Chapter 8 Appendix 3

PHOTON AND NEUTRON FLUENCE-TO-KERMA
CONVERSION FACTORS FOR ICRP-1975
REFERENCE MAN USING IMPROVED
ELEMENTAL COMPOSITIONS FOR

BONE AND MARROW OF THE SKELETON

George D, Kerr
Oak Ridge National Laboratory

Findings of a recent Oak Ridge National Laboratory (ORNL) review!? and of other
reviews, which have been discussed at the Late Effects Workshop on Dosimetry of Atomic
Bomb Survivors, 29th Annual Meeting of the Radiation Research Society, Minneapolis,
Minnesotz, 31 May 19812 and the Symposium on Reevaluations of Dosimetric Factors,
Hiroshima and Nagasaki, US Department of Energy, Germantown, Maryland, 5 and 6
September 1981, have clearly established a need to revise the dosimetry for the A-bomb
survivors, This effort will involve several divisions at ORNL, several other national labora-
tories, and several consulting firms.

One of the main tasks of the Health and Safety Research Division at ORNL is to pro-
vide revised estimates of various organ-dose parameters related to a survivor’s neatron and
gamma-ray exposurcs. The objectives of the work summarized in this report were: (a) to
betler define the elemental composition of various skeletal components of ICRP-1975 Rel-
erence Man,® and (b) to investigate photon and neutron fluence-to-kerma conversion factors
for various total-body and organ-tlissue components of ICRP-1975 Reference Man as revised
here. Scaled down mathematical descriptions of the volumes and shapes of the total body
and internal organs of Reference Man will be used, of course, in the orpan-dose calculations
for A-bomb survivors (Chapler 8).5—#

Elemental Composition of Reference Man

Data on the elemental composition of Reference Man have evolved over a number of
years,® 6910 A 12 elements approximation of Relerence Man, as defined in the ICRP's 1975
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Tabla 1. Composition of Reference Hin [or rualve slesancs
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Internatioos] Commissfon oo Radistion Protection {Ref. 3.
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(xef. 10).

*Sea Errats on pags iii in Publicstios 30, Supple-
mast b2 Fart 1, Internstional Commimsion on Radiological
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Report® and revised in this work (Table 1), was used to investigate particle fluence-to-kerma
conversion factors for photons with energies between 1keV and 20 McV and neutrons with
energies between 0.0253 eV and 20MeV. Several recent revisions o ICRP-1975 Reference
Man,!2 which have not been included in other kerma-factor calculations, are taken into
account, For example, the ICRP has recommended that the total-body mass of phosphorus
be reduced from 780 to 580 g and the skeletal mass be reduced from 700 to 500 g1t This
revision suggests that the ICRP-1975 Reference Man Report® originally overestimated the
mineral content of the skeleton or underestimated either the calcium content of bone (sce
page 288 of Reference 5) or the oxygen content of bone ash (see Table 106 of Reference 3).
The mass fraction (or percent by weight) of oxygen in bone ash would need 1o be nearly 50%
to account for this reduction of 200 g in the phosphorus content of the skeleton. It appears
that the estimate of 1000 g of calcium in the skeleton of ICRP-1975 Reference Man is too
low. Widdowson and Dickerson!? estimate 1320 g for the skeletal calcium of Reference
Man with a total-body mass of 70 kg, the data of Mitchell and co-workers'4=1% yield an
average of 1090 g of calcium in the skeleton when normalized to the 10kg skeletal mass of
Reference Man, and an age-dependent model for skeletal calcium developed from the data
of Mitchell and co-workers by Leggett, Eckerman, and Williams'”? yiclds a value of 1135 g
when avergaged over 20 to 60 years of age. Thus, an increase in the calcium content of total
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Table 2. Revisfen tn Tabla 108 of
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bone in Reference Man from 1000 to 1200 g is consistent with the preceding information and
also obviates any improper change in the oxygen content of bone ash or the total mineral

content of the skeleton,

Another ICRP revision to the matrix of skeletal values (Reference 12) corrects a misalign-
ment of data in Table 108 of the ICRP-1975 Reference Man Report (Table 2). Thus, no data
arc given on trace elements in red marrow of ICRP-1975 Reference Man (Table 3). Only
the major elements are specified by using the assumption that red marrow is approximately
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Table £. Ewstimacion of gross content s=d trage
aleasants ln red bone serrow of Belference Haa
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60% hematopoietic tissue (i.e., erythrocytes) and 40% fat (i.e., subcutaneous adipose tissuc).
A more complete description of the elemental composition of red marrow has been given
by Aspden'® based on the work of Roberts et al.*? Their work suggests that red marrow is
approximately 50% hematopoictic tissue and 509% fat tissue. These data were vsed here o
obtain a more realistic estimation of both the gross content and trace elements in red marrow
of Reference Man (Table 4). One surpnsing result was that this approximalion gives essen-
tially the same values for the gross content of red marrow as Table 105 of the ICRP-1975
Reference Man Report (e, 600 g of water, 9 of ash, 600 g of fat, and 300 g of protein).
The only revision made in this work was o reduce the protein content in red marrow of
ICRP-1975 Reference Man from 300 to 290 g. Addition of 6 g of potassium to the skeletal
matrix of values for total bone (see page 287 of Reference 5) and 0.42 g of potassium (o the
yellow marrow, based on the trace-clement content of subcutancous adipose tissuc (sce page
96 and Table 108 of Reference 5), made it possible to betler define the skeletal matrix of
values for both marrow and bone (Table 5).

The ICRP-1975 Reference Man Report® defines two distinet types of mineralized bone
(i.c., cortical and trabecular bone) and two distinct types of soft tissue in mingralized bone
(i.c., red and yellow marrow). Cortical bone is the hard compact bone found on the exterior
of bones, cspecially the shafis of the long bones (e.g., the femur and humerus). The cortical
bone in an adult comprises about 80% (i.c., 400,g) of the total mineralized bone (1.e., S000 g)
of the skeleton. Trabecular bone, sometimes referred (o as cancellous bone, is the soft spongy
bone that is found in the interior of the flat bones (e.g., the skull and pelvis) and ends of the
long bones of the body. The trabecular bone in an adult comprises about 20% (i.e., 1000 )
of the total mineralized bone in the skeleton. Yellow (fatty or inactive) marmrow is contained
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Table 5. Eevislons po crace-alemenz and
mineral content of Rafarsnce Han®

Driglnel Revised

Organ/tlasue Cozpa  Page aasn (g) wans lg)
I Total bedy Ca 296 IrlJI:!.'lt I.H:!]:
P i $. 0E# 1 $.0Ee 7
g L& 1. 4Es2 1.5E+2
#2 Maart Ha 3L L.oE-1"  4.0E-1"
66 Liver Hx  3l& ‘1.BET 1.8E:0
83 Shelecom ca 298 1. 0E#3 1.2E¢3°
r o 5. 0Ee3" :--ur.-:;
5 aLé 1. 7E+1 3. 1E=1
A7 Ekalakan= gs 204 :.::-::
Eotal booa cl 298 3. 060
Mg 106 1:0E+]
P alE 5. 0Er2™ ’"'“‘fj:
4 312 I-.i:ll:wiiIII
Ha 114 1.0E+1
5 116 1.5E+L
B0 Ekalatsn= Ca 106 B.0E+3 9. 42+2°
eortlesl boas cl 98 4,0+
E ni l..!:l:ﬂ]l
Ea 14 l.EE+1
91  Skalakon= [P 1 :,4.:+;:
trabacu lar bone cl 158 I..'.'.'Eil:lh_
Hg 105 3. LEsD
P it 1. oE+1" 1.::+sz
3 iz 1 2B+
Ha  3Ll& 4. 02407
8 14 1.02e0
§2 Skelecoa- Ca 294 3. 1E-1"
fad cafEew cl 294 3.8
Fe 304 1. n:—::
Mg 104 5. HE-2
P R0 6. 28=-17
¥ ETF 1. AET
Ha  3l& 5. HE-1
8 LA 3. GEsD"
91 Skelaton~ 1 Az e

yallow marTow

"iae Table 108 on page 290 of Eef. 5.
hS-H diseuesion in text aad Table | of this rvepork.
Ciea Ervats oo paga iii of Addendum bo Raf. 12.

dHI.I.- 6f reavidad valoesda Ffor milfur costent io the
skelecon and tobtal sofc clasue.

®Sea Ervata o= page 1lii of Addesdum Ea Ref. ll.

!HI.I.- of ravisad valwed for sulfur comrent in che
warlaud compasantd of the skalakon,

Bpiffarance batwsan values for minsval or Erace-
alemant conteng in skslaton and other compacentas of the
skalacon in Tabls §06 of Enf. 5.

15--!5 o mioeral or trace=alsssnt combent of
gortlcal bons la Tablae 108 amd on relsclve esases of
cortical snd trabeceler bonn im Table 105 of Bef. 5.

j!ﬂ- discussion on pege 187 of Eaf, 5.

“passd on sinaral or trace-slamant comtent of
roeal bens aed g2 realatlive mimsas oFf carbical asd
trabaculsc bosa,

Bees Table & of chis FEPOTE.

"lased on treca-element contemt of ssboutanecus
adipose clssus ln Tabls 108 of Esf, 5.

479




CHAPTER 8 APPENDIX 3
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primarily within the shafts of the long bones, and red (active) marrow is contained primarily
within the fragile network of trabecular-bone cavities in the flat bones and ¢nds of the long
bones. Since developing red blood cells (i.e., erythrocytes) are found in various stages of
maturation throughout the red marrow, it is considered to be the critical target tissue with
respect 1o leukemia induction,®®

A BASIC computer program, RMCOMP, was written during the course of this work
io calculate the major-element content (i.e., H, C, N, and &) of various organs or tissucs
from data given in Tables 105 and 106 of the ICRP-1975 Reference Man Report (Chapter 8
Appendix 3a and 3b). Values for the carbohydrate content of organs and tissues, which are
not tabulated in Table 105 of the ICRP-1975 Reference Man Report, were oblained from
discussions in the text of that report (Table 6). The RMCOMP/BAS computer program sums
the major-clement content with the mineral and trace-element content of an organ or tissue
1o obtain a calculated organ mass (or weight) and mass fraction (or percent by weight) for
a total of 12 elements (i.e., H, C, N, O, Na, Mg, P, S, Cl, K, Ca, and Fe). Since some
unexpected and rather large discrepancics were found between data from calculations for the
skeleton and data on either the weight (i.c., mass) or the major-element content {i.e., H, C,
N, and O) from Table 108 of the ICRP-1975 Reference Man Report (e.g., the mass of peri-
arlicular tissue and the oxygen content of trabecular bone), the calculations were extended to
all organ-lissue components of Reference Man (Tables 7 and 8). 1t was usually possible to
resolve the various discrepancies by referring o either the text of the ICRP-1975 Reference
Man Report,® a 1977 paper by White and Fitzgerald,®? or the Errala published in 1979 and
1980 by the ICRP.11.12

Tabla 7. Susmary of orgen=tlesos masses of Flfll.'lﬂ':li Ham
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A summary of all revisions o either the gross content or the elemental content of various
organs or lissues of ICRP-1975 Reference Man are listed in Tables 6 and 8. The revisions in
Table 8 are only those values from calculations using the RMCOMP/BAS computer program
{Chapter 8 Appendix 3a) that did not round up or down to the value given in Table 108 of
the ICRP-1975 Reference Man Report.® One of the original objectives of this work was o

CHAPTER E APPENDIX 3
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Table & (cont'd.)

Drigloal Revised

Organ/cinus Coepa Prpe e W oy

162 Testh-Enesal € 196 1.0E=1%  6.2E-2
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107 Thyrraid [ 106 i. LE=D 3. 0E+Q
II& Urinary bladder- -} 198 3. 4E-1 3. FE+0
EonCARTE 8 300 P.0Es] B GE+E

"cee pages 150 o 324 of Eef. 5.

I"5*|-|- Errata on pags il of Addendum ce Raf. L2,

%ces ETrsta oa pags lil of Addendus re Raf. 1l.

Tabls 9. S=muecy of revieed daca oo twelve-elemsink wn:n[lln for variows skalagal
composents of Eeferemes Han

Haaa {gh
Elamact
et (MGl Stalifaiete i e Godue oot
4 T.2C+1 1.9881 1.4+ &.3Ex] l.5Ee] 1.7E#2 1. 1E#Y B.BE#]
c 1.5E+] 6. 6E#2 . 5Es1 1. JE+1 &, 1E+2 9. 3E41 1. 1E+1 B.2E+1
] 3. 0E+2 L. ¥E+2 l.EE+L 3. BE+1 4. BE+] 9. £E+0 1. ¥E+1 . dE+]L
a &, TE+3 1. 1E+3 1.TE+3 A GE#2 E.TE+2 - [ l-!*_l B OB+ 6. SEsd
Ha 3. 3E&] 1. 0E+] 1-6E#] &.0E+D 5. BE-1 b. BE-L 6. OE+0 &, FE:0
Hg L.IE#] 1.0E+] B.4E=D 1. 1E+0 5. 6E=2 1. 6L=2
P 5. 0E+2 5. 0E+2 L. 0Ee2 1. 0m+2 . 18=1 1. 18=1
5 3. 1E+1 1. 5E+] l.1E+l 1. OE+D 3. (&0 L-1E#D 6. 6EeD 5. 4E+0
cl 1.4E+1 5. 0240 A OE+D 1. OE« 3.1E+0 1. 5E+0 I.BE+D 3. JEx0
E 1.5E+1 & OE+D &-HE+D 1.2E+0 2. BE+Q L.2E-1
Ca 1.3E#3 1-IE+] . 6E+1 I.4E#21 1.1E-1 2. ¥E-2
Fe 8. IE-1 7. 7E=1 1. I6=1

“ton Tablaw 3, &, %, and & of rkis sepoct.

betier deline the elemenial composition of various skeletal components of Reference Man
(Table 3). Thus, the revisions relating directly to this objective are listed separately in
Table 9,

Twelve-element Approximation

Various approximations to the elemental composition of Reference Man have been used in
calculations of particle fluence-to-kerma conversion factors for photons and neutrons, Some
calculations have considered as few as the four major elements of the body,®*! and others
as many as 15 elements®® or more.®? However, most of the calculations have used either
11 or 12 of the most abundant elements in the body.25—2% A 12 elements approximation
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was selected for use in this work. It includes the 11 most abundant elements in the total
body (i.e., skeleton and total soft tissue) of the ICRP-1975 Reference Man (see Table 110
of Reference 5) and iron, which is one of the most abundant trace elements in some organs
or tissues of interest such as the lungs (see Table 2 of Reference 6) and red bone marrow
(Table %).

