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|. Executive Summary

Technica Guide 238 summarizes sources of potential radiologica exposures or contamination to
military personnd from both civilian and military origin. Although, there is emphass on sources
that deployed soldiers may encounter, this guide is genera enough to be used in non-deployment
Stuations. Scenarios describing exposures to radiation or radioactive materias are presented.
Some of these scenarios areilludtrative and can ad in identifying and evaluating potentia
exposures.

Chapter oneisabrief overview of the technica guide. Chapters Two through Seven summarize
sources of radiation exposures and contamination found in nature, the nuclear fud cycle, the
medicd fidd, in amy commodities and foreign materids, the industry, the trangportation of
radioactive materids, and the production of nuclear wespons.

The appendices contain precautions for reducing or avoiding radiation exposure and
contamination and supplementa materia that describes nuclear power reactors around the world,
radioactive waste, accelerators and generators. A brief description of accidentd radiation
exposures and radiological accidents and their conseguences are dso part of the appendices.

The purpose of this guideisto familiarize personnd with potentiad sources of radiologica
exposures that may be encountered during combat or peacetime operations. It is not the intent of
the guide to frighten personne but to dert them to the possibility of exposures and
contamination. Severa accidentd exposures have caused death and seriousinjury. The
consequences of these accidents should not cause afear of radiation but should encourage a
hedlthy respect. It cannot be emphasized enough that in order to estimate the hazard presented
by radiologica exposure or contamination, one must be aware of the surroundings.

This document has identified many sources of potentid radiation exposure and contamination

that may be linked to a specific mission, task, or project. Table 1 summarizes the most probable
radionuclides found in the identified sources and their corresponding recommended precautions.
A more detailed list can be found at the beginning of each chapter as a summary of those sources
that are included in that particular chapter.
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Table 1. Most important identified radioactive sourcesin TG-238

Redionudlide’ Radiatior? Half-life® Préﬂ% 5?4 Reference Chapter
DU(Depleted Uranium) a;g 6.5E15y I-U Ch.5

3H b’ 12.3y E-T Ch.2,3,5,6,7
4c b 5730y E-| Ch.2,5,6

32p b 14.3d E-l Ch. 2, 4,

®0co b:g 5.258y X-E-| Ch.3,4,5,6
N b’ Ry E-I Ch.5

Ogr b, g(*°Y radigion) 28y X-E-| Ch.3,4,5

99M T g 6.0 hr X Ch.4

131, b’ g 8.065d X-E-I Ch.3,4,5
137 b'g 30y X-E-1 Ch.3,4,5,6,7
147pm b- (*'Smradigion)  2.62y E-l Ch.5,6

2047 b’: g *®*Pbradiation)  3.81y X-E- Ch.5

22634 a:.g 1602y X-1 Ch.2, 3,4,5,
232Th a; (RaL x-rays) 1.4E10y X-1 Ch.2,5,7

235 a:g 7.1E8 X-1-U Ch.2,3,5,6,7
238 a; (ThL x-rays) 45E9y X-1-U Ch.2,3,56,7
239p, a:b:g 24E4y X-E-| Ch.3,5,6,7
2417 m a;g 458y X-E-1 Ch.5,6,7

1. Radionuclide refers to radioactive isotopes (radioisotopes). These are unstable isotopes that undergo spontaneous transformation, emitting
radiation (approximately 2500 natural and artificial radionuclides have been identified). The number in front is the mass number that
identifies the specific isotope and it is followed by the symbol of the element (list found in Appendix J).

2. Thisrefersto emitting ionizing radiation, such as alpha particles (**), beta particles ($), gammarays ((), x-rays, neutrons, high-speed
electrons, high-speed protons, and other particles capable of producing ions.

3. The half-life is the time in which half the atoms of a particular radioactive substance disintegrate to another particular form.

4. Precaution levels designed to follow general radiation protection guidelines and protect against exposure or contamination. These levels
are X, E, I, T, and U and correspond to precautions with external exposures, external contaminants, internal contaminants, tritium and
uranium contamination, respectively.
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Precaution levels are defined in Appendix A to facilitate immediate and gppropriate responses to
identified radiological sources. The defined levels encompass radiologica protection principles
gpplicable to specific types of radiation sources. The precautions were developed by evauaing
the different types of radionuclides and grouping them by their potentia to act as externa
radiation sources or possible sources of external and/or internal contamination. Specific
atention was given to tritium (®H) and depleted uranium (DU) because of their important rolein
Army commodities and as sources found in the given scenarios. Table 2 shows the precaution
levels addressed in thistechnical guide. Precautions E and | listed in sections A.2 and A.3 may
be common to identified sources that are both an external and internal contamination thrests.

Table 2. Guidance for recommended precaution levels

Precaution level Definition (Appendix A)

X Potential externa exposure. Apply precautions in section A. 1.

E Potential externa contamination. Apply precautions in section A.2.

I Potential interna contamination. Apply precautions delineated in section A.3.

T Potentia tritium exposure. Apply precautionsin section A.4.

U Potential DU exposure. Apply precautions in section A.5.

The following sections are the summaries of the technica chapters and are included to provide
the user with a quick reference on the identified potential sources of exposure and/or
contamination. Tables from these sections are duplicated at the end of each chapter.
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[.1. Summary of Natural Radiation Sources |dentified in Chapter 2

The following table includes the most important radionuclides that are found in natural sources
of radiation. Since they form part of our naturd environment, they may be unavoidable and
precautions may not apply. Therefore, only principles of radiation protectionsincluded in
Appendix A would apply in the event that large concentrations are naturaly found in the
environment®.

Table 3. Summary of natural radiation sources

Nuclide Radiation  Longest Precaution
Half-life Level

°H $ 12.3y na

Be g 55d na

e $ 5730y na

K $,9 1E9y na

°’Rb $ 1E10y na

232Th and its daughters (““°Ra, ““°Ac, “°Th, “Ra, -
?20Rn and its daughters) . $. 9 1E10y na

#*°Rn and its daughters (**°Po, “*°Pb, “*“Bi, °*“Po, “*°Tl) " $, g 10.6 hr na

ZS5U and |tS dagmas (ZSlTh, ZSlPa’ ZZ7AC’ ZZYTh, ZZSRa’

219n, 215pg, 211py, 21gj 207)) "%, 9 1E8Yy na
7B and its daughters (AMTh, 23 Ba, 7% BT, 2PRa, -

222Rn and its daughters) $.9 189y na
ZZZRn a.]d tS da..l hte,s ZlSPO, Zl4Pb’ Zl4B" Zl4Po’ ZlUPb,

210p; 210PI0) g ( ! "%, 9 21y na
“Py and its daughters (“**Am, ~*’Np, “>*Pa, “>°U,

229Th, 225Ra 225AC, 221Fr, 217At, 213Bi, 213P0, 209T|, ..’ $’ g 1E6 y n/a
209Pb)

Other primordid radionudlides (*°K , *°V, ®’Rb, *°Cd,

115|n’ 123Te, l38|_a, 142C6, 144Nd, 1473,n, lSZGd, 174Hf, "’ $’ g 1E18y n/a

176|_U, 187Re, 190Pt, 192Pt, and ZOQBi)

Other nuclides found in the Earth’s crust (**°In, **°La,
;gjce’ 144Nd, 1478“, 1488.n’ 14991.]1 1SZGd, 174Hf, 176LU, "’ $’ g 1E17 y n/a
Pb)

Other cosmogenic radionudlides (*°Be, *°F, ““Na, “*Na,
26A|, 318" 328" SZP, 33P, 37AI‘, 39AI‘, 34mC|1 SGCI, 38Cl, 390’ n’ $’ g 1E6 y na
358, 388, 80Kr)

! Some of these radionuclides may have been concentrated or used by man and appropriate precautions would then
apply. Other chapters cover these radionuclides.



[.2. Summary of Radiation Sources | dentified in Chapter 3

The following table summarizes the sources addressed in Chapter 3 throughout the entire fuel
cyde Thevaues for maximum haf-life and radioactivity levels are gpproximated to the nearest
power of ten. The precaution column should be used with discretion, as the precautions will
depend on the present activity of the radionuclide. 1n the mining and milling process,
precautions are necessary to prevent tailing from contaminating ground water or getting into the

ar asdug. Theradioactivity from the tailings does not pose any more hazard than that of the ore

which was removed from the Earth. However, the concentration of the materia (radionuclides)
and conversion into a new form can pose a hazard, unless layers of dirt or other materid are
applied to prevent erosion and dispersdl.

Table 4. Summary of radiation sour ces from the nuclear fue cycle

Approximate Precaution
Process Radionuclides Radiation hgp (‘ﬂit Irsclaloﬁgg%on Leve
. (Appendix A)
U [Ci/ton U]
“*U and its daughters (““Th, " 3$,9 ~1E8y Gases E-I
231P 227AC, 227Th, 223Ra, Zlan, ~1E7 [1E—3]
215PO, lePb, leBi, 207T|)
- “*U and its daughters (“**Th, S, ~1E9y Liquids/solids E-l
m:lrl:rrg and 23py 24y 20T 26Ra 2R g ~1E10 [1]
and its daughters)
“*“Rn and its daughters (““Po, " $,9 21y E-I
214Pb, 214Bi, 214P0, 210Pb, ZloBi,
210P0)
Conversion Same radionuclides as above. " %9 1E9y Gases E-I-U
Radioisotopes are found in the ~1E7 [1E-3]
conversion process and in the
low-level waste. Liquids/solids
~1E7 [1E-3]
Enrichment Same radionuclides as above. " %9 1E9y Gases E-1-U
Two main concerns are the ~1E7 [1E-3]
enriched product containing
2% and the depleted uranium Liquids/solids
(mostly *®U) waste. ~1E7 [1E-3]
Same radionuclides as abovein a,b,g 1E9y Gases E-l
low level radioactive waste ~1E7 [1E-3]
N (liquid and gas waste).
Fuel Fabrication Pu isotopes from the MOX fuel a,b,gn 1E9y Liquids'solids E-l-U
fabrication process, liquid waste ~1E7 [1E-3]

and gases.
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Approximate

_ ) .- Longest radioactivity
Process Redionudlides Radiaion |4t ife  level in Bojton

U [Ci/ton U]

Precaution

Leve
(Appendix A)

Same radionuclides as above a,b,gn 1E9y Gases X-E-I-U
plus *°U, U, ZNp, 2°Np, ~1E12 [100]

239PU, 24OPU, 241PU, 242PU, 243PU,

2am 28am Liquids/solids

Fuel (core and spent fuel pool) ~1E12 [100]
Sameasaboveand mainlyUand  a,b,gn 1E9y X-E-1-U

Pu isotopes, plus fission products
and activation products

Fisson products (in fuel and reactor effluents)

Gases: °H, *"Kr, ®"Kr, ®Kr, b, g 12.3y X-E-I-T

Operations 1385y e 138y
Solids *°Rb, *°Sr, *sr, Y, 7Y, b, g 30y X-E-I-T
QSZI', QSNb, lOGRU, 129-|—e’ 131mTe’
131-|-e, 133Te, 131|’ 133|, 135|, 134CS,
136CS, 137CS, 138CS, 14OBa1 140L a,
14ce, pr
Neutron activation products (in systems, core components, X-E-l
reactor coolant system)

Gases: B3N, 5N, “Ar b.g

Solids **Cr, **Mg, **Mg, **Co, b,g 5.3y X-E

6OCO, 59Fe

Gases
~1E14 [1E3]
a,b,gn  1E9y X-E-I-T
Liquids/solids
~1E17 [1E6]

Weaste / Most of radionuclides with
Reprocessing longer half-lives

2hr X-E-l



[.3. Summary of Radiation Sources | dentified in Chapter 4

Radiation sources used in the medical profession and that may be encountered by deployed
soldiers are identified in this chapter. Radiation producing equipment (x-ray, computed
tomography (CT), fluoroscopy machines, and linear accelerators) is identified as a potential
source if it isin the operation mode (switch ison). Therefore, thistype of equipment isincluded
in this section. Nuclear medicine imaging gpparatus is not a source of radiation itsdf, unlessit is
contaminated with a radioisotope or radiopharmaceutical. Since thisis a possble source of
contamination and because the presence of this type of equipment isindicative of the proximity
to radiopharmaceuticals, it has dso been included in this section. Some radiation sources of
most importance that are used in nuclear medicine, radiation thergpy, and biomedical research
aedsillugrated in Table 5. A more extensve table, which includes most radionuclides used
in the biomedical arena, is Table 4.2.

Table 5. Summary of biomedical radiation sources and most commonly used radionuclides
in nuclear medicine, radiation therapy and biomedical research

Source Radigions Hdf-life  Application Precaution
level
X-rays ¢ na X-ray equipment, CT, fluoroscopy, linear X
accelerator (Not ahazard, unless
functiordl)
Nuclear Medicine Al na Nuclear medicine diagnostic equipmernt, X-E-l
equipment such as Gamma Cameras
Isotopic All na Generators of radioisotopesto be used in X-E-
generators nuclear medicine as radiopharmaceuticals;
for example, the **Mo-*°"Tc generator
Therapy Units ( na Radliation therapy units, such as *°Co or X
137Cstherapy units
Equipmentused Al na Equipment used in the gpplication of X-E-I
in brachytherapy brachytherapy
AU $-, ( 2.7d Brachytherapy X-E-|
15 $+, ( 1.83 hr PET studies for brain physiology and X-1

pathology, for locaizing epileptic focus,
psychiatry and neuropharmacology studies

Ga ( 792h  Tumor imaging ad localization of X-1
inflammeatory lesions (infections)

123 $+, ( 13.3h Diagnosis of thyroid function, brain, X-1
kidney and myocardid imaging

23 ( 60 d Glomerular filtration rate of kidneys, desp X-1

van thrombossin theleg,
radioimmunoassays, as an x-ray source for
bone density measurements, brachytherapy
and biomedical research
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Source Radigions Hdf-life  Application Precaution
level
= $-, ( 8.05d Thyroid functiond imaging, thyroid X-E-
therapy, liver function, rend (kidney)
blood flow and urinary tract obstruction
studies, biomedical research
n ( 2.83d Brain studies, infection and colon trangit X-1
sudies
Mo $-, ( 67 hr Generation of technetium 99m X-E-1
p $- 14.3d Treatment of polycythemiarubravera E-I
(excessred blood cells)
“Ra " (Rnx- 1602E  Brachytherapy, target isotope to make X-
I’ElyS) 227AC, 228Th, 229-|-h
PMTe ( 6.02h Most commonly used radionudidein X
nuclear medicing, use in scintigraphy
(imaging of brain, thyroid, lungs, liver,
spleen, kidneys, gdl bladder, skeleton,
blood pool, bone marrow, sdivary and
lachrymd glands, heart blood poal, others.
20T ( 74 h Myocardid perfusion imaging, for X-1
diagnosis and location of myocardid
infarction (heart muscle death)
Sr $-, ( 74.2d PET studies X-I
127xe ( 36.4d Pulmonary ventilation studies X-1
13X e $-, ( 5.3d Pulmonary ventilation studies, SPECT X-E-1

imaging of brain

XiX



|.4. Summary of Sources|dentified in Chapter 5

The following table summarizes the radiation sources from Army commodities and from foreign
materid that are identified in Chapter 5. 1dentified nuclides may be common to both Army
commodities and foreign materiel but may differ in activity and/or form.

Table 6. Summary of radiation sourcesin Army commoditiesand foreign materiel

Isotope  Radidions Haf-life Precaution level(s)
°H b 12.33y E-T
“C b 5730y E-I
®Co b g 5.258y X
%N b 2y E-I
SKr b g 10.76 y X-E-
N5y b~ (*°Y radiation) 28y X-E-|
% b’ g 64.0 h X-E-
= b g 8.065d X-E-|
’Cs b g 30.2y X
*Ba g 10.7y X
“Pm b~ (*'Smradiation) 262y E-|
4TI b*; g (*®*Pb radiation) 38ly X-E-1
“’Pp a;b:g 22y X-E-1
<10B;j a:b:g 501d X-E-
“°Ra a:g 1602 y X-1
*?Th a; (RaL x-rays) 1.4E10y X-|
“*Pa b; g (***U radiation) 6.75h X-E
v a.g 7.1E8Yy X-1-U
238y a; (ThL x-rays) 45E9y X-1-U
DU a;g 6.5E15y I-U
=Py a;b;g 2.4E4y X-E-|
“Am a:g 458y X-E-




[.5. Summary of Radiation Sources | dentified in Chapter 6

Chapter 6 identifies radiation sources of possible exposure and/or contamination that can be
found in indugtrid practices and the transportation of radioactive materias. These include
radiation-generating machines that produce x-rays, radioisotopes used in the indusiry,

radionuclides found in industrid equipment and sources from the trangportation of nuclear fue

and other radioactive materid. The following table summarizes these sources.

Table 7. Summary of radiation sources from industry and transportation of radioactive

materials
Identified source Radiations Longest Examples Precaution
Hdlf-life level(s)
X-ray machines gand X-rays na Electron microscopes X
Spectroscopy equipment
Diffractometer equipment
Industrid g xrays, and na See Appendix E for examples X
accderators neutrons (n)
Radioactive waste a,b,gadn na See Appendix C and waste from X-E-1
indudtria and biomedica practices
Transportation of a,b,gandn na Packages containing radioactive X-E-I-U
radioactive materids materids, trangportation of nuclear
to include spent fud, fud and contaminated equipment or
235, 238y, 29y, etc. parts of power plants as those
identified in Appendix B
Naturally occurring radioisotopes
°H $ 12.3y Age water measurements E-T
e $ 5730y Carbon dating E-l
*cl $, ( 3.1E5y Age water measurements X-E-|
“Pp "%, ( 223y Sand and soil dating X-E-
Artificially produced radioisotopes
%sc, ®9Co, B, $,( 30y Resident time determination, gamma X-E-|
8Kr, Pgr, 110mpag, sterilization, industria radiography,
137Cs, 149 g, 144Ce, hydrological tracing, gauges, food
147pm irradiators.
>ICr, >*Mn, >’Co, ( 3125d Labeling, spectrometry, industrial X
57Zn, ¥™Tc, 1%9Yb radiography
OTm, ™4, PPAu §, ( 53y Industria radiography, labding. X-1
=Jpy, ““'Am a,$, (n 24E4y Borehold logging, smoke detectors X-E-
e a,(n 2.65y Borehold logging X-E-|




I.6. Summary of Sources|dentified in Chapter 7

Chapter 7 identifies possible sources of radiation exposure and contamination in the production
and use of nuclear weapons. Thefollowing isaligt of the countries that have nuclear weapons or

the technical ability to produce them.
1. Argetina 6. Canada 11. Iran
2. Augrdia 7. China 12. Iraq
3. Bdaus 8. France 13. lsradl
4. Brazl 9. Gemany  14. Japan
5. Britan 10. India 15. Kazakhstan

16. Libya 21. Sweden

17. North Korea  22. Switzerland
18. Pakistan 23. Tawan

19. Russa 24. Ukraine

20. South Africa 25. United States

Table 8 includes the identified types of nuclear wegpons, namely fisson-only and fisson-fuson
wegpons. The smplest nuclear wegpon design is a fisson-only weapon. To achieve higher
yields, combined fisson-fusion wegpons can be assembled in stages.

Table 8. Identified types of nuclear weapons

Type of fisson only wegpons fisson-fusion wegpons

weapon

Description These wegpons use only the energy Any of the weapon types can be salted
released by fissonable dements. The with eements to enhance residud
main radionuclides used are hi ghly radiation through contamination.
enriched uranium (HEU) and “*°Pu. Fusion weapons can be made in stages
Enriched uranium is uranium whose to achieve very high yidds (tens of
235 content is greatly increased over megatons), designed to enhance
netural uranium. neutron output to make neutron bombs
The largest yield fisson wegpon tested
may have been 500 kt

Example Fissle HEU can beup t0 93.5% “*>U or  Combined fission-fusion weapon with

Elutonium mix, wrapped by alayer of
38. The weapon can take advantage of
the high-energy neutrons produced by
the fisson reactions in the fissle center.
In effect, neutrons escaping from the
firgt fisson exploson induce additiona
fissonsin the outer shell causng a
second explosion.

an outer jacket of *°Co to enhance the
production of radioactive *°Co.

The enormous destructive power of nuclear wegpons and the long-term contamination that
follows detonation places them among the most dangerous possible sources of radiation exposure
and/or contamination. However, radiation dispersa weapons are so dangerous. These
weapons have been identified in this chapter as smply conventiona weapons used to disperse
radioactive materid into the environment. Radiologica consequences from the explosion of this
type of wegpon are smilar to those of conventiona contamination accidents.



Table 9 includes identified nuclides in the production of nuclear weapons. However, in the event
of anuclear detonation, many other radionuclides will result from activation. This chapter has
further identified prompt neutrons, prompt gammacrays, fisson fragments, and fisson products
as radiation sources.

Table 9. Summary of radiation sources from the production of nuclear weapons

Isotope Radiaion  Hdf life Precaution leve (s)
°H $ 1233y ET
“'Cs  b,g 30.2y X-E-
“Po " g 1384d Xl
“%Mpa b, g 1.18m Xl
“Th b, g 25.5h X-1
““Th " g 1.4E10y  X-I
“*Th  b,g 24.1d X-I
24y a,gn 244E5y  X-1-U
“>U a,b,gn 7.04E8y X-I-U
“°U a,gn 45E9y  X-1-U
“%Mpa b, g 1.17m  X-E
“*Pu a,b,gn 24E4y X-El
“Pu a,b,gn 6.6E3y X-El
“Pu a,b,gn 144y X-E-
““Am a,b,g,n 458y X-E-

Xxiii



Chapter 1. Introduction

Commanders need to be aware of the risks their soldiers may encounter around radioactive
sources. Thistechnica guideisintended to familiarize personnd with sources of radiaion
exposure and/or contamination. Understanding the risks requires knowledge of possible sources
of exposure and scenarios in which soldiers might be exposed.

1.1. Purpose

In combat, commanders and troops are concerned with immediate survival, and in preserving
their combat power (i.e., not doing anything that will contribute to a performance decrement
amongs the soldiers in the command). In the deployment environment where the possibility of
actua combat is remote (support and stability operations), commanders and soldiers are more
concerned with hazards that may not cause immediate performance decrement, or lead to the loss
of lifeor limb. One of the hazards that exist in modern societiesis radiation and radioactive
materids. This document does not intend to imply that loss of life and limb cannot occur with
exposure to sufficiently high levels of radiation, because it certainly can and soldiers should be
aware of this possibility. However, armed with knowledge, soldiers can identify and take
measures to prevent or reduce risk from this type of hazard.

This manual has been prepared to foster awareness of radiological hazards and provide you, the
soldier, with the knowledge necessary to take the first step in risk reduction: recognition of the
hazard. Thisguide isdso intended to give you generd initid guidance (precaution leves) of
what you can do in order to reduce or diminate the hazard.

1.2. Background

The nature of recent deployments, and concern for exposure of troops to environmental
contamination of aradiological, chemicd, or biologica nature, has driven research and
development in an effort to identify and quantify these hazardsin atactica environment. The
traditiona perception of amilitary hazard is that which will cause tactica or operationd leve
performance decrement (reduced capacity to perform agiven misson). Environmenta
radiologica problems have not been congdered in thislight, because at very low levels of
radiation, there will not be any immediate outward sign of exposure.

The soldier has been taught to maintain an awareness of his surroundings, and the commanders
have been taught risk assessment and management. One would be remiss for not consdering the
byproducts of a modern industria society as arisk to be managed with al the others that may be
encountered. For example, the liberation of an indudtrid city, which is serviced by a nearby
nuclear power plant and that has hospitals that use radioactive materids, must be planned taking
into account potentia radiologica sources of exposure and/or contamination. The threet of
encountering other radiologica sources, such as those of industrid origin, or sources that may be
used as booby traps to enhance exposure/contamination, or radiological sources that may be
dispersed, must aso be considered in this example.



Merely recognizing that such hazards exist in an area of operations will alow assessment and
planning with the intent of hazard minimization (avoidance, prevention, reduction of effectsin

the event of exposure, contingency plans for dealing with such hazards). This guide is intended
to forewarn soldiers of radiologica hazards that may be encountered, and provide them with the
knowledge needed to identify such hazards and apply the developed precaution levels.

1.3. Scope

Personnel must be aware of risks that will potentialy be faced by the command in the
performance of itsmisson. Thisis part of the process of risk management as described in FIM
100- 14, Risk Management, which dictates that the first step in risk management isthe
identification of the hazard. In order to identify a hazard, one must be aware of its possble
existence.

This manud will provide users with an gppreciation of the presence of sources of radiation;
thereby, increasing awareness of the potentia for exposure and/or contamination. This manua
will aso provide guidance on the explicit identification of many radiologica hazards from
various diverse sources with the intent of familiarizing users with the potentid sources that may
be encountered in a deployment Stuation. Precaution levels are recommended to avoid and/or
reduce the externa exposure or contamination for al identified sources.

This guide sets the stage for further investigation of identified sources in the form of surveys or
sampling of potentia radiologica sources (see TG 236 Radiologicd Hedth Risk Planning and
Projection, for information on this subject). Therefore, it can be considered theinitid step in the
process of risk assessment on any potentid radiologica source from a specific identified
scenario. These scenarios include radiologica sources found in nature, sources from the nuclear
fud cycle and the biomedicd arena, sources among Army commodities and foreign materid,
sources from industry and the transportation of radioactive materia, and sources from the
production of nuclear wegpons.

Radiation sources can be broadly classified as natural or manmade sources. Natura sources
include cosmic radiation and radiation from naturaly radioactive e ements that are present in the
ar, ground and water. The nuclear fud cycle has a subset of radioactive sources, most of them
are concentrated natural sources but some manmade sources are dso involved in the cycle. Most
sources used in medicine are produced in reactors or accelerators, and are therefore considered
manmade. These sources are commonly used in diagnostic and thergpeutic clinical procedures.
Industrial and academic sources can be natural or manmade. Manmade sources, found in the
academic arena, are used in course work and research at universities, research ingtitutes, and
laboratories. In the industry, sources are used in such aress as radiography, gauging devices, gas
chromatography, well logging and smoke detectors. Radiation sources are aso found throughout
the congtruction and use of nuclear wegpons, the transportation of radioactive materid, and in
military commodities, such asin the most recent land-mine detectors. Chapters 2 through 7
cover these sources of radiation.

Appendix A includes recommendations for precaution levels that can be used to prevent or
reduce the possibility of radiation exposure or contamination. Appendices B and C support



Chapter 3 in the identification of radioactive sources from the nuclear fue cycle. Appendix D
includes a description of accidents that relate to nuclear power plants. Familiarity with possble
and past exposure scenarios is useful in understanding potentia exposure from smilar Stuations.
Appendices E and F identify sourcesin acceerators and clinical radiation generators and
accdents in thistype of facilities

Pogtings in the NBC environment and specificdly in the nuclear arena are indicative of the
proximity to aradiation source, as well as other chemica and biologica agents. Appendix G
includes the most common posting and Sgnasin anuclear environment that would help caution
soldiers of the possible radiation sources or contamination. Appendix H includes example
computations of activity, dose and related parameters using the tables from Chapter 7. Appendix
| encompasses a case study thet illustrates a potential radiation contamination accident and
Appendix Jincludes alist with the name and symbol of dl eements ad a periodic table.



Chapter 2. Natural Radioactive Sources

Radiation isanaturd part of our environment that has ways existed on Earth. Naturd
background radiation comes from the sun (cosmic radiation), radioactive dementsin the earth’'s
crugt, rocks, air, water, and radioactive materids in plants and in the human body. Background
radiation is unavoidable and the amount varies from one location to another. Examples of
natura sources of background radiation areincluded in Table 2.1.

Table 2.1. Examples of background radiation [1]

Source Examples of radiation type or radionuclide

Cosmic Radiation Gamma, Electrons, Protons, Neutrons and Cosmic rays
Earth Crust U, Th, “°k, Natural decay series elements and others
Air Radon (**2Rn), Thoron (**°Rn), 3H, **C, others
Water U, Th, Ra, *°K others

Plants and Human Body 22°Ra, 2?8Ra, °H, ¥C, “°K, others

Prior to entering the earth’ s atmosphere, cosmic rays mainly consst of protons and dpha
particles. Upon theinteraction of cosmic rays with atomsin the atmosphere, eectrons, photons,
protons and neutrons are created. Soil contains radioactive materias such as uranium, radium,
thorium, potassium 40 and other elements found in the naturd radiation decay series (thorium,
neptunium, uranium, and actinium series). Some radioactive dements that are found in soil and

air decay to become part of these series. For example, radon (**Rn) and thoron (**°Rn) are part
of the decay process in the uranium and thorium series.

Radon and thoron are radioactive gases that become airborne as they leak out from the earth or
building materids. Therefore, the amount of these gases present depends on the amount of
radioactive materid present in the soil, the porogity of the surface materials, meteorological
conditions and ventilation of enclosed areas. Carbon-14 and tritium (3H), as well as other
radioactive nuclides that are created by cosmic radiation, are dso present intheair. The
radioactive materials found in water would depend on the source of water. For instance, well
water may contain traces of uranium, thorium and radium and it is often high in radon; wheress,
seawater may have higher concentrations of “°K. Plants and the human body aso have
radioactive materids that have been transferred by the food chain. For example, bones contain
radioactive radium and can have other bone seeker radioisotopes.

Ninety percent of the tritium from cosmic raysis found in the ocean and other terrestrid waters.
The remaining ten percent is found in the stratosphere, where the tritium is actudly produced by
the coamic-ray reactions. From the stratosphere, the tritium gradualy descendsinto the lower
part of the atmosphere by naturd diffusion. It isthen brought down as tritiated weter by rain or
snow to the earth’s surface, and accumulates in the hydrosphere (terrestrid waters) [2]. The



testing of thermonuclear wegpons in the atmosphere brought a consderable increase in the
amount of tritium on the earth; however, tritium isfarly uniformly distributed wherever water is
present, including plants and animals[3].

The 1990 Biologicd Effects of lonizing Radiation Committee (BEIR) report, known as the

BEIRV Report: Health Effects of Exposure to Low Levels of lonizing Radiation, includes avisud
representation of sources of radiation exposure for an average member of the generd public, as
shownin Figure 2.1. Thisfigure represents an annua total dose of 360 mrem (3.6 mSv), 82

percent of which isfrom natural sources and the remaining 18 percent from manmade sources.

The 360 mrem total and the component exposure sources are anational average. Even within the
continental United States, the total and component proportions vary consderably. For soldiers
deployed in an areathat is not contaminated, the background exposure levels may be higher or
lower. Estimated background radiation levels will vary consderably based on dtitude, location,

and type of building materid [4].

Figure 2.1. Sour ces of radiation exposurein the US (BEIR V, 1990) [4]
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2.1. Primordial Radionuclides

Primordid radionuclides are left over from when the world and the universe were created. They

aredl long lived, with hdlf-lives often on the order of hundreds of millions of years. The

progeny or decay products of the long-lived radionuclides are dso present, astheir long-lived

parents continuoudy produce them. Among the most commonly known primordia

radionuclides are the isotopes of uranium (*>*U, 2°U, and 228U), 2*2Th, “°K. Some other

primordid redionudidesare: >V, R, °Cd, °In, #°Te, *La, 1**Ce, Nd, *"sm, **Gd,
74Hf, 176|_U, 187Re, 190Pt, 192Pt, and ZOQBi.

The nucleus of unstable atoms is a source of radiation. In order to become more stable, these
types of radioactive atoms (also referred to as radionuclides or radioisotopes) gect or emit
subatomic particles and may emit high-energy photons (gammarays) from therr nudea. This
processis caled radioactive decay. Typicaly, one unstable nucleus will decay into another
unstable nucleus, over and over in a"decay series’ until a stable nucleusis reached asthe end



product. The most important series of natura decay in radiation protection are the thorium,
uranium and actinium decay series. Table 2.2 includes the abundance of these series along with
some specific decay facts. More detailed information can be found in the literature, such asin
the Radiological Hedlth Handbook [5].

Table 2.2. Factsabout the natural decay series

Series Thorium Neptunium Uranium Adinium
Parent isotope 232Th %Np 238y 235y
Abundance 100% iﬂfggi‘gg{ggg‘e production 9927%  0.72%
Alphasin series 6 7-8 8 7
Betasin series 4 5-6 6 4
Stable isotope 203py, 209p; 206py 207pyy

Thefollowing Figures 2.2, 2.3, 2.4 and 2.5 are arepresentation of the four most common natura
decay series. Important members of the thorium series from the standpoint of dose include
228Ra, 228Th, and #**Ra. The neptunium series might have started as an abundant series but the
half-lives of its radionuclides are short compared to that of earth. Therefore, in this series ***Puy,
which is a manmeade radionuclide, is commonly included as an dternate parent nuclide asit is
produced in neutron irradiation process of 2*2U (see Figure 3.23). More information on the
neptunium series can be found in International Commission on Radiologica Protection, ICRP
Report No. 38 [6]. The uranium seriesindludes *°Th, which has a half-life of 80,000 years, and
may be the most sgnificant contributor to the lung dose from inhaed uranium-bearing dusts [ 7].
Radium 226 is another important member of this series asis its daughter 2*2Rn (radon), which is
aradioactive gas that diffuses out of the ground and into the atmaosphere. The parent nuclide of
the actinium seriesis >2°U. The radionudlidesin this series, other than 2°°U and >*'Pg, are
relatively short-lived. However, the radioactivity composition is congtantly changing, aong with
the corresponding radiotoxicity of progeny.

2 Series might have started out abundantly but half-life is short compared to that of earth. Therefore, current
abundance can be linked to the production of 2*Pu from the neutron irradiation of 28U (see Figure 3.23).



Figure 2.2. Thorium natural decay series
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Figure 2.4. Uranium natural decay series
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Figure 2.5. Actinium natural decay series
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2.2. Uranium

Uranium is associated with three of the four naturaly occurring series. Uranium isfound in the
earth’s crugt often around two parts per million (ppm) and isadightly radioactive metd [8].

That is, there is an average of one pound of uranium in every 500,000 pounds of earth. Traces of
uranium are found amost everywhere. It is as common as tin, more abundant than gold, siver,

or mercury and dightly less plentiful than cobdlt, lead, or molybdenum. Uranium is present in
virtudly al rocks and soilsaswdl asin rivers and ssawater. Uranium isfound in

concentrations of about four ppm in granite, which makes up 60% of the earth's crust. Phosphate
rocks, often used asfertilizers, may contain concentrations of uranium as high as 400 ppm
(0.04%), while lower concentrations are found in sedimentary rocks, such as limestone.

Uranium isadso found in cod and hencein cod ash and other cod plant effluents. Naturd fresh
waterstypicaly contain in the order of 0.024 to 200 Fg/l of uranium. Seaweter shows
concentrations of 2.0to 3.7 Fg/l [9]. There are anumber of areas around the world where the
concentration of uranium in the ground is sufficiently high thet extraction for use as nudlear fud
iseconomicaly feasble,

A typica person will contain about 100 -125 Fg of uranium. The daly uranium intake (largely
from food ingestion) and excretion (in feces) in peopleisabout 1.9 Fg. Bone containsafew
thousand picograms (pg) of uranium per gram of bone ash; however, soft tissue concentrations
arereatively low, in the order of afew hundred pg per gram of wet tissue [10].

Uranium is aradioactive metd and like most metdls, it is usudly present in nature as an oxide,
not asapure metd. Pure uranium metd has a slvery luster inits freshly milled and polished
date. However, like many metals, uranium oxides rapidly become coated with a black layer of
oxide from ar and moisture contact with their surface. Uranium is one of the most dense metals;
it isabout 65 % more dense than lead. Table 2.3 includes some of the properties of uranium.

The uranium (>*8U) seriesincludes >*°Th, which has a hdlf-life of 80,000 years and is considered
the mogt sgnificant contributor to lung dose from inhded uranium mingras[11]. Radium 226 is
aso an important member of this series. Its daughter 22Rn (radon) can be described as a
radioactive gas that diffuses out of the ground and into the atmosphere and henceitslarge
contribution to environmenta radioactivity.



Table 2.3. Propertiesof uranium [1]

Property or VdueExample
Characteridtic
Origin Uranium occurs in minerds such as pitchblende, uraninite,
carnotite, autunite, uranophane, davidite and tobernite. Itisaso
found in phosphate rock, lignite, and monazite sands, and can be
recovered commercidly from these sources.
Composition Naturd uranium normdly contains gpproximeately 99.2830 %
238 by weight, 0.7110 % 2*°U and 0.0054 % 23*U.
Atomic weight (A) 238.029
Atomic number (2) 92
Physical Appearance -  Uraniumis aheavy radioactive slvery-white metdl.
- Intheair, the meta becomes coated with an oxide layer.
Physica Properties - Itismaledble, ductile, and dightly paramagnetic.
- Uranium meta can be dissolved in acids but it is unaffected
by dkdis.
- U metd is pyrophoric.
Mdlting point = 1132.3 " 0.8 °C
Boiling point = 3818 °C
| sotopes Uranium has fourteen isotopes, al of which are radioactive.
Preparation - Uranium can be prepared by reducing uranium haides with

akdi or dkdine earth metds or by reducing uranium oxides
by cacium, duminum, or carbon a high temperatures.

- Themetad can dso be produced by eectrolyss of KUFs or
UF4, dissolved in amolten mixture of CaCl and NaCl.
High+purity uranium can be prepared by the thermal
decompasition of uranium haides on a haot filament.
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2.3. Thorium

Thorium makes up an estimated 12 ppm of the earth’s crust. Thorium is aradioactive meta
found in thorite (ThSIO4) and in thorianite (ThO, + UO>). It isnow thought to be about three
times as abundant as uranium and about as abundant as lead or molybdenum. Thorium-232 can
be recovered commercidly from the minerd monazite, which contains from three to nine percent
ThO, dong with most rare-earth mineras [12]. Thorium-232 disntegrates asillugtrated in
Figure2.2. A particular characterigtic of its decay scheme is the presence of thoron (radon 220
T1/2=52 sec.), which is an dpha emitter that continues to decay into its progeny, as detailed in
Table 2.4 [13]. Therefore, it is essentid to have good ventilation areas where thorium is stored.

Table 2.4. Thoron and progeny [13]

Nuclide Radiation Hdf-life
22ORn " 55 sec
216pg ' 0.15 sec
212ppy $ 10.6 hr
212p; $ (64 % to ***Po) 1 hr

"* (36 % to 2%8T1)
212pg i 304 nsec
2087 $ 31 min
208ppy Sable

Natura thorium can be irradiated with neutrons to produce the important isotope 233U, a
fissonable isotope that is rardly used. Table 2.5 includes some of the properties of thorium.
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Table 2.5. Propertiesof thorium [1]

Property or VdueExample

Characterigic

Origin Thorium can be extracted from minera monazite, which contains from three
to nine percent ThO-.

Composition Natural uranium is assumed to be al 22Th. However, other isotopes do exist

as aresult from the naturdl decay series
Atomic weight (A) 232.0381

Atomic number (2) 90

Physcd Appesrance -  When pure, thorium is a Silvery-white metal which isair-stable and
retainsits luster for several months.
- Thorium dowly tarnishes becoming gray and findly black when it
oxidizesinair.
Physica Properties - When pure, it is soft, very ductile, and can be cold-rolled, swaged and
drawn.
- Dimorphic, with about 1% cerium oxide and other ingredients.
- Powdered thorium metd is pyrophoric and should be carefully handled.
Thorium turnings ignite when heated in ar and burn brilliantly with a
white light.
- Animportant dloying dement of magnesum, imparting high strength
and creep resistance a elevated temperature.
- Thorium can be dowly attacked by water and dissolve.
- With the exception of hydrochloric acid, thorium does not dissolve
readily in most common acids.

Mdlting point = 1750 °C
Bailing pairt . 4790 °C

| sotopes 221Th ((Ty2=18.2 d), *®Th (Ty2=1.9y), ***Th (Ty2=7340Yy), >°Th (T12=8 x
10*y), 21Th (Ty2=25.5 h), 22Th (Typ=1.4x 10'°y), and 2*Th (Ty,=24 d).
Preparation The production of thorium meta has been accomplished by severa methods:

- Hectrolyss of anhydrous thorium chloride in afused mixture of sodium
and potassum chlorides.

- Reduction of thorium oxide with cacium.

- Cdcdum reduction of thorium tetrachloride mixed with anhydrous zinc
chloride.

- Reduction of thorium tetrachloride with an dkali metdl.




Work has been done on the usage of thorium as a source of nuclear power. Examples arethe
High- Temperature Gas-cooled Reactor (HTGR) and the Molten Salt Converter Reactor
Experiment (MSRE). However, operating difficulties have delayed progressin this area of the
nuclear field. The principa use of thorium has been in the preparation of Welsbach mantle, used
for portable gaslights. Thorium is used to coat tungsten wire used in ectronic equipment
because of its high eectron emisson. Itsoxideisaso used to control the grain Size of tungsten
in eectric lamps. Another gpplication of thorium isin high-temperature laboratory crucibles.
Since glasses containing thorium oxide have a high refractive index and low disperson, they are
used in high qudity lenses for cameras and scientific insruments. Thorium oxide can aso be
used as a catadyst in the conversion of ammoniato nitric acid, in petroleum cracking and in
producing sulfuric acid [14].

Dosmetricaly, 2?®Ra (T 10=6.7 years), ?*®Th (T 12=1.91 years), and ***Ra (T1,=3.64 days) are
aso important members of the thorium series. Except for parent 232Th, the radionudlides from

the thorium series are rdlatively short-lived; the daughters of freshly separated thorium will

achieve eqilibrium?® in about 60 years. During this period, however, the radioactivity

compostion is congtantly changing, dong with the radiotoxicity, external dose rate, and related
chemica and physicd characteritics.

2.4. Radon

Naturdly-occurring radiation accounts for gpproximately 80 percent of our exposure [4]. Most
of our exposure to natura radiation is from indoor radon (55%), followed by radiation from outer
gpace and from the earth's crust. Radonis a colorless, tastel ess, and odorless gas that comes
from the decay of radium found in nearly dl soils. Leves of radon vary throughout the earth.
Radon usudly moves from the ground up and migrates into homes and other buildings through
cracks and other holes in their foundations. Buildings trap radon inside, where it accumulates
and may become a hedlth hazard if there is no proper ventilation. \When one breaths air
containing alarge amount of radon, the radiation from its progeny can damage the lungs.

Radon (?*2Rn, Ty,= 3.82 days), is a daughter product of radium (**°Ra), which in tum is derived
from the longer-lived antecedent 22U, asillustrated in Figure 2.4. Most of the actua dose would
come from the decay products of radon, sometimes called radon daughters or radon progeny.
Table 2.6 includes aligt of the radon progeny, its type of radiation and hdf-life. These radon
progeny are usudly present attached to particles, not gases, and can be deposited in the lungs.
There, they have some chance of decaying before the body can get rid of them, resultingina
radioactive dose.

3 Many radionuclides undergo successive transformations in which the original nuclide, called the parent, giveriseto
aradioactive product called the daughter. Examples of such transactions can be found in the natural occurring
radioactive series. Radioactive equilibrium refersto the state which prevailsin aradioactive series, when the ratios
between the amounts of successive members of the seriesremain constant. For example, if the half-life of the parent
islonger than that of the daughter, then after acertain period of time, acondition of equilibrium will be achieved.

That is, the ratio of the daughter activity to parent activity will become constant.
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Table 2.6. Radon and its progeny [13]

Nuclide Radiation Hdf-life
222Rn L 3.8d

218pg " 3min

214py, $ 26.8min
214 $ 19.7 min
2l4pg i 0.164 milliseconds
210Pb $ 21 y

210B; $ 5d

210pg ' 138d

06py s Stable------------

Dose cdculations depend on the airborne radiation levels and concentration of radon and its
progeny and on the modding assumptions. The radiation levels can be measured with
reasonable accuracy and precison. Several methods are available to accurately measure the
presence of radon and its progeny. In a high radon areq, it is prudent to determineitslevel and to
take appropriate action if the level isfound to be high [greater than 4-8 picocuries per liter
(pCi/liter)]; for example, the increase of ventilation will reduce radon levels. Widdy varying
radon levels exigt in different regions and are related to geologica circumstances. The NCRP
recommended safe leve is 8 pCilliter, whereas the EPA recommended safe level is4 pCi/liter
[15].

Radon measurement techniques can be classified in three categories: 1) grab sampling, 2)
continuous active sampling, and 3) integrative sampling. Grab sampling provides instantaneous
measures of radon or radon progeny in ar and it is commonly used in industrid monitoring.
Continuous active sampling involves multiple measurements a closdly spaced time intervas
over along period. These are costly and only recommended when other measuresindicate a
problem and the source of radon entry needs to be pinpointed precisaly. Integrative sampling
devices are passve, and collect data on radon levels over afixed period of time[15].

Almog dl measurements of radon levels in-or-outdoors are expressed as the concentration of
radon in unitsof pCi/liter of air, or in Sl units as becquerdls per cubic meter (Bg/nT). Radon
progeny concentrations are often expressed in working levels (WL?). The correspondence
between WL s and radon concentration in air in pCi/liter depends on the extent to which radon
daughters, which impart dose to the tracheobronchia epithelium, are in equilibrium with the
parent radon. At complete equilibrium, one pCi/liter of radon results in an exposure equa to
0.01 working level. The assumption is generaly made that insde buildings, the radon decay
product/radon equilibrium is about 50%. Consequently, ingde buildings, 1 pCi/liter = 0.005
WL, or 1 WL= 200 pCi/liter.

* The working level (WL) was introduced by Holaday et al. in 1957, as ameasure of the concentration of radon
progeny in uranium mine air that can be employed as a measure of exposure. A working level is defined to be any
combination of short-lived radon progeny in 1 liter of air, under ambient temperature and pressure, that resultsin the
ultimate emission of 1.3E5 MeV of apha particle. Thisis about the total amount of energy released over along
period of time by the short-lived daughtersin equilibrium with 100 pCi of radon[16].
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A working level month (WLM) is defined as 170 hrs (21.25 working daysmonth x 8 hrg/day) in a
work place at one WL. Therefore, a 12 hour aday exposure in ahome at one WL, corresponds to
approximately 26 working level months per year (for example, 2.1 times the occupationd

exposure, assuming equd radon levels at home and in the work place). Exposure rate istypicaly
given in working levd months per year (WLM/year) [17].

2.5. Radiation from the Ground and Outer Space

Other than radon gas, we receive about eight percent of our exposure to natura radiation from
other radioactive dementsin the earth's crugt, such as thorium and potassium [4]. Radiation
levels from these sources vary in different areas of the Earth. Another eight percent of our
radiation exposure comes from outer space. Our exposure to cosmic radiation dependsin part on
the dtitude; athicker atmosphere can filter out more cosmic radiation than a thinner atmaosphere
[18].

The CRC handbook of environmentd radiation includes alist of nuclides that are found in the

earth’s crugt, in unitsof =g of nuclide per gram of crust [9]. Thisligt includes dements such as:

4OK, 50V, 87Rb’ 115|n, 138|-a, 142Ce, 144 d, 147Sm, 1488m, 1498m, 152Gd, 174Hf, 176Lu, 204Pb, thorium
and uranium. Concentrations are given for different types of rocks to include: igneous rocks
(subclassified as ultrabasic, basdtic, hi and low cacium granites, and syenites), sedimentary

rocks (sub-classified as shales, sandstones and carbonates), and deep sea sediments, such as
carbonates and clay. This CRC handbook also has estimates of naturd radionuclides

concentration in soils and in the waters of rivers and oceans, aswedll asin our diets and bodies.

Table 2.7 includes data on the radionuclides concentrations found in the oceans [9]. Thistable
can be used to identify radionuclides that may be present at a Site near or at a seawater shore,
and that are naturdly present in that environment.

Background radiation can be caused by a combination of terrestria (from the “°K , 232Th, 22°Rag,
2381, etc.) and cosmic radiation (photons, muons, etc.). The background radiation level isfairly
constant over the world, being 8 to 15 :rad/hr; however, there are some areas that have higher
levels. The higher radiaion levels are most commonly caused by high concentrations of
radioactive minerdsin soil. One such minerd, monazite, is ahighly insoluble rare earth minera
that occurs in beach sand together with the minera ilmenite, which givesthe ssndsa
characteristic black color. The principa radionudlides in monazite are from the 222Th series, but
there is dso some uranium and its progeny, ?°Ra[19].
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Table 2.7. Natural radioactivity found in the ocean [9]

Ocean
Nudlide Actvity* Atlantic Pedific All Oceans
3.095E17 m® 6.549E17 n° 1.3E18 m?°

Uranium 0.9 pGi/L 3E8 Ci 6ES Ci 1.1E9 Ci

(33mBg/L) (11 EBq) (22 EBq) (41 EBq)
Potassum 40 300 pCi/L 9E10Ci 2E11 Ci 3.8E11 Ci

(11 Bg/L) (3300 EBQ) (7400 EBQ) (14000 EBQ)
Tritium 0.016 pCi/L  5E6 Ci 1E7 Ci 2E7 Ci

(06mBg/L) (190 PBQ) (370 PBQ) (740 PBq)
Carbon 14 0.135pCi/lL  4E7Ci 8E7 Ci 1.8E8 Ci

(5 mBayL) (1.5 EBQ) (3 EBQ) (6.7 EBQ)
Rubidium87  28pCi/L 9EQ Ci 1.9E10Ci 3.6E10 Ci

(011Bg/L) (330 EBq) (700 EBq) (1300 EBQ)

* Activity is expressed the following units:

- picocurie per liter (pCi/L), which is 1E-12 curies per liter,

- becquerd per liter (Bg/L) or millibecquerd per liter (mBg/L), which is 1E-3 becquerels per
liter,

- curie, exabecquerd (EBQ), which is 1E18 becquerdls, and

- petabecquerd (PBQ), which represents 1E15 becquerels.

Cosmic radiaion permeates al of space, the source being primarily outside of our solar system.
The radiation isin many forms, from high speed heavy particles to high energy photons and
muons. The upper atmosphere interacts with many of the cosmic radiations, and produces
radioactive nuclides. They can have long hdf-lives, but the mgority have shorter haf-livesthan
the primordia nuclides. The most common cosmogenic nuclides are listed in Table 2.8 below.

Table 2.8. Most common cosmogenic radionuclides

Nuclide Hdf-life Source

¢ 5730yr - Cosmic-ray interactions
_ 14N(n,p)14C

Tritum (®H)  123yr - Cogmic-ray interactions with N and O
- Spdldion from cosmic-rays
- SLi(n"y*H

Be 53.28 - Cosmic-ray interactionswith N and O

days
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Other cosmogenic radionudlides include the following: 1°Be, 2°All, %°Cl, 8K, 14C, 32S, *°Avr,
22N, 35, A, 3P, 2p F\g 24N, S, 3L, 1BF, 9] ¥l and Q.

2.6. Radioactivity in the Human Body

Humans are made up of chemicas, some of which contain radionuclides ingested daily with food
and water. Table 2.9 includes some of the ICRP 30 estimates of the concentrations of
radionuclides based on a 70 kg reference adult [20].

Table 2.9. Natural radioactivity found in the human body [20]

Nuclide Amount in body Activity of nuclide Dally intake of nuclide
Uranium 100 =g 30pCi (1.1 Bq) 19 :g
Thorium 30 :g 3pCi (0.11B0) 3:0
Potassium 40 17 mg 120 nCi (4.4 kBQ) 0.39mg
Radium 3lpg 30 pCi (1.1 Bq) 2.3 pg
Carbon 14 195 =g 0.4 :Ci (15kBq) 18 :g
Tritium 0.06 pg 0.6 nCi (23BQ) 0.003 pg
Polonium 0.2pg 1 nCi (37 Bg) ~0.6 :g
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2.7. Natural Radioactivity found in Building M aterials

Radioactivity isdso found in building materids. Table 2.10 incudes afew common building
materids and their estimated levels of uranium, thorium, and potassum. Most of the data
included in this table was obtained from NCRP 94 [21].

Table 2.10. Estimated concentrations of uranium, thorium and potassium in building
materials[21]

Materia Uranium Thorium Potassium (“°K)

ppm  mBg/g (pCi/g) ppm  mBg/g(pCi/g) ppm  mBgg (pCi/g)

Granite 4.7 63 (1.7) 2 8(0.22) 4.0 1184 (32)
Sandstone 0.45 6(0.2) 1.7 7(0.19) 14  414(11.2)
Cement 3.4 46 (1.2) 5.1 21 (0.57) 0.8 237 (6.4)
Limestone 2.3 31(0.8) 21  85(0.23) 0.3 89 (2.4)
concrete

Sandstone 0.8 11 (0.3) 21  85(0.23) 1.3  385(10.4)
concrete

Dry wallboard 1.0 14 (0.4) 3 12 (0.32) 0.3 89 (2.4)
By-product 137  186(50) 161  66(L78 002  59(0.2)
gypsum

Natura gypsumo 1.1 15 (0.4) 1.8 7.4(0.2) 05 148 (4)
Woodo - - - - 113 3330 (90)
Clay Bricks 8.2 111 (3) 10.8 44 (1.2) 2.3 666 (19)

- Changetd, 1974[22]
- Hamilton, 1970 [23]
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2.8. Summary of Natural Radiation Sources

The following table includes the most important radionuclides that are found in natural sources

of radiation.

Table2.11. Summary of natural radiation sources

Nuclide Radiation Longest
Hdf-life
3H $ 123y
Be g 55d
“C $ 5730y
K $, 9 1E9y
°'Rb $ 1E10y
232Th and its daughters (“°Ra, ““°Ac, “°°Th, “**Ra, ““°Rn and .
its daughters) %9 1E10y
Z20Rn and its daughters (Z°Po, 2X2Pb, Z2Bj, 22Po, °5T]) "% g 106 hr
U and its daughters (“**Th, “**Pa, ““’Ac, ““'Th, ““°Ra, “ g 1E8
Zlan, 215P0, 211Pb, leBi, 207-|-I) 1 Py g y
738 and its deughters (Z‘MTh, Z34pg, 233 289Th 2%5Rg 222Rn - 1E9
and its daughters) %9 y
222Rn a,ld |tS danhtHS (218P0, 214Pb, 214Bi, 214P0, ZlOPb, .
210g; 210p) ,$.0 21y
I, andits deughters (241 Am, 257Np, 3Py, 230 25Th s 1E6
225Ra, ZZSAC, 221Fr, 217At, 2lSBi, 213P0, 209TI, 209Pb) 1 Py g y
Other primordia radionuclides (K, *°V, ®’Rb, *°Cd, **In,
123-|-e’ 138|_a, l42C€, 144Nd, 147S,n' l5ZGd’ 174Hf, 176|_U, 187Re, n’ $’ g 1E18y
190Pt, 192Pt, and 2098i)
Other nudlides found in the earth’ s crust (“°In, “*°La, ~*“Ce, “ g 1E17
144Nd, 147S,n' l489,n’ 1493,n’ 1526d, 174Hf, 176LU, 204Pb) 1 Py g y
Other cosmogenic radionudlides (*°Be, *°F, “°Na, “*Na, “°Al,
318" 328" 32P, 33P, 37Ar, 39Ar, 34mC|' 36C|, 38C|, SQCI, 358, 388, u’ $’ g 1E6 y

80k )
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Chapter 3. Sourcesfrom the Nuclear Fuel Cycle

The nuclear fue cycleincludes dl activities associated with the production of eectricity from
nuclear reactionsin reactors. Uranium is mined in anumber of countries; it undergoes severd
processing operations and conversions before and after being used in areactor. The heat
generated in anuclear reactor is used to produce steam and drive turbines, connected to
electricity generators. The fud that is removed from areactor and has reached the end of its
useful life, can be reprocessed to produce new fud. In summary, the fue cycleincludesthe
fallowing steps: mining, milling, converson, enrichment, fuel fabrication, reactor operations,

and disposal of waste. These steps are represented as a flow diagram in Figure 3.1. Figure 3.2
represents aglobd digtribution of the uranium fud cycle[1].

Figure 3.1. The uranium fuel cycle
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Figure 3.2. Uranium fuel cycle in theworld (1998) [1]
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3.1. The Mining of Uranium

Underground and open pit mining are used in the recovery of uranium. Open mining is used
where deposits are close to the surface and underground mining is used for deep deposits,
typicaly greater than 120 metersin depth. Open pit mines require larger openings on the surface
than the size of the ore deposit because the walls of the pit must be doped to guard against
collapse (see Figure 3.3). Asaresult, the quantity of materia that must be removed in order to
accessthe oreislarge. However, the most common method of mining uranium is the open-pit
method [2].

Underground mines have rdatively smadl openings to the surface and the quantity of materid

that must be removed to access the ore is considerably less than in the case of an open pit mine.
In the case of underground uranium mines specid precautions, congsting primarily of increased
ventilation, are required to protect againgt airborne radiation exposure. Since thereisvariable
concentration of uranium in mines, there is o variable concentration of radium and therefore,
there is variable concentration of radon and its progeny. The following tables include the
production and digtribution of uranium and uranium mining activity in the world today. Table
3.1lisasummary of the uranium production in the world by region. [3]. Table 3.2 includesthe
estimated uranium recoverable resources in the world [1].

Table 3.1. World uranium production by 1997 [1]

Country or Area Uranium Production (%)
Canada 34
Africa 21
CIS (Commonweslth of Independent States) 15
Audrdia 14
USA 7
Western Europe 4
Eastern Europe 3
Ada 2
Total 100

Table 3.2. Estimated recoverableresour ces of uranium [1]

Country Tons UzOg Percentage of world

Australia 894,000 25%
Kazakhstan 681,000 19%
Canada 507,000 14%
South Africa 335,000 %
Namibia 291,000 8%
Brazil 281,000 8%
Russian Fed. 195,000 5%
USA 130,000 4%
World total 3,638,000
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In the solid state and chemicdly pure form, uranium isagray, hard, and very dense metd. In
nature it is found throughout the earth's crust in both granitic and sedimentary formetionsin
various minerdogica forms. Uraninite (uranium oxide) is the most common primary uranium
minerd. Coffinite (uranium hydrous silicate) and corralite (potassium uranium vanadate) are
aso of economic interest. The most common form of uraniniteis pitchblende, which is
sometimes associated with colorful secondary uranium mineras derived from wesathering.

The concentration of uranium needed to form an economic minerd deposit varieswidely
depending on its geologica setting and physical location. Average ore grades at operating
uranium mines range from 0.03%U to as high as 10% U but are most frequently lessthan 1% U
[4]. Tableisalig of locations of the largest depodits of uranium in the world.

Table 3.3. Ligt of uranium mineral deposits around the world

Minera Location

Uranium silicate and copper (Cuprosklodowskite) Musonoi, Shabba Copper bdlt, Zaire

Autunite crysds Les Oudots, S neet-Loire, France

Uranium and magnesium silicate (Sklodowskite) Shinkolobwe, Zaire

Cdcum and uranium slicate Bois Nairs, Puyde-D”*me, France

(a-uranophane)

Uranium and barium vanadate (Francevillite) Mounana, Gabon

Hydrated slicate of uranium and magnesum Kerler, Morbihan, France

(Autunite)

Uraninite, uranium oxide Margnac, Haute-Vienne, France

Lead uraninite (Curite) Shinkolobwe, Shaba Copper bdlt,
Zare

Hydrated calcium uranate (Becquerdlite) Shinkolobwe, Zaire

Potassum uranyl slicate (Boltwoodite) R™ ssng fidd, Namibia

Cdcium and uranium slicate Margnac, Haute-Vienne, France

(b-uranophane)

3.2. Uranium Milling

Newly mined oreis usudly low-grade uranium and must be concentrated. Mills are usudly
located near the mines. The uranium-bearing ore isfirst broken and crushed, to sand-sized
particles, thereby freeing the uranium mineras. It isthen chemicaly concentrated. The
concentration method varies from one mill to the next, depending on the characterigtics of the
ore. With few exceptions, the processis:

1) theuranium isdissolved by acidic or dkaine leaching of the ore. Diluted acid or akdi
dissolves the freed uranium, dlowing the uranium-bearing solution to be separated from the
leached solids by a solid-liquid separation device,

2) the uranium isrecovered, and

3) intheform of uranate of magnesium, sodium, ammonium or peroxide, is chemicaly
precipitated.
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The resulting concentrates look like ayellow powder or cake, hence the name "ydlow cake."
The concentrates contain approximately 75% uranium, or 750 kilograms per ton [5].

Figures 3.3 and 3.4 are pictures of a uranium open pit mine and annexed mill, and the interior of
amill. These pictures can asss in the physica identification of thistype of plant, as mines and
mills have been identified as sources of radiaion within the uranium fud cyde.

Figure 3.3. Open pit mining and annexed uranium mill (Mailhac-sur-Benaise, Haute-
Vienne, France)

The mill taillings, or wagtes, are stored in specialy designed impoundments or old open pit

mines. The tailings contain eements such as thorium, radium, and radon, which are mainly
products of the decay of 2®U. Most of these dements are not removed in the extraction process
of uranium. Generdly, tailings leave the mill asliquid dudge and are dlowed to dry. They are
collected in piles within enclosures. Figure 3.5 isapicture of atypicd tailing pile. Precaution is
necessary to prevent the tailings from contaminating ground water or getting into the air as dust.
For their radioactive content, tailings are no more dangerous than the ore that was removed from
the earth; however, since the materia has been brought to the surface and is being converted into
anew form, it can pose a hazard unless protective layers of earth are gpplied. The radon flux
from talings pilesis often much higher than background levels. Placing alayer of materid that
promotes revegetaion ultimatdy reclams the mine ates. Monitoring of radiation levelsis
common after reclamation of land.
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Figure 3.5. A mill tailings pile

3.3. Conversion

The product of a uranium mill isnot directly usable asafud for anuclear reactor. Additiond
processing, generaly referred to as converson, isrequired. At aconverson facility, uraniumis
converted to ether uranium dioxide, which can be used asthe fue for reactors that do not require
enriched uranium, or into uranium hexafluoride, which can be enriched to produce fud for the
most common types of reactors.

Two different procedures, which involve the same basic chemigtry, are used to convert the

yelowcake (U3Og, shown in Figures 3.6 and 3.7) into uranium hexafluoride (UFs). Theseare

the wet and dry conversion processes. In each case, the essential steps are:

1) thereduction of UsOg to UO (uranium dioxide) by means of hydrogen produced by
“cracking” (for example, strongly heating) anmonia gas,

2) the hydrofluorination of UO; to UF,4 (uranium tetrafluoride, achemicaly stable blue-green
compound), by hesting in a stream of hydrogen fluoride gas, and

3) the converson of UF,4 to UFg (uranium hexafluoride, a colorless solid a room temperature)
by fluorine gas

Figure 3.6. Picture of yellowcake of magnesium uranate after being filtered and pressed
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Figure 3.7. Belt filtration of yellowcake (Société des Mines de Jouac, France)

UFs sublimes a atmospheric pressure and it evaporates without meting at 56°C. The gaseous
form is therefore used in the enrichment plants at temperatures below 100°C. UFg reactswith

water, including vapor in the air, and must be transported in sealed containers. Figure 3.8 isan
unusud picture of crystdlized uranium hexafluoride as it forms white crystds that decomposein
the presence of moisture.

Figure 3.8. Crydallized uranium hexafluoride

Figures 3.9 and 3.10 outline the wet and dry conversion processes for the production of UFe.
Fgure 3.9 illudtrates the “wet”, solvent-extraction process. The ydlowcake is digested with hot
agueous nitric acid, which dissolves the uranium (and impurities). Uranyl nitrate is extracted
from the solution in water by means of an organic solvent (tributyl phosphate in hexane). The
agueous raffinate includes the impurities. Pure uranyl nitrate is then re-extracted from the
organic solution by means of fresh water. The water is evaporated and the resdueis hested to
covert the uranyl nitrate into pure uranium trioxide (UO3), which is then reduced by hydrogen to
uranium dioxide. Thisisthen heeted, firg in hydrogen fluoride gas and subsequently in fluorine
to produce pure uranium hexafluoride [6]. Figure 3.10 illustrates the hydrofluoric process, which
isadry process. The ydlowcake from the uranium mill is heated in aflow of hydrogen gas (and
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nitrogen) obtained by cracking® anmoniagas. The resulting crude uranium dioxideis first
converted into uranium tetrafluoride by means of gaseous hydrogen fluoride and then into
hexafluoride by dementd fluorine gas.  Didlillation is then used in the purification of the crude

uranium hexaflouride [6].

Figure 3.9. lllustration of the wet processfor the production of uranium hexafluoride
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® Cracking ammoniagas refers to heating it strongly.
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Figure 3.10. Illustration of the dry processfor the production of uranium hexafluoride
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3.4. Enrichment

A higher than natural concentration of 2*°U (fissionable isotope of uranium), is required to run
most common types of nuclear reactors’. This concentration is typically between 35t0 4.5
percent weight >>°U and is accomplished by enrichment. There are two enrichment processesin
large-scale commercid use, each of which uses uranium hexafluoride as feed: gaseous diffuson
and gas centrifugation [7]. Other less commonly used enrichment processes are the nozzle
separation method and laser enrichment.

In the gaseous diffusion process, the uranium hexafluoride that resulted from the conversion
processis used. Uranium hexafluoride is solid a room temperature, but it changes completely to
vapor at 56.4 °C (133.5 °F) [8]. The vapor, likethe solid, contains a mixture of 23°U hexafluoride
and 28U hexafluoride in the same molecular proportion as the two isotopes occur in nature. The
uranium hexafluoride vapor is forced through a porous barrier containing a large number of very
small holes. The hexafluoride molecules containing the 2°U (lighter isotope) travel more rapidly
than those containing 22U (heavier isotope). Therefore, the hexafluoride containing °U
diffuses through the porous barrier; that is, the vapor that passes through the barrier first isricher
in2*°U. A single barrier would result in asmall amount of enrichment, but passing through a
series or cascade of porous barriers can result in products with enrichment capabilities up to 90
percent. Figure 3.11 isapictoria representation of a stage in this process. Enrichments of afew
percent can be attained by using severd hundred stages, whereas higher enrichment would
require thousands of stages. Therefore, gaseous diffuson plants, as shown in Figure 3.12, cover
large areas and require a cons derable amount of power [9].

Gaseous diffuson plants use large volumes of water for cooling purposes and discharge hest to
the surroundings. Liquid effluents from these plants are diluted to a consderable extent with
clean water prior to discharge. Moreover, liquids that may contain a Significant concentration of
uranium from the equipment cleanup or from auxiliary production fecilities are collected in
holding ponds. Radioactive dudge is deposited and can be removed for disposdl.

®A small number of reactors, notably the Canadian CANDU and the British Magnox reactors, do not require
enriched uranium [1].
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Figure 3.11. Pictorial representation of a stage of the gaseous diffusion process[10]
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Figure 3.12. Picture of an enrichment gaseous diffusion plant (Tricastin, France)




The centrifuge method of isotope enrichment needs less than one-tenth the power required to
operate an equivadent plant usng gaseous diffuson. The centrifuge method is based on the fact
the heavier molecules of uranium in uranium hexafluoride (**3UFs) will tend to move outward in
ahigh speed spinning centrifuge, wheress the lighter molecules (**°UFs) will moveinward
toward the axis of rotation. Therefore, the product withdrawn from near the axis of the
centrifugeis enriched in 2*°UFs.  Figure 3.13 is a representation of astage of the enrichment
process by the centrifuge method.

Figure 3.13. Stage of the enrichment process by centrifuge

INTRODUCTION OF
GAS TO BE ENRICHED

ENRICHED GAS
OUTLET TO
N+ 1

DEPLETED GAS
OUTLET
TON-—1

MAGNETIC
CENTERING DEVICE

EMRICHED GAS
SAMPLING

SEAL
—— CASING

SUPPLY OF GAS
TO BE ENRICHED

ROTATING
RECEPTACLE

DEPLETED GAS
~ SAMPLING

MOTOR

STEP BEARING

In the nozzle separation process amixture of UFg and helium is exhausted through a curved
nozzle arrangement. A separator splits the resulting stream into two. Being heavier, the depleted
fraction is deflected further out. Theinner, enriched stream is recovered for additiona
enrichment. The power consumption for this processis twice as high as for gaseous diffusion;
the separation factor is somewhere between that of the gaseous diffusion and thet for the



centrifuge process [10]. This method was developed in Germany and used by plantsin Brazil,
Argentinaand South Africa

The laser enrichment process relies on the difference in the wave ength of light absorbed by
atoms of 23U and #*®U or by molecules of their components. Corresponding combination of
lasersis used to selectively excite one or the other isotope. 1n the process of Molecular Laser

| sotope Separation (MLIS), alaser is used to excite the molecules of uranium hexafluoride gas
containing 2>°UFs, diluted in helium at about 220°C. The laser does not affect the molecules
containing the isotope 228U. A second laser is used to dissociate the excited molecules to form
uranium pentafluoride, which is then recovered as a white powder. In the Atomic Vapor Laser

| sotope Separation (AVLIS) process, aningot of uranium meta in avacuum enclosure is heated
locally to 3,000°C by a focused eectron beam. The 2*°U in the resuilting vapor isionized by a
laser and the ions collected eectromagneticaly [10].

The laser separation processes are extremely promising; they require little power and involve

only one separation step. These processes are used in the United States and France. Figure 3.14
shows a laser used for the uranium enrichment process. A copper vapor laser isshown asit is
used to excite the molecules and a dye laser is used to sdlectively excite and ionize the 2°U
atoms. The combined action of the eectric and magnetic fields separates the i sotopes.

Figure 3.14. Laser used for uranium enrichment

3.5. Fue Fabrication

Fud fabricationis the process in which the enriched uranium hexafluorideis used to produce
uranium dioxide, which is generdly used to make the reactor fuel as ceramic pellets. These
pellets are formed from pressed uranium dioxide, which is Sntered at a high temperature (over
1400 /C). The pdlets are then encased in meta tubes, which are arranged into fud assemblies
reedy for introduction into areactor. The dimension of the fue pellets and other components of
the fud assembly are precisdy controlled to ensure consistency in the characteristics of fuel
bundles and they vary among different plant designs. Figures 3.15 and 3.16 are pictures of UO;
fud pdletsand fud rodsin the finad stages of fud fabrication.



Figure 3.15. Uranium fuel pellets

Figure 3.17 isaflow diagram of the production of uranium dioxide from uranium hexafluoride.
Hydrolysis (the decomposition by water) of uranium hexafluoride to form uranyl fluoride
(UOF>) isthefirg stage in the production of uranium dioxide. An agueous anmonia solution is
then used to precipitate ammonium diuranate ([NHg4]> U207), commonly referred to as ADU.
The solid ADU is then separated by a centrifuge or filter and dried by heating. The resulting dry
solid is cacined and reduced in the presence of hydro%en from ammoniagasin order to yied
uranium dioxide. The product, which has the same 2*°U enrichment as the starting uranium
hexafluoride, is powdered, compacted into small pellets (cylindrica pellets for most common
reactor designs), and sintered until the required dengity is attained. Pelets are crushed to
Specified dimensions, cleaned, and loaded into zirconium-dloy tubes to form fuel rods, such as
the ones used in light water reactors[11].



Figure 3.17. Production of uranium dioxide from uranium hexaflouride
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Subsequent to passing through HEPA (high-efficiency particulate air) filters, gaseous effluents
that originated in wet processes are scrubbed for the remova of chemicas and often * demisted”
to separate water droplets. Thefilters are used in the fuel fabrication process, before discharging
gaseous effluents to the atmosphere. These discharged gases have very low levels of
radioactivity.

The chemica conversion of uranium hexafluoride to dioxide produces liquid waste that contains
chemicd impurities, including fluorides. Limeis used to treat the effluent in order to precipitate
cacium fluoride that contains traces of uranium and some decay products. Cadcium fluoride
solids are usudly buried at the plant Site. The raffinate from the organic solvent extraction sage
isthe mgjor effluent in the scrap recovery operation, and it is generaly in aretention pond prior
to discharge. However, the totd amount of activity in this effluent is smal because scrap
recovery represents a relatively minor aspect of fue production.

The liquid effluent may be more radioactive than expected from its 222U content if several
months have e gpsed between theinitia production of uranium hexafluoride and the conversion
into dioxide. This happens because athough thorium isotopes are essentialy absent from the



uranium hexafluoride when it isfirst produced from yelow cake, 2*Th (hdlf-life of 24 days) is
formed by the decay of 38U [9]. The ***Th amount increases with time until radioective
eqilibrium is approached in about 6 months’. The 234Th decays to 2*™Pa (hdlf-life 1.18 min),
which emits a photon to become 2**Pa (half-life 6.7 h), and then decays to >*U (very long hdlf-
life of 247E5 years). Therefore, if several months have e apsed between theiinitid production of
uranium hexafluoride and the converson into dioxide, the liquid effluent may be more
radioactive than expected from the 238U content. However, once separated, these unsupported
daughters will decay to very low levds after severd months.

The product of gaseous diffusion is enriched in 2*U aswell asin 2°U. The ***U is not consumed
during reactor operations and therefore, it remainsin the spent fuel. The concentration of 234U
greetly exceeds the equilibrium vaue if the spent fud is returned to the gaseous diffusion plant

for re-enrichment of 2*°U. Because 2**U has amuch shorter half-lifethan 228U, the activity of a
given mass of uranium will increase if the spent fue isrecycled. The traces of fisson products
remaining in recovered uranium will also contribute to the increased activity.

Mixed-oxide (MXO) fuds are commonly made by mechanicaly mixing plutonium and uranium
dioxide powders. The uranium dioxide used is produced in the manner described previoudy,
using naturd, rather than enriched uranium hexafluoride. Plutonium nitrate (PU[NOs]4) solution
isthe garting point in the production of plutonium dioxide. This plutonium nitrate is the form in
which plutonium is recovered from spent Light Water Reactor (LWR) fud or from the fud and
blanket of afast breeder reactor. Plutonium oxaate is generdly precipitated from the nitrate
solution. The oxaate is separated, dried, and calcinated to form the dioxide. The product is
grounded and screened to yield a powder of the desired particle size. Figure 3.18 illustrates a
block diagram of this process.

The uranium and plutonium powders are mixed and pressed into pellets at the fud fabrication
plant. The pellets are sintered, grounded to fina dimensions, cleaned and loaded into long, thin
tubes of zirconium dloy (for LWRS) or stainless stedl (for fast breeders). The procedures are
amilar to that for fabrication of uranium dioxide fud dements, except for the precautions taken
to minimize rdease of the plutonium [13]. Figure 3.19 isapicture of MOX fud pellets.

The scrgp materid from the MOX fuel fabrication is described as“clean” or “dirty”. Thedlean
scrap consstls mainly of regjected fuel pelets that do not meet the specifications and powders too
fine for pressng into pellets. Thisscrapis crushed and cacined inair. Theresulting solid is
reduced by heeting in hydrogen gas (from ammonia) and ground. The powder isthen blended in
with the fresh MOX feed [14].

Thedirty scrap isthe small quantity that becomes contaminated with impurities during the fudl
fabrication process and it requires chemica trestment. The oxides are dissolved in nitric acid
with the addition of asmal amount of hydrogen fluoride to facilitate dissolution. Liquid wastes
containing plutonium from other sources of the operation may be added to the solution. Uranium
and plutonium are then recovered as nitrates, either separately or together, by extraction with an
organic solvent. Ammoniais added to the solution containing plutonium and uranium nitrates to

"Roughly, seven half-lives are required for 99 percent of the equilibrium amount of any daughter to be attained from
along-lived parent, such as?*8U [12].
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give a precipitate that congsts of plutonium hydroxide and ammonium diurarete. Thisis
separated, dried, and heated in hydrogen gas to generate the mixed oxides in pure form [13].

Figure 3.18. Block diagram of the production of mixed-oxide fuel fabrication
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Figure 3.19. Mixed-oxide fuel pellets

All stages of the MOX fud fabrication are designed to contain the potentially hazardous meterid
to the maximum practical extent. Equipment is enclosed in glove boxes, which are closed
chambers with awindow glass front, long-armed gloves, made of rubber or smilar materid and
seded into the box. Glove boxes are enclosed in an outer building that must be capable of
withstanding maximum natural phenomena, such as earthquakes, hurricanes, tornadoes, and
floods.

Thear from each confinement areais exhausted through at least two HEPA filters before being
discharged. The exhaudt ar is continuoudy monitored for dpha-particle radiation and



operations are to be stopped if radiation levels are unexpectedly high, usualy long before they
become unsafe.

The most important liquid wastes from the MOX fud production facilities are those from the
trestment of dirty scrap. Liquid wastes containing plutonium are normally evaporated. The
vapor may then be discharged with ventilation air, or it may be condensed and reused in the
plant. Residues from the evaporators are solidified in cement (or other materid) and disposed.
Air containing radioactive waste gases, mainly nitrogen oxides, anmonia, and hydrogen
fluoride, is scrubbed and filtered before discharge to the atmosphere [13].

3.6. Reactor Operations

Inside a nuclear reector the nucle of 2*°U atoms are split (fission) and, in the process, release
energy. Thisenergy isused to heat the water and turn it into Seam. The seam isused to drivea
turbine connected to a generator that produces ectricity. Thefissoning of uraniumisused asa
source of heat in anuclear power station in the same way that the burning of cod, gas or ail is
used as a source of heat in atherma power plant.

3.6.1. Fission

Nuclear fission is the plitting of alarger alomic nucleusinto two or more smdler nucle. When
heavy nuclel, such asthose of uranium or plutonium, undergo fisson, large quantities of energy
arereleased. Fissionand the neutron chain reaction are the foundetion for the use of nuclear
energy in power plants. Figure 3.20 shows the basic fisson mechanism. Uranium-235 absorbs a
neutron upon impact, resulting in an exited nucleus which splits or fissons and energy is

released. The fragments of the broken nucleus, “fisson products’, are radioactive.

Figure 3.21 shows a chain reaction that is used in power reactors. At least one of the neutrons

formed by fission of afirst uranium nudeus collides with another 2°U nucleus, causing a second
fisson that releases more neutrons, one of which collides with another uranium nudeus, causng

afurther fisson, and so on. Figure 3.22 isablock diagram that illustrates the neutron irradiation
process of 28U,

39



Figure 3.20. Illustration of the fission process of 23°U
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Figure 3.21. lllustration of thefission chain reaction




Figure 3.22. Neutron irradiation of 28U
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3.6.2. Fissile, Fertile and Fissionable M aterials

Fssle materids are those that can undergo fission upon absorbing therma (dow) neutrons. The
three primary fissle materids are 22U, 2%°U, and 2°Pu. A fertile materid is not itsdlf fissile but
can be converted into afissle materid by irradiation in areactor. The two basic fertile materids
are 28U and *2Th; these can be converted in anuclear reector into fissile 2°Pu and 22U
materias respectively. Fissonable maerid is commonly used as a synonym for fissle materid,
the meaning of this term has been extended to include materid that can be fissoned by fast
neutrons, such as 28U,

3.6.3. Nuclear Power Plants

Since nuclear power plants contain maor sources of radiation within their systems, physica
identification isimportant. The hyperbolic shagpe of their cooling towersisin many ingances a
characterigtic feature of the nuclear power plants. The purpose of this distinctive profile is not to
increase the air draft; rather, the double curve strengthens the concrete wall of the tower. This
form makes it possible to reduce the thickness of the concrete to about 25 centimetersfor a
height of 160 to 180 meters and adiameter of 90 meters at the narrowest point. Figure3.23isa
picture of a cooling tower. Figure 3.24 isapicture of an dternative cooling system used in
nuclear power plants, the forced draft cooling system. Power plants can aso have no ditinctive
cooling towers and use water from reservoirsin their cooling sysems. An exampleisshown in
Figure 3.25.
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Figure 3.23. Picture of a hyperbolic cooling tower at a nuclear power plant
(Grafenrheinfeld, Germany)

Figure 3.24. Picture of mechanical draft cooling towersat a nuclear power plant (Chinon,
France)
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Figure 3.25. Nuclear power plant with no distinctive cooling tower (Saint-Alban, France)

Plant systems and components that are sources of radiation exposure include:

1.) Mainloop (primary), including major components.

2.) Reactor vessdl.

3.) Reactor coolant.

4.) Reactor coolant purification system (including filters and deminerdizers).

5.) Condensate purification system (Boiling Water Reactors, BWR).

6.) Radioactive liquid waste processing systems (including tanks, filters, deminerdizers and
evaporators).

7.) Spent reactor fuel.

8.) Radioactive gas waste processing systems (including tanks, compressors, charcoal bed absorbers,
and filters).

The principles of usng nuclear power to produce eectricity are the same for al types of fisson
reactors. The fisson process releases energy and continuous fisson (the chain reaction) is
maintained in the reactor core. A large amount of heet is released, which istransferred from the
core viaa coolant circulating through the reactor. Steam is produced either directly in the
coolant, or indirectly via heet transfer to a secondary cooling system. This steam is used to drive
the turbines that produce dectricity. Typica reactor components (see Appendix B) are: reactor
pressure vessd, fuel, moderator control rods, coolant, steam generator, and containment.

Other main components are the pumps and al other equipment that are part of the primary and
secondary loopsin mogt reactors. Deminerdizers, turbines, condensers, dryers, shielding
structures, water trestment systems, other systems, corresponding piping and many other syslems
are among these components.



3.6.3.1 Reactor Types

There are severa types of reactors used for the production of eectricity, most of these are
covered in Appendix B. The components and their orientation determine the various operating
characteristics of each type of reactor. Some designs are able to refud “on-load”, thet is, while
the reactor isin operation, others must “shut down” to refud. This becomes important in the
process of identifying radiation levels during this type of operation. The type of fud used and
the amount that is replaced on refuding will aso vary with reactor type. Table 3.4 summarizes

the different type of reactorsin theworld today [15, 16]. Thistable dsoincludeskey

information regarding the design of the reactors; that is, their type of fudl, moderator and coolant.
Thisinformation is crucid in identifying possible sources of exposure when encountering any of
these types of reactors. Moreover, thisinformation can be used in the process of determining the
gppropriate course of action for evaluating sources of exposures, following adequate sampling
protocol, performing needed decontamination and deciding adequate response in the event of an
accident or an unavoidable predicted exposure.

Table 3.4. Reactor types differentiated by the combination of fuel, moderator and coolant

Reactor Reactor Type Fuel Moderator Coolant

Dedgn

LWR PWR Enriched uranium  Light water Pressurized water
REP
VVER
BWR Enriched uranium  Light water Boiling water

HWR CANDU Natura uranium Heavy water Pressurized heavy

water

Gentilly Natura uranium Heavy water Bailing heavy water
EL4, Bohunice Natura uranium Heavy water Carbon dioxide gas
Winfrithh SGHWR Enriched uranium  Heavy water Bailing water
Fugen Plutonium Heavy water Bailing water

GCR UNGG Magnox Naturd uranium Graphite Carbon dioxide gas
AGR Enriched uranium  Graphite Carbon dioxide gas
HTGR Enriched Graphite Hdium

Uranium and
Thorium

LWGR Beloyarsk Enriched uranium  Graphite Pressurized water
RBMK Enriched uranium  Graphite Bailing water
NPR, Hanford Enriched uranium  Graphite Light water

FBR LMFBR Enricheduranium  none Sodium
FFTF or plutonium
Halam Enriched uranium  Graphite Sodium

Other OMR Enriched uranium  Terphenyl Terphenyl
Arbus Enriched uranium ~ Hydrogen carbide  Hydrogen carbide
Training resctors - - -

Experimental reactors




LWR: Light Water Resctor

PWR: Pressurized Water Reactor

REP. “RJacteur B Eau sous Presson” (PWR)

VVER: “Vode Vodjanie Energitcheskie Reactor” (Water-water power reactor)
HWR: Heavy Water Rector

CANDU: Canada Deuterium Uranium

EL4: “Eau Lourde’ (Heavy water) Prototype no. 4

SGHWR: Steam Generating Heavy Water Reactor

GCR: Gas Cooled Reactor

UNGG: “Uranium Naturd Graphite Gaz” (Naturd uranium, graphite, gas)
AGR: Advanced Gas Reector

HTGR: High Temperature Gas-Cooled Reactor

LWGR: Light Water Graphite Reactor

RBMK: “Reactor Bolchoe Molchnagtie Kipiachi€’ (High power boiling water reactor)
NPR: New Production Reactor

LMFBR: Liquid Metd Fast Breeder Reactor

FFTF: Fast Flux Test Fecility [17]

FBR: Fast Breeder Reactor

OMR: Organic Moderated Reactor

3.6.3.2. Radiation Sour cesfrom Nuclear Power Plants

The sources of radioactivity generated during the operation of a LWR may be spent fud, fisson
products and neutron activation products, asillustrated in Table 3.5.

Table 3.5. Radiation sour ces from a nuclear power plant

Group source Example radionuclides Location in plant or process

Fud uranium, plutonium, fisson core, spent fuel storage pool
products, activation products

Fisson products radionuclides such asthosefound  fuel, reactor effluents
inTable 3.6

Neutron activation products ~ Gases: N, *°N, *Ar systems, core components,
Solids: **Cr, Mg, ®Mg, %co reactor coolant system
GOCO’ 59Fe 1 ] il 1

The UO, fud and its zirconium-dloy cladding should retain most fission products, including
tritium generated in fisson in light water reactors. However, gases and easly vaporized fisson
products, such as krypton, iodine, tritium and xenon, and some dissolved solid products can
escape into the reactor water [18].



The most important fission products are those that are formed in the great mgority of fissons.
After ashort period of time and as aresult of radioactive decay, fisson products congtitute more
than 300 radionuclides, dl of which are radioactive [18]. Many of these have a short hdf-life
and can beignored because they are formed in very smal portions. Table 3.6 includes alist of
the most important fisson products, the type of radiation they emit and their half-lives

Although iodineisasolid at ordinary temperatures, it vaporizes readily so that part of theiodine
in the fisson products often gppears together with the gases in the effluent from areactor.

Tritium is the radioactive isotope of hydrogen and is produced as a result of fission. Tritium,
athough afisson product, is often considered separately because it can aso be produced

through other reactions. In LWRs, an important source of tritium is the interaction of neutrons of
high energy with boron. Boron may be present in BWRS as a burnable poison (additive to the
coolant to absorb excess neutrons and control criticality). In PWRs, boron may be dissolved (as
boric acid) or it may be used in the control rods. Tritium can also result from the reaction of °Li with
neutrons in some PWRs.

Neutron activation products are formed in the reactor coolant by interaction of neutrons with -
water molecules (oxygen nucle), oxygen, nitrogen, and argon dissolved in air. Tritium thet is
formed in the water from deuterium, boron or lithium is dso considered an activation product.
The most important activation products are those arising from neutron reactions with various
elements, such asiron, chromium, nickel, cobalt, and manganese, that enter the water as a result
of corroson and erosion of sted and other dloys used in the reactor vessd, pumps, piping,
valves and seam generator.



Table 3.6. List of important fisson products[9, 19]

Radionuclide Radiation Half-life
Gases

°H $ 12.3yr
83my 8 ( 19 hr
8omy 4 $, ( 44 hr
®Kr $, ((0.4%) 10.8 yr
8Kr $, ( 13hr
%Kr $, ((35%) 28 hr
133my et ( 2.3d
133xe $, ((37%) 5.3d
135my et ( 16.0 min
1%xe $, ( 9.1 hr
138xe $, ( 18.0 min
Solids

*Rb $ 18.0 min
89gr $, ( (0.01%) 52.7d
Ogy $ 28.0yr
Dy $ 2.7d
Ly $, ( (0.3%) 50.0d
129Te $, ( (20%) 70.0 min
131m e $ (82%), ((31%) 1.3d
BiTe $, ( (68%) 250 min
133Te $ 130 min
129) $, ((9%) 1.7E7y
13 $, ( 8.0d
133) $, ( 20.0 hr
1) $, ( (37%) 6.7 hr
134cs $, ( 20y
136Cs $, ( 13.7d
BCs $, ( (89%) 300yr
138¢s $, ((73%) 320 min
14083 $, ( 13.0d
190 a $, ( 1.7d
14ce $, ((13%) 284 d
Py $, ( (2.5%) 170 min
147pm $ 26y
215m $, ((4%) 87y

8 These are metastabl e (higher-energies) states of the indicated radionuclide; they usually decay by emitting their

extraenergy as gammarays.
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Regardless of the high quality of the components, there is dways activated corrosion products
and neutron activated materidsin reactors. In BWRS, corrosion and erosion in the turbine,
turbine condenser, and feedwater heater can aso contribute to the activation products because
the condensed water is returned to the reactor vessel by way of the feedwater heaters. In PWRs,
however, the condenser and feedwater are part of the secondary loop that includes the steam
generator but not the reactor core; therefore, less activation products are found. Table 3.7
identifies the most Sgnificant activation products.

Table 3.7. List of most important activation products

Activation Product Activity Half-life
Gases
N $ 10 min
N $, ( 7 sec
“Ar $, ( 1.8 hr
Solids
>ICr $, ( (9%) 28 d
>Mn ( 300d
*Mn $, ( 26hr
*%Co $ (15%), ( 71d
%Co $, ( 53yr
7n $, ( 245 d
“re $, ( 45d

Activation products can aso be produced by the neutron irradiation of nonfue materids. For
example tritium can be formed from the irrediation of hydrogen in the air and water. Other
isotopes that can be formed thisway are 2*C, 1N, 1N, °0, and “*Ar. Sodium activation resuits
inthe é)roduction of isotopes *Na, 2’Na, and ®®Rb°. Other dloys are activated and produce Al
51Cr’ 4M n, 56Mn, 55Fe, 59Fe, 58CO, GOCO, 64CU, 652n’ QSZF, and 110mAg’ 182Ta, 18 W.

The presence of radioactive materidsin the reactor coolant system (RCS) isaresult of neutron
activation of impurities, chemicas and the water contained in the system, and from the leskage
due to defects in the reactor fuel rods. Although fud rods are sealed and designed to contain
fisson products, minor defects develop and some fisson products lesk from the fud into the
reactor coolant system. The radioactive materid istrandferred from the fud to other parts of the
plant via RCS, reactor coolant cleanup systems, heat exchangers, pumps and vents, leaks and
drains from these systems.

A percentage of the reactor coolant is continuoudy taken from the RCS for remova or cleanup
of radioactive material. The cleanup systems are a source of radiation exposure because they
contain radioactive water. Additiond transport paths for radioactive materids are found in the
liquid and gaseous waste digposa systems and subsystems of the cleanup system.

®The activation of ®Rb, animpurity in sodium coolant results in the production of #Rb.
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Heat exchangers become a source of radiation exposure to personnd as water in the reactor
coolant, reactor coolant cleanup and waste disposal systems flows through. Vents and drains
from these systems trangport radioactive materia to other areas of the plant, as does unplanned
leaks in system lines and components.

Activated corrosion products (crud) and fisson products are often deposited in low flow areas of
systems containing radioactive liquids. Examples of such areas include flanged dead legs,

valves, bends in pipes (elbows), etc. As the radioactivity in these Acrud trapsi accumulates with
time, the exposure ratesincrease resulting in Ahot spotsi.

Traces of UO, may remain on the outside surface after fabrication of fuel dements. Thisis
referred to as“tramp uranium” [9]. Fission products (both gaseous and solid) from the fission of
233 present in the reactor are released into the surrounding water. The amount of tramp
uranium is usudly quite small in amount, but it condtitutes a possible source of radioactivity in
the liquid effluent from nuclear power plants.

There are many ways that a person in the vicinity of anuclear power plant could be exposed to
radiation. The most important scenarios that represent sources of exposure from nuclear plants
effluents are smplified in Table 3.8.

Table 3.8. Sources of exposure from nuclear plants effluents

Exposure  Example scenario
External Submersoninair
Immersion in water (Svimming)
Radiation from particles deposited on the ground
Direct radiation from plant
Internal Inhalation of air
Ingestion of food (e.g., leafy vegetables, fish, etc.) and water
Drinking milk from grazing cows

Table 3.9 includes the principa radiation exposure pathways from nuclear power plant effluents.
Because of ther relatively large yidd in uranium fisson and known affinity to be deposited in

the thyroid (critical organ), iodine-131 and iodine- 133 are very important sources of exposure.
Cesium-134 and *3'Cs are radioisotopes of cesium of most importance and are also produced in
ggnificant anountsin fisson. Cesium becomes uniformly distributed throughout the body and
exposes dl organs to beta- gammaradiation. Cesium can enter the body by drinking water or
milk, or by eating fish from the generd vicinity of the liquid effluent discharged from the plant.
Theinterna (lung) dose from inhaation of radioactive isotopes of noble gases, which may be
found as part of arborne effluents, isvery smdl. If adequate holdup is provided before release
to the atmosphere, exposure to short-lived noble gases, such as 1**Xe and 88Kr can be minimized
during normal operations. However, long-lived ®°Kr may cause significant exposureif thereis
atmospheric accumulation.

Gaseous and liquid effluents contain tritium, which produces smdl radiation doses. However,
tritium can accumulate in the environment, as ®°Kr does. The whole body dose equivalent from
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tritium intake would depend on the amount deposited in the body, which can be directly related

to its concentration in the food (including milk) and water consumed.

Table 3.9. Radiation exposur e pathways from nuclear plants

Radiation from: Effluent Exposur e Pathway Critical Organ
lodine isotopes Airborne Ground deposition (external) Whole body
Air inhdation Thyroid
Grass ¥y cow ¥ milk Thyroid
Leafy vegetables Thyroid
Liguid Drinking water Thyroid
Fish (and shellfish consumption) Thyroid
Tritium Airborne Submersion (externa) in
Air inhdation Whole body
Liqud Drinking water Whole body
Food consumption Whole body
Cesium isotopes Airborne Ground deposition (externd) Whole body
Grass ¥y cow ¥y milk Whole body
Grass Yy cattle Y meat Whole body
Inhalation Whole body
Liqud Sediments (external) Whole body
Drinking water Whole body
Fish consumption Whole body
| sotopes of metals Liquid Drinking water Gl tract
(iron, cobalt, nicke, Fish consumption Gl tract
zinc, manganese)
Direct radiation External Whole body
from plant

3.7. Spent Fuel and Storage

The concentration of fisson fragmentsin afue bundle will increase with time to the point where

it isno longer practica to continue to usethefud. At this point, the spent fud isremoved from
the reactor. When removed from the reactor, fud bundles emit radiation, primarily from the
fisson fragments, and heat. Spent fud is unloaded into a storage facility, immediately adjacent

to the reactor, to alow the radiation levels and the quantity of heat being released to decrease.
These facilities are large pools of water, which act as both shields againg the radiation and
absorbers of the heat released. Figure 3.26 is a picture of a spent fuel pool. The Cerenkov effect
can be observed in this picture as aresult of the storage of spent fudl. High-energy dectrons,
traveling fagter than light in weter, emit abrilliant blue illumination as they are dowed down.



Figure 3.26. Spent fuel pool (La Hague, France)

During the cooling period, partid decay of the various radionuclides occurs. These
radionuclides include fisson products, isotopes of heavy elements and activation products, as the
ones mentioned earlier. The most important consequences of cooling are the following:

1) fission products of short or moderately short half-life decay almost completely,

2) theoverdl beta and gamma activities are decreased to alevel at which radiolytic decomposition
of the subsequently used reprocessing agent would be tolerable, and

3) certain undesirable heavy isotopes decay into elements which can be separated from desired
products [11].

Spent fud isgenerdly hed in the sorage pools for aminimum of aout 5 months. A minimum
cooling period of 150 daysis generdly required and commonly used as apoint of referencein
light water reactors. The main objective of the 150 day cooling period isto dlow for substantia
decay of volatile fisson products that can be released to the environment. lodine is voldtile ad
release to the environment must be minimized. After the 150 days of cooling, the mgor
contributors to the radioactivity of spent fud arelisted in Table 3.10. Thevduesin thistable are
in curies and becquerels per metric ton (1000 kg) of uranium’®.

1The uranium is assumed to be initially free of plutonium when charged to the reactor. The valuesin the table were
calculated for a hypothetical LWR having athermal power of 3300 MW and a specific fuel burnup of 2.85 x 102 J
(2.85 TJ, thermal) per kilogram of uranium in the original fuel. Other operating conditionswill derive different
activities; however, thosein the table arefairly typical.
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Table 3.10. Mgjor contributors of radioactivity from spent fuel (LWR fudl) after 150 days
cooling period [11]

Activity
Radionuclide Radiation Haf-life
Bg/1000 kg U Ci/1000 kg U
Fission Products
For $ 52.7d 3.6E15 9.6E04
S $ 28y 2.8E15 7.7E04
PZr $, ( 65.5d 1.0E16 2.8E05
“Nb $, ( 35d 1.9E16 5.2E05
"Ru 368 d 1.5E16 4.1E05
¥Cs $, ( 205y 7.7E15 2.1E05
*Cs $, ( 30y 4.1E15 1.1E05
*Ce $, ( 284d 2.8E16 7.7E05
“'Pm 262y 3.7E15 9.9E04
Heavy-elements | sotopes
“*Py ,( 88y 1.1E13 2.8E02
“py " ( 24,400 y 1.2E13 3.3E02
7Py " ( 6,540y 1.8E13 4.8E02
“Pu "3, ( 14y 4.1E15 1.1E05
“*Pu " ( 387,000y 5.0E10 1.36
“*Am " ( 433y 7.4E12 2.0E02
“Am " ( 7370y 6.4E11 17.4
“Cm " (S 1625d 5.5E14 1.5E04
“*Cm (s 176y 9.3E13 2.5E03

" Spontaneous fission (sf). These radionuclides go through significant spontaneous fission, which is
accompanied by neutron emission.

For acooling period of 150 days or more, few fisson products, namely, strontium, zirconium,
niobium, ruthenium, cesum and some rare earth eements, are responsible for nearly dl of the
radioactivity. These are the most important e ements from which U and Pumust be separated in
spent fud reprocessing. Ultimately, spent fuel must either be reprocessed or sent for permanent

disposdl.

3.8. Reprocessing

Spent fuel is about 95% 238U but it also contains 2°U that has not fissioned, plutonium and
fisson products, which are highly radioactive. In areprocessing facility the spent fud is
separated into its three components: uranium, plutonium and waste containing fisson products.
The most common process used is caled PUREX (plutonium and uranium recovery by
extraction). Thisisaprocessthat usesliquid solvent extraction principles coupled with
oxidationreduction chemica reactions to chemically separate the various condtituents of the
spent fud. Generdly, reprocessing is done by cutting fuel assembliesinto pieces, dissolving the
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contents of the fud rods with nitric acid, and gpplying a solvent extraction method. This
generaes three principal components: uranium, plutonium, and fisson products.

The solvent-extraction process is based on the separation by the preferentid solubilities of
fisson products, uranium, and the produced plutonium. Thisis accomplished by various
counterflowing organic and agueous solutions with the objective of separating Pufrom U (238U +
23%) or U from Th, and dl of these from the fisson products. However, the processis difficult,
as extremely high radioactive levels, due primarily to the fisson products, require the use of

large facilities with concrete shidding and remote handling equipment. In this processthe

highly active waste solutions pose a problem of handling, storage and ultimate disposdl.
Reprocessing facilitates recycling and produces a significantly reduced volume of waste,
Reprocessing facilities vary in design but can be identified aslarge indudtrial complexes as
shown in Figure 3.27. Figure 3.28 isablock diagram that represents the flow of the spent fuel
reprocessing.

Figure 3.27. Picture of afuel reprocessing facility (La Hague, France)

o

f S

Reprocessing in the U.S. arted with the plants in Hanford and Oak Ridge, built during World
War Il. Two other plants were built in the 1950's at Savannah River, South Carolinaand a
Idaho Fdls, Idaho. These plants were constructed to meet military needs and were not intended
for the processing of civilian fuel. Privately owned nuclear fud reprocessng plants were built in
West Vdley, New York (plant went into operation in 1966 and shutdown in 1972) and in Morris
County, Illinois and Barnwell, South Carolina (these plants never operated). Fuel reprocessing
was prohibited in the U.S. in 1977 to avoid the diversion of Puand the possible uncontrolled
proliferation of nuclear wegpons.

MOX fud fabrication occurs at five reprocessing facilitiesin Belgium, France, Germany and
UK, with two more under congtruction. The French plant, Melox, was the first large-scale plant
of thistype. Jgpan has aso successfully implemented reprocessing.



Large quantities of fisson products are produced in the reprocessing process and must be
managed to avoid environmental contamination, which may occur during norma operations or
asaresult of an accident. Infission, 12°| (haf-life of 1.7E7y) is produced with ayield of 1% and
therefore, it is present in large quantities in the reprocessing waste and it may accumulate in the
environment. The release of this gas can cause an increase of the thyroid dose to the generd
population [19].

Other radioactive gaseous releases from nuclear fuel-reprocessing plants include 8K r, and *H.
The dose from these gases to individuals is expected to be smal but they can accumulate in the
environment and expose large numbers of people. Krypton does not participate in the metabolic
process and its principa dose contribution is from externd contamination; for example,
contamination of the skin. Tritium gasis combined with oxygen to produce tritium oxide. If
tritium enters the body, over-hydration is recommended to minimize the dose by increasing its
biologicd dimination. Liquid tritium can be disseminated in the environment as water and enter
the hydrologicd cycle.

Figure 3.28. Fud reprocessing flow chart

Fuel
from
Storage

v

Mechanica
Disassembly

,LNitric Acid

¥ Dissolution Huls
Gaseous (solid waste)
Fisson v

Partitioning
Cycles L
U (stripping) & Pu
Extraction Solveht Extraction
Extraction
SlicaGd High-level Pu Purification /
Purification Waste Concentration
Fission
products
in raffinate
\ v \
U Pu
— T



The five main steps in reprocessing can be described as follows:

1.) Mechanica disassembly. Fuel rods are fed to a mechanical shear and cut into small pieces.

2.) Dissolution. The uranium, plutonium and fission products are then dissolved into aqueous nitrate
solution.

3.) Partitioning cycle. Uranium, plutonium and fission products are separated in a continuous
solvent extraction process that uses the nitrated solution with an organic solvent containing
tributylphosphate (TBP) in kerosene. Adjustments in concentrations result in an organic phase
for the U and Pu, whereas the fission products remain in an aqueous phase. A reducing agent is
used to reduce the valence state of plutonium and therefore separate it from the organic stream
containing uranium. The waste is then composed of fisson products, auminum or other metals,
and nitric acid. A scrub solution may be used to remove traces of fission products.

4.) Extraction and concentration cycles. The separated streams of uranium and plutonium undergo
further solvent extraction to further purify the product and extract the U and Pu. The organic
solutions are recycled and U and Pu solutions are concentrated by evaporation.

5.) Product preparation. Purified uranyl nitrate and plutonium nitrate solutions are the output of the
previous steps. Uranium can be subject to further processing to produce either UF; as feed for
isotope separation, or UO,. Federa regulations in the United States require that Pu be converted
to asolid prior to shipping.

Nuclear power reactors are shutdown for refueling roughly once ayear. About onethird (ina
PWR) or afourth (inaBWR) of the fud is removed and, after some rearrangement, is resplaced
by fresh fuel. The spent fudl rods contain most of the 222U and roughly one-third of the 2°U
origindly present, dong with al the fisson products formed during operations (gpart from the
small proportion that may have escaped through cladding defects). The spent fuel aso contains
239py, resuilting from the capture of neutrons by 228U, and smaller amounts of other isotopes of
plutonium and of the transuranic eements neptunium, americium, and curium.

The fuel reprocessing operations are designed to remove the highly radioactive fisson products
and unwanted transuranic e ements, and to separate the plutonium from the uranium.  After
conversion to uranium hexafluoride, the uranium can be re-enriched in *°U in a gaseous-
diffusion (or other type such as centrifuge, laser, etc.) plant to make it suitable for use as fresh
reactor fuel. The plutonium could be used as a partia replacement for 2°U inaLWR, or asthe
fuel in afast breeder reactor [14]. The Pucan aso be used in the fabrication of nuclear wespons.
The uranium from reprocessing, which typically contains adightly higher concentration of 23°U
than occursin nature, can be reused as fue after conversion and enrichment, if necessary. The
plutonium can be made into MOX fud, in which uranium and plutonium oxides are combined.

3.9. Wastes

The radiation waste systems are those used for trestment of the various radioactive liquids and
gases prior to discharge to the environment. The function of these systemsisto reduce the
radioactivity levelsin the plant effluents so they are below the limits specified by regulation.
Appendix C includes the classfication of radioactive waste by current regulatory agenciesin the



U.S. Alsoincduded in this chapter isadescription of the liquid and gas solid waste found in
LWRs.

Radioactive waste from the nuclear fuel cyde indudes waste with large amounts of radioactivity
and waste with lower amounts. In order to manage this waste it isimportant to look at the half-
lives of the radionuclides involved and their activity, aswell asthe physicd sae. Table 3.11
includes examples of radioactive wastes from the nuclear fud cyde and their estimated activity™
[20].

Table 3.11. Examples of wastes from the nuclear fuel cycle

Type of Waste  Principa Radioactivity Level
Cycle Process by its physica Radionudlidesand  (@pproximate)
state contents Bg/ton U [Ci/ton U]
Mining and Gaseous ZI0pg, ?1Bj, 71%Pg, 4x 10°- 4x 10'[107 - 107
Milling 218P0, 222Rn
Liquid and U, “°Ra, “*°Th, 2x 10" - 4x10™[05- 1]
Sdid 210pp
Conversion and Liouid Z8BY, 73Th, *Pa, 4x10°- 4x 10" [107 - 107
Enrichment 226y
Fuel Fabrication Liguid and U, Py, Th 4x10°-4x10"[ 10" - 107
Solid
Reactor Gaseous BN, “Ar, ®Kr, 4x 10™ - 4x 10 [10-100]
Operations 87Kr, 135)(8, 138xe
Liquid and %8Co, ®Co, °Fe, 2x 10 - 4x 107 [ 50 - 100]
Solid ®1Cr, °H
Waste Gaseous ®Kr, ¥Xe, 17, 26x10°[7x 107
Reprocessing 131 3H
Liguid and Fission Products 22 x 10°° [6 x 107
Solid Pu, Am, Cm

3.10. High-level Waste Reprocessing

Table 3.12 lists some of the most significant solid reprocessing high-level-waste nuclides[4].
These are usudly produced from reactors (Spent fue), reprocessing activities, weapon
production, and research activities. High level wastes are reprocessed in the same fashion asthe
reprocessing process described above by solvent extraction. Table 3.13 includes the typica
compodgtion of the liquid HLW from a LWR spent fuel.

1 Some of thewaste i's based on fuel that has been exposed 20,000 MWd/ton of U and others are based on fuel that
has been further cooled for about 120 days.



Table 3.12. Radionuclides found in high level solid radioactive wastes

Radionuclide Radiation Half-live (years)
Fisson Products

Strontium-90 $ 28
Technetium-99 $ 21x10°
Cesium-137 $, ( 30
Transuranics

Plutonium-238 " 89
Plutonium-239 i 24 x 10°
Plutonium-240 " neutrons* 6.6 x 10°
Americium-241 " 460
Americium-243 ' 80x 10°
Curium-244 "' neutrons* 18

* neutrons arise from spontaneous fissions.

Table 3.13. Typical composition of high-level liquid waste from LWR fuel [11]

Waste Amount
(kg/1000 kg fud)
Reprocessing and Corrosion
Hydrogen (free acid) 0.40
Nitrate 65.8
Phosphate 0.9
[ron 11
Nickel 0.1
Chromium 0.2
Fisson Products (total in solution) 28.8
Actinides
Uranium 4.8
Putonium 0.04
Neptunium 0.76
Americium 0.14
Curium 0.04
Total 103

Treating the liquid wastes in various ways has developed severd forms of high level

reprocessing wastes. The most common types of reprocessing are 1) drying and cacination, and
2) vitrification.In drying and cacination, the water is first removed, and the residual solid is heated
to drive off volatile matter, producing calcine. If the high level solid wastes are to be stored in the
calcine form, they must be heated to a temperature of about 900 °C (1650 °F) to cause complete
decomposition of the nitrates. The high-temperature calcine, conssting mainly of oxides, can then
be stored in sedled cylinders without the risk of developing a high internal gas pressure.
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The two most common procedures used for drying and calcinating the concentrated high-leve
liquid reprocessing wastes are pray cacination and fluidized-bed cacination. Figure 3.29
represents spray cacination and vitrification of high leve liquid radioactive wastes.

Figure 3.29. Spray calcination and vitrification of high-level liquid radioactive waste
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In spray cdcinaion, the liquid waste is sprayed through an aomizing nozzle into the tip of a
cylindrical tower that is heated in afurnace. Thewalls of the cylinder are kept at atemperature

of about 700 °C (1290 °F). Asthe spray descends, water is driven off the liquid droplets, and the
resulting solid particles are calcinated. The product is collected in the Sainless-stedl canister at

the bottom of the tower. Some of the powder is carried off with the vapors and gases generated
during the drying and calcination phases.

In the fluidized-bed cacination process, the liquid waste is fed continuoudy into a caciner
containing a bed of small nuclestion particles, which may conss of the solid obtained by drying



thewaste. The bed is heated internally to 500 to 600 °C (930 to 1110 °C) by the combustion of
kerosenein oxygen. A dream of air passing upward through the bed cauises the particles to be
“fluidized” 0 that they flow like aliquid. Contact between the hot particles and the incoming
liquid waste causes drying and calcination to occur. Part of the calcine is deposited on the
fluidized-bed particles, and part isin smaler particulate (or powder) form. Cacinated wastes
can be retained in vented sted bins, and it is not necessary to decompose the nitrates completely
by further heating. However, if the waste is to be stored in the calcine form it will be heeted as
mentioned above to cause the decompaosition of nitrates. Alternatively, the calcine could be
vitrified.

In the vitrification process, a glass forming frit, such as a mixture of borax and slica, is added to
the calcinated waste (see Figure 3.29). The blend is heated to 1000 to 1100 °C (1830 to 2010
°F). Upon cooling, aglass-like (vitrified) borosilicate product is obtained. The canisters are then
sedled for subsequent storage or permanent disposal. Storage at a vitrification plant is shown as
anillugration in Figure 3.30.

Figure 3.30. Vitrification facility storage hall (COGEMA La Hague reprocessing plant,
France)

The cacine (calcinated waste) from the calcination process contains alarger proportion of
fisson products and transuranic eements, and has a smdler totd volume than the vitrified
borosilicate form. Since the solid waste in the molten glassis not easily leachable, the
radioactive materia will be lesslikely to be dissolved in water than the calcinated waste, and
escape to the environment.

Because of its good therma conductivity and low leachability, boroglicate glassisthe preferred
form of solidification in many countries. At high temperatures, however, such as might develop
from radioactive decay heat during storage, or in the event of afire/exploson, the glass may
become devitrified (change to a nontglassy, microcrystaline state). Therefore, it may become
more leachable than the crystdline cacination product.

An dternative to vitrification, in which thereis the potentid ingtability of the product glassesto
heet and radiation, is the conversion of high level wastes into ceramics, somewhat Smilar to
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minerads. These ceramics, formed a high temperatures, are crystdline in nature and expected to
be stable. An example of thiskind of ceramic waste product is caled supercacine, which is
meade by adding severd different dements, including calcium, duminum, cesum, strontium,
molybdenum, zirconium, and rare earths, as oxides, as well as phosphate and silicate, to the
liquid waste prior to calcination. Thiskind of ceramic materia may contain as many as nine
different minerd-like substances and should prove stable under natura conditions over geologic
time with high resstance of ceramic particlesto attack by water or sdt solutions[5].

3.11. Disposal

There are three principles of radioactive waste disposal. These are 1) disperse and dilute, 2)
concentrate and contain, and 3) delay and decay. These are followed throughout the nuclear fuel
cycle and throughout the nuclear indudtry in generd in order minimize the volume of the
radioactive waste and its levels of radioactivity. Moreover, the ALARA (as low as reasonably
achievable) principle influences the development of waste disposd plans.

Disposd of spent fudl, not destined for reprocessing, and the waste from reprocessing can be
placed in repogitories. A number of countries are carrying out sudies to determine the optimum
gpproach to the disposa of spent fud and waste from reprocessing. The most commonly favored
method for digposa being contemplated is placement into deep geologica formations. An
example of arepository or permanent disposa siteis shown in Figure 3.31, apicture of the
proposed radioactive waste disposal site at Y ucca Mountain, Nevada.

Figure 3.31. A picture of the proposed radioactive waste disposal siteat Yucca Mountain,
Nevada

Low-leve radioactive waste is produced by users of radioactive materids, including hospitals,
research |aboratories, universities, manufacturers, and nuclear power plants. Nuclear power
plants produce most of the volume, and most of the radioactivity, of low-leve radioactive waste.



All low-level waste is solid. It congsts of common, everyday items such as protective clothing,
gloves, pladtic laboratory supplies, filters, machine parts, and tools that have come in contact
with radioactive materias. It does not include used fuel from nuclear power plants. The leve of
radioactivity in dmog dl low-level waste decays to background levels within weeks, months or
years. A small percentage of this waste stays radioactive for about 500 years or longer.

Both nuclear power plants and reprocessing plants produce low and medium radioactive waste
that is encapsulated in asphalt or concrete and placed in metal or concrete drums depending on
the levd of activity. The following figures are examples of the disposa of low and medium
radioactive waste. Figure 3.32 isa cutaway of alow and medium level waste burid mound. In
this example amound covering 3,000 n¥ can accommodate 10,000 nT* of waste packages. Its
contents and its location in the mound identify each package. There are three barriers to prevent
release of radioactivity: the waste drums, the concrete pad, and the clay overburden. A rainwater
recovery system can be observed to collect and monitor runoff. Figure 3.33 isapicture of a
dtorage facility of low activity waste and Figure 3.34 is a picture of surface storage radioactive
waste.

Figure 3.32. Cutaway of a low and medium waste burial mound (La Hague, France) [10]
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Figure 3.33. Storage of low activity waste (Asse mine, Ger many)

Figure 3.34. Surface storage of radioactive waste (La Hague, France)
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3.12. Summary of Radiation Sources from the Nuclear Fuel Cycle

The following table summarizes the sources addressed in this chapter throughout the entire fuel

cycle.

Table 3.14. Summary of Radiation Sourcesfrom the Nuclear Fuel Cycle

and gases

Approximate  Precaution
: : . L ongest radioactivit L evel
Process Radionuclides Radiation \ chiee avd in Bq/tgn (Appendix
U [Ci/ton U] A)
“U and its daughters g23lTh, "'$,g ~lE8y Gases E-l
231pg 227Ac, 22/Th, 22°Ra, 21°Rn, ~1E7 [1E-3]
215P0, lepb, leBi, 207-|-|)
Liquidsand
;‘ju a;g4its g%ghtezrésﬁ(““glz, " $g ~1E9y solids E-I
- o Pa, °"U, “"Th, ““°Ra, “““Rn ~1E10[1]
Miring and Milling and its daughters)
“2“Rn and its daughters (“*°Po, "$,g 2Ly E-I
214Pb, 214Bi, 214P0, ZlOPb, ZlOBi,
210P0)
Conversion Same radionuclides as above. " $,9g 1B9y Gases E-l-U
Radioisotopes are found in the ~1E7 [1E-3]
conversion process and in the
low-level waste. Liquidsand
solids
~1E7 [1E-3]
Enrichment Same radionuclides as above. " $9g 1B9y Gases E-I-U
Two main concerns are the ~1E7 [1E-3]
enriched product containing Liquids and
235 and the depleted uranium solids
(mostly 238U) waste ~1E7 [1E-3]
Same radionuclides as abovein a,b,g 1B9y Gases E-
low leve radioactive waste ~1E7 [1E-3]
(liquid and gas waste)
I~ Liquids and
Fuel Fabrication Pu isotopes from the MOX fud a,b,gn 1E9y solids E-1-U
fabrication process, liquid waste ~1E7 [1E-3]




Approximate  Precaution
. : _ L ongest radioactivity Level
Process Radionuclides Radiation halflife  level in Bafton  (Appendix
U [Ci/ton U] A)
Same radionuclides as above a,b,gn 1E9y Gases X-E-1-U
E| 239U 24OU 239N 240N ~1E12 [100]
39Pu 240PU 241PU ZPu 24
24 am, 23z m Liquids and
Fue (core and spent fuel pool) solids
- ~1E12[100)] ————
SameasaboveandmainlyUand a,b,gn 1E9y [100] X-E-1-U
Puisotopes, plusfisson
products and activation products
Fisson products (in fud and reactor effluents)
Gases. °H, ®MKr, ®MKr, %K, b,g 123y X-E-I-T
) 87Kr, 88KI’, 133mXe’ 133Xe’ 135mxe’
Reactor Operations 135y o 138y
Solids *°Rb, *°Sr, *°Sr, Y, %Y, b, g 30y X-E-I-T
9SZI’, 95N b, lOGRU, 129-|-e’ 131m-|-e,
131-|-e, 133-|-e, 131|’ 133|’ 135|’ 134CS,
136CS, 137CS, 138CS, 14088, 140La
144Ce l44|:>r
Neutron activation products (in systems, core X-E-1
components, reactor coolant system)
Gases 13N, 8N, “Ar b,g 2hr X-E|
Solids 5Cr, 5*Mg, Mg, %co, P+ 9 53yr X-El
%0Co, *Fe
Waste / Most of radionuclides with a,b,gn 1E9y Gases X-E-I-T
Reprocessing longer half-lives ~1E14 [1E3]
Liquidsand
solids
~1E17 [1E6]
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Chapter 4. Biomedical Sources

In addition to radiation sources from the nuclear fuel cycle, there are other sources of man-made
radiaion. The most common are sources used in the medical profession, including radiation
from x-rays used for diagnosing or the trestment of patients, radioactive materials administered
to patientsin liquid or gaseous form, and treatments for cancer thergpy. Biomedica sources of
radiation are readily available at hospitals and some laboratories, which could present a hazard if
exposure to individuas occurs or if they are digpersed to the surroundings. Examples of

potential sources are the release of radionuclides from a nuclear medicine department dueto a
fire and the explosion of a source with the terrorist intention of digpersing it to the environment.

Medica facilities and irradiators may use large sources, which are made safe meeting
gopropriate shieding conditions. During hostile conditions such as a battle or an action of
sabotage, shielding of such facilities may be breached and environmenta release or exposure to
personne may be inevitable.

4.1. General Sour ces of Exposure from the Medical Uses of Radiation

Looking at the medical uses of radiation one can identify many sources of possibleradiation
exposure. Radiation exposure can arise in the medical environment from materids
(radionuclides) that spontaneoudly produce radiation, or from devices that produce x-rays, or
radiation such as high-energy eectrons, or from neutrons associated with high-energy photon
beams. Radionuclides used in medicine are found as sealed or unsealed sources.*? One can find
unsealed sourcesin severd locations within ahospitd. These arein the clinica |aboratories for
andyzing blood samples, in the research laboratories for in vitro and animal studies, and in the
nuclear medicine department for both diagnosis and thergpy. Unseded sources of radionuclides
for thergpeutic uses may also be found in the departments of endocrinology or radiation therapy.
Rdatively large doses are used for trestment of various pathologica conditions.

Medica uses of radiation are roughly broken into two areas. diagnosis and therapy. Diagnosis
includes routine x-rays, fluoroscopic examinations, computed tomography exams and exams
performed in nuclear medicine, such asinjections of radioactive materids. Thergpy is primarily
the trestment of cancer. Thergpy includes radiation from radiation producing equipment, such as
linear accelerators, other medical accelerators, radioisotope-generating machines, and radiation
from brachytherapy sources.

4.2. Sour ces from Diagnostic Radiology
Radiationproducing devices produce x-rays by accelerating ectrons through an dectrica

voltage potentid and stopping them at atarget. Many devices that use ahigh voltage and a
source of eectrons produce x-rays as an unwanted byproduct of device operation. These are

12 A sealed source is defined as a source that contains radioactive material bonded or fixed in a capsule or matrix
designed to prevent release and dispersal of the radioactive material under the most severe conditions, which are
likely to be encountered in normal use and handling. The contrary appliesto an unsealed source, which is a source
that is not bonded.



cdled incidentd x-rays (see section 4.2.4). Most x-ray devices emit eectrons from a cathode,
acce erate them with avoltage, and dlow them to hit an anode, which emits x-ray photons.

4.2.1. X-ray Units

X-ray units are designed to produce x-rays when the exposure switch isengaged. As soon asthe
switch is released, or the pre-set exposure timeis reached, x-ray production ends. Unlessthe
equipment is operationa at the moment of possible exposure, these machines present no

potentid harm to soldiers. However, it isimportant to be able to identify this type of equipment
as they can be recognized as possible radiation sources. Figure 4.1 isapicture of an x-ray unitin
abuckey table setting.

Figure4.1. Picture of atypical x-ray unit and buckey table system

Diagnodtic x-ray studies are performed primarily in the radiology departmentsin hospitals.
However, these are aso performed in operating rooms, intensive care units, coronary care units,
specid care nurseries, cardiac catheterization laboratories, emergency departments and even
patient’ s rooms.

4.2.2. Computed Tomography

Computed tomography is a diagnostic procedure in which a cross-sectiond x-ray picture of a
"dice" of the body ismade. For this procedure, the patient lies fill on atable, the x-ray machine
rotates around the patient, and the table is moved horizontaly, thus making it possble to take x-
rays from severa angles. The length of the procedure depends on the areas to be x-rayed.
Sometimes a contrast materid such asiodineisinjected into the patient's vein; as a result, images
produced during the procedure are sharply defined.
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A computer then processes images from these x-rays. Thefind image, caled acompodte
picture, is displayed on a cathode-ray tube (CRT), adevice smilar to atelevison picture tube
and screen. Thisimage can be recorded permanently on film. In addition, a CT scan can be
stored on magnetic tape or disk.

Modern CT scanners use narrow X-ray beams that concentrate directly on the area or organs
under sudy. Therefore, the amount of radiation received during a CT scanisminimized. As
with regular x-ray units, CT scanners do not present a hazard unless they are operationd, the
soldier has no knowledge of its current maneuvering, and no shielding or distance is being
goplied. Figure 4.2 isapicture of aCT unit.

Figure4.2. Pictureof aCT Unit

4.2.3. Fluor oscopy

Fuoroscopy is the branch of diagnostic radiology that combines an x-ray unit and an image
intengfier. Fluoroscopy alows the view on a screen of procedures, such as catheter placement
and other diagnostic procedures, as they are being performed.

The image intengfier is an evacuated glass tube that contains four basic dements:
1.) theinput phosphor or photocathode,

2.) the dectrodatic focusng lens,

3.) an accelerating anode, and

4.) the output phosphor.

The x-ray beam passes through the patient and enters the intengfier tube. A fluorescent screen
absorbs x-ray photons and converts the energy to light photons. The light photons Strike the
photocathode emitting photoelectrons. Because of the potentia difference, the dectrons are
drawn from the cathode to the anode. These electrons are guided by eectrogtatic lenses that
cause them to dtrike the output screen. Light photons are emitted which can then produce an
image that can be observed. The output screen is atached to aviewing system of closed circuit
televisons. Thistelevison/monitor system enables the radiologist to observe the fluoroscopic



procedure [1]. Modern fluoroscopy alows for recording and computerized images. Asinthe
case of plain-film x-rays (common x-ray exams) and CT scanners, fluoroscopy units are not a
radiologica hazard unless they are operationd and the soldier iswithin the beam field of view
(fied irradiated).

4.2.4 Incidental Versus Intentional X-ray Devices

X-ray systems are divided into two broad categories: intentiond and incidentd. Table 4.1
defines the differences between these categories.

Table4.1. Differences between incidental and intentional x-ray devices[2]

Type of x-ray Definition Examples

device

Incidental X-ray device produces x-rays thet are computer monitors, televisions, dectron
not wanted or used as a part of the microscopes, high-valtage electron
designed purpose of the machine. guns, eectron beam welding machines,
Shidding of an incidentd x-ray device electrodtatic separators, and Jennings
should preclude sgnificant exposure. switches

Intentiond X-ray devicethat isdesgned to generate  x-ray diffraction, fluorescence andyss
an x-ray beam for aparticular use. systems, flash x-ray systems, medicd x-
Intentiona x-ray devices are further ray machines, industrid cabinet, and
divided into two subcategories: non-cabinet x-ray units

Andyticd, and indugtrid.

X-ray device related accidents occurred when proper procedures have not been followed during
normal operations. Accidents can be precluded by smply having the devices turned off.>* Inthe
event that these are to be on, the three basic ways to reduce externd doses (minimize time,
maximize disance and shielding) can be gpplied. Lead, concrete, and stedl are effectivein
shidding againg x-rays.

4.3. Sourcesin Nuclear Medicine

Nuclear medicine is the branch of medicine that uses radiation from radioactive materias
introduced in the body. Thisisdonein order to provide information about a person's anatomy
and the functioning of specific organs. The positioning of aradiation source within the body
makes the fundamenta difference between nuclear medicine imaging and other diagnostic
techniques, such as x-rays, CT and fluoroscopy. Nuclear medicine uses radioactive materids, or
radiopharmaceuticas, to diagnose and treat disease.

Tracers are used in nuclear medicine in the form of radiopharmaceuticals, which are attracted to
specific organs, bones, or tissues. When radiopharmaceuticas are introduced into the body, they
produce emissions. A specid type of camera, agammaor PET (positron emission tomography)
camera, or a SPECT (single photon emission computed tomography) camera, is used to

13 Making sure that the device is not on should be the first immediate response to avoid possible exposure.
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transform these emissions into images and data which provide information about the area of the
body being imaged. Gamma imaging provides aview of the position and concentration of the
radioisotope within the body. Organ mafunction can be indicated if the isotopeis either
partidly taken up in the organ (cold spot), or taken up in excess (hot spot). If a series of images
is taken over aperiod of time, an unusud pattern or rate of isotope movement could indicate
madfunction in the organ [3]. The gamma camerais not a source of radiaion itsdf, unlessit is
contaminated with a radiopharmaceutica. However, Since contamination of equipment is
possible and gamma cameras are found in the proximity of radiopharmaceuticals and thelr
generators, apictoria representation isincluded below.

Figure 4.3. Gamma camera with dual head system

FEE TR

Most nuclear medicine tomography is performed with Anger camera systems having one to three
detector heads mounted on a gantry to allow rotation around the patient for 180° to 360° angular
sampling. These sysemstypicdly have an on-line computer and display system and permit the
user to choose the display grid and recongtruction filter. The equipment itself is not a source
unlessit iscontaminated. Figure4.4 isapictoria representation of a SPECT gamma cameraand
it isincluded in order to announce its possible proximity to radionuclides used in nuclear
medicine. Asthe camera rotates about the patient, completing an arc of 180° - 360°, two-
dimensiona images are obtained at each scanning angle. Scan profiles from these projection
images are used asinput for the recongtruction agorithm to compute a tomographic image.
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Figure4.4. Picture of a SPECT gamma camera

Figure4.5isapictoria representation of a SPECT gamma camera (ORBITER), which provides
positioning flexibility for most types of nuclear medicine procedures. Cardiac SPECT
gpplications are commonly done with thistype of camera.

Figure4.5. Pictureof an “ORBITER” SPECT gamma camera

E:

Figure 4.6 is an open system designed for whole body imaging procedures. This system is called
the DIACAM system and it offers unique, energy-independent detector technology and afull
range of collimation for higher image qudlty.

Figure 4.6. Picture of a DIACAM gamma camera

Computer image recongtruction techniques can be categorized as those based on ordinary
gammea-ray emitters, for SPECT systems, and those based on annihilation photons from positron
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emitters, for PET sysems. The fundamenta physica difference between PET and SPECT isthat
PET uses an annihilation coincidence detector (ACD) system in the detection process. ACD is
based on the fact that two 511 keV photons are emitted in opposite directions following the
annihilation of a positron and an ordinary eectron. Two detectors, oriented a 180° to each other
are used to detect these photons. A coincidence circuit records only those pairs of eventsthat are
detected within anarrow timeinterva that is determined by the resolving time of the detectors

and their associated dectronics (typicaly 5-20 nanoseconds). Figure 4.7 is a picture of an actud
PET scanner (ECAT scanner by Siemens).

Figure4.7. A PET scanner unit

4.3.1. The Use of Radioisotopesin Nuclear Medicine

Nuclear techniques are used in every branch of medicine and especidly in diagnoss. These
procedures usudly use isotopes to test the body basic functions. By putting a radioactive isotope
in the body, its path through the body can be tracked by an external monitor. If the radioisotope
mimics a particuar chemical, one can see exactly where that chemical goes, at what rate, and
where it accumulates. For this reason, there are large numbers of specidly developed isotopes
for very specific diagnostic/imaging tasks.

Radioisotopes are aso used in nuclear medicine in cancer treetment. In such treatment, the
radiation is used very selectively to irradiate and kill cancerous cdlls and tumors. An even more
s ective process involves sending-in masked isotopes to lodge in a cancerous cdl to kill it
internally.

Nuclear medicine, just like medicine involving drugs or chemicass, generates some wastes, both
in the process of making radioactive isotopes and in treating patients. That waste is no different
from wastes from any other application of nuclear science and technology and it comesin both
high and low leve radioactive forms. Therefore, a soldier should be aware of the possble
presence of such waste when entering areas linked to nuclear medicine procedures.

There are many choices of radioisotopes for performing human studies in nuclear medicine.

Table 4.2 ligs these isotopes and includes their hdf-life, type of radiation, and gpplication in the
medical fidd, aswell astheir precaution levels (see Appendix A). From thistable **™Tc isthe

most commonly used in nuclear medicine, followed by 29T, 131, 129], 87Gg, 1|n, 123], 133X g, and
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127 e. Fuorine-18 is becoming popular among the radionudlides used in nuclear medicinein the
U.S. and other most commonly used are *’Co, *8Co, ®1Cr and *°Fe. Table4.2 dso includes

radioisotopes used in radiation therapy procedures, qudity control and biomedical research.

Table4.2. List of commonly used radionuclidesin nuclear medicine, radiation therapy and
biomedical research

Nuclide Haf-life Radiation types Application Precaution
level
<Al TAE+SY  $+ g (Mgxrays QC X-E-
“As 52.6 min $+, g (Gex-rays) PET dtudies X-E-
71AS 65.28 hr $+’ g (Ge X- rays) PET dudies X-E-1
“As 17.77d $+, $-,0(Gexrays PET sudies X-E-
“tAm 458y " g(NpL x-rays QC, osteoporosis detection, heart X-E-
imaging
AU 183d g (Pt x-rays) Biomedical research X-E-
BPMAY - 306 J(Aux-rays Biomedical research X-E-|
AU 2.7d $-, g Brachytherapy X-E-|
*°Ba 105y g(Csx-rays) QC X-I
By 1.7 hr $+, g (Se x-rays) PET studies, SPECT, planar imaging X-E-|
Br 16.2 hr $+, g (Se x-rays) PET gtudies X-E-
He 2034mn ¢ g PET studies, pain physiology and X-E-|
pathology, locdization of epileptic focus,
psychiatry and cardiology
e 5730 yr $- Biomedical research, radiolabding for E-I
detection of tumors
“Ca 165 d $- Biomedical research E
*'Ca 4.56d $- Biomedica research E
>°Cf 2.65y " g(CmL xrayg  Rediation therapy, therapy for cervical X-|
cancer, melanoma, brain cancer trestment
>Co 18 hr $+, g (Fe x-rays) PET studies, SPECT, planar imaging X-I
*'Co 270d g QC, tracer to diagnose pernicious anemia X-1
58CO 71.3d $+’ g (Fe X- rays) QC, biomedical research X-1
®9Co 5.26y $-, g QC, therapy, biomedical research, X-E-
derilization of surgica ingrumentation
>er 28d g Red blood cdlls labdling, quantification X-1
of gastrointestinal protein loss,
biomedica research
BCs 30yr $-, g Rediation therapy, calibration studies, X-E-|
QC, blood irradiators
*'Cu 333hr $+, PET studies, SPECT X-1
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Nuclide Haf-life Radiation types Application Precaution
level

*2Cu 9.74min $+, ¢ Cardiac perfusion studies, other cerebrd X-1
Sudies

*Cu 12.80 hr $-, $+ ¢ Genetic diseases affecting copper X-E-|
metabolism (Wilson's & Menke's
diseases), other biomedica studies

°Cu 58.5h $-, 9(Zn xrays Radiation therapy, monoclona antibodies E-l

BF 1.83 hr $+, ¢ PET studies for brain physiology and X-1
pathology, for localizing epileptic focus,
psychiatry and neuropharmacology
sudies

>Fe 82hr $+, ¢ Used in PET studies and whole body X-I
IMagng

>Fe 26y g (Mn x-rays) Metabolic research, heat source X-1

>Fe 45.6d $-, g Ferrokinetic studies of iron metabolism X-E-
(spleen), biomedica research

*'Ga 79.2h g Tumor imaging and localization of X-1
inflammatory lesions (infections)

*Ga 68 min $+, ¢ PET studies, imaging of infection sites, X-1
study of thrombosis and arteriosclerosis

®Ge 275d g (Gax-rays PET imaging, QC in nudear mediicine X-I

°H 12.3yr $- D-T generators, Biomedical research and ET
metabolic sudies

*®Ho 1.2d $-, g (Er x-rays) Radiation therapy (intraarticular radiation X-E-|
SyNOVectry)

0 810 min $+, g(Tex-rays) PET studies X-1

9 3.63min $+, g(Tex-rays) PET studies, brain blood flow studies X-1

22 13.3h $+ g Diagnosis of thyroid function, brain, X-1
kidney and myocardid imaging

= 4.15d g (Tex-rays) PET studies, radiotracer used to create X-I
images of human thyroid

| 60d g (X-rays) Glomerular filtration rate of kidneys, X-1
deep vain thrombosisin the leg,
radioimmuno assays, as an X-ray source
for bone density measurements,
brachytherapy and biomedical research

9 2.12h $+, g (Tex-rays) QC, check of radioactivity countersin X-1
labs

= 8.05d Thyroid functiond imaging, thyroid X-E-1

$.9

therapy, liver function, rend (kidney)
blood flow and urinary tract obstruction
studies, biomedical research
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Nuclide Haf-life Radiation types Application Precaution
level
In 4.9 hr Weak $+,g(Cdx-  PET studies, detection of heart transplant X-I
rays) rgjection, antibody |abeling
n 2.83d g Brain studies, infection and colon transit X-1
studies
Mn o 100min g Nuclear medicine, biomedical research X-1
B2 74.2d $-,0 Brachytherapy X-E-|
2K 12.36 hr $-,0 Exchangesble potassium in coronary X-E-|
blood flow
Kr 1.19 hr g (Br x-ray, (Qw/ Blood flow studies X-1
77mBr)
SImKr 13s g Pulmonary ventilation, lung imaging X-1
BMKr 44hr $-,0 Blood flow studies X-E-|
PMo  67hr $-, g Generation of technetium 99m X-E-
BN 9.9 min $+, ¢ PET studies for brain physiology and X-1
pathology, for localizing epileptic focus,
psychiatry and neuropharmacol ogy
sudies
“Na 2.62y $+, g (Ne x-rays) QC in nudear medicine X-
“Na 14.96 hr $. 9 Electrolyte studies within the body X-E-|
=0 2.05min $+ g PET studies for brain physiology and X-1
pathology, for localizing epileptic focus,
psychiatry and neuropharmacol ogy
studies, SPECT
p 14.3d $- Trestment of polycythemiarubravera E-I
(excessred blood cdls)
p 24.4d $- Molecular biology and generic research, E-I
labeling
lOSPd 17.0 d g (Rh X- rays) Bra:hytha’a)y X-1
226 o f _
Ra 1602y , 0 (Rn x-rays) ZBzra:Zytzrzlgr_lf_sﬁyz,ztglr_%et isotope to make X-
“'Rb 4.7h $+, g (Kr x-rays) Pulmonary ventilation X-1
°Rb 75 sec $+, Myocardid perfusion imaging X-1
"“®Re  889h $-,0 Palliation trestment, biomedical research X-E-
““Rn 3.83d " g Biomedical research I
S 87.9d $- Radiation therapy, biomedical research, E-l
nudei adid labling 3P replacement,
cellular dosmetry
~Se 120.4 d g (Asx-rays) Formation of sdenomethionine to study X-E-|
production of digestive enzymes,

radiotracer used in biomedical research
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Nuclide Haf-life Radiation types Application Precaution
level
2Sm  72.5min $+, g (Pmx-rays) Tracer used in therapy X-
™°Sm  1.9d $-, g Pdlliation trestment X-E-
llSSn 120d g (| N X- rays) Generation of 113m| n X-I1
B3g, PAhr S+, g (Rb X- rays) Tracer used in therapy Xl
gy 64d 0 (Rb x-rays) Bone formation and metabolic studies, X-1
brain scans
g 52d $- Bone trestment, biomedical research E-l
#MTc 6.02h g Most commonly used radionudidein X
nuclear medicing, use in scintigraphy
(imaging of brain, thyroid, lungs, liver,
pleen, kidneys, gal bladder, skeleton,
blood pool, bone marrow, sdivary and
lachrymal glands, heart blood poal,
others.
< 74h g (Hg X-rays) Myocardia perfusion imaging, for X-1
diagnoss and location of myocardid
infarction (heart muscle death)
U 247TES5y ' g(ThL x-rays Used in dental fixture I-U
& daughter
radiations)
“°Xe  20.1hr g (I x-rays PET studies X-1
2ixe 36.4d g Pulmonary ventilation sudies X-1
Xe  53d $-, g Pulmonary ventilation studies, SPECT X-E-|
imaging of brain
®y 14.7 hr $+, (ST x-ray9) PET gtudies X-I
®Yb  318d g(TmL xray, K x-  Cerebrospind fluid studies, X-1
ray) gastrointesting tract diagnods
%°Zn 9.13hr $+, g (Cu x-rays) PET studies, production of *“Cu X-I
*Zn 3847mMin $+ g(Cux-rays PET studies X
Szr 784 hr PET studies X-1

$+, (Y x-rays)

Most of the radioisotopes in the above table are isotopes produced in nuclear reactors or in

atomic particle accderators.
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4.3.1.1. Reactor-produced | sotopes

| sotopes used in medicine can be byproducts of the fission reaction of 3°U. Theseinclude ***Xe,
%Mo, and 1311 and are produced in great quantity in nuclear reactors. The nuclear power industry
consders these waste products, however, once they have been purified adequatdly, they are
perfectly suitable for human use. Many other isotopes, which have commercia vaue, are
produced in the nuclear reactors.

4.3.1.2. Generator/acceler ator-produced | sotopes

Generators are used to produce radioactive isotopes such as °8Ga, 81MKr, 82Rb, %°™Tc, and 13™n.
For medical applications however, the workhorse isotope is %°™Tc. Its supply is dependent on the
production of its "parent," the reactor-produced isotope *Mo. Technetium-99m is desired due to
itsided imaging energy and physicd hdf-life aswell asthe ability to bind to so many

compounds. Accdlerators and generators are covered in more detail in Appendix E.

4.3.1.3. Radioisotope Generators [3]

A generator is a sef-contained system housing a parent/daughter mixture in equilibrium, which

is designed to yield the daughter for some purpose by separating it from the parent. The
principa utility isto produce certain radioisotopes (onSte) which, because of their short half-
lives, cannot be shipped by commercid sources. To be useful, the parent's half-life must be long
compared to the travel time required to transport the generator to the recipient. Commercialy
prepared generators are stevilized, well shielded and largely automated in operation. Generators
and the radioisotopes they use or produce are potential sources of radiation exposure or
contamination. The following table includes some of the common radionuclide generators used
in nuclear medicine,

Table 4.3. Common radionuclide generators used in nuclear medicine

Daughter  Decay Mode  Hdf-life  Parent  Hdf-life

®Ga $+ EC 68 min ®Ge  275days
82Rb $+, EC 13min g 25 days
87mg; IT 28hr 87y 80 hr
99mTe IT 6hr ®Mo 66h
13myn IT 100min  3sn  120days

The most important generator is the “*Mo - **™Tc system because of the widespread use of %°™Tc
for radionuclide imaging. Technetium-99m emits gamma rays (140 keV) that are very favorable
for use with an Anger camera. It has areasonable hdf-life (6 hours), ddivers ardatively low
radiation dose per emitted gamma ray, and can be used to label awide variety of imaging agents.
Figure 4.8 is a schematically representation of a**Mo - %°™Tc generator. The ®°*Mo activity in the
form of molybdate ion, MoOj,, and is bound to an dumina (Al,O3) column. The ®™Tcis
chemicdly different; its activity is not bound by the duming, and is €uted from the column with
5-25 ml of normal sdline solution. Of the available ®°™Tc activity, 75-85 percent istypicaly
extracted in asingle elution. Although the activity of *°™Tc builds up after an dution and



reaches maximum activity in about 24 hours, usable quantities are available in 3-6 hours.
Generators that are commercidly available are serilized, well shielded and largdly automated in
operations. They aretypicaly used for about one week and then discarded because of the natural
decay of the®*Mo [3].

Figure 4.8. Cross-sectional drawing of a *M 0-*°*"Tc generator
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4.3.2. Radiophar maceuticals

Radio- pharmacologica products or radiopharmaceuticals are molecules labeled (marked) with
radioisotopes which, using their emitted radiation, are useful for medical diagnosis and therapy.
Radiopharmaceuticas are radioactive drugs that, when used for the purpose of diagnosis or
therapy, typicaly dicit no physologica response from the patient. The design of these
compounds s based solely upon physiologica function of the target organ. Unlike radiographic
procedures, which depend almogt entirely upon tissue dengty differences, externd imaging of
radiopharmaceuticals is essentialy independent of the density of the target organ.

Thereisaggnificant difference between a radioisotope (a radionuclide whose chemicd formiis
unknown) and a radiopharmaceutical whose chemica form is usudly precisdy known. For
example, 12| is a radioisotope with a characteristic physicd half-life. Referenceto ahiological
helf-life or an effective half-life for 12| is meaningless, since the chemical form is unknown. On
the other hand, Na**| is a compound with known biodistribution and clesrance rates and is
associated with both biologica and effective haf-lives.

Radiopharmaceuticals can be categorized in the following manner: ready-to-use, ingtant kits for

preparation of *°™Tc products, kits requiring hesting, and products requiring significant
manipulation. Examples of each of these categories are listed in Table 4.4.
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Table 4.4. Types of radiophar maceuticals

Pharmaceutica type

Example

Prepared Products

23| capsules

134 hippuran
®’Gacitrate

2017] chloride

133y 0 gas

99MT¢ pertechnetate

Ingtant Tc-99m kits

Disofenin
DTPA

GH

HDP
MDP
mebrofenin
MIAA
MAA
PYP

Tc-99m Kits requiring heating

MAG3
setamibi
aulfur colloid
teboroxime

Products requiring significant manipulation

Cr-RBC's
99Mre RBC's
9mTc WBC's
1n WBCs,
1n Pladets
138xeinsdine
123 MIBG
certain IND's

DMO - dimethyloxazolidinedione

DTPA - diethylenetriaminopentaacetate
EDTA - ethylenediaminetetraacetate

GH - glucoheptonate

HDP - hydroxymethylenediphosphonate
HIDA - hepatobilary iminodiacetate
HIPDM- hydroxyliodobenzylpropanediamine
HAS - human serum dbumin

IMP - iodoamphetamine

IND - invedtigationd new drug
MAA - macroaggregated abumin
MAGS3 - mercaptoacetyltriglycine
MIBG - metaiodobenzylguanidine
MDP - methylenediphosphonate
MIAA - microaggregaied albumin
PYP - pyrophosphate

QNB - quinudidinyl bezilate
RBC - red blood cells

WBC - white blood cdlls
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4.4. Radiation Therapy

Radiation therapy departments offer treatment to patients for cancer or certain benign conditions.
The type of energy of the radiation used depends on the location of the cancer. The most
common types of therapy equipment are cobdt telethergpy equipment and linear accelerators.
The later, when operated above 10 MeV, are cgpable of producing neutronsin addition to high-
energy eectromagnetic radiation.

Linear accelerators produce high-energy x-rays and/or high-energy electron beams. Like x-ray
machines, these units do not produce a beam unless energized; therefore, thereis minima risk of
radiation exposure to the soldiers encountering this type of equipment. However, equipment is
identified in order to emphasizeits letha capakiilitiesin the event they are operationa and not
contralled. Cuitting the power supply will eiminate the continuous production of x-rays.

Rapidly dividing cdls are particularly sensitive to damage by radiation. For this reason, some
cancerous growths can be controlled or diminated by irradiating the area containing the growth.
Thisirradiation can be carried out using an externd beam, for example abeam from a
radioactive cobalt-60 source or from linear accelerators. Other cancers are trested with sealed
radioactive sources placed directly in tissue, in abody cavity, or on body surfaces. Thistype of
treatment is called brachytherapy.

Particle accelerators are used directly in radiation therapy or in the production of radioisotopes
that are to be utilized in making radiopharmaceuticals. Appendix E includes agenerd
introduction to particle acceerators and the possible radiations emanating from them.

4.4.1. Therapeutic Radioisotopes

Contamination with a radioisotope used in radiation thergpy may have higher detrimentd effects
than those used in diagnosis. Thisis because thergpeutic radiopharmaceuticals are designed to
destroy tumor cells and are used in sufficient amounts and concentrations for this purpose.
Consequently accidental exposure/contamination is of concern. Commonly used radioi sotopes
wereincluded in Table 4.2.

For some medicd conditions, it is useful to destroy or wesken mafunctioning cdlsusing
radiation. The radioisotope that generates the radiation can be localized in the required organ in
the sameway it isused for diagnods. That is, through aradioactive e ement following its usud
biologica path, or through the el ement being attached to a suitable biologica compound. In
most cases, it is beta radiation that causes the destruction of the damaged cells. lodine-131 and
2P are examples of two radioisotopes used for therapy. lodine-131 is used to treat the thyroid
for cancers and other abnormal conditions such as hyperthyroidism (over-active thyroid).
Phosphorus-32 is used to control the excess of red blood cells produced in the bone marrow
from a disease called Polycythemia vera [4].



4.4.2. Machines Using Radionuclides

Radionudlides such as %*°Ra, **'Cs, and ®°Co have been used as sources of gammaraysfor
teletherapy’*. These gammarays are emitted from the radionudlides as they undergo radioactive
disintegration. Of al the radionudlides, ®°Co has proved to be the most suitable and most
commonly used for externa beam radiotherapy. The reasons for its choice over radium and
cesum are higher possible specific activity (curies per gram), greater radiation output per curie
and higher average photon energy. Caution must be taken when handling teletherapy units
because sourcesin the units may not be in the shielded position and may be a serious

radiologica hazard.

4.4.2.1. The Cobalt-60 Unit

The ®°Co source, usudly in the form of asolid cylinder, discs, or pallets, is contained inside a
danless-sted cagpsule and seded by welding. This capsuleis placed into another steel capsule,
whichis again seded by welding. The double-welded sedl is necessary to prevent any leskage of
the radioactive materid [5].

Cobalt-60 beta decays to °°Ni with the emission of beta particles (Ema=0.32 MeV) and two
photons per disintegration of energies 1.17 and 1.33 MeV. These gammarays condtitute the
useful treetment beam. The beta particles are absorbed in the cobat metd and the stainless-sted
cgpsules, resulting in the emisson of bremsstrahlung x-rays and a smal amount of characteristic
x-rays. However, these x-rays of average energy around 0.1 MeV do not contribute appreciably
to the dose in the source and the capsule. Other contaminants to the treatment beam are the
lower-energy gammarays produced by the interaction of the primary gamma radiation with the
source itsdlf, the surrounding capsule, the source housing, and the collimator system. The
scattered components of the beam contribute about 10 percent to the total intensity of the beam

[5].

A typicd teletherapy ®°Co sourceis acylinder of diameter ranging from 1.0to 20 cm and is
positioned in the cobdt unit with its circular end facing the patient. The source head houses the
source and it is built of sted filled with lead for shielding purposes and a device for bringing the
source in front of an opening in from which the useful beam emerges. Figure 4.9 isapicture of a
cobalt-60 therapy unit.

14 Teletherapy isageneral term applied to external beam treatmentsin which the source of radiation isat alarge
distance from the patients.
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Figure 4.9. A Cobalt-60 therapy unit

4.4.2.2. Thegamma Knife

The Gamma Knife ddivers asingle, high dose of ionizing radiaion by exactly pinpointing the
target. |t does so by sending beams from 201 cobalt-60 sources through a device known as the
collimator helmet. Each of the 201 radiation sourcesis composed of ®°Co pellets, which are
contained in double stainless sted capsules with welded closures. Only at the point where all

201 beams converge a a single, finely focused point is enough radiation ddivered to trest the
diseased tissue while nearby hedthy tissue is spared [6]. The Gamma Knife has been

successfully applied to various conditions, such as brain tumors, arteriovenous maformations
(AVM)*®, and functiond disorders. Figure 4.10 and 4.11 are pictures of agammaknife unit and
its hemet, which houses the cobalt- 60.

The gammaknife can present aradiologicd hazard if shiding mechanismsfail or if the source
unit is part of an explosion or fire. Deadly consequences are expected if asoldier isexposed in
such a scenario; therefore, it isimportant to keep in mind the possible presence of this type of
equipment.

15 | nformation obtained from http://www.chw.edu/mha/Gamma/What.html
16 Arteriovenous Malformations (AVMs) isthe basic principle behind utilizing radiosurgery for vascular lesionsis?
radiation-induced injury to the walls of these abnormal vessels, causing a slow obliteration.
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Figure 4.10. Picture of a Gamma Knife Unit [6]

Figure 4.11. Close View of a Gamma Knife Helmet
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4.4.3. Heavy Particle Beams

X-rays and electrons are the main radiation used in radiothergpy; however, heavy particle beams
offer specia advantages with regard to dose locdlization and therapeutic gain'’. These particles
include neutrons, protons, deuterons, apha particles, negative pions'®, and heavy ions
accderated to high energies. Their usein radiotherapy is till experimentd; however, one may
find utilities that have acquired these moddlities for clinicd trids, and it isimportant to learn the
risk associated with this type of equipment.

Deuterium-tritium (D-T) generators, cyclotrons, or linear accelerators produce high-energy
neutron beams for radiotherapy. The bombarding particles are either deuterons or protons and
the target materid is usudly beryllium, except inthe D-T generator in which tritium is used as
the target.

Neutrons are indirect ionizing, like x-rays and gammarays, but interact with matter differently.

In the dadtic interactions (billiard bl type collisons), the energy is redistributed after the
collison between the calliding particles. The energy trander is very efficient if the colliding
particles have the same mass, asit isin the case of a colliding neutron with a hydrogen nucleus.
On the other hand, the neutron loses very little energy when colliding with a heavy nucleus.

Thus, the most efficient abosorbers of a neutron beam are the hydrogenous materias such as
paraffin wax or polyethylene. Lead, whichisavery good absorber for x-rays, isapoor shielding
meaterid againgt neutrons.

Dose deposited in tissue from a high-energy neutron beam is predominantly contributed by recoil

protons. Because of the higher hydrogen content, the dose absorbed in fat exposed to a neutron
beam is about 20% higher than in muscle. Nuclear disintegrations produced by neutrons result in
the emission of heavy charged particles, neutrons, and gamma rays and give rise to about 30% of
thetissue dose. Such diverse secondary radiation produced by neutron interactions complicates

neutron dosmetry from clinical beams.

4.4.4. Brachytherapy

Brachytherapy isamethod of treatment in which sealed radioactive sources are used to ddliver
radiation at short distance by interdtitial (temporary or permanent implants), intracavitary or
surface gpplication. Ininterdtitial therapy, the radioactive sources are fabricated in the form of
needles, wires, or seeds, which can beinserted into thetissue. Interdtitia implants can be
temporary or permanent implants. In atemporary implant, the sources are removed after the
desired dose has been ddlivered. Examples are radium needles, iridium (29Ir) wires, or iridium
seeds. In apermanent implant, sources of shorter half -lives are left permanently in the
implanted tissues. Examples are 1%Au and 12°| seeds.

Intracavitary brachytherapy is mostly used for cancers of the uterine cervix, uterine body, and

Y Therapeutic gain refers to having a greater effect on tumor than on normal tissue.

18 The existence of pi mesons was theoretically predicted by Y ukawain 1935, when he postulated that protons and
neutrons in the nucleus are held together by a mutual exchange of pi mesons or “pions’. A pionis273 timesmore
massive than an electron and may have positive or negative charge, or be neutral [5].
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vagina. Applicators are designed to hold the sourcesin afixed configuration. A cervix

gpplicator basically conssts of a centrd tube, caled the tandem, and lateral capsules or “ovoids’.
Spacers separate the ovoids from each other. Figure 4.12 illustrates a Fletcher- Suit gpplicator
set. The tandem and the ovoids are made of stainless sted and then secured to hollow handles to
permit afterloading of the source [5].

Figure 4.12. The Fletcher-suit applicator set

With brachytherapy, a high radiation dose can be ddivered locdly to the tumor with rapid dose
fdl-off in the surrounding normd tissue. In the past, brachytherapy was carried out mostly with
radium and radon sources. Currently, use of artificialy produced radionuclides, such as **"Cs,

1921y, 198 Ay, and 12°I israpidly incressing [7].

Artificid radioisotopes offer pecid advantage in some Situations because of their gammarray
energy, source flexibility, source size, and haf-life. Table 4.5 ligts the most commonly used
sources for brachytherapy with their relevant physical properties.



Table4.5. Most common radionuclides used in brachyther apy

Radionuclide  Half-life Photon Energy HVL Exposurerate constant, *
(MeV) (mm [Rgcm?/mCighr]
Lead)
®Co 526years 1.17,1.33 11.0 13.07"
pd 170days  0.021 avg. 0.008 1.48'
193] 60.2days  0.028 avg. 0.025 1.46"
B'Cs 30.0years  0.662 5.5 3.26
r 742days 0.136-1.06(0.38avg) 25 4.69"
8AU 2.7 days 0.412 25 2.387
“2Rn 383days 0.047-245(0.83avg) 8.0 10.15*
Z®Ra 1600 years 0.047 - 2.45(0.83avg.) 8.0 8.25 * Ricnf/mgghr
In equilibrium with daughter products
T Unfiltered

1 Filtration by 0.5 mm Pt
4.4.4.1. Cobalt-60 Sour ces

Cobalt-60 isrardly used in brachytherapy, but it has been used for this purpose in the past.
Sources of ®°Co are usudly fabricated in the form of awire that is encapsulated in a sheath of
platinum, iridium, or stainless sted. The sources can be used to replace >?°Raiin intracavitary
applications. Curie-sized cobalt sources have been usad in aunit called the Cathetron. Thisisa
remote-loading device and provides high-dose rates for intracavitary therapy.

4.4.4.2. Palladium-103 Sour ces

Pdladium-103 seeds have recently become available for usein brachytherap;a Their clinica
applications are smilar to those of 12°|. Having a shorter hdlf-lifethan 121, *°3Pd may provide a
biologica advantage in permanent implants as the dose is delivered at a much faster rate.
Common °3Pd seed model's consist of |aser-welded titanium tubes that contain two graphite
pdllets plated with 1%3Pd*®.

4.4.4.3. 1odine-125 Sour ces

lodine-125 has gained awide use for permanent implantsin radiotherapy [8]. Common seed
models are designated 6701, 6702 and 6711 and manufactured®® with identical szeand
encapsulation but different active source design. The earlier modd 6701 is now obsolete.

Figure 4.13 shows the most current seed designs. The encapsulation consists of a0.05 mm thick
titanium tube welded at both ends to form acylindrical capsule of dimensons 4.5 x 0.8 mm. The
model 6702 seed contains ion-exchange resin beds, which are impregnated with *2°1 in the form
of theiodineion. The model 6711 seed contains aslver wire with the active materid, slver
iodine (Agl), adsorbed on its surface and can be radiographed to view seed position aswell as

19 An exampleis the model 200, manufactured by Theragenics Corp., Norcross, Georgia.
20 Models 6701, 6702 and 6711 are manufactured by Medical Products Division/3M, New Brighton, Minnesota.
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orientation.

Figure 4.13. lodine-125 seeds M odel 6702 (A) and Model 6711 (B)
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lodine-125 decays exclusively by electron capture to an excited state of °Te, which
spontaneoudy decays to the ground state with the emission of a 35.5 keV photon. Characteristic
x-raysin the range of 27 to 35 keV aso are produced due to the electron capture and interna
converson processes. Titanium encapsulation serves to absorb liberated electrons and x-rays
with energieslessthan 5 keV. Modd 6711 emits two additional photons at 22.1 keV and 25.2
keV energies. These are fluorescent characteristic x-rays produced by the interaction of 2|
photons with the silver wire. The presence of titanium end welds causes the dose distribution
around iodine seeds to be highly anisotropic.

4.4.4.4. Ceslum-137 Sour ces

Cesum-137 is agamma- emitting radioisotope thet is used as aradium subgtitute in both
interdtitial and intracavitary brachytherapy. Cesum-137 is supplied in the form of insoluble
powders or ceramic microspheres, labeled with 3’Cs, and doubly encapsulated in stainless-sted
needles and tubes. These sources require less shielding than the radium sources and are less
hazardous in the microsphere form. These sources can be used for about 7 years without a
replacement, alowing for radioactive decay adjustment in the treatment planning.

Cesium-137 transforms to 2*’Baby $~ decay but 93.5% of the disintegrations are followed by
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gammarays from the 1*’Ba metastable state. The beta particles and low-energy characteristic x-
rays are absorbed by the stainless-sted materid, so that the clinical source is a pure gamma
emitter.

The gammarays from cesum have nearly the same penetrating power as radium gammaraysin
tissue[7]. However, doses at oblique angles are different between cesum and radium sources.
Not only isthe attenuation of gammaraysin sted and platinum quite different, but aso cesum
emits monoenergetic gammarays and radium emits gammarays of awide energy range [9].

4445, Iridium-192 Sources

Iridium-192 sources used in brachytherapy are made of an dloy of 30% Ir and 70% Pt. They are
fabricated in the form of thin flexible wires, which can be cut to the desired lengths. Nylon

ribbons containing iridium seeds 3 mm long and 0.5 mm in diameter, spaced with their center 1
cm gpart, are dso commonly used. Both wires and seed ribbons are suitable for the afterloading
technique. Sources can be used in non-permanent implants, smilar to radium and cesum

because the hdf-life islong compared with the average trestment time.

4.4.4.6. Gold-198 Sour ces

Gold-198 isused in seeds or “grains’ for interditid implants. They are used in the same way as
radon seeds have been used for permanent implants. The betarays of 0.96 MeV maximum
energy are absorbed by the 0.1 mm thick platinum wall surrounding the seed. A gold seed is
typicdly 2.5 mm long with an outer diameter of 0.8 mm. Because of itslower gammaray
energy, personnd protection problems with gold are easier to manage than those of radon.
Moreover, radon seeds continue to exhibit low-level gamma activity for many years due to
bremsgtrahlung, arisng from high-energy beta particles emitted by its long-lived daughter
products.

4.4.4.7. Radium and Radon Sources

Radium isamember of the uranium series. Radium disintegrates with a haf-life of 1600 years
to form radon, the inert gas that in turn disintegrates into its daughter products. The average
energy of the gamma rays from radium in equilibrium with its daughter products and filtered by
0.5 mm of plaiinumis0.83 MeV [10]. Filtration of 0.5 mm platinum is sufficient to absorb dll
the dpha particles and most of the beta particles emitted by radium and its daughter products.
Only gamma rays are used for therapy.

Radiumis placed in asedled container, in which it achieves secular equilibrium with its

daughter. The radium source used in brachythergpy uses mostly radium sulfate or radium
chloride mixed with an inert filler and loaded into cells about 1 cm long and 1 mm in diameter.
These cdlls are made of 0.1- to 0.2 mm thick gold foil and are sealed to prevent leskage. Radium
sources are manufactured as needles or tubes in avariety of lengths and activities. Figure 4.14
illugtrates the three types of radium sources used in interdtitid and intracavitary therapy for
implants. These are needleswith uniform linear activity, needles with higher activity a one end
(Indian club), and needles with high activity at both ends (dumbbel). Uniform linear activities



needles may be “full intengty” (0.66 mg/cm) or “hdf-intengty” (0.33 mg/cm). Needlesdso are
congtructed with linear activities of 0.5 and 0.25 mg/cm. Tubesfor intracavitary and mold
thergpy are usudly furnished in multiples of 5 mg of radium filtered by 1mm platinum.

Leskage of radon gas from a radium source represents a sgnificant hazard if the sourceis
broken. The sources are, however, doubly encapsulated to prevent such an occurrence.
Spontaneous rupture of a sealed radium source due to pressure buildup of heium gas (from dpha
particle disntegration) is consdered unlikely.

Figure4.14. lllustration of different types of radium needles
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Radon gas has been used in brachythergpy by seding it into smdl hollow gold tubes that can be
used ingtead of radium seeds. The gamma activity of radonmay be the same as that of radium
because radon is down the linein the radium’s decay series and therefore, both radium and radon
share daughters. Radon has become less popular because other isotopes are more convenient and
less dangerous[11].
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4.5. Summary of Biomedical Radiation Sour ces

Some of the most important radiation sources that are used in nuclear medicine, radiation
therapy, and biomedica research are illustrated in Table 4.6.

Table 4.6. Summary of biomedical radiation sour ces and most commonly used
radionuclidesin nuclear medicine, radiation therapy and biomedical research

Source Radiations  Half-life Application Precaution
level
X-rays ¢ n/a X-ray equipment, CT, fluoroscopy, linear accelerator (Not a X
hazard, unless functional)
Nuclear All n/a Nuclear medicine diagnostic equipment, such as Gamma X-El
Medicine Cameras
equipment
I sotopic All n/a Generators of radioisotopes to be used in nuclear medicine X-E
generators as radiopharmaceuticals, for example, the **Mo-2°"rc
generator
Therapy Units  ( n/a Radiation therapy units, such as®°Co or *'Cs therapy units. X
Brachytherapy  All n/a Equipment used in the application of brachytherapy X-El
Equipment
AU $-, ( 2.7d Brachytherapy X-E-|
B $+ ( 1.83hr PET studies for brain physiology and pathology, for X-1
localizing epileptic focus, psychiatry and
neuropharmacology studies
*Ga ( 792h Tumor imaging and localization of inflammatory lesions X-1
(infections)
12 $+ ( 133h Diagnosis of thyroid function, brain, kidney and myocardial X-l
imaging
125 ( 60d Glomerular filtration rate of kidneys, deep vain thrombosis X-1
in the leg, radioimmunoassays, as an x-ray source for bone
density measurements, brachytherapy and biomedical
research
= $-, ( 805d Thyroid functional imaging, thyroid therapy, liver function, X-E-|
renal (kidney) blood flow and urinary tract obstruction
studies, biomedical research
i [¢ 283d Brain studies, infection and colon transit studies X-l
Mo $-, ( 67 hr Generation of technetium 99m X-E
p $- 14.3d Treatment of polycythemiarubra vera (excess red blood El
cells)
“°Ra " (Rnxrays) 1602E Brachytherapy, target isotope to make ““’Ac, ““°Th, “*Th X-1
Smre ¢ 6.02h Most commonly used radionuclide in nuclear medicine, used X
in scintigraphy (imaging of brain, thyroid, lungs, liver,
spleen, kidneys, gall bladder, skeleton, blood pool, bone
marrow, salivary and lachrymal glands, heart blood pool,
others.
200 [¢ 74h Myocardial perfusion imaging, for diagnosis and location of X-l
myocardial infarction (heart muscle death)
el $-, ( 74.2d PET studies X-|
2’Xe g 36.4d Pulmonary ventilation studies X-|
133xe $.9 53d Pulmonary ventilation studies, brain SPECT X-E-|
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Chapter 5. Sources of Radiation from Army Commaodities and Foreign M ater iel

This chapter identifies radiologica sources found in Army commodities. The summary tablesin
this chapter include radionuclides found in commodities and their general characterigics. These
tables can be used to quickly identify sources of ionizing radiation and assess their threst.

Table 5.1 indicates dl of the radioactive commodities found in the U.S. Army, aswel as some
foreign sources. Further information on specific items of interest may be found in TB 43-0116,
Identification of Radioactive Itemsin the Army, aswell as AST-1500Z-100-93, Identification
Guide for Radioactive Sourcesin Foreign Materid [1, 2]. The TB indudesitem NSNs, end-item
NSNS, specific isotopes, activity present, and the inventory control point (in most cases, this
number indicates the license holder for that commodity). The document that identifies radiation
sourcesin foreign materid contains the description, location, and specific physica

characteristics of these radioactive sources, in addition to numerous photographs. Section 5.2
summarizes these sources.
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Table 5.1. Army radioactive commaodities, major radiation energies, and main progeny

| sotope Hdf-life  Mgor Radiation E (MeV) Man Hdf-life  Mgor Radiaion E Use of Materid
and (Intengity%o) Progeny (MeV) and (Intensity%o)
°H 12.3y $°,0.0186 *He dable N/A Meter faces, dials, compasses,
watches, collimators, telescopes,
fire control devices, rifle Sghts,
radioluminous devices
e 5730y  $7,0.156 N dable N/A Source
®Co 5258y $7,1.55(0.12),0.314 *Ni dable N/A Wave tube, spark gap, surge arr.,
omni wave, calibration source,
rad calib
SN 92y $°, 0.0659 °Cu sable N/A CAM, expl. Detonator
SKr 10.76y  $,0.67;(, 0.514(0.41) “Rb dable N/A Exciter, spark gap, omni wave,
check source
Pgr 28y $°, 0.546 2y 64.0h $,2.27 Rad calibration source, marker,
det. Unit
Py 64.0h $,2.27 Y7r dable N/A Ice detector (foreign)
13 8.065d  $°,0.806(0.6), 0.606; (, HiXe dable N/A Radiation source
0.364(82)
BiCs 30.2y $°,1.176(7), 0.514 MBa  2.60m (, 0.662(89) Spark igniter, density probe,
cdibration source
>°Ba 10.7y (,0.356(69), 0.080(36), MBa  14.6m  (, 0.107(40) Radiation source
0.302(14)
4'Pm 2.62y $°, 0.224 4'Sm 1E1ly ", 223 Luminous dids, Sghts
Tl 3.8ly $°, 0.766(97.9) %P 1E17y ", 26 Depth gauge
“IPp 22y $°, 0.061(19), 0.015 “10B; 5.01d $,1.16 Arrestor
210gj 5.01d $,1.16 ““Po 1384d  '",5.31 Radliation source
“*Ra 1602y ', 4.60(5), 4.78 “““Rn 3.82d " 5.49 Toggle switches, knobs, meters,
watches, luminous dids, Sghts
“*“Th 1.4E10y ', 3.95(23), 4.011 “*Ra 6.7y $, 0.055 Therma optics, combustor (M1

tank), check source
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| sotope Hdf-life  Mgor Radiation E (MeV) Man Hdf-life  Mgor Radiation E Use of Materid
and (Intensity%o) Progeny (MeV) and (Intengity%o)
“>'Pg 6.75h $7, 1.13(13), 0.53 -y 25E5y ', 4.72(28), 4.77 Radliation source
“SU (D) 7.1E8 ' 4.21(5.7), 458(8), 437 “*Th 25.6h $°, 0.026(2), 0.218(13), DU component
(18), 4.4(57); 0.140(40); (, 0.085(10)
(,0.110(2.5), 0.163(5),
0.205(5), 0.143 (11),
0.302(52), 0.185(54)
=°U (2) 45E9y ', 4.15(25), 4.20 “Th 24.1d $°, 0.103(21), 0.193 Radiation source
DU 6.5E15y ', 4.20 { see below} - - ", andweak x-rayand AP munitions, armor, radiation
beta from daughters shidlds, aircraft counter weights
“Puy 24E4y ", 5.16 (( from U x-ray) - Rad calibration source
ZIAm 458y "' 5.44(13), 5.49; (, “'Np 21E6y ', 4.65(12),4.78; (, density and moisture tester,
0.060(36) 0.030(14), 0.086(14) chem. Detector
Anm/Be Radiation source (neutrons)

* Depleted uranium (DU) isthe materia remaining after the uranium enrichment process is used to produce nuclear fuel and wegpons
grade materid. DU is defined as uranium metal containing less than 0.3% 2*°U, and trace amounts of 2>*U and 23°U, the remainder

being 2%8U. Typica DU used by the DoD is 99.8% 228U, by weight.

Note: All radioactive commoditiesin use by the U.S. Armed Forces are appropriately labeled as such. Caution should be used with
foreign military commodities as they are not dways s0 labded. Foreign military commodities of the same generd types should be
assumed to be radioactive (e.g., self-luminous dids and Sghts).



5.1. Main Sourcesin Army Commodities

This section includes examples of radioactive sources in Army commodities. Specific examples
of °H, ®3Ni, 1¥'Cs, 1*"Pm, #*°Ra, 2*?Th, DU, and **! Amareincluded to illustrate these as the most
common radioactive materids among commodities.

5.1.1 Tritium (°H)

Tritiumis the heaviest isotope of hydrogen and the only one that is radioactive. Section 7.8.3
coversthe principd physica characterigtics of tritium. Tritium and tritium devices used in the
military are identified to illugtrate the potentia for accidents that result in unnecessary exposure
to asoldier.

Tritium thet is used in military applications is contained in a Pyrex glass tube, which has been
lined with a phosphor, as shown in Figure 5.1. The interaction between the phosphor and the
beta particles from tritium gas produces vishble light. The amount of tritium to be used in
manufacturing a source is determined by the size and intengity of the light source. Smdll
amounts of tritium are required for watches, compasses, and other smdl itemsthat are viewed
only afew inches away. Fire control devices used with mortars, howitzers, and tanks use tritium
sources to illuminate them and low light conditions. A single howitzer can have 10 or morefire
control devices, each of which can contain severd tritium light sources. The fire control devices
that contain the mogt tritium are collimators and aiming lights. These items must be visble from
adistance of severd meters. In al cases, the equipment and its carrying case should have
warning labels atached to it [3].

Tritumisalow energy beta emitter that cannot penetrate the intact Pyrex tube. However, if the
tube is broken, the tritium gas will dissipate, and outer surfaces of the device and surfacesin the
near vicinity of the break may become contaminated. Because of the weak beta radiation, the
ordinary Geiger-Mueler counter does not readily measure tritium and it may require wipe testing
to determine the level of contamination.

Figure5.1. Thetritium light source
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In its gaseous Sate, tritium is not absorbed by the skin to any sgnificant degree, asit disspates
quickly into the atmosphere. The hazardous nature of tritium is due to its ability to combine with
other materids. Tritium gas, when combined with water, forms water vapor that is readily
absorbed by the body (tritium oxide), both through inhdation and absorption through the skin.
The radioactive water that enters the body is chemicaly identica to ordinary water and is
distributed throughout the body tissue. In addition, tritium that has plated out on a surface or
combined chemicaly with solid materids may be a contact hazard.

Figure 5.2 includes typica warning plates that are used to label devices and equipment that

contains radioactive materid. Some of these plates are unique to tritium.  Equipment that
contains tritium and their carrying cases should dways have this type of warning labd.

Figure5.2. Typical radioactive material data plates
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Table 5.2 includes alist of devicesthat contain tritium. The following pictures areillustration of these devices.



Table5.2. List of some Army devices containing tritium and corresponding activity [4]

Equipment Device Description AdivityinBq | Activity inCi
M1 Series Tank MRS Muzzle Reference Sensor 3.70E+11 10.0
M1A2 Gunner’ s Quadrant 2.78E+09 0.075
M119A1 Howitzer |M137A1 Panoramic Telescope 1.89E+11 5.1
M187 Telescope Mount & Quadrant 9.81E+10 2.65
M90A2 Straight Telescope 5.92E+10 1.6
M140 Alignment Device 1.11E+11 3.0
M1A1 Collimator 3.70E+11 10.0
M1A2 Gunner's Quadrant 2.78E+09 0.075
M102 Howitzer M113A1 Panoramic Telescope 1.48E+11 4.0
M134A1 Telescope Mount 5.55E+09 0.15
M114A1 Elbow Telescope 2.07E+11 5.6
M14A1 Fire Control Quadrant 7.96E+10 2.15
M140 Alignment Device 1.11E+11 3.0
M1A1l Collimator 3.70E+11 10.0
M1A2 Gunner's Quadrant 2.78E+09 0.075
M198 Howitzer M137 Panoramic Telescope 1.89E+11 51
M171 Telescope Mount 5.55E+09 0.15
M17 Fire Control Quadrant 6.94E+10 1.875
M18 Fire Control Quadrant 7.22E+10 1.95
M139 Alignment Device 1.11E+11 3.0
M1A1l Collimator 3.70E+11 10.0
M1A2 Gunner's Quadrant 2.78E+09 0.075
M110 & M109 M140 Alignment Device 1.11E+11 3.0
Series Sdf- M1A1l Collimator 3.70E+11 10.0
Propelled Howitzer [M1A2 Gunner's Quadrant 2.78E+09 0.075
M224 Mortar M58 & M59  |Aiming Pogt Light 3.33E+11 9.0
M64A1 Sght Unit w/ M9 Elbow Telescope 2.48E+11 6.69
M?224 Range Indicator 1.18E+11 3.2
M1A2 Gunner's Quadrant 2.78E+09 0.075
M252 Mortar M58 & M59 |Aiming Pogt Light 3.33E+11 9.0
M64A1 Sight Unit w/ M9 Elbow Telescope 2.48E+11 6.69
M1A2 Gunner's Quadrant 2.78E+09 0.075
M120 Mortar M58 & M59 |Aiming Pogt Light 3.33E+11 9.0
M67A1 Sight Unit w/ M9 Elbow Telescope 2.14E+11 5.79
M1A2 Gunner's Quadrant 2.78E+09 0.075
M16A1 Rifle Front Sight Post 3.33E+08 0.009
M11 Pistol, 9MM  |Front Sight Post 6.66E+08 0.018
Rear dght Assembly (2 light sources w/ 0.018 Ci 1.33E+09 0.036
each)
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Figure5.3. The M1A1 Collimator (total activity = 10 Ci)

Figure 5.4 shows the infinite collimator found in al M1 series tanks with its respective NSN
numbers. The Muzzle Reference Sensor (MRS) is located on the end of the main gun tube of all
M1 series tanks and has a beam-gplitter assembly, which contains a 10-curie tritium light source.
Thislight source is completely contained within the beam: splitter and poses no externd radiation
threat unlessthe Pyrex vid isbroken. If thereis no gpparent illumination when viewed in
subdued light, the source may be lesking. If the beam-plitter is &till mounted in the MRS, the
entire MRS should be double bagged. To avoid or minimize contamination it is recommended
not to remove the beam- Slitter assembly from the MRS if there is no illumination.



Figure 5.4. TheInfinity Collimator (M uzzle Reference Sensor, MRS) for M1 seriestanks
and beam-splitter (the beam-splitter isthe samefor all three MRS, with total activity of 10

Ci)

The MRS The beam-splitter

Figure5.5. The M58 and M59 Aiming post lights[M 58 containsa 5.0 curie tritium source
(RED) and M 59 containsa 9.0 curietritium source (Green)]

9.0 Ci.

5.0Ci.




Figure5.6. M64A1 Sight Unit w/ M9 Elbow Teescope (total activity = 6.69 Ci)

Reticle
0.8 Ci

Scale
1.2 Ci

Scale Index
0.03 Ci (3 each)

Elbow Telescope @

Reticle

Coarse Azimuth

Scale
1.0Ci
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Fine Azimuth Scale
Scale 1.1Ci

1.0 Ci (2 each)

Scale Indices
0.03 Ci (3 each)

Level Vials
0.05 Ci each

Fine Elevation

Scale
0.7 Ci
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Figure5.8. The M114A1 Elbow Telescope (total activity = 5.6Ci)

Cell Assembly
2.2 Ci (2 each)

Reticle Slide

Assembly
0.6 Ci (2 each)

Figure5.9. The M 137 Panoramic Teescope (total activity = 5.1)

Azimuth Counter
0.45 Ci (2 each)

Deflection
Counter
0.45 Ci (2 each)

Correction
Counter
0.45 Ci (2 each)

A 3 Reticle
0.6 Ci (4 each)
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Figure5.10. The M 137A1 Panoramic Telescope (total activity = 5.1 Ci)

Azimuth Counter
0.45 Ci (2 each)

Reticle Lamps
0.6 Ci (4 each)

Correction Counter
0.45 Ci (2 each)

Deflection Counter
0.45 Ci (2 each)

Figure5.11. The M 138 Elbow T elescope (total activity = 4.4 Ci)

Reticle Assembly
2.2 Ci (2 each)

1

Azimuth Counter
0.5 Ci (2 each)

Reticle Lamps

Reset Counter 0.6 Ci (2 each)

0.5 Ci (2 each)

Gunner’s Aid
Counter
0.4 Ci (2 each)
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Figure5.13. The M 224 Mortar, 60mm, Range Indicator (total activity = 3.23 Ci)

Range Indicator
0.8 Ci (4 each)

Figure 5.14. The M 139/M 140 Alignment Devices (light sour ce contains 3.0 Ci of tritium)®

Reticle Lamp
3.0Ci

gy

21 The alignment device contains alight source, which has 3.0 Ci of tritium. The deviceisusedto align the sights
with the guntube. It isconsidered support equipment for the howitzer and is not mounted except while performing
alignment procedures.



Figure5.15. The M 187 Telescope Mount and Quadrant (total activity = 2.65Ci)

Correction Counter

0.81 Ci (2 each) Elevation Counter

0.45 Ci (2 each)

Level Vial
0.075 Ci (2 each)

Figure5.16. The M 14A1 Fire Control Quadrant (total activity = 2.15 Ci)

Correction Counter
Elevation Counter 0.5 Ci (2 each)

0.5 Ci (2 each)

Level Vial
0.075 Ci (2 each)
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Figure5.17. The M 18 Fire Control Quadrant (total activity = 1.95 Ci)

Level Vial
0.075 Ci (2 each)

Correction Counter
0.45 Ci (2 each)

Elevation Counter
0.45 Ci (2 each)

Level Vial

0.075Ci .
Correction Counter

0.45 Ci (2 each)

Elevation Counter
0.45 Ci (2 each)
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Figure 5.20. The M 134A1 Telescope Mount (total activity = 0.15 Ci)

Level Vial
0.075 Ci (2 each)

Level Vial
0.075 Ci (2 each)

Level Vial
0.075Ci
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Figure5.23. TheM 11 Pistal, 9mm - DARA 12-93-01 (total activity = 0.054)

¢—| 0.018 Ci /—I 0.018 Ci (2 each)

Figure 5.24. The M16A1 Rifle Front Sight Post (total activity = 0.009 Ci)??

!—| 0.009 Ci

%2 Thisisno longer in use. It any isfound it should be removed and turned into the RPO/RSO as LLRW.
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5.1.2. Nickel-63 (°3Ni)

Nickel-63 is a pure beta emitter (*3Ni emits betas onlg/; it does not emit any gammarays) with a
rediologica hdlf-life of 92 years. The betaenergy of ®3Ni istoo low to penetrate the dead layer
of skin. Efforts should be taken to prevent ingestion, inhaation, or absorption through broken
skin. The Chemical Agent Monitor (CAM) uses thisisotope. The ®®Ni is used to ionize air
molecules as they pass through the detector. The drift tube module conssts of 10 millicuries of
®3Ni plated on abrassfail cylinder inside a Teflon housing that isingtaled in alarger duminum
dloy cylinder.

Figure 5.25. The Chemical Agent Monitor (CAM)

5.1.3. Cesium-137 (**'Cs)

Cesium 137 emits a negative beta particle and becomes 3"Ba, which in turn decays by emitting
gammarays of asingle energy (0.662 MeV). The fixed soectrum emission requires less

shidding than other radionuclides and isided for soil dengty determination. The dengity and
moisture tester (Campbell Pacific Model MC-1), which is used by the Army, hasa 10 mCi **’Cs
source located in aprobe tip used to determine the dendity of the soil a a construction site. This
source is double encapsulated in stainless-sted. The betas form 13’Cs are virtualy totally
shielded by the stainless-stedl. The dengty of soil is measured by the techniques of backscatter
or transmisson.

Backscatter refers to the technique of placing the source on the surface of aflat materid. This

technique measures only the top 2 inches of soil and is very sengtive to surface roughness or
quality of Ste preparation.
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Transmisson is the technique of drilling asmdl hole in the ground and then inserting the
radioactive source in the ground via the movable source rod. This permits measurement to
specific depths to 12 inches and is not sendtive to surface roughness. It isvery accurate and is
the preferred method of dengity measurement for soils.

Figure 5.26 illugtrates the functioning of the MC-1 density tester. The detector in the tester
measures the amount of radiation that penetrates the soil. Dense soil will block more of the
radiation than lighter soil. The measurement taken by the detector is displayed eectronicaly as
an indication of the soil density.

Figure 5.26. lllustration of the density and moistur e tester

10 mCi
Radiation 137Cs Source
Detector
O

W
NN

5.1.4. Promethium-147 (**"Pm)

Promethium 147 has a hdf-life of 2.64 years and is a beta particle emitter used in luminous
paints. The only weapon system that uses this eement isthe M 72 series, 66mm, Light Antitank
Weapon (LAW). For 20 yearsthe LAW was manufactured with 4’Pm. Promethium 147 is
located in just two spots that are at the 100 and 150 range markers on the sight?®. Inthe early
80'sthe“E” verson of the LAW changed the sight to an adjustable rifle type there by
diminating the need for 2*’Pm. However, the older models, M72, M72A1, and M72A2 ill
remain in usefor training and in sorage, and therefore are identified in thistechnica guide.
ﬁgures 5.27 to 5.29 illugtrate a LAW, the range markers and the sight post that contains the
Pm.

23The 1*"Pmlocated in the front sight, on 16A1 is obsolete and should be removed and turned in as rad waste to the

RPO/RSO.
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Figure5.27. Light Antitank Weapon (LAW)
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Figure5.29 M16A1 Rifle Front Sight Post (no longer in use)
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5.1.5. Radium-226 (**°*Ra)

Radium-226 is primarily an dpha emitter, but it dso emits some low energy beta and gamma
radiation. Radium-226 was used on the faces and pointers of dias and gauges of instrument
pandsin tactical and combat vehicles. Theseitems are no longer in DoD storage depots and
have not been procured since 1969. Nortradioactive replacements are available in the supply
system for dl of the radioactive items.

According to Department of the Army Radiation Authorization (DARA) A21-12-04 and TB 43-
0216 dl fielded TACOM (Tank-Automotive and Armament Commeand) managed vehicles

containing radioactive dids and gauges will have the ingrument pand labeled “CAUTION
RADIOACTIVE. THE GAUGESIN THISVEHICLE MAY CONTAIN RADIUM-226. REMOVE
RADIOACTIVE GAUGES PRIOR TO EXCESS OR DISPOSAL OF THISVEHICLE IAW AR
385-11, and TM 3-261. REFER TO TB43-0216 FOR ADDITIONAL GUIDANCE.” Gaugesand
dias themselves that contain 2°Ra and are not marked or |abeled in any way that would indicate

that they are radioactive, should be reported immediately.

The easiest way to tell whether an unmarked dia or gauge contains radium or some other radioactive
material isto check with aradiac meter. This meter will easily detect the gamma emissions from
radium but fielded radiac instruments will not be able to detect tritium. When looking at the gauge,

if one seesa “-2" in the part number, it is probably not radium, but if thereisa“-1" in the part
number, it is probably aradium gauge [3].

Radium dials and radium marks on toggle switches may aso be found in some radios, such as
the AN/GRC- 19, the VRC-46 and the GRC- 106.

Figure 5.30. View of dialsand gauges containing >°Ra inside a combat vehicle
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5.1.6. Thorium-232 (**2Th)

Thorium-232 is an dpha emitter naturaly produced radioisotope of thorium.  When thorium is
heeted in air it glows with awhite light. For this reason one of the mgjor uses of thorium has
been the Wel shack lantern mantle used in portable gas lanterns.

Figure 5.31. Sourcefound in radiac ingtrumentation

The AN/VDR-2 radiac st uses a 1 nanocurie 22°Th source. The check sources of the AN/PDR-
54 and the AN/PDR-77 radiac sets contain 0.1 microcuries of 232Th.

Thermd optics have amulti-layer infrared anti-reflective coating that contains 2*2Th as afluoride
compound (thorium tetrafluroride). This hard coating is covered with a protective layer of nor+
radioactive compound, which prevents direct contact with the thorium surface. Care should be
taken in the handling of these optical components to avoid inhaation and/or ingestion of any
particlesinadvertently chipped or scratched. Figure 5.32 is a picture of atherma window that
contains *2Th,

Figure 5.32. Picture of thermal window containing >*Th fluoride

Thermal
Window

112



Naturd thorium oxide evenly dispersed in smple nickd thorium dloy is used in the combustor
liner for the M1 Abrams series tank turbine engine. The >*?This used because the aloy can
withstand a great amount of heat without physical damage. The combustor is a non-repairable
component; the only maintenance function alowed is to replace it with anew one. Combustor
liners separated from vehicle engines must be tagged or labeled with the words
“RADIOACTIVE MATERIAL - TH 232" and otherwise labeled IAW MIL-STD-129. Surveys
of the combustor indicate that the radiation exposure rates are 0.1 mrem/hr on the outside surface
and 0.4 mrem/hr on theindde surface. No regular monitoring of the item in the turbine engine is
required. The thorium-nickd aloy presents no externd radiation hazard when handling and
ingalling the combustor liner. Figure 5.33 illustrates the location and expected dose rates of this
component.

Figure 5.33. Thorium nickd alloy in combustor liner

0.1 mrem/hr outside
0.4 mrem/hr inside

Thorium coated optic are also found in many night vision devices, such asthe ANTAS 4 series.
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5.1.7. Depleted Uranium (DU)

Natura uranium is predominantly 228U by weight, but also contains isotopes 23U and *°U. The
Department of Energy (DOE) runs natura uranium through its enrichment facilities to obtain
uranium with a higher *°U content (enriched uranium). The enriched uranium is put into nuclear
reactors and nuclear wegpons. The waste product of the enrichment processis uranium that has
alower content of 2*°U and it is known as depleted uranium (DU) because it is“depleted” in this
isotope. Table 5.3 is a comparison between the composition of DU and naturd uranium. DU

has alower content of 2*°U than natural uranium and it is less radioactive than natural or

enriched uranium

Table 5.3. Comparison between the uranium composition of DU and natural uranium [4]

Uranium Natural Depleted

| sotope Uranium Uranium
“*U 0.0057% 0.0005%
Sy 0.7204% 0.2500%
<y 09.2739% 09.7495%
Tota 100% 100%

Asidentified in Chapter 2, uranium decays by dpha particle emission. The daughter atoms
formed during decay emit dpha, beta, and gammaradiation. Therefore, the radiation emitted
from DU contains apha, betaand gammaradiation. Because of the long half-lifeof 232U (the
mgor dement of DU), the specific activity isrdatively low. For example, to obtain one curie of
radioactivity from DU, it would require asingle piece weighing 6,615 pounds.

Depleted uranium properties that make it of interest to the military areits high density and
drength, rdative low cost of machining, and availability. Because of its high dengty and
structurad properties, DU is useful for non-nuclear applications. 1t can be gpplied defensively to
protect againgt penetration by projectiles made of |ess dense metals, such as tungsten carbide
subprojectiles, or offensively to defeat armored targets. U.S. current weapons systems that can
fire DU munitions are Abrams tanks, Bradley Fighting Vehicles, Air/Force A-10 aircraft, Marine
Corps Harrier aircraft, and the Navy’ s ship mounted close in weapon system (Phaanx).
Depleted uranium ammunition is not used for training.

The Abrams tank family (M1, IPM1, M1A1,and M1A2) includes an improved hull armor
envelope that contains no DU. However, the newest M1A1 tanks, dubbed "Heavies', have
depleted uranium packets "molded” into the left and right frontal turret armor. Figure 5.34
shows the location of thisarmor. The front dope of the turret has aradioactive sgnature, alittle
lessthan “0.5 mremv/hr”. Tanks with this materid are identified by a"U" at the end of the turret
serid number asillustrated in Figure 5.35. The M1A2 tanks aso contain these DU packetsin
the turret armor package.

114



Figure 5.34. lllugtration of the armor package containing DU

Figure 5.35. Radioactive signatureidentified by a" U" at theend of theturret serial
number

L 15006 U
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Depleted uranium is dso used in authorized ammunitions such as armor piercing projectiles.
The combination of high hardness, strength, and density makes DU dloys wdll suited for this
type of projectile. Figure 5.36 illugtrates this type of ammunitions.

Figure 5.36. Authorized DU ammunitions

The design and material composition of these cartridges represents a departure from previous
generations of armor-piercing ammunitions. These rounds employ kinetic energy subprojectiles
composed of monolithic (staballoy) depleted uranium cores. The design and meterid
configurations warrant specia emphasis during the life cycle of these cartridges. For genera
military gpplications, DU ammunition may only be fired during war emergency. All peecetime
firings are prohibited except on ranges, which are gpproved and licensed by the NRC and/or have
host nation agreement. The following tablesindude alist of DU ammunitions and ther typica
characterigtics.
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Table5.4. List of DU ammunitions

TANK AMMUNITION BRADLEY A-10 HARRIER PHALANX
105mm 120mm 25mm 30mm 25mm 20mm
M774 M827 M919 PGU-14/B PGU-20 MK-149
M833 M829 PGU-14A/B
M900 M829A1 PGU-14B/B

M829A2 PGU-14A/A

Table5.5. Typical characteristicsfor DU tank ammunitions

Color Black w/white markings
Muzzle Velocity 4925 + ft/sec

Round Weight 37.8-40.8Ib.

Length 35.75-395in

Tracer M13

Instead of placing radioactive markings and labels on packages of DU ammunition, the Army
has obtained a Department of Trangportation (DOT) exemption for shipment. ThisDOT
exemption covers dl models of currently fieddded DU munitions. The following sections are
representative of the DU ammunitions from Table 5.4

5.1.7.1. The M 1919, 25mm APFSDS-T ammunition

The 25mm Armor-Piercing, Fin Stabilized Discarding Sabot with tracer (APFSDS-T) M919 has
been designed and developed to replace the currently fielded M 791 cartridge as the service armor
piercing round for the Bradley. The M919 uses a high length/diameter ratio, depleted uranium
penetrator and high energy propelant to achieve improved termina balistic characteristics

Figure 5.37 isan illugtration of the M1919.

Hazard classification testing was conducted in 1988 a Nellis Air Force Base. Environmental
sampling showed no indication that DU oxide had become airborne during the burn test (setting
apdlet of anmo on fire). Essentidly dl of the oxide produced was insoluble when andyzed
usng asmulated lung fluid test. Only 0.1 to 0.2 percent of the oxide was small enough to be
inhaed.

Radiological assessment of the M919 cartridge for externd radiation levels was conducted in
1989. The components of the M919 effectively shielded out the predominant apha and beta
radiaion. The gamma radiation penetrated the projectiles and the shipping containers. The
highest radiation measurement was at the center of the shipping container. Radiation levels a
the surface of asingle shipping container, measured with field use exposure rate insgruments, had
amaximum reading of 0.6 mR/hr. This exceeds the surface exposure rate criteria of 0.5 mR/hr
for shipping DU ammunition as excepted materia. All other criteria are satisfied by the M919

shipping package.
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Figure 5.37. The 25mm, M1919 APFSDS-T
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5.1.7.2. The 30mm, API-T and API

Figure 5.38 represents the 30mm, API-T and API. The current production APl has aboet tal
and a shortened windscreen. The projectiles have an duminum body that holds a DU penetrator
and a hollow auminum windscreen. Upon impact with the target, the windscreen and body are
stripped away dlowing the penetrator to continue through the target. Target friction produces a
large amount of heat providing incendiary effects.

Figure 5.38. The 30mm, API-T and API
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5.1.7.3. The 25mm, AP

The 25mm Armor Fiercing incendiary cartridge, the PGU-20/U is used againgt armored targets,
and it functions with a DU penetrator. This cartridge is only used by the U.S. Navy/U.S. Marine
Corps. The color marking isred and black.

5.1.7.4. The 20mm, AP and DS

The MK 149 is an inert subcaliber saboted round. The projectile consists of a DU penetrator
surrounded by a discarding sabot and an duminum pusher plug assembly. The pusher plug hasa
nylon rotating band swaged into a circumferential groove near its aft end. The assembly (MK
149 cartridge) and the M61A 1 gun (MK 15 Phalanx Weapon System) are equipped with a
linkless ammunition handling system and serves as a cose-in wegpons system (CIWS).

5.1.7.5. The 105mm, APFSDS-T

Figure 5.39 illudrates this type of ammunition. The 205mm kinetic energy rounds consist of
three models, M774, M833, and M900. These are armor-piercing antitank ammunition and are
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intended for use in the 105mm, M68 gun in the M60 tank and are loaded and fired in the norma
manner. The projectileisfin gabilized in flight. In order that only minima spin isimparted to
the projectile when the obturator engages the gun tube rifling, the plastic sedl under the obturator
produces approximately 80% dippage. Target penetration is effected grictly by the high kinetic
energy of the subprojectile impacting the target. The subprojectile consists of amonolithic
gabdloy (depleted uranium) core, which isfitted with a sted tipped duminum windscreen and
an duminum fin assembly. Table 5.6 includes the basic materia composition of the 105 mm
APFSDS-T.

Table 5.6. The basic material composition of the 105 mm APFSDS-T ammunition
components

COMPONENT MATERIAL

Fin Aluminum (anodized)
Windshied Aluminum (anodized) w/ sted tip
Sobot Aluminum (anodized)

Penetrator Staballoy (depleted uranium)
Bourrelet Sted!

Sabot Seal Rubber (Slicon)

Obturator Nylon

Seding Band Polypropylene

Bourrdlet Screws Sted

Figure 5.39. The 105mm, APFSDS-T

L4

2’% O prrrrtsy

5.1.7.6. The 120mm, APFSDS-T

Figure 5.40 illugtrates the 120mm DU armor-piercing fin sabilized discarding sabot-tracer
(APFSDS-T). This120 mm M829 series DU APFSDS-T isthe primary anti-armor 120mm
ammunition for the smooth bore M256 cannon in service with the M1A1 and M1A2 Abrams
tanks. This second-generation kinetic energy projectile is capable of penetrating the frontal dope
of al fielded armor systems and its high technology penetrator and sabot design provides a
munition that is accurate a al combat ranges. Its primary function is the destruction of threet
tanks and armor fighting vehicles. Target penetration is affected Strictly by the high kinetic
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energy of the DU core when it impacts. Like other DU munitions, these are identifiable by their
black color with white markings on the projectile (pointed) end.

M829 series ammunition isloaded and fired in the norma manner. This ammunition will not be
fired over the heads of friendly troops unless adequate cover protects troops, as the discarded
sabot may drike them.

Figure 5.40. The 120 mm, SU APFSDS-T

5.1.7.7. The 155mm, Area Denial Artillery Munitions (ADAM) and the Mine,
Antipersonnel, M 86 Pursuit Deterrent Munitions (PDM)

The Area Denid Artillery Munitions (ADAM) is used for rgpid, remote emplacement of point or
tacticad minefieds usad to redtrict personnel movement. ADAM is awedge shaped mine that fits
efficiently into a 155mm projectile. When the projectile reaches the target area, 36 mines are
expelled and shortly after impact with the ground they rdease trip lines and arm themsdves. If
not triggered by one of thetrip lines or if the battery reaches alevd that impairs their proper
functioning, the mineswill detonate at a predesignated self-destruct interval. When the mine
detonates, a smdl charge propels the kill mechanism upward and then the kill mechanism
detonates to optimize its effect againgt personnel. The ADAM and PDM are not of the kinetic
energy “penetrator” type design. These munitions contain an extremely smal amount of DU and
are not categorized as“ DU ammunition”. It isidentified as a munition containing radioactive
meaterid (DU).

The resin that forms the body of the ADAM mine wedge contains asmal amount of DU in the
“hardener” portion of theresin. The DU isless than 0.15% (0.024 oz) of thetotd resnand is
present only as achemicd agent that dlowsthe resin to cure at less then 160°F in less then 12
hours. These cure characterigtics are required to efficiently produce the mine and to protect the
€lectronic components during manufacture.

The M86 PDM is a hand-emplaced anti- personnel mine used by ground forcesto rapidly
emplace short-term minefields. It is activated like a hand grenade and is configured and
functions Smilar to the ADAM mine.



5.1.8. Americium-241 (***Am)

Americium-241 does not occur in nature, It is a daughter product of the decay process of 2**Pu
and has ahdf-life of 458 years. Americium-241 is primarily an dphaand gamma emitter (the
gammaradiation energy for thisisotope isvery low). Externa exposure is not a concern unless
large amounts of 2**Am are stored in one area and a solider isin close contact with the material
for most of the workday.

The high-energy apha emisson can present an internd radiation hazard if it isingested.
Ameidum-241 is chemicaly andogous to cacium and can replace cacium in the body,
especidly in bone materia. For thisreason it is often referred to as a“bone seeker”. Once
incorporated in the bone, the bone and surrounding tissue are constantly irradiated, which may
potentidly result in leukemia and maignancies.

Since >*1Am primarily emits apha radiation, apha detection equipment must be used to
accurately assess contamination levels. Persond gammadosmetry is not usudly required unless
aperson isin close contact with the materid throughout most of the day.

5.1.8.1. The M43A1 Chemical Agent Detector
Americdium-241 is used as a sedled source in the M43A 1 Chemica Agent Detector thet isa

component of the M8A1 darm. A cdl modulein the M43A1 contains a radioactive source of
250 uCi of ***Am Figure 5.41 illustrates the M43A1 Chemica Agent Detector.

Figure5.41. The M43A1 Chemical Agent Detector
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The M43A1 Detector operates on the principle of molecular ion clugtering. An ar sampleis
drawn over the radiation source that causes clustering of molecules with water and air. The air
sampleis drawn through a sensor cdll that is geometrically configured to alow passage only to
clusters below a certain mass. The nerve agents cluster very rapidly, whereas atmospheric agents
do not. The molecules areimpacted on a collector and an eectrical sgnd is obtained when
nerve agents are present.

Figure 5.42 illustrates the components of the 2**Am source, which is located in the cell module of

the detector. It consists of afoil disc made of 250 pCi of 2**Am oxidein agold matrix contained
between a gold-pdladium dloy face and aslver backing. The disc is affixed onto a metd screen

that is secured by aretaining ring within the sensng housing. This source is consdered a

“gpecid form”?* source.

The 2*1Am source has passed rigorous environmental and accident situations without damage or
leskage and is expected to remain intact throughout its life cycle. Small amounts of radioactive
contamination have been detected in some M43A1 Chemica Agent Detectors. Congtant
bombardment from the apha particles emitted by the 2**Am has caused the gold- palladium cover
in some of the detector modules to deteriorate. This deterioration isin the form of smdl cracks
smilar to “heat checking”. In the most severe cases these cracks may penetrate the cover
alowing moigture from the air to contact the americium oxide causing it to plate out onto the

outer surface of the cover. Continued use of the device will cause this contamination to migrate
through the air path. The contamination isin the form of a powder found in the plagtic tubing
between the pump module and the cell module.

Figure 5.42. Americium-241 sour ce in the M43A1 Chemical Agent Detector

Gold-Palladium
O &
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<>‘\ Silver Backing

24 Special form isaterm used in the packaging and transportation of radioactive materials for limiting activity. For
example, atype A package (package that must be designed and tested to resist normal transport conditions without
leakage) has avalue A | associated with it that represents the maximum amount of special form (encapsulated or
massive solid metal) material allowed in thistype of package.
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5.1.8.2. The Density and Moisture Tester MC-1

Figure 5.43 includes a picture of adendty and moisture tester MC-1. Thistester contains a
50mCi 2**Am and beryllium (Be) source, located within the base of the tester. Neutronemission
occurs when an apha particle emitter from 2**Am is mixed with the Be in the tightly compressed
pellet. The dpha particles strike the Be atloms to produce “fast” neutrons with an average energy
of 5MeV.

Figure 5.43. The density and moisturetester (Campbell Pacific Modd M C-1)

Typica neutron detectors “see” (detect) only dow or “therma” (of lower energies)
neutrons. Therefore, the fast neutrons (of higher energies) must dow down or are
ignored by the detector. Neutrons dow down by colliding with other atomic particles.
Collisgon of fast neutrons with the nucle of large atoms results in rebounding of the
neutrons with little loss of energy. Collison with the orbiting eectrons (gpproximatey
11840 the weight of aneutron) produces little loss of energy.

A smple andogy would be that of abilliard ball calliding with abowling bdl. The
billiard bal would bounce off with little change in energy; however, the direction of the
billiard bal would probably change dragticdly. When abilliard ball goes crashing
through abunch of BBs, the BBs will fly off in al directions but the billiard bal would
continue in much the same direction with nearly al of its origind energy.
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The only atom which can markedly dow down afast neutron, and which would likely be found
in soil, is hydrogen. The hydrogen atom consists of one proton (about the same massasa
neutron) and one eectron. When the fast neutron collides with a hydrogen atom it is much the
same as when abilliard bl hits another billiard bal. One dows down alat, the other Sarts
moving (or Speeds up), and they both change direction. The only form of hydrogen normally
found in atypica condruction steiswater (H,O). So if one“pumpsin” fast neutrons and
“reads’ the amount of dow onesthat result, the amount of moisture in the soil can be
determined. Thisisillugtrated in Figure 5.44.

Figure5.44. lllustration of the functioning of the density and moisture tester MC-1
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5.2. Radiation Safety Information Pertaining to Commodities

Table 5.7 ligs the isotopes with informeation as to their maximum activity in ANY commodity
(actud activity in any specific item istypicaly somewhat less), physicd form of the commodity,
exposure hazard information, and methods of detection that may be used to detect the presence
of the specific isotope externdly.

Generdly, military radioactive commodities are of severa different types. The most
predominant use of radioactive isotopesin the military isto provide illumination in low light
situations for weapons sights, dia faces and switch locations. This materid istypicaly *H,
22°Ra, or 1*’Pm  Another common useisin thermd optics (**2Th). Furthermore, personnel will
be familiar with the sources found in the M-8 Chemica Alarm (***Am) and the Chemica Agent
Monitor-CAM (®3Ni).

SAf-luminous dials and devices, such as weapons sights, are often radioactive sources. These
sources typically contain 3H, *’Pm, or *°Ra in varying amounts. An ampoule of tritium gas, the
inner surface coated with a zinc sulfide scintillator, is used to back light the instrument.
Promethium-147 and *°Raare used in luminous paints and applied directly to the surfaces of the
dids, switches and indicators. The primary hazard from these isotopes is created by a damaged
gauge, such that the ampoule is broken and the radioactive gas escapes, or the solid materia
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flakes off. Radium-226 can also be a source of externa exposure and 22?Rn gas can escape from
the instrument. These problems can cause area or personnel contamination as well as personne
inhaation or ingestion exposures.

The low energy betaradiation from the tritium is an interna hazard only. For example, the
isotope must get insde your body to cause damage. Tritium is best detected using surface
swipes and liquid scintillation detection for contamination. Another method for detecting tritium
contamination isto take avoid urine bioassay sample from suspected personnd a least 4 hours
post-exposure. Promethium-147 and 2?°Ra are bound in a solid matrix and painted on the dial or
gauge. Thereislittle hazard from **’Pmin thisform, unless the paint flakes off and is
subsequently ingested. Radium-226 is a hazard through its progeny. It decaysinto 2%?Rn, a
noble gas, which can lesk or be released in much the same way astritium. The short lived
progeny further down the decay chain can be deposited in the lung and cause subgtantia internd
exposure through aphadecay. The externd hazard from thisisotopeisminimal. Ingestion of
the paint flakes directly will cause bone damage over time,

Some commodities found in the military will only be found as cdibration or check sources such
as14C, 131, 133Bg, 219Bi, 234Pa, 228U, 9Py, and the Am/Be sources. As such, they are normally
found as sealed sources associated with radiation detection instrumentation or in acalibration

lab, and would take some serious effort to release to the environment. Sedled sources represent
an externd exposure hazard only (unless the source integrity is compromised). Thisis not to say
they are not dangerous, because they can be. None of the sealed sources will present a hedlth
hazard as an dpha source (remember, a sheet of paper or the dead layer of the skin will block
dphas). Some of the nuclides mentioned above are beta emitters (**C, 2°Bi, 2*Pa), and while
sedled beta sources will not present a serious hedlth threet, they should be considered (skinisthe
target organ). One other item that should be considered with respect to sealed source beta
emittersis that they are often associated with lower energy gammas due to bremsstrahlung, or
"braking” radiation, given off asaresult of the beta particles passng through the cladding

materid. The other sources are gamma emitters, with the exception of the AnvBe source, which
produces neutrons. The gamma emitters will expose the whole body externdly, as will the
neutron source. The sedled sources will be detected (dose-rate) in most cases using the
AN/PDR-77 with the betalgamma probe, which is equivaent to the VDR-2. The neutron source
isunique, in that it requires specid ingrumentation (Bonner sphere) to measure dose rate
accurately, but can usudly be detected using the betalgamma probe on one of the
aforementioned instruments.

Other isotopes that will be found in calibration sources, aswdl as in other commodities, are
®0Co, BK, Psr, 13'Cs, #1%Pb, 2°Ra, and 2*2Th. The same considerations discussed above will hold
true with these sources as well, depending on the form of the radiation (alpha, beta, or gamma).

Some indugtrial and medica sources may be in the form of an irradiator, and will only be used
with many safeguards to attempt to eiminate the possibility of accidental exposure. The sources
aretypicaly very dangerous, and can cause serious bodily injury or degth in a matter of minutes
if exposure occurs. If these sources are activated or unshielded, detection will be immediate, due
to the strength of the sources. In the United States there are gtrict requirements for posting
visible sgns and indicators, as well as numerous other safety precautions, in areas that these
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instruments are used. These requirements may be different, or totally absent in other countries.
The guiding principles should be caution and thoroughness to clear and/or identify any suspected
sources of radiation.

Table5.7. Radiation safety information pertaining to commodities[1, 2, 5-7]

Isotope  Max. Activity -Bq (Ci)* Exposure Hazard (critical organ)* Methods of Detection

(externd)®

*H(T) 1.5E13 (400) ext. (skin), int. (w. body) S(LS),BG (SP)
4¢c 3.7E4 (50.3E-6) externd (skin) S(LS), BG (SP)
®0Co 4.0E13 (1081) ext., int. (w. body) BG, S

N 7.4E8 (20E-3) internal (bone) BG (SP)

8Kr 1.85E8 (5E-3) ext. (w. body) int (lung) BG

g 6.66E9 (0.18) ext. (skin), int. (bone) BG, S

Dy 9.25E5 (25E-6) ext. (skin), int. (bone) BG, S

134 3.7E4 (1.0E-6) externa (skin, w. body) BG, S

137Cs  4.81F12 (130) ext., int. (w. body) BG, S

1333 3.7E4 (1.0E-6) externd (whole body) BG, S

4pm  1.79E8 (4.8E-3) int. (bone) BG, S

2047 5.92E7 (0.16) internal BG

20py  2.22E4 (0.6E-6) internal (kidney) BG, S

210p; 3.7E4 (1.0E-6) externd (skin) BG

22Ra  5.55E9 (0.15) interna (bone) A,BG, S
22Th  4.3E6 (0.11E-3) internal (bone) A,BG, S
234pg  3.7E4 (1.0E-6) externd (skin) BG

235y @) a5 comp of DU int. (kidney) A, BG

238y 4 84E5 (22.7E-6) int. (kidney) A, BG

DU®  6.66E11 (18) int. (kidney) A, BG

2py  1.9E6 (50.3E-6) internal (bone) A, BG (SP)
2lAm  1.85E9 (0.05) ext. (w. body), int. (bone) A,BG (SP), S
Am/Be  15E11 (4.0) externa (whole body) Bonner sphere®
Notes:

! Max Adtivity isthe largest activity of the given isotope found in any military commodity in the
references given.
2 Exposure hazard is given for internal and external exposure, aphas are not dangerous if

exposed externdly, internd target organs are listed for the various isotopes.

3 Methods of Detection are given for the listed isotopes for external contamination (A- Alpha
counting techniques, BG- Beta/lgamma detection, S- Smears, BG (SP)- Betalgamma, specid
instrumentation required due to the low energies of the radiations, S (LS)- Liquid scintillation

counting techniques)

* Primarily found as component of DU.

® Depleted uranium (DU) is the materiad remaining after the uranium enrichment processis used

to produce nuclear fuel and weapons grade materia. DU is defined as uranium metal containing
less than 0.3% 23°U, and trace amounts of 22*U and 2*°U, the remainder being 2*8U. Typicad DU
used by the DoD is 99.8% 28U, by weight.
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® The Bonner sphereiis not the only method of detecting neutrons, but is one of the most
common.

5.3. Radioactive Sourcesin Foreign Materiel

Radioactive sources in foreign materid have been identified in AST-1500Z-100-93 [2] and
summarized in Table 5.8. Likein U.S. Army commodities, some foreign materid contains
radioactive sources. Although these sources do not present a hazard to personnel working close
to them, it isimportant to be aware of their presence, asthey could be hazardous if damaged or
tampered with.

Various instruments and detectors, such as chemica detectors, icing monitors, and smoke
detectors use apha sources. The most common of these sources are >**Am, 22°Ra, and 2°Pu.
These sources primary hazard is the potentia for interna radiation exposure due to
contamination from their rupture, as they can be ingested or inhaled.

Gauges, nuclear batteries, gatic diminators, luminous dials and other devices use beta sources.
The most common beta sources used are °H, *°Sr, and 14’Pm. The primary hazards associated
with these sources are skin contamination and internal exposure if ingested or inhaled.

Some foreign radiological test and measurement equipment use gamma sources. The most
common gamma sources used in foreign materid are °°Co, **”Cs, and ?°Ra. The amount of
shidding required from these types of sources depends on their strength and the energy of the
gamma rays produced during radioactive decay. These sources represent an external and internal
radiation hazard.
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Table5.8. Sourcesin foreign materid [2]

Materiel Origin Radioactive Item Source  Typeof Maximum
Radiation  Activity
NSB-3 Mortar Yugodavia NT-M70 Sighting Point °H b 74 GBq
Sght Kit (2Ci)
NSB-3 Sighting Device *
PAB-2 Sight, Former Soviet PAB-2 Sight, Sighting “°Ra and ( * (smdl)
Sghting Point and Union Point
Case
PRKHR Chemicd  Former Soviet Upper portion of detector ~ “*Pu ** and ( 04-06MBq
Agent Detector Union (115161
Czechodovakia {o)}
Hungary
RWA 72K Former Soviet Case holding RWA 72M “'Cs bandg 02 MBq
RaediationWaning ~ Union has a source in one of the (59t
and Detection Kit straps
GVJ-1 Chemicd Hungary Detector sources (2) “TAm " and ( 451 MBq
Agent Detector (122 :Ci) *
RAM 63 Radiation  Democratic Check sourcesin RAM “*Pu  "and(  0.037MBq
Detection Republic of 63/2 Probe, and RAM (1:G)
Instrument Germany 63/3 Probe ®Co bandg 0.2 MBq (5:Ci)
“'Cs bandg 0.2 MBq (5:Ci)
NSB-4B Mortar Yugodavia 2 lighted vids (sources) in °H b 31.5GBq
Sght Sysem the NSB-4B Sight Device, (850 mCi)
plus 2 replacement vids
Light source from TS-3 92.5 GBq
sght points (2 set each) (250C)
TS-2 tritium light
RIO-3lce Former Soviet Source in ice detector RTINS 0.9 MBq
Detection Sysem  Union probe Dy (25 nCi)
Didsad Switches  Former Soviet Various, eg., Compass °H b Varies
Union inside T55 tank, switch ?°Ra " and ( (~ smdl)
box and instrument panel “Pm  pandg
on YW531 Armored
Personnel Carrier
Didsand Switches  China Vaious, eg., Did from °H o} Varies
S60 Antiarcraft gun in 2°Ra " and ( (~ smdl)
Chinese T-57 “Pm  pandg
Tips of switch bank from

Chinese T69ll tank

* Actud amount or source strength is unknown.
T Thisactivity corresponds to about 185 to 260 g of >*°Pu
t Source activity in 1985
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5.4. Summary of Identified Sourcesin Army Commaoditiesand Foreign M ater il

The following table summarizes the radiation sources from Army commodities and from foreign
materid that have been identified in Chapter 5.

Table 5.9. Summary of radiation sourcesin Army commoditiesand foreign materiel

Isotope  Radiations Half-life Precaution level(s)
°H $ 123y E-T
“C $ 5730y E-l
*Co $; ( 5.258y X
®Ni $ 2y E-I
SKr $; ( 10.76 y X-E-|
Pgr $ (°Y radiation) 28y X-E-|
2y $5( 64.0 h X-E-|
B $7 ( 8.065d X-E-
ICs $; ( 30.2y X
%°Ba ( 10.7y X
“Pm $ (**'Smradiation) 2.62y E-I
2087 $°; ( C“Pb radiation) 381y X-E-|
“Pp "8 ( 22y X-E-1
“UB; "% ( 5.01d X-E-|
“*Ra " ( 1602 y X-1
“Th ": (RaL x-rays) 1.4E10y X-1
“Pa_ $; ((**U radiation) 6.75h X-E
BV " ( 7.1E8y X-1-U
-y ": (ThL x-rays) 45E9y X-1-U
DU " ( 6.5E15y I-U
Py " $; ( 2.4E4y X-E-
“HAm i ( 458 y X-E-|
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Chapter 6. Sourcesfrom Industrial Practicesand Transportation of Radioactive M aterial

Deployed soldiers can be exposed to radiation from industrial processes and from the
trangportation of radioactive sources. These types of radioactive materias can befoundin
agriculturd, scientific research, manufacturing, and educationd facilities. Exposure from these
sources may not be common but accidenta exposures involving these sources can result in
SErious consequences.

6.1. Man-made Radiation Sources from Industrial Practices

In generd, the public is exposed to low levels of radiation from routine indugtria practices and
the trangportation of radioactive materids. Industry and science comprise a very broad range of
activities, from high technology activities to heavy manufacturing. The use of radiation (RAD)
and radioactive materiads (RAM) can be found in many sectors of indusiry and science. The
specific radionuclides and radiation sources found in industry and scientific endeavors are dmost
boundless. For example, one should be aware that radiation sources include x-ray machines and
particle accelerators. X-ray machines produce no radiation when they are turned off; however,
particle accelerators can il present hazards even when not powered.

Because of the physics of accderaors, there may till be current flow when the machineis not
energized (dark current), there may be areverse flow of charged particles (back streaming) that
can produce x-rays, and there may be activation of surrounding materias from neutron
production. Most accelerators have safety systems that address these exposure potentias. Just
because an accelerator is not operating, does not mean that there is no potentid for radiation
exposure. Appendix E summarizes common types of accelerators that have been identified as
potentia sources of radiation exposure.

Any manufacturing process produces waste and byproducts, and those processes using
radioactive materias are no exception. Radioactive wastes are disposed of in different ways,
depending on their classification. Waste and byproducts include spent fuel from nuclear reactors
to dightly contaminated gloves from routine operations. Appendix C includesaligt of the
categories of radioactive wastes and byproducts. These categories not only apply to the fuel
cycle but to the manufacturing process that uses radionuclidesin industrid practices.

Personnel must dways be aware of their surroundings and be dert to the possibility of danger
from the exposure to identified radioactive sources. Under normd operating conditions, most
indugtrid and scientific sources of radiation present minima exposure potentias when used

safely. Examples of indudtrid radiation sources can be found in the pictures that areincluded in
Figures 6.1 t0 6.4. Regarding the production of x-rays, this type of equipment does not represent
an immediate hazard. However, associated activation products and defective equipment are of
concern. Devices like x-ray diffraction machines are dso of concern because they emit intense
beams of radiation.

131



Figure 6.1. Low energy Electron microscope
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Figure 6.4. Ranger Scientific M ~ ssbauer Spectrometer®®

6.2. The Use of Radioisotopesin Industry

Modern industry uses radioisotopes in avariety of ways to improve productivity and, in some
casesto gain information that cannot be obtained in any other way. Selected radioactive sources
are used in indudtrid radiography, gauging gpplications and minerd analyss. Short-lived
radionuclides are used in flow tracing and mixing messurements. Gamma Serilization is used

for medica supplies, some bulk commodities and increasingly for food preservation and
Serilization.

Table 6.1 encompasses the most common radioisotopes used in industry that can be identified as
possible sources of exposure or contamination, the corresponding half-lives, type of radiation,
usage and specific precaution levels. The following sections discuss examples of the usage of
radioisotopes in industry

25 The M ~sshauer spectrometer uses a radioactive °'Co source to generate gamma rays that are absorbed by °’Fe (a
stable isotope of iron) in asample [1].



Table6.1. Most commonly used radioisotopesin industry

Radionuclide Haf-life Radiation Usage { Specific precaution level (S)}

Naturaly occurring radioisotopes

°H 123y $ Measurement of “young” groundwater (up
to 30 years)
Triated water is used as atracer to study
sewage and liquid wastes. { E- T}

Yc 5730y $ Measurement of the age of water (up to
50,000 years). { E-1}

*a 3.1E5y $, ( Measurement of sources of chloride and the
age of water (up to 2 million years). { X-E-1}

““Po 223y "%, ( Dating layers of sand and soil up to 80 years.
{X-E-1}

Artificialy produced radioisotopes

e 83.9d $, ( Together with ®°Co, **""Ag, **°La, and
19%8AL, is used in blast furnaces to determine
resident time and to quantify yiddsto
measure the furnace performance. { X-E-1}

>ICr 27.8d ( Together with "“°Au and “Ir is used to label
sand to study coastal erosion. { X}

AMn 312.5d ( Together with ®>Zn is used to predict the behavior of
heavy metal componentsin effluents for mining waste
water. { X}

°'Co 270d Together with >"Fe (stable isotope) is used in
M ~ ssbauer analysis. { X}

®0Co 5.3y $, ( Gamma Serilization, industrid radiography
and food irradiators. Also used for blast
furnaces to determine resident time and to
quantify yieds to measure the furnace
performance. { X}

®7Zn 243.9d $%,( Together with>*Mn is used to predict the behavior of
heavy metal componentsin effluents for mining waste
water. { X)

%“Br 36.34h $, ( Hydrologicd tracing. { X-E-1}

SKr 1076y $, ( Reservoir enginegring. { X-E-1}

Psr 28y $, ( Radliation gauges, automatic weighing
equipment. { X-E-1}

FmTC 6.0 hr ( Together with ***Auis used to sewage and
liquid waste movements. { X}

HOMAg 253 d $, ( Together with *°Sc, ®°Co, **°La, and "°Auis

used in blast furnaces to determine resident
time and to quantify yields to measure the
furnace performance. { X-E-1}
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Radionuclide Hdf-life Radiation Usage { Specific precaution level (S)}

ICs 30y $, ( Industrid radiography, radiation gauges,
automatic weighing equipment, food
irradiators and for radiotracing techniquesin
identifying sources of soil eroson and
depogition. { X}

L a 40.22 hr $, ( Together with ®°Co and “°Auin blast
furnaces to determine resdent time and to
quantify yields to measure the furnace
performance. { X-E-1}

¥4Ce 284 d $, ( Radiation gauges, automatic weighing equipment. { X-
El

“'Pm 2.62y $, ( Raiiiation gauges, automatic weighing equipment. { E-
[

9vp 31.8d ( ILdustrial radiography. { X-1}

0Tm 134 d $, ( Industrial radiography. {X-1}

r 74.2d $, ( Industrial radiography and together with >*Cr
and *8Auto label sand to study coastal
eroson. { X-1}

AU 2.7d $, ( Tracing of factory waste causing ocean
pollution, and to trace sand movement in
riverbeds and ocean floors. Also used blast
furnaces to determine resdent time and to
quantify yields to measure the furnace
performance and together with >1Cr and 1%?Ir
to label sand to study coastdl erosion. { X-1}

“Puy 2.4E4y "%, (n Borehold logging. “**Amisaso usedin

“*Am 458 y "8, (N smoke detectors. { X-E-I}

22Cf 265y " (n

6.2.1. Gamma Radiography [2]

Gamma radiography works in much the same way as the x-ray machines a airports. Instead of
the buky machine needed to produce x-rays, dl that is needed to produce effective gamma rays
isasmal pelet of radioactive materid in asedled titanium capsule. The capsuleis placed on
one sde of the object being screened, and some photographic film is placed on the other side.
The gammarays, like x-rays, pass through the object and create an image on the film. Just as x-
rays show abreak in abone, gammarays show flawsin metd castings or welded joints. The
technique alows critical components to be ingpected for interna defects without damage.

Because isotopes can be transported easily, gamma radiography is particularly useful in remote
areas Where, for example, it can be used to check weldsin pipelinesthat carry naturd gas or oil.
Where aweld has been made, specid film is taped over the weld around the outside of the pipe.
A machine cdled a*“ pipe crawler” carries a shidded radioactive source down the inside of the
pipe to the position of theweld. There, the radioactive source is remotely exposed and a
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radiographic image of the weld is produced on the film. Thisfilmislater developed and
examined for sgns of flawsin the weld.

X-ray sets can be used when electric power is available and the object to be x-rayed can be taken
to the x-ray source and radiographed. Radioisotopes have the supreme advantage in that they

can be taken to the site when an examination is required and no power isneeded. The
radiographer produces a radiograph that is a permanent photographic record of the non-
destructive test (NDT). Figure 6.5 illustrates how radiographic sources are arranged.

Figure 6.5. Arrangement of a radiographic source

Source

Radiation

Test Object

i , Photographic
% 7 Film

6.2.1.1 Radiation Used for Radiography

Radiation used for radiography uses gammaradiation. The necessary equipment is easily
portable and idedlly suited for remote and often difficult working conditions. Table 6.2 includes
examples of radiographic sources from theindusiry. The radiation must have enough energy to
penetrate through the object but with sufficiently reduced attenuation (increase of transmission)
when passing through aflaw. The increased transmission through a flaw must produce a darker
image on the developed film. The activity of the source determines how much radiation is
available. Too much radiaion adds fog to the film, darkening it overdl and reducing the
likelihood of identifying the flaw and requires safety precautions over awider area. A low
activity source requires longer exposure times to dlow sufficient radiation to reach the film and
cregte the images. The longer exposures extend the duration of the work and require the safety
precautions to be enforced for longer times.
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Table 6.2. Example of radionuclidesused in industrial radiography

Radionuclide Gamma energies (MeV) Optimum sted thicknesg(mm)
%Co High (1.17 and 1.33) 50-150

¥'Cs High (0.662) 50-100

2y Med (0.2-1.4) 10-70

YD Low (0.008-0.31) 2.5-15

10Tm Low (0.08) 2.5-12.5

6.2.1.2. Equipment Used for Radiography

Radiographic sedled sources are specia form, stainless stedl capsules containing a high activity.
Their gamma emissons are continuous and during trangportation, the sources need to be housed
in specid portable containers. These exposure containers (in some countries Ao cdled
cameras) totally surround the source with shidding such aslead or, more effectively, uranium
(DU).

Many types of containers are manufactured but not dl are internationdly available or used. All
generdly operate by exposing the useful radiation in one of three ways.

1. Pat of the shidding is taken away,

2. Thesourceis moved to adeliberately thin part of the shidding but remainsingde the
container, or

3. Thesourceisfully removed from the container.

The first two types are often caled shutter or beam containers. They collimate the radiation that
is rdeased, shaping and limiting the Size of the beamsthat emerge. The shutter mechanisms are
sometimes automeatic and sometimes manud. Figure 6.6 isan illustration of the shutter type
exposure container.

Figure 6.6. Shutter type exposure containers: removable shutter exposure container (top)
and rotating shutter exposure container (bottom)

Situations occur where beam radiography using shutter containersis not possible. Thismay be
because the container will not fit into the available space or afilm areato be exposed exceeds the
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beam sze. The manufacturers provide specid long handling tools designed to remove the source
from the container. The source can then be ingtdled in a suitable collimator or used to carry out
panoramic radiography. For the latter, there are no restrictions on beam direction. The
radiographer usudly gets higher doses from thiskind of work and therefore, stringent procedures
are needed to ensure that the length of the handling tool (of about 1m) is maintained between the
radiographer and the source. Thisisillusrated in Figure 6.7. Contact with ahighly active
source for afew seconds could cause atissue injury that would not become apparent for severd
weeks.

The most widdly used equipment is now of the third type and it is called the projection container
or crank-out camera. This design ensures that exposing the source from a distance can nearly
always protect the radiographer.

Figure 6.7. Special rod mechanism used in panoramic radiography
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6.2.1.2.1 Projection Containers

The source for the projection container is mounted on the end of aflexible wire cdled the pigtail.
The non-active end of the pigtail protrudes from the container and is secured by alocking ring
holding the source in the center of the shidld. As shown in Figure 6.8, the s-shaped tube through
the shield does not alow the radiation adirect path to the outside. A transit plug closes the exit
port and prevents grit from fouling the S-tube. Ancillary components of the projection container
include the control cable and crank, the guide tube and the extension guide tube (which is not
adways needed). A variety of collimators fit the end of the guide tube - the snout. To operate the
projection container the snout is positioned close to the object, the cable is connected to the
pigtail and the cable housing and guide tube are connected to the container.

Securing the cable housing to the container involves rotating the locking ring, which reeases the
pigtall. Turning the crank then drives the cable, pushing the pigtail out of the container and along
the guide tube until the source reaches the snout.

The guide tube and collimator must be firmly secured by tape or held by a stable support to
prevent movement as the source enters the snout. Reversing the crank control retracts the source.
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Figure 6.8. Projection exposur e container that shows s-tube and auxiliary components

p Locking Key
Extension Guide Tube ﬁ_

/-

Pigtail

Guide Tube Crank

Figure 6.9. Representation of an assembled projection container arrangement in use

collimator fitted to
a gquide tube snout

( £ 0

6.2.1.2.2. Possible Problemswith Containers

Mechanica and automatically operated components are most vulnerable and become criticd if
their falureislikdly to result in the source remaining exposed. The technica operator's
handbooks supplied with the equipment should make it possible to identify possble mafunctions
and their remedies. For example, dthough projection containers have proved very reliable, there
are anumber of potentid problems:

1.) Theend of the cable may run through the crank because of a cable fault or afailure to secure
the guide tube or snouit.
2.) The crank may become difficult or impossible to turn after it has been fouled by grit from the

cable or container.
3.) If the cable or pigtail iskicked, it might weaken and bresk.
4.) The cable-pigtail connection may uncouple because of damage, wear or grit fouling.
5.) The cable housng may disconnect from the container because of afault or rough handling.
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6.) The cable housng may be crushed, trapping the cable.
7.) The guide tube may be crushed or guide tube connectors become burred, trapping the source

or pigtail.
6.2.1.2.3. Storage of Equipment

Exposure containers only have sufficient shielding to enable them to be carried for short time
periods and to be transported. No one should stay close to them for longer than is necessary.
When asource is used regularly on asite, aspecid storeis normally reserved for keeping the
exposure container whileit isnot in use. The Site operator's cooperation is needed o that the
store can be isolated and in particular postioned well away from other hazardous materias such
as explosives and corrosve substances.

The storage normally would and should display clear warning notices and be dry indde. The
dose rates accessible outside the store should be as low as reasonably practicable, lessthan 7.5
pSv/hr or, preferably, lessthan 2.5 pSv/hr [2].

A lock should normally be kept on the door to prevent unauthorized people entering the area of
higher dose rates or tampering with the container and the key should be kept in a safe place.

A record showing where each source has been at al times may be available. Figure 6.10
illustrates atypical storage area.

Figure 6.10. Typical storage for exposure containers
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When aradiographic source is exposed it will produce dose rates grester than 7.5 uSv/hr over a
very large area. The maximum size of the area can be cdculated if the radionuclide and its
activity are known. In generd, such areas should be designated Controlled Areas and accessto
them should be prohibited to everyone except the radiographer and authorized helpers.
Sometimes, on a congtruction Site, the Controlled Area extends above and below the level on
which the radiographic equipment is Stuated.

Beam radiography produces the smallest Controlled Areas, especidly if the beam is directed
downwards into the ground. Another way of reducing the size of the Controlled Areais by
setting up locd shielding around the radiographed objects to further attenuate the beam when it
has passed through the photographic film. Such beam stops can be made from lead or any such
heavy metd.
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6.2.2. Gauging

Practical examples of gauges are the measurement of concentration in the chemica industry for
acids, dkais and sdine solutions; in the food industry for sugar solutions, evaporated milk,
chocolate, and soup seasoning. Dengty gauges can be used in monitoring chemical conversons
which result in density changes, for example dudge content in pipelines (extraction of ores or
mineras), bauxite content for duminum production, monitoring the precipitation of cod dudge
in cod washing and sawage dudge in sawage plants. Gauges are dso used in military
commodities as identified in Chapter 5.

Radiation is attenuated as it passes through matter and detectors can be used to measure this
attenuation or reduction in intensity. This principle can be used to gauge the presence or the
absence, or even to measure the quantity, of materia between a source and a detector. The
advantage in using this form of gauging or measurement is that there is no contact with the
materid being gauged.

Another principle liesin the use of backscatter radiation. Some radiation is scattered back
towards the source when matter is reducing the intensity of aradioisotope. The amount of
“backscattered” radiation isrelated to the amount of materia in the beam, and this can be used to
measure characterigtics of the materid. This principle is used to measure different types of
coating thickness.

Figure 6.11 is an example of adendty gauge. The absorption of radiation asit passes through
the matter between the source and the detector is an exponentid function of measuring distance
and dengty. If therefore, the measuring path is congtant, the attenuation of radiation isan
indication of the product dengity. A sengtive detector measures the residud radiation and
supplies a digita signal dependent on radiation intensity. In most casesa*®’Cs sourceis used.
The actud radioactive substance is double encapsulated in welded stainless sted. Each
individud layer is checked for lesks after welding. The shielding container consists of cast iron
housing filled with lead. For very corrosve environmenta conditions, a housing made of
dainless stedl can be used [3].

Figure 6.11. Picture of a density gauge from Berthold Industrial Systems|[3]
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6.2.3. Gamma Sterilization

Gammairradiation iswidely used for sterilizing medica products, for other products such as
wool, and for food. The main isotope used in gamma sterilization is °°Co becauseit isan
energetic gamma emitter. Cobat-60 is produced in nuclear reactors and sometimes obtained asa
byproduct of power generation. Large-scde irradiation for gamma stevilization is used for
disposable medica supplies such as syringes, gloves, clothing and insruments, many of which
would be damaged by heat sterilization. These facilities also process bulk products such as raw
wool for export, archiva documents and even wood, to kill parastes. Smadler gammairradiators
are used for treeting blood for transfusions and for other medical applications.

Food preservation is an increasingly important gpplication, and has been used since the 1960s. In
1997 the irradiation of red meat was approved in the U.S. Some 40 countries, excluding
Austrdia, have gpproved irradiation of more than 50 different foods, to extend shelf life and to
reduce the risk of food-borne diseases.

Sources of radiation can be identified in the process of food irradiation. Food irradiators can aso
be made with eectron beams and not with radioactive materia. However, the most common
irradiators use ®°Co or *’Cs. A food irradiation facility ressmbles any other warehouse.
Workers would typically load untreated food into containers attached to a conveyor sysem. The
containers would then move into the irradiation chamber, which is commonly enclosed by thick
concrete walls (for example, 6-foot-thick concrete walls). Insde theirradiator, one can find
racks of pencil-shaped rods that contain the radioactive materia (°°Co or *’Cs). When the
containers of food are in place, the source rises from a pool of protective water and emits rays of
gammaradiation. Depending on the dose, these rays can retard spoilage, kill insects, or destroy
bacteria

Radiation sources found at food irradiators are of most concern if exposed or dispersed. Extreme
caution must take place and appropriate monitoring equipment should be required when entering
thistype of facility. Figure 6.12 isa picture of the source rack and protection grid found in the
ingde of atypica food irradiator.

Figure 6.12. Inside a ®°Co food irradiator [4]
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6.3. Other Scientific Uses of Radioisotopes

Radioisotopes are used as tracers in many research areas. Most physical, chemical and
biologica systems treet radioactive and non-radioactive forms of an dement in exactly the same
way, S0 asystem can be investigated with the assurance that the method used for investigation
does not itsdlf affect the system. An extensve range of organic chemicals can be produced with
apaticular aom or atomsin their structure replaced with an gppropriate radioactive equivaent.
Using tracing techniques, research is conducted with various radioisotopes, which occur broadly
in the environment, to examine the impact of human activities. The age of water obtained from
underground bores can be estimated from the level of naturadly occurring radioisotopesin the
water. Thisinformation can indicate if groundwater is being used faster than the rate of
replenishment. Tracer radioactive falout from nuclear wegpons' testing in the 1950s and 60sis
now being used to measure soil movement and degradation. This is assuming grester importance
in environmentd studies of the impact of agriculture.

6.3.1. Tracing/mixing Uses of Radioisotopes

Even very smd| quantities of radioactive materid can be detected easily. This property can be
used to trace the progress of some radioactive materia through a complex path, or through
events that greatly dilute the origind materid. In al these tracing investigations, the haf-life of
the tracer radioisotope is chosen to be just long enough to obtain the information required. No
long-term residua radioactivity remains after the process.

Sewage from ocean outfals can be traced in order to study its disperson. Smadll lesks can be
detected in complex systems such as power station heat exchangers. Flow rates of liquids and
gasesin pipelines can be measured accurately, as can the flow rates of large rivers. Mixing
efficiency of industrid blenders can be measured and the interna flow of materiasin a blast
furnace examined. Feeding the insects with radioactive wood substitute and then measuring the
extent of the radioactivity spread by these insects can be used to find the extent of termite
infestation in adructure. This measurement can be made without damaging any sructure as the
radiation is easlly detected through building materids.

6.3.2. Mineral Analysis

X-rays from aradioactive e ement can induce fluorescent x-rays from other non-radioactive
materids. The energies of the fluorescent x-rays emitted can identify the dements present in the
materia, and their intengity can indicate the quantity of each eement present. Thistechniqueis
used to determine element concentrations in process streams of minera concentrators. Probes
containing radioisotopes and a detector are immersed directly into durry streams. Signads from
the probe are processed to give the concentration of the eements being monitored, and can give
ameasure of the durry dendty. Elements detected this way include iron, nickel, copper, zinc, tin
and lead.

Gamma ray transmission or scattering can be used to determine the ash content of cod on- line
on aconveyor belt. The gammaray interactions are atomic-number-dependent, and the ash is
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higher in atomic number than the cod combustible matter. On-line ash gauiges are most common
in Audrdia, having many of thistype sysem inddled worldwide.

Neutrons can react with eements in a sample causing the emisson of gammarays which, when
andyzed for characteridtic energies and intengity will identify the types and quantities of
elements present. Additionally, neutrons can be deflected back to their source by surrounding
materid. For ingtance, a probe containing a neutron source can be lowered into a bore-hole
where the radiation is scattered by collisons with surrounding soil. Since hydrogen (the mgor
component of water) is by far the best scattering atom, the number of neutrons returning to a
detector in the probe is afunction of the density of the weter in the soil.

6.4. Sour ces from the Transportation of Radioactive Materials

About 100 million packages of hazardous materids are shipped every year in the United States,
of these, about 3% (3 million) contain materias classfied as radioactive. Some of the
radioactive materids are low level waste, the mgjority of which comes from medicd, research
and indudtrid facilities and avery smal amount is from nuclear power plants. Out of the 3
million shipments that are classfied as containing radioactive materid, 100 are linked to the
transportation of spent fuel from nuclear power plantsinthe U.S. [5]. The same Studtion is
common in the rest of the world.

Radioactive sources can beidentified in the military and civilian arena as they go through the
process of packaging and storage. Basic concepts are further defined in Table 6.3 in order to ease
the identification of these sources. These concepts are commonly linked with packages
containing radioactive materia that are to be transported or stored.

Table 6.3. Basic conceptsfor the storage and transportation of radioactive materials[6-8]

Concept Definition
Contamination Wipe A survey for non-fixed (removable) radioactive contamination on
Survey surfaces. Thisis accomplished by wiping aportion of al surfaces of

the package with absorbent materia to determine the presence of
radiologica contamination.

*NOTE: Results of the package wipe test must be obtained prior to
shipment®®.

Limited Quantity of Class A quantity of radioactive materid not exceeding the package limits

7 (Radioactive) Materia specified in 49 CFR Part 173.425 and conforming with requirements

specified in 49 CFR Part 173.421.

Materid Movement and Forms required for dl shipments IAW applicable Army and DoD
Supply Documentation regulations. All shipments of instruments or calibrators must include
documentation describing the purpose of the shipment.

26 Anal ysis of the wipes can be obtained from the U.S. Army Communications-Electronics Command, the U.S.

Army lonizing Radiation Dosimetry Center or a processing facility with a proportional counter, liquid scintillation
counter or other detector (not survey instrument) capable of detecting the contamination levelsin 49 CFR 173.443.
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Concept Definition

Non-Fixed Radioactive Radioactive contamination that can be readily removed from a

Contamination surface by wiping with an absorbent materid.

Norma Form Radioactive materid that has not been demongtrated to qualify as

Radioactive Materid “Specid Form Radioactive Materid.”

Package For radioactive materids, the packaging together with its radioactive
contents as presented for transport.

Packaging For radioactive materias, the assembly of components necessary to
ensure compliance with the packaging requiremerts of 49 CFR
173.24 and 173.410 through 173.419. It may consst of one or more
receptacles, absorbent materia's, spacing structures, thermal
insulation, radiation shielding, and devices for cooling or absorbing
mechanica shocks. The conveyance, tie-down system, and auxiliary
equipment may sometimes be designated as part of the packaging.

Raediation Leve The radiation dose equivaent rate expressed in millirem per hour
(mremv/hr).

Radiation Survey This congsts of measurements taken with an gppropriacte RADIAC

ingrument to ensure that the radiation level at the surface of a
package meets the requirements of 49 CFR 173.441. A radiation
survey is performed on certain incoming and dl outgoing shipments
of items containing radioactive materids.

Radioactive Ingrument
and Article

Any manufactured insrument and article such as an instrument,
clock, eectronic tube or apparatus, or Smilar instrument and article
having Class 7 (radioactive) materid in gaseous or non-dispersible
solid form as a component part.

Radioactive Contents The radioactive materid, together with any contaminated liquids or
gases, within the package.
Radioactive Materid Any materia having a specific activity greater than 0.002

microcuries per gram (- Ci/g) or 74 Becquerds per gram (Bg/g) (See
definition of “ Specific activity”).

Specid Form Radioactive
Materid

Radioactive materid which satisfies the following conditions:

a Itiseather asngle solid piece or is contained in a sedled capsule
that can be opened only by destroying the capsule;

b. The piece or capsule has at least one dimension not lessthan 5
millimeters (0.197 inch); and

c. It satisfies the test requirements of 49 CFR 173.469.

Specific Activity

Specific Activity of aradionuclide is the activity of the radionuclide
per unit mass of that nuclide. The specific activity of amaterid in
which the radionudlide is essentidly uniformly distributed isthe
activity per unit mass of the materid.

Transport Index (T.I.)

A dimensionless number representing the maximum rediation level

in mrem/hr a 1 meter, as measured from the surfaces of the shipping
container rounded up to the nearest tenth (i.e., 0.13 mrem/hr at 1
meter equalsaT.l. of 0.2). If the radiation reading isin milliseverts
per hour (mSv/hr), the T 1. isthe reading in mSv/hr multiplied by
100 and raised to the nearest tenth.
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Concept Definition

Type A Package Type A packaging together with its limited radioactive contents. A
Type A package does not require NRC Competent Authority
Certificate of Approva snceits contents are limited to A1 or A2
vaues. Packaging thet is designed IAW with the generd packaging
requirements of 49 CFR Parts 173.24 and 173.412. Packaging must
be adequate to prevent the loss or dispersd of the radioactive
contents and retain the efficiency of its radiation shielding properties
if the package is subject to the tests prescribed in 49 CFR 173.465.

Type B Package Type B packaging together with its radioactive contents. Packaging
which meets the standard for Type A packaging and, in addition,
meets the standards for the hypothetical accident conditions of
transport as prescribed in 10 CFR Part 71.

The following figuresinclude examples of the packaging and trangportation of radioactive
materias that can be used to identify possible sources of exposure or contamination. Figures

6.13 and 6.14 include typical type A and type B packages used for the transportation of
radioactive materids. Figure 6.15 isapicture of a container used for the transportation of
enriched uranium, but not for wegpongrade enriched uranium. Figures 6.16, 6.17, 6.18 and 6.19
are representative of the most common ways radioactive materids from the nuclear fud cycle are
transported, including ground, ship and rail transportation.

Figure 6.13. Typical Type A packaging of radioactive materials (DOT specification 7A) [9]

Fiberboard Box Wooden Box

Steel Drum
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Figure 6.14. Typical type B packaging schemes[9]

Exterior Grade 4"
Douglas Fir Plywood

inner Lag Screws

Containment
Vessel

Steel Quier Drum
Shielded Inner Container
Thermal Insulation
Between Containers

3" Min.-All Around Laminated Plywood
Top & Bottom

Figure 6.15. Container of enriched uranium (Eurodif’s Geor ges Besse plant, Tricastin Site,
France)
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Figure 6.16. Shipment of spent fud by road
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Figure6.17. Transport by road of spent fud cask (picturein front of the Chinon Power

Plant, France)




Figure 6.18. Picture of ship loading and trangporting nuclear material (transport ship,
TRANSNUCLEAIRE, France)

Figure 6.19. Transportation of nuclear material viarailways (Valognesrailway terminal,
Cherbourg, France)
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6.5. Summary of Sourcesfrom Industrial Practices and the Transportation of Materials

Table 6.4 summarizes radiation sources found in industria practices and the trangportation of
radioactive materid. These include radiation-generating machines that produce x-rays,
radioisotopes used in the industry, radionuclides found in industrial equipment and sources from
the trangportation of radioactive materid.

Table 6.4. Summary of radiation sources from industry and transportation of radioactive
materials

| dentified source Radiations Longest Examples Precaution
Half-life level(s)

X-ray machines gand X-rays na Electron microscopes X
Spectroscopy equipment
Diffractometer equipment

Indugtrid g xrays, and na See Appendix E for examples X

accderators neutrons (n)

Radioactive waste a,b,g,andn na See Appendix C and waste from X-E-|
industrid and biomedica practices

Transgportation of a,b,gandn na Packages containing radioactive X-E-1-U

radioactive materids materids, trangportation of nuclear

to include spent fud, fuel and contaminated equipment or

235, 38y, 239py, etc. parts of power plants as those

identified in Appendix B

Naturaly occurring radioisotopes

°H $ 123y Age water measurements E-T
Yc $ 5730y Carbon dating E-l
*al $, ( 3.1E5y Age water measurements X-E-|
“1%Pp "3, ( 223y Sand and soil dating X-E-|
Artificidly produced radioisotopes
*°se, ®Co, “Br, $,( 30y Resident time determination, gamma X-E-1
85K . 90g, 110mp sterilization, industrial radiography,
137~ 140; . 144~ hydrological tracing, gauges, food
1 47CS’ La, " Ce, irradiators.

Pm
>I1Cr, **Mn, ®'Co, ( 312.5d L abeling, spectrometry, industrial X
GSZI’], gngC, 169y radiography
YOTm, P4, AU $, ( 5.3y Industrid radiography, labding X-1
“py, ““Am "%, (n 24E4y Borehold logging, smoke detectors X-E-I
e " (n 265y Borehold logging X-E-|
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Chapter 7. Radiation Exposure and Contamination Caused by the Production and Use of
Nuclear Weapons

This section presents potential sources of exposures and contamination from the production and
use of nuclear wegpons. There are severd countries that have nuclear wegpons or have the
technical ability to produce nuclear weagpons. Nations that have declared possessing nuclear
wespons are; the United States, Russa, Britain, France, China, Ukraine, Kazakhstan, Belarus,
Indiaand Pakistan. Nations that are suspected to possess nuclear wegpons are: Iran, Israel, Libya
and North Korea. Countries that have possessed or have pursued nuclear weapons are;
Argentina, Brazil, Irag, South Africa, Sweden, Switzerland, and Taiwan. A sdlected set of
countries that could undertake and build nuclear wegponsin afew yearsis: Audralia, Canada,
Germany, Japan, and [1]. Almost any industrid nation can produce nuclear wegpons within
severd yearsif they decide to put forth the effort. Thus, it is possible to encounter a weapons
plant on foreign soil or, under some circumstances, discover a previoudy unknown weapons
production plant. The primary focus of this section is on radiologica hazards presented by
production plants, the presence of wegpon feed materials and wastes, and the accidenta or
intentional disperson of radioactive materids. Much information about the principles and
design of nuclear weagpons can be found in unclassfied literature.  The brief outlines of the
physics and designs of nuclear weapons are based on some of these sources. Nuclear war and
nuclear exploson are discussed at length in many military documents and will be incorporated
by reference.

7.1. Summary of Basic Physics of Significance in the Production of Nuclear Weapons

Subsequent to identifying potentia sources that come from the production of nuclear wegpons, it
isimportant to cover some basic physics principles. Basic understanding of these principles will
help comprehension of this section and easy identification of potential sources.

Thereis tremendous energy stored within the nucleus of an atom; nuclear wegpons are designed
to release a smdl portion of this energy in a devastating exploson. The two processes by which
this nuclear energy can be released are fisson and fusion.

7.1.1. Fission
The fisson concept was introduced in this tech guide in the section that identified sources from
the nuclear fud cycle and it is emphasized here. In afisson reaction, a nucleus absorbs a

neutron and a very unstable compound nucleusis formed that quickly splits with burst of energy.
A samplefisson reaction is presented below:

235 1 236 137 97 1
02U T oN® ZU® ";Cs+ yRb+2,n+Q

The 28U is a compound nucleus that can undergo spontaneous fission; Q is the energy released
and isequa to about 200 MeV. Thisreaction isnot the only one possible. The actud reaction
that occursis amatter of chance but the probability digtribution of the reactionsis known. Each
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reaction produces different fisson products and because of the probabilistic nature over 400
fisson products are produced in a nuclear reaction.

A fisson of any fissonable nuclide releases about 200 MeV of energy. The table below shows
the average energy distribution from afission of 23°U.

Table 7.1. Average energy distribution of the fisson product from the thermal fission of
235
U

Fission Product Energy (MeV)  Percentage
Fisson fragments - kinetic energy ~168 81.2
Fisson product decay ($, (, and 0) ~27 13.0
Prompt (-rays ~7 34
Fisson (prompt) neutrons ~5 2.4

On average there are just over two neutrons produced per fission; these neutrons are available to
induce additiond fisson reections. If there are enough 23°U nudei available then a.continuing
series of induced reactions, called a chain resction, may occur. The minimum massof 2%°U
required to maintain the chain reaction is caled the critical mass. If lessthan acriticd massis
present, the mass is subcriticd; if moreis present the massis supercriticd.

The vaue of the critical mass for a nuclide depends on density of the materid, the purity of the
materid, geometry of the materia, and the presence of neutron reflectors. Because of the large
number of nude in gram quantities of fissle materids, the limiting factor for criticdity is

usudly the number of neutrons available to induce fissons. The density of the materid is
important because the denser the materid is the shorter the distance a neutron will travel before it
is absorbed; hence, it islesslikely to escape the mass. Impuritiesin the materid may absorb
neutrons without inducing a fisson, lowering the number of neutrons avalable for fisson. The
escape of neutrons also depends on the amount of surface area as opposed to the volume or mass
of thematerid. A larger area means more opportunity for escape. Spheres have the lowest
surface areato volume ratio, and so, are the mogt efficient for maintaining criticaity for agiven
mass of material. Neutron reflectors are those materials that would surround a critica mass and
scatter escaping neutrons back toward the materid.

7.1.2. Fusion

Fusion reactions are those that combine two light dementsinto a heavier dement with a
subsequent release of energy. However, it is required that the coulomb forces be overcome so
the nuclei come into contact and remain in contact long enough for fusion to occur. To do this,
elementsto be fused are often heated to very high temperatures and compressed to very high
dengty.

The mogt familiar example of fuson isthe sun. In the sun, hydrogen atoms are fused to produce
helium both by direct fuson of two hydrogen atoms or by areaction in which carbon actsas a



cadys. Thisisardatively dow reaction that is started by heat produced by the enormous
pressures in the interior of the sun. Some fusion reections are:

H+2H® j; He+.n + 17.588 MeV
‘H+2H® ; He+,n + 3.268 MeV
H+2H® 3H+!H + 4.03MeV
*He+2H® 4 He+1H + 8.34 MeV
Li+;n® ®H+5 He + 4.78 MeV
ILi+,n® H+35 He+:n - 2.47 MeV

The last two reactions above are not technicaly fusion reactions but are included here because of
their importance in wegpon design. These reactions are called neutronic reactions or neutron
absorption reactions.

In wegpons, fusion reactions are used both for their own explosive energy release and in some
cases, as heutron sources for additiond fisson reactions. All of the above reactions are
candidates for use in nuclear weapons.

7.2. Designs and Types of Weapons

The badic types of wegpons are fisson only and combined fisson-fuson wegpons. There are
subgroups of these types. Fission-fuson wegpons can be made in stages to achieve very high
yields (tens of megatons), or they can be designed to enhance neutron output to make neutron
bombs. Any of the weapon types can be sdted with eements to enhance resdud radiation
through contamination.

7.2.1. Fission Only Weapons

These wegpons use only the energy released by fissonable dements. The main radionuclides
used are highly enriched uranium (HEU) and 2*°Pu. Enriched uranium is uranium whose 2°U
content is greetly increased over naturd uranium. In many weapons, the HEU can be up to
93.5% 2*°U. For plutonium, the mixture of isotopes can vary but on average the mix is 93.4%
23%9py, 6.0% 2*°Pu, and 0.6% 2**Pu[1]. In addition to the fissile materid, fissionable materia
such as #*8U can be used to enhance the fission yield. When wrapped by alayer of 22U, the
weapon can take advantage of the high energy neutrons produced by the fisson reactionsin the
fissle center. In effect, neutrons escgping from the firgt fisson exploson induce additional
fissonsin the outer shell causing a second explosion.

Because of the limitations on size (larger yields require more materid), the maximum yield for a
fisson only weapon may be about 500 kt [1]. To achieve higher yidds, fisson and fuson
reactions are combined.



7.2.2. Combined Fisson Fuson Weapons

Combined fisson and fusion reactions can produce weapons of vastly greeter yields than by
fisson done. Essatidly, in combined weapons, afisson explosion ignites afusion reaction.
This combination can be manipulated with a multitude of desgns to achieve different gods.

Fusion can be used to boost the yidld of a given fisson only wegpon - a fusion boosted weapon.
Because many fisson wegpons are inefficient (only about 20% of the fissle materiad undergoes
fisson), the addition of more neutrons from a concurrent or dightly delayed fusion reaction can
greatly increase the efficiency. It is possible to increase the efficiency to about 50% with fusion
boogting. The fusion reactions add only about 1% to the yield of the wegpon.

Staged weapons combine a series of fisson-fuson-fisson stepsto greetly increaseyidds. In
these weapons, the fusion reactions use both the energy released in the reaction and the high
energy neutrons to induce fissonsin fissonable materids. These wegpons give the highest
yields per unit weight.

Nuclear wegpons designed to maximize neutron output, which are not to be used in an exploson
but to enhance externa radiation effects, are called neutron bombs. These weapons are low yield
combined fission-fusion wegpons.

If insteed of afissonable outer layer, alayer of amaterid chosen to enhance resdud radioactive
contamination is used, the weapon is said to be sdted. An example isacombined fisson-fuson
weapon with an outer jacket of *°Co to enhance the production of radioactive ®°Co. The choice
of the salting element depends on the contamination wanted. No sated weapons have ever been
used in an amospheric test, and it seems unlikely that one will be built given the avalability of
combined fission-fuson-fisson wegpons [ 2].

7.3. Weapons Production

In generd radiological terms, making nuclear wegpons entails the same materials and processes
used in the nuclear fud cycle. A brief schematic of this once through cycleis shown in Table
7.2.

The mgor distinctions between wegpons production and fud fabrication are that the wegpons
production requires HEU, 2*°Pu, and tritium. Typical reactor fuels are 3.5% by weight 2*°U
wheress for weapons enrichments of 23°U of up to 93.5% are common. Radionuclides necessary
for weapons production are; 3H (tritium), 23°U, 2*°Pu, and DU (depleted uranium). Also 22Th,
2331y, and smdll amounts of 2°Po (alpha emitter combined with beryllium and used as a neutron
source in bombs) and small amounts of transuranic wastes can be present.



Table7.2. Major processesin the production of nuclear weapons|3]

Step

Process

Description

1

Uranium Mining, Milling
and Refining

| sotope Separation

Fuel Fabrication

Reactor Operations

Chemica Separations

Component Fabrication

Weapons Operations

Research, Development,
and Tegting

Mining and milling are the processes involved with removing
uranium ore from the Earth and processing it chemicaly to
meake uranium oxide (UsOg), cdled yellowcake.

Refining is the process of converting the uranium oxide into
purified forms for the next step of wegpon production.

| sotope separation (enrichment) is the process of separating the
natura isotopes of the elements of interest.

Fabrication involves the mechanica processes used to make the
wegpon fuel.

Nuclear reactors are used to produce 2°Pu, ®H, and to make
smdler amounts of other radionuclides for wegpons.

In this gtep, the fue from the reactors on Step 4 is chemicaly
dissolved and the uranium, plutonium, and other radionuclides
are separated and concentrated.

This step aso includes reprocessing operations.

This step is the manufacturing, assembly, ingpection, bench
testing, and verification of the parts of the wegpons. Also
included are the recovery and recycling of radionuclides and
other weapon components from retired warheads and waste
materids.

Thisisthe find assembly, maintenance, and decommissioning
of the weapons.

This step proceeds concurrently with the other seven and
involves dl the scientific, engineering, and technica research
and developmert of the weapons.

7.4. Safeguards

Nuclear wegpons are extremely destructive, SO great precautions are taken to ensure the safety
and security of the weapons[1]. In addition to preventing accidenta detonations, precautions are
made to ensure the containment of radioactive materias. Multiple safety measures of different
complexity have been built into weapons.

Firdt, the detonation system (the warhead) isisolated from electrica energy. Thelink to warhead
is physicaly isolated and must be closed by the arming system. However, it isremotdy possible



for an accident to dose thislink, and so severd fail safe or week links are built into the arming
sysem. Theselinksfall if exposed to abnorma conditions; the failure of these weak links does
not compromise the integrity of the wegpon. In effect, any incident that bridges the link to the
warhead will cause one or more of the week links to fail and thus disable the wegpon.

There are aso precautions against unauthorized detonations of nuclear wegpons. The first
defense is alock on the weapon also called a permissive action link (PAL) [1]. Thisis essentidly
an dectronic combination lock on the weagpon. The weapon cannot be armed unless the two
proper combinations are entered Smultaneoudy or in very close sequence. One person does not
know both codes; a single individual cannot arm awegpon. The codes are dso changed

regularly.

Once the PAL has been activated, the weapon can be armed and fired. The arming system has
very robust signd discriminating festures so fase signd's (random noise or unauthorized
attempts) cannot arm the weapon. The wegpons aso contain environmental sensing devices
(ESD) to prevent detonation of the wegpon unless proper externd conditions exist [1]. For
example, the ESD detect length of free fall, acceleration forces, temperatures, barometric
pressures, and so on and compare these values to expected values. If the externa conditions do
not fal within expected vaues, the weapon will not detonate.

Other safety measures include fire resstant construction and robust high explosives, limited retry
on code entries, and automeatic salf-damaging components. Some or dl of these festures are
present on weagpons. Fire resistance hel ps to minimize the chances of an accidental detonation or
dispersa of thefissle materid. Limited retry codes require that authorized persons reset the
codes after a set number of incorrect entries. Self-damaging components will bregk in asafe
mode and require factory service to be fixed. Also, it is possible to activate the salf-damaging
systems remotely.

7.5. Trangportation, Storage and Deployment, and Decommissioning

This section encompasses a brief summary of the transportation of radioactive materidsto be
used for the production of nuclear weapons and the transportation of wegpons themsaves. The
storage and deployment of these wegpons and their decommissioning are dso included in this
section because these activities lead to scenarios of aradiologica threat.

7.5.1. Transportation

The Department of Energy’ s Transportation Safeguards Divison (TSD) controls the
trangportation of nuclear wegpons, wegpons components, and special nuclear materiads (SNM) in
the United States. The trangportation of weapons materiasis currently under complete Federa
control [4].

Safety and security are entwined in planning the transportation of wegpons materid. The TSD
has the ability to maintain congtant contact with each convoy. The actua materids are carried
on a Safe Secure Trailer (SST). An SST isan 18-whedled rig that has been modified for secure
and safe trangport of cargo. Theserigs are armored and have special mountings for the wegpons
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components, crumple zones, and other precautions. Furthermore, each rig and accompanying
vehicle has afull complement of radiologica, communications, eectronic, and other equipmert.

Specidly trained couriers are employed by the TSD to drive and escort the shipments. The
couriers undergo a 12-week training course that includes tractor-trailer driving, firearms, and
communications. Furthermore, there are a series of tests and a one-year on thejob training
program. At the end of thefird year, the courier will be evaluated to continue employment.

In the United States, fully assembled wegpons are not transported and armed weapons are never
trangported. Therefore, the chance of an accidenta detonation from an accident involving
nuclear wegpons is extremely remote. However, the Situation for dready assembled wegponsis
different. Assembled warheads and bombs are transported to appropriate DOE plants for
disassembly - again no armed weapons are ever transported.

7.5.2. Storage and Deployment

Weapons are stored unarmed with al the safeguards activated, so the chance of accidental
detonation is extremely remote. In some cases, the final assembly of the wegpons takes place a
the deployment location, and even then the weapons are not fully assembled until specific
wartime conditions exist. Also, stockpiles of inactive wegpons are maintained in the United
Statesarsend. In these stockpiles, the operationa warheads are stored separately from the
ddivery systems.

7.5.3. Decommissioning

The decommissioning of wegponsincludes the remova of al wegpons components, sorage
of the fissile materid, and find digpogition of the fissle materids. Currertly, in the United
States, weapons grade uranium (~93.5% 23°U) is processed into reactor grade uranium (~3.5%
235) for power reactor use. Plutonium is presently being stored with no plans for usein U.S.
power plants. However, other countries such as France and Japan can and do use plutonium in
power reactors.

7.6. The Use of Nuclear Weapons

Nuclear wegpons have evolved since the era of the Manhattan Project. Several documents have
addressed this issue and are summarized in this section. Another type of weapon, called nuclear
digpersal wegpons, are dso referred to, as they possess aradiologica threet in the nuclear
warfare arena.

Appendix H describes three scenarios involving weapons grade uranium, 228U, and weapons
grade plutonium. The examples include sections on how to estimate the specific activity of
radionuclides present, the computation of the inhaed activity, the committed effective dose
equivaent, and the evaduation of internal and externd exposure. These computations are
performed using the tabulated parameters from the following sectionsin order to obtain
preliminary estimates of doses to exposed personnel.



7.6.1. Nuclear explosions

Operations in areas in which nuclear wegpons have been used are covered extensively in other
military documents and are summarized in the Medical NBC Battlebook. Below isatable of
selected references for operationsin an area where nuclear weapons have been used.

Table 7.3. Selected military referencesfor operationsin a nuclear war

Manual Number Manud Title
FM 3-7 NBC Field Handbook
FM 3-3-1 Nuclear Contamination Avoidance
FM 3-4 NBC Protection
FM 3-19 NBC Reconnaissance
FM 100-30 Nuclear Operdions
FM 8-10-7 Hedth Service Support in a Nuclear, Biological, and Chemica
Environment

FM 8-9, Part 1 NATO Handbook on the Medica Aspects of NBC Defensive
Operations

7.6.2. Radiation Dispersal Weapons

Radiation dispersa wegpons are smply conventiona weapons used to digperse radioactive
materia into the environment. These wegpons span diverse categories limited only by human
ingenuity; for example, a dispersa wegpon can be a nuclear wegpon exploded to disperse fissle
and fissonable material. Other examples are the use of awespon a a*3’Csirradiator in order to
Spread radioactive cesum contamination, or an exploson involving any other radioactive
materids. The radiologica consequences from radiation dispersa wegpons are very smilar to
conventiona contamination incidents.

7.6.2.1. Accidents and Incidents

Accidents and incidents discussed here are events not involving nuclear explosions but may

involve sgnificant contamination and potentid for exposures. The DOD has a comprehensive
document on the response to a nuclear weapons accident, Nuclear Weapon Accident Response
Procedures (NARP), DoD 5100.52.M, September 1990 [5]. The NARP document addresses dl
the issues dedling with the response to a nuclear wegpons accident including nont-radiologica
hazards and logigtics.
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Thirty-two serious wegpons accidents occurring between 1950 and 1980 have been reported by
the DOD [4]. In only two of the accidents was plutonium dispersed [6]. However, it ispossible
for depleted uranium and other radioactive materidsin the bomb casings to be released
whenever the casings are damaged.

7.6.2.1.1. Palomares, Spain - 1966

During arefueling exercise, two U.S. Air Force planes crashed over PAlomares, Spain. Four
thermonuclear wegpons were involved with the crash: one landed in the Mediterranean seaand
was recovered after at3 month search, one fell by parachute on to anearby field and was
recovered intact, and two were destroyed when the chemica explosives detonated on impact. No
nuclear detonations occurred. However, the plutonium metal burned and was distributed as
plutonium oxide over about 2.26 knt* (0.87 square miles) of farmland.

The response to the accident was intense and included removal of soil with concentrations of Pu
greater than 1.2 MBq m2 (32 :Ci m?) by plowing and mixing of farmland with lower Pu
concentrations. Where plowing was not feasible, soil and rocks with contamination greater than
120kBq m2 (3.2 - Ci m?) were removed by hand. Messurements of residual contamination and
on humans continued until at least 1988. There have been no significant medicd effects reported

among the villagers.

7.7. Potential Exposures from the Production of Nuclear Weapons

The potentid for radiation exposures from uranium mines and millsfor use in the production of
nuclear weapons is very smilar to that for reactor fuel production. Regardless of the enrichment
method used, al enrichment processes consist of afeed of natura-to-low enrichment uranium

and an output of HEU and DU. Generaly, HEU is uranium whose 23°U specific activity has

been increased over its naturd abundance. Weapons grade enriched uranium contains by mass
about 93.5% 2%°U, 1.5 to 2.0% 23*U, and the remainder *8U. Depleted uranium isthe remainder
of the enrichment process and had |ess than the natural abundance of 23°U. The Department of
Defense defines DU as about 98.8% 22U, 0.2% #*°U, and 0.001% >**U. The mgjor radionuclides
of concern in processing and enrichment are natura uranium, thorium, and progeny in the feed
materials, and HEU, DU, and progeny wastes at the outpui.

Plutonium is produced by neutron activation of 28U. For weapons production, reactors designed
to enhance 2*°Pu production and recovery were used. In these plants, there would be fisson
products common to any irradiated nuclear fud. The exposure potentid at a plutonium

production Site would be very smilar for anuclear fue-reprocessng site with high levels of

fisson products and chemicdly toxic materias. Although reprocessing of fuel does not

currently happen in the United States, several European countries do reprocess their fuel. For a
more detailed discussion of the exposure potentia's associated with reactors and the nuclear fuel
cycle see Chapter 3.

Tritium is produced through a neutron absorption reaction with °Li in specialy designed reectors
and in heavy water moderated reactors. Tritium is present in many assembled nuclear warheads.
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Assembled fisson wegpons contain tens of kilograms of fissle materids and may contain up to
about a 1000 kg of fissionable tamper materia (most likely 2*8U). Fission-fusion combination
wegpons may contain tritium in quantities on the order of afew grams[1].

The following table shows the mgor processesin the production of nuclear weapons and the
radionuclides that may be present. These nuclides may be present as bulk materids, low level
wadte, or aslow level contamination of equipment and surfaces.

Table 7.4. Radioactive materials associated with the production of nuclear weapons
(Thistableisbased on the 8 processes shown in Table 7.2)

Step Process Radioactive Materias
1  Uranium Mining, Milling Large volumes of mill tailings containing Th, Ra, Rn,
and Refining at low concentrations; natural uranium.

2  |sotope Separation

3  Fud Fabrication

4  Reactor Operations

5  Chemicd Separdions

6  Component Fabrication

7  Weagpons Operations

8  Research, Development,
and Tedting

Enriched U at various stages of enrichment, depleted
U, naturd uranium.

Enriched uranium, depleted uranium, and natura
uranium.

Enriched uranium, depleted uranium, naturd
uranium, fisson products, activation products,
transuranic nuclides, spent nuclear fuel, Pu

Enriched uranium, depleted uranium, naturd
uranium, fisson products, activation products,
transuranic nudlides, and tritium.

Tritium, plutonium, transuranic nuclides, enriched
uranium, depleted uranium.

Tritium, plutonium, enriched uranium, depleted
uranium

Fdlout, plutonium, depleted and enriched uranium,
fisson products, and activation products.
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7.8. Radiological Properties of Weapons Related Radionuclides

Only uranium, plutonium, and tritium are covered here. Information on other radionuclides can
be found in the references cited in this section.

7.8.1. Uranium

Uranium was identified as a naturaly occurring radioactive materia in Chapter 2 and as part of
the nuclear fud cyclein Chapter 3. This section identifies uranium as a source related with
nuclear wegpons, it expands on its physical and radiologica properties, aswell asits
radiotoxicity.

Fird isolated in 1841, uranium and its compounds have been used for at least 2,000 years; yellow
glass containing uranium oxide dating from 79 A.D. was found near Naples, Italy. Uranium
occurs naturally and is the 50°" most abundant lement in the earth’s crust, making it about as
abundant as arsenic and molybdenum.  Uranium iswidely didtributed in the lithosphere and the
oceans. Uranium isaprimordid radionuclide, meaning that it was present at the formation of
earth.

7.8.1.1. Physical and Radiological Properties

Uranium is a dlvery-white metd that is pyrophoric (burns readily) when in smal pieces (eg.,
machining shavings and dusts). If exposed to air, it forms alayer of a powdery mossy
green/yelow oxide. Its mdting point is 1135 °C and its boiling point is 4131 °C. It has adensity
of about 18.9 g cm>. There are eighteen isotopes of uranium and dl are radioactive. The half-
lives of these isotopes range from about 1 = s for 22U to about 4.5 billion years for 28U,

In nature, there are three isotopes of uranium distributed by mass asfollows: 238U (T, = 4.5

billion years) 99.2830%, 22°U (T1, = 704 million years) 0.7110%, and 234U (T, = 246,000 years)
0.0054%. Because of the long half-lives 22U and *°U are sources of long chains of decay
productsin nature. 1f completely isolated from chemical dteration in nature and present in the
abundance above, then about 49% of the radioactivity is caused by 238U, another 49% by 2*U,

and remaining 2% by >*°U. Table 7.5 below shows the decay schemes for the three mgjor

uranium isotopes and Table 7.6 shows the specific activities of the three mgor uranium isotopes.
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Table 7.5. Decay data for the three major uranium isotopes and progeny [7]

Mgor Radiaion Emitted

| sotope Hdf life MeV % MeV % MeV %
U 704x10°y 425 103 0144 105
437 176 0163 4.7
4.40 56 0.186 54
455 113 0205 47
BlTh 255h 0205 15 00256 14.8
0287 49 00842 65
0304 35
2%y 45x10°y 415 229 005 0.07
420 768
Z4Th 24.1d 0076 27 00633 38
0095 62 00924 27
0096 186 00928 2.7
0189 725 01128 0.24
234pgm 1.17 m 228 986 0766 0.21
1.001 059
24y 244x10°y 472 274 0.053 0.12
477 723 0121 0.04
Table 7.6. Specific activities of the three major uranium isotopes
Uranium | sotope Spedific Adtivity (TBq g™) Spedific Adtivity (mCi g+)
234y 2.31x 10 6.25
235y 8.00x 108 217x 103
238y 1.24 x 10°® 36x10*

From these numbers, the valuesin Table 7.7 can be derived:

163



Table 7.7. Specific activities of uranium mixturesin weapons production

Uranium | sotope Mixture Specific Activity (TBq g") Spedific Activity (mCi g*)
Typica DOD DU*’ 1.59x 10° 430x 10"
Average Weapons Grade U 412 x 10°® 1.11x 10*
(93.5% >*°U, 4.75% **8U, and
1.75% #*U)

Natural Uranium (exduding 2.54x 10°® 6.85x 10
progeny)

In weapons grade uranium, most of the radioactivity is caused by the presence of 23U, which has
much higher spedific activity than 2*°U or 28U and is enriched to a grester degree. In this
example of highly enriched uranium, about 98% of the activity is >3*U.

7.8.1.2. Radiobiological and Toxicity Concerns

In Stuations involving nuclear wegpons natura uranium is not likely to be encountered. Most

likely, personnel will find enriched and depleted uranium. Weapons grade enriched uranium
contains by mass about 93.5% 2*°U, 1.5 to 2.0% 23*U, and the remainder >38U. Depleted uranium
as used by the DOD is typically about 99.8% 238U, 0.2%% 2°U, and 0.001% 2**U. Because during
the enrichment process uranium is chemicaly separated from its radioactive progeny, the

externd radiation hazard is somewhat reduced compared to an equd activity of natura uranium.
Uranium remains an internal hazard regardless of the isotope considered, because depending on

the amount of enrichment the chemica toxicity of uranium can be asimportant as or more

important than the radiologica toxicity. The chemicd toxicity is believed to be greater than the
radiologicd toxicity when the enrichment isless than about 7 to 20 percent [8].

7.8.1.2.1. Chemical Toxicity

Acute toxicity of uranium intake is caused by chemica effects on the kidneys. Uranium that
makes it into the bloodstream (soluble) damages the very smdl tubulesin the kidney. However,
even after exposures to high levels of uranium the kidneys recover. In addition, thereis evidence
that repeated exposures cause less damage after the first exposure [9]. The estimated threshold
concentration of uranium for kidney damage ranges from lessthan 1 g g* to 3 :g g* of kidney
mass. For an acute ingestion intake of soluble uranium, the LDsg from kidney damagein manis
estimated to be greater than about 1 to 3 mg kg'* of body mass [10]. This estimate is very rough
because information on humansiis scarce.

7.8.1.2.2. External Radiological Hazards
Bdow isatable of gamma dose equivaent rates from the 3 isotopes of uranium that may be

encountered in nuclear wegpon production. These constants give the gamma dose equivalent
rates of the uranium isotopes and their short-lived progeny a 1 meter from a point source of the

2" Reported values for the specific activity of depleted uranium vary depending primarily on the weight percentages
of 2%*U and ?®°U (10CFR20). While the exact ratio will vary, the radioactivity of depleted uranium will always be
less than that of naturally occurring uranium.
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isotope listed. Furthermore, radiation emitted from radioactive progeny are not included in the
specific gammaray constants. The gammaray constants for the immediate short-lived progeny
arelisted aswell.

Table 7.8. External gamma dose rate constants for uranium isotopes and selected

progeny [7]

Uranium Isotope

Spedific Gamma Ray Dase Equivalent Constants for a Point Source

mSvh~ MBqg ™ at 1 Meter

Mremh* mCit at 1 Meter

235y 9.159 x 10° 3.389x 10t
231Th 1.473x 104 5.450 x 10t
Totd 2.389 x 10 8.839x 10
238y 1.763 x 10° 6.523 x 10°°
234Th 2.380x 10° 8.806 x 102
234mpgy 2.381x 10° 8.810x 102
234y 2.097 x 10° 7.759 x 102
Total 6.518 x 10 2412 x 10™

The beta dose rates at selected distancesin air from asource of 234Th-23*"pa beta particles s
given in the table below.

Table 7.9. Betadose ratesin air from 234Th-234Mpg, the short-lived progeny of 22U [7]

Point Source (1 MBQ) Infinite Plane (1 MBq cmi®)
Digtance (cm) mGy h* mGy H'"
0 562.4 See Table (Skin Exposure)
16 0.4129 828
32 8.770 x 102 622
80 1.364 x 102 375
200 1.755x 10°3 144

M ultiply the above values by 3.7 to get rads h™ for a1 mCi point source or an infinite plane of 1 mCi cm®.
These values have been divided by 2 to account for the shielding effect of the body.

Uranium-235 decays by dphaemission to 21 Th (T2= 255 h). Thorium-231 decays by beta
emission and will reach equilibrium with 22°U within 2 weeks. Thus, hi%hly enriched uranium
can be asource of skin exposures but the beta particles emitted from #*1Th are of much lower
energy and therefore present asmaller hazard. For example, the beta dose to the skin for an
infinite plane source of 2! This negligible. However, neither the submersion nor the gamma
dose is negligible. The metastable radionudlide 2*™Pa emits a2.28 MeV beta particle and
reaches secular equilibrium with 238U through the decay of 2*Thin lessthan ayear. Thus,
depleted uranium can present apotentid for significant beta exposures.
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Table 7.10. Beta dose rate factorsto the skin at a depth of 70 - m for 231 Th for various
exposure geometries[11]

At Beta Dose Rate Factor

49x10°Svy Bgten® 21 mremhb?® :Citent
46x10%Svy!Bgtem® 19,000 mrem Kt :Cit en?
0.0Svy!Bqgtent Omremh? :Ci't en?

Immersion in contaminated water
Immergon in contaminated air
One meter above an infinite
plane

Table 7.11. Beta dose rates to the skin at a depth of 7 mg cm for selected nuclides
uniformly deposited on the body surface [12]

Dose Rate Factor Dose Rate Factor
Radionudlide Svy!Bg?tent remh! mCit cn?
21Th 8.2x10° 35x10°
235y 1.1x 103 4.6 x 107
Totd (?*°U Series) 9.3x10° 40x 10°
£34Mpg 2.1x 10 89x 10°
234Th 3.1x10° 1.3x 10°
234y 21x10° 8.9
238y 1.6x 10° 6.8
Totd (**8U Series) 2.4x 107 1x 107

Tables 7.12 to 7.16 show external dose rate factors for various exposure scenarios. Noteson
using the tables follow on section 7.8.

Table 7.12. Dose equivalent (ICRP-30) rate factorsfor external exposure ($+() for various
geometries, for 24U (Sv s Bg! m® except where noted) [13]

Geometry Sin Effective
Air Submersion 425x 10"  7.63x10%
Water Submersion 955x10%° 1.75x 10%°
Infinite Plane (Sv s* Bt ) 9.09x 1018  7.48x10?'°
Soil Contaminated to 1 cm 466x10%*  1.01x10%
Soil Contaminated to 5 cm 561x 102t  1.82x10%
Soil Contaminated to 15 cm 598x 102t  214x10%
Soil Contaminated to an Infinite Depth 599x 102t  215x10%
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Table 7.13. Effective dose equivalent (ICRP-30) rate factorsfor external exposure ($+() for

various geometries, for 2°U - 221Th (Sv s Bq'* m® except where noted) [13]

Geometry V) “Th Total
Air Submersion 720x 10" 522x10%° 7.72x10°
Water Submersion 159x 10 118x10*® 171x10Y
Infinite Plane (Sv s* Bg™ n¥) 148x10%® 185x10Y 1.67x10?°
Soil Contaminated to 1 cm 049x 10 7.04x10%° 102x10*®
Soil Contaminated to 5 cm 265x10® 1590x10%° 281x1018
Soil Contaminated to 15 cm 375x10® 194x10%° 394x1078
Soil Contaminated to an Infinite Depth 386x10%® 195x10"° 4.06x10*®

Table 7.14. Dose equivalent (SICRP-?;O) ratefactorsfor external exposure ($+() tothe skin
U - 231Th (Sv st Bg !t m® except where noted) [13]

for various geometries, for 2

Geometry “U “'Th Totdl
Air Submersion 864x10%" 252x10® 1.12x10%
Water Submersion 1.89x 101  397x10*® 229x10%
Infinite Plane (Sv s* Bq™ n) 1.94x10%® 858x 10 2.80x10%°
Soil Contaminated to 1 cm 1.08x10%® 114x10* 119x10%®
Soil Contaminated to 5 cm 301x10*® 215x10'° 329x 10?8
Soil Contaminated to 15 cm 428x 1018  256x10%° 454x 1018
Soil Contaminated to an Infinite Depth 440x 10  256x10"° 4.66x 1018

Table 7.15. Effective dose equivalent (I CRP-30) rate factorsfor external exposure ($+() for
various geometries, for 28U and short-lived progeny (Sv s* Bg™ m® except wher e noted)
[13]

Geometry 25U “Th + <>*Mpg Total
Air Submersion 341x107*° 1.05x10"  1.05x 10"
Water Submersion 6.83x10%° 228x10*®  235x10?®
Infinite Plane (Sv s* Bq™ n¥) 551x 101  236x10%Y  242x 10
Soil Contaminated to 1 cm 442x10%2  141x10*  141x107%°
Soil Contaminated to 5 cm 545x10%  377x10*  378x10?°
Soil Contaminated to 15 cm 552x10%?  549x10*  550x107°
Soil Contaminated to an Infinite Depth 552x10%?  6.09x10"'°  610x 10%°
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Table 7.16. Dose equivalent (ICRP-30) rate factorsfor external exposure ($+() totheskin
for various geometries, for 22U and short-lived progeny (Sv s Bq! m® except where noted)
[13]

Geometry V) “*Th + “>*Mpg Total
Air Submersion 291x10'" 556x10* 556x10™
Water Submersion 6.83x10%°  139x10'®  146x10%8
Infinite Plane (Sv s* Bq'* nf) 742x10%8  941x10"®  941x107%°
Soil Contaminated to 1 cm 340x 102t 787x10%®  791x10%®
Soil Contaminated to 5 cm 354x10%t  814x10*®  815x10*®
Soil Contaminated to 15 cm 355x 102t 834x10'®  834x10%8

Soil Contaminated to an Infinite Depth 355x 1021 842x10'®  842x10

Notesto Tables 7.12t0 7.16
Air Submersion 1. Toconvertto mremy ™ nCit cm® multiply the entries
by 1.168 x 10%.

2. Toscdethese entriesfor dengties other than
1.2 kgm®, multiply the entriesby 1.2/D, whereD is
the density in kgm’>.

Water Submersion 1. Toconverttomremy?! :Cit cn® multiply the ertries
by 1.168 x 10%.
2. Toscaethese entries for dengties other than 1000 kg
m 3, multiply the entries by 1000/D, where D isthe

density in kgm®.

Infinite Plane 1. Toconvettomremy?® :Cit cn? multiply the entries
by 1.168 x 10%,

Contaminated Soll 1. Theassumed density is 1600 kg m>. Thetable entries

cannot be scaed for different soil dengties.

2. Toconvettomremy™ -Ci't n® multiply the entries
by 1.168 x 10%.

3. Toconvettomremy? :Cit g, multiply the entries
by 1.868 x 10%.

7.8.1.2.3. Internal Radiological Hazards

There is suggestive evidence that lung cancer may be induced by chronic inhdation of low levels
of uranium dust [14]. However, bone sarcoma and kidney problems are considered the most
likely radiologicd effects of internd exposure to uranium, especidly to high specific activity
isotopes [10, 14].
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Two important parameters in the estimation of dose equivaents from intakes of radionuclides are
inhaation class and the f; value. Theinhaation dassis aclassfication that describes how
quickly the radionuclide is cleared from the lung. There are three classes Y for years, W for
weeks, and D for days. Thef; value describes the fraction of the radionuclide that crosses the
lining of the digestive system and enters the bloodstream. Both f; and the inhalation class
depend on the chemica form of the radionuclide. The dose equivaent rate factors (hg) below are
based on class Y compounds for inhdation and an f; value of 0.002 for uranium, 0.0002 for
thorium, and 0.001 for protactinium. Class'Y was chosen based on the expected chemicd form
of the radionuclide and the guidance in Federal Guidance Report Number 11 [15]. Therate
factorslisted are based on an intake of the pure parent but include effects of the production and
decay of progeny in the body. The ICRP assumes, unless evidence to contrary exists, that the
progeny are metabolized as the parent [16]. For example, the effect of the 2**™Padecaysis
included in the reported rate factors for 2**Th. Because of the very short hdlf-lifeof 2*MPa,
equilibrium is quickly established, and this activity is congdered in deriving the rate factor for
234Th. However, for mixtures of longer-lived nuclides, even those in radioactive decay series,
each nuclide should be considered individualy.

Table7.17. Committed effective dose equivalent (ICRP-30) per unit inhalation intake (Sv
Ba?) for uranium and related nuclidesfor dassY [15]

Nudlide Effective Bone Surface
4y 3.58x 10° 1.13x 10°
235y 3.32x10° 1.05x 10°®
238y 3.20x 10° 1.01x 10°®

The bold values are the limiting dose equivaent rate factors.

Because the dose equivaent per unit intake is very much grester for the uranium isotopes and
includes the effects of production of the progeny in the body, it is not necessary to include their
dose equivaent factorsin Table 7.17.

7.8.2. Plutonium

Plutonium was discovered in 1940 at the University of Cdlifornia, Berkley and named for the
planet Pluto. Plutonium isfound in trace amounts in nature, not as a primordid radionuclide but
as an activation product of naturaly occurring uranium; Pu is created by the absorption of
neutrons by 2*8U. Since Pu concentrations in pitchblende ores are on the order of one part per
trillion, plutonium is consdered a synthetic dement.

7.8.2.1. Physical radiological properties
Plutonium is aslvery-white metd that is more reactive than uranium. It tarnishes quickly and if
the oxidation is severe enough it forms loose PUO, powder. The melting point is 641 °C, and the

bailing point is 3232 °C. Its density isabout 19.8 g cmi>. There are 15 isotopes of Pu; all except
243py emit apha radiation, and ***Pu has a very low dphaemisson rate. The half-livesrange
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from about 20 minutes for 2*Pu to 80 million years for 2**Pu. Thefissile isotopes are 2°Pu (T,
= 24,000 years) and ***Pu (Ty, = 14.4 years).

Table 7.18. Decay data for the three major plutonium isotopes and progeny [7]

Major Radiation Emitted
n $ (
| sotope Hdf life MeV % MeV % MeV %
“py 24x10°y 510 115 0007 19 00136 44

5.14 151 0.010 35 0113 0.05
5.16 733  0.017 2.8

0030 48
0046 13

“py 66x10°y 512 264 0010 86 00136 11
517 735 0023 197
0040 7.2

“py 14.4y 485 0.0003 0021 ~100 0.149 0.0002

490 0.002

2 Am 458y 543 128 0.0263 24

549 852 0.0595 35.7

0.099 0.02

0.103 0.02

Table 7.19. Specific activities of selected plutonium isotopesand 2**Am

Uranium | sotope Spedific Activity (TBqg+) Spedific Activity (mCi g™)
“py 2.30x 10° 62.2
240py 8.43x 103 228
241py 3.81 1.03x 10°
241Am 127 x 10% 3430

Freshly made average weapon grade g)l utonium contains 93.4% 2°Pu, 6.0% 2*°Pu, and 0.6%
24Py, Plutonium-241 decaysinto >**Am (T- = 432.7 y), which can pose an externd radiation
hazard. In addition, because of the spontaneous fission rates of 23°Pu, 24°Pu, and 2**Am externd
neutron exposures are possible.
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Table 7.20. Spontaneousfission rates for selected nuclides of interest [1, 7]

Spontaneous fissonrate Neutron emisson rate

Nudlide fskg? nstkg?
29py 10 30
240py 4.15x 10° 1x 10°
241 Am 600 15x 10°

7.8.2.2. External hazards

The mgor externa hazards of Pu exposure result from the beta particle emitted by 2**Pu and the
low energy gammarays, x-rays, and electrons emitted by the Pu isotopes and by 2**Am, the
progeny of 2*'Pu.. Table 7.21 shows the specific gammaray dose constants for the major Pu
isotopes and 2*Am.

Table 7.21. External gamma dose rate constants for plutonium isotopes and selected
progeny [7]

Specific Gamma Ray Dose Equivaent Constants for a

Point Source
Uranium | sotope mSvh*' MBq ™ at 1 Meter mrad hi* mCi* at 1 Meter
23%py 8.145x 10°® 3.04x 102
240py 2.30x 10° 8.510 x 10°°
241PU 0 O
241Am 8.479x 10° 3.137x 101

Tables 7.22 to 7.24 show externd dose rate factors for various exposure geometries. Noteson
using the tables follow Table 7.24.

Table 7.22. Effective dose equivalent (I CRP-30) rate factorsfor external exposure ($+() for
various geometries, for 2%°Pu, 24°Pu, and ?**Pu (Sv s Bq* m® except where noted) [13]

Geometry 259Pu 240Pu 241Pu
Air Submersion 424x 10 475x10®  7.25x10%°
Water Submersion 060x 102t  1.11x10%° 162x10%
Infinite Plane (Sv s* Bq'* nf) 367x10%° 803x10*° 193x10%
Soil Contaminated to 1 cm 561x10%% 6.20x10%2 9.60x 102
Soil Contaminated to 5 cm 1.15x 1021 7.44x10% 244x10%
Soil Contaminated to 15 cm 152x10%1  784x10%? 315x10%
Soil Contaminated to an Infinite Depth 158x 102t  785x10% 3.16x10%
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Table 7.23. Dose equivalent (ICRP-30) rate factorsfor external exposure ($+() to the skin
for various geometries, for 2*°Pu, 24°Pu, and ?*'Pu (Sv s Bq™ m® except where noted) [13]

Geometry Z39p, 220p, Z1p
Air Submersion 1.86x 10/ 3.92x 10/ 1.17x 10
Water Submersion 4.26x 10%° 9.13x 10°%° 250 x 1022
Infinite Plane (Sv s* Bg™® nt) 367x 10 918x10*®  7.06x10%
Soil Contaminated to 1 cm 2.20x 102 4.68x 102 1.28x 102
Soil Contaminated to 5 cm 287 x 102 4.83x 102 2.95x 1023
Soil Contaminated to 15 cm 3.31x10% 4.87 x 102 3.76 x 1023
Soil Contaminated to an Infinite 3.38x10% 4.87 x 10% 3.78x 102

Depth

Table 7.24. Effective dose equivalent (ICRP-30) and dose equivalent rate factorsfor
external exposure ($+() for various geometries, for >*Am (Sv s Bq* m® except where
noted) [13]

Geometry Effective in
Air Submerson 816x 10 1.28x 10"
Water Submersion 1.88x 101 208x 1018
Infinite Plane (Sv s* Bq'* nf) 2.75x 101" 8.32x10Y
Soil Contaminated to 1 cm 1.15x 10%° 1.62x107"°
Soil Contaminated to 5 cm 218x10%° 2.89x107"°
Soil Contaminated to 15 cm 234x 10 310x 107

Soil Contaminated to an Infinite Depth 2.34x 10 310x10%°

Notesto Tables 7.22t0 7.24

Air Submersion 1. Toconverttomremy? :Cit cm® multiply the entriesby
1.168 x 10%°,
2. To scalethese entries for densities other than 1.2 kg m®,
multiply the entries by 1.2/D, where D is the density in kg m®.

Water Submersion 1. Toconvettomremy™ -Cit cn?® multiply the entries by
1.168 x 10%,
2. To scaethese entries for densities other than 1000 kg m®,

multiply the entries by 1000/D, where D is the density in kgm*.

Infinite Plane 1. Toconverttomremy? :Ci't cn? multiply the entriesby
1.168 x 10°,
Contaminated Soil 1. Theassumed density is 1600 kg mi°. The table entries cannot

be scaed for different soil dengties.

2. Toconvettomremy? :Ci't cn?® multiply the entries by
1.168 x 10?2,

3. Toconverttomremy? :Cit g, multiply the entries by
1.868 x 107,
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Table 7.25. Beta dose rate factor s to the skin at a depth of 70 : mfor **Am for various
exposur e geometries [11]

Dose Rate Factor
Immersion in contaminated water 1;3]3 x 10%Svy I Bq* 7.7 zrad ! -Cit en?
c
Immersion in contaminated air 15x 10° Svy ! Bqg? 6.4 mrad h! :Ci't ent®
et
Onemeter above aninfiniteplane 0.0 Svy! Bg* en? Omrad ! :Ci't en?

Table 7.26. Beta dose rates from nuclides deposited on the skin to the skin at a depth of
7 mg cm? for 2*Am [12]

Radionuclide = Dose Rate Factor  Dose Rate Factor
svy!lBglter  radh!mCitent

21am 22x 107 9.4

There is ds0 the possibility of a neutron exposure from sufficiently large masses of Pu. For
example, there are about 5 kg of Pu in awarhead, so the neutron emission rate fromthe Puin a
weapon is on the order of 3x 10° ns*. At one meter, thiswould result in an external dose
equivaent rate of about 3 :Sv ! (0.3 mrem hi?), if the source can be approximated as a point
source.

7.8.2.3. Internal Radiological Hazards

Because mogt of the plutonium isotopes are apha emitters the mgor radiological concernis
interna contamination. The most common form of Puthat people may be exposed to is the
virtudly insoluble PUO,. The three mgor routes of any internd contamination are inhdation,
ingestion, and direct entry through awound.

If PUO, isinhded, about 20 to 60 percent isretained in the lungs[17]. Thislung retention

greetly depends on the size of the particle as well asthe biologicad properties of thelung. A
discussion of the retention of dust in the lungsis beyond the scope of thistext. For a detailed
discussion of the mechanics of dust in the lungs, see NCRP Report Number 125 [18]. Therest of
the PUO; isremoved from the body in severd days. The PuO, that remansin thelung is
removed with an effective haf-life of about ayear; some goes to the lymph nodes whereiit is
retained indefinitely, some is excreted, and avery smal amount depositsin the bone [10]. About
20 mg of optimally sized dust will produce degth in about a month from pulmonary edema or
fibrogs[17].

If ingested, the vast mgority of PUO, passes through the digestive system ragpidly and is
excreted. If directly entering the blood through awound, PUO, will deposit mainly in the bone
and liver. Acutely lethd damage to the digestive system occurs with an ingestion of about 500
mg of plutonium [17].
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The second most common form of plutonium is plutonium nitrate, which is Somewhat more
soluble than the oxide. Plutonium nitrate behaves much like plutonium oxide except that it
clears more rapidly from the lungs.

Plutonium shares many of the toxicologica properties of heavy metals, however, the chemica
hazard is negligible compared to the radiation hazards. Plutonium is not very toxic astoxicity is
commonly defined; fast acting and fatal in small doses. At low levels commonly encountered
the effects of Pu exposures may not be seen for many years, if & al.

The table below shows the committed effective dose equivaent factors for 2°Pu, 24°py, 241py,
and >**Am; the isotopes found in weapons grade plutonium. These numbers are based on the
least soluble chemica form of the isotope.

Table 7.27. Committed effective dose equivalent (ICRP-30) per unit inhalation intake (Sv
Bgh) for plutonium and related nuclidesfor classY [15]

Nuclide Effective Bone Surface
“py 8.33x 10™ 8.21 x 10*
240py, 8.33x 10° 8.21x 104
241py 1.34x10° 1.78 x 10°

241 Am (Class W) 1.20 x 10 2.17x 107

The bold vaues are the limiting dose equivaent rate factors.

The limiting factor in each caseis the dose equivaent to the bone surface. This meansthat the
limits are st to prevent nonstochastic effects (effects with an apparent threshold) to the bone
surfaces.

7.8.3. Tritium

Tritium is aradioactive isotope of hydrogen; it is often abbreviated as T, and its officid
abbreviation is*H. Hydrogen was first identified in 1766 by Cavendish and named by Lavoiser.
Hydrogen is the most abundant eement in the universe and is thought to be the building block of
al the dements. On earth, mogt of the hydrogen combines with oxygen to form water, but it is
adso found in organic matter. Trace amounts of hydrogen (< 1ppm by volume) exig in the
amosphere.

Tritium was discovered in 1934 from the bombardment of deuterium with accelerated deuterium
ions[1]. Tritium isformed in nature from cosmic ray interactions with nitrogen, oxygen,

lithium, and other exatic interactions. Tritium is aso produced in light and heavy water reactors
and nuclear wegpon detonations. Tritium is used in fusion wegpons as well as luminous paints,
and it hasfound ause as aradiologica tracer.
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7.8.3.1. Physical and Radiological Properties

Tritium is the only radioactive isotope of hydrogen. It contains one proton and two neutrons and
has a hdf-life of about 12.5 years. Tritium behaves very smilarly to hydrogen except for the
physical effect of its greater mass. It diffuses very rapidly in the environment and exchanges
with stable hydrogen. The speific a:tivigl of puretritiumis 357 TBq g* (9650 Ci g). Tritium
(®H) decays by betaemission to hdlium (*He). The betas have a maximum energy of 18.6 keV
and an average of 5.685 keV, and cannot penetrate the dead layer of skin.

7.8.3.2. Radiobiological and Toxicity Concerns

Elementa hydrogen (H.) is relatively inert; hence, tritium incorporated in molecular hydrogen as
HT isrdativey inert. The dementd gasisinhded and exhded with only about 0.005% of the
activity depogting inthe lung [6]. However, when incorporated into water vapor (HTO), tritium
disgtributes throughout the body. The uptake of tritiated water vapor is 100%. When exposed to
acloud of HTO, about one third of the uptake will be through skin absorption and the remaining
will beinhaed.

Exposures to very high concentrations of tritium can cause intakes large enough to induce acute
radiation symptoms. An accidental exposure leading to amulticurie dose of tritium induced
nausea and exhaustion and the eventua desth of avictim [9]. Other estimates put the LD-50% at
about 10 Ci, which corresponds to about 1 mg of pure tritium[1]. Thisisabout the same mass of
aletha dose of the nerve agent sarin [1].

7.8.3.3. External Radiological Hazards

The externd radiation hazard from exposure to tritium is extremely small; in fact, because the
beta particles emitted cannot penetrate the dead layer of skin, then only externa hazard isfrom
inhaled tritium gasirradiating lung tissue. The effective dose equivaent rate per unit
concentration (he) to tritium gasis

he = 1.19x 10 Sv h! Bg! n (440 mrem bt - Cit en?). [15]
7.8.34. Internal Radiation Hazards
Tritium gas, like hydrogen gas, is rdaively inert; only about 0.005% of inhaed tritium deposits
inthelung. However, when incorporated in water vapor, it Spreads uniformly and rapidly
throughout the water in the body. The effective dose equivaent per unit inhalation and ingestion
intake (he) to tritiated water vapor is

he =1.73x 10" Sy Bg* (6.4 x 102 mrem :Ci%). [15]

28 | D-50 is the dose to which 50 % of those exposed respond, and it is used as an index of relative effectiveness of a
given agent in eliciting a particular response. For example, when death of an experimental animal isthe biological
endpoint, the 50 % doseis called the LD-50 dose [19].
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Dose equivaent factors for other tritiated compounds are not available; however, under most
environmenta conditions tritium gasis quickly oxidized to water vapor.

7.9. Summary of identified sour ces from the production of nuclear weapons

This chapter identifies possible sources of radiation exposure and contamination in the

production and use of nuclear wegpons and lists countries with capability of producing them.
Nuclear wegpons are recognized as fission-only and fisson-fusion types of wegpon. Radiation
dispersal weapons are dso acknowledged in this chapter as smply conventiona wegpons used to
disperse radioactive materid into the environmen.

Table 7.28 includes identified nuclides in the production of nuclear wegpons. However, in the
event of anuclear detonation, many other radionuclides will result from activation. Prompt
neutrons, prompt gammarays, fisson fragments and fisson products are aso radiation sources
from the production of nuclear weapons.

Table 7.28. Summary of Radiation Sour ces from the Production of Nuclear Weapons

Isotope  Radiation Half- life Precaution

level ()
°H $ 12.3y E-T
BiCs b,g 30.2y X-E-
“Po "9 138.4d X-
234Mpg b, g 1.18m X-1
“ITh b,g 25.5h X-1
“*?Th " g 14E10y X-
“Th b,g 24.1d X-1
U a,gn 2.44E5y X-1-U
Sy a,b,gn 7.04E8y X-1-U
<Y a,gn 45E9y X-1-U
#39MpPg b, g 1.17m X-E
“Pu  a,b,gn 24E4y X-E-
“Pu a,b,gn 6.6E3y X-E-I
“Pu  a,b,gn 14.4y X-E-
“Am  a,b,gn 458y X-E-|
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Appendix A. Radiation Protection and Precautions L evels

The reduction of radiologica exposure starts with the identification of the sources (by using this
technica guide), continues with the sdection of gppropriate precautions and course of action,
and ends with the implementation of a selected response or protocol. This guideisvery
important to the entire process of reducing the exposure to radiologica agents.

Possible radioactive sources of exposure or contamination, of both civilian and military origin,
have been identified. Thiswas done to accommodate probable scenarios that can be encountered
by soldiers during both peacetime operations and war missons. Other documents dedl with the
handling of these identified sources, preventive mesasures, decontamination procedures, and risk
assessment [1-10]. Dedling with known radiologica sourcesisajob for qudified and trained
personnel. However, to avoid or minimize the exposure of soldiers to radiologica sources

several precaltions can be taken.

This appendix includes generd precaution levels that can be used to reduce the exposure to
identified radiation sources or risk of contamination. Precaution levels included in this gppendix
are based on the basic principles of radiation protection and the principle that dictates that all
exposures should be as low as reasonably achievable (ALARA).

A.1l. General Precautionswhen Dealing with Identified Sour ces of External Exposure

Basic precautions to minimize or avoid externd exposure can be defined in terms of time,
distance, and shidding. Precaution levels for external sources of radiation are derived from these
concepts asthey areillugtrated in Figure A.1. Thetotal radiation dose received depends on the
duration of the exposure; therefore, minimizing the time spent around radioactive materid
minimizes the potentia dose. By increasing the distance from a source, one can rapidly decrease
the radiaion intengity that reaches a soldier. Doubling the distance decreases the amount of
radiation by afactor of four. That is, the radiation exposure at twice the distance would have
decreased to one fourth its origind value. Appropriately shielding the identified externa

radiation source will minimize or prevent exposure. Wheressiit is probably sufficient to shiedd a
beta source with athin layer of amateria such as auminum, a gamma source might require thick
layers of lead or stedl. A soldier in the field would probably only have access to other types of
shielding, such as dirt, sand, water, etc., and would need to improvise in order to acquire the
necessay shielding. Thisiswhy it isimportant to know how to properly shidd a specific type of
radiation (apha, beta, gamma, and neutron), as we have identified in this technical guide.
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Figure A.1. Illlustration of thetime, distance and shielding concept
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Because of ther different rangesin air and materia/tissue, one would use a different type of
shield when encountering an apha, beta, gamma, or neutron source. Figure A.2 isan illugtration
of the shielding of dpha, beta, and gamma sources. Alpha particles are heavy charged particles
with avery short rangein ar. They can be stopped with a sheet of paper or by the outer dead
layer of the skin. The problem arises when an exposure to external contamination with an apha
emitter or to airborne contamination leads to interna contamination. Although beta particles can
travel ggnificant distancesin air, solid materids easly stop them. Beta emitting sources should
be shielded with low-density materids (for example plastics) to reduce bremsstrahlung
productior?®. Low levels of betaradiation can be stopped completely by about a one-hdlf inch of
water, asmdler thickness of plagtic, or less than one quarter of an inch of glass. Another
common shielding materia for beta sourcesis aduminum. Legther gloves can greetly reduce the
betaradiation dose. Gamma and x-rays are shielded with denser materids, such aslead or stedl.
Lead, which is avery good absorber for gammas, is apoor shielding materia against neutrons.

Neutron shidlding is very complicated because of the range of neutron energies commonly
encountered and the dependence of neutron interactions on these energies and the shidding
materids. Asagenerd principle, neutrons are dowed and then absorbed. Because dagtic
scattering with a proton is the mogt efficient method to dow/moderate a neutron, h%/drogen rich
materials such as water, paraffin wax, and polyethylene are used. Both 1°B and 1*3Cd are
common absorbers of thermal neutrons. Cadmium emits a high-energy gammaray upon
capturing a neutron, and boron emits an dpha particle. Therefore, absorbers using cadmium will
need additiond shielding for the gamma rays produced.

29 X-rays are produced whenever electrons of high energy strike a heavy metal target like tungsten. When electrons
hit this material, some of the electrons will approach the nuclei of the metal atoms and are deflected. This deflection
causes the energy of the electron to decrease. The decrease in energy appears as photons or electromagnetic
radiation called bremsstrahlung, a German word for Abraking radiation. Bremsstrahlung x-rays are produced by

the rapid slowing of energetic electronsin high Z materials either from radioactive material, in an x-ray machine, or

in an accelerator.
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Figure A.2. lllugtration of the shielding of alpha, beta and gamma radiation sour ces
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The following table indudes examples of shidding materids, the type of radiation for which

they are used and the advantages and disadvantages of using them.

Table A.1. Example of shidding materials[11]

Shidding Radiation Advantages Disadvantages
materia
Iron Gamma Itischesp and availablein It activates in neutron fields and lesks
many forms and thickness. It intermediate-energy neutrons.
has reasonable density and
good sructura characteristics.
Lead Gamma It is cheap and easy to form It isatoxic metd with severe
with moderately high density. restrictionson disposa asa
radioactive waste. Impurities may be
activated by neutrons.
Tungsten Gamma It has the highest available Itisvery expendve and difficult to
dengty in acommonly form.
available metdl. It has good
activation characteristics.
Water Neutrons, It is cheap, trangparent, with It can flow and lesk out of container
ganma good H dengsity. and evaporate. It would need 12
times the thickness of Pb to have the
same attenuation to gammeas.
Paraffin Neutrons, It is cheap and eadily formed It iscombudtible and itsfind form is
gamma with good H dengity. It can not rigid. The neutron capture by H
have various additives. Thereis  produces a hard-to-shield gamma.
No neutron activation. Lots of thickness would be needed
for gammeas.
Polyethylene  Neutron, It is easly shaped, machined. It It issemirigid and needs support for
ganma has good hydrogen density. It large sections. Lots of thickness

does not activate and can be
manufactured with salected
additives.

would be needed for gammeas. Lots of
thickness would be needed for
gammes.
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Shidding Radiation Advantages Disadvantages

meaterial

Concrete Gamma and It is chegp, with good Structurd It activates and large shidlds must be

neutron characterigtics. It is of best reinforced to avoid cracks. Shidds
choice when spaceisnot a can have voids.
concern, has an acceptable
hydrogen dengity for neutron
shidding and it isstable at
elevated temperatures.

Hydrogen Neutron Itisavaldblein many It produces high-energy gammawhen
materias and it isgood for capturing therma neutrons.
reducing energy of neutrons.

Boron Thermd It isessly added to many Itisdifficult to atan high

neutron materials. It doesnot resultina  concentrations when added to
radioactive product. materids and it is expendve.

Lithium Thermd The neutron absorbing process Each absorbed neutron produces a

(nat.Li, and neutron does not produce any gammas lithium atom and it is expensive.

°Li) and lithium can be mixed with
other materials.

Cadmium Thermd Itisametd thet isessly It isatoxic metd that producesa

neutrons formed with sharp edges for long-lived radioactive nuclide.

beam definition. A thin piece
can stop al thermd neutrons.

Neutron capture produces high-
energy gammeas that are difficult to
shidd.

To reduce theindividuad exposure to ionizing radiation, one must be aware of the principles of
radiological protection. The judicious use of time, the imposition of shielding and maximization
of distance between aradiation source and an individua will minimize the dose.
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A.2. General Precautions when Dealing with I dentified Sour ces of External Contamination

Before determining which measures to take in the event of radiological contamination, one must
cearly diginguish between the possibility of externa and internd contaminetion. Externd
contamination can occur when the radioactive materid is arborne, and when it isin contact with
clothing, or surface of the skin. One can digpose of the clothing, clean surface and isolate from
arborne radioactivity to diminate these types of externa contamination; however, the skin has
to be treated and shielded or protected from further contamination.

The U.S. Army has documents that address many different ways to protect exposed and/or
contaminated individuas, equipment, and Structures [2-6, 8, 10, 12]. Protocols detailed in these
documents may be used after identifying aradiation source or as preventive measuresiif
contamination is suspected. If thereis externa contamination, decontamination protocols must
be followed. Decontamination generdly involves clothing that is made of plagtic garments

and/or paper suits (Tyvek), which are discarded at the end of the operation when leaving a
contaminated area. Therefore, the risk for contamination of theindividuasisreduced. The
following are some of the generd rules that can be followed as precautions to avoid further
externa contamination:

Table A.2. General precautionsfor minimizing or avoiding external contamination

1. Ifitissusgpected that asoldier has been in contact with an identified contaminant aradiation
survey should follow.

2. If contamination is confirmed, it is recommended that contaminated clothing be discarded,
rather than trying to clean it with sogps and chemica agents (detergents with certain additives,
such as citrus acid) to attempt decontamination.

3. Contaminated hands should be washed thoroughly for two to three minutes by usng warm
water and amild soap or detergent. The entire hand surface should be covered with agood
lather and rinsed off completely with water. The process shoud be repested at least three times.

4. If precaution 3 does not remove dl dirt and contamination, it is recommended to scrub the
hands for a period of at least eight minutes with aliquid or cake soap, hand brush and warm
water. During this eight minutes there is sufficient time to complete & least three complete
changes of water and sogp. The entire surface of the hands should be brushed with light
pressure, especialy around the nails and between the fingers.

5. If thereis contamination of the skin and afew decontamination efforts do not work and the
skin garts to become thin, they should be discontinued.

6. If theintegrity of the skin is damaged and contamination is suspected, there is a potentid for
interna contamination and precautionsin A.3 should be applied.
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An example of externd contamination can be the contamination of the hands with fisson
products. In this caseit isrecommended to use titanium oxide (TiO>) asfollows:

Table A.3. Precautions for minimizing contamination of the hands with fisson products

1.

TheTiO, should be used as a paste or durry made by shaking the powder compound into the
wet pam of the hand until agood paste is formed.

Tap water should be run over the hands continually so that the paste is kept wet, and this
paste should be applied thoroughly to al hand surfaces, especidly around the fingernails.

The rinse should be done with lukewarm water and followed by a thorough washing with
sogp and water and a hand brush.

Caution should be made to remove dl pagte. If any isleft under nails after washing, it will
form araher hard cake which is difficult to remove.

Another example worth including in this section is the use of potassum permanganate (KMnQy)
to remove externd plutonium contamingtion. Thisis done asfollows:

Table A.4. Precautionsfor minimizing external contamination with plutonium

1.

An equd volume of a saturated solution of KMnO, must be mixed with 1 percent sulfuric
acid solution and poured over wet hands, covering the nails and cutides thoroughly.

The entire surface must be rubbed lightly with a brush without bending the bristles out of
shape.

Warm running water should be used to rinse off after the gpplication has thoroughly covered
hands. (This procedure should not be extended for more than 2 minutes. The process will
gtain the skin a deep brown.)

Freshly prepared 5 percent sodium acid sulfite solution should be used in the same manner as
above, usng the hand brush and warm running water for a2-minute period. Thissolution

will remove the brown stain of the skin. (Keep labeled packages containing 10 g NaHSO3 on
hand and dissolve thisamount in 200 ml of water.)

The procedure 1-4 may be repeated severa times without appreciable harm to the skin if
eech washing islimited to about 2 minutes.

To wash other skin surfaces such as neck, face, ears, etc., the solutions may be applied with
absorbent cotton. 1 another person is manipulating the solution, rubber gloves should be
worn as protection from both contamination and permanganate gaining.
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A.3. General Precautions when Dealing with |dentified Sour ces of I nternal Contamination

Internal contamination may occur viainhaation, ingestion, or injection, through awound, or
absorbed through the skin (see Figure A.3). Radionuclides deposited in the body (tissue or
organ) leave the body via exhaation, feces, urine, or swest at different rates. Thisdimination
rate directly affects the specific approach that needs to be taken in order to eiminate or minimize
exposure to an interna contaminant. Interna contamination is trested depending on the type of
isotope ingested, inhaled, injected or absorbed and how it is distributed within the body, its
biologica half-life*® and effective hdlf-life®l. Thelater is acombination of its physical and
biologica haf-lives

As a precautionary measure to avoid interna contamination, soldiers must wear protective
clothing when performing atask in a contaminated environment and it is required to do so.
Examples are the use of a mask, hood, helmet, gloves, footwear covers, and protective clothing
or MOPP (Mission Oriented Protective Posture) gear upon entering a contaminated area, or an
areawhere there are fdlout deposits[9]. It must be emphasized that spread of contamination to
clean areas should be avoided.

30Bjological half-life isthe time that the body would take to eliminate one half of the radionuclide.

31 The effective half-life is acombination of the physical and biological half-lives. Theinverse of the effective half-
lifeisequal to the addition of the inverse of both the radiological and biological half-lives. 1/T1ogrr = UT1/2raD +
UTizsio.
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Figure A.3. Illustration of the possible pathways of internal contamination
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A.3.1. Precautions Recommended for Working in a Contaminated Area

The following are some genera precautions for soldiers encountering a contaminated area:

Table A.5. Precautionsfor entering a contaminated area

1. Asdgned dutiesin contaminated radiation areas must be completed promptly to minimize

exposure.

2. When working around radioactive materids, one should not improvise. Appropriate
procedure must be followed and no maintenance thet is beyond one' s level should be
performed. Activities are planned and practiced to minimize time if misson dlows.

3. Protective wear is to be used when required.

4. Radioactive materids should beisolated and shielded to reduce exposures to individuals.

5. Maintaining maximum distance between aradioactive source and the body can significantly

reduce exposure.

Thefollowing table includes techniques for reducing internal contamination. Theseinclude
severd dements for which dose reduction techniques have some effect. All these techniques

require medical supervison for adminigtration.

Table A.6. Techniquesfor reducing internal contamination [13]

Method Agent Example radioisotope
Dilution Water °H
Phosphorous (Neutrophos) 32p
Blocking Ferric Ferrocyanide (Prussian blue) ICs
K1 (Lugol’s solution) 131 99mre
Al-phosphate, Al-hydroxide 89gr, 85
Mobilization Chlorthalidone (Hygroton) “Rb
Chelating DTPA S4Cf, #%2Cm, ““Am, “*Pu, 1**Ce,

EDTA, penicillamine
Penidllamine

143Pm, 14O|—a1 QOY’ Gszn, 46&:’ rare
earths

ZlOPb

203Hg, GOCO

Undergtanding the dimination of radioactive isotopes is an important issue when deding with
potentid contamination of personndl. A radioactive materia must be diminated from the body
to removeits hazard. Detoxification, which is effective againg materids that are chemica
hazards, will not be effective in the case of radioactive materials because contamination is not
modified by chemica changes. The biological methods of dimingtion include rend excretion

for most soluble materids, dimination in the feces for materids which are retained in the gut or
which can be secreted in the bile, and exhdation for volatile materids and gases. Chelating
agents, such as cacium or zinc DTPA (diethylenetriamine pentaacetic acid), if administered soon
after exposure, are effective in enhancing the eimination of certain radioisotopes. These
materias are not very effective for radioisotopes that have been incorporated and fixed in organs



and tissues, for example to the bone or thyroid. Under conditions of nuclear war, chelation
therapy isvery unlikely to be used.

Therate at which amaterid is diminated is usualy expressed as the biologicad hdf-life During
each successve hdf-life, an additiond one-hdf of the radio-contaminant is removed from the
body, andogous to the physica hdf-life. However, not dl materids follow a smple exponentid
elimination process, but this method of expression is sufficiently accurate to be applicable to
mogt soluble isotopes. An exception that must be noted is the retention of insoluble heavy
metals such as plutonium in the lungs and in bone. The rates of loss under these circumstances
are not exponential and are very dow.

The biologica hdf-time may be varigble. A prime example of thisis body water, the turnover of
which can be as short as 4 daysto as long as 18 days, depending upon the state of hydration,
volume of intake, and rend function [8]. Some isotopes cannot be cleared from the body as
rapidly, and there is no adequate trestment available at present for increasing the rate of remova
of amixture of isotopes. For example, amixture of isotopes would be incorporated into the body
asaresult of ingesting fallout contaminated food and water.

The uptake by the body of radioisotopes can be blocked in some cases. For example, potassum
iodide or iodate if given prior to or soon after an intake of radioiodine, will reduce the uptake of
radioiodine by the thyroid gland. Similarly, ordly administered Prussan Blue will reduce the
absorption of cesum from the gut and Alginate will reduce strontium absorption.
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A.3.2. Precautions when Dealing with Equipment Containing Radioactive Sour ces

As previoudy identified in this guide, there are equipment, commodities, or instrumentation that
contain radioactive materia and a common precaution is to follow gpplicable generd safety
rules. The following are common rules that apply to personne working with equipment
containing radioactive materid.

Table A.7. Precautions for handling equipment containing radioactive sour ces

1. No smoking, eating, drinking, gum or tobacco chewing, and applying of cosmetics permitted
inthe area. This helps reduce the potential for ingestion of radioactive materids.

2. Always wash hands after handling radioactive materids or sources with nonabrasive soap,
even if disposable gloves were used.

3. Medicd injuries take precedence over radiologica contamination concerns. In the event of
an accident or injury, injured personne should be removed under the supervision of medica
personnd. If injury occurs insgde a building or room with possible radioactive
contamination, the injured person should be moved to limit exposure.

4. Chainof command must be informed of radiologica handling operations.

A 4. Precautions when Dealing with Tritium Sources[14, 15]

Since tritium isfound in many Army commodities, this appendix has included some precautions
to avoid or minimize exposure. Over 99% of the tritium in light sourcesistritium gas. Tritium
oxide, which is readily absorbed by the body, poses no radiation threat aslong asit is contained
within the Pyrex tube. If the tubeis broken or damaged whileit is till contained, for examplein
afire control device, the tritium gas is released into the interior of the device. The gas does not
disspate and will combine with oxygen molecules to form sgnificantly more tritium oxide. The
tritium will leachinto the meta and other materidsin the interior of the device creating a contact
hazard. No maintenance is to be performed on devices that contain tritium, if it is suspected that
the Pyrex tube containing the tritium gas has been broken or islesking. Thelack of illumination
isan indication that the source may be damaged. To test for illumination of the light source, one
can follow the following smple seps.

Table A.8. Illumination Test for Equipment Containing Tritium Sour ces

1. Placethe devicein adark place for along enough time to ensure that the phosphor agent is
not being activated by an outside light source. If in doubt, double bag source.

2. View thedevicein low light after your eyes have become accustomed to the dark.

3. If thereisno evidence of illumination, consder the light source to be broken.

A suspicion of damage to the tritium source or leskage is raised when not dl of the sources are
illuminated during the illumination test. If atritium source is broken during handling a dite, one
must inform al personnd to vacate the area and move upwind from the device. Figure Adisa
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flow diagram of the recommended precautions when dealing with a broken tritium source.
When atritium source bregks or is no longer illuminated, the local NBC personnd must be
natified, and the following actions must be taken under their direction:

Table A.9. Precautionsfor dealing with a broken tritium source

1. Anyonewho may have touched or handled the broken Pyrex tube should wash as soon as
possible with non-abrasive soap and luke warm water.

2. Personnel handling the device should wear rubber or latex gloves.

3. Thedevice must be immediately double wrapped in plastic, sedled, packaged, and shipped to
designated place.

4. The outsde container must be labeled “BROKEN TRITIUM DEVICE - DO NOT OPEN".

5. The broken device must be stored outdoors in a secured container. Used gloves should be
disposed of as radioactive waste per direction of the local NBC personnel, and then hands
should be washed well.

6. Personnel who may have handled the broken tritium device should report to the hedth clinic
for atritium bioassay*2. The optimum bioassay sample time is approximately 4 hours after
the exposure. A minimum of 2 to 4 hoursis necessary for tritium to reach an equilibrium and
only after this minimum time should a urine sample be taken [14].

7. Personnd should drink lots of fluidiweter to enhance the tritium biologica dimination from
the bodly.

8. The areawhere the tritium contamination has occurred must be cordoned off and restricted
until awipe test>® in the areaindicates that no contamination remains on the surface. Broken
tritium devices indoors may result in tritium contamination of the workbench, table, or the
surrounding area.

If tritiated water isincorporated into the body, the biological half-lifeisthe factor determining
the hazard sinceit is SO much shorter than the physica hdf-life of about 12 years. Reduction of
the biologicd hdf-life to aminimum by over-hydration and the adminigtration of diuretics have
obvious vaue and is the recommended therapy in cases of exposures to tritium.

32 Bioassay refers to the determination of kinds, quantities or concentrations, and, in some cases, the locations, of
radioactive material in the human body, whether by direct measurement (in vivo counting) or by analysis and
evaluation of materials excreted or removed from the human body.
33Wipe test or smear test is amethod of determining the removable contamination on asurface. The suspected area
iswiped with afilter paper and the radioactivity on paper is measured.
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Figure A.4. Flow chart indicating precautions when dealing with broken tritium source
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A.5. Precautions when Dealing with DU

Personnd should stay at least 50 meters from any vehicle struck by DU munitions or containing
DU armor that has been struck by armor piercing rounds. DU munitions and armor are safe if
intact; thet is, if they are unfired or undamaged.

There are four basic Stuations in which specid precautions may be required to protect from DU
exposure. Thefirg isbeing within 50 meters of any equipment struck by DU munitions. The
second is being required, by the nature of job or misson, to routinely enter damaged vehicles
struck by DU or containing damaged DU armor. The third is being within 50 meters of any fire
involving DU munitions. The fourth iswhen welding DU armor.

The best protective measure is Smply avoiding these Situations unless required by the nature of
job or misson. One should stay upwind of avisghble smoke plume involving DU. In mogt of the
Stuations where additiona protective measures may be warranted, personne will have speciad
training and equipment. If one encounters any one of these Stuations, there are some standard
protective measures that can be taken:

Table A.10. Precautionsto minimize or avoid DU contamination

1. Wear respiratory protection

2. Keep exposed skin covered

3. Brush off clothing and equipment to remove potentia contamination

4. Wash hands before eating and shower when available

5. If sugpected DU exposure (internd intake viaingestion, inhdation, or wound) bioassay mugt

be recommended

One should remember that brief exposures to DU, even in a Situation where protective measures
may be necessary, are safe. Mission accomplishment and the saving of life and limb should
never be delayed because of potentid DU exposure.

A.5.1. The Nature of the Potential DU Hazard

In the limited scenarios described above, DU could potentidly cause hedth effects. There are
two basic mechanisms responsible for these hedlth effects: radioactivity and heavy metdl
toxicity. The external radiation effects of DU are minima®*. Most of the radiation emitted by
DU isweak and cannot penetrate the skin and alayer of clothing, and what doesiswell below
the U.S. safety standards. Following standard safety precautions and observing good persond
hygiene mitigates hedth effects. The interna radiation effects (i.e., once the DU getsinsde your

34 Although external radiation effects of DU are minimal, the 2*™Pa, progeny of 2%3U, hasa2.28 MeV (max) beta
that may be of concern.
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body by inhdation, ingestion or through wounds) are of more importance. Bregthing inthe DU
dus is of most concern. Heavy metd toxicity is of sgnificance only when internd exposure has
occurred. Like any other heavy meta, such aslead and tungsten, the DU can cause chemicdl
effectsin the organs and other systems of the body. When considering the chemicad toxicity of
DU, the kidney is the most likely organ to be affected.

Hedth effects become important in the four scenarios mentioned above. One must remember
that brief exposures are safe, and that standard safety and hygiene procedures will ensure soldier

safety.
A.6. Determination of Precaution Levels

The precaution levels found in Table A.11 were determined by taking into account information
on the minimization of exposure and avoidance of contamination, as stated in previous sections.
These precautions have further been defined for grouped radioisotopesin their order of chemical
and radiologica toxicity, type of radiation emisson, and contamination levels. Further
consderation can be given to removable and fixed contamination possibilities and estimated risk.

Since externa contamination can lead to internal contamination, it is often observed that both
precautions in Sections A.2 and A.3 may be common to some identified sources. For example,
an identified plutonium source that has externdly contaminated a soldier must be treated as
indicated in Section A.2; however, there may be the possihility for internd contamination and
measures should be taken asindicated in Section A.3.

These precaution levels can be linked with the Radiation Exposure State (RES) categories™ to
assess the dose or potentid risk from exposure or contamination. That is, given an identified
potential source by using this technical guide, appropriate precautions can be taken. If further
datais avalable regarding the radiation level, these precaution levels can be matched to a
gpecific RES category that would dictate the recommended course of action.

NATO RES categories did not consder the intake of radioactive materid. However, we do
consder interna exposure when computing the cumulative dose that is shown in Table A.12 of
this document®®.  Appendix H includes examples of dose assessments for cases of internd
contamination and externd exposure. The first example is a scenario in which there isinternd
contamination from the inha ation of wegpons grade uranium. Precaution levels X, | and U can

be applied. The resulting dose of 0.149 mSv (14.9 mrem) can be assumed to be the total dose
that isreferred to in the RES category table (Table A.12). The 0.149 mSy, representing a dose of
0.0149 cGy, corresponds to an RES categorg/ 0, NORISK. The second example is a scenario of
an externa exposureto a1 mCi source of 2%°U at adistance of 80 cm. Precaution levels of X, |
and U apply. The resulting dose of 0.50 mSv (50.47 mrem) isthe total dose thet isreferred to in
the RES category table. The 0.50 mSv, representing a dose of 0.05 cGy, corresponds to an RES
category 1A, NORMAL RISK. Thethird exampleis a scenario involving wespons-grade
plutonium. Precaution levels for plutonium are X, E and I; level U can aso be gpplied. The
resulting dose of 0.64 Sv (640 mSv, 64 rem), representing a dose of 64 cGy, corresponds to an
RES category 1E, SIGNIFICANT RISK. Recommended course of action can be derived from
Table A.12.

35 Radiation Exposure State (RES) categories are defined in NA TO Ace Directive No. 80-63[16].
36 Original NATO document did not consider internal exposure [16].
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Table A.11. Guidance for precaution levels

Precaution Definition
level
X Potentid externd exposure. Apply precautionsin section A. L.
E Potentid externd contamination. Apply precautionsin section A.2.
I Potentia internal contamination. Apply precautions delineated in section A.3.
T Potentid tritium exposure. Apply precautionsin section A 4.
U Potential DU exposure. Apply precautionsin section A.5.
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Table A.12. M odified table for guidance low level radiation operational exposure[16]

TOTAL TOTAL RES Category STATE ACTIONS

CUMULATIVE DOSE (Seenotes 4 & 5)

DOSE (cGy) (mSv)

(Seenotes 1, 2 &3)
<0.05 cGy <0.5 mSv 0 NO RISK - None
0.05To 0.5 cGy 05To5mSv 1A NORMAL RISK - Record individual dose readings
- Initiate periodic monitoring
0.5To5cGy 5To 50 mSv 1B MINIMAL RISK - Record individual dose readings

- Continue monitoring

- Initiate rad survey

- Establish dose control measures as part of
operations

- Prioritize tasks

5To 10 cGy 50 To 100 mSv 1C LIMITED RISK - Record individual dose readings
- Continue monitoring and update survey
- Continue dose control measures
- Execute priority tasks only (See note 6)

10 To 25 cGy 100 To 250 mSv 1D INCREASED - Record individual dose readings
(Seenote 7) (Seenote 7) RISK - Continue monitoring and update survey
- Continue dose control measures
- Continue to execute priority tasks only
- Execute critical tasks only (See note 6)

25 To 70 cGy 250 To 700 mSv 1E SIGNIFICANT - Record individual dose readings
(Seenote 8) (Seenote 8) RISK - Continue monitoring and updating survey
- Continue dose control measures
- Execute critical tasks only

NOTES:

1. Doseisuniform to the entire body due to whole body radiation and including internal contamination.

2. All doses should be kept as low as reasonably achievable (ALARA). Thiswill reduce individual soldier risk aswell as retain maximum
operationa flexibility for future employment of exposed soldiers.

3. Theuse of the measurement Millisieverts (mSv) is preferred in all cases. However, due to the fact that normally the military has only the
capability to measure Centigray (cGy), as long as the ability to obtain measurementsin mSv is not possible, ACE forces will use cGy.
1cGy =10 mSv

4, Riskisof long term health consequences, primarily induction of fatal cancer starting two years post exposure. Totd lifetimerisk is assumed
to be four to seven percent per 100 cGy (= 1000 mSv). Thisisin addition to the 20-25% incidence of fatd cancer among the genera
population. Additional health risks that may occur are teratogenesis and mutagenesis and their associated psychological and socia
Cconseguences.

5. It must be noted that higher radiation dose rates produce proportionally more other health risks than the same total dose given over alonger
period.

6. Examples of priority tasks are those missionsto avert danger to persons or to prevent damage from spreading. Examples of critical tasks are
those missions to save human life.

7. During peacetime, this dose shall not be exceeded except to save human lives.

8. REScategory 1E covers awide range of dose and itslower level (25 cGy = 250 mSv) is the peacetime maximum operational dose in many
NATO nations. This category is normally only applicable in wartime. Intentional exposure to dosesin this category (25-70 cGy = 250-700
mSv) requires additiona justification.
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Appendix B. Power Reactor Types

By 1999 there it was atota of 494 nuclear power plants, 444 of which were in operation in 1997
and 433in 1999 [17, 18]. Fgure B.1 isapie chart representing the distribution of these plants

by reactor type.

Figure B.1. Worldwide nuclear power plant distribution by type
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PWR: Pressrized Water Reector
BWR: Bailing Water Reector

GCR: Gas Coded Reedtor

HWR: Heavy Water Reector

LWGR: Light Water Graphite Reector
FBR: Fagt Breeder Reector

Typica components of nuclear power reactors are:

1.) Thereactor pressurevessal. In mog resctors the fud is contained within asingle pressure
vesse. However in some designs fuel rods are contained within individua pressure tubes.
Figures B.2 and B.3 include pictoria representations of the pressure vessdl for atypical PWR
and aBWR. The control rod mechanismsin the pressurized water reactors are located at the
top of the reactor core. By contragt, the control rod mechanisms in the boiling water reactors
are at the bottom of the reactor core.
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Figure B.2. Pressure vessd of atypical PWR (overall height = 13.12 m (43 ft), outer

diameter, including nozzles = 6.99 m (22.92 ft))
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FigureB.3. Vessd of atypical BWR reactor (overall height = 21.65 m (71 ft), inner
diameter = 6.05 m (19.83 ft))
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2.) Thefuel. Thefud isusudly an arangement of pellets of enriched uranium oxide in zircaloy
(agtrong, anti-corrosve materid) rods. These fud rods are placed in the core. Figure B.4
shows an example of afuel rod assembly and cross-section of arod for atypica PWR.
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Figure B.4. A fud rod and its assembly (assembly dimensions=20.32 cm x 20.32 cm (8 in X
8in), active height = 3.81 m (12.5 ft), active diameter = 3.63 m (11.91 ft))

Spider

Control rod |

Hold-down spring

Fuel rod

Top plate

Top grid assembly

Fuel rod

Intermediate
grid assembly

UD2 pellet

Zircalov
cladding

Bottom grid
assembly

Bottom
Bottam plate end plug

3.) The moderator. The moderator isused to dow down the fast moving neutrons produced by
fisson. Thisdlows them to be captured by other nuclel so that the fission process continues.
The moderator may be in the form of a solid, such as graphite, or aliquid, such as water.
Figure B.5 isarepresentation of the role of the moderator in areactor. The fast neutrons
emitted by nuclear fisson lose their energy and dow down in successive collisons with the
nuclel neutrons across the moderator (hydrogen, deuterium or graphite). The chain reaction
in the core of the reactor is started, adjusted or stopped by withdrawing or inserting a neutron
absorber, such as boron. The control rods are inserted so as to absorb the neutrons emitted
and arrest the chain reaction.
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Figure B.5. lllustration of the moder ator of a typical reactor
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4.) Thecontrol rods. These control rods are made of neutron absorbing materials, such as
cadmium or boron and are sirengthened with sted. They can be moved into or out of the
reactor core to control the rate of fisson reaction or stop it completely.

5.) The coolant. The coolant isaliquid or gas circulating through the reactor, transferring hest
away from the core.

6.) The steam generator. The steam generator is part of the cooling system of aPWR. It
separates steam from the coolant and directsiit to the turbines to generate dectricity. Figures
B.6 and B.7 include a picture of a u-tube steam generator and a once-through steam

generator, respectively.



Figure B.6. A U-tube steam generator (overall height = 20.73 m (68 ft), upper shell outer
diameter = 6.77 m (22.2 ft), lower shell outer diameter = 4.82 m (15.8 ft)
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FigureB.7. A once-through steam generator (overall height = 23.01 m (15.5ft), shel inner
diameter = 3.53 m (11.58 ft))
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7.) The containment. Reectors are contained insde acasing that acts as aradiation shield and is
designed to prevent the release of radioactivity into the environment. Lack of containment is
adesign weakness of some Soviet designed reactors.

8.) Others. Other important components include the reactor pumps, turbines, pressurizer (in
PWRs), demineraizers, and many other systems and components.

Other main components are the pumps and al other equipment that are part of the primary and
secondary loopsin most reectors. Demineralizers, turbines, condensers, dryers, shidding
sructures, water treatment systems, other systems, corresponding piping and many other systems
are among these components.
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Table B.1 includestypical characteristic parameters associated with the various nuclear reactor
designs. These can be used to identify parameters and reactor components in the absence of
documentation and to predict and locate possible sources of radiation within the power plants.
The dataincluded in this table can dso serve as akey to predict vaues such as the radiation from
afud assembly, radiation flux from areactor core, the predicted dose from possible exposure to
these parameters and other hedlth physics computations [19].

TableB.1. Typical nuclear reactor parameters

Parameter PWR PWR PWR BWR Candu GCFR HTGR LMFBR
(W) (B&W) (CE) (PHW)

Fud Type uo; uo, uo;, uo;, uo, Puo,, uC, PuO,,
uo, ThO, uo,

COOl ant Hzo Hzo Hzo Hzo Dzo He He Na

Structural Materid Zircdoy  Zircaoy Zircdoy  Zircaloy Zircadoy 316SS Graphite  316SS

2 4

M oderator H,O H,O H,O H,O D,O - Graphite

Core Parameters

Activehe ght(cm) 366 363 381 376 410 148 634 91

Equi vaent active 337 352 363 366 680 270 844 222

diameter (cm)

He ght / diameter 1.09 1.03 1.05 1.03 0.60 0.55 0.75 041

Active core 32,800 37,600 40,000 63,910 130,000 8,510 354,000 6,300

volume ()

Fud wa ght (kg) 90,200 94,900 103,000 138,000 80,000 28,000 39,000 19,000

Fud Assamblies

Type Square Square Square Canned- Pressure Hexago- Hexago- Hexago-
bundles  bundles bundles  square tube nal nal nal
bundles bundles canned  graphite canned
bundles  prisms bundles

Number of 193 205 241 732 473 347 3944 34

assemblies

Fud dement array 17x17 17x17 16x 16 8x8 pressure  hex 132pins  hex

tubes

A$emb|y 214x 21.7x 20.3x 14x 14 8x50 17x 17 35x79 12x 12

dimension (cm) 214 217 203

Number of fud 264 264 236 63 28 225 132 217

elements per

assembly

Fuel Elements

Type Cladrod  Cladrod Cladrod Cladrod Cladrod Vented Graphite  Wire-

cladrod UC, warped

ThGO;, cladrod
rod

QOutside diameter 094 0.96 097 125 152 0.805 156 0579

(cm)

Fud pel let 0.819 0.823 0.825 1.056 144 0.739 156 0.66

diameter (cm)



Parameter PWR PWR PWR BWR Candu GCFR HTGR LMFBR
(W) B&W) (CE) (PHW)

Therma hydraulics

System pressure 155 155 155 70 89 86 50 14

(bar)

Coolant flow 62 68 72 47 239 10 5 50

(10° kg/hr)

Inlet temperature 300 300 2% 269 249 3R 337 380

(°C)

Outlet temperature 326332 333 328 285 293 642 750 552

(°C)

Maximum fud 1788 2021 1882 1829 1500 2200 1410 2000

temperature (°C)

W: Westinghouse

B & W: Badcock and Wilcox
CE: Combustion Engineering

PHW: Pressurized Heavy-water Reactor

GCFR: Gas cooled fast reactor

HTGR: High Temperature Gas-cooled Reactor
LMPFBR: Liquid Metal Fast Breeder Reactor

316SS: Stainless Stedl # 316
CR: Criticdity Retio



B.1. Pressurized Water Reactors (PWR)

Pressurized water reactors are the most common types of reactorsin the world. 1n the beginning
of 1999, there were 288 PWRs in the world, representing fifty-eght percent of dl the nuclear
power plants; of these, 251 plants are? dtill in operation [18]. The pressurized water reactor has
two mainloops. A primary loop runs through the reactor vessel and the steam generator and is
contained in the containment Structure. A secondary |oop runs though the steam generator,
turbine and condenser. A tertiary loop can be identified if one congders the water flow that runs
from areservoir through the condenser.  Figure B.8 illustrates these loopsin atypicd PWR.

The main components of the primary loop are the vessd, the steam generators, the pressurizer,
the pumps and associated piping. The coolant flowing through thisloop is cadled the primary
coolant. Sources of high radiation can be identified at each component of this loop.

The main components of the secondary |oop are the steam generators, the turbine, the
condensers, the secondary pumps and the associated piping. Heet istransferred to the secondary
loop via steam generators. Thisloop ismaintained a alower pressure, a which seam is
generated. Each steam generator congtitutes a branch of the primary loop and a branch of the
secondary loop. The steam drives the turbines from the secondary loop and the exhaust seam is
condensed into liquid water in the condensers. The condensed water is pumped as feed water for
the steam generators. A certain amount of radioactivity may be present in the water in the
secondary loop, but unlessthereis alesk in the steam generator (common failure of tubes), the
secondary loop (and the steam) should be nont-radioactive.

The condensers have a branch of the secondary loop and a branch that links it to atertiary loop.
Water is condensed and pumped back to the steam generator of the secondary loop. The
counterflow in these condensers has a leg that is commonly fed from a water reservoir.



FigureB.8. The pressurized water reactor
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B.2. The Boiling Water Reactors (BWR)

InaBWR, the water thet is heated by the core turns directly to steam in the reactor vessd, and
the same steam is used to power the turbine-generator. Therefore, this type of reactor has only
oneloop. Inthisloop water boils and steam is produced within the reactor core. Consequently,
there is no need for a separate steam generator. The loop includes the reactor vessel and
recirculating pumps (within the primary containment), the turbines, condenser, pumps and

related piping (in a secondary type of containment). A secondary loop can be identified in the
same fashion asin the PWR tertiary loop, by looking at the water that flows from areservoir and
through the condenser. Figure B.9 sketches the main components of a BWR power plant.

The water of the BWRis not borated asit isin the PWRs, but reactivity compensation is
obtained by adding the neutron absorber gadolinium (asits oxide) to asmall number of fud
elements. The gadolinium acts as a burnable poison, which is gradualy consumed as the reactor
operates [20].

The steam that drives the turbines will contain some gaseous and volatile fisson product because

of pinhole lesks in the cladding of fuel rods. However, BWR systems take steps to reduce their
activity before discharge, such as the use of deminerdizers.
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Figure B.9. The boiling water reactor
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B.3. TheHeavy Water Reactors (HWR)

Moderation of heavy water is not as efficient as light water (the absorption cross section of D,O
isvery smdl); therefore, the ratio of moderator-to-fud isfiveto eight timesthat of an LWR[21].
Since alarge volume of moderator is required, the system is usudly designed with alow-

pressure tank (the calandria) filled with cold D,O moderator. The fuel bundles are located in
cylindrical tubes or channds that are cooled by D,O at high pressure and horizontaly transverse
thistank (vessdl). The coolant is piped to a steam generator to remove the heat and pumped back
to the inlet of the fud-bearing channds. The Canadian nuclear power system is based on the use
of natura uranium fueled reactors moderated by D,O. This Canadian Deuterium Uranium
(CANDVU) reactor system is represented in Figure B.10.



Figure B.10. A heavy water reactor
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B.4. High-temperature Gas-cooled Reactors (HTGR)

The HTGRs are double-1oop systems like the PWRs, with gas as a coolant instead of water. The
gas used is hdium, which is circulated through pipes in the primary loop by huge blowers. The
gasis kept under a pressure of about 4.8 MPa (700 ps, 48.3 bar) and can achieve much higher
temperatures than water. 1n some designs, the gas can be heated as much as 750 °C (1400 °F).
As aresult, the steam produced from the water in the secondary loop, which powers the turbines,
can have temperatures as high as 538 °C (1000 °F). This higher temperature leads to improved
thermd efficiency. That is, more eectric power is generated for the same amount of heeat
obtained from the fud.

The core of an HTGR is made up of a number of hexagona graphite blocks stacked in close-
packed columns. Verticd holes are drilled in the blocks for insertion of some 10,000 fuedl rods
and for passage of the coolant gas. The fuel rods are made of graphite containing separate
particles of highly enriched uranium dioxide (or carbide, or acombination of the two) and of
thorium dioxide (or carbide). The combination of fissile >>°U and fertile 2*Thisroughly
equivalent to uranium of about 5 percent enrichment in 2%°U [22]. Some of the 22Th is converted
into fissile 223U during reactor operation.

The steam generator in an HTGR plant is Smilar to a conventiond water tube boiler. The

feedwater flows under pressure through abank of tubes that are surrounded by helium gas, which
has been heated in the reactor core. The HTGR steam can be superheated because the water is
heated by hot gas rather than by hot water, as in the sseam generator from aPWR. The steam
leaves the generator at atemperature of about 538 °C (1000 °F) and a pressure of about 16.5 MPa
(2400 psi, 163 bar) [23]. Figure B.11 isarepresentation of an HTGR.
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FigureB.11. A high-temperature gas-cooled reactor
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B.5. The Fast Breeder Reactors (FBR)

The fud maerid in awater-cooled therma power reactor generally contains about 3 percent of
233, Theremaining 97 percent (by weight) is usudly the fertile 2°U. Therefore, in normd
operation of the reactor, 2*°Puis formed as a consequence of the capture of neutronsby 238U. As
it accumulates, 2*°Pu serves as an dternative to 2*°U in the fission process. A converter reactor is
areactor in which fertile gpecie is changed into fissle materid, while generating heat by fission.
Examples of thistype of reactor are the water- cooled reactors.

In athermal reactor, the >>°Pu formed is less than the >*°U consumed. However, in a breeder
reactor, the 3°Pu generated from 238U can exceed the quantity of fissile materia used in
operating the reactor. That is, the breeder reactor produces energy while producing morefissile
materid than is consumed. The breeding of 2*°Pu from 228U can only be achieved in afast
reactor; however, the breeding of the fissile materia 233U from 2*?Th istheoretically possbleina
thermd reactor. The requirement for breeding is that there should be more than two neutrons
available for every neutron absorbed in fissle materid. One of the neutrons is needed to
maintain the fisson chain, whereas the remainder can be capture by the fertile speciesto
generate new fissle materid.

Breeder reactors are designed similar to previoudy described designs. However, the fertile
specieisincluded in the reflector (the breeding blanket), aswdl asin the fud dements. The
fertile nuclide is converted into fissle nuclide by neutronsin the rector core and aso by many of
those that escape into the surrounding blanket. If breeding occurs, the total amount of fissile
species produced in the core and blanket exceeds that consumed in the release of energy [24].
The liquid metal fast breeder reactor is an example of a breeder reactor.

B.5.1. TheLiquid Metal Fast Breeder Reactor (LMFBR)

Thefud inan LMFBR is a mixture of about 85 percent uranium dioxide and 15 percent
plutonium dioxide. The uranium may be normal uranium (99.3 % 238U), or it may consist of the
depleted residues (99.7 to 99.8 % 28U) from a gaseous diffusion plant. The fuel rods consist of
long, thin sainless-sted tubes packed with pellets of mixed (U and Pu) oxides. The core
contains alarge number of fuel rods separated by channels to permit flow of the molten sodium
coolant for heat removal. Conversionof 2%U to *°Pu occurs within the core aswell asin a
breeding blanket (reflector) of natural (or depleted) uranium dioxide that surrounds the core [24].
No moderator is needed since fast neutrons are required to achieve breeding.

In its passage through the reactor core, sodium captures neutrons to a smal extent and is partly
converted into aradioactive isotope. The heated sodium coolant leaving the reactor is
consequently dightly radioactive. To provide protection to operators, steam generation involves
an intermediate age. Hesat from the radioactive coolant isfirst transferred to non-radioactive
sodium in awel-shielded heat exchanger (intermediate heat exchanger, IHX). Steam is then
produced from feed-weter in a heat-transfer steam generator that uses the high-temperature non-
radioactive sodium. This steamn generator operates on the same principle asthat in aPWR
system [23]. Figure B.12 is a sketch representation of an LMFBR.
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Figure B.12. Theliquid metal fast breeder reactor
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There are two types of LMFBR, and their classfication is derived from the detailed manner in
which the intermediate sodium loop is arranged. These are the loop-type LMFBR and the pool-
typeLMFBR [25]. Figure B.13isarepresentation of the loop-type LMFBR. The core, blanket
and control rods are located in the reactor vessdl, which is surrounded by a safety tank.

In this system, the IHX and dl other components of the heet trandfer system are located externd
to the reactor vessdl. All components in the primary loop are heavy shielded because the sodium
in the primary loop is radioactive. An amosphere of nitrogen is maintained in the primary loops
of thistype of reactor®’. Thetop part of the reactor vessel, which is above the sodium, and the

37 Sodium does not react with nitrogen and therefore, it is used to reduce the likelihood of firesinvolving radioactive

sodium [26].
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primary pumps are made inert with argort®. The sodium in the secondary loopsis not
radioactive and neither isthe water or steam.

Figure B.13. L oop-type LM FBR power plant

—
Steam .
Secondary generator Turbie o erator
sodium circuit At 0
g
- Tk
5o Turbine
} cooling
circuit
X t
U
Feedwater
pump

The pool-type LMFBR is distinguished from the loop-type LMFBR in thet dl of the primary
loops (including the core, blanket, pumps, and the IHXs) are located within the reactor vessdl.
Sodium is circulated by the pumps through the core and blanket, and then through the IHXs.

The sodium from the secondary system enters the reactor vessel, picks up the heat from the IHXs
and continues to the steam generators. The sodium in the IHXsis heavily shielded, therefore, it

is not radioactive®®. Figure B.14 is a schematic of the pool-type LMFBR power plant.

38 Argon is used to make the system inert and also avoid the likelihood of firesinvolving radioactive sodium.
39 The sodium leaving the IHXsis carefully shielded from the reactor neutrons, in order to prevent the sodium from
becoming radioactive [26].
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Figure B.14. A pool-type LMFBR
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B.6. The RBMK (* Reactor Bolchoe Molchnastie Kipiachi€’, High Power Boiling Water
reactor) Reactor

The RBMK reactor was devel oped by the Soviet Union using a graphite pile as moderator and
boiling water as coolant. An array of pressure tubes traveraing the graphite core contains the
fuel, which is 1.8 to 2.0 percent enriched uranium (**°U) with azircaoy-niobium dadding. The
core of the RBMK isagraphite 7 m high cylinder with 12 min diameter [27]. Light water
passes vertically through each of the fuel channds. Then the water, with avoid (steam) fraction
of about 14.5 percent, passes through steam separators to the turbine.

The most serious defect of the RBMK reactors s its positive coefficient of reactivity™. If the
liquid coolant changes to less dense steam during an accident, reactivity would increase and the
reactor can become uncontrollably supercritical. Another important defect of this type of reactor
isthe absence of afull containment structure. Thick walls of concrete, that enclose most of the
coolant system, provide partid containment to the reactor building. However, the floor of the
reactor is not enclosed and the roof of the reactor building is constructed as an ordinary industria
sructure and is not designed to contain a pressure surge. A vapor-suppression pooal is located
benegth the reactor and it may be ussful in the event of sudden depressurization of the coolant
circulating system. The reactor core is hot contained within a pressure vessdl, asit isthe case for
LWRs[28]. A cross section of thistype of reactor can be observed in Figure B.15. At the center
of the structure one can find the reactor core.

The main parts numbered in this plant are: the main circulaing pumps (1), the steam separators
(2), vapor-suppresson pooals (3), concrete pad (4), and the fud handling machine (5).

40 Reactivity refersto the reactivity of areactor (D) and it is dependent on the multiplication factor k, which is
specific to areactor. If areactor hasak > 1, it issaid to be supercritical and the reactivity D is positive. When a

reactor is subcritical, k < 1 and reactivity D is negative.
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Figure B.15. Therepresentation of an RBMK reactor

CONCRETE
CELLS

.5
L1
|
a
E= a
“REACTOR |-
CORE =

L 1

218




B.7. The“Vode Vodjanie Ener gitcheskie Reactor”, VVER (Water-water power reactor)

The VVER reactor is a pressurized water reactor developed by the former U.SS.R. Thisreactor
issgmilar to the PWR design previoudy discussed; however, the steam generators are horizontal
and smdler. The operating pressure of this reactor is about 123 bars, and its fue enrichment
varies from 2.2 percent to 3.6 percent 23°U. The containment of this type of reector isusudly a
stedl-lined reinforced concrete building. Chambers filled with 1,000 tons of ice are provided
ingde the containment to bring down temperature and pressure in the event of primary system
pipe break [23]. Figure B.16 is a sketch representation of this type of reactor.

Figure B.16. Sketch of a VVER reactor

—
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B.8. The Advanced Boiling Water Reactors (ABWR)

A new generation of reactor is emerging in European and Asian countries and is expanding to the
rest of theworld. These are the Advanced Boiling Water Reactors (ABWR), which include
improvements to the common BWR design. In this design the re-circulation loops are diminated
and the pumps are integrated inside the reactor vessdl [23]. Additionally, the control rod
mechanism has two operating modes: the hydraulic mode for reactor trips, and the eectric mode
for manua movements. Figure B.17 isapictorid representation of this type of reactor.

Figure B.17. Modd of an advanced boiling water reactor
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B.9. Radioactivity Barriersin Light Water Reactors

There are multiple barriers againg the escape of radioactive fission products to the environment
in light water nuclear power reactors, the most common type of reactors. They may vary within
design but are sufficiently dike to be consdered together. These barriers are important because
they protect against unplanned exposures and help contain and control potential sources of
environmenta contamination that can be found throughout nuclear power reactors.

Thefirgt barrier isthe reactor fud itsdlf. Thisfue of light water reectors, for example, conssts
of uranium dioxide formed into cylindrical pellets of precise dimensions (roughly 1.5cm [0.6in]
long and somewhat smaller diameter). These pellets are made by compressing the powdered
oxide and then hesting it until it Snters to a dense, ceramic-like materid with ahigh meting

point (2860 °C [5180 °F]). Solid fission products that are formed within the fuel cannot escape.
Volatile fisson products, notably radioisotopes of iodine, xenon, and krypton are released dowly
from the ceramic materid, thus dlowing them time to decay to some extent.

The second barrier isthe fuel cladding. The cladding prevents the escape of the volatile fisson
products to the environment. The cladding congists of along tube made of a corrosion-resstant
zirconium dloy (Zircaoy), into which the fud pellets are packed. The empty spaces, including
the annular gap between the pellets and the surrounding tube, as well as the space above the
pellets, arefilled with helium. The tubes are sedled and after ingpection and testing are
assembled into bundles that make up the reactor corein LWRS.

Thethird barrier is in the primary coolant sysem. Although different between PWRs and

BWRs, it essentidly conssts of the reactor vessd and associated pumps and piping for both
types of reactors. Thisforms abarrier to the fisson products that may lesk from the fuel rods.
The reactor vessdl and associated components are built and tested to exceptiondly high standards
to ensure integrity of the primary coolant boundary.

The fourth barrier is the primary containment structure.  Although a bregk in the primary coolant
boundary is not a common event, this containment serves as an additional safety feature to
contain any fisson products and prevent their escape to the environment. Containments are
different for PWRs and BWRs but in dl cases are made of sted surrounded by athick layer of
concrete and are pressure-tested to ensure avery low leak rate.
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Appendix C. Radioactive Waste from the Nuclear Fuel Cycle

Wastes from the nuclear fud cycle are categorized in a number of ways, including high, medium,
or low-leve waste. These wastes come from a number of sources and include:

1.) essentidly non-radioactive waste resulting from mining,

2.) low-level waste produced at dl stages of the fud cycle,

3.) intermediate-level waste produced during reactor operation and by reprocessing , and

4.) high-leve waste, which is spent fuel and waste containing fisson products from
reprocessing.

Milling wastes contain long-lived radioactive materias and progeny in low concentrations and
toxic materids such as heavy metas, however, the total mass activity of radioactive dementsin
milling waste is less than in the origind ore. These wastes require safe management in order to
isolate them from the environment or to ensure that releases are limited to reduce environmental
impact. Commonly, shalow burid in engineered facilitiesis used to digoose of milling wastes.
The enrichment process leads to the production of depleted uranium (DU). Thisisuraniumin
which the concentration of 2°U is significantlg/ less than the 0.7% found in nature [29]. Small
quantities of this material, which is primarily 22U, are used in applications where high density
materid is required, indluding radiation shielding and the production of MOX. While 38U is not
fissonableit isalow specific activity radioactive materid and some precautions must be taken

in its storage or disposal.

Asagenerd rule, one can classify waste to determine the appropriate trestment or disposal.
Table C.1 includes agenerd classification of these wadtes.

Table C.1. Classification of waste

Waste Definition

Below-Regulatory-Concern  Thisis waste that is classified bel ow-regulatory-concern from aregulatory
point of view. That is, a value of equivalent dose, RAM concentration, or
other related quantity, at or below which there is no further regulatory
concern (de minimus). This concept, from a scientific point of view,
means that the value of increment of the equivaent dose or RAM
concentration (above background), is deemed trivia or of no concernin
decison making.

The NCRP has set the bases at 1 mrem/yr as the Negligible Individua
Risk Level (NIRL).

The NRC alows the disposal of very low level waste by release into
sanitary sewer, the disposal of oil by incineration, and the exception for
the disposal of **C and °*H (10CFR20).




Waste

Definition

By-product Material

(1) “Any radioactive material (except specia nuclear materia) yielded in,
or made radioactive by, exposure incident to the process of producing
or utilizing specia nuclear materid”, or

(2) “Thetailings or wastes produced by the extraction or concentration of
uranium or thorium from ore processed primarily for its source
material content, including discrete surface wastes resulting from
uranium solution extraction processes. Underground ore bodies
depleted by these solution extraction operations do not constitute
"by-product materia" within this definition” (10 CFR 20).

Hazardous Waste

A subset of solid wastes that pose substantial or potentia threats to public
hedlth or the environment and meet any of the following criteriaidentified
in 40CFR260 and 40CFR261.

$is gpecificaly listed as a hazardous waste by the EPA

$exhibits one or more of the characteristics of hazardous waste
(ignitability, corrosivity, reactivity, and/or toxicity);

$is generated by the treatment of hazardous waste; or is contained in a
hazardous waste.

Heavy Metal (Resource
Conservation and Recovery
Act, RCRA Metals)

A common hazardous waste; can damage organisms at low concentrations
and tends to accumulate in the food chain. Examples are lead, chromium,
cadmium, and mercury.

High Level Radioactive
Waste (HLW)

The radioactive waste material that results from the reprocessing of spent
nuclear fud, including liquid waste produced directly from reprocessing
and any solid waste derived from the liquid that contains a combination of
transuranic and fission product nuclides in quantities that require
permanent isolation. HLW is aso a mixed waste because it has highly
corrosive components or has organics or heavy metals that are regulated
under RCRA. HLW may include other highly radioactive material that the
NRC determines by rule and requires permanent isolation.

Transuranic Radioactive
Waste (TRU)

TRU waste contains more than 100 nanocuries of apha-emitting
transuranic isotopes, with half-lives greater than twenty years, per gram of
waste, except for (1) high-level radioactive waste; (2) wastes that the DOE
has determined, with the concurrence of the EPA, that does not need the
degree of isolation required by EPA's high level waste rule (40 CFR 191);
or (3) waste that has been approved for disposal on a case-by-case basisin
accordance with NRC's radioactive land disposal regulation (10 CFR Part
61).

TRU is not generdly found outside the DOE complex and is mainly
produced from the reprocessing of spent nuclear fuel, nuclear weapons
production, and reactor fuel assembly. TRU wastes mainly emit apha
particles as they decay. DOE categorizes TRU as either Contact Handled
(CH) or Remote Handled (RH) with RH being the more radioactive of the
two.
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Waste

Definition

Low-Level Radioactive
Waste (LLRW or LLW)

LLRW iswaste that satisfies the definition of LLRW in the Low-Level
Radioactive Waste Policy Amendments Act of 1985 (LLRWPAA). The
LLRWPAA defines LLRW as "radioactive material that: (A) is not
high-level radioactive waste, spent nuclear fuel, or byproduct material as
defined in section 11e.2 of the Atomic Energy Act of 1954, and (B) the
NRC, in accordance with definition (A), classifies as low-level radioactive
waste.

LLRW is aso defined by the broadest category of waste. It encompasses
materials that are dightly above natural radiation background levelsto
highly radioactive materials that require extreme caution when handling
(Greater than Class C — GTCC).

Examples of sources of LLW are:

1) Fuel-related activities

2) Reactor operations

3) Industrid establishments

4) Research laboratories

5 Medica establishments

6) Radiopharmaceutical companies

Specific examples include: contaminated items, such as clothing and tools,
swipes, trash, and liquids containing radioisotopes.

Mixed Waste (MW)

MW contains both hazardous waste and radioactive waste (as defined by
Atomic Energy Act and its amendments). It isjointly regulated by the
NRC or the NRC's Agreement States in the United States and the EPA or
EPA's RCRA Authorized States. The fundamental and most
comprehensive statutory definition is found in the Federa Facilities
Compliance Act (FFCA) where Section 1004(41) was added to the
RCRA: The term “mixed waste” means waste that contains both
hazardous waste and source, specia nuclear, or byproduct material,
defined in the Atomic Energy Act of 1954.

Low-Level Mixed Waste
(LLMW)

LLMW iswaste that contains LLRW and hazardous waste.

Mixed Transuranic Waste
(MTRU)

MTRU contains both Transuranic (TRU) and hazardous wastes.
Approximately 55% of DOE's TRU is MTRU.
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C.1. Waste in PWRs

The PWRisthe most common nuclear power plant design in the world. Therefore, its waste has
become the most common type of radioactive waste from nuclear power plants. These are
generated from liquid, solid and gaseous effluents and are indexed as such.

C.1.1 Liquid Wastesfrom PWRs

Radioactive liquid waste is commonly decontaminated (decrease in radioactivity) by evaporation
or by means of deminerdizer. In the evaporation process, water is boiled off and the seam is
condensed. The evaporator residue contains most of the radioactive materid and it can be
disposed in acontrolled manner. The condensed water is essentidly (although not completely)
free of dissolved solids, but it will contain nearly dl of the tritium. Tritiated water is vporized

and subsequently condensed with the ordinary water in the evaporator. Figure C.1 isaschemétic
representation of decontamination by evaporation.

Figure C.1. Decontamination by evaporation
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The deminerdizer contains an ion-exchange resin, Smilar to the materid used in household and
industria water softeners. Most of the dissolved matter is removed and retained by theresin
when aradioactive solution is passed through the deminerdizer. Elements such as cesum,
yttrium, and molybdenum are removed relatively dowly by deminerdizers, tritium is essentidly

225



unaffected. Although less effective, deminerdizers are preferred over evaporators because of
their amplicty.

The chemica and volume control sysem (CV CS) of a PWR plays an important rolein
decreasing the radioactivity in the liquid effluent. It conssts of two main subsystems: the reactor
coolant water cleanup system and the boron recovery subsystem. Thisisillustrated below in
Figure C.2. A bypassin the main (primary) coolant circuit permits some of the water to be
diverted continuoudy through the cleanup/purification subsystem. The water is cooled and
passed through a deminerdizer in order to remove dissolved substances, including fisson and
activation products (but not boric acid), before being filtered and returned to the coolant circuit.
Mog of the radioactivity is then retained by the ion-exchange resin in the deminerdizer.

The concentration of boric acid used for shim control in a PWR must be decreased during the
course of operation. Water is evaporated and steam is condensed, resulting in a condensate that
isfree of boron and isreturned to the primary circuit. Accumulated radioactive materiasin the
boric acid residues are disposed of with solid wastes.

Figure C.2. Smplified flow diagram of the PWR CVCS system
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Most PWR fadilities classfy their waste as clean, dirty, and laundry wastes. The terms clean and
dirty refer to the chemicd purity of the water and not to the amounts of radioactivity. The
primary system wastes are also called clean wastes and originate in the primary coolant circuit,
having the highest level of radioactivity of dl the liquid wastes. However, the water is

essentialy pure, apart from the radioactivity. The clean water waste is composed of excess
water from the CV CS system, pump-sedls valve leakages, and any other liquid that may have
leaked or that have been released for the primary coolant system. A holdup tank is used to
collect liquid for about 30 days in order to dlow radionuclides of short hdf-life decay. Contents
of the tank arefiltered and then decontaminated by evaporation or deminerdization, or both.
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Part of the decontaminated water is retained for use as primary coolant. The remainder is diluted
with clean water (e.g., from the turbine condenser) and after being tested for radioactivity, it is
discharged at a controlled rate into an adjacent water body [20]. Figure C.3 outlinesthe liquid
radioactive waste system of a PWR.

Figure C.3. Liquid radwaste system of a PWR
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Onewould normaly expect to find radioactive impurities in the primary loop of aPWR. Idedlly,
if sleam generators from PWRs are completdly free from interna lesks, there is no reactivity in
the “blow down” (withdrawd of water from secondary system in steam generators). Therefore,
both liquid water and steam could be discharged without further treatment. However, smdll
holes develop in the miles of tubing in the Seam generators, and radioactive materid in the
primary coolant can leak into the secondary system and thus gppears in the blowdown. The
concentration of sdtsin the secondary system water gradualy increases as aresult of the
presence of norma impurities in the water from the leekage from the primary to secondary flow
defective tubes in the condenser. Moderate leakage rates (e.g., up to about 76 liters (20 ga)/day)
in the steam generator tubing can betolerated. But if the leakage becomestoo large, faulty
gteam generators are normally shut down and tubes are plugged [24].
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C.1.2. Gaseous Wastesfrom PWRs

Gaseous effluents from power plants contain noble gases such as krypton and xenon, iodine, and
particulate matter. Particulates are reduced by filtering gas through a HEPA filter, prior to
discharge. A charcod filter removes part of theiodine. The noble gases are difficult to remove,
and they are held up for atime to permit the activity to decrease by radioactive decay.
Radioactive gaseous waste sources in PWRs include gases from the primary and secondary
systems, and building ventilation gases. Figure C.4 outlines the gaseous radioactive waste
system of atypicd PWR.

The primary system gases include fisson product gases (and vapors) vented from the CVCS and
from the liquid waste holdup tanks. Hydrogen and nitrogen are also present because of the
decomposition of water near the core into hydrogen and oxygen (radiolyss), and the usage of
nitrogen to avoid the formation of an explosive mixture of hydrogen and atmospheric oxygen.

Many PWR designs collect the primary system gases in a storage tank and compress them into
one of severa decay tanks where the gases are held for an average period of about 60 days[22].
K rypton-85, 133X e, 33| and tritium are the radionuclides that remain present in appreciable
amounts and are filtered and mixed with large volumes of ventilation ar prior to discharge
through the stack. In some PWR plants however, primary waste gas is decreased by removing
the hydrogen component by mixing the gases with oxygen and passing them through a catdytic
recombiner to form water.
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Figure C.4. Gaseous radwaste system of a PWR
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If thereis no leskage from the steam generator tubes, radioactivity in the secondary waste gases
is not Sgnificant and gases can be discharged after being mixed with ventilation air. However,
most PWRsfilter gases through charcod to decrease the iodine content. They are then filtered to
remove particulate matter and discharged with the ventilation air by way of aroof vent or stack.



Large volumes of ventilation air are part of the gaseous wastes, most of which isfrom auxiliary
buildings where the radioactivity leve isvery low. Thisair is often discharged directly after
filtration, but some plants use charcod to remove iodine prior to discharge [20].

C.2. BWR Waste

Waste produced in a BWR plant differs from the waste produced in a PWR for severa reasons.
BWRs do not use boric acid in the reactor water as shim control; consequently, thereismuch
lesstritium formed. Steam is generated in the reactor vessdl; therefore, radioactive gases (and
vapors) that have escaped from defectsin the fud cladding or that were formed by neutron
activation will be carried by the steam into the turbine. Findly, the BWR design does not alow
for the use of hydrogen gas to suppress radiolytic decomposition of the water; hence, the gases
removed from the low- pressure side of the turbine contain substantial volumes of hydrogen and

oxygen.
C.2.1. Liquid Wastesfrom BWRs

Liquid waste from BWRs differs from that of PWR and can be categorized into three genera
classes: the high-purity (or low solid), the low-purity (high-solid) wastes, which are equivaent to
the clean and dirty wastes from PWRs respectively, and the laundry wastes. The laundry type of
wadte is trested in the same fashion as in the PWRs.

The high-purity (clean) wastes consist of the purest water with the highest radioactivity
concentration. These arise from the reactor coolant water that has lesked from the primary
system equipment (e.g., pumps and vaves), from the overflow of the feedwater tank, and others.
Liquids are held in storage (or holdup) tank, where partid decay occurs. The wastes are then
filtered and deminerdized. Part of the decontaminated liquid may be discharged after dilution
with clean turbine condensed water and after being sampled for radioactivity. However, most of
theliquid is retained for reuse as reactor coolant.

The low-purity (dirty) wastes consst of wastes from various floor drains, which are dso
collected in astorage tank. Some BWR designs alow for liquids to stand for atime and are then
filtered and discharged with the condenser water, provided the radioactivity concentration is
aufficiently low. Common practice, however, isto follow filtration and deminerdization or
evaporation prior to disposd.  Water may then be discharged after dilution, or if purified by
evaporation, it can be used as makeup for the reactor coolant as required [20]. Figure C.5
outlines the liquid radioactive waste systlem of aBWR.
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Figure C.5. BWR liquid radwaste system Water from
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C.2.2. Gaseous Wastes from BWRs

BWRs produce three types of gaseous waste: 1) the steam-jet air-gector gases, 2) the gland-sed
effluent, and 3) the building ventilation air. The Seam-jet air-gector gases consst of gases
removed from the steam jet from the exhaust side of the turbine. This carries most (more than 99
percent) of the radioactive noble gases and iodine escaping from the fud, aswell aslarge
amounts of hydrogen and oxygen produced by radiolysis of the reactor water. Therefore, the
volume of steam:jet-gector gases from aBWR is consderably greater than that from aPWR.

Most BWR designs pass the air-gector gases through a catalytic recombiner in which the
hydrogen and oxygen gases recombine to form water. After condensation of the water vapors,
the remaining gases have about one-fifth of the origind volume. These gases enter adday line
(along, wide, convoluted pipe), where they are held for about 30 minutes to permit radionuclides
with short hdf-livesto decay. From the delay line, gases pass on to charcod beds at ambient
temperature. The charcod sdlectively removes (adsorbs) the noble gases and then gradualy
releases (desorbs) them. The net effect is to cause these gases to move dowly through the
charcoa beds, which thus serve as an effective holdup system. lodine radioisotopes are largely
retained by the charcod. Gases emerging from the charcoa beds are filtered to remove
particulate matter and are mixed with large volumes of ventilation ar. After being tested for
radioactivity, these gases can be discharged to the atmosphere.
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Gland-sed effluents from a BWR are more radioactive than those from a PWR because of the
greater radioactivity of the steam used to provide the seal. However, the totd radioactivity
content is rdlaively small, and hence the gases remaining after condensation are usudly held for
about 2 minutes. If radioactivity levels are sufficiently low, these gases are then mixed with

ventilation air prior to discharge.

Building ventilation air has low radioactivity and large volumes are discharged. Thisair is used
to reduce the concentration of noble gases and iodine in the gaseous effluents entering the
atmosphere[29]. Figure C.6 includes ablock diagram representing the gaseous radioactive

waste system of aBWR.

Figure C.6. BWR gaseousradwaste system
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C.3. Solid Wastein LWRS

Apart from the waste resulting from the fuel and reactor components itsdf, solid waste from
LWRs arise mainly from the spent ion-exchange (deminerdizer) resins, discarded filter materiad
(including charcod), and evaporator resdues. The latter are often durries rather than solids, but
they are generdly solidified (e.g., by being mixed with cement).

C.4. Other Waste Sour cesfrom Reactorsin Submarines

Nava nuclear power plants were discussed in Appendix B. Decommissioning nuclear- powered
submarines has become amgjor task for the U.S. and Russian navies. After defuding, U.S.
practice isto cut the reactor section from the vessel for disposd in shdlow land burid as low-
level wagte. In Russiathe whole vessals, or the sealed reactor sections, remain stored afl oat
indefinitely [30-32].

Nava yards contain possible sources of radioactive sources and contamination. As an example,
one can look a the Russian nava program. Including Sevmash, there are Sx navd yardsin
Murmansk and Arkhangelsk counties. Sevmash is the only yard that constructs nuclear
submarines. As part of servicing the submarines, the yards carry out operationsin defueling,
refueling, genera maintenance, reparr and work in the dry dock where the vessels hulls and
dructures are attended. Therefore, in the event a soldier encounters this type of facility, itis
prima to have atool of recognizing risk associated with it.

There are severd floating docks stationed at the various bases. The Russian nava northern fleet
as0 has anumber of service shipsthat assist in conducting minor maintenance and repair work
on the submarines. Asde from servicing, repairing and maintaining nuclear submarines and
vessdls, nava yards serve as storage for liquid and solid radioactive waste. An exampleisthe
nava yard Shkva, closeto the city of Polyarny. Figure C.7 isa picture from this naval yard,
which is capable of processng 3-4 nuclear submarines at the sametime. Figure C.8 isapicture
of the navd yard Safonovo, which islocated south of Severomorsk in the Murmansk Ford and
has severd large floating docks. In this photograph, maintenance work on the hull of a Typhoon
class nuclear submarine isbeing carried out. Figure C.9 isapicture of the nava shipyard
Sevmorput, which is located in the Rosta Township in the northern district of Murmansk. Spent
nuclear fue assemblies are transferred at the shipyard from Northern Feet service shipsto
railroad cars which will trangport them further to areprocessing facility. Sevmorput dso hasa
gorage facility for fresh nuclear fud.
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Figure C.7. The naval yard of Shkval

Figure C.8. Naval yard Safonovo

As an example of the potentia for exposure or contamination from the naval process of nuclear
waste one can look at Figure C.10. Thisisa picture of an Echo-I1 class nuclear submarineg, asit
ismoored at one of the piers at the navd shipyard Sevmorput, only afew hundred metres avay
from the closest gpartment buildings in the Rosta township. The submarine has two reactors on
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board. 1n 1991, the county authorities in Murmansk prohibited the remova of spent fud
assemblies from nuclear submarines a Sevmorput on the grounds that an accident during this
type of operation could affect large parts of Murmansk and over haf amillion inhabitants.

Figure C.10. Picture of nuclear submarine at the naval shipyard Sevmor put




Appendix D. Sourcesfrom Nuclear Plant Accidents

To predict radionuclide contamination/emission from a power plant one can look a the previous
accidents and releases involved. Among other accidents, one can list the Windscale accident of
1957, the Oak Ridge Pu release of 1959, the explosion of an Army low power reactor in 1961,
the 1974 Browns Ferry fire, the Three Mile Idand 1979 accident, and the 1986 Chernobyl
accidents. Possible accidents are continuoudy being sudied in the industry to assure safety of
power plants and compliance with today’ s regulations.

D.1. TheWindscale Accident

The Windscde (now called Sdlafield) station is comprised of two air-cooled, graphite-

moderated, natural- uranium reactors, primarily employed for plutonium production (the reactor
was also used for the production of '°Po by neutron bombardment of bismuth, [33]). In October
of 1957, the core of one of the reactors was partialy consumed by combustion, which resulted in
the release of fisson products to the surroundings [34].

The cause of the fire can be summarized asfollows;

1.) Asaresult of neutron bombardment the carbon atoms were displaced from their natural
position in the crystd lattice of the graphite blocks.

2.) Under the action of therma agitation, many of the atoms returned to the origind position, but
not dl of them. This has a number of effects on the physical properties of the graphite,
induding dimensond growth, which may occur linearly to about 3 percent.

3.) At atemperature of about 200 °C (the norma operating temperature for this type of reactor)
potentia (stored) energy accumulated in the graphite.

4.) Fromtimeto time, and to avoid dire consequences due to the release of this energy, the pile
is“anneded” (its temperature is raised above the norma operating temperature and the
energy isdisspated in alimited release of heat). This operation was performed too quickly
and resulted in oxidation of the fuel in 150 channdls and multiple cladding failures

5.) The metdlic uranium and graphite began to react with air and a substantid portion of the
core was destroyed.

6.) Radioactive fisson products escaped outsde the plant. The activity of the agrosols released
in this accident was estimated at 30,000 Ci, 20,000 of which was from iodine [33].

There were no acute hedlth effects as result of this accident. However, for 2 weeks, dl milk
produced on farms within afew kilometers of the plant was collected and withdrawn from
consumption. The principal fission products released during the firewere: 1311, 137Cs, 85 and
905 [33]. The seriousness of thisincident led to the shutdown of the Windscale reactors.
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D.2. The Oak Ridge Plutonium Release of 1959

In November of 1959, in one of the shielded cdlls of aradiochemical-processing pilot plant at
Oak Ridge Nationd Laboratory, achemical explosion occurred during the decontamination of an
evaporator. The explosion isthought to have resulted from the formation of explosive
compounds, such as picric acid, when concentrated hot nitric acid was mixed with a proprietary
decontaminating agent that contained phenol. A smal quantity of this solution had been Ieft in
the equipment because of the omission of anorma water wash. Therefore, an explosion
occurred when the nitric acid was introduced into the evaporator and was brought to the boiling
temperature. The exploson resulted in plutonium contamination of the pilot- plant building,
nearby streets, and building surfaces. The adjacent air-cooled graphite reactor building became
contaminated when plutonium was drawn into the ventilation system. Quantities of *°Zr and
9Nd were also released [28].

D.3. The explosion of an Army L ow Power Reactor

In January of 1961, an explosion occurred a an Army low-power reactor at the National Reactor
Tedting Station in 1daho (currently named the Idaho National Engineering Laboratory, or INEL).
The reactor was a direct-cycle BWR designed to operate at 3 MWt and was fueled with enriched
uranium plates with duminum cladding. The explosion resulted when the withdrawa of asingle
control rod (the reasoning for the remova of the rod is not publicly known) caused the reactor to
go into the prompt critical condition [28].

Although there were three casudties related with this accident, al of the radioactive materid,
with the exception of 1311, was contained within athree-acre plot. An estimated 10 Ci (0.37 TBq)
of 31| was released to the environment.

D.4. TheBrownsFerry Fire

In 1974, there was afire a the Browns Ferry, Alabama nuclear power plant. The plant
comprises three 1,065 MW BWR units. At the time of the fire one unit was in service, a second
was undergoing startup tests, and the third was under congtruction. A worker in the second unit
was checking the direction of ventilation airflow in anédectrica cable galery. The candle used
for this check accidentdly started afire, which spread rapidly through the gdlery and the control
room of the unit in operation. The accident had no external consegquences but caused serious
damage ingde the plant.

The “common mode failure’” concept, used in nuclear power plants, wasintroduced by this
accident because of its potentid to affect severd safety systems, previoudy thought to be
independent. The method to guard againgt the loss of afunction vitd to plant safety has been
“redundancy”. That is, the function is performed by two completely independent systems.

Common mode failure may result from an externd event, such as an aircraft crash, flooding, or

earthquake. 1t may aso be ensued froman interna cause, for example, afire, projected
components, broken pipes, etc.
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D.5. TheThreeMileldand (TMI) Accident

The Three Mile Idand accident started on March 28, 1979 in Pennsylvania. FigureD.1isan
illugtration of the TM1 904 MWe PWR power plant accident. In this accident pressurized water
escgped from the primary system through the pressurizer rdlief valve and filled the relief tank
until it burgt, spilling water into the reactor building. A portion of the water floated to an
adjacent building. Gaseous released occurred through the discharge stack from the second
building.

The gtart of the TMI accident was in an auxiliary component from the secondary syssem. The
incident in this system led to loss of feedwater supply to the steam generators, which remove the
heat produced by the nuclear reaction. A reactor shutdown (the normal response to this
condition) wasinitiated. The primary system pressure rose, opening the pressurizer relief vave.
What the operator did not know, however, was that this valve had failed to close once the
temporary overpressure had been relieved. Asaresult, the primary system pressure continued to
fdl, automaticaly actuating the safety injection pumps. The operator shut down these pumps by
erroneoudy judging the Situation. Pressure began to drop and the coolant began to bail. Part of
the primary system was filled with amixture of water and steam, leading to severe vibration in
the primary coolant pumjps and prompting the operator to shut down those pumpstoo. Soon
thereafter, the reactor coolant boiling uncovered the reactor core, and residua heat remova
ceased. Thefue dadding started to fal and part of the fuel melted, carrying fisson products
through the primary system into the pressurizer relief tank viathe open rdlief vave. Thisrdief
tank, which was designed only for short-term operation, filled up and burst open under the rising
pressure. Fission gases were released into the containment, actuating dl the radioactivity darms.
Radioactive water, spilling from the tank, flowed down to the bottom of the reactor building,
where it was to be collected for removal to an auxiliary building. After hoursin the corfused
maneuvering, the operator finaly restored water injection to the reactor and reflooded the core.
The reaction between the water and the cladding dloy, whose temperature had risen in the
absence of coolant, led to the formation of hydrogen. The hydrogen gas, mixed with ar in the
containment, caused an explosion (with no serious consequences). Shortly thereafter, the
operator a last closed the relief vave to restore more stable circulation through the reactor.
Some of the rare fission gases, such as xenon and krypton, had escaped through the ventilation
filters before the operator isolated the containment. But there was no uncontrolled release of
iodine or aerosols, which were dl trgpped in the water and the filters. The accident had no
biologicd effectsin the surrounding population.
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FigureD.1. TMI plant layout
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D.6. The Chernobyl Accident

The Chernobyl power station is located in the Ukraine, about 90 miles from Kiev. The 1000
MWe, water-cooled, graphite-moderated RBMK type reactor (Unit 4) was destroyed in the
accident. The accident occurred on April 26, 1986, not during normal operation but during the
running of atest. The test was intended to assess the reactor's safety margin in aparticular set of
circumgtances. Thetest, which had to be performed at less than full reactor power, was
scheduled to coincide with a routine shutdown of the reactor. The dectricity used to run the
power gtation, for example, to power the pumps that circuate the coolant, is usualy supplied
from agrid. If the source of dectricity should fail, most reactors are able to derive the required
eectricity from their own production. However, if the reactor is operating but not producing
power, for example when in the process of shutting down, some other source of supply is
required. Generators are generally used to supply the required power, but there is atime delay
while they are sarted. The test carried out a Chernobyl-4 was designed to demonstrate that a
coadting turbine would provide sufficient power to pump coolant through the reactor core while
waiting for eectricity from the diesel generators. The circulation of coolant was expected to be
aufficient to give the reactor an adequete safety margin.

Thefollowing isthe set of eventsthat led to the Chernobyl accident. The scheduled shutdown of
the reactor started and gradua lowering of the power level began (April 25, 01:06). The
lowering of the reactor power hated at 1600 MW/(t) (03:47). At 1400 hours, the emergency
core cooling system (ECCS) wasisolated (part of the test procedure) to prevent it from
interrupting the test later. The fact that the ECCS was isolated did not contribute to the accident;
however, had it been available it might have reduced the impact dightly. The power was due to
be lowered further; however, the controller of the dectricity grid in Kiev requested the reactor
operator to keep supplying dectricity to enable demand to be met. Consequently, the reactor
power level was maintained at 1600 MW/(t) and the experiment was delayed. At 23:10, power
reduction was recommenced and at 24:00 there was awork shift change. At 00:05 on April

26, power level had been decreased to 720 MW/(t) and continued to be reduced, in continuing
preparation for the test. The safe operating level for a pre-accident configuration in an RBMK is
about 700 MW(t) because of the positive void coefficient associated with this type of reactor. At
00:28 the power level was about 500 MW(t). Control was transferred from the local to the
automdtic regulating system. Either the operator failed to give the “hold power at required level”
signd, or the regulating system failed to respond to thissigna. Thisled to an unexpected fdl in
power, which rapidly dropped to 30 MW(t). At approximately 00:32 hours, the operator
retracted a number of control rodsin an attempt to restore the power level. Station safety
procedures required that approva of the chief engineer be obtained to operate the reactor with
fewer than the effective equivaent of 26 control rods. It is estimated that there were less than
this number remaining in the reactor at thistime. At 01:00, the reactor power had risen to 200
MW(t) and at 01:03 an additiona pump was switched into the left hand cooling circuit in order
to increase the water flow to the core (part of the test procedure). At 01:07, an additional pump
was switched into the right hand cooling circuit (part of the test procedure). Operation of
additional pumps removed heat from the core more quickly. This reduced the water leve in the
steam separator and at 01:15 the automatic trip systems to the steam separator were deactivated
by the operator to permit continued operation of the reactor. The operator increased the feed
water flow at 01:18 in an atempt to address the problems in the cooling system.  Some manua
control rods were withdrawn at 01:19 in order to increase power and raise the temperature and
pressure in the steam separator. Operating policy required that a minimum effective equivalent

240



of 15 manud control rods be inserted in the reector at dl times. At thispoint it islikdly that the
number of manua rods was reduced to less than this (probably eight). However, automatic
control rods were in place, thereby increasing the total number. At 01:21:40, the feed water flow
rate was reduced to below-norma by the operator to stabilize steam separator water level,
decreasing heat removal from the core. Spontaneous generation of steam in the core began
01:22:10. At 01:22:45, indications received by the operator, athough abnormal, gave the
appearance that the reactor was stable.

The beginning of the actud test was at 01:23:04, when the turbine feed valves were closed to
dart turbine coagting. At 01:23:10 the automatic control rods were withdrawn from the core. An
gpproximately 10 second withdrawa was the norma response to compensate for a decreasein
the reectivity following the closing of the turbine feed vaves. Usualy this decrease is caused by
an increase in pressure in the cooling system and a consequent decrease in the quantity of steam
inthe core. The expected decrease in steam quantity did not occur because of the reduced feed-
water to the core. At 01:23:21, steam generation increased to a point where because of the
reactor's positive void coefficient, a further increase of steam generation would haveled to a
rapid increase in power. Steam in the core began to increase uncontrollably at 01:23:35. The
emergency button (AZ-5) was pressed by the operator at 01:23:40. Control rods started to enter
the core and the insertion of the rods from the top concentrated al of the reactivity in the bottom
of the core. At 01:23:44, the reactor power rose to a peak of about 100 times the design value.
At about 01:23:45, fud pellets Sarted to shatter, reacting with the cooling water to produce a
pulse of high pressure in the fuel channds, which ruptured at about 01:23:49. Two explosions
occurred at 01:24. One was a seam exploson; the other resulted from the expansion of fue
vapor. The explosions lifted the pile cap, dlowing the entry of air, which reacted with the
graphite moderator blocks to form carbon monoxide. This flammable gas ignited and areactor
fire resulted.

Asareault, aout 8 of the 140 tons of fud, which contained plutonium and other highly
radioactive materias (fisson products), were gected from the reactor dong with a portion of the
graphite moderator, which was aso radioactive. These materiads were scattered around the Site.
In addition, cesum and iodine vapors were released both by the explosion and during the
subsequent fire,

The main factors that led to the accident a Chernobyl can be summarized as follows:

1) Nonroutine operation of the reactor.

2) Violation of operating regulations, including the remova of most of the control rods.
3) Podtivevoid coefficient characterigtic of the reactor.

4) Apparent lack of knowledge by the station staff of the characteristics of the resctor.
5) Inadequate control rod design.
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Appendix E. Accderatorsand Clinical Radiation Generators

Badcdly, an accderator takes a charged particle, speedsit up using eectromagnetic fields, and
impacts the particle onto atarget. In scientific endeavors there are usudly arrays of detectors
surrounding the target. In industrid Stuations, there are fewer and less sophisticated detectors,
but there may be conveyors and other means of transport for materials to be processed.

Accderators may be classfied according to geometry or according to the means of particle
accderation. Geometrically, there are linear accelerators and cyclic. In alinear accelerator, the
particle beam travelsin agtraight line. In acyclic accelerator the beam travelsin a curved path.
If the particles are accelerated directly by an electric fidd, they are caled direct accelerators. If
radiofrequency fieds are used to accelerate and magnetic fields are used to steer the beam, the
accelerators are called indirect. The basic types of linear accelerators grouped by means of
acceleration are shown in Table E.1 below. Table E.2 shows the applications of these
accelerators.

The Nationa Council of Radiation Protection and Measurements (NCRP) has published a

comprehensive report on radiation safety a accelerators. Radiation Protection Design Guidelines
for 0.1 - 100 MeV Particle Accelerator Facilities, NCRP Report Number 51 (NCRP 77) [35].

Table E.1. Basic accelerator types[35]

General Type

Direct™ 1. Electrogtatic High Voltage
(Potential Drop) a. Bdt-chaging (e.g., Van de Graaf)
b. Rotating cylinder charging system
2. High Voltage Transformers
a.  Trandformer rectifier sst
b. Voltage multiplying (e.g., Cockcroft-Walton generator)
c. Cascaded transformer system

Indirect (Cydlic) 1. Linear Beam Trgectory

a. lonlinear accelerator
b. Electron linear accelerator

2. Circular or Spird Beam Trgjectory
a. Cydotron (lonsonly)
b. Synchrotron (lons or eectrons)
c. Betatron (Electrons only)
d. Microtron (Electrons only)

! For accelerating ions either a single stage or tandem accel erator may be used. Electrons are generally accelerated
in asingle stage.
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Table E.2. Applications of particle accelerators[35]

Application Electron X-ray lon Neutron
Diagnogtic Radiology v

Radiotherapy v v v v
Industrid Radiography v v
Materid Andyss

a. Activaion Andyss v v
b. Microscopy v v

c. Fluorescence v v v

lon Implantation v
Radionuclide Production v v
Research and Training v v v v

Table E.3 lists possible radiation concerns associated with the use of particle accelerators.

Table E.3. Radiation concernsin the vicinity of particle accelerators[11, 36]

Accelerator Particles Energy Radiological Concerns
(MeV)
Potentia Drop Protons 1-10 Fast neutrons, thermal
Deuterons (°H) 1-10 neutrons, gammarays, and
Alpha Particles (*He)  2- 20 activation of surrounding
meterids
Electrons 1-10 Electrons, x-rays
Linear Electron Electrons 1-10 Electrons
Electrons >10 Electrons, x-rays, fast and
thermad neutrons, gamma
rays, and activation of
surrounding meterias
Cycdotrons Protons 15-20 Fast neutrons, thermal
Deuterons (°H) 75-24 neutrons, gammarays, and
Alpha Particles (*He)  15- 50 activation of surrounding
materias
Betatron Electrons 1-50 Electrons, x-rays, and

activation of surrounding
materids
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Table E.4 gives rough guiddlines concerning the activation of target materias and materids
surrounding the accelerator.

Table E.4. Guidelines for activation near particle accelerators[11, 36]

Particle Energy Activation of Activation of
Target Surroundings

Electrons <1.67 MeV None None

1.67 - 10 MeV  Limited Vay little

> 10 MeV Probable Suspect
Protons and Alpha <1lMeVv Limited None
Particles 1-10MeV Limited Suspect
Deuterons and Any Energy Limited Suspect
Tritons (*H)
Light lons > 10 MeV Probable Suspect

Table E.5 givesasummary of radionuclides often found near acclerators. Although many
nuclides are listed in many cases the radionuclides are fixed, and only the externd radiation is of
concern. The exception isfor hydrocarbons, especially Iubricants and plastics, that may pose a
potentid for interna exposures.

The production of 0zone and other noxious gasesis not aradiologica hazard but must aso be
considered.
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Table E.5. Activation products often found near accelerators[37]

Exposed Material Radionuclides  Half Life
Hydrocarbons Be 53.6 days
e minutes
Durdumin (@uminum dloy) Asabove, and
18 110 minutes
22Na 2.6 years
%Na 15 hours
Stedl Asabove, and
42K 12.5 hours
K 22.4 hours
4se 3.92 hours
4dmge 2.44 days
e 84 days
4sc 3.43 days
485c 1.83 days
48y 16 days
Slcr 27.8 days
>2Mn 5.55 days
2M\Mn 21.3 minutes
5Mn 300 days
6Co 77 days
5Co 270 days
%8Co 72 days
Fe 2.94 years
=) 45.1 days
Stainless Sted Asabove, and
%0co 5.27 years
7N 37 hours
®cy 24 minutes
Copper As above, and
N 2.56 hours
icu 3.33 hours
2cu 9.8 minutes
%cu 12.8 hours
%7n 38.3 minutes
%7zn 245 days

Radionuclides have been measured in room air surrounding severa acceerators. These are
mainly the results of neutron interactionsin air. Radionudlides found are: 'Be, *'C, N, 40, 1°0,
18N, 381, and **Ar [37]. Because these are airborne radionuclides, ventilation rates are very
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important in controlling the concentrations. The hdf- lives of dl the radionuclides liged are on
the order of minutes or seconds, except ‘Be (53.6 days) and **Ar (1.9 hours).

E.1. Clinical Radiation Generatorsand Acceerators

Even in the present era of the megavoltage beams, thereis till some use for the lower-energy
beams, especidly in the treetment of superficid skinlesons. X-ray thergpy in the kilovoltage
range is divided into subcategories by the NCRP [38]. Everyone of these generators can
represent a radiation hazard and therefore are addressed in this guide.

E.1.1. Grenz-ray Therapy

Grenz-ray therapy isaterm used to describe treatment with beams of very soft (low energy) x-
rays at potentias below 20 keV. Such radiations are no longer used in radiotherapy because of
the very low depth of penetration. However, this equipment may till be found and should be
handled with care, Since it can deliver a dose to the skin.

E.1.2. Contact therapy

Contact thergpy machines operate at potentias of 40 to 50 kV and facilitate irradiation of
accessble lesons at very short source (focal point) to surface distances (SSD). The machines
operate typicdly at atube current of 2 mA. Applicators available with such machines can
provide an SSD of 2.0 cm or less. These units usudly have a 0.5- to 1.0- mm thick duminum
filter interposed in the beam to absorb the very soft component of the energy spectrum.

Since the SSD is very short and the machine operates at low voltage, the contact therapy beam
produces a very rapidly decreasing depth dosein tissue. For this reason, the skin surface is
maximally irradiated when the beam is incident on a patient, but the underlying tissues are
gpared to an increasing degree in depth. The quality of the radiation for these machinesis not
deeper than 1 to 2 mm. The beam isadmost completely absorbed with 2 cm of soft tissue.

E.1.3. Superficial therapy

Superficid therapy applies the treetment of x-rays produced at potentials ranging from 50 to 150
kV. Filtration thickness (usudly 1- to 6- mm of duminum) is added to harden the beam to a
desired degree. The degree of hardening or beam quality can be expressed asthe HVL. Typica
HVLsusad in the superficid range are 1- to 8- mm of duminum.

The superficid trestments are usudly given with the help of gpplicators or cones attachable to

the digphragm of the machine. The SSD typicdly ranges between 15 to 20 cm. The machineis
usually operated at atube current of 5to 8 mA.
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E.1.4. Orthovoltage therapy or Deep therapy

Orthovoltage therapy or deep therapy describes treatment with x-rays produced at potentials
ranging from 150 to 500 kV. Mogt orthovoltage equipment is operated a 200 to 300 kV and 10
to 20 mA. In order to achieve HVLs between 1 and 4 mm Cu, various filters have been
designed. A movable digphragm, conssting of lead plates, permits a continuoudy adjustable
fiddsze. The SSD isusudly set a 50 cm.

E.1.5. Supervoltage Therapy

Supervoltage therapy or high-voltage therapy is achieved with x-raysin the range of 500 to 1000
kV. In the beginning usage of this machine it became gpparent that conventiond transformers
were not suitable for producing potentials much above 300 kV. Insulation of the high-voltage
transformers was a mgjor problem. Therefore, the newer machines would have a resonant
transformer in which the voltage is stepped-up in avery eficient manner.

E.1.6. Megavoltage therapy

Megavoltage beams are those x-ray beams of 1 MV or greaster. Gamma ray beams, produced by
radionuclides are dso commonly included in this category, if their energy is 1 MeV or gredter.
Examples of clinical megavoltage machines are accelerators such as Van de Graaff generators,
linear accelerators, betatron and microtron, and telethergpy gammaray units, such as cobalt-60.

E.1.6.1. The Van de Graaff generator

The Van de Graaff machineis an eectrogtatic accelerator designed to accelerate charged
particles. In radiotherapy, the unit accel erates eectrons to produce high-energy x-rays, typicaly
2 MV. Figure E.1 includes a schematic representation of aVVan de Graaff generator. Inthis
machine a20 to 40 kV is gpplied across amoving bt of insulating materid. A corona discharge
takes place and dectrons are sprayed onto the belt. These eectrons are carried to the top and
removed by a collector connected to a spherical dome. As the negative charges collect on the
sphere, ahigh potentid is developed between the sphere and the ground. This potentid is
applied across the x-ray tube, consgting of afilament, aseries of meta rings, and atarget. The
rings are connected to resistors to provide a uniform drop of potentia from the bottom to the top.
X-rays are produced when the eectrons strike the target [ 39].

Van de Graaff machines are cgpable of reaching energies up to 10 MV, limited only by sze and
required high-voltage insulation. Normdly, a mixture of nitrogen and CO, gas provides
insulation. The generator isenclosad in aged tank and isfilled with the gas mixture a a
pressure of about 20 atmospheres.
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FigureE.1. The Van de Graaff generator
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E.1.7. Linear Acceerators

The linear accelerator (LINAC) isadevice that uses high-frequency dectromagnetic waves to
accelerate charged particles such as eectrons to high energies through alinear tube. The high-
energy dectron beam itsdf can be used for treeting superficia tumors, or it can be made to strike
atarget to produce x-rays for treating deep-seated tumors.

There are severa types of linear accelerator designs, but the ones used in radiotherapy-
accelerated eectrons ether by traveling or stationary € ectromagnetic waves of frequency in the
microwave region. A typical medical linear accderator isrepresented in Figure F.2. Thisfigure
shows the mgjor components and auxiliary systems. A power supply provides DC power to the
modulator, which includes the pulse-forming network and a switch tube known as hydrogen
thyratron. High-voltage pulses from the modulator section are flat-topped DC pulses of afew
microseconds in duration. These pulses are delivered to the magnetron or klystror*? and
smultaneoudy to the electron gun. Pulsed microwaves, produced in the magnetron or klystron
areinjected into the accelerator tube or structure via a waveguide system. At the proper instant,
electrons produced by an electron gun, are so pulse injected into the accelerator structure.

The acceerator structure consists of a copper tube with itsinterior divided by copper discs or
digphragms of varying aperture and spacing. This section is evacuated to a high vacuum. Asthe
electrons are injected into the accelerator structure with an initial energy of about 50 keV, the
eectrons interact with the dectromagnetic field of the microwaves. The dectron gains energy
fromthe snusoida dectric field by an accderation process analogous to that of asurf rider.

42 Magnetron and klystron are devicesfor producing microwaves. Klystrons have alonger life span than magnetron
and are capabl e of delivering higher power levelsrequired for high energy accelerators and are preferred as the
beam energy approaches 20 MeV or higher.
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As high-energy dectrons emerge from the exit window of the acceerator structure, they arein

the form of apencil beam of about 3 mm in diameter. In the low-energy LINACS (up to 6 MV)
with relatively short accelerator tube, the eectrons are allowed to proceed straight on and strike a
target for x-ray production. Inthe higher-energy LINACS, however, the accelerator structureis
too long and, therefore, is placed horizontaly or a an angle. The eectrons are then bent through
asuitable angle (usudly 90° to 270°) between the accelerator structure and the target. The
precision bending of the eectron beam is accomplished by the beam transport sysem consgting
of bending magnets, focusing coils, and other components [40]. Figure E.3 shows a picture of an
isocentered LINAC.

Figure E.2. Diagram of a typical medical linear accelerator (LINAC)

Accelerator Tube

Electron FET T T Treatment Head
Gun I T Y Y (Straight Beam)
Wave Guide i

] / System Bendln-;i Magnet
Magnetron Treatment Head
Modulator p-| or (Bent Beam)
f Klystron
Power
Supply

Figure E.3. Picture of an isocentrically mounted linear acceler ator
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Appendix F. Acceleratorsand Irradiator Accidents

Accidentd exposures to radioactive materids typicaly involve much higher levels of exposure
to asmadler population than the generd public. Industrid accidents involving accelerators or
irradiators can be extremely dangerous. Accidents range widely in magnitude of exposure and
aeaof effect. For example, an accident at an irradiation processng plant may involve asingle
person but an exposure in the range of tens of gray (1000’ s of rads). An accidental exposureis
not limited to either an intense single person exposure or awide spread low-leve contamination
incident, but both aspects may be found in a single accident.

Severd organizations and individuals have reviewed past indudtria accidentsin a“lessons
learned” exercise S0 that Smilar accidents may be avoided in the future. 1n 1996, the
International Atomic Energy Agency (IAEA) published “Lessons Learned from Industrid
Accidentsin Indudtrid Irradiation Facilities’ that summarizes 8 accidents at irradiation plants
and analyzes their causes [41]. These are summarized below in order to show examples of
possible exposures to sources in irradiators and accelerators.

F.1. Stimos, Italy - May 1975

In thisincident, an unskilled worker crawled through an opening in the conveyor system used to
trangport sacks of grain to theirradiation chamber. Although there were no sacks loaded, the
®0Co source was not shielded and the irradiator was unattended. The source activity was about
500 TBq (13,500 Ci). The dose was in the range of 8-24 Gy (800-2400 rad) received in about 1
to 4 minutes. The worker died 13 days later.

F.2. Kjdler, Norway - September 1982

In response to an darm, amaintenance worker turned off the darm and entered theirradiation
chamber. Theindicator panel indicated that the source was shielded, but a radiation monitor
showed high radiation levels. The worker neglected to use a portable radiation detector. He
remained in the chamber for several minutes while a®°Co was exposed. The source activity was
intherange of 2.22to 3.7 PBq (60,000 to 100,000 Ci). The worker received awhole body dose
of about 22 Gy (2200 rad). He died 13 days later from acute radiation injuries.

F.3. San Salvador, El Salvador - February 1989

A night shift operator heard the source transit darm; this meant that a fault had occurred. The
source was then lowered automatically into the storage pool from the irradiation pogtion. Even
after resetting the trangt darm, it continued to sound indicating that the source was not fully

down. After “manipulating” severd control features - in effect bypassng safety interlocks - and
waiting several minutes, he entered the irradiation chamber. He did not check the portable
radiation monitor. He was unable to free the jammed rack; so, he got 2 untrained workers from
another department to help him. After the rack was freed and lowered into the storage pool, they
noticed the Cerenkov glow and quickly left the chamber. The workers were exposed to dose
rates of about 2 Gy min* (200 rad min'?) at the middle of the body. These dose rates were very
non-uniform. Overdl, the first worker received about 8.1 Gy (810 rad), the second about 3.7 Gy
(370 red), and the third about 2.9 Gy (290 rad). All three workers suffered radiation burns and

250



other symptoms of acute radiation exposure. The first worker died after about 6.5 months; the
second worker had both legs amputated above the knee and after 7 months was recovering with a
good prognosis, the third worker had less severe symptoms and was recovering well.

The IAEA has written a separate document covering this accident [42].

F.4. Sor-Van, | srad - June 1990

After ajam occurred in the trangport mechanism, three indicators on the control pand showed:

(1) thejam warning light, (2) the source down indicator, and (3) a high gammaradiation darm.
The operator who arrived from home when called decided that the source down indicator was
correct. He bypassed the radiation darm to open the door to theirradiation chamber. The source
in the chamber was 12.6 PBq (340,000 Ci) of °°Co. He wasin the chamber for about one minute
and “felt aburning in his eyes and a srange pounding sensation in his head.” (IAEA 96a) He got
scared and |eft the chamber. His dose was estimated to be 10 to 15 Gy (1000 to 1500 rad.). He
died 36 days |ater, despite intense medica treatmert.

F.5. Nesvihz, Belarus- October 1991

In this accident, an operator and his assstant were working the night shift at the irradiation plant.
The assistant became aware of a trangport linkage decoupling in the systlem. The incidents that
followed are unclear. In any event, the operator entered the chamber to fix the linkage. The
report states (IAEA 96a), “After about 1 minute, he developed an acute headache and painin his
joints and gonads.” He then noticed that the source (about 28.1 PBq or 760 kCi of °°Co) was
exposed. The dose rate from the rack was estimated to be about 15 Gy s* (1500 rad st). He
ran from the chamber and told his assistant that he had been irradiated. 1t was estimated that his
whole body dosewas 11 Gy (1100 rad). He died 113 days after the incident despite specidized
medical trestment.

The IAEA has written a separate document covering this accident [43].

F.6. lllinois, USA - February 1965

This accident involved exposure to abeam of 10 MeV dectronsa an indudtrid irradiator. A
worker entered the irradiation chamber to put amold to be irradiated on a conveyor belt near the
output of the accelerator. He entered the room through a gap under adoor that had interlocks to
shut down the accelerator. The worker was exposed to the electrons from the accelerator. Table
F.1 summarizes the doses received by the exposed worker.
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TableF.1. Summary of dosesfrom the lllinois accident in 1965

Body Location Dosein Gy (rads)
Parts of the Right Hand 420 - 2400 (42,000 - 240,000)
Parts of the Right Foot 3- 290 (300 - 29,000)
Parts of the Right Leg up to 290 (29,000)
Skin on the Right Side of the Body 245 - 3.25 (245 - 325)
Interior of the Body 0.002-0.05(0.2-5)

The worker developed serious radiation burns on the right hand, wrist, and leg. After 138 days
the right arm was amputated just above the elbow and the right leg was amputated just above the
knee after 6 months.

F.7. Maryland, USA - December 1991

This accident occurred at a3 Megavolt (MV) potential drop accelerator. Electrons are produced
a one end of the accelerator and are accel erated across the potentia drop. A characteristic of
this class of accelerator is cold or dark current. Whenever the acclerator isinactive for along
period with the accderating voltage on, an eectron current can till exist even if the sourceis

off.

The accelerator in Maryland was off line for 3 days during maintenance. During testing after
repairs, the accelerator was brought on line and run for about 15 to 20 minutes. After thistest
run, the operator returned to the accelerator room to inspect the window on the accelerator.
Ammeter readingsindicated about 50 A of cold current. Needlessto say, severd darmswere
ignored. The operator reported being in the accelerator room for about 1 to 3 minutes. Three
months after the exposure [41], “the four digits of the right hand and most of the four digits of
the left hand had to be amputated.”

F.8. Hanoi, North Vietnam - 1991%®

The director of the accelerator center was involved with experiments using the accelerator. At

the start of the second in a series of experiments, the director returned to the experimenta set up
to adjust the sample position. He did this unbeknownst to anyone se a the time. During the
readjusting, the accelerator was operated with a beam current of about 6 - A a an energy of
about 15 MeV. Thetota time that the accelerator was on was estimated to be 2 to 4 minutes; the
actud exposure timeto the director’ s hands could not be estimated. After the accident, it was
estimated that the director received about 10 to 25 Gy (1000 to 2500 rad) to the left hand, 10 to
50 Gy (2000 to 5000 rad) to the right hand, and roughly 1.5 Gy (150 rad) to the upper whole
body. After much medical treatment, the right hand was amputated at the wrist and the fourth

and fifth fingers of the left hand were amputated.

3 The IAEA has written a separate document covering this accident [44].
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Appendix G. Pogtings in a Nuclear Environment

This gppendix includes asummary of posting signs, symbols and flags used in a nuclear
environment. The proper understanding of their meaning can alow the deployed personnd to
determine the presence or proximity to a radioactive source.

Pogting is an important part of radiation safety. Warning signs and other postings are used to
inform or warn of possible hazards. These postings can warn soldiersin the vicinity of a
radiation source or an area of possible exposure/contamination. This section includes posting
requirements in the U.S. and abroad, as soldiers may encounter them. Thefollowing isa
summary of the tables included in this appendix.

Table  Contents

G.1 Pogting requirements in the United States, found in the Title 10 of the Code of Federa
Regulations (10 CFR 20) [45].

G.2 Definitions of the Annud Limit Intake (ALI) and the Derived Air Concentration
(DAC), used in the derivation of internal dose. These valueswerereferred to in Table
C.L

G.3 Pogtings required for the trangportation of radioactive materids in the United States
found in Title 49 of the Code of Federd Regulations[46].
Subpart I, Sections 173.400 -173.478; Radioactive Materials,
Parts 174.700, 175.700, 176.700 and 177.700; Sections dealing with carrier
requirements for radioactive materias shipments.

G4 Contamination marking signs used by the Department of the Army [10].

G5 Threat Markers (former Warsaw Pact) [10].
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Table G.1 Posting requirements[45]

Pogting Type Dose Rate Limits Sign Text Sign
“Controlled” or Occupationd dose limits None, thisis alimited access areato protect
“Redtricted” people againgt undue risk from exposuresto
Aress radiation and radioactive materias.
Radioactive Materidswith activities CAUTION CAETE N
Materids (rooms)  exceeding thelimiting RADIOACTIVE a
standard values. MATERIALS RADIDACTIVE
MATERIAL
Rediation Area $ 5mreminany onehour ~ CAUTION
(externd a 30 cm from any RADIATION AREA .. ‘
radietion) radiation source. L ]
E 3
RADIATION
AREA
CAUTION
High Radiation $ 100 mrem in any one CAUTION [CAUTION
Area (externd) hour at 30 cm from any HIGH RADIATION ‘.‘
radiation source or AREA &
surface. HIGH
RADIATION
AREA
Vey High $ 500 rads (alethd GRAVE DANGER e
Rediation Area absorbed doseg) inany one  VERY HIGH 8 4
hour at 1 meter from any RADIATION AREA i
radiation source. (Note e
the change in units) B
et
Airborne Airborne col rationin CAUTION CAUTION
Radioactivity excess of occupational AIRBORNE ‘ i
Area limits RADIOACTIVITY -

I/week > 0.6 % ALI
Cumulative in week

>12 DAC-hour

AREA

a

AIRBCRNE
RADIDACTIVITY
AREA

ALI and DAC are defined in the table ba ow:
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Table G.2. ALI’sand DAC's [47, 48]

Concept

Definition

ALl

An ALl isan Annual Limit on Intake. The ALI istha amount of
aradionuclide that when taken in gives a dose commitment of 0.05
Sv (5 rem).

In most cases, the AL is caculated to limit the risk of stochedtic
effects of an internd exposure to therisk of a uniform whole body
exposure of 0.05 Sv (5 rem).

Sometimes the ALI’ s are based on limiting the risk of
nonstochastic effects to a particular organ; for example, 131 for
thyroid damage and 2*°Pu for bone damage.

DAC

The DAC isthe Derived Air Concentration. The DACisthe
radionuclide concentration in air that would give a“radigion
worker” an intake of 1 ALI if the worker was exposed to the
contaminated air for 1 working year (8 hours per day, 5 days per
week, and 50 weeks per year or 2000 hours).

DAC Bgym® = ALI /2400 Bgym®
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Table G.3. Requirementsfor the packing and transportation of radioactive materials
[46]

Type Label
Packaging
Name/ Radiation Level at Package Transport Index (TI)
Contents Surface (RL)
White-| RL # 0.005 mSv/h TI=0

(RL # 0.5 mrem/h)
Label
includes '.i"
contents RATHCACTIVER
and activity .
Ydlow-I 0.005 mSv/h<RL # 0.5 mSv/h O<TI#10

(0.5 mrem/h < RL # 50 mrem/h)
Label
includes “I‘
contents, &
activity, 'Eﬁu;'?;';?“m”“ ]
andin ”
boxed TI
Ydlow-111 0.5mSv/h<RL # 2 mSv/h 10<TI#10

(50 mrem/h < RL # 200 mrenvh)
Label
indudes "‘
contents, F
ativity, RADIOAGTIVE
andin CONTENTS i
bOXGj TI I o e T 0 2
Ydlow- 2mSv/h<RL # 10 mSv/h TI>10
11144 (200 mrem/h < RL # 1000

mrem/h)

“4 This Yellow-111 type of package must be shipped under exclusive use provisions, as detailed in 49 CFR, section
173.441(b) [46].
256



Type L abel

Transportation

Function Placard

Trangporting vehicle must be placarded on dl sides of vehicle or the

cargo-carrying body, if any quantity of packages bearing the A
RADIOACTIVE-YELLOW Il labelsis present on the vehicle. HADIE‘E’C’IWE

Highway route control quantity shipment. The radioactive placard is

placed on awhite, 14 inch square, surrounded by arectangular (1 inch
thick) black border.

A
RADIGRCTIVE

T
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Table G.4. NBC Contamination marking signs[10]

NBC Sign

Front

Back

CHEMICAL
YELLOW background with
RED lettering

28 cm

CAS
20 cm 20cm

Name of Agent (if known)
Date and Time of Detection

BIOLOGICAL
Blue background with RED
lettering

W

Name of Agent (if known)
Date and Time of Detection

RADIOLOGICAL
WHITE background with
BLACK |ettering

NS

Dose Rate

Date and Time of Reading
Date and Time of Burst

(if known)

Surface of Marker FACING
AWAY from Contamination

~
W
~N

Surface of Marker FACING
Contamination

CHEMICAL MINEFIELD

(Unexploded Mines)
RED background
with YELLOW lettering and

dripe

GAS NMIHES
Y

Chemicd Agentin Mine

Date of Emplacement
Surface of Marker FACING
AWAY from Minefield

W

Surface of Marker FACING
Minefield
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Table G.5. Threat markers (former War saw Pact) [10]

Symbol

Description

Former Warsaw- Pact Markers

Background = Red

Lettering = Black

Rectangle on the left Sde contains contamination
symbol

PB = Nuclear

W = Biologicd

OB = Chemicd

An arow (dotted line on 9gn) indicates direction of
contaminated area.

A st of linesindicates a decontaminated path through
the area.

A number to the right of the lines indicates the width of
this path.

At the bottom of the sign, Q E P E 3 means across,
over, or through.

If followed by a number, it indicates the distance across
the contaminated area.

If Q EPE 3iscrossed and replacedby @S [+1 ¥
(detour), the area cannot be decontaminated.

Soviet Cont

amination Markers

Contamination Flag

Cloth Flag

Color: Red or Yelow

Pocket in flag is for contamination data.

JAPAEEHD

Radiologicad Contamination Flag

Cloth Flag

Background Colors:
Ydlow - 1cGy/hr
Red - 5cGyhr

Multicolor - > 100 cGy/hr

Figures G.1 and G.2 are an illudtration of the typica universa radiation symbolsand a
representation of asignd that means that there is a Nuclear, Biologica, or Chemica hazard
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present. Thisisasgna used for armored and mechanized units and is detailed in chapter 3 of
FM 21-60 [49].

Figure G.1. Typical radiation symbols

5.0
é

Figure G.2. Signal Flags Representing: NUCLEAR, BIOLOGICAL, CHEMICAL
HAZARD PRESENT [49]

Red
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Appendix H. Example Computations

Once radiologica sources have been identified and exposure or contamination is suspected,
responsible NBC personnd will perform a dose assessment. The scenarios that are described
below illugtrate the use of tabulated parameters to obtain preliminary estimates of dosesto
exposed personnel.

H.1. Scenario 1 - Weapons Grade Uranium

As an example of a dose estimate from an inhaation of average weapons grade uranium, assume
aninhdation of 1 :g of materid. To evauate the interna exposure for amixture of

radionuclides, we need to calculate the activity of each radionuclide present in the materia
inhded. Also, we need to make an assumption about the particle Size of the inhaed materid.

All of the conversion factors presented here for inhaation are based on the assumption that the
particles of radioactivity have an activity median aerodynamic diameter (AMAD) of 1 mand
areclass Y*. The AMAD isameasure of the effective particle Size of the inhaled materid. The
class of the materid refersto how quickly the materid is cleared from the lung. Oncethe
activity of each radionuclide inhaled is known, to estimate the internd dose equivaents multiply
the intakes by the appropriate converson factors. For class'Y uranium, the committed effective
dose equivaent, He 50, isthe limiting vaue; therefore, only the He 50 IS considered.

The following parameters are given:

Amount of HEU inhaled: 1:g
AMAD: 1 :m; and,
Class of theinhded méterid: Y.

“5 Bjological clearance classes can be class D (radionuclide dissolvesin days), W (radionuclide dissolves in weeks),
or'Y (radionuclide dissolvesin years).
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H.1.1. Estimating the Activities of the Nuclides Present

The amount of activity of each isotope of uranium in HEU isfound by multiplying the weight
fraction of each isotope present by the specific activity. These vaues are found in Tables 7.6
and 7.7.

A in Bq = Weight Fraction x Specific Activity x 1012 Bq TBq X x 10° g :g™.

For 22U we have

Auz23s = 0.0175 x (2.34x 10 TBq g*) x 10 Bq TBq* x 10° g :g™.
Auzss =4.10Bq :g.

For 22U we have

Auzss = 0.935x (8.00x 108 TBqgh) x 102 Bq TBq* x 10° g :g*.
Auzss = 7.48 x 102 Bq :g™.

For 238U we have

Auzsg = 0.0475 x (1.24 x 108 TBq g?) x 10"* Bq TBq ! x 10° g :g.
Auzss =5.89x 10“ Bq :g™*.

H.1.2. Calculating the Activity Inhaled - Inhalation Intake

The activity inhded is smply the activity concentration of each isotope times the mass of
materia inhded.
| = Specific Activity x Mass of Materid.

For 2*U:

luzsa =4.10Bq :g* x1:g.

luzsa = 4.10 Bq.

For 2°U:;

luzas = 748 x 102 Bg :g ' x 1 :g.
luzzs = 7.48 x 102 Ba.

For 28U

lu2ss =5.89x 10*Bg :g* x 1 :g.
luzas = 5.89 x 10 Bg.
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H.1.3. Estimating the Committed Effective Dose Equivalent
The committed effective dose equivaent, He 5o, for amixture can be estimated by summing the

committed effective dose equivaents for each nuclide present. The He 50 for each nuclide isthe
product of the intake and the committed effective dose equivaent factors, he (Table 7.17).

Hego » (&°1 (hg x Intake)); Sol

Heg = (A2 X 1+ 12 X 1+ M2 X 1)
Heso = (3.58 x 10° Sv Bg! x 410 Bg) + (3.32 x 10° Sv Bg ™ x 7.48 x 102 Bq) + (3.20 x 10° Sv
Bg* x 5.89 x 10 Bg).
Heso = 1.49x 10 Sv.

These steps are summarized in the table below.
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TableH.1. Stepsin estimating internal exposureto HEU

Step Procedure Example
1 Edimaetheadtivity (A)the  “**U: A3 =0.0175x 2.34x 10" TBq g" x 10™“
isotopes present. Multiply BqTBq!x10°g :g*
the weight percentage (W%o)
by the specific activity, S, Asszs = 4.10Bq :g* of 2>*U
and by appropriate
conversion factors, k. 25U: A5 =0.935x8.00x 10° TBqg' x 102 Bq TBq™
x10°g :g*
A=wlx Sxk
Anss =7.48x 107 Bg :g” of 2°U
28U Ayss=0.0475x 1.24x 108 TBqg' x 102 Bq

TBq'x10°g:g*

Aoss =5.89x 10* Bq g * of 28U

2  Edimaethe activity inhaed | =A X mass
by multiplying the specific
activity above by the mass luzza = 4.10Bgny’ x 1 :g=4.10Bq
of materia inhded.
Inthisexample, themassis |35 = 7.48x 102 Bq :g* x 1 :g = 0.00748 Bq
1:0
luzas = 5.89x 104 Bq :gx1:g
luzas = 5.89x 10 Bq
3  Edimate the committed 2 (h. x Intake)): so
effective dose equivaent 7 (a (he x ))’
(CEDE) by adding the

CEDFE'sfor dl the nuclides
inhaled.

He = (h2* X loget 2 X g+ M2 X 1 ).

863 58x10° Sv Bq ") x 4.10Bq + 0
9(3 32x10° SvBq™*) x 7.48x 10" Bg ++.

§(3 20x10°SvBq }) x 5.89x10* Bq =

1%}

He = 1.49 x 10* Sv (14.9 mrem)
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H.1.4. Significance of the Exposure

Thisis about 15 mrem committed effective dose equivdent with amogt dl of the dose
equivalent coming from the 22*U. By similar means, the committed effective dose equivaent for

aninhdationof 1 g of 1 -m AMAD depleted uranium can be estimated as 0.04 mrem.

H.2. Scenario 2 - External Exposure to 238U

As an example, we will caculae the externa exposure rate at 80 cm from a1 mCi point source
of 228U in eqilibrium with its short lived progeny. The externd gamma dose equivaent rate can
be estimated by using the point source gamma constants in Table 7.8 and the inverse square law.

Because the short- lived progeny are beta emitters, the contribution of these beta particles must
be considered aswell. To estimate the beta dose from a point source, we use the tabulated
converson factorsin Table 7.11.

H.2.1. Estimating the External Gamma Dose Equivalent Rate

The externd gamma dose equivaent is etimated by multiplying the sum of the gamma congtant
(G) of 238U and short lived progeny by the source activity and dividing by the distance from the
source squared.

Gamma Constant x Activity

(Source distance)”

H, =

He= 0.166 mrem h* mCi* n? x 1 mCi x (0.8 m)™.
Hg = 0.259 mrem h'l.
H.2.2. Estimating the Exter nal Beta Dose Equivalent Rate
The beta dose equivalent is estimated from tabul ated data because the rules that gpply to gamma
dose equivaent rates do not apply. The conversion factors for betadose ratesarein Table 7.9.
The vaue a 80 cm is multiplied by 3.7 x 10° to obtain 50.47 mrem bt mCit.
Hg = Conversion Factor x Activity
Hg = 50.47 mrem hi* mCi* x 1 mCi
Hg = 50.47 mrem

These steps are presented in the table below.
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Table H.2. Stepsin estimating external exposureto DU

Step Procedure Example at 0.8 m distance
1 Edimaethe gamma o= Gamma Constant x Activity
exposure rate using the G~ (Source distance)
gamma constant, and
Inverse square |aw. Ho= 0.166 mrem h mCi® n? x 1 mGi x (0.8 m)
Note that the gamma
constant shown here does _ -1
: i Hge = 0.259 mrem h
not include the cortribution ©
from 234U,

2  Estimate the beta dose rate Hg = Conversion Factor x Activity
for apoint source.
Note that the constant here Hg = 50.47 mrem h't mCit x 1 mCi
has been multiplied by 3700
to convert that tabulated Hg = 50.47 mrem h't
vdue to conventiond units.

H.2.3. The Significance of the Exposur e Rates

Thetotd is about 50.8 mrem hi! with the vast mgjority caused by beta particles. Becausethe
magjority of the radiation hazard from 23U is from beta particles, the external exposure can be
controlled with moderate shielding. Also, because of the low specific activity, it tekesa
rdatively large mass of 238U to cause appreciable exposures,

H.3. Scenario 3 —Weapons Grade Plutonium

In an atempt to block passage through an industriad complex, aterrorist group uses conventiond
explosives to disperse 1 kilogram (2.3 TBq (62 Ci) see Table 7.19 of specific adtivities) of >3°Pu,
As areasonable estimate about 20% of the Pu is dispersed as aerosols of respirable size [50].
This aerosol is disbursed through a cubic volume of air 100 meterson asde. Theremaning Pu
isuniformly distributed over a square area of ground 100 meters on aside.

If aperson could sprint this 100 meters at arate of 4 m s, it would take 25 seconds to cross the
contaminated zone. For this example, we assume that the Pu concentration in the air is congtant
and that the ground concentration is unaffected by movement. Furthermore, because of the
exertion involved the breathing rate can be assumed to be about 40 L mint (6.7 x 10 n s2),
twice the normd breathing reate.

Firgt, we will estimate the internal dose equivaent for our hypothetica soldier. The estimation
requires three steps. firdt, estimate the airborne concentration of Pu; second, estimate the intake;
and, third estimate the dose equivaent based on the appropriate conversion factors.

The following parameters are given:
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Amount of plutonium: 1 kilogram = 2.3 TBq;

Fraction converted to arespirable aerosol: 0.20;

Geometry of ar volume: A cube 100 meterson aside;
Geometry of ground contamination: A sguare 100 meters on aside;
Sprinting speed: Ams?

Distance to sprint: 100 meters,

Breathing rate: 40 litersmin® (6.7 x 107 n?® s).

H.3.1. Internal Dose Estimation: Estimating the Airborne Concentration
The airborne concentration (Up,) is calculated by multiplying the total amount of Puin the
exploson by the fraction that is converted into respirable particles and dividing that product by
the volume of ar throughout which the Pu is dispersed.
(2.3 TBg x 0.20) x (100 M)~ = 4.6 x 10° Bqm>.

H.3.2. Internal Dose Estimation: Estimating the Intake
We can edimate the intake by multiplying the concentration by the total volume of contaminated
ar inhded. The volume of inhded ar is Imply the breathing rate multiplied by the duration of
the exposure (100 m divided by 4 m ).

(4.6 x 10° Bgm®) x (6.7 x 10* n? s1) x 25 s= 7700 Baq.
H.3.3. Internal Dose Estimation: Estimating the Internal Dose Equivalent

Once the intake is found the committed effective dose equivaent (He) can be estimated by
multiplying the intake by the gppropriate conversion factor, he, found in Table 7.27.

He = 7700 Bq x 8.33x 10° Sy Bg! = 0.64 Sv (64 rem).
Smilarly, the effective dose equivaent to the bone surfaces can be estimated by multiplying the
intake by hss

Hes= 7700 Bq x 8.21 x 10* Sy Bq™* = 6.3 Sv (630 rem).

These steps and example caculations are repeated below. Neglected in these etimates are
intakes caused by inhaing materia kicked up by activities in the area (resuspension).
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TableH.3. Stepsin estimating internal exposureto Pu

Step Procedure Example
1 Edtimatethe Puconcentration _ Amount of Pux Fraction Aerosolized
inar, Upy. Ua, = Volume of Distribution
23TBqg x 0.2 5 3
Up = (100 m)° =4.6x10° Bgm
2 Edimate theintake (1) from the | = Upy X Breathing Rate x Exposure Duration
exposure scenario.

| =46x10°Bqm3x6.7x10*nPs'x25s

| = 7700 B

3 Estimate the committed Hx = Intake x hy
effective dose equivdent and
committed dose equivaent to Hes= 7700 Bq x 8.21x 10* Sv Bq* = 6.3 Sv
the bone surfaces. The
conversion factors (hx) are He = 7700 Bq x 8.3310° SvBq!=0.64 Sv
found in Table 7.27.

4 Convert Sl to conventiona 1Sv=100rem
U.S. units, if needed.
Hes=6.3 Sv =630 rem

He =0.64 Sv =64 rem

Because the radiation emitted from Puis mainly aphaand beta, we expect the externd dose
equivaentsto be small. Remember that the soldierswill be exposed to externd radiation from

both the cloud of suspended material and the material deposited on the ground. The steps
involved in estimating the externa exposure are very Smilar to esimating interna exposure.

First, we need the airborne concentration (4.6 x 10° Bq m>), which was calculated above, and we

aso need the surface contamination on the ground.
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H.3.4. External Dose Estimation: Estimating the Surface Contamination
The surface contamination, S, is estimated by multiplying the total amount of Puby the fraction
that was not converted into respirable particles and dividing that number by the surface area that
is contaminated. The fraction not converted is Smply one minus the aerosolized fraction.
Sa=2.3TBgx (1- 0.2) x (100 m)™? = 1.84 x 10° Bq m*.
Upy = 4.6 x 10° Bq m* (from the internal exposure section).

H.3.5. External Dose Estimation: Estimating the Dose Equivalents
Once these concentrations are found, al that remainsis to multiply them by the gppropriate
conversion factors and the exposure duration. For the contaminated ground, we use the
converson factor for an infinite surface (Table 7.22).

Hsurface = Sa X hsurface X EXposure Duration.
Hsurface = 1.84 x 10° Bq n? x 3.67 x 10%° Sy s* Bg* n x 25s.
Hsurface = 1.7 X 10° Sv = 1.7 x 10" mrem.
In addition, an estimate of the dose to exposed skin must be estimated from submersionin a
cloud of Pu

Hcioud = Upu X Nojoug X Exposure Durdtion.
Hoowd = 4.6 X 10° Bqnt x 424 x 108 Sy st Bqi nPx 25 s
Hcioud = 4.9 x 10! Sv = 4.9 x 10°® mrem.
The dose equivadent to the skin is estimated as follows.
Hsin = Upy X hsiin X Exposure Duration

Hein = 4.6 x 10° Bqnt x 1.86x 10 Sy s*Bg' nP x 25 s
Hsin = 2.1x 10%° Sv = 2.1 x 10 mrem.

The steps used to estimate the externad dose equivaents are summarized in the table below.
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TableH.4. Stepsin estimating exter nal exposureto Pu

Step  Procedure Example

1 EdimaethePL _ Amount of Pux Fraction Aerosolized
concentration inair, Upu. Y = Volume of Distribution
The same way asfor
esimating intemal 2.3TBg x 0.2 S
EXPOosures. = (100 m)? =4.6x10° Bgm

2  Edimatethe surface _ Amount of Pu x Fraction not Aerosolized
Contaﬂ| naion, SA SA - Surface Area

_ 2.3TBq x0.8_184 10° Bam?
= —(100m)2 =1.84x gm

3  Edimaethe effective Hsurface = Sa X hsurface X EXposure Duration
dose equivadent from
externd radiation from Hsurface = 1.84 x 108 Bqn? x 3.67 x 10%° Sv s* Bg?
the ground surface. The nx25s
conversion factors
(heurface) @efoundin Hsurface = 1.7 X 10°° Sv
Table 7.22.

4 Egimate the effective Hcioud = Upu X Neioud X EXposure Duration
dose equivaent from
externd radiation from Heioud = 4.6 X 10° Bant x 424 x 108 Sy s Bgqt n?
submersion in acloud. x25s
The conversion factors
(hcioud) aefound in Heloud = 4.9 x 101 Sy
Table 7.22.

5 Edimaethe dose Hsiin = Upy X hsiin X Exposure Duration
equivaent to the skin
from the submersion. The  Hsqn = 4.6 x 10° Bqnt x 1.86x 107 Sy s Bg* n?
conversion factors (hein) x25s
arefoundin Table 7.23.

Hsin = 2.1x 10" Sv
6  Thisgepisesimaing This dose equivaent is about one tenth of the dose

the externa skin dose
from surface
contamination.

equivaent from submersion and is neglected here.
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H.3.6. Significance of the Exposures

Thetota externa exposureis about 1.7 x 10* mrem and about 2 x 10”° mrem to the skin. These
are genuindy trivia exposures, as expected. However, theinterna exposures are not trivid.

The committed effective dose equivaent is 0.64 Sv (64 rem) and the committed dose equivaent
to the bone surfacesis 6.3 Sv (630 rem). Under the current RES guides, the committed effective
dose equivalent would be in risk category 1E, but the dose equivaent to the bone surface cannot
be directly compared to the RES guides as they currently stand. The 6.3 Sv does exceed the
current USNRC regulatory limit of 0.5 Sv by afactor of about 12.

This projected intake can be reduced or iminated by respiratory protection gear, such asthe
MOPP gear. However, the use of respiratory protection gear and personnd protective clothing
can cause a sgnificant performance decrement. For example, under hot and humid conditions,
the potentia for heat exhaustion can become very sgnificant. So, the decision to use protective
gear mugt take into account non-radiologica hazards aswell.
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Appendix |. Radiation Contamination Case Study

The following case study was copied entirely from the NBC-MED web page at www.nbc-
med.org/csgoianiahtml. Only minor formatting changes have been made.

|.1. Case Study: Accidental L eakage of Cesum-137 in Goiania, Brazil, in 1987

In September of 1987, scavengers dismantled ametal canister from aradiotherapy machine a an
abandoned Cancer Clinic in Goiania, Brazil. Five days later ajunkyard worker pried open the
lead canigter to reved a pretty blue, glowing dust: radioactive cesum-137. In the following days,
scores of Goianian citizens were exposed to the radioactive substance. In anuclear disaster
second only to Chernobyl, the city of Goiania had one of the largest radioactive legks on its
hands and for afew days, they knew nothing abot it.

[.1.1. History

In the early 1980's, "three doctors had owned the private downtown [Cancer] clinic...when they
left [in 1985], the doctors Smply abandoned the radiothergpy machine and left the building to
deteriorate without windows or doors" ' Two years later, the canister containing cesium-137
was found by scavengers. Accounts differ as to who found the canister and how it was opened.
However, once the canister was pried open releasing its radioactive contents, tragedy ensued.

[.1.2. Radiation Contamination Facts

Radiation destroys the most rapidly dividing cells of the body the cdlls of the skin, hair,
gastrointestind tract, and bone marrow. Because the bone marrow givesrise to the blood cells,
including those of the immune system and the platelets that staunch [sic] bleeding, radiation
victims are susceptible to infections and hemorrhaging. "

[.1.3. Cesium Facts

Naturally occurring cesium is entirely the non-radioactive isotope, 133Cs; 20 radioactive isotopes
from 122Cs to 1*4Cs have been artificialy prepared. Cesium-137 is useful in medical and
indudtrid radiology because of its long hdf-life of 30 years. Cesum isthe most eectropostive
and mogt dkaine dement, and thus, more eadily than al other dements it losesitssingle
valence eectron and forms eectrovaent bonds, with nearly al the inorganic and organic
anions"'. When cesium comes into contact with plants and animdls, it is aosorbed into system[s]

by replacing potassum.
[.1.4. Goiania facts

Goiania, city, capital of Goias estado (state), south-centra Brazil. It is Stuated in the Brazilian
Highlands of the Meia Ponte River valey, southwest of Bradlia, the federd capitd. The city lies

at an elevation of 2,493 feet (760 m) above sealevd. Goiania was planned in 1933 to replace the
unhedithful [sic] former state capital of Goias, 70 miles (110km) northwest. In 1937 the state
government moved there, and in 1942 the officid inauguration was held. The city has wide
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avenues and attractive parks. Goianiaisthe seat of both the Federd University of Goias (1960)
and the Catholic University of Goias (1959). ...Pop (1980) 702,858. "

.1.5. Case

Sometime around September 21, 1987, alead canister containing 1400 curies of cesum-137 was
opened launching the second largest nuclear accident after Chernobyl. ' The cesium from within
the canister was a"luminous blue powder" which both children and adults rubbed on their

bodies.' Six year old Leide das Neves Ferreira "rubbed the powder on her body so that she
glowed and sparkled.” V. She later ate a sandwich tainted with cesium powder from her hands;
"she reportedly recaived flveto six times the lethal dose [of radiation] for adults'. " The cesum
was later parceled out to friends and family, spreading the contamination from the junkyard to
homes around the city, athough mainly contained within alocaized area. The radioactive
substance continued to contaminate the population for aweek before Devair Ferreirafinaly
reported to hedlth authorities.

On September 28, "Devair Ferreirawent to the Goiania public clinic where a health care worker
correctly diagnosed radiation illness and derted authorities'. " When the Brazilian Nuclear
Energy Commission dispatched a team equipped to handle a radiation accident, they found: 244
persons to be contaminated, 54 serioudy enough to be hospitalized for further tests or treatment.
Thirty-four were treated and released. The next day the ten sickest patients...were airlifted to the
Navy hospitd, Dias, in Rio [de Janeiro].

Upon redizing the severity of the accident, the Brazilian government requested help from the
International Atomic Energy Commission (IAEC) which sent ateam of doctors. The medical
team found the 20 most serioudy irradiated victims had recelved doses ranging from 100 to 800
rads. Nineteen of the 20 had radiation-induced skin burns, from minor to mgor. And al 20
patients were internaly contaminated, which meant that they were being continudly irradiated
from the cesum thet they had inhaled or accidentally ingested. The patients themsdlves were
radioactive. "

Because the patients themsalves were radioactive, the first task was to attempt to rid their bodies
of cesum. For this, they administered Prussian blue, an iron compound that bonds with cesum,
ading its excretion. The problem in this case was the substantid delay-at |east a week-from
initial exposure to trestment. By that time much of the cesum had moved from the bloodstream
into the tissues, where it is far more difficult to remove...the patients were aso treated with
antibiotics as needed to combat infections and with cell infusions to prevent bleeding. "

Between sx and eight (according to different accounts) of the most adversely affected patients
were treated with an experimenta drug called "GM-CSF, or granul ocyte-macrophange colony-
gimulating factor...one of at least five hormones that boo[ ]t the production of white blood cdlls
in the [bone] marrow". "V While a debate sprang [sic] around the experimental trestment used:

...the doctors injected GM-CSF into each patients vena cava, the centrd vein that leads to the
hea”[. Within 48 to 72 hours, the white blood cdll count increased in five of the Six
patients...within aweek, four of the Six patients had dies [sic], overwhelmed by pneumonia,
blood poisoning and hemorrhaging. "
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Six year old, Leide Ferreirawas among the four who did not makeit. Asthe rest of the city was
being decontaminated "technicians ...checked more than 34,000 people with Geiger counters at
the city's socoer stadium.” ' However, the National Commission on Nuclear Energy had:
...underestimated the severity of the problem. At least 42 of its technicians did not wear
protective overalls, hoods, gloves or boots while carrying out decontamination. And no one
remembered for severd days to decontaminate the ambulances used to take victims from Rio de
Janeiro's Santos Dumont airport to the city's nava hospital- one of only two facilities for treeting
radiation sickness. '

Decontamination efforts were lackadaisical at times, despite the use [of] helicopters equipped
with radiation detectors to identify hot spots and the decontamination of items such as furniture
and money. " The accident contaminated homes, businesses and soil. What could not be
decontaminated was collected or dismantled and placed in concrete lined drums for disposd as
nuclear waste.

|.1.6. Conclusion

It is clear that the city of Goiania and the country of Brazil wereill-prepared for medica
treatment of a nuclear disaster, as are many nations. The lack of regulation surrounding the use
of nuclear materiasin Brazil, by both nationd and internationa regulation committees, as well

as the abandonment of the radiothergpy machine was an accident waiting to happen. The best
protection one can have againgt alarge-scale nuclear disaster happening is two-fold: better
regulation and better preparation. The lack of adequate response time and materias greetly
contributed to the number of casudties and fatalities. Although it took afew daysto report the
radioactive leskage, the cause is also twofold. Primarily, the canister should never have been left
behind. Secondly, the genera public had no idea that they were handling a radioactive substance.
Thelack of regulation of nuclear substances, whether for medica purposes or dectricity,
remans amgor factor in the posshility of future nuclear accidents [and accidentsinvolving
radiation producing materials or equipment].

The city of Goianianow makes money off of [sic] itstourism business and it will be many years
before the effects of the nuclear disaster of 1987 will be fully redized. The "incubation” period
for increasesin radiation falout related Leukemia[sic] increasesis 9-10 years. It isonly in 1996,
that we are seeing a Significant enough rise in Leukemia[sic] casesin areas surrounding
Chernobyl, that doctors are considering the possibility of a correlation between the nuclear
accident and therisein leukemiarates. ¥ Although the Goiania accident happened barely ayear
after the Chernoby! accident, the people of Goianiawere able to benefit from decontamination
and medical trestment efforts used there. Studies and the monitoring of Chernoby! victims
continues to provide the most indepth information on the long-term effects of radiation exposure.

This excert was written and compiled by Alex Nefert for the Camber Corporation.

i Dwyer, Augusta. Playing with Radiation. Macleans. 100:44; p44.
il Sun, Marjorie. Radiation Accident Grips Goiania. Science. 238; p1028-1031.
iii Encyclopedia Britannica. Britannica Online. http:/Aww.eb.comy.
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iv Gorman, Chrisine A Battle Againg Deadly Dust: Doctors join forcesto treat radiation victims
in Brazil. Time. November 16, 1987; p66.

v Chernobyl Study raises concerns about |ow-leve radiation

(http://cnn.com/WORL D/9607/24/chernobyl.leukemiawir/index.html). CNN Interactive
(http://cnn.com). July 24, 1996.
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Appendix J. Identification of Nuclides and their Symbols

The following tables identify the dements cited in this technical guide and their symbols. Table
J.1 includes the name of the dements and their corresponding symbols and Figure J.1 isthe
periodic table of dements. Thisinformation isincluded to help in the identification of specific
elements, throughout this document, by providing their symbols or names.

TableJ.1. List of dementswith their symbol and atomic number

Atomic Atomic

Symbol  [Element Number Symbol  |[Element Number
AC Acdtinium 89 Md Menddevium 101
Al Aluminum 13 Hg Mercury 80
Am Americdum 95 Mo Molybdenum 42
Sb Antimony 51 Ns Neilsborium 107
Ar Argon 18 Nd Neodymium 60
AS Arsenic 33 Ne Neon 10
At Addtine 85 Np Neptunium 93
Ba Barium 56 Ni Nickel 28
Bk Berkdium o7 Nb Niobium 41
Be Beryllium 4 N Nitrogen 7
Bi Bismuth 33 No Nobeium 102
B Boron 5 Os Osmian 76
Br Bromine 35 O Oxygen 3
Cd Cadmium 48 Pd Pdladium 46
Ca Cddum 20 P Phosphorus 15
Cf Cdifornium 98 Pt Patinum 78
C Carbon 6 Pu Autonium 94
Ce Cerium 58 Po Polonium 84
Cs Cesum 55 K Potassum 19
Cl Chlorine 24 Pr Praseodymium 59
Cr Chromium 17 Pm Promethium 61
Co Cobdt 27 Pa Protactinium 91
Cu Copper 29 Ra Radium 38
Cm Curium 96 Rn Radon 86
Dy Dysprosum 66 Re Rhenium 75
Es Eingainium 99 Rh Rhodium 45
Er Erbium 68 Rb Rubidium 37
Eu Europium 63 Ru Ruthenium 44
Fm Fermium 100 Rf Rutherfordium {104
F Hourine 9 Sm Samarium 62
Fr Francium 87 Sc Scandium 21
Gd Gadalinium 64 Sg Seaborgium 106
Ga Gdlium 31 Se Sdenium 34
Ge Germanium 32 Si Silicon 14
Au Gold 79 Ag Slver A7
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Atomic

Symbol  [Element Number
Hf Hafnium 72
Ha Hahnium 105
Hs Hassum 108
Hi Hdium 2
Ho Homium 67
H Hydrogen 1
In Indium 49
I lodine 53
Ir Iridium 77
Fe Iron 26
Kr Krypton 36
La Lanthanum 57
Lr Lawrencium 103
Pb Lead 82
Li Lithium 3
Lu Lutetium 71
Mg Magnesum 12
Mn Manganese 25
Mt Meatnerium 109

Atomic
Symbol  |[Eement Number
Na Sodium 11
Sr Strontium 38
S Suilfur 16
Ta Tantdum 73
Tc Technetium 43
Te Tdlurium 52
Tb Terbium 65
Tl Thdlium 81
Th Thorium 90
Tm Thulium 69
Sn Tin 50
Ti Titanium 22
W Tungsen 74
U Uranium 92
\/ \Vanadium 23
Xi Xenon 54
Yb Y tterbium 70
Yb Y ttrium 39
Zn Zinc 30
VA Zirconium 40
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FigureJ.2. The periodic table of eements
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