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Abstraet: The report tabulates dose coefficients for external exposure to photons
snd slectrons emitted by radionuclides distributed in air, water, and soil. Dose
cosfficients for external exposure relate the doses to organs and tissues of the
body to the concentrations of radionuclides in environmental media. Since the
radistions arise outside the body, this is referred to as external exposure. This
situation is in contrast to the intake of radionuclides by inhalation or ingestion,
vhere the radiations are emitted inside the body. In either circumstance, the
dosimetric quantities of interest are the radiation doses received by the more '
radiosensitive organs and tissues of the body. For external exposures, the kinds of
radiation of concern are those sufficiently penetrating to traverse the overlying .
tissues of the body and deposit ionizing energy in radiosensitive organs and =
tissues. Penetrating radiations are limited to photons, including bremsstrahlung,
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PREFACE

Federal radistion protection guidance is developed by the Administrator of the
Environmental Protection Agency as part of his or her responsibility, under Executive Order
10831, to "... advise the President with respect to radiation matters, directly or indirectly
affecting health, including guidance for all Federal agencies in the formulation of radiation
standards and in the establishment and execution of programs of cooperation with States.” The
purpose of Federal guidance is to provide a common framework to ensure that the regulation
of exposure to ionizing radiation is carried out in a consistent and adequately protective manner.

This Federal guidance report is the third of a series designed to provide technical
information useful in implementing radiation protection programs. It is our hope that it will
help ensure that regulation of exposure to radiation is carried out in a consistent manner that
makes use of the.best svailable information for relsting concentrations of md:onsotopu in

_mmcmﬂmedhwdoumhummpopuhnmduemmndudunm. The dose

weﬁmmthnrepmmmtendedfotuseby&dmlagmnhvmgmgummy

_.mponsibilities ﬁo:pmtecuolIofmembus of the public. and/or wotkas. suchnthe

- At Y

Environmental .Protection Agency, the Nuclear Regulatory Commxss:on, md Occupanonal
Health and Safety Administration, aswellasbythosel’edunl ngencleswnhmpons'bnlmes
related to the management of their own and their contractor operations, mchastheDepamnent
ofEnetumdtbeDepuunentofDefense. We also encourage dmrunbySmmdloal

Expomtoe:mal nduuon fromcomammated sonl,whnchlslcemnl focusofme
calculations carried out to produce this report, is a particularly timely subject. The Nation is
at the beginning of perhaps the largest cleanup operation in its history, at the large collection
of sites involved in the development of nuclear weapons and commercial nuclear power during
the past half century. An accurate assessment of this exposure pathway is essential to the
decisions that will be required to regulate, manage, and verify this cleanup.

The principal dose quantity, effective dose equivalent, has been calculated thh the
weighting factors used in Federal Guidance Report No. 11, which were those recommended in
Radiation Protection Guidance to Federal Agencies for Occupational Exposure (EPA, 1987).
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New estimates of radistion risk to the organs and tissues have been published since thes
(UNSCEAR, 1988; NAS, 1990) and updated weighting factors have been recommended by the
Intemational Commission on Radiological Protection (ICRP, 1991). However, new weighting
factors have not yet been adopted for use in the United States and would require s number of
adjustments to existing regulations. As the report notes, for most radionuclides these dose
coefficients are not very sensitive to the choice of weighting factors. We are reviewing new
weighting factors, as well as EPA’s own estimates of organ-specific risk factors, and we will
propose changes in the weighting factors as soon as it appears necessary and reasonsble to do
s0. At that time, we will also publish revised versions of this report and of Federal Guidance
Report No. 11.
" The tables in this report are also available as computer files so that they may be more
easily used in programs for assessing dose. We are simultancously making the tables for
 internal exposure contained in Federal Guidance Report No. 11 available in the same format.
'hMom for obtaining both of these sets of computer files may be found at the back of this
We gratefully acknowledge the work of the authors, Keith F. Eckerman and Jeffrey C.
Ryman, without whose outstanding contributions over the past several decades tables such ss
these would not exist. This project was made possible through joint funding from three Federal
agencies: the Department of Energy (DOE), the Nuclear Regulstory Commission (NRC), snd
the Environmental Protection Agency. We appreciate the consistent support of the DOE and
NRC ‘project officers, C. Welty and N. Varma, and S. Yaniv and R. Meck, respectively,
throughout the lengthy term of this work. We also are indebted to H. Beck, S. Y. Chen,
C. M. Eisenhauer, P. Jacob, G. D. Kemr, D. C. Kocher, and C. B. Nelson for their technical
reviews. The report has been clarified and strengthened through their efforts. We would
sppreciate being informed of any ervors or suggestions for improvements so that these may be
taken into account in future editions. Comments should be addressed to Allm C. B.
Richardson, Deputy Director for Federal Guidance, Criteria and Standards Division (6602J),
U. S. Environmental Protection Agency, Washington, DC 20460.

Office of Radiation and Indoor Air
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L INTRODUCTION

This report tabulates dose cocfficients for external exposure to photons and electrons
emitted by radionuclides dum’bxuedmm,m,andsoﬂ lusmwndedmbeaoompmwnm
Federal Guidance Report No. 11 (Eckerman et al., 1988), which utmlmd dose cocfficients for
the committed dose equivalent to tissues of the body per unit activity of inhaled or ingested
radionuclides. The dose coefficients for exposure to external radistion presented here are
intended for the use of Federal agencies mcalcnlanngmcdoseeqmvdentmorgansudnmu
of the body, as were those in Federal Guidance Report No. 11. Note that the dose coefficients
for air submersion in this report update those given in Federal Guidance Report No. 11.

These dose coefficients are based on previously developed doéiiﬁeuic methodologies,
but include the results of new calculations of the energy and anguhr distributions of the
radiations mcndannponmebodyandd:emnsponofdmemdxmonswnhmmebody
Pntlcuhreﬂ'onmdevowdtoapmdmg&emfomanon availsble formcmsmmtoftbe
radiation dose from radionuctides dlsm'b\mqlonorbelowmemﬁcedf_themund.l)whof
the undertying calculstions and of changes from previous wmkmmud in Section II and
mtheappendlees

Dosecoeﬁclm formunﬂmmwuhmmedomwmmdmesof&cbody
to the concentrations of radionuclides menvuonmenul media. Since the: tadutxons arise outside
thebody th:surefandm:smmlexposm ‘mssimnmnxsinmmmmnkcof

v ar sebileefl N TR L3 1 S

udwnuchd&byhhdumnotmg«non,whm%ﬁm}l’mnsmj _
, e:tbercnuunmee. medosnnetnc qumnhaofmtautmmeradmdommeeivedbydle
moreudiosensmveorgmsandusswofdlebody For external uposma.thekmdsof
ndmtxon ofconeem mﬂ:osesuﬁicnenﬂypenehmngtomversethewedymgussuesofthe
body and depom jonizing energy in radiosensitive organs and tissues. Penetrating radiations
are hmued to photons, including bremsstrahlung, and electrons. The radiation dose depends
strongly on the temporal and spatial distribution of the radnonuchde to which a human is
exposed. The modes considered here for external exposure are:

- submersion in a contaminated atmospheric cloud, i.c., air submersion,

- jmmersion in contaminated water, i.e., water immersion, and

- exposure to contamination on or in the gmund, i.e., ground exposure,
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Estimation of the dose to tissues of the body from radistions emitted by an arbitrary
dlsm’buuon of a radionuclide in an environmental medium is an extremely difficult
mputational task. Therefore, it it has become common practice to consider simplified and
Mmd exposure geometries; i.e., the radionuclide concentration in the medium, seen from the
lbedionofma(poaadmdmdml.umfommdeﬂ‘wuvely infinite or semi-infinite in extent.
[ pmicnhr ‘a semi-infinite source region is assumed for submersion in contaminated air
'(PuwnandSnydet 1974) and an infinite source region is assumed for immersion in
" contaminsted ‘water and exposures to contsminated soil (Kocher, 1981). Even for simplified
- f'igeuutnu, calculation of the energy and angular distributions of radiations incident on the body
hdﬂncumsponofndmonmdmd;ebodyuadanmdmgmpmd problem.
_ " ““4f one assumes an infinite or semi-infinite source region with a uniform concentration
" C(t) of a radionuclide at time £, then the dose equivalent in tissue T, Hp, can be expressed as

He=h [CO) @, @

wbueh,denows thetxme-mdepmdmx dose coefficient for external exposure. The coefficient
f.bf‘imﬁedoumum Tofdlebodypertmnume-mmgrmdupome,mmedh
1’Wofdwmn—im:grw¢d concentration of the radionuclide; that is, hy is defined as

.v._g'.-"v,s‘i,. .y © ey ; - T
NENT L T T T e

| {aoa

I SN AT "..,';!E’ KN

. ;*v'm‘xr.f.'..'zm B i R L L naes

An"%,'s"‘" fi&?“"""f”""“““"“’m'°"'d°’°m" e
%.‘:«.4---“”’nm‘ ntration of the ndlonuchdemﬂ:eenvuomnmt. lnmost'?l’lm""

5 eee DN 0 .
B D ] R Y RN e .

Eonﬂ,.}notﬂ:g mmmgousdose rate, is the qmntny'ofmwut. and s the time integral
" of the concentration miust be evalusted. ‘Note that fimits of integration have not been specified

_mBq:.(l)md(Z)smced\eydependuponduenatmeofthedoseqummyﬁ,. For example,

: ifH,inoteptmntﬂ:edoseassocutedw:thasmgleywofupomﬂnendlemmm

- Eq.(l)ﬁouldnngeﬁom:,tol.+lyws where 1, is the year of interest.” However, if it were
toreptaentﬂledou assocmed with a particular pracnce. e.g., annual emissions from a facility,
then’ the: unuegul might range over many years as the emitted ‘radionuclide persists in the
olwlromuuu. Depending on the nature of the application it may be advaiitageous t view the
m«ulvﬂueofﬂnecocﬁcmh,uenﬂmmemmnmnwus dose rate per unit concentration

auﬁedmp«mnm&mymdmmum In this report we follow the latter presentation.
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The dose coefficient hy for a specific radionuclide is uniquely determined by the type,
intensity, and energy of the emitted radiations, the mode of exposure, and the anatomical
the energy deposition in organ or tissue T. The dose coefficient
itted radiations in the environment, their subsequent transport

varigbles that govern

incorporates the transport of em
in the body, and estimation of the deposition of ionizing energy in the tissues of the body.

Calculations of dose coefficients, as performed for this report, involve three major steps:
(1) computation of the energy and angular distributions of the radiations
incident on the body for a range of initial energies of monoenergetic sources
distributed in environmental media of interest;
(2) evaluation of the transport and energy deposition in organs and tissues of
the body of the incident radiations, characterized above in terms of their energy
and angular distributions, for cach of the initial energies considered; and
(3) calculation of the organ or tissue dose for specific radionuclides,
considering the energies and intensities of the radiations emitted during nuclear
transformations of those nuclides.
The result of the first two steps is a set of dose coefficients for monoenergetic sources of photon
or electron radiations. The last step simply scales these coefficients to the emissions of the
radionuclides of interest.
A number of reports have tabulated dose coefficients for external irradiation of the body
from radionuclides distributed in the environment (Poston and Snydéif, 1974; Dillman, 1974;
O’Brien and Sanna, 1978; Koblinger and Nagy, 1985; Jacob et al., 1986, 1988a, 1988b; Kocher,
1981, 1983; DOE, 1988; Saito et al,, 1990; Chen, 1991; Petoussi et al., 1991). Because of
limitations in computational methods or available information, some of these efforts have used
oversimpliﬁed assumptions regarding the exposure conditions. For example, the radiations
incident upon the body have often been assumed to be unifonnlyf‘ﬂisu'ibuted in angle (an
isotropic field) or to be incident perpendicular to the body surface while the body is uniformly
rotated about its vertical axis (a rotational exposure). Variations in the intensity of the
above the ground frequently have been ignored in assessing the dose from
ow the ground surface. In addition, bremssu*éiﬂung has generaily been
many radionuclides (e.g., pure beta emitters), it is the only
nature to result in a dose to underlying tissues of

radiations with height
radionuclides on or bel
ignored, despite the fact that for

source of radiation sufficiently penetrating in
the body. In this report, we have attempted to address each of these aspects of the problem

without the use of simplifying assumptions that would significantly alter the resuits.
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qumtmﬂmwexghted smnsofthedosestondi’osensmveussuuofﬂwbody The effective
“dose equivalent H and the eﬂ'ect:ve dose E are deﬁned s

-Sr_: w,.H,. . 3a)
and
E=Y wA, , @b)
T

whmf!,isthemundoseequivalenttoorganortissueT,daew,maspeciﬁc set of weighting
factors, and the w are a set of weighting factors not specified as part of the definition of E,
and can take any assigned values. Thus, the effective dose equivalent can be interpreted as s
particular example of the effective dose. Values for wy and the current recommendations of the
ICRP for wj are shown in Table IL1. The factors w, and w/, correspond to the fractional
eonm‘hm:n of organ or tissue T to the total risk of stochastic health effects when the entire
body is uniformly irradiated. As seen in Table IL1, the weighting factors cumently
mmmdedbyﬂleICRmempmﬁmeﬁ'ecnwdoseexphCMymdulmmbc
_o{mmﬂﬁmofﬂnbody In addition the two sets of weighting factors differ in the
" amoner that the dose to tissuds not explicitly identified (the remainder) is evaluated. - Of « more
ﬁ_anshwwbenowdmmemumofhedmdmmmwdmwu
' ofweig!mng “factors e different. ”The weighting factors for”the effective dose
Mmmwm‘déﬁmmmmomemkofﬁm“mwm

-'u’"_‘r\-- i ut

mammumm inmemofmeamuymendedm&r

A 2 L AT

Mmmmmnw byawmghnngoftbensksforbothfdll

“‘“l e e gy

' mmm . haedmdefemommammmmdmm
Iouofhfeuyechncy maﬁul cancer or a severe genetic disorder.

o Sincenodecmonhubammde.atthenmeofﬂnsnpm,onchmgs in weighting
m for use in the United States, the tabulations by radionuclide of the dose coefficients in
this leport are based on the weighting factors specified for the effective dose equivalent
qunnt:ty. the quantity used in Federal Guidance Report No. 11 (Eckerman et al., 1988).
However, the effective dose, computed with the weighting factors currently recommended by
the ICRP, is included in many of the preliminary tabulations and discussions. The results
mdncate that for many radionuclides of practical significance, for the exposure geometries
consxdeted here, the differences are small - on the order of a few percent. However, in some
cases the differences can be large, so that specification of the w; is an important consideration.
Zankl et al. (1992) have also investigated these differences for various external irradistion
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geometries and a few key radionuclides and reach similar conclusions.

The coefficient relating the dose equivalent Hy in organ or tissue T to the time integral
of the nuclide’s concentration in the envigdnment is denoted by A, The notation and tabulation
of the dose coefficients presented in this report follow the conventions and format of Federal
Guidance Report No. 11. The radionuclide tabulations include the coefficients for the gonads,
breast, lung, red marrow, bone surface, thyroid, and remainder, followed by that for the
effective dose equivalent. The coefficient for the remainder group is the average of the doses
to esch of the five tissues comprising the remainder and thus wy = 0.3 is applied to this
numerical value to compute the effective dose equivalent. Although skin is excluded from the
effective dose equivalent, we have included it in the tabulations since it frequently is the most
highly irradiated tissue for external exposure.

Table [I.1. Tissue Weighting Factors According to ICRP (1977, 1991).
Weighting Factors

Organ/Tissue wy (ICRP 26) wz (ICRP 60)
 Gonads 0.25 020
.. Brest . : 0.15 0.05
e Cooa . o 0.12
. Red Mammrow - 0.12 0.12
Lungs - . 0.12 0.12
Stomach . - . _ 0.12
Urinary Bladder- : R 0.05
' Liver 7 0.05
Esophagus 0.05
Thyroid 0.03 0.05
Bone Surface 0.03 0.01
Skin 0.0t
Remainder 0.30' 0.052

' The valve 0.30 is applicd to the average dose among the five remaining organs or tissues
receiving the highest dose, exchuding the skin, lens of the eye, and the extremities.

2 The remainder is composed of the following tissucs and organs: adrenals, brain, small
intestine, upper large intestine, kidney, muscle, pancreas, spleen, thymus, and uterus.

3 The value 0.03 is sppiied to the aversge dose to the remainder tissue group. However, if a

mmbaofﬁemamdamﬁmadﬁeiaqmof&ehigh&dminmy of the twelve
' mmm:m«wu.mgm;momwamuw
that orgsn and 8 weighting &cvoﬂ.&iismﬂedhtbenmedoseihmemofﬂw
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Organ doses from monoaeqeﬁc environmcnnl photon sources-

The calculation of organ doses from irradistion of the buman bodybyphoton emitters

distributed in the environment requires the solution of a complex radistion transport problem.
It is impractical to solve this problem for the precise spectrum- of photons emitted by esch
.tidiopuclide of interest. Therefore, organ doscs were computed for monoenergetic photon
sources ‘at twelve energies from 0.01 to 5.0 MeV. The results of these calculations were then
used to derive the dose coefficients in Tables III.1 through II1.7, taking into account the detailed
photon spectrum of each radionuclide. The following pages describe the methods used to
compuue organ dose coefficients for those monoenergetic sources. :
. . Previous estimates of submersion dose (Poston and Snyder, 1974; O'Brien and Sanna,
1978; Eckerman et al., 1980; Kocher, 1981, 1983; DOE, 1988) were based on Monte Carlo
calculations with (1) poor statistics for some organ doses (due to the limitations of early
computer systems) or (2) minor errors in sampling the radiation field. It should be noted thst
Saito et al. (1990) have recently published a compilation of organ doses due to air submersion
based on moden Monte Carlo methods that appears to overcome these limitations. ..

The seminal work of Beck and de Planque (1968) on dose due to contsminated soil,
while accurately reflecting the radiation field, was limited to calculation of air dose for energies
between 0.25md2.2$ MeV althoughthedmweu later used to generate a tabulation of air
exposute ma for a number of nuclides (Beck, 1980). The next generstion of calculstions
(Kocher, 198!, 1983; DOE, 1988; Kocher and Sjoreen, 1985) produced useful dose estimates
for many nuclides, but was limited by simplifying assumptions regarding the energy and angular
dependence of the radiation field (assumed to be equivalent to that for submersion) and the use
of the point kernel method for characterizing the field strength. More recent efforts (Williams
et al,, 1985; Koblinger and Nagy, 1985; Jacob et al., 1986, 1988a, 1988b; Saito ot al., 1990;
Petoussi et al., 1991) bave used relatively sophisticated methods for analyzing the energy,
angular, and spatial dependence of the radiation field and computing organ doses for both
mathematical and CT-derived phantoms of various ages. These data are primarily for plane
sources at or near the air-ground interface, or for naturally-occurring radionuclides distributed
to effectively infinite depth in the soil. The calculations of Chen (1991) include volume sources
of many thicknesses as well as plane sources at the interface, but are only for effective dose
equivalent based upon rotational normal beam exposure (ICRP, 1987).

The computational methods used in this work were chosen to give an accurate
characterization of the energy and angular dependence of the radiation field incident on the
body, since dose to the body is very sensitive to the direction of incident radiation, and also to




overcome other limitations of earlier calculations. Organ doses were computed for 25 organs
in an adult hermaphrodite phantom (Cristy and Eckerman, 1987). The mathematical phantom
was modified, as described in Appendix B, to include the esophagus, a tissue given an explicit
weighting factor in the current effective dose formulation of the ICRP (1991), and to improve
the modeling of the neck and thyroid.

General description of the calcuiations

Estimating organ dose in a human phantom exposed to radiation from an external source
consists of calculating an effect of interest in a geometrically complex object located in an
otherwise geometrically simple (one- or two-dimensional) system. This process is
mathematically described by the time-independent neutral-particle Boltzmann transport equation:

v-30(F.ED) + nEHIGED) = @
[dE' [dE' w,FE-ED-D)OGED) « SEED)

where

®(7.E.B)dEdD = anguler fluence at position 7 with energy_in dE about £ and
- direction in solid angle dQ about direction Q;
_ _B(F,E) = linear attenuation coefficient at position 7, and energy E;
p(F.E'~EQ'~Q)dEJQ = the probability _germi_;pmm_gmammci with initial energy E’

and direction O will undergo a scattering ‘collision at point r and
_ - anemewithenerx‘y_i_ndEabotnE_mdin_da about Q; and
S(7,E,Q)dEdQ = number of source particles emitted at position 7 with erergy in dE
about E and direction in dQ about Q.
Equation (4) is conveniently written in operator notation as

BOP) = S(P) ®

where p represents position, energy, and direction phase space.
After the solution to Eq. (4) is obtained, the organ dose is computed from the following

integral:
H = [, MHIRGIE ©®

H, = the effect of interest, i.e.,the organ dose;
i,.-phasespweoftissueororpn‘r;and
R(p) = the response function, i.c., the contribution to H due to unit angular fluence.
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radiation field due to a unit source strength was performed by methods appropriate to the kind
escribed later. Then, an equivalent source was constructed on a cylindrical

of source, as d
surface surrounding the phantom, and the organ doses resulting from this source were computed

for all cases by the Monte Carlo method, also described later. The two steps of the calculation

are illustrated in Figs. I1.1 and 11.2 for the case of a contaminated soil source (an isotropic plane

source at depth d).

Description of the environmental sources

The source for the submersion dose calculations is a semi-infinite cloud containing a
uniformly-distributed monoenergetic photon emitter of unit strength (1 Bq m*) surrounding a
human phantom standing on the soil at the air-ground interface. The air composition, given in
Table 11.2, is for conditions of 40% relative humidity, a pressure of 760 mm Hg, a temperature

of 20 °C, and a dénsity of 1.2 kg m>. The dose coefficients for submersion can be readily
scaled to account for a different air density.

Table I1.2. Air Composition

Element Mass Fraction
H 0.00064
C 0.00014
N 0.75086
&) 0.23555
Ar 0.01281
Total 1.00000

The source for the contaminated soil calculations is an infinite isotropic plane source
of monoenergetic photons of unit strength (1 Bq m?), located at the air-ground interface or at
a specified depth in the soil. Again, a human phantom is standing on the soil at the air-ground
interface. As noted later, the organ dose due to a source in the soil that is uniformly distributed

to a specified depth may be readily computed from ‘the doses due to a series

of plane sources at different depths. The air composition is the same as for the submersion dose
n is given in Table 11.3, and is that

calculations (see Table 11.2). The assumed soil compositio
for a typical silty soil (Jacob et al., 1986) containing 30% water and 20% air by volume. The
soil density was taken to be 1.6 x 10’ kg m®. It should be noted that the radistion field above

the air-ground interface can, in some circumstances, be scaled to account for differences in soil

from the surface
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Isotropic
plane source

at depth d

Fig. II.1. Calculation of radiation field due to a contaminated ground plane, on a cylinder
surrounding the phantom Jocation.
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Fig. .2. Calculation of organ dose from an angular current source on the cylinder
sutrounding the phantom.




density (Beck und de Planque, 1968; Chen, 1991). While the radistion field above the air-

ground mtufwe is relatively insensitive to soil composition for a plane surfwe soume (Beck
“and de Planque, 1968), this is not true for distributed sources within the sonl as we later show.

Table 11.3. Soul Composmon
Element Mass Fracnon
H 0.021
C 0.016
o) 0.577
0.050
0.271
0.013
0.041
0.011
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Given this approximation, the radiation field may be computed as that due to an infinits
cloud source of a monoenergetic photon emitter. In this case, the transport equation (4) losss

its dependence on spatial position and angle, and may be written, for scattered photons, s
(Dillman, 1970, 1974)

fE) = w(EVW(E') = K(E'E) + [f(E)K(E\EVE Y

p(E’) = the linear attenuation coefficient of air at energy E;
J(E)dE' = the number of photons per initial photon with energy in dE’ about E’ ; and
K(E',E,) = the probability per unit energy that a photon of initial energy £, will scatter
and give rise to a photon of energy E’.

The scattered photon fluence is just

sy"f(E)
B(E)

$'(E) = , @

where S, is the source strength per unit volume. The uncollided fluence is easily shown to be

Sy
B(E,)

An updated version of the PHOFLUX computer program, developed by Dillman (1974) o solve
this Volterra-type integral equation, was used to compute the energy spectrum of scattered
photons in an infinite cloud source as well as the intensity of uncollided photons. Photoelectric
and pair production cross section data were taken from ENDF/B-V (Roussin et al, 1983).
Klein-Nishina scattering cross sections were computed analytically. The resulting energy
spectrum from a 100 keV source is shown in Fig. [1.3. The discontinuity seen in the figure
occurs at the minimum possible energy to which an initial photon may scatter, The slight bump
corresponds to the minimum possible energy for a twice-scattered initial photon.

(5 = o)

The radiation field from an infinite water source

In this case, no approximation to the source is necessary, and Eq. (7) above is directly
applicable. The PHOFLUX program with ENDF/B-V cross sections was also used here to
compute the energy spectrum of photons in an infinite water source. The resulting energy
spectrum from a 100 keV source is presented in Fig. 11.4.
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The radiation field from contaminated soil sources

Indmasc,dlesolunontoﬂ:eu’msponequmon (4) is a function of only one spatial
and one angular variable. It can be seen from Eq. (4) that the transport equmon is linear with
respect to the source term S(7.E, Q) Therefore, the fluence &(7.E, Q) due to an isotropic
mﬁmmsoumemnfmmlydlsm'bmedoveraﬁnnedepthmtbesoilnuybedewmmedby
superposition of the fluence for a series of isotropic infinite plane sources in soil.

The radiation field due to isotropic infinite plane sources at twelve energies from 0.01
toSOMveaseomputed for source depths of 0, 0.04, 0.2, 1.0, 2.5, and 4.0 mean free paths
in soil (specified at the source energy). These depths were chosen to facilitate an sccurste
integration during the determination of the dose coefficients for sources uniformly distributed
over specified depths, The uncollided angular photon fluence was computed analytically. A
spatial-, energy-, and angular-dependent first collision source was generated from the uncollided
angular fluence and the cross sections for scattering from the source energy into a series of

energy groups. The scattered photon fluence due to the first-collision source was computed
using the one-dimensional multigroup discrete ordinates method (Bell and Glasstone, 1970).
Sevemyenetgyyoupsbetween 5.3 and 0.00865 MeV were used. The group boundaries were
selea%dwans&twomm (l)anlativelynmwponpwnpmentabmnud:m
mmofhmma)phommmgﬁommympmldmmalmmm
groups. A subset of the 70 groups was used for each source energy. The highest energy group
mmﬁumupmmgmemmdﬂxelowatmmﬂmmﬂnbw-
wmﬂ;dewmmed by 2, + 14, where A, is the Compton wavelength (electron rest mass
enugydxMedbprenergy)atﬂxesomenergy Smce,byeonmon of energy and
momeumm, thenwnmum change in Compton wavelength nszforasmgresamr, 8 low-energy
' anddcl’lmqm (1968) state that a low-energy cutoff of A, + 13.2 included over 99% of the
enes depbsmd in their air-dose calculations, except for the combination of very high source
ind very large interface-to-detector distances, which is not of i interest here. The only
cxccptibn 0 our use of the low-energy cutoff was for the 10 keV sources, in which case only
-6 ,gmups were used. At this energy, most photons are nmmedmely absorbed, due to the high
photoclecmc cross section, and the scattered photon fluence decreases quite rapidly with
demmg energy.
" Inall calculanons, the thickness of the sir medium was three mean free paths (at the
source energy) Photons scattered in the atmosphere at a height greater than three mean free

o Msmmhweuaveled a minimum of six mean free paths from the source plane to reach the

' plunwm locatnon, and therefore cannot make a significant contribution to organ dose. For the
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plane sources at depths of 0,..9.04,.:0‘.2.@4 .10 mean free paths, the thickness of the soil
medium was taken as three mean fiee paths. (at the source energy). For the sources at depths
of 2.5 and 4 mean free paths, the soil thicknesses were taken as 3.5 and 5 mean free paths,
respectively. As in the case of air, photons scattered at depths beyond the lower soil boundary
would have to-travel a mininiuin of six mean free paths from the source plane to reach the
phantom location, and thus make no significant contribution to organ dose.

In transport problems involving an isotropic plane source, the angular fluence has a
singularity at the source plane for directions parallel to the plane (Fano et al., 1959) which
cannot be sccommodated by the discrete ordinates formulation used here, and which can also
cause problems when the Monte Carlo method is used. To avoid the numerical problems
associated with the singularity, the uncoilided angular fluence is computed analytically. Then,
a firstcollision source; i.e., a distributed source based on the spatial, energy, and angular
distribution of photons produced by the first collision of source photons, is calculated from the
analytic uncollided angular fluence. In photon transport, a collision which leads to secondary
photons can include pair production as well as Compton scatter. The first-collision source,
averaged over the spatial mesh cells of the discrete. ordinates formulation, 1s_takinto be the
source term in the transport equation, which is solved for the angular fluence of scatered,

photons.: Cell-averaged mg\qur.ﬁts;:eoﬂision;sqqm; have no singularities, even mcells

v el b Ste. .

adjacent 1o, the source plane..It should aiso be noted that the scatered mgular flucnce has a .
singular component at the source plane, and, at short distances, from..the soq_l_u,v;ﬂl bave

T oYt rad .-

components of large magnitude in directions nearly parallel to the plane. It has been
demonstrated (Ryman, 1979) that discrete ondinates calculations for the scattered fluence due
to a first-collision source must use mmgulum;_h_wl_n‘ch has several directions nearly parallel
to the source plane. Failure 1o do so will give rise to scalar flucnces that are depressod or
enhanced in a physically unmhsuc manner in ;'giom near the source. It is also well known
(Bell and Glasstone, 1970) that for plane geometries, the fluence near an interface is better
represented when the angular quadrature directions are chosen from a double-P, Gauss
quadrature set. Therefore, a DP;s quadrature set with 32 directions was selected for these
calculstions.

A discrete ordinates solution of the transport equation in which the cross sections are
represented by truncated Legendre polynomial expansions can give rise to physicaily unrealistic
negative angular fluences, due to the negative oscillations in the cross section expansions. This
problem is worse for highly anisotropic sources, narrow energy groups, and highly anisotropic
scatter, ¢.g., Compton scatter of photons. Several studies have demonstrated (Odom and Shultis,
1976; Mikols and Shuitis, 1977; Ryman, 1979) that this problem may be eliminated by the use

i » QNGNS » &




: ofhmwmmmmx.e..mofadmmm*
'-‘t!unapolynomnlupmuﬂon. In this work, & one-dimensional multigroup discrete ordinates
'eode(xsmn), developed by one of the authors (Ryman, 1979), which uses the exact-kernal
repre _"”mofmw-pwpm:&tmmam,musdwpﬂ'hmhmw
calmhm’u. The: group-to-group transfer cross sections, which inchuded Compton (Klein-
Nuhm)mmgmdmepmdMonofmﬂulu!mmmm»u'
geacrated from the data of Biggs and Lighthill (1968, 1971, 1972s, 19725). The spetial mesh
in the "'.:andthesoilwum’loredmuchproblmtoensmdm(l)mmﬂm
w&amgmuamhoﬁm—cmemuhspucmg,mdmﬂnmnbﬂmu
eonvergedwnhmspeatomeshm

- Themmyofﬂ!esoluuonswuchecked by comparing the energy and angular
depuldenee of the air kerma (i.c., dose 10 air) 1 m above a 1.25 MeV plae source st the air-
g!umdintelﬁcewnhtheealmlmom of Béck and de Planque (1968) and with the cakulations
mdmﬁmma givea in the Shielding Benchmark Problemsrepon(Gm 1968). Excellent

' mc:deutﬁomtbehonm lndmeﬁgmas,oneslwuldmﬂlem
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Calculations were perfomled for tweive ‘monoenergetic sources ranging from 0.01t0 5.0
MeV. These were camed out usmg a cosine current source, which conuponds to an isotropic
fluence, sampled umformly on the curved and end surfac&s of a cylinder surrounding the
phantom. Ten million histories were sampled for cach calculation. The organ doses from the
monoenergetic sources incident on the phantom were folded with the spectra generated by the
PHOFLUX code for the air submersion and water immersion sources and normalized to unit
source stnngth to produce the final organ dose coefficients for monoenergetic sources in
contaminated air and water, pmemed in Tables IL.4 and I1.5. The coefficients include those
for effective dose equivalent (hg), effective dose (¢) using the ICRP 60 weighting factors, and
air kerma (k) or water kerma (Kwarz)- Note that air kerma and water kerma are doses to air
and water, not to tissue free in air or water. Since the dose coefficients are inversely
proportional to the density of the source medium, scaling to a different density is

straightforward.

Organ dose from contaminated soil
The uncollided and scatter=d angular fluences from an isotropic plane source of radiation
were computed as a function of energy, angle, and height above the an»gtound mwrfaee as
ducxibedwhet. ﬁmﬂumeed&w«eusedmconmaananguhrcmtsomona
cyhndcr s\mmdmg the phamom asa funcnon of posmon. energy, and polar angle It may be
oted that dw nnguhr current xs gwen by the mlatnonshxp J(T.E, D) 0 ﬂO(r.E n) wheneﬁ
is the oumud-dmcted pormal to the smfaae. For the mp and bouou; surfacs of the cylmder
the consum:uon of the angular current source is obvious, since Q-4 is just the absolme valuc
of the polar angle used in the discrete ordinates calculations. On the side of the cylmder g-a
is not an angle used in the calculations. Saito et al. (1990) developed two approximations for
the relationship between the angular fluence and the current, but no approximation is necessary.
The angular ﬂuemensmtmpncwnﬂnmpecttommmmhal angleaboutthenormaltothe
source plane, due to the symmetry of the one-dimensional radiation field, so the angular current,
asa ﬁmcuon of polar angle, can be computed analytically from the angular fluence data.
A calculation of organ doses was performed using ALGAMP (Ryman and Eckerman,
1993) for each of the 72 combinations of source energy and plane source depth, sampling the
photon energy, angle, and position from cumulative distribution functions corresponding to the
angular current sources described above. As for the calculations for isotropic sources in air and
water, ten million histories were generated for each calculation. Since the discrete ordinates
calculations were performed for a fi rst-collision source generated by a unit strength plane
source, the organ dose coefficients are computed directly by the Monte Carlo calculations; no
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further normalization is néeded.” For the 10, 15, and 20 keV sources (primarily at 10 keV), s
few of the organ dose ¢ coeﬁ’cnenu weree;'nn;md to be zero, since low-energy photons are not
ve:ypencmng. mdsmallorgans(e. .,ovanes)moﬁmmlssedbyﬁloufewmwbhb
do penetrate thebodytoﬂutdeptb Forafeworgans, the coefficients of variation were 0
Ia:ge that their dose coefficients were Judged to be unreliable. The dose coefficients for thoss
organs wmaliosettom However, the procedure described below for integrating orgas
dose coefficients for plane sources over source depth to obtain dose coefficients for volume
sources involves the logarithm of the dose coefficients; therefore, dose coefficients canmot be
zero.  Even had there been no numerical difficulties, the prudent spproach was 1o assign
‘nonzero values to all dose coefficients. Therefore, in the tabulations for monoenergetic sources,
the zero values were replaced by values from a log-log extrapolation as a function of source
energy. The dependence of the organ dose coefficients on energy shows this to be s
conservative approach. As a practical matter, the values of the-dose coeffi cients obtained by
extrapolation are so small, compared to the dose coefficients for the other organs, that they have
no observed influence on the coefficients for effective dose equivalent.

_ Theorgan dosecoeﬂicxems for isotropic plane sources at the six source depths were
mteifated ov«someedepd:tocompmmdosecoefﬁmmformfamlydwm
volumesémm having thicknesses of 1, 5, and lScm, and foraneﬂ'ectmly 'infinite source

@ meln ﬁee patbs thlck). If ﬁ,_,(E,t) is the dose ‘Gaefficient (Sv per Bq s m?) for tissue T for

v-".‘»

aplmenomplcm et%}yb'anddepﬂ: T (niénﬁeepaﬂxs),thenﬂnedoueoeﬁcmﬁ, ‘B

P ladsd

(SV per Bg-s m) for a volmnciﬁc soutce extendmg ﬁom the axr-gmund interface to deptll
L(cm)"&,ust oy |

T e ﬁu(s)- —f“drﬁ ABD) L as)
where p is the linear attenuation coefficient for soil atenergy E. The dose coefficients for each
organ l,.,(E,r) at the six source depths were interpolated on a fine grid using a log-linear
Hermite cubic spline (Fritsch and Carison, 1980). The interpolated data were then numerically
integrated. The organ dose coefficients are presented in Tables I1.6 through .11 for plane
sources at the six source depths, and in Tables II.12 through I1.15 for the four volumetric
sources. The coefficients for the plane sources do not need to be scaled for different soil
densities, since depths are in mean free paths, Coefficients for a source with finite thickness
exprused in cm cannot be scaled. Coefficients for a source with finite thickness expressed in
mean free paths are inversely proportional to soil density, as shown by Chen (1991), as are
those for an infinitely thick source.
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Table 1.4,

Orgen Dose (Oy pex Bq o s’) trom & Momomergetic Sami-

infinite Cloud Source

Organ/Tissue

Zaitted photon snergy (MeV)
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3.973E-14 8.8208-14
4.003E-14 9.008E-14
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4.3198-14 9.432E-14
4382814 9.472E-14
4.396E-14 9.502E-14
4.8328-14 1.037E-13
4.734E-14 1.011E-13

4.195E-14 §.910E-14
3.097E-14 0.804E-14
4.7772-14 1.0382-13
5.6218-14 1.164Z-13
4.4158-14 9.590E-14

4.8359E-34 1.014E-13
4.9182-14 1.0152-11
4.0078-14 1.052E-13
3.973E-14 9.174E-14
3.8492-14 8.7208-14

4.9818-14 1.050E-1)
4.651E-14 §.870E-14
1.228E-13 2.3842-13

2.4812-13
3.5408-13
2.0382-13
2.0042-23
23.5772-13

2.8358-13
2.5138-13
2.5488-1)
2,5788-13
2.6188-13

2.4792-13
2,.6338-13
2.8512-1)
2.027E-13
2.7272-13

2.5988-13
2.5082-13
2.873%-13
3.030E-13
2.0748-13

2.0188-13
2.8888-13
2.9792-13
2.5302-13
2.484E-12

2.9582-13
2.783E-13
5.8258-1)
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fable 11.6. Orgen Dose (Oy pez Bq @ u’) tras s Momoessrgetic Plame Source st the Alr-ground Interface

Eaitted photon energy (MeV)

Ocgan/Tisaue 1.02-02 1.52-02 2.08-02 3.08-02 . 5.0B-02 7.02-02 1.0E-0% 2.0E-01 S.0E-03 1.0E+00 2.0E+00  3.0E+0Q0
ADRENALS 1.138£-20 1,376E-19 §.1008-19 9.8202-18 3.003K-17 4.9058-17 7.4762-17 1.834E-18 4.167E-18 8.407E-16 1,4992-15 3.416E-15
B SURFACE 1.008E-19 3.795E-18 2.454K-17 9.315E-17 2.0742-10 2,529E-16 2.826L-18 3.7478-18 7.2532-18 1.202E-15 2.270C-13 4.7372-13
BRAIN 9.716£-25 1.4228-21 3.3058-19 7.6558-18 3,3198-17 $.1758-17 7.818E-17 1.880E-16 4.442E-18 8,7712-36 1.6278-13 3.452E-13
BREASTS 1.086£-18 1.3142-17 3.0228-17 4,800E-17 5.7248-17 §.9002-17 9.393E-17 1.950E-16 4.980E-18 0.370E-16 1.747E-13 3.708E-13
ESOPHAGUS 4.655E-24 6.4568-22 3.!37['{30 2.964E-18 2.3358-17 &.246B-17 6.982E-17 1.501E-18 4.016E-16 8.020E-16 1 S06E-13 3.335E-18
ST WALL 1.587£-21 1.0438-18 2.057%-10 1.400E-17 3.09272-17 5,722E-17 8.321£-17 1.739€-16 4.433E-18 6_688E-16 1 645E-13 3.5838-13
§1 WALL 1.029E-23 4,375E-21 3.4608-19 6.746E-18 3.023E-17 S.044R-17 7.647E-17 1.636E-16 4.321E-18 8.735E-16 1.863E-15 3.562B-15
ULI WALL $.9082-24 5.8200-21 5.340K-18 5.08828-18 3.319E-17 3.3342-17 08.010E-17 1.687E-16 A.413E-16 8.786E-18 1.674E-15 3,.388E-13
LLT WALL 7.303£-23 2,791R-20 3,7018-18 6.890E-18 $.1848~17 $.225E-17 7.958E~17 1.680E-18 4.479E-16 ©.100E-18 1.700E-13 3, 390E-13
G BLADDER 2.44SE-21 4.7308-20 3.8032-19 7.537E-18 3.00SE-17 4.053E-17 §.117E-17 1,3838-18 4.242E-18 8.253E-18 1,3832-13 3.333E~13
EET R E B RLLEE T ] Y O v N i
UEART 3.2750-21 1.1328-19 1.308E-18 1.0868<17 3.561¥<17 5.463B-17 8,135E-17 1.673L-18 4.302E-16 8,.748E-16 1,628E-15 3.476E-13
KIDNEYS 7.1848-21 3.081E-19 &.3042-18 2.080E-17 4.1868-17 S 76GE-17 8.382E-17 1.7268-18 A.AJ4E-18 8.986E-16 1.666E-13 3, 362E-13
LIVER 9.768E-22 7.8002-20 1,7458-18 1.393E-1? 3.9268-17 5.808E-17 8.3662-17 1.734E-16 4.457E-18 8.864E-18 1,.664E-15 3,319E-13
LUNGS 1.387E-21 9.981E-20 2.074E-18 1.710B-17 &.43SE-17 8.297E-17 8.988E-17 1.628E-16 4.732E-18 9.207E-18 1.725E-15 3.6382-13
MUSCLE 9.1512-19 7,9868-18 1.752E-17 3.209L-12 \6.9“!'17 6.5882-17 9.326E-17 1.962E-16 5.112E-16 9.988E-16 1.831E-15 3.7802-15
OVARIES 1.333Z-19 $.101E-19 1.322E-185.058E-18 2.743E-17 $.180E-17 7.486E-17 1.656E-16 4.734E-16 8.3372-16 1.578E-15 3,623E-15
PANCREAS 4.673E-23 3.2628-21 6.8332-20 4,6302-18 2.761E-17 4,943E-17 7,402E-17 1.582E-16 4.087E-16 8.213E-18 1.505E-15 3.539E-13
R MARROW 3.072E-20 9.5308-19 §.647E-18 1.243E-17 3.3122-17 5.353E-17 8.327E-17 1.816E-18 4.776E-18 §.4842-18 1.777E-15 3,705E-15
sKin 5.04GE-17 8,7988-17 8.7208-17 7.545E-17 6.8318-17 7.862E-17 1.077E-18 2.278E-16 3.807K-18 1.133E-15 2.025E-15 4.080E-13
SPLEEN 6.389E-23 1.916E-20 1.096E-18 1.3382-17 3.9708-17 S.844E-17 8.403E-17 1.7525-18 4.4682E-16 8.042E-16 1.641E-15 3.658E-15
+ . - oot 1T P
TESTES 3.5978-19. 9.241E-18 2,3668-17 4 4018-17 $.672E-17 6.917E-17 9.669E-17 1.906E-18 3.197E-16 1.004E-13 1,.830E-13 3.965E-13
m"us 6.0922-21 2.602E-19 3.7348-18 1,883E-1) 4.196Z-17 6.313E-17 8.165E-17 1.659E-16 4, 356E-18 8.417E-18 1.8738-15 3.35132-15
THYROID 7.423E-20 1.165E-18 8.4802-18 2,790E-17 4.863E-17 6,226Z-17 ©.072E-17 1.820E-16 4.004E-18 9.444E-18 1,507E-15 3.611E-13
U BLADDER 2.426E-21 1.3608-19 2.367L-18 1.47988-17 $.8088-17 5.672E-17 8.493E-17 1.715E-16 4,3508-18 6.783E-18 1,805E-15 4.038E-13
UTERUS 4.9268-22 1.5708-20 1.8468-18 5.033%-18 2.9258-17 4.074-17 7.765E-17 1.649E-16 4.3228-16 8.6332-16 1.6278-13 3.703E-13
hg 3.181E-10 5.147E-18 1.4432-17 3.178E~17 5.2442-17 6.815E-17 9.80SE-17 1.931E-16 4.943I-16 9.810E-18 1.778E-15 3,814E-13
° 6 811E-19 4.0172-18 1.016K-17 2.387E-17 4.460E-12 6.1028-17 §.028E-17 1.8412-16 4,7818-16 9.376E-18 1.7372-13 3.7312-13
kam 1.8202-18 2.3232-10 1.001-16 1,236E-16 9.2378-17 8.5152-1) 1.117E2-16 2.4158-18 6.3842-18 1.2118-13 2.122E-13 4.1942-13
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Teble I1.7. Ocgan Dese (Oy por Mg o ._") fram o Momeenergstic Plane Source 8.04 Mean Free Paths Desp

Ozgan/Tissue

$ v

Enitted photon snergy (MeV)

1.0E-02 1.52-02 2.0K-02 : 3,0%-02 - $.02-02

7.08-02 1.0E-01

2.0E-01 S5.0E-01 1.02400 2.0E+00 3.0£+00

ADRENALS
B SURFACE
BRALR
BREASTS
ES0PEAGUS

ST WALL
SI WALL
ULI WALL
LLI WALL
G BLADDER

HEARY
KIDNEYS
LIVER
LUNGS
HIscLe

QVARIES
PANCREAS
R MARROW
SKIN
SPLEEN

TESTIS
THAUS
TRYROID

U BLADDER
UTERUS

he

e

Kam

8.0842-21 9.8912-20 3,8478-10 7,154E-18 '2.3528-17

3,824K+17 5.834E-17

1.230E-16 3.085E-18 S.8092-18 0.712E-16 1,720B-13

1.6958-19 4.681L-18 1.0108-17 §.730K~17 1,304R~18 1.600B~18 2.1852-18 2.876Z-16 5.020B-18 8.174E-18 1,318E-15 2.481E-15

3.330E-25 $.0478-22 2.002T-10 §.001K~-16 2,3868+17
9.7662-19 1.1128-17 3.518%-17 3.884E-17 4,314R-37
3.7142-23 2.1888-21 3, .71.-20 3. 3503‘!. 1,7372~17
L LA RPN E S I T A

1.6072-21 9.2042-20 1.6382-18 1. 077!'17 2.9058-17
6 O0AE-24 3.008E-21 2.5192-190 4.857%-18 2.2198-17
3.032E-23 8.078E-21 4.240K-18 §.5142-18 2.4462-17
4.7158-21 2.763K-20 3.8708-19 $.2158-18 2,294B-1?
$.335E-22 2.3308-20 2. M‘l‘ S 7!“'3‘ 2. 3!2!'!7

3.335E-21 0.8392-20 1.103E-13 l.SM‘ll 2. !7‘!-17
3.090K-21 2.326E~19 3.302B-18 1.533E-17 3,1242-17
9.3932-22 6.6708-20 1.373E-18°1,0418-17 2.961E-17
1.315E-21 8.044B-20 1.6848-18 1,.3028-17 3, 418E-17
7.791E-19 6,2032-18 1. 33“'17 3. 3738-17‘3 ““-17
8.733E-20 3.439E~10 0,1672-19 3,8238-10:2.044E-17
7.331£-23 3.8392-21 §.4238-20 3,3815-18 2.033K-17
2.7632-20 7,040E~19 3.908E-18 0.3352R-10 2,.5108-17
4.3852-17 7.0012-17 6.7928-17 $,5212-17 5.020K-12
8.197E-23 1.854E-20 9.490E-19 o.om-u 2. 036!'!7

3,.882E-19 7.400E-10 3,0422-17 3, lﬂt-l? 4. 207!-17
3.0282-21 1.722E-18 3.028K-18 1.4932-17 3,207B-17
4.9012-20 8.8344%-19 6.7998-18 3.0352-17 3,501%-17
2.1282-21 1.1228-19 2.0162-18 1,087E-17 3.803R-1?
2.6772-22 9.5088-21 1.1978-19 4.2312-18 2.1108-17

3.04012-19 4.2048-18 1.1642-17 2,4108-17 3,0878-17
6.1008-19 3.2408-1¢ 8.1378-18 1.7078-17 3,3432-27
1.6878-16 1.0438-3¢ 1.533C-10 0.7428-17 6,5438-17

4.1828-17 6.3268-17
3.38AE-17 7.8372-17
3. 3“!‘17 5.403E-17

4, ‘27!'!7 8.4852-17
3.771E-17 S.838E-17
4.033E-17 8.120E-17
3.9042-17 6.007E-17
3 735E-17 5.780E-17

6.321!‘,17 8.3378-17
4.3503E-17 6.5042-12
4. 400E-17 8, 5802-17
4.9898~17 7.140E-17
4.0208-127 7.03a2-17

3.736-17 5.533E-17
3.0008-17 5.728E-17
4.1348-17 8.486E-17
S.8A7E-17 8.1312-12
4.5488-17 8.6108E-1?

$.205B-17 7.541E-17
4.6128-17 8.7932-17
4.7938-17 7.0112-12
4.3008-17 8.2798-17
3.7388-17 3.884R-17

3.3488-17 7.5428-17
4.770R-17 6.0342-17
6.827%-17 2. 9712-1?

1.3462-16 3.3132-18 8,097E-18 1.052E-13 1,8498-1S
1.538E-16 3.606E-18 6.446E-16 1.081E-1S 1.087E-18
1.1258-18 2.822E-18 3.1382-18 9.144E-18 1.0028-13

1.2922-16 3.076E-18 3.6712-18 9,.562E-18 1,8432-13
1.200E-16 2.035E~18 $.439E-18 9.467E-16 1.813E-13
1.252E-16 3.014E-18 5.5302-16 9.377E-16 1.8272-15%
1.2332-16 2.970E-16 3,540E-18 §.803E-18 1.871E-1S
1.2278-16 2.633E-16 3.643E-18 3.8738-16 1.774K-1S$

1.208E-16 3.144E-18 $ S41%-18 9 _940Z-18 3 2378-1%
1.3218-16 3.154E-16 5.809E-138 9.705E~18 1.8868-13
1.324E-16 3.140E-18 5.8762-18 9.8042-18 1.872E-)8
1.418E-16 3.394E-18 6.1368-16 1.040E-15 1.9832-1S
1.433E-18 3.411F-]¢ 6.133E-16 1.0352-15 1.8388-13

1.1362-16 2.957E-18 3.662E-18 §.798E-16 1.9288-13
1.101E-18 2.831E-16 5.338E-18 0.196E-16 1.7092-1S
1.3878-18 3.330E-168 8.130X-18 1.036Z-13 2.0172-15
1.664E-16 J3,8408-18 §.9498-18 1.14RE-13 2.001E-1S
1.348E-18 3.1748-18 5.573B-16 9.817E-18 1.89)E-13

1.451E-16 3.482E-16 6.089%-18 1.0628-135 2.0132-13
1.295E-18 3.201E~-18 $,.734E-16 9.883E-18 1.83508-13
1.4038-16 J.614R-18 €.300E-18 1.047E-13 2.0358-15
1.3018-16 2.973E-16 S.438Z-18 8.274X-18 1.768%-1S
1.2022-18 2.8012-16 3.430R-18 §.1218-16 1.883R-13

1.485E-16 3.461E-18 §.162E-18 1.053K-13 1.800R-13
1.3018-16 3.300K-16 S.956R-18 1.010B-13 1.8432-23
1.0638-18 4.3088-18 7.847%-16 1.2332-13 2.210%-18

sson (G..')

3.201R¢01 9.8538400 4,3008400 1.440R100 3,004K-01

3.4042-01 2.8832-01

2.0218-0) 1.4188-01 1.033R-02 2.2818-63 4.61E-02

9T




Table I5.0.

Ozgem Desa (Oy por Bq s =’) from o Momoemergetic Plene Source 0.2

Mesu Fres Paths Desp

Emitted photon enexgy (MeV)

Ozgan/Tissue 1.08-02 1.58-02 2.08-02 3.0B-02 5.0E-02 7.0E-02 1.08-01 2.0E-0} $.02-01 1.0E+00 2.0E+00 5.02+00
ADRENALS 4.126E-21 5.197E-20 3.1362-19 3.950E-18 1.230K-17 3.183E-17 3.726E-17 7.526E-17 1.737E-18 2.090E-16 5.208E-18 8.074E-18
B SURFACE 1.2132-10 2.863E-18 1.0878-17 3.5462-17 §.5028-17 1.181E-18 1.469E-16 1.988E-18 3.190E-16 4.805E-18 7.264E-16 1.274E-13
SRAIN 9.983E-268 3.483E-22 1.1502-10 3.1898-18 1.5128-17 2.8342-17 4.183E-17 8.835E-3? 2.017E-16 3.470E-18 5.709E-16 1.034£-15
BREASTS 7.457E-19 7.4478-18 1.5268-1) 2.230E-17 2.766Z-17 3.6128-17 $.173E-17 1.030E-18 2.247E-18 3.781E-18 5.988E-18 1.048E-13
ESOPHAGUS 8.0SSE-24 6.4782-22 1.457K-20 1.172E-18 ©.420E-18 1.086K-1) 3.300E-17 7.296E-17 1.747E-16 2.923£-16 5.063E-16 8.989E-18
ST WALL 1.093E-21 5.458£-20 8.732E-18 3.5452-18 1,634E-17 2.6808-37 4_161E-17 8.283E-17 1.617E-18 3.200E-18 $.186E-18 0, 798E-16
SI WALL 3.837E-24 1.815E-21 1.243E-18 2.384E-18 1.203E-17 2.221E-17 3.8518-17 7.S60E-17 1.707E-16 2,.996E-16 4,900E-16 9.2635E-16
ULT WALL 8.S02E-24 3.188E-21 2.137E-19 3.2372-18 1.334E-17 2.397E-17 3.79SE-17 7.804E-17 1.760E-16 3.068E-18 $.060E-18 9.239E-16
LLY WALL 2.513E-21 1.9332-20 1.832E-19 2.544E-18 1.250E-17 2.302E-17 3.739E-17 7.775E-17 1 768E-16 3.050E-16 5.102E-18 9.391E2-18
G BLADDER 8.813E-22 1.537E-20 1.403E~19 3.186E-18 1.303E-17 2.313E-17 3.717¢-17 7.668E-17 1.694E-16 2.994E-16 4.721E-18 1.048E-15
HEART 2.181E-2) 3.742B-20 5.0842-19 4.225E-18 1.5158-17 2.560E-17 4.017E-17 8.237E-17 1.811E-16 3,183E-16 $.091E-16 9.482E-18
KIDNEYS 2.863E-21 1.268E-19 1,.862E-18 8.083E-18 1.7842-17 2.702E-17 4.160E-17 8.472E-12 1.686E-15 3.183E-16 5.373E-16 $.7575-16
LIVER $.073E-22 3,548E-20 7.323E-19 5.424E-18 1.653E-17 2.718E-17 4.203E-17 8.446E~17 1.869E-18 3.179E-16 5.244E-16 9.407E-16
LUNGS 8.680K-22 A.938E-20 8.7395-19 6.808E-18 1.961E-17 3,064E-17 4.621E-17 9.1688-12 2.036E-18 3.457E-16 5.611E-16 1.015E-15
MUSCLE 4.9012-10 3.500E-18 7.187E-18 1.246E-17 3.085E-17 3.0292-17 4.S34E-17 9.183B-17 2.043E-18 3.485E-18 $.586E-18 9.939E-18
QVARIES 1.668E-20 8.648E-20 2.759E-19 1,415E-18 1.110E-17 2.143E-17 3.522E-17 7.468E-17 1.631E-16 3.062E-18 S.173E-16 8.736E-16
PANCREAS 3.617E-23 1.930E-21 3,245E-20 1.732E-18 1.1148-17 2.167E-17 3.626E-17 7.482E-17 1.689E-18 2.840E-16 &.993E-18 8.836E-16
R MARROW 2.001E-20 4.961E-19 1.708E-18 5.1222-18 1.4308-17 2,.811E-37 &, 144E-12 8.856E-17 2.000E-18 3.451E-16 5.665E-18 1.025E-15
sSKin 2.927E-17 4.2448-17 3, 850E-17 3.0342-17 2.8912-17 3.779E-17 5.40AE-17 1.092E-16 2_403E-18 4.017E-16 6.312E-18 1.0922-15
SPLEEN 7.984E-23 1.2015-20 4.773E-19 s.1158-18 1.686E-17 2.724B-17 4.171E-1? 8.5182-17 1.685E-16 3.260E-18 $.329E-16 9.699E-16
TESTES 2.7278-19 4.7508-18 1.216E-17 1.8742-17 2.5132-17 3.401E-17 5.008E-17 9.933E-17 2.187E-16 3.674E-16 5.820E-16 1.102E-13
THIMUS 2.83SE-21 1.1362-10 1.6418-18 7.683E-12 1.0202-17 2.86BE-17 4.327E-17 8.818E-12 1.944B~16 3.364E-16 5.471E-16 1.035E-13
THYROID A.434E-20 5.475E-19 3.247K-18 9.7218-18 1.9512-17 2,9488-17 4.290E-17 8.572E-17 1.6792~16 3.098E-18 5.206E-16 1.043E-13
U BLADDER 1.9848-21 7.420E-20 9.6752-19 $.4558-18 1.5318-17 2.3458-17 3.972E-17 $.110E-17 1.7878-16 3.1438-16 5.291E-18 9.500E-16
UTERUS 1.983E-22 6.008E-21 6.806E-20 2.083E-18 1.1408-17 2.1748-17 3.601E-17 7.371E-17 1.897E-16 3.030E-16 4.812E-18 9.13E-18
hg 2.176E-19 2.710E-18 &,8162-18 1.3178~17 2,308E-17 3.352E-17 4.935E-17 9.662E-17 2.107E-16 3.555E-16 S, 729E-16 1. 0S2E-15
. 4.132E-10 2.045E-18 4.7012-18 9.342E-18 1.018Z-17 2.942E-17 &.478E-17 8.976E-17 1.986E-16 3.381E-18 5.506E-16 1.016E-15
Kam §.204E-16 1.255E-18 9.1858-17 3.338E-17 4.040E-17 4.5238-17 6.137€-17 1.248E-16 2.800E-18 4.6098-18 ?7.028E-18 1.173E-1S
Hsom. (cﬂ") 3.2012401 9.633E400 4.3008+00 1.440E¢00 3.0848-01 3.404B-01 2.683E-01 2.021E-01 1.4192-01 1.03SE-01 7.281E-02 4.6342~02
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Table II.8. o-.-m_c__ymuu-": from & Momesuergetic Plme Source 1.8 Meem Free Paths Dacp

e,

- = : ,‘m’ Enitted photon enecay (MeV)
A AV, .-

Organ/Tissue 1.08-02 1.58-02 2.0%-02 \g_ 3.08-02  5.02-02 - 7.0!"3 1.08-01 2.0E-01 5.0E-01 1.0E400 2.0E#00 S.0Z+00
ADREMALS §.630E-22 8.413E-21 4.1342-20.8. 71“'1. 2. il‘i;il'l S102-18 1.175E-17 2.702E-17 5.501Z~17 0.043E-17 1.2488-18 2.07ez-16
B SURFACE 2.806E~20 5.2718~19 1.845E-18 &,504F-18 2.0342-17 3, 312K+17 -3,3062-17 8.323E-17 1.1052-16 1.339£-16 2.023B-18 3,052E-18
BRAIN 3.7328-26 7,488E~23 1.8500-20 3,517T-10 3,5428-18 7,5718-16 1.4122-17 3.1942-17 8.496K-17 §,044E-17 1,.467E-18 2.3212-18"
BREASTS 2.168E-19 1.6945-18 3.213E-18 4.631K-18 7.3478-18 1,1438-17 1.888E-17 3.972E-17 7,845E-17 1.134Z-16 1.6132-18 2.500E-18
ESCPHAGUS 9.3032-25 6.305E~2) 2.044B-21: 1.8428-18 2.2478-18 5.3878-18 1.097E-17 2.585E-17 5.178E-17 8,325E-17 l.u“-l‘ 1.“‘3-1!
R TEEN TR BERTE N AP LB
ST HALL 1.044E~22 6.7872-21 1,9122-10 9, cuz-u 3. '“l‘:l. 7. JS‘SI-“ 1.3632-17 2.062E-17 5.924E-17 0.885E-17 1.303X-16 2.183F8-18 *
ST WALL 2 815E-23 1.7798-22 1,727E-20 3.787E-19 2, .llt'l. 6.003E-18 1.170B-17 2.674E-17 $,376E-17 8.387E-17 1.255Z-16 2.088E-18 *
ULI WALL 2.4112-25 2.268E-22 2,915K-20 3.0622-19 2.966E-18 6.4402-18 1.218E-17 2.747B-17 5.3515E-17 8.S69E-17 1.275E-18 2.107E-18 -
3.801E-22 3.532E-31 3.453E<20 4.2208-10 2.764E-18 6.324K-18 1.209E-17 2.7778-17 5.6408-17 0.854E-17 1,275E-18 3.1202-18
9.2142-23 2.1038-21 1,034K=20:4.4138-19 2,8442-10 6, Ql“‘ll 1.1202-17 2.677E-17 3.202E-17 9.2402-17 1.320E-16 3.1..3-1'
PV T @ Bl L3 0ol . -
4.8758~14 1,044E~12 9.1818-12 7.0742-11 3.4135K-10 7, 17“'10 1,329E-09 2,832E-00 S5.738E-09 §.908E-00 1.2982-08 2. 090!-0.‘
4.209E-22 1.602K-20 2,7788-19 1,.4102+18 A 171E-18 7.8178-18 1.40SE-17 3.076%-17 6.224E-17 9.147E~12 1.3512-16 2.1428-18 7

LLI WALL
G SLADDER
REART
X1oMEYS
LIVER
LUNGS
wuscLe
QVARTES
PANCREAS
R MARROH
sKIn
srLeen
TESTES
s
TBYROID
U SLADDER
yTERUS

®

EAm

6.270E-23 4.821£-31 1,0502-19 9.300-19.3,801K+16 7,.6062-18
1.0348-22 .6.873E-22 1.332K-10 1.1678-18 4.5388-18 §,.7452-18
9.5298-20 6.457%-189 I.M'll 2.3708-18 8. umu §.027%-18
s S Y ST Y BV
1.326E-21 9.7052-21 3.“3!-30 2, 1"!-!0 2, SSII'“ S l”l'll
2.3372~26 1.708E-22 3.5672-21 2,5058-18 2,4108°18 S, 766R-18
4.523E-21 9.205E-20 3,004%-19 9,5018-19 3,3538-18 7.1288-18 1.3682-17
6.883E-128 §.823%~18 7,7172-18 8.3772-18 7.8258-18 1.1888-17 1.0428-17
1.119E-24 §.9458~22 6.8352-20 8.3242-18 3 130"19 7,783%-18 1.38%2-17
© {-ta & JAIN AL 5 aKH,
7.712E-20 1.1028-18 2.603%-18 6.“‘!-1' l S“l-ll l “1!-17
2.626E-22 1.4708-20 2.336K710 1,3008-18 4, llﬂ' s'e +3388-18 1,4732-17
2.5228-21 4.504R-20 3,5958~10 1.4318-10 6 ll?ltll’. 0338-19 1.4422-17
3.0128-22 1.0828-20 1,3958~18 §,.1848-10 3,3308-18 7,1228-18 1.3308-17 2
3.0308-23 0.1352-22 1.021R-28 3.088%-10 2.4748-18 3. 1“8-10 1.1298-27

1.3852-17
1.3622-17
1.9528-17

1.1318-17
1.1412-27

1.7678-17

3.057E-317 8.0332-127
3.3538-17 &.6228-17
3.4028-17 6.708R-17

2.726E-17 3.308R-17

2.836E-17 3.2608-17 8.

3.1988-17 6.3202-17
4.1242-17 8.3082-17
3.071E-17 &.0802-17

3.7998-17 7.0408-17
3.2598-17 6.2002-12
3.1072-17 8.0308-12

3.0028-17 3.8228-32
2.0332-17 $.3088-17

9.10:2~17
1.0008-16
1.0278-18

6.0952-17
1528-17
9.9748-12
1.22602-1¢
0.1512-17

1.1212-18
9.8072-12
8.223%-17
9.2042-12
§.1888-12

5.9132-20 6.0078-18 1.3752-10 2. $632-18 'S,7058-10 1.0038-17 1,7108-17 3. 8358-17 7.1188-1) 1.0352-16
1.00358-10 4.4402~19 0.3318-19 1.0042-18 4.6218-18 8.507E-18 1,35208-17 9.3162-17 §.5008-17 9.8942-12

3.4478-17 2.85288-17 1.540R-17 1,2278-17 1.1178-17 1.3Q08~17 2.3138-17

1.3302-18 2,176K-168 -
1.4462-16 23.2012-18
1.4008-16 2.3348-18

1.1742-18 1.731%-168
1.2408-18 2.0842-16
1.4688-18 2.302C-16
1.7208-18 2.808%-18
1.3672-1¢ 2.2102-18

1.8718-18 3.234k-10
1.2828-18 2.2022-10
1.4162-18 1.0208~1¢
1.3788-16 2.1888~18
1.27208-16 2.0302-10

1.3938-18 2. an—u
5.4008~18 2.2018108

4.9318-17 9.0652-17 1.472R-10 2.0108-1¢ 2.8537%-10

[ 7% (en)

3.2018401 0.833K¢60° 4, 3000400 1,4400¢00 3,004B-01 3.404R-01 3.0032-01 3.0218-01 1.4108-01 1,0058-01 2.2018-01 4.8M1-03




