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Q ORGAN DOSE ESTIMATES FOR THE JAPANESE ATOMIC-BOMB SURVIVORS 

G .  D .  Kerr 

AB ST RACT 

Recent s tud ies  concerning radiat ion risks t o  man by the Committee 

on Biological Effects of Ionizing Radiation of the National Academy of 

Sciences-Nationa Research Council and the  United Nations S c i e n t i f i c  

Committee on the Effects of Atomic Radiation have emphasized the need 

f o r  estimates of dose t o  organs of  the Japanese atomic-bomb survivors. 

Shielding o f  internal  organs by the body has been investigated for  

fission-weapon gamma rays and neutrons, and r a t i o s  of  mean absorbed 

dose i n  a number of organs t o  survivors '  T65D assignments of t i s s u e  

kerma i n  a i r  a r e  provided fo r  adu l t s .  

t i s sue  kerma in  a i r  a r e  provided a l so  for  the thyroid and ac t ive  bone 

marrow o f  juveni les .  These organ dose estimates f o r  juveni les  a re  of 

i n t e r e s t  i n  s tud ies  o f  radiat ion r i s k s  due t o  an elevated incidence of 

leukemia and thyroid cancer i n  survivors exposed as  children compared 

t o  survivors exposed as  adul t s .  

Ratios of mean absorbed dose t o  

1 
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BACKGROUND 

Distance from the  hypocenter and s h i e l d i n g  by surrounding s t r u c t u r e s  

o r  t e r r a i n  determine t h e  r a d i a t i o n  dose assignments f o r  s u r v i v o r s  denoted 

as T 6 5 D . l ~ ~  The q u a n t i t y  used i n  t h e  development o f  T65D dosimetry f o r  

su rv i vo rs  was absorbed dose i n  a small  mass o f  t i s s u e  i n  a i r .  Th i s  

q u a n t i t y  has been descr ibed i n  the  l i t e r a t u r e  on atomic-bomb s u r v i v o r s  by 

a v a r i e t y  o f  terms, i n c l u d i n g  " i n - a i r  t i s s u e  absorbed dose," " a i r  dose," 

" f r e e - f i e l d  dose," and " f i r s t - c o l l  i s i o n  t i s s u e  absorbed dose. 'I According 

t o  recommendations o f  t h e  I n t e r n a t i o n a l  Commission on Radio log ica l  U n i t s  

and  measurement^,^ the  T65D assignments f o r  s u r v i v o r s  should be r e f e r r e d  

t o  as " t i s s u e  kerma i n  a i r . "  

I n  i n t e r v i e w s  w i t h  su rv i vo rs ,  t h e  s i t e  o f  each i n d i v i d u a l  a t  t he  t ime 

o f  t he  bombings was documented us ing  maps and a e r i a l  photographs. This  i n -  

format ion,  t oge the r  w i t h  data on the  hypocenter i n  each ~ i t y , ~ , ~ , ~  was used 

t o  determine t h e  s u r v i v o r s '  d i s tance  from the  r e s p e c t i v e  hypocenters. De- 

creases i n  prompt weapon r a d i a t i o n  w i t h  d i s tance  from t h e  hypocenters a r e  

g iven by  the  T65D a i r -dose  curves1 developed by t h e  Oak Ridge Nat ional  

Laboratory (ORNL) and l a t e r  v e r i f i e d  by the  Nat ional  I n s t i t u t e  o f  Radio- 

l o g i c a l  Science (NIRS) i n  Japan.6 These curves a r e  d i f f e r e n t  f o r  t h e  two 

c i t i e s  due t o  t h e  designs and y i e l d s  o f  t h e  weapons. The Hiroshima and 

Nagasaki weapons have now been est imated t o  have re leased an energy equiv-  

a l e n t  t o  12.5 and 22 k i l o t o n s  o f  TNT, r e ~ p e c t i v e l y . ~ , ~  Due t o  d i f f e r e n c e s  

i n  weapon design, bo th  neutrons and gamma rays  c o n t r i b u t e d  i m p o r t a n t l y  t o  

the  r a d i a t i o n  exposures o f  su rv i vo rs  i n  Hiroshima, w h i l e  the  r a d i a t i o n  

exposures o f  Nagasaki s u r v i v o r s  were almost e x c l u s i v e l y  f rom gamma rays.  

n 
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In interviews of survivors w i t h i n  1600 and 2000 m of the hypocenters 

i n  Hiroshima and Nagasaki, respectively,  the survivors '  locations w i t h  

respect t o  s t ruc tures  or  nearby objects t h a t  may have shielded against  

radiation from the weapon were a1 so careful ly  documented." The approxi- 

mate percentage of exposure conditions reported by these survivors8 

a r e  broken down in to  four groups i n  Table 1 .  

c r e t e  and other  heavy s t ruc tures  o r  i n  the open b u t  p a r t i a l l y  shielded 

by s t ruc tures  and other objects ,  shielding was determined by a "globe 

technique'' developed a t  O R N L . l ~ g ~ 1 0  S h i e l d i n g  o f  a survivor inside a 

Japanese house or  other wood-frame s t ruc ture  was determined by "nine- 

parameter formulas," a technique a l so  developed by ORNL.b¶l,ll These 

shielding and distance fac tors  were then used w i t h  T65D air-dose curves 

t o  make the T65D assignments o f  each survivor. 

s t ruc tures ,  which a re  quite uniform i n  construction, typical o r  mean 

shielding fac tors  ( i  .e. , transmission f a c t o r s )  were determined from a 

large number o f  actual exposure cases t o  be 0.90 and 0.81 f o r  gamma rays 

and 0.32  and 0.35 f o r  neutrons i n  Hiroshima and Nagasaki, respect ively.2 

For survivors inside con- 

For Japanese resident ia l  

Due t o  sca t te r ing  and attenuation of radiat ion w i t h i n  the body, doses 

t o  organs and t i s s u e s  of the body a r e  less than a surv ivor ' s  assigned T65D 

values w i t h  the reduction being grea te r  f o r  neutrons than f o r  gamma rays.  

Because most survivors were exposed inside Japanese houses and other l i g h t  

"The T65D values w i t h o u t  any regard t o  shielding a r e  about 20 rads a t  1600 m 
and 2000 m from the hypocenter i n  Hiroshima and Nagasaki, respect ively.2 

bThe nine parameters used i n  this technique take in to  account s i z e  o f  the 
house, locat ion of survivor inside house, location of survivor r e l a t i v e  
t o  windows o r  other large openings i n  the house, shielding provided by 
nearby s t ruc tures ,  e tc .  
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Table 1 . Approximate percentage of exposure conditions 
reported by survivors a t  dis tances  l e s s  than 
1600 m from the Hiroshima hypocenter and 2000 m 
from the Nagasaki hypocenter 

Exposure conditions 
Percent o f  Percent of 
Hi ros h ima Nagasaki 
survivors survivors 

Outdoors : 
Unshielded 
Shielded 

10 
10 

Indoors : 
Wood frame s t ruc tu res  
Concrete and other s t ruc tures  

75 
5 

5 
10 

65 
20 

wood-frame s t ruc tu res ,  this group influenced most of  our assumptions and 

approximations concerding the energy and angular d i s t r ibu t ions  of the 

radiat ion f i e l d s .  l 2  The large amount o f  computer programming and computer 

time necessary t o  inves t iga te  organ doses from neutrons an$. gamma rays dis-  

couraged d i r e c t  Monte-Carlo t ransport  ca lcu la t ions  i n  phantoms such as  the  

one developed t o  simulate reference man of the Internat ional  Commