in transportation. true / false
A
label would be placed on a package with a TI of 0.5 and an RL of 60 mrem/hr.

8.9 References
Title 10, Code of Federal Regulations, Parts 20 and 71 (10 CFR 20 and 10 CFR 71)
Title 49, Code of Federal Regulations, Parts 171 - 180
Wisconsin Health & Family Services Administrative Code, Chapter 157, Radiation Protection
IATA Dangerous Goods Regulations

Table 8-7. A1 and A2 Values (Curies and Terabecquerel1) for Selected Nuclides
Curie
A1
3

H

14

C

18

F

1100 1100
1100
27

81
16

A1

Curie

A2

A1

40

63

3.0

64

1.0 0.6

65

190
14

40
40

Ni

Cu
Zn

22

14

14

0.5 0.5

67

24

5.4

5.4

0.2 0.2

68

0.5 0.5

75

40

1.0

85

Na
Na

32

P

33

P

35

14
1100

14
27

Ga
Ge
Se
Sr

1100
160
54

81
54

A2
810
27

110

54

4.0

2.0

160

81

6.0

3.0
1.0
3.0

3.0 3.0

131

81
54

0.5 0.5

90

Zr

54

22

Nb

27

27

Y

Sn

20

1.0

14

6.0 1.0

1.0

90

14

3.0

27

89

Sc

3.0

81

3.0

49

81

27

0.6

Sr

81

540

40
40

In

113

125

10

27

30

0.5 0.5

81

1100

A2

7.0 3.0

16

Ca

A1

14

270

46

A2

81

1100

45

A1
111

40

A2

19

3.0

0.7

2.0 2.0

Cs

54

16

2.0

0.6

Ce

14

14

0.5 0.5

141

540

16

20

0.6

16

16

0.6 0.6

152

Eu

27

27

1.0

1.0

0.3 0.3

153

Gd

270

240

10

9.0

0.3 0.3

154

24

16

0.9

0.6

8.1
8.1

8.1
8.1

1100 1100

40

40

811

30

30

95

1.0 1.0

99

40

40

99m

10

103

54

54

2.0 2.0

810

54

30

Mn

55

Fe

57

Co

27

27

1100 1100
270

270

10

Mo
Tc

Pd

59

Fe

24

24

0.9 0.9

103

60

Co

11

11

0.4 0.4

109

TBq = 1012 Bq = 27 Ci

Ru
Cd

I

81

V

54

I
I

Cr

811

I

137

95

51

TBq

124

S

Sr

A1

Curie

2.0 2.0

54

Cl

Rb

TBq

123

86

36

1

A2

TBq

27
270

16
110

1100 1100

Eu

2.0 0.8

192

Ir

27

16

1.0

0.6

1.0 1.0

201

Tl

270

110

10

4.0

1.0 0.6

203

Hg

140

27

5.0

1.0

10

4.0

210

Po

1100

0.54

40

0.02

40

226

Ra

5.4

0.081

0.2

0.003

239

Pu

270

0.027

10

0.001

Am

270

0.027

10

0.001

40

2.0

241
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Table 8-8. Radionuclide Shipment Checklist
Shipper

Trained within 3 years

Ship-to Address Verified
Copy of License from Receiver (Ship-to can receive?)
Preliminary
Information

Billing Information (if CORD ships)
Nuclide
Activity (MBq and (optional) mCi)
Form (Normal, Special, Instruments/Articles, Other)
Quantity (Exempt, Limited, Type A - see Label)
Proper Package (not damaged)
Wipe Test

Background cpm
Wipe cpm

Exposure Rate:

Bkg mR/hr

Contact mR/hr
3 Ft (TI) mR/hr

Packaging
Information

Exclusive Use Vehicle Survey - 6 ft & Drivers Cab mR/hr acceptable?
Label (LQ, W-I, Y-II, Y-III (CDL required for III))
Marking

Proper Shipping Name & ID #
CORD Address
USDOT 7A Type A
This Side Up (liquid)
Dry Ice (on shipping papers)

Shipping Papers, (Airbill) Certification, Exclusive Use Survey, etc.
Shipping
Papers or
Information

Any Special Instructions Provided (e.g, Exclusive Use, Airbill, etc.)
Disposal Form (copy to CORD)
Date Shipped
Shipper:

Keep this and all records of this shipment for 3 years after shipment
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Table 8-9. Exempt, Limited, and Type A Package Quantity (curie) Limits

Symbol
H-3
C-14
F-18
Na-22
Na-24
P-32
P-33
S-35
Cl-36
Ca-45
Sc-46
V-49
Cr-51
Mn-54
Fe-55
Co-57
Fe-59
Co-60
Ni-63
Cu-64
Zn-65
Ga-67
Ge-68
Se-75
Sr-85
Rb-86
Sr-89
Sr-90
Mo-99
Tc-99m
Pd-103
Ru-103
Cd-109
In-111
Sn-113
I-123
I-124
I-125
I-131
Cs-137
Ce-141
Eu-152
Gd-153
Eu-154
Ir-192
Tl-201
Hg-203
Po-210

Element
Hydrogen
Carbon
Fluorine
Sodium
Sodium
Phosphorus
Phosphorus
Sulfur
Chlorine
Calcium
Scandium
Vanadium
Chromium
Manganese
Iron
Cobalt
Iron
Cobalt
Nickel
Copper
Zinc
Gallium
Germanium
Selenium
Strontium
Rubidium
Strontium
Strontium
Molybdenum
Technetium
Palladium
Ruthenium
Cadmium
Indium
Tin
Iodine
Iodine
Iodine
Iodine
Cesium
Cerium
Europium
Gadolinium
Europium
Iridium
Thallium
Mercury
Polonium

Package
(μCi)
27,000
270
27
27
2.7
2.7
2700
2700
27
270
27
270
270
27
27
27
27
2.7
2700
27
27
27
2.7
27
27
2.7
27
0.27
27
270
2700
27
27
27
270
270
27
27
27
0.27
270
27
270
27
0.27
27
2.7
0.27

Exempt
Concentration
(μCi/g)
27
0.27
0.00027
0.00027
0.00027
0.027
2.7
2.7
0.27
0.27
0.00027
0.27
0.027
0.00027
0.27
0.0027
0.00027
0.00027
2.7
0.0027
0.00027
0.0027
0.00027
0.0027
0.0027
0.0027
0.027
0.0027
0.0027
0.0027
0.027
0.0027
0.27
0.0027
0.027
0.0027
0.00027
0.027
0.0027
0.00027
0.0027
0.00027
0.0027
0.00027
0.00027
0.0027
0.0027
0.00027

Limited (mCi)
Liquid
10-4A2
110
8.1
1.6
1.4
0.54
1.4
2.7
8.1
1.6
2.7
1.4
110
81
2.7
110
27
2.4
1.1
81
2.7
5.4
8.1
1.4
8.1
5.4
1.4
1.6
8.1
1.6
11
110
5.4
5.4
8.1
5.48
8.1
2.7
8.1
1.9
1.6
1.6
2.7
24
1.6
1.6
11
2.7
0.054

Solid
10-3A2
1100
81
16
14
5.4
14
27
81
16
27
14
1100
810
27
1100
270
24
11
810
27
54
81
14
81
54
14
16
81
16
110
1100
54
54
81
54
81
27
81
19
16
16
27
240
16
16
110
27
0.54

Type A
Package
A2 (Ci)
1100
81
16
14
5.4
14
27
81
16
27
14
1100
810
27
1100
270
24
11
810
27
54
81
14
81
54
14
16
8.1
16
110
1100
54
54
81
54
81
27
81
19
16
16
27
240
16
16
110
27
0.54

RQ
(Ci)
100
10
1000
10
10
0.1
1
1
10
10
10
1000
1000
10
100
100
10
10
100
1000
10
100
10
10
10
10
10
0.1
100
100
100
10
1
100
10
10
0.1
0.01
0.01
1
10
10
10
10
10
1000
10
0.01
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Table 8-10. Exempt, Limited, and Type A Package Quantity (becquerel) Limits
Exempt
Symbol
H-3
C-14
F-18
Na-22
Na-24
P-32
P-33
S-35
Cl-36
Ca-45
Sc-46
V-49
Cr-51
Mn-54
Fe-55
Co-57
Fe-59
Co-60
Ni-63
Cu-64
Zn-65
Ga-67
Ge-68
Se-75
Sr-85
Rb-86
Sr-89
Sr-90
Mo-99
Tc-99m
Pd-103
Ru-103
Cd-109
In-111
Sn-113
I-123
I-124
I-125
I-131
Cs-137
Ce-141
Eu-152
Gd-153
Eu-154
Ir-192
Tl-201
Hg-203
Po-210

Element
Hydrogen
Carbon
Fluorine
Sodium
Sodium
Phosphorus
Phosphorus
Sulfur
Chlorine
Calcium
Scandium
Vanadium
Chromium
Manganese
Iron
Cobalt
Iron
Cobalt
Nickel
Copper
Zinc
Gallium
Germanium
Selenium
Strontium
Rubidium
Strontium
Strontium
Molybdenum
Technetium
Palladium
Ruthenium
Cadmium
Indium
Tin
Iodine
Iodine
Iodine
Iodine
Cesium
Cerium
Europium
Gadolinium
Europium
Iridium
Thallium
Mercury
Polonium

Package
(MBq)
1000
10
1
1
0.1
0.1
100
100
1
10
1
10
10
1
1
1
1
0.1
100
1
1
1
0.1
1
1
0.1
1
0.01
1
10
100
1
1
1
10
10
1
1
1
0.01
10
1
10
1
0.01
1
0.1
0.01

Concentration
(Bq/g)
1,000,000
10,000
10
10
10
1000
10,000
100,000
10,000
10,000
10
10,000
1000
10
10,000
100
10
10
100,000
100
10
100
10
100
100
100
1000
100
100
100
1000
100
10,000
100
1000
100
10
1000
100
10
100
10
100
10
10
100
100
10

Limited (GBq)
Liquid
10-4A2
4
0.3
0.06
0.05
0.02
0.05
0.1
0.3
0.05
0.1
0.05
4
3
0.1
4
1
0.09
0.04
3
0.1
0.2
0.3
0.05
0.3
0.2
0.05
0.06
0.03
0.06
0.4
4
0.2
0.2
0.3
0.2
0.3
0.1
0.3
0.07
0.06
0.06
0.1
0.9
0.06
0.06
0.4
0.1
0.002

Solid
10-3A2
40
3
0.6
0.5
0.2
0.5
1
3
0.6
1
0.5
40
30
1
40
10
0.9
0.4
30
1
2
3
0.5
3
2
0.5
0.6
0.3
0.6
4
40
2
2
3
2
3
1
3
0.7
0.6
0.6
1
9
0.6
0.6
4
1
0.02

Type A
Package
A2 (GBq)
40,000
3000
600
500
200
500
1000
3000
600
1000
500
40,000
30,000
1000
40,000
10,000
900
400
30,000
1000
2000
3000
500
3000
2000
500
600
300
600
4000
40,000
2000
2000
3000
2000
3000
1000
3000
700
600
600
1000
9000
600
600
4000
1000
20

RQ
(TBq)
3.7
0.37
37
0.37
0.37
0.0037
0.037
0.037
0.37
0.37
0.37
37
37
0.37
3.7
3.7
0.37
0.37
3.7
37
0.37
3.7
0.37
0.37
0.37
0.37
0.37
0.0037
3.7
3.7
3.7
0.37
0.037
3.7
0.37
0.37
0.0037
0.00037
0.00037
0.037
0.37
0.37
0.37
0.37
0.37
37
0.37
0.00037
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9 Irradiators and Nuclear Gauges
Some pages have been redacted from the online version of this manual
for security reasons. Please contact Radiation Safety for the full version.
.
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9.4 Nuclear Gauges
Today many industries use equipment that incorporate a radioactive source as a measuring gauge. Nuclear gauges
provide an inexpensive, yet highly reliable and accurate method of measuring the thickness, density, level, or
make-up of a wide variety of materials and surfaces. There are two types of nuclear gauges, fixed and portable.
9.4.a Fixed Gauges
Fixed gauges are most often used in factories and other industrial
settings as a way of monitoring a production process and ensuring
quality control. In many processes, either products cannot be
effectively checked by traditional methods which normally requires
direct contact, or a nondestructive measuring technique is desired. In
these situations, a nuclear gauge can be inserted into the process to
provide precise measurements of thickness, density, or level.
These fixed gauges consist of a radioactive source that is housed
within a source holder and placed at a crucial point in the process.
When the source holder's shutter is opened (Figure 9-6), a
beam of radiation is directed at the material being processed.
A detector mounted opposite the source measures the
radiation that passes through the material. A readout either on
the gauge or on a connected computer terminal registers the
required information (e.g., the thickness of a product as it
passes between the source and the detector, the level of liquid
in a bottle as it is being filled, the level of molten glass in a
furnace [Figure 9-7], the moisture content of wood chips,

Figure 9-6. Fixed Gauge

Figure 9-6. Glass Furnace Level Gauge
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etc.). The passage of radiation does not cause any change in the material, and the material itself in no way becomes
radioactive.
Fixed gauges are commonly used in many types of processing environments from mills to breweries. These
gauges are so sensitive they are even used in paper mills where they measure the thickness of a sheet of paper as it
leaves the presses. In breweries fixed gauges insure that each bottle contains the right amount of beer. Thus,
whatever the application, fixed gauges ensure quality control in a process.
9.4.b Portable (Moisture / Density) Gauges
Portable gauges are used in industries such as agriculture, construction, and civil engineering to measure things like
the moisture in soil or cement and the density of asphalt in a paving mix. There are several basic methods of
measuring material with portable gauges: direct transmission, backscatter, moisture and thin layer (Figure 9-8).

Read out

Read out
Detectors

Depth

Photon
Paths
Source

Direct Transmission

Detectors

Measurement
Zone
Read out

Read out
Source

Detector

Source

Source

Detectors

Black Base

Photon Paths

Backscatter

Moisture

Thin Layer

Figure 9-8. Portable Gauges
Direct transmission is considered the more precise of the two, as it has less error in measuring composition and
compensates for surface roughness. The gamma source is positioned at a specific depth within the test material by
inserting it into an access hole. Gamma rays are transmitted through the test material to detectors located within the
gauge. The average density between the gamma source and the detectors is then determined based upon how much
radiation was shielded. Direct transmission is used for testing medium to thick lifts of soil, aggregate, asphalt, and
concrete. Thus, this system can be used at construction sites to measure soil density after compacting.
The backscatter method eliminates the need for an access hole by allowing both the source and detector to
remain on the surface. Radiation is directed beneath the surface. Some radiation is reflected or scattered back to
the gauge’s detector by the material near the surface. This method is usually less accurate than direct transmission,
because of the large scattering angle and shallow depth of measurement. It is also insensitive to density variations
beyond a depth of two to three inches. However, the backscatter method is quicker and easier than direct
transmission and is useful when measuring thin layers of uniform material such as asphalt paving and concrete.
The moisture measurement is nondestructive with the neutron source and detector located inside the gauge, just
above the surface of the test material. Fast neutrons enter the test material and are slowed after colliding with the
hydrogen atoms present. The detector in the gauge counts the number of thermalized (slowed) neutrons, which
relates directly to the amount of moisture in the sample.
The thin layer process is a special modification of the backscatter method designed to measure the density of
asphalt and concrete overlays from 1 - 4 inches (2.54 - 10.16 cm) without influence from underlying material.
Source Strength
Each portable moisture / density gauge uses one or two sealed radioactive sources (e.g., americium-241,
cesium-137, krypton-85, americium-241/beryllium, radium-226, californium-252, or cobalt-60 -- Figure 9-9). The
source's strength is measured in terms of how many radioactive decay events there are (see 1.2.d). Although these
sources are physically quite small, they are often extremely powerful and highly radioactive. Sources used in
moisture density gauges are normally americium-241/ beryllium. Americium-241 is an alpha emitter. When
beryllium absorbs an alpha particle, it becomes excited and emits a neutron of approximately 4.5 MeV.
4
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The efficiency for this process is rather low, approximately 60 x 10-6 neutrons per second per becquerel (or 2.22 x
106 neutrons per second per curie) of 241Am. Because a buildup of helium gas within the capsule could rupture the
capsule, these sources are leak-tested every 6 months to insure source integrity. In moisture/density gauges, the
241
Am source is nominally
1850 MBq(50 mCi), emitting
approximately 110,000
neutrons per second.
However, remember the
quality factor (Table 1-4) for
neutrons is between 2 - 10,
depending upon energy, so
precautions are necessary to
keep exposures ALARA.
Workers are protected
Figure 9-9. Sealed Source Capsule
from receiving excess
radiation by the source shielding, by proper handling techniques, and by the fact that the U.S. Nuclear Regulatory
Commission has performed a safety evaluation of all nuclear gauges in the United States to ensure that, under
proper use, they will pose no radiation hazard. Note that a small amount of radiation always penetrates the gauge
housing and can be detected by a radiation survey meter even if the source capsule is intact. This low level
radiation poses no measurable health risk. The following section outlines the many ways in which the possible
hazards associated with nuclear gauges are minimized.
9.4.c Proper use of Portable Nuclear Gauges
Working with and around (portable) nuclear gauges is no different than
working with other types of industrial equipment, certain rules and
procedures must be followed to ensure safe use. Always follow the
operating procedures provided by the manufacturer and Radiation Safety.
When handled in accordance with these guides, the radioactive materials
present no hazard to employees, customers, or the general public.
Radiation Safety Office
Use and possession of portable gauges (Figure 9-10) is under the
direction and supervision of the University's Radiation Safety Office
(RSO). The RSO is a single point of accountability and responsibility
between the State Radiation Protection Branch and the gauge user. The
RSO is responsible for all aspects of gauge radiation safety, insuring that:
Figure 9-10. Moisture Gauge
 all terms and conditions of the license are complied with and that the
license information contained is up-to-date and accurate.
 the equipment is inventoried and leak tested at least semiannually, as specified in the UW's radioactive license.
 the equipment is used only by operators trained and authorized by the RSO, that they use the equipment in
accordance with applicable regulations and they are wearing appropriate personnel dosimeters (Chapter 7).
 records required by the license and the regulations are properly maintained.
 all equipment is properly secured against unauthorized removal at all times.
 all required signs and notices are properly posted at gauge storage location.
 all operators have read and understand this Radiation Safety Plan.
9 State of Wisconsin, Department of Health & Family Services, PPH Form 45027, Notice to Employees.
9 temporary storage areas labeled with "Caution - Radioactive Material" signs.
9 notice posted of where a copy of the UW license, safety plan, and copy of regulations are located.
The RSO also serves as a point of contact and gives assistance in case of an emergency such as equipment damage
in the field, theft, or fire and to notify the proper authorities in case of an emergency and arrange appropriate
training for all operators.
Operators
Operation of this type of gauge is often away from the main campus of the UW, either at a field station or other
remote site. The UW's radioactive material license specifies that sealed sources in portable nuclear gauges may be
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used at temporary job sites of the licensee anywhere in the State of Wisconsin. Out of state use is not authorized.
Use on land not owned by the University of Wisconsin should be performed only after written permission has been
obtained from the owner.
 The operator will exercise suitable control over the gauge at all times. At no time is it to be left unattended or in
the possession of an untrained or unauthorized person.
 When not being used to make field measurements, the gauge will be locked and returned to its storage /
transportation case.
 When testing is complete, the gauge will be returned to its permanent place of storage as soon as possible.
When storage is required at a temporary field site, the room will be locked and posted with Caution Radioactive Materials signs.
 After completing the daily measurements and upon return of the gauge to its storage location (either temporary
or permanent), check to insure that the gauge is not damaged, perform a radiation survey of the gauge in its
shipping case, and document the results in the gauge's use log. Contact the RSO immediately if unexpected
exposures are measured; insure that the source is retracted into its safe, storage position, but do not attempt to
dismantle or repair the source.
 When using the gauge, the operator must wear their assigned personnel dosimeter (TLD). When the operator is
not using the equipment, the monitoring device will be kept in a radiation-free area.
 At all times, operators will observe ALARA principles to minimize any dose received.
 While the equipment is in the operator’s possession, the operator will have copies of:
9 the UW's radioactive material License
9 the Radiation Safety Plan with Emergency Procedures and Telephone Call List
9 the gauge’s operating manual
9 a current Leak Test Certificate
 The Operator will conspicuously post all required signs and notices at any temporary storage location.
Transportation
Safety in the transportation of radioactive materials depends on proper packaging and on the efficient manner in
which the packages are handled, stored and transported. Nuclear gauges are transported in Type A packages (see
Chapter 8). Type A packages normally contain relatively small quantities of radioactive materials and therefore
are required to withstand only the normal rigors of transportation. To be in compliance with the regulations, such
packages must be able to withstand drop, penetration, compression and vibration tests, as well as exposure to
extreme climatic conditions that are encountered in normal transportation. Each shipper is required to maintain on
file the results of the package testing. Licensees who transport gauges to and from temporary job sites in licensee or
private vehicles are shippers acting as private carriers and, as such, must comply with DOT regulations governing
both shippers and carriers, 49 CFR Parts 170 - 178 (see Chapter 8).
 During transportation, the gauge must be secured in the transporting vehicle and located away from personnel.
When transported in a closed vehicle (car or van), the case will be locked and the vehicle will be locked when
the operator is not with the vehicle. When transported in an open bed vehicle (pickup truck), the case will be
locked and the case securely fastened and locked (e.g., chained) to the truck bed when the operator is not with
vehicle.
 The equipment can only be transported in its approved DOT shipping container with all the required labels and
markings.
 During transportation the operator must have shipping papers on the seat beside the driver or in a holder which
is mounted to the inside of the door on the driver's side of the vehicle describing the radioactive material with
the proper nomenclature. Sample shipping papers are included with each gauge’s Radiation Safety Plan packet.
 When shipping by common carrier (e.g., Federal Express), the package shall be in compliance with 49 CFR
Parts 170 - 179 and, if appropriate, IATA. Call Safety, 2-8769, for details.
Maintenance
Only the manufacturer of the gauge, or a person authorized by the NRC or an Agreement State, should attempt to
repair the source, source holder, or shutter. Periodic maintenance (e.g., cleaning the gauge) is an operator function.
The operator will have received proper instruction on how to clean the gauge and will wear any assigned monitoring
device. If necessary when using a nuclear gauge in the field, clean the area around the shutter throughout the day.
 Always lock the shutter in the "off" position until maintenance is completed and avoid any physical contact
with, or direct exposure to the source when performing any maintenance.
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 A leak test is be performed semiannually by the RSO in accordance with the gauge manufacturer's instructions.
If in the field for a prolonged period, the operator will receive proper instruction on how to leak test the gauge
and will wear all assigned monitoring devices.
 Check the shipping case periodically for integrity and to verify that all labels are present and readable.
 No maintenance will be performed in which the radioactive source is removed from the gauge. The gauge will
be returned to the manufacturer or an approved service center for this type of service.
Storage
When not issued to an authorized operator, sources are permanently stored in a location designated by the RSO.
When in use, sources will be stored either in an on-campus, approved location or at a temporary location near the
job site. Besides performing a receipt survey (see 8.5) and insuring the required signs are posted (e.g., Caution Radioactive Materials), the following guidance should be considered when selecting a temporary storage room.
 Separate rooms, locked and posted are preferable, however, a metal or wooden cabinet is acceptable if it can be
locked and posted.
 Gauges should be placed so they are stored a minimum 10 feet from any occupied work areas.
 Room or cabinet should include appropriate electrical outlets to charge the meter's power supply.
 No more than two gauges should be stored in the same temporary location unless the distance to occupied areas
is increased.
Before storing the gauge the operator must insure the gauge is intact and radiation levels are appropriate. This is
done by inspecting the gauge and insuring that the gauge is not physically damaged. Because the gauge is
considered a sealed radioactive source that is in transit between uses, the operator must perform a radiation survey
(see 8.5) of the gauge in its shipping case. Since the gauge is a sealed source, wipe tests / contamination surveys are
not required, only radiation exposure measurements are required. Measure the exposure rate in mR/hr at the
package surface and at 1 meter (3.3 feet) and record the survey results in the gauge's use log. If unexpected or high
exposures are measured, call the RSO immediately.
Records
The records accompanying a gauge consist of personnel monitoring, leak test results, training certificate, and gauge
inventory. A check out log is normally assigned to each gauge. Information on the log includes gauge serial
number, operator checking out gauge, date checked out, destination, estimated return date, and actual date of return.
Training
All operators must complete an operator's training course tailored by the RSO for gauge work in general. Special
training by the operator's faculty advisor may also be required for an operator's individual work assignments.
Emergency Procedures
The Radiation Safety Plan packet includes DOT required emergency procedures and a plan of action in case of an
accident or in the event of damage to the gauge. If you are uncertain about what to do should a malfunction,
accident or damage occur, take the following steps:
 Stop work immediately
 If the gauge has been partially damaged or destroyed, keep people at least 20 feet away until the source is
replaced or shielded, or until radiation levels are known. The survey meter supplied with the gauge can be used
to measure radiation levels.
9 If moving equipment is involved, stop any movement and evaluate the extent of contamination, if any.
9 Cordon off the area around the incident. An area with a radius of twenty (20) feet will be sufficient.
9 Visually inspect the gauge to check the extent of the damage to the source, source housing, and shielding.
9 At the earliest possible time after the situation is under control, contact the RSO. Describe the conditions
and follow the instructions of the RSO.
 In the event of a fire, call the fire department. Take appropriate action to protect personnel. Stand by to advise
the fire fighters as to the nature, locations, and potential hazards of the radioactive materials. If available, supply
the firefighters with an information packet consisting of the facility layout and a data sheet of the equipment
which includes a photograph or sketch of the gauge. Be sure to include any other important information, e.g.,
explosives, guard dogs, etc. Temperatures in an industrial fire will normally range from 500 oF at floor level to
a high at the ceiling of 1400 oF to 1800 oF. The polyethylene and lead in the gauge and gauge shipping case
would melt in most fires, the aluminum only in a severe fire. The stainless steel capsule would not reach its
melting point.

Figure 9-11. XRF Excitation

 Have a leak tests performed after any incident that may result in source damage.
 After an accident or fire, do not use the gauge until any danger from or damage to the source is checked.
 Immediately notify the UW Radiation Safety Office (608-262-8769) of any theft, accident, fire or other incident
involving the gauge. The RSO will notify (as appropriate) the State Radiation Control Section, the Nuclear
Regulatory Commission and the police.
Nuclear gauges present no major health danger if basic
precautions outlined here are taken and common sense is
used. By following proper procedures, the basic principles
of radiation protection (see Chapter 4), and by insuring all
operators and gauge users do likewise, you will be assured
that your workplace is a safe one.

Figure 9-12. XRF Measurement

9.5 X-Ray Fluorescence (XRF)
Recall from Chapter 1 (Figure 1-13), each element is
capable of emitting x-rays characteristic of that element's
electron structure. If a gamma-ray ejects a k-shell electron
from lead (shell energy ~ 88 keV), that electron is normally
replaced by an electron from the l-shell (energy ~ 15.8 keV). A
characteristic x-ray of about 72 keV would be emitted from the
transition. In XRF, an energetic gamma ray source (e.g., 109Cd; Eγ =
88 keV) is used to produce characteristic x-rays within a sample. The
XRF unit incorporates a small detector (Figure 9-12) that precisely
measures the energy of the characteristic x-ray and determines both the
element and amount.
XRF units are usually hand-held. The source is requires a
radioactive material license. Often the manufacturer will sell the
device as under a general license where the manufacturer holds the
license and the user agrees to maintain the source according to the
manufacturer's instructions which will includes leak test provisions.
9.7 References
Campbell Pacific Nuclear, Soil Moisture Gage Radiation Safety Plan
Nuclear Regulatory Commission, NUREG / BR-0133, Working Safety with Nuclear Gauges, Washington, D.C.

10 Analytical and Medical X-rays
10.1 X-ray Sources
Besides radionuclides, there are other sources of ionizing radiation at the UW-Madison. Researchers have access to
a wide variety of x-ray machines and there are electrical devices which may emit x-rays either as their primary
purpose or as an incidental byproduct of their high voltage electrical systems. Recall, that the investigation of the
effects of high energy electrons produced electrically (i.e., cathode rays), resulted in Roentgen's accidental discovery of x-rays. In such systems, x-rays are produced when electrons (or other charged particles) bombard matter
(Figure 10-1). The tubes consist of:
High
9 An electron source or cathode.
Voltage
anode
9 A target or anode which the electrons can strike.
9 A vacuum or very low gas pressure between the cathode and anode.
9 A high potential difference between the anode and cathode enables the
electrons to attain a high enough velocity either to radiate on rapid
deceleration (bremsstrahlung) or to displace inner-shell electrons in the
Cathode
target material, resulting in emission of characteristic x-rays.
Evacuation seal
There are many high-voltage gas discharge and electronic tubes that may
produce x-rays. The quantity and energy of the radiation produced will
Figure 10-1. X-ray Production
depend upon the construction of the tube and its operating current and
voltage (i.e., the x-ray technique factors). Equipment specifically designed
to produce x-rays include medical and dental x-ray machines and x-ray diffraction units. Because this type of
system is capable of producing relatively high x-ray exposures, the radiation exposures produced by any of these
devices could present a hazard unless adequate safeguards are in place. For example, these devices should only be
operated by a person familiar with the radiation safety precautions and with the operation of the specific machine.
In addition, other devices found on campus are potential x-ray sources. Typical devices which may emit x-rays as
an unwanted byproduct include:
9 Electron microscopes and their power supplies.
9 Discharge tubes in which the gas pressure may be varied while studying electrical discharge.
9 High power amplifying tubes (e.g., klystron, magnetron, etc.) used to produce microwave fields.
9 High voltage rectifier tubes, such as those used in power supplies.
9 Transmitting tubes, such as are found in commercial and some amateur radio transmitters.

Basically, any electronic tube operating at a potential above 10 kV may be a potential source of x-rays even though
it has not been designed for that purpose. Electronic tubes are not considered to be potentially hazardous radiation
sources at voltages below 10 kV because the inherent shielding, such as is provided by the glass wall, is usually
sufficient to shield any low energy x-rays produced. Even at somewhat higher voltages this inherent shielding may
be sufficient to attenuate the radiation to an acceptable level (e.g., TV manufacturers use tubes with increased glass
thickness and they changed the composition of the tube enclosure to reduce x-ray exposure).
Besides voltage, the other factor related to x-ray output is the amount of current. The current determines the
number of bombarding electrons per unit time and consequently the number of x-rays produced by the system. Low
current devices such as electron microscopes and TV sets do not usually produce a large number of x-rays.
Many types of equipment normally found in schools may be perfectly safe to use by themselves, but when used
in conjunction with another item may produce x-rays. For example, induction coils, Tesla coils, Wimshurst static
machines and small Van de Graaff generators are normally operated so the sparks they produce occur at atmospheric pressure. Even though the voltages may be high, the ions and electrons involved do not gain sufficient
energy between collisions to produce x-rays. However, if the voltage from such a source is applied across an
evacuated discharge tube, a significant number of penetrating x-rays may be produced (see Chapter 12).
10.2 Hazards of X-rays
X-rays are electromagnetic energy traveling as waves. They are identical in nature to gamma rays except that
gamma rays are emitted from the nucleus of an atom while x-rays originate outside the nucleus (e.g., the atom's
electron cloud). Analytical x-rays are produced by accelerating electrons from a cathode to an anode (target) in an
x-ray tube. The interactions of the electrons slowing down in the target produces bremsstrahlung (Figure 10-2).
The number of x-rays produced is determined by the tube current, usually expressed in milliamp (mA) which
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describes the number of electrons being accelerated from the cathode to the anode, where 1 amp = 6.281 x 10 18
electrons per second.
Depending on energy, x-rays can be very penetratProjectile
ing. The voltage of the system indicates how penetrat- High-energy
electron - in
bremsstrahlung
ing the x-rays will be. The higher the voltage of the
x-ray
generator, the more penetrating the radiation. Just like
gamma rays, x-rays ionize molecules in the body. To
protect personnel from these penetrating rays, thick,
Projectile
Projectile
dense material (e.g., lead, steel, etc.) is used as a
electron - out
electron - out
shield.
Certain analytical systems, (e.g., x-ray diffraction
units), have sufficiently high voltage to produce low
energy (e.g., 1 - 50 keV) or soft x-rays. Soft x-rays
with energies from 1 to 20 keV are absorbed in the
Low-energy
first few millimeters of the skin, although if the
bremsstrahlung x-ray
extremities (e.g., hands, wrists, feet. etc.) are
irradiated, some of this radiation may also be absorbed
Figure 10-2. Bremsstrahlung
in the bone. Excessive exposure from soft x-ray radiation can cause skin reddening (erythema) at exposures of approximately 3 gray (300 rad) while severe (first / second
degree) skin burns that appear several days post exposure have been documented for skin exposures above 5 gy
(500 rad). Until the advent of lasers, many dermatologists treated skin problems with a very low energy (< 20 keV)
x-ray called grenz-rays. These x-ray units were capable of producing exposures of approximately 300 - 400 roent gen per minute at the skin surface, but the radiation was absorbed within ¼ inches. Similarly, because some types
of analytical x-ray systems can produce exposure rates between 10 and 10,000 gy/hr (1000 and 1,000,000 rad/hr),
even short exposures to the beam are capable of producing severe skin damage. For that reason, the primary radiation beam of an analytical x-ray unit must always be contained in an interlocked shield.
10.3 Radiation Protection Techniques
The basic radiation protection principles of time, distance and shielding, apply equally to x-ray and radioisotopic
sources. The primary difference is the physical facility. X-ray facilities tend to be designed around the equipment
and the source of radiation usually remains within a well defined area in the room. Considerations for implementing these principles for x-rays include:
 Time. When you need to use an x-ray system, work quickly and efficiently. Experiments should be carefully
planned and rehearsed beforehand to minimize the exposure (beam-on) time and consequently reduce the total
radiation exposure in the room.
 Distance. When an x-ray system is being used, if you are not required to be near the system, move away.
Radiation is significantly reduced by distance (see Chapter 4), standing at least 6 feet from an x-ray radiation
source provides a great deal of protection. If the exposure at 1 foot is 1 R/hr, then at 6 feet the exposure has
been reduced to 0.027 R/hr (27 mR/hr). Note that many analytical x-ray systems use very narrow x-ray beams.
Because narrow, well collimated x-ray beams do not “spread” as much as broad beams, sometimes with narrow
beams, even being 6 feet away from the system may still result in much of the radiation beam being absorbed by
your body.
 Shielding. When a new x-ray system is being installed, insure each tube is protected by fixed shielding.
9 Do not rely on protective aprons and other shielding worn by the person using the system. Individuals may
forget, there may not be enough protective aprons to go around, persons may only be “in-and-out” of the
room. Shielding that is permanently emplaced is the most effective mechanism for protecting workers from
unnecessary x-ray exposure.
9 Always operate these systems with all shielding and safety components in place and never tamper with
system interlocks. Many injuries have occurred by individuals who were only momentarily exposed to the
beam. Some injuries have required the amputation of digits because the tissue damage was too severe for
repair and renewal.
9 Additionally, if the system is jarred severely, it is possible for some of the shielding to be moved. If jarring
occurs, call Radiation Safety for a shielding survey to insure no dislocation has occurred.
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10.4 Electron Microscopes
Electron microscopes are
commonly used, potential x-ray
sources. These are essentially
modified cathode ray tubes in
which the object under
examination is placed in the
path of an electron beam and,
through an elaborate system of
electrostatic or electromagnetic
lenses, the shadow or image
cast by the beam is magnified
and defined. Focusing of the
electrons is accomplished by
passing them between charged
metal plates. There are two
major types of electron microscopes, transmission and
scanning electron microscopes.
Transmission electron
microscopes (TEM) are very
similar to conventional microFigure 10-3. Electron Microscope
scopes. The material must be
specially prepared to thicknesses which allow the electrons to transmit through the sample. The concept is to
"shine" a beam of electrons through the specimen (e.g., the slide). Whatever is transmitted is projected onto a
phosphor screen for the user to see. The bright and dark areas of the image represent sample areas which transmitted more (i.e., are less dense) or fewer (i.e., are more dense) electrons. The energy of the electrons determines the
relative degree of penetration in a specific sample and the required sample thickness. Images obtained are normally
2-dimensional and magnification can routinely be as great as 350,000-times. One limiting factor for imaging
biological samples by transmission is radiation damage. As noted in Chapter 2, this damage is a function of the
particle energy absorbed by the specimen. The electron dose leading to complete molecular disorder in an
unstained specimen is about 100 e-/nm2 at 80 kV and the minimum current density required to visualize an object at
the screen is about 1 e-/nm2/sec
Scanning electron microscopes (SEM) are similar to reflecting light microscopes. Just as with the TEM, the
sample has to be prepared to withstand the effects of high vacuum and may also be coated with a very thin layer of
conductor (e.g., gold) by a "sputter coater" machine. The beam of electrons is directed toward the sample and is
focused by the magnetic lenses. Near the bottom, a set of coils caused the beam to "scan" or "sweep" in a grid
fashion (e.g., like a television), dwelling on points for a period of time determined by the scan speed (usually in the
microsecond range). As the electron beam hits each spot on the coated sample, secondary electrons are knocked
loose from its surface. A detector counts these electrons and sends a signal proportional to the number of detected
electrons. The final image is built up by displaying on a CRT the intensity of the sample points (i.e., the more
electrons detected, the brighter the spot on the CRT). The entire pattern can be scanned 30 times per second.
Although the accelerating potentials in electron microscopes can range from 0.3 kV to 50 kV, some units have
much higher voltages, perhaps on the order of 100 kV to 1000 kV (1 MeV) or higher. Given these energies, all
electron microscopes have the potential to produce fairly penetrating x-rays. However, because the tube currents
employed are very small, typically 200 - 300 µA, the intensity of the radiation is small. Shielding for the protection
of the operator is normally integrated in the design of these systems.
Radiation surveys and experience have shown that x-rays may be found in the vicinity of the electron gun, at the
diffraction port / specimen chamber, and at the viewing chamber seal. Because some of the early units did not use
lead glass in the viewing chamber, a few of the early investigators using electron microscopes received sufficient
radiation to produce cataracts. However, corrective action has resulted in modern units having adequate protection
and the amount of unwanted radiation is almost negligible. As a precaution, electron microscopes should be
surveyed for x-ray leakage on installation, after repair, and once every 5 years to verify viewing chamber seal.
Additionally, if the unit was accidentally jarred, a survey could confirm that no damage was done to the shielding.
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10.5 Analytical X-ray Systems
Analytical x-ray machines (e.g., x-ray diffraction, x-ray crystallography, x-ray fluorescence, etc.) are used extensively for microstructure analysis in various research and teaching activities. When a sample is irradiated with a
parallel beam of monochromatic x-rays, the atomic lattice of the sample acts as a 3-dimensional diffraction grating,
causing the x-ray beam to be diffracted to specific angles related to the inter-atomic spacings. This x-ray pattern is
recorded by film or angular x-ray detectors. By measuring the angles of diffraction, the inter-atomic spacings of the
material can be determined and used to identify the crystallographic structures of the material.
X-ray diffraction units consist of an x-ray generator, a goniometer (i.e., an optical instrument for measuring
Detector
50 keV
electrons

Sample
Focusing mirrors
(monochromator)

Anode

Primary x-ray beam

Focused
beam

Figure 10-4a. X-ray Diffraction
crystal angles) and sample holder, and an x-ray
detector. The x-ray tubes for this purpose usually
operate with voltages of 10 - 70 kV and tube
currents of 10 - 40 mA. The primary x-ray beam is
permitted to impinge on the sample and the
scattered radiation is measured by a radiation detector located at various angles with respect to the
sample.
The principal hazard with this type of equipment is the possibility of exposure of the hands to
the direct beam if a change in specimens is
attempted while the tube of an open bean unit is
Figure 10-4b. X-ray Diffraction
still energized. As can be seen in Table 10-1,
significant exposure rates are possible in and
around an open beam. Investigations of accidents have identified 4 main causes:
9 Poor equipment configuration (e.g., unused beam ports not covered).
9 Manipulation of equipment when
Table 10-1. Analytical X-ray Exposure Rates
energized (e.g., adjustment of samples or
alignment of cameras when x-ray is
Source
Exposure Rate
energized).
Primary beam, open unshielded port
50,000 - 500,000 R/min
9 Equipment failure (e.g., shutter failure,
Primary beam, between collimator /
5,000 50,000 R/min
warning light failure).
slit assemblies and sample
0.5 - 5 R/hr
9 Inadequate training or violation of proce- Leakage (@ 5 cm)
Scatter (@ 5 cm)
< 10 - 300 mR/hr
dure (e.g., incorrect use of equipment,
overriding interlocks).
To improve safety, the FDA requires new analytic systems be designed for radiation safety which includes safety
enclosures with lead-lined side panels and lead-acrylic sliding doors (Figure 10-4b). All doors and removable
panels are interlocked to the electronic shutter which closes the shutter if a door or panel is moved out of position.
Interlocks can be overridden only be key access which triggers visible and audible signals. The precautions and
operational guidelines listed below are considered to be the minimum requirements to be followed to help insure
that no injuries occur and radiation exposures will be ALARA.
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10.5.a Precautions and Guidelines
 Receive proper training / instruction from the person in control before operating analytic x-ray machines.
 Wear dosimeters if you are issued them between the collar and waist on the side facing the radiation source.
 Call Safety for radiation surveying and monitoring of newly installed machines and especially before and after
modifying the machine for special experiments.
 Never assume the unit was left in a safe working condition by the previous user, check the shielding before
turning the unit on. Unless verified by a pre-operational check, do not trust the warning lights if they are not lit.
To check the lights' operability, set the unit to its lowest kV and mA setting and check the warning lights and
interlocks. Perform a check of safety devices at least once a month and be sure to inspect shielding.
 Do not by-pass any safety device or interlock without the approval of the person in control of the machine (e.g.,
the supervisor). If you bypass an interlock, post a sign stating Safety device not working and return the system
to its unmodified (i.e., safe) state with all interlocks operational as soon as possible, but certainly before leaving.
 Know the location and/or presence of primary and diffracted beams at all times. Cap off any unused ports.
 Do not perform maintenance without confirming that the tube is not energized. Do not work near the open,
unshielded beam. If it is necessary to work near the unshielded radiation beam (e.g., during system alignment):
9 Reduce the beam current (mA) and the beam energy (kV) to the lowest settings possible. This will keep the
x-ray beam exposure rates low.
9 Keep hands and body at a safe distance from the beam by using appropriate alignment tools.
9 Review the intended procedures beforehand and keep a copy of the manufacturer's alignment procedures
available to refresh your memory.
9 Remember, you are in a potentially hazardous situation, think before each step.
 When working with open beam x-ray equipment, the operator must always be in immediate attendance.
 Know what you are doing and where to expect problems. Be aware of the dangers. Do not be afraid to ask the
operator for assistance.
Shielding should always be adequate so other factors need not be required for safety. However, exposure reduction
techniques include: increasing your distance from the x-ray source, increasing shielding, and decreasing the time
spent near the x-ray source. If an overexposure or some other radiation emergency occurs, call the Safety Department immediately. While some injuries may require several hours or days to appear, prompt treatment may reduce
the magnitude of certain injuries.
10.5.b Analytical X-ray Equipment Radiation Safety Requirements
X-ray producing devices at the UW are regulated by the State of Wisconsin, Department of Health and Family
Services (DHFS), Radiation Protection Branch. Some of the more important safety requirements are:
 A safety device must be provided which prevents entry of any part of an individual's body into the primary x -ray
beam path or which causes the beam to be shut off immediately upon such entry.
 Warning devices must be provided near the radiation source housing which indicates the x-ray tube status (e.g.,
on / off) or a shutter status (e.g., open / closed) indicator located near each port.
 Unused ports must be securely closed and shielded.
 X-ray equipment must be labeled with a sign bearing the conventional radiation symbol and the words
CAUTION - High Intensity X-ray Beam and CAUTION RADIATION - This equipment produces radiation
when energized. If a DANGER sign is used, it implies that the potential hazard is even greater than when a
CAUTION sign is used.
 Equipment installed after 1 January 1979, must be equipped (on each port) with a shutter that cannot be opened
unless a collimator or coupling has been attached.
 A warning light labeled x-ray on must be located near any switch that energizes the tube and must go on (illuminate) only when the tube is energized.
 The leakage radiation from the x-ray tube housing, with all shutters closed, must not exceed 2.5 mR/hr at 5 cm
from the surface. The x-ray generator must have a protective cabinet which limits leakage radiation at 5 cm
from the surface to 0.25 mR/hr or less. This helps to insure that the background radiation within the room or
immediate vicinity of the generator is low.
 X-ray generators must be shielded to prevent long-term exposure in excess of statutory limits (e.g., no more than
12.5 mSv per quarter or 1¼ rem per quarter to the whole body) to any individual.
 Perform radiation surveys upon installation, after modification, and after major repair of the equipment.
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 Each room containing analytical x-ray equipment shall be posted with a sign bearing the radiation symbol and
the words CAUTION - X-ray equipment. Some variance may be allowed for medical x-ray equipment rooms.

 Only trained individuals are allowed to operate analytical x-ray equipment and written operating procedures
must be available (i.e., in the room) to all persons who use the device.

 No safety devices may be bypassed without the approval of the person in control of the installation. If a safety
device is bypassed, a conspicuous sign stating Safety device not working must be posted.

 No one may be permitted to operate an x-ray machine without receiving instruction on the radiation hazards
involved, safety devices, operating procedures, symptoms of acute localized exposure and procedures for reporting a suspected overexposure.
 Records of safety surveys, routine calibrations and maintenance, and any modification from the originally
installed schematics must be maintained for the life of the equipment including the name of the person performing this service.
10.6 Diagnostic X-rays
As noted in Chapter 3, the largest average exposure to the population of the U.S. after natural background results
from diagnostic x-ray exposures (i.e., 0.53 mSv/yr -- 53 mrem/yr). While technology has introduced many new
diagnostic modalities (e.g., ultrasound, magnetic resonance, etc.) which do not use ionizing radiation, the use of
x-ray machines has continually expanded. Clinics likely to possess diagnostic x-ray units include: radiology,
urology, cardiology, orthopedics, gastroenterology, neurology. These systems are used to check on injuries, detect
certain growths (mammography) or stones, assist in the placement of catheters, measure bone density, etc. In this
section we will review the production and use of diagnostic x-rays and protective measures.
10.6.a Diagnostic X-ray Production
The x-rays produced by diagnostic x-ray systems
Rotating Anode
(e.g., medical, dental, veterinary, etc.) usually possess
Rotor
higher energy, and thus are more penetrating than
those produced by analytical machines. To generate
these higher energies, special tubes are required.
X-ray tubes (Figure 10-5), consist of a cathode and an
anode. A low amperage cloud of electrons is generGlass Envelope
Filament
ated at the cathode and the electrons are accelerated
Focusing Cup
Target
Window
by a large voltage potential difference across the small
gap toward the anode. In radiology, the cathode is
Figure 10-5. X-ray Tube
usually referred to as the filament and the anode as
the target. Except for dental x-ray tubes which use stationary anodes, diagnostic x-ray units usually employ rotating anodes because they are usually three-phase systems. Older, single-phase systems produce x-ray pulses which
follow the sine wave of the electric current. A 3-phase system produces an x-ray pulse which is nearly flat and
ripple free resulting in more efficient x-ray production and higher effective x-ray energy. Rotating anodes are
suited for 3-phase systems because:
9 These units usually have the capability of operating at very high voltages. The peak kilovoltage (kVp), or x-ray
tube potential, determines the maximum energy of the x-rays. Modern tubes are usually capable of operating at
maximum tube potentials of 150 kVp.
9 The systems operate at very high tube currents. Some systems may be capable of operating at currents of 1000
mA. The rotating anode helps to remove the heat produced from absorbing the electrons in the anode.
The x-rays are produced by bremsstrahlung. The efficiency of x-ray production is defined by the equation

f = 7 x 10-4 Z E
●

where Z is the atomic number of the target and E the energy (in MeV) of the electrons (i.e., the tube potential).
Most diagnostic units use tungsten as the target. Thus, for a tube potential of 100 kVp and a tungsten target (i.e., Z
= 74), the fraction of bremsstrahlung x-rays produced would be 0.00518 per electron. Most (> 99%) of the electron
beam energy is dissipated as heat and does not produce x-rays. A rotating anode spreads the electron beam over a
much larger surface as it rotates than does a stationary anode. This allows these systems to absorb even more heat
energy and to operate at higher tube potentials and tube currents.
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Intensity

Unfiltered
The x-rays produced fall into two classes of x-rays
1
(in vacuum)
(Figure 10-6). The bremsstrahlung spectrum is essenK - Characteristic
tially continuous. However, some of the bombarding
Radiation
2

electrons interact with and eject orbital electrons from
1 2
the inner orbits of the target atoms producing charac
teristic x-rays (cf. 1.2.a.3). The characteristic x-rays
have energies characteristic of the element in which
they were released. At diagnostic energies (> 70
Bremsstrahlung
Max Photon
kVp), tungsten produces both K- and L-shell x-rays.
Energy
The K characteristic x-rays have possible energies of
57.4, 66.7, 68.9, 69.4 keV with an effective energy of
150
0
100
50
69 keV. The L-shell characteristic x-rays are emitted
Photon Energy (keV)
with an effective energy of 12 keV.
Figure 10-6. Tungsten Target X-ray Spectrum
The higher the energy of the electrons, the more
penetrating the x-ray radiation produced. While
x-rays with effective energies of 69 keV are good for imaging most body parts, they are too penetrating to easily
distinguish soft tissue anomalies. For that reason, mammography x-ray units usually operate at lower peak tube
potentials (e.g., 20 - 35 kVp) and employ a molybdenum target. Molybdenum has an atomic number of 42 and has
K characteristic x-rays of 17.5 and 19.6 keV; energies very useful for soft tissue diagnosis. A tungsten target x-ray
tube operated at the same tube potential would have characteristic x-rays about 12 keV, too low for diagnosis.
The glass, diagnostic x-ray tube is enclosed in a protective (leaded)
tube housing (Figure 10-7) which is designed to shield personnel from
Leakage
unnecessary (leakage) radiation and reduce the risk of electric shock.
Some x-ray tubes have voltages as high as 150,000 volts (150 kV).
The protective housing incorporates specially designed high-voltage
Useful
receptacles to protect against accidental electric shock. X-rays produced
beam
in the target are emitted isotropically, that is with nearly equal intensity
in all directions. Those not directed toward the patient are useless. The
Scatter
tube housing contains lead to absorb most of the useless radiation and
Scatter
has a specially designed window or port to direct the x-ray beam toward
the patient.
Table
Grid
X-rays emitted from the x-ray tube are categorized into primary,
Film
Cassette
Photosensor
scatter, and leakage radiations. The primary radiation is the radiation
to Control Panel
beam which passes through the window and is allowed to expose the
Figure 10-7. X-ray Radiation
patient or material. When addressing patient safety, the concern is with
primary radiation. Scatter radiation is that part of the primary radiation
beam which has been deflected in direction by air, the patient, or other material in the beam. Leakage radiation is
the radiation which escapes through the x-ray tube housing. The sum of scatter and leakage radiation is called stray
radiation. When addressing operator and worker safety we are concerned with stray radiation. This radiation must
be shielded so exposures are kept ALARA.

10.6.b Diagnostic X-ray Systems
Diagnostic x-ray units can be divided into several types of systems: radiographic (and dental), fluoroscopic, angiographic and cardiac, tomographic, mammographic and bone densitometry. Each has special uses and capabilities.
Radiographic units are by far the most common and include both fixed and portable x-ray units as well as dental
units. The general concept of operation (Figure 10-7) is that a patient is placed at a certain distance from the tube
(normally 40 - 48 inches, but chest radiographs are usually made at 72 inches and dental [bite wings] are normally
made at 7 - 9 inches), in front of the image receptor (i.e., the x-ray film or digital image plate) where the x-ray
image is produced. Most modern stationary radiographic systems have a radiation detector, called a phototimer or
automatic exposure control, which automatically terminates the x-ray exposure when enough radiation has been
given to produce a readable image on the film or other image receptor. Some exposures are made using manual
techniques. In this mode the technician measures the thickness and density of the body part in question and, refers
to a technique chart to determine the optimum technique factors (kVp, mA, sec) to obtain a quality film.
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Fluoroscopic units are often used in the investigation of
dynamic body functions and localization of devices (e.g.,
angiography and cardiology). Most fluoroscopic systems
(Figure 10-8) consist of the x-ray tube, an image intensifier and
a remote display. Until about 1960, most fluoroscopic units
were direct view. In this system, the radiologist would dim the
room lights and place a luminescent screen against the patient.
The x-ray image would form on the screen and the radiologist
would directly view the image to make a diagnosis. All of these
systems have been replaced by image intensified units.
The image intensifier is a special amplifying tube which is
Figure 10-8. Fluoroscopic X-ray Unit
used to increase the image brightness by as much as 6000-times
the brightness of a regular (non-intensified) fluoroscopic screen.
This image can then be viewed under normal lighting conditions using either a series of mirrors (very rare) or by
video pickup and projection or storage onto video tape. Radiographs (i.e., x-ray images), called spot films, may
also be made to provide a hard copy of the area of interest to the radiologist. Often fluoroscopic exams use a dense
contrast media such as iodine (Z = 53) or barium (Z = 56) to increase the density between the cavity of interest and
the soft tissue (Z = 6 - 10) surrounding the cavity.
Angiographic, cardiac and
interventional systems are a
special class of radiographic /
fluoroscopic system for doing
special procedures. Angiography
is a procedure which takes pictures
(i.e., angiograms) of blood vessels
by inserting a catheter into an
artery or vein. The catheter is
guided to the area of interest using
the fluoroscope, when the catheter
is at the desired site, x-ray dye /
contrast media is injected through
the catheter which outlines the
Figure 10-9. Bi-Plane Suite (left) and Angiogram (right)
blood vessels (Figure 10-9) and
enables the radiologist to see irregularities or blockages. Similar systems are in use in cardiology and other x-ray
special procedures. Because these units often use two x-ray tubes and two image receptors, they have also been
referred to as bi-plane rooms. The mechanism holding the x-ray tube and image receptor together is C-shaped and
often these x-ray units are called C-arms.
Computed Tomography (CT) began making widespread appearances about
1978. A CT works on the principal that the internal structure of an object can
be reconstructed from multiple projections of the object. These systems
include an x-ray tube which rotates with or within a ring of detectors. Some
systems use as many as 2000 detectors to form a detector ring completely
surrounding the patient and in some the x-ray tube and detectors are ganged
together (Figure 10-10) and they move together around the patient.
The x-ray beam is collimated to form a fan beam so some or all of the
detectors (depending on model) are always in the beam. A computer uses a
complex algorithm to reconstruct an image of the section of the body, called a
slice, being scanned. The CT usually requires one rotation to produce a slice.
The slice thickness varies from 3 - 10 mm, usually the thinner the slice, the
Figure 10-10. CT
better the resolution and the more powerful the computer needed to reconstruct
the image. An entire study may consist of many slices as the CT automatically
steps through an imaging regimen (e.g., brain, chest, etc.). The study can be displayed in many ways and is often
used to provide a three dimensional, colored picture of the area of interest. CT exposures generally run about 30 -
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70 mGy (3 - 7 rad) per slice and, even though the beam is well collimated, because of scatter, an entire scan may
produce about 50 - 100 mGy (5 - 10 rad) within the area being studied.
Mammographic systems are used as a screening tool in early breast cancer
detection. Early mammographic units were simply stationary, general purpose
units operating at the lowest kVp possible (i.e., 45 - 50 kVp). Because the breast
is so nearly uniform in density, lower voltages (20 - 30 kVp) were desirable.
About 1980, specially designed units began to appear. However, breast tissue
exposures remained relatively high, perhaps 10 - 20 mGy (1 - 2 rad) per
exposure. Better film and image casettes have reduced this allowing for more
widespread use of these devices. The increased use has been accomplished with
a glandular tissue dose reduction from about 10 mGy (1 rad) in 1980 to about 2.5
mGy (0.25 rad) due to using low-Z targets (e.g., molybdenum, Z = 42) which
produce characteristic x-rays around 20 keV (better suited to imaging soft tissue)
and fine grained x-ray film or digital image receptors with fine resolution.
Bone Densitometry is an application seeing greater use to detect bone
Figure 10-11. Mammography
mineral loss and osteoporosis. Initially bone densitometers used low
energy x- and γ-rays from radioactive material (typically 3.7 - 7.4 GBq
[100 - 200 mCi] of 125I, 241Am). These early units had only a single photon
energy, 35.5 and 59.5 keV, respectively, and scans were usually performed
of the forearm. A second generation device used a 37 GBq (1 Ci) 153Gd
source which emitted two photons at 44 and 100 keV. The benefit of
several photon energies is that it allowed for the measurement of bone
densities for bones embedded in various thicknesses of tissue. Instead of
scanning the forearm, these units usually scanned the hip. Newer systems
use x-rays or even ultrasound. Some (e.g., PIXI) are so small that they are
portable. Photon and x-ray beams produced are very narrow and the image
receptor / radiation detector is normally larger than the primary beam so
stray radiation is essentially negligible. For example, the dose for a spine
scan may only be 37 μSv (~ 3.7 mR) and the scatter radiation from the unit
Figure 10-12. Bone Density Unit
is about 0.3 μSv/hr (0.03 mR/hr) at 1 meter. Depending on the bone being
studied, the scan time is short (i.e., 2 - 10 minutes). In a manner similar to CT, computers analyze the results and
calculate density.
Table 10-2. Stray Radiation
10.6.c Diagnostic X-Ray Exposures
The primary hazard from using diagnostic x-ray machines is the risk associated
Distance Stray Radiation
with exposure to radiation. The amount of radiation received by the patient
(meters)
(per Exposure)
depends on the state of repair of the x-ray machine, the type of diagnostic exami0.5
0.15 mR
nation(s) performed, (i.e., area of the body exposed) and the number of x-ray
1
0.05 mR
films taken. Table 10-3 lists patient average radiation doses from some common
1.5
0.01 mR
x-ray exams. For ALARA, the benefit gained from exposure to radiation during
medical examination should outweigh the risk of radiation injury associated with
2
0 mR
it.
Radiation dose to clinical workers is usually due to stray radiation. Table 10-2 lists typical stray radiation exposure measurements at the UW Hospital and Clinics from a mobile x-ray machine set to 90 kVp and 5 mAs, with a
40 inch distance to a 6 x 10 inch sized film.
Stray radiation levels from fluoroscopy procedures may be much higher than that from other diagnostic x-ray
procedures. The radiation exposure from fluoroscopic x-ray systems at the point where the primary beam enters the
patient may be as high as 10 - 20 roentgen per minute (depending upon body thickness). The scatter radiation from
such machines at 2 to 3 feet from the table can be as high as 3% of the primary beam. The exposure will depend on
the direction of the scattered radiation, the distance from the patient, and the field size. During fluoroscopic exams
medical personnel may be beside the patient operating the unit and observing the projected x-ray image. Figure
10-13 illustrates stray radiation exposures in mR/hr around various parts of a fluoroscopic system. Such high
exposures above and beside the table are the reason all persons within the room must wear protective aprons,
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Feet

glasses, and thyroid shields. Protective aprons can absorb 95% or more
Image
Intensifier
of the incident x-ray beam. Some fluoroscopic x-ray units also have a
lead skirt between the image receptor and the table to reduce the scatter
radiation.
Radiation doses to workers are monitored using personal dosimeters
(see 7.1). Radiation histories are available from the Radiation Safety
Patient
Office. Radiation protection for technologists and physicians relies on
the factors of time, distance, and shielding. That is: the time spent near
Fluoro
the machine while it is producing x-rays, the distance between the
Table
worker and the x-ray source, and the shielding used by the worker and
that of the tube housing. Increasing the distance and the amount of
shielding, and decreasing the time will decrease the amount of radiation
Feet
exposure to a worker.
Figure 10-13. Stray Radiation
To protect all persons in the vicinity of a radiology facility, the
rooms are specially designed by a medical physicist who
reviews such factors as the type of x-ray unit, the maximum
energy, the number and type of radiographs, etc. Analyzing this information, the room plan includes the quantity of
shielding in the walls, location of the control panel, whether
door interlocks are required, etc. For example, Figure
10-14 is a plan for a general purpose radiographic / fluoroscopic x-ray room. Depending upon workload, walls upon
which the primary beam may be directed usually have
1
between 18 and 16
- inches of lead. Other walls in the room
may have less thick layers of lead sandwiched between
drywall. The operator normally activates the x-ray beam
from within a shielded area containing the control panel
and a viewing window made of leaded glass.
Figure 10-14. Typical X-ray Room
10.6.d Worker Safety
Radiation exposure to technologists, nursing staff, physicians, and to others must be kept ALARA. Time, distance,
and shielding are typically applied to control and reduce radiation exposure.
 Only personnel who are required for the x-ray procedures or training should be present in the x-ray room during
exposures. All personnel who must be present in the room during x-ray exposures:
9 Must wear lead aprons, leaded safety glasses, thyroid shield, leaded gloves as deemed appropriate by the
Radiation Safety Officer; or utilize portable or fixed lead panels.
9 Maximize the distance between themselves and the patient as practical. If you do not need to be at the
patient's side, remain a minimum of 6 feet from the tube head.
9 Wear personal dosimeters to monitor radiation exposure. When an apron is worn, one dosimeter must be
worn on the collar outside the apron.
9 If your hand must be in or near the primary beam, wear a finger dosimeter and a lead glove. The finger
dosimeter must be worn under the glove.
 Keep the time of radiation exposure short especially during fluoroscopy procedures.
 Follow proper techniques to minimize the number of repeat exposures.
 Staff should not routinely hold patients. Use mechanical holding devices when a patient or film requires added
support or, if not possible, patients should be held by a relative or friend who is wearing lead aprons and gloves.
 If pregnant, notify your supervisors and request a briefing from Radiation Safety about the Pregnancy Surveillance Program.
 Request Safety Department personnel to evaluate the shielding in all new X-ray machines.
 If excessive or abnormal radiation exposure is suspected notify Radiation Safety immediately. Keep all dosimeters available to assist in the investigation.
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10.6.e Patient Radiation Safety Principles
ALARA is also applicable to the patient. The radiation exposure to the patient should be minimized without
compromising the diagnostic quality of the exam. Obtaining a good quality radiograph while controlling radiation
exposure of the patient is one goal of a viable quality assurance program. Toward that end, there are many items
which the operator can do to minimize patient dose while maximizing image quality.
 Follow the proper technique for each examination (reduces retakes).
 Obtain a good quality radiograph the first time and reduce the number of repeat examinations.
 Collimate the primary X-ray beam to the area of interest (reduces scatter radiation).
 Follow posted technique charts; each room, even those with systems identical to units in other rooms, is unique.
Technique charts should be constructed and updated to address each room’s peculiarities.
 Use gonadal shields for patients as long as they will not interfere with the medical exam.
 Identify pregnant patients and notify the referring physician before they undergo any x-ray exams.
 Use protective eye wear and aprons when appropriate.
 Calibrate all medical x-ray systems at least annually as a part of a comprehensive QA program..
 When portable x-ray machines are used, make sure that other patients in the room are located at a safe distance
(e.g., 6 feet) from scatter radiation or utilize portable lead panels for shielding.
Radiation doses in diagnostic radiology can be broken down into
doses received by patients from medical examinations and doses received by radiology staff members as a result of performing their
day-to-day tasks. Staff doses are kept ALARA by using time,
distance and shielding.
Patient doses depend upon several factors. Different types of
medical x-ray exams deliver different patient doses. The patient's
radiation dose depends on the size of the patient, the size of the area
of interest, the beam quality (HVL), and x-ray techniques (kVp,
mAs) used. The radiation dose to the area of clinical interest is often
expressed in terms of the entrance skin exposure (ESE). This refers
to the amount of radiation exposure in the air adjacent to the patient's
skin at the point of interest.
By using the collimators to limit the x-ray field to the area of
clinical interest, scatter is reduced. Although there is always some
scattering of the primary beam, the dose received by the patient's
volume of clinical interest is entirely different than the patient's
whole body dose. Usually the rest of the patient's body is either shielded or located well outside of the primary beam. Table 10-3 lists
typical entrance exposures and the radiation doses extrapolated to the
bone marrow or whole body from several common medical x-ray exams.

Table 10-3. Average X-ray Exposures

Type Exam
Chest (P/A)
Skull (A/P)

Marrow
(mrem)

ESE
(mR)

10

27

78

480

147

663

Full Spine

64

1356

Cervical Spine (A/P)

52

260

Thoracic Spine (A/P)

274

663

Lumbar Spine (A/P)

400

883

Upper GI (A/P)

535

640

Dental
Pelvis (A/P)
Hip (A/P)
Barium Enema

10
83
83
500

200
547
450
1143

Abdomen (A/P)

10.6.f Radiation Exposure Estimates from Radiology Exams
X-ray technologists and physicians are often asked by patients how much radiation they receive from medical
examinations. The medical physicist can measure or estimate radiation dose from various examinations. These
values are often posted in each x-ray room to assist physicians and technologists. Besides direct measurement of
the x-ray beam, there are several methods used to estimate patient exposure for a single film. One of these methods
is described below. Remember, this is just an estimate, but it is better than having no knowledge at all.
Patient exposure is proportional to the square of tube potential (kVp), linear with the mAs, and inversely proportional to the square of source-to-skin distance (SSD). Hence, if you know the exposure per mAs for a particular
kVp and SSD, you can estimate the patient exposure for other kVp, mAs, and SSD.
Example: After verifying calibration, the Medical Physics contractor reports that the x-ray machine in a room
produces 10 mR/mAs at 80 kVp at a SSD of 40 inches. The radiation exposure at another kVp, mAs,
and SSD is estimated as follows:
Patient exposure (mR) = 10 mR/mAs x (kVp/80) 2 x (mAs) x (40/SSD) 2
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The estimated patient exposure for the following chest exam technique is:
120 kVp, 400 mA, 0.01 sec, at an SSD of 72 inches

10

mR
mAs

120 kVp

in 2
x ( 80 kVp ) 2 x 400 mA x 0.01 sec x ( 40
72 i n ) = 27.8 mR

10.7 X-Ray Regulations
Radiation producing machines are regulated by Federal and State agencies. The Food and Drug Administration
(FDA) regulates manufacturers of electronic systems capable of producing x-rays. The State regulates and licenses
those who use x-ray machines within the State. The Wisconsin Administrative Code, Radiation Protection HFS
Chapter 157, describes regulations for machines used in the State of Wisconsin.
It is important to know that radiation-producing machines must not be used on humans except for healing arts.
Exceptions to this must be secured in writing from the Department of HFS.
All radiation producing machines must be registered with the Department of Health and Family Services
(DHFS). All machines used at the University of Wisconsin - Madison, including the Medical School, are registered
by the UW Safety Department. When you purchase a machine capable of producing x-rays, contact Safety at
2-8769 so the necessary registrations can be accomplished.
If these systems are replaced or broken, they may be disposed of as "junk" provided: (1) the tube head is
rendered inoperable, and (2) the person responsible for the system has notified the Safety Department who will then
tell the Department of Health and Family Service that the system will be disposed. Working systems may be transferred or sold to other medical/research activities or electronic repair activities provided the Safety Department first
notifies the Department of Health and Family Service. Because some of these systems manufactured before 1980
may have PCB (polychlorinated biphenyl) oil in their transformer, if you see oil leaking from your system or desire
to dispose of it, call Safety (262-8769) to sample the oil free of charge.
If you have any questions regarding regulations of radiation producing machines or you wish to obtain a copy of
Chapter HFS 157 call the UW-Safety Department.
10.8 Review Questions - Fill in or select the correct response
1. Excessive (more than 300 rad) exposure from "soft" x-rays can produce
.
2. The basic protection principles are
,
, and
.
3. The transformer oil in older analytical x-ray systems may contain asbestos / PCBs.
4. Do / Do not intentionally by-pass any safety device or interlock without the approval of the person in control
of the system.
5. A warning light labeled
must be located near any switch which energizes an x-ray tube.
6. Each room containing x-ray equipment must be posted with a sign which states:
.
7. If a safety device has been by-passed, a sign must be conspicuously posted stating:
.
8. Stray radiation is the sum of the
and the
radiation.
9. In producing x-rays, most of the electron beam energy is dissipated as
.
10. The effective energy of the K - characteristic x-rays from tungsten is
keV.
11. Wear protective aprons if you must be present in a room during x-ray exposure. true / false
12. The tube current determines the number of
produced while the tube potential (kVp) determines
of the x-rays produced.
the
13. Two types of electron microscopes are the
and
electron microscope.
14. Call Radiation Safety (262-8769) if you buy or will buy a new x-ray producing system. true / false
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11 Nuclear Reactors
To most people, nuclear weapons and reactors are probably the only radiation source that comes to mind when
exposure to radiation is discussed because of the connection between nuclear reactors and nuclear weapons, the
publicity accompanying the accidents at Three Mile Island and Chernobyl and fear of the unknown. Nuclear
reactors may have accidents, however, since they produce a great proportion of the U.S. and world electrical power,
it is important that you know something about nuclear reactors to properly assess the risks associated with them.
11.1 Basic Physics of Nuclear Reactors
Table 11-1 Neutron Energy
A neutron will only interact with the nucleus. When a neutron collides with a
Type
Energy
nucleus, the neutron may be either absorbed or scattered. The probability a
Thermal
0.025
eV
particular neutron-nucleus interaction will occur depends upon both the nucleus
Slow
< 1 eV
(or nuclide) and the energy of the neutron (Table 11-1). As seen in Figure
Intermediate 1 eV to 0.1 MeV
11-1, the absorption of a thermal or slow neutron is much more probable than
the absorption of a fast neutron, but the probabilities vary greatly.
Fast
> 0.1 MeV
The probability of a particular reaction
occurring between a neutron and a nucleus is
barns
the (microscopic) cross section, σ, of the
Calcium Capture Cross Sections
nucleus for the particular reaction. The
microscopic cross section can be thought of
as the effective area which the target nucleus
presents to the neutron for a particular interNeutron Energy -- eV
action. The larger the effective area, the
larger the probability of the interaction. For
example, consider a small ball thrown at a
Figure 11-1. Calcium Capture Cross Section
larger ball. If the larger ball has a radius, R,
the effective area it presents to the small ball is πR2. This particular area is the geometric cross section of the larger
ball. The probability that the small ball will strike the larger ball increases as the radius (and hence the geometric
cross section) of the large ball increases. Although neither the neutron nor the nucleus is a ball, we can imagine the
nucleus as presenting an effective area, or cross section, to the neutron. The larger this cross section, the larger the
probability that the neutron will interact with the nucleus. However, it is possible for the microscopic cross section
to be much larger than the geometric cross section of the nucleus. The cross section or probability of interaction is
expressed in units of area (square centimeter). Because the nuclear diameter is on the order of 10 -12 cm, a nuclear
cross section is of the order of 10 -24 cm2. The microscopic
cross section is usually expressed in multiples of this area
known as barns where 1 barn = 10-24 cm2.
Nuclear reactors produce energy by nuclear fission
neutron
neutron
(Figure 11-2). In fission, after absorbing a neutron, a large
fission
nucleus (Z m 90) splits into two lighter nuclei called fission
energy
product
neutron
fragments (or fission products). When the nucleus splits,
U-235
neutrons, gamma rays, and a large quantity of energy is
emitted. The amount of energy released per fission can be
fission
calculated from Einstein's mass-energy equation, E = m·c2
U-235
product
(i.e., energy = mass x speed of light squared). The mass,
neutron
called the mass difference (i.e., the "m"), results from the
Figure 11-2. Nuclear Fission
difference in masses between the fission products and the
original atom and neutron.
Although several isotopes are capable of fission (e.g., 233U, 235U, 239Pu), the primary isotope used in United States
nuclear reactors is 235U. When a 235U nucleus captures a neutron, it is transformed into an excited, 236U* nucleus.
This capture may lead to one of several possible outcomes: elastic scattering, radiative capture, or fission.
 In elastic scattering, a neutron is captured by 235U and re-emitted from the excited 236U* nucleus with no apparent energy loss. Elastic scattering is the most likely interaction between fast neutrons and low atomic number
absorbers. Inelastic scattering is similar except the nucleus is left in an excited state (e.g., 236U*).
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235
1
236 &
235
1
U +
n t
U t
U +
n
92
0
92
92
0

235
1
236 &
235 &
1
U +
n t
U t
U +
n
92
0
92
92
0

 In radiative capture, the excited 236U* nucleus loses the excitation energy, Q, through the emission of one or
more gamma photons, but emits no particles (i.e., no neutrons).
235
1
U +
n t
92
0

236 &
U t
92

236
U + Q
92

 In fission, the unstable 236U* nucleus splits into two fission fragments (e.g., 139Xe, 94Sr), two or three free
neutrons and releases a large quantity of gamma-ray (called capture γ-ray) energy, Q.
235
1
U +
n t
92
0

236 &
U t
92

139
94
1
Xe +
Sr + 3 $
n + Q
54
38
0

The amount of energy released in the fission reaction producing 139Xe, 94Sr, and 3 neutrons can be found by
summing the masses (in units of atomic mass units, 1 amu = 931.16 MeV) of the nucleons involved on each side of
the reaction and calculating the mass difference.
235.043943 + 1.008665 t 138.91784 + 93.91538 + 3
236.052608
235.859215
t
Mass Difference = 0.193393 amu = 180.08 MeV

x 1.008665

11.1.a Fission Energy
Table 11-2. Fission Energy
The fission example above is only one of the many possible
235
outcomes when a U nucleus absorbs a neutron. If all
Component
Energy (MeV)
possible fission reactions were considered for the unstable
236 *
1
Fission
fragments
kinetic
energy
167
U (the absorption of the n made the nucleus unstable),
the resulting fission products would follow the equation:
Neutron kinetic energy
6
236 &
1
U t f f 1 + f f 2 + 2 or 3
n + Q
92
0

Fission gamma photons

6

Fission fragment beta decay
5
The mean number of neutrons from all the possible 236U*
Fission fragment gamma radiation
5
reactions is 2.5 and the average energy released is about
Fission
fragment
neutrinos
11
200 MeV. The approximate energy distribution among the
fission products is shown in Table 11-2. In a reactor, most
Total Energy:
200
of this energy is dissipated as heat in the fuel rod assembly
and this heat energy is used by the nuclear power reactors to boil water and produce electricity. Consider how this
(MeV) energy is related to the more common energy unit, watts (i.e., how many fissions does it take to produce 1
watt). Calculating the number of fissions to produce 1 watt:
1 watt %

1 Joule
1 watt sec

%

1 MeV
1.6 % 10 −13 J o u l e

%

1 fission
200 M e V

= 3.121 % 10 10

fissions
sec

It takes about 3.1 x 1010 fissions per second to produce 1 watt of thermal energy. Most power generating stations
are rated in megawatts (MW), how much nuclear fuel does it require to produce 1 MW of heat energy for one day?
3.121 % 10 10 U fission
1 watt$sec

%

1 % 10 6 W
1 MW

%

8.64 % 10 4 s e c
1 day

%

235 g m U
6.023 % 10 23 a t o m s

= 1.06

gm U
M W$ d a y

From a mass standpoint nuclear power is appealing. It usually requires all of the coal taken from an averagesize coal mine to provide coal for one average-sized coal-fired
Table 11-3. Fuel Requirements
power plant. Table 11-3 compares the fuel requirements to produce
1 GW (1-million kilowatt) of electricity (i.e., enough electricity for
Fuel
Mass Required
a city of 560,000 people) by common energy sources.
Uranium
33 tons
In the discussion above, we were talking about thermal energy.
Coal
2,300,000 tons
For power plants, the conversion of thermal energy to electrical
Oil
10,000,000 barrels
energy is about 33% efficient (by comparison, an automobile is
Natural Gas
64,000,000,000 cubic feet
probably about 20 - 25% efficient) and it requires approximately 3
Solar Cells
25,000 acres
MW thermal to produce 1 MW of electricity. Power plants are
Garbage
7,000,000 tons
usually listed by electrical output, not thermal power.
Wood
3,000,000 cords

11.1.b Fission Products
The atomic number of the fission fragments range from a Z = 30 (i.e., 72Zn) to a Z
= 64 (i.e., 168Gd). Figure 11-3 shows the isotopic yield of fission fragments (of
mass number A) per fission. The majority of fission fragments are found in a
cluster of two groups around A = 92 and A = 138. All fission fragments are radioactive and, because they have a high neutron to proton ratio, decay by one or more
ß- emissions before becoming stable. For example, the fission fragment 90Kr emits
four ß- particles before becoming stable 90Zr.
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90
90
90
90
90
Kr −
t
Rb −
t
Sr −
t
Y −
t
Zr
33 s
2.7 m
29 y
64 h
36
37
38
39
40

Similarly, the decay of 137I to stable 137Ba results in the emission of three ß-.



137
137
137
137
I −
t
Xe −
t
Cs −
t
Ba
22 s
3.9 m
30 y
53
54
55
56

Mass Number

Figure 11-3. Fission Yield

The fission products with the highest probability (l7%) of occurring have mass
numbers 95 and 139. Each fission fragment decays at its unique decay constant. The total activity of all fission
products is the sum of the exponential decay curves for each product. Empirically, the total fission product activity,
A, in the reactor t days after f fissioning events have occurred is:
A = f $ ( 3.81 x 10 −6 ) $ t −1.2 Bq = f $ ( 1.03 x 10 −16 ) $ t −1.2 Ci

Thus, we could calculate the fission product activity resulting from 1 MW-day of electrical production. The first
step is to determine how many fissions are involved.
1.06 gm U %

6.023 % 10 23 A t o m s
235 gm U

= 2.72 % 10 21 f i s s i o n s

From the fission product activity equation, if a reactor operated for 1 day and then shut down, after 1 day the activ ity would be:

A = ( 2.72 x 10 21 fis ) $ ( 1.03 x 10 −16 ) $ ( 1 −1.2 ) = 280160 Ci ( 0.28 MCi or 10.66 PBq )
After 2 days of shut down the activity would be:
A = ( 2.72 x 10 21 fis ) $ ( 1.03 x 10 −16 ) $ ( 2 −1.2 ) = 122000 Ci ( 0.12 MCi or 4.51 PBq )
This high fission product activity, called the source term, is the reason safeguards are implemented and also why
many people do not consider nuclear power to be a viable energy source.
Table 11-4. Fuel Properties
11.1.d Nuclear Fuel
Fuel
σtot
σf
ν
Fission can be produced in several heavy nuclides under different condi233
o
578.8
531.1
2.43
U
tions. Thermal neutrons are neutrons in thermal equilibrium (l 68 F) with
235
the nuclear material and have an average kinetic energy of a few
680.8
582.2
2.42
U
239
hundredths of an eV (E l 0.025 eV). At that energy, the fission cross
742.5
2.87
Pu 1011.3
section for 235U and 239Pu is about 500 barns. However, 238U is not fission241
Pu
1377
1,009
2.93
able by thermal neutrons. Neutrons emitted from fission initially have
235
238
energies in the MeV range. Fast neutrons (i.e., E > 0.1 MeV) can fission U, U, Th, and Pa. Nuclides which are
fissionable by thermal neutrons are called fissile. While there are several fissile nuclides, few are of sufficient
abundance with a long enough half-life to be of practical value. The most viable fissile nuclides are 233U, 235U, 239Pu,
and 241Pu. Table 11-4 gives the total ("tot) and thermal ("f) neutron cross section in barns (10-24 cm2) of several
important fissile isotopes and the average number of neutrons produced per fission ( ). Note that the ratio of the
radiative capture to fission cross-section (i.e., ["tot - "f]/"f) is low for 233U, 235U, and 239Pu, giving a higher probability
for fission. While 235U is the major nuclear fuel used in the United States, only 0.72% of natural uranium is 235U
(i.e., only 1 in 139 atoms); the 238U isotope comprises 99.27% of all the natural uranium.
However, if nuclear power were based solely on 235U the world’s resources of 235U will not be sufficient to meet
the future demand for nuclear fuel. The solution is to manufacture certain fissile isotopes from abundant, non fissile
isotopes, a process called conversion. In conversion, non fissionable isotopes capture a neutron, are converted to
different isotopes and by the process of radioactive decay a fissionable isotope is produced (Figure 11-4). Isotopes
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which are themselves not fissile, but from which fissile isotopes can be produced are said to be fertile. The two
most important fertile isotopes are 232Th and 238U. Fissionable 233U is obtained from thorium by the absorption (i.e.,
radiative capture) of a neutron.
232
1
Th +
n t
90
0


233
Th −
t
22.2 m
90


233
Pa −
t
27.4 d
91

233
U
92

Similarly, although 238U is not readily fissionable by thermal neutrons, it is important in the production of
the radiative capture a neutron creating 239U which decays to 239Pu:
238
1
U +
n t
92
0



239
239
U −
t
Np −
t
23.5 m
2.35 d
92
93

239

Pu by

239
Pu
94

The efficiency of the conversion process is quantified
Conversion
by the conversion ratio, C, the average number of
breeding
fissile atoms produced in a reactor per fissile fuel atom
reaction
consumed. When the conversion ratio is equal to one
neutron
Pu-239
U-238
Np-239
(i.e., C = 1), an infinite amount of fertile material can
energy
be converted starting with a given amount of fuel.
neutron
Pu-239
When the conversion ratio is greater than one (i.e., C >
1), more than one fissile atom is produced for every
fission
fissile atom consumed, a special process called breedfission
reaction
product
ing. A measure of breeding efficiency is the doubling
Pu-239
neutron
time, the length of time it takes the breeder to produce
fission product
twice as much fissile material (i.e., double) as there was
Figure 11-4. Conversion
originally. For a 238U breeder reactor the doubling time
is normally on the order of 6 to 9 years.
Although the United States had embarked on an experimental breeder program during the 1970s, the political
and economic climates were not conducive to continuing the program. Consequently, all U.S. power reactors use
235
U as fuel. The problem with using natural uranium as fuel is that the amount of 235U in natural uranium is too low
and the fuel must be enriched; that is the fuel has to have a greater percentage of 235U than the natural ratio of
0.72%. In commercial reactors, the fuel is enriched to about 3% to 6% (depending upon type of moderator) while
in some small reactors (e.g., submarines) it may be highly enriched (i.e., 90% 235U).
11.2 Neutron Cycle
fission
235 U
fragment
To achieve a self-sustaining nuclear
fission
reaction, or criticality, the rate of neutron
fragment
production must be at least equal to the rate
238U
fission (fast) neutrons
of neutron loss. In a thermal reactor (i.e.,
235
fast leakage
one using thermal neutrons for fission), U
resonance
is the primary fuel. Normally, 238U only
absorption in
fissions with neutrons having energies
238U to yield
Moderator
greater than 1 MeV (i.e., fast neutrons), and 239Pu
slow leakage
even then the probability that a fast neutron
238
will fission U is relatively low. Fast
thermal (slow) neutrons absorption in
thermal
fission of 238U accounts for only a few
structural material,
absorption in
percent of the total fissions even though
moderator, coolant,
238U to yield
238
U may compose 95% of a reactor's fuel.
fission products, etc.
239Pu
235U
Producing power by nuclear fission is
not easy. Not all neutrons produced in the
Figure 11-5. Neutron Cycle
fission process are available to sustain the
process. Some diffuse away from the fuel
region and are lost. Some that remain in the fuel region undergo non-fission (i.e., radiative) capture by the fuel and
materials used for reactor construction. Production and losses are illustrated in the neutron cycle, Figure 11-5.
Upon the fissioning of 235U, the fast neutrons released may cause 238U atoms to fission producing additional neutrons
or the fast neutrons may strike the moderator. The moderator reduces the neutron's energy through elastic scattering
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to thermal or near thermal energies. At these energies they are most likely to cause further fissioning of 235U. To
reduce the loss of neutrons from the system, one can increase the size of the system or reflect some of the neutrons
back into the core using a reflector. The minimum quantity of fissile material necessary to maintain a chain
reaction is called the critical mass. The critical mass for a given reactor depends on a wide range of factors,
although for a specific reactor design it will always have a definite value.
The ratio of neutrons available for fissioning in any one generation to the number available in the preceding
generation is called the effective multiplication factor, keff, and is calculated by:

k eff =

number of fissions, one generation
number of fissions, preceding generation

=

Nf
Nf−1

That is, Nf, the number of neutrons produced in the current generation, f, divided by the number of neutrons in the
preceding generation, Nf-1.
For the chain reaction to be sustained in a steady state, keff must be 1. In this case the system is said to be
critical, and the number of neutrons available for further fissioning balances those lost through leakage or capture.
When keff < 1, the chain reaction is not maintained and the system is sub-critical, more neutrons are lost than are
being produced. For k eff > 1, a surplus of neutrons is being produced in each generation causing more fissions than
the previous generation and the system is super-critical. In reality, keff depends on the supply of neutrons of proper
energy to initiate fission and the availability of fissile atoms. However, k eff is often approximated from the four
factor equation which assumes an infinite (∞) system. This equation is based on neutron losses and is expressed by:
k∞ =  $ e $ p $ f
The reproduction factor, , ( > 1) is the average number of neutrons emitted per thermal neutron absorbed in
the fuel (i.e., ν in Table 11-4, is the average number of neutrons emitted per fission as opposed to per neutron
absorbed in the fuel). The average number depends on the fuel type, enrichment, etc. For each fission of 235U by
thermal neutrons, about 2.5 neutrons are emitted; however most of the fuel is 238U, so for most reactors 1 [  < 2.1.
The fast fission factor, e, is a ratio of the total number of fission neutrons produced by both fast and thermal
fission divided by the number of neutrons produced by thermal fission alone. This factor accounts for the percent
of neutrons which produce fissions in 238U and contribute neutrons from that reaction. In most reactors 1.0 [ e [
1.29.
The resonance escape probability, p, is the probability that a neutron will not be absorbed by nuclei having
resonances above the thermal region before it becomes thermal. It is the fraction of fast neutrons that finally
become thermalized or the probability that the neutron will escape capture and become thermal. It depends on the
amount and type of moderator and the fuel type. It is desirable to have p l 1. For pure, unmoderated, natural
uranium p = 0, so natural uranium cannot become critical unless it is moderated. Depending upon enrichment, 0.8 [
p [ 1.
The thermal utilization factor, f, is the ratio of thermal neutrons which cause fissions in 235U to the total number
of thermal neutrons which are absorbed by the system. As only 84% of the thermal neutrons absorbed by 235U cause
fissions, this factor accounts for the nonproductive thermal neutrons. It is desirable that f l 0.85.
In reality, some neutrons escape a finite system, the four factor equation is modified by the addition of L, the
non-leakage factor, with L < 1.0, thus keff = k$L =(ηepf)L. Regardless, only η is dependent on the fuel. The other
factors; e, p, and f, depend on composition, physical arrangement, moderator type, and homogeneous dispersion of
the fuel in the moderator.
11.3 Reactor Design and Radiation Hazards
The need to keep keff m 1, to reduce the number of neutrons escaping from the reactor, to convert heat energy into
electric energy, and to keep the radiation out of the environment dictate the inclusion of several common types of
components in the basic reactor design (Figure 11-6).
11.3.a Reactor Core
The core consists principally of the fuel, moderator, and structural material. Because of design and operating
difficulties inherent in fuels consisting of naturally occurring uranium, enriched uranium (contains a higher percentage of 235U than the 0.72% which occurs naturally) is used. The degree of enrichment depends on the design
features of the reactor or vice versa. The advantages of fuel enrichment are:
9 High fuel burn-up is achieved; that is a larger percentage of the 235U nuclei are fissioned so the fuel can be more
efficiently used.
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9 A wide variety of materials (coolant, moderator, construction
material, etc.) is possible in reactor design.
9 Higher power densities (power output per core volume) is
obtained with enriched uranium (see 11.1.d).
The fuel is formed into rods or plates to improve heat removal
and encased in a protective cladding to contain the fission products,
prevent chemical reactions between fuel and moderator and provide
structural support. Several physical factors considered for cladding
materials are: low neutron capture probability, structural strength at
high temperatures, good heat transfer, and non-corrodible characteristics. Commonly used cladding materials that meet these requirements are aluminum, zirconium, alloys of the two, and stainless
steel.

Reactor vessel
Containment

Control rods
Thermal shield

Coolant in

Coolant out

Core
Blanket
Biological Shield

Reflector

Figure 11-6. Reactor Components

11.3.b Moderator and Reflector
Slow neutrons have a higher probability of producing fission in 235U than do fast neutrons. Neutrons emitted from
the fission of 235U have a wide spectrum of energies from 0.025 eV to approximately 7 MeV. Because the reactor
needs slow neutrons, a moderator is used to slow (or moderate) the neutrons down and enhance the fission process.
On the average, neutrons lose more energy per elastic collision with particles of equal mass (i.e. hydrogen nuclei)
than they do in colliding with heavier particles. For example, it takes less than 20 collisions to thermalize a neutron
using ordinary water as a moderator, but more than 100 collisions with graphite. For this reason, materials with low
atomic weight (generally hydrogen or hydrogenous compounds) are used for moderators.
In the moderation process, some of the neutrons may be scattered at angles which project or reflect them back
toward where they came from (i.e., toward the core). Thus, some moderating materials may also be suitable reflectors which serve to reduce neutron leakage. Usually such reflector materials are of low mass number may be interspersed among the fuel elements where they serve as a moderator and, when placed outside the reactor core area
they can serve as a neutron reflector. An important criteria is that the material used for the reflector and moderator
have a low probability for neutron capture. Most commonly used reflector and moderator materials are:
 Water - Because of its hydrogen content, water serves as a good moderator and reflector. Since water is also
cheap, it is often used in reactors in a dual role as moderator/ reflector and coolant. A disadvantage is its
relatively low boiling point requiring expensive high pressure vessels and piping for high temperature operations. Also, since water has a relatively high thermal neutron absorption cross section, the fuel in a water
moderated reactor must be enriched with 235U to offset the additional neutron loss. Most US reactors, both
pressurized and boiling water, use water.
 Heavy Water - Of all the moderators in use, heavy water (2H2O) has the lowest neutron absorption to thermal
ratio. It is a very good moderator and coolant, but high production and purity maintenance costs limit its use.
The Canadians often use this type reactor.
 Graphite - This is easily purified, machined, and relatively inexpensive and it has a very low thermal neutron
capture cross section. Its brittleness causes difficulties when it is used as a structural material and graphite
reacts with oxygen at high temperatures. As contrasted to water reactors, graphite reactors still need an additional coolant to remove reactor heat.
 Beryllium / Beryllium Oxide - These are good moderators but are relatively expensive. Their disadvantages
are that they are brittle and react with air or the moisture in air. They are also very toxic and therefore hazardous
to fabricate so, they are normally only used in special applications.
11.3.c Coolant
The great quantities of heat produced in the reactor core must be removed to prevent the fuel elements from
melting. In a power reactor, the core heat is used to make steam which may turn a turbine-generator to produce
electricity or, in ships to turn propellers. The cooling system removes the core heat by circulating a heat absorbing
material through the core. The heat generated in the fuel elements is transferred to this coolant and circulated out of
the core. Desirable coolant materials should have a low probability for neutron capture, have good heat transfer
capabilities, and be easy to move through the core. The most commonly used coolant materials are:
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 Water / Heavy Water - These are both good coolants and good moderators. The chief disadvantages are
water's corrosiveness and its low boiling point. Pressurized water reactors solve the latter problem by keeping
the water under high pressure (1500 psi) thereby raising its boiling point (500 oF). Boiling water reactors,
although pressurized, allow the water to boil and form steam reducing the need for a steam generator (Figure
11-7) between the core and the turbine-generator.
 Gas - Air was used as the coolant in early reactors. Now gas-cooled, high power reactors use gases other than
air because air reacts unfavorably with structural material in the core. Helium and carbon dioxide have been
successfully used as coolants. Gas cooling systems require expensive pumping arrangements unless the gas is
kept under extremely high pressure, and gas systems at low pressure have relatively poor heat transfer
characteristics.
 Liquid Metal - Sodium and sodium-potassium have been used as coolants where neutron moderation was
undesirable, such as in fast breeder reactors. These coolant systems solidify at room temperature and must first
be warmed up before the reactor is started. Additionally, these coolants tend to be highly reactive with water,
hence extensive containment systems are required.
11.3.d Radiation Shielding
Reactor shields may be designed for several functions. Shielding to reduce the radiation exposure to persons in the
reactor building is called biological shielding. Neutrons and gamma rays emitted by the fission fragments produced
in the fuel elements present the most serious shielding problems. Apha / beta particles and the recoil fission
fragments are generally absorbed by the fuel cladding and other materials used in reactor construction.
Because the probability of neutron capture/removal increases as the neutron kinetic energy decreases (i.e.,
becomes thermal), a shield for neutrons must necessarily first moderate (i.e., slow down) the neutrons and then
remove them through capture reactions. Good neutron moderators are low density materials with a high hydrogen
content. Good absorbers for gamma rays are high density materials such as lead or iron. Concrete is a good
compromise for shielding against both gamma rays and neutrons from reactors. It contains both low and fairly high
atomic weight materials (hydrogen and silicon). Besides good shielding properties, concrete has good structural
qualities and is relatively inexpensive. Iron punchings and boron can be added to enhance gamma shielding and
neutron capture, respectively. Because of these assets, concrete is the most often used shielding material in reactors.
Water has been used as a shielding material in special applications. Although the shielding properties of water
are good, its use presents considerable construction difficulties (e.g., no form). Thus, in a reactor the coolant
provides shielding as an added benefit of its cooling role.
11.3.e Control and Safety
The operation of a reactor can be described in terms of the multiplication factor, keff. Control rods maintain the
proper keff factor for various stages of reactor operation. Control rods are made of materials which have a high
capture cross section, removing them from the core region and making them unavailable for further fissioning. The
neutron population is controlled by moving the rods in or out of the core region. With precise positioning of these
rods, it is easy to maintain the point where keff = 1 is reached and produce a stable, critical state in the reactor.
Regulating or control rods of cadmium or boron-steel are usually positioned electrically and/or hydraulically.
Control rods are classified as either coarse or shim rods. The names refer to their degree of adjustment. Coarse
control rods are used for making gross adjustments, while the shim rods are used for making finer adjustments in
the number of fission events. Other rods called safety or scram rods, are strategically positioned in the core. In the
event of a drastic increase in keff (i.e., super-criticality), these rods are inserted in the core immediately to shut down
the reactor. Control rods may also be used as safety rods.
A unique concept of reactor control is the adding of boron directly to the coolant. The concentration of boron in
the coolant is varied for routine control with major reactivity changes controlled by the rods.
11.4 Reactor Classification
Reactors may be classified by many categories, such as fuel-moderator arrangement, type of coolant, reactor use, or
a combination of these. The two major types of light water (i.e., H 2O) power reactors used in the U.S., pressurized
and boiling water, differ primarily in temperature and pressure within the reactor core.
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11.4.a Fuel-Moderator Arrangement
In a homogeneous reactor, the fuel and moderator are in contact and intimately mixed with each other. A heterogeneous reactor is one in which the fuel is lumped into rods surrounded by a moderator and coolant. Power
reactors are heterogeneous reactors.
11.4.b Reactor Use
There are four basic uses for reactors: research, power production, isotope production, and breeder. Some of the
salient features of each are:
 Research - A reactor primarily used for research, either as a prototype or proving ground for future reactor
design or operated to produce neutrons for pure scientific research. A homogeneous reactor would be an
example of a research reactor.
 Power - Heat produced in the core is removed by the coolant and put through various heat exchanger subsys tems and it is eventually converted to electrical or mechanical energy.
 Isotope Production - High neutron fluxes inside the reactor may be used to produce radioisotopes or other
products (e.g., colored gemstones, etc.) through neutron capture. One of the more familiar reactions is the
production of 32P by the absorption of a neutron by 31P, the only naturally occurring isotope of phosphorus (i.e.,
abundance = 100%).
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Similarly, the radiopharmaceutical most frequently used in Nuclear Medicine (cf. Chapter 13) can be produced
by separating 98Mo (abundance = 24.13%) from natural Molybdenum and bombarding the 98Mo with neutrons to
produce 99Mo. The 99Mo is then placed in a generator (see Figure 13-2) which can be used to elute 99mTc for
diagnostic nuclear medicine.
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 Breeder / Converter - In addition to producing energy which may be used for power generation, the breeder
reactor produces more fissionable material than it consumes. The reactor may be designed solely to produce
fissionable material (e.g., 239Pu) which may then be processed and used at another facility.
11.4.c Coolant
Reactors may also be classified by the type of coolant employed to remove the fission energy from the reactor core
and produce steam to turn the turbine-generator.
 Boiling Water - The system is pressurized, but controlled boiling is allowed to occur in the core. Steam is
removed via a steam separator and sent to the turbine-generator or heating system.
 Heavy Water - Deuterium Oxide (D2O) is used instead of ordinary water.
 Pressurized Water - The coolant system is pressurized to the extent necessary to prevent boiling in the core.
Steam is produced in a secondary system (i.e. steam generator) at lower pressures.
 Liquid Metal - Various liquid metals are used as coolants, primarily in fast breeder reactors where no moderation of neutrons is wanted.
 Gas - Inert gases or air serve as the heat removal material.
Most power reactors in the United States are either pressurized or boiling water reactors. Gas cooled reactors
were popular in Europe, however gases have poor heat transfer characteristics and are difficult to pump. At one
time the US had investigated breeder reactors, but without fuel reprocessing, a breeder proved to be politically
impossible. As mentioned, the Canadians use heavy water in their CANDU (Canadian deuterium uranium) reactor
design because it can use unenriched, natural uranium fuel. Natural uranium, graphite moderated reactors were
developed in the US during World War II to convert 238U into 239Pu for military purposes and natural-uranium fueled
reactors became the starting point for the nuclear power industry. However, the construction of diffusion plants to
produce enriched- uranium fuel has resulted in a reduction in natural-uranium fueled systems except in Russia and
former Soviet states. There are very few graphite moderated power reactors in the US.
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11.5 Power Reactors
Most thermal power reactors work in a similar manner. Fuel is burned to heat water, the water boils and the resultant steam is piped to a steam turbine to spin the turbine blades which drive an electric generator. Any left over
energy in this steam is removed and the steam condensed back into water where it is pumped back into the furnace.
A nuclear power reactor is nothing more than a steam-electric generating station in which the nuclear reactor takes
the place of a furnace and the heat comes from the continuous fissioning of uranium atoms rather than from the
burning of fossil fuel. To control the heat production, control rods made of materials which absorb neutrons, are
placed among the fuel assemblies. When the control rods are pulled out of the core, more neutrons are available
and the chain reaction speeds up, producing more heat. When they are inserted into the core, more neutrons are
absorbed, and the chain reaction slows or stops, reducing the heat.
Most commercial nuclear reactors in the United States use water to remove the heat created by the fission
process. These are called light water reactors in contrast with the reactors which use heavy water ( 2H2O or deuterium oxide) to remove heat. As noted in paragraph 11.3.b, the water also serves to slow down, or moderate, the
neutrons. In the United States, two different light-water reactor designs are currently in use for producing steam
from the heated water, pressurized and boiling water reactors.
11.5.a Pressurized Water Reactor (PWR)
In a pressurized water reactor (Figure 11-7) the
heat is removed from the reactor by water
flowing in a closed pressurized loop called the
primary loop. This loop is kept under high
pressure (e.g., 2250 psi) so that the water in the
primary does not turn to steam even at temperatures of 600 oF (315 oC). The heat energy of the
primary water is transferred to a second water
loop (or secondary) in a heat exchanger or steam
generator. This secondary loop is kept at a lower
pressure, allowing the water to boil and create
dry steam (i.e., steam with very little water
vapor), which is used to turn the turbinegenerator and thus produce electricity. AfterFigure 11-7. Pressurized Water Reactor (PWR)
ward, the steam is cooled and condensed back
into water which is easier to pump and the water is pumped back to the heat exchanger.
The main benefit of the pressurized water reactor design is that the two separate loops of water never physically
mix. While there may be some radioactivity dissolved in the primary loop, the addition of the secondary loop helps
insure the risk of contamination of the environment is kept low. Additionally, because of the high temperatures
used, the water can hold a large quantity of reactor heat. The major disadvantage of the PWR is that the additional
loop and pressurizing equipment add significant cost to the system. Also, some efficiency is lost in the steam
generator, so a PWR may be a bit less efficient than a BWR in producing electricity.
11.5.b Boiling Water Reactor (BWR)
In a boiling water reactor, Figure 11-8, the water is piped
around and through the reactor core and is transformed into
steam as it flows between the fuel elements removing
reactor heat. The steam leaves the reactor at the top of the
reactor vessel and goes directly to the turbine-generator to
produce electricity. Here, too, the spent steam is condensed
back to water and pumped back into the reactor vessel to
continue the process.
At atmospheric pressure, water turns to steam at a
temperature of 212 oF (100 oC). But, at such a low temperature, steam contains too little energy to be efficiently used in
Figure 11-8. Boiling Water Reactor (BWR)
a turbine-generator. To raise the temperature and the
energy content, the water in a boiling water reactor is kept at a pressure of approximately 1000 psi, instead of the

178

Radiation Safety for Radiation Workers

normal atmospheric pressure of about 15 psi. At 1000 psi of pressure, the water does not boil and turn to steam
until it reaches a temperature of approximately 545 oF (285 oC). Thus, although the BWR is pressurized, it has
fewer components and may be cheaper to construct. However, because the BWR uses only a single coolant loop
with the water passing directly through the core, some contamination may be spread to the turbine and other reactor
components.
11.6 UW Research Reactor
The Nuclear Engineering Department of the
School of Engineering operates a small,
research reactor for instruction, training and
research. The original reactor was
constructed and installed by the Atomic
Power Equipment Department of General
Electric Company. The present core is
composed of TRIGA-FLIP fuel supplied by
the General Atomic Company. The reactor
achieved initial criticality on 26 March
1961 and its original maximum steady state
power level was 10 kW. This level was
increased to 250 kW on 7 December 1964
and later upgraded to the present maximum
steady state power level of 1,000 kW on 14
November, 1967. Although the reactor is
capable of a steady state power of 1 MW
and is normally operated at this level for
approximately 7 hours twice each week, it
is capable of producing pulses of approximately 1000 MW. When operating at a
steady state power of 1 MW, the reactor
produces approximately 3.2 x 10 13 thermal
neutrons per cm2 per second (fluence) and
the 1000 MW pulse produces a neutron
fluence approximately 1000-times as
intense. Because this type of reactor does
not produce electricity, it is also commonly
called a non-power reactor (NPR).

Figure 11-9. UW Nuclear Reactor

11.6.a UW Research Reactor Components
Figure 11-9 shows a cutaway view of the UW Reactor. It is a heterogeneous pool-type reactor and is approximately
8 x 12 x 27½ feet deep. The actual core is only about 15 x 17 x 15 inches deep. The fuel is uranium enriched in
235
U to 70%. There are 91 fuel elements in the core, each element containing an average of 123 grams of 235U, and
there is approximately 24.6 lb. (11.2 kg) of 235U in the core. Light water acts as both coolant and moderator as well
as being a biological shield. The core is reflected on two sides by graphite and on two sides by water. The waterreflected areas are used as locations to perform irradiations. Control is accomplished by three vertical safety blades
and there is also one vertical regulating blade for fine adjustment. The safety blades provide a shutdown margin of
about 5% keff.
The Reactor Laboratory has facilities to permit use of radiations from the reactor in experimental work without
unduly endangering personnel. These facilities include three hydraulic irradiation facilities known as "whales", four
beam ports, one thermal column, and a pneumatic transfer system known as a "rabbit".
The Hydraulic Irradiation Facility (whale) is composed of three aluminum pipes of 2-7/16" internal diameter
that extend from approximately 18" below the pool surface to grid box positions on the periphery of the core.
These pipes draw sample bottles made of polyethylene down and position them approximately at the center line of
the fuel. Two sample containers can be loaded in each tube. The addition of a second sample bottle, however,
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causes the natural rotation of the first bottle to stop. Thermal Neutron Fluxes in these positions are approximately 1
x 1013 neutrons per cm2 per second.
The Thermal Column is a graphite-filled horizontal penetration through the biological shield which provides
neutrons in the thermal energy range (about 0.025 eV) for irradiation experiments. The thermal column, which is
about 8 feet long, is filled with about 6 feet of graphite. A small experimental air chamber (40" x 40" x 24")
between the face of the graphite and the thermal column door has conduits for service connections (air, water,
electricity) to the biological shield face. Personnel in the building are protected against gamma radiation from the
column by a dense concrete door which closes the column at the biological shield. The door moves on tracks set
into the concrete floor perpendicular to the shield face.
There are four, 6-inch Beam Ports which penetrate the shield and provide fluxes of both fast and thermal
neutrons for experimental use. The ports are air filled tubes, welded shut at the core ends and provided with watertight covers on the outer ends. The portions of the ports within the pool are made of aluminum, while the portions
within the shield are steel. A shutter assembly, made of lead encased in aluminum, is opened for irradiations by a
lifting device. When closed, the shutter shields against gamma rays from the shut down core, allowing experiments
to be loaded and unloaded without excessive radiation exposure to personnel. Shielding plugs are installed in the
outer end of each port. The plugs, made of dense concrete in aluminum casings, have spiral conduits for passage of
instrument leads.
A Pneumatic Tube (rabbit) system conveys samples from a basement room to an irradiation position beside the
core. The rabbits used in the system will convey samples up to 1¼-inch diameter an 5½-inch long. The system
operates as a closed loop with helium cover gas preventing generation of 41Ar activity.
All samples to be inserted in the reactor are encapsulated according to specific reactor procedures. All liquids,
gases, and solids in dust or powdered forms must be double encapsulated so that they can not break open and
contaminate the facility. Solid materials not subject to flaking need only a plastic bag encapsulation for insertion
into the beam port or thermal column.
11.6.b UW Research Reactor Uses
The UW Nuclear Reactor Laboratory was established as a teaching laboratory for the Nuclear Engineering and
Engineering Physics Department. However, the capabilities of the laboratory are available for use by others. In
addition to instruction for students from the department, students from a number of other educational institutions
use the facilities under the sponsorship of the U. S. Department of Energy Reactor Sharing Program. Such use has
ranged from individual laboratory sessions to semester-long laboratories on selected topics (reactor operation
characteristics, neutron activation analysis, and radiation safety instrumentation).
A Research Reactor Training program was developed, and has been used by utilities from several states as part
of training programs for operators, senior operators, and shift technical advisors.
Research support is provided for industry as well as other educational institutions. The primary activities in the
past have involved sample analyses by neutron activation analysis . Other support has been production of radioactive isotopes and irradiation of materials for various effects. Additional services have been provided in instrument
calibration and evaluation, decontamination studies, and determination of effectiveness of filtration. In addition, a
neutron radiography capability has been added. This facility was designed to provide real-time imaging of operating systems, and is available for users outside the department.
Currently, one of the biggest research uses of the reactor by non-engineering researchers involves neutron
activation. Neutron activation analysis is a physical method of analysis of materials for elemental composition. A
sample is exposed to neutrons, resulting in activation of many of the constituent elements. Specific radiations
emitted by the activation products are detected to determine the amount of the elements present in the sample. The
UW reactor practices instrumental neutron activation analysis (INAA), a technique in which gamma ray emissions
are detected. Beta and positron emitters may also be detected to determine elements, but this requires radiochemical
procedures to separate elements with similar emissions. In most cases, gamma ray energies and half-lives are
distinctive enough that elements may be determined without chemical separations or special sample preparation.
Samples of relatively uniform volume and mass are sealed inside polyethylene vials. Standards (materials with
known elemental composition) are similarly prepared. An irradiation time is selected, depending upon elements to
be detected. Likewise, decay time (from end of irradiation to start of counting) and counting time are selected for
the particular analysis desired. Standards and samples are counted on high purity germanium gamma ray
spectrometers. Spectra are analyzed and results are computed by comparison with the standards (computer
programs will calculate results based on element nuclear characteristics, but standardization is preferred).

180

Radiation Safety for Radiation Workers

Even though this is a small reactor, the department employs many of the same security and safety devices which
power reactors employ. Thus, while the reactor personnel gladly give tours of their facility, they first insure that
persons in the tour group receive a thorough briefing and they measure radiation exposures throughout the facility
to insure that no visitor will be exposed to radiation levels in excess of 0.5 mrem/hr (remember background radiation of the US population averages 300 mrem per year and 100 mrem per year is considered to be an allowable
exposure rate for areas accessible to members of the general public).
11.7 Review Questions - Fill-in or select the correct response

1. Nuclear reactors produce energy by nuclear
.
2. All fission fragments are
and usually decay by
emission.
3. To achieve a self-sustaining nuclear reaction, or criticality, the rate of neutron production must be greater than or
4.
5.
6.
7.
8.
9.
10.
11.
12.
14.
15.
16.

equal to the rate of neutron loss. true / false
The major difference between a pressurized water reactor (PWR) and a boiling water reactor (BWR) is the
steam generator and secondary loop. true / false
The UW research reactor is used to generate the electrical power for the campus. true / false
Nuclei produced by neutron absorption in a large nucleus are called
fragments.
Criticality is achieved when neutron
is at a rate at least equal to neutron
.
235
238
Natural uranium needs to be enriched, that is, contain a higher percentage of ( U or U) before it is a viable
fuel. true / false
and
present the greatest shielding challenges in a reactor.
Water is a good shielding material for neutrons because of its
content.
The
is the material which slows down fast neutrons and allows them time to diffuse until
.
they are captured by the
The isotope of uranium capable of being fissioned by thermal neutrons is
.
The nuclear process in which some of the neutrons produced from fission further the reaction is called a nuclear
reaction.
The non-fissile isotopes 232Th and 238U are called
because they may be used to produce fissile
.
isotopes (233U and 239Pu) through a process called
The thermal neutron fission cross section (σf) for 235U is
barns.
is the process in which more than one fissile atom is produced for every fissile atom
consumed.
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12 Particle Accelerators
12.1 Historical Background
Scientists strive to understand the world around them. Investigations by nuclear physicists have resulted in a
continual refinement of their knowledge of atoms and the nucleus. The periodic table of elemental atoms arranged
according to atomic weight and chemical properties (pages 2-3) was developed by Mendeléef in the 1870's. In
searching to understand atomic processes, the simplest atom, hydrogen, was investigated to learn answers to such
questions as, "What is the distribution of matter within the atom?" Sir J. J. Thomson pictured the nucleus to be
spherical in shape with the positive charge distributed uniformly throughout the sphere and with the electrons
embedded among these positive charges. This "plum pudding" model (Figure 1-1) was challenged by H. Geiger (of
Geiger-Müeller fame) and Lord Rutherford who, in 1911, bombarded a thin metallic foil target with alpha particles
(Figure 1-2) and observed the scattering of the alpha particles from the foil (Figure 1-3). The experiment confirmed
Geiger and Rutherford's belief that the positive charge of an atom and most of its mass was concentrated in a small
dense core, the nucleus, with the electrons moving in regular orbits about this nucleus in some sort of cloud.
While some information about the interior structure of unstable, naturally radioactive nuclei can be obtained, the
measurements of size, mass, charge, and moment are about all the parameters that can be obtained without disturbing the nucleus in some way. Rutherford was the first scientist to activate an atom and detect the nuclear reaction.
In 1919, he bombarded 14N with α particles and obtained 17O through the reaction:
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Notice that even in the transmutation of 14N into 17O, the charge (9) and nucleon number (18) are conserved.
Because protons are relatively easy to detect, they were used by Chadwick in his discovery of the neutron. To do
this, Chadwick used a double reaction. First he bombarded 9Be with α particles which produced 12C and a neutron.
He detected the neutron by having the neutron bombard paraffin resulting in the ejection of a detectable proton.
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However, to investigate the interior of the remaining nuclei, some probe or some other means of disturbing the
nucleus was needed. Some of the problems encountered when attempting to probe the nucleus include:
 The area of the nucleus is on the order of 10-28 m2. Therefore, any nuclear probe must come within a distance of
about 4 x 10-15 m for any interaction to occur.
 The nucleus may only occupy about 3% of the area of the atom, so the probability of a probe colliding with the
nucleus is small.
 Charged particles are usually used to probe the nucleus. The electron is of little use because of its small mass
and relatively long wavelength. For example, consider the electron microscope. Max Planck’s work showed
that E = h$ν = h$ c . Thus, a 0.5 MeV (500 keV) electron has a wavelength of 1.55 x 10 -13 m, much too large to
probe the nucleus. However, the scattering of very high energy electrons may still provide some nuclear charge
distribution information.
 Because of electrostatic repulsive forces, penetrating a nucleus with a positively charged particle is difficult. For
example, for a proton to enter an aluminum nucleus, it must have a kinetic energy above 1.5 MeV.
To achieve the required kinetic energy (i.e., short wavelength), the charged particle is often accelerated through a
large potential difference. A whole series of machines have been developed to provide the potential differences
required for high energy particles. These are generically called accelerators because their principal purpose is to
accelerate charged particles to a high kinetic energy. Particle accelerators are used in nuclear physics research to
obtain the threshold or resonant energy needed for some nuclear reactions and to obtain the high momentum (and
correspondingly small wavelength) needed to see small structure. Accelerators are also used commercially for ion
implantation, for selective doping of semiconductors, for alloying with minute quantities of rare metals, in surveying for hydrocarbons surrounding well shafts, for the production of medical isotopes, for changing the properties of
plastics, for radioactive dating, etc. In nearly all these accelerators, the charged particles move in a deep vacuum
(i.e., ~ 10-13 atmosphere) which is required to prevent the particles from losing energy, being scattered in various
directions, or even being absorbed in collisions with gas molecules before reaching the target.
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12.2 Particle Accelerator Components
All nuclear reactions involve energy. Reactions which release energy are called exoergic reactions and, just like
exothermic reactions in chemistry, more kinetic energy exists after the reaction than before. Similarly, endoergic
reactions, like endothermic chemical reactions, can occur only if the reaction is given energy and less kinetic
energy exists after the reaction than before. Because mass-energy is conserved, to determine whether a reaction is
exoergic or endoergic, simply calculate the mass-energy balance of the system before and after a reaction. For
example, from a purely mass-energy standpoint, the production of 18F from 18O, schematically represented by
18
O(p,n)18F is an endoergic reaction which requires a minimum of approximately 2.95 MeV. However, recall
(Figure 1-9) that the nucleus poses a barrier of approximately 8 - 10 MeV.
Thus, to study the nucleus with charged particles, an accelerator of some type is required. Because an accelerator is designed to impart a large amount of kinetic energy to a charged particle, all accelerators share a number of
common components.
High Voltage Supply
The ion source is the device for producing a
plasma of free ions (i.e., the charged particles). In an
Ion Source
Beam Pipe
Beam Dump
Magnet
Target
x-ray machine, the filament is the ion source. In
+
positron ( ß) accelerators, often the electrons are
Vacuum System
stripped from the neutral gas atoms by passing a high
frequency RF (radio frequency) alternating potential
Shielding
difference through the gas.
The high voltage supply creates the potential
Figure 12-1. Accelerator Components
difference between the ion source and the target. This
potential difference forces the ions to accelerate
toward the target because of coulombic attraction. It is the various mechanisms of providing this potential difference which leads to the variety of modern accelerator types. From a practical point, the energy imparted to the
charged particle depends upon both the potential difference (volts) and the charge (e) accelerated:

Ek = q V

Kinetic Energy ( eV ) = Charge ( e ) %  Potential ( V )

Thus, assuming you had a 10,000,000 volt (10 MV) system, you could produce a beam of 10 MeV protons (e = 1),
20 MeV helium ions (e = 2), and 30 MeV lithium ions (e = 3).
The beam pipe is an evacuated section through which the accelerated ions pass. A high vacuum is desired to
reduce energy losses between the charged particles and any gas molecules remaining in the pipe. In x-ray
machines, a high quality vacuum is maintained in the x-ray tube.
In large systems, a vacuum system is employed to remove enough of the air molecules to prevent loss of the
beam ions through collisions with air and perhaps consequential radiation or arcing.
Strong magnets are used to focus the ion beam into a tight "pencil-thin" beam and also to steer the beam along
the desired path. A TV tube has strong magnets to bend the electron beams so they strike the phosphors at the
correct point to produce a picture and an x-ray tube uses a focusing cup to direct the beam toward the target.
The target is the area where the useful work of the ion beam is done. For example, in a research setting the
effect of the beam on some object (e.g., a crystal) may be studied. Industrial applications may direct a beam of ions
onto some object to enhance its properties.
Accelerators are highly inefficient in using the energy produced. Consequently, a beam dump, a device to
absorb any remaining energy from the beam and safely dissipate the resulting waste heat (i.e., a heat sink), is used.
Because of the large quantity of energy used by accelerators, the beam dump may use water or freon for coolant.
Shielding is essential to protect operating personnel and the general public from the high levels of ionizing and
non-ionizing (e.g., RF, microwave) radiation which are capable of being produced in an accelerator. The energy of
the accelerator determines the type and thickness of shielding. Generally speaking, the threshold for neutron
production is approximately 7 MeV and accelerators capable of producing energies in excess of 7 MeV should have
both x-/γ-ray shielding and neutron shielding. Concrete is often a cost effective compromise between dense and
hydrogenous material.
The purpose of an accelerator is to produce a beam of high energy charged particles directed along a predefined
path. This is accomplished by generating ions and causing them to "fall" through a large potential difference (i.e.,
be accelerated). Linear accelerators or linacs, provide the acceleration along a straight line beam path. Cyclic
accelerators or cyclotrons cause the ion beam to travel in a circular path.
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12.3 Low Energy Accelerators
The first accelerators were relatively low energy, usually less than 50 MeV. Some of these early systems were
Cockcroft-Walton, Van de Graaff, Cyclotron, and linear accelerators. As investigators probed deeper into the
nucleus, greater energies were needed resulting in accelerators with energies in the billion electron volt (GeV)
range.
12.3.a Cockcroft-Walton Principle
The earliest accelerating machines built by Cockcroft and Walton in 1932, were
electrostatic accelerators. They imparted energy to a charged particle by making
it pass once through a large, steady, high voltage potential difference. To
achieve this voltage, Cockcroft and Walton used a step-up transformer, an
electronic voltage multiplier (Figure 12-2) and a high voltage capacitor to create
the first accelerator designed for nuclear studies. The voltage multiplier
consisted of a series of capacitors and switches (e.g., high voltage rectifier
tubes). The switches worked in concert with the alternating current supplied
through the transformer such that half the switches (e.g., S2, S4, etc.) were open
and half closed. This alternately charged the capacitors (e.g., C1, C3, etc.).
When the voltage alternates, some of the charge from the previously charged
capacitors is shared by the newly charged capacitors, increasing the voltage. For
a set of two tubes and two capacitors, the voltage supplied by the transformer is Figure 12-2. Voltage Multiplier
doubled and the set is referred to as a voltage doubler. The total output voltage
of the system is approximately twice the number of voltage doublers
Evacuated
times the transformer voltage.
Glass Tube
Filament
From their first machine, Cockcroft and Walton produced potentials
Anode
(cathode)
of about 800,000 volts using a transformer with 100,000 volts across the
secondary coil. This system then had the ability to produce 800 keV
protons or 1600 keV (1.6 MeV) alpha particles (i.e., Ek = qV). The high
voltage from the voltage multiplier was applied to an evacuated tube
(e.g., a gas discharge tube) and the ions produced were accelerated by
the potential down the length of the tube (Figure 12-3).
Modern types of Cockcroft-Walton devices are capable of accelerating protons up to about 3 MeV and are capable of producing large ion
0.8 MV Battery
currents. However, while 3 MeV may result in nuclear reactions, it is
Figure 12-3. Ion Generator
generally not energetic enough to probe the nucleus.
12.3.b Van de Graaff Generator
In 1929, Robert J. Van de Graaff invented an electrostatic generator now
called a Van de Graaff generator (figure 12-4). This device is one of the
Corona
simplest and most effective electrostatic accelerators. It uses a moving belt Rounded
Cap
to carry charge to the inside of a hollow conductor supported on an insulat- surface
ing stand. In such a system, the conducting sphere will accept excess
charge and distribute it uniformly on the surface of the sphere despite the
repulsive nature of the static voltage. The electrostatic discharge can occur
readily at sharp points on the sphere. Van de Graaff generators have four
Needle
points
major components and can often generate potential differences of up to 30
Insulating
MV.
Column
Rounded
A belt made of a non-conducting fabric (e.g., silk, paper, rubber, etc.)
surface
Driving
is driven at high speed (e.g., 60 mph) by a motor connected via a pulley
motor
arrangement (i.e., a broad belt similar to a car's fan belt).
At the bottom of the insulated column, the belt is charged with a
20,000 - 50,000 volt DC potential that is sprayed onto the belt as it moves
between a set of needle points and a rounded surface. The intense electric Figure 12-4. Van de Graaff Generator
field about the tips of the needles attracts electrons from the belt and causes the belt to take on a positive charge.
This positive charge is then carried up to a second set of needle points and rounded surface where, in a similar
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manner, the positive charge on the belt is removed and transferred to the sphere or corona cap. With a wide,
insulating belt and high speed motor, large positive charges can be built-up and maintained on the sphere.
The voltage deposited on the cap can increase to a certain point at which the voltage will begin to leak away as
fast as it is taken from the belt. This voltage equilibrium value depends on such factors as the cap's radius and
smoothness and the pressure and moisture content of the air around it. Placing the Van de Graaff generator in a
gas-tight shell filled with an inert gas (e.g., nitrogen, freon) at high pressure (~ 15 atmospheres) increases the
maximum attainable voltage potential to about 4,000,000 volts (4 MV). The voltage is applied to an accelerating
tube and the charged particles fed into the tube are thus accelerated.
A Van de Graaff generator can accelerate particles (usually protons, alpha particles or even heavier ions)
through a potential of about 5 - 6 MeV. Van de Graaff generators may also be hooked in tandem (or more) easily
producing ion beams of 10 - 30 MeV. Two advantages of the Van de Graaff are that it is easy to continuously vary
the output voltage and, for any generator, the output voltage is highly stable (± 0.1%). The Van de Graaff generator
is widely used both by itself and as an injector or starter for very high energy machines.
12.3.c Cyclotron
The Van de Graaff generator transmits energy to
charged particles by having the particles pass once
through a large potential difference. High energies
can also be obtained by making the charged particles pass many times through a smaller potential
difference.
When a charged particle moves through a
magnetic field, the path of the charged particle
will be bent by the magnetic field. In 1929 Ernest
O. Lawrence conceived of the cyclotron and in
1932, Lawrence and M. Stanley Livingston
designed and built the first successful cyclotron
using an 11-centimeter radius magnet with a
1.3-tesla magnetic field to shape a charged partiFigure 12-5. Cyclotron
cle's path into a spiral by the magnetic field
causing the particle to return time and time again to the accelFrequency
dee A
erating field.
oscillator
A cyclotron (Figure 12-5) contains two D-shaped
F
electrodes (called dees or Ds) mounted in a vacuum chamber
E+
+
E
F
and located between the poles of a large constant field magnet
which is perpendicular to the path of the charged particles.
dee B
The D's are connected to a source of high-frequency alternating voltage which is synchronized so that whenever a charged
Figure 12-6. Cyclotron Electric Field Oscillation
particle is moving from dee A to dee B, the electric field
between the oppositely charge dees is at a maximum in the direction that will accelerate the particle (Figure 12-6).
An ion source (Figure 12-11) at the center of the vacuum chamber injects ions (protons or heavier charged parti cles) into the region between the D's where they are accelerated and begin their spiral path. The electric field urges
the ion into dee A. Inside the dee there is no electric field, however the magnetic field forces the ion to travel a
semicircular path, directed back toward the gap. When the ion reaches the gap, the potential between the dees is
reversed and the ion is attracted to the other dee and is again accelerated across the gap and moves into dee B.
Because the voltage potential is increased at each pass, the ion moves more rapidly (i.e., E = ½ mv2) and hence
travels a bit deeper into dee B than it had traveled into dee A. The particle continues this spiral acceleration until it
reaches a point where it has the largest possible orbit and maximum energy and it will be deflected toward a target.
If the charge and mass of the ion plus the magnetic field remain constant, all the ions will take the same amount
of time to traverse the path in each dee. When properly adjusted the moving ion: (1) remains in phase with the
changing voltage, (2) is always accelerated as it crosses the gap, and (3) its energy continually increases. Therefore,
the frequency of oscillation must be set to the nature of the ion and the strength of the magnetic field. For example,
one system used for accelerating protons has an oscillator frequency of 12 megahertz (MHz). In this system there is
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a gap potential of 200 kV and a power of 70 kW and it can accelerate protons to about 8 MeV (i.e., E = qV), deuterons to 16 MeV, and alpha particles to 32 MeV.
In a cyclic type accelerator, the magnetic fields bend the charged particles around closed paths and the electric
fields speed them up. When a charged particle of mass m and charge q moves in a circular path of radius r perpendicular to a magnetic field B, the momentum is p = mv = qBr. The time required for a single revolution in such a
device equals the circumference divided by the speed, or 2πr/v. Therefore, the frequency, ν (the time to complete
one cycle), is the reciprocal of the period, ν = v/2πr. Substituting for the velocity from the momentum equation
(i.e., v = qBr/m), one can calculate the cyclotron frequency, ν = qB/2πm.
Cyclotrons are often referred to in terms of the size of the magnet pole faces, so a "60-inch” cyclotron has
magnetic pole faces 60 inches in diameter. The diameter of the dees is usually a few inches less than the magnets.
The highest energy of a given ion is independent of the voltage. Small voltages require the ion to revolve many
times before reaching the exit window. Large voltages result in fewer revolutions. Cyclotrons are designed for
protons, and other ions and, depending upon size, the cyclotron can accelerate these to approximately 40 MeV. The
primary advantage of a cyclotron is that the particle energy is independent of the applied voltage; the energy
depends only on the size of the magnets and dees.
12.3.d Linear Accelerator (linac)
In the Van de Graaff generator, a DC (e.g., static)
potential is used to accelerate the particle. A linac
uses a dynamic or alternating potential to accelerate
ions. Cockcroft and Walton used a voltage multiplier to do this. A more sophisticated mechanism of
accelerating the charged particles is by use of drift
tubes. A linac employing drift tubes (Figure 12-7)
consists of a series of hollow metal cylinders of
increasing length that are arranged in a straight line.
The even-numbered tubes are connected to one
terminal of an AC generator and the odd-numbered
tubes are connected to the other terminal. Thus, all
Figure 12-7. Linear Accelerator Drift Tubes
odd-numbered tubes are negatively charged when
the even-numbered tubes are positively charged.
The electric field inside the drift tubes will be almost zero, but
between the tubes it will always be in the direction needed to
accelerate the charged particle to the next tube.
If a positively charged particle (e.g., proton) is released
when the first tube has a negative potential, the particle is accelerated toward the tube by electrical attraction. Once inside, the
ion travels at a constant velocity as it "drifts" through the tube.
If the ion emerges from the tube just as the potential of the
system is reversed, it is repulsed by the positive potential in the
tube it just passed through and accelerated through the gap between the tubes. Thus, when it enters the second tube, it has a
higher velocity. Consequently, if the frequency of the AC
voltage remains constant, the second tube must be made longer
than the first tube insuring the (more rapidly moving) ion will
spend the same period of time traversing the second tube. The
length of any drift tube and gap is properly proportioned to the
Figure 12-8. Traveling Wave Principle
speed of the ion and the time of travel through this distance will
be ½ of the AC cycle. An example system that is 6 feet long composed of 36 drift tubes that has an applied potential of 79,000 volts can produced mercury ions with an energy of 2.85 MeV.
The advent of radar and the increased use of microwaves (wavelength, λ = 1 to 100 cm; frequency, ν = 3 x 1010
to 3 x 108 Hz; and energy = 1.24 x 10 -4 to 1.24 x 10-6 eV) has resulted in a new method of providing accelerating
frequencies in linacs. These high frequency microwaves are transmitted through wave guides. The
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electromagnetic microwaves have both electric and magnetic field components. By having the microwave’s associated electric field parallel to the linac waveguide, it is possible to accelerate low-mass charged particles (e.g., -e and
+
p). As seen from Figure 12-8, a particle fed into the waveguide in-phase with the microwave, is carried along the
wave like a surfer on the crest of an incoming wave. This traveling wave system reduces the need for the exact
engineering and electronic timing needed with drift tubes. At the Stanford Linear Accelerator Center (SLAC). the
alternating current is supplied by a 2856 MHz (2,856 x 106 cycles / sec) klystron, or radar generator. The system
accelerates electrons and positrons to an energy that has exceeded 50 GeV at the end of the two-mile long travelingwave tube.
12.4 High Energy Accelerators
Most of the systems discussed thus far have an upper limit of energy that can be imparted to an ion. This is because
at really high energies, relativistic effects predominate. At extremely high energies, the relative mass of a particle
requires more energy to accelerate it, consequently the size of the accelerating system increases significantly. The
velocity ratio, β = v/c, where v is the velocity of the particle and c is the speed of light (2.998 x 10 8 m/sec), is used
to calculate the relativistic mass, M, of an accelerated particle in relation to its rest mass, M0.

M=

M0
1 − 2

=

M0
1 − v2 / c2

Thus, as the energy of the particle increases, there is a consequent increase in relativistic mass. This increase in
relativistic mass becomes important only when the velocity increases above half the speed of light. Ultimately, at
extremely high velocities, all of the energy imparted to the system is required to overcome the inertia of the relativistic particle. For example, if v = 0.1c (i.e., 2.998 x 10 7 m/sec), the relative mass of a particle will be 1.005 times
the rest mass (M = 1.005 M0) while if v = 0.9c (i.e., 2.698 x 10 8 m/sec), the relative mass will be 2.3 times the rest
mass (M = 2.29 M0). Many types of circular and linear high accelerators have been developed to accelerate
electrons and other charged particles to energies exceeding 50 MeV.
12.4.a Synchrotron and Betatron
As a particle’s kinetic energy begins to become an appreciable fraction of the rest energy, the mass begins to
increase significantly. Therefore, in a super high energy cyclotron, because of the relativistic mass effects, the
cyclotron frequency, qB/2πm, will decrease when the particle is sped up (i.e., m increases) in a constant magnetic
field and, in such a cyclotron, the particle would soon get out of phase with the accelerating electric field.
Compared to protons, electrons have smaller rest mass (i.e., m p = 1835 me) and the relativistic mass change occurs
at relatively lower energies (i.e., E = ½ mv2). Therefore,
electrons cannot be accelerated to extremely high energies by
R.F.
"C"
cyclotrons. Solutions to accelerating electrons are to hold the
power
magnet
magnetic field constant and vary the oscillator frequency to
ring
keep the particle and electric field in phase or to vary the
to
magnetic field (with or without changing the frequency) to
experiments
keep the particle in phase with the electric field.
Van de
At relativistic energies the energy achievable by a circular
accelerator is proportional to the radius of the system. Conse- Graaff
quently, large systems are needed in order to achieve extremely generator
high energies. The concept of these systems is to confine the
charged particles (both protons and electrons) to a constant
radius. Systems designed to do this are the synchrotron
(Figure 12-9) and betatron. The synchrotron keeps the particles in phase with the electric field while the betatron uses an
increasing magnetic field to keep the particles moving in a
circular field. Electron synchrotrons have been constructed to
vacuum chamber
impart energies of approximately 6 GeV.
Figure 12-9. Synchrotron
The fixed radius of the synchrotron eliminates the huge
central magnet of the cyclotron and replaces it with local magnets (called guide magnets) which have magnetic
fields approximately 5 meters in diameter to keep the beam of charged particles narrow and moving in the desired
direction. These magnets require large amounts of special magnet steel, copper, and electric current. Acceleration

Particle Accelerators

187

is often applied by use of an alternating magnetic flux which induces an electromotive force (emf) and accelerates
the particles. The charged particles are injected into the system at high energies usually from a Van de Graaff or
linear accelerator. Whenever a charged particle is accelerated, it gives off electromagnetic radiation. At relativistic
speeds, the radiation produced by such particles increases enormously in intensity and directionality because it is
emitted over a very narrow angle.
Thus, synchrotrons are circular accelerators that bring electron beams to high energy; storage rings maintain
such a high-energy electron beam for a long period of time. Both use arrays of two types of guide magnets; focusing magnets to keep the beam traveling in a narrow path, and bending magnets to force the beam to arc around the
circular chamber of the accelerator. Whenever the electron beam is bent by a bending magnet, synchrotron radiation is produced. The stronger the magnetic field of the bending magnet, the higher the energy of the most energetic
photons produced. Synchrotron radiation spans the electromagnetic spectrum, but it is by far the most powerful
source of electromagnetic radiation in the vacuum ultraviolet (200 - 100 Å) to hard x-ray (100 - 0.1 Å) regions of
the spectrum. Thus, research requiring these wavelengths of radiation -- ranging from 1 to about 100 Å (corresponding energies of 12.4 keV to about 124 eV) -- has come to rely heavily on synchrotron radiation facilities.
For particles more massive than electrons, increasing the momentum requires an increasing radius for a given
magnetic field (i.e., p = qBr). High-momentum, high-energy cyclic accelerators such as the 1 TeV (1000 GeV)
Fermilab Tevatron accelerator in Illinois requires a radius of about 1 kilometer. In this system, a Cockcroft- Walton
linear accelerator initially increases the particle’s kinetic energy to 0.75 MeV. Then a linac increases it to 200 MeV
and the particle’s energy is boosted by a synchrotron to 8 GeV before being transferred to a 2 kilometer ring to be
accelerated to 150 GeV and finally to a ring with a stronger magnetic field where energies as high as 1 TeV may be
obtained. In this system, protons and antiprotons can be accelerated simultaneously in opposite directions and
head-on collisions induced at certain points.
12.4.b Linear Accelerators
As noted in 12.3.d above, Stanford constructed a 2-mile linear accelerator (SLAC) capable of accelerating electrons
to 20 GeV. The system uses 4-inch diameter copper cylinder composed of one-inch long cylinders separated by
disks that have a 1-inch aperture to confine the electron beam. The electrons are pushed in bunches by electromagnetic waves fed into the system every 40 feet at a frequency of 2.856 x 10 9 Hz (2856 MHz). At the end of the tube
the electrons are within 1 x 10-5% (0.00001%) of the speed of light and they are then deflected into various experimental rooms. Because the electrons radiate energy as they are deflected (i.e., acceleration / deceleration), extensive radiation shielding is required.
12.5 Ion Implantation
Ion implantation is a material engineering
process by which ions of a material can be
implanted into another solid, changing the near
surface physical properties of the solid. During
ion implantation, charged atoms or molecules
are accelerated and implanted into the target
substance. The atoms or molecules are typically
accelerated to energies from 10 keV to 500 keV.
Energies in the range of 1 to 10 keV can be
Figure 12-10. Ion Implantation System
used, but result in the penetration of only a few
nanometers or less while energies above 500 keV (e.g., 1 - 5 MeV) are used, but can result in significant target
damage. Ion implantation systems typically include:
9 ion source where ions of the desired element are made
9 mass separator (magnet) where ions of the desired species are selected
9 accelerator where ions are electrostatically accelerated to a high energy
9 beam deflector (lens) which focuses the ion beam onto the target
9 target chamber where the ions impinge on a target or implant material
The main objective of ion implantation is to introduce the desired dopant species into the target in a controlled
manner, requiring that the exact quantity of the dopant species be delivered per unit area over the target.
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12.5.a Ion Source / Ionization Chamber
Before implantation can occur, the atoms or molecules must first be
ionized. This ionization takes place in a chamber in which the source
vapor is introduced. The pressure in the chamber is controlled at a
pressure of around 10 -3 Torr. The concept is to bombard atoms of the
chosen gas with energetic electrons (figure 12-11). The free electrons
are produced by boiling them off of a heated cathode which is charged,
along with an intermediate electrode to -50.15 kV. Atoms of the gas
are injected into a chamber containing the cathode and a positively
charged (-50 kV) anode. There is a 150 V potential difference between
the cathode, the heated filament, and the anode. As the electrons fly
Figure 12-11. Ionization Chamber
toward the anode, they collide with the atoms of the gas, producing
ions. An electron can either be absorbed by the atom thereby creating a
negative ion, or it can knock an electron off of the atom producing a positively
charged ion. The ions are then focused electrostatically and magnetically by
the shape of the electric and magnetic fields into a dense plasma in the region
just before the anode aperture. The plasma bulges slightly through the anode
aperture forming an "expansion ball". The negative ions are then selected out
by an extractor which is at ground potential. The ions form a beam flowing
into the beam-tube toward the accelerator.
An alternative method to produce a negative ion beam is Source of
Negative Ions by Cesium Sputtering (SNICS). Cesium vapor from the cesium
Figure 12-12. SNICS
oven flows into an enclosed area between a cooled cathode and heated ionizing surface. Some condenses on the cooled surface, some is ionized by the hot
surface. The ionized cesium accelerates toward the cathode, sputtering particles from the cathode through the
condensed cesium layer. Some will sputter neutral or positive particles which pick up electrons as they pass
through the condensed cesium layer, producing negative ions.
12.5.b Mass Separator
When a source gas is ionized, several species of ions results. For example,
ionization of BF3 results in the following ions: B+, BF+, BF2+, F+, F2+,
11
B+, 11BF+, 11BF2+, BF3+. The desired implanted species is the B+ ion.
The other species resulting from the ionization of BF3 must be prevented
from being implanted into the target. The process of separating the
desired B+ species from the other ions is referred to as mass analyzing,
selection, or ion separation. This is performed using a magnetic mass
analyzer. When the energetic ions, typically with voltages of 15 to 40 keV
pass through the analyzer, the positively charged species are bent into
different arcs by the magnetic field set up in the analyzer. The radius of
the arc is determined by the mass, speed, and net charge of the entering
Figure 12-13. Mass Separator
m
B2
species (i.e., q = 2V r 2 ). The analyzer has a slit at the end of the arc that
allows only the desired species to exit. In the above example, the magnetic field is adjusted to match the path of the
desired B+ ion.
12.5.c Accelerator
After the desired dopant ion leaves the controlled slit, the ion moves into the acceleration tube which provides the
dopant ions high enough velocity so that it will have sufficient energy to penetrate the target surface and implant
itself at a controlled distance from the surface. The acceleration tube is linear (see Figure 12-7) with annular anodes
along its axis. Each anode has a negative potential that increases along the direction of propagation of the dopant
ion. The voltages selected is a function of the mass of the ion and the desired energy at the target surface.
Ion implanters are classified into medium- and high-current, high-energy, and oxygen ion implanters. The beam
current is a measure of the number of ions implanted per given time, or the dose. Medium current implanters
produce currents in the 0.5 to 1.7 mA range at energies ranging from 30 to 200 keV. High current implanters
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generate beam currents in the order of 10 mA at energies up to 20 keV. High energy implanters are used in applications such as the formation of wells, channel stops, and deep buried layers.
12.5.d Beam Deflector
Because of the electrical repulsion between the ions, the beam tends to separate while being accelerated. This
defocusing effect is corrected through the use of electrostatic or magnetic lenses placed at the exit of the accelerator
tube. Additionally, collisions between dopant ions and residual gas molecules can result in the neutralization of
some of the dopant ions. Because the neutrals do not contribute to the beam current (i.e., charges per second), it is
not measured by the equipment used to measure the target dose. If uncorrected, this would result in incorrect
control of the amount of dopant in the target. Removal of the neutrals in the beam is accomplished by bending the
ion beam with electrostatic plates allowing the neutral molecules to travel in a straight path is not in line with the
target. Experimental ion accelerators and implantation systems may also use a Faraday Cup during the initial
tuning up process to measure the ion current and characterize the ion beam.
12.5.e Target
The target material is loaded into the target chamber and is where the actual
Exit Slit
implantation takes place. In high-current implanters, the implantation process
Projector
can cause the target to heat up significantly and require active cooling mechaBeam
Lenses
nisms. The systems can also have an electron flood gun that minimizes the
Steering
buildup of charge on the target surface.
Electrostatic
Because the ion beams are much smaller than the scale of the target, a
Sector
method of scanning the beam uniformly over the target is required. Beam
scanning, mechanical scanning, and shuttering are used to provide uniform
Imaging
dose of the dopants over the target.
Faraday Cup
Detectors
In the beam-scanning system, the beam passes between electrostatic plates
which are at controlled potentials. As the ion beam passes between the plates,
the positive and negative charges on the plates are altered to steer the positively
Figure 12-14. Faraday Cup
charged beam. By steering the beam in two dimensions, the beam can be raster
scanned over the entire target surface. Beam sweeping is used primarily in medium-current machines for implanting single wafers. A disadvantage of the beam sweeping systems is that the beam must make the turns off of the
wafer decreasing throughput. In some systems, the wafer is rotated by 90 degrees to ensure greater uniformity.
Mechanical scanning solves the problem of the limited beam size by holding the beam in one position and
moving the target. Mechanical scanning is used primarily on high-current batch systems. An advantage of
mechanically scanned systems is that the overhead of turning the beam is eliminated. Because non uniform implant
depths can result if the target is improperly aligned with respect to the beam, proper alignment of the system is critical. Most systems integrate an electric field or an mechanical shutter to block the beam when the path is not over
the target.
12.5.f Safety
The ion implantation process presents a number of potential safety hazards. The primary safety issue deals with the
use of lethal gases as the source. Safe use of the gases require interlocked exhaust systems with adequate flow to
remove any toxic gases that may be present from leaks in the gas delivery system. Flow or pressure sensors must be
installed in the vent to ensure that the vent is operational. Maintenance technicians must employ special breathing
apparatus when changing toxic gas bottles, cleaning sources, or when servicing the pumps.
Another safety issue deals with the use of high voltages in the implanters. Personnel must be protected against
accidental contact with high voltage sources in the implanter. Power supplies for the acceleration voltage, beam
extraction, and scanning are all at lethal voltage levels. Therefore, fail-safe interlocks using keys, door switches and
grounding bars must be incorporated into implant systems.
X-rays are another source of potential safety hazard. X-rays are produced when the high energy electrons
produced from the collision of atoms in the beam extractor strike the extraction electrodes or the beam defining
aperture in the ion column. While x-ray radiation can be reduced through proper implanter design, shielding is
needed to maintain the external radiation below 0.25 mrem/hr. Lead shielding thicker than around 7 mm is required
to reduce the radiation to acceptable levels in medium and high current implanters. Operators should wear x-ray
monitoring badges while working near implant systems.
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12.6 Accelerators at the University of Wisconsin
Because it is a large research oriented academic institution, the UW has several different types of accelerator facilities. The types of large accelerating machines currently in use include a cyclotron, several tandem Van de Graaff
accelerators and a synchrotron. In addition, medical treatment (cf. Chapter 13) is performed using FDA approved
linear accelerators and there are several ion implantation systems in the Engineering Centers Building.
12.6.a Cyclotron
The Medical Physics Department operates a Computer Technology and Imaging, Inc., Model 112/00 RDS
cyclotron. This cyclotron is designed to produce radiochemicals for researchers and medical diagnosis. It is a
multiple port, self-shielded, automated cyclotron producing an 11 MeV, 50 µA proton beam and uses water and gas
target systems to produce 11C, 15O, 13N, and 18F PET (positron emission tomography -- see 13.1) precursors.
Near the center of the dees (Figure 12-5) is an ion source (e.g., an electrical arc device in a gas) used to generate
charged particles. Charged particles (e.g., hydrogen ions) are generated in bursts by the ion source and a filament
located in the ion source assembly creates a negative charge on the hydrogen ions through the addition of two
electrons to the hydrogen. The negative (H -) ions enter the vacuum tank and gain energy through the highfrequency alternating electric field induced on the dees. The stream of negative ions is directed toward an extraction foil. The electrons are stripped by passing the H- ion beam through a thin carbon foil. This extraction foil
strips each H- atom of its two electrons producing H + ions or protons. The protons proceed through the foil but,
because they are now positively charged and still under the influence of the magnetic field, they follow a circular
path tangent to their former orbit (i.e., away from the center of the cyclotron). This proton stream is directed toward
a target chamber. Extraction foils range in thickness from 5 to 25 mm and have a lifetime of approximately 100
hours. The proton stream enters the target chamber and, by nuclear activation (usually a proton, neutron reaction),
changes the stable target material into a radioactive isotope. The radioisotopes are unstable and, because they have
an excess of protons, usually decay by positron (+β) emission.
Even small cyclotrons can produce high neutron and gamma-ray radiation levels which require extensive shielding. The door of the cyclotron vault weighs approximately 8000 pounds and contains 13" of polyethylene to moderate the fast neutrons, 2" of boric oxide to absorb the thermalized neutrons and 1 cm of lead to attenuate the 2.2 MeV
gamma rays produced by absorbing the neutrons in boron. The goal of the door is to reduce the neutron dose rate at
the entrance from an unshielded exposure rate of 16 mSv/hr (1.6 rem/hr) to approximately 0.26 mSv/hr (26
mrem/hr). Some of the exposure rates inside the cyclotron room with the cyclotron operating can be as high as 2.3
Sv/hr (230 rem/hr). Shielding about the cyclotron vault is sufficient to insure that radiation exposures in areas
accessible to members of the general public are below the limits (see Tables 2-4 or 3.2) for non-radiation workers.
12.6.b Tandem Van de Graaff
Tandem Van de Graaff accelerators
are operated by the Physics Department, School of Engineering, and the
Keck Institute. The latter is a 6 MV
tandem Van de Graaff that is designed
specifically to produce 15O for
medical diagnosis and research. A
tandem Van de Graaff (Figure 12-15)
makes it possible to impart at least
twice the energy to a particle as could
be obtained from a single Van de
Graaff generator. In such a system,
negatively charged ions are injected at
Figure 12-15. Tandem Van de Graaff
the ground potential. They are accelerated as they approach the positively
charged conductor. Electrons are then stripped from the ion in a gas or foil stripper until the ion becomes positive
and the positive ions are accelerated again as they leave the conductor and move toward the ground potential. The
exchange of charge in the stripper is accomplished by making the negative ion pass through a thin foil or through
some gas (e.g., 3H).
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One protocol of the tandem electrostatic accelerator at Sterling Hall uses approximately 12 curies of tritium as
the gas target for its ion beams. Migration of the tritium gas produces minor, widespread 3H contamination of the
target room and requires special monitoring of the personnel and the air within the target room. Persons frequenting
the target room when this protocol is active submit routine urine samples which are analyzed for tritium. There is
also a tritium air monitor to measure tritium levels in various parts of the target room and associated areas. If the 3H
levels become elevated, the warning alarm of the tritium monitor will activate. This type of alarm is used as an
indicator to prevent radiation workers from entering the area and to limit radiation workers to only brief periods in
the target room until the cause of the relatively high 3H levels has been investigated and corrected. Additionally,
habitually contaminated areas are marked by tape and the posting of Caution -- Airborne Radioactivity Area
signs. There are also interlocks on the doors and chain barriers to prevent unintentional personnel exposure.
12.6.c Synchrotron Radiation Center
The Synchrotron Radiation Center (SRC) is a research laboratory of the Graduate School of the University of
Wisconsin - Madison. It is funded by the National Science Foundation to provide radiation of a continuum of
wavelengths, from visible to the soft x-rays for scientists from throughout the world.
The SRC was originally built around Tantalus, a 240 MeV electron storage ring, originally planned to be a test
bed for advanced accelerator concepts. In 1977 SRC began construction on its own facility focusing on a new 1
GeV storage ring, Aladdin, which has 36 beam ports and four long straight sections. Ten years later, in 1987 with
Aladdin fully operational, Tantalus was decommissioned, although it was operational and available as a source for
specialized experiments until 1994.
There are two accelerators in the Aladdin vault, a 100 MeV microtron and a 1 GeV electron storage ring. The
100 MeV microtron is used for about 1 hour each day to inject electrons into the storage ring. During the injection
process a relatively high radiation level exists in the accelerator vault. Because of this high level, all personnel must
vacate the vault area and it becomes an exclusion area. Once the storage ring is filled, the vault area can be
accessed by personnel. The 1 GeV storage ring stores these electrons for a period of time during which they are
used to produce synchrotron radiation. The circumference of the storage is about 88 meters and stores about 1.8 x
1011 electrons at 100 mA beam current.
To insure that personnel are not present during the injection process, all access doors are interlocked to the
control panel, so that any breach of the interlock system (e.g., opening a door) prevents injection and it cannot be
resumed until the infraction is corrected and reset. A walk through, warning lights, alarms, and announcements are
also used to insure that the vault areas are cleared before each injection. In addition, panic buttons are installed in
various locations in the vault areas. Radiation badges are worn by persons working in the accelerator vault.
12.7 Radiation Protection at Particle Accelerators
Moving charged particles at high energies produces extremely high radiation fields. Often, the radiation levels limit
the attainable energy in circular electron synchrotrons. If not properly shielded, the photon, neutron and charged
particle radiation can be a significant hazard.
Cyclotrons generally become extremely radioactive because of the many radionuclides induced by energetic
interactions. The primary half-lives commonly found in large cyclotrons are 5 minutes, 38 minutes, 2.6 hours and
12.8 hours, which are probably radiations from 66Cu, 63Zn, 65Ni and/or 56Mn, and 64Cu.
At energies above 7 MeV neutrons are also produced and must be considered when evaluating shielding.
Activation of the accelerator’s wall, electromagnets and structural components by high-energy particles and
neutrons must be evaluated at least initially. This activation produces long-lived isotopes such as 60Co (T½ = 5.27
years) and usually requires the high energy accelerator components to be treated as radioactive waste when the
system is ultimately dismantled.
Skyshine, the upward-directed radiation which is scattered back toward the surface of the earth by collision with
air molecules, is also a potential source of exposure. Neutrons in an energy range from 1 to 10 MeV prove to be the
significant radiation component of skyshine for most accelerators. Because of skyshine, initial radiation shielding
surveys above the accelerator should be made both near the shield wall and also further away from the wall. It has
been found that wall shielding will reduce radiation levels near a shield wall, but the levels may increase further
away because of skyshine.
For accelerator personnel, high radiation exposures are the greatest risk. To protect personnel, a multitude of
safety systems are utilized.
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 Interlocks - entry into the accelerator system and experiment rooms is restricted. Door interlocks are used to






insure that the beam will be automatically terminated if a person unintentionally attempts to enter a high radiation area.
Emergency Cut-Off - located throughout the area are large, red-colored emergency stop buttons which will
either cut-off the system current or otherwise shut down the beam.
Warning systems - to insure all personnel are aware of the potential hazards, warning systems are implemented
which include flashing, rotating lights; explanation signs (e.g., Danger - High Radiation Area), audible signals
and physical radiation barriers (e.g., chains, gates, etc.).
Operating systems - include mechanisms to prevent inadvertent exposure. These include a keyed switch so the
system cannot be activated without the key in place, interlock circuits, clearance procedure (e.g., check lists) and
spot checks of all areas before startup. There are also remote (video) monitors so the operator can view all
rooms insuring they are unoccupied.
Area monitoring - because high radiation is possible, radiation monitors must be placed in any area accessible
to people, and be capable of measuring all types of radiation likely to be produced. Some dosimeter area
monitors are also employed outside the facility to verify that long-term exposures in areas accessible by
non-radiation workers is within allowable limits.

12.8 Review Questions - Fill-in or select the correct response.
An
is a machine that moves a charged particle through a potential difference.
The potential difference between an ion source and target that accelerates ions originates from
.
The electrodes in a cyclotron are called
.
During a visit to an accelerator facility, you notice that lights have begun flashing and loud horns sounding.
This suggests that you should leave the area quickly and safely. true / false
5. In addition to charged particles and x-rays,
may be produced in an accelerator facility.
6.
in the walls and/or in accelerator components must be considered when evaluating the radiation protection at an accelerator facility.
7. Before beam generation, a
must be done to make sure no personnel
are in the accelerator room when the beam is on.
8. At high particle velocities (> 50% of c),
effects require more energy put into the system.
9. Upward-directed radiation which is scattered back toward the surface of the earth by collision with air nuclei is
.
also a potential exposure called
10. The time required for a single revolution in a cyclotron is called the
.
11. A tandem Van de Graaff makes it possible to obtain at least
the energy from a Van de Graaff generator than one would expect.
12. Protons are normally produced by stripping two electrons from a H - ion. true / false
13. In ion implantation, the process of separating the desired ion (e.g., B+) species from the other ions is performed
.
using a
14. Ionization of the plasma occurs in the
.
15. Three safety issues related to ion implantation are:
,
, and
.

1.
2.
3.
4.
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13 Radiation in Medicine
The greatest source of man-made radiation exposure to both the general public (cf. Table 3-1) and to workers arises
from medical uses of radiation. While a nuclear reactor may have millions of curies of radioactivity, shielding and
other engineering controls reduces the average public exposure to less than 1 mrem per year and the total work
force involved is relatively small. Radioactive materials are also used in medical clinics such as nuclear medicine,
cardiology, endocrinology, and radiation therapy. These medical clinics employ more than 100,000 radiation
workers and annually provide radiation services to more than 50,000,000 people in the US.
The biggest source of this clinical radiation exposure remains medical x-rays which comprises 80% to 90% of
all imaging procedures. Besides radiology, which we discussed in Chapter 10, diagnostic x-rays are also found in
such clinics as cardiology, urology, orthopedics, gastrology, and dental. It is estimated that in 1990, there were
approximately 294,000,000 medical imaging procedures performed on a US population of 249,000,000. The
patient's dose from diagnostic x-ray procedures depends upon the number of x-ray exposures made and the physical size or density of the patient at the site of interest. While most patient whole-body exposures are very low, skin
damage resulting from high skin exposures have been reported. The population exposure from medical x-rays
contributes approximately 13% of the average annual population dose.
Cancer patients are often treated by surgery, chemotherapy and/or radiation. In many malignancies combined
approaches of radiation therapy and surgery can often improve the results of surgery alone. When using radiation
therapy, it is important to use an appropriate radiation energy. Low energy photons deposit their energy
non-uniformly through a tissue, more of the radiation is deposited near the surface, so it works best with shallow
tumors. High energy photons are more uniformly distributed throughout the tissue, making it possible to uniformly
irradiate deep tumors. Since penetrating power is essential, treatment of deep tumors uses very high energy (E > 6
MeV) x-rays. The high energy x-rays are produced when high energy electrons are stopped in a target material
such as tungsten. Instead of producing x-rays, the electrons themselves may be used directly to treat superficial
cancers. Thus, the type of cancer therapy may depend upon the location of the tumor and may dictate the energy of
radiation to use. Deep tumors (cervical cancer, Hodgkin's disease, lung cancer, etc.) respond well to high energy (>
6 MeV) photons. More superficial tumors (breast cancer, etc.) respond well to medium to low energy (< 2 MeV)
photons, 60Co γ-rays, and high-energy electron beams. Superficial cancers (lip, etc.) respond well to electron beams.
13.1 Nuclear Medicine
Diagnostic radiology is a static exam. Radiation generLiver/Renal/Hepatobiliary
10.0%
ated from outside the body is directed at an area of
Respiratory
interest. The low energy (i.e., Emax < 120 kVp) x-rays
9.0%
Bone
27.0%
are attenuated differently by different densities of body
Thyroid
tissue (e.g., bone is more dense than muscle which is
5.0%
Other
more dense than the lungs). The radiation that
3.0%
penetrates completely through the body is allowed to
Tumor Localization
2.0%
produce an image on a photographic film, a TV input
Brain
phosphor, an array of radiation detectors, etc. The
1.0%
difference in absorption is then interpreted by the
radiologist leading to a diagnosis. It is important that
Cardiovascular
the image be crisp. To reduce image blurring, radiol43.0%
ogy personnel are often heard advising patients to,
"...take a deep breath, hold it ...." Even for exams
which view the dynamics of a system (e.g., IVP,
Figure 13-1. 1996 Nuclear Medicine Studies
angiography, upper GI) the concept is unchanged; only
a radiopaque substance (e.g., iodine, barium) is used to enhance the soft tissue contrast.
Nuclear Medicine is a scientific and clinical discipline of medicine utilizing radioactive drugs, usually called
radiopharmaceuticals, for diagnosis and/or treatment of diseases. In 1993 there were approximately 8,202,000
nuclear medicine procedures performed in the US providing approximately 14 mrem per person to the average
population dose. Over 36,000 diagnostic procedures using medical isotopes are carried out each day, over 50,000
therapeutic doses are administered each year and nearly 100,000,000 in vitro laboratory tests use isotopes each year.
Figure 13-1 provides a breakdown of the 13,000,000 nuclear medicine procedures carried out in 1996. The number
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of studies performed increases annually (e.g., a 7% increase from 1995) and the distribution of studies varies (e.g.,
cardiovascular studies increased from 36% in 1993 to 43% in 1996) according to medical demand.
Nuclear medicine studies are also dynamic studies of metabolic processes. The radiopharmaceutical selected for
a particular study is designed so a greater proportion of the drug is concentrated in the organ of interest. The radiopharmaceutical can be either a gas, liquid, or solid and can be administered to the patient orally, intravenously, by
inhalation, or may be chemically bound to a patient's bodily fluid sample after the sample is withdrawn from the
body (RIA). Technetium-99m (99mTc) is the radionuclide most commonly used in nuclear medicine because it can
be compounded into many different radiopharmaceuticals that target different organs. All drugs must be approved
by the Food and Drug Administration. Examples of these drugs include: Na99mTcO4, 99mTc-sulfur colloid, 67GaCitrate, 133Xe gas, Na131I. Other uses normally require approval from FDA before each use.
The quantity of radioactivity in the organ is measured or "imaged" by using a large scintillation detector or an
array of scintillation detectors which detect the gamma rays (i.e., beta particles do not penetrate from inside the
body) emitted during radioactive decay. Diagnosis is made by viewing the concentration and distribution of the
radiopharmaceutical within the organ, noting such things as whether there are "hot" or "cold" spots or whether the
material is distributed uniformly.
13.1.a Nuclear Medicine Radiopharmaceuticals
Radionuclides can be produced either as a byproduct of nuclear reactor use or by activating stable materials in some
sort of accelerator (e.g., cyclotron, van de Graaff, etc.). The core of a nuclear reactor (see Chapter 11) consists of
material (usually uranium) undergoing nuclear fission. Because of the many fission events in the volume surrounding this core, there is a very high neutron flux. It is possible to produce radionuclides by irradiation of a target
material within this neutron flux (e.g., 98Mo(n,γ)99Mo; 14N(n,1p)14C; etc.) or by separation of the byproducts
produced by the nuclear fission events (e.g., 133Xe, 131I). The most common radiopharmaceutical is 99mTc and it is
produced via:
98
1
Mo +
n t
42
0

99
99m
0
Mo t
Tc +
 + Q (1.214 MeV) t
42
43
−1

99
Tc +  + Q (140 keV)
43

Accelerators are devices that accelerate charged particles or ions (see Chapter 12). Although accelerators of heavy
ions have been developed, those used for radionuclide production are generally linear accelerators and cyclotrons,
which accelerate beams of protons (1p1 or +1H1), deuterons, (1d2 or +1H2), helium-3 ions (+2He3) and alpha particles (α
or +2He4) or electron accelerators which produce beams of high energy electrons. Examples of these types of
reactions include: 18O(1p,n)18F; 130Te(1d2,n)131I; and 127I(1p,5n)123Xe.
13.1.b Nuclear Pharmacy
The hub of the UW Nuclear Medicine Clinic is the nuclear pharmacy or hot lab. The hot lab is staffed by a nuclear
pharmacist and a pharmacy technician who compound radiopharmaceuticals for diagnostic imaging and therapy.
Like other pharmacies, the hot lab compounds pharmaceuticals containing diagnostic or therapeutic agents
requested by the physician, according to the needs of the individual patient. Unlike other pharmacies, the use of
radioactive material in the compounding of radiopharmaceuticals also requires compliance with radiation safety
regulations related to their medical use.
Radioactive materials are delivered to the pharmacy daily and their receipt requires monitoring and record
keeping as detailed in Chapter 8. Products delivered may include 99Mo/99mTc generators, 201Tl-thallous chloride,
67
Ga-gallium citrate, 131I-sodium iodide, etc.
The hot lab primarily compounds and dispenses prescriptions for 99mTc-labeled radiopharmaceuticals. Because
the half-life of 99mTc is only 6 hours, these radiopharmaceuticals must be compounded only a few hours before they
are administered to the patient. As the 99mTc-labeled radiopharmaceuticals are compounded, appropriate quality
control samples are taken to verify proper labeling. The hot lab also compounds/dispenses individual prescriptions
for patients requiring diagnostic and therapeutic 131I-sodium iodide solution and dispenses various diagnostic
products containing 201Tl, 67Ga, 111In and 123I. Most compounding and quality control procedures take place in the
early morning hours so that each patient's dose may be available before the patient arrives for the scan. The rest of
the day in the hot lab is dedicated to radiation safety surveys, preparing emergency prescriptions and performing
specialized procedures such as autologous leukocyte labeling.
Most radiopharmaceuticals employed in nuclear medicine are chelates of organic or inorganic chemicals
compounded with 99mTc sodium pertechnetate obtained from a 99Mo/99m'Tc generator. The nuclear pharmacy usually

Radiation in Medicine

195

maintains several of these generators in various stages of decay to provide the necessary concentration of activity
needed to effectively compound the required patient doses. Usually the oldest generator is used to supply 99mTc for
scans required after normal operating hours.
A generator is a device in which a short-lived daughter radionuclide is
Eluting solvent
Evacuated
periodically separated chemically from a longer-lived parent radionuclide. air
collecting vial
vent
B
A
The parent is usually adsorbed on an inorganic resin and the short-lived
Eluted
daughter activity
daughter is separated from the parent by drawing a saline solution through
glass
the generator column in a process called milking the generator. Although
column
there are many kinds of generators, the 99Mo/99mTc generator (Figure 13-2)
absorbed
parent + daughter
is the most common. This generator consists of a heavily shielded ion
activity
exchange column of alumina (Al203) which has been tightly bound with a
99
calibrated amount of Mo sodium molybdate and sterilized before
absorbent
shipment. Modern generator systems yield high-quality eluates of 99mTc
lead
material
shield
sodium pertechnetate that are essentially free of most radionuclidic and
chemical contaminants.
Two types of generators are available from manufacturers, wet and dry
filter
column generators. The wet column generator contains a permanently
installed reservoir of sterile sodium chloride solution as the eluant. As the
99
Figure 13-2. Generator System
Mo decays, successively smaller evacuated vials are employed to yield
elutions of more or less constant specific concentration. The dry column
generator uses a small vial of sterile sodium chloride solution as the eluant. Eluates of varying specific
concentrations may be obtained by selecting the volume of the eluant. Generator eluates are collected in sterile,
shielded, evacuated vials which may be easily handled during the compounding process. Before use, the elution
must pass several nuclide and chemical purity tests.
The 99Mo sodium molybdate is tightly bound to the ion exchange column, but small amounts of this compound
may be eluted with the 99mTc sodium pertechnetate in normal use. This moly breakthrough is normally more
pronounced with the first elution of a new generator and is expressed as a ratio of activities of 99Mo to 99mTc.
Because 99Mo decays to 99mTc by -β emission, unnecessary patient radiation dose could result from the use of a
product prepared from an elution containing an excessively high ratio of 99Mo/99mTc. For this reason, the allowable
amount of 99Mo is strictly limited to a maximum of 0.15 μCi 99Mo per mCi 99mTc (0.015%) at the time of
administration to the patient. The pharmacist tests each elution for 99Mo breakthrough and determines if the
99
Mo:99mTc ratio of the elution is within acceptable limits and will remain so for the life of the products compounded
from it. Because 99mTc decays considerably faster than 99Mo, the 99Mo:99mTc ratio increases with time and at the
12-hour expiration time of the elution, one-quarter of the original 99mTc remains while the 99Mo activity is nearly the
same as its original activity.
Another test of the generator eluate determines if excess aluminum ion (Al +) is eluted from the ion exchange
column. Because Al+ may interfere with certain compounding reactions, elutions of 99mTc sodium pertechnetate
must not contain more than 10 micrograms of Al 3+. per milliliter of eluate. The presence of aluminum ion is tested
with a colorimetric, semiquantitative method, utilizing indicator paper.
For many radiopharmaceuticals, compounding involves the introduction of sterile, non-pyrogenic 99mTc sodium
pertechnetate into vials of non-radioactive reagents to form 99mTc-labeled products. The 99mTc sodium pertechnetate
(Na99mTcO4), contains 99mTc in the 7+ oxidation state, or 99mTc (VII). To successfully form most
radiopharmaceutical chelates, the 99mTc (VII) must be reduced to a lower oxidation state. This is accomplished by
the inclusion of a small amount of tin, usually as stannous chloride, as a reducing agent. Commonly used
radiopharmaceuticals and their indications are summarized in Table 13-1.
All 99mTc-labeled radiopharmaceuticals compounded in the pharmacy which are intended for human
administration are tested for radiochemical purity. Two types of radiochemical impurity may be found in
compounded 99mTc-labeled radiopharmaceuticals: free (unbound) 99mTc pertechnetate and hydrolyzed-reduced 99mTc.
These impurities may accumulate in unintended organ systems, possibly confusing the interpretation of the image.
For example, properly compounded 99mTc medronate (MDP) localizes in the skeleton. Undesirable free (unbound)
pertechnetate is localized in the thyroid, salivary glands and stomach, while hydrolyzed-reduced 99mTc may appear
in the liver. The majority of the compounded products are tested with miniaturized paper chromatography or instant
thin layer chromatography (ITLC). The concept is fairly simple: separation of compounds is based on the relative
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affinity of the compound for the support (stationary phase) or the solvent (mobile phase). Various combinations of
stationary and mobile phases are chosen depending on the product being tested. Standardized markings are used on
the stationary phase strips for consistency in analysis. Each radiopharmaceutical utilizes a chromatography system
that maximizes the detection of radiochemical impurities.
All individual doses (with a few licensed exceptions for manufacturer-packaged radiopharmaceuticals) are
assayed in a dose calibrator before dispensing. Utilizing a syringe shield, the nuclear pharmacist withdraws a
specific volume from the shielded vial of radiopharmaceutical and assays the activity in the dose calibrator. The
activity of the dose is decayed to the prescribed calibration time, either by calculation or automatically by the dose
calibrator. If the activity of the dose at calibration time is within ! 10% of that which is ordered, it may be
dispensed. The actual calibrated activity is written on the prescription label and initialed by the pharmacist, then
dispensed for a Nuclear Medicine Technologist to use for a study.
13.1.c Nuclear Medicine Studies
Table 13-1. Common Nuclear Medicine Studies
Radiopharmaceutical use is continually increasing and new applications continue to appear.
Radiopharmaceutical
Use
There are more than 100 different nuclear
medicine exams; however about seven types of 99mTc macroaggregated pulmonary perfusion imaging
albumin (MAA)
studies (Figure 13-1) account for nearly 90% of
99m
the work. This section will review several
renal perfusion imaging
Tc pentetate
common scans, the concepts and clinical
99m
hepatobilliary imaging
Tc mebrofenin
indications involved. Table 13-1 lists common
99m
renal perfusion, anatomical imaging
Tc mertiatied
diagnostic studies. The patient is normally
injected with the radiopharmaceutical and must 99mTc sestamibi
myocardial imaging
99m
then wait for the radionuclide to absorbed in
Tc medronate (MDP) bone imaging
the desired organ before scanning can begin.
99m
hepatic and bone marrow imaging,
Tc sulfur colloid
Bone imaging is performed to evaluate
gastric emptying studies
(SC)
areas of bone injury or bone disease. The areas
99m
cerebral perfusion imaging
Tc bicisate
usually associated with ongoing bone repair
experience increased metabolic activity and in- 99mTc exametazime
cerebral perfusion imaging, leukocyte
creased blood flow. Radiopharmaceuticals
labeling
99m
which mimic the metabolic behavior of bone
myocardial infacct imaging, RBC labelTc pyrophosphate
constituents will localize in these regions of
ing for ejection fraction (MUGA)
(PYP)
bone repair in increased concentration relative 14
helicobacter pycori diagnosis
C
to normal bone. Bone scans are often used in
32
therapy
P
the staging of malignant disease, evaluation of
67
primary bone neoplasm, diagnosis of early
tumor imaging
Ga gallium citrate
skeleton inflammatory disease, evaluation of
89
metastatic bone palative therapy
Sr or 153Sm
elevated alkaline phosphate of undetermined
111
leukocyte labeling
1In oxyquinoline
origin, and determination of bone viability.
123
thyroid uptake, imaging
I sodium iodide
Brain imaging is difficult because vasculation of the brain normally excludes most ionic 131I sodium iodide
thyroid uptake, imaging and therapy
materials from the brain, but the vascular integ- 133Xe xenon gas
pulmonary ventilation studies
rity can be damaged in many ways (e.g., actual 201
Tl
thallous
chloride
myocardial imaging
injury / contusion or ischemic injury from a
stroke) which then disrupts the "blood-brain barrier." When such injury is present, material can penetrate from the
blood stream into the extracellular spaces in the damaged area. If radioactive materials are present in the blood,
they will appear in the extracellular space in abnormal concentrations. A brain scan then visualizes a hot spot
against a cold background, making this procedure unusually sensitive for the diagnosis of brain tumors, vascular
lesions, trauma, inflammation, cystic lesions, and extra-cortical lesions.
Cardiac imaging takes on several specialty areas. In gaited cardiac blood flow/pool, radiolabeled tracers can be
used to visualize areas containing large quantities or pools of blood (e.g., chambers of the heart or aortic aneurysms)
and can thus be used to study left ventricular ejection fraction or left ventricular wall motion. Normally, perfused
myocardium has a high concentration of intracellular potassium. A myocardial perfusion study images the
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myocardium by using radioactive potassium or an element that behaves similarly in the body (e.g., rubidium,
cesium, or thallium). Myocardial perfusion imaging is performed to detect the regional distribution of the coronary
arterial blood flow. Thallus ion (Tl+) has been shown to become distributed in tissues in a manner almost identical
to that of the potassium ion. As mentioned above, 99mTc-labeled bone seeking radiopharmaceuticals localize in
areas of ischemic tissue damage. These areas are also damaged in myocardial infarcts. The tracer can localize areas
of myocardial damage or dysfunction.
Liver / spleen imaging is performed using 99mTc sulfur colloid administered IV. The sulfur colloid particles are
removed from the body by phagocytosis. These cells are normally found uniformly distributed in the liver (85%)
and spleen (5 - 10 %) and the radioactive colloid will be uniformly distributed throughout these organs. Disease
disrupts the normal architecture and the area of disruption will be displaced or damaged and will usually image as a
cold spot. The study can be used to evaluate the size, shape, function and location of the liver and spleen (structure)
or to diagnose metastatic cancer which has spread to the liver, other primary tumors and cirrhosis.
Liver / biliary system scanning relies on the fact that certain tracers are selectively removed from the blood and
excreted in the bile. These can be used to image the pattern of bile excretion via the gallbladder to help differentiate
obstructions due to liver causes (jaundice) as opposed to biliary system obstructions.
Lung studies may be one of several types of examinations. Perfusion studies use small particulate material (20 50 µm) called macroaggregated albumin or MAA that is injected into the bloodstream and is filtered out and
entrapped at the first downstream capillary bed it encounters. If injected into a vein, the filtration occurs in the
lungs. Using a radioparticle, it is possible to outline those areas of the lung where there is blood flow down to the
capillary level. Areas of obstruction (e.g., embolism), shunting (e.g., near pneumonia or atelectasis), or areas absent
of capillaries (e.g., blebs) appear non-radioactive as no particle trapping occurs. Perfusion studies to evaluate the
distribution of pulmonary arterial blood flow for pulmonary embolism or chronic lung disease diagnosis is normally
performed after a pulmonary function test. The MAA particles are trapped in the capillary vessels of the lung like
an embolism. The particle blocks fewer than 1 in 1000 pulmonary arterioles and no pulmonary function abnormalities have been demonstrated from such an injection.
Perfusion scanning is usually done to screen for pulmonary embolization. However, emphysema, chronic
bronchitis, pneumonia, atelectasis, and carcinoma can produce perfusion defects which are indistinguishable from
those caused by emboli. Combining a display of regional pulmonary ventilation with the perfusion scan eliminates
much of the uncertainty. Ventilation / lung function studies evaluate the ventilation of the lung for pulmonary
determination (embolism or tumor), chronic obstruction lung disease, etc. Many formerly involved imaging while
the patient breathed radioactive 133Xe, the trend is toward the use of nonradioactive xenon or 99mTc DTPA aerosol.
Thyroid imaging is used to image solitary or multiple thyroid nodules, assess thyroid size and function and aid
in management of thyroid cancer. The thyroid traps and
Table 13-2. Thyroid Doses
concentrates iodine from the blood plasma. In the gland the
iodine is organically incorporated and stored as thyroglobulin.
Thyroid
This high concentration and prolonged storage permits easy
Dose1
visualization via radioiodine. Pertechnetate (99mTc) ions are
Radionuclide
Activity
(mrad/µCi)
also trapped, but not organified, so they can be used to obtain a
123
100 - 400 µCi
7.5
I
satisfactory scan. Imaging studies normally use NaI of some
125
123 131
100
400
µCi
450
I
sort (e.g., I, I), however, if the imaging is performed
131
rapidly enough after administration, then 99mTc can be used.
1.4 µCi
800
I
Depending upon agent used, large radiation dose to the thyroid
99m
1 - 2 mCi
0.2
Tc
is possible. Table 13-2 lists some of the activity-dose relation1
based upon normal (20 - 30%) thyroid uptake
ships for different imaging agents.
Some tumors and non-neoplastic lesions (e.g., abscesses) have a high affinity for gallium accumulating in
lysosomes and lysosome-like cytoplasmic granules of viable cells. For inflammatory and soft tissue tumors, 67Ga
Citrate aids in evaluating areas for possible localized infection and major areas like bacterial endocarditis, lung
abscesses, pelvis and intra-abdominal abscesses. For abscesses (only) 111In labeled white cells are normally used.
Numerous drugs are cleared and/or bound by the kidney. Some pharmaceuticals are removed from the blood by
cells of the proximal renal tubules and held-up or excreted over time. Thus, renal studies are able to provide both
kidney functioning and urinary excretion information; evaluate renal pelvis, ureters and urinary bladder; estimate
the effective renal plasma flow; and conduct an evaluation of sequential images of the renal system. The renal
function study (renogram) is a graphic expression of the flow of a radiopharmaceutical through the kidneys.
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Ortho-iodohippurate is cleared from the kidneys by glomerular filtration (20%) and tubular secretion (80%). Static
images can be performed to evaluate position, size and shape of the kidney. Tumors, cysts and abscesses (which do
not contain tubular cells) or parts of the kidney that are deprived of their blood supply (infarction) or are injured
(hematoma) will appear as cold areas.
13.1.d Nuclear Medicine Imaging
The two most desirable characteristics of radiopharmaceuticals used for imaging is that they not emit a particle and
the energy of the gamma not be too high. Particulate radiation is not very penetrating in tissue and the decay energy
will be absorbed within a few millimeters. This energy absorption may result in cellular damage (cf., 2.2) and
cannot be used to produce an image. The energy of the gamma photon is also important. If it is too low (e.g., < 50
keV), it will not be able to penetrate completely from within the body. If it is too high, it is difficult to detect it with
a scintillation detector. The most desirable energies for detection are between 100 and 150 keV.
For most radiopharmaceuticals, approximately 2 - 4 hours after injection, the patient is ready for the scan.
Imaging is performed using a special scintillation detector (cf. 7.4) called a gamma camera. The first types of
detectors simply moved over the patient’s body measuring the number of gamma photons detected and creating a
spot on paper or film corresponding to the intensity of the radiation. These rectilinear scanners were too slow for
efficient scanning so detectors were made with a collimator enabling an entire organ system to be imaged at once.
The two major types of collimators used on radioisotope cameras are multichannel (or parallel-hole) and pinhole
collimators (Figure 13-3).
Multichannel collimators are the most widely
Image
used collimators on gamma cameras. They consist of a
Detector
series of holes with parallel axes in a plate usually
made of lead or some other dense material which stops
Collimator
the gamma rays used in imaging. The holes may be
circular, square, or polygonal. The space between the
Multihole Pinhole
holes should be wide enough and the collimator thick
enough so gamma rays traveling at an angle are
Radiation source
absorbed. The gamma-ray image at the detector is
equal in size to the object observed. The best resoluFigure 13-3. Gamma Camera Collimators
tion occurs with the collimator in contact with the
object to be imaged and decreases with distance.
Pinhole collimators have a single hole in a lead plate. The photons from the source travel through the pinhole
and form an inverted image of the object on the detector. If the distance between the hole and the detector is equal
to the distance between the object and the detector, the image and the object are of equal size. Because the
efficiency of a pinhole system is related to the inverse square of the pinhole-object distance, this type of collimator
is best suited for imaging small objects. In clinics, pinhole cameras are primarily used to magnify small objects
(e.g., thyroid) or reduced magnification of large objects when the detector is too small to encompass the entire
organ (although this use is very inefficient and multichannel
Scintillation camera
Organ of
light
capacitor
collimators should be used).
interest Collimator
Lead shield
network
The scintillation camera (Figure 13-4) is the device used for
imaging gamma-ray photons from the scan patient. It consists
essentially of a single, cylindrical NaI(Tl) crystal (typically
½-inch thick) optically coupled to a hexagonal array of
photomultiplier tubes (PMT). The PMTs are connected to an
output to
electronic circuit which determines the position of the flash of
analyzer
-rays
light generated within the crystal as a result of gamma-ray
interaction. This positioning is accomplished on the basis of
PMT
NaI Crystal
tubes
the relative amount of light sensed by each photomultiplier
tube. Even if a scintillation is produced between the photomulFigure 13-4. Collimated Camera
tiplier tubes, its position can still be determined because of the
proportionate division of the light among the tubes. The total signal from the PMT is then summed and the
computer rejects any light signals that do not fall within the photopeak energy range of the γ-ray photon being
imaged (e.g., 140 keV for 99mTc).
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13.1.e Single Photon Emission Computed Tomography (SPECT)
While nuclear medicine is advantageous for dynamic imaging, it suffers the same limitation of diagnostic radiology
and fluoroscopy; specifically the output is two-dimensional. Initially this flat image consisted of varying grades of
brightness on a regular (single emulsion) x-ray film. As technology progressed, color was added so physicians
could quantify the brightness by the various shades of color.
However, two dimensions is a limitation.
The introduction of Single Photon Emission Computed
Tomography (SPECT) cameras, initially used to perform
brain imaging, added another dimension to nuclear medicine.
The SPECT system (Figure 13-5) usually consists of 2 (or
more) cameras which are angled (e.g., 90 o, 180o, etc.) about
the patient’s target organ. SPECT results in better image
quality than single-camera imaging because the sources of
activity are not superimposed upon each other; hence the
signal-to-noise-ratio (i.e. the contrast between the target and
the background activity) is increased.
The primary advantage of this system is its high sensitivFigure 13-5. SPECT Camera
ity, resulting in high spatial resolution and rapid imaging of
the organ. For example, SPECT perfusion images (of the
brain) can be obtained with a spatial resolution of 10 mm in the plane of the slice. In addition, the high collection
efficiency of the multidetector system makes rapid scanning of an entire slice possible.
Although rotating-type gamma cameras are readily available they have a lower sensitivity than the multidetector
camera. With the rotating gamma camera, data is collected from multiple views obtained as the sodium iodide
detector rotates about the patient's organ of interest. Because spatial resolution and image quality depend upon the
total number of primary, unscattered photons recorded by the detector, gamma cameras have been designed with
multiple detectors to improve instrument sensitivity. Three and four-head cameras have been introduced and they
have a marked improvement in spatial resolution (6 to 10 mm) compared with 14 to 17 mm for a single head
systems without any increase in examination time. Special purpose, ring-type imaging systems were also designed
to maximize the amount of detector recording activity from the target organ. These use multiple detectors or a single
sodium iodide ring and collect activity simultaneously from either single or multiple slices (multidetector systems)
or from all regions of the brain (annular detectors). Special purpose systems produce high quality images with a
spatial resolution of 5 to 6 mm. The volume imaging capacity of most SPECT systems permits reconstruction at
any angle, and, with some systems, images can be merged with MRI and CT, creating a single image that combines
anatomy and physiology (morphological and functional correlation).
13.1.f Positron Emission Tomography (PET)
positron emitting isotope
Most nuclear medicine studies, including PET, are "functional imaging" proce511 keV
dures in contrast to x-rays, CT, MRI or ultrasound procedures which produce
photon
static anatomical images. While anatomical studies are vital for many conditions,
changes in metabolism, blood flow or receptor status frequently predate and may
positron
electron
appear much earlier than the physical changes in the anatomical appearance of a
511 keV
photon
tissue or organ.
Conceptually PET is similar to Nuclear Medicine. It is an imaging technique
which uses small amounts of radioactivity for physiological studies. The pharma- Figure 13-6. Positron Emission
ceuticals are introduced into the body, either by injection or inhalation of a gas,
and a PET scanner is used to produce an image showing the distribution of the pharmaceutical in the body. The
difference is that PET radiopharmaceuticals emit positrons (+β) rather than the photons (γ) used in conventional
nuclear medicine studies. These positrons travel a short distance (1 - 2 mm) in tissue, before colliding with an
electron. This "annihilation reaction" results in the emission of two 511 keV gamma rays traveling in opposite
directions (Figure 13-6).
The radioactive material used in PET is produced in an accelerator (see Chapter 12) which takes ions (either
protons or deuterons), accelerates them and directs them toward "targets." Through nuclear reactions some atoms
are transformed into the desired positron-emitting radioisotopes. The most common radioisotopes used in PET have
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a half-life between 75 seconds and 110 minutes. The positron-emitting isotopes are transferred from the accelerator
target to a chemical synthesis laboratory and labeled to pharmaceuticals for the physiological study.
Labeling is the process of attaching some kind of identifying tag to a compound which will allow the physician
to identify where the compound has gone. One of the big advantages of PET is that some of the atoms which can
be labeled (turned into positron emitters) are the same atoms which naturally comprise the organic molecules used
in the body. Among these atoms are oxygen, carbon and nitrogen. Since these atoms occur naturally in organic
compounds, replacing the naturally occurring atoms in a compound with a labeled atom produces a compound that
is chemically and biologically identical to the original. It will behave in a manner identical to its unlabeled counterpart and is also traceable. It is possible to label both naturally occurring compounds such as neurotransmitters,
sugars, etc., and synthesized compounds (such as drugs) and follow them through the body.
PET is able to provide physicians with information about the body's chemistry that is not always available
through other procedures. Unlike CT or MRI, which look at anatomy or body form, PET studies metabolic activity
or body function. Some PET uses include:
 Tumors -- PET imaging is very accurate in differentiating malignant from benign growths, as well as showing
the spread of malignant tumors. PET imaging can help detect recurrent brain tumors and tumors of the lung,
colon, breast, lymph nodes, skin, and other organs. Information from PET imaging can be used to determine
what combination of treatment is most likely to be successful in managing a patient's tumor.
 Coronary Artery Disease -- PET imaging is unique in its ability to determine whether a patient's heart muscle
will benefit from coronary artery bypass surgery. An image of a heart which has had a myocardial infarction
(heart attack) can identify areas that have been damaged by the attack, indicating healthy and dead myocardial
tissue and can therefore, identify which patients will not benefit from heart surgery but for whom other forms of
treatment will be more beneficial.
 Diseases of the Brain -- PET imaging can provide information to pinpoint and evaluate diseases of the brain.
PET imaging can show the region of the brain that is causing a patient's seizures and is useful in evaluating
degenerative brain diseases such as Alzheimer's, Huntington's, and Parkinson's. Additionally, within the first
few hours of a stroke, PET imaging may be useful in determining treatment therapies.
Because many PET radiopharmaceuticals are chemically equivalent to or close analogs of naturally occurring
compounds, is it possible for PET to provide functional images of the human body. Some of the more common PET
radiopharmaceuticals and their uses include:
11
C -- Acetate as a radiopharmaceutical is primarily used in the heart to measure the oxidative metabolism rate.
-- Methionine is used in tumor protein synthesis studies.
-- Amitriptyline is used in tricyclic antidepressant studies.
13
N -- Ammonia labeled with 13N is used in cardiac blood flow studies to measure perfusion in the myocardium.
The half-life of 10 minutes allows both at-rest and stress studies to be performed in one session.
15
O -- Water is used to measure blood flow and in brain research studies.
18
F -- Fluoride is used in bone scanning studies.
-- Fluorodeoxyglucose (FDG) is similar in structure to glucose and is the compound most widely used in PET
due to the ubiquitous use of glucose by the human body. It is used to detect and evaluate tumors, to assess
myocardial viability, and in diagnosing of a number of different neurological conditions.
-- DOPA is a tracer that measures L-dopa uptake and can give a measure of dopamine synthesis rates.
-- Fluoromisonidazole (FMISO) is a hypoxic agent which is metabollicaly trapped by viable cells according to
their degree of hypoxia.
-- Other isotopes of fluorine with shorter half-lives may also be useful.
82
Rb -- A cardiac blood flow tracer with a very short half-life (75 seconds) that allows for rapid serial studies.
In addition, there are literally hundreds of other positron-emitting compounds that have been synthesized to study
various physiological processes in the body.
A PET scan usually takes between one to two hours to perform and requires the patient to lie completely still.
Just as in a CT (Figure 10-9), the patient lies on a table that slides into the middle of the scanner. If a brain scan is
being performed the patient’s head is placed in a special head rest and immobilized using foam blocks or a special
mold individually shaped for each patient. After the preparation is completed the patient is placed on the scanner
and positioned as accurately and as comfortably as possible for the scan. One or two short scans are taken prior to
administration of the pharmaceutical so the patient will not be startled by the scanning process. It is vitally important that the patient remain absolutely still throughout the entire procedure.

Radiation in Medicine

201

Within the scanner are rings of scintillation detectors (see 7.4). The
positron annihilation photons are detected as pairs in coincidence by this
annihilation
series of detectors arranged in a ring around the patient (Figure 13-7). This
photons
insures that single gamma photons can be eliminated from the scan. The
scanner's electronics record these detected photons and map an image of the
area where the radiopharmaceutical is located. Most systems are capable of
resolutions of about 5 mm. Because the energies of the positrons are greater
than the gamma-ray energy used in nuclear medicine (i.e., 511 keV versus
150 keV), denser scintillation detectors are usually employed. Some of the
crystals being investigated are bismuth germanate oxide (BGO) and lutetium
oxyorthosilicate (LSO). Recall that denser materials stop gamma rays better
Figure 13-7. PET Scanner
than light materials. Sodium iodide, the crystal used in nuclear medicine,
has a molecular weight of 149.8 gm/mole. Bismuth germanate oxide and lutetium oxyorthosilicate have molecular
weights in the region of 298 gm/mole and 219 gm/mole, respectively, so they are more ideal for photon detection
within the positron range of energies.
13.2 Radiopharmaceutical Therapy
Radiopharmaceuticals are used in both diagnosis and therapy. The therapeutic uses are primarily directed against
cancerous tissues utilizing the concept of tissue radiosensitivity as outlined by Bergonie and Tribondeau (i.e.,
rapidly dividing cells are more radiosensitive). Cancer tissue dies rather quickly after receiving a large dose of
radiation. The goal of the therapy is to use radiation to destroy diseased or cancerous tissue while sparing adjacent,
healthy tissue. Besides 131I, therapies have used 32P, 89Sr, 153Sm, 186Re and 198Au. Often a much higher dose of radioactivity is administered in a therapeutic situation than in a diagnostic one, so the therapeutic radiopharmaceutical
must have a high affinity for the diseased tissue and the pharmacist must follow detailed protocols. The precautions followed depend both upon the type and quantity of radioisotope. The quantity of radiopharmaceutical administered and the patient's metabolism and radiation dose rate determines hospitalization. The type of therapy
determines preparation of the inpatient area.
Certain chemical compounds, when absorbed by the body, concentrate in one or several organs. In radiation
protection the organ which has a high affinity for a radionuclide is called the critical organ. In therapy the critical
organ is usually called the target organ for the therapy. The organ uptake or uptake tells how much, or what
percent, of an administered radiopharmaceutical will actually be absorbed, metabolized and stored in the target
organ. Some factors which influence uptake are: (1) how much of the chemical is already in the organ, (2) how
well the organ is vasculated, (3) how the pharmaceutical is administered.
The attending physician will prescribe a quantity of radiopharmaceutical based upon the uptake of the organ and
the radiation dose needed to perform the therapy. The normal procedure is to administer a high specific activity
radiopharmaceutical to the patient either orally or intravenously. The radiopharmaceutical is metabolized and taken
up by the target organ. Most of these radiopharmaceuticals tend to decay by -ß emission although in the past
α-emitters have been used. The -ß has only a limited range in tissue and will deposit all its energy in the immediate
vicinity of the organ. This deposition is measured in gray (rad) and dose to the organ is usually given in Gy/MBq
(rad/mCi) or Gy/kBq (rad/µCi) either administered or taken up by the organ. The radiation deposition destroys the
cells in the target organ. With much of the organ destroyed, patients may then be required to take drugs as replacement for hormones or metabolics produced by that organ.
13.2.a 32P Therapy
In treating ascites (excessive accumulation of fluid in the abdomen) with 32P, normally 111 - 185 MBq (3 - 5 mCi)
is injected directly (through butterfly) into the peritoneum. Additionally, though less popular now, 3 - 5 mCi may
be administered IV for polycythemia vera where the 32P concentrates in the bone marrow essentially reducing the
number of red blood cells produced.
The 32P therapies are usually performed in the Nuclear Medicine Clinic on an outpatient basis. The area where
the injection is to take place is draped with absorbent paper to prevent any drops of 32P contaminating the area.
Clinical staff wear gloves and utilize Lucite shielding when carrying the dose. Usually leaded syringe shields are
used in the clinic. Because of bremsstrahlung, Lucite shields may be better for 32P. TLD rings are also mandated.
After the injection, the staff surveys the application area with a thin-window GM probe. Syringe and tubing are
placed in the clinic's radioactive waste, absorbent paper with no detectable 32P is not considered radioactive waste.
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13.2.b Palliative (32P, 89Sr, 153Sm, 186Re) Therapy
One increasing common therapeutic application is the use of radiopharmaceuticals for the relief of pain for patients
with disseminated bone cancer and other joint disorders (e.g., hemophiliac arthropathy). Intravenous injections of
certain β-emitting bone seekers (89Sr, 153Sm, 186Re) will spare the patient much pain and degradation by numbing the
neural ends in the bone. Injection of high-energy β-emitters directly into a joint will retard joint degradation and
reduce pain. Because these radiopharmaceuticals emit high-energy β particles, there is very little radiation exposure
from the patient and very little contamination. Some of these sources also emit a g-ray which allow the clinic to
subsequently perform a bone scan on the patient to determine uptake. Medical staff normally use the same precautions for palliative therapy as they follow for 32P therapy.
13.2.c 131I Therapy
Iodine-131 is administered orally for both Graves Disease (hyperthyroidism) and thyroid carcinoma. The dosage
regimen depends upon the therapy desired and thyroid’s uptake. Because of a high uptake, Graves Disease is
normally treated with 370 - 1110 MBq (10 - 30 mCi) while thyroid carcinoma and thyroid ablations, which usually
have a low uptake, may be treated with between 925 - 5,550 MBq (25 and 150 mCi).
Therapies involving radiopharmaceutical doses less than 1,220 MBq (33 mCi) are usually performed in the
Nuclear Medicine Clinic on an outpatient basis. The 131I may come encapsulated in gel caps (expensive) or as a
liquid (inexpensive). Capsules are easily administered and pose little cleanup problem. Administration of a capsule
is usually by hand, similar to any capsule. Liquid administration is more complicated. The liquid vial must first be
vented in a fume hood to eliminate any 131I vapor buildup. The administration area is covered with absorbent paper,
the patient sits in front of the prepared area and sips the liquid 131I through a straw. The vial is flushed several times
with sterile water to insure a maximum amount of 131I is ingested. Because the 131I has an 8 day effective half-life,
emits beta particles and gamma rays, and can easily be ingested by other family members, the patient is counseled
regarding their personal actions after they leave the clinic. Specific instructions include: maintain distance from
young children, use of disposable utensils, dishes, etc., personal hygiene, restrict over-affectionate embraces. When
the patient departs, the administration area is surveyed and waste is properly disposed.
The NRC presently requires that, unless more restrictive than normal precautions are followed by the patient or
multistage excretory models are utilized by the clinic, all patients who are administered more than 1,220 MBq (33
mCi) of radioiodine be hospitalized until the quantity of radioactive material in their body is reduced to below 1,220
MBq (33 mCi). This requirement is based on the need to maintain exposures to all members of the general public
below 0.1 mSv (100 mrem) and to specific members of the general public (e.g., family members) below 0.5 mSv
(500 mrem). Therefore, some 131I thyroid therapy patients must be hospitalized. These patients are usually healthy
and able to care for themselves with no bedside nursing. These therapies are routinely given after the patient has
had their thyroid surgically removed, the 131I is used to destroy (i.e., ablate) any residual thyroid tissue. Because the
remainder of the thyroid is small and poorly vasculated, uptakes of iodine are generally low requiring larger doses,
normally 3,700 - 5,550 MBq (100 - 150 mCi). Multiple therapy doses in the range of 9,250 MBq (250 mCi) require
the staff observe the patients blood counts for signs of bone marrow depletion.
If the clinic considers excretory data, then a 3-compartment model can be applied by substituting values from
those found in Table 13-3 into the accepted equation:
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Table 13-3. Uptake Fractions and Effective Half-Lives for Iodine-131 Treatments
Extrathyroidal Component
Thyroidal Component
Uptake Fraction Effective Half-Life Uptake Fraction Effective Half-Life
F1
T1eff (day)
F2
T2eff (day)
0.20
0.32
0.80
5.2

Medical Condition
Hyperthyroidism
Postthyroidectomy
0.95
0.32
0.05
7.3
for Thyroid Cancer
If the excretory data method is used, the dose must be calculated and placed in the patient’s record. The required
entry for a hyperthyroid therapy would be exposure dose (mrem) = 8.843 x (administered activity) mCi and
for a thyroidectomy the equation exposure dose (mrem) = 2.267 x (administered activity) mCi would be used.
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For example, a 29.9 mCi dose for hyperthyroidism has a calculated exposure of 264 mrem and a 150 mCi dose for
thyroidectomy has a calculated exposure of 340 mrem. These values would be included in appropriate sections of
the consent form. Other considerations for performing 131I in-patient therapies are:
 Liquid 131I is stored in a fume hood and vented by the Nuclear Medicine radiopharmacist immediately prior to
actual ingestion.
 Room preparation is designed to reduce the risk of contamination
9 Patient is given a room with private bathroom, preferably away from entrance and egress points
9 Absorbent paper (Kraft paper in 5 ft rolls is adequate) is placed on floor creating a walkway to door, bathroom, and between the bed. It is also placed on the bathroom floor where the patient may stand and on tray
tops where they eat.
9 Plastic gloves are placed on items patient may touch such as faucet handles, door handles, nurse call button,
light switch, etc.
9 Two waste boxes are placed in room, one for trash and one for linen
9 Closet is furnished with 3 or 4 linen exchanges (to include pajamas, robes, slippers, etc.)
9 Signs posted on the door include Caution - Radioactive Materials, sketch of room with dose rates, nursing
precautions, and sign-in register.
 Patient is counseled regarding actual procedure, length of stay, procedures to follow while an inpatient, and
precautions when released, 131I contamination, it’s sources and precautions to take to reduce the spread.
 The dose is administered in a similar fashion to the Graves Disease patient, however administration is performed
in the patient's room with physician and Nuclear Medicine personnel present. After the dose is administered, the
tubing, straws, etc. are surveyed prior to leaving. The activity administered is entered on the visitor precaution
sign on the door and the patient room is surveyed at 1 meter from patient, at bedside, at the visitors chair, at
doorway, and on the other side of all accessible walls. Exposure results are indicated on survey sheet.
 The patients record is annotated, "Radioactive" labels are affixed, one on the outside and one in the history
section indicating the dose and exposure rate for nurses. Dosimeters, sign-up sheet, and nursing instructions are
given to chief ward nurse with whatever verbal instructions are appropriate
 Patient must remain hospitalized until the activity remaining in their body is below 1220 MBq (33 mCi). This
can be determined in several ways:
9 Collection and assay of urine to determine how much has been excreted. This method is probably not done
at many facilities since the urine of these patients is normally exempt from radioactive waste precautions
unless collected.
9 Activity - Exposure Ratio. The exposure from the patient is measured 1 hour after dosing. This dose rate,
DI, is the initial dose and corresponds to the administered dose, A I. The patient is monitored twice daily until
the final dose rate, DF, corresponds to 33 mCi. Use the ratio:

D F = 33 $

DI
AI

9 Exposure Rate. The exposure rate at 1 meter from the patient's thyroid is measured twice daily (AM, PM).
An exposure rate of 6.6 mR/hr at 1 meter indicates that the patient has about 30 mCi (1.8 mR/hr = 8 mCi, 11
mR/hr = 50 mCi; Table 4, NCRP 37).
When the radiation restrictions are removed, the chief ward nurse is informed that the patient may go home when
the attending Nuclear Medicine physician releases him/her. The patient's record is annotated with the final dose rate
and the precaution label on the record is removed. The patient is counseled to bathe/shower and dress, close the
door, and see the chief nurse about moving to another room or going home.
The room cleanup follows patient discharge. Absorbent paper and plastic gloves are removed and placed in
trash box. Linen is removed and placed in linen box. The room is surveyed with a thin-window GM to ascertain
spread of contamination. Hot spots or areas of suspected contamination are cleaned with soap and water and resurveyed. It is common to find hot spots in the bathroom around the toilet (males should be directed to sit when urinating), the bed rails, bedside cabinet, etc. Trash and linen is removed and held for 10 half-lives (i.e. 80 days) before
being disposed of or laundered, as appropriate. The final survey is performed using wipes and counting on a sensitive system (e.g., auto-gamma counter, liquid scintillation counter). Results are recorded on the survey form. If
additional cleaning is required, the contaminated spots are again cleaned and resurveyed. When room is finally
released to nursing, the chief ward nurse is informed and all signs and markings removed from door.
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13.3 Clinical Lab Procedures (RIA)
Radioimmunoassay is a technique involving the use of labeled compounds to measure the concentration of hormones or other compounds in the plasma or other body fluids (e.g., urine). In theory, RIA is based on the radionuclide dilution principle, along with the use of a specific antibody to bind a portion of a substance to be measured. If
an antigen or hormone, Ag, is mixed with a specific antibody, Ab, to that antigen an interaction will occur, forming
an antigen/antibody complex, AgAb, that is chemically different from either the antigen or antibody.

A b + Ag + A g& l A b A g& + A b A g
If there is not enough antibody to complex all the antigen present, mixing of the antibody with a known amount of
radionuclide labeled antigen (Ag*) along with an unknown amount of unlabeled antigen or hormone allows quantification of the unlabeled antigen. If the amount of radioactive labeled antigen is a known quantity, then by competitive binding the amount of Ag*Ab complex formed will be inversely dependent on the amount of unlabeled antigen
(hormone etc.) present.
The basic procedure followed in RIA is: mix patient sample and radioactive labeled antigen (less than 0.01 µCi)
in a test tube, add antibody (Ab), mix contents - vortex, incubate the reaction mixture (minutes to day), separate the
complex (AbAg | AbAg*) from the free antigen (Ag | Ag*), measure free antigen or complex (count the radiation in
sample). To measure the unknown concentration of antigen, a series of known antigen concentrations (or
standards) must be measured along with the unknown.
The choice of a radionuclide for labeling purposes is dictated mostly by the availability of a suitable procedure
to tag the antigen under study. Radionuclide half-life, specific activity,
Table 13-4. RIA Radionuclides
availability and cost are other items that must be considered. For most
125
studies I is the isotope of choice because: (1) the counting efficiency for
Radionuclide
Application
125
I is higher than for 131I; (2) the lower γ-ray energy of 125I; (3) the longer
3
14
steroid analysis
H, C
half-life of 125I (60 days) compared with that of 131I (8.05 days) prolongs
125
57
56
shelf-life; and (4) the handling of I presents a lesser radiation hazard
Co / Co B12
than 131I. The activity in these clinical kits is very small, so they are
peptide hormones,
125 131
I, I
usually exempt from Department of Transportation regulations and pose
viral antigens, drugs
no radiation hazard to coworkers.
13.4 Brachytherapy
The word brachytherapy means short therapy appropriately implying that the radiation is limited to short distances.
In brachytherapy, a sealed (i.e., encapsulated) source in the form of seeds, needles, or wires is inserted directly into
the tumor (i.e., interstitial implant) or adjacent to a tumor (i.e., intracavitary therapy, mold therapy) where it will
deliver gamma or beta radiation at a distance up to a few centimeters. Such short-range therapy results in decreased
toxicity and allows the escalation of radiation dose. Brachytherapy for treating cancerous tumors was first used in
the 1940s and was originally carried out using radium sources. Now artificially produced radionuclides are more
commonly used. Some of the isotopes used are 103Pd, 125I, 137Cs, 192Ir and 90Sr (beta therapy). Brachytherapy can be
used in situations where surgery is not possible or not optimal or in situations where prior dose-limiting externalbeam (see 13.5) has already been given. The fundamental objective of the use of specially constructed sealed
sources (see Figure 9-8) is to obtain maximum therapeutic effect with minimum exposure to the patient’s surrounding healthy tissue, the patient, the hospital staff and the general population.
Initially, 226Ra and 222Rn were the only sources used for brachytherapy. Because of this widespread use of
radium, a system of specifying source strength in terms of milligram-radium equivalent (mg-Ra eq) developed and
many clinics still prescribe source strengths in this unit. The equivalence is usually obtain by comparing the
exposure rates at a particular point from a given source and a radium source placed at the same distance. Because
of the wide range of energies and filtrations now encountered in brachytherapy sources, the National Council on
Radiation Protection and Measurement (NCRP) has recommended that the exposure rate be measured in terms of
the effective equivalent mass of radium. This conversion is made by dividing the exposure rate of the source at 1
meter by the exposure rate constant of radium (encapsulated in a container with a specified wall thickness) at 1
meter. However, the best way to calibrate and specify brachytherapy sources is in terms of exposure rate at a
distance of 1 meter. The effective mg-Ra eq activity should be used only to provide an approximate output
comparison with radium sources.
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13.4.a Low-Dose Rate (LDR) Afterloading
Low-dose rate therapy uses low activities (1850 - 7400 MBq; [50 - 200 mCi]) of 103Pd, 125I, 137Cs, or 192Ir to bombard
the tumor volume usually for a 2 - 5 day period of time, although some therapies are performed where the sealed
sources are permanently left within the tumor. Afterloading, one of the most common types of brachytherapy, uses
stainless steel applicators in which the radioactive sources are loaded after all dose calculations are performed. The
applicator, without the sources, is surgically implanted in the patient. After recovering from the anesthetic, the
patient is x-rayed with simulated (or dummy) sources placed in the applicators to determine the geometry of the
sources in relation to the tumor. The therapy physician has prescribed a certain radiation dose to the tumor. The
source strength (Gy/hr @ 1 meter or mg Ra equivalent) and geometry will determine the length of time to reach the
prescribed dose. Often (e.g., therapy of the cervix), dose to several other body parts in proximity to the target organ
(e.g., bladder, rectum) is also determined and may be the limiting dose factor. After the simulation, the patient is
transported to their room where the actual radioactive sources are inserted into the applicators.
Because the patient remains hospitalized with a significant quantity of radioactivity, surveys and monitoring are
required. The patient's room and surrounding areas are monitored as soon as practicable after loading the sources
into the patient. Exposure rates are measured at one meter from the patient's implant area, the implant site, the
patient's bed side, one meter from the bed, the entrance to the room, in adjacent rooms (even if unoccupied), other
outside areas, and in the hallway, particularly if the hall is adjacent to patients bed. Warning signs are placed on the
door along with a list of precautions for staff and visitors to observe. Additionally, radiation stickers are usually
placed on the patients record for the duration of the therapy.
One type of LDR therapy uses 103Pd / 125I sources as temporary implants to treat certain tumors of the eye. In
this instance, the seeds are placed in a cup and sewed to the eye. The patient is sent home for the duration of the
therapy and returns to have the seeds removed.
Two to three days after insertion (based on source strength, geometry, and prescribed dose), the sources are
removed by a radiation therapy physician and, if appropriate, the applicators are removed by surgical staff. After all
of the sources have been removed and inventoried, a survey of the patient is performed to verify that all sources
have indeed been removed. The therapy staff brings the sources to their storage room and replaces them in the
vault, taking care to inventory and log the sources to insure all have been accounted for and none has been lost.
With the sources removed, the patient no longer presents a radiation exposure hazard and all warning signs may be
removed from the room.
13.4.b Low-Dose Rate (LDR) Permanent Implant
Some low-dose rate therapy uses sealed sources (e.g., 103Pd,
Titanium can
125
I) that are permanently implanted within a tumor and
which bombard the tumor volume for the active life of the
Radioactive
material
source. The type of radiation source is selected because it
103
125
Ceramic
has a low energy (e.g., Pd - 22 keV x-ray; I - 35 keV
core
γ-ray) which allows treatment of the organ without excessive radiation dose to normal tissue surrounding the tumor
Silver
marker
nor to members of the general public.
Currently, this type of therapy is most commonly used to
Figure 13-8. 103Pd / 125I Seeds
treat cancer of the prostate. The sources, called seeds
(Figure 13-8), are very small, some measure only 4.5 mm x
0.8 mm (0.177 inch x 0.032 inch). The radioactive material usually surrounds a dense material (e.g., silver,
titanium, etc.) which will be observable on an x-ray. The physician typically implants from 40 to 100 seeds into the
cancer site using ultrasound for guidance. The seeds are usually implanted by inserting a thin needle into a template
and pushing a prescribed number of seeds into the organ at that point. The procedure takes approximately 1 hour to
perform and patients are essentially treated on an outpatient basis. The seeds slowly decay over their physical halflife (e.g., 103Pd - 17 days; 125I - 60.1 days) and remain in the organ permanently.
This type of therapy has been conducted with very few reports of complications. In prostate therapy, one or two
of the seeds may be excreted and pass out when the patient urinates and some patients report slight bleeding or
blood in the urine for the first week or so. While not required, it is prudent to have the patient collect any seeds
found in the linen, place them in a vial and return them to the therapy clinic.
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13.4.c High-Dose Rate (HDR) Afterloading
High-dose rate afterloading (Figure 13-9) uses a high activity (185 - 370 GBq [5 - 10 Ci]) source of 192Ir to traverse
in and around the tumor volume following a series of preprogrammed steps, irradiating the tumor with a very high dose rate (235 - 469 Gy/hr @ 1 cm) in a short
period of time (typically 5 - 15 minutes per treatment). The HDR can be used to
treat a cancer at virtually any accessible body site. Typically the patient receives
between 3 to 6 treatments over a one to two week period. The benefits of this type
of therapy include: (1) patients may receive this treatment as outpatients (improving patient comfort and quality of life), (2) training of nursing staff is minimal
(when compared to in-patient services), (3) the device may be used to treat several
patients in one day, and (4) more elaborate treatment plans (e.g., external beam
followed by HDR and then more external beam) may be employed insuring a
higher probability of cure.
Because of the high exposure, the treatment room is specially shielded and the
staff must exert great care to insure that the treatment plan is followed to insure that
no misadministration of dose occurs. Also, 192Ir has a 73.83-day half-life, so the
source is replaced at 3-month intervals. The HDR device is computer controlled and
guides the operator through the treatment process, reducing the chance of error and
improving throughput. For example, once the treatment plan is established for a
patient, that plan may be recorded on a magnetic, patient treatment card which can
be used to set the HDR up for subsequent treatments of the same patient.
There are other types of remote afterloading devices, although currently not
Figure 13-9. HDR
used by the UW. Two units similar to the HDR are a Pulsed-Dose Rate (PDR)
brachytherapy system and a Low-Dose Rate (LDR) remote system. In these
devices, the patient is treated in an in-patient status. Low energy sources (i.e., 18.5 - 37 GBq [0.5 - 1 Ci]) are
automatically inserted into the tumor periodically (e.g., for 10 minutes each hour) and then withdrawn into the
shielded device. In this manner, nursing service personnel can attend the patient without being exposed to the treatment radiation.
13.4.d Intravascular Brachytherapy (IVB)
More than 5 million people in the United States are known to have
Vessel
coronary artery disease (CAD), the leading cause of death in the United wall
Lesion / Plaque
States for both men and women. When CAD is present, blood flow
through the arteries can be reduced, due to an increasing build-up of
plaque. When this happens, the heart muscle may not receive enough
oxygen, and chest pain, called angina, may be felt. Most patients with
heart disease receive medications to help prevent a heart attack and/or
Figure 13-10. Blocked Coronary Artery
lower cholesterol levels in the blood and doctors often recommend that
a controlled exercise program and a low-fat diet be started. For some, there may be a risk of having a heart attack if
the disease is not treated more aggressively. Minimally invasive procedures, such as balloon angioplasty also
known as Percutanious Transluminal Coronary Angioplasty or PTCA (the use of a small inflatable balloon to open
an obstruction or narrowing of a coronary artery) and coronary artery stenting (the use of tiny mesh scaffolding
devices to prop open clogged heart vessels), have enabled hundreds of thousands of patients to avoid coronary
artery bypass surgery.
Each year about 750,000 Americans undergo balloon angioplasty, and about 80 percent of those also receive a
stent. Restenosis is a re-narrowing or blockage of an artery due to a type of scar tissue formation at the same site
where treatment, such as an angioplasty or stent procedure, has already taken place. If restenosis occurs within a
stent that has been placed in an artery, it is technically called "in-stent restenosis." About 10 - 20% of patients who
have successful stent implantation develop in-stent restenosis.
Intravascular Brachytherapy is designed to prevent re-narrowing from occurring within a stent by delivering a
small amount of radiation locally to the re-opened stented area. The radiation limits the overgrowth of normal tissue
as the healing process occurs and results in a decrease of more than 40% in the in-stent restenosis rate.
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There are two types of IVB radiation sources available in the United States today: Beta and Gamma. The gamma
source uses exactly the same 192Ir sources used in low-dose rate afterloaders (see 13.4.a). The beta source uses a
90
Sr sealed source. The major radiation safety difference between the two
types of sources involves shielding. The 192Ir source emits significant high1
energy gamma rays. This requires use of portable shields and the requirement that all persons vacate the cardiac cath lab during treatment. The 90Sr
source emits only beta particles and no additional shielding is required.
2
Otherwise, the therapy procedures are similar. The patient is treated in a
cardiac cath lab. The interventional cardiologists (1) inserts the catheter to
the desired location. Balloon angioplasty (2) may be performed to reduce the 3
blockage. Then the source train is inserted (3). The length of the source
train depends on the length of the area of restenosis, the total area irradiated
should be longer than the area of build-up. Doses may be on the order of 10
4
- 40 Gy (1000 - 4000 rad). The length of time required for this radiation may
be from 5 - 20 minutes. When completed, the source is removed (4) and the
Figure 13-11. IVB
stent site routinely monitored for restenosis.
13.4.e Yttrium-90 Microspheres
A relatively new therapy for liver tumors involve using yttrium-90 ( 90Y)
microspheres. The 90Y is an integral component of the glass matrix in the
microsphere. Yttrium-90 emits beta radiation (Emax = 2.281 MeV and T2
= 2.67 day) with an average tissue penetration of about 2.5 mm (0.1 inch)
and a maximum penetration of 8 mm (0.3 inch). The microspheres have a
mean diameter of 25 μm (!10 μm) with less than 5% below 15 μm and <
10% above 35 μm (Figure 13-12 compares the microspheres to a strand of
hair). Each milligram contains between 22,000 and 73,000 microsphere
and each product vial can contain between 22 and 216 mg of spheres,
depending upon dose.
The normal procedure is to perform a hepatic angiogram to visualize
the arterial blood flow to the liver and to do a 99mTc MAA study to check
Figure 13-12. 90Y Microspheres
on the amount of the MAA that is shunted to the lungs. It is desired that
any collateral circulation to stomach be blocked prior to the therapy treated. Similarly, if there is too much shunting
to the lungs by the venous system, microspheres can be carried to lung where they can cause damage or radiation
pneumonitis.
Currently there are two brands of the microspheres, SIR-spheres
and Thera-Spheres. Typical doses for SIR-Spheres are on the order of
1.3 - 3 GBq (35 - 79 mCi). The other can have activities up to 20 GBq
(540 mCi). To be most effective, the liver must be the major site of the
disease and there must be some remaining healthy liver still
functioning. The microspheres are inserted using a syringe into the
hepatic artery via an arterial port. They enter directly into the blood
stream and travel to the liver where the spheres are trapped in the small
blood vessels of the tumor from which they deliver their dose (Figure
13-13). Clinical trials with these sources have shown that the microspheres are deposited inhomogeneously throughout the liver, but they
preferentially lodge in a region that is approximately 6 mm wide
around the periphery of the tumor. This observed deposition pattern
shows that the vascular tumor periphery will receive much greater
Figure 13-13. Tumor Vasculation
radiation doses from radioactive microspheres than both normal tissue
and the avascular tumor centre. This observation makes it unnecessary
to identify either the number or location of the tumors within the liver as the microspheres will target them regardless of where they are.
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Experience with these therapies have demonstrated that a few microspheres will find their way out of the body
via the urine. This is a very small fraction and, because of their size, activity, and half-life, are not regulated.
13.5 External Beam Therapy (Teletherapy)
While brachytherapy is effective in treating patients, use of these sealed sources is both labor and resource
intensive. Most source afterloading devices must be inserted surgically. Each patient requires his/her own room
during therapy. The in-patient brachytherapy may require several treatments, each lasting 2 - 3 days. Such intensive demand is impractical when the basic goal of radiation therapy is to periodically irradiate the tumor volume
with a total dose of between 50 to 70 gray (5000 to 7000 rad) over a several week period. In many cases, this same
radiation dose can be delivered by high energy photon beams.
Before the nuclear age, the only source of high energy photons were x-ray machines. These orthovoltage
therapy systems were limited by technology to approximately 150 - 500 kV and treatments normally were
performed at 200 - 300 kV and 10 - 20 mA. While these systems were capable of delivering the required radiation
dosage, their low potential (kV) meant that much of the radiation energy was absorbed by tissues in front of the
cancer and consequently their success rate was not very good for deep-seated tumors or tumors surrounded by bone.
Because of the high penetrating power of the gamma-ray from 60Co (Eγ = 1.173 and 1.332 MeV) and 137Cs (Eγ =
0.662 MeV) and the ability to generate high radiation doses in a controlled setting, 60Co / 137Cs teletherapy units
began making widespread appearances. The results of these systems in treating deep tumors was much better than
the 300 keV x-ray systems because higher energies are more deeply penetrating and tend to deposit their energy
more uniformly along the radiation path.
The post World War II years saw progress in the quest for higher energy x-ray beams. High voltage or supervoltage therapy systems in the range of 500 - 1000 kV were researched. The major problem encountered was
insulating the high voltage transformer. Resonant transformer units were developed to generate x-ray from 300 to
2000 kV. The 1950s saw the introduction of megavoltage (i.e., energy > 1 MV) systems such as the Van de Graaff
generator capable of producing 2MV x-rays. Ultimately high energy linear accelerators (linac) using the traveling
wave principle (cf. Figure 12-7) were developed to irradiate tumors via external beam therapy. Accelerators are
seeing greater medical and industrial use as they replace lower energy 60Co systems.
13.5.a Medical Linear Accelerators
As noted in Chapter 12, a linac has much in common with an x-ray machine. The electron source arises from a hot
filament or cathode in an evacuated tube. There is an accelerating voltage between the cathode and the target or
anode. In diagnostic generators, this voltage is adjustable from about 30 kV to 150 kV. In a linac, the accelerating
voltages are fixed for a particular system and they normally range from about 4 MV to 35 MV. Diagnostic
exposures often involve a single (0.001 to 10 sec) pulse with a 60 Hz to 720 (i.e., 12 pulse) Hz frequency, while
linac radiation consists of short bursts (duration about 5 μsec or 0.000 005 second) repeated several hundred times
per second, each burst has a 3000 MHz frequency. Both systems employ collimators to shape the beam (although
these are much thicker in linacs). Because the energy of the linac is much higher than the energy used in diagnostic x-rays, thick concrete walls are used for shielding instead of the relatively thin sheets of lead (1/16 inch) hidden
in the walls of diagnostic x-ray rooms. High-energy linacs (E > 7 MeV) have the potential to generate neutrons
from interaction with heavy metals found in the target material, walls of the accelerator structure, wave-guide,
filters, collimators. While neutron activation of the air around the patient and of the patient is possible, it is very
little and only of minor concern. A maze is usually incorporated in the room design to prevent neutron scatter from
reaching the control console. Additional shielding using borated (5%) polyethylene can be used to attenuate
neutrons when a sufficient thickness of concrete is not possible
Because all medical linacs serve the same purpose, they tend to have similar components. Some of the major
components in a linac are (Figure 13-14) the gantry, the stand, the control console, and the treatment couch. The
two major structural components are the stand and the gantry. The stand is anchored firmly to the floor and the
gantry rotates on bearings in the stand. The operational accelerator structure is housed in the gantry and rotates
about a horizontal axis fixed by the stand. Other major components include:
The klystron is the source of microwave power used to accelerate the electrons. This power is conveyed to the
accelerator structure in the gantry by a wave-guide and there is a circulator inserted in the wave-guide which
isolates the klystron from any microwaves reflected back from the accelerator. The circulator diverts these reflected
microwaves so they won't damage the klystron.
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A cooling system is used to cool the various components that experience heat buildup and insures stable operating temperature sufficiently above room temperature to prevent condensation of moisture from the air.
The accelerator structure is
Vacuum Electron
the component where electron
Gantry
Stand
pump
gun
Magnet
acceleration takes place. It
consists of a copper tube with its
Circuinterior divided by copper disks
lator
or diaphragms of varying aperture
and spacing (Figure 12-7) and is
Accelerator
Treatment
kept under a high vacuum.
wavestructure
head
Electrons are injected into the
guide
accelerator structure with an
initial energy of about 50 keV by
Klystron
the electron gun (i.e., cathode)
and are energized by the microwaves emitted by the klystron.
Oil
The high energy electrons
tank
emerge from the window of the
accelerator structure in the form
of a pencil-thin beam about 3 mm
Cooling water system
in diameter. In low energy linacs
(E < 6 MV) the electrons strike
Figure 13-14. Medical Linac
the tungsten target to produce
x-rays. In high-energy linacs, the accelerator structure is so long that the electrons are sent through the field of a
bending magnet in the treatment head which deflects the electrons in a loop (usually 90o or 270o) before they can
strike the target and produce x-rays or be used for electron treatment. The treatment head also contains beam shaping and monitoring devices.
X-rays are produced when the electrons hit a tungsten target. The target is water cooled and thick enough to
absorb most of the electrons. The average photon energy of the beam is about one-third of the maximum electron
energy. Directly opposite the collimator and extending from the bottom of the gantry may be a beam stopper. This
is a large absorber which reduces room shielding requirements because it absorbs the radiation beam that emerges
from the patient.
Some linacs are also capable of producing electron beams for therapy. The electrons produced in an accelerator
are usually monoenergetic, consequently their energy is designated in units of million electron volts (e.g., 10 MeV),
whereas the x-ray beam is more heterogeneous and designated in units of megavolts (e.g., 18 MV).
13.5.b Electron versus X-ray Beam Therapy Systems
Target moved aside
Not all tumors are deep. Some are either on the
Scattering foil
surface or just beneath the surface. Shallow tumors
Target
are often treated with electrons generated from the
Flattening filter
Primary fixed collimator
linac. Figure 13-15 compares the treatment head
moved aside
arrangement for an electron beam versus an x-ray
Flattening filter
Ion chambers
Ion chambers
beam. As the electrons exit the accelerator structure,
X-ray
the beam is pencil thin. For electron therapy, instead
Movable
collimators
collimators
of striking a tungsten target, the beam of electrons is
Cone
made to strike an electron scattering foil in order to
spread the beam as well as get a uniform electron
Patient
density throughout the treatment field. This foil is
Patient
most often a thin lead foil which scatters the electron
Electron therapy mode
X-ray therapy mode
beam without producing a significant number of
bremsstrahlung x-rays.
Figure 13-15. Treatment Head Configuration
Electrons are desirable for treating superficial
tumors (< 5 cm deep). The types of tumors suitable for electron therapy are skin and lip cancers, chest wall
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irradiation in breast cancer, boost doses to lymph nodes, and head and neck cancers. Electron beam therapy is
desirable because it produces a uniform dose in the target volume and minimizes dose to deeper tissues.
13.5.c Tomotherapy
Tomotherapy, or "slice" therapy, is a new form of radiation therapy that
combines the precision of a CT scan with the potency of radiation therapy
to selectively destroy cancerous grain tumors while avoiding surrounding
tissue. In conventional therapy systems, the beams project onto the tumor
from a few (2 - 6) different directions. In thomotherapy, the gantry
houses a linear accelerator which delivers photon radiation in the shape of
a fan beam as the ring is turning (Figure 13-16). The couch moves at the
same time the gantry is rotating, so the radiation beam makes a spiral
pattern around the patient. Because the beam source rotates around the
patient, the beam enters the patient from many different angles and allows
for the tumor to be more precisely targeted and the healthy tissue
surrounding the tumor to be subjected to a much lower dose.
Tomotherapy is also called intensity modulated radiation therapy
Figure 13-16. Tomotherapy
(IMRT) because it uses a computer controlled multileaf collimator which
changes the size, shape and intensity of the radiation beam to conform to the size, shape and location of the tumor.
The gantry also includes a CT imaging device that allows the technicians to precisely locate the tumor before and
during treatment.
13.5.d Isotopic (60Co) Teletherapy Systems
Although several different radioisotopes (e.g., 137Cs, 226Ra) have been employed in teletherapy, it is 60Co which has
proven to be the most suitable for external beam therapy. The reason for this selection include:
9 higher possible specific activity (curies per gram).
9 greater radiation output per curie (60Co has 2 photons per decay).
9 higher average photon energy (Eavg l 1.2 MeV).
Isotopic teletherapy systems are different in construction than a linac because the radiation is emitted from the
decay of 60Co. The source typically has approximately 1.85 - 5.55 PBq (5,000 - 15,000 Ci) of 60Co welded into a
1.0 - 2.0 cm diameter (Figure 9-8) cylinder positioned in the head of the teletherapy machine with the circular end
facing the patient. Because radiation is always emitted, the source head is made with several inches of lead (or
other dense metal) to shield the radiation during nonuse periods when the source is in the off or shielded position.
The source is actually a sealed source and is accompanied by paperwork indicating it has been tested to the more
stringent (transportation and durability) standards required of sealed sources.
For treatment, the isotopic source is advanced pneumatically (i.e., by air pressure) or mechanically to the treatment position. Per treatment, the tumor is usually given a dose of approximately 2.50 to 3.50 Gy (250 - 300 rad).
The treatment distance is normally about 100 - 200 cm from the source. For 60Co, the exposure rate at 1 m for a
5000 Ci source would be approximately 0.90 Gy/min (90 rad/min) and double that for a 10,000 Ci source. Because
of the high radiation levels, the treatment room must be designed to shield the rest of the clinic from the radiation
(both main beam and scatter). Normally, lead and/or concrete is used. The energy of the 60Co gamma rays is only
1.173 and 1.332 MeV and some of the energy is absorbed while passing through healthy tissue. Consequently, the
dose distribution is not quite as uniform as a 4 MV linac. Because of this somewhat non-uniform depth dose distribution and regulations pertaining to byproduct materials, these systems are slowly being replaced by linacs.
13.4.e Gamma Knife
The Gamma knife is a noninvasive surgery technique
that uses gamma rays to target and destroy brain tumors
and other brain diseases with extreme accuracy. It
consists of 201 cobalt-60 ( 60Co) sources (the knifes of
the device) of approximately 30 Ci each placed in a
circular array in a shielded unit. The unit directs the
gamma radiation to a target point.
Figure 13-17. Gamma Knife
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The patient is placed in a special couch that moves the patient's head into a helmet with 201 holes which is then
moved to the proper position inside the gamma knife hemisphere for the procedure. The helmet both shields the
head and focuses the radiation from all (or most of) the 201 sources to the desired target. The treatment dose (e.g.,
50 Gy [5,000 rad]) can be delivered within 20 minutes. Thus, the gamma knife offers a non-invasive alternative for
many patients for whom traditional brain surgery is not an option.
13.5.f Radiation Protection Factors of Particle Accelerators and Teletherapy Systems
Radiation levels from linac photon and electron and teletherapy units can be very high. The tumor treatment dose
rate is on the order of 3 Gy/min (300 rad/min). Accidental exposure is a potential hazard which must be integrated
in the design and installation of the system. Consequently, a multitude of safety systems are utilized to protect both
the patients and staff from unnecessary exposure.
 Interlocks - entry into the treatment room during an exposure opens a switch causing automatic termination of
the beam.
 Emergency off button - both the control panel and the treatment room have a large, red emergency off button
which either cuts the klystron current or retracts the radiation source into the source-head.
 Warning systems
9 Flashing or rotating lights or overhead light dimmer/flasher
9 Warning signs (e.g., [Grave] Danger - [Very] High Radiation Area)
9 Audible signal
9 Radiation barriers
 Operating systems
9 Key switch (cannot activate without key in place)
9 Interlock circuits (usually tested at least once per day)
9 Clearance procedure / spot checks (depending on type of radiation)
 Area radiation and video monitoring in any area accessible to people.
9 Capable of measuring all types of radiation
9 Video camera in the treatment room connected to remote monitor at control panel
9 Sealed source leak test at least semiannually
 Training - Operators are trained in the safe use of the irradiator system, to identify hazards and to test warning
lights and interlocks before use. Operators also receive refresher training periodically to discuss regulations,
accidents, emergency procedures.
 Operators and staff members wear dosimeters (cf. 7.2.d).
In some systems the collimators are made of depleted uranium. These can emit low energy photons which might
appear as skin doses on the dosimetry report. A clear sheet of Plexiglas can be placed over the end of the collimator
to absorb these low energy radiations. Because high-energy linacs (E > 7 MeV) have the potential to generate
neutrons from interaction with heavy metals found in the target material, walls of the accelerator structure, waveguides, filters and collimators, there is a maze designed to prevent neutron scatter from reaching the control console
or additional shielding using borated (5%) polyethylene is incorporated in the room design. Because radiation
exposures are higher near the door, personnel should be cautioned not to stand too near the room's door when the
linac is operating.
13.6 Veterinary Radiation Medicine Programs
Animals can get many of the same types of diseases as people and these maladies are capable of being diagnosed
and treated using the same modalities (e.g., bone, brain, and renal scintigraphy; feline hyperthyroidism, etc.) The
School of Veterinary Medicine (SVM) has both radiation therapy and nuclear medicine capabilities.
13.6.a Veterinary Radiation Therapy
The SVM has a Theratronics 780 teletherapy unit used to eradicate cancer in companion animals. The current 60Co
(T2 = 5.271 years) source was installed with an activity of 293.6 TBq (7934 Ci) as of 22 January 1999. Cobalt-60
is the preferred source for radiation therapy because each decay results in two high-energy gamma rays (1.173 MeV
and 1.332 MeV) and, unlike linear accelerators (linac), there is very little down time. The unshielded exposure at
one meter from this source would be about 10,500 R/hr (175 R/min). Because of the high exposure, the room is
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extensively shielded. The walls and ceiling are made thick (i.e., 3 - 4 feet) reinforced concrete and steel plating to
help insure radiation exposures outside the room are essentially background.
Several safety devices are installed to reduce the risk of unexpected exposure. The door is posted with a Grave
Danger - Very High Radiation Area sign. There is a
radiation alarm within the room, the door is interlocked to
the control panel so exposures can not be made with the
door open, there is an in-room video camera and monitor,
and there is an emergency shutoff within the room.
Additionally, there is a 30-second alarming delay switch
on the door which sounds a bell and prevents exposures for
30 seconds after the door is fully closed. The operator
uses a GM to measure radiation levels at the door before
entering to insure the source is not stuck in the expose
position.
While these safety devices are normally sufficient to
keep exposures ALARA, because of the potential for high
exposures in the unlikely event of an accident, all persons
entering the room must receive training sufficient to insure
they will not be inadvertently exposed. Custodians and
maintenance personnel receive relatively brief training to
allow them to recognize emergency situations. Operators
receive extensive training, must pass a test on the system,
Figure 13-12. 60Co Treatment Room
and then must receive annual training about the system,
rules and regulations, and emergency response.
13.6.b Veterinary Nuclear Medicine
The Veterinary Clinic uses radiopharmaceuticals in ways similar to clinical human nuclear medicine, the major
difference is the administered activity since the patients range in mass from 5 kg to 500 kg. In fact, the radioactive
drugs used are compounded in the UW Hospital's Nuclear Medicine Clinic.
Administration of radiopharmaceuticals to people is usually done on an outpatient basis. Each patient is given
instructions on ways to keep exposures to others ALARA (e.g., time, distance). Because veterinary patients are
animals, control of potential contamination is a major concern. Additionally, the magnitude of the radioactivity
involved may pose an exposure hazard. For example, human 99mTc doses typically range from 370 to 1110 MBq
(10 to 30 mCi); the same dose for a horse may be as much as 7400 MBq (200 mCi). For that reason, following
administration of radioactive material, the patients are normally housed in a designated area that can contain and/or
facilitate disposal of contaminated material, has the appropriate radiation postings / notifications and access is
controlled. Each small animal is tagged with a bright collar bearing the radiation warning symbol and Caution Radioactive Materials. Large animals have a similar warning tag affixed to their halter. Additionally, the patient's
record is labeled to indicate the patient has received radioactive material and to whom to direct questions.
The maximum exposure rate at 1 meter from the approximate center of the target organ(s) is measured immediately after administration of the radiopharmaceutical and is normally recorded on the patient's chart. Because some
radiopharmaceuticals are rapidly metabolized and excreted, when redistribution or significant excretion of the radionuclide is anticipated, the exposure rate is remeasured and recorded at appropriate intervals. The exposure rate is
the basis for determining the length of time which an attendant staff member may spend near the patient. In
general, the pet owners are not allowed to visit patients during the period of confinement.
Most of the nuclear medicine radionuclides are short-lived (e.g., for 99mTc, T½ = 6.01 hour). Syringes and
contaminated bedding is processed by half-life decay and final disposal as normal syringes or animal excreta, as
appropriate. Because of species differences as well as tests and quantities use in the study, each animal is housed
and treated differently
Horses are housed in the large animal holding area. To reduce the risk of spreading contamination, the preferred
stall is the one nearest the imaging area; however, all stalls are similar and the controls implemented will be similar.
Diagnostic doses are usually based on body weight and horse doses on the order of 5.5 - 7.4 GBq (150 - 200 mCi)
are not unusual. Extra heavy, wood shaving bedding is used to completely absorb urine. The sex of the horse

Radiation in Medicine

213

actually determines the possible locations for urination; males in the center of the stall, females around the
perimeter. Drains should not be located inside the stall since the absorption of urine should occur within the stall
with no leakage to the environment. The stall is routinely labeled with Caution - Radioactive Materials. A radiation area exists if exposures exceed 5 mR/hr at 30 cm from a source or the surface of an animal. While it is unlikely
that a radiation area will exist for horse stalls, if a radiation area does exist, the stall must be labeled with a Caution
- Radiation Area sign. After the patient is released, the stall is tagged as contaminated along with the date after
which the bedding can be handled as non-contaminated by animal care workers.
Dogs are housed in cages which share a common drain at the rear corner of the dog run. The drain is blocked so
urine from a dog injected with the radiopharmaceutical does not get to the sewer system. Some animals refuse to
urinate in cages. In these instances, trained animal care workers accompany the animal to a specially designated
and marked (grass/dirt) fenced-in area outside where dogs may urinate. Animals are tagged as radioactive and only
specifically trained individuals will be allowed to assist in the animal's care. After the patient is released, the cage
will be tagged as contaminated along with the date after which it can be hosed down by animal care workers.
In some ways, cats are the easiest animal to care for. Cat litter is handled as radioactive waste. The cats are
carried to and from imaging rooms in animal carriers or upon carts. After the patient is released, the cage will be
tagged as contaminated along with the date after which it can be cleaned by animal care workers. Additionally,
some cats receive large doses of radioiodine for thyroid problems. Older cats have a relatively high risk for feline
hyperthyroidism which responds well to a therapeutic (74 - 296 MBq [2 - 8 mCi]) 131I dose (cf. Section 13.2.c).
Considerations in these 131I therapy cases include:
9 Only specially trained personnel may be involved.
9 The cage is labeled (Caution - Radioactive Materials) and the cat wears a yellow/magenta tape collar and is
housed in relative isolation. The floor in front of the cage is covered in absorbent paper.
9 The cat is monitored daily and the results of this monitoring are used to determine release.
9 The room in which the animal cage is located has good ventilation negating the need for air monitoring.
9 The workers involved in treating and caring for these felines routinely receive thyroid bioassays.
To reduce the risk of contamination, when transportTable 13-6. Nuclear Medicine Exposure Rates
ing the animal to the imaging area, the shortest route
should be taken and trained animal care workers
Nuclide
T½
mR/hr per mCi mR/hr @ 1 m
survey the route from the area the animal is housed
67
3.25
day
0.11
0.9
Ga
to the imaging area to insure any contamination
99m
0.25 day
0.07
11.6
Tc
which occurs is within defined limits or decontami111
nated. Decontamination supplies are available and
2.81 day
0.48
1
In
personnel are informed of the location of these
113m
0.07 day
0.23
40.4
In
supplies and decontamination procedures.
123
0.55
day
0.07
5.22
I
Because the radionuclides used usually have
131
8.04 day
0.22
0.36
I
short half-lives, the primary mechanism to be
201
employed for contamination is decay-in-storage.
Tl
3.8 day
0.09
0.94
Absorbent material in the large animal stalls is be
allowed to decay a minimum of 10-half-lives and is then monitored prior to disposal as not radioactive waste. In
the event of patient death before release, the body will be handled and disposed under conditions of the UW's
license.
Release of patients to owners or other clinical wards follows exposure guidelines found in NUREG-1492,
Regulatory Analysis on Criteria for the Release of Patients Adminis100 mR
mR =
tered Radioactive Material and DG-8015, Release of Patients
1.44 % T 1 eff
hr
Administered Radioactive Materials to insure doses to members of
2
the general public are maintained below 100 mrem. Patients may be
released when all the following criteria have been met.
9 The total integrated dose that could be accumulated by any individual in close association (1 meter) with the
patient for an infinite period of time (D ∞) is less than 100 mrem. This dose can be calculated by the equation at
the right.
9 If the effective half-life is unknown (or as a worst case example), then the physical half-life may be used to
calculate the maximum exposure. For our purposes, examples of allowable exposure rates at the time of release
for some of the common diagnostic and therapeutic radioisotopes are listed in Table 13-6.
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9 Additionally, the minimum confinement period based on the half-life
of the administered radioisotope has been satisfied in the UW's
license. These minimum periods are usually sufficient to allow at
least one half-life period to occur before release and allow for excretion of radioactive urine and feces for those radiopharmaceuticals with
a significant rate of excretion. The confinement period for most
radioisotopes is listed in Table 13-7.

Table 13-7. Confinement Periods
Half-life

Confinement Period

< 12 hr

1 physical half-life

12 - 24 hr

24 hr

> 24 hr

48 hr

Because the nuclear medicine facility is used infrequently, the clinic is required to survey the imaging and injection
rooms each day that radionuclides are used and weekly for all rooms in which radioactive materials are stored (these
may be the same room). The action levels are:
9 if 99mTc exposures exceed 1 mR/hr at 1 cm or 131I exposures exceed 0.6 mR/hr at 1 cm, the area must be cleaned,
shielded, or posted as appropriate.
9 if 99mTc contamination surveys exceed 2000 dpm/100 cm2 or 131I contamination surveys exceed 200 dpm/100
cm2, the area must be cleaned, shielded, or posted as appropriate.
In the spirit of ALARA, the owner of the patient is provided detailed instructions which explain the hazards and
precautions relative to their stewardship of the patient during the period of potential exposure and environmental
contamination (10 half-lives).
13.7 Review Questions - Fill-in or select the correct response
.
1. The radionuclide most commonly used in nuclear medicine is
2. Nuclear medicine diagnosis is made by reviewing the concentration of the radiopharmaceutical within an organ,
or
spots.
noting whether there are
3. If a patient receives a therapy dose of 100 mCi of which 25 mCi is absorbed by the target organ, then the organ
percent.
uptake is
4. Radiopharmaceutical therapy administrations require more controls than diagnostic radiopharmaceutical administrations. true / false
5. Brachytherapy is performed by inserting sealed radioactive sources within a patient's body. true / false
to
.
6. The accelerating voltage in a linac may range from about
7. A 60Co teletherapy system is as effective as a 4 MV linac. true / false
μSv or
mrem.
8. The average population dose from nuclear medicine is approximately
9. A device in which a short-lived daughter radionuclide is separated chemically and periodically from a longer.
lived parent radionuclide is a
.
10. The most widely used collimator on gamma cameras is the
MeV photons.
11. A positron produces annihilation radiation resulting in the emission of two
12. The PET scanner detects annihilation photons as pairs in coincidence. true / false
13. The type of radiation therapy in which a sealed source of radioactivity is inserted directly into the tumor where it
.
will deliver radiation at a distance of a few centimeters is called
are brachytherapy implants designed to remain permanently within the organ.
14.
15. Electron beam therapy is desirable for treating superficial tumors. true / false
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14 Radioactive Waste
The 1950s was a time that saw governments and scientific communities trying to determine the risks of radiation
exposure. Risks not just to radiation workers, but because of above ground testing, to the entire world population.
In 1955 the UN Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) was established. Their first
report in 1958 contained predictions on exposures from testing of nuclear devices under various assumptions. In
1956 the National Academy of Sciences published reports of its Committees on the Biological Effects of Atomic
Radiation (BEAR) which recommended a maximum gonadal dose up to age 30 both for individual radiation
workers and the entire population for genetic protection.
The Federal Radiation Council (FRC) was formed in 1959 to provide a Federal policy on human radiation
exposure. A major function of the Council was to "...advise the President with respect to radiation matters, directly
or indirectly affecting health, including guidance for all Federal agencies in the formulation of radiation standards
and the establishment and execution of programs of cooperation with States ...." Over the years the Council
evolved and in 1970 was replaced by the EPA. The FRC initially reviewed radiation effects literature. Their
findings have remained relatively unchanged over the decades.
9 Delayed effects produced either by acute or by chronic radiation exposure are similar in kind, but the ability of
the body to repair radiation damage is usually more effective in the case of chronic than acute irradiation.
9 Delayed effects from radiation are in general indistinguishable from familiar pathological conditions usually
present in the population. These include genetic effects, life span shortening, growth and development changes,
and increased incidence of tumors.
9 The child, the infant, and the unborn infant appear to be more sensitive to radiation than the adult.
9 The various organs of the body differ in their sensitivity to radiation.
9 Although ionizing radiation can induce genetic and somatic effects, the current evidence is insufficient to justify
precise conclusions on the nature of the dose-effect relationship especially at low doses and dose rates.
Moreover, the low dose evidence is insufficient to prove either the hypothesis of a "damage threshold" (i.e., a
point below which no damage occurs) or the hypothesis of "no threshold" in man.
9 If one assumes a direct linear relation between biological effect and the amount of dose, it becomes possible to
relate very low dose to an assumed biological effect even though it is not detectable. It is generally agreed that
any effect that may actually occur will not exceed the amount predicted by this assumption.
The Council introduced the term Radiation Protection Guide (RPG) as that "radiation dose which should not be
exceeded without careful consideration of the reasons for doing so." The term RPG was selected because the term
maximum permissible dose in use at the time for radiation workers had connotations which caused to it to be
misunderstood. Other Council recommendations pertained to public exposures and the need to keep these low:
 There should not be any man-made radiation exposure without the expectation of benefit resulting from such
exposure.
 When the size of the population is sufficiently large, consideration must be given to the contribution to the
genetically significant population dose, recommending the use of the RPG of 5 rem in 30 years (i.e., an average
of 0.17 mrem per capita per year) exclusive of natural background and medical treatment.
 Effort should be made to encourage the maintenance of radiation doses as far below the RPG as practicable.
To assure the appropriate RPGs are not exceeded, a population's exposure from radionuclides in the environment is
controlled. This is usually accomplished by either restricting the entry of radioactive materials into the environment
or through measures designed to limit the intake of such material by members of the general public. Generally the
potential exposures are assessed by either: (1) environmental measurements of the amount of radioactive material
in various environmental media or (2) calculations based upon known amounts of radioactive material released to
the environment and assumptions about the fraction of this material reaching exposed population groups.
14.1 Consequences of Environmental Releases of Radioactivity
Prior to the discovery of nuclear fission and its utilization as a source of energy, the disposal of radioactive waste
was not a problem. It is estimated that the total quantity of radioactivity in use in research and medicine in 1938
was less than 30 TBq (~ 810 Ci), corresponding to about 1 kg of radium derived from natural sources. Today, a
single power reactor may contain a fission product inventory in excess of 3.6 EBq [1018] (97,200,000 Ci) (e.g.,
81,000 Ci per fuel rod; 120 fuel rods per reactor core at 100 MW per day) and there are several hundreds of power
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reactors in the world. With the increasing emphasis on protection of the environment, the management of these
wastes has become an important factor in both the economics and the public acceptability of nuclear power.
On a much smaller scale than reactors, low level radioactive wastes are produced in hospitals, factories, research
and teaching institutions as a result of the many applications of radiation. In these cases, the complex treatment
process used at nuclear power stations is unnecessary, and would be prohibitively expensive. Often disposal is by
the normal refuse collection or sanitary sewage systems. Remember, radioactivity cannot be destroyed. It will
decay eventually, but in view of the very long half-life of many radionuclides, it is not always practicable to await
the decay of radioactive material. Clearly, the consequences of waste practices must be understood and strict
control must be exercised. There are three general approaches to the management of radioactive wastes:
 release when radioactive concentration is below specified limits,
 storage for decay prior to ultimate disposal, and
 disposal at a commercial waste disposal site.
Release of radioactivity to the environment might reasonably be thought to constitute disposal. However, it is
useful to distinguish between deliberate dispersal and methods of disposal involving irretrievable placement of
wastes so that they are isolated, at least temporarily, from the environment. The approach selected in a given situation depends on many factors such as the quantity and type of radioactivity, its physical and chemical forms and the
geographical location.
Any release of radioactivity is a potential source of radiation exposure to the population at large. The radiation
exposure can occur via many different exposure pathways. Consider the release of radioactivity from a chimney
stack during incineration. This would be dispersed by air movements and could result in radiation exposure of the
population in a number of ways:
9 direct external β- or γ-radiation from the plume,
9 inhalation of radioactivity resulting in internal dose,
9 direct external β- or γ-radiation from deposition (i.e., fall-out) of radioactivity,
9 consumption of foodstuffs (e.g. vegetables) contaminated by deposition, and
9 consumption of meat or milk from animals which have grazed on contaminated ground.
Similarly, radioactivity discharged into the sewer system eventually enters rivers, lakes, etc., and could result in a
number of exposure pathways:
9 contamination of drinking water supplies,
9 external dose to swimmers or to people using contaminated beaches, and
9 consumption of contaminated fish, shellfish or plants.
Some of these exposure pathways result from complex routes in various food chains. For an example of the potential impact of these exposures, consider the way in which persistent toxins (e.g., PCBs, lead, mercury, dioxin, etc.)
move and accumulate, up the food chain to be consumed by man (Figure 14-1).
9 Microscopic phytoplankton ingest sediment at
the bottom of the lake where PCBs have settled.
The concentration of PCBs in the phytoplankton
becomes 250 times greater than in the lake.
9 As zooplankton ingest phytoplankton, PCB
concentration in the zooplankton rises to 500
times that of the lake.
9 Mysid (a tiny crustacean) ingest zooplankton.
Concentration increases to 45,000 times.
9 Smelt ingest mysid. The concentration of PCBs
in the smelt is now 835,000 times that of the
lake.
9 As trout eat smelt, their PCB concentration rises
to 2,800,000 times that of the lake.
9 Studies show that babies born to women who
have eaten contaminated trout run a higher risk
of lower birth weights, smaller head circumferences and slower motor skills development.
Figure 14-1. Pathways
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In a given situation it is often found that one particular pathway is much more important than any other. That is,
it results in much more radiation dose, sometimes to quite a small group of people. This is called the critical
exposure pathway and the group of people which receives the highest dose from this pathway is known as the critical group. The importance of the critical exposure pathway is that the quantity of radioactivity discharged must be
controlled so as to limit the dose to the critical group. The critical group in any particular case depends on the
method of disposal, the nuclides involved, local ecology (e.g. forms of marine life, etc.) and local habits.
Consider the uptake of radioiodine, mainly 131I, in the thyroid as a result of releases of fission products to the
atmosphere. The uptake may be due to inhalation of airborne iodine or consumption of milk from cows which have
grazed on contaminated pasture. Either way, exposed children comprise the critical group because of the relatively
large intake by children in proportion to the size of the thyroid. It's important to remember that in all of these cases,
the discharge limits are set so that the critical group receives doses well below the permissible level.
14.2 Solid Waste
The greatest volume of radioactive waste generated at a facility is usually solid waste. At research facilities, this is
normally lab trash consisting of plastic tubes, pipette tips, gloves, absorbent paper, etc. Regardless whether the
waste is compacted or not, decay-in-storage (DIS) is normally the most cost effective method for disposing such
waste. For relatively longer lived nuclides (e.g., 1 year < T ½ < 100 years), commercial burial (perhaps with
compaction or incineration) is the only allowable disposal alternative. The NRC has classified low-level waste into
three classes. Class A waste generally contains lower concentrations of long half-lived radioactive materials than
Class B and Class C wastes. High-level wastes tend to be wastes from burned fuel rods, reprocessing of spent
nuclear fuel and other transuranics from the production of uranium / plutonium for nuclear weapons and reactor
fuels. While there is currently not a disposal mechanism in the U.S. for these high-level wastes, the Federal
Government is researching a solution.

Volume (thousands of cubic Feet)

14.2.a Commercial Disposal
One problem with radioactive material is that some may remain radioactive for many decades. When it is necessary
to dispose of this material, it must be sent to special waste repositories. The Federal Government and Department
of Energy are responsible for exploring suitable waste disposal sites for waste streams with high levels (HLW) of
radioactivity from nuclear fuel. The DOE Waste Isolation Pilot Plant (WIPP), located 26 miles east of Carlsbad,
New Mexico was built as the first underground repository to permanently dispose of defense-generated transuranic
waste left from the research and production of nuclear weapons (i.e., basically plutonium-contaminated clothing,
tools, rags, debris, etc.). The project facilities include disposal rooms excavated in an ancient, stable salt formation
2,150 feet underground.
But, the type of waste generated in research and medicine, must be disposed at commercial sites licensed to
dispose of this low level waste (LLW). At one time there were 6 such sites in the U.S.: West Valley, New York,
Sheffield, Illinois, Maxey Flats, Kentucky, Beatty,
Nevada, Richland, Washington, and Barnwell,
3000
South Carolina. The large number of available
sites kept costs down and waste volumes high.
2500
Figure 14-2 graphs disposal volumes from 1985 1994 at available sites. Even when the waste has
2000
been properly “disposed,” the licensee that generated the waste is still liable for incidents involving
the waste (i.e., cradle-to-grave liability). In the
1500
1970s, indications of off-site environmental effects
near Sheffield and Maxey Flats, led to those sites
1000
being closed. The UW was liable for a portion of
the cleanup costs at Maxey Flats since some
research waste was disposed of there. However,
500
the loss of 3 disposal sites and the threatened
1985
1987
1989
1991
1993
closure of Beatty, resulted in the US passing a
Year
1980 legislation designed to create more sites by
allowing the various states to establish compacts
Figure 14-2. Low-Level Waste Volume at U.S. Waste Sites
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among themselves to manage radioactive wastes and conseMedical
quently not overburden the sites at Richland and Barnwell.
0.6%
With the enactment of this LLW act, disposal costs were
expected to greatly increase. This threat motivated licensees
Utility
44.1%
to manage wastes better (e.g., decay, compact, etc.) to reduce
costs. Thus, by 1994, the waste volume disposed was only
Industrial
39.9%
858,677 cubic feet divided primarily from utilities (44%),
industrial (39.9%), and government (13.4%) users. At the
same time, while states moved ahead with developing regional
compacts, no new waste sites have been approved.
Thus, in the US, disposal by land burial is still the only
Academic
2.0%
Government
alternative to DIS for those longer lived materials. These
13.4%
wastes can be compacted or incinerated prior to ultimate
disposal. Other countries also use sea dumping. While land
Figure 14-3. 1994 Waste Volumes (1000 cu ft)
burial carries a very low risk of the activity being leached into
underground water streams, certain studies have suggested that deep sea burial is relatively low risk with a very
long delay before the activity can return to the environment and under large dilution factors.
14.2.b Decay-in-Storage (DIS)
When dealing with short half-life (e.g., T ½ < 120 days) radioactive material, holding the waste for a period of up to
a few years may reduce the activity to a sufficiently low level to permit release. An NRC license usually allows the
licensee to perform DIS for material with half-lives less than 65 days. If DIS for a longer period (i.e., T ½ < 120
days) is desired, a license amendment must be submitted describing the DIS program. NRC approved DIS
programs have these components in common:
 Segregate waste by half-life and type (e.g., liquid versus solid).
 Store in suitable, well-marked containers and provide adequate shielding.
 Insure all containers are identified with: date entered into the DIS program, nuclide, and total activity.
 Hold the container for a minimum of 10 half-lives of the longest-lived radionuclide in the container.
 Prior to disposal, monitor each container (see 5.3.d) by first moving the container to a low background area and
removing any shielding around the container. The contents can be considered "decayed" if a meter survey of the
contents indicates no residual activity (e.g., < 100 cpm).
 Insure a record is maintained of: date container sealed, disposal date, waste type, survey instrument used, and
initials of person performing surveys and disposing the waste.
 All radiation labels must be defaced / removed from containers prior to disposal as ordinary trash.
14.3 Liquid Waste
Water pollution issues involving familiar organic and industrial wastes normally deal with the analysis of water
samples. With radioactive pollutants, however, water samples alone do not provide adequate information. In order
to obtain an integrated picture of the possible effects of these wastes on man, it is necessary to work also with
samples of the stream biota and bottom deposits. Long term studies of the Clinch and Tennessee Rivers below Oak
Ridge have mapped contaminants over 120 miles of river. Studies of the Mohawk and Columbia Rivers in New
York and Washington have revealed appropriate media for nuclide detection, but every stream radioactivity survey
has it own special features, and each is distinctive. The magnitude of the survey reserves such an undertaking to
large scale, well funded activities.
The alternative to sampling effluent is constraining the activity to be disposed. University and research facilities
generally deal with small volumes and low activities. For them, complying with effluent limits (Table 3-9, Table 3)
is a cost effective method. The NRC allows for disposal by release into sanitary sewerage (10 CFR 20.2003) if “the
material is readily soluble (or is readily dispersible biological material) in water and ....." The total quantity of
licensed and other radioactive material released in a year does not exceed 185 GBq (5 Ci) of 3H, 37 GBq (1 Ci) of
14
C, and 37 GBq (1 Ci) of all other radioactive materials combined. For example, if a small research lab has an
average sewage flow of 100 gallons per day, how much 35S could be disposed in one month? Assuming the month
contains 21 workdays, then the total flow is 2100 gallons or, since 1 gallon = 3785 ml, this is equivalent to 7.949 x
106 ml per month. The sewer limit (see Table 3-9) for 35S is 1 x 10-3 μCi/ml. Therefore, the total quantity of 35S
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which may be disposed to the sewer in one month is 7949 μCi or 7.9 mCi. The annual limit would then be 95 mCi.
For a mixture of liquid isotopes, for each radionuclide, the ratio between concentration in effluent and allowable
concentration is calculated. The sum of all ratios must be less than 1.
There have been several incidents in which radionuclides released into the sanitary sewer were reconcentrated.
As reported in NRC Information Notice 94-06, some of these were the result of insoluble materials released as
dispersible particulates or flakes that were then reconcentrated in the sewage treatment facility requiring great
expense to decontaminate. For that reason, licensees must demonstrate that radiochemicals disposed through the
sanitary sewer are soluble. The two accepted approaches are to determine the compound solubility or to filter and
analyze the suspended solids. If you know the chemical forms of all materials in the liquid effluent it is relatively
easy to directly determine solubility class, formal solubility, or solubility product (K sp). Once the determination has
been made for common compounds, the result could be stored in a table for future reference.
Solubility class can be determined directly from common references (e.g., CRC Handbook of Chemistry and
Physics, Lange's Handbook of Chemistry). Compounds listed as “v s” (very soluble) or “s” (soluble) are considered
readily soluble while those classed as “i” (insoluble), “sl s” (slightly soluble), or “v sl s” (very slightly soluble) are
considered “not readily soluble.” Some compounds are designated as class “d” (decompose). If the decomposed
species are then classed as either “v s” or “s”, they may be treated as “readily soluble.”
The solubility product (Ksp) could be calculated by the equation, Ksp = [M]m [A]a, where [M] and “m” are the
ionic concentration (mole/liter) and the number of moles, respectively of the dissolved cation and [A] and “a” are
the ionic concentration and the number of moles of the dissolved anion, respectively. For a simple electrolytic
compound, with one mole of dissolved cation and anion species, a Ksp greater than 1.00 x 10 -5 mole2/liter2 would
indicate the compound is readily soluble. Formal solubility could be determined from the literature for some
compounds. A formal solubility greater than 0.003 mole/liter would indicate the compound is readily soluble.
If knowledge of the chemical forms is incomplete, then one could use standard laboratory filtration practices
(e.g., 0.45μ millipore filter) to test representative samples of the waste stream for the presence of suspended radioactive material. Activity in the suspended solids portion of the effluent greater than background levels would then
indicate that presence of insoluble radioactive materials.
14.3.a Exempt Waste Streams
There are two waste streams which may be be treated as if they were not radioactive. It is prudent to make use of
such NRC rules and regulations because they reduce the burden on commercial land burial and are cost effective.
Liquid Scintillation Cocktail containing 3H or 14C in activities less than 1.85 kBq (0.05 μCi) per gram may be
treated without regard to radioactivity. This came about when, in the early 1980s, the commercial radioactive waste
sites banned standing liquids. At the time, these nuclides were in common use in biomedical research and, unlike
many other nuclides, had half-lives too long to decay. While such liquids could be solidified, the cost versus the
risk from environmental exposure was not warranted, and both LSC fluid and animals containing 3H or 14C in activities less than 1.85 kBq (0.05 μCi) per gram were allowed to be treated "as if they were not radioactive." The licensee must insure such tissues will not be used as food for humans or as animal feed. LSC fluid so classified would
then fall only under EPA regulations which govern their hazardous chemical constituent.
Excreta from individuals undergoing medical diagnosis or therapy with radioactive material are not subject to 10
CFR 20.2003, Disposal by Release into Sanitary Sewage.
Table 14-1. 31.11 Quantities
In addition, certain clinical procedures are generally licensed under 10
CFR 31.11 (Table 14-1) which states, "A general license is hearby issued to
Activity (μCi)
any physician, veterinarian ... clinical laboratory, ... to receive, acquire,
Nuclide
Per unit
Total
possess, transfer, or use for any of the following stated tests, ... the follow3
H
50
ing byproduct materials in prepackaged units." While a General license can
14
C
10
be obtained by submitting an NRC-483, Registration Certificate, any licen59
Fe
20
200
see with a license that authorizes the medical use of byproduct material
75
10
200
Se
issued under Part 35 also has a general license under 31.11. The benefit of a
125
I / 131I
10
200
general license is that "any person using byproduct material pursuant to the
general license ... is exempt from the requirements of Parts 19, 20, and 21 ...
Mock 125I -- 129I: .05 -- 241Am: .005
with respect to byproduct materials covered by that general license." For
example, Bactec is a growth solution containing less than 10 μCi of 14C in approximately 30 ml of liquid, used clinically (e.g., to determine whether bacterial growths are aerobic/anaerobic). Part 31.11 exempts such vials if the
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activity is less than 50 μCi per vial of 14C. In general, to make use of the generally licensed criteria, the lab using
the material should be separate from other licensed activities and a conscientious decision should be made and
documented to use the general license provisions.
14.3.b Organic Liquid (i.e., Mixed) Waste
Regardless of the exemptions, some liquid wastes contain compounds which are also regulated by the EPA. The
first solution to such wastes is to decay the radioactive portion to a point where it is allowed to be treated without
regard to radioactivity (see 14.2, above) and then dispose of the waste as an EPA chemical. If the mixed waste is a
solid (e.g., uranyl), it can be solidified and sent for commercial disposal.
14.4 Atmospheric Release
Releases of radioactivity to the atmosphere present more direct exposure pathways than other forms of disposal and
with a few exceptions, such as noble gases, the discharge limits are quite low. The exposure pathways include
external irradiation, inhalation, and ingestion by various routes. The general philosophy is to reduce the activity
being released to atmosphere as far as practicable and then to release it in such a way as to obtain adequate
dispersal. The methods available to achieve these objectives are:
9 Filtration to remove particulate activity
9 Scrubbing or adsorption systems to reduce gaseous activity
9 Dilution and dispersal via a chimney stack.
Filtration is a very common method and is usually incorporated in exhaust streams from any area containing
significant activity. The efficiency of the filter depends on the size of the filter particles, but is usually between 95
and 99.9%. Because the filters become radioactive, when they are changed they must be handled with care and
treated as solid radioactive waste. Scrubber units and adsorption beds are bulky and expensive items. Consequently, when relatively small amounts of activity are involved, the releases to atmosphere are usually through a
stack. However care must be taken in the siting of such exhaust since, under certain weather conditions, eddies and
currents may cause the released activity to reenter the
building through air intakes or even through open
windows.
14.4.a Charcoal Filters
The most common type filter system uses charcoal to
filter gaseous contaminants from an air stream by
adsorbing these contaminants. These filters are most
HEPA or High
Efficiency Filter
Absorber
often used in high efficiency containment air filtration
n
tio
Absorber
systems such as at nuclear power plants, cancer
rec
Di flow
Roughing filter
of
HEPA or High
research laboratories, toxicology laboratories, radioEfficiency Filter
pharmaceutical plants, etc. The UW does not
Figure 14-4. Typical Filter System
routinely use adsorption because the quantities of
gaseous effluents is relatively low. However, most
such systems usually consist of several desirable components (Figure 14-4). The system should use a
bag-in/bag-out housing to contain the contaminated filters and protect maintenance personnel during filter changeout. A high efficiency or HEPA filter is often located both up and down stream of the charcoal filter to collect any
particulate in the incoming air or which may have been released from the adsorbent material. Adsorption by the
charcoal may be one of three types.
Kinetic adsorption of a gas molecule or elemental vapor is the physical attraction of the molecule to the carbon
granule by electrostatic forces. Kinetic adsorption is affected by temperature and humidity. In general, the higher
the boiling point and the larger the molecule size, and the lower the melting temperature, the easier the molecule is
to kinetically adsorb and the more permanently it is held once it is adsorbed.
Isotopic exchange essentially swaps a non-radioactive, stable isotope for a radioactive one in the air stream. If a
stable isotope is adsorbed on the carbon initially, a radioactive isotopic compound will, when it comes into close
proximity to the stable isotope, exchange isotopes. The stable form is now on the airborne molecule, and the radioactive isotope is on the molecular structure of the charcoal. For example, it is possible to impregnate carbon with
KI3. A radioactive form of iodine in organic form, CH 3131I, will isotopically exchange with the stable iodine on the
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carbon. Isotopic exchange is usually non-directional and the adsorbed / exchanged radioactive species of iodine
may exchange again resulting in a different airborne radioactive methyl iodide molecule which may again isotopically exchange with stable iodines on the carbon, etc., until the radioactive iodine is delayed long enough to decay
to stable xenon-131.
A third capture mechanism is chemisorption or complexing. This entails the actual complexing (i.e., attaching
chemically) of a radioactive iodine species to a stable impregnant that has the ability to share electrons. Once the
iodine is complexed, it does not desorb in the isotopic exchange manner, however it is possible for the entire
impregnant to desorb from the carbon. An example is to impregnate carbon with triethylenediamine (TEDA).
The NRC specifies that the activated carbon used in nuclear applications shall be coconut shell base, 8 x 16
mesh with a minimum carbon tetrachloride activity of 60% that is specially impregnated to adsorb methyl idodie.
The carbon can also be co-impregnated to take advantage of both impregnates and capture mechanisms. Then the
carbon is used as a kinetic adsorber, isotopic exchange medium and complexing agent.
Specifications for charcoal systems are often based upon efficiency and penetration. Efficiency is the ability of
the carbon to remove the desired contaminant. For example, methyl iodide efficiency is determined by challenging
the carbon with an actual methyl iodide vapor. The amount of contaminant input is known and the amount that is
collected on a back-up trap is measured. The efficiency is calculated by comparing the counts in the carbon filter
with the counts on the back-up trap.
Penetration, or mechanical efficiency, is a term used to indicate the degree of leak tightness for the carbon
system. This is usually tested by using an easily adsorbed test gas such as Freon 11. The penetration, or by-pass of
the Freon is measured downstream of the filter and this quantity is compared to the amount upstream of the filter.
The adsorption coefficient is the amount, by weight, that the carbon will adsorb of a given material. The adsorption
coefficient of Freon 11 is about 20 - 25% (i.e., 100 lbs of carbon will hold 20 - 25 lbs of Freon 11). Another
parameter used, the decontamination factor, is the ratio of the concentration of a contaminant in the untreated air to
the concentration of the contaminant in the treated area. The decontamination factor, DF, of a filter is the reciprocal
of the penetration (i.e., DF = 1/Pen).
The residence time is critical to chemisorption or complexing
Table 14-2. Designed Resident Time
phenomena. As the gas enters the filter bed, it must have time to
interact with the impregnants on the carbon. Too little time will mean
Contaminant
Resident Time
that the contaminants will not interact with the carbon or impregnants.
elemental iodine
0.125 sec
Too much time means the system is not designed efficiently.
methyl iodide
0.250 sec
Residence time and type of carbon vary depending upon the contamichemical carcinogens
0.125 sec
nant. Table 14-2 relates residence time to various applications.
heavy solvents
0.066 sec
Residence time can be calculated by the two equations:
most
odors
0.066 sec
Q
BD

RT =

V

V=

A

Where RT is the residence time, BD the bed depth of carbon, V the velocity of the gas stream, Q the quantity of gas,
and A the area that the gas is passing through. For example, assume that Q = 1000 ft3/min and that a single 6 panel,
16-inch deep (in the direction of flow), 2-inch bed depth filter is to be used. If the total area of the bed, based upon
actual measurement of the unbaffled bed area on one side of the carbon filter, is 14 ft2, the residence time is then
0.14 seconds; a time acceptable for elemental iodine but not methyl iodide.

V=

Q
A

=

1000 ft 3 /min
14 ft e

= 71.5

ft
min

u

RT =

2 in
71.5 ft/min

$

1 ft
12 in

$

60 sec
1 min

= 0.1 sec

A few general axioms for carbon filtration:
 Elemental iodine is adsorbed by attraction of the iodine to the carbon (i.e., kinetic adsorption). Methyl iodide,
which comes from elemental iodine combining with methane, must be adsorbed by chemisorption, usually in the
form of isotopic exchange, where KI is used, or complexing, when TEDA carbon is used. Elemental iodine,
once adsorbed, usually stays adsorbed. Methyl iodide adsorbs-desorbs-adsorbs through the bed, exchanging
iodine at each junction, until it decays into harmless xenon.
 The ability of carbon filtration to perform decreases as humidity increases. Carbon filtration is slightly affected
(i.e., reduced) as temperature decreases. In general, nuclear specifications require the filter to perform at 59%
relative humidity and 30oC.
 The heavier the molecular weight of the material, the easier it is to adsorb.
 The higher the boiling temperature of a material, the easier it is to adsorb.
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 Because carbon will adsorb anything adsorbable, it can be “poisoned” by harmless material, and not be able to
adsorb the material it was designed to control. Carbon should always be protected from fumes that will harm it.
The shelf life of carbon in properly packaged filters (having a vapor barrier of some kind) can be as long as 5
years.
 The lower the concentration of a material, the harder to achieve a high removable percentage.
 Some hard to adsorb materials can be dislodged by easier-to-adsorb materials. Thus, acetic anhydride may drive
off acetone, acetone may drive off acetaldehyde, and acetaldehyde may drive off acetylene.
 One gram of 60% active carbon has a surface area of about 1000 square meters and will adsorb one milligram
(0.001 gm) of iodine.
14.4.b Effluent Monitoring
If the quantity of radioactive effluent is relatively low, then perhaps
dilution is the key. Regulations allow small concentrations of radioactive
effluents. Normally these concentrations are averaged over a 1 month
period, but must not exceed specified concentrations (see Table 3-9, Table
2, Column 1). The concentrations for unrestricted release are such that if a
person were to get all of their air from the effluent stream, their dose
equivalent (see 3.5.a) exposure if inhaled continuously over the course of
one year would not exceed 50 mrem in one year. To verify these concentrations, the effluent stream must be sampled. There are several different
methods.
If the effluent stream contains tritium gas (3H2), 3H2O, or 14CO2, a
portion of the stream can be passed through a bubbler and the quantity of
radionuclide trapped can be measured. When using bubblers, the stream is
passed through a liquid which traps or reacts with the radionuclide trapping
it in the liquid. Consequently, the liquid in the bubbler is crucial. For
Figure 14-5. Iodine Monitor System
example, (ethylene) glycol is often used for trapping tritium.
125 131
At the UW we monitor approximately 45 stacks on campus for I/ I
release. A small syringe containing TEDA impregnated activated charcoal is inserted around the exhaust fan
(Figure 14-5). The syringes are collected after 125I/131I is used and the activity of the iodine trapped in the syringe is
counted in a gamma counter and is related to the average concentration in the stream.
14.4.c Estimating Effluent Concentration
In some instances, measuring the effluent stream is impractical, expensive, or undesired. Then release parameters
can be estimated and the effluent concentration calculated. Then use can be restricted to values which will insure
this concentration will not be exceeded.
For example, suppose your nuclear pharmacy wants to store a maximum of 250 mCi of 131I in a nuclear
pharmacy fume hood. How would one calculate the required effluent rate. The pharmacist postulates that a
maximum accident would result in 5% of the spilled activity becoming airborne. Assuming the entire contents of a
250 mCi vial is spilled in the hood, then 12.5 mCi (12,500 μCi) would be released. The allowable air concentration
for 131I is 2 x 10-10 μCi/ml (Table 3-9, Table 2, Col. 1), and the UW set a (safe-sided) release limit of 80% of this
value or 1.6 x 10-10 μCi/ml. Then the flow rate at the exhaust point must be greater than 5252 cfm.

F=

12.5 x 10 3 Ci
2.83 x 10 4 ml3
ft

$ 5.256 x 10 5

min
yr

$ 1.6 x 10 −10

 Ci
ml

= 5252 cfm

Similarly, experiments generating 3H2 gas or 14CO2 can be evaluated, the potential release activity and the air
flow from the fume hood’s exhaust stack will determine the total quantity of either 3H or 14C which can be used at
that point in one year. For example, if a stack has an exhaust rate of 1000 cfm, then a lab using 3H would have an
air concentration (Table 3-9, Table 2, Col. 1) of 1 x 10 -7 μCi/ml. If operated continuously, the stack exhausts a total
of 1.49 x 1013 ml in a 365.25-day year. The total 3H activity which can be exhausted and stay under the limits
would then be 1.49 x 10 6 μCi (1490 mCi or approximately 55 Gbq). Usually, the amount of a volatile radionuclide
that can be used annually in the room is set to the amount that can be released. This insures that no matter what
happens, limits will not be exceeded.
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COMPLY
When the EPA promulgated the National Emission Standards
for Hazardous Air Pollutants (NESHAP), they required certain
Receptor
compliance reports. To aid licensees in meeting these report
requirements, the NCRP promulgated Commentary #3, Screening Techniques for Determining Compliance with EnvironmenFigure 14-6. COMPLY Scenario
tal Standards: Releases of Radionuclides to the Atmosphere.
The concept behind the techniques is for a facility to start with the simplest model and continue to the most complicated only if needed to satisfy NESHAP. Several levels of screening are discussed.
Level I is the simplest approach and incorporates a high degree of conservatism. It is based upon the amount of
radioactivity possessed and assumes a conservative release fraction. Levels II and III are more detailed. Level II
relates the atmospheric concentration to the radionuclide concentration at the point of release and compliance exists
if it is less than the limit. Level III screening accounts for dispersion in the atmosphere to the nearest point of
exposure and combines all possible pathways into the compliance factor. The assumptions and methods are such
that actual doses will not be underestimated by more than one order of magnitude. If the licensee is in compliance
with Level I, no further analysis is needed, otherwise Level II is checked, etc. If the screening fails all three levels,
the Commentary recommends consulting an environmental professional.
Atmospheric Dispersion Modeling
The UW recently replaced an old pathological incinerator with a
new system. To obtain NRC approval we had to demonstrate
compliance. It may be beneficial to see the actual calculations
and the reasoning used in getting this approval. We had the
emissions monitored and noted the following operating parameters were measured at a point mid way up the stack during a
6-hour continuous burn:
9 Exhaust Flow Rate
6250 cfm
9 Exhaust Velocity:
14.51 ft/sec
9 Exhaust Gas Temperature:
1550oF

z
x

y
The stack is 12 meters. At the test ports the stack is 3 feet in
diameter. For our stack, above that point the stack gradually
Figure 14-7. Plume Dispersion
necks down so the last several meters is much narrower and the
inside diameter at the point of exit is only 1.5 feet.
From the effluent point, a continuous stream of pollutants is released into the open atmosphere. It may experience a steady wind depending upon conditions. Initially the pollutant stream will rise, then bend over and travel
with the mean wind. The wind will dilute the pollutants and carry them away from the source. This plume will also
spread out or disperse both in the horizontal and vertical directions from its centerline. The dispersion shown in
Figure 14-7 is intuitively obvious. Some of the plume spreads by simple molecular diffusion, but eddies of various
sizes may work to broaden and dilute the plume. Additionally, the random shifting of the wind produces changes in
concentrations over time. Thus, the actual model for
dispersion in 3-dimensions is binormal.
Wind
Stack Height - One concern with incinerators installed in
Turbulent wake region
built-up areas is stack height in comparison to the building
Eddies
height. The reason is that the region of turbulence owing to
buildings may extend to nearly twice the building height,
and downwind 5 to 10 times the building height. A well
Figure 14-8. Building Disturbances
known rule of thumb for stack designers is to make the
stack height at least 2.5 times the height of the highest building near the stack. At our facility the stack was
certainly not more than 2.5 times the height of the highest building near the stack. As a workaround, we noted that
the plume downwash behind a stack can usually be avoided by specifying a stack diameter small enough to ensure
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that the stack exit velocity is greater than 1.5 times the maximum expected sustained wind speed at stack height.
Thus, we must first determine whether the stack height is adequate by calculating the exit velocity.
We can calculate that velocity by using either the flow rate (averaging 6250 cfm) or the velocity (averaging
14.51 ft/sec) measured where the stack inside diameter was 3 feet and extrapolate these values to the 1.5 foot diameter exit point. The area at the point of exhaust (A = π r2) is 1.77 ft2. Using the velocity of 14.51 ft/sec leads to an
exit velocity of 58.05 ft/sec (or 17.69 m/sec) while the flow rate of 6250 cfm provides an exhaust gas velocity of
58.06 ft/sec (or 17.71 m/sec). Converting to miles-per-hour, the exit velocity is thus approximately 39.5 mph. If
we assume surface wind speeds of 6 m/sec and neutral stability conditions, this implies an expected sustained wind
speed of 13.4 mph and our stack velocity is approximately 3-times the expected sustained wind speed. Thus, plume
downwash may be neglected and the stack height is not a factor.
wind 
Concentration - A plume of hot gases emitted vertically has both
Plume centerline
momentum and buoyancy. As the plume moves away from the
stack it quickly loses its vertical momentum because of drag and
entrainment of the surrounding air. As the vertical momentum
decreases, the plume bends over in the direction of the mean wind
speed (Figure 14-9). However, because there is still some buoyancy,
Plume edge
the plume continues to rise for a long time after bending over. This
buoyancy is due to lighter-than-air density of the gases and is related
to temperature and plume-composition.
Figure 14-9. Plume Spreading
Concentration depends on many variables. One of those is
Effective Stack Height, H which is equal to the physical stack
height, h, and the plume rise, Δh. There are many different formulas to calculate the plume rise which give Δh
ranging over a factor of 10 or more. We calculated the effective stack height by several common formulas using the
measured parameters of our system: stack gas velocity, vs = 17.7 m/s; mean wind speed at stack height, u = 6 m/s;
stack inner diameter, ds = 0.4572 m; atmospheric pressure, P a = 1000 mb; stack gas temperature, Ts = 1120oK; and
atmospheric temperature, Ta = 293oK. The Holland formula for calculating the plume rise:

h =

vs ds
Ts − Ta
17.7 $ 0.4572 [1.5 + 2.68 x 10 −3 $ 1000( 1120 − 293 ) 0.4572] = 3.24m
−3
u [1.5 + 2.68 x 10 P a ( T s ) d s ] =
6
1120

From the Holland formula we can calculate the heat emission rate, QH

h = 1.5

vsds
u

+

9.6QH
u

u 9.6 QH = u $ h − 1.5vs d s = 6 ms $ 3.24 m − 1.5 $ 17.7 ms $ 0.4572 m u QH = 0.7605 MW

and use this heat emission rate value to calculate plume rise via Concawe formula:

h =

101.2 (Q H ) 0.444
101.2 (0.7605) 0.444
=
= 25.84 m
u 0.694
6 0.694

Concentration

The Briggs plume rise model is currently recommended by the EPA and, because it appears to be better for large
thermally dominated plumes, is used in all EPA computer programs. This model uses different equations depending
upon atmospheric stability. The two calculated values for plume height appear significantly different, for the
parameters of our incinerator, they define maximum and minimum
values and bracket Briggs's plume rise predictions. The two plume
height models then provide an effective stack height of between 15.24
and 37.84 meters.
The centerline concentration varies in three-dimensions with distance
from the emission point. The ground level centerline concentrations
typically increase, go through a maximum, and then decrease as one
Downwind distance
moves away from the stack. This is because the pollutants initially
require some time and distance before they can diffuse to ground level.
Once they begin to reach the ground, reflection occurs, causing a rapid
Figure 14-10. Concentration
increase in ground-level concentrations. Finally the pollutants disperse
and the concentrations begin to decline. The time-averaged concentration as modeled by Pasquill with a double
Gaussian equation is:
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(z + H) 2
" 2z

where C is the steady-state concentration at a point; Q is the emission rate; σy, σz are the horizontal and vertical
spread parameters; u is the average wind speed at stack height; y is the horizontal distance from the plume centerline; z is the vertical distance from ground level; and H is the effective stack height (H = h + Δh). One simplification is to consider the ground level concentration (z = 0) measured only on the centerline (y = 0). A few points
about concentration and dispersion should be reiterated:
●
The downwind concentration is directly proportional to the source strength, Q.
●
σy, σz increase as the downwind distance c increases, the elevated plume centerline concentration will continuously decline. The ground level centerline concentration initially increases, goes through a maximum, and then
decreases as c increases.
●
σy, σz increase with increasing turbulence (instability).
Atmospheric Stability - Air is not stable. It is termed unstable when there is good vertical mixing such as when
there is strong solar insolation, heating of the earth's surface, and consequent heating of the layers of air near the
ground. Stable air results when the surface of the earth is cooler than the air above (e.g., cool, clear night) and the
layers next to the earth are cooled and no vertical mixing occurs. Graphs of vertical and horizontal dispersion were
generated for various atmospheric conditions by D. B. Turner who also proposed an atmospheric stability classification (Table 14-3) with 6 stability classes:
Table 14-3. Stability Classifications
A - very unstable
B - moderately unstable
Surface
Day
Night
C - slightly unstable
Wind
Solar Insolation
Cloudiness
D - neutral
Speed
Cloudy
Clear
E - slightly stable
m/s
Strong Moderate Slight
(m 4/8)
([ 3/8)
F - stable
<2
A
A-B
B
E
F
A few comments about the meaning of the data
2-3
A-B
B
C
E
F
in Table 14-3. The wind speed was measured at
3-5
B
B-C
C
D
E
a height of 10 m above the ground. Strong
5-6
C
C-D
D
D
D
instability corresponds to a clear summer day
>6
C
D
D
D
E
with sun higher than 60o above the horizon. A
moderate instability corresponds to a summer day with a few broken clouds or a clear day with the sun 35 o - 60o
above the horizon. A slight instability corresponds to a fall afternoon or a cloudy summer day or a clear summer
day with the sun 15o - 30o above the horizon. Nighttime cloudiness is defined as the fraction of sky covered by
clouds. In addition, regardless of wind speed, Class D should be assumed for overcast conditions, day or night.
Turner graphed the horizontal and vertical dispersion coefficients, " y = ax b and "z = cxd + f, and D. O. Martin
generated equations which give a reasonably good fit (Table 14-4). The constants, a, b, c, d, and f are dependent on
the stability class and on the distance x (where x is represented in km). The values for these curve-fit constants as a
function of downwind distance and atmospheric stability are in Table 14-4.
There is a correction for variation of wind speed with height. Turner's wind speed data was obtained at a height
of 10 meters above the ground. If the pollutant emission point has a height that is quite different than 10 meters,
there is a an effect which seems to vary
Figure 14-4. Curve-Fit Constants
with both stability class and surface.
"Rough" surfaces, those typically seen
x < 1 km
x > 1 km
in urban settings, have a greater effect
c
d
e
c
d
e
Stability
a
b
on wind speed. With relatively smooth
A
213 0.894 440.8 1.941 9.27 459.7 2.094 -9.6
surfaces such as flat, open country, lakes
B
156 0.894 106.6 1.149 3.3 108.2 1.098 2.0
and seas, there is less variation between
C
104 0.894 61.0 0.911
0
61.0 0.911
0
surface winds and higher level winds.
D
68 0.894 33.2 0.725 -1.7 44.5 0.516 -13.0
E
50.5 0.894 22.8 0.678 -1.3 55.4 0.305 -34.0
F
34 0.894 14.35 0.740 -0.35 62.6 0.180 -48.6
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To calculate the wind speed, u2, at an altitude, z2, different than 10 meters, use
the equationu2 = u1 $ (z2 / z1 ) p, with values for p obtained from Table 14-5.
For example, if the stability classification is C and the stack height of an
incinerator in an urban environment is 20 meters, and if the initial wind speed is
4 m/s, then the corrected wind speed (p = 0.2) at the tip of the stack would be
4.6 m/s.
z
m 0.2
) = 4.6 ms
u 2 = u 1 $ ( z 21 ) p = 4 ms $ ( 20
10 m

Table 14-5. Wind Correction
Stability
Class
A
B
C
D
E
F

Surface
Smooth Rough
0.09
0.15
0.09
0.15
0.12
0.20
0.15
0.25
0.24
0.40
0.36
0.60

Another issue pertains to sampling time. Data used by Turner was obtained
with a sampling time of 10 minutes. Because of wind shifts and turbulence, the
time averaged concentration for longer sampling times should be less, and the
averaged concentration for shorter sampling times should be more. For sampling times between 10 minutes and 5
hours, a corrected concentration for a sampling time of t-minutes, Ct, is:

C t = C 10 $ ( 10t ) 0.5
For sampling times less than 10 minutes, the literature recommends an exponent of 0.2 instead of 0.5 to provide a
better correction.
As seen in Figure 14-10, the maximum downwind ground-level concentration, Cmax, occurs at some distance,
xmax, from the point of emission that is related to stability class, effective stack height, H, wind speed and emission
rate. For example, as stability changes from unstable to stable, Cmax decreases slightly and xmax increases. An
increase in H results in a dramatic reduction in Cmax and slight increase in .xmax The maximum concentration is the
crucial factor since it is used to verify the incinerator is operating within regulatory limits. The last step in concentration determination is to calculate the distance, xmax, at which the maximum concentration occurs.
While Turner had graphed these relationships, R. J. P.
Table 14-6. (Cu/Q)max Curve-Fit Constants
Ranchoux fit the data to a polynomial equation where the
constants a, b, c, and d depend upon the stability class
Stability
a
b
c
d
(Table 14-6), H is measured in meters.
A
-1.0563 -2.7153 0.1261
0
B
-1.8060
-2.1912
0.0389
0
2
3
C
u
(
) max = e [a + b (ln H) + c (ln H) + d (ln H) ]
C
-1.9748
-1.9980
0
0
Q
D
-2.5302 -1.5610 -0.0934
0
Once the (Cu/Q)max term is calculated, use Turner's
E
-1.4496 -2.5910 0.2181 -0.0343
graph (Figure 14-11) which correlates (Cu/Q)max and xmax
F
-1.0488 -3.2252 0.4977 -0.0765
under various stability conditions to extrapolate the
distance, xmax, at which this
maximum concentration
occurs.
To show how this all goes
together, we will use the
calculations performed for the
UW's new incinerator stack.
Because it is so efficient, the
UW operates the incinerator
about 50 days each year,
usually during the daytime,
when the weather is mild to
cool. For this example's
stability classes we will
consider both class C and D.
Our earlier calculations had an
effective stack height of
between 15.24 m and 37.84 m.
Figure 14-11. (Cu/Q)max and xmax as a Function of Stability Class
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Using these and the values from Table 14-6 for stability classes C and D, we can calculate (Cu/Q)max term by the
equation:

( C u ) max = e [a + b (ln H) + c (ln H)
Q

2+

d (ln H) 3 ]

Table 14-7. (Cu/Q)maxa and xmax

H
Stability
(Cu/Q)max
Xmax
The results of this calculation for the two stack heights is listed in
Table 14-7. Taking each of the (Cu/Q)max we determine the
6.0083 x 10-4 0.16 km
15.24 m
C
distance, xmax, at which this maximum concentration occurs and
5.6694 x 10-4 0.23 km
D
also list that in Table 14-7. As previously mentioned, notice that
9.748 x 10-5 0.40 km
37.84 m
C
an increase in effective stack height, H, results in a decrease in
(Cu/Q)max and increases the distance at which this maximum
D
7.9746 x 10-5 0.76 km
concentration occurs.
Once we know the distance to the maximum, we can calculate the maximum ground-level (i.e., z = 0), centerline
(i.e., y = 0) concentration using the steady-state concentration model. Simplifying the equation by setting z and y
to zero should provide us the maximum value. Remember we are
Table 14-8. Dispersion Coefficients
trying to insure that the maximum concentration will be less than
the NRC's Air Concentration (e.g., Table 3-9, Table 2, Col. 1).
Stability
Xmax
σy
σz
Next we must calculate the terms σy and σz using the values for
C
0.16
km
20.20
11.49
the constants found in Table 14-4 (note that all of our maximum
C
0.40 km
45.84
26.47
distances are less than 1 km) for both stability classes, C and D and
D
0.23
km
18.28
9.74
list the results in Table 14-8. .
D
0.76
km
53.20
25.51
b
d

"y = a ,

"z = c , + f

The full concentration equations for each of the stability classes C and D are, respectively:

CC =

CD =

Q

2  u (104 ( 0.894 ) (61 ( 0.911 )

2e

−1
2

Q
2e
2  u(68 ( 0.894 ) (33.2 ( 0.725 − 1.7)

H
61 ( 0.911

2

5.0175 x 10 −5 Q
=
e
u ( 1.805

−1
2 H
33.2 ( 0.725 − 1.7

−1
2

H
61 ( 0.911

2

=

4.681 x 10 −3 Q
e
u (( 0.894 )(33.2 ( 0.725 − 1.7)

2

−1
2 H
33.2 ( 0.725 − 1.7

2

For our purposes, we are concerned with the activity (mCi) we
Table 14-9. Effluent Concentration (Example)
can incinerate, thus the emission rate will ultimately be activity.
Plugging appropriate values into each equation including a wind
Stability
Xmax
Concentration
speed of 6 m/s, activity conversion factor (1000 µCi = 1 mCi);
C
0.16 km
1.0977 x 10-12 Q
time factors (86,400 seconds per day and 2,635,200 seconds per
C
0.40 km
1.8215 x 10-13 Q
30.5 day month); and volume correction factor (1,000,000 ml per
1.0140 x 10-12 Q
D
0.23 km
cubic meter) leads to maximum concentrations (Table 14-9).
D
0.76 km
1.5058 x 10-13 Q
As can be seen from the results of these calculations, the
highest concentration is 1.0997 x 10 -12 µCi/ml per day or 3.5994 x 10 -14 µCi/ml per month. These occur at a distance
of 160 meters using the Holland model with a slightly unstable stability classification (Class C).
The UW then uses this data and the air concentration limits for each radionuclide to calculate a maximum allowable activity which can be burned either per day or per month resulting in an a priori certitude that we will not
exceed any concentration limits.
14.5 Decommissioning
While technically not a form of radioactive waste, decommissioning, the process of returning an area once used for
radioactive material work into an area freely accessible to members of the general public, can produce radioactive
waste and can result in radiation exposures to members of the public. The exposure results because it may be difficult to remove 100% of all contamination leaving residual contamination that may result in a small radiation
exposure to future occupants. If it is not possible or cost effective to have 100% removal of the residual contamination, the question is, "What levels of residual contamination are acceptable?"
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In August, 1987 the NRC published Guidelines for Decontamination of Facilities and Equipment Prior to
Release for Unrestricted Use of Termination of Licenses for Byproduct, Source or Special Nuclear Material. The
document specified the "radionuclide and radiation exposure rate limits to be used for decontamination and survey
of surfaces or premises and equipment prior to abandonment or release for unrestricted use." Some requirements
for acceptable decontamination included:
Table 14-10. Surface Contamination Limits (dpm / 100 cm2)
 Licensee shall make a reasonable effort
to eliminate residual contamination.
Nuclides
Average
Maximum
Removable
 Radioactivity on equipment or surfaces
235
238
shall not be covered by paint, plating, or U-nat, U, U,
5000 dpm α 15000 dpm α 1000 dpm α
other covering material unless contami- decay products
226
transuranics, Ra,
nation levels are below table levels.
228
Ra, 230Th, 228Th,
100 dpm
300 dpm
20 dpm
 The radioactivity on the interior
231
Pa, 227Ac, 125I, 129I
surfaces of pipes, drain lines, or
Th-nat, 232Th, 90Sr,
ductwork shall be determined by
223
Ra, 224Ra, 232U,
1000 dpm
3000 dpm
200 dpm
making measurements at all traps, and
126 131 133
I, I, I
other appropriate access points,
beta-gamma except
provided that contamination at these
5000 dpm βγ 15000 dpm βγ 1000 dpm βγ
locations is likely to be representative of as noted above
contamination on the interior of the
pipe, drain lines, or ductwork.
 Surfaces of premises, equipment, or scrap which are likely to be contaminated but are of such size, construction,
or location as to make the surface inaccessible for measurement purposes shall be presumed to be contaminated
in excess of the limits.
Ultimately the NRC (or Agreement State licensing authority) must approve all decommissioning efforts and licensees must send a report to the NRC which includes the detailed survey they conducted to verify that levels were
within acceptable limits (Table 14-10). The NRC may even send an inspector to perform a close-out survey which
includes random metering and wipes to verify contamination free status.
Because alpha emitters have a higher quality factor (see Table 1-5) than beta emitters, alpha emitters are considered more of an internal hazard than beta-emitters. If contamination consists of both alpha and beta emitters, the
limits should be applied independently. The levels in Table 14-10 are activity limits (dpm, Bq, etc.). The average
contamination limit should not be averaged over areas greater than 1 square meter; but for objects with less surface
area, an average should be derived for each object. The maximum limit applies to areas not more than 100 cm2.
Besides contamination limits, there are also radiation exposure concerns. The average and maximum radiation
levels associated with surface contamination from beta-gamma emitters should not exceed 0.2 mrad/hr at 1 cm and
1.0 mrad/hr at 1 cm, respectively.
While this decontamination and decommissioning process is essentially unchanged, at the instigation of the
EPA, the regulations have been revised so the release criteria are based on potential population dose rather than
broad levels of residual contamination.
14.5.a Decommission Planning
Decommissioning is not just a task that is performed when a license is terminated. The NRC has stated that if the
licensee has decided to permanently cease activities at the entire site or in any separate building or if there has been
a 24-month duration in which no work has been conducted under the license at that site, the license should initiate
decommissioning procedures for that facility. One disadvantage of being in an NRC state is that the NRC only
considers byproduct material for their decommissioning criteria. To the NRC, continued x-ray and non-byproduct
(e.g., radium, cyclotron produced, etc.) material use may not constitute "licensed activity" and may require the facility be decommissioned and reported to the NRC.
The NRC classifies facilities into one of seven groups based on the amount of residual radioactivity, the location
of the material and the complexity of the activities needed to decommission the site. The seven groups are:
1. Licensed material was not released into the environment, did not cause the activation of adjacent materials, and
did not contaminate work areas. Examples include licensees who used only sealed sources such as radiographers and irradiators.
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2. Licensed material was not used in a way that resulted in residual radioactivity on building surfaces and/or soils.
Licensee is able to demonstrate that the site meets the screening criteria for unrestricted use. Examples include
licensees who used only quantities of loose radioactivity that they routinely cleaned up (e.g., R&D facilities)
3. Licensed material was used in a way that could meet the screening criteria, but the license needs to be amended
to modify or add procedures to remediate buildings or sites. Examples include licensees who may have
occasionally released radioactivity within NRC limits.
4. Licensed material was used in a way that resulted in residual radiological contamination of building surfaces or
soils, or a combination of both (but not ground water). The licensee demonstrates that the site meets unrestricted
use levels derived from site-specific dose modeling. Examples include licensees whose site released loose or
dissolved radioactive material within NRC limits and may have had some operational occurrences that resulted
in release above NRC limits (e.g., waste processors).
5. Licensed material was used in a way that resulted in residual radiological contamination of building surfaces,
soils or ground water, or a combination of all three. The licensee demonstrates that the site meets unrestricted
use levels derived from site-specific dose modeling. Examples include licensees whose site released, stored, or
disposed of large amounts of loose or dissolved radioactive material on-site (e.g., fuel cycle facilities).
6. Licensed material was used in a way that resulted in residual radiological contamination of building surfaces
and/or soils, and possibly ground water. The licensee demonstrates that the site meets restricted use levels
derived from site-specific dose modeling. Examples include licensees whose site would cause more health and
safety or environmental impact than could be justified when cleaning up to the unrestricted release limit (e.g.,
facilities where large inadvertent release(s) occurred.
7. Licensed material was used in a way that resulted in residual radiological contamination of building surfaces
and/or soils, and possibly ground water. The licensee demonstrates that the site meets alternate restricted use
levels derived from site-specific dose modeling. Examples include licensees whose site would cause more
health and safety or environmental impact than could be justified when cleaning up to the unrestricted release
limit (e.g., facilities where large inadvertent release(s) occurred.
The first step of the closeout process is to submit a decommissioning plan to the NRC, if required. Part of the
plan should include a tentative schedule to commence when the plan is approved by the NRC.
Some decommissioning programs are relatively simple. If the licensed material consists of a sealed source (e.g.,
irradiator, gauge, teletherapy system, etc.), decommissioning consists of finding a vendor who will remove the
source and, through leak test and survey, assure there is no residual contamination. Depending upon the type of
radioactive source and the source activity, these costs may vary from $5000 to $50,000.
Whenever a licensee submits a renewal or for each new license requesting radioactive material which has a halflife greater than 120 days and quantities exceeding certain limits, the licensee must also submit a decommissioning
plan and a decommissioning funding document that sets aside funds for decommissioning activities or provides a
guarantee that funds will be available at closure. Obviously the magnitude of the radioactive material work
conducted at a facility will be related to the decommissioning costs. Theoretically, it should not cost as much to
decommission a license which used only 3H, 14C, 32P, 35S, 51Cr, 86Rb and 125I in MBq (mCi) quantities as to decommission a facility which used curie quantities of the same radionuclides.
Decommissioning may include decontamination and/or disassembly and disposal. The cost estimates included
in the Decommissioning Funding Plan need to consider manpower, dose, time, equipment purchases/rental, etc.
The NRC published NUREG/CR-1754, Technology, Safety and Costs of Decommissioning Reference Non-FuelCycle Nuclear Facilities, to assist in making these estimates. The guide notes that, “the costs of decommissioning
facility components are generally estimated to be in the range of $1000 to $12,000, depending on the type of
component, type and amount of radioactive contamination, the decontamination option chosen, and the quantity of
radioactive waste generated from decommissioning operations.” Given this estimate, it is prudent to plan radioisotope work to limit future costs. For large sites, compaction, supercompaction, and incineration of solid wastes may
result in significant savings; however low-level radioactive waste disposal costs are also related to exposure rate at
the package surface, activity per load, type (e.g., liquids in vials, absorbed liquids, biological waste, animal
carcasses, etc.) and volume of waste.
For research-type licenses using unsealed sources, the most important step is to characterize the contamination.
Some types of contamination should be less of a problem than others. To that end, radionuclides with half-lives less
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than 120 days may be omitted when drafting a Decommissioning Funding Plan. The reason is that many of these
radionuclides (e.g., 32P, 33P, 35S, 51Cr, 86Rb, 125I, etc.) are often easily decontaminated and will appreciably decay over
the period that decommissioning activities will take place. For many research type licensees, these short-lived
nuclides probably account for more than 85% of the activity quantities used. The licensee must pay special attention to long-lived (T½ > 120 days) radionuclides (e.g., 3H, 14C, 90Sr, etc.) and any alpha emitters.
Decommissioning is not a routine practice. However, it is possible to make the process relatively painless with a
few practical procedures in place.
9 Maintain a decommissioning file for each room. When a room is vacated, insure there is a survey performed
and the survey results are placed in the decommissioning file.
9 Establish meter and wipe test action limits (cf. Table 14-10) which will require decontamination. These action
limits should be conservative enough to satisfy regulatory requirements for decommissioning.
9 Keep a complete history of radioactive materials used in each facility. This history should include protocols,
spills and sewage disposals. Non-routine uses involving either large quantities (e.g., MBq or GBq [mCi or Ci])
or more radiotoxic (e.g., 90Sr, 241Pu, etc.) nuclides will require more comprehensive record keeping to reduce
cleanup costs.
9 Flush all drains with large quantities of decontaminating solution and water (see 6.8.d), then remove all traps
and sample residue to insure no contamination remains.
9 Do a wipe survey on all fume hoods and associated ductwork and document the results. If there is no removable
contamination at the entry of the exhaust system, the remaining ductwork is probably clean. If there are in-line
filters, remove the filters and survey them for radioactivity, radiation and possible contamination. Also conduct
surveys at the building exhaust points.
9 For final decommissioning of buildings, take photographs of the facility prior to commencing and include them
with your plan.
9 For old facilities with activities which predate your history file, consider the possibility that large quantities of
nuclides may have been used and that some long-lived nuclides (e.g., 3H, 14C) may have been absorbed in wood
or bench tops.
9 Depending upon the type of facility and procedures conducted, soil samples may also be required. For example,
if large quantities of long-lived radionuclides were exhausted, some may have been deposited locally resulting
in potentially significant soil contamination
14.5.b MARSSIM and the Decommissioning Process
As noted in chapter 3, the EPA is the Federal Agency responsible for establishing rules and regulations to protect
the American public from unnecessary exposure to hazardous substances. The EPA has been in the news for
condemning such dioxin contaminated areas as Love's Canal in Buffalo, NY and Times Beach, MO and for identifying superfund sites throughout the US where they can focus cleanup efforts.
Once a site has been cleaned up, another problem is to generate public confidence that a decontaminated area is
indeed "safe." For example, a room is cleaned of contamination and a wipe survey is done at 30 points in the room,
all of which are "clean." Persons may then ask, "How do you know that there is no contamination in the spots that
were not wipe surveyed?"
To help answer that question, the EPA developed and standardized a statistical method for planning and
conducting the decontamination and final survey. While the cleanup of chemically contaminated sites are
conducted following EPA procedures, the NRC has reviewed this method and promulgated three documents to
describe this statistical decommissioning process:
NUREG-1505

A Nonparametric Statistical Methodology for the Design and Analysis of Final Status Decommissioning Surveys

NUREG-1507

Minimum Detectable Concentrations with Typical Radiation Survey Instruments for Various
Contaminants and Field Conditions

NUREG-1575

Multi-Agency Radiation Site Survey and Investigation Manual (MARSSIM)

NUREG-1757

Consolidated NMSS Decommissioning Guidance

These documents use specific terms which must be defined to avoid misunderstanding.
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decommissioning groups

the categories of decommissioning activities that depend on the type of operation and the
residual radioactivity.

decommissioning plan

A detailed description of the activities that the licensee intends to use to assess the radiological
status of its facility, to remove radioactivity attributable to licensed operations at its facility to
levels that permit release of the site in accordance with NRC's regulations and termination of
the license, and to demonstrate that the facility meets NRC's requirements for release. A DP
consists of several interrelated components: (1) site characterization information (2) remediation plan that has several components, including a description of remediation tasks, a health
and safety plan, and a quality assurance plan (3) site-specific costs estimates for the decommissioning and (4) final status survey plan

survey unit

A geographical area of specified size and shape for which a separate decision will be made
whether or not that area meets the release criteria. The decision is made as a result of the
final status survey, the survey used to demonstrate compliance with the regulation.

release criterion

A regulatory limit expressed in terms of dose (mSv/yr or mrem/yr) or risk (cancer incidence or
mortality). It is usually based on the total effective dose equivalent (TEDE) or committed
effective dose equivalent (CEDE). Exposure pathway modeling is used to calculate a
radionuclide-specific, predicted concentration or surface area concentration, called the derived
concentration guideline level, of specific nuclides that could result in a TEDE / CEDE.

derived concentration guideline
level (DCGL)

The concentration in the survey unit in which the total effective dose equivalent (TEDE) does
not exceed levels in 10 CFR 20.1402 and 20.1403 (25 mrem/yr). Units of DCGL are in
Bq/kg, Bq/m2, dpm/100 cm2, etc.). There are 2 distinct DCGLs

DCGLW

Derived assuming the residual radioactivity is uniformly distributed over a wide area (i.e.,
entire survey unit). This can be the default DCGL provided by the model.

DCGLEMC

Derived assuming that residual radioactivity is concentrated in a much smaller area (i.e., a
small percentage of the entire survey unit). Any measurement from the survey unit is considered elevated if it exceeds the DCGLEMC (elevated measurement comparison [EMC]).

investigation
level

A radionuclide-specific level based on the release criterion that, if exceeded, triggers some
response such as further investigation. A DCGL is an example of an investigation level.

area factor, FA

A factor used to normalize concentrations where DCGLEMC = (FA)(DCGLW) when the residual
activity is confined to an area of size A.

distinguishable
from
background

This means (cf., 20.1402) the detectable concentration of radionuclides is statistically different
from the background concentration of that radionuclide in the vicinity. Depending upon the
DCGL selected, this may also be an area subject to decontamination.

reference area

A geographical area from which representative samples of background will be selected for
comparison (e.g., background area). This is often selected if the radiation levels in the survey
area make it difficult to obtain a background within that area.

non-impacted
area

Areas that have no potential for residual contamination. Non impacted areas do not receive
any level of survey coverage because they have no potential for residual contamination.

impacted area

Areas with a potential for residual contamination. Impacted areas are divided into 3 classes

Class 1

Areas with locations where, prior to remediation, the concentrations of residual radioactivity
may have exceeded the DCGLW. Class I areas have the greatest potential for contamination
and receive the highest degree of survey effort for the final status survey. Examples include
(1) areas previously subjected to remediation, (2) locations where leaks or spills are known to
have occurred, (3) former burial or disposal sites, (4) waste storage sites, (5) areas with
contaminants in discrete solid pieces of material and high specific activity (e.g., hot particles).
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Class 2

Areas containing no locations where, prior to remediation, the concentrations of residual
radioactivity may have exceeded the DCGLW. Examples include (1) locations where radioactive materials were present in an unsealed form, (2) potentially contaminated transport routes,
(3) areas downwind from stack release points, (4) upper walls and ceilings of buildings or
rooms subjected to airborne radioactivity, (5) areas handling low concentrations of radioactive
materials, (6) areas on the perimeter of former contamination control areas.

Class 3

Areas with a low probability of containing any locations with residual radioactivity. Examples
include buffer zones around Class 1 or 2 areas, areas with very low potential for residual
contamination but insufficient information to justify a non-impacted classification.

null hypothesis,
H0
alternative
hypothesis, Hz
type I error

The state / condition that is presumed to exist in reality

type II error

When the null hypothesis is not rejected when it is actually false (false negative). Thus, if the
sample contains radioactivity above background is declared to contain no radioactivity above
background.

The state of reality if the null hypothesis is not true
When the null hypothesis is rejected when it is actually true (false positive). Thus, a sample
that contains no radioactivity above background is declared to contain radioactivity above
background.

When correctly followed, MARSSIM provides guidance for conducting radiation surveys and site investigations
and is concerned with demonstration of compliance and consists of three interrelated parts:
9 Translate the cleanup / release criteria (e.g., mSv/yr, mrem/yr) into a corresponding derived contaminant
concentration level (Bq/cm2) through the use of environmental pathway modeling.
9 Measure / acquire scientifically sound and defensible site-specific data on the levels and distribution of residual
contamination (as well as levels and distribution of background radionuclides).
9 Decide / determine that the data obtained from sampling does support the assertion that the site meets the release
criterion within an acceptable degree of uncertainty, through application of a statistically based decision rule.
Radiation Survey and Site Investigation (RSSI) Process
The RSSI process is an example of a series of surveys designed to demonstrate compliance with a dose- or riskbased regulation for sites with radioactive contamination. There are 6 principal steps in the RSSI process: (1) site
identification, (2) historical site assessment, (3) scoping survey, (4) characterization survey, (5) remedial action
support survey, (6) final status survey. An alternative approach explained in NUREG 1505 is the Data Quality
Objective (DQO) Process. The DQO process is a series of 6 or 7 planning steps based on scientific method
designed to ensure that the type, quantity, and quality of data used in decision making are appropriate for the
intended application.
1. Site identification is relatively simple and usually accomplished before beginning decommissioning.
2. The purpose of the historical site assessment (HSA) is to collect existing information concerning the site and its
surroundings. The objectives are to
9 identify potential sources of contamination based on existing or derived information
9 determine whether or not sites pose a threat to human health and the environment and consequently may
require further action
9 differentiate impacted from non-impacted areas
9 provide input to scoping and characterization survey designs
9 provide an assessment of the likelihood of contaminant migration
9 identify additional potential radiation sites related to the site being investigated
The HSA has three phases: identification of a candidate site, preliminary investigation of the facility or site, and
site visits or inspections. An efficient HSA gathers information sufficient to identify the radionuclides used,
including their chemical and physical form. Thus, a first step in evaluating the data is to estimate the potential
for residual contamination by these radionuclides. Also, consider how long the site was operational. If
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sufficient time has lapsed since the site discontinued operations, short-lived radionuclides may no longer be
present in significant quantities. In this instance, calculations that the residual activity could not exceed the
DCGL may suffice. The HSA may help determine whether the area is impacted or not impacted. Impacted
areas have a potential for radioactive contamination or contain known contamination. They include areas where
1) radioactive materials were used and stored; 2) records indicate spills, discharges, or other occurrences; and 3)
radioactive materials burials / disposals. All potential sources of radioactivity in an impacted area should be
identified and their dimensions recorded. Similarly, non-impacted areas are those areas where there is no
reasonable possibility for residual radioactive contamination. The product of an HSA is a narrative report which
summarizes what is known about the site, what is assumed, activities conducted during the HSA, etc.
3. If the data collected during the assessment indicate an impacted area, a scoping survey could be performed. The
survey provides site-specific information based on limited measurements. Primary objectives of the survey are:
9 perform a preliminary hazard assessment
9 support classification of all or part of the site as a Class 3 area
9 evaluate whether the survey plan can be optimized for use in the characterization or final status survey
9 provide data to complete the site prioritization scoring process (CERCLA and RCRA sites only)
9 provide input to the characterization survey design if necessary
Scoping surveys consist of a judgment measurements based on the HSA data. If the HSA indicate an area is
Class 3, the area may be so classified and a final status survey may be performed. If the scoping survey locates
contamination, the area may be considered as Class 1 or 2 for the final status survey.
4. If an area is classified as Class 1 or 2 for the final status survey, a characterization survey is warranted. The
primary objectives of the survey are to:
9 determine the nature and extent of the contamination
9 collect data to support evaluation of remedial alternatives and technologies
9 evaluate whether the survey plan can be optimized for use in the final status survey
9 support Facility Investigation / Corrective Measures Study requirements for RCRA sites
9 provide input to the final status survey design
The characterization survey is the most comprehensive of all the survey types and generates the most data. This
includes preparing a reference grid, systematic as well as judgmental measurements, and surveys of different
media (e.g., interior and exterior surfaces of buildings, walls, etc.). The decision as to which media will be
surveyed is a site-specific decision addressed throughout the RSSI process.
5. If an area is adequately characterized and is contaminated above the appropriate DCGL, a decontamination plan
should be prepared. A remedial action support survey is performed while remediation is being conducted and
guides the cleanup in a real-time mode. These surveys are conducted to:
9 support remediation activities
9 determine when a site or survey unit is ready for the final status survey
9 provide updated estimates of site-specific parameters used for planning the final status survey
6. The final status survey is used to demonstrate compliance with regulations. Its primary objectives are to:
9 select/verify survey unit classification
9 demonstrate that the potential dose or risk from residual contamination is below the release criterion for each
survey unit
9 demonstrate that the potential dose or risk from small areas of elevated activity is below the release criterion
for each survey unit
The final status survey provides data to demonstrate that all radiological parameters satisfy the established
guideline values and conditions (i.e., demonstrate compliance with the release criterion).
Survey Considerations
Decommissioning assures that residual radioactivity will not result in individuals being exposed to unacceptable
levels of radiation or radioactive materials. Residual levels of radioactive materials that correspond to allowable
radiation dose standards have been derived (e.g., ANSI N13.12) and these derived concentration guideline levels
(DCGLs) are presented in terms of surface or mass activity concentrations, usually above background levels. The
DCGLs for buildings / structures are typically Bq/m2 or dpm/100 cm2 and for soils and activated entities are
typically Bq/kg or pCi/gm. The DCGLW is the uniform residual radioactivity concentration level within a survey
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unit corresponding to the release criterion. Thus, to satisfy decommissioning, the survey unit's uniform residual
contamination above background is below the DCGLW and individual measurements / samples representing small
areas of residual radioactivity do not exceed the DCGLEMC for areas of elevated residual radioactivity. These small
areas may exceed the DCGLW provided they satisfy the criteria of the responsible agency (e.g., NRC).
The goal of surveys is to identify site contaminants, determine relative ratios of contaminants, and establish
DCGLs. Identification is often done using laboratory analysis. Establishing the DCGLs is iterative and the DCGL
may change during the process.
In the simplest case, DCGLs may be applied directly to survey data to demonstrate compliance. For example, if
only one nuclide (e.g., 90Sr) were used at a site, the default DCGL could be obtained and survey measurements /
samples then compared to the surface and volume DCGLs directly to demonstrate compliance.
For sites with multiple contaminants, it may be possible to measure just one of the contaminants and still
demonstrate compliance for all the contaminants present through the use of surrogate measurements. Here both
time and resources can be saved if the analysis of one radionuclide is simpler than the analysis of the others. Thus,
using 137Cs as a surrogate for 90Sr reduces analytical costs because the 137Cs gamma-ray is much easier to detect /
measure in situ than the 90Sr/90Y beta particle. The key is to have a sufficient number of measurements, spatially
separated throughout the survey unit, to establish a consistent ratio. Even then it may be advisable to have at least
10% of the measurements (both direct and sample) include analysis for all radionuclides of concern.
In some instances use of surrogates is difficult because a consistent ratio can not be definitively established.
One approach is to review the data and select an appropriate ratio of surrogate nuclides. Decay chains may also be
encountered in which instance either the alphas, betas, or alphas+betas may be used.
Because each radionuclide may have a different DCGL, the presence of multiple radionuclides may complicate
decision making. The unity rule relating the concentration to its DCGL is:
C1
DCGL 1

+

C2
DCGL 2

C

n
+ $ $ $ + DCGL
[1
n

Additionally, a higher sensitivity will be needed in the measurement methods as the values of C decrease and may
also increase the number of data points necessary for statistical tests.
Surface contamination DCGLs apply to the total of fixed plus removable surface activity. If the contamination
is due entirely to one radionuclide, the DCGL for that radionuclide is used in comparing measurement data. For
multiple radionuclides with unique DCGLs, a gross DCGL may be developed enabling field measurement of gross
activity, rather than determining individual activities To do this:
9 determine the relative fraction, fi, of the total activity contributed by the radionuclide
9 obtain the DCGL for each radionuclide
9 substitute the values in the following equation

gross activity DCGL =

f1
DCGL1

+

f2
DCGL2

+ $$$ +

−1
fn
DCGLn

However, this process may not work well for sites exhibiting surface contamination from multiple radionuclides
having unknown or highly variable concentrations of radionuclides throughout the site. In this instance, a good
approach is to select the most conservative surface contamination DCGL from the mixture. Additionally, because
gross surface activity measurements are not nuclide-specific, they should be evaluated by the 2-sample
non-parametric tests using a background reference area.
All areas of the site do not have the same potential for residual contamination and will not need the same level
of survey coverage to achieve the desired release criteria. It is most economical to put more effort into areas with
the higher potential for contamination. For this reason, decisions are made regarding whether an area is impacted or
not impacted.
Non-impacted areas are areas that have no potential for residual contamination. Non-impacted areas do not
receive any level of survey coverage because they have no potential for residual contamination.
On the other hand, impacted areas are areas with some
Table 14-11 Final Status Survey Design
potential for residual contamination. If radioactive material
had been used in an area, it should be considered impacted.
Class
Sampling
Scanning
The type of use and potential for residual contamination then
1
Systematic
100%
determines whether an area is classified as 1, 2 or 3. The final
2
Systematic
10 - 100%
status survey design is based on classification (Table 14-11).
3
Random
Judgmental
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Because Class 1 areas have the highest potential for containing small areas of elevated activity exceeding the
release criteria, both the number of sampling locations and the extent of scanning effort is greatest. Sampling is
done on a systematic grid, scanning is done over 100% of the survey unit. The minimum detectable concentration
(MDC) of the scanning method must be lower than the DCGLEMC. If the radionuclides of concern also occur at
significant levels in background, then it is necessary to determine / establish background concentration levels for
comparison with the survey unit. A reference area having similar physical, chemical, geological, radiological, and
biological characteristics or, perhaps several reference areas may be necessary. Additionally, for large outdoor
areas, variations in background of a factor of five or more may possibly occur.
Class 2 areas may contain residual radioactivity, but the potential for elevated areas is very small. Sampling can
be done on a systematic grid, the distance between points limited by the size of the survey unit. Scanning is
performed systematically over the survey area, from 10 - 100%.
Class 3 areas should contain little, if any residual radioactivity with virtually no potential for elevated areas.
Sampling is random and the sample density can be low. Scanning is limited to those parts of the unit where it is
deemed prudent (e.g., accessible, near use areas, etc.).
Table 14-12. Typical Sizes of Each Class
When defining survey units, a survey unit should not
include areas that have different classifications. For
Type Area
indoor areas classified as Class 1, each room may be
Classification
Structures
Land areas
designated as a survey unit. Indoor areas may also be
2000 m2
Class 1
100 m2
subdivided into several survey units of different classifi2
Class 2
100 - 1000 m
2000 - 10,000 m 2
cation such as separating floors and lower walls from
Class 3
No limit
No limit
upper walls and ceilings. Survey unit optimum sizes are
listed in Table 14-12. The survey unit size limitation for Class 1 and 2 are to insure that each area is assigned an
adequate number of data points. Because the number of data points is independent of the survey unit size, the actual
survey coverage in an area is determined by dividing the fixed number of data points required for the statistical test
by the survey unit area. Survey units which are too small may result in an excessive number of survey points.
When conducting a survey, each measurement is compared with the DCGLEMC for that unit. A net survey unit
measurement that equals or exceeds the DCGLEMC is an indication that a survey unit may contain residual radioactivity in excess of the release criterion. Action levels are established for the scanning procedure so that areas with
concentrations that may exceed the DCGLEMC are marked for quantitative measurement. When a measurement is
flagged, is should be determined that it is not due to sampling or analysis error. Once a measurement exceeding the
DCGLEMC is confirmed, the size of the area of elevated residual radioactivity, A`, and the average concentration
within it, CA, is used to insure that (FA`)(DCGLW) meets the release criterion.
Investigation levels are established for each class of survey unit to guard against the possible misclassification of
survey units. If a measurement exceeds the investigation level, additional investigation is required to determine if
the final status survey for the survey unit was adequate to determine compliance with the release criteria.
Based upon the potential radionuclide contaminants, their associated radiations, and the types of residual
contamination categories (e.g., soil, structure surfaces)
Table 14-13. Summary of Investigation Levels
to be evaluated, the detection sensitivities of various
instruments and techniques are determined and
Survey Unit
Flag Direct Measuredocumented. Instruments should be identified for each
Scanning
Classification
ment or Sample
of the three types of measurements: (1) scans, (2)
>
DCGLEMC
Class
1
>
DCGL
EMC
direct measurements, and (3) laboratory analysis. It is
Class
2
>
DCGL
>
DCGLW
W
desirable that the instrument have an appropriate
Class
3
>
fraction
of
DCGL
>
MDC
W
minimum detectable concentration (MDC), generally
this MDC should be between 10 - 50% of the DCGL.
Low MDCs help in identifying areas that can be classified as non-impacted or Class 3. Instruments should be
calibrated for the radiations and energies of interest. Routine operational checks of instrument performance should
be conducted to assure appropriate instrument response.
A certain minimum number of direct measurements or samples are needed to demonstrate compliance with the
release criterion. Scanning is done to check for areas of elevated activity and this may be accompanied by direct
measurements. Sample collection, particularly environmental samples, require additional considerations. Structures provide their own problems in scanning. Items to consider include:
 expansion joints, penetrations, etc. may be potential sites for accumulation
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 surface conditions (e.g., removal of fixed contamination may involve surface removal) may produce scarred /
broken floor which are more difficult to survey
 exterior surfaces may have low potential for contamination, but roof access points, exhaust, etc. and drainage
points may be potentially contaminated areas
A coordinate system is established to facilitate selection of measurement and sampling locations and provide a
mechanism for relocating direct measurement areas. The coordinate system is usually a grid. For Class 1 and 2
structural areas, basic grid patterns at 1 - 2 meter intervals are usually sufficient. One easy way to reference points
is to number the grid lines on the vertical axis and letter the grid lines on the horizontal axis. Then, each point is
referenced by a number and letter combination (e.g., (4,F), etc.). The coordinate grid does not necessarily dictate
the spacing or location of sampling points
The goal of MARSSIM is to produce the final status survey which is used to demonstrate that residual radioactivity in each survey unit satisfies the predetermined criteria for release for unrestricted use or, where appropriate,
for use with designated.
Radiation Detection Considerations
Chapter 7 discussed survey meters and counting statistics. One problem in this regard is that different groups use
different terms to define the same statistical property. This can lead to confusion as the same term may mean different things to different individuals. Thus, when discussing statistics, remember to specify which definition you are
using as a reference. MARSSIM instrument related terms and definitions include:
instrument
efficiency, εi,

The ratio of the net count rate of the instrument and the surface emission rate of a source for a
specified geometry.

surface emission
rate

The number of particles of a given type above a given energy emerging from the front face of
the source per unit time. It is the 2π particle fluence that embodies both the absorption and
scattering processes that effect the radiation emitted from the source.

source efficiency,

The ratio of the number of particles of a given type emerging from the front face of a source
and the number of particles of the same type created or released within the source per unit
time. It takes into account increased particle emission due to backscatter as well as decreased
particle emission due to self-absorption losses. For the ideal source, the value of source
efficiency is 0.5.

εs

physical probe
area

The physical surface area assessed by the detector when it is stationary. This is used because
the reduced detector response due to the screen is accounted for during instrument calibration.

effective probe
area

This parameter accounts for the amount of the physical probe area covered by a protective
screen. The conversion of instrument display in counts to surface activity units is obtained by:
Bq
CS / TS
m2 = ( T $ A) where Cs is the integrated counts recorded by the instrument, T s the time period
over which the counts were recorded (in seconds), εT is the total efficiency of the instrument in
counts per disintegration (i.e., the product of instrument efficiency, εi, and source efficiency,
εs), and A is the physical probe area in m 2 or cm2, as appropriate:

critical level, LC

The level in counts at which there is a statistical probability of incorrectly identifying a
measurement system background value as “greater than background.” A response above this
level is considered to be greater than background.

detection limit, LD An a priori estimate of the detection capability of a measurement system, and is also reported
in units of counts
minimum detectable concentration, MDC
Type I error

The detection limit (counts) multiplied by an appropriate conversion factor to give units
consistent with a site guideline, such as Bq/kg.
A “false positive” occurs when a detector response is considered to be above background
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when, in fact, only background radiation is present The probability of a Type I error is
referred to as α and is associated with LC.
Type II error

A “false negative” occurs when a detector response is considered to be background when in
fact radiation is present at levels above background. The probability of a Type II error is
referred to as β and is associated with LD.

B = Background counts (mean)
The probability of a Type I error is referred to
L = Critical level (net counts above bkg)
as α and is associated with LC; the probability of a
L = Detection limit (net counts above bkg)
Type II error is referred to as β and is associated
 = probability of Type I error
with LD. Figure 14-10 (cf., Figure 7-35) shows
 = probability of Type II error
this relationship. If α and β are assumed to be
" =B
equal, the variance, σ2, of all measurement values
is assumed to be equal to the values themselves.
If the background is not well known, then the
critical detection level and the detection limit can


be calculated by the equations LC = k 2B and
LD = k2 + 2k 2B where k is the probability sum
for α and β (assuming α and β are equal) and B is
0
L
L
the number of background counts that are
Figure 14-10. Probabilities for Type I and Type II Errors
expected to occur while performing an actual
measurement. If values of 0.05 for both α and β are selected as acceptable, then k = 1.645 and LC = 2.33 2B and
=LD = 3 + 4.65 2B . For an integrated measurement over a preset time (i.e., a direct measurement), the MDC is
obtained from these equations by MDC = C $ (3 + 4.65 2B ), the factor, C, used to convert from counts to concentration (e.g., dpm, μCi, etc.). Usually the factors making up C are not constant, but should not vary significantly. If
a significant variation is expected, either several factors or an appropriate average factors should be considered.
In summary, the MDC is the a priori net activity level above the critical level that an instrument can be expected
to detect 95% of the time. This value should be used when stating the detection capability of an instrument. The
MDC is the detection limit, LD, multiplied by an appropriate conversion factor to give units of activity. Again, this
value is used before any measurements are made and is used to estimate the level of activity that can be detected
using a given protocol. The critical level, LC, is the lower bound on the 95% detection interval defined for L D and is
the level at which there is a 5% chance of calling a background value “greater than background.” This value should
be used when actually counting samples or making direct radiation measurements. Any response above this level
should be considered as above background (i.e., a net positive result) and ensures a 95% detection capability for L D.
Another detector issue concerns the survey itself. The ability to identify a small area of elevated radioactivity
during surface scanning depends on the surveyor's skill in recognizing an increase in the audible or display output
of an instrument. The scanning sensitivity is the ability of a surveyor to detect a predetermined level of contamination with a detector. The greater the sensitivity, the lower the level of contamination that can be detected. The
probability of detecting residual contamination thus depends not only on the sensitivity of the instrument used for
scanning but also on the ability of the surveyor to make a decision whether the signals represent only background or
residual activity in excess of background. Persons conducting surveys during decommissioning must interpret the
audible output of the survey instrument to determine when the signal exceeds the background level by a margin
sufficient to conclude that contamination is present.
It is difficult to detect low levels of contamination because both the signal and background vary widely. Signal
detection theory provides a framework for the task of deciding whether the audible output is due to background or
signal plus background levels. An index of sensitivity, d' (Table 14-14), that represents the distance between the
means of the background and background plus signal in units of their common standard deviation can be calculated
for various decision errors (i.e., correct detection and false positive rate). For example, for a correct detection rate
of 95% (false negative rate of 5%) and a false positive rate of 5%, the table gives d' = 3.29. Because the index of
sensitivity is independent of human factors, the ability of an ideal observer may be used to determine the minimum
d' value.
Scanning is actually a two-step process. Surveyors do not make decisions on the basis of a single indication.
Upon noting an increased number of counts, they pause briefly and decide whether to move on or take further
measurements. The two steps are continuous monitoring and stationary sampling. During the first step,
C

D

2

C

D
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characterized by continuous movement of the probe, the surveyor has only a brief look (based on scan speed) at
potential sources. Here the surveyor's willingness to decide that a signal is present is likely to be liberal (i.e.,
surveyor should respond positively on
Table 14-14. Values of d'
scant evidence), since the only cost of a
False Positive
True Positive Proportion
false positive is a little time. The second
Proportion
0.60
0.65
0.70 0.75 0.80 0.85 0.90 0.95
step occurs only after a positive response
0.05
1.90 2.02 2.16 2.32 2.48 2.68 2.92 3.28
has been made. This consists of the
1.54 1.66 1.80 1.96 2.12 2.32 2.56 2.92
0.10
surveyor interrupting scanning and
0.15
1.30 1.42 1.56 1.72 1.88 2.08 2.32 2.68
holding the probe stationary for a period
of time while comparing the instrument
0.20
1.10 1.22 1.36 1.52 1.68 1.88 2.12 2.48
output signal to the background count
0.93 1.06 1.20 1.35 1.52 1.72 1.96 2.32
0.25
rate. Stationary sampling sensitivity is
0.30
0.78 0.91 1.05 1.20 1.36 1.56 1.80 2.16
high and for this decision the criterion
0.35
0.64 0.77 0.91 1.06 1.22 1.42 1.66 2.02
should be more strict since the cost of a
0.51 0.64 0.78 0.93 1.10 1.30 1.54 1.90
0.40
"yes" decision is to spend considerably
0.45
0.38 0.52 0.66 0.80 0.97 1.17 1.41 1.77
more time taking a static measurement or
0.50
0.26 0.38 0.52 0.68 0.84 1.04 1.28 1.64
a sample. Thus, each of the two steps
0.12 0.26 0.40 0.54 0.71 0.91 1.15 1.51
0.55
include sensitivity values. The minimum
0.60
0.00 0.13 0.27 0.42 0.58 0.82 1.02 1.38
detectable count rate, MDCR, for the
scanning stage is usually larger because of the brief observation interval of the scan (i.e., on the order of 1 or 2
seconds), while the observation interval of the stationary sampling may be several seconds long.
For an ideal observer, the number of source counts, s i, required for a specified level of performance is determined by s i = d ∏ b i , where d' is based on the required true positive and false positive rates (Table 14-14) and bi is
the background counts in interval i. The MDCR is found by MDCR = si$ (60/ i).
The scan MDC is calculated from the MDCR by applying conversion factors that account for detector and
surface characteristics and surveyor efficiency. As noted above, the MDCR accounts for the background level,
performance criteria, d', and observation interval. The observation interval during scanning is the actual time the
detector can respond to the contamination source and depends on scan speed, detector size in the direction of the
scan, and area of elevated activity. Because the actual size of the potentially contaminated area can not be known a
priori, it is recommended postulating a certain area (e.g., 50 to 200 cm2) to select a scan rate that provides a reasonable observation interval. The scan MDC is calculated.

scan MDC =

MDCR
p $ i $ s $

probe area
100 cm 2

where p, εi and εs are the efficiencies for the surveyor, instrument and source, respectively.
Final Status Survey
If scoping, characterization and remedial action surveys have been conducted and areas appropriately decontaminated, the last step is to conduct the final status survey and demonstrate that the decommissioning criteria has been
met in each of the survey units and the area may be released for unrestricted use. Although Federal guidance allows
for areas to be released for restricted use, in this instance the licensee must demonstrate via cost / benefit analysis
that exposures to the maximally exposed individual will be acceptable.
Release is based upon dose. Recall (Table 3-2) that exposure to members of the general public are to be kept
below 100 mrem per year. The EPA noted that it is unrealistic to assume a member of the general public will be
exposed to only one source and therefore limits exposures from each source to a fraction of the 100 mrem. Decommissioning had at one time been relatively simple (cf., Table 14-10); identify the radionuclide by broad hazard class
and demonstrate that residual contamination is below allowable levels. With dose based criteria, even if one has a
thorough history of the site, it is difficult to extrapolate dose from contamination. But modeling has been done and
several guidance documents published which may be used to make this dose determination (Table 14-15). Table 2,
ANSI/HPS N13.12, Surface and Volume Radioactivity Standards for Clearance, contains contamination concentrations for various radionuclides calculated to contribute 1 mrem/yr dose for unrestricted use. NUREG 5521 provides
a similar table for 25 mrem/yr dose. The Final Status Survey then consists of scanning survey, direct
measurements, and sampling.

Radioactive Waste

239

Scanning is the process by which the surveyor uses portable radiation detection instruments to detect the
presence or radionuclides on a specific surface (i.e., ground, wall, floor, equipment). A scanning survey consists of
moving the radiation detectors across a suspect surface with the intent of detecting / locating radionuclide contamination. Investigation levels for scanning
Table 14-15. Surface Contamination Limits for Unrestricted Use
surveys are determined during survey
planning to identify areas of elevated activity
ANSI 13-12
NUREG 5512
and may be based on the DCGLW, the
(1
mrem/yr)
(25 mrem/yr)
DCGLEMC, or some other level. If a scan
2
2
2
Nuclide
Bq/cm
dpm/100
cm
Bq/cm
dpm/100 cm2
survey result exceeds the investigation level
3
290
1,740,000
19000
114,000,000
H
(based upon potential contaminants and
14
detector efficiencies), the location is noted
C
8.8
52,800
567
3,400,000
22
for further action (direct measurement or
Na
0.072
432
1.588
9,530
24
sampling). Scanning is used because areas
16
96,000
Na
32
of elevated activity are usually very small
P
35
210,000
35
and random or systematic direct measureS
74
444,000
1916.670
11,500,000
ments or sampling on a common grid
36
5.5
33,000
74.5
447,000
Cl
spacing might have a low probability of
45
Ca
11
66,000
425
2,550,000
identifying contaminated areas. Scanning
51
Cr
40
240,000
surveys are also relatively quick and
54
0.24
1,440
5.25
31,500
Mn
inexpensive. Thus, scanning surveys are
55
Fe
42
252,000
673.3
4,040,000
usually performed before direct measure59
Fe
0.68
4,080
ments. The scan should be for all detectable
60
0.057
342
1.157
6,940
Co
radionuclides potentially present, however,
63
Ni
28
168,000
271.67
1,630,000
as noted earlier, surrogate measurements
65
Zn
0.34
2,040
7.967
47,800
may be used where appropriate. Document89
9.3
55,800
Sr
ing results is key for interpreting survey
90
Sr
0.12
720
1.297
7,780
results. The most common recording device
99
used for scanning is a rate meter which has a
Tc
12
72,000
195
1,170,000
109
display representing the number of events
1.4
8,400
17.167
103,000
Cd
110m
occurring in some time period (e.g., cpm).
Ag
0.008
48
1.683
10,100
111
Determining the average level on a rate
In
31
186,000
125
meter normally requires judgment by the
1.8
10,800
I
user, especially when a low frequency of
137
Cs
0.15
900
463.333
2,780,000
events results in significant variations in the
144
Ce
0.99
5,940
6.4
38,400
meter reading (e.g., background may fluctu152
0.12
720
2.067
12,400
Eu
ate between 20 - 100 cpm).
154
Eu
0.14
840
1.85
11,100
After scanning, direct field measure198
Au
30
180,000
ments are made at fixed locations with
210
0.0034
20.4
0.08233
494
Pb
portable instruments to provide a quantita210
Po
0.002
12
0.375
2,250
tive measure of radioactivity present at
226
Ra
0.013
78
0.0475
285
location. Direct measurements are taken by
228
0.012
72
0.02983
179.0
Ra
placing the instrument at the appropriate
228
Th
0.0049
29.4
0.0061167
36.7
distance above the surface, taking a discrete
230
Th
0.0042
25.2
0.0048833
29.3
measurement for a predetermined time inter232
val (e.g., 10 sec, 30 sec, 60 sec, etc.), and
0.00083
4.98
0.00089167
5.35
Th
235
recording the reading. A 1-minute
U
0.01
60
0.0144333
86.60
238
integrated count technique is a practical field
U
0.011
66
0.0149833
89.90
238
survey procedure for most equipment and
0.0021
12.6
0.0045333
27.20
Pu
241
provides detection sensitivities that are
Pu
0.11
660
0.210
1,260.00
below most DCGLs. Direct measurements
241
Am
0.0021
12.6
0.0089833
23.90
may be collected at random or collected at
244
Cm
0.0038
22.8
0.0072667
43.60
systematic locations to supplement scanning
surveys for the identification of small areas of elevated activity. All direct measurement locations and results
should be documented on the final survey. If the equipment and methodology used for scanning is capable of
providing data of the same quality required for direct measurement (e.g., detection limit, location of measurements,
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ability to record and document results), then scanning may be used in place of direct measurements. Results should
be documented for at least the number of locations required for the statistical tests.
Sampling is done at fixed locations and analyzed for nuclides not readily detectable with meters. Authoritative
or judgment sampling are samples / measurements made at locations where anomalous radiation levels are observed
or suspected (i.e., biased sampling). When following the Data Quality Objective (DQO) process (NUREG 1505),
probability sampling, either a simple random sampling (Class 3) or systematic sampling on a grid with a random
start (Class 1 or 2) are needed.
Each survey unit must have well defined physical boundaries that describe what measurements or samples
should be taken, in which areas, and when the measurements or samples should be taken and any other time
constraints on the data collection. Thus, it is important to define survey units which are relatively homogeneous in
radiological character.
Within each survey unit, establish a reference coordinate systems to facilitate selection of measurements /
sampling locations and provide a mechanism to reference all measurements. This is done by laying out a coordinate system on a site map. For interior spaces typically a triangular grid (although a square grid may be used) is
superimposed on the coordinate system. The length, L, of a grid side is calculated by L T = A / 0.866 n) or
LS = A/ n . For a triangular grid, the second row of points is located parallel to the first row, but at a Y-axis
distance of 0.866L from the first row. The survey points on the second row are located midway between the points
on the first row. This is then repeated. The actual steps in constructing the grid are:
1. Locate a random starting point by drawing 2 random numbers from a uniform distribution on the interval [0,1].
Table A.6, NUREG 1505, contains 1000 random numbers for this task
2. Compute the spacing, L, of the sampling locations using the number of sampling locations required, n, rounded
down to the nearest meter. The method to find n is shown below under the discussion of optimizing survey
design.
3. Superimpose the triangular grid on the coordinate system and mark the sampling points. When calculating the
width of the rows, round down the distance to insure enough sample points are selected.
4. When completed, count the number of sample points. If the number is greater than the required number, n, use
all points. If the number is less than required, additional points will need to be selected in a manner similar to
that used to select the desired starting point. All sample points are used.

Probability Survey Unit Passes

The goal of the Final Status Survey is to decide whether a survey unit meets release criteria. Therefore, the decision
rule relates the concentration of residual radioactivity in the survey unit to the release criterion so a decision can be
made based on the result of the final status survey. Basically,
the survey unit meets the release criterion if all of the measure100
ments are below the Derived Concentration Guideline Level
(DCGLW) for the mean residual radioactivity. Remember, the
80
DCGLW is the concentration level corresponding to the release
60
criterion when the residual radioactivity is spread throughout
the survey unit rather than in smaller elevated areas. The
40
Lower Boundary of the Gray Region, LBGR (Figure 14-11), is
the concentration level below which further remediation is not
20
reasonably achievable. The null hypothesis is then, "the mean
0
concentration of residual radioactivity above background in the
0
DCGL
survey unit exceeds the DCGLW" and the alternative hypotheses
LBGR
1.5 DCGL
is "the mean concentration of residual radioactivity above
True Concentration in Survey Unit
background in the survey unit does not exceed the DCGLW."
There are alternative scenarios with different null and alternaFigure 14-11 Survey Unit Release Probabilities
tive hypothesis discussed in NUREG 1505.
Besides uniform concentrations, there may be elevated levels which must be considered. The value of the
DCGLEMC is based on a specific size area of elevated residual radioactivity. The area used during the survey
planning to determine the DCGLEMC is based on the distance between the sampling locations on the systematic grid
that was constructed. Because the actual extent of an elevated area cannot be determined from a single measurement, when a measurement exceeds the DCGLEMC, further investigation is required to determine both the size of the
elevated area and its average concentration of residual radioactivity.
Because this process is statistical, there are decision errors and it is necessary to specify limits on these decision
errors. A statistical decision error occurs when the null hypothesis is rejected when it is true (Type I) or when it is
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not rejected when it is false (Type II). The probability of making a Type I decision error is called α. The probability
of making a Type II decision error is called β, and the power of the test, 1-β, is the probability of rejecting the null
hypothesis when it is false.
The problem is, using the statistical tests, the probability that a survey unit passes decreases as the residual radiation concentration increases. At concentrations above background near the DCGLW, the probability should be low
to protect the public. The probability that the survey unit passes should be high when the concentrations are near
background and thus avoid unnecessary remediation costs. Somewhere between the residual radioactivity concentrations of zero and the DCGLW there is a concentration level such that remediation below this level is not considered to be reasonably achievable. This concentration range between this lower level and the DCGLW defines a gray
region of residual radioactivity concentrations in which the consequences of decision errors are relatively minor.
As seen in Figure 14-11, the lower boundary of the gray region, LBGR, is the concentration value at which the
acceptable probability of failing a survey unit when it should pass (β in our scenario, α in a different scenario) is
specified. Since the LBGR is the point below which it is not cost effective to remediate when concentrations are at
the DCGLW, it is desirable to have a small probability of not passing the survey unit.
Once the LBGR and DCGLW are specified, the number of measurements needed to meet the desired values of α
and β from the statistical test can be estimated (Table 14-16). The desired power curve for the statistical test is
selected during the planning process by specifying the desired values for α and β at the lower (LBGR) and upper
(DCGLW) boundary of the gray region. The width of the gray region, Δ, is a parameter that is central to the
nonparametric statistical tests. It is referred to as the shift and the gray region is always bounded from above by the
DCGLW (the release criterion) and the Lower Bound of the Gray Region (LBGR) selected during the planning
phase along with α and β. The absolute size of the shift is of less importance than the relative shift, Δ/σ, where σ is
an estimate of the standard deviation of the measured values in the survey unit. Thus, relative shift, Δ/σ, is an
expression of the resolution of the measurements in units of measurement uncertainty. Relative shifts of less than
one standard deviation (Δ/σ < 1) will be difficult to detect while relative shifts of more than three standard deviations (Δ/σ > 3) are usually easy to detect.
The most time- and resource-effective sampling and analysis plan requires one to optimize the survey design for
obtaining data. Primary factors to be considered in optimizing the design for determining the mean concentration
are the DCGLW and the measurement standard deviation. Additionally, the Area Factor and the scan MDC can have
a large impact on the results. Ultimately, there are relationships between the measurement uncertainty, σ, the width
of the gray region, Δ, the desired decision error limits (α and β) and the number of measurements needed to meet
those limits. Table 14-16 provides the sample sizes for the sign test (the most appropriate statistical test for indoor
survey units [see Section 14.5.b.5]), the number of measurements to be performed in each survey unit when no
reference area is used (i.e., 1-sample test).
Thus, the number of measurements that will be required to achieve given error rates (α and β) depends entirely
upon the value of Δ/σ. For example, if Δ/σ= 1, α = 0.05 and β = 0.1, then from Table 14-16, the number of samples
needed is 23. For fixed values of α and β, small values of Δ/σ result in large numbers of samples, thus it is desirable to have Δ/σ > 1. This can be achieved in one of 2 ways:
9 Increase the width of the gray region by making LBGR small. The problem with this is the survey unit will
have to be lower in radioactivity to have a high probability of meeting the release criterion.
9 Make σ smaller, such as having the survey units relatively homogeneous or by having more precise measurement methods (e.g., nuclide specific rather than gross radioactivity).
Regardless, the design goal is to have Δ/σ between 1 and 3. It is during this optimizing step that alternatives can be
explored on paper before doing the survey. For example, if the DCGLW is 1.0, the LBGR is 0.5, σ = 1, α = 0.05
and β = 0.05, then Δ/σ= 0.5 and Table 14-16 indicates that 89 samples are required. If α = 0.1 and β = 0.1, then
only 54 samples are required.
Besides the survey design for the entire area, the object is also to insure there are no small areas of elevated
residual radioactivity left which might cause the release criterion to be exceeded. In Class 1 areas, measurements
and sampling on a systematic grid, in conjunction with scanning (Table 14-11), are used to assure that any small
areas of elevated radioactivity that might remain within the Class 1 survey unit will not produce a dose in excess of
the release criterion. This entails sampling on a random start systematic (usually triangular) grid. Elevated areas
may then be normalized by an area factor, FA, and the area compared to the DCGLW. The scanning procedure
should have a minimum detectable concentration (MDC) less than the DCGLEMC. Once a scanning technique is
selected, the MDC can be compared to the DCGLEMC. When the scanning method is sensitive enough to detect
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residual concentrations at the DCGLEMC, the combination of sampling and scanning will be sufficient to provide
reasonable assurance that the release criterion is met by any residual radioactivity remaining in the survey unit.
Table 14-16. Number of Samples Required in Survey Unit using the Sign Test
(α,β) or (β,α)
0.01 0.01 0.01 0.01 0.01 0.025 0.025 0.025 0.025
Δ/σ 0.01 0.025 0.05 0.1 0.25 0.025 0.05 0.1 0.25
0.10 4095 3476 2984 2463 1704 2907 2459 1989 1313
0.20 1035 879 754 623 431 735 622 503 333
0.30 468 398 341 282 195 333 281 227 150
0.40 270 230 197 162 113 192 162 131
87
0.50 178 152 130 107
75
126 107
87
58
0.60 129 110
94
77
54
92
77
63
42
0.70 99
83
72
59
41
70
59
48
33
0.80 80
68
58
48
34
57
48
39
26
0.90 66
57
48
40
28
47
40
33
22
1.00 57
48
41
34
24
40
34
28
18
1.10 50
42
36
30
21
35
30
24
17
1.20 45
38
33
27
20
32
27
22
15
1.30 41
35
30
26
17
29
24
21
14
1.40 38
33
28
23
16
27
23
18
12
1.50 35
30
27
22
15
26
22
17
12
1.60 34
29
24
21
15
24
21
17
11
1.70 33
27
24
20
14
23
20
16
11
1.80 32
27
23
20
14
22
20
16
11
1.90 30
26
22
18
14
22
18
15
10
2.00 29
26
22
18
12
21
18
15
10
2.50 28
23
21
17
12
20
17
14
10
3.00 27
23
20
17
12
20
17
14
9

0.05 0.05 0.05 0.1
0.1
0.05 0.1 0.25 0.1 0.25
2048 1620 1018 1244 725
518 410 258 315 184
234 185 117 143
83
136 107
68
82
48
89
71
45
54
33
65
52
33
40
23
50
40
26
30
18
40
32
21
24
15
34
27
17
21
12
29
23
15
18
11
26
21
14
16
10
23
18
12
15
9
21
17
11
14
8
20
16
10
12
8
18
15
10
11
8
17
14
9
11
6
17
14
9
10
6
16
12
9
10
6
16
12
9
10
6
15
12
8
10
6
15
11
8
9
5
14
11
8
9
5

0.25
0.25
345
88
40
23
16
11
9
8
6
5
5
5
4
4
4
4
4
4
4
3
3
3

Analysis of Final Status Survey Results
The last step is to review the results and verify that the results are statistically acceptable. In each survey unit there
are two types of measurements: direct measurements (i.e., samples at discrete locations) and scans. The statistical
tests are only applied to the measurements made at discrete locations. If the data show that a survey unit meets the
release criterion, formal statistical analysis may be unnecessary. If the survey unit fails the release criterion, first
review the data for correctness. Then, determine the cause of the failure and remediate and document.
When reviewing survey results, one must determine if the objectives of the design have been met. First ascertain that the number of usable measurements meet the requirements of the statistical tests. Review the value of the
sample standard deviation. If the standard deviation of the sample counts is too large compared to that assumed
during the design, there may have been too few sample points. Besides a review of the count standard deviation,
one could perform a graphical review using a posting plot and histogram. The posting plot should use color to aid
in identifying patterns. If the survey was conducted such that there was no need to compare the survey unit with a
reference area, then the Sign test is an appropriate statistical test.
The Sign test is used to compare each survey unit directly with the applicable design criterion. Because only the
survey unit measurements are analyzed, it is often called a 1-sample test and is applicable if the radionuclidespecific measurements are made to determine the concentration and the background concentration of the radionuclide is negligible. Thus the residual radioactivity concentrations in the survey unit are compared directly to the
DCGLW value. The Sign test is designed to detect uniform failure of remedial action throughout the survey unit.
There is also a Sign test for elevated measurement comparison (EMC) of the DCGLEMC.
The first step is to collect the entire data at each measurement / sampling point. Do a statistical summary for the
data: mean, standard error, median, standard deviation, sample variance, range, minimum, maximum, count. Then
apply the sign test considering the Null and Alternative Hypothesis:
H0 The median concentration of residual radioactivity in the survey unit is greater than the DCGLW
Ha The median concentration of residual radioactivity in the survey unit is less than the LBGR
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Note that the median is equal to the mean when the measurement distribution is symmetric and is an approximation
otherwise. If the data is skewed, there may be an area of elevated concentration.
The null hypothesis states that the probability of a measurement less than the DCGLW is less than ½ (i.e., the 50th
percentile or median is greater than the DCGLW). The median is the concentration that would be exceeded by 50%
of the measurements. Then the steps involved are:
1. List the survey unit measurements, Xi. If a measurement is listed as “less than” a given value, insert what that
value is for the measurement (e.g., if < 250 dpm/100 cm2, insert 250 for the value).
2. Subtract each measurement, Xi, from the DCGLW to obtain the differences, Di.
3. If any difference is exactly zero, discard it from the analysis, and reduce the sample size, N, by the number of
such zero measurements.
4. Count the number of positive differences. The result is the test statistic, S+. A positive difference corresponds
to a measurement below the DCGLW and contributes evidence that the survey unit meets the release criterion.
5. Large values of S+ indicate that the null hypothesis is false. The value of S+ is compared to the table of critical
values (Table 14-17). If S + is greater than the critical value, k, in Table14-17, the null hypothesis is rejected and
the alternative hypothesis, Ha, The median concentration of residual radioactivity in the survey unit is less than
the LBGR, is accepted.
An Elevated Measurement Comparison (EMC) is performed by comparing each measurement from the survey unit
to the DCGLEMC. A net survey unit measurement that equals or exceeds the DCGLEMC is an indication that a survey
unit may contain residual radioactivity in excess of the release criterion. Some scanning instrumentation is capable
of providing quantitative results. However, if qualitative instruments are used, action levels should be established
for the scanning procedure so that areas with concentrations that may exceed the DCGLEMC are marked for a quantitative measurement.
The statistical tests may not fail a survey unit when there are only a very few high measurements. The EMC is
used so that unusually large measurements will receive proper attention regardless of the outcome of the tests. It is
use to flag potential failures in the remediation process and CANNOT be used to determine whether or not a site
meets the release criterion until further investigation is done.
The derived concentration guideline level for the EMC is DCGLEMC = (Fgrid)(DCGLW), where Fgrid is the area
factor for the area of the systematic grid used. Note that DCGLEMC is an a priori limit, established both by the
DCGLW and the survey design. Upon investigating a point, the a posteriori limit, DCGLEA = (Factual)(DCGLW) can
be established using the value of the area factor, F, appropriate for the actual measured area of elevated
concentration.
If elevated activity, in addition to residual radioactivity is found, a unity rule can be used to ensure the total dose
( average concentration in elevated area −  )
is within the release criterion:

DCGL W

+

( area factor for elevated area ) (DCGL W )

< 1

Measurements exceeding DCGLW in Class 2 or 3 areas may indicate survey unit misclassification
14.6 Review Questions - Fill in or select the correct response
as
1. The Federal Radiation Council established the term
"that radiation dose which should not be exceeded without careful consideration of the reason for doing so."
2. The critical group is the group of people who receive the highest dose from an exposure path. true / false
.
3. The critical group for the uptake of radioiodine is
4. Generally licensed items are exempt from the requirements of Parts 19, 20, and 20. true / false
5. Charcoal filter systems are an effective mechanism to reduce air emissions. true / false
seconds.
6. To adsorb methyl iodide, the minimum acceptable residence time is
.
7. The effective stack height consists of the physical stack height and the
8. The downwind concentration in a plume is directly proportional to the source strength. true / false
9. You can decommission a facility by painting surfaces that have residual radioactive contamination. true / false
10. Decommissioning plans must normally be submitted if a licensee requests to possess radioactive material which
days.
has a half-life greater than
area.
11. An impacted area where a radioactive material spill is known to have occurred is a Class
.
12. A Type I error is popularly called a false
13. The final status survey provides data to demonstrate that all radiological parameters satisfy the release criterion.
true / false
percent scanning survey.
14. A class 1 area receives a
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15. Using Table 14-14, if the false positive proportion is 0.6 and the true positive proportion is 0.95, then the value
.
of the index of sensitivity, d', would be
16. If a laboratory is uniformly contaminated with 35S, the concentration which would give a dose of 1 mrem/yr to
dpm/100 cm2.
the maximally exposed individual is
17. The Lower Bound of the Gray Region (LBGR) represents more / less radioactivity than the Derived
Concentration Guideline Level (DCGL).
18. Using Table 14-16, if the Relative Shift, Δ/σ = 2.5, the false positive rate, α = 0.025 and the false negative rate,
.
β = 0.05, then the number of samples required in the survey unit using the Sign Test would be
19. Direct measurements are taken by placing a survey instrument at the appropriate distance above the surface and
taking a discrete measurement for a predetermined time. true / false
14.7 References
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1986
Federal Radiation Council, Reports No. 1 and 2, Background Material for the Development of Radiation Protection
Standards, May, 1960 and September, 1961
National Council on Radiation Protection & Measurements, Commentary #3, Screening Techniques for Determining Compliance with Environmental Standards: Releases of Radionuclides to the Atmosphere, Washington, D.C.,
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Table 14-17 Critical Values for the Sign Test Statistic S+

α
0.
0.
0.
0.
0.
0.
0.
0.
0
0
0
0
0.
0.
0. 0. 0.
0.
0.
0
0
0
0
0
2
0
2
N
N
1
2
3
4
5
1
2
1
5
1
5
5
5
5
5
4
4
4
4
4
3
3
3
2
2
28 21 20 19 18 17 16
5
5
5
5
4
4
3
3
3
2
29 21 21 20 19 18 17
6
6
6
5
5
5
4
4
3
3
30 22 21 20 19 19 17
7
7
6
6
6
5
5
4
4
3
31 23 22 21 20 19 18
8
7
7
7
6
6
5
5
4
4
32 23 23 22 21 20 18
9
8
8
7
7
6
6
5
5
4
33 24 23 22 21 20 19
10
9
9
8
8
7
6
6
5
5
34 24 24 23 22 21 19
11 10
9
9
8
8
7
6
6
5
35 25 24 23 22 21 20
12 10 10
9
9
8
7
7
6
6
36 26 25 24 23 22 21
13 11 11 10
9
9
8
7
7
6
37 26 26 24 23 22 21
14 12 11 11 10
9
9
8
7
7
38 27 26 25 24 23 22
15 12 12 11 11 10
9
9
8
7
39 27 27 26 25 23 22
16 13 13 12 11 11 10
9
9
8
40 28 27 26 25 24 23
17 14 13 12 12 11 10 10 9
8
41 29 28 27 26 25 23
18 14 14 13 12 12 11 10 10 9
42 29 28 27 26 25 24
19 15 14 14 13 12 11 11 10 9
43 30 29 28 27 26 24
20 16 15 14 14 13 12 11 11 10 44 30 30 28 27 26 25
21 16 16 15 14 13 12 12 11 10 45 31 30 29 28 27 25
22 17 16 16 15 14 13 12 12 11 46 32 31 30 29 27 26
23 18 17 16 15 15 14 13 12 11 47 32 31 30 29 28 26
24 18 18 17 16 15 14 13 13 12 48 33 32 31 30 28 27
25 19 18 17 17 16 15 14 13 12 49 33 33 31 30 29 27
26 19 19 18 17 16 15 14 14 13 50 34 33 32 31 30 28
27 20 19 19 18 17 16 15 14 13
For N larger than 50, the critical value, CV, may be obtained from CV = 0.5[N + Z N ]
Where Ζ is the (1 - α) percentile of a standard normal distribution which can be found below.
α

Ζ

0.005
2.575
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2.326
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15 Laser Safety
Laser, is an acronym for Light Amplification by
Laser Region Ionizing Radiation
Non-ionizing Radiation
Stimulated Emission of Radiation. Laser light is a
cosmic
x-rays
radiofrequency
ultra
infrared
form of electromagnetic radiation, but this radiation
microwaves
-rays radiation
radiation
violet
radiation
is usually not ionizing radiation (Figure 15-1).
1m
10 km
10 nm
1 pm
1 mm
Because lasers are used in a great variety of
applications throughout campus and laser light may
cause injury if improperly used, this radiation
red
yellow
blue
safety manual provides a basic discussion of laser
orange
green
violet
780 nm 600 nm 500 nm 400 nm
safety.
In medicine, physicians use the heating action
Figure 15-1. Electromagnetic Spectrum
of laser beams in microsurgery procedures to
remove body tissue (e.g., OB/GYN, surgery, dermatology, etc.). The beam burns away the unhealthy tissue with
little damage to the surrounding area. Additionally, lasers seal off blood vessels severed during the surgery, thus
reducing the amount of bleeding. Ophthalmologists use lasers in both photodisruption and photocoagulation
procedures to affix damaged retinas back to the eye's support system. Lasers are also used by laboratories in such
applications as flow cytometry and cell separation. Industrial and engineering applications include the use of lasers
to cut, drill, weld, guide and measure with high accuracy. In cutting applications, the laser light is focused to a
point of 0.0025 mm, producing extreme heat (10,000 oF) that can cut through and melt extremely hard materials.
Lasers are also used for alignment, leveling and surveying in construction and medical applications. In
communications a laser can transmit voice messages as well as radio and TV signals via fiber optics. The benefit is
a dramatically increased capacity as well as reduced interference.
Most of the lasers which are potentially hazardous are found in either single-use type dedicated rooms or in
enclosed cabinets. There are no control on purchasing lasers so laboratory-type lasers can be purchased by anyone.
Preventing accidental overexposures in this setting requires a system of administrative controls based on identifying
the hazard and alerting the public and engineering controls to prevent access to the energized laser beam.
15.1 Characteristics and Components
Laser light has several features that are significantly different from an incandescent white light source. These
characteristics include:
9 Lasers produce a very narrow, intense beam of light. Light from a light bulb spreads out as it travels, so much
less light hits a given area as the distance from the light source increases (i.e., the inverse square law). Laser
light travels as a parallel beam spreading very little, so the inverse square law does not apply.
9 Laser light is monochromatic (i.e., one color) and coherent (i.e., in phase). White light is a jumble of colored
light waves, each color is a different wavelength (or frequency). If all the wavelengths or colors except one
were filtered out, the remaining light would be monochromatic. White light is propagated in all directions and is
a jumble of phases because of reflection and scattering. If light waves are all parallel to one another, they are
said to be coherent (i.e., the waves travel in a definite phase relationship with one another). In the case of laser
light, the wave crests and the troughs coincide and the beam is coherent in both time and space, thus these waves
reinforce one another.
9 Laser beams can be continuous (CW - continuous wave) or pulsed. Pulsed lasers are switched on and off rapidly
and may appear to be continuously emitting a beam of light.
9 Not all lasers emit visible light. Some lasers produce infrared (IR) or ultraviolet (UV) light. Although this light
cannot be seen, it is still capable of producing injuries.
Regardless of the application and the characteristics of a particular laser, most laser systems have three basic
components (Figure 15-2) in common:
 Pumping system or energy source, can be a flash lamp, microwaves, chemical reaction, another laser, etc.
 Lasing medium may be a gas, liquid, solid, semiconductor, electron beam, etc.
 Resonant cavity which amplifies the energy of the light to a higher intensity.
Lenses, mirrors, shutters, absorbers, and other accessories may be added to the system to obtain more power, shorter
pulses, or special beam shapes but only these three basic components are necessary for laser action.
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Lasers use a process called stimulated emission to amplify light waves. Many substances can give off light by
spontaneous emission. Consider what occurs when one of the electrons of an atom absorbs energy. While it
possesses this energy, the atom is in an "excited" state. If the orbital electron gives off this excitation energy (in the
form of electromagnetic radiation such as light) with no outside impetus, "spontaneous emission" has occurred. If a
wave emitted by one excited atom strikes another excited atom, it may stimulate the second atom to emit energy in
the form of a second wave that travels parallel to and in step (or phase) with the first wave. This stimulated
emission results in the amplification of the first wave. If the two waves strike other excited atoms, a large coherent
beam can be built up. But if these waves strike unexcited atoms, the energy is absorbed and the amplification is
lost. In the normal state of matter on earth, the great majority
Flash lamp
Partially silvered end
Ruby
of atoms are not excited. As more than the usual number of
atoms become excited, the probability increases that stimulated
emission, rather than absorption will take place.
Laser
output

15.1.a Ruby Lasers
Power
To understand laser light production, consider the ruby laser
(Figure 15-2 and 15-3). Ruby is composed of aluminum oxide
with chromium impurities. The chromium atoms absorb blue
Cooling
light and become excited. They then drop first to a metastable
level and finally to the ground (unexcited) state, giving off red
Figure 15-2. Ruby Laser
light.
To "excite" atoms, lasers employ a pumping system. The
ruby laser is made by placing a ruby rod within a spiral- shaped xenon flash lamp which provides the energy to
Ruby
excite the chromium electrons (other types of pumping systems
Atoms in
Pumping light
crystal
include: optical, electron collision, and chemical reaction). Light
ground state
from the flash lamp enters the ruby and excites most of the
chromium atoms, many of these excited atoms quickly fall to the
metastable level. Some atoms then emit red light and return to the
Partial
Full
ground state. The red light waves can then strike other excited
reflecting
reflecting
chromium atoms, stimulating them to emit more red light.
mirror
mirror
Excited atom
emits
A resonant optical cavity is formed by placing mirrors, one of
photon parallel to axis
which is 100% reflecting and the other only 50% reflecting, at
each end of the lasing material (i.e., ruby rod). Lasers are constructed so the beam normally passes through the lasing material
many times, exciting atoms and amplifying the number of emitted
photons at each passage. When the photons arrive at the partially
Laser emission
reflecting mirror, a portion is reflected back into the cavity and the
rest emerges as the laser beam.
When most of the chromium atoms are back in the ground
Figure 15-3. Laser Light Production
state, they absorb light, and the lasing action stops. The duration
of the flash of red light from a ruby laser is very short, lasting only about 300 microseconds ( i.e., 0.0003 seconds),
but it can be very intense (i.e., some early lasers produced flashes of 10,000 watts). In continuous-wave lasers, such
as the helium-neon laser, electrons emit light by jumping to a lower excited state, forming a new atomic population
that does not absorb laser light, rather than to the ground state.
15.1.b Helium-Neon Lasers
One of the most common lasers found on campus is the helium-neon (HeNe) laser. Let us review this system,
comparing and contrasting the way that it functions with the more simple ruby laser we just described. At the heart
of the HeNe laser system is an optical cavity comprised of a tube which is sealed with mirrors at each end. One
mirror is 100% reflective while the other is greater than 95% reflective. A gas discharge in the tube is created by a
brief 6 to 15 kV trigger and maintained with 2 to 6 kV DC, at 4 to 10 milliamps, applied across the electrodes.
Electrons strike helium atoms and excite some of them to metastable states from which their subsequent decay is
restricted to processes which don't produce radiation. Neon possesses several energy levels which lie just below
helium's decay-restricted states. An excited helium atom which passes very near a neon atom may transfer its

Laser Safety

247

energy, through a form of resonant coupling, to the neon. This process allows the helium to decay to the ground
state where it may, once again, be excited by the electric field. Meanwhile, the excited neon atoms may loose their
energy in several steps; one such step is the spontaneous emission of visible light at 632.8 nm (orange).
Laser activity becomes possible when a population inversion exists (i.e. when the number of neon atoms capable
of 632.8 nm emission exceeds the number of atoms which currently do not have that ability). The metastable
helium atoms produce neon's population inversion. Some of the 632.8 nm radiation will induce other excited neon
atoms to emit light, a process called stimulated emission, and that light is coherent with the stimulating light.
Energy losses may occur as a result of diffraction and scattering (Figure 15-3).
The mirrors create a long optical path length which is needed for sufficient amplification, by stimulated
emission of radiation, to occur. If this amplification exceeds energy losses then energy density at the desired
frequency will rise exponentially and the laser quickly enters into oscillation. In this condition the population
inversion decreases and so does amplification. When amplification balances energy losses then a stable operating
environment is achieved.
15.1.c X-ray Lasers
In the mid 1980s a new method of generating x-rays was developed; the x-ray laser. These lasers focus the light
produced by a conventional laser onto a thin metal wire, intensely heating it to produce a hot plasma, or ionized gas.
The atoms of this gas are highly excited and emit x-ray photons, or packets of (nonvisible) light. These photons, in
turn, strike other excited atoms, stimulating them to emit more x-rays. This cascading effect produces an intense
beam of x-rays.
15.2 Terms and Definitions
Although a form of electromagnetic radiation, because of its characteristics, lasers present us with a new set of
terms and definitions. Some of these pertain to laser systems and some pertain to the eye, the organ of primary
concern for laser injury. Each is important for understanding the hazard that a particular laser system may pose.
15.2.a Radiation Characteristics
The pulse duration is the duration (i.e., ms, µs, or ns) of a pulsed laser flash, usually measured as the time interval
between the half-peak-power points on the leading and trailing edges of the pulse. If the energy is delivered over a
shorter period of time, say nanoseconds, instead of milliseconds, the potential for tissue damage is greater because
the tissue doesn't have sufficient time to dissipate the deposited energy.
The pulse repetition rate describes how often during a time period (i.e., Hz, kHz) the laser is allowed to emit
light. If the pulse repetition rate is low, tissue may be able to recover from some of the absorbed energy effects. If
the repetition rate is high, there are additive effects from several pulses (rather than from a single pulse) over a
period of time.
The wavelength, λ, is the distance between two peaks of a periodic wave. It is the inverse of the frequency, ν,
the number of waves per second, and is related to the energy (i.e., the shorter the wavelength, the greater the energy;
E = hν = hc/λ). Table 15-1 lists the various optical band designations along with some of the common laser
systems. Tissue penetration of electromagnetic energy depends upon wavelength. Some wavelengths in the
infrared region penetrate deeper into the tissue than certain wavelengths in the UV region. Theoretically, every
wavelength has its own penetration characteristics. Other considerations pertaining to penetration include
percentage of water in an organ, the reflectivity or focusing characteristics at the surface of the tissue, etc.
Lasers are characterized by their output. The output of a CW laser is expressed in watts, W, of power and the
output of a pulsed laser is expressed as energy in joules, J, per pulse. For pulsed systems, multiplying the output by
the number of pulses per second (repetition frequency) yields the average power in watts (W = J/s). Pulsed laser
peak power depends upon the pulse duration; the shorter the duration, the higher the peak power. Peak powers for
very short duration pulsed lasers can be in the terawatt (TW) range. Pulsed laser output is characterized by the
radiant exposure or energy density which is the magnitude of the energy flux and describes the quantity of energy
across the face of the beam that is arriving at a tissue surface at any one point in time, expressed in joules/cm2. The
greater the energy, the greater the potential for damage. CW laser beams are characterized by the irradiance or
power density, the rate of energy flow per unit area in the direction of wave propagation, typically measured in units
of mW/cm2 or W/m2. This is a factor of both the output and beam diameter (usually expressed in mm).
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Table 15-1. Optical Spectral-Band Designation
Spectral-Band

Wavelength

Vacuum-Ultraviolet

10 - 200 nm

Designation

Laser

Wavelength (nm)

Near-Ultraviolet

100 - 280 nm

UV-C

Argon-Fluoride
Neodymium:YAG (quadrupled)

193
266

280 - 315 nm

UV-B

Xenon-Chloride

308

315 - 400 nm

UV-A

Helium-Cadmium
Ruby (doubled)
Krypton
Argon

325
347.1
350.7, 356.4
351.1, 363.8

Helium-Cadmium
Argon
Helium-Selenium
Neodymium:YAG (doubled)
Helium-Neon
Krypton
Ruby
Rhodamine 6G (dye laser)

441.6
457.9, 467.5, etc.
460.4 - 1260
532
632.8
647.1, 530.9, etc.
694.3
450 - 650

Gallium-Arsenide
Neodymium:YAG
Helium-Neon

905
1064
1080, 1152

Visible

400 - 700 nm

Near-Infrared

700 - 1400 nm

IR-A

1400 - 3 µm

IR-B

Erbium:Glass

1540

3 µm - 1 mm

IR-C

Carbon Monoxide
Helium-Neon
Hydrogen-Fluoride
Carbon Dioxide
Water Vapor

3390
4000 - 6000
5000 - 5500
10,600
118,000

Far-Infrared

15.2.b Components of the Eye
From the laser effects viewpoint, the eye (Figure 15-4) is
composed of several subsystems: light transmission and
focusing, light absorption and transduction, and
maintenance and support systems.
Transmission and Focusing System
The cornea is the transparent membrane which forms part
of the front of the eye and separates it from the air. It
covers the colored portion (iris) and the pupil of the eye.
The cornea is continuous with the sclera (white of the
eye). The greatest amount of refraction of the laser beam
takes place in the cornea. The cornea transmits most laser
wavelengths except ultraviolet and far-infrared irradiation
Figure 15-4. Eye Components
which, at high energies, may burn it.
The sclera or the "white of the eye" is the white membrane which forms the outer envelope of the eye, except its
anterior (front) sixth which is occupied by the cornea. The iris and pupil make up the colored diaphragm with an
aperture (pupil) in its center. The iris is composed in large part of muscular tissue which controls the amount of
light entering the eye by widening (dilating) the pupil at twilight, night, and dawn and narrowing (constricting) the
pupil during daylight. Therefore, eye-hazard lasers are much more dangerous under low light conditions; more
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wavelengths enter the eye through the wide pupil hitting the retina. The lens is a transparent structure located
immediately behind the iris and pupil which focuses light on the retina. It thus forms one of the refractive media of
the eye. Visible and near-infrared light pass through the lens, but near-ultraviolet light is absorbed by it. The
aqueous humor is the water-like liquid between the cornea and the iris.
The vitreous humor, the jelly-like substance filling the eye between the lens and the retina, is transparent to both
visible and near-infrared radiation. The vitreous humor also serves as a structural support for the retina.
Absorption and Transduction System
The retina lines the inside of the eyeball and consists primarily of photoreceptors and nerve cells. The nerve cell
layer lies on top of the photoreceptor cells but is transparent, so light entering through the pupil actually passes
through the nerve cell layer before reaching the photoreceptor cells. Beneath the nerve cells is the pigmented
epithelium of the eye, it is a layer of cells in which pigment able to absorb scattered light and stop light reflection is
formed. Light is focused by the cornea, lens, and various fluids of the eye onto the layer of rods and cones of the
retina. These photoreceptor cells convert the energy of absorbed light into nerve impulses. These impulses are
received by the nerve cells which transmit them along nerve fibers from layer to layer through the retina to a nerve
complex, the optic nerve, that leads to the brain through the back of the eye. The retina is particularly sensitive to
laser irradiation since the laser beam is well focused on it. This is true for visible and near-infrared laser beams.
For example, all the light entering a 5 mm pupil is converted to an image 0.050 mm or smaller in diameter on the
retina, multiplying the energy density 10,000-times or more. If the beam enters the eye through binoculars or other
magnifying optics, it is more dangerous since the energy concentration may increase up to a million times. The
retina is composed of the macula, fovea, and retinal periphery.
The macula lutea or macula, is the area in the retina that is in direct line with the visual axis. The eyes are fixed
in such a manner that the image of any object looked at is always focused on the macula. In the macular region, the
inner layers of the retina are pushed apart, forming a small central pit, the fovea centralis, or fovea.
The fovea is the central 1.5 mm area at the back of the eye. The fovea is the only part of the eye in which
precise vision takes place enabling location of small and distant targets and detection of colors. If an object is
looked at directly, imaging takes place at the fovea inside of the macula. If the object happens to be a laser beam
strong enough to cause tissue damage, sharp vision is lost and the person may be blinded; barely able to see the top
letters on the eye chart and unable to see colors. The fovea and fine visual function can also be affected by retinal
injuries occurring at some distance from the fovea. Many injuries, especially those caused by lasers, are surrounded
by a zone of inflammation and swelling which, when it extends into the region of the fovea, can reduce foveal
function. The actual degree of visual impairment will depend upon the location and extent of both injury and the
inflammatory response. Generally, the closer the injury is to the fovea, the greater the chance of severe dysfunction.
The retinal periphery (i.e., all of the retinal area surrounding the fovea) is involved in a variety of functions. ,
Night vision is one of the primary functions of the retinal periphery because it has a high concentration of
photoreceptor cells which operate during dim or dark conditions. During bright conditions the peripheral retina
detects motion (peripheral vision). Unlike the fovea, however, the peripheral retina is unable to detect small or
distant objects or to distinguish between fine shades of color. A laser injury restricted to this portion of the retina
will have a minimal effect on normal visual function. Workers with isolated laser injuries in the retinal periphery
may report having been dazzled at the time of exposure and may detect a dark spot (scotoma) in their peripheral
vision; they should be able to perform all fine visual tasks normally. After a time, a worker will adapt to the
presence of small- to medium-sized scotomas. Even though the retina may be permanently damaged, the worker
will eventually become unaware of it. Laser injuries which involve large portions of the peripheral retina may cause
large defects in the individual's peripheral vision. These will always be a noticeable impairment and the worker will
always be aware of these.
Maintenance and Support Systems
The eye's maintenance system consists primarily of the choroid, a rich network of blood vessels on or behind the
retina. If this network is injured by a laser beam, it bleeds and may lead to partial or complete, temporary or
permanent blindness. The eyelids are the most relevant parts of the support system; they may be able to limit a laser
exposure to 0.25 seconds, the duration of the blink reflex. The eyelids themselves may be burned by high energy
infrared laser irradiation together with surrounding skin and the cornea.
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15.3 Laser Hazard Classification
ANSI Standard Z136.1-1993, Safe Use of Lasers, provides comprehensive information for evaluating potential
hazards from a laser system. Three aspects of a laser's use will influence the total hazard evaluation and the
application of control measures. These include:
9 The laser device's capability of injuring workers is measured in terms of the Maximum Permissible Exposure or
MPE which is measured by the radiant exposure, H (J/cm2) or the irradiance (power density), E (W/cm2) for
point sources and the J/cm2/sr or W/cm2/sr (sr - steradin is a measure of solid angle, there are 4π steradins about
a point in space) for extended sources (in 1993, ANSI removed use of extended source MPEs).
9 The physical environment in which the laser is used (e.g., enclosed laser system versus open lab bench). Laser
beam exposure conditions are usually broken down into three areas.
 In intrabeam viewing the target organ is directly exposed to a primary laser beam. This is the traditional
worst case exposure condition and suggests the first rule of laser safety: Never look directly into any laser
beam for any reason.
 In a specular reflection, the target organ is exposed to a mirror-like reflection of a primary laser beam from
a smooth surface. In this type of reflection, the power being delivered to the target organ can approach that
of an intrabeam exposure. Consequently, exposure to specular reflections is usually as hazardous as
intrabeam exposure.
 With diffuse reflections, the target organ is exposed to a laser beam being reflected from an uneven surface
(i.e., surface has irregularities larger than the wavelength of the laser beam). As the beam is spread by the
uneven surface, it rapidly increases in diameter and decreases the beam irradiance, reducing or eliminating
the hazard for all but class 4 lasers.
9 The persons / populations who may be exposed (e.g., general public versus laser worker).
A practical means for both
Table 15-2. Laser Classification
evaluation and control of laser
radiation hazards is to first classify
Class
Type Hazard
Parameter1
Training
laser devices according to their
Not
required
I
No Hazard
P/A < 8 hr MPE
relative hazards and then to specify
Recommended
II
Visible Laser
P/A < ¼ sec MPE
approximate controls for each
classification. The benefit from
IIIa
Eye Hazard
P/A [ 5 x Class 1 MPE Recommended
using a hazard classification system
P/A [ 5 x Class 2 MPE
is that it usually precludes the need
Required
[ 0.5 W for t > ¼ sec
IIIb
Eye / Skin Hazard
for laser measurements and reduces
2
[
10
J/cm
for
t
<
¼
sec
the need for calculations.
Required
IV Diffuse Reflection Eye m 0.5 W for t > ¼ sec
Classification of lasers is usually the
2
m
10
J/cm
for
t
<
¼
sec
Hazard,
Fire
Hazard
manufacturer's responsibility, but
becomes the user's responsibility if
1
P/A = Laser Power / Pupil Area
any modifications are made. The
laser hazard classification system (Table 15-2) has four classes. While the hazard depends upon a laser's output
parameters and potential to cause injury, the classification system is based upon the amount of radiation accessible
during normal use, not during service or maintenance. Each laser system class has associated safeguards which
must be implemented to protect the worker from injury.
15.3.a Class I - exempt laser, no hazard
Class I lasers are termed "No-Risk" or "Exempt" lasers because they are not capable of emitting hazardous laser
radiation levels under any operating or viewing conditions. Continuous output power levels are < 0.39 μW. The
exemption from hazard controls strictly applies to emitted laser radiation hazards and not to other potential hazards.
Most lasers by themselves do not fall into the Class I category but when the laser is incorporated or imbedded into a
consumer or office machine equipment (e.g., laser printer and CD player may have class IIIb or IV lasers) the
resulting system may be Class I. If a Class I system contains a more dangerous laser (Class IIIb or IV), the access
panel to the embedded laser must contain a warning to alert the user of the potentially hazardous laser radiation
which will be encountered if the panel is removed. Preferably, interlocks should be provided on any removable part
or panel which allows access to the enclosed laser.
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15.3.b Class II - low power, low-risk
Class II lasers, often termed "Low-Power" or "Low-Risk" laser systems, are visible lasers operating at power levels
< 1 mW and are only hazardous if the viewer overcomes his or her blink reflex response to bright light and
continuously stares into the source. The possibility of such an event is remote since it could just as readily occur as
blinding oneself by forcing oneself to stare at the sun for more than 10 to 20 seconds. Because this hazard, although
rare, is as real as eclipse blindness, Class II lasers must have a CAUTION label affixed to indicate that an
individual should not purposefully stare into the laser. Precautions are required to prevent continuous staring into
the direct beam. Momentary (< 0.25 sec) exposure occurring in an unintentional viewing situation is not considered
hazardous. Examples of Class II lasers are code readers in food stores, laser tag guns, pointers and positioning
lasers in medical applications. This class is further refined depending whether a laser is continuous (CW) or pulsed:
 Visible (400 nm to 700 nm), CW laser devices that can emit a power exceeding the limit for Class I for the
maximum possible duration inherent to the design of the laser or laser system, but not exceeding 1 mW.
 Visible (400 nm to 700 nm), repetitively pulsed laser devices that can emit a power exceeding the appropriate
limit for Class I for the maximum possible duration inherent to the design of the laser device but not exceeding
the limit for a 0.25 second exposure.
Additionally, there is a Class IIa defined as a visible (400 nm to 700 nm) laser or laser system used exclusively in
bar code scanning systems where the laser is not intended to be viewed and does not exceed the exposure limit for
1000 seconds of viewing time. These lasers are exempt from any control measures.
15.3.c Class III - moderate power, moderate-risk
Class III, "Moderate Risk" or "Medium-Power" laser systems are those which are potentially hazardous for
intrabeam viewing and even the specular reflection (i.e., mirror-like image) can cause injury within the natural aversion response time, i.e., faster than the blink reflex (0.25 sec). They are not capable of causing serious skin injury
or hazardous diffuse reflections under normal use but they must have DANGER labels and safety precautions are
required to prevent intrabeam viewing and to control specular reflections. Class III lasers are divided into two
subclasses, Class IIIa and IIIb. Class IIIa is a visible laser or laser system with an output between 1 mW and 5 mW
which is normally not hazardous for momentary viewing but which may cause eye injury if viewed with magnifying
optics from within the beam. Class IIIb is a laser or laser system with an output between 5 mW and 500 mW.
Class IIIb is further broken into four different frequency and energy regions:
 Infrared (1.4 µm to 1000 µm) and ultraviolet (200 nm to 400 nm) laser devices (Table 15-1). Emit a radiant
power in excess of the Class I limit for the maximum possible duration inherent to the design of the laser device.
Cannot emit an average radiant power of 0.5 W or greater for viewing times greater than 0.25 seconds, or a
radiant exposure of 10 J/cm2 within an exposure time of 0.25 seconds or less.
 Visible (400 nm to 700 nm) CW or repetitive pulsed laser devices. Produce a radiant power in excess of the
Class I assessable exposure limit for a 0.25 second exposure (1 mW for a CW laser). Cannot emit an average
radiant power of 0.5 W or greater for viewing time limits greater than 0.25 seconds.
 Visible and near-infrared (400 nm to 1400 nm) pulsed laser devices. Emit a radiant energy in excess of the
Class I limit but cannot emit a radiant exposure that exceeds that required to produce a hazardous diffuse
reflection.
 Near-infrared (700 nm to 1400 nm) CW laser devices or repetitively pulsed laser devices. Emit power in excess
of the exposure limit for Class I for the maximum duration inherent in the design of the laser device. Cannot
emit an average power of 0.5 W or greater for periods in excess of 0.25 seconds.
15.3.d Class IV - high power, high-risk
Class IV, "High-Power" laser systems have average outputs of > 500 mW for CW or > 10 J/cm2 for a 0.25 second
pulsed laser pose a "high-risk" of injury and can cause combustion in flammable materials. This class includes
pulsed visible and near IR lasers capable of producing hazardous diffuse reflections, fire, and skin hazards. Also,
systems whose diffuse reflections may be eye hazards and direct exposure may cause serious skin burns. Class IV
lasers usually require the most restrictive warning label and even more restrictive control measures (i.e. safety goggles, interlocks, warning signs, etc.). The Class IV systems are broken into two frequency (i.e., wavelength) based
subclasses:
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 Ultraviolet (200 nm to 400 nm) and infrared (1.4 µm to 1000 µm) laser devices (Table 15-1) that emit an
average power of 0.5 W or greater for periods greater than 0.25 seconds, or a radiant exposure of 10 J/cm 2
within an exposure duration of 0.25 seconds or less.
 Visible (400 nm to 700 nm) and near-infrared (700 nm to 1400 nm) laser devices that emit an average power of
0.5 W or greater for periods greater than 0.25 seconds, or a radiant exposure in excess of that required to
produce a hazardous diffuse reflection.
15.4 Laser Effects
Table 15-3 summarizes laser biological effects. The
primary laser danger is to the eye. This is the most
common type of laser injury and these injuries may be
Near Ultraviolet
Microwave and Gamma Rays
permanent. The location and type of injury will
depend on the type of laser (visible, infrared,
ultraviolet) and the amount of energy (both total and
deposition rate, J/sec) deposited in or on the eye.
Figure 15-5 shows the interaction of various
electromagnetic radiation frequencies/energies with
Far Ultraviolet and Far Infrared
Visible and Near Infrared
the eye.
High energy x- and gamma rays pass completely
Figure 15-5. Electromagnetic Radiation and the Eye
through the eye with relatively little absorption.
Absorption of short-ultraviolet (UV-B and UV-C) and far-infrared (IR-B and IR-C) radiation occurs principally at
the cornea. Near ultraviolet (UV-A) radiation is primarily absorbed in the lens. Light is refracted at the cornea and
lens and absorbed at the retina; near infrared (IR-A) radiation is also refracted and absorbed in the ocular media and
at the retina.
As can be seen in Figure 15-6, the eye transmits more than merely
visible light (400 - 700 nm), certain infrared frequencies (e.g., IR-A)
are also transmitted and may cause retinal injury. For a person to
receive an eye injury: (1) they must be looking with unprotected eye
or optical sight, (2) the laser must be oriented so it passes through the
sight or into the eye, and (3) central vision is affected only if the person is looking directly at or near the laser source. Even though it is
possible to be injured by light entering through the "corner of the eye,"
it is unlikely that a single pulse will result in injury; however, if
thousands of pulses are directed into an area, one or more persons
Figure 15-6. Eye Transmission
might be injured.
Table 15-3. Summary of Potential Biological Laser Effects
Band
UV-C
UV-B

Wavelength (nm)
200 - 280
280 - 315

UV-A

315 - 400

Visible

400 - 780

IR-A

780 - 1400

IR-B

1400 - 3000

IR-C

3000 - 10

6

Eye
Photokeratitis
Photokeratitis
Photochemical cataract
Photochemical and
thermal retinal injury
Cataract, retinal burn
Corneal burn, aqueous
flare, possibly cataract
corneal burn

Skin
Erythema (sunburn), skin cancer
Accelerated skin aging, pigmentation
Pigmentation darkening, photosensitive
reaction, skin burn
Photosensitive reaction, skin burn
Skin burn
Skin burn
Skin burn

Retinal Effects
Light (400 - 760 nm) and near-infrared (IR-A: 760 - 1400 nm) is sharply focused onto the retina. When an object
is viewed directly, the light forms an image in the fovea at the center of the macula. This central area,
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approximately 0.25 mm in diameter for humans, has the highest density of cone photoreceptors. The typical result
of a retinal injury is a blind spot or scotoma within the irradiated area. A scotoma due to a lesion in the peripheral
retina may go unnoticed. However, if the scotoma is located in the fovea, which accounts for central vision, severe
visual defects will result. Such a central scotoma would occur if an individual were looking directly at the laser
source during the exposure. The size of the scotoma depends upon whether the injury was near -to or far-above the
threshold irradiance, the angular extent of the source of radiation, and the extent of accommodation. The scotoma
may be temporary or permanent.
 A hemorrhagic lesion is a severe eye injury characterized by severe retinal burns with bleeding, immediate pain
and immediate loss of vision. Such an injury requires a high intensity laser. The spreading hemorrhage will
produce long lasting (months) vision degradation/loss and ultimately produces a permanent scotoma (blind spot
in visual field) at the point of hemorrhage.
 A thermal lesion requires less laser energy/intensity than is needed to produce a hemorrhagic lesion. However,
it still produces a permanent scotoma.
 Flash blindness is a temporary degradation of visual activity resulting from a brief but intense exposure to
visible radiation. It is similar to the effects of a flashbulb. In flash blindness, the scotoma is temporary and its
size depends upon the length of exposure and location of focus on the retina. Scatter of the laser beam through
the atmosphere or an off-axis exposure may increase the scotoma size and result in an increased obscurence of
the field of vision. There is a threshold of laser energy to produce flash blindness, but the energy is less than
that which causes a thermal lesion. Flash blindness is differentiated from glare by the fact that the afterimage
(scotoma) moves with eye movement and the afterimage lasts for a short period of time (minutes) after the laser
exposure and recovery times range from a few seconds to a few minutes.
 Glare / Dazzle is an effect similar to flash blindness. Vision degradation occurs only during laser exposure and
the glare stays in the same point in the visual field so one can move the eye to eliminate the effect.
In summary, retinal effects are due to visible and near IR laser exposure. Retinal lesions can occur even if there is
no prolonged loss of vision (i.e., at periphery of vision field), however a retinal lesion is not always produced even
when visual function disturbance has occurred (flash blindness, glare). If a retinal lesion is temporary, total visual
recovery is seen within approximately three minutes.
Corneal Effects
The anterior structures of the eye (cf. 15.2.b.1) are the cornea, conjunctiva, aqueous humor, iris and lens. The
cornea is exposed directly to the environment except for the thin tear film layer. The corneal epithelium (i.e., the
outermost living layer of the cornea), over which the tear layer flows, is completely renewed in a 48-hour period.
The cornea, aqueous humor and lens are part of the optical pathway and, as such, are transparent to light. One of
the more serious effects of corneal injury is a loss of transparency. At very short wavelengths in the ultraviolet and
long wavelengths in the infrared, essentially all of the incident optical radiation is absorbed in the cornea. Because
of rapid regrowth, injury to this tissue by short ultraviolet radiation seldom lasts more than one or two days unless
deeper tissues of the cornea are also affected. Thus, surface epithelium injuries are rarely permanent.
 Photokeratitis can be produced by high doses of UV (UV-B and UV-C: 180 - 400 nm) radiation to the cornea
and conjunctiva that cause keratoconjunctivitis. This is a painful effect also known as snow blindness or
welder's flash. It occurs because the UV energy causes damage to or destruction of the epithelial cells. Injury to
the epithelium is extremely painful as there are many nerve fibers located among the cells in the epithelial layer;
however, it is usually temporary because the corneal epithelial layer is completely replaced in a day or two. The
reddening of the conjunctiva (conjunctivitis) is accompanied by lacrimation (heavy tear flow), photophobia
(discomfort to light), blepharospasm (painful uncontrolled excessive blinking), and a sensation of "sand" in the
eye. Corneal pain can be severe but recovery usually only takes one to two days.
 Corneal opacities can occur when near-ultraviolet (UV-A: 315 - 400 nm) and far-infrared (IR-B and IR-C: 1.4 1000 µm) radiation damages the stroma causing an invasion of the entire cornea by blood vessels which turns
the cornea milky. Because exposure is usually followed by a 6- to 12-hour latent period depending on the expo sure and wavelength, cause and effect may be difficult to pinpoint. Ordinary clear glass or plastic lenses or
visors will protect the eye from far-infrared laser radiation such as that emitted from the CO2 laser.
 Cataract formation is also possible for UV-C, UV-B, UV-A, visible, IR-A, and IR-B wavelengths. Nearultraviolet and near-infrared radiation (UV-A, IR-A, and possibly IR-B) are absorbed heavily in the lens of the
eye. Damage to this structure is serious because the lens has a very long memory. An exposure from one day
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may result in effects which will not become evident for many years (e.g., glassblower's or steel puddler's
cataract). New tissue is continually added around the outside of the lens, but the interior tissues remain in the
lens for the lifetime of the individual.
The lens has much the same sensitivity to ultraviolet as the cornea, however: (1) the cornea is such an efficient
filter for UV-C that little if any reaches the lens except at levels where the cornea is also injured; (2) in the UV-A
band, the cornea has substantial transmission while the lens has high absorption (due to a pigment which
accumulates throughout life and which could become dense enough to turn the lens almost black); (3) UV-B
appears to be effective in causing lenticular opacities, however, if the exposure is low, the opacity may last only for
a few days and then disappear; (4) for infrared wavelengths greater than 1.4 µm (IR-B and IR-C) the cornea and
aqueous humor absorb essentially all of the incident radiation, and beyond 1.9 µm the cornea is considered the sole
absorber, however, absorption of energy may cause heating of the interior structures which could contribute to
opacities in the crystalline lens (at least for short exposure times); (5) for IR-A irradiation, damage appears to be
due to the breakdown of crystalline cells contributing to opacities.
Skin Injury
Thermal effects are the major cause of tissue damage by lasers. Energy from the laser is absorbed by the tissue in
the form of heat, which can cause localized, intense heating of sensitive tissues. The amount of thermal damage
that can be caused to tissue varies depending on the thermal sensitivity of the type of tissue. Thermal effects can
range from erythema (reddening of the skin) to burning of the tissue.
Because of the skin's great surface area, the probability of laser
skin exposure is greater than the probability of laser eye exposure.
However, despite the facts that injury thresholds to the skin and
eye are comparable (Figure 15-7) except in the retinal hazard
region, laser injury to the skin is considered secondary to eye
injury. For far-infrared and UV (regions where optical radiation is
not focused on the retina) skin injury thresholds are approximately
the same as corneal injury thresholds. Threshold injuries resulting
from short exposure to the skin from far-infrared and UV radiation
are very superficial and may only involve changes to the outer,
dead layer (i.e., the "horny layer") of skin cells.
Skin injury requires high powered laser exposure in the
Figure 15-7. Skin Penetration
spectrum from 180 nm to 1 mm depending upon the wavelength,
dose rate, and total energy absorbed. Such a temporary injury to the skin may be painful if sufficiently severe, but
eventually it will heal, often without any sign of the injury because it lacks deep tissue involvement. Although
unlikely to occur, injury to large areas of skin are more serious as they may lead to serious loss of fluids, toxemia,
and systemic infection.
Accident Data Review
Although the UW does not have a history of laser injuries, nationwide there is a relatively large database of
incidents. One of the first reported injury occurred to a university student in 1964. While using a pulsed 20 joule,
41 msec ruby laser, he received a permanent macular burn of the right eye during a laser adjustment. In this
instance, the student (wearing no laser protective eyewear) leaned over the laser from the side to adjust the Brewster
window and the laser flash lamp unexpectedly fired, initiating a laser pulse. No retinal scotoma was observed 6
weeks following the exposure, but the vision was reduced to 20/200. While progress has been made in laser safety,
the type of incidents occurring are still similar. Thus the university incident where a student was using a
Ti-Sapphire laser (0.001 joules/pulse at 200 psec/pulse at 1 kHz). A chemistry department graduate student, while
not wearing laser protective eyewear, was aligning optics on a chirped pulse Ti-Sapphire laser. The beam back
scatter from the rear side of the system (estimated at about 1% of the total) caused a retinal lesion with initial
hemorrhage and permanent blind spot in the central vision. As a first measure in protecting yourself, you should be
aware of the type and magnitude of incidents. The three potential hazards from lasers are to the eye, to the skin, and
non-beam injuries. A study of 330 incidents over the period 1964 - 1996 was undertaken with the following results
(Tables 15-4 and 15-5).
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Eye Injury
Eye injury is by far the most commonly reported laser related incident, being involved in slightly over 73% or 241
of the 330 recorded incidents. Of these incidents, over 91% involved some change of which 68% were permanent.
Alignment activity is obviously the period of increased risk when working with lasers as indicated by the fact that
35.7% of the incidents occurred during alignment. The type of
Table 15-4. Eye Injury Statistics
laser being used during 75.5% of these injuries were one of five:
Nd:YAG, argon, dye, ruby, and HeNe.
Injury Class
Percent
Another fact of note is that not using laser eyewear appears to Injury
Permanent Injury
68
be a main cause of these injuries. Regular prescription glasses
Temporary injury
18.7
may provide some protection from UV and far infrared (IR-B,
“no harm”
13.3
IR-C), but provides no protection for near infrared (IR-A) and
Event/procedure Alignment
35.7
visible lasers. Of the 220 cases reporting injury, laser protective
Laboratory
17.8
eyewear was not being used or was not available in 209 cases
To bystanders
14.1
(95%). Laser safety equipment failure is normally not a factor.
Industrial
58.1
Of the 11 eye injury cases using eyewear, 7 were due to improper Environment
Medical
14.1
choice or fit and only 4 were due to eyewear failure. This
Out-of-doors
11.6
indicates a possible need for more appropriate information on
Educational
16.2
limitations of eyewear and increased education regarding the
proper use and selection of laser protective eyewear.
Table 15-5. Skin Injury Summary
Injury Class
Percent
Permanent Injury
2.3
Temporary injury
93.5
“no harm”
4.3
Event/procedure Alignment
17.4
Laboratory
2.2
To bystanders
6.5
Environment
Industrial
43.5
Medical
50
Out-of-doors
4.3
Educational
2.2

Skin Injury
Skin injuries are normally considered to be less important simply
because the results of the injury are normally less disastrous than
eye injury. The fact that 46 of the reported 330 incidents were
skin related implies that they continue to occur and are clearly a
problem in both industrial and medical environments.

Injury

Non-Beam Related Injury
Ancillary hazards (see 15.8) such as fire, electrical, equipment
failure, laser generated air contaminants (LGAC) represent only
43 of the reported 330 incidents. Generally speaking, many laser
sites containing a Class IV laser have, at some time, experienced
some incident involving one or more non-beam type incident. The most dramatic of the non-beam incidents are
electrical shock (5 deaths, 8 severe shock), fire and fumes and embolism (3 deaths). Although many of the
non-beam events may be of a nature that they don’t become official laser incidents, they are commonly reported as
industrial hygiene problems. Thus, it is important to note that these incidents do occur and they may be a
significant hazard. For example, laser cutting of plastics can release highly toxic gaseous byproducts that can, in
some instances, be life threatening. Similarly, live viruses have been reportedly detected in the smoke during laser
surgery and the smoke may be mutagenic.
15.5 Laboratory Controls
Although accidents / incidents occur, laser systems are
designed to be safe. The objective of safe design is to
insure that the equipment controls (i.e., the "bells and
whistles"), interlocks, beam enclosures, shutters, and
filters are appropriate to the hazard potential of the
systems and the experience level of personnel operating
and servicing the equipment. The goal of restricting
human access to hazardous levels of optical radiation
(or live electric currents) is usually achieved by
permanent interlocks which are designed to be fail-safe
or failure-proof. For example, extensive use is made of
mechanical-electrical interlocks. In this instance, a
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Figure 15-8 Laser Lab Safety Elements
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lateral or rotary movement of a hinge or a latch activates the switch which is in the power circuit for the laser. If the
contacts are activated, the system will not operate. Interlocks are designed to require intentional operation to
inactivate or bypass the interlock. This design of interlocks is to insure that even partial opening of a panel to a
point where hazardous radiation can be emitted from the opening results in shutdown. Additionally,
positive-activated switches (e.g., "deadman" type) are often used to insure operator alertness and reduce the risk of
accidental firing.
For certain applications laser projections are used. In such instances, it is often desirable to alter the output
beam pattern of a hazardous laser so a relatively safe pattern results. Methods to accomplish this include the use of
wide beams, unfocused beams or beam diffusers. A CW laser with an emergent beam diameter of 10 - 20 cm is
100-times less hazardous than a laser of the same power with a 2 mm beam diameter. An unfocused beam is safer
because the biological effect depends upon the total power and the beam irradiance. A diffuser is used to spread the
beam over a greater area and thus change the output from intrabeam viewing to an extended source. Generally, the
actual classification of the laser would not change unless the output beam diameter were greater than 80 mm. In
theory, a diffuser could change a Class IV laser into a Class I or II laser; however, in practice, diffusers are most
economical in reducing the hazard classification approximately one class. The safety applied to indoor laser
installations usually depends upon the class of the laser.
Class I (exempt) laser systems do not require much control. The user may opt to post the area with a Low
Power Laser sign. The laser should be labeled with the beam characteristics. Some Class IIIb or Class IV laser
systems are embedded in closed devices (e.g., printers). For such systems, the manufacturer normally installs
enclosure interlocks and service panels to prevent tampering and persons using the system must receive training on
hazards and controls for that laser before being designated an "authorized" operator.
Class II (low power) lasers require a few more controls. This is the first instance when posting the area with a
CAUTION sign becomes mandatory. Additionally, non-reflective tools are often used to reduce reflected light.
Controls applied to the system include blocking the beam at the end of its useful path, controlling spectator access
to the beam, and controlling the use of view ports and collecting optics.
Class IIIa lasers are widespread (e.g., laser pointers, levelers, and gun scopes are Class IIIa) and potentially
hazardous when using optics. Thus, posting of the area with either CAUTION or DANGER signs depends upon
the irradiance. Personnel maintaining such systems or conducting research with unenclosed beams should be given
a baseline eye exam. Other controls which may be necessary to prevent direct beam viewing and to control specular
reflections are:
9 Establish alignment procedures that do not include eye exposure
9 Control fiber optic emissions
9 Establish a normal hazard zone for outdoor use
9 Consider eye protection if accidental intra-beam viewing is possible
Class IIIb laser systems are potentially hazardous if the direct or specularly reflected beam is viewed by the
unprotected eye, consequently eye protection may be required if accidental intra-beam viewing is possible. It is at
this point that many of the suggested controls become mandatory. Besides posting the area with DANGER signs,
other control measures include:
9 Laser operated only by authorized operators who are trained on the systems laser hazards
9 Baseline eye exam required for maintenance and research applications
9 Spectators must be under the direct supervision of the operator
9 Laser power controlled by a key-operated master switch
9 Beam stops mandatory
9 Laser area interlocks (for CW power levels greater than 15 mW)
Class IV laser systems that are pulsed visible and IR-A lasers are hazardous to the eye for direct beam viewing,
and from specular (and sometimes diffuse) reflections. Ultraviolet, infrared, and CW visible lasers present a
potential fire and skin hazard. The safety precautions associated with these high-risk lasers generally consist of
publishing and following an operational safety procedure manual; using door interlocks to prevent exposure to
unauthorized or transient personnel entering the controlled area; the use of baffles to terminate the primary and
secondary beams; and wearing of protective eyewear or clothing by personnel within the interlocked facility.
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9 Safety interlocks at the entrance of the laser facility shall be so constructed that unauthorized or transient
personnel shall be denied access to the area while the laser is capable of emitting laser radiation at Class IV
levels.
9 Laser electronic firing systems for pulsed lasers shall be so designed that accidental pulsing of a stored charge is
avoided. Additionally, the firing circuit shall incorporate a fail-safe (e.g., deadman) system.
9 An alarm system including a muted sound and/or warning lights (visible through laser protective eyewear) and a
countdown procedure should be used once the capacitor banks begin to charge.
9 Good ambient illumination is essential when eye protection is being worn. Light colored, diffuse surfaces assist
in achieving this goal.
9 Operate high-energy/high-power lasers by remote control firing with television monitoring. This eliminates the
need for personnel to be physically in the room with the laser. However, enclosing the laser, the laser beam, and
the target in a light-tight box is a viable alternative.
9 Because the principal hazard associated with high-power CW far-infrared (e.g., CO2) lasers is fire, a sufficient
thickness of earth, firebrick, or other fire-resistant materials should be provided as a backstop for the beam.
9 Reflections of far-infrared laser beams should be attenuated by enclosure of the beam and target area or by
eyewear constructed of a material that is opaque to laser wavelengths longer than 3 µm (e.g., Plexiglas).
Remember, even dull metal surfaces may be highly specular at far-infrared laser wavelengths (e.g., CO 2 - 10.6
µm).
Warning signs and labels are
used to alert workers.
Placarding of potentially
hazardous areas should be
accomplished for Class IIIb
and IV lasers. Appropriate
LASER RADIATION
DO NOT STARE INTO BEAM
warning labels shall be
LASER RADIATION
OR VIEW DIRECTLY
DO NOT STARE INTO BEAM
affixed permanently to all
WITH OPTICAL INSTRUMENTS
Class II, III, and IV lasers and
4 mW He - Ne
0.9 mW He - Ne
laser systems. Class II and
CLASS IIIa LASER PRODUCT
CLASS II LASER PRODUCT
IIIa usually use CAUTION
signs/labels while class IIIb
and IV use DANGER
signs/labels. Examples of
such warning signs are seen
in Figure 15-9 and
appropriate templates are
LASER RADIATION
LASER RADIATION
displayed in Figure 15-10 and
AVOID DIRECT EXPOSURE
AVOID EYE OR SKIN EXPOSURE
TO BEAM
15-11 at the end of the
TO DIRECT OR SCATTERED RADIATION
chapter.
50 mJ 1064 nm
50 W CO
20 ns Pulse
A laser operational safety
CLASS IIIb LASER PRODUCT
CLASS IV LASER PRODUCT
procedure manual is a
document used to describe
Figure 15-9. Laser Warning Signs
both a system’s potential
hazards and controls implemented to reduce the risk of injury from the laser. It may detail specific points-of-contact
(e.g., safety officer, maintenance and repair), administrative controls (e.g., signs, lights), engineering controls (e.g.,
interlocks, enclosures, grounding, ventilation), required personal protection (e.g., eyewear, clothing), operational
procedures (e.g., initial preparation, target area preparation, shutdown procedures, etc.), emergency response and
training (laser safety, chemical safety). As a minimum, an operational safety procedure must be promulgated for:
9 Class IV laser systems.
9 Two or more Class III lasers with different operators and no barriers.
9 Complex or nonconforming interlock systems or warning devices.
9 Modifications of commercial lasers which have decreased safety.
9 Class II, III, or IV laser systems used outdoors or off-site.
9 Beams of Class II, III, or IV laser which must be viewed directly or with collecting optics near beam.
2
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15.6 Laser Protective Eyewear
Laser protective eyewear should be selected on the basis of protecting the eye against the maximum exposure
anticipated while still allowing the greatest amount of light to enter the eye for the purpose of seeing. Protective
eyewear is not the most desirable method of providing safety. The use of engineering controls (door interlocks,
optical pathway enclosure, design of laser system to emit Class I levels only, etc.) are more reliable safeguards for
total protection. Currently, there is no approved eyewear for the new ultra fast pulsed lasers. Additionally, laser
protective eyewear may create additional hazards from reduced visibility, it may be forgotten when required to be
worn, or the wrong frequency eyewear may be selected. The primary usefulness of laser eye protection is in the
testing of and training with laser devices (e.g., RDTE - research, development, testing and evaluation). Proper
training of laser operators should preclude the need for laser eye protection. Emphasis should also be placed on the
need not to aim a laser at other persons or at specular surfaces.
The object of laser eye protectors is to filter out the laser wavelengths while transmitting as much of the visible
light as possible. Because many laser systems emit more than one wavelength, each wavelength must be
considered. When selecting eyewear, considering only the wavelength corresponding to the greatest output power
is not always adequate. For example, a helium-neon laser may emit 100 mW at 632.8 nm and only 10 mW at 1150
nm, but safety goggles which absorb the 632.8 nm wavelength may absorb little at the 1150 nm wavelength.
The optical density (OD) is the parameter used for specifying the attenuation afforded by a given thickness of
any transmitting medium. Optical density (OD) is used to describe the percent beam transmission using the
equation O D = l o g 10 ( I 0 /I ), where I0 is the incident beam power and I is the transmitted beam power. Thus,
a filter which attenuates a beam by a factor of 1000 (e.g., 1 x 10 3) has an OD of 3 and goggles with a transmission
of 0.000001% (e.g., 0.000 000 01 or 1 x 10-8) has an OD of 8.0. The optical density of two highly absorbing filters,
when stacked, is essentially the sum of two individual optical densities. The required optical density (ODreq) is
determined by the maximum laser beam intensity to which an individual could be exposed, or O D r e q = (EL/H 0 ),
where EL is the exposure limit (i.e., protection standard) and H 0 is the maximum exposure in the beam.
Not all laser applications will require laser protective eyewear. Some of the factors to consider when reviewing
the need for type of laser eyewear are:
 Determine the wavelength(s) of the laser and the maximum viewing duration anticipated. This allows one to
determine the exposure limit (protection standard) for the wavelength and viewing duration and also can
distinguish between eye protection designed to protect against unintentional exposure (on the order of 0.25
seconds) and eye protection designed to protect against situations where intentional viewing of much greater
duration is anticipated.
 Determine the maximum incident beam intensity. If the entire beam may enter the pupil of the eye, either
through the use of optical instruments to focus the emergent beam or when the beam diameter is less than 7 mm,
divide the laser output power/energy by the maximum area of the pupil (0.4 cm 2). Otherwise the emergent beam
radiant exposure (i.e., irradiance) is the maximum intensity. Compare the irradiance with the threshold of
damage for the filter material to determine if it will provide protection against short-term, high irradiance, beam
impact.
 Determine desired optical density. The optimum OD is the minimum optical density required to attenuate the
maximal radiant exposure/irradiance expected at the eye to the level of the protection standard. Use OD req from
above where the expected radiant exposure/irradiance is H0 and the protection standard is EL.
 Review the available eye protection and select the design. Designs range from spectacle type to heavy-duty,
coverall goggles. Some frames meet impact safety requirements. For crowded laboratory applications, it is recommended that filter surfaces be curved so that incident beams are reflected in a manner that reduces the beam
irradiance rapidly with distance from the surface.
Not all protective eyewear is the same. The filters are designed to use selective spectral absorption by colored glass
or plastic, or selective reflection from dielectric (or holographic) coatings on glass, or both. Colored glass
absorbing filters are the most effective in resisting damage from wear and intense laser sources. Most absorbing
filters are not case hardened to provide impact resistance, however, clear plastic sheets are generally placed behind
the glass filter. Reflective coatings can be designed to selectively reflect a given wavelength while transmitting as
much of the rest of the visible light as possible. Absorbing plastic filter materials have greater impact resistance,
lighter weight, and are easy to mold into curved shapes, however, they are more readily scratched, quality control
may be more difficult, and the organic dyes used as absorbers are more readily affected by heat and UV radiation
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and may saturate or bleach under q-switched laser irradiation. After purchase, eye protection should be checked
periodically for integrity. Never store laser safety eyewear with other eyewear.
15.7 Laser Dyes
Laser dyes are complex fluorescent organic compounds which, when in solution with certain solvents, form a lasing
medium for dye lasers. Certain dyes are highly toxic or carcinogenic. Most of these dyes come in a solid powder
form which must be dissolved in
Table 15-6. Common Dye Solvents
solvents prior to use in the laser
Exposure
LD50'
system. Since these dyes
I
Glove{
Limits (ppm)
frequently need to be changed,
Chemical Substance
(mg/kg)
special care must be taken when
Benzonitrile
500
B, PVA
handling these dyes since
Benzyl alcohol
3,100
BH, V
improper use of dyes or solvents
Chlorobenzene
10 / 75
400 - 1600 PVA, V
may present a range of hazards
Chloroform
10 / 50
1060 - 2000 PVA, V
for the laser researcher.
Cyclohexane
300
6000 - 30000 BH, V, NiH
o-Dichlorobenzene
25 / 50
500
VH
15.7.a Laser Dye Hazards
1,2-Dichloroethane
10 / 50
680
BH, V
Although little is known about
them, many organic laser dyes are Dichloromethane
50 / 25
2,000
VH, PVA
believed to be toxic and/or
Dimethylformamide
10
2,800
B, NeH
mutagenic. Because they are
Dimethyl sulfoxide (DMSO)
19,700
B, Ne, VH
solid powders, they can easily
1,4 Dioxane
25 / 100
4,200
B, PVA
become airborne and possibly
Ni, NeH
Ethyl alcohol
1,000
10,000
inhaled and/or ingested. When
100 mg/m3
8,500
Ni, Ne,
mixed with certain solvents (e.g., Ethylene glycol
PVCH, Nr
DMSO), they can be absorbed
through unprotected skin. Direct
Ethylene glycol phenyl ether
1,260
B, Ni
contact with dyes and with
Glycerin Mist
10 / 15 mg/m3
12,600
dye/solvent solutions should
Hexafluoroisopropanol
600
always be avoided. The use of
Methyl alcohol
200
5,600
NeH
DMSO as a solvent for cyanide
N-Methyt-2-pyrrolidone
4,200
NrH
dyes should be discontinued, if
(NMP)
possible. Preparation of dye
Propylene carbonate
29,000
B, Ni
solutions should be conducted in
Tetrahyrofuran
200
3,000
PVAH
a fume hood and personal
3,500
protective equipment (gloves, lab Tetrahydrothiopheneoxide
Toluene
50 / 200
5,000
PVA, V
coats, etc.) should be worn.
Contact the Laser Safety Officer
1,1,1 Tdchloroethane
350
10,000
PVA, V
at 2-9608 if you want additional
Tdethylamine
10 / 25
460
Ni, V
information on laser dye toxicity. Trifluoroethanol
2,000
NrH,NeH,
A wide variety of solvents are
Pe
used to dissolve laser dyes. Some I
Exposure limits are those cited in 1996 ACGIH Threshold Limit Values (TLV)
of these (e.g., alcohols) are highly
booklet and current federal-OSHA PEL stds.
flammable and must be kept away 'LD50 values based on oral administration to rats.
from ignition sources. Fires and
{
Gloves: B - butyl rubber, Ne - neoprene, Ni - nitrile, PVA - polyvinyl alcohol, PVC explosions resulting from
polyvinyl chloride, Pe - polyethylene, Nr - natural rubber.
H
improper grounding or
indicates permeation breakthrough time of less than 8 hours for glove-solvent
overheated bearings in dye pumps combination.
are not uncommon in laser
laboratories. Dye pumps should be inspected, maintained, and tested on a regular basis to avoid these problems.
Additionally, dye lasers should never be left running unattended. Some of the solvents used with laser dyes may
also be skin irritants, narcotics, or toxics. You should refer to the Material Safety Data Sheet (MSDS) which is
supplied by the solvent manufacturer for additional information on health effects.
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15.7.b Laser Dye Handling, Storage and Disposal
Powdered laser dyes should never be handled where the airborne dust could be breathed. Dyes must be mixed only
in a properly functioning fume hood. The proper protective equipment (safety glasses, chemical gloves, and lab
coat) should always be used by the person handling the dye. The gloves being used should be resistant to the
solvent being handled (see Table 16-7). Mixing of dyes and solvents should be done carefully to avoid spilling.
Any spills or leaks should be cleaned up immediately with an individual wearing the proper personal protective
equipment. Avoid breathing vapors from the solvent being used. Clearly identify and mark containers used for
mixed dye/solvent solutions. Practice good hygiene and wash your hands thoroughly after handling dyes.
Limit the amount of mixed dye/solvent being stored in the laboratory. Once mixed, the dye/solvent should be
stored in sealed Nalgene or other unbreakable plastic containers until ready to use. Be aware of any solvent
incompatibility. Be sure to check transfer lines and pump connections for continuity prior to each use with the
dye/solvent. All pumps and dye reservoirs must be placed in trays with sufficient capacity to contain all of the
dye/solvent should it leak. This double containment method should prevent dye stains on floors and other surfaces.
Dyes and dye/solvent solutions are considered hazardous wastes and must be disposed of properly. Contact the
Safety Dept., 2-8769 for disposal guidance or http://www.fpm.wisc.edu/chemsafety/oshmm.htm to schedule a
disposal pickup.
15.8 Associated Laser System Hazards
Besides the risks from the laser energy, some laser installations may contain hazards from ancillary equipment used
in the process. The following are potential associated laser system hazards:
Electrical hazards. Most laser systems pose a potential for electrical shock (e.g., capacitor banks in pulse lasers,
high-voltage DC or RF power supplies in CW lasers, etc.). While not usually present during laser operation, they
are a risk during installation and maintenance. Insure high voltages are not exposed and capacitors are properly
discharged. Water used as a cooling system on some lasers may increase the shock hazard.
Chemical hazards. When a laser interacts with any
Table 15-7. Common LGAC
material, energy is transmitted resulting in vibrational
energy (heat). If the irradiance is high enough,
Material
LGAC
molecular bonds of target materials are disrupted and
mild
steel
magnesium,
silicon,
chromium, nickel
small particles of the material (e.g., plastics,
stainless
steel
chromium,
nickel,
other
base metals
composites, metals and tissues) are vaporized which
wood
benzene,
acrolein,
alkenes,
alcohols
may produce toxic and noxious airborne contaminants.
polycarbonate
benzene,
PAHs,
carbon
oxide
As they cool, they recondense forming fine solid
formaldehyde, benzene, styrene,
particulate substances. Table 15-7 lists some of the
fabrics
hydrogen cyanide
laser generated air contaminants (LGAC) which may
formaldehyde, hydrogen cyanide,
pose a hazard. Adequate ventilation is needed to
formica
methanol, furfural, furan,
control vaporized target materials; gasses from flowing
cyanomethyl, acetate
gas lasers or laser reaction byproducts (e.g., bromine,
formaldehyde, methyl butadiene,
chlorine, hydrogen cyanide, ozone, etc.); gases or
plexiglas
methyl acrylate, limonene, methanol,
vapors from cryogenic coolants; and vaporized
phthalic acid, ester
biological target materials (from medical applications).
formaldehyde, limonene, styrene,
Many dyes used as lasing media are toxic,
acrylic
chloromethane, acrolein, methyl esters
carcinogenic, corrosive or pose a fire hazard. An
bacteria, viral strains, organic
MSDS (see Chapter 16) should be available for any
tissue
compounds, formaldehyde, benzene,
chemical handled in the laser laboratory. Cryogenic
hydrogen cyanide
coolants (e.g., liquid nitrogen, helium, and oxygen)
may cause skin and eye injury if misused.
Collateral radiation hazards. Collateral radiation is radiation other than that associated with the primary laser
beam. These include x-rays, UV, RF excited components like plasma tubes and Q-switches. Any power supply
which requires more than 15 kV may be a source of x-rays (cf. 10.1).
UV and visible radiation hazards. Laser discharge tubes and pumping lamps may generate UV and visible
radiation at levels exceeding safe limits for the eye and skin. Flash lamps and CW laser discharge tubes may emit
direct or reflected UV radiation which could be a potential hazard if quartz tubing is used.
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Fire hazards. Class IV lasers may cause fires in materials found in beam enclosures, barriers, stops and
electrical wiring if they are exposed to high beam irradiance for more than a few seconds.
Explosion hazards. High-pressure arc lamps, filament lamps, and capacitors may explode if they fail during
operation. These should be enclosed in protective housings. Laser targets and some optical components may
shatter if heat can not be dissipated quickly enough. Use adequate shielding when brittle material must be exposed
to high intensity lasers.
Compressed and toxic gases. Many hazardous gases are used in laser applications, including chlorine, fluorine,
hydrogen chloride, and hydrogen fluoride. The use of mixtures with inert gases, rather than the pure gases is
generally preferred. Hazardous gases should be stored in appropriately exhausted enclosures, with the gases
permanently piped to the laser using the recommended metal tubing and fittings. An inert gas purge system and
distinctive coloring of the pipes and fittings is also prudent. Compressed gas cylinders should be secured from
tipping. Other typical safety problems that arise when using compressed gases are:
9 working with freestanding cylinders not isolated from personnel
9 regulator disconnects, releasing contents to atmosphere
9 no removable shutoff valve or provisions for purging gas before disconnect or reconnect
9 labeled hazardous gas cylinders not maintained in appropriate exhausted enclosures
9 gases of different categories (toxics, corrosives, flammable, oxidizers, inerts, high pressure and cryogenics) not
stored separately
Cryogenic Fluids. Cryogenic fluids are used in cooling systems of certain lasers and can create hazardous
situations. As these materials evaporate, they can create oxygen deficient atmospheres and an asphyxiation hazard
by replacing the oxygen in the air. Adequate ventilation must be provided. Cryogenic fluids are potentially
explosive when ice collects in valves and connectors that are not specifically designed for use with cryogenic fluids.
Condensation of oxygen in liquid nitrogen presents a serious explosion hazard if the liquid oxygen comes n contact
with any organic material. While the quantities of liquid nitrogen that may be used are usually small, protective
clothing and face shields must be used to prevent freeze burns to the skin and eyes.
Radiation producing machines are regulated by Federal and State agencies. The Food and Drug Administration
(FDA) regulates manufacturers of electronic systems capable of producing laser and high intensity light. The goal
is to insure that manufactured systems are safe. However, it is possible that a laser lab may make changes either to
the laser configuration or to the laser’s use creating a potentially unsafe work place.
15.9 Laser Safety Audits
As noted in section 15.5, most laser systems are designed to be safe. They are manufactured with equipment
controls, interlocks, beam enclosures, shutters, filters, etc. appropriate to the system’s potential hazard. However,
because things continually change at a university it is a good practice to have a laser audit program to:
9 Identify, assess, and mitigate laser beam hazards and laser-related non-beam hazards.
9 Ensure compliance with the lab’s written Laser Safety Program.
9 Update the laser inventory.
9 Update the laser user list.
9 Educate users in on-the-job laser safety
9 Build rapport with the laser user(s).
The frequency of these laser audits varies depending on the nature of the laser hazard, the requirements prescribed
in the operational safety procedure manual, available auditing resources, etc. However, the audits should be
frequent enough to address changes in the configuration and/or the laser system use, but not so frequently that it
adversely impacts the operation of the laser user.
The audit should be conducted by a qualified laser safety individual. While laser users may be qualified to
conduct self-audits, official audits should be conducted by a Safety Department representative. However, the audit
should not be a contentious event and the auditor should strive to build rapport with the laser user(s). Factors to
consider in building this rapport include:
9 Make an appointment to perform the initial laser facility visit.
9 Provide the laser user with a copy of the laser safety program document prior to the initial visit.
9 Initially emphasize the service component of this audit rather than the regulatory/enforcement component.
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By conducting an on-site audit, crucial information on each laser system, application and use environment can be
ascertained. Some preliminary information to review includes the laser technical criteria (wavelength, output, beam
diameter, etc.) laser user data (training dates and disposition of eye exams, if required). Review the diagram of the
laser facility noting the beam path, equipment locations, doorways, etc. Properly document the initial visit and
provide the laser users with a copy designating what items need correction and what actions are required. As part of
the audit, perform appropriate follow-up to assure initial compliance.
15.9.a Auditing Laser Beam Hazards
Although audits may be conducted at anytime, it is usually easier (and safer) to perform audits with the laser not
energized. For this reason, official audits are conducted by appointment. Items checked during the audit:
 Determine the locations of all exposed optics and the beam path. In many cases the laser user can assist you in
this process.
 Examine the walls of the facility in the beam plane for burn marks or other artifacts to determine if the laser
beams have left the optical table (or other area of use). Look behind beam stops to see if they are being left out
of position when you are not there.
 Determine if the beam(s) are at eye level when the user is sitting or standing. Examine the optical table for items
such as unused optics, tools, etc. which might present a specular reflection hazard.
 Verify that beam enclosures, beam tubes, fibers, collimators, etc. are in position, secured and properly used.
 Consider if the beam is being manipulated in some way which affects the hazard (focusing, enlarging beam
diameter, pulse manipulation, filtration, pumping, etc.).
 Examine the laser use environment for compatibility with the beam characteristics (cardboard beam stops,
uncovered windows, etc.).
 Check all interlocks, switches, and shutters to assure they are operating properly.
 Examine laser safety eyewear to determine whether it is appropriate for the laser hazards, is scratched or has
melt marks on-the lens. If skin protection is required, make sure it is adequate.
 Check postings, labeling, warning lights, etc. to assure they meet compliance.
 Examine the standard operating procedures for safety considerations.
 Determine if training, eye exams, etc. requirements have been met by the laser user(s).
15.9.b Auditing Non-Beam Hazards
The laser may not be the only potential safety hazard in a facility. While conducting the audit of the laser system, it
is both cost effective and prudent to check for other, non-laser potential hazards.
 Examine the room for obvious physical hazards (cords, obstructions, etc.).
 Examine the room for fire and explosion hazards (solvent storage issues, blocked fire extinguishers, poorly
maintained dye pumps, etc.).
 Determine if toxic laser media (halogen gases, laser dyes, etc.) are being used and if proper controls /
precautions are being utilized. Determine if laser generated air contaminants (LGAC) are a concern in the laser
application.
 Verify that engineering controls (dye mixing hoods, LGAC ventilators, etc.) are maintained and working.
 Survey the area for electrical hazards, concentrating on lasers and laser power supplies. Assure optical tables are
grounded (especially if cooling water is being used).
 If compressed or cryogenic gases are being used, verify that appropriate controls/procedures are being utilized.
 Determine if there are collateral radiation hazards associated with laser power supplies or excitation sources.
 Review the non-laser safety procedures used in the laser facility. Concentrate on the used of personal protective
equipment (PPE) and emergency procedures.
15.9.c Post Audit Actions
With all audits, it is good practice to meet with the laser user(s) before leaving the facility to inform them of the
preliminary results of the audit. This should include not only problems found and corrections needed, but also good
points of their safety program. Because proper documentation of audits is essential, use a formal check-off type
survey form to insure consistency. An example of such a form can be found in Appendix C. All items of
noncompliance should be clearly identified in the documentation sent to the laser user and all required actions

Laser Safety

263

should be clearly identified (along with a required time of completion) in the documentation sent to the laser user.
Insure that all pertinent individuals are copied on audit reports.
15.9.d Operational Safety Tips
The laser user can prevent laser accidents. Sixty percent of laser accidents in research settings occur during the
alignment process. If individuals suspect they have received a laser hit, they should contact University Health
Services and the laser safety officer. Unfortunately, experience has demonstrated that most laser injuries go
unreported for 24 - 48 hours by the injured person. This is a critical time for treatment of the injury. Post-accident
investigations often reveal that laser-associated accidents result from unsafe practices. Some of the causes of
preventable laser accidents are:
9 Not wearing protective eyewear during alignment procedures
9 Not wearing protective eyewear in the laser control area
9 Misaligned optics and upwardly directed beams
9 Improper methods of handling high voltage
9 Available eye protection not used
9 Intentional exposure of unprotected personnel
9 Lack of protection from nonbeam hazards (see Section 15.8)
9 Failure to follow procedure
9 Bypassing interlocks, door and/or laser housing
9 Insertion of reflective materials into beam paths
9 Lack of preplanning
9 Turning on power supply accidentally
9 Operating unfamiliar equipment
9 Wearing the wrong eyewear
To reduce the risk of accidents, incorporate into the lab's laser operational safety procedure a few additional safety
tips to be followed especially when performing laser alignment:
9 No unauthorized personnel will be in the room or area.
9 Locate controls so that the operator is not exposed to beam hazards.
9 Laser protective eyewear will be worn. If you can see the beam through your laser eyewear, you are not fully
protected.
9 Make sure warning / indicator lights can be seen through protective filters.
9 All laser users should be trained and familiar with their equipment.
9 The individual who moves or places an optical component on an optical table is responsible for identifying and
terminating each and every stray beam coming from that component.
9 Terminate beams or reflections with fire-resistant beam stops. Anodized aluminum or aluminum painted black
(which is not necessarily fire-resistant) can work well for this purpose.
9 Use surfaces that minimize specular reflections.
9 To reduce accidental reflections, watches and reflective jewelry should be taken off before any alignment
activities begin. Don't wear neckties around Class 4 open beam lasers.
9 Enclose as much of the beam as possible
9 Beam blocks must be secured.
9 Don't direct the beam toward doors or windows.
9 When the beam is directed out of the horizontal plane, it must be clearly marked.
9 A solid stray beam shield must be mounted above the area to prevent accidental exposure to the laser beam.
9 All laser users must receive an orientation to the laser use area by an authorized laser user of that area.
9 The lowest possible / practical power must be used during alignments.
9 When possible, a course alignment should be performed with a HeNe alignment laser.
9 Have beam paths at a safe height, below eye level when standing or sitting, not at a level that tempts one to bend
down and look at the beam. If necessary, place a step platform around the optical table. Close and cover your
eyes when stooping down around the bean (i.e., when you will pass by the beam at eye level).
15.10 Review Questions - Fill-in or select the correct response
1. Three basic components laser systems have in common are:

,

, and

.

264
2.
3.
4.
5.
6.
7.
8.
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10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
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All lasers emit visible light. true / false
. This is in the
spectral band.
The frequency of the helium-neon laser is
The wavelength of the laser light is related to the energy of the laser beam. true / false
The cornea transmits most laser wavelengths except for UV and far-IR wavelengths, which at high energies may
burn it. true / false
and
laser beams.
The retina is particularly sensitive to
The closer a laser injury is to the fovea, the greater the chance of severe dysfunction. true / false
classes.
The laser hazard classification system has
are termed "low-risk" laser systems, and class
are termed "high-risk" laser systems.
Class
label affixed.
Class II laser systems must have a
label affixed.
Class IIIb and class IV laser systems must have a
.
The primary biological hazard from lasers is to the
.
A blind spot in the visual field is a
Laser eye injuries can be permanent or temporary. true / false
Some laser light that cannot be seen is still capable of producing injury. true / false
The probability of laser skin injury is greater / less than the probability of laser eye injury.
The goal of restricting human access to hazardous levels of optical radiation is usually accomplished by
which are designed to be fail-safe.
permanent
and
should be used to alert workers of potential hazards from class II, III, and IV lasers.
Class IV UV, IR, and CW visible lasers present a potential fire and skin hazard. true / false
Protective eyewear should be checked periodically for integrity. true / false
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Figure 15-10. Class 2 and 3a Warning Sign

Figure 15-11. Class 3b and 4 Warning Sign
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LASER AUDIT
Auditor's Name:

Date of Audit:

Location of Laser System:
Name of Laser User:

Contact during Audit:

Laser system Information
Laser Type:
Laser Class:
Laser Make:
Laser Model:
Laser Serial Number:
Wavelength:
nm Output (max/used):
Beam Diameter at Aperture:
mm Beam Divergence:
Pulse duration:
sec Pulse Frequency:
Laser is Q-Switched / Mode locked: Y or N (circle one)
Laser is: active or inactive (circle one)

Laser Posting, Labeling and Security Measures
Entrances properly posted: Y N Comments:
Room security adequate: Y N Comments:
Door interlock system: Y N NA Comments:
Laser status indicator outside room: Y N NA Comments:
Laser class label in place: Y N Comments:
Laser hazard label in place: Y N Comments:
Laser aperture label in place: Y N Comments:

Laser Unit Safety Controls
Protective housing in place: Y N Comments:
Interlock on housing: Y N NA Comments:
Interlock on housing functioning: Y N
Comments:
Beam shutter present: Y N Comments:
Beam shutter functioning: Y N Comments:
Key operation: Y N Comments:
Laser activation indicator on console: Y N Comments:
Beam power meter: Y N Comments:
Emergency shutoff available: Y N Comments:

Laser Configuration Diagram Attached
Additional Comments:

W or J (circle one)
mrad
Hz
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Date of Audit:

Engineering Safety Controls
Laser secured to table: Y N Comments:
Laser optics secured to prevent stray beams: Y N Comments:
Laser at eye level: Y N Comments:
Beam is enclosed: Y N Comments:
Beam barriers in place: Y N Comments:
Beam stops in place: Y N Comments:
Remote viewing of beam: Y N Comments:
Beam condensed or enlarged: Y N Comments:
Beam focused: Y N Comments:
Beam intensity reduced through filtration: Y N
Comments:
Fiber optics used: Y N Comments:
Windows in room covered: Y N NA Comments:
Reflective materials kept out of beam path: Y N
Comments:
Beam management documented: Y N Comments:
Physical evidence of stray beams: Y N Comments:
Class 4 diffuse reflection hazard: Y N NA Comments:

Administrative Safety Controls
Authorization up-to-date: Y N
Comments:
Authorization posted: Y N Comments:
SOP up-to-date: Y N Comments:
SOP posted: Y N Comments:
Emergency contact list posted: Y N Comments:
Laser safety guidelines posted: Y N Comments:
Laser safety policy manual available: Y N Comments:

Other Laser Safety Measures
Eye exam requirement met: Y N Comments:
Proper laser eye protection available: Y N NA
Comments:
Proper skin protection available: Y N NA Comments:
All users have met training requirement: Y N Comments:

Non Beam Hazards
Toxic laser media in use: Y N Comments:
Fume hood for dye mixing: Y N NA Comments:
Cryogens in use: Y N Comments:
Compressed gasses in use: Y N Comments:
High voltage power hazard: Y N Comments:
Optical tables properly grounded: Y N Comments:
Collateral radiation hazard: Y N Comments:
Explosion hazard: Y N Comments:
Fire hazard: Y N Comments:
LGAC production: Y N Comments:

16 UV Radiation Safety

Table 16-1. UV Radiation

BandH
wavelength
Ultraviolet radiation (UV) is electromagnetic radiation covering the range of
UV-A
320 - 400 nm
wavelengths 40 - 400 nm (30 - 3 eV). It is divided into 3 ranges (see Table
1). The direct potential radiation hazards to health arise from UV with
UV-B
290 - 320 nm
wavelengths greater than 180 nm. UV of lower wavelength is readily
UV-C
220 - 290 nm
absorbed in air and only exists in a vacuum..
Far UV
190 - 220 nm
For most people, the main source of UV exposure is the sun. Other
Vacuum UV
40 - 190 nm
sources include tanning booths, black lights, curing lamps, germicidal lamps, HThe International Commission on
mercury vapor lamps, halogen lights, high-intensity discharge lamps,
Illumination definitions are UVA (315
fluorescent and incandescent sources and some types of lasers (e.g., excimer - 400 nm), UVB (280 - 315 nm) and
lasers, nitrogen lasers, and third harmonic Nd:YAG lasers). Unique hazards UVC (100 - 280 nm)
from these sources depends on the wavelength range of the UV radiation.
Generally, the shorter the wavelength, the more biologically damaging is the UV radiation. UV-A is the least
damaging (longest wavelength) form of UV and reaches the earth in great quantities. While UV-B can be very
harmful, stratospheric oxygen and ozone absorbs 97 - 99% of the sun's light with wavelengths between 150 and 300
nm. Factors affecting exposure to sunlight include:
 Latitude - at high latitudes (e.g., the poles), the sun is low in the sky and sunlight passes through more
atmosphere, so UV-B exposure at the poles is over 1000-times lower than at the equator.
 Elevation - on mountain tops the air is thinner and cleaner, so more UV reaches there than at lower elevations.
 Cloud cover - clouds significantly absorb UV-B.
 Time - UV intensity is higher in the summer and daily between 10 AM and 2 PM.
 Air pollution - industrial processes produce smog and ozone which absorb UV-B.
 Surface material - snow reflects up to 85% of the UV, sand and concrete up to 12%, water and grass only 5% .
16.1 Physical / Health Effects
UV-A transmitted to the eye lens
Because of the limited penetration of UV into the body (Figure 16-1), the main
UV-C
tissues affected by UV are the skin and eye. Excessive short-term UV
UV-A
exposure to the skin causes sunburn and to the eye it can cause acute damage
to the cornea and conjunctiva. Certain individuals have abnormal skin
UV-B
responses to UV exposure (i.e., photosensitivity) because of genetic, metabolic
or other abnormalities, or show photosensitive responses because of intake or
Cornea absorbs UV-B
contact with certain drugs or chemicals. There is also experimental evidence
Figure 16-1. UV Penetration
in animal models and human subjects of suppressive effects of UV on the
immune system, however their significance for human health is unclear
UV-C, far UV and vacuum UV are almost never observed in nature because they are completely absorbed by
the atmosphere. Germicidal lamps are designed to emit UV-C because of its ability to kill bacteria. In humans,
UV-C is absorbed in the outer, dead layers of the skin. Accidental exposure can cause corneal burns (e.g., welders'
flash, snow blindness) or severe sunburn to the face and, although UV-C injuries usually clear up in a day or two,
they can be extremely painful.
UV-B is typically the most destructive form of UV. It has enough energy to cause photochemical damage to
cellular DNA and is not completely absorbed in the atmosphere. UV-B effects include erythema (sunburn),
cataracts, and development of skin cancer. Individuals working outdoors are at greatest risk for UV-B effects.
UV-A is the most commonly encountered type of UV light. Initially UV-A exposure has a pigment-darkening
effect (tanning) where the skin produces melanin to protect itself from exposure. This is followed by erythema if
the exposure is excessive. The atmosphere absorbs very little UV-A and UV-A is needed for synthesis of vitamin
D. Overexposure to UV-A has been associated with toughening of the skin, suppression of the immune system, and
cataract formation. UV-A, often referred to as black light, is commonly found in phototherapy and tanning booths.
DNA absorbs UV-B and the absorbed energy can break bonds in the DNA. Most of these breakages are
repaired by proteins present in the cell's nucleus, but unrepaired genetic damage can lead to skin cancers. One
method that is used to analyze the amount of genetically-damaging UV-B is to expose samples of DNA to light and
then count the number of DNA breaks.
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Ninety percent of the skin carcinomas are attributed to UV-B exposure and the principle danger of skin cancer is
to light-skinned peoples. It is estimated that a 1% decrease in the ozone layer would cause an estimated 2%
increase in UV-B irradiation, leading to a 4% increase in basal carcinomas and 6% increase in squamous cell
carcinomas. There appears to be a correlation between brief, high intensity exposures to UV and eventual (i.e., a 10
- 20 year latent period) appearance of melanoma. Twice as many deaths due to melanomas are seen in the southern
states of Texas and Florida, as in the northern states of Wisconsin and Montana. Long-term sun exposure is
undisputedly linked to premature aging of the skin. Even careful tanning kills skin cells, damages DNA and causes
permanent changes in skin connective tissue which leads to wrinkle formation.
Eye damage can result from high doses of UV light. The cornea is a good absorber of UV light (Figure 16-1).
High doses can cause temporary clouding of the cornea (i.e., snow blindness) and chronic doses, particularly
exposure to UV-B at 300 nm, have been tentatively linked to cataract formations. Higher incidences of cataracts are
also found at high elevations (i.e., Tibet, Bolivia) and at lower latitudes (i.e., near the equator).
The photochemical effects of UV radiation can be exacerbated by chemical agents including birth control pills,
tetracycline, sulphathizole, cyclamates, antidepressants, coal tar distillates found in antidandruff shampoos, lime oil,
and some cosmetics. Protection from UV is provided by clothing, polycarbonate, glass, acrylics, and plastic
diffusers used in office lighting. Sun-blocking lotions offer limited protection against UV exposure.
Table 16-2. UV Exposure Limits (EL)
16.2 Protective Measures
Wavelength
EL
Wavelengt
EL
Accidental overexposures can injure the unaware victims
(nm)
(J/m2)
h (nm)
(J/m2)
because the UV is invisible and does not produce an
immediate reaction. Labeling on UV sources usually consists
180
1000
265
37
of a caution or warning label on the product or the bulb
190
1000
270
30
packing cover, or a warning sign on the entryway. Reported
200
1000
275
31
UV accident scenarios often involve work near UV sources
205
590
280
34
with protective coverings removed, cracked, or fallen off.
210
400
285
39
Depending on the intensity of the UV source and length of
215
320
290
47
exposure, an accident victim may end with an injury causing
220
250
295
56
lost-time. Hazard communication is helpful in preventing
225
200
297
65
accidental exposures in the workplace.
230
160
300
100
The National Toxicology Program (NTP) has listed broad
235
130
303
250
spectrum ultraviolet radiation as a known human carcinogen
240
100
305
500
while UV-A, UV-B, and UV-C are listed as reasonably
245
83
308
1200
anticipated to be human carcinogens. The FDA Center for
250
70
310
2000
Devices and Radiological Health (CDRH) has promulgated
H
254
60
313
5000
regulations concerning sun lamp / tanning products including
255
58
315
10,000
the use of labels stating, "DANGER -- Ultraviolet radiation."
260
46
The intensity of UV is measured by the amount of energy
H
principal emission line of low-pressure quartzdeposited (mW/cm2 or J/cm2) and the dose rate indicates the
instantaneous amount of incident radiation. A total dose value mercury lamps
is obtained by integrating the dose rate over time. While scientifically this is easy to do in an experimental setting,
in real life, it is not practical.
Table 16-3. Limiting UV Exposure Duration
The American Conference of Governmental Industrial
Hygienists (ACGIH) has set threshold limit values (TLV) for
W/cm2
Duration
Duration
W/cm2
skin and eye exposure of occupationally exposed persons.
0.1
5 min
8 hours
10
The TLVs are determined by these parameters:
0.2
1 min
4 hours
50
 For the near UV spectral region (320 - 400 nm), total
2 hours
0.4
30 sec
100
irradiance incident upon the unprotected eye should not
1 hour
0.8
10 sec
300
exceed 1.0 mW/cm2 for periods greater than 10 3 seconds
30 min
1.7
1 sec
3000
3
(about 16 minutes) and for exposure times less than 10
15 min
3.3
0.5 sec
6000
seconds should not exceed 1.0 J/cm2.
10
min
5
0.1
sec
30,000
 Unprotected eye or skin exposure to UV should not
exceed 250 mJ/cm2 (180 nm) to 1.0 x 105 mJ/cm2 (400 nm) for an 8-hour period (Table 16-2). The TLVs in the
wavelength range 235 to 300 nm are 3.0 (at 270 nm) to 10 mJ/cm2.
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 Effective irradiance for broad-band sources must be determined with a weighing formula.
 For most white-light sources and all open arcs, the weighing of spectral irradiance between 200 and 315 nm
should suffice to determine the effective irradiance. Only specialized UV sources designed to emit UV-A
radiation would normally require spectral weighing from 315 to 400 nm.
 The permissible UV exposure for unprotected eye and skin exposure (Table 16-3) may range from 0.1 W/cm2
(8 hours/day) to 30,000 W/cm2 (0.1 sec/day).
The UV hazard potential of a source cannot be judged solely by its brightness. For Example, germicidal lamps
emit only a faint visible glow, but do emit a large amount of UV. The hazard potential can only be judged by doing
a careful hazard assessment. When a source constitutes a hazard, protective measures include engineering and
administrative controls and personal protection.
Engineering control measures are preferred to protective clothing, goggles
and procedural safety measures. Glass envelopes for arc lamps will filter out
most UV-B and UV-C. For lengthy exposures at close proximity to high
power glass-envelope lamps and quarts halogen lamps, additional glass
filtration may be necessary. Light-tight cabinets and enclosures and UV
absorbing glass and plastic shielding are the key engineering control measures.
Interlocks (Figure 16-2) should be used where the removal of a cover could
result in hazardous exposure. Surfaces which are reflective can be painted with
appropriate non-UV reflective material. UV-C is capable of producing ozone.
TLVs for ozone range from 0.05 ppm for heavy work to 0.1 ppm for light
work. For working times less than 2 hours, the TLV is 0.2 ppm. If ozone is a
potential product, ventilation may be needed to reduce concentrations.
Administrative controls are directed toward persons working with UV
Figure 16-2. Interlocks
sources. These persons should be provided adequate training to understand the
need for hazard control and methods to
work safely. Access to the areas
should be restricted to workers directly
concerned with its operation. Time,
distance and shielding are suitable
protective measures for all types of
radiation. Workers should reduce the
time of exposure and increase the
distance (i.e., UV follows the inverse
No admittance
square law) to effectively limit
Caution
Wear face
Authorized
exposure. Hazard warning signs
ultraviolet radiation
shield
personnel only
(Figure 16-3) should be used to
indicate the presence of a potential UV
Figure 16-3. Example Warning Signs
hazard when exposures are likely to
exceed exposure limits, indicating restriction of access and need
for personal protection, if appropriate. Warning lights may also
be used to show when the equipment is energized. When
maintenance / service requires the removal of shielding, great
care must be exercised to prevent hazardous exposure.
For occupational exposure to artificial sources, the areas of
the skin usually at risk are the backs of the hands, the face, the
head and neck. Hands can be protected by wearing gloves with
low UV transmission (e.g., nitrile). The face can be protected
by a UV-absorbing face shield or visor which also offers eye
protection. Suitable head gear will protect the head and neck
(Figure 16-4). Goggles, spectacles, visors or face shields which
absorb UV should be worn where there is a potential eye
hazard. If retinal damage from intense visible light is also a
Figure 16-4. Personal Protection
possibility, appropriate tinted lenses should be worn.
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16.3 Practical Hazard Assessment and Control
The aim of hazard assessment is to assess equipment emissions and possible personnel exposures. While there have
been exposure limit values recommended by different groups, there is no current exposure limit standard adopted by
OSHA or the State of Wisconsin. Another complicating factor is that suggested exposure limits include radiant
exposures from all sources of UV, not just from processes involving UV. Exposures to different sources, including
lighting, may contribute to the individual's total UV exposure. In the workplace, a person's exposure is determined
by the UV emissions of equipment (which vary with location relative to the equipment) and the exposure duration.
In the future, individual devices capable of measuring irradiance may be available just as ionizing radiation
dosimeters are available, but there are some techniques available that do not involve measurements. Because UV
exposure can cause both short and long term injury and as there are no established federal exposure level standards,
the worker should take precautions when working with any UV source. The steps involved in this assessment are:
1. Determine the type of UV source (e.g., UV-A, UV-B, UV-C). This can be obtained by from the manufacturer
or it may be listed on the equipment. The type of UV determines the type of risk (e.g., skin, eye, etc.).
2. Determine the intensity of the source. Many UV bulb suppliers provide the bulb intensity in μW/cm2 at a
specific distance (e.g., 0.75 inch, 3 inches, 12 inches, etc.).
3. Determine the exposure duration. As opposed to industry where workers may do the same task repeatedly, most
people working in laboratories (excepting certain clinical tasks) will be performing a random series of tests and
both exposure and exposure durations will be sporadic. Attempt to determine whether exposure will be hours
per week or minutes per week.
4. Use proper protective equipment. Lab coat, protective gloves (e.g., nitrile), safety glasses, face shields provide a
significant level of protection.
5. If your equipment comes with protective devices (e.g., interlocks, shields, etc.), do not defeat or remove them.
If you must remove them for maintenance, put a note on the control panel informing others not to use the
equipment until you have replaced the safety devices.
A review of some of the most common sources found in medical / research institutions may better enable you to
apply the assessment principle.
Germicidal Lamps
The most common UV lamps, low-pressure mercury ("quartz") lamps, are used for germicidal control in hospital
hallways, intensive-care wards, operating rooms and biological laboratory hoods. In some cases these lamps have
been installed in fixtures to insure that exposures of personnel will be indirect. Sometimes these fixtures are not
very effective and direct skin and eye exposure can occur. The paint near these fixtures may be reflective, causing
increased exposures and even erythema in some workers.
Effective germicidal action in a room or laboratory hood requires such high UV levels that personnel in the area
must always be protected. The glass shield in the laboratory hood (i.e., lime glass) sash filters out most UV
radiation with wavelengths below 320 nm. Protective clothing in operating rooms and other such rooms consist of
gown, face shield and gloves to protect the skin and eyes. Some companies sell specialty face shields and goggles,
however almost any plastic face shield or goggle will be equally effective. Many transparent plastics transmit a
significant fraction of UV-B, but manufacturers often add UV absorbers to deter aging.
If germicidal lamps are used in air ducts, laboratory pass boxes, toilets, etc., interlocks (Figure 16-2) should be
installed to insure that workers are not injured. Special warning labels can be used to assure that users of UV
equipment are adequately informed.

Figure 16-5. High-Intensity Light Warning Labels
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Phototherapy Lamps and Sunlamps
Dermatologists often use UV lamps for special phototherapy treatments. The use of these lamps is regulated by the
FDA and the State of Wisconsin. The lamps are usually vertically arranged in treatment booths and have several
tubular UV fluorescent sunlamps and UV fluorescent "black lights." Normally only one set of lamps is used for any
one treatment (e.g., UV-A lamps used for treating psoriasis).
Dermatologists are well aware of the hazards
of excessive exposure and normally employ
timing switches to limit exposure. The
protective booths are often open at the top for
ventilation. While there may be some reflection
from the ceiling, this is generally below the
8-hour hazard limits for personnel standing
outside the booth. Additionally, a variety of
high-pressure and medium-pressure, mercury,
quartz lamps (i.e., "hot quartz") are used for
localized skin treatment.
Because of the high potential for injury, most
clinics employ detailed precautions and patient
instruction. An example SOP:
Serious and painful ultraviolet induced eye
and skin irritation may result to unprotected
personnel if these units were improperly used.
The following precautions reduce needless
Figure 16-6. Phototherapy Booths and Lamps
occupational exposure:
9 Only authorized personnel familiar with the potential hazards and control measures shall use the unit.
9 The unit shall be used in a designated area with limited access which affords added protection to passers-by.
Operation from within a closed well-ventilated room or draped area reduces the risk of exposure.
9 Operator protective measures include the usage of dark glasses with side shields, long sleeved shirts, gloves and
long pants. Although these devices may not completely eliminate the ultraviolet radiation, they lessen the risk of
severe burn.
9 Avoid needless exposure even when skin or eyes are covered.
9 Never look directly at the lamp. Cover eyes and skin of patients which do not require exposure. Avoid an
overdose. Time carefully. Know the erythemic reaction of the patient. Avoid needless exposure to patients.
"Black Light" Lamps
The "black light" or UV-A lamp (sometimes called a "Wood's Lamp") has applications with fluorescent powders in
testing, for special effects in entertainment and medical fields. These lamps are normally not considered hazardous
since the UV-A radiance at the lamp surface is only about 1 - 5 mW/cm2 and the skin or eye would not normally be
exposed to levels exceeding 1 mW/cm2. However problems can arise if the lamp envelope does not filter all UV
lines of the mercury spectrum (i.e., 297, 303, and 313 nm) or if the person using the lamp is photosensitive.
Additionally, persons who have worked with black light for many years can develop sensitivity to the light and
persons taking some medications (e.g., tetracycline) may be photosensitive.
Some small portable black light units used for fluorescence studies may have a "shortwave" (UV-C and UV-B)
mode as well as a "longwave" (UV-A) mode. For these devices, procedures should consider the type of radiation
being used and proper precautions employed.
Black lights should be positioned so that individuals are not exposed to UV irradiances exceeding 1 mW/cm2.
As an added precaution, the eyes should not be chronically exposed to that level. When looked at with the naked
eye, black light appears fuzzy. This is primarily the result of UV-A interactions in the cornea and lens. Special
glasses which filter out UV-A will eliminate the distortion.
Transilluminators and UV Sterilizers
Labs working in the biotechnology field often deal with UV light sources as transilluminators and sterilizers. As
discussed in assessment, above, the first step is to determine the type of UV light. UV transilluminators provide an
optimum platform for visualization of agarose and polyacrylamide gells. Samples are placed on the illumination
window and are illuminated by the UV light. These devices seem to operate at one or several bands depending
upon the type of sample. The standard bands are: 254 nm, 312 nm and 365 nm.
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Transilluminators usually come with an adjustable UV blocking cover to
protect the user from harmful UV. These UV blocking covers should not be
removed since viewing fluorescently labeled DNA unprotected can cause
damage to the face and eyes. There have been reports of injuries to
researchers who did such viewing without wearing protective eye wear or
using a face shield. Some simple laboratory rules for UV transilluminator
work:
 The acrylic shield / UV blocking cover supplied should be closed while
the UV light is on.
 If the work requires the shield to remain open:
9 All persons in the room must cover all exposed skin.
9 Face and eyes must be covered by wearing an appropriate UV
absorbing full face shield.
9 Heavy duty rubber gloves should be worn on the hands, standard
laboratory gloves are not suitable for hand protection from UV.

Figure 16-7. Transilluminator

Some small (bench top) UV sterilization devices (Figure 16-8) are also
available. Among other uses, these cabinets are designed to decontaminate
reagents and equipment prior to carrying out PCR reactions using UV lamps
to denature nucleic acids in only 5 to 10 minutes. The cabinet is equipped
with interlocks on the cabinet doors to protect the user from accidental
exposure. The 1 cm thick acrylic material also works as a shield with
radioactive material
Figure 16-8 UV Sterilizer
16.4 Review Questions - Fill in or select the correct response
1. UV-B effects include
(i.e., sunburn) and
.
2. Germicidal lamps are designed to emit
.
3. The National Toxicology Program has listed broad spectrum ultraviolet radiation as a known human carcinogem
while UV-A, UV-B, and UV-C are listed as reasonably anticipated to be human carcinogens. true / false
4. The UV exposure limit (J/m2) for a transilluminator emitting light at 254 nm is
.
5. Three protective measures for UV radiation are time, distance, and shielding. true / false
6. Engineering controls include interlocks, non-UV reflective surfaces, and glass envelopes. true / false
7. UV personal protective equipment includes face shields, gloves with low UV transmission. true / false
8. If your equipment comes with protective devices (e.g., interlocks, shields, etc.), do / do not remove them.
9. Low pressure mercury ("quartz") lamps are used for
control in hospitals and laboratory hoods.
10. The use of sun lamps and phototherapy lamps is regulated by the
.
11. A black light or "wood's lamp" emits
radiation.
12. Persons who have work with black light for many years may develop sensitivity to the light. true / false
13. Some small black light units may have a "shortwave" (UV-C and UV-B) and "longwave" (UV-A) mode. Safety
with these devices requires that the user consider the type of radiation being used. true / false
14. Transilluminators may operate at one of several bands, these are:
nm,
nm and
nm.
15. When using a UV transilluminator, insure that the acrylic shield / UV blocking cover is closed while the UV
light is on. true / false
16. If work with a transilluminator requires the shield to remain open, cover exposed skin, wear an appropriate UV
absorbing full face shield, and wear heavy rubber gloves (latex gloves are not suitable). true / false
16.5 References
National Radiological Protection Board, Advice on Protection Against Ultraviolet Radiation, NRPB, Oxfordshire,
2002
Sliney, David and Wolbarst, Myron, Safety with Lasers and Other Optical Sources, Plenum Press, New York, 1980

17 Electromagnetic Radiation
When people first hear the word "radiation" what usually springs to mind is the familiar radiation symbol.
However, this is just a small subset of true radiation. Simply said, radiation is the emission and propagation of
energy in the form of waves or particles. The amount of energy in each wave or photon is measured using energy
units of either Joule (J), erg (1 J = 10 7 erg) or electron volts (eV) where 1 Joule = 1 watt/sec = 6.242 x 10 18 eV. The
energy of an electromagnetic wave can be determined from
either the frequency (ν) or wavelength (λ) of the wave by E =
hν = hc/λ, where h (Planck's constant) = 6.626 x 10 -34 J-sec
(or 4.133 x 10 -15 eV-sec) and c (speed of light) = 2.998 x 10 8
m/s (approximately 3 x 1010 m/s).
The frequency of a wave is the number of waves that pass
a given point each second and is measured in Hertz (Hz). The
wavelength is the length of a wave from one crest to the next,
Figure 17-1. Frequency and Wavelength
and is measures in either angstrom (C) [1 C = 10-10 m], meters
or centimeters.
Electromagnetic waves represent a continuum
of energies. Figure 17-2 relates frequency,
wavelength, and energy for different types of
radiation in the electromagnetic spectrum.
Radiation "waves" vary in frequency and
wavelength and are divided into two major categories: ionizing and non-ionizing.
9 Ionizing radiation consists of x-/γ-rays as well
as particles like alpha, beta, and neutrons and
has enough energy to cause chemical changes
in biological material. A large exposure to
ionizing radiation may damage sensitive cells
and tissues. Radioactive material, x-ray
machines, electron microscopes, ion implanters and accelerators are examples of ionizing
radiation sources.
9 Non-ionizing radiation includes visible, ultraviolet and infrared light, radio waves and
microwaves. Depending on wavelength, it
may or may not deposit energy in matter.
Non-ionizing is often divided into two major
frequency regions:
 Frequencies between 3 kHz and 300 GHz
are termed RF/microwave radiation
 Frequencies below 3 kHz (e.g., 60 Hz) are
termed extremely low frequency (ELF)
radiation or Electromagnetic fields (EMF).
Figure 17-1. Electromagnetic Energy Spectrum
Ionizing radiation, UV, visible and IR are dealt
with in previous chapters, this chapter will cover the longer wavelength electromagnetic radiation.
17.1 Radiofrequency (RF) and Microwave Radiation
RF and microwaves are a product of civilization. While these can be produced naturally (e.g., lightning), the use of
electricity and electronic devices have increased the number of electromagnetic radiation sources. When you listen
to the radio, watch TV, or cook food in a microwave oven, you are using electromagnetic waves. Radio waves,
television waves, and microwaves are all types of electromagnetic waves. They only differ from each other in
wavelength.
Radio waves have the longest wavelengths in the electromagnetic spectrum. These waves can be longer than a
football field or as short as a football. Radio waves do more than just bring music to your radio. They also carry
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signals for your television and cellular phones. Microwaves have wavelengths that can be measured in centimeters.
The longer microwaves, those closer to a foot in length, are the waves which heat our food in a microwave oven.
Microwaves are good for transmitting information from one place to another because microwave energy can
penetrate haze, light rain and snow, clouds, and smoke. Shorter microwaves are used in remote sensing. For
example, microwaves are used in Doppler radar used in weather forecasts. Microwaves used in radar, are just a few
inches long. Table 17-1 lists the relationship between frequency and wavelength for the radiofrequency band.
Table 17-1. Electromagnetic Spectrum Band Designation
Frequency
0 - 30 Hz
30 - 300 Hz
300 Hz - 3 kHz
3 - 30 kHz
30 kHz - 0.3 MHz
0.3 - 3 MHz
3 - 30 MHz
30 - 300 MHz
300 - 3,000 MHz
3 - 30 GHz
30 - 300 GHz
300 - 3,000 GHz

Band
SELF
ELF
VF
VLF
LF
MF
HF
VHF
UHF
SHF
EHF
SEHF

Description
sub-extremely-low frequency
extremely-low frequency
voice frequency
very-low frequency
low frequency
medium frequency
high frequency
very-high frequency
ultra-high frequency
super-high frequency
extremely-high frequency
supra-extremely-high frequency

Wavelength
< 10,000,000 m
10,000,000 - 1,000,000 m
1,000,000 - 100,000 m
100,000 - 10,000 m
10,000 - 1,000 m
1,000 - 100 m
100 - 10 m
10 - 1 m
1 m - 10 cm
10 cm - 1 cm
1 cm - 1 mm
1 mm - 0.1 mm

Using the relationship between energy, frequency, and wavelength (i.e., E = hν = hc/λ), you can see that a FM
radio station that broadcasts at a frequency of 100 MHz emits radio waves that are 3 m long and have an energy of
4.13 x 10-7 eV. An AM radio station broadcasting at 1000 kHz (i.e., 1 MHz) emits radio waves that are 300 m long
and have an energy of 4.13 x 10 -10 eV. This is as expected since, as the frequency (Hz) increases, the wavelength
decreases and the energy increases (Figure 17-1).
17.1.a Transmission / Propagation
Electromagnetic waves are created by the vibration of an electric charge. This vibration creates a wave which has
both an electric and a magnetic component. An electromagnetic wave propagates (e.g., transports its energy)
through a vacuum at the speed of light (i.e., 3.00 x 10 8 m/s). The process of absorption and re-emission by which
waves are propagated in other media causes the net speed of the electromagnetic wave to be less than the speed of
light. When an electromagnetic wave impinges upon the atoms of a medium, the energy of that wave is absorbed.
The absorption of energy causes the electrons within the atoms to vibrate. After a short period, the vibrating
electrons create a new electromagnetic wave with the same frequency as the first electromagnetic wave. Even
though these atomic vibrations occur for only a very short time, they delay the motion of the wave through the
medium. Once the energy of the electromagnetic wave is re-emitted by an atom, it travels through a small region of
space between atoms until it reaches the next atom, where the process is repeated. The speed of an electromagnetic
wave through a material medium thus depends upon the optical density of that medium. Different materials cause a
different amount of delay due to the absorption and re-emission process. Furthermore, different materials have their
atoms more closely packed and thus the amount of distance between atoms is less. These two factors (optical
density, packing) are dependent upon the nature of the material through which the electromagnetic wave is
traveling. As a result, the speed of an electromagnetic wave is dependent upon the material through which it is
traveling.
We use the term electromagnetic wave, because that wave actually has two components, an electric, or E, field
and a magnetic, or B, field (the magnetic field intensity is a vector quantity usually symbolized by H). The electric
and magnetic fields are perpendicular to each other and both are perpendicular to the direction of propagation of the
wave (Figure 17-3). The strength of the electric field can be measured and the strength is expressed in units of
Volts per meter (V/m). The magnetic field can also be measured and the strength expressed either in units of Gauss
(G), milligauss (mG) or Tesla (T) where 1 T = 10,000 G.
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The waves take this orderly, dual form only at
some distance from the antenna, that is, at distances
much larger than the wavelength. The region
where the waves behave in an orderly fashion is
called the far field. Nearer to the antenna, is an
area called the near field. Here the electric and
magnetic fields are not in phase and can differ
greatly in magnitude. Because not all the energy in
the electromagnetic field is radiated, some of that
energy, called the reactive energy, is stored in the
field and re-emitted. To determine the true power
density in this near field region, usually independFigure 17-3. Electromagnetic Wave Propagation
ent measurements of each field is necessary.
Electromagnetic radiation is transmitted into space by an
antenna. In radio, the electric and magnetic fields can be generated
in an oscillator and carried by a transmission line to the antenna.
At the antenna, the oscillating fields are radiated into space. The
intensity of the wave is inversely proportional to the square of the
distance from the source and is proportional to the square of the
sine of the angle from an axis perpendicular to the antenna (i.e., it
is maximum radiating at 0o [Sin 0o = 1] and zero at 90o).
There are many types of antennae. A microwave antenna
usually consists of a microwave feeding device (i.e., wave guide)
and a parabolic reflector or horn antenna. If the antenna radiates
power in all directions, like a cell phone, it is an isotropic antenna.
The type of antenna will have an impact on the power density in
the far field. As noted above, for an isotropic antenna, the power
density decreases as the square of the distance (i.e., inverse square
law, cf. Chapter 4). With a directional antenna (e.g., horn or parab- Figure 17-4. Antenna Near Field Description
ola), the power density is increased by a gain factor.
17.1.b Biological Effects
Electromagnetic radiation is energy (see Figure
17-1). Absorption of this energy is not a straightforward process. Factors such as the frequency, power
density, part of the body exposed, length of exposure,
etc., are all important considerations. Additionally,
the human body is a complex structure, many
molecules are electrically polarized and the body
Figure 17-4. RF Absorption in Body
fluids contain ions of dissolved electrolytes.
In general, at higher frequencies more energy is absorbed with a greater portion of it close to the surface on the
side of the body facing the source. At 1 GHz, almost all the energy is absorbed in the first 2 to 3 cm of tissue. The
body can also act like antennae, when their height is about half a wavelength, they absorb energy more efficiently
(e.g., 1 - 2 m wave, ~ 150 - 300 MHz).
For high frequency electromagnetic radiation (i.e., above 200 MHz), the electric fields exert forces on the ions
and polar molecules. Absorption of the energy can lead to heat production. The electric field forces may change
the spatial distribution of polar molecules to an orientation aligned with the electric field. While these two effects
occur simultaneously, when the biological effect is due mainly to heating, we call it a thermal effect and when a
biological effect can not be attributed to heating we call it a non-thermal effect. For very high frequencies, thermal
effects are associated with exposures greater than 10 mW per cm 2 while non-thermal effects are generally associated
with exposures less than 10 mW per cm 2.
Most of the harmful biological effects from microwaves are thermal effects, especially to the eyes which are
unable to efficiently dissipate energy. Microwave radiation has also been shown to lead to cataracts. These are
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differentiated from age-related cataracts based upon the site of occurrence. Microwave (and radiation) cataracts
form on the posterior surface of the lens, senile cataracts originate on the anterior surface of the lens.
Additionally, physical contact with metal antenna components (e.g., dipole or monopole antenna or metal structures near these antenna types) can produce RF burns / shocks. An RF burn could result if one were to touch an
active radiating element. Because RF is non-ionizing, the effects of low level exposure are thought to be noncumulative. Injuries received from RF exposure heal via the body's normal healing process.
Non-thermal effects have been reported from east
Table 17-2. Reported RF Non-thermal Effects
European countries. These consist of physiological
effects on workers with prolonged histories of
Symptoms
Signs
exposures to low-level (< 10 mW/cm2). Table 17-2
bradycardia
Increased fatigability
lists some of the signs and symptoms reported. Some hypotension
periodic / constant headaches
of the subjective effects expressed by workers
hyperthyroid
extreme irritability
include: headaches, eyestrain, fatigue, dizziness,
increased blood
sleepiness during work
disturbed sleep, moodiness, irritability, unsociability,
histamine level
decrease in olfactory sensitivity
nervous tension, muscle pain, etc. While these appear
significant, it is difficult to extrapolate the results to the public health because there was a lack of dosimetric evaluation of the radiation fields and because the symptoms reported are normally associated with an aging workforce.
Magnetic fields can also exert forces on the electrolytes moving in the bloodstream and may cause cells to
rotate. However, these effects are seen primarily at very large field strengths. Workers exposed to high magnetic
fields have reported fatigue, headache, numbness, nausea, and vertigo. However, these studies have not revealed
any long term effects nor increased incidence of disease.
The International Commission on Non-Ionizing Radiation Protection concludes that "current scientific knowledge does not suggest any detrimental effects on major developmental, behavioral, and physiological parameters in
higher organisms for transient exposures to static magnetic flux densities up to 2 T (20,000 G)." It does caution
pregnant women against exposure to (high) magnetic fields, particularly during the first trimester.
17.1.c Radiofrequency Exposure Standards
The federal government and many scientific organizations have proposed standards for electromagnetic radiation
exposure. The goals are to protect workers and members of the general public to various frequency related injuries.
At different frequency ranges, these guides are designed to prevent:
 electrostimulation of excitable tissue (3 kHz - 100 kHz)






adverse effects arising from localized and/or whole body heating (100 kHz - 6 GHz)
excess heating of skin or cornea for frequencies in the range (6 GHz - 300 GHz)
nuisance auditory effects (300 MHz - 6 GHz)
adverse effects associated with extremely high pulsed fields (3 kHz - 300 GHz)

As can be seen from the goals of the study,
the exposure standard is not a straight line.
Additionally, there is a reduced standard for
members of the general public. The Federal
Communication Commission (FCC) RF
exposure guidelines apply to the frequency
range 300 kHz to 100 GHz (Figure 17-5).
The limits are based on the unit of milliwatts
per square centimeter (mW/cm2), call power
density, essentially power per unit area.
Exposure to RF levels below these power
density levels is considered to have no detrimental biological effect on humans.
Additionally, these limits apply to locations

Figure 17-5. RF Exposure Standard
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that are accessible to workers or members of the general public, and not to emission of RF. Table 17-3 lists the
frequency ranges and exposure limits.
Table 17-3. RF Exposure Limits
Frequency Range (F)
(MHz)
0.3 - 1.34
1.34 - 3.0
3.0 - 30
30 - 300
300 - 1,500
1,500 - 100,000

Occupational Exposure Limit
(mW/cm2)
100
100
900 / F2
1
F / 300
5

General Public Exposure Limit
(mW/cm2)
100
180 / F2
180 / F2
0.2
F / 1500
1

17.2 Extremely Low Frequency (ELF) Radiation
There is a general perception that there are health
risks resulting from exposure to electromagnetic
fields from power lines. All alternating electric
currents generate electric and magnetic fields, collectively knows as electromagnetic fields (EMF). These
fields contain an electric field that is proportional to
the voltage and a magnetic field proportional to the
current. These fields emanate from the wires delivering electricity to our homes and all devices which use
electricity in the home. Many people are concerned
about the alleged link between exposure to magnetic
fields and an increased risk of contracting cancer.
While the electric field can be easily shielded; it is
Figure 17-6. Electric Power Distribution
more difficult to shield the magnetic field. Buried
power lines generate lower magnetic fields than overhead power lines because of their design, not because the earth
shields the field. Distance is the easiest way to reduce exposure to magnetic fields from either power lines or
electric appliances.
When dealing with power lines, there are trans- Table 17-4. Typical Magnetic Field Exposures (milligauss)
mission lines mounted on large steel towers which
Distance from Source
carry the power from the generator to a substation
Source
6"
1'
2'
4'
and distribution lines which distribute the power
Ceiling
fan
3
from a substation to the customers. Transmission
Window
air
conditioner
3
1
lines generate both strong electric and magnetic
Tuner
/
tape
player
1
fields; distribution lines generate weak electric
Color TV
7
2
fields, but can generate strong magnetic fields.
Blender
70
10
2
Can opener
600
150
20
2
17.2.a EMF Sources / Intensities
Electromagnetic fields are generated by electric
Coffee maker
7
appliances. The EPA conducted studies of magnetic Crock pot
6
1
field exposure levels which has been summarized in Dishwasher
20
10
4
Table 17-4, sources and median exposure levels at
Food processor
30
6
2
specified distances.
Electric dryer
3
2
The thing to note about sources around the house Washer
20
7
1
is that the exposure rate decreases significantly with Portable heater
100
20
4
distance. These levels may appear to be quite
Vacuum cleaner
300
60
10
1
intense at 6", however at distances of 2 - 4 feet,
magnetic field levels are too low to measure.
Because power transmission and distribution lines carry so much more voltage and current, levels near these
sources can be quite intense. Figure 17-7 contains graphs of the electric and magnetic field strengths measured at
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various distances away from the center line of overhead transmission lines. While intensities decrease rapidly,
approaching nearly zero at 25 meters,
the intensity is related to voltage
carried by the system.
As noted previously, buried or
underground cables have different
electric and magnetic field intensity
distribution than above ground cables.
This is illustrated in Figure 17-8 which
shows distribution of magnetic fields
and effect of shielding on electric
Figure 17-7. Electric / Magnetic Fields Under Power Lines
fields.
Unlike magnetic fields which are difficult to shield, electric fields are reduced by shielding, particularly metal.
Thus the electric fields from
power lines can be reduced by
walls, buildings and trees
which act as conducting
objects that are grounded. If
the power lines are buried,
they produce no electric field
at the surface. However,
magnetic fields at or close to
ground level from underFigure 17-8. EMF Fields Underground and Above Ground Shielding
ground high voltage cables
(typically buried 1 meter underground) can be quite high directly above the cable, but decline rapidly with distance.
17.2.b EMF Health Effects
Reviews of scientific studies lead scientists to conclude that the existing evidence, although suggestive, does not
show conclusive proof that EMFs cause cancer. It appears that in at least some types of diseases, while EMF
exposure may not cause a condition, it may aggravate it and make it more severe. Thus, certain types of cancer may
have been caused by other factors, and EMFs may have accelerated the rate of growth.
The Swedish government has issued a document stating, "We suspect that magnetic fields may pose certain risks
to health, but we cannot be certain .... there is good reason to exercise a certain amount of caution." However, the
report concludes that "current knowledge is not sufficient for us to tell how magnetic fields affect us. So we do not
have a basis on which to set [exposure] limits."
The American Medical Association investigated laboratory tests on animals and cell cultures, noted that changes
were present in parameters such as:








the nervous system
ion movement across cell membranes
cellular enzymes
chromatid and chromosome structure
brain electrophysiology
perception








behavior - social and operant
llmphocyte cytotoxicity
circadian rhythm (biological clock)
oncogene promotion
brain neurotransmitter concentration
heart rate

A review of studies of both human epidemiological and biological laboratory testing has shown both adverse and
benign effects associated with EMFs. Because of the conflicting results in many studies, no clear cut relationship
between certain diseases and EMF exposure have been established.
A recent review of research literature published by the UK National Radiological Protection Board in March
2001 (often referred to as the Doll Report after the committee chair Sir Richard Doll) concluded:
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"Laboratory experiments have provided no good evidence that extremely low frequency electromagnetic fields are capable of producing cancer, nor do human epidemiological studies suggest
that they cause cancer in general. There is, however, some epidemiological evidence that
prolonged exposure to higher levels [more than 0.4 μT] of power frequency magnetic fields is
associated with a small risk of leukemia in children. In practice, such levels of exposure are
seldom encountered by the general public in the UK. In the absence of clear evidence of a
carcinogenic effects in adults, or of a plausible explanation from experiments on animals or
isolated cells, the epidemiological evidence is currently not strong enough to justify a firm conclusion that such fields cause leukemia in children. Unless, however, further research indicates that
the finding is due to chance or some currently unrecognized artifact, the possibility remains that
intense and prolonged exposure to magnetic fields can increase the risk of leukemia in children."
It should be noted that the 0.4 μT (0.04 G) level does not define a safe or unsafe level, it was simply the level
selected to differentiate "exposed" and "unexposed" participants.
Thus, human studies have consistently shown that there is no evidence that prolonged exposure to weak electric
fields as are found in homes and offices results in adverse health effects. Research is still needed to determine if
chronic exposure to weak magnetic fields has any effects. However, there is no evidence that these fields cause
immediate, permanent harm. Laboratory studies on animals and cell cultures have shown that weak magnetic fields
can have effects on several biological processes. For example, they may alter hormone and enzyme levels and the
rate of movement of some chemicals through living tissue. While these changes do not appear to create a health
hazard, they do not rule out the possibility that, in the long term, they may have an effect on the incidence of cancer
or other adverse health effect. While most studies have produced inconclusive results or no increased cancer
incidence in laboratory animals following exposure to electromagnetic fields, a few studies have indicated an
increased incidence.
17.2.c EMF Protection Standards
Because of the ambiguous results of studies, governments have adopted standards. The most thorough and compre hensive standards are published by the International Commission on Non-Ionizing Radiation Protection (ICNIRP).
Table 17-4 includes several guidelines for occupational and general public exposures to ELF.
Table 17-4. Example of EMF Standards
International Guidelines on Non-Ionizing Radiation Protection
Exposure (50/60 Hz)
Electric Field
Magnetic Field
Occupational:
5 G (5,000 mG)
10 kV/m
Whole working day
50 G (50,000 mG)
30 kV/m
Short termH
250 G (250,000 mG)
--For limbs
General Public:
5 kV/m
1 G (1,000 mG)
Up to 20 hours per day
10 kV/m
10 G (10,000 mG)
Few hours per day
H

For electric fields of 10 - 30 kV/m, field strength (kV/m) x hours of exposure should not exceed 80 for the whole working
day. Whole-body exposure to magnetic fields up to 2 hours per day should not exceed 50 mG (IRPA/INIRC 1990)

ACGIHI Occupational Threshold Limit Values for 60 Hz EMF
Electric Field:
Occupational exposures should not exceed 25 kV/m (from 0 Hz to 100 Hz). Prudence dictates the use of
protective devices (e.g., suits, gloves, insulation) in fields above 15 kV/m
For workers with cardiac pacemakers, maintain exposure at or below 1 kV/m
Magnetic Field:
Occupational exposure 10 G (10,000 mG)
For Workers with cardiac pacemakers, the field should not exceed 1 G (1,000 mG)
I

American Conference of Governmental Industrial Hygienists (ACGIH), 1994

280

Radiation Safety for Radiation Workers

In the United States, there are no federal health standards specifically for 60 Hz EMFs. At least six states have set
standards for transmission line electric fields; several of these have also set standards for magnetic fields. The UK
National Radiation Protection Board recently published comprehensive guidance following the ICNIRP guidance
and suggesting a cautious approach which advocates prudent avoidance.
17.3 Review Questions - Fill in or select the correct response
1. A _____ effect occurs when electromagnetic energy is absorbed and damaged is produced by heating.
a. electrical
b. physical
c. skin
d. thermal
2. Reported non-thermal electromagnetic symptoms include headache, fatigue, irritation, and ________:
a. hyperactivity
b. sleepiness
c. increased smell
d. enhanced taste
3. Human studies have consistently shown that there is no evidence that prolonged exposure to weak electric fields
result in adverse health effects.
a. true
b. false
4. The goal of radiofrequency exposure standards is to protect workers and members of the general public to
various frequency related injuries.
a. true
b. false
5. The ________ is the number of waves that pass a given point each second and is measured in Hertz.
a. modulation
b. wavelength
c. frequency
d. amplitude
6. Electromagnetic waves are propagated at what velocity in a vacuum.
c. 18,000 mph
d. 1 Hertz
a. 1 light year
b. 3 x 10 8 m/s
7. Radiofrequency and microwaves are very penetrating types of radiation.
a. true
b. false
8. Extremely low frequency (ELF) electromagnetic fields (EMF) are found throughout the home and work place.
a. true
b. false
9. While there is no definitive evidence that low levels of EMF are hazardous, the literature has suggested that it
may contribute to disease formation or progression and should be considered a possible disease agent.
a. true
b. false
17.4 References
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA), The Controversy Over Electromagnetic
Fields and Possible Adverse Health Effects, NRPG, Oxfordshire, 2004
National Radiation Protection Board (NRPB), Advice on Limiting Exposure to Electromagnetic Fields (0 - 300
GHz), NRPG, Oxfordshire, 2004

Lab 1 Radiation Detection and Measurement
Objective
To understand the components, principles of operation and calibration, and limitations of Liquid Scintillation
Counters (LSC) and Geiger-Müeller (GM) and portable scintillation detection systems and to apply these principles
to performing radiation surveys and interpreting the results.

Radioactive () Decay
Radioactivity results from an unstable combination of protons and
neutrons in the nucleus. The nucleus's consequent attempt to
arrive at a more stable combination of particles often results in the
emission of an alpha or beta particle, or gamma ray. Because
85% of the researchers at the University use beta emitters, we will
concentrate on beta radiation.
Beta particles are essentially energetic electrons. The energy
released by the emission is dependent on the radioisotope and is
shared by the beta particle and the neutrino (*). Because of this
energy sharing, and the fact that neutrinos are not easily detected,
the graph of beta particle energy versus beta abundance (Figure 1)
is very broad, starting at 0 keV (i.e., all energy is given to the
neutrino) and ending at some E max keV (i.e., all the energy is given
to the beta particle), which depends on the radioisotope. The
Figure 1. Beta Decay Spectrum
greatest number of beta particles are emitted with energies
approximately a of the maximum energy.
Because of their electric charge, the emitted beta particles transfer their energy to their surroundings, eventually
losing all of their energy and coming to rest. These beta particles usually do not travel very far and most are unable
to penetrate a liquid scintillation vial.

Portable Survey Meters
GM Systems
A Geiger-Müeller (GM or Geiger) detector is made by
putting a gas whose molecules have a very low affinity for
electrons (i.e. gases which are easily ionized such as
helium, neon, argon, etc.) into a conducting shell, mounting a fine wire that is insulated from the shell at the center
of the tube, and connecting a positive high voltage of
approximately 900 volts between the wire and the shell.
Ionizing radiation, such as  and  particles, enter the
detector and strike gas molecules while x- / -ray photons
interact with the wall (conducting shell) material ejecting
ionized electrons into the gas which then cause ionizations.
From the ion pairs produced, the free electron is accelerated toward the central wire attracted by the positive, high
Figure 2. GM Probe
voltage. The electrons acquire such high speeds that they
can interact with other gas molecules (i.e., E = 2mv2) and produce more (secondary) ion pairs until finally, approximately 1 microsecond after the first ionizing event, nearly all of the gas in the detector is ionized (Townsend
Avalanche). When the electrons reach the central wire they are collected (neutralized) and produce a sharp pulse of
several volts which is measured by the meter's electronics.
A GM is a system where almost all particle radiation incident on the sensitive volume is detected. Any radiation
particle (, ) that ionizes at least one molecule of the gas initiates a succession of ionizations and discharges in the
detector that causes the central wire to collect a multitude of additional electrons. This tremendous charge (about
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109 electrons) produces a signal of about 1 volt. The meter itself
is simply a pulse counter. Because the pulse height is independent of the type and energy of the incident radiation (a single
ionizing event produces a pulse), without an external discriminating apparatus (e.g. sliding shields or covers) a GM system tells
the user nothing about the energy or type of the radiation producing the pulse.
Geiger counters are used for radiation surveys at the University because of their high sensitivity for beta particles. PractiFigure 3. Readout Dial
cally every  particle that penetrates the shell and reaches the fill
gas will cause a discharge and produce a count. Because gamma rays are less densely ionizing, only a small
fraction will interact with the shell and a much smaller
fraction interacts with the gas. To compensate for the low
number of ionizations produced by x- / -rays, a thick (i.e.,
Cord
200 mg/cm2) steel sheath is often placed around the Geiger
Readout
mR/hr
2
3
tube to produce more interactions in the thick wall that will
4
1
BA
Dial
TT
3K
4K
5
2K
0
eject ionized electrons into the gas to be counted.
5K
1K
CPM
6K
0
The two basic types of GM detectors are thin-window and
compensated GM. A thin-window GM has a conducting
shell with one area covered only by a thin (e.g., 1.5 - 4
Speaker
mg/cm2) mica or mylar cover. This window allows particles
Reset
ON
to enter the chamber. The shell of the detector is usually
OFF
Button
RESET
2
SPEAKER
made of steel or coated glass approximately 30 mg/cm . A
OFF
RESPONSE
compensated GM is similar to a thin-window GM, but is also
BA
TT
Response
X0.1
covered with an additional steel sheath which may have a
Button
X1
2
X10
sliding or rotating window to expose the 30 mg/cm steel shell
and allow energetic  particles like 32P to enter the chamber.
On / Off
Beta particles with energies less than 300 keV can not be
Switch
detected with a compensated GM.
A GM is useful because it: (1) has a high sensitivity for
Detector
particle radiation (less for x- / -rays), (2) can be used with
Detector (probe)
Window
different types of radiation, (3) can be fabricated in a wide
variety of shapes, (4) produces a strong output signal requirFigure 4. GM-Type Survey Meter
ing little or no amplification, (5) is relatively rugged, and (6)
is relatively inexpensive.
GM Detector Efficiency and Energy
Efficiency relates the sensitivity of the detector to the
cpm
cpm
eff =
l dpm
dpm
specific radiation being measured and the equation then
( C i ) $ (2.22 % 10 6  C i ) $ ( % o f d e c a y )
correlates counts per minute to source activity.
While there are many factors which affect efficiency, in a GM system, efficiency directly related to the radiation’s penetrability (i.e., how far does the radiation penetrate in matter) and the geometry of the source (i.e., where
is the radiation source in relation to the detector).
Alpha particle efficiency
Most alpha particles are emitted with energy greater than 4.5 MeV. Because  particles have high specific ionization, all alpha particles that enter the sensitive volume will be counted and the system efficiency is high. However,
alpha particles are easily absorbed. When determining efficiency, factors such as source absorption (i.e., attenuation of particles by source and source housing), air absorption (i.e., attenuation by the air), and absorption by GM
window (i.e., even the 4 mg/cm2 mica window stops some alpha particles) contribute to reduced efficiency. Generally, because alpha particles are emitted with energies between 4.5 - 5.5 MeV, a GM system should have approximately the same efficiency for every alpha emitter.
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Beta particle efficiency
Although beta particles are emitted with lower energies than alpha particles, because of their small size they have
longer ranges than alpha particles. Thus, geometry factors, particularly distance from the sensitive volume, is less
critical than for alpha detection. All beta particles that enter the sensitive volume will be counted. The wide range
of beta energies results in a wide range of efficiencies for the same sample geometry. Higher energy beta particles
will have greater range so source absorption and absorption by the GM window will be less and efficiency higher.
A thin-window GM has a relatively high efficiency for beta particles and betas with maximum energies (E max)
greater than 100 keV (see Figure 7) can readily be detected with this type of GM. Additionally, some beta emitters
decay to daughter nuclides which are also beta emitting radionuclides. In this instance, source activity is usually
indicated by the parent activity causing the apparent efficiency (when counting check sources) to exceed 1 (i.e.,
100%). The daughter may also be more energetic than the parent (e.g., 90Sr and 90Y) insuring that more of the
daughters are detected for the same geometry.
X- and Gamma ray efficiency
X- and -ray photons can travel long distances in air and thus have
low specific ionization. Compared to particulate radiation which
produces a large number of ion pairs in the fill gas, photons produce
very few ionizing events in the gas. Detection of x- / -rays normally
results because the photons interact with the GM tube's shell (Figure
5), which has a greater density, and electrons are ejected from the
walls into the fill gas. These electrons then produce secondary
ionizations which are recorded as counts. Photons do not interact
with the thin window (e.g., 4 mg/cm 2) GM tubes used to detect
particulate radiation, so GM tubes used to measure photons incorporate a thick (e.g., 200 mg/cm2) shield around the tube to compensate
for the low sensitivity and produce secondary ionizing electrons.
Thus, when conducting a contamination survey where only photons,
Figure 5. Compensated GM
and particularly where higher energy photons (e.g., > 100 keV), are
to be encountered, a thin window GM detector would have a lower efficiency (e.g., < 1%) than a compensated GM.
A shielded, thin window pancake-type GM probe (e.g., HP-210) may have a higher efficiency than a thin
end-window GM because, after passing through the flat tube, the photon may interact with the shield and eject an
ionized electron back into the sensitive volume. For low energy (e.g., < 50 keV) photons (e.g., 125I), a thin window
GM is at best capable of detecting a minimum of about 0.04 µCi (88,800 dpm). Therefore, when detecting small
amounts of 125I, a low energy gamma (LEG) probe is the system required at the University for researchers using
significant quantities of low energy gamma emitters.
Geiger Counter Operations
CPM scale only. Cal Date: 7/18/xx
Section 7.5 discusses portable survey meters. In conjunction Use
Window:
Fixed Beam
z
to probe center.
with this demonstration we shall review both calibration and
Battery:
O K Check Source: 1500 CPM
operations of a survey meter.
C-14
Tc-99
P-32
Before operating any new piece of equipment for the first Isotope:
160 keV
300 keV 1.71 MeV
time, the user should read the operating manual becoming
familiar with the controls and operating characteristics of
Efficiency:
2%
13%
27%
that system. Although GM survey meters have similar
@ Cs-137 energy:
2400 cpm / mR/hr
controls and readout dials, the controls and switches may be
DO NOT USE
mR/hr
SCALES
located in different places or the readout dial may utilize
UW
Safety
Dept.
Calibration
Lab 262-8769
different units (e.g., counts-per-second). Check the meter
for physical damage. Check the calibration sticker (Figure
Figure 6. Calibration Sticker
6) for the date the meter was calibrated. Meters are required
to be calibrated at least once a year. Radiation Safety normally sends a letter to each lab when a lab's meter is due
for calibration, requesting the lab bring the meter in for calibration. Safety will calibrate most meters' cpm scale
against known beta emitting radiation sources. Loaner meters are available for the 2 - 3 days required for the
calibration. The calibration sticker indicates a meter's efficiency (cpm/dpm) for three beta emitters: 14C/35S (Emax l
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160 keV), 99Tc (Emax = 292 keV), and 32P (Emax = 1.7 MeV -- actually 90Sr/90Y, Eeff l 1.7 MeV). To allow the lab to
measure radiation, the sticker also indicates the response of the meter to gamma-rays produced by the decay of 137Cs
in units of cpm / mR/hr (e.g., 1750 cpm = 1 mR/hr for 137Cs).
Before actually using the meter, you need to check the batteries and insure the system works properly. For the
battery check, turn the selector switch to the BAT position. The readout's needle must move into the BATT OK
range. If not, the batteries are weak and must be replaced. To conserve battery life, turn off the meter (and speaker
if separate) when not using.
Check the operability of the detector against the check source which
(1)
Safety places on all meters. With the meter and speaker turned on, position
the selector switch to the appropriate scale, place the detector window over
the check source affixed to the side of the meter, and measure the radiation of
the source. Compare the response with that given on the calibration certificate (Figure 6). This response should be within ± 20% - 25% of the indicated
response.
Every portable system detects a low-level of background radiation.
Determine this level by turning the selector switch on its lowest scale, pointing the detector away from any radiation work areas and measuring the
count-rate with no radiation sources. Note that the meter reading must be
multiplied by the selector switch scale (e.g., X0.1, X1, X10, etc.). This result
(2)
is the background reading. Normal background for thin-window GM meters
is between 20 - 40 cpm and about 150 - 200 cpm for LEG meters.
To perform a meter survey, insure the speaker is turned on, point the
probe window at the area or equipment you wish to monitor for radiation or
radioactive contamination. Unless contamination is expected, place the selector switch on the lowest scale. When surveying or entering contaminated
areas with unknown radiation levels, turn the meter on outside the area, place
the selector switch on the highest range setting and adjust the switch
downward to the appropriate scale. Reading the response of the system is
usually a two part process: (1) note the indicated cpm on the readout dial and
Figure 7. Meter Controls
(2) multiply the cpm reading by the selector switch setting. For example, in
Figure 7 the needle indicates 3.6K or 3.7K cpm and the selector switch is on
the X 10 scale, the radiation count rate is about 37,000 cpm.
Table 1. Beta Source Data
Geiger Counter Considerations
In order to produce a count (i.e., a click on the speaker), the
Activity  Energy
incident (beta) radiation must ionize at least one fill-gas molecule Isotope
(Ci)
(keV)
Half-life
in the GM tube. We will investigate how the efficiency of a GM
14
C
5,730 yr
0.158
157
system is affected by three factors: radiation energy, geometry
99
(i.e., radiation's distance from the detector), and type of radiation
Tc
213,000 yr
0.038
292
(e.g.,  versus ) being detected. An understanding of the
36
Cl
301,000 yr 0.0210
709
system's limitations may insure that the detectors are used
32
correctly and that the results are viable.
P
14.3 day
0.0203
1710
Table 1 lists: (a) the check sources in our  source set, (b)
their activity (1 Ci = 2,220,000 dpm) on the day they were produced (these have such long half -lives that they
have not appreciably decayed since then), and (c) the maximum energy (remember that  particles are emitted with
a spectrum of energies ranging from essentially zero keV to the maximum energy, E max, with the most likely and
average energies being approximately a the maximum energy) of the emitted  particle. The 32P source is actually
a 90Sr-90Y source which has equivalent energy by a 29.1 year half-life
Energy versus Efficiency
The energy of the emitted radiation is a major factor in a counting system's efficiency. All other things being equal,
efficiency is proportional to energy. To demonstrate this, we will count each check source and determine the
system efficiency. The thin end-window detector is placed in a SH-3 holder and each source is placed with the
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mylar window facing up (the radiation can not penetrate through the back of the source) in the center of the sample
holder to assure reproducible sample geometry. Record the approximate counts per minute observed for each
source in Table 2. If each of the radionuclides emits 1 beta particle for each disintegration, calculate efficiency by:
eff = cpm / dpm. Obtain percent efficiency by multiplying that decimal by 100%.
Table 2. Energy versus Efficiency
Activity1
(µCi)

Activity
(dpm)

Energy
(keV)

C

0.079

175,380

157

Tc

0.019

42,180

292

0.0105

22,530

709

0.0102

23,310

1710

Isotope
14
99

36

Cl

32

P

CPM

Efficiency

Activity is listed for 2 which is 2 of the actual source activity. The reasoning for this is, only half of the radiation is being
emitted out of the plane of the source, the other half is being emitted downward, away from the detector (see Figure 9).