A summary of data on the percent by weight (i.c., mass fraction) of the 12 clements (i.e.,
H, C, N, O, Na, Mg, P, 8, Cl, K, Ca, and Fe) in various total-body, soft-tissue, and skeletal
components of ICRP-1975 Reference Man as revised in this work are listed in Tables 10 to
12, respectively. The formulations for total body and skeleton in Table 10 and for the bone
and red-marrow components of the skeleton in Table 11 are significantly different compared
to those for ICRP-1975 Reference Man , and therefore, are designated as ICRP-revised values
(Tables 13 and 14). All other formulations, including those for total soft tissue in Table 10
and for various soft-tissue components in Table 12, which are based primarily on data in
Tables 105 and 108 of the ICRP-1975 Reference Man Report® and the Errata published in
1979 and 1980 by the ICRP,1112 are designated simply as ICRP-1975 values (Tables 13 1o
15).

Additional comparisons with other formulations!#3°=33 for compact bone, red marrow,
and muscle tissue are given in Tables 13 to 15, respectively. In the past, a variety of sofi
tissues of the body have been approximated by the use of muscle tissue or so-called typical
soft tissue. The formulations for muoscle tissue (i.e., typical soft tissue) and compact bone
(i.e., wetl cortical bone) from the ICRU’'s 1964 Report,®® which have been widely used
in dosimetric calculations for soft tissue in bone®* =3¢ are of special interest. It has been
suggested by White and Fitzgerald®? that consideration should be given to the abandonment
of the ICRU bone formulation, as the newer ICRP data for cortical bone and for red and
yellow marrow provide much betier alternatives.

Table 0. RElsssntel composlclon for waricus total-body
componascs of Kafarenca Han calculated By usiog
EHCOMP /BAS computer program

Parcent by waight

Elamant
DL e Tl ot
H 10,05k T.2T9 10. 515
c 232.9IL Th o Bk 22,631
H 2. E8T 3637 1. 339
Q 6l. 359 Lo 6). 6B
Ha 9. 164 0. X1 0:.11&
Hg 0. 027 0. ALL 0.011
P 0. 833 ) 0. 134
8 0,214 G, 302 0. 262
£l . 137 2 141 0. 115
E 0., 203 0. 151 0. 3o
Ca 1. 718 12,065 0. o3&
a i1, (i 0,000 0. Gl
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Tabla 11, Elssancal cosporltion for vericus skelegal
egmponance of Refarsnce Han calculsted by weing
EMCOHP JBAS computdT program

Faccest by weight

Elamant

Total Cortical Trabaculac Rad Yallew

‘tona hana hana BATTEW BT TV
| 3. 735 J. 603 4. 210 10, 594 Ih. 622
[ 13,445 14. 104 13. %08 41.011 63 984
H 3.908 §:097 J.Thl 3:103 0. 643
L 43110 4. 210 &4, 910 44 618 13.478
Ha 0. &07 0. 4ll 0350 0. 007 0. Gy
Hg 0.224 0.21% 0.208 1. G4 0. o
P 10.177 Jo. 243 9742 0. ol 0. 01L&
i 0. 303 0. 307 0.292 .20l 0. 07k
cl 2. 102 0. 102 Q.097 0. 147 0. 1o}
3 o, 111 0.113 Q.117 0. 187 0. 038
Ca 26,415 24. 383 13. 380 a. il 0. 843
Fa 0. 053 0.002

Tabls 11. Elessarel csspoileisa fse werious saft-pidsue

companants of Rafapsnce Han gelgulated by using
RHCCHP /BAS computar progras

Farcest by wmight

Elamant
Biin Hude 1s Ereia Lisnga Tetankics
B T 0 10,318 10. 626 i5.212 L3, 499
q 21. 376 11.119 11. 854 0. 241 LL-707
H i, 590 LT3 L. 357 I.910 2.111
a 52, 161 75. 004 T4, 000 T5.610 15093
Ka 0. 180 Q.0T3 o, 150 0. 085 0. LY
HE 0, Ba6 G.019 o.01% . DT 0oLy
P 4,033 0.179 0, 3483 0. 220 0. e84
5 0. 157 0. 240 0. 171 0.31%& 0. k12
Gl 0, 264 G.079 0, 130 0.267 0. 141
[ 4 0. D84 0. 3] 0, 301 0. 095 0. h31
Cu 0013 Q. 003 0. 000 0. g 0,010
Fa a.odl . ok 2,003 0., 7 0, 1

Kerma

Kerma is the sum of the initial kinetic energics of all charged particles liberated by
indirectly fonizing particles in a small volume element of a specified material divided by
the mass of material in that volume clement®™=3% It is a uscful quantity in dosimetry
when charged particle equilibrium exists at the position and in the material of interest,
and bremsstrahlung losses by the charged particles are negligible. In this case, kerma and
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Table 13, <Cosgarison af data on l-l-lmn.l::'l. compoaltian
for compack bons

Pascent by Waight

Elsment
1CRF- IELF= Eim= Tipeon= IER=  Wosdard=

ravised 1575 1374 15965 1964 1962
H 3.5 1,8 5.6 ] Bkt Ln
[ TH B4, 8 #.1 16 7.8 15, %
H %1 &) 3: 3 LT% | T 3. 97
a 41.3 i3 9.4 43 41,0 |
Ha 0,41 0.4 B 61 0. 0%
Mz 0.22 0.23 0.k (-] 0.1 B. 1t
r i8.1 9.8 i3.& 10 1.4 10.2
B 0,31 0.2 i, 3L 0. 1 8. M
gl 0. 10
E 0: 12 =4
Ca 14 B 2l:3 28,0 zl B il.3

"isvemed ro be ver esccical bons.

hi,‘..l;uh“.l by weilng FHCOHT/DAS coasputer program [eee Appendiz A).
“les Kl (Eaf, 315,

Y5an Tipton (Raf. 32).

L P Internaclonal Comissfon en Rediological Units and Homsuce=
=anta {Raf. 30).

fiea Woodard (Raf. 11).

Table L4, Cosparisom of fata oa elessatsl composltian
for zed bofe miccow

Percene by welghe

Elemenk
ICRF=- ICRF=- Aipden—
revisad L97% 1972
" 10, 4" 10, 6" 10. 18®
[H 4l.0 Sl 4743
H 31 3.2 2,18
Q e 4.8 16, 0%
Ha 0. 037 0. 038
Mz 0. 004 0. 0014
F 0. 041 o, 038
] 0.20 0, 15&%
cL 0:1% o, 158
E .19 0. 174
Ca 4.0a1 0. 0004
Fd 2.0%% o, alo
Dikesa 3,845

.{:lltulir.-lﬂ by Ll.lihl RHCOHP fBAS comgpuEsr program
(see Appesdiz &),

Pwe aspdan (Raf. 181, .

rreated as oxygas In kersa caleulatlonas.
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Table 13. Cowperisom of dakta oo elesencal ecoeposlelen
for wesgls Clesus

Fercent by wmight

L lamamt

ICKF= Eia= Tiptan= ECE U=

1975 1574 1569 1964
il 10.2" 10.3* 10° 19.2°
H 1.1 5.5 )] 12:.3
H 1.0 3.2 2:6 3.5
L 150 737 5 729
Ha 0. 075 [+ § o075 0.08
Mg 0.019 0. 019 0.02
r 2. 18 B 0. 13 -3
g 0. 24 0.3 .13 0.8
clL 0 079 (i 0.678
4 0. 30 0.3 0.30 0.3
[H ) 0. 603 Q. 043t a. oay
L 0. 004

"Ealculatad by uslng the EHOOHFBAS compubar pro=
graa (as Appandix Ad.

Poes Fla {Eaf. 313,

“em Tipten (Raf. X3},

dHH Intarnational Commleaion o Eadislegisal
Ueits aod Hassuresscts (Raf. 10},

absorbed dose can be equated.®™—*? Absorbed dose is the energy imparted by charged
particles in the small volume element of the specified material divided by the mass of the
material within that volume element. Units of absorbed dose and kerma can be either rad or
gray.”® One rad is equal to 100erg g~* of the specified material, and 1 gray (Gy) is equal
o one joule per kilogram of the specified material (or 100 rad). '

The material volume of interest in a practical situation may be located in a medium of
similar composition or in a medium of different composition. For example, the intensity of
a radiation field incident on the body may be specified in terms of tissue kerma in air, If
the tissue volume is so small that it does not appreciably disturb the radiation field, then the
in-air tissue kerma in rad units and the exposure in roentgen (or R) units will be nearly equal
in magnitude (i.c., 1 R is approximately equal to 0.95rad).®® Exposure is the sum of all
positive or negative ions produced by photons in a small air-volume element divided by the
mass of the air in that volume element (i.e., 1 R equals 2.58 % 1074 coulomb per kilogram
of air).”® Thus, exposure is applicable only in the case of photons, while in-air tissue kerma
can be applied in the case of both photons and neutrons.

some recently published factors for in-air tissue kerma from neutrons and gamma rays
use the ICRP-1975 formulation for either total body or total soft tissue of Reference Man,
The ICRP-1975 formulation for total soft tissue of Reference Man is recommended over that
for the total body. Since the total body is a combination of the skeleton and total soft tissue,
its use as a typical soft tissue of the body is inappropriate, especially in the case of low-cnergy
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photons. The ICEP-1975 formulation for total soft tissue of Reference Man gives conversion
factors that are more consistent with the ICRU-1964 and A-150 (or Shonka) formulations for
muscle tissuc™*? and muscle equivalent plastic,***! respectively, which have been widely
used as a typical soft tissue in both theoretical calculations and experimental measurements
of in-air tissue kerma.

The kerma factors given here are the kerma in the specified material of interest per unit
particle fluence of either photons or neutrons with a specified energy, If the particle fluence
involves a broad spectrum of pholon or neutron energies, then an appropriately weighted
mean value must be used for the kerma factor*®?® OF course, the mean value would be
weighted by the particle spectrum in air if the quantity of interest is in-air tissue kerma and
by the particle spectrum in the body if the quantity of interest is an organ dose. The particle
spectrum within the organ of interest can be calculated, for example, by using Monte Carlo
radiation transport codes such as MORSE. 3243

Bremssirahlung losses by the charged particles are negligible for the biological materials
of concern here, and charged particle equilibrium exists for all practical purposes at the
interfaces between the various soft tissues. Thus, kerma and absorbed dose can be equated
in the case of most soflt tissue in the body once the self shielding by overlying body tissues
is taken into account. In the case of the skeleton, only the sofl tissue, and not the bone itself,
are considered to be at risk.*"4* The red marrow is considered o be the critical target tissue
for leukemia induction, and the osteogenic cells, especially those on the endosteal surfaces of
bone, are considered to be the critical target tissue with respect to bone cancer induction. The
osteogenic cells are the precursors of the cells invelved in the formation of new bone (i.e.,
the osteoblasts) and the resorption of old bone (ie., the osteoclasts). However, kerma and
absorbed dose to soft tissues in bone cannot be equated since charged particle equilibrium
may not exist near a soft tissue-bone interface.**3% The calculation of absorbed dose o soft
tissues in the skeleton, which will be discussed later, is a more difficult problem than the
calculation of absorbed dose to sofi-tissue organs, such as the breasts, thyroid, lungs, and
GI tract, which are critical target tissues for cancer induction, and the gonads, which are the
critical target tissue for genetic effects 1410

Kerma Factors for Photons

The kerma factor for photons in a specified tissue (or organ) is calculated by summing
the products of the mass fraction of an element in the tissue, the photon energy, and the
mass energy-transfer coefficient of the clement for photons of that energy,*®*47 If the unit
of photon energy is MeV, and the units of the mass energy-transfer coefficients are square
centimeters per gram, then the above sum can be multiplied by 1.602 < 10~8 to obtain a
kerma factor with units of rad per photon per square centimeter or 1.602 x 10~ to obtain a
kerma factor with units of gray per photon per square centimeter. The mass energy-transfer
cocfficients for photons from a 1968 report by Evans'” and a 1969 report by Hubbell*®
have become the standard for use in kerma-factor calculations for the biological materials
of interest here. These data have been updated recently by Hubbell,*¥ and his newer cross-
section tabulations for photons with energics between 1 keV and 20 MeV were used in this
work. Dilferences between the newer cross-section abulations of Hubbell¥:®? and the older
cross-section tabulations of both Hubbell*® and Storm and Israel®! are of the order of 1%
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or less over most of the element-energy range of the data, but in some cases are as much as
5%.

Mass fractions for the total-body, skeletal, and soft-tissue components given in Tables 10
to 12 were used to obtain the kerma factors for photons listed in Tables 16 1o 18. Note that
the kerma factors for photons in all of these various organ-lissue components are essentially
the same in the energy regions dominated by Complon scattering (i.e., several hundred keV
to several MeV) and pair production (i.e., several MeV or more) (see Figure 1 of Reference
47)., The kerma factors, however, are quite different in the encrgy region dominated by
photoelectric absorption (i.e., several hundred keV or less). Adipose tissue and other sofl
tissues with a high fat content, such as the yellow marrow (80% fat) and red marrow (50%
fat), yield the smallest kerma factors.?® However, the kerma factors for 30-keV photons in
all soft tissues of the body are nearly an order of magnitude smaller than in bone due to
differences in the abundance of higher atomic-number clements such as phosphorus (Z =
153} and calcium (£ = 20). The greater photoclectric absorption of low-energy photons in
the higher Z elemenis of bone is extremely important since it enhances the absorbed dose o
soft tissues in the skeleton.

Table 4. Esrea Fsccors for photoow
in werlous tocal-body compossantcs
of Eafarance Ham

Photom Esrma factor [y ﬂm-l:uu-lI -EI:'!
:ﬁit?‘r
Ha¥

Tetal Total soft

bidy Sheleton Eiaras
1. 08=3 5. 845E=10 5. 55E=10 5. AE=10
1. 5E=2 3. 84E=10 1. =10 1. BAE-10
1.08=1 1.80E=-10 1.&3E-10 L. ERE=1D
3. 0E=3 B, HE=11 1. 05E=10 T BEE=11
& OE=3 4, 87E=11 f. IAE=11 4. BIE-11
5. 0E=13 3. ME-11 B.ELE=11 2. BEE=]1
6. DE=3 2. E5E=]] 6. 31E=11 1. 05E=I1
H.0E=3 l.51E=-11 3. HIE=-]11 L+ 1E=]1
1. o8-} . TIE=13 . 55e-11 7. 09E-12
1. 5E=3 bis I E=12 1. 18E=11 2. 28E-11
2. 0E-2 2. 3E-]12 B TSE=]2 |+ EOE=]3
3. CE=2 1. 0E=13 3:OEE=|2 b BTE=13
. 0Z-2 . ME=L] L TIE=}2 4, 13E=13
S.0E=3 &, MIE=1] L.13E-12 1. Z1E-1]
& 0E=2 1. TIE-1] B.&3E-1] 2 WFE=1]
B.0E=3 J.67E=L] &, 17E=13 1, 14E=13
1.08=] b, 28E=13 4, BoE-13 4, 01E-13
1.58=1 b 81E-1] 7. 15E-1] b G0E=[]
3.08-1 J.4TE=L] 7. 50E=12 9. 45E=]11
3. 08=] 1. 51E=12 1. %0E-12 1. 3IE-12
E.0E-1 2,8E-]12 2. 08E=]12 2. OFE=|2
5. 0E=1 3. 83E=13 3. 356=12 . k3E=13
Ba D=1 3. 1XE=13 3. 05E=12 3. 1AE=12
B.0E=] &, 0TE=12 J.07E=12 4, 03E-12
1.0z=0 &, 5)E-12 &, BOE-12 4. R3E-12
1. JE=0 f. JEE=-12 G BOE=12 6. BLE=L2
2.0E+0 B, ME=-13 8, 10E=]3 8. 3E=12
3. 0EaD L. OFE=LL L. O7E=QL L. 10E-11
&, Dl 1. X3E-1L1 1.30E-11 Is J3E=11
5. CZ&0 1. 34E=-11 1. SE=I1 l: BAE=L1
b. G0 1. 75E=11 1+ TTE=1] 1 TSE=]1
B, CEa0 2. 16E=11 1. 1iE=11 1. 13E-11
1.08a] i. 5Te=11 2. 67E=-11 1. 3E-11
1. 58] J.81E-11 3. BSE-11 J. HE=11
2. 0E#] 4. TIE=-11 2. 13E=11 & E5E=]]

“Hasad om phaton cross—-secclon daca
from Nubbell {Redfe. 48-50) and oo s&ds
fraccions Ffeos Tabla 10 of ehism rapork.
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Tablas 17. EKeres fsctore for photons im u:flu-u-
skalatsl componasts of Esfarencs Han

=1 ]

Mt Errea Frecor {0y phoroa © em’ )
EREFET
{Ha¥) Tocal Corcleal Trabeoular Rad Yallou

tona bana bona mAFTEW BATTEW
|.0E=3% 5. 97E-10 S5.95E-10 S.90E-10 &.59E-10  &.QS5E=LOD
1:5E=3 3. 0E=-10 Y. CAE-1D 3. IDE-1D 2. 85E-10 1. 8E=LD
I.0E=3 1.87E=10 1.8E=10 1.87E=10 1.84E=-10 1.14E-LD
3. 0E-3 1.ME-10 1.38E-10 1.ME-10 6. 79E=11 5. 25E=Q]
i, OE=3 B8.35E=11 B.35E-11 B.310E-]1 3. 9IE-I1 I 97E-II
3. 0E-3 1.ATE=10 1.ME=10 l.4&E=10 32.53E=I1 1.BEE=}]
& 0E=1 1.E8E-10 1. IGE=10 1.08E-10 1. TIE=11 L. IRE=H]
B.08=3 6, E8E=11 6.TLE=11 6.45E=-11 §.E3E-12 7.D4E-I2
1.0E-2 & SIE-11 4. 33Z-11 G.38E-11 B.OAE=13 &, 35E=D2
1.5E-2 2. 13E-11 . 13E-11 2. O4E-11 2. WE-12 I BOE=13
1.00=2 l.3e=11 1.3¥E=I1 1.17E=11 1.0E=I2 W.ELE-1]
3.0E-2 S.AAE-12 S ATE=11 5. ME-12 5.95E=13 4. ZLE=1]
A.DE=2 . 05E=12 1.0EE-17 2.95E-12 3. 68E-I3 1, TEE-13
5.00=2 1.98E=13 1.99¥E=12 |:PIE=12 2. 93E=]13 2, ME=11
b.0E-2 1.42E-12 1.83E=11 1.3E=11 32.77E=13 3.&1E=1)
B.0E=-2 9. 1E-11 9. I5E-1] 8. 57E-13 3. 17E-13 ). DOE-E]
1.02=1 T EAE=13 T1.85E=11 T.9E=13 3. 07E-]3 3}, EAE-I]
1.52-1 T.19E-13  F.05E=13 F.TiE=13 6. 3E-13 6. 5RE=E]
1:08=] 9:TIE=13 F.7IE=13 9.73E=13 T.45E-13 9. 3LE-1]
1.0e-1 L.47E-12 l.4%7E-11 l.&7E=12 1.53E-13 l.®E=02
. 0E=] 1. 9E=12 1.%E=12 1.¥%E-12 32.09E-12 2, 1IE-Q2
5.0m=1 2. ME=12 L.88E=11 L.4%E=12 J.E)E=13 1. 6RE=Q3
B.0E-1 2.99E=12 2.%E=l1 2.90E=02 3. 04E-l3 3. QVE=Q3
B.CE-1 J.BAE-12 3. 83E-12 . BSE-12 4. OGE-12 4. Q3E=02
1.0E40 b EAE=13 & E1E=13 &, EEE-]12 4. 95E-12 5. D0E=-012
1. 9540 §.HE=12 6.3E=12 A, &IE=13 &.BLE=1F &.BEE-12
2. 0E+0 7.05E-12 T.BE=l1 7.8E=12 8.)0E=]3 A.40E=03
3. 0«0 1.05E-11 1.089E-11 l.08E-11  1.90%E-11 1. laE=Q1
b, 0EsD 1: XE=11 1. 30E=11 1. JCE-11 1. 13E-11 L« A3E-11
5. 0E+0 1.SE=11 l.5E=L1 1.55E=11 1.56E=11 |.56E=11
5. OE&D L.T9E=11 1.79E-I1 1.7$E-11 ©.T&E-11  |.TEE-11
§.0E+0 1.IPE=11 . IPE=11 3. XHE-I11 3, 13E~11  I,12E-11
1.0E+1 L.0iE=I1 T BIE=I1  3.BOE=fl 3, 53E=Il I.ADE=1]
1. 3E+1 4, 19E=11 & QFE=L1 & 17E=01 3 SEE=QL D &3E=Q]
2. 0E+] 5. E&8E=-11 5. EZ3E~L1 5. BRE=11 &, B™E=11 &, E0E=11

"Based oo phocon eross=pentlon data from Hubball CRafa.
48-5%0) a=d oo maws fractlons Prom Table Ll of this report.

Tabla 18. Esrsa fsctors for photoms in Hl:iuu-
sofe-eisdus componaars of Rafarence Man

Thakan Esrsa factor (Qy |h-=-tuu._: Elt}

EOETRY

{Hav) Beim Muagla Brain Langs Intestina
1.0E=3 F.60E=10 6. 11E=10 & .03E=10 &, JAE=10 &.09E=10
[-5E=] 2 BLE=]10 3.09E=-10 1. 0%E-10 3. 11E-1Q . OE=1D
1.06=3 1.688=10 1.83E=]0 1.8]1E=]8 Q.B5E=10  1.BJE=1D
3. 06=3 T.998=11 @B.71E=11 B.74E=11 E.BIE=]) B.A0E=]1]
L.0E-3 &.50E-11  S.10E-11 S.Q3E-11 5. 12E-101 4. 55E=1]
5.08=3 I.8E=11 2.37E=11 3. J0E=]11 3.29E=11 3. I7E=]]
b.CE-3 2.0aE-11  2.26E-11 2.28E-11 2.27E-11 2. l8E=[l
. 0E=3 1-12E=11 1,35E=11 1.37E=11 1.37E-11 1.21E-1i
l.0%=2 6. 94E=12 T.83E=123 T.%E=12 7T.%E=12 7.50E=]2
1.58=2 2. ¥1E=12 3. 35E=-11 I HME=12 A JHE-12 I, J4E-I2
i.00=2 l.38r=12 1.ME=131 l.800=12 1.79E=l2 1.63E=12
J.0x=2 f.83E=13 7.85E=11 T.70E=13 T.89E=13 T.0%E=[]
4. 0E=1 L OE=11 A SIE=13  A4.59E=13 A4.58E=11 4, 3(E-13
S5.0E=2 3. IAE=13  J.43E=1] ). 48E=]] A 4FE=]13 3. ME=[]
. 00=2 1.90E=13 31.09E=11 1. 03E=13 3.13E=13 3.0LE=]]
f.0E-2 3. 2E-113 1. 33E-11 J1. J5E-11 3. I5E-13 1. 33E-11
1.0E=] &, 00E=1] & O7E=1) 4. 00E=13 &.08E=]3 &.05E=L]
1.52-1 8. 94E-13 A.80E-11  6.83E-13  B.ALE-13 £.61E-1]
2. 0E-1 9. A3E-1] . 84E-1] 2. 4TE-1] B 45E-13 9. 85E-1]
3, 02=] 1. 53E=12 1.53E=12 1.53E=12 1.52E=-1F 1.5)E-12
4. CE=-]1 2. HE-12 2: IE=12 2: 0AE=12 2: 09E-12 2:EFE-12
§.00=] 2. 62E=12 1.8)E=12 1. 81E=12 2. 2E=12 2. 81E=12
b D=1 3. 12E=12 3 11E=12 D M4E=13 2. LIE=]1% 3. I4E=|Z
i,0m=] & 07E=12 &, 0E=11 4.09E=]2 &.0OE-1Z &.05E=12
1.8T40 &, TIE=12 4. FE=12 &, 55E-12 &, 34E-12 &, S3E-12
1. 3E+0 B 77E=-12 6. 73E=12 6:81lE=12 &: T9E=12 G.BLE=L3
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Table 1B, (cont®d. ]

Earma faccor (Gw nhnmn_[ :-.E:I

Fhotos

ENEFRY

(Ha¥) Skin Huaz la Aralm Lunga Incestine
2. DE+0 B 20E=13 8. J]1E=13 B .3E=12 B J0E=l2 8. 33E=02
Yo DE#D 1.09E=11 Q.09E=11 1.10E-0f L.05E-11  Ll.10E-01
& OE+3 1.32E-11 1-.13E-11 L. A3E-11 L. 3XE=LL L. AXE-1L
F-0E+Q 1. 35E-11 1 33E=-11 Lz 35E=11 Ly SXE=LL La 3XE=11L
&.0E+D 1. 75E=11 1-T6E=11 L TEE=1L L« TEE=LL I« TEE=11
. 0E+D . l4E=10 R LéE=00 2. 1¥E=00 3. 08E=01 3. 1EE=I|
I 0E+0 I.86E=11 2.9TE-11 I.3BE-10 Z.5TE=Ql I.57E=Qi
I.5E+1 1. 37E-11 J.A2E-11 Y. 62E-11 J.BXE-11 1. 61E-IL
1. OE+Q &. 6IE-11 & T1E-11 4. T1E-11 & TTIE-LI 4. TOE-LL

*tased on photon cross—secilon daca [rom Husbell (Refs.
43=30) &nd ea maad fractions from Tabla 13 of this repacE.

Tubls' 19. Comparison of kerms Fictors foe phocoas in ecspact hoae”

haten Eevma Fastor (Gy lhﬁl‘l:ll'lu-l ant}
anaTEY
(Hav) 1CRP=  ICRP-  Kim~  Tipton-  ICAU-  Woodard-
ravisad I9rs 1974 ] L9364 IFET
1.08=3 5.95E=08 5.91E-10 3.BSE-I0 5.B1E-I0 S5.54E-10 5.54E-10
1.32-3 3. 08E-10 J03E=]0 JO7E=I0 303510 2.75E=100 J.00E=1D
3. 0E=] | BEE=10 L. BIE-B0 L.BSE-000 1.EXE-10 1.435E-10 1.531E-10
3. 0E=1 I 38E=10 1.ME-10 Ll.3E-10 L.J5E-I0F Ll.ILE-LOF 1.34E-10
4. 0E-1 8.35E-11 8,IZE-)1 9. 12E=11 B.07E=11 6.57E=11 B.[5E=1]
5.0E=3 L. &5E=00 L, 35E=10 l.48E=10 1.33c-10 9.43E-11 1.37E-10
f. BE=1 l.I0E=0 1.00E-100 1.34E-10 9.ELE=11 7-34%E=11 1.02E=L0
H.DE=1 E.TUE=RL 6. 13E=L1 7.40E=11 5.%%E=1]1 &.40E=11 6.32E<]1]
1-62=3 4, 23E=01 &.13E-I1 5.018E-L1 4. 04E-11 2.55E-11 &.19E-11
1. 5E=2 3. 13E=11 1. 9SE=01 2.43E=11 L.E5%E=11 1.JE=I1 1.%7E=11
1.08=3 l.236=01 Q.10E-01 1.35E-11 1.OSE-§1 7.87E-12 1.I13E-11
J.0EZ=2 5.&TE=1T &, 95E-12 &, I2E-12 A.ESE-02 2. SLE-I2 S.D4E-12
b, 0E=3 J:D2E=13 3.TRE=03 3J.4%E=12 2.7IE-11 |.98E-12 32.E3c-12
5. 0E=2 l.99E=12 1.80E-12 12.31%E-I2 1.T9E-I1% [1.3E-12 1.81E-12
fi. 0Z=2 1.43E-12 1.3E-1% L.&0E=-12 1.¥7E=§1 Q.E0E=§3 1,33E=l2
B.C0E-2 ¥.25E=13 B 5EE-P) [.0XE=)3 B.43E=13 6.80E=13 @0.452=1]
1.CE=1 T:EaE=03 7.28E=03 @.)3C=13 7T.17E=I} 6.17E-13 7.30E-1]
1.98=1 T.79E=-13 T.LIE-13 B.I15E-I3 7J.&IE-13 7.30E-11 7.E1E-1]
3. cE-1 §.72E-13 S.6SE-I3 L[.00E=13 D.&5E-[1 U.ELE=1] 9.&31E=l]
3. BE=1 L+&TE=1Y J.&EE=01T [1.50E=03 1.47E=11 L.4%E=11 |.48E-12
h.0Z=1 l.BBE-02 1.SEE-01F 2, 03E-02 L1.G8E-13 3.0IE-013 1,.G7E-13
5. GE-1 2. 6BE=11 I, 48E=0F 3J.5FE=)3 . ARE=[T 32:MAE=0T 2.&7E=11
6. 0E=] 1. 05E=013 2.95E=0% J.D0E-=01 2.96E-012 3,03E-11 32,94E-12
i,0m-1 J:02E~11 J.BEE-IT J.™E-1T 3. BRE-EX J.93E-013 J.BIE-i2
L. DE+0 e DIE=0T H.0RE-1T &.TIE-01 &.63E-01 4&4,76E-0% &.6XE-N2 -
L. SE+0 5. ITE=1T &.JEE=-1F &.&LEE-]¥ &.L0E=-0Y &, 55E=]3 A&,3E=]}
2. OE+0 V:B&E=1T 7. B5E=1YF 7. RBE=)3 W AYE=13 @B,03E=03 7.BIC=11
Y DE«D P-05E=11 Q. 05E=10 Q.07c=28 L.03c=0L L. OTE=11 L.OSE-QI
&, 0L +0 1.3E-11 01.39E-11 Q.33E-010 [I.30E-QI M.3QE-Q11 §.ZRE=11
J.0E+D LS8E-11 B.56E-11 QH.58E-00 [L:SE-RL QL SSE=Q0 K:S53E=QL
6, OE+D 1. 79E=11 QN.TEE=10 Q.B3E=01 L.T5E=Ll Q.TYE=11 L.TIE=1l
B.0E+0 2.29E-11 2.37E-11 1.3%E-bl Z.TE-Il 2.32E-1] 3.3TE-1]
L. OE+] 2:B1E=11 I.TBE=10 1.80E=f] 3, T7E=R] IT.6RE=Q1 3.TEEC=11
L. 5T+ &.159E-11 &.1ZE-101 &.33E-00 4. QEE-QBI 3.91E-01 &.13E-I1I
2. 0E+L J.BBE-11 3.3TE-11 3J:.BSE~-Q1 5.55E-311 S5.Z1E~-11L 5.5EE=-]}

*3asad om photon cross-dectlon daca from Hubbell (Eefs. &B-35)
wnd om mass fratcloms as ealéulated by uslng the EMOOHP/BAS écmputer
progrin im the case of the ICAF=-rawised aad ICRP=]1975 formslastiome
g2d musd fcecEionam [rom Tabla 13 of this mepoct in the case of tha
other forsslstloms For compeer bong.

Kerma factors for photons in the various compact-bone, red-marrow, and muscle-tissuc
formulations listed in Tables 13 to 15 are compared in Tables 19 to 21, respectively. The
ICRU-1964 and ICRP-1975 formulations for compact bone (i.c., wet cortical bone) yicld
kerma factors, as pointed out by White and Fitzgerald,** that differ by as much as 30% at
low photon energies. Their suggestion o abandon the ICRU-1964 bone formulation, =8
which predates the work of Kim,?** Tipton and coworkers?2:22—54 and Woodard,*® for cx-
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Table 20. Comperlecn of kersa faegors
for photoss Ln red bess maFoow

Fhotoa Earma factar (Gy phn-tun-l :-11
EREERY

(Ha¥) 1CHF- ICAF- Aspdan—

ravised I¥15 1972

1.602-3 i, BSE-10 &, BSE-1Q &.75E-10
1.58-1 2 EAE=-10 2. AIE=10 3. ATE-1D
2. 6E-] LsESE=Li L &3E=10 1:3TE=10
3. 0E=] 6. TRE=L] . SSE=11 . G0E=11
&, 0Z=] 3. 93E-11 1. 69E~-11 J. FOE-11
5. 02=3 1+ STE=11 1. ME=11 1. J6E=11
b 0E-3 L. TIE-01 l.GOE-11 1.42E-11
B,0E=3 ¥ 62E=13 8. TTE=12 &, 95E=11
l.0E-2 6. OSE-11 S.41E=-12 5. 55E=12
1, 3E=3 3, ME=[1 3. 2LE=13 1. 03E=13
is0E=3 L 3TE=12 1. D0E=12 1-25E=12
1. 0E-2 5. QFE=13 5. 1TE=13 5. A3E=13
Ao OE=3 S E2E=13 3 IAE=13 3. 39E=13
5. 00-2 2, 93E-1] 2, 65E-13 2, 75E-13
b, D=2 2, TTE=13 2 ME=13 3+ B64E=1]
B.CE=3 3. 17E=13 J.0lE=13 J.09E=13
1.CE-1 3. 57E-113 3. 5lE=13 3. Q¥E=13
1. 5E=] . JE=11 6: S6E=12 B, HE=1]
1.06=1 9.452-13 9. 84E-13 9. 41E-13
3:0E=] 1:532=13 1. 53E=]12 1. KIE=12
&.0E=1 I.090=12 1.08E-12 1. 4E-12
5-0E-1 e o 3. 6IE=-13 . E3E=] 3
&= 0E=1 3 LGE=]12 . lAE=12 . BiE=12
B.0E-L 4. ME=13 &, 0E=]13 4. CaE=12
L. 0E+0 k. 95E-12 &, 56E-12 b, S4E-12
I SE+0 . A1E-12 6. 82E-12 b= 7RE=12
2. 0E+Q . JAE-1% 8. JE=]132 B.JiE=]12
Yo OE+D 1:09E=]1] 1. 09E=11 1.09E-11
& OE+Q 1. J2E=11 1.32E=11 1. 2E-11
§.0E+D 1. 84E-11 1.54E-11 1-53E=]11
& 0E+Q 1. 74E=11 1. 74E=11 1. ME=11
EB.OE+D 1. 13E=11 1. 13E=11 1. l1E=11
l.00+0 I.42e~-11 . 532E-11 . 51E-11
Ie3E+1 Y. 51E-11 3= J0E-11 J=HBE=]11
2.0E+1 &, SLE-11 4. 52E-11 & 49E=11

"sasad on photos erssd-sectisn data
from Hubball (Ecfs. 42=%0) szad oo mans
fracciong a8 caleulabad by uaing tha
BHCOKP FEAE compubsr propram In the cass of
tha IGEP-ravised ar 1CEF=01975 formulsticna
apd from Table 14 in the cese of Aspden'as
forsulation for md sarcev,

Tabla 21. Comparisom of kerma Fictors for photens
In sascie Edwaus

Phstin Earma factar (Gp pﬁhnlan._l :-1!
eSeCgy
LHa¥} 1ERS= Eim- Tipran— 1CRD-
1975 1974 1969 1964
1.0E=1 6. UIE=10  6.14E-I0  6.13E-10  B.O4E-10
1.38-3 3. oFE=LD 3 1E=}0 3: 10E=]0 J-0FE=10
I.CE-1 1.8E=10 Lo BAE=10 L. BLE=1D 1-8lE=10
3. D=1 B.7IE=11  B.EEE-I1  B.7IE-11  B.71E-1]
&, 0E=1 5. 10E=11 5. 14E=L1 3 11E=11 5. 10E=]]
5. 0E-1 LYE-11  LAE-i1  3.1EE-IR 1. 28E-11
§: 0E=3 2. 16E=11 2: 1FE=1] 2 26E=11 1:2TE=1]
&, 0E-1 1.15E=11 L. ITE=11 1.28E=11 L.26E=11
I.0E=2 T.03E=12 7. 1E=12 7. 8¥E=]2 7. B5E=12
I.3E-1 3.298-12  1.33%-12 3, I9E=12 3. 30E-12
1. 0E-2 1.76E=12  1.79E-12  1.T7E-12  [.78E-1}
3. 6E=2 7. 15E=13 T.45E=13 7. E5=13 T 61E=13
&. 0E-2 A SIE-11  A.ME-11 AL BOE-1T kL SAE-L1D
5. 0E-2 1.43E-11 L.AE-11 1 ATE-1T M. AAE-13
§.0E=2 3.09E=13  Y.ILE-13 3, 00E=13 . 11E=-1}
8. 08=2 3. ¥E=13 3. BE=1] 3. ME=1] 3. JIE=12
1.0E-1 b 07E-11 407E-13 A OEE-13  &.0FE-13
1.5E-1 6.60E-11  6.6IE=13  E.%9E=13  &.G0E-13
2. 08=1 9. 44E=11 2, 45E=1] 3. 47E=13 P ALE=10
3. 0E-1 1.52E=12 L. S2E=12 [, 52E=12 I.526-12
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Tabla 21 (conc'd.)

=f 3

Phaton Earss faotor (Oy photeon — o&' )
AEdCREY
v Icxr= Kim= Tiptons 1cRY=

1973 L37% 1969 (G113
4, DE=] 1.00E=12 I.09E=12 I.CHE-12 2.05E-12
S+ 0E=1 1. 6IE=12 2 6JE-12 I:62E=]X 1.83E=12
b, OE-1 3. 13E=-12 3 13E=1% 3. 1IE=]2 3. 13E=12
B.OE-1 4. D3E=13 & 0BE=12 &.O0TE=12 L, CHE-12
L E+0 &, 04E=12 &, G4E-12 L. 93E=]12 L. FE=]2
1. ¥+ &, T0E-12 &, B0E=1F &.TEE=13 b, =12
2. 0E+D E.21E=13 . 32E=11 8. 30E-12 B.J1E-12
2. OE+ 1. 09E=11 1.098-11 1.09E-11 1.09E=11
&, OE+0 1. 33E=11 B J3E~-11 1-33E~-11 1-J3E=11
3o GE+D B, 53E-11 I 35E=1] I 5E=11 1.54E=11
. DE+0 1. TeE=11 I ME=11 I.T5E-11 1.76E-11
B 0«0 1. 14E=11 2. 1TE-11 2. 15E-11 2: lGE=11
1.0E+1 . 3TE-11 2. 5TE=11 2. 5TE=11 . 5TE=]11
1. 3841 J. &XE-L1 3. 6XE=L] J.&¥E=]] Y. A1E=]]
1.0E+1 4. TIE=11 4, TIE=1] 4 TIE=11 &, T1E=11

"nesad om photomn aross=ssccion daca from Hubbell
(Eefw: LB-30) and on sads fracciond ae caleulated by
welng che EMCOMP/BAS compater progrom in the cose of
the ICAP=I1573 [ormulation ssd from Table 1§ in the case
af Ehe other forselatloms for suscls rlasse.,

2% Comparisen of kerma Csccors for phogone im bong and mafe-
flmsue cocaporitions deavelopad FoF wie iA Fed-Rens-sarrow dowimatry

Enrma factor (Cy pﬁutﬂ-u_t ent)
Fhatan
anacgy ICHF=rayiied IERL= |64
(e
Trabacular Hed Batia Cempact Mosc s Latio
biins BATTOW bonm Limdus
L« OE=3 3. SHE-10D 4, 59E=10 1.21 5. bEE=10 & D&E=]0 0. 50
1-5E=3 1. 10E=10 2s ME=10 1.37 s 1S3E=10 J.O3E-10 0. %0
1.0E-3 1.87E=10 l.M4Z=l0 1.30 1. 65E=10 1.B1E=10 0.9l
1. 0E=3 1.36E-10 E.79E-11 2.06 i.11E=10  &.71E=11 1.37
4. 0E=3 §.308=11 3. 51E=|] 2. 0 6. 3TE=11 5: 10E=11 1.29
5.0E=3 1.53E=-10 3.83E-11 S.&3 0. B3E-11 5.2BE=11  N.CO
b 0E-13 1.05%=10 L+ TIE=LL 607 T 4E=11 F.27E=11 1. 19
B.0OE-1 B.450+11 S.EEE=13 644 f, A0E=1] l.26E=]11  J.5F
1.0E=3 heTEE=11  5.DSE=iT  7.55 nesE-11  F.MSE-13 3. M
1.58=1 1e04E=EL 2.54E=13 &.0) l.BE=Il 1. JE-12 & 5.18
1. 0E-2 1. 1TE=L1 1.3TE=12 4.3 7. EVE=13 L. TAE-13  &.&2
3. 0E-2 J.IRE-12°  3.95E-13  E:DI 3 ME=13  TBIE=1] A E)
&, 0F=12 2. 95E=-12 Y. BEE-13 £.02 I S4E-12 &, HE=1] &, 36
5. 0E=1 1. 91E=0% 2.93E=13 &.351 1.30E=12 3J.&8E-03 1, TH
&, OE-2 1.3TE=1T I.77E=13 &.93 FebOE=1) 3 11E=03F 3.0
B.0E-2 . 5TE-11 1. 17E-13 283 &, BOE=1] 3, JAE=13 1. 04
I.OE=1 T.30g-13 J.57€=11 1.8%9 G 1TE=13 & OTE=13 .52
1-5E~=1 T-75E-13 bh. S8E-11] 1. I8 7. ME-11 6. BOE=13 1.11
i.0E=1 5. 1E=13 0.45E=13 1.00 §-61E=-13 B 4SE-13  1.02
1.08-1 L. h7E=12 1. 5338=12 0.9 l.49E=1F 1.52E-1F 0.398
4. 08=1 1. 5%5E-12 1. 0%E-12 0. 75 1.00E=12 I-0OE=12 0.97
5. =] A, 69E=1T  1.B3E=ET Do 58 r.UE-17 i 43E-12 0.®)
f.00=1 2. 9TE=132 J: IAE=}3 055 1. G)E=12 3= 1JE-12 0. 57
i, oE=1 3 B3E=E3 A ORE=03 O D& 3. ¥1E=]2 &, 0HE-12 (.56
1. OE+D b BEE-1T H.95E-01 Q.34 by TEE=13 4. fAE-12 LS55
L. SE+D & 41E-1T &.H1E-12 . 36 6. 29E=12 6, TIE=12 .37
T, 0E+3 7.BRAE=12 E.JIB=-13 093 B.03E-12 8. AE=12 &, BT
1, 0E+D 1.038=11 1.098=11 0.9 L« OTE=L1 L. OFE-IL  G.98
4, 0E+D 1.30z-11 1.32E=11 0.99 L ANE=L] I DE=1L (59
5. 0E«D 1-.55E-11 1-55E-11 1.01 1o HE=11 I SE=11 L. B
& OE+D 1-79E-11 1: THE-11 1.01 Lo TTR=11 1 T3E=1} b0l
E.QE+Q 2. 29E-11 2. 13E-11 1.08 1. 2IE-11 2. 16E=11 1.03
1. 0E+1 2. 80E=11 i.52E=11 1.1l 1:60E=11 2. 5TE-1I I.03
1.5E+] &.17E-11 A 5iE-11  1.1% 1. 91E=11 3. G1E=11 1:.08
F.0Ex] L.EAE-11 s HE=11 1.24 5. 21E-11 &. T1E-11 1.11

‘1;. discussicos ia ceze

thin report.
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ample, appears to be noncontroversial. The abandonment of the ICRU-1964 muscle-tissue
formulation as an approximation for the red and yellow marrow also appears to be noncon-
troversial. It was previously suggested by Kerr®® that caution should be excercised in the
use of the ICRP-1975 formulation for red marrow since the trace-clement content was not
defined (Table 14). However, the trace-¢lement content of red marrow and the trace-clement
and mineral content of trabecular bone are both reasonably well defined for Reference Man
as a result of this work.

According to the ICRP-1975 Reference Man Report,® there is a difference between
the water content of cortical and trabecular bone. Thus, the ICRP-revised formulation for
trabecular bone, rather than corical bone, is used in the kerma-factor comparisons shown
in Table 22. NMole, at the lower energics, that the ratio of kerma factors for photons in
the ICRP-revised formulations for trabecular bone and red marrow are significantly greater
than the ratio of kerma factor for photons in the ICRU-1964 formulations for compact bone
(i.e., wet cortical bone) and muscle tissue (i.e., typical soft tissue) that has been used as an
approximation for red marrow. The differences at low photon energies would be even larger
if the factors for kerma (i.e., kinetic energy released to charged particles) in the ICRP-revised
formulation for cortical bone had been used in place of those in the ICRP-revised formulation
for trabecular bone (Table 17).

Kerma Factors for Neulrons

Kerma factors for neutrons in 19 different isotopes and elements, including the 12 el-
ements of interest here, have been tabulated by Caswell et al.®® Their tabulations give
the kerma factors for a monoenergetic "thermal-neutron” energy of L0253 ¢V and for 119
contiguous energy "groups” or "bins” extending from 0.026 eV 1o 30MeV. Each bin is char-
acterized by a central or mean encrgy and an energy interval of a given width (Table 23).
The kerma factors are calculated from cross sections averaged over the full encrgy width of
each bin. Averaging over binned energy widths eliminates the somewhat irregular behavior
of the kerma factors due 1o resonance absorption of neutrons by elements other than hydro-
gen. Only their tabulated data for bins with neutron energics less than 20 MeV are used
since this is the highest energy of interest in the case of a fission neutron source such as a
nuclear weapon,?7

Tabla 3). Eerma Fficrord For nedtrona &8 wirlaud
gEokal=ktady componamts of Raflarence Han™

Witeos Todtny Eecma Facbor {0y ﬂut:nq-l i:a-z:l

?nu“ :.m:u'ﬂ:l,
Hayl Ha¥ X Totel Total sofl
beody Ekalatan Elan

1.53E-B Lo 9TE=1] 1. 45E-13 1.89E-11
J.60E-B I.00E-B 1 ETE=L3 2. 10E=13 1.60E=13
& ME-B J. 40E=-A 1y BEE=11 L. SAE=13 1.31E=13
L. LOE=T 6. DOE=8 9. ME-14 1.20E-13 9. 13E-14
2.00E=T 1-20E~T T l1E=]4& B.95E=14& &.BOE=]15%
3. BOE=T 1. 0OE=T 5. J0E=14 b BTE=04 5. 0LE-1E
#.30E-F 3. 40E-T 4. CAE-[4 5, 10E=14 3, BAE-14
L. 1QE=5 & DOE=T d. =Lk 3 ELE=14 1. 50E=1%
2.00E-& 1.20E-4 2. 18E-14 2. BXE=14 2. 1EE=]14
. EOE= . E=§ 1.7iE-1& 2. AIE=14 b GSE=1%
. BOE=§ 3. LE-4 1.34E-14 1. T4E-14 L. ZBE-14%
1, 10E=3 6, DOE=5& 1.0HE=14 1. 39E=14 L. O3E=04
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Tabla 23 feonc'd.)

R

HeLEron Esargy Eermi facEor {EI i I;:l:n:lu- om )
it S

Ha® Ha¥

Tocal Toral ssfE
body Skelaron R

3. D0E~5 I.20E=5 9, 13E-15 1. IBE-14& 8, 95E~-1%
3. OE-5 2. ME-5 9. I4E=15 1o O5E=]k 8: J1E=1%
by BIE~-3 3. 40E=5 1.06E=14 1. 05E=L4& I.0%E=14
L. 10E=& . DOE=3 1.83E-14 l. 3XE-14 1. 45E-14
1.00E-& 1.20E-4& 2. 17Ex14 l.ERE=14 3. JIE=14
3. GIE-& 2. HOE=4 3. ESE=14 J.aIE=1& 3. 99E=14
G HE=& 3. G0E-4 . $1E-15 4. BRE-14 &. TEE-14
L. 10E-13 & DOE=4 1. 13E=13 i, A5E=14 E.1TE=1%
1. 00E=3 1. 20E=1 Z.0lE=13 1. &XE-13 2. 10E-13
3. GOE=3 1.ME-] 1. HE-1] 2. EE=]] 3. TRE=]1)
& MIE-] J. 40E-1] B l3E=1] b SlE=13 &, &3E=13
I.l0E=2 &. MOE-1 1.04E-13 Ta EQE-]] L. ORE-11
1. ME-Z I:20E=2 1.51E=]13 1. KIE=12 L.B9E=0F
3. GOE=3 1. ME=1 2.596-12 2. 15E-12 3. 13E-11
6« ME-T 3. 40E-2 & B4E-]12 J. ROE-]2 & HSE=]T
B: Z0E=2 &.DOE=3 5.61E=12 b llE=]2 3. BiE=01
8. EIE~2 4. DOE=] 5.80zZ=12 L. 10E=12 . DEE-01
9. DOE=1 4. (OE=3 5.99E-12 &.19E-12 B.23E=-E2
9. LOE-3 &, O0E=3 &.1TE=1% & 52E=]3 B diE=]d
P EIE-2 4o DOE=] . E=11 & 65E=12 . 41E=-02
1. OSE=] l.DOE=T . BLE-1T L.A7E-12 b.51E-13
l. ESE=] 1. DOE-3 7. 05E-12 5. 17E-12 TaISE-12
1+ T8E=1 L. DOE-2 To GLE-1 5. AGE-12 T ITE=13
1. 38E-1 1. 00E-2 7-01E=-1% . TUE=]12 A, 15E=]13
lad3E-1 1. 00E=-2 E.1TE=13 b COE=12 0. 523E-12
1. 55E=1 1: GOE=3 A.51E=11 6. 25E~-112 A, HE-12
1.85E=1 1. C0E-2 E.BIE~-]} b AHE=]1F giilE=]3
1.758=1 1.00E-2 9. 15E-11 5. TIE=]2 D 55E=]2
1.83E=1 1.00E=3 . L3E=12 §.93E-11 §.83E-12
1-95E=] 1.002=2 . T1E-11 7o IRE-13 1.0ZE-11
1. l0E=1 I.00E-2 L.OEE=-11 T AEE=]13 1. 06E=]1
2= J0E=] I.00E=2 L.o7E=1L 7. BE-12 I.12E-11
1. HE=1 I.00E-2 1. I2E-11 B.FIE~-12 I.16E-11
2. MIE-1 1.002=-2 Ls ITE=11 B EXE=12 I 22E=11
2= HIE=-] I.008=2 L. TIE=EL i, 9TE-12 L. 2TE-11
3. loE=1 1. HIE-2 L. 3TE=11 3. 3E=]13 I 3FE~11
3. ME-1 T. MIE-2 L. 30E=11 S ETE=]3 I AEE=]11
3 SOE~1 1. bO0Z=3 Li BEE=]L ¥ 09E=12 lElE=11
J. TOE=] I.00E=2 1. EQE=11 l.OYE-1L I.&EE-11
3. 90E=1 I. 00E-2 L. &5E-11 L. DEE-L1 I¢SXE=11
4o ZOE-1 &: MIE~-2 1, SE=]L 1 1TE=11 L BEE=Q1
4. BOE=1 & HIE=3 1. 6EE=11 1. 15E=11 L. G8E=01
= DE=] &. BOE=2 1. $5E-11 1. 17E-11 L B&E-LIE
§.40E=1 L. 00E-2 1. ESE-11 1. 2lE=11 I.T1E=01
S BOE-1 &. ME-2 1. TWOE=11 l:35E=11 | TFE=QL
6.20B-1 & 00E=3 1.768=11  1.ME-11  [.B3E-DI
& OE-1 4. ME-2 1. 83E=11 1. BE=11 L. 88E=01
T« DOE=1 % DOE=3 1. 57E-11 1. HE-11 L. 93E-11
1. LOE-1 4. ME-2 1. ¥2E=11 1:&3E=]] 2. 00E=11
7=BOE=-1 5. DOE=3 Ls f2E=|L L A4E=11 1. DEE-01
B.20E=1 & D0E=3 Z.03e=11 Lok¥E=11 2. 11E=01
. 60E=] &. H0E=2 2. E-11 1. 5XE-11 2. 0TE=11
F.00E-1 &. MIE-2 2. IE-11 l. 3E=11 24 TRE=11
. GOE-1 4. ME=2 2. 1E=]11 l: B5E=]L 1. 33E=01
¥.BOE=1 §. DOE=3 2. ME=11 1. TIE=11 2. 89E-01
La03E=D I: DOE=] . 83E=11 1. BoE-11 2. ME-EL
I 15E#0 1.00E-1 2.43E-11 . T9E=11 2. 53E=01
L. Z3E=D 1. BOE=]1 2. 31E=11 L. BYE=11 1. BIE-01
L. 1580 1. 00E=]1 2. 6LE-11 1. ¥IE=11 2. TEE=11
L. &5E =0 i.00E-1 2. E5E=-11 l-BTE=11 3, TEE=§1
1. 25E=0 1. HE-1 2, 71311 3, 0iE=L1 2. HE=FL
L. h3E#D 1.00E=1 1. 8AE=]11 1, 10E=|1 1. BEE=EL
L. T5E=0 1. B0E=1 2. z-11 2. 13E-11 3. O0E-EL
1. B5E+0 1. HE-1 2. ¥E-11 . E=]1 1. 1XE=11
1. 938+0 1. GOE=1 3. 03E=11 2. E3E=11 1. 15E=11
I- [OE=) I-00%=1 3. 1aE=11 2. MIE-11 3. IRE-E1
1. J0E«) I.00E=1 3. 1TE=11 1. 13E=11 3. 36z-11
1. 50E+0 2. M0E-1 3, J0E-11 2. 4BE~11 3. 432-11
1. TOE+D 1. MIE-1 I R3E-11 1. 58E~11 3. 59E~-11
1.90E40  3.002-1 L G0E=11  1.73E=11  3.75E=1]
3. logs0 I.00z-1 3. TIE=IL 1. B0E-11 3. 84E-11
3. JOE+D 1. MOE=1 & DSRE=11 ). 08E=]11 & I0E=11
- 5020 1. B0E=] 4. IAE=[1 1. 1TE=11 & 30E=11
3. 70840 1. 00z-1 &, FIE-11 3. IRE-11 &:J9E-11
3. Hgs] 1. 00E=1 4, 1TE=11 3. 20E-11 4. 33E-11
4o 20E+0 & DOE-1 &, ITE-11 3, ZTE-11 &a4aE-11
4. GOE+D &.00E-1 b, TE=11 3. I5E=11 & GGE=]]
5-0EsD & 00E=1 4, MAE-11 1. EIE-11 &.BAE~-11
Fu&0DE#D &: MOE-1 G, ROE=11 3 ME=]1 &: SBE=1]
5= BOE#0 & BOE=] 4 SRE=11 1. SLE=EL 4. TTE=11
fi. 2080 & OE-1 4, TIE-11 J.6)E~-11 4:91E-11
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Tabla 13 {zomt'd;)

Karms [actor (Gy IJI'«II:I'I:IIJ.-] “t}

Hautron Erargy
:d-ﬂt;::r td-h E\':I
Ha¥ R

Total Tocal safc

body SRA IS thasue
B EHE+D &, DOE~1 4. B0E~-11 d-67E=11 a4, WHE~11
T.COE+D &, 00E=] 4.5998-11 J.ale=11 3. 18E-11
T AL 0 &, DOE-1 3. 2TE-11 L.oaE-11 5. 47E-1L
T BOE+D & DOE~1 3= 2HE-11 &.10E=-1] 3. &7E=LL
B, 20040 4, 00E-1 5. 20E-11 L. 02E-11 3. 40E-11
B E0E+Q &, 00E-1 +:12E-11 &.11E-11 S p2E-EL
D C0ERD 4, 00E=1 3. 4EE=11 L, 5E=]] 5. E4E=11
9. 40T 0 4, 00E=1 5.36m=11 £.34E=11 3. TAE-11
U BOELD b, 00E=1 $.02E=11 4. iE=11 3. 83E=11
1.058e] 1, 0E+0 5. E=11 L.49r=11 5. 950=11
1. M+l 1. BCE+0 & 1IE=11 L. B1E-11 b. X3E=11
1o TiT+0 1. 00E+0 & LGE-11 &« B9E~11 B. J5E~11
1. X5E+] 1. COE+D &.J9E-11 5.0HE-1] b. ELE-11
1. 85E+1 1. 00E+D &LESE=11 5. 31E=11 6. E7E=1L
1, 35Ex] L DOE+D & 058=11 5. 518=11 7.03E=11
l.85E+1 1. e+ & 9TE=11 3. 62E-11 . I0E=-11
1. T5E+1 1. 00E+D 7.06E=11 5. GAE=11 7. 18E=11
1.85Es] 1. COE«D T 16E=11 5. 78E=11 1. 13z=11
1.55Es] 1.caz+d T.18e-11 §.08E-11 T.32e-11

“Basad on mess fractions from Table 10 of this
rapert and on kersa factors for pewceons from Caswell,
Coyne, mnd Raadolph {Ref. 29). Alse see their caleule=
thions for ICEP-1975 Refececce Has.

Mass [ractions for the total-body, skeletal, and soft-tissue components given in Tables 10
o 12 were used to obtain the kerma factos for neutrons listed in Tables 23 to 25. The sum of
the products of the kerma factor in an element for a specified neutron energy from Caswell ct
al,“® and the mass fraction of the element in a specified tissue (or organ) gives a kerma factor
for that neutron energy and that tissue with units of rad per neutron per square centimeter, or
units of gray per neulron per square centimeter if the sum is multiplied by 1.00< 1072, In
the case of fast neutrons (i.e., neutrons with energies greater than 1 keV), most of the kerma
15 due to recoil-hydrogen ions (recoil protons), and in the case of lower energy neutrons,
especially thermal neutrons, most of the kerma is due to 620keV protons produced by the
L4N(n,p) 14C reaction. Thus, the kerma factors for fast neutrons and for thermal neutrons
in a specified organ-lissue component of the body depend to a large extent on the hydrogen
content and on the nitrogen content, respectively, of that organ-lissue component, Since
nitrogen is a 1/V absorber of thermal neutrons with velocity, V, the kerma [actors for a
monoenergetic "thermal-neutron” energy of 0.0253 ¢V can be used to obtain an estimate
of the kerma factor for a Maxwell-Boltzman distribution of thermal neutrons at various
temperatures.®®57 For example, the kerma factors for a monoenergetic "thermal-neutron”
energy of 0.0253 eV would be divided by 1.128 to oblain an estimate of the kerma factors
for a Maxwell-Boltzman distribution of thermal neutrons at a normal temperature of 20°C
(or 293° K).

Comparisons between kerma for neutrons in the ICRP-revised formulations for trabecular
bone and red marrow and the kerma factors for neutrons in the ICRU-1964 formulations for
compact bone (i.e., wet cortical bone) and muscle tissue (i.e., typical soft tissue) are given
in Table 26. Note that there are significant differences in the ratios of the kerma factors
(bone-to-soll tissuc), due to the bone formulations (i.e., ICRP-revised trabecular bone versus.
ICRU-1964 compact bone), rather than the soft-tissue formulations (i.e., ICRP-revised red
marrow versus, [CRU-1964 muscle tissue). The abandonment of the ICRU-1964 bone
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Tabls 24, Earma facters for mautrons in 'rfrl-ulu-
wkalacal compomence of Rafaranca Man

=i 2

P e Earma faccor (Cy oeutrom = o 2
anATEY
L, L Toeal Goreleal Trabecular Rad Yalbow

booa bona bana BACTOV BArTOW
1, 53E-8 3.12E-13  3.27E-13  P.99E-13 ILA9E-13 . GlE-14
A ] 2. 6BE=113 2. 20E~-13 2-5TE=11 2= L1E=113 & TIE=1&
&. MIE-8 2.02E=]11 2:12E=11 1.94E=13 1.60E=13 3. 5OE=14
L+ 1OE=T 1.538=13 1.60E=13 Q1.46E=1) 1.21E<1)} 2.72E-1&
1. 00E-T 1.15E=-11 1.102-13 1-10E-113 B.56E=-14 2. 02E=-1&
Y. 60E~T B.55E=14 B.J5E-l& B.J0E=14 6 GOE-1E& ] 51E-]4
e ME=T b ME-146 B BAE-14 B.29E-14  S.04E-1& 1. lAE-14
Lo 10E-4 5.0lE=14 5. 24E-14& 4. BO0E=]& N AIE=]& H.T7IE=]5
1. 00E=4 1. B0E=14 J.57E-14 3. GLE-14 I.BRE-14 B: B2E-135
1. GDE-& 1. HIE-14 . COE-18 2. THE=1& 2. 15E=]1& 5 ITE=15
& ME=& i.268=14 3.ME=1& 3. ITE=14& l.GEE=14& 4. J3E<15
L. 10E-3 1.80E=14 1.87E=1& Q1.TIE=]& Q.JJE=]& 4. DIE=]3
2. DAE=3 1.45E=14 1.51E=1& Q.41E=14 Q.l1E=1& &, JEE=]5
1. 60E=3 l.23E=14 1.27E-14 Q.20E-014 Q.OHE-14 5.75E-13%
B 3JE=5 1.131E-14 1. l6E=1% 1. 1Z2E=-14% 1. 1BE=1% B. 55E=-1%
1. 1OE=4 1.16E=14  Q1.17E=1& Q.]EE=1& Q.S56E=]4& [.3BE=]&
1. 00E=& 1.398-14 1.36E-14& Q.&GE-14 I.43E-1&  2.42E-1%
J. ENE-4 1. 95E-14 1-91E-1% X.O5E-14% L. 10E=1& 4. ME=-1%
By MOE=4 1 HWE=14& I.BLE-1% J.1BE-14 6. 90E-I1& T.4RE-1%
1. 10E-3 4. GEE-14 4. 3JE-1% 5. 16E-14 [«19E=13 1.28E-13
2. DOE-] E.D4E~1&  T.BOE=1& B QGE=-04 3. 13E=13 I, 33E=]3
1+ §0E=3 l.41E=13 1.37E=13 1.57TE=13 J.T9E-13 &.lBE-13
6. ME=] 1= J9E=13 1. JIE=13 1.6TE-12 &. 51E-13 T 13E-13
1. 10E-2 4. 01E-13 3. B9E~-13 4. 4PE-13 I 10E=1Z 1. 21E-12
2. DOE=2 G JTE=13  &.75E=]13 TV.BIE=13 |.90E=13 I.10E=]1
3, E0E=3 1. 15E=13 L.13E=13 L.29E=13 J.17E=11 3. &BE=11
. ME=2 1.THE=12 1. T4E-12 2. 01E-H2 &4, 92E-12 S.41E-12
B, IE=-2 1. 1TE=12 2. 11E=1% T AYE=]T 5. 95E=012 5. SLE=-12F
H. E0E~2 2. 25E=13 I, 1BE=-13 X 5E=3 5. 15E~]2 & TEE=]X
9 D0E=1 1:.32E=12 1.23E-1% L.GDE-1T &, MEE-12 &.97E-12
9, S0E-2 2. J9E-1% 2. J1E=-]12X L. ETE=-12 . SIE=]12 7. 1BE=12}
P S0E=2 1:&6E=13 3. J6E=1T X.TEE=11 &.TIE=]1 7.JOE=]}
L+ 0FE=] I.5TE=12 I 49E=12 I, 0HE-12 T.0IE=12 7. TAE=12
ls 1SE=] 3-TIE=11 2.49E=13 J.OLE-=11 T.4TE=11 B.21E=12
L 25E=] i-09E=12 2. 80E-12 Je 2IE-1T T MIE-12 B.6TE-12
L. J3E-1 1. CAGE=-12 2= 96E-12 Y. A1E-12 B.2TE-12 9. l0E-12
Lo &3E-1 3= lHE-1% N-AE-12 . 56E=1% B.G5E=]1% 0-51E=-]13
I« 55E=-1 J:33E=13 I I3E=]EF J.TIE=11 9-OIE=]1 H.¥lE=]2
L G3E=] J.d4E=13 1. WE=12 1. B3E=11 9. 15E=11 1.E0E=11
1. 75E=] JsSPE=]2 N GBE=]Z L. QIE=12  D.6BE=]2 ].07E=|]
1. 85E=] JhOE=1T 3. 57E=1T k. 12E<]2 9.99@<]2 ls IBE=11
1. 95E=] J.BOE=17 J.60E-12 L.24E-12 l.03T-11 1. 03E-I1
2. l0E-1 s SHE=-13 J: 86E-12 &, 45E=12 1-07E=]11 1: 18E=11
1. ME=] E.10E=13 & . 07E=]2 L.dBE=]2 ], L1E=]] 1. 34E=]1
3. 50E=] . 43E=12 &.29E-12 L.53E-12  l.iAE-l1 1. JGE=11
1. T0E-1 4= HIE-12 & 49E=]132 5: IGE=12 1:.25E=]11 1. J5E=11
1. WE=] & B2E=12 L.6T7E=12 5.07E=12 1.35E-l1 l. 41E=11
1. I0E-1 5= ME-12 & B3E-12 5. sHE=12 1 J5E=11 1:47E=L1
J. IOE-1 5. 31E-12 5. 05E=12 5. 79E=]2 1. HE=]] L+ 51E=]]L
3. MOE=] S5.42E=12 5.26E=12 G.0dE=12  l.43E=l1 1. 3E=11
3. TeE=1 S BLE-12 S« ATE-12 b ATE-12 1 47E-11 L. EIE=11
1. ME-1 5 9IE-12 5. TRE-12 6. SEE-12 1. 51E=1]1 1 EEE=LL
by JOE=] G GAE=12 B.43E=12 T.JAE=12 l.d4E=Ll I« T3E=11
b BOE=1 $.61E=17  B.44E-12 T.34E-12  1.84E-L1 1. BIE=1L
3+ OOE=] 6. 2BE=]2 6.09E=-]12 6.99E-12 1. E8E=1] I+ B5E=11
S L0E=] $.45E=12 G.Q6E=13 T.l91=12 l.75E=ll L 93E=11
5. BOE=] $.71E=12 6G.31E=12 T.47E-12 l.ElE-L1 L. 99E=11
B ZOE=1 6 FE=12 6. 79E=[2 7.73E=12 1.E¥E=fl 1. DEE-QI
. BOE=1 T. 14E=12 7. 01E-[2 A, 05E-12 L. SYE-11 2, 12E-11
7. DOE-1 1. 81E=|3 J.1IE=-]3 B.17E-13 l« PRE=Q1 3. 10E=11
TehllE=] T.81E=l2 7.39E-12 4.48E-12 2.04E-11 1. 24E-11
T BOE=] 7. 8E=112 7. LIE=12 3. TAE-12 2. 10E-18 I« J1E-11
. 20E-1 f.05E-12 7.82E-12 8. 95E-12 1.13E-11 1. J6E-11
H.60E=] B E=]3  B.OTE=13 W 2LE=03 2 20E=]1 I:01E=]1
9. GOE=]1 f.64E=12 #.39E=12 9.59E=12 1.26E=11 1. 4TE=11
9. 40E-1 9. 13E=[2 E.HFE-12 1:01E=11 2: J4E-11 2 S4E=11
9. B0E=] I:00E=Q]  §.BiE=1F 1.]12E=11 I.4TE=]l I.64E=]]
1. 05E&0 l.0FE=11 9.00E=1% .13E=011 1. 93E=11 1.71E=11
1. L3E=+0 9, B5E=-12 T aJE=12 1:0FE-11 2 33E=11 2s 13E=]11
1. 25Ew0 I.03E=01 9. 0TE=1I [.l&E=11 I.66E=11 2.%0EZ=11
1. J5K+0 1. OTE=11 1.4E-11 1. 1BE-11  2.95E-11 JA.00E-1l
L. 45E+D 1. 07TE=11 1.DEE=]11 1-15E=11 3. B2E=]1]1 -0AE=]]
1. 55E+¥ L. 10E=11 1-0TE=11 1:23E=]1}) 3. 80E=]] - ITE=]]1
1. S5E#0 L+ 13E=11 1:1ZE=11 1.26E=11 1.998=11 3.17%=11
1. 7520 L. 1TE=11 1.13E=11 1.29E-11 J.08E-11 2.35E-11
1.8t f.97E-11  §.19E=101 0.35E-11 9.16E=11 3. 45E=]1
1. 55E+0 I 22E=11 1:18E=]1] 1:35E=]11 J.a0z=11 3. 5lE=11
1. J0E+D I.26E=11 1.23E-11 1.40E-11 3. J2E-11 1. E7TE-11
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Tabls 28 [cont'd. )

2

=

T Esrma factor (Sy mautrom = cm™)
Ehafgy
Linad Torsl Corcdnal Trabsculir  Ked Yallow

bafia bona bana mEEFOW e
1. MIE+0 L.2TE=01  B.24E=11 M.41E=101 3.09E=11 ).75E=1]
2. 30E40} L ME-1I 1. JIE-11 I.LBE-11 ¥ A2E-11 1. 51E-11
2. JRE+D L-&3E~11 1-39E~-11 1 358E-11 3. 69E~-11 L. 09E-11
i POl 1. 53E=11 1.&BE=110" Q.6TE=11 2.89E=]] & JiE=1]
1. IGE+0 1.5%E-11 1.55E-11 1.75E-11 3.55E-11 k. 34E<11
1. JOE+D E-BlE=11 1-7TE=11 1-97E-11 4: 19E-11 L. F1E-11
1. 50E0 L.8TE=11 1.83E=11 I.04E=11  &.4JE=1] &, 84E=]]
1. J0E+Q i-93E-11 1.892-11 2= LOE-11 &, S0E-11 b, F4E-11
1. BOE+G 1.89E=11 1.85E=11 3.06E=11  G.46E=11  &.%2E=]l
&, TAE+Q 1.96E-11 1.52E-11 2. l4E-11 &. 51E-11 . 51E-11
4, Z0E+Q 1:94E-11 1= 30=-=11 2: 12E-11 Gs 3LE=11 G FIE-11
5. 00040 I.07E=11 2.GaE=11 2.31%E=11  &.69E=11 S.06E=l]
. EIE+Q l.59E-11 l.54E=11 2. 18E-11 L. 55E-11 5. l0E-11
5. EDE+D : I1E=11 3-06E=11 3. J0E=11 & E1E=]l] 5,I4E=]]
[ 98- | £ I.19p-11 2.0dE=11 2.ME-11 S.868E-11 S.47E-11
& BOE+D 2 GE-11 2. lBE=-11 2 45E-11 4. FIE=L]1 S d7E=LL
7. DAE+D 2. ME=11 2.3E=11 2.57E=11 S.IAE=11 S.&7E=Il
T LOE+D 2. 95E-11 2. JIE-11 2. THE-11 S.83E-11 5.BLE-11
7. BOE+Q 3. 4E=11  2.80E=1]1 3. TEE=11 5.60Z=11 6. Q4E=IL
&, 20E+0 2,88E-11 2. 84E-11 2. J0E-11 S.83E-11 5. 5IE-11
E.EOE+D 2. 71E=11 2. 5)E=11 2.B0E=11 5.51E=]1] 5.B0E=]]
2. DOE+D 2. 40E-11 2, £1E=11 2. 859E-11 5. 7IE-11 6. I1E-11
F.EOE+D 2. T1E-11 2. 67E-11 2. FHE-11 5. 59E-11 G R5E-11
9. BOE+D 2. 00E-11 2a FRE=11 J. GLE=11 5. 84E-11 G BSE-LL
1. 0%E&] 3.898=11 2.802=]1 3. 1IE=11 5.%9E=11 6.&IE=1I
I.1%E+1 J.loE-11  J.02E-11 3. &IE-11  6.J3E-11 6. TIE-IL
. 25E+] 3. 11E-1] 3 17E=1]1 3. 35E=11 fi-56E=1] B OTE=L1
b 3%Ee] 3. ME=11 A 3E=11 d.édE=ll b.dSE=l] FL0EE=(]
LodEs] 3. 57E=11 AIE=11 3. ME=I1 6.9E=11 7.50E=0l
1. 5%E+1 L7IE-11  J.&8E-11 1. 83E-11  7.26E-11  7.B9E-IL
LG65E=] 3. TEE=11 1. TIE=11 J.§EE=-11 T-41E=1] B 1XE=01
L. 75Ew] 3. 8[E=11 3. 7EE=ll &.00E=]]1 T7.53E=1] B, IOE=}]
I B5Ee] J.HE-1l  3.HzT-11 4. lEE-11 T.4AE-L1 B 33E-[L
L-9%E=] 3. FPE-11 1. FlE=11 &, I5E-11 Ta 18E-11 B, E4E=11

®S2a0d oo mass Frectioms in Teble LI of this repart and
on kearma faccors for neucrons fres Casvell, Coyos, and Randolph
(Ref, 1%).

Table 35, Eerma factors for nsutrzons [ warious
soft=tlasus componsats aof Rafsrenca Man

Eerma [azror (O ﬂutlﬂ-l' Ei!?

Haurren

Iﬂlr“

(e} Ekln Hasg la Eraln Lungs Enbaai bne
1:3K=8 JoGEE=1] 1. 21E=113 L.DBE-13 1. J3E~113 1-71E-13
J.e0E-8 J:10E~11  [1.BEE=13} E.Q5E~-18 Q1.99E=13 1.&45E~]]
b. JWE=A T JE=13 1.42E=13 &, THE-1& 1.50E-11 1= LOE-11]
1. b0E=7 L. TTE-13 1.0TE-1} 3. 11E-1% 1. 15E-11] B.29E-]1%
2, 00E=F P:32E=13 V. 95E=14& J.BOE=]5  H.4)E=]& 6. L5E=]&
3, EE=T 9. B0E-14 5.93E-1£ 2. 83E-1& b.JHE-14 L. SHE-14
fa MHE-T T-43IE-1% & 49E-15 3. 15E-14 L. THE=14 JATE=14
1 QGE=& S.6lE=14 J.d0E=1& 1.63E=1& . A0E-14  2.40E-14
1. 00E=§& L.19E-14 2. ME-1& 1.22E-14 2.B9E-15 1.57E=-14
3+ GQE=§ Y. I4E=14 1.91E=14 9.32E-15 Z.0QE-14 1.89E=l4
& MIE-& 2. 40E-14 1.58E=-15% T-42E=15 1.56E=15% 1:05E=14
1. 1DE=5 1.B8E~-14 1.09E=l4 6. 208E=-]5 ].35E=l4 9. EAE=|5
1. 00E-5 L.32E-14  l.0lE-14 S5.S54E-1% 1.05E-D4 B, 23E-L3
X, GOE-3 1.35E-14 9. 57E-15 E. BAE-15 1.C0E=15 B.E0E=1%
& JOE=5 1. 30E=14 |, JCE=L4 B, 26E=]13 |, 03E=14 L. OEE=14
1. 10E=& L.d6E=14 1.&7E<l4 1.J3E-14 1.45E-14  1.E1E-L4
I.COE-£ 2, 481E-14 2. IE-14 2. 15E-14 2. 1E=14 . XE=14
3 GOE-& A PPE=L4 Q. POE=14 I BhE=L& 3. 8SE-08 3. QEE-DY
6 MIE=& B: S5E=14 B.55E=l4 6.077E-14 G.ERE-D& 6. TIC-Ia
1.10E-3 1. 12E-1] l.11E-13 1. I7E-13 1. 13E=13 f:15E-1]
I 00E=] L ¥0E=13  2.03c=13 2.0lE=13 2.03c=13 1.0%C<13
3. 60E-13 3. 55E-1] J.EXE-1] 1. TIE-13 3. &1E-1F J. TIE=1]
&: JIE=] 6:0FE=1) 6. Z3E=1] 6.47E=1] G.13C-13  6.&DC-13
1.10E=3 L. Q3E=-12 L. O3E=12 1. OFE-12 L. OSE-12 L.OEE-12
I.00E=3 L. 79E=12 L.BYE=12 Lo SE-12 L. BIE-12 L. BEE-11]
3. GOE-2 2, 96E-12  J.0JE=I3 J.D1AE-12 ). Q)E=l3 3. 11E=]2
&.J0E=2 b, d00=12 4. T0E=12 & HE-12 4.70E-12 4. BIE-12
8. 20E-2 5. 54E-12 S.E8E-12 e SOE=12 S.EHE=]12 5. EXE=I2
5. 50E=2 5.75E=13 S.E]E=]2 6.Q0E=]2 S5.@0E=12 6.0Q)E=|2
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Table 15 feanz’d.)

Eerma factor (Cy |1|||l.|.|'.'|:\-|1||:|_l ui]!

Heurren
anaTgy
Ka¥} Ekla Hanala Brala Lusgm Lifastlns
9. (0E-1 5.93E-11 5,D8E-11 6.1%E-12 6. G3E-12 6. EXE-132
§. 40E=1 5. 11E=01 §.24E=11 A, 43E=12 6.J4E=l3 6. &LE=]2
3. BE-2 6. 28E-12  G.4TE-12 f.BSE-12 B ELlE-12 h, 55E=12
L. G3E-1 6. STE-1T 6. TIE-I1 6. §TE-13 6. TEE-11 6. SOE-13
L+ 15E=] 5. QEE=03 7.13E=13 V. AO0E-13 7. 13E=-11 7, 3IE-11
L+ I5E=1 ¥ ME=11 Yo3¥E=11  T.EIE=l3 7. 5IE-B2 VL TRE=[2
Ls J5E=] TeT13E=0T T.90E=11 @B.DP0C=)3 F.BRE=QI B, 1IE=}1
L. &5E=1 B.09E=12 B.20E=11 E.ME=127 8. 3EE-01 B LBE=]3
L. 55E-1 B.4ZE-1T B.B61E-11 B.93E-112 S.GDE=1T §.B3C=11
E.6B3E-1 B.TLE-1F E.QIE=-1Y 9.26E~-]Y E.9IE-11 @ 9.1BE-I11
1.756=1 g.08E=12 %.35E=11 O.60E=13 B.34E=1F D.50E=]X
1.85E-1 F.ME-12 §.34E-12 9.90E-1Z 9.54E-1F 9. 79E-1I
1:95E=] 9, E1E=13 0. 24%=12 1. 02E=11 B.BIE=-1F 1.01E-11
3. I0E=] 1:GLE=11 1:00E=11 1-07E=11 1-03E=11 1.04E=11
1.30E-1 1.06E-11 1.04E-11 1.12E-11 1.08E-11 1.11E<11
3. 50E=] 1. 10E=11 1.01E=]11 1.17E=11 1.13E=]11 ].l&E=]]
I.702-1 1.186-11 1.09E-11 1.238-11 1.092-11 l.23E<11
2, §0E=1 1. 2lE=11 1.,31E=]]1 1.38E=11 1.3]E=-]11 1.317E-1]1
3. laz=1 L.i5e=11 1.3c-i1  1.33E=11 1.38E-11  1.JiE=1]
3. Jig=] L. IE=I1 1. XE=I1 1.37E=11 1.XE=]lL ].JE=l]
3. j0E-1 I, ME-I1I 1.37E-11 l.82E-11 1.539E-11 l.&lE=L]
3. J0E=] L ¥E=-IL  [.&1E=]] L, &7E=11  1.53E=-11  1.85E-11
3. 50E-1 L.a%E-11 1.4%E-11 [.B4E-I11 1.45E-11 1.%83E=Il
&.30E=]1 L. STE=1L l.6)E=11 1. E8E~-11 1.63E-11 l.E5E-I1
&, §0E=1 L. 3%E=11  l.&4Z=11 1. T0E=l1 l.64E=l1 1.EAE=]]
5. 00E-1 L.STeE-11  1.88E-11 l.ééE-11 1.4dE-11 l1.84E=L1
3. 40E=]1 1, 6)E=]L 1.,86E=11 1.7IE=11 1.63E=11  1.J0E=Il
5.80E-1 1.ede-11  1.7iE-11  l.78E-11  1.71E-11  l.%E=<LL
&s 20E-1 1. THE-11 1.77E-11 1. B4E~-11 1. 77E-11 l.mE-L1
. BOE-1 1.80E-11 1.83E-=11 1.%0E-11 Q.83E=11 l.E4E=[l
7. DOE=1 l.86E=11  1,87E-11 1,56E~-11 1.89E-1] 1. 54 E-11
T.a0g=1 L.80E=11 1.%4E=11 I.00E=11 1.%4E=l] 1. ¥1E=L]
7. 80E-1 1. 8SE=-11 2. 03E-11 2.G7E-11 1. 59E-11 2.08E=11
B.108~-1 2. 0LE-11 2., 93E-11 2. 11E-11 2. E-11 2. IGE=[]
B.50E=1 2, SE-11 1. 10E-11 2. IAE-11 2. 10E-11 2. 16E-11
9. 00E=1 2, 13E=11 L. 07E=I]1 3, 35E=]1 32.17E-]1 3. 3E=]
9. 402=1 2. 30E=L1  3.37E=ll 3. MEE=L] 2.37E=l]l 3. 33E-E]
9. 1aE=1 2.37E=I1  Z.4E=11 2. 58E=11 2.44E=11  31.51E=ll
1.05E+0 X, A1E-11 . A%E-I1 2, 57E-11 2. 85E-11 1. 5%E=11
1. 15E+d 2. L0E-11 T.ABE=-E1 1, 53E-11 L. A5E-11 2. 3TE-11
L. Z5E+D 2 S0E=1F . BGE=11 1. 6S8E=il 3 BEE=Ql 2. B3E~QI
L. 3%c+d I 89E=10 Z.6%5E=0I 1. TEE=Il 3.A5E=Ql 3. TEE=QL
L. &5E+2 1.66E=10 Z.69E=11 1.T9E-11 2. 6%E=1F I.THE=QI
L. S5E+d 1.71E-11 . TRE-11 1. BEE-11 3. TEE-10 I.BLE-11
L. 6SE+D 1.081E-11 I.8TE-11 T. JHE-1L 1. 8TE-11 I.9%E-11
L. THE+Q I.86E=11 2.91E=11 Je01E=11 3.9I1E=101  I.9BE-11
i.85E+0 . 57TE-11  1.03E-11 . 14E-11 J.03E=11 3.1llE=11
1. 93E#0 1. 59E-11 3. 05E~-11 3: 16E-11 3. G&E-11 3. 12E-11
2. 10E=D J.00E=11 1. l4E=]] 3. 25E=11 3. [2E=11" 3.23E-1]
1. 30E=0 3. iaE=I1 3. 18E=0L 1, 3E=I1  J.1EE=11  J ISE-1L
3. 50E«0 3 ITE=11 3. JE=-11 J.43E-11 3. 30E-11 3. I9E-11
1. T0E+0 J AIE=11 3. &LE=OL N SEE=11 Y. AZE=11 B B&E~-11
2. S0E+0 J.5BE=10  3.39E=11 3. 71E=11 3. 5BE=11 3. 6BE=]]
3. IRE:D J. 6EE=11 3. 73E=11 3. BEE=11 J:72E=11 3.HIE-11
3. 0E+0 &.01E-10 &, 06E-10  &.19E-11  &.0GE<1] 4. L5E=1]
3 ME G 4. 12E=11 &: lGE=11 &.3TE-]1 4. 13E-11 & 15E-11
JIOE40 AL 20E-10 A 2AE-11 4 3E-11  A.24E-11 A, JAE-11
3. BOE#D &.15E=10 &.ITE=]1 &.J1E=11  &.17E=11 &.3FE-I1
&4, TOE+Q & 25E=11 & JOE=-11 L. G4E-11  &.30E-11 &, 40E-11
e BOEED & 2hE=11 & JE=]l  K.A5E=]1] A JLE=l] &S &LE-]]
§.OOE+D E.45E-101 4. S6E-11  A.P0E-11 4. SEE-11 AL ESE=]L
340640 A JSE-1] A MAT-11  A.3E=1)  4.AIE-1l AL S4E-0L
3.BOESD  A.13E-11  &.69E-11 A B0E-11  4.6AZ-1l &, 76E-ll
& JOE+0 4. EAE=1]1 &, TEE=11 b, 521E~-11 & THSE-11 4, BIE-LL
. GOE=0 i, TE=11 &, 85E=11 5.00E=l1  A.EFE=Ll 5. 0LE=()
T-E«D & WE=L1 S.11E-11 S ME-11 5. 11E-11 3. 21E-1L
T 40E=0 §. %=1l §5,38E=ll 5. 3E=-Ll §5.38E-Il §.HE-IL
T 40E+0 5.53E5=11 S3.I1%E=I1 5. 84E=Ll 5.32E=ll 5.41E=11
- J0E+0 5. 15E=)1 S.PEE-11 5. A¥E-LL 5. 25E=11 5. 38E=11
. 60z+0 §.57E=11  S.43E=I1 5. 5FE=El 5. 43E=-11 3. 53E-1I
9. COE+0 S.A1E=I1 5.50E=11 5.e9E=E0 S5.5QE=11 5.6&E=1I
9. 40E+0 5. 49E-11 5. 33E-11 %. TXE-11 5. 5LE-11 $. BOE=11
9. 2E+D $.58E-11 J.B9E-1L 3. BEE-11 3. BEE-11 3. M1E=11
1.65E+] 5. TOE=11 5. B3E-11 &, 0OE-11 3. A3E-11 5. 99E=11
L. 13E#1 . 09E=11 €. 25E=10 4. &2E=11 d.24E=11 6. JTE=1l
l. AE+L £.13E-11 &.22E-11 &.39E-11  6.201E=11 4. 3&4E=I1
L= A5E#l 5. IGE=11 & 46E=11 G.BIE-11  E.45E-11 & 3BE-ID
L. ASE+1 §.62E-11  &.708-11 6.882-11 6.70E=11 6.332-11
1. 43K+ 6.8IE-11  &.BEE-11 7.04E-11  6.05E-11 4. 992-11
l-GEE+] 6 I5E~-11 6. 95E-11 7. 13E-11 G JHE-11 T.CAE-11
L. T5E=] T.E=11 T.0dE=11 T.22E=11 T.02E=l1 T.17E=11
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FLUENCE-TO-KERMA CONVERSION FACTORS — REFERENCES MAN

Tabla 15 fecame”d. ]

PR Karmi [factar (Gy nlutruu.-l :n!‘_l

AlEEEF

LREV Skidn Hizng [s Brafn Lunga Intesk Lisn
1. BSE+] Tol3E=11 T.laE=11  7.32E=ll f.liz=11 7. I7E=IL
L.wic=] T-28E=11 T.2TE=11 T-43E=]11 T.asE=L] 1. ROE=H1

Lpaned on mass Freceloms fn Tabla 17 of chls reparc wnd es
kecma factord [or mawbtroms from Ceaswell, Coyne; sad Randolgh

tRaf. 29).

Table 26, Comperiwon of kersa fectors for castrone in Bone and anft=
tlasus gompoaiclons developad for wes s red-bone-sarros dodleecry

Euroa [actor tl:;' nnl.:lrnn.-'! ca J

Haurran
ENBETLY ICRP=raviead TCRU-=1904
(Ha¥

Trabeeilie ERad e Comprek Hage ln Rikis

Lonn BATEON bane tismus

¥. §IE-8 2, 99E=13 T.40E=13 1.30 2, 06E=13 I.TPE=§3 0,77
3. 60E=H 1. 57E=13 I.11E=1) [.21 l.BE-13 2.37E-13 ©0.78
b. J0E-B L« B5E-113 L. GOE-13 E« 21 1 RGE=113 [ THE=}2 8. 18
1. 10E=7 Lo &6E=13 0 .21E=13 Q.22 LoodE=13 L.35E=13 o.79
2. COE-7 L.« 10E-13 E.95E-15% 1-23 7:5XE=]4 L. DJE=]3 Q.79
3 60E=7 . 20E=1% & GAE=14 1.23 3. 9XE-L4 T LBE-15% 079
0. JOE=7 b, I9E-1% 5. CHE-15% 1.26 4. 3XE=-L5 5. 6TE=]1& 0. 80
1. [0E-& 4.BO0E=-14% 3. BIE=-1§% .25 1. e5E=14 & . 2RE=1&  0.A]
2. B0T=6 1, GEE=14 I.BLE=1& 1.27 L. ETE=-L% J. Z1E=1& 0= 82
. E0E-B 2. THE-15% 2. 15E=14% 1.29 2. D0E=15& 2 LE=05% 0.83
. JOE=f 1. ITE=04  L.GGE=1% 1.3 L. 57TE-L4  1.BEE-14 O.B&
1. 10E-5 L. TAE=154 . A3E-1% 1.30 L. ITE=L4 L. &TE=15 0. B8
3. DOE=5 L.&1E=0& B.10E=0& B.2F l.ode=16  l.iIE-i4 &, 87
. 60E-5 L 2OE-04 E-DBE-2% Eeld 9. 7IE-15 L. LXE-1& 2. BS
b. JOE-5 L. 1ZE-E&% L. JEE-1&% 0.95% 1. O3E=L4 l: ¥IE=14 8. BT
1. 10E=-& L JEE=04 [ . S6E=046 Q. Té l.2lg=14  il.38E-i4 0,78
2. 00E=4 Lo BEE=0i% T.43E-14 Q&0 la ALE=L& 2. ME-[& (£ M
3. S0E-& 2. 0EE-14% 4. 10E=015% 0. 51 2 EQE=14 R E=] (=15
B JIE=4 3. JEE=04% & POE=04 O.4b 4, 40E-14 A GIE-14 0,06
I l0E=] §. JLE=1& I-19E=1] 0,43 F.IE=15 l. 14E=13 2. 03
2. 00E=3 . ME=1& I.13E-13 0.42 L. JTE-L3 2.D5E-13 Q.63
3, S0E=3 Eo3TE=13  3.7OE=13 0.4l 1. 33E=L3  J.BIE=1) O, 64
b, MIE-3 T.6TE=13  E.S1E=13 0.4 1. 85E=13 &, 23E-13 0.64
l. IGE=T 5. 49E-13 1.10E-12 0. 41 6. JEE=L] E<D3E-1X 0 6
2. OE-1 T.A1E~-11 1.91E=12 0.4l L. 1TE=L2 [-.BIE=]1} . 6%
3. EOE-2 1.298=-1%  N.1TE=1% ©.41 b.B®E=f3 3. 0ZE=13 @.64
6. ME=3 I.01E=12 L. 92E-11 0.4l J.DEE-[2 4. TOE-12 0. B
. 0%E=] I.08E-12 T.03E-12 041 4, JIE=-L2 &.T1E=-12 0. B&
L. 25E~1 3. 23E-12 T.8HE=13 0.4 4 BEE=EZ 7. 52E=13 D. 64
L. &5E=] 3 SEE=13  E.65E=13 0.4] 3. 3TE-E7  W.Z5E-1T 0. 04
L. PEE=] &.34E=132 1.03g=11 0.4l &, JXE-L2 5. BZE-11 [ (1
3: BOE=] &, 9iE=13 1. l8E=11 D42 T JIE=12 I« 1JE-11 D B3
3 HE=] 6. 0JE-11 1.4JE=11 052 8. BEE=QX I ATE=11 0. 6%
3. D0E-1 6. 392-12  1.5BE=-11 ©. A3 b.oie=01 B .60E=00  @.65
7. DOE=] B.3TE=13 1.79E=11 0.42 I.I¥E=6F  D.B9E-=11 0,65
L. DEE+D 1.13E=11 2.51E-11 0.4% 1.608-11 2.40E-11  0.&5%
Ly TRE+D 1. 14E=11 2.86E=]]1 0.5] 1.66E=11  3.56E=11 0.&5
L. &5E+D 1.198=11 21.83E=11 0.4&3 1.75E=11 2.85C=11  0.45
L. G5E+D 1.3E-11 1.30€=-11 0.4 1.998=1]  J.04T=1] 0.&3%
d. 5060 1.48E=11 3.53E=11 0.&2 I.208-11  J.ME-11 0.4
3. BOE+D 2. 04E-11  4.4JE=-11 0.5 T.a7E=11 &, 058=11 Q.69
5. DOE+Q 2. 23E-11 L. 53E-11 0. &8 J-08E-11 b 35E-LL 0. &5
7. DOE+Q 2. 5TE-11 5. IGE-11 0. 50 J42E-1]1 S.0FE=L] 0. 7
L. OFE+] 3: l1E=11 5.98E=]1 0.53 & paE=11 5.EE=lIl 0,70
Lo 25E#D J.aSE=11 h.4dE=11 0.5 k. 49E=11 A.TE=Il 6.73
L. E5E+] 3. 19p=11 b, FOE=11 0, 54 &L, FIE=11 f. TOE-11 0. I3
Lo 35E+] &, 19z-11 T. 18E-11 0. 54 L.47E-11 T 3TE-11 0. 1%

"Based on mass fracticas frem Tabkle |l of thia rwpact in tha
cada of tha ICHP=reavised formalations sod from Tables 13 and 15 of
this reporr Ia the case of the ICAU-1984 forzulstians of incarent and
oo kerma factord for mautrome [vom Caawsll, Coyos, aod Randalph {Ral.
29). Also see thelr calevlacions for the abeve ICEU-1964 coapact-hons
and wuacla~tlisuva forsulatione.
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formulation in the case of neutrons, as in the case of photons, appear to be noncontroversial,
In fact, Lawson®® elected to use data on compact bone from Woodard's 1962 work,®® rather
than that from the ICRU's 1964 report,®® in his 1967 calculations of the absorbed dose from
recoil protons near a soft tissue-bone interface.

Results of Lawson’s calculations®® suggest that bone has a negligibly small effect on
the cnergy transfer between bone and red marrow at thermal-neutron and at fast-neutron
energies less than several MeV due 1o the short range of the low encrgy-recoil protons. At
fast-neutron energies greater than several MeV, however, there is a reduced energy transfer
from bone to red marrow (and other soft tissue) due to the longer range of the higher energy-
recoil protons.®%5° An even greater sparing effect on the absorbed dose to red marrow from
neutrons with energies greater than several MeV is predicted if either Woodard's formulation
of the ICRP-revised formulation for compact bone (i.e., wet cortical bone) is used in place
of the ICRP-revised formulation for trabecular bone. This is due to differences in the water
content and, thereby, the hydrogen content of the ICRP-1975 formulations for trabecular and
cortical bone (see, for example, page 79 of Reference 5 and Table 11 of this report).

The elemental composition of cortical bone has been widely used as that of typical
bone. If a typical bone compaosition is selected for use in calculations of absorbed dose to
the red marrow in trabecular bone and the endosteal cells in both trabecular and cortical
bone, then the ICRP-revised formulation for total bone is recommended over the ICRP-
revised formulations for either cortical bone or trabecular bone (Table 9 and 11). This
recommendation provides a somewhat better approximation to kerma from either neutrons
or photons in both cortical and trabecular bone (Tables 17 and 24).

Discussion

The calculation of absorbed dose io the sofi tissue of the skeleton is a complex problem,
since electronic equilibrium may not exist near a solt tissue- bone interface, and it is difficult
to model the intricate intermixture of soft tissuc and bone in the skeleton. In past calculations
for neutrons®® and photons,%-%2 for example, simple geometrical models have been used to
approximate the complex geometric relationships between the trabecular laminae and cavities
containing the red marrow. Recently, however, Whitwell and Spiers® have developed
a calculational model that uses Monte Carlo sampling techniques and actual probability
distributions 1o obtain the path-lengths of a charged particle through the trabecular laminae
and cavities rather than geometrical models. The necessary probability distributions for
a number of bones in the body have been compiled by Beddoe et al.%® To calculate the
energy imparied in the red marrow, for example, one considers the potential paths a charged
particle may take in crossing the trabecular laminae and cavities. The energy of the charged
particle upon entering a cavity will depend on its initial kinetic energy and that dissipated
in reaching the cavity. The amount of energy imparted within the red marrow is dependent
on the path the charged particle takes through the cavity and the energy it had on entrance.
If the charged particle has sufficient energy to traverse the cavity, it will encounter another
trabecular lamina. Then, if energetically possible, it will cross and enter another cavity. This
method of tracking the energy imparted in red marrow has been used primarily in dosimetric
calculations for bela particles from internally deposited bone-seeking radionuclides, 54195
However, it is possible to use the path-length probability distribution, as compiled by Beddoe
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et al®® and the Monte Carlo sampling techniques, as developed by Whitwell and Spiers®* and
refined by Eckerman®®—% (o improve the dosimetric calculations for photons and neutrons,
The formulations for bone and solt lssue of ICRP-1975 Reference Man, as reviewed here,
are currently being used in calculations ol absorbed dose 1o sofl ussue of the skeleton and in
other work relating (o the revisions of the organ-dose estimates for the A-bomb survivors.
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RMCOMFP/BAS COMPUTER PROGRAM

100 pDIM A$C12), B3(5), F(5,4), H(5), w(l2), P(12)
IDE DATA I'|H ll'llE Il'llH Ilbll'n “.lIH.-“J”HE.I:HF "'."5 1!Illcllllllx FI.IIEaII.IIFeJI
110 DATA “"Watec", 0.11, 0, 0, 0.8%

115 DATA "Fae", 0.12, 0.77, 0, 0.11

120 DATA “Proteia'", 0.07, 0.52, 0.16, 0.21

125 DATA "Carbohydraces", 0.06, 0.42, 0, 0.5
130 DATA "'Bona Ash™, 0, O, 0, 0.40

135 FOR I = 1 TO 12

140 READ AS(L)

143 HEXT I

150 FOR I = 1 TO 5

155 READ B5(I)

160 FOR J = 1 TO &

155 READ F{I J)

170 HEXT J
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175
el
185
190
195
200
205
210
13
220
225
220
235
240
255
250
255
260
65
270
275

283
290
205
Jan
305
£ R
115
A20
325
130
35

140
J43
350
135
360
JB3
37g
s
JED
JB3
3490
395
400
503
4l
413
420
425
430
415
440
445
430
455
460
4635
470
G753
s80
485
&90
595
500
505
310
515
520
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HEXT 1

SYSTEM "CLE"

PRINT “DESCRIPTION OF ORGAN OR TISSUE OF REFERENCE MAN IN ICRP REPORT 23"
INFUT C%

PRINT

PRIHT "uMASS OF QRCAN OR TISSUE IN GRAMS FROM TABLE 105 OM FAGES 280-285"
INPUT M

SYSTEM “CLS"

PAINT "MASS OF VARIOUS GROSS COHPONENTS OF OHGAN OR TISSUE IN GRAMS FROM"
PRINT "TABLE 105 OH PAGES 2B0-235"

PRINT

FOR L = 1 TC 5

PRINT BS(I); " = '';

IHFUT MEL})

HEXT I

PRINT

BRINT "CONTIHUE (¥/H}":

IHEUT RS

IF BR$ = "N" THEH 210

SYSTEH "CLS"™

PRINT "HASS OF VARIOUS WIHERALS AWD TRACE ELEMENTS OF ORGAN 0R TISSUE IN"
PRINT "GRAMS FROM TABLE 108 ON PAGES 290-128"

PRINT

FOR I = 5 TO 12

PRINT AS{L)}: " m !

IRPUT W(I)

HEXT 1

PRINT

PRINT "CONTIHUE (¥/H)";

INPUT RS

IF R§ = "N" THER 270

FOR I = 1 TO &

W{I) = 0@

FOR J = L T 5

WiI) = wil} + HUJE(I, 1)
HEXT J

NEXT I

=0

FOR I = | TO |2
B =38 + W)

HEXT I

T=210

FOR I = 1 TGO 12
PLI) = §OOSW{I)/S
T =T+ plL)

HEXT I

D= 100%(M = 5]/H

] g g #F. @R

¥ & d.dpaiinl fE. fod
f Total #.FEELL0] HEE L #
LFRINT C§

LERINT

LPRINT

LPRINT "'MASS IH CRAMS OF CROSS COMPOHENTS OF ORGAH OX TISSUE"
LERINT

LPRINT * COHPOHENT MASS"
LFRLNT

FOR I = 1 TO 5

IF M{I) = O THEH 475

LPRINT USING &10, BS(I), H{I)

HEXT 1

LPRINT

LPRINT

LPRINT "CALCULATED HASS [N CRAMS AND PERCENT BY WELGHT OF VARIODUS"
LPRINT "ELEHENTS FOR ORCAM OB TISSUE OF REFERENCE MHAN"

LPRINT

LPRINT " ELEMENT MASS FERGENT"

IFRINT

FOR I = 1 TO 12
IPRINT USING 415, AS(I), w(I), P(I)
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525
aln
535
540
345
550
555
30
565
3T

REXT I
LPRIHT
LERINT
LPRINT
LPRINT
LPRINT
LPRLINT
LPRINT
STHTEM
EHD
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USIHG 420, 5, T

"DIFFERENCE IN FERCENT BETWEEH STAHDARD MASS IN GRAMS OF'; M
"EOR ORGAN OR TISSUE OF REFERENCE MAN AND ABOVE CALCULATED HASS"
|FI5 I-I.I i

"FORME T
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EXAMPLE OF OUTPUT FROM RMCOMP/BAS COMPUTER PROGRAM

#1 TOTAL BODY: [LCRP-1973 REVISED

MASS IN GRAMS OF GROSS COMPOHENTS OF ORGAN OR TISSUE

COMPONENT MASE

Water . 20E+04
Fat 1. 33E+04
Protain 1. 06E+04
Corbohydrates G- 00E+D2
Bone Ash 2: TOE+D3

CALCULATED MASS IN GRAME AND PERCENT BY WELGHT OF VARIOUS
ELEMENTS FOR ORGAN O TISSUE OF REFEREHCE MAMN

ELEMENT HAES PERCENT
i 6.982E+03  10.052
[ 1. 592E+04 22.922
8 1. 696E+03 2,442
0 4.257E+0% 61,289
Ha L.ODOE+D2 0. L&
Mg 1. 500E+01 0,027
P 5. BOOE+02 0. 835
2 1.5D0E+D2 0. 216
cl 9. S00E+01 0.137
K 1. 500E+02 0. 202
Ca 1. 200E+03 1.728
Fe 4. Z00E+DD . 004

Total G, 95G6E+04  100. 000

DIFFERENCE IH PERCEMT BETWEER STANDARD MASE IH GRAHS OF 70000
FOR ORCAH OR TISSUE OF REFEREHCE MAB AND ABOVE CALCULATED MASS
I3 0.776857
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