1

Comparing the efficiencies, you will notice that the
Efficiency (%)
higher the energy of the  radiation, the higher the detec- 100
tor efficiency. The ✳-graph in Figure 8 shows the
relationship between maximum  energy and efficiency.
75
When conducting the experiment, we actually used a 90Sr
source to simulate 32P. While 90Sr only emits a 540 keV ,
50
it then decays to another (i.e., daughter) radioactive
90
isotope, Y which emits a  particle with an energy of
25
2.281 MeV. The average energy of this combination is
very nearly the average energy of 32P and can be used to
simulate 32P. Thus, the graph shows that, in general, the
0
0
0.5
1
1.5
2
higher the  energy, the higher the efficiency of the
thin-window detector. Notice the energy-efficiency
Max Beta Energy (MeV)
relationship is not linear. This is because the graph is
based on maximum beta energy and betas are emitted in a
Figure 8. Beta Energy versus Detector Efficiency
spectrum of energies. Also, there is a point of zero (0)
efficiency. For Emax < 100 kev, the beta particle does not have enough energy to penetrate the window and be
counted and therefore nuclides like 3H and 63N can not be detected with GM tubes.
Distance versus Efficiency
In Section 4.2 we stated that gamma-radiation exposure from a point
source followed the inverse square law. Although beta particles are
not as penetrating as gamma-rays, for relatively short distances (< 5
cm) this law may also apply. We shall consider the effect distance
(geometry) has on the count rate (and consequently on the
efficiency). Radiation is emitted from the source in all directions
(i.e., a 4 sphere -- Figure 9, left). When the detector is close (i.e.,
essentially forming a 2 hemisphere -- Figure 9, center) to the
source, nearly all of the energetic particles which are emitted in the
upward direction toward the detector and penetrate the thin-window
create one or more ion pairs and, consequently, produce a pulse
which is counted by the meter. As the detector is moved away from
the source of radiation (Figure 9, right), many beta particles are
emitted at angles which allow them to miss the detector. In this case,

Figure 9. Geometry
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the number of particles in-line with the detector is reduced from the 2 situation, resulting in a much smaller count
rate.
To demonstrate the effect of geometry, we will use a high activity source and slowly increase the distance from
the tube while listening to the count-rate on the meter's speaker. In such a manner, you can hear the effect of
geometry on count-rate and observe that there is a point at which efficiency is 0% (i.e., count rate is background).
To graphically show this point, we plotted the data from our 3 check sources which emit only a single betaparticle per decay. The graph in Figure 10
Efficiency (%)
illustrates two concepts. Regardless of the
distance, the higher the maximum beta energy,
60
C-14 157 keV
Tc-99 292 keV
Cl-36 709 keV
the higher the efficiency (see Figure 8);
however, at distances greater than 3 cm, the
50
efficiency is less than 10%. Secondly, at
14
distances less than 1 cm, even C has
40
relatively good detection efficiencies. Thus,
the farther the detector is from the source of
30
contamination when doing a survey, the less
likely it will be able to detect radioactivity.
20
When doing a contamination survey, the
detector should be within approximately 1 cm 10
of the surface. Even at 1 cm the system
efficiency (taking into consideration the
0
attenuating effects of the probes protective
0
1
2
3
4
5
cover, etc.) for a low energy beta (e.g., 14C,
Distance (cm)
35
S), is likely to be between 1 and 3% (depending upon detector used).
Figure 10. Detector Distance versus Percent Efficiency
Sensitivity of Detector
In radiation detection, the term sensitivity means the ability of a detector to detect the type of radiation at the levels
of interest. One example of a system that is not sensitive to low-energy beta radiation is a compensated GM. This
system cannot detect low energy -particles because the particles are unable to penetrate the wall and enter the
detector tube. Thin-window GM detectors are sensitive to -particles with maximum energies (Emax) greater than
100 keV. Workers using quantities of -emitting isotopes (i.e., 125I, 51Cr) in excess of 3.7 MBq (0.1 mCi) are
required to also have scintillation detectors (see 7.4) to measure the low energy x- / -rays emitted from these
isotopes. A scintillation detector uses a crystal of sodium-iodide (NaI) which has a density of 3.67 gm/cm 3 (much
denser than the GM tube gas). Low-energy gamma-rays are easily absorbed in this crystal producing light pulses.
To demonstrate the need for a special detector, we will use an 129I check source. Iodine-129 decays by the
emission of a  particle with a maximum energy of 153 keV. The beta energy is absorbed by the plastic of the
source housing and does not penetrate. There are also -rays and characteristic x-rays accompanying this decay.
These x-rays have energies between 29 and 39 keV and for each beta decay there is approximately 0.78 x- and
-rays emitted. With the source being used there are approximately 200,000 -rays per minute being emitted. We
will look at a thin-window GM response to these -rays by first the source. Then we will count the source on a
low-energy gamma (i.e., scintillation) detector.
Note that when you count the 129I source on the GM, you get essentially background but when you use the
low-energy gamma probe, the count rate is significant and noticeably high. You can see how a person using the
wrong meter may misinterpret the results.
You may wonder why there is such a dramatic difference between the GM (first) and low-energy gamma
(second) counts when there are just as many gamma rays getting to the detector. Gamma rays are more penetrating
and they don't interact as often as beta-particles interact (i.e., the probability of an ionizing interaction is much less
per millimeter of path [cf., 1.2.f] than for beta-particles). Most of the counts seen in the GM result from interactions
that occurred in the metal wall of the GM knocking ionized electrons into the gas which are then counted. A thinwindow GM is not sensitive to gamma rays and should not be used to measure or detect such radiation. These
meters are meant to survey for a  emitter and beta contamination, with the cpm response indicative of the quantity
of contamination. When these meters are sent to the Safety Department for annual calibration, their response to
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Relative Response -- Counts per Photon

beta particles is measured and they are adjusted so the cpm scale accurately reflects the number of particles incident
on the sensitive volume.
Scintillation detectors are normally used for detection of gamma
and x-rays and/or high-energy beta radiation. The type and energy of
1
radiation detected depends on the type and thickness of the scintillator
used. Low energy Gamma (LEG) probes are highly efficient for
0.8
low-energy gamma rays in the 20 to 70 keV range. They normally
use NaI crystals approximately 0.04" to 0.08" thick. Figure 11 is a
graph of the response of one such LEG detector. Because higher
0.6
energy gamma rays are more penetrating, scintillation detectors
designed to detect and measure photons with energies between 100
0.4
keV and 2 MeV are thicker, often more than 1" thick. However, the
very thickness of the detector limits its usefulness at the lower
0.2
energies because the light produced can not penetrate through the
crystal. In recent years, progress has been made in the field of plastic
scintillators for detecting beta particles. These substances are like
0
10
100
1000
encapsulating liquid scintillation cocktail in a probe. The detectors
10
100
1000
are often very thin, usually about 0.01" (0.025 mm) thick. Some
Photon Energy (keV)
manufacturers also couple plastic scintillators with thin (0.04" - 0.08")
Figure 11. LEG Energy Response
NaI crystals to produce a portable system sensitive to both low energy
gamma-rays and beta particles with Emax > 67 keV.
Scintillation detectors can have very high efficiencies. Figure 11 graphs the relative response of a LEG detector
in counts per photon. Again notice that the efficiency is highly energy dependent; but in the region that this system
is designed to operate, very high efficiencies are possible. For example, using a LEG detector to survey for 125I,
photon energy = 35.5 keV, expect (2) efficiencies between 40% to more than 90% depending upon the type of
probe and the scintillator thickness. Systems which couple gamma and beta scintillators in the same probe have
advertised efficiencies of 16% for 14C and 38% for 125I.
It should be noted that the high gamma-ray sensitivity comes with a penalty. The background on these detectors
is often several hundred counts per minute. The advertised background of the LEG detector in Figure 11 is 160 200 cpm. If a lab is considering buying a portable scintillation system, contact the Safety Office for information on
a proper system for your situation.

Liquid Scintillation Counters (LSC)
Liquid Scintillation Cocktail
Liquid scintillation counting is a method of assaying
radioactive samples by dissolving each radioactive
sample in a liquid scintillation cocktail composed of a
solvent (e.g., toluene, xylene, or an alkyl benzene
(biodegradable) solvent), an emulsifier (a detergent
Figure 12. Liquid Scintillation Counting
type molecule which ensures proper mixing of aqueous
samples in the organic solvent), and a fluor or fluorescent solute. The purpose of the scintillation cocktail is to convert the energy of the radioactive decay particle into
visible light which can be detected by the scintillation counter.
The process of converting the radiation energy to visible light follows three steps. First, the kinetic energy of a
single radioactive decay particle is absorbed in the cocktail by many solvent molecules causing many of them to
become excited. The excited molecules return to their ground states by emitting this excitation energy as either heat
or light. The solvent tends to lose most of this energy as heat while the light that is emitted is in the UV region.
Ultraviolet light is not easily detected by the liquid scintillation counter's electronics. Thus, the second step in
making cocktails is the addition of fluor molecules to the cocktail. Some of the excitation energy of the solvent
molecules is then transferred to fluor molecules causing the fluors to become excited. In the third step, the fluor
molecules return to ground state by emitting light, the frequency of which is dependent solely upon the fluor used
(e.g., PPO generates light in the blue region [i.e., l 370 nm, l 3 eV] of the spectrum). The aim of the cocktail
manufacturers is to develop a cocktail which emits light of the proper frequency for the LSC electronics to detect.
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The amount of light emitted by the liquid
scintillation cocktail is directly proportional to the
Light
Cocktail
events
energy of the particle, i.e., the higher the energy of
a radioactive particle, the more solvent molecules
are excited, and the more light is generated (Figure
13). Thus, for example, while the absorption of a
beta particle from 3H, which has a maximum possiRadioactive
Travel
ble beta energy of 18.6 keV and a most probable
Event
Distance
energy of approximately 6 keV (a$18.6 keV),
Tritium
Carbon-14
Phosphorus-32
18.6 keV*
156 keV*
1710 keV*
might produce a maximum of 30 light photons.
30**
250**
3300**
The absorption of a beta particle from 32P, which
*maximal energy
** approximate photon yield per beta
has a maximum possible beta energy of 1710 keV,
Figure 13. Quantity of Light Photons Emitted
might produce a maximum of 3300 light photons.
Thus, the conversion of energy to light appears to
be linear, 100 times the energy, 100 times the light yield.
Just as with a light bulb, the light emitted by fluors in the
Pulse Height
liquid scintillation cocktail is emitted in all directions.
Proportional to the
However, it is "directed" into two photomultiplier tubes (PMT)
Energy of the Particle
by surrounding the cocktail vial with mirrored surfaces everyLight
where except where the PMTs are located. PMTs are electronic
PMT
tubes consisting of two components; a photocathode and a
series (usually 13) of anodes and cathodes (called dynodes) at
increasingly higher voltages. When blue light from the fluors
strikes the photocathode, electrons are ejected, attracted to the
dynodes and their number multiplied at each stage (Figure 12).
Figure 14. PMT Pulse height
The PMT thus converts the light which it collects into an
electrical pulse and the pulse height at the output of the PMT is proportional to the amount of light energy that was
collected (Figure 13).
Pulse (Signal) Processing
True
When liquid scintillation counters were first developed, the
True
Scintillation
PMTs were found to generate a lot of random noise pulses. Scintillation
Event
For a 2-inch PMT (i.e., diameter of the face), this
Event
background of noise was greater than 10,000 cpm. This
noise normally appeared in the region 0 - 6 keV where the
majority of 3H counts also appeared. Obviously, a system
Pulses Accepted
background of 10,000 cpm (especially for 3H) would be
useless for sample analysis. To reduce noise, coincidence
circuits were introduced.
A coincidence circuit (Figure 15) is able to discriminate
Noise
Noise
between noise pulses and pulses from radiation-produced
Pulse
Pulse
scintillation events. In a "real" scintillation event, many
light photons are emitted in all directions. This light will
strike both photocathodes simultaneously (actually within
10 - 30 nsec, 0.000 000 01 sec). When this occurs, each
Pulses Rejected
PMT will generate a pulse simultaneously. Only when the
coincidence circuit detects a pulse from each PMT simultaFigure 15. Coincidence Circuit
neously will the counter register that a beta decay occurred.
Because noise pulses are generated randomly from each PMT, the chance of a noise pulse being emitted from both
PMTs simultaneously is very small. If the coincidence circuit detects a pulse from one PMT and not the other
(within 40 nsec), the analyzer will disregard the pulse. This coincidence circuit insures that the liquid scintillation
counter's background will be low (about 20 - 40 cpm).
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The pulses from the coincidence circuit are digitized and
Max. Pulse Height
stored in a 1000 - to 4000-channel multichannel analyzer
(Linear Gain)
(MCA) system where each channel (cf., 7.6.i) corresponds to
a small energy interval (i.e., in a 4000-channel system, each
channel is 0.5 keV wide and the system can measure 0 - 2000
keV). This sorting can be most easily likened to the process
Energy (keV)
of sorting apples. In an apple sorter, the apples pass over a
series of holes, each hole increasingly larger than the previPulse Distribution
ous one. As the apples pass over the sieve, they fall through
the first hole which is larger than the apple's diameter. The
apples are then collected in baskets.
Similarly, the pulses from the coincidence circuit are
sieved. Rather than collecting apples in baskets, each
channel has a scaler (i.e., a counter) which is incremented for
each pulse of corresponding energy (e.g., tells the user how
Channels (Conventional MCA - Linear)
many apples in each basket). The LSC also has the capability
of changing the sieve, or window, size. Users often set
Energy (keV)
windows to sort pulses based on the radiation energy they are
3
most interested in, setting the tritium ( H) window to collect
Figure 16. Pulse Analysis and Storage
all pulses above background but less than approximately 19
keV. Similarly, the 14C window would be set to collect all pulses above 0 keV but less than 160 keV (or above 19
keV but less than 160 keV if a mixed 3H / 14C sample were being counted), and the 32P window may be set to collect
all pulses with energies greater than 2 keV but less than 1710 keV. A tip for counting low activity (i.e., environmental samples) of beta emitters like 14C, 3H, etc. -- Noise can be reduced by setting the lower window above the
noise level which usually stops by 2 keV (cf. 7.6.l).
Q 1. If the window settings are used to discriminate pulses based on their amplitude, what would be the window
settings (i.e., Lower Level Discriminator [LLD] and Upper Level Discriminator [ULD]) for counting a
sample containing 32P with a maximum energy of 1710 keV?
If you were counting both 3H and 14C, what LLD and ULD would you set?
Thus, liquid scintillation counters can be used to quantify radioactivity and to measure radioactive contamination.
They are ideal for counting radionuclides that decay
by beta emission (e.g., 3H, 14C, 32P, 35S, 36Cl, etc.), and
Table 3. Energy versus (unquenched) Efficiency
they may also be used to measure low energy gamma
emitters (e.g. 125I). Although both 51Cr and 125I decay
Isotope
Radiation  / e- Energy Efficiency
by electron capture with the emission of a gamma ray,
Emax
these gamma rays sometimes interact with orbital
3

18.6 keV
60%
H
electrons of the decaying atom, transferring their
energy to an electron and ejecting it from the atom.
The vacancy is filled by an electron from a higher
shell resulting in the production of x-rays and Auger
electrons (cf., 1.2.a.4). These conversion and Auger
electrons are readily detected by the LSC. For appropriately chosen windows, the system efficiency can be
very high. Table 3 shows a typical relationship
between radiation energy and efficiency.



156 keV

90%

32



1710 keV

95%

35

S



Cr

14

C
P

51

125

I

160 keV

90%

-e

-

5 keV

35%

-e

-

4 & 30 keV

80%

Q 2. The CPM of a 3.7 kBq (0.1 Ci) of 3H sample is 80,000, what is the counter efficiency?
The CPM of a 3.7 kBq (0.1 Ci) of an unknown sample with a ß yield of 50% (i.e., 1.85 kBq [0.05 Ci] of )
is 80,000, what is the counter efficiency?
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Counts

Counts

Quench
Unquenched
Almost anything added to a counting vial by an investigaSample
tor as a result of sample processing (e.g., solvents, filters)
Quenched
can lower the efficiency of the scintillation process by
Sample
reducing the number of blue light photons reaching the
PMT. This reduction in counting efficiency is called
quench. There are two basic types of quench. Chemical
Energy (log)
quenching occurs when chemical agents added to the
cocktail interfere with the transfer of radiation energy
Figure 17. Effects of Quench
between the solvent and the fluor (i.e., absorbs beta
energy better than the cocktail so it does not excite as many cocktail molecules) resulting in a reduction and loss of
light and consequent lowered efficiency. For example, carbon tetrachloride absorbs beta energy and radiates infrared light. Color quenching arises when (l 3 eV) blue light photons from the fluors are absorbed by colored components in the cocktail and counting vial (i.e., red [1.9 eV], yellow [2.1 eV] and green [2.4 eV] colors in the counting
vial absorb the blue light emitted from the fluor) resulting in reduced blue light
pulses. Additionally, low energy  radiation may be absorbed in the sample
medium itself (i.e., self-absorption) and never get out to excite a solvent
molecule.
Because quench absorbs a portion of energy from each decay, quenching
results in two effects (Figure 17): (1) a shift in the pulse spectrum to a lower
energy region, and (2) a reduction in the measured sample cpm (especially low
energy emitters -- Figure 18). Regardless of the type, quench results in a reduction of the number of counts registered, and reduces efficiency. All laboratory
samples are quenched to some degree. To properly analyze data, a researcher
often needs results which are independent of quench. Because of quench, the
researcher cannot simply convert cpm to dpm by using the efficiencies listed in
Table 3 (e.g., dpm = cpm / eff). Rather the effect of quench must be factored
into the conversion if the researchers is interested in the true activity in the vial.
Figure 18. Quench vs Energy
When properly set, the LSC can report the amount of quench in a sample.
All manufacturers determine the sample's quench in the same ways; but they
designate the amount of quench present differently. For example, Beckman uses
an external source of 137Cs (or 133Ba or 226Ra) to determine the samples H-Number.
Cesium gamma-rays interact with the cocktail and eject (Compton) electrons. The
Compton electrons produce a spectrum in the quenched sample that is compared
to the Compton spectrum of a theoretically unquenched sample. The shift in
channels (i.e.,, the difference between the channel that an unquenched standard's
inflection point occurs and the channel that the quenched standard's inflection
point occurs) is the sample's H-Number. For a Beckman LSC, the greater the
H-Number, the greater the amount of quench present and the lower the efficiency. Figure 19. External Standard
Packard Instruments uses slightly different terminology to describe quench.
Unquenched
They still utilize an external (133Ba or 137Cs) standard which
Quenched
bombards the sample with high energy gamma-rays and the
system analyzes the resultant Compton spectrum. Sample
quench shifts this Compton spectrum and Packard calculates a
transformed Spectral Index of the External (tSIE) standard
Inflection
to determine the Quench Indicating Parameter (QIP). On
Point
Safety's Packard system, 3H quenched standards with tSIE
ranging between 1000 and 50 give efficiencies of 60% to
3.3%, respectively (see Figure 7-27 or Figure 23).
Figure 21 shows these two manufacturer's Quench versus
H-Number Plus
Efficiency curves. Notice that they are different. Other
manufacturers use different quench numbers (e.g., the QIP on
Figure 20. Beckman’s H-Number
some Wallac LSC systems varies from 0 - 22), but all LSC
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systems relate quench with efficiency. If you want to extrapolate your data taking into account the quench, you
must know the shape of the quench curve.

Figure 21. Quench Representations
Q 3. A sample has a tSIE quench parameter of 1000. Referring to the description of quench value ranges for
Packard systems (Figure 21, right), is this sample quenched or unquenched?

Quench Calibration
Most of the information about quench is found in the manufacturer's literature. However, users can determine the
relationship between quench and counter efficiency manually. This method uses an external standard, Packard's
Quench Indicating Parameter (QIP), and a set of "Quenched" standards (see also Chapter 7 for more information on
quench correction considerations).
A quenched standard set usually consists of 10 vials (Figure 22), each of which contains the same radioactivity
(dpm) but each with differing amounts of the quenching agent, nitromethane, added. The more quench in the
sample, the fewer counts that will be detected. The quenched standard set is loaded into the LSC. If necessary, the
LLD, ULD and Gain are set for the radionuclide and counting is begun. The number of counts registered for each
standard vial as well as the quench parameter is determined by the counter. Because all the standards contain the
same amount of radioactivity, the efficiency (eff = cpm / dpm) of the counter at various levels of quenching can be
plotted.

Figure 22. Set of 3H Quenched Standards
Q 4. Can you use a tritium quench curve to estimate the activity of 32P samples?
Can you use a tritium quench curve to estimate the activity of 63Ni sample?
Performing a calibration as a practical exercise, count a 3H quenched standard set. Each of the standards has an
activity of 194,433 dpm (about 0.088 Ci). If counted in a Packard LSC with the "window" (or counting region A)
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set to sort energies between 0 keV and 18.6 keV (i.e., the tritium window), calculate the efficiency of each standard
and correlate it to the quench indicating parameter (tSIE).
Figure 23 summarizes the quench
standard calibration results, listing the
Ch A
tSIE
H-3 Efficiency vs tSIE
cpm and the tSIE for each of the
518
48
% Efficiency
standards. The efficiency for each
60
430
45
sample is calculated by using the
341
39
equation, eff = cpm / dpm. Plotting
50
279
33
the efficiency (y-axis) versus the tSIE
40
219
27
(x-axis) results in the graph.
From Figures 17, 18 and 21, we see
30
169
20
that quenching has its greatest effect on
123
14
20
low energy (e.g., 3H, 63Ni, etc.) samples.
86.3
9
This should be obvious when reviewing
10
45.2
3
Ch A
Figure 17 where you see that, depending
0
17.9
0
upon type, quench both reduces the
0
100
200
300
400
500
600
Ch A -- 0.0 - 18.6 keV
counts (absorbs energy and re-radiates it
tSIE
as heat) and reduces the energy (absorbs
some of the light). Because low energy
Figure 23. 3H Quench Curve
emitters are already at the threshold of
detection, this attenuation is more severe than for higher energy emitters (e.g., 14C, 33P, 35S, 32P, etc.) which suffer
only slight degradation in efficiency.
To apply quench correction by converting a sample's cpm result into dpm activity using the counter’s quench
parameter, simply interpret the graph. For example, Table 4 lists several 3H (Emax = 18.6 keV) sample results along
with the quench of each sample. To calculate the true activity (in units of dpm) of the samples, use the QIP to find
the counter's efficiency from Figure 23, then calculate the dpm activity using the equation: dpm = cpm / eff.
Table 4. 3H DPM Determination
cpm

tSIE

eff (%)

Activity (dpm)

5,476

500

47%

11,651

2,847

175

427

45
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Lab 2 UW Radiation Safety Program
Objective
To review procedures, records and forms used by research labs in following the UW's Radiation Safety Program
(i.e., properly receiving, using, disposing, surveying, and decontaminating radioactive material in the lab).
General
There are approximately 370 principal investigators (PI) authorized to use radioactive materials at the University of
Wisconsin, Madison. These researchers employ nearly 3500 radiation workers and perform their research work in
over 1200 individual labs throughout the campus. Given the magnitude of radionuclide use, it is financially impossible for the Safety Department to perform all radiation safety tasks required by the UW's licenses. Rather, the
radiation safety / ALARA program at the UW is decentralized and consists of two major components:
 The Safety Department controls the use of radioactive materials on campus. This control is implemented
through University Radiation Safety Committee approving research requests, centralized ordering, establishing
order and possession limits, and auditing of users' safety program.
 The research lab is responsible for radiation safety program elements within their assigned rooms. This generally boils down to the principal investigator's responsibility for insuring the lab's personnel are instructed about
the potential hazards (both radiological and otherwise) in the lab, that only trained radiation workers handle
radioactive material, that all radioactive materials (i.e., vials, waste, etc.) are secured from unauthorized
removal, that proper radioactive material inventory records are maintained, and radiation safety surveys are
routinely conducted to document that radioactive materials are not being spread from the work place.
If these two radiation safety components are done properly, State and Federal inspectors are likely to allow the
University to manage its own radiation safety program. If either or both of these components is deemed inadequate,
the State's safety inspectors are likely to mandate changes or recommend cessation of work. Thus, Lab 2 provides
information the Safety Department considers essential to maintaining a viable radiation safety program at the UW.
Ordering and Receipt of Radioactive Materials
As part of the ALARA program, all radioactive materials obtained by labs from any source, both commercial and
on-campus (e.g., reactor, cyclotron, etc.), must be ordered through the Central Ordering, Receiving, and Distribution (CORD) Office. Each PI has specific ordering and possession limits for each radionuclide they are authorized
to work with. The CORD computer checks each order to insure the quantity ordered is within the lab's order limit
and to insure the quantity received will not cause the lab to exceed the lab's possession limit. CORD processes
approximately 4000 orders annually and bids the most common radiochemicals with vendors to obtain prices which
may be as low as 20% of the list price (i.e., 80% below list). CORD places orders with vendors daily. When
shipments arrive, CORD receives the packages following DOT and Nuclear Regulatory Commission guidelines and
checks each item to verify it is the correct radiochemical and activity that the lab ordered and prepares the radioactive material for delivery to the lab.
After verifying each item, but before delivery, CORD personnel enter the quantity of each radionuclide the lab
received into the CORD inventory program. The Safety Department maintains a radionuclide inventory by user for
the entire campus. This inventory list is again checked to verify that the user is authorized for that nuclide and that
this order would not cause the lab to exceed the maximum quantity authorized nor the University to exceed its
license limits. Labs adjust their CORD inventory by completing and submitting disposal forms to CORD (see
below or Chapter 5).
Isotopes are delivered to labs in "zip lock" bags. The isotope is usually in a stock vial inside a plastic covered
pig. This plastic shipping container protects the stock vial from damage and keeps the radiation exposure to the
general public low during shipment. CORD only checks the incoming package, it does not check each stock vial
for contamination. These should be assumed to be contaminated and workers should wear disposable gloves when
handling these, and any, stock vials.
Along with the isotope, the CORD technician provides the user with a Radionuclide Inventory form (Figure 1).
The upper half of the form serves as the CORD invoice and it includes the radiochemical information and billing
information. Each worker should review this Radionuclide Inventory form to verify that the item they have is the
radioactive material and quantity ordered.
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When making deliveries, the CORD technician assembles the materials slated for a particular building and, just
like UPS, seeks lab persons to sign for the material. For the laboratory, proper radioisotope receipt techniques
should include:
 Put on lab coat and gloves to prevent skin/clothing contamination.
 Inspect the package for any sign of physical damage (e.g., cuts/tears, wet, leaking, or dented pig, signs of crushing, etc.).
 If isotope is potentially volatile (e.g., high concentrations of 125I, 131I, 3H), place package in a fume hood.
 Check the package and verify that the contents agree with the Radionuclide Receipt and Disposal form (Figure
1). If it is other than expected, call CORD immediately.
 If you suspect contamination, wipe the source container's surface and check for removable radioactivity.
 Meter packing material and packages for contamination before discarding; if contaminated, treat as radioactive
waste, if not contaminated, remove / obliterate all radiation labels before discarding to the normal trash.
 Make a record of the receipt for the vial on the inventory form (see Figure 1) under USE INFORMATION.
The bottom half of the Radionuclide Inventory (see also Figure 5-1) is an inventory form which can be used to keep
a running log of use and disposal by the
user of that stock vial. Radiation Safety
does not mandate the exact inventory
system used, only that labs have a viable
inventory system. Some labs use
computer based inventories, so do manual
inventories. Safety audits each lab to
insure inventory accuracy and that logs of
receipt, use, and disposal are maintained
for a period of 3 years. After checking the
shipment, complete the inventory form to
document receipt of this material (insure
appropriate units are circled: µCi or mCi,
µl or ml), and store the material per the
vendor's instructions.
The radiation worker who will use the
item verifies the information from the
Receipt and Disposal form and the vial
label, insuring it is the correct product.

 The Requisition # (i.e., CORD’s tracking number) is 16943.

 This shipment was Amersham catalog
# PB.10163.

 The chemical is Uridine 5'-[α-32-P]
Triphosphate
 The lab received 1 mCi of 32P in a
single vial.
 The material has an aqueous concentration of 10 mCi/ml, in 0.1 ml (100
µl) of solution.
 Cost data (i.e., lab's Internal Req. #:
3339055, shipping, material, processing, and other fees) for the order.

Figure 1. Radionuclide Inventory Form

Using Radioactive Material
If the radionuclide procedure is new, review the protocol. Reviewing the steps involved in a new procedure is one
way of working more efficiently and keeping your radiation exposure ALARA. Check the work area, make sure it
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is covered with absorbent paper and there is a tray to use for carrying glassware. Practice reaching around any
bench top shielding and check the location of other needed supplies (micropipette, tips, tubes, gloves, etc.) and
equipment. Lastly, insure you have a sensitive survey meter when working with radioactivity.
The lab received 1 mCi on 6 October. On 9 October, 250 μCi is needed for a procedure. The 0.250 mCi (250
µCi or 9.25 MBq) is ¼ of the initial activity. Initial volume was 0.1 ml (100 µl -- 100 λ), so dispense 0.025 ml (25
µl -- 25 λ). Place the vial (still in the plastic-encased pig) on a papered lab bench behind a a"-thick Plexiglas
shield. After pipetting, use the thin-window GM to check hands and work area, including floor, for contamination
and complete one entry on the Radionuclide Receipt and Disposal form (Figure 2) under USE INFORMATION to
document removal of 0.25 mCi (250 µCi) of the material from the stock vial.
USE INFORMATION
ACTIVITY
(µCi or mCi)
Removed

Remaining

DISPOSAL INFORMATION

Removed

Remaining

Date
&
Int.

VOLUME
(µl or ml)

0

1

0

0.1

10/6/xx WR

0.25

0.75

0.02

0.07

10/9/xx WR

0.25

0.5

0.02

0.05

10/10/xx WR

WASTE TYPES AND ACTIVITY (µCi or mCi)
Solid

Organic
Aqueous
+ Liquid + Liquid + Animal + Other

Waste
Pickup
No.

= Total

Date
&
Int.

Figure 2. Radionuclide Inventory Form, Use Entries
Each use of radioactive materials is followed by an entry in the inventory form and radiation surveys. Thus, after
withdrawing another 0.250 mCi (250 µCi) on 9 October, the worker would survey his/her hands and work area and
complete another entry for that stock vial in the Radionuclide Receipt and Disposal form (Figure 2).
Disposal of Radioactive Waste
On 20 October, although only half (0.5 mCi) of the 32P has been used, the two experiments are concluded and the
researcher decides to dispose of the 32P waste accumulated from the two procedures. Suppose the lab has a box of
32
P solid waste as well as a shatter resistant 1-liter jug of liquid that was collected during the experiment. Radiation
Safety routinely picks up radioactive waste in your lab on Tuesdays, either AM or PM (see Appendix C for building schedule). Go to the web site (http://www.fpm.wisc.edu/safety/Radiation/pkup.html) and complete an on-line
pick-up request. There is a link that will display the schedule and one that will direct you to chemical pick up
requests. Submit the request to Safety, tell them the lab has one solid and one liquid package for the waste pickup.
You can request empty containers (1-, 2-, or 4-Liter or 5-gallon carboys), forms, or supplies as well from this page.
Then begin to fill in the forms and labels needed. The Radioactive Waste Disposal form (Figure 7 or Appendix C)
identifies this as Pickup # 23893.
Radiation Safety recommends frequent and periodic disposals of radioactive waste as the best solution to reducing lab exposures and keeping inventories accurate. We do NOT recommend that you decay your waste, this
method has many requirements mandated by the State. Section 5.3 details packaging and labeling requirements.
Liquid Radioactive Waste
Radioactive Waste Disposal Guidelines are in Appendix C.
Radiation Safety gives small (i.e., 1-, 2-, and 4-liter jugs) and
large volume (i.e., 5-gallon carboys) containers for you to
collect your liquid wastes.
Based on the efficiency of the procedure, the lab estimates
that about 90% of the used radioactivity was in the liquid
phase. If a total of 0.500 mCi (500 µCi) was used in the two
procedures, there should be approximately 0.450 mCi (450
µCi) in the liquid container. Make sure the cap is on tight,
complete the Radioactive Liquid Waste tag (Figure 4, left or

ZERMAT M T
10/20/XX

P-32
6.3

X
TRIS BUFFER
KCl
WATER

23893
0.45

45
15
40

Figure 3. Small Volume Liquid Disposal
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Appendix C) insuring that all constituents are identified by percent (%) of weight or volume and tie it to the bottle.
When completed, the Radioactive - LSA tag satisfies the DOT labeling requirement for low specific activity radioactive waste. Identify the pickup #
(23893) on all forms.
Large volumes of dilute radioactive
Zerman, M.T.
liquids are collected in 5-gallon carboys
23893
10/20/XX
P-32
0.45
(Figure 5). As noted in Chapter 5, you
may request empty carboys to be delivXX
ered to your lab when Safety comes to
collect your waste. Carboys have been
tested for DOT compliance and come in
two varieties; square carboys for aqueous
Figure 4. Liquid Disposal Tag / Label
wastes and round carboys for organic
wastes. Tie a Radioactive Liquid Waste
tag to each carboy, insuring that all constituents are identified by
percent (%) or volume. Fill the carboy only to the bottom of the
neck, do not overfill any liquid container. Additionally, insure
you use the correct cap and that it is securely tightened.
ZERMAT M.T.

10/20/XX

P-32
6.3

X

TRIS BUFFER
KCl
WATER

23893

0.45

45
15
40

ZERMAT M T

10/20/XX

C-14
6.3

X

TRIS BUFFER
KCl
WATER

23893

0.45

45
15
40

Solid Radioactive Waste
Packaging solid waste is a bit easier. After finishing the procedures, all of the material was collected and discarded. With highenergy betas like 32P, paper, gloves,, etc. can be metered and
disposed to normal trash if not contaminated. The lab’s solid
waste box contains radioactive solid waste in a yellow plastic
Figure 5. Carboy Disposal
bag. The waste consists of absorbent paper, discarded
pipette tips (remember to place sharps inside a smaller
cardboard box to prevent puncture injuries), paper
towels, disposable gloves, etc. Based upon the amount
of liquid waste, the lab estimates that approximately
10% of the material is solid waste, or about 0.050 mCi
(50 µCi). First tape the yellow plastic trash bag shut,
then tape the box so it is strong and tight (Figure 6).
Complete the Radioactive - LSA sticker (Figure 7 or
Figure 6. Solid Waste Disposal
Appendix C), including pickup # (23893), and put it on
the box.
There are a few restrictions. On the back of the Radioactive Waste
Disposal form there is a list of chemicals that must not be added to solid
ZERMAT, M. T .
waste. Because lead is an environmental hazard, do not place lead pigs in
23893
10/20/XX
your solid waste box. Similarly liquids are not permitted. Both of these
0.05
P-32
should be packaged separately for disposal (see Appendix C). Before
XX
placing radioactive sharps (e.g., syringes, pipette tips, broken glass, etc.) into
your solid waste, the sharps should be placed in a sharps container or a small,
strong cardboard box. This helps to reduce worker injuries as your waste is
being processed. Additionally, the box must be smaller than 14” x 24” and
weigh less than 25 pounds.
Figure 7. Radioactive LSA Label
ZERMAT M T

23893

P-32

10/20/XX
0.05

XX

Radioactive Waste Disposal Form
CORD maintains the official University inventory of radioactive material which each lab has received. The only
way this inventory can be reduced is by the lab performing a disposal action. Thus, besides the waste tags and
stickers, the lab must notify CORD of the disposal using the 2-part, orange-colored Radioactive Waste Disposal
form (Appendix C). The Waste Disposal form is given to CORD and the lab's CORD inventory is adjusted by
subtracting the activity of each disposed radionuclide, enabling the lab to order more material. To fill-in the form,
review the stickers noting the number of containers of each type of waste. For our scenario, there is one box of
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solid waste containing approximately 0.050 mCi (mostly lab trash such as tubes, pipette tips, absorbent paper,
disposable gloves, etc.) and 1 jug of aqueous liquid containing approximately 0.450 mCi of 32P consisting primarily of buffer, KCl and water.
The Radioactive Waste Disposal form, pickup
# 23893 (Figure 8) is completed with the required
information from the Radioactive LSA stickers
and/or carboy tags just completed. Insure the
entries in the Solid and Aqueous Liquid portions
are correct. Units for radioactive waste are mCi.
Keep the original for your records. Attach the
Safety Department copy to a box with a small
piece of tape.
Finally, to complete the lab's records, get the
logbook and enter the same information under the
DISPOSAL INFORMATION section of the Radionuclide Receipt and Disposal form (Figure 9) for
each vial. The record for the Amersham
PB.10163 (Requisition / tracking # 16943) shows
that on 20 October, the lab disposed of 0.050 mCi
of solid waste and 0.450 mCi of liquid waste on
Pickup # 23893.
Put waste boxes and the Safety Dept. Copy of
the Radioactive Waste Disposal form in your lab
at a convenient location so it will be ready when
the Safety Waste Management Specialists come
on Tuesday.
You may also want to dispose of either
unwanted chemicals or chemical wastes at the
same time that you dispose of your radioactive
waste. Look about you lab to see if there are any
other items to be disposed. Also look at you
Figure 8. Radioactive Waste Disposal Form
supply cache of safety material to see if there are
other items you may need from Safety.
USE INFORMATION

DISPOSAL INFORMATION

Removed

Remaining

Removed

Remaining

Date
&
Int.

0

1

0

0.1

10/6/xx WR

0.25

0.75

0.02

0.07

10/9/xx WR

0.25

0.5

0.02

0.05

10/10/xx WR

ACTIVITY
(µCi or mCi)

VOLUME
(µl or ml)

WASTE TYPES AND ACTIVITY (µCi or mCi)
Solid

0.05

+

Organic
Aqueous
Liquid + Liquid + Animal + Other = Total

0.45

0.5

Waste
Pickup
No.

Date
&
Int.

23893

10/20/xx WR

Figure 9. Radionuclide Inventory Form, Disposal Entry
Half-life Decay-in-storage Radioactive Waste Disposal
Suppose, instead of calling Safety for a pickup, the lab desired to hold this material for decay. The procedures for
decay-in-storage are prescribed by the State and described in section 5.3.d. The lab received the material on 6
October. 32P has a physical half-life of 14.3 days. The experiments were all finished on 20 October and 0.500 mCi
(0.450 mCi solid, 0.050 mCi liquid) of waste was left. The waste containers are sealed and placed in the lab's waste
storage area. On 12 March, after 143 days (10 half-lives), the lab surveys the bag with a thin-window GM and
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records in the decay-in-storage log book the date the waste was put in storage, radionuclides disposed, name of
individual who performed the disposal, meter make/model/SN, background count-rate, and waste meter count rate.
A meter reading < 100 cpm on contact with the box indicates the waste is sufficiently decayed, so all radioactive
labels are defaced and the solid waste is carried out and thrown into a dumpster with the regular trash or liquid
waste disposed to the sanitary sewer in accordance with the Chemical Disposal Guide. Do not allow custodial
services to pick up the waste; they have been informed not to handle any yellow-bagged waste. Since Radiation
Safety did not pick up the waste, how is CORD to be
informed?
Other Disposal Methods
In the lower right corner of the Radioactive Waste
#1 Decay
Disposal form (Figure 10 or Appendix C) there is a block
#2 Sewer Release
for "Other Disposal Methods." Use this block to inform
#3 Exhausted to the Atmosphere
CORD of any non-routine disposals and other reductions
#4 Administered to Patients
to their inventory (e.g., decay, etc.). The disposal of 0.500
#5 To HP (non-routine pickup)
mCi (500 µCi) which has undergone radioactive decay is
#6 Transfer Off-Campus
recorded and sent to CORD either with a pickup or
Nuclide Activity (mCi)
Date
through campus mail. Figure 10 shows that Method #1 is Method #
1
P-32
0.5
03/12/xx
decay and the lab is accounting for 0.500 mCi on 12
March. If this is the only disposal, send the completed
form through Campus Mail or FAX it to CORD so the
disposed activity can be entered into the lab's CORD
Figure 10. Radioactive Waste Disposal, Half-life Decay
inventory.
To complete the lab's records indicating this disposal by half-life decay, complete the Radionuclide Receipt and
Disposal form (Figure 11) DISPOSAL INFORMATION block. On a new line, under DISPOSAL INFORMATION,
enter the disposal of 0.500 mCi under other, noting in parenthesis "Decay". If the lab had other material to be
picked up, the decay could have been entered on the disposal form with the pickup and given to CORD in that
manner. Thus, one disposal form can be used to document many containers of radioactivity.
USE INFORMATION

DISPOSAL INFORMATION

Removed

Remaining

Removed

Remaining

Date
&
Int.

0

1

0

0.1

10/6/xx WR

0.25

0.75

0.02

0.07

10/9/xx WR

0.25

0.5

0.02

0.05

10/10/xx WR

ACTIVITY
(µCi or mCi)

VOLUME
(µl or ml)

WASTE TYPES AND ACTIVITY (µCi or mCi)
Solid

Organic
Aqueous
+ Liquid + Liquid + Animal +

Other

= Total

0.500
(decay)

0.5

Waste
Pickup
No.

Date
&
Int.

23893

3/12/xx WR

Figure 11. Radionuclide Inventory Form, Half-life Decay
Survey Techniques & Decontamination
Facilities in which unsealed sources of radionuclides are used and/or stored must be surveyed for radioactive
contamination using both a sensitive radiation survey meter and wipes. At a minimum, these surveys must be done
monthly when 200 µCi or more of radioactive material has been used by a lab during the month (as indicated by the
CORD computer) or is listed as being in the lab; and semiannually when less than 200 µCi is on hand or when
radioactive materials are in long-term storage and an exception to the survey period has been requested and
approved (see 5.4 for a complete description of survey frequency). Supplies needed to perform an adequate survey
include:
 Radionuclide Facility Survey form (Figure 12 or Appendix C); Safety can give you a map of your lab.
 Calibrated GM and/or LEG survey meter (depending upon isotopes used by lab).
 Q-tips / wipes, Liquid Scintillation or Auto-gamma Counter and supplies.
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Wipes can be counted by liquid scintillation (LSC), gas flow, or auto-gamma (AGC) counters. The LSC is best
suited to measure beta emitting radionuclides (3H, 14C, 32P, 33P, 35S, 45Ca, etc.), but for the purpose of contamination
surveys, an LSC may be used to monitor alpha and some gamma emitting radionuclides (51Cr, 125I) whose decay
involves the emission of electrons. Gas flow counters are used to monitor alpha and beta-gamma emitting radionuclides. Gamma counters are used to monitor
radionuclides which emit gamma rays.
Survey Preparation
Assemble the needed material: a thin-window
GM detector and/or LEG probe (if large amounts
of 125I or 51Cr is used), wipes (cotton applicators,
paper towels cut up, parafilm, etc.), LSC vials or
AGC tubes, alcohol, a survey sheet (Figure 12).
Because contamination may be encountered
requiring cleanup, wear protective clothing
(gloves, lab coat, and safety glasses). Draw a
diagram of the laboratory on the Radionuclide
Facility Survey (Figure 12) or the labs survey
form (Appendix C) and review the survey procedures outlined in Chapter 7, Sections 7.5.b and
7.5.c or Section IX of the University Radiation
Safety Regulations to determine the proper
procedures and the action levels for the various
types of surveys.
Meter Survey Procedures
Identify the laboratory areas where radioactive
materials are used and/or stored, making sure to
key these locations on the survey form's diagram
using numbers (e.g., 1, 2, etc.) or letters (e.g., a,
b, etc.). Begin by turning on the survey meter
and properly placing it into operation:
9 Turn the speaker on and switch the meter to
Figure 12. Radionuclide Survey Form
the Battery position, check for "Batt OK"
response.
9 Turn to the appropriate scale and check detector functioning (i.e., place the detector window over the meter's
check source and compare the cpm result to the result indicated on the calibration certificate, Figure 7-20). The
meter response should be within 20 - 30% of the indicated count rate. It is usually sufficient to perform the
battery check and response check once per day or once on the day of use.
9 Move to a radiation-free area (e.g., hallway) to determine (and record) the background radiation count rate
(cpm) level (for a thin-window detector it should be approximately 20 - 30 cpm, for a LEG detector the
background is approximately 150 - 200 cpm).
Perform the survey by slowly moving the detector over each identified / numbered survey point. Be careful that
you do not contaminate the probe, hold the detector window close to the area or equipment you wish to survey (e.g.,
approximately 1 cm). If the meter has a speaker, move the detector at a rate of 2" per second while listening to the
speaker for increased counts. For meters without speakers, move the detector at a rate of about 1" every 2 seconds
while watching the dial for increased count rates. For each survey point, survey an area approximately 1 square
foot. Pay special attention to door knobs, telephones, log books, instrument handle(s) and keyboards (i.e., items
workers may have touched and contaminated) as well as the area where radioactive material was used and the floor
around that area. The most efficient way to survey is with the speaker on because the speaker responds more
rapidly to radioactivity than the meter's readout dial. Record results on the survey form (Figure 13), including: date
survey performed; background count rate (cpm); initials of the person conducting the survey; meter (type and serial
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number, probe type) used and room number. Record all count rates exceeding 100 cpm which, for 14C this would
indicate contamination level ranging from between 2500 dpm and 5000 dpm (depending upon detector used) and
for 32P this would be about 200 dpm.
Action level for a meter survey is 650 cpm (approximately
Action Levels
13,000 dpm of 14C, 33P, 35S, 45Ca and 1,300 dpm of 32P). Counts
Meter
650
cpm
(above background)
above this must be investigated, cleaned or shielded and resurSurvey
Meter
Results
veyed. For example, if your microfuge gives an outside reading of
Make
/
Model:
Ludlum
Model 3
800 cpm, perhaps it indicates the inside is heavily contaminated
SN:
137234
with high-energy beta or the outside may be contaminated. Clean
Probe: End-window/pancake/LEG/β,γ
the outside and resurvey. If your radioactive waste container gives
Background:
25
cpm
an exposure of 2000 cpm, consider either getting rid of the waste
✔
All
points
are
background
except:
through a routine Safety pickup or shield the waste with Plexiglas
(for beta) or lead (for gamma).
Location
cpm
Be careful when moving the probe that you don't jerk it too
rapidly. Sometimes electronic noise can be generated in the cable
327
3
which registers as radiation counts. If you get a high reading,
check the area again to verify the reading and to determine the
Figure 13. Survey Meter Results
physical limits of the radiation/contamination. Make sure you do
not contaminate the probe. Do this by keeping the probe approximately 1 centimeter from the surface you are
measuring. However, do not use parafilm to cover the probe (see 4.3.b.3), especially if you are surveying for low
energy beta emitters (e.g., 14C, 33P, 35S, 45Ca, etc.) because low energy beta particles can not penetrate this covering
material. It is preferable that you use care to prevent contamination. When you are finished performing the radiation survey, turn the meter and speaker (if a separate item) off.
Q 1:

Should surveys for removable contamination be done before or after meter surveys?

Wipe Test Procedures
Perform a wipe survey of the same areas you had checked with the GM. In a wipe test, you are interested in removable contamination. Not all counts detected will be due to removable contamination. Some may be due to high
energy beta particles or bremsstrahlung penetrating shields, boxes, or equipment. Some may be due to contamination fixed in place such as in the cracks of the floor or bench. The wipe test determines whether the contamination
is removable and how much is removable (only about 10% of the contamination is removed with a wipe). To
perform the test, use one wipe per area:
9 Moisten pieces of filter paper, cloth smears, or cotton-tipped swabs or use Parafilm that has been cut in 1-inch
squares. The NRC recommends using dry wipes, but Safety believes moist wipes remove dried contamination
better. The consensus is that a dry wipe will remove approximately 10% of the contamination. Depending upon
surface, a moist wipe may remove between 20 - 30% of the
contamination.
9 Key each wipe to the survey points on the survey map (e.g., swabs can
be keyed by labeling the vial into which they will be placed).
9 Wipe an area at least 48 in2 or 300 cm2 at each identified location /
piece of equipment. This is the approximate surface area that would be
rush by a person walking through the lab. Wipe survey results are
Figure 14. Wipe Survey
reported as cpm/100 cm2 or dpm/100 cm2, wiping a 300 cm2 area is a
conservative method to insure each location is clean.
Q 2:

Why do we have to moisten the filter papers we use for wipe testing?

LSC Wipe Test Results
To count samples on a LSC, put each swab/wipe into the appropriate vial and pour in about 5 - 10 ml of liquid
scintillation cocktail. Cap each vial and place vials into the counter. Include a background vial, that is a vial with
the same type wipe material in cocktail but without having touched anything in the lab (e.g., sample # 9 in Figure
15, and place trays in the counter. Set the counter windows as appropriate for the radionuclides of concern (see
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Figure 15 or, for a Beckman LSC, Section 7.6.l), set the timer for at least 2 minutes (sample statistics are very poor
for low count rate samples with counting times less than 2 minutes) and count the wipes. If a background subtract
is available for your LSC, use background subtract so that the results are reported out in "net" cpm.
The LSC printout for our survey is shown in Figure 15. Because Radiation Safety personnel are checking for
any contamination, they analyze samples to identify the type of radiation involved and also with how much of each
contaminating radionuclide is involved. For that reason, the three counting regions are selected (A, B, and C) which
correspond to 3H from 0.0 - 19.0 keV, 14C/35S from 19.0 - 156 keV, and everything else from 2.0 - 2000 keV.
Additionally, Safety does not subtract background. Labs which use a Beckman LSC would need to set the corresponding channels according to the equation Channel # = 72 + 280 Log10(Emax) described in section 7.6.l. Thus,
the corresponding Beckman channels would be: 3H from 0 - 427, 14C / 35S from 428 - 686, and everything else from
154 - 1000. The reason that the lower level of Region C is set at 2 keV (or Beckman channel 154) is to reduce
noise. Generally speaking, most noise and luminescence will appear as pulses with energies less than 2 keV. By
setting the lower level discriminator to 2 keV instead of 0 keV, many of these noise pulses are eliminated. While
such a setting may also slightly reduce 3H efficiency (to perhaps 30% instead of 33 - 35%; newer machines may
exhibit efficiencies around 50 - 60%), the reduction in noise is worth the slight efficiency reduction.
Protocol #:
Region A:
Region B:
Region C:

1

Name: W A Renier

LL-UL= 0.0-19.0
LL-UL=19.0-156.
LL-UL= 2.0-2000

Lcr=
Lcr=
Lcr=

Time = 2.00
QIP = tSIE
834 Bock Labs Wipes
PID
7
7
7
7
7
7
7
7
7

S#
1
2
3
4
5
6
7
8
9

TIME
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00

0
0
0

20-Oct-xx
Bkg= 0.00
Bkg= 0.00
Bkg= 0.00

%2 Sigma=0.00
%2 Sigma=0.00
%2 Sigma=0.00

ES Terminator = Count
Luminescence Correction On

CPMA
22.00
25.00
42.00
51.00
21.00
18.00
24.00
19.00
20.00

CPMB
13.00
13.00
36.00
42.00
22.00
11.00
20.00
21.00
12.00

CPMC
52.20
37.00
252.00
604.20
42.60
41.00
48.00
81.00
25.00

tSIE
483.
468.
479.
464.
408.
456.
387.
422.
471.

LUM
6
11
12
15
18
4
15
13
6

Figure 15. Wipe Test Survey Results

If sample #9 is the background sample and 32P is the isotope of interest, then Region C, with windows of 2.0 2000 (keV) is the channel of interest. Many laboratories (as well as Safety) leave the results as cpm and simply post
those results. However, if a laboratory desires to calculate the actual activity from a contaminated sample, they
need to determine the efficiency for the sample being counted.
Some labs desire to record contamination results in activity units (e.g., dpm, μCi). To convert counts from cpm
to dpm you must review the results (Figure 15) and consider the effect that the quench parameter (e.g., tSIE or
H-number) and LUM (luminescence) have on efficiency. Assume a minimum efficiency of 85% (i.e., 0.85) for 32P.
The efficiency is probably higher, but 85% is a conservative estimate. Calculate the activity of each wipe (e.g.,
sample #4) in units of dpm/100 cm2, by subtracting the background count rate and dividing by the efficiency.

dpm
cpmc − Bkg
604.20 c p m − 25 c p m
579.2 c p m
dpm
=
=
=
= 681
0.85
0.85
eff
100 c m 2
100 c m 2
Record the results of the survey on the survey sheet (Figure 16). Some labs simply post the LSC results along
side the survey map so they do not need to redraw the map for each survey. If you decide to do this, make sure it is

302

Radiation Safety for Radiation Workers

clear what location is keyed to what result. Insure that you include on your survey results sheet the date of the
survey, room number(s), initials of the person conducting the survey, make and model of the LSC counter used, and
the background counts. If you are converting your results to units of true activity (dpm/100 cm2), also include the
efficiency used for each isotope for which an
Action Levels
3
activity was calculated. Unlike the meter
Wipes
β, γ
H, 14C, 33P, 35S, 45Ca
survey where the surveyor could simply check
cpm
230
770
that "All points are background except ...," all
Wipe Test Results
results, regardless of their difference from the
Packard Tri-Carb
Model:
1900 CA
Make:
background counts, must be posted. You can
Background Region A: 20 cpm B: 12 cpm C: 25
see in Figure 16 the results are listed as cpm
cpm
with the background count rate subtracted out
cpm
Wipe # cpm
Wipe #
Wipe # cpm
(i.e., net cpm).
1
27
2
12
Resurvey 20 Oct
Decontamination Procedures (see Chapter 6)
3
227
Bkg = 25
Just as there were action levels for meter
4
579
cpm
surveys (650 cpm), so there are also action
5
17
4
122
levels for removable contamination. Work
6
16
areas with removable contamination in excess
7
23
of the levels in Table 1 must be decontami8
56
nated and re-surveyed to verify successful
Figure 16. Wipe Test Results
decontamination. As noted, floors and other
areas which are not used in radioactive materials work are expected to be clean and should not have contamination
survey results exceeding 100 cpm/100 cm2.
Our survey was primarily concerned with 32P. Although two counts are elevated (e.g., wipes # 3 and 4), only
wipe # 4 exceeds the 230 cpm/100 cm2.
Table 1. Removable Surface Contamination Action Levels
This area must be decontaminated (see
Chapter 6), resurveyed, and the results
Type of Radioactive Emitter
documented (Figure 16). Inform others in
Contamination
the lab of the contamination, secure area
Alpha ()
ß1, , x
Low Risk ß2
Units
and mark and/or define contaminated area
net dpm/100 cm2
66
660
2,200
with a tape. Clean the contaminated area
2
net cpm/100 cm
23
230
770
using absorbent paper and Count-off (or
other soap), being careful not to let the
1
ß emitter values are applicable for all ß except Low risk ß
soap drip onto clean surfaces. Start clean2
Low risk ß have energies < 300 keV max, i.e., 3H, 14C, 33P, 35S 45Ca
ing at the outside edge of the contamination
and work inward. Dispose of the absorbent paper into a yellow plastic radioactive waste bag after each cleaning.
Mark the plastic bag as "Radioactive Waste". Change your gloves frequently. Re-monitor the contaminated area to
verify successful decontamination, document new results on survey form. Remove gloves and wash your hands
using mild soap. Monitor personnel who were involved in the decontamination procedures.
Q 3:

A spot on the floor of a restricted room has 1000 dpm/100 cm2 of 3H. Is this contamination below or above
action levels for removable surface contamination?

A microfuge has a 32P surface contamination of 500 dpm/cm2. Is this contamination below or above action
levels for removable contamination?

Appendix A
Glossary
Absorbed Dose

The basic quantity which characterizes the amount of energy imparted to matter, often
expressed in units of rad (ergs per gram; erg/gm) or gray (joule per kilogram; J/kg).

Accelerator

A machine capable of accelerating charged particles (e.g., electrons, protons,
deuterons, etc.) to produce particulate or other radiation at various energies.

Activate

To bombard a stable element by neutrons or other high energy radiation (e.g., protons,
gamma rays, etc.) and make the element radioactive.

Activity, A

A measure of the number of nuclear disintegrations per unit time, usually denoted as
disintegrations per second (dps) or minute (dpm), occurring in a sample. Activity is
quantified in units of becquerel (Bq) or curie (Ci).

ALARA

An NRC mandated program to insure that personnel and environmental radiation
exposures are maintained "As Low As Reasonably Achievable;" ALARA must be
considered in the design of all procedures where radiation or radioactive material is
used.

Alpha Particle, α

An electrically charged particle consisting of 2 neutrons and 2 protons (i.e., helium
nucleus) which is commonly emitted from the nucleus in the radioactive disintegration
of the heaviest nuclides in the periodic table.

Alpha Emitter

A radioisotope which emits an alpha particle in radioactive decay process.

Amendment

A written request to change condition(s) (e.g., nuclides, activity limits, labs, etc.) to an
authorized user's radionuclide authorization.

Annual Limit of Intake
(ALI)

The (derived) limit for the amount of radioactive material which can be taken into a
radiation worker's body by inhalation or ingestion in a year which would result in a
committed effective dose equivalent of 5 rem or a committed dose equivalent of 50 rem
to any individual organ or tissue (e.g., for 3H, the ALI is 80 mCi).

Atom

The smallest part of an element, made up of a nucleus containing protons and neutrons
and surrounded by a cloud of electrons.

Auger Electron

An electron originating in the cloud of electrons surrounding a nucleus that has
acquired sufficient energy to break away from the nucleus. An Auger electron is
produced when an inner shell electron is removed by mechanisms such as electron
capture and an outer shell electron loses energy to fill the vacancy. The excess energy
is frequently transferred to another outer electron of the atom which then breaks away
and becomes an Auger electron with a kinetic energy equal to the excess energy minus
the electron's binding energy.

Authorized User

An individual member of the teaching or research faculty or staff who, because of
extensive training and experience with radiation, has been approved by the University
Radiation Safety Committee to use or supervise the use of radioactive material under
conditions specified in an application for authorization. All work involving radioactive
materials must be conducted under the authorization of an authorized user.

Background
Radiation

Radiation in the environment resulting from natural causes (i.e., cosmic rays, naturally
occurring radioactivity in the earth's crust, global fallout, etc.).
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Becquerel, Bq

The special name for the unit of activity in the International System (SI) of units, which
is equal to 1 nuclear disintegration per sec (e.g., 1 Bq = 1 dps).

Beta Particle, ß

An electrically charged particle emitted from a nucleus which has the same mass and
charge as an electron. Positively charged beta particles are called positrons and emit
two 0.511 MeV photons when they combine with an electron and annihilate each other.

Beta Emitter

A radioisotope which emits a beta particle in the process of radioactive decay.

Bioassay

In vivo monitoring or biological sampling to determine the kind, quantity, or
concentration of radioactive material in a specific organ or in the entire body.

Biological
Half-life, T½b

The time required for the body to naturally reduce the amount of a chemical or
elemental substance in the body to one-half of its original amount.

Bremsstrahlung

Electromagnetic radiation (i.e., X-rays) produced by the sudden deceleration (braking)
of beta particles and electrons as they pass through the strong electric fields found near
an atom's nucleus.

Cancer

The uncontrolled, over-proliferation of cells in an organ (i.e., tumor).

Carboy

Safety has 4-, 5-, or 6-gallon plastic containers used for collecting 3H, 14C, and 35S
liquid waste. Carboys and small volume containers (e.g., 1, 2, and 4 liters) are available through the Safety Department.

Cerenkov Radiation

Light emitted when charged particles pass through a transparent material at a velocity
greater than that of light in that material. It can be seen, for example, as a blue glow in
the water around the fuel elements of pool reactors.

CORD

The Central Ordering, Receiving, and Distribution Office is the University's major
source of radionuclides; CORD personnel perform all ordering, receiving, and
distribution of radionuclides on campus.

Cell

The basic building block of organisms consisting of a nucleus surrounded by liquid
cytoplasm and contained by a cell wall or membrane.

Chromosomes

Tiny, threadlike structures located in a cell's nucleus which carry the genes and are
instrumental in passing along genetic information.

Committed Dose
Equivalent

The dose equivalent (HT,50) to organs or tissues that will be received from an intake of
radioactive material by an individual during the 50-year period following the intake.

Committed Effective
Dose Equivalent

The sum of the products of the weighing factors applicable to each of the body organs
or tissues that are irradiated and the committed dose equivalent to these organs or
tissues (i.e., HE,50 = S wT HT,50).

Compton Effect

Elastic scattering of photons (x-/γ-rays) by electrons. In each such process the electron
gains energy and recoils and the photon loses energy. This is one of the three ways
photons lose energy upon interacting with matter, and is the usual method with photons
of intermediate energy and materials of low atomic number.

Contamination

Unwanted deposition of radioactive materials on a work surface or suspended in the
air. A work-surface is contaminated when removable radioactivity exceeding levels
listed in Table 5-5 or Table 7-3 is measured.

Controlled Area

An area, outside of a restricted area, access to which can be limited by the licensee for
any reason.
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Curie, Ci

The historic unit of radioactivity, originally the activity of 1 gram of radium, later
standardized as 3.7 x 1010 nuclear disintegrations per second (dps) or 2.22 x 10 12
disintegrations per minute (dpm), along with various sub multiples:
1 millicurie (mCi)
= 3.7 x 107 dps
1 microcurie (µCi)
= 3.7 x 104 dps

Daughter

A nuclide, stable or radioactive, formed by radioactive decay of a parent.

Dead Time

The length of time immediately following the sensing of a single pulse that the
instrument remains insensitive and unable to process another pulse.

Decay

See Radioactive Decay.

Decay Products

The energetic radiations (i.e., alpha / beta particles and gamma rays) that are emitted
from the nucleus of an unstable atom as a result of nuclear disintegration.

Declared Pregnant
Worker

A worker who has voluntarily informed her employer, in writing, of her pregnancy and
the estimated date of conception.

Derived Air
Concentration (DAC)

The concentration of a specific airborne radionuclide which, if breathed for a working
year of 2000 hours under conditions of light work, results in an intake of one ALI for
that radioisotope (1 ALI = 2000 DAC-hrs).

DNA

Abbreviation for deoxyribonucleic acid. DNA, along with protein molecules, are the
fundamental components of genes. DNA is the carrier of the genetic information
which determines the characteristics of the daughter cell.

Dose

See Absorbed Dose.

Dose Equivalent

In biological systems, the same degree of damage is not necessarily produced by the
same absorbed dose of different types of radiation. Dose equivalent is the product of
the absorbed dose in tissue (rad), quality factor, and all other modifying factors at the
location of interest. Units are rem and sievert (Sv).

Dosimeter

A passive device which records the amount of absorbed dose, used to monitor external
radiation exposure in radiation workers.

Dosimetry

A measure of the external and/or internal radiation dose equivalent to individuals,
stated in rem, sievert, or their sub multiples.

Effective Dose
Equivalent

The sum of the products of the dose equivalent to an organ or tissue and the weighing
factors applicable to each of the body organs or tissues that are irradiated (i.e., HE = S
wT HT).

Electromagnetic
Radiation

A general term to describe an interacting electric and magnetic wave that propagates
through vacuum at the speed of light. It includes radio waves, infrared light, visible
light, ultraviolet light, x- and γ-rays.

Electron, e-

One of the three fundamental particles, it has a negative electrical charge of the same
magnitude as the proton's positive charge but has a mass approximately 1840 times
smaller than the proton or neutron.

Electron Capture (EC)

A mode of radioactive decay in which an orbital electron is captured by and merges
with the nucleus, thus forming a new nuclide with the mass number unchanged, but the
atomic number decreased by 1. See K-capture.

Exception

The modification of an authorized user's radiation use permit which relaxes specific
University Radiation Safety Committee regulations for a certain application. Exception
requests which violate NRC regulations or URSC policy cannot be approved.
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Exempt Quantity

A quantity of radioactive material with activity less than or equal to the quantity listed
in the University Radiation Safety Regulations, Appendix V. Exempt quantities are
exempt from specific requirements of the NRC.

Exposure

A quantity expressing the amount of ionization caused by X- or gamma radiation in air.
The unit of exposure is the roentgen, R.

Exposure History

A summary report of a radiation worker's radiation exposure (in rem or sievert) for the
term of employment.

External Dose

That portion of the dose equivalent received from radiation sources outside the body
(cf., Internal Dose).

Extremities

Hand, elbow, arm below the elbow, foot, knee, and leg below the knee.

Food & Drug
Administration (FDA)

A Federal agency established to enforce the Food, Drug, and Cosmetic Act and to
ensure industry's compliance with Federal laws regulating products in commerce. This
agency also regulates electronic sources of radiation (TV, X-ray units, etc.).

Gamma Ray, γ

Electromagnetic radiation emitted by radioactive nuclei (cf., X-ray) as packets of
energy, called photons, which often accompany the emission of alpha and/or beta
particles from the same nucleus. Gamma rays are similar to light but with more energy
and hence are highly penetrating.

Gamma Emitter

A radioisotope which emits a gamma ray in the process of radioactive decay.

Geiger-Müeller (GM)
Counter

A gas-filled radiation detection system which is sensitive enough to detect a single
ionizing event. Appropriately configured, such systems can be used to survey for and
measure either particular (alpha/beta) or electromagnetic (X-/gamma) radiation.

Gene

Consisting of DNA and protein molecules, the combination of many genes form the
chromosomes.

Genetic Effects

Hereditary effects which arise only in the offspring of the irradiated person as a result
of radiation damage to germ cells in the reproductive organs, the gonads (cf. somatic
effect). The primary concern is a potential increase in the population's mutation rate.

Gray, Gy

The special name for the unit of absorbed dose in the International System (SI) of units,
which is equal to 1 joule per kilogram (1 J/kg). In terms of the older units, 1 Gy = 100
rad.

Half-life, T½

The time required for a radioactive substance to decay to one-half of its original
activity. The activity, A,
ln 2
remaining of a radionuclide with a physical half-life (T½)
A = A 0 e − T1 / 2
at any time (t) when the initial activity (A0) is known is:

High Radiation Area

An area, accessible to individuals, in which radiation levels could result in an
individual receiving a dose equivalent in excess of 0.1 rem (1 mSv) in 1 hour at 30 cm
from a radiation source or from any surface that radiation penetrates.

Internal Dose

That portion of the dose equivalent received from radioactive material taken into the
body (cf., External Dose).

Inventory

An authorized user's detailed record of radionuclide receipt, use, and disposal.

Ion

A particle with either a positive or negative electrical charge.

Ionization

The removal of an orbital electron from an atom producing an ion pair (i.e., a positive
ion - the atom or molecule, and a negative ion - the electron).
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Ionizing Radiation

Energetic (i.e., > 4 eV) radiation capable of removing electrons from atoms or
molecules, thereby producing ion pairs.

Ionization Chamber

A gas-filled radiation detection system in which a sufficient voltage is applied to
collect all of the ion pairs formed without those ions producing further ionization in the
chamber. Ion chambers are usually used to measure electromagnetic (X-/gamma)
radiation.

Isotopes

Atoms which have the same atomic number (i.e., same number of protons) but with
different atomic weights (i.e., different number of neutrons). Because isotopes of an
element have the same number of electrons, they have the same chemical properties.

K-capture

The capture by an atomic nucleus of an orbital electron from the first (innermost) orbit
or K-shell, surrounding the nucleus (see Electron Capture)

Labeled Compound

A chemical compound containing one or more radioactive isotopes.

Leukemia

A cancer of the blood system characterized by an excess production of white blood
cells.

Limited Quantity

A quantity of radioactive material with activity less than or equal to those listed in 49
CFR 173.423 and is therefore exempt from all Department of Transportation
specification packaging, marking, and labeling requirements.

Limits (Dose Limits)

The permissible upper bounds of radiation doses.

Liquid Scintillation
Counter (LSC)

A stationary (i.e., not portable) radiation counting system designed to measure the
quantity of radioactivity in laboratory samples or wipes.

Monitoring

The measurement of radiation levels (i.e., Personnel Monitoring), concentrations, or
the amounts of radiation or radioactive contamination present in certain locations (i.e.,
Survey).

Mutation

Damage to cells capable of reproduction that takes the form of alterations of genetic
information.

Neutron

One of the three fundamental particles, it has no electrical charge and a mass
approximately equal to the proton.

Nuclear Regulatory
Commission (NRC)

The Federal agency established to regulate the use of radioactive material through its
Licensing, Inspection and Enforcement, and Standards Development activities.

Nucleus

The dense, central core of an atom composed of protons and neutrons (Atomic
Nucleus). In a cell, the component which contains all the information which the cell
needs to carry out its function and reproduce itself (Biological Nucleus).

Nuclide

A general term applicable to all isotopes of all elements. It includes both stable and
radioactive forms.

Occupational Dose

The dose received by an individual in the course of employment in which the
individual's assigned duties involve exposure to radiation / radioactive material from
sources of radiation. Occupational dose excludes background radiation and radiation
from medical procedures.

Photon

Radiation which consists of quanta or packets of energy transmitted in the form of
electromagnetic waves, as a class, it includes radio waves, visible light, X- and gamma
rays.
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Plated Source

Radioactive material permanently deposited on a surface such that there is no window
or other covering between the radioactive material and the open air (cf., Sealed
Source), thus, plated sources may contaminate other surfaces upon contact.

Physical Half-life

See Half-life.

Proton

One of the three fundamental particles, it has a positive electrical charge equal in
magnitude to the charge of the electron but its mass is approximately 1840 times that of
the electron.

Public Dose

The dose received by a member of the public from exposure to radiation / radioactive
material released by a licensee.

Quality Factor, Q

Assigned factor which expresses the effectiveness of an absorbed dose of a certain type
of radiation (e.g., alpha, beta, gamma, neutron, etc.) to cause biological damage in man.
Absorbed dose in rad / gray is multiplied by the quality factor to obtain the dose
equivalent in rem / sievert.

rad

The traditional unit of absorbed dose in any matter, it is equal to 100 ergs per gram. It
has been replaced by the gray such that 1 Gy = 100 rad.

Radiation Area

Any area, accessible to individuals, in which radiation levels could result in an
individual receiving a dose equivalent in excess of 0.005 rem (5 mrem) in one hour at
30 cm from the radiation source.

Radiation Hazard

Any condition under which persons might receive a radiation dose in excess of the
maximum permissible dose equivalent.

Radioactive

Any unstable nuclide which spontaneously emits ionizing radiation.

Radioactive Decay

The spontaneous disintegration or transformation of an unstable nuclide into a
(generally) more stable nuclide, usually accompanied by the emission of charged
particles and/or gamma rays. The decay process results in a decrease in the original
number of radioactive atoms in the sample.

Radioactive Drug
Research Committee
(RDRC)

A joint committee of the Veterans Administration (VA) and the University of Wisconsin
Hospitals. The RDRC reviews research protocols involving administration of certain
radioactive drugs specified by the FDA to humans.

Radioactivity

Spontaneous disintegration of unstable atomic nuclei resulting in the emission of decay
products.

Radioisotope

An isotope whose nucleus is unstable and undergoes radioactive decay.

Radionuclide

See Radioisotope.

rem

The radiation protection unit for measuring the dose equivalent to body tissue from any
ionizing radiation in terms of its estimated biological effect, i.e., Dose Equivalent (rem)
= Dose (rad) x Quality Factor. In SI, the rem has been replaced by the sievert such
that, 1 Sv = 100 rem.

Renewal

A request to renew an authorized user's license, normally performed every third year in
advance of the expiration date of the user's current license.

Research Animal
Resources Committee
(RARC)

A committee that regulates all aspects of animal care, monitors animal use, and
approves protocols for research and experiments done on vertebrate animals. Animal
use protocols must first be approved by the RARC and a protocol number assigned
before Radiation Safety will approve the use of radioisotopes in the protocol.
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Restricted Area

Any area, access to which is limited by the licensee for the purpose of protecting
individuals against unnecessary exposure to radiation and radioactive materials.

Roentgen, R

A quantity of X- or gamma ray exposure in air, measuring the ionization produced by
their passage and is defined as 2.58 x 10 -4 coulombs/kg of air.

Sanitary Sewage

A system of public sewers for carrying off waste water and refuse.

Scattering

A process that changes a particle's trajectory. Scattering is caused by particle collisions
with atoms, nuclei and other particles or by interactions with electric or magnetic
fields. If there is no change in the total kinetic energy of the system, the scattering is
called elastic. If the total kinetic energy changes due to a change in internal energy, the
process is called inelastic scattering.

Scintillation

The emission of light from an atom or molecule as a mechanism of reducing the energy
resulting from the atom's having absorbed radiation.

Scintillation Counter

A radiation detection system which uses molecules that emit light as a result of
radiation absorption. Appropriately configured, they can be used to measure particular
(alpha/beta) or electromagnetic (x- / gamma) radiation.

Sealed Source

Radioactive material which is permanently enclosed in a capsule designed to prevent
leakage or escape of the radioactive material (cf., Plated Source); there is no contact
between the radioactive material and the open air.

Sievert, Sv

The special name for the unit of dose equivalent in the International System (SI) of
units, it has the same relationship to the gray as the rem has to the rad in the traditional
system.

Solvent

Any substance that dissolves other substances.

Somatic Effect

Effects of radiation in which the damage appears only in the irradiated person (cf.
Genetic Effect). Examples include cancer, cataracts, acute radiation injury, etc.

Survey

An evaluation of the radiological conditions and potential hazards incident to the
production, use, transfer, release, disposal, or presence of radioactive material or other
sources of radiation. When appropriate, such an evaluation includes a physical survey
of the location of radioactive material and measurements or calculations of levels of
radiation, or concentrations or quantities of radioactive material present.

Survey Meter

A portable radiation detector (GM, scintillation, etc.) used to determine the amount and
location of concentrations of radioactive contamination or radiation exposure levels in
an area.

Timely Renewal

A renewal application which has been submitted prior to the expiration date of a user's
current authorization. During the period between the expiration date and the approval
date of the renewal application, an authorized user may continue to use radioactive materials (under conditions in the most current authorization).

Thermoluminescent
Dosimetry (TLD)

A method of determining absorbed dose by using radiation sensitive "crystals" which,
when heated, emit a quantity of light that is proportional to the amount of radiation the
crystals were exposed to.

Total Effective Dose
Equivalent (TEDE)

The sum of the deep dose equivalent from external sources and the committed effective
dose equivalent from internal sources.

Tracer

A labeled compound used in chemical or biological experiments or in vitro procedures.
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Tritium, 3H

A radioactive isotope of hydrogen which contains 1 proton and 2 neutrons in the
nucleus and which decays by beta emission.

University Radiation
Safety Committee
(URSC)

A faculty and staff committee appointed annually by the Chancellor to advise the
university administration; set policy for insuring compliance with local, state, and
federal regulations; prescribe enforcement action in radiation safety; evaluate authorizations and exceptions from radiation safety regulations.

Unrestricted Area

An area, access to which is neither limited nor controlled by the licensee (cf.,
Restricted Area, Controlled Area).

Unsealed Sources

Radioactive material in any form other than plated or sealed sources, such that the
material is accessible to manipulation by the user. Unsealed sources are capable of
contaminating their surroundings.

Very High Radiation
Area

An area, accessible to individuals, in which radiation levels could result in an
individual receiving an adsorbed dose in excess of 500 rad (5 Gy) in 1 hour at 1 meter
from a radiation source or from any surface that radiation penetrates.

Violation

A violation of any NRC or URSC regulation or of any condition or limitation of a
user's authorization granted by the URSC.

Volatile

A substance, usually a liquid, but sometimes a solid, which is capable of evaporating at
room temperature to a fume, vapor, or gas.

Whole Body

For purposes of external exposure, the whole body means the head, trunk (including
male gonads), arms above the elbow, or legs above the knee.

X-ray

Highly penetrating electromagnetic radiation similar to gamma rays but emanating
from outside the nucleus of an atom.

Appendix B - 1
Instruction Concerning Prenatal Radiation Exposure1
The Code of Federal Regulations in 10 CFR Part 19, "Notices, Instructions and Reports to Workers: Inspection and
Investigations," in Section 19.12, "Instructions to Workers," requires instruction in "the health protection problems
associated with exposure to radiation and/or radioactive material, in precautions or procedures to minimize
exposure, and in the purposes and functions of protective devices employed." The instructions must be
"commensurate with potential radiological health protection problems present in the work place."
The Nuclear Regulatory Commission's (NRC's) regulations on radiation protection are specified in 10 CFR Part
20, "Standards for Protection Against Radiation"; and 10 CFR 20.1208, "Dose to an Embryo/ Fetus," requires
licensees to "ensure that the dose to an embryo/fetus during the entire pregnancy, due to occupational exposure of a
declared pregnant woman, does not exceed 0.5 rem (5 mSv)." Section 20.1208 also requires licensees to "make
efforts to avoid substantial variation above a uniform monthly exposure rate to a declared pregnant woman." A
declared pregnant woman is defined in 10 CFR 20.1003 as a woman who has voluntarily informed her employer, in
writing, of her pregnancy and the estimated date of conception.
This regulatory guide is intended to provide information to pregnant women, and other personnel, to help them
make decisions regarding radiation exposure during pregnancy. This Regulatory Guide 8.13 supplements
Regulatory Guide 8.29, "Instruction Concerning Risks from Occupational Radiation Exposure" (see Appendix B-3),
which contains a broad discussion of the risks from exposure to ionizing radiation.
Other sections of the NRC's regulations also specify requirements for monitoring external and internal
occupational dose to a declared pregnant woman. In 10 CFR 20.1502, "Conditions Requiring Individual
Monitoring of External and Internal Occupational Dose," licensees are required to monitor the occupational dose to
a declared pregnant woman, using an individual monitoring device, if it is likely that the declared pregnant woman
will receive, from external sources, a deep dose equivalent in excess of 0.1 rem (1 mSv). According to Paragraph
(e) of 10 CFR 20.2106, "Records of Individual Monitoring Results," the licensee must maintain records of dose to
an embryo/fetus if monitoring was required, and the records of dose to the embryo/ fetus must be kept with the
records of dose to the declared pregnant woman. The declaration of pregnancy must be kept on file, but may be
maintained separately from the dose records. The licensee must retain the required form or record until the
Commission terminates each pertinent license requiring the record.
The information collections in this regulatory guide are covered by the requirements of 10 CFR Parts 19 or 20,
which were approved by the Office of Management and Budget, approval numbers 3150-0044 and 3150-0014,
respectively. The NRC may not conduct or sponsor, and a person is not required to respond to, a collection of
information unless it displays a currently valid OMB control number.
As discussed in Regulatory Guide 8.29, exposure to any level of radiation is assumed to carry with it a certain
amount of risk. In the absence of scientific certainty regarding the relationship between low dose exposure and
health effects, and as a conservative assumption for radiation protection purposes, the scientific community
generally assumes that any exposure to ionizing radiation may cause undesirable biological effects and that the
likelihood of these effects increases as the dose increases. At the occupational dose limit for the whole body of 5
rem (50 mSv) per year, the risk is believed to be very low.
The magnitude of risk of childhood cancer following in utero exposure is uncertain in that both negative and
positive studies have been reported. The data from these studies "are consistent with a lifetime cancer risk resulting
from exposure during gestation which is two to three times that for the adult." The NRC has reviewed the available
scientific literature and has concluded that the 0.5 rem (5 mSv) limit specified in 10 CFR 20.1208 provides an
adequate margin of protection for the embryo/fetus. This dose limit reflects the desire to limit the total lifetime risk
of leukemia and other cancers associated with radiation exposure during pregnancy.
In order for a pregnant worker to take advantage of the lower exposure limit and dose monitoring provisions
specified in 10 CFR Part 20, the woman must declare her pregnancy in writing to the licensee. A form letter for
declaring pregnancy is provided in this guide or the licensee may use its own form letter for declaring pregnancy. A
separate written declaration should be submitted for each pregnancy.
1

Material in Appendix B-1 is extracted from Revision 3 to Regulatory Guide 8.13.
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1.

Who Should Receive Instruction
Female workers who require training under 10 CFR 19.12 should be provided with the information contained
in this guide. In addition to the information contained in Regulatory Guide 8.29, this information may be included
as part of the training required under 10 CFR 19.12.
2.

Providing Instruction
The occupational worker may be given a copy of this guide with its Appendix, an explanation of the contents of
the guide, and an opportunity to ask questions and request additional information. The information in this guide
and Appendix should also be provided to any worker or supervisor who may be affected by a declaration of
pregnancy or who may have to take some action in response to such a declaration.
Classroom instruction may supplement the written information. If the licensee provides classroom instruction,
the instructor should have some knowledge of the biological effects of radiation to be able to answer questions that
may go beyond the information provided in this guide. Videotaped presentations may be used for classroom
instruction. Regardless of whether the licensee provides classroom training, the licensee should give workers the
opportunity to ask questions about information contained in this Regulatory Guide 8.13. The licensee may take
credit for instruction that the worker has received within the past year at other licensed facilities or in other courses
or training.
3.

Licensee's Policy on Declared Pregnant Women
The instruction provided should describe the licensee's specific policy on declared pregnant women, including
how those policies may affect a woman's work situation. In particular, the instruction should include a description
of the licensee's policies, if any, that may affect the declared pregnant woman's work situation after she has filed a
written declaration of pregnancy consistent with 10 CFR 20.1208.
The instruction should also identify who to contact for additional information as well as identify who should
receive the written declaration of pregnancy. The recipient of the woman's declaration may be identified by name
(e.g., John Smith), position (e.g., immediate supervisor, the radiation safety officer), or department (e.g., the
personnel department).
4.

Duration of Lower Dose Limits for the Embryo/ Fetus
The lower dose limit for the embryo/fetus should remain in effect until the woman withdraws the declaration in
writing or the woman is no longer pregnant. If a declaration of pregnancy is withdrawn, the dose limit for the
embryo/fetus would apply only to the time from the estimated date of conception until the time the declaration is
withdrawn. If the declaration is not withdrawn, the written declaration may be considered expired one year after
submission.
5.

Substantial Variations Above a Uniform Monthly Dose Rate
According to 10 CFR 20.1208(b), "The licensee shall make efforts to avoid substantial variation above a
uniform monthly exposure rate to a declared pregnant woman so as to satisfy the limit in paragraph (a) of this
section," that is, 0.5 rem (5 mSv) to the embryo/fetus. The National Council on Radiation Protection and
Measurements (NCRP) recommends a monthly equivalent dose limit of 0.05 rem (0.5 mSv) to the embryo/ fetus
once the pregnancy is known. In view of the NCRP recommendation, any monthly dose of less than 0.1 rem (1
mSv) may be considered as not a substantial variation above a uniform monthly dose rate and as such will not
require licensee justification. However, a monthly dose greater than 0.1 rem (1 mSv) should be justified by the
licensee.
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QUESTIONS AND ANSWERS CONCERNING PRENATAL RADIATION EXPOSURE
1.

Why am I receiving this information?
The NRC's regulations (in 10 CFR 19.12, "Instructions to Workers") require that licensees instruct individuals
working with licensed radioactive materials in radiation protection as appropriate for the situation. The instruction
below describes information that occupational workers and their supervisors should know about the radiation
exposure of the embryo/fetus of pregnant women.
The regulations allow a pregnant woman to decide whether she wants to formally declare her pregnancy to take
advantage of lower dose limits for the embryo/ fetus. This instruction provides information to help women make an
informed decision whether to declare a pregnancy.
2.

If I become pregnant, am I required to declare my pregnancy?
No. The choice whether to declare your pregnancy is completely voluntary. If you choose to declare your
pregnancy, you must do so in writing and a lower radiation dose limit will apply to your embryo/fetus. If you
choose not to declare your pregnancy, you and your embryo/fetus will continue to be subject to the same radiation
dose limits that apply to other occupational workers.
3.

If I declare my pregnancy in writing, what happens?
If you choose to declare your pregnancy in writing, the licensee must take measures to limit the dose to your
embryo/fetus to 0.5 rein (5 millisievert) during the entire pregnancy. This is one-tenth of the dose that an
occupational worker may receive in a year. If you have already received a dose exceeding 0.5 rem (5 mSv) in the
period between conception and the declaration of your pregnancy, an additional dose of 0.05 rem (0.5 mSv) is
allowed during the remainder of the pregnancy. In addition, 10 CFR 20.1208, "Dose to an Embryo/ Fetus," requires
licensees to make efforts to avoid substantial variation above a uniform monthly dose rate so that all the 0.5 rem (5
mSv) allowed dose does not occur in a short period during the pregnancy.
This may mean that, if you declare your pregnancy, the licensee may not permit you to do some of your normal
job functions if those functions would have allowed you to receive more than 0.5 rem, and you may not be able to
have some emergency response responsibilities.
4.

Why do the regulations have a lower dose limit for the embryo/fetus of a declared pregnant woman than
for a pregnant worker who has not declared?
A lower dose limit for the embryo/fetus of a declared pregnant woman is based on a consideration of greater
sensitivity to radiation of the embryo/fetus and the involuntary nature of the exposure. Several scientific advisory
groups have recommended that the dose to the embryo/fetus be limited to a fraction of the occupational dose limit.
5.

What are the potentially harmful effects of radiation exposure to my embryo/fetus?
The occurrence and .severity of health effects caused by ionizing radiation are dependent upon the type and
total dose of radiation received, as well as the time period over which the exposure was received. See. Regulatory
Guide 8.29, "Instruction Concerning Risks from Occupational Exposure", for more information. The main concern
is embryo/fetal susceptibility to the harmful effects of radiation such as cancer.
6.

Are there any risks of genetic defects?
Although radiation injury has been induced experimentally in rodents and insects, and in the experiments was
transmitted and became manifest as hereditary disorders in their offspring, radiation has not been identified as a
cause of such effect in humans. Therefore, the risk of genetic effects attributable to radiation exposure is
speculative. For example, no genetic effects have been documented in any of the Japanese atomic bomb survivors,
their children, or their grandchildren.
7.

What if I decide that I do not want any radiation exposure at all during my pregnancy?
You may ask your employer for a job that does not involve any exposure at all to occupational radiation dose,
but your employer is not obligated to provide you with a job involving no radiation exposure. Even if you receive
no occupational exposure at all, your embryo/ fetus will receive some radiation dose (on average 75 mrem (0.75
mSv)) during your pregnancy from natural background radiation.
The NRC has reviewed the available scientific literature and concluded that the 0.5 rem (5 mSv) limit provides
an adequate margin of protection for the embryo/fetus. This dose limit reflects the desire to limit the total lifetime
risk of leukemia and other cancers. If this dose limit is exceeded, the total lifetime risk of cancer to the
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embryo/fetus may increase incrementally. However, the decision on what level of risk to accept is yours. More
detailed information on potential risk to the embryo/fetus from radiation exposure can be found in various
references.
8.

What effect will formally declaring my pregnancy have on my job status?
Only the licensee can tell you what effect a written declaration of pregnancy will have on your job status. As
part of your radiation safety training, the licensee should tell you the company's policies with respect to the job
status of declared pregnant women. In addition, before you declare your pregnancy, you may want to talk to your
supervisor or your radiation safety officer and ask what a declaration of pregnancy would mean specifically for you
and your job status.
In many cases you can continue in your present job with no change and still meet the dose limit for the
embryo/fetus. For example, most commercial power reactor workers (approximately 93%) receive, in 12 months,
occupational radiation doses that are less than 0.5 rem (5 mSv). The licensee may also consider the likelihood of
increased radiation exposures from accidents and abnormal events before making a decision to allow you to
continue in your present job.
If your current work might cause the dose to your embryo/fetus to exceed 0.5 rem (5 mSv), the licensee has
various options. It is possible that the licensee can and will make a reasonable accommodation that will allow you
to continue performing your current job, for example, by having another qualified employee do a small part of the
job that accounts for some of your radiation exposure.
9.

What information must I provide in my written declaration of pregnancy?
You should provide, in writing, your name, a declaration that you are pregnant, the estimated date of
conception (only the month and year need be given), and the date that you give the letter to the licensee. A form
letter that you can use is included at the end of these questions and answers. You may use that letter, use a form
letter the licensee has provided to you, or write your own letter.
10.

To declare my pregnancy, do I have to have documented medical proof that I am pregnant?
NRC regulations do not require that you provide medical proof of your pregnancy. However, NRC regulations
do not preclude the licensee from requesting medical documentation of your pregnancy, especially if a change in
your duties is necessary in order to comply with the 0.5 rem (5 mSv) dose limit.
11.

Can I tell the licensee orally rather than in writing that I am pregnant?
No. The regulations require that the declaration must be in writing.

12. If I have not declared my pregnancy in writing, but the licensee suspects that I am pregnant, do the
lower dose limits apply?
No. The lower dose limits for pregnant women apply only if you have declared your pregnancy in writing.
The United States Supreme Court has ruled (in United Automobile Workers International Union v. Johnson
Controls, Inc., 1991) that "Decisions about the welfare of future children must be left to the parents who conceive,
bear, support, and raise them rather than to the employers who hire those parents." The Supreme Court also ruled
that your employer may not restrict you from a specific job "because of concerns about the next generation." Thus,
the lower limits apply only if you choose to declare your pregnancy in writing.
13. If I am planning to become pregnant but am not yet pregnant and I inform the licensee of that in
writing, do the lower dose limits apply?
No. The requirement for lower limits applies only if you declare in writing that you are already pregnant.
14. What if I have a miscarriage or find out that I am not pregnant?
If you have declared your pregnancy in writing, you should promptly inform the licensee in writing that you are
no longer pregnant. However, if you have not formally declared your pregnancy in writing, you need not inform
the licensee of your non-pregnant status.
15. How long is the lower dose limit in effect?
The dose to the embryo/fetus must be limited until you withdraw your declaration in writing or you inform the
licensee in writing that you are no longer pregnant. If the declaration is not withdrawn, the written declaration may
be considered expired one year after submission.
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16. If l have declared my pregnancy in writing, can I revoke my declaration of pregnancy even if I am still
pregnant?
Yes, you may. The choice is entirely yours. If you revoke your declaration of pregnancy, the lower dose limit
for the embryo/fetus no longer applies.
17. What if I work under contract at a licensed facility?
The regulations state that you should formally declare your pregnancy to the licensee in writing. The licensee
has the responsibility to limit the dose to the embryo/fetus.
18. Where can I get additional information?
The Radiation Safety Office has a list of references which contain helpful information. Additionally, NRC
Regulatory Guide 8.29, "Instruction Concerning Risks from Occupational Radiation Exposure," (Appendix B-3) for
general information on radiation risks.
For information on legal aspects, see, "The Rock and the Hard Place: Employer Liability to Fertile or Pregnant
Employees and Their Unborn Children -- What Can the Employer Do?" which is an article in the journal Radiation
Protection Management.
You may telephone the NRC Headquarters at (301) 415-7000. Legal questions should be directed to the Office
of the General Counsel, and technical questions should be directed to the Division of Industrial and Medical
Nuclear Safety.
You may also telephone the NRC Regional Offices at the following numbers: Region I, (610) 337-5000;
Region II, (404) 562-4400; Region III, (630) 829-9500; and Region IV, (817) 860-8100. Legal questions should be
directed to the Regional Counsel, and technical questions should be directed to the Division of Nuclear Materials
Safety.
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FORM LETTER FOR DECLARING PREGNANCY
This form letter is provided for your convenience. To make your written declaration of pregnancy, you may fill
in the blanks in this form letter, you may use a form letter the licensee has provided to you, or you may write your
own letter.

DECLARATION OF PREGNANCY
To:
(Name of your supervisor or other employer representative)

In accordance with the NRC's regulations at 10 CFR 20.1208, "Dose to an
Embryo/Fetus," I am declaring
that I am pregnant. I believe I became pregnant in
(only the month and year
need be provided).
I understand the radiation dose to my embryo/fetus during my entire pregnancy will not
be allowed to exceed 0.5 rem (5 millisievert) (unless that dose has already been exceeded
between the time of conception and submitting this letter). I also understand that meeting the
lower dose limit may require a change in job or job responsibilities during my pregnancy.

(Your signature)

(Your name printed)

(Date)

Appendix B - 2
Instruction Concerning Prenatal Radiation Exposure1
Section 19.12, "Instructions to Workers," of 10 CFR Part 19, "Notices, Instructions and Reports to Workers: Inspection and Investigations," requires instruction in, among other things, the health protection problems associated with
exposure to radioactive materials or radiation.
Section 20.1208 of 10 CFR Part 20, "Standards for Protection Against Radiation," requires licensees to "ensure
that the dose to an embryo/fetus during the entire pregnancy, due to occupational exposure of a declared pregnant
woman, does not exceed 0.5 rem (5 mSv)." The regulation also requires the licensee to make efforts to avoid
substantial variation above a uniform monthly exposure rate to a declared pregnant woman is defined in 10 CFR
20.1003 as "a woman who has voluntarily informed her employer, in writing, of her pregnancy and the estimated
date of conception."
The embryo/fetus is defined in 10 CFR 20.1003 as "the developing human organism from conception until the
time of birth." The embryo is an early stage of development before the individual limbs and organs are recognizable. In humans, this development takes about eight weeks. The organism is considered a fetus from that stage
until birth.
Section 20.1502 of 10 CFR Part 20 specifies the requirements for monitoring for external and internal occupational dose to a declared pregnant woman. Licensees must monitor the external occupational dose to a declared
pregnant woman, using an individual monitoring device, if it is likely that the embryo/fetus will receive, from
sources external to the body of the declared pregnant woman, a dose in excess of 50 millirems (0.5 millisievert)
during the pregnancy.
Licensees must also monitor, but not necessarily with individual monitoring devices, the occupational intake of
radioactive material by declared pregnant women likely to receive, during the pregnancy, a committed effective
dose equivalent in excess of 50 millirems (0.5 millisievert). For monitored declared pregnant women, the licensee
must assess the effective dose equivalent delivered to the embryo/fetus during the pregnancy. Regulatory Guide
8.36, "Radiation Dose to the Embryo/Fetus," provides guidance on calculating the radiation dose to the
embryo/fetus.
Section 20.2106 of 10 CFR Part 20 requires that the licensee maintain records of dose to an embryo/fetus if
monitoring was required, and it requires that the records of the dose to the embryo/fetus be kept with the records of
the dose to the declared pregnant woman. Regulatory Guide 8.7, "Instructions for Recording and Reporting
Occupational Radiation Exposure Data," includes recommendations concerning records of dose to the embryo/fetus.
That guide recommends that "Licensees should be sensitive to the issue of personal privacy with regard to
embryo/fetus dose. If requested by the monitored woman, a letter report may be provided to subsequent licensees to
document prior embryo/fetus dose." The declaration of pregnancy must also be kept on file but may be maintained
separately from the dose records [10 CFR 20.2106(e)]. The licensee must retain each required form or record until
the NRC terminates each pertinent license requiring the record.

INSTRUCTIONS CONCERNING PREGNANT WOMEN
Regulations require that licensees instruct individuals working with licensed radioactive materials in radiation
protection as appropriate for the situation. This Appendix describes information that you should know about the
radiation exposure of pregnant women. In particular, radiation protection regulations allow a pregnant woman to
decide whether she wants to formally declare her pregnancy to her employer, thereby taking advantage of the
special dose limits provided to protect the developing embryo/fetus. This Appendix provides information on the
potential effects of declaring a pregnancy in order to help women make informed decisions on whether or not to
declare pregnancy. The information is provided in the form of answers to a woman's questions.

MAKING THE DECISION TO DECLARE PREGNANCY
1.

If I become pregnant, am I required to inform my employer of my pregnancy?
No. It is your choice whether to declare your pregnancy to your employer. If you choose to declare your
pregnancy, a lower radiation dose limit will apply to you. If you choose not to declare your pregnancy, you will
1

Material in Appendix B-2 is extracted from Proposed Revision 3 to Regulatory Guide 8.13.

330

Radiation Safety for Radiation Workers

continue to be subject to the same radiation dose limits that apply to non pregnant workers even if you are visibly
pregnant.
2.

If I inform my employer in writing of my pregnancy, what happens?
The amount of radiation that you will be allowed to receive will decrease because there is a lower dose limit for
the embryo/fetus of female workers who have formally declared their pregnancy in writing. Ordinarily, the radiation dose limit for a worker is 5 rems (50 millisieverts) in a year. But if you declare in writing that you are
pregnant, the dose to the embryo/fetus is generally limited to 0.5 rem (5 millisieverts) during the 9-month
pregnancy, which is one-tenth of the dose limit that an adult worker may receive in a year. In addition, licensees
must make efforts to avoid substantial variation above a uniform monthly dose rate so that all the dose received
does not occur during a particular time of the pregnancy. This may mean that, if you declare your pregnancy, you
may not be permitted to perform some of your normal job functions and you may not be able to have emergency
response responsibilities.
3.

Why do the regulations have a lower dose limit for a woman who has declared her pregnancy than for a
normal worker?
The purpose of the lower limit is to protect her unborn child. Scientific advisory groups recommend that the
dose before birth be limited to about 0.5 rem rather than the 5-rem (50-millisievert) occupational annual dose limit
because of the sensitivity of the embryo/fetus to radiation. Possible effects include deficiencies in the child's
development, especially the child's neurological development, and an increase in the likelihood of cancer.
4.

What effects on development can be caused by radiation exposure?
The effects of large doses of radiation on human development are quite evident and easily measurable, whereas
at low doses the effects are not evident or measurable and therefore must be inferred.
For example, studies of the effects of radiation on animals and humans demonstrate clearly and conclusively
that large doses of radiation -- such as 100 rems (1 sievert) -- cause serious developmental defects in many of the
body's organs when the radiation is delivered during the period of rapid organ development.
The developing human brain has been shown to be especially sensitive to radiation. Mental retardation has
been observed in the survivors of the atomic bombings in Japan exposed in utero during sensitive periods.
Additionally, some other groups exposed to radiation in utero have shown lower than average intelligence scores
and poor performance in school.
The sensitivity of the brain undoubtedly reflects its structural complexity and its long developmental period
(and hence long sensitive period). The most sensitive period is during about the 8 th to 15th weeks of gestation
followed by a substantially less sensitive period for the 2 months after the 15 th week. There is no known effect on
the child's developing brain during the first two months of pregnancy or the last three months of pregnancy.
No developmental effects caused by radiation have been observed in human groups at doses at or below the
5-rem (50-millisievert) occupational dose limit. Scientists are uncertain whether there are developmental effects at
doses below 5 rems (50 millisieverts). It may be that the effects are present but are too mild to measure because of
the normal variability from one person to the next and because the tools to measure the effects are not sensitive
enough. Or, it may be that there is some threshold dose below which there are no developmental effects
whatsoever.
In view of the possibility of developmental effects, even if very mild, at doses below 5 rems (50 millisieverts),
scientific advisory groups consider it prudent to limit the dose to the embryo/fetus to 0.5 rem (5 millisieverts). At
doses greater than 5 rems (50 millisieverts), such as might be received during an accident or during emergency
response activities, the possibility of developmental effects increases.
5.

How much will the likelihood of cancer be increased?
Radiation exposure has been found to increase the likelihood of cancer in many studies of adult human and
animal groups. At doses below the occupational dose limit, an increase in cancer incidence has not been proven,
but is presumed to exist even if it is too small to be measured. The question here is whether the embryo/fetus is
more sensitive to radiation than an adult.
While the evidence for increased sensitivity of the embryo/fetus to cancer induction from radiation exposure is
inconclusive, it is prudent to assume that there is some increased sensitivity. Scientific advisory groups assume that
radiation exposure before birth may be 2 or 3 times more likely to cause cancer over a person's lifetime than the
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same amount of radiation received as an adult. If this is true, there would be 1 radiation-induced cancer death in
200 people exposed in utero at the occupational dose limit of 5 rems (50 millisieverts). Scientific advisory groups
have considered this risk to be too high and have thus recommended that the radiation dose to the embryo/fetus be
limited to a maximum of 0.5 rem (5 millisieverts). At that dose, there would be 1 radiation-induced cancer death
per 2000 people. This would be in addition to the 400 cancer deaths from all causes that one would normally expect
in a group of 2000 people.
6. How does the risk to the embryo/fetus from occupational radiation exposure compare to other avoidable
risks?
The risk to the embryo/fetus from 0.5 rem or even 5 rems of radiation exposure is relatively small compared to
some other avoidable risks.
Of particular concern is excessive consumption of alcohol during pregnancy. The U.S. Public Health Service
has concluded that heavy alcohol consumption during pregnancy (three drinks per day and above) is the leading
known cause of mental retardation. Children whose mothers drank heavily during pregnancy may exhibit develop mental problems such as hyperactivity, distractibility, short attention spans, language difficulties, and delayed
maturation, even when their intelligence is normal.
In studies tracking the development of children born to light or moderate drinkers, researchers have also correlated their mothers' drinking patterns during pregnancy with low birth weight, decreased attention spans, delayed
reaction times, and lower IQ scores at age 4 years. Youngsters whose mothers averaged three drinks per day during
pregnancy were likely to have IQs averaging 5 points lower than normal.
Cigarette smoking may also harm the unborn. There is a direct correlation between the amount of smoking
during pregnancy and the frequency of spontaneous abortion and fetal death. Children of mothers who smoke while
pregnant are more likely to have impaired intellectual and physical growth. Maternal smoking has also been associated with such behavioral problems in offspring as lack of self-control, irritability, hyperactivity, and disinterest.
Long-term studies indicate that these children perform less well than matched youngsters of nonsmokers on tests of
cognitive, psychomotor, language, and general academic functioning.
Alcohol and smoking are only examples of other risks in pregnancy. Many other toxic agents and drugs also
present risk. In addition, many factors that cannot be controlled present risk. There is an increased risk in
pregnancy with increasing maternal age. Maternal disease may be an important risk factor. Malnutrition, toxemia,
and congenital rubella may be associated with birth defects. Maternal diabetes and high blood pressure have been
associated with problems in the newborn. In addition, many birth defects and developmental problems occur
without an obvious cause and without any obvious risk factors. For example, viruses that we may not even be
aware of can cause defects, and defects can arise from spontaneous random errors in cell reproduction. But these
are things that we can't do anything about.
In summary, you are advised to keep radiation exposure of your unborn child below 0.5 rem, but you should
also remember that alcohol consumption, cigarette smoking, and the use of other drugs can do a great deal of harm.
7.

What if I decide that I do not want any radiation exposure at all during my pregnancy?
You may ask your employer for a job that does not involve any exposure to occupational radiation at all, but
your employer may not have such a position or may not be willing to provide you with a job involving no radiation
exposure. Even if you receive no occupational exposure at all, you will receive a dose typically about 0.3 rem (3
millisieverts) from unavoidable natural background radiation.
8.

What effect will formally declaring my pregnancy have on my job status?
Only your employer can tell you what effect a declaration of pregnancy will have on your job status. As part of
your radiation safety training, your employer should tell you its policies with respect to the job status of declared
pregnant women. In addition, we recommend that, before you declare your pregnancy, you talk to your employer
and ask what a declaration of pregnancy would mean specifically for you and your job status. However, if you do
not declare your pregnancy, the lower exposure limit of 0.5 rem (5 millisieverts) does not apply.
It is most likely that your employer will tell you that you can continue to perform your job with no changes and
still meet the NRC's limit for exposure to declared pregnant women. A large majority of licensee employees
(greater than 90%) receive, in 9 months, occupational radiation doses that are below the 0.5-rem (5-millisievert)
limit for a declared pregnant woman.
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If the dose you currently receive is above the 0.5-rem (5-millisievert) dose allowed for a declared pregnant
woman, it is quite likely that your employer can and will make a reasonable accommodation that will allow you to
continue performing your current job, for example, by having another qualified employee perform a small part of
the job that accounts for much of the radiation exposure.
On the other hand, it is possible, although not common, that your employer will conclude that there is no
reasonable accommodation that can be made without undue hardship that would allow you to do your job and
remain within the dose limits for a declared pregnant woman. In these few instances, your employer may conclude
that you can no longer be permitted to do your current job, that you must be removed from your job, and that there
is no other job available for someone with your training and job skills.
If your employer concludes that you must be removed from your current job in order to comply with the lower
dose limits for declared pregnant women, you may be concerned about what will happen to you and your job. The
answer to that depends on your particular situation. That is why you should talk to your employer about your
particular situation. In addition, telephone numbers that may be useful for obtaining information are listed in
response to question 20 in this guide.

HOW TO DECLARE YOUR PREGNANCY
9.

What information must I provide in my declaration of pregnancy?
You must provide your name, a declaration that you are pregnant, the estimated date of conception (only the
month and year need be given), and the date that you give the letter to your employer. A sample form letter that
you can use is included at the end of these questions and answers. You may use that letter or write your own letter.
10. To declare my pregnancy, do I have to have documented medical proof that I am pregnant?
No. No proof is necessary.
11. Can I tell my employer orally rather than in writing that I am pregnant?
No, the declaration must be in writing. As far as the regulations are concerned, an oral declaration or statement
is the same as not telling your employer that you are pregnant.
12. If I have not declared my pregnancy in writing, but my employer notices that I am pregnant, do the lower
dose limits apply?
No. The lower dose limits for pregnant women apply only if you have declared your pregnancy in writing.
The choice of whether to declare your pregnancy and thereby work under the lower dose limits is your choice, not
your employer's. Your employer may not remove you from a specific job because you appear pregnant.
13. If I am planning to become pregnant but am not yet pregnant, and I inform my employer of that in writing,
do the lower dose limits apply?
No. The lower limits apply only if you declare that you are already pregnant.
14. What if I have a miscarriage or find out I am not pregnant?
If you have declared your pregnancy in writing, you should promptly inform your employer that you are no
longer pregnant. The regulations do not require that the revocation of a declaration be in writing, but we recommend that you revoke the declaration in writing to avoid confusion. Also, your employer may insist upon a written
revocation for its own protection. If you have not declared your pregnancy, there is no need to inform your
employer of your new, non pregnant status.
If you have a miscarriage and become pregnant again before you have revoked your original declaration of
pregnancy, you should submit a new declaration of pregnancy because the date of conception has changed.
15. How long is the lower dose limit in effect?
The dose to the embryo/fetus must be limited until (1) your employer knows you have given birth, (2) you
inform your employer that you are no longer pregnant, or (3) you inform your employer that you no longer wish to
be considered pregnant.
16. If I declared my pregnancy in writing, can I revoke my pregnancy declaration even if I am still pregnant?
Yes, you may. The choice is entirely yours. If you revoke your declaration of pregnancy, the lower dose limits
no longer apply.
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17. What if I work under contract at the licensed facility and my employer is not the licensee?
The regulations state that you should formally declare your pregnancy to your employer in writing. You can
ask your employer to give a copy of your declaration to the licensee, or you may give a copy of your written decla ration directly to the licensee.
18. Can I tell my employer I am pregnant when I know I am not in order to work under the lower dose limits?
The purpose of the NRC regulations is to allow a pregnant woman to choose a heightened level of protection
from radiation exposure for the embryo/fetus during her pregnancy. That purpose would not be served by intention ally declaring yourself to be a pregnant woman when you know you are not pregnant. There are no NRC regulatory
requirements specifically addressing the actions your employer might take if you provide a false declaration.
However, nothing in NRC regulations would prevent your employer from taking action against you for deliberately
lying.

STEPS TO LOWER RADIATION DOSE
19. What steps can I take to lower my radiation dose?
Your employer should already have explained that to you as part of the instructions that licensees must give to
all workers. However, you should ask your supervisor or the radiation safety officer whether any additional steps
can be taken.
The general principles for maintaining exposure to radiation as low as reasonably achievable are summarized
below. You should already be applying these principles to your job, but now is a good time to review them.
External Radiation Exposure: External radiation is radiation you receive from radiation sources or radioactive materials that are outside your body. The basic principles for reducing external radiation exposure are time,
distance, and shielding -- decrease your time near radiation sources, increase your distance from radiation sources,
and increase the shielding between yourself and the radiation source. You should work quickly and efficiently in a
radiation area so that you are not exposed to the radiation any longer than necessary. As the distance is increased
from the source of radiation, the dose decreases. When possible, you should work behind shielding. The shielding
will absorb some of the radiation, thus reducing the amount that reaches you.
Internal Radiation Exposure: Internal radiation is radiation you receive from radioactive materials that have
gotten into your body, generally entering with the air you breathe, the food you eat, or the water you drink. Your
employer will have specific procedures to minimize internal radiation exposure. Those procedures probably incorporate the following general precautions that should be taken when you are working with radioactive materials that
are not encapsulated:
•
•
•
•
•

Wear lab coats or other protective clothing if there is a possibility of spills.
Use gloves while handling unencapsulated radioactive materials.
Wash hands after working with unencapsulated radioactive materials.
Do not eat, drink, smoke, or apply cosmetics in areas with unencapsulated radioactive material.
Do not pipette radioactive solutions by mouth.

These basic principles should be incorporated into the specific methods and procedures for doing your individ ual work. Your employer should have trained you in those specific rules and procedures.
If you become pregnant, it is a good time to review the training materials on the methods and procedures that
you were provided in your training. You can also talk to your supervisor about getting refresher training on how to
keep radiation doses as low as reasonably achievable.

ADDITIONAL INFORMATION
20. Where can I get additional information?
You can find additional information on the risks of radiation in NRC's Regulatory Guide 8.29, "Instruction
Concerning Risks from Occupational Radiation Exposure."
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You can also telephone the NRC Regional Offices at the following numbers: Region III -(708) 829-9500.
Legal questions should be directed to the Regional Counsel, and technical questions should be directed to the
Division of Radiation Safety and Safeguards.
If you believe you have been discriminated against, you should contact the U.S. Equal Employment Opportunity Commission (EEOC), 1801 L Street NW., Washington, DC 20507, or an EEOC Field Office by calling (800)
669-4000 or (800) 669-EEOC. For individuals with hearing impairments, the EEOC's TDD number is (800)
800-3302.

FORM LETTER FOR DECLARING PREGNANCY
This form letter is provided for your convenience. To make your declaration of pregnancy, you may fill in the
blanks in this form letter and give it to your employer or you may write your own letter.

DECLARATION OF PREGNANCY
To:
(Name of your supervisor or other employer representative)

I am declaring that I am pregnant. I believe I became pregnant in
(only the month and year need be provided).

,

I understand that my occupational radiation dose during my entire pregnancy will not be
allowed to exceed 0.5 rem (5 millisieverts) (unless that dose has already been exceeded between
the time of conception and submitting this letter). I also understand that meeting the lower dose
limit may require a change in job or job responsibilities during my pregnancy.
If I find out that I am not pregnant, or if my pregnancy is terminated, I will promptly
inform you in writing that my pregnancy has ended. (This promise to inform your employer in writing
when your pregnancy has ended is optional. The sentence may be crossed out if you wish.)

(Your signature)

(Your name printed)

(Date)

Appendix B - 3
Instruction Concerning Prenatal Radiation Exposure1
It has been known since 1906 that cells that are dividing very rapidly and are undifferentiated in their structure and
function are generally more sensitive to radiation. In the embryo stage, cells meet both these criteria and thus would
be expected to be highly sensitive to radiation. Furthermore, there is direct evidence that the embryo/fetus is
radiosensitive. There is also evidence that it is especially sensitive to certain radiation effects during certain periods
after conception, particularly during the first 2 to 3 months after conception when a woman may not be aware that
she is pregnant.
Title 10 Code of Federal Regulations (CFR) Part 20 places different radiation dose limits on workers who are
minors than on adult workers. Workers under the age of 18 are limited to one-tenth of the adult radiation dose
limits. However, the present NRC regulations do not establish dose limits specifically for the embryo/fetus unless
the worker "declares" her pregnancy. Then the fetal limit is 500 millirem.
The present limit on the radiation dose that can be received on the job is 5,000 millirem per year. Working
minors (those under 18) are limited to a dose equal to one-tenth that of adults, 500 millirem per year.
Because of the sensitivity of the unborn child, the National Council on Radiation Protection and Measurements
(NCRP) has recommended that the dose equivalent to the unborn child from occupational exposure of the expectant
mother be limited to 500 millirems for the entire pregnancy. The 1987 Presidential guidance specifies an effective
dose equivalent limit of 500 millirems to the unborn child if the pregnancy has been declared by the mother; the
guidance also recommends that substantial variations in the rate of exposure be avoided. The NRC adopted the
above limits in § 20.208 of 10 CFR Part 20.
In 1971, the NCRP commented on the occupational exposure of fertile women and suggested that fertile women
should be employed only where the annual dose would be unlikely to exceed 2 or 3 rems and would be accumulated
at a more or less steady rate. In 1977, the ICRP recommended that, when pregnancy has been diagnosed, the
woman work only where it is unlikely that the annual dose would exceed 0.30 of the dose-equivalent limit of 5
rems. In other words, the ICRP has recommended that pregnant women not work where the annual dose might
exceed 1.5 rem.

Effects on the Embryo/Fetus of Exposure to Radiation and Other Environmental Hazards
In order to decide whether to continue working while exposed to ionizing radiation during her pregnan cy, a woman
should understand the potential effects on an embryo/fetus, including those that may be produced by various
environmental risks such as smoking and drinking. This will allow her to compare these risks with those produced
by exposure to ionizing radiation.
Table 1 provides information on the potential effects resulting from exposure of an embryo/fetus to radiation
and nonradiation risks. The second column gives the rate at which the effect is produced by natural causes in terms
of the number per thousand cases. The fourth column gives the number of additional effects per thousand cases
believed to be produced by exposure to the specified amount of the risk factor.
The following section discusses the studies from which the information in Table 1 was derived. The results of
exposure of the embryo/fetus to the risk factors and the dependence on the amount of the exposure are explained.
Radiation Risks
Childhood Cancer. Numerous studies of radiation-induced childhood cancer have been performed, but a number of
them are controversial. The National Academy of Science (NAS) BEIR report reevaluated the data from these
studies and even reanalyzed the results. Some of the strongest support for a casual relationship is provided by twin
data from the Oxford survey. For maternal radiation doses of 1,000 millirems, the excess number of cancer deaths
(above those occurring from natural causes) was found to be 0.6 death per thousand children.
Mental Retardation and Abnormal Smallness of the Head (Microcephaly). Studies of Japanese children who
were exposed while in the womb to the atomic bomb radiation at Hiroshima and Nagasaki have shown evidence of
both small head size and mental retardation. Most of the children were exposed to radiation doses in the range of 1
to 50 rads. The importance of the most recent studies lies in the fact that investigators were able to show that the
1

Material in Appendix B-3 is extracted from Regulatory Guide 8.13, Revision 2.
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gestational age (age of the embryo/ fetus after conception) at the time the children were exposed was a critical
factor. The approximate risk of small head size as a function of gestational age is shown in Table 1. For a radiation
dose of 1,000 millirems at 4 to 7 weeks after conception, the excess cases of small head size was 5 per thousand; at
8 to 11 weeks, it was 9 per thousand.
In another study, the highest risk of mental retardation occurred during the 8 to 15 week period after conception.
A recent EPA study has calculated that excess cases of mental retardation per live birth lie between 0.5 and 4 per
thousand per rad.
Genetic Effects. Radiation-induced genetic effects have not been observed to date in humans. The largest
source of material for genetic studies involves the survivors of Hiroshima and Nagasaki, but the 77,000 births that
occurred among the survivors showed no evidence of genetic effects. For doses received by the pregnant worker in
the course of employment considered in this guide, the dose received by the embryo/fetus apparently would have a
negligible effect on descendants.
Table 1. Effects of Risk Factors on Pregnancy Outcome

Effect

Number Occurring
from Natural Causes

Risk Factor

Excess Occurrence
from Risk Factor

RADIATION RISK
Childhood Cancer
Cancer death in
children

1.4 per thousand

Abnormalities

Radiation dose of 1000 mrem
received before birth

0.6 per thousand

Radiation dose of 1000 mrem received during specific
periods after conception:

Small head size

40 per thousand

Small head size

40 per thousand

Mental retardation

4 per thousand

4-7 weeks after conception
8-11 weeks after conception
Radiation dose of 1000 mrem
received 8 to 15 weeks after
conception

5 per thousand
9 per thousand
4 per thousand

NON-RADIATION RISKS
Occupation
Stillbirth or spontaneous
abortion

200 per thousand

Work in high-risk occupations
(see text)

90 per thousand

Alcohol Consumption
Fetal alcohol syndrome

1 to 2 per thousand

2 - 4 drinks per day

100 per thousand

Fetal alcohol syndrome

1 to 2 per thousand

More than 4 drinks per day

200 per thousand

Fetal alcohol syndrome

1 to 2 per thousand

Chronic alcoholic (more than
10 drinks per day)

350 per thousand

Perinatal infant death
(around time of birth)

23 per thousand

Chronic alcoholic (more than
10 drinks per day)

170 per thousand

Perinatal infant death

23 per thousand

Less than 1 pack per day

5 per thousand

Perinatal infant death

23 per thousand

One pack or more per day

10 per thousand

Smoking

Nonradiation Risks
Occupation. A recent study involving the birth records of 130,000 children in the State of Washington indicates
that the risk of death to the unborn child is related to the occupation of the mother. Workers in the metal industry,
the chemical industry, medical technology, the wood industry, the textile industry, and farms exhibited stillbirths or
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spontaneous abortions at a rate of 90 per thousand above that of workers in the control group, which consisted of
workers in several other industries.
Alcohol. It has been recognized since ancient times that alcohol consumption had an effect on the unborn child.
Carthaginian law forbade the consumption of wine on the wedding night so that a defective child might not be
conceived. Recent studies have indicated that small amounts of alcohol consumption have only the minor effect of
reducing the birth weight slightly, but when consumption increases to 2 to 4 drinks per day, a pattern of ab normalities called the fetal alcohol syndrome (FAS) begins to appear. This syndrome consists of reduced growth in
the unborn child, faulty brain function, and abnormal facial features. There is a syndrome that has the same
symptoms as full-blown FAS that occurs in children born to mothers who have not consumed alcohol. This
naturally occurring syndrome occurs in about 1 to 2 cases per thousand.
For mothers who consume 2 to 4 drinks per day, the excess occurrences number about 100 per thousand; and for
those who consume more than 4 drinks per day, excess occurrences number 200 per thousand. The most sensitive
period for this effect of alcohol appears to be the first few weeks after conception, before the mother-to- be realizes
she is pregnant. Also, 17% or 170 per thousand of the embryo/fetuses of chronic alcoholics develop FAS and die
before birth. FAS was first identified in 1973 in the United States where less than full-blown effects of the
syndrome are now referred to as fetal alcohol effects (FAE).
Smoking. Smoking during pregnancy causes reduced birth weights in babies amounting to 5 to 9 ounces on the
average. In addition, there is an increased risk of 5 infant deaths per thousand for mothers who smoke less than one
pack per day and 10 infant deaths per thousand for mothers who smoke one or more packs per day.
Miscellaneous. Numerous other risks affect the embryo/fetus, only a few of which are touched upon here. Most
people are familiar with the drug thalidomide (a sedative given to some pregnant women), which causes children to
be born with missing limbs, and the more recent use of the drug diethylstilbestrol (DES), a synthetic estrogen given
to some women to treat menstrual disorders, which produced vaginal cancers in the daughters born to women who
took the drug. Living at high altitudes also gives rise to an increase in the number of low-birth- weight children
born, while an increase in Down's Syndrome occurs in children born to mothers who are over 35 years of age. The
rapid growth in the use of ultrasound in recent years has sparked an ongoing investigation into the risks of using
ultrasound for diagnostic procedures.
Possible Health Risks to Children of Women who are Exposed to Radiation during Pregnancy
During pregnancy, you should be aware of things in your surroundings or in your style of life that could affect your
unborn child. For those of you who work in or visit areas designated as
Restricted Areas (where access is controlled to protect individuals from
Table 2. Avg. Medical Exposures
being exposed to radiation and radioactive materials), it is desirable that
you understand the biological risks of radiation to your unborn child.
Procedure
Avg. Exposure
Everyone is exposed daily to various kinds of radiation: heat, light,
Normal Chest
10 millirem
ultraviolet, microwave, ionizing, and so on. For the purposes of this guide,
Normal Dental
10 millirem
only ionizing radiation (such as x-rays, gamma rays, neutrons, and other
140 millirem
high-speed atomic particles) is considered. Actually, everything is radioac- Rib Cage
Gall Bladder
170 millirem
tive and all human activities involve exposure to radiation. People are
exposed to different amounts of natural "background" ionizing radiation
Barium Enema
500 millirem
depending on where they live. Radon gas in homes is a problem of
Pelvimetry
600 millirem
growing concern. Natural background radiation comes from four sources:
cosmic, terrestrial, radon, and internal. The average annual exposure of the U.S. population from natural background radiation is about 294 mrem/yr. Because of geographical and other factors, the exposure range of natural
background radiation can from approximately 200 mrem/yr to 5000 mrem/yr.
NRC Position
NRC regulations and guidance are based on the conservative assumption that any amount of radiation, no matter
how small, can have a harmful effect on an adult, child or unborn child. This assumption is said to be conservative
because there are no data showing ill effects from small doses; the National Academy of Sciences recently
expressed "uncertainty as to whether a dose, of say, 1 rad would have any effect at all". Although it is known that
the unborn child is more sensitive to radiation than adults, particularly during certain stages of development, the
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NRC has not established a mandatory dose limit for protection of the unborn child. Such a limit could result in job
discrimination for women of childbearing age and perhaps in the invasion of privacy (if pregnancy tests were
required) if a separate regulatory dose limit were specified for the unborn child. Therefore, the NRC has taken the
position that special protection of the unborn child should be voluntary and should be based on decisions made by
workers (e.g., "declaring" pregnancy) and employers who are well informed about the risks involved.
For the NRC position to be effective, it is important that both the employee and the employer understand the risk
to the unborn child from radiation received as a result of the occupational exposure of the mother. This document
tries to explain the risk as clearly as possible and to compare it with other risks to the unborn child during
pregnancy. It is hoped this will help pregnant employees balance the risk to the unborn child against the benefits of
employment to decide if the risk is worth taking. This document also discusses methods of keeping the dose, and
therefore the risk, to the unborn child as low as is reasonably achievable.
Radiation Dose Limits
The NRC's present (whole body) limit on the radiation dose that can be received on the job is 1,250 millirems per
quarter (3 months). Working minors (those under 18) are limited to a dose equal to one-tenth that of adults, 125
millirems per quarter.
Because of the sensitivity of the unborn child, the National Council on Radiation Protection and Measurements
(NCRP) has recommended that the dose equivalent to the unborn child from occupational exposure of the expectant
mother be limited to 500 millirems for the entire pregnancy. The 1987 Presidential guidance specifies an effective
dose equivalent limit of 500 millirems to the unborn child if the pregnancy has been declared by the mother; the
guidance also recommends that substantial variations in the rate of exposure be avoided. The NRC has adopted the
500 mrem limit for the entire pregnancy of "declared" pregnant workers.
Advice for Employee and Employer
Although the risks to the unborn child are small under normal working conditions, it is still advisable to limit the
radiation dose from occupational exposure to no more than 500 millirems for the total pregnancy. Employee and
employer should work together to decide the best method for accomplishing this goal. Some methods that might be
used include reducing the time spent in radiation areas, wearing some shielding over the abdominal area, and
keeping an extra distance from radiation sources when possible. The employer or health physicist will be able to
estimate the probable dose to the unborn child during the normal nine-month pregnancy period and to inform the
employee of the amount. If the predicted dose exceeds 500 millirems, the employee and employer should work out
schedules or procedures to limit the dose to the 500-millirem recommended limit.
It is important that the employee inform the employer of her condition as soon as she realizes she is pregnant if
the dose to the unborn child is to be minimized.
Internal Hazards
This document has been directed primarily toward a discussion of radiation doses received from sources outside the
body. Workers should also be aware that there is a risk of radioactive material entering the body in work places
where unsealed radioactive material is used. Nuclear medicine clinics, laboratories, and certain manufacturers use
radioactive material in bulk form, often as a liquid or a gas. A list of the commonly used materials and safety
precautions for each is beyond the scope of this document, but certain general precautions might include the
following:
9 Do not smoke, eat, drink, or apply cosmetics around radioactive material
9 Do not pipette solutions by mouth
9 Use disposable gloves while handling radioactive material when feasible
9 Wash hands after working around radioactive material
9 Wear lab coats or other protective clothing whenever there is a possibility of spills.
Remember that the employer is required to have demonstrated that it will have safe procedures and practices before
the NRC issues it a license to use radioactive material. Workers are urged to follow established procedures and
consult the employer's radiation safety officer or health physicist whenever problems or questions arise.

Appendix C
Sample Forms in Radiation Safety

1.

Blank Radionuclide Facility Survey (pg. 354, see Lab 2 for example)

2.

Radioactive Waste Disposal Guidelines (pg. 355)

3.

Waste Collection Pick-up Schedule (pg 356)

4.

Blank Radioactive Waste Disposal form (pg. 357 and 358, see Lab 2 for
example)

5.

Wisconsin Department of Health & Family Services Notice to Employees (pg.
359)

6.

Blank Radioactive Liquid Waste Tag, Radioactive Waste Sticker, Aqueous
Radioactive Waste (carboy) Tag and Flammable Hazardous Waste (carboy)
Tag (pg. 360)

7.

Blank Radioactive Animal Waste Disposal form (pg. 362)

8.

For Dose Estimate for Lost Radiation Dosimeter form, see Appendix D, (pg.
364)
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Radionuclide Facility Survey
Principle Investigator

Date:

Building / Room

Surveyor

Code: B - Bath; C - Centrifuge; D - Desk; F - Freezer; H - Hood; I-Incubator; LB-Lab Bench; R - Refrigerator;
RW - Rad Waste; S - Sink; SC-Storage Cabinet; ES - Equipment Storage; T - Table;

Action Levels
Meter 650 cpm (above background)
Survey Meter Results
Make / Model:
SN:
Probe: End-window/ Pancake/ LEG / β,γ
cpm
Background:
All points are background except:

Location

cpm

Wipes
cpm

3
β,γ
H, 14C, 33P, 35S, 45Ca
230
770
cpm/100 cm2
Wipe Test Results

Make:
Background Region A:
cpm

Model:
cpm

B:

Wipe # cpm || Wipe # cpm

cpm C:

|| Wipe #

cpm

Radioactive Waste Disposal Guidelines & General Requirements
y
y
y
y
y
y

For complete instructions, refer to Section XIX, Radiation Safety Regulations
A completed Radioactive Waste Disposal form must accompany the waste.
Keep waste types separate Keep aqueous separate from organic liquids
Except for H-3/C-14, keep radionuclides separate whenever possible
Except for carboys, all types of waste must be placed in strong boxes and taped shut.
Radioactive Waste labels, Liquid waste tags, and disposal forms are available from the
Radiation the Safety Office at 30 East Campus Mall or Safety Annex at 506 Genetics.
Solid Waste

y Use yellow bags to hold waste in labs; place in
ZERMAT M T
23893

10/20/XX
0.05

P-32

XX

strong cardboard box for disposal.
y Sharps must be packaged inside plastic / cardboard
containers.
y No lead pigs, no liquids -- these must be packaged
separately.
y Bo x must be labeled with a Rad ioactive Waste
label.
y Bo x must be smaller than 14" x 24"

Animal Carcasses

y Carcass must be frozen and double bagged (i.e.,
y
y
y
y
y

use 2 plastic bags, outer bag should be yellow
radioactive waste bag) and place in a box.
Activity limits: 15 mCi for H-3 and C-14.2 mCi for
all other nuclides.
Bo x must not be heavier than 50 pounds -- cut up
larger animals, call Safety in exceptional
situations.
Place Radioactive Waste sticker on box.
Include a blue, Radioactive Animal Disposal
Form.
Place carcasses in designated freezer for pickup.

ZERMAT M T
10/20/XX
23893
H-3
5.5

XX

LSC Vials

y Package 20 ml vials in their original trays and
23893
P-32

ZERMAT M T
10/20/XX
0.05

XX

Example Tray

boxes, do not use boxes larger than LSC cases.

y Mini-vials may be placed in a plastic bag, place

BIOSAFE II

y
y
y

bag in a box with absorbent material in the bottom
to soak up any leakage.
Label box with a Radioactive Waste sticker -include cocktail brand name (e.g., Biosafe II) on
sticker.
Do not empty organic LSC vials into any other
containers.
Keep organic vials separated from Biosafe vials.
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(Probable) Waste Collection Pick-up Schedule
Monday Afternoon
CSC
Waisman / Keck Center
Pharmacy School (Rennebohm)
VA
Malt & Barley Lab
Tuesday Morning
Ag Engineering & Lab
Ag.Hall
Agronomy (Moore Hall)
AHABS
Animal Science
Babcock
Bardeen
Biochemistry / Bacteriology
Biotechnology Center
Birge Hall
Chamberlin
Chemical Engineering
Consumer Science
Engineering
ERB
Family Resources
Food Science
Garage
Grainger Hall
Highway Lab
Horticulture (Moore Hall)
Humanities
Material Science & Engineering
McArdle Labs
Meat & Muscle Biology
Meat Science
Mechanical Engineering
Medical School
Memorial Union
Moore Hall
MSC
Muscle Biology
Physics
Plant Science
SMI
Stadium
Sterling Hall
Helen C. White
Other East Campus Buildings

Tuesday Afternoon
Biotron
Bock Labs
Dairy Forage
Food Research
Genetics
Geology (Weeks Hall)
Health Services
Herrick Dr.
Hiram Smith & Hiram Smith Annex
Hydraulics
King Hall
Limnology
Meriter
Meterology / Space Science
Molecular Biology
Natatorium
Norland Hall
Nutritional Sciences
Physical Plant
Plant Pathology (Russell)
Primate Center / Primate Research
Psychology
Russell Labs
Social Sciences
Soil Science
Space Science
State Lab (Henry Mall)
Stovall
University Health Services
VA Hospital
Veterinary School
Veternary Science (AHBS)
Vilas Hall
Walnut St. Greenhouses
WARF
Water Chemistry
Weeks Hall
Zoology
Zoology Research
660 N. Park St.
1001 Spring St.
1552 University Avenue
Wednesday Afternoon
Chemistry
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RADIOACTIVE MATERIAL
Type A Package
UN 2915 US DOT 7A
Contents
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Appendix D
Instructions for Dosimeter Application
1. Print your name, last name first, including either your middle name/initial or maiden name as appropriate.
2. Print your birth date, spell out the month to reduce errors.
3. Print your Social Security Number, this number is used by the dosimetry supplier to maintain a unique index of
radiation workers.
4. List a campus phone number where Safety can contact you at work.
5. List the campus address where you will be working.
6. a. If you have ever worn a dosimeter at UW-Madison, indicate who you were working for and a time frame
(e.g., 1983).
b. If you wore a dosimeter when employed by some other employer (other than the University of Wisconsin at
Madison), please indicate the employer's name, address, and employment dates. If you need more space,
attach a blank piece of paper. We are required by law to obtain a complete history of your radiation
exposure.
c. If you wore a dosimeter while working for some other (i.e., not UW-Madison) employer, please estimate the
radiation exposure in mrem from that work. We are required to assure that workers have not been
overexposed prior to assigning them a radiation dosimeter.
7. a. TLD badges are NOT issued for the following uses: 3H, 14C, 33P, 35S, 45Ca, 63Ni, RIA kits. These isotopes are
either not an external exposure hazard (i.e., Emax < 300 keV) or the quantities of radiation emitted are too
small to be measured. TLDs are issued only if you will work directly with radioactive materials. Radiation
levels in labs are negligible and you will not receive any radiation exposure unless you are handling
radioactive materials. Select the external hazard (i.e., high-energy beta or gamma emitter) you anticipate
working with and the maximum activity you expect to handle at any time.
b. If you will be working with machine produced sources (e.g., irradiator, X-ray diffraction, etc.) list the type
and location of system. Persons using irradiators and nuclear gauges must be trained by the Safety
Department (see Chapter 9).
8. After we determine where you work, we will assign you to a dosimetry group and will send an initial dosimeter
to you via that group coordinator. Future dosimeters are issued to that group's dosimetry coordinator who will
exchange dosimeters either monthly or quarterly.
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For Office Use Only
Estimate
Bill Rec.
Card Rec.

Date:
To:

From:

Radiation Safety Office

RE:

Dose Estimate for Lost Radiation Dosimeter

A lost badge was reported by/for you. We will attempt to estimate the dose you received while wearing the lost
dosimeter and add this estimate to your radiation dose history. To estimate the dose, we need certain information.
Please complete this form, providing specific answers to all items, especially 4 - 7, and return it to Radiation Safety.
Responses like "don't know," "very small," or "same as usual" are not useful. If you have questions, eMail
Dosimetry at dosimetry@fpm.wisc.edu.
1.

2. Social Security #:

Last Name:
(LAST)
Body badge

Ring badge

3.

Type Dosimeter:

4.

I wore the lost badge FROM:

5.

I worked with or around the following types of radiation:
a.

-

-

(FIRST)

, 199

Collar badge
TO:

, 199

Machine produced radiation
I worked directly with Radiographic or Fluoroscopic x-ray systems
I worked in a facility where others used x-ray systems
I wore a protective apron and other protective equipment: YES

b.

Radioactive materials radiation
Radionuclide

Activity (mCi)

Total Time Exposed (hrs)

Lab uses shielding for high energy beta and gamma emitters: YES
c.
6.

7.

NO

NO

Other (specify)
I estimate my dose to have been
millirems.
I would like Radiation Safety to estimate my dose.

If you estimated your dose, which of the common methods did you use in this estimate.
Reading is equal to the highest I have received while performing the same duties.
The same dose reported for others doing the same procedures.
Area monitors in my work area gave this reading; the reading for the lost badge is less than or
equal to that of the monitors.
This is a calculated dose (include a summary of how the calculations were done).
I did not use any x-, gamma, or high energy beta radiation.

Signature:

Date:
Safety Department
a unit of Facilities Planning and Management

University of Wisconsin—Madison
608-262-8769

30 North Murray Street
http://www.fpm.wisc.edu/safety

Madison Wisconsin 53715—1227
FAX 608/262-6767

UW SAFETY DEPT.
Rad Exam Date:
X-ray only
Badge Number:
Badge group:
Badges: Body Collar Ring Neutron

Date Ordered:
HP:
APPLICATION FOR RADIATION DOSIMETER
PLEASE PRINT (read Privacy Act Statement below):
Name:
Last

First

Social Security No.

--

Birth date:
Month/Day/Year (MM/DD/YY)

Middle/Maiden
--

Work Address:

Work Phone No:

If you had a dosimeter at another company:
Name:

P I / Supervisor:

Address:
Have you had a dosimeter at the UW?

Yes

No

If you had dosimeter at the UW, who was your supervisor?

City:

State / Zip:

Dates: From:

/

To:

Estimated dose:

mrem

TLD badges are NOT issued for the following uses: 3H, 14C, 33P, 35S, 45Ca, 63Ni, RIA kits. These isotopes are not an
external exposure hazard (i.e., Emax < 300 keV) or the quantities of radiation emitted are too small to be measured.
TLDs are issued only if you will work DIRECTLY with radioactive materials or a radiation producing machine (e.g.,
x-ray, irradiator, etc.). Being in a radioactive lab is not a reason to get a TLD. Radiation levels in labs are negligible,
you will not receive any radiation exposure unless you are handling radioactive materials.
I will be working with the following external
hazards (circle all that apply): 18F, 22Na, 24Na, 32P,
51
Cr, 86Rb, 99mTc, 125I, 131I. If the radionuclide is not
listed above, write the nuclide you will use in the
space below:
The maximum activity in any of the stock vials I
will be working with is:
mCi.

I will be working with an irradiator or a x-ray
producing machine (e.g., x-ray diffraction,
med / vet x-ray, accelerator, etc.) at
UW-Madison. Write the type and location of
the ionizing radiation machine you will use:
Type:
Location:

Other radionuclide:

I certify that I have received training in the radiation source(s) I will be working with and understand and will
implement the ALARA principles to keep my radiation dose as low as reasonably achievable. To my knowledge, I
have not exceeded any Federal or state radiation exposure limits prior to my work here at the UW.

Signed:

Date:

My signature authorizes Radiation Safety to request my radiation history from previous employers.

Send this application to: Safety Dept., 30 N. Murray Street or FAX to 2-6767.
Privacy Act Statement: Title 10 Code of Federal Regulations (CFR) Part 19.13 (NRC), Title 29 CFR Part 1910.96 (OSHA) and
Wisconsin Health and Family Services (HFS) Part 157.88(3) require each employer to obtain all of your radiation exposure records
to document previous exposure history. The information is used in the evaluation of risk of exposure to ionizing radiation or
radioactive materials. It permits meaningful comparison of both current (short-term) and long-term exposure to ionizing radiation or
radioactive material. The social security number is used to assure that the UW-Madison has an accurate identifier not subject to the
coincidence of similar names or birth dates among the large number of persons on whom exposure data is maintained. Data on
your exposure to ionizing radiation or radioactive materials is always available to you upon request.

Safety Department
a unit of Facilities Planning and Management
University of Wisconsin—Madison
608-262-8769

30 North Murray Street
http://www.fpm.wisc.edu/safety

Madison Wisconsin 53715—1227
FAX 608/262-6767

Appendix E
Example Radiation Safety Quiz
1. A Phosphorus-32 (P-32) sample has an activity of 200 mCi. How much is left after 3 half-lives?
a. 197 mCi

b. 150 mCi

c. 66 mCi

d. 25 mCi

2. A laboratory where 20 mCi of Tritium (H-3) is used must have a sign on the door which says:
a. Danger-Radiation Area
b. Caution-Radioactive Materials

c. Caution-Radiation Area
d. High Radiation Area

3. For a radionuclide, after one half-life has passed, how much of the original activity is still there?
a. one-half

b. one-third

c. one-quarter

d. one-eighth

4. The unit used to measure activity is the:
a. roentgen

b. rad

c. rem

d. Curie

5. An activity of 1 Curie is equal to:
a. 3,700,000,000,000 dps

b. 2,220,000,000,000 dpm

c. 1,000,000 Becquerel

d. 5,280 cpm

6. 2200 microCurie (mci) equals:
a. 2.2 Curie (ci)

b. 2.2 MegaCurie (MCi)

c. 2.2 milliCurie (mci)

d. 2.2 kiloCurie (kCi)

7. A vial of Phosphorus-32 (P-32) has an activity of 0.37 GBq (1 GBq = 1,000,000,000 Bq), what is the activity in
curies?
a. 1.0 Ci

b. 0.1 Ci

c. 0.01 Ci

d. 0.001 Ci

8. The process where an unstable isotope disintegrates and emits energy is called:
a. radiation
b. radioactive decay

c. nuclear annihilation
d. electro conversion

9. When a positron interacts with a free electron, the two particles are annihilated, resulting in:
a. a fusion reaction
b. two 0.511 MeV photons

c. creation of a muon
d. a fission reaction

10. What kind of shielding do you use for a high energy beta particle like Phosphorus-32 (P-32)?
a. High density material (lead)

b. Low density material (plastic)

c. Hydrogenous material (paraffin)

11. The beta energy of Chlorine-36 (Cl-36) is 709 keV. How many MeV (mega electron volts) is this?
a. 70.9 MeV

b. 7.09 MeV

c. 0.709 MeV

d. 0.0709 MeV

12. The biological effect of ionizing radiation exposure is thought to be potentially:
a. good

b. benign

c. unknown

d. harmful

13. Which low-energy beta emitters are not an external hazard?
a. H-3, C-14, P-32, I-131
b. H-3, C-14, Ni-63, Sr-90

c. H-3, C-14, S-35, Ca-45
d. H-3, C-14, P-32, Ca-45
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14. During which part of a pregnancy is the fetus most sensitive to radiation damage?
a. 1st trimester

b. 2nd trimester

c. 3rd trimester

d. 4th trimester

15. Which radionuclides are external hazards?
a. H-3, C-14, S-35, Ni-63
b. C-14, P-32, Ni-63, I-125

c. I-131, S-35, Ni-63, Zn-65
d. P-32, I-131, Na-22, Zn-65

16. Beta emitters with maximum energy less than
a. 300 MeV

b. 300 eV

are not external hazards.

c. 300 keV

d. 300 GeV

17. A long term possible effect of radiation exposure is
a. epilation

b. cancer

c. sterility

d. erythema

18. The counting efficiency for Phosphorus-33 (P-33) will be
a. more than

b. less than

for Phosphorus-32 (P-32).

c. about the same as

19. Contamination surveys should:
a. Be performed annually
b. Be performed with instruments of appropriate sensitivity
c. Be performed only by certified Radiation Safety personnel
d. Not be necessary if area monitors are properly employed
20. You must count wipe samples of Tritium (H-3) on a:
a. LEG detector
b. thin-window GM meter

c. liquid scintillation counter
d. gas-flow proportional counter

21. Plastic gloves protect the hands from beta radiation injury.
a. True

b. False

22. A GM count rate survey meter is read in units of:
a. mR/hr

b. cpm

c. microR

d. dpm

23. Radiation survey meters must be used:
a. To monitor your radiation dose
b. When 1.0 mCi of H-3 (Tritium) is used
c. To verify a good assay
d. when > 200 mCi of P-32 (phosphorus-32) is used in a month
24. Your lab uses more than 200 mCi of radioactive materials in a month, how often must you do a formal radiation
survey?
a. daily

b. weekly

c. monthly

d. yearly

25. Your laboratory uses Phosphorus-32 (P-32). An spot needs to be decontaminated if a wipe survey shows
contamination:
a. exceeding 10 times background
b. exceeding 230 net cpm

c. above 0.6 mR/hr
d. above background
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26. A LEG survey meter can be used to detect:
a. High energy alpha particles
b. Neutron radiation

c. Low energy gamma rays
d. Liquid germanium energy

27. If your radiation dosimeter gets contaminated:
a. Clean it with soap and water
c. Return it to Radiation Safety describing the problem

b. Throw it away and request another
d. Determine the source of contamination

28. The selector switch on a meter is set to "X 10" and the dial shows 123 cpm, the actual count rate is:
a. 12.3 cpm

b. 123 cpm

c. 1230 cpm

d. 1.23 cpm

29. A LSC vial contains 60,000 dpm of Carbon-14 (C-14) and gives a count of 54,000 cpm, what is the LSC's
efficiency?
a. 6%

b. 54%

c. 90%

d. 110%

30. A wipe sample is 600 cpm above background. If the counting system efficiency is 75%, what is the sample's
activity?
a. 450 dpm

b. 600 dpm

c. 800 dpm

d. 1600 dpm

31. Which type of radiation produces bremsstrahlung:
a. An alpha particle interacting with the nucleus.
b. A beta particle interacting with the nucleus.
c. A beta particle interacting with another beta particle.
d. An alpha particle interacting with a neutron.
32. A user received 20 mCi and has held it for 3 half-lives, how much radioactivity remains?
a. 1 mCi

b. 2.5 mCi

c. 5 mCi

d. 10 mCi

33. Performing "dry runs" with non-radioactive materials before using radiation uses ________ to reduce radiation
exposure?
a. Time

b. Distance

c. Shielding

d. Housekeeping

34. If you become contaminated the first thing you should do is:
a. call Radiation Safety
b. call your supervisor

c. put on another pair of gloves
d. wash the contaminated area

35. All radioactive materials must be ordered through:
a. Principal Investigator
b. Building Manager

c. CORD
d. URSC committee member

36. You have been working with radioactive materials all morning. Before taking a break, you should:
a. call your supervisor to ask for permission
b. wash your hands
c. temporarily freeze all radiation processes
d. make sure you look presentable
37. After 10 half-lives, only
a. 0.1%

b. 1%

of the activity remains.
c. 10%

d. 25%
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38. Before disposing "decayed" radioactive waste in the normal trash, a survey of the box must be less than
a. background

b. twice background

c. 100 cpm

d. 0.05 mR/hr

39. Labs where radioactive materials are used are posted with signs reading "Danger - Radiation Area".
a. True

b. False

40. Even persons who only work with low-energy beta emitters (e.g., H-3, Ca-45) need to wear a dosimeter.
a. True

b. False

41. A radiation dosimeter must be worn for work with radiation.
a. True

b. False

42. Eating and drinking in radioisotope labs is O.K. if radioactive materials are not in use.
a. True

b. False

43. It is okay to put your lunch in a refrigerator that only uses the freezer compartment to store radioactive
materials.
a. True

b. False

44. If you spill a small amount of radioactivity, first:
a. Secure the area and call 911
b. Call Safety and monitor personnel

c. Monitor all individuals and write a report to Safety
d. Notify all workers in the area and confine the spill

45. After cleaning a spill, and before leaving the area:
a. Meter all personnel involved
b. Write a report

c. Call the PI
d. Turn off all lights

46. The first choice of skin decontaminating material to use is:
a. kerosene
b. dilute acetic acid

c. soap and water
d. benzoperoxide

47. Who do you call to treat injuries involving radiation?
a. Radiation Safety
b. Radiation Therapy

c. Nuclear Medicine
d. Hospital Emergency Services

48. For "Declared" pregnant radiation workers, the maximum dose the fetus is allowed to get during the gestation
period is:
a. 0 rem

b. 0.1 rem

c. 0.5 rem

d. 5 rem

49. Maximum permissible dose limit for the hands and wrists is:
a. 5 rem/yr

b. 10 rem/yr

c. 25 rem/yr

d. 50 rem/yr

50. A radiation worker is responsible for keeping exposures:
a. As low as practicable
b. Below the MPPD

c. As near zero as possible
d. As low as reasonably achievable

:

Appendix F
Answers to Review Questions
Chapter 1 Radiation and Radioactivity
1. neutron, proton, electron. 2. 6 protons, 8 neutrons, 6 electrons. 3. isotopes. 4. radioactivity or decay.
5. beta particle. 6. beta particle, x-rays / gamma rays, neutrons. 7. half-life. 8. 37,000,000,000 dps. 9. ion pair.
10. roentgen. 11. 1 dps. 12. 1,000 mrem. 13. 5 cm. 14. are not. 15. 18.5 MBq (0.5 mCi). 16. greater than.
17. fraction - 0.615572; activity - 1.2311 mCi. 18. indirectly. 19. 3. 20. Caution - Radioactive Materials.
21. 0.5 - 0.75 Sv (50 - 75 rem), 0.25 Sv (25 rem). 22. 0.002 Sv, 2 mSv.
Chapter 2 Biological Effects of Radiation
1. indirect. 2. somatic. 3. hereditary or genetic. 4. chromosomes. 5. are not. 6. will not. 7. 4 Gy (400 rad).
8. cancer. 9. 2 - 4 fatal cancers. 10. 5 - 10%. 11. 200 keV. 12. particulate. 13. stochastic. 14. Roentgen 15.
more. 16. 5 mSv (500 mrem). 17. true 18. more. 19. linear, no threshold. 20. never. 21. true.
Chapter 3 Radiation Protection Standards
1. 3.57 mSv/yr (357 mrem/yr), 2.94 mSv/yr (294 mrem/yr) , 0.63 mSv/yr (63 mrem/yr). 2. cancers, birth defects.
3. genetic. 4. Carbon-14 (14C). 5. 500 mSv/yr (50,000 mrem/yr). 6. broad scope. 7. true. 8. agreement. 9. false.
10. 50 mSv/yr (5,000 mrem/yr). 11. 1 mSv/yr (100 mrem/yr). 12. 5 mSv (500 mrem). 13. 2 mSv (200 mrem).
14. true.
Chapter 4 Radiation Safety Principles
1. time, distance, shielding, (good) housekeeping. 2. thick, dense. 3. true. 4. 60 mrem/hr. 5. do not. 6. do not.
7. wash. 8. tray. 9. do not. 10. wash. 11. fume hood. 12. true. 13. less than
Chapter 5 Radioactive Material Work Practices
1. lab coat, safety glasses, gloves. 2. monitor. 3. use, disposal. 4. Safety. 5. 10. 6. radiation symbols, 100 cpm.
7. carboy. 8. survey, 50 cpm. 9. monthly. 10. removable. 11. meter, wipe. 12. 650 cpm. 13. 230 cpm.
14. > 185 MBq (> 5 mCi). 15. contamination free. 16. cannot. 17. fume hood. 18. low-energy gamma (LEG).
19. 10 mCi. 20. true. 21. 32P. 22. RARC. 23. false. 24. beta. 25. probes, blots, gels. 26. 260 mGy/hr, 26 rad/hr.
Chapter 6 Emergency Procedures and Decontamination
1. confine. 2. monitor (or check). 3. true. 4. history (or report). 5. Hospital Emergency Service.
6. survey meter, 650 cpm. 7. frequently. 8. do not. 9. Radiation Safety. 10. 650 cpm.
Chapter 7 Radiation Detection and Measurement
1. ionizations. 2. detect, monitor. 3. gamma. 4. beta. 5. collar, waist. 6. mR/hr, cpm, cpm. 7. response / function.
8. light. 9. efficiency. 10. removable / loose. 11. 100 sq. cm. 12. 230 cpm/100 cm 2, 660 dpm/100 cm2.
13. 3 years. 14. 37 MBq (1 mCi). 15. true. 16. mR/hr. 17. true. 18. greater than. 19. 10 - 1000 μsec. 20. more.
21. true. 22. neutrons. 23. 2470 cpm. 24. less than. 25. 600 dpm. 26. true. 27. 3H, 14C, and 35S. 28. increase.
100 or 10 cpm. 33. σ, standard deviation. 34. a priori.
29. false. 30. mean, median. 31. 9 out of 10. 32.
35. relative standard error. 36. scintillation. 37. true
Chapter 8 Transportation of Radioactive Materials
1. 2 years. 2. not otherwise specified. 3. Police and Security (608) 262-2957. 4. 5.4 mCi or 0.2 GBq.
5. 5.4 mCi or 200 MBq. 6. 2200 dpm/100 cm 2. 7. Transport Index (TI). 8. true. 9. Yellow - III.
Chapter 9 Irradiators and Nuclear Gauges
1. sealed source. 2. self-contained. 3. non-self-contained. 4. radiation, contamination. 5. interlocks.
6. warning lights, source handle. 7. normal. 8. load. 9. fixed, portable. 10. true. 11. true. 12. 20 feet. 13. true.
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Chapter 10 Analytical and Medical X-rays
1. skin reddening. 2. time, distance, shielding. 3. PCBs. 4. do not. 5. x-ray on. 6. caution - x-ray equipment.
7. safety device not working. 8. leakage radiation, scatter radiation. 9. heat. 10. 69 keV. 11. true.
12. x-rays, energy (or penetrability). 13. transmission, scanning. 14. true.
Chapter 11 Nuclear Reactors
1. a. nuclear fission. 2. radioactive, beta. 3. true. 4. true. 5. false. 6. fission 7. production, loss. 8. 235U.
9. neutron, gamma. 10. hydrogenous. 11. moderator, fuel. 12. 233U or 235U. 13. chair. 14. fertile, conversion.
15. 582.2 barns 16. breeding.
Chapter 12 Particle Accelerators
1. accelerator. 2. high voltage supply. 3. Ds or dees. 4. true. 5. neutrons. 6. activation. 7. walk through.
8. relativistic. 9. skyshine. 10. cyclotron frequency. 11. twice. 12. true. 13. mass analyzer.
14. ionization chamber. 15. lethal gases, high voltages, radiation.
Chapter 13 Radiation in Medicine
1. 99mTc. 2. hot, cold. 3. 25%. 4. true. 5. true. 6. 4 MV, 35 MV. 7. false. 8. 140 μSv, 14 mrem. 9. generator.
10. multichannel / multihole collimator. 11. 0.511 MeV. 12. true. 13. brachytherapy. 14. seeds. 15. true.
Chapter 14 Radioactive Waste
1. Radiation Protection Guide. 2. true. 3. children. 4. true. 5. true. 6. 0.250 seconds. 7. plume rise. 8. true.
9. false. 10. 120 days. 11. one. 12. positive. 13. true. 14. 100%. 15. 1.38. 16. 444,000 dpm/100 cm 2. 17. less.
18. 17. 19. true.
Chapter 15 Laser Safety
1. pumping system, lasing medium, resonant cavity. 2. false. 3. 632.8 nm, visible. 4. true. 5. true.
6. visible, near-infrared. 7. true. 8. four. 9. class 2, class 4. 10. caution. 11. danger. 12. eye. 13. scotoma.
14. true. 15. true. 16. greater. 17. interlocks. 18. warning signs, labels. 19. true. 20. true.
Chapter 16 UV Radiation Safety
1. erythema, cataracts. 2. UV-C. 3. true. 4. 60 J/m2. 5. true. 6. true. 7. true. 8. do not. 9. germicidal. 10. FDA.
11. UV-A. 12. true. 13. true. 14. 254 nm, 312 nm, 365 nm. 15. true. 16. true.
Chapter 17 Electromagnetic Radiation
1. thermal. 2. sleepiness. 3. true. 4. true. 5. frequency. 6. 3 x 108 m/s. 7. false. 8. true 9. true.
Laboratory 1 Radiation Detection and Measurement
1. LLD = 2 keV, ULD 1720 keV; 3H: LLD = 0, ULD = 19; 14C: LLD = 19, ULD = 160.
2. 36%, 72% energy efficiency, 36% sample efficiency. 3. unquenched.
4. no, energy too dissimilar; yes, similar energies (18.6 keV vs 67 keV).
Table 4.: 20% and 14,235 dpm; 3% and 14,233 dpm.
Laboratory 2 UW Radiation Safety Program
1. after. 2. to help surface the material. 3. above, floors should be clean; below, action level 230 cpm/ 100 cm 2.

Rules of Thumb
1.
2.
3.
4.
5.
6.
7.
8.

It requires a beta particle of at least 70 keV to penetrate the protective layer of the skin, 0.07 mm thick.
The range of a beta particle in air is about 12 ft per MeV; a 1.7 MeV beta has a range of 20 feet in air.
The intensity of bremsstrahlung increases approximately with the energy of the beta particle and about the
square of the atomic number of the absorbing material.
When betas of 1 - 2 MeV pass through light materials such as water, aluminum, or glass, less than 1% of
their energy is dissipated as bremsstrahlung.
The bremsstrahlung from 1 mCi 32P aqueous solution in a glass bottle is about 0.001 mR/hr at 1 meter, about
0.1 mr/hr at 10 cm, and about 10 mR/hr at 1 cm.
The activity of any radionuclide is reduced to less than 1% after 7 half-lives (i.e., 2-7 = 0.78%) and is reduced
to less than 0.1% after 10 half-lives (i.e., 2-10 = 0.098%).
For radionuclides with T½ > six days, the change in activity in 24 hours will be less than 10%.
For gamma emitters with energies 70 keV [ E [ 2 MeV, the exposure rate (mR/hr) at 1 ft is 6CEn, where C
is activity (mCi), E is energy (MeV), and n the number of gamma rays emitted per decay.
Typical Detection Efficiencies
Isotope
Tritium
Carbon-14

Symbol Radiation
3
ßH
14

C

ß-

0.157

Na

ß+

0.546

γ

1.274

22

Sodium-22

Energy
(MeV)
0.0186

Counting
Method
LSC
LSC
GM
LSC
GM
LEG

Beckman
Channel
427
686

977

Phosphorus-32

32

ß-

1.710

Phosphorus-33

33

ß-

0.249

Sulfur-35

35

S

ß-

0.1674

Ca

ß-

0.258

γ
eγ
eγ
eß-

0.320 (10%)
0.0043
0.122
0.0056
1.115
0.007
1.774

γ

1.076 (8.8%)

LSC
GM
LSC
GM
LSC
GM
LSC
GM
LEG
LSC
LEG
LSC
LEG
LSC
LSC
GM
LEG

γ

0.140

LEG

γ
e-

0.035
0.032

ß-

0.606

LEG
LSC
LSC
GM

γ

0.3645

P
P

Calcium-45

45

Chromium-51

51

Cobalt-57

57

Zinc-65

65

Rubidium-86

86

Technetium-99m

99m

Iodine-125

Cr

Co
Zn

Rb
Tc

125

I

131

Iodine-131

I

LEG

838

742
691
747

252
282
309
977

Typical
Efficiency
40%
85%
10%
95%
20%
5%
95%
45%
85%
20%
85%
10%
90%
20%
10%
20%
40%
30%
5%
15%
95%
45%
45%
35%

213
851

90%
20%
95%
25%
10%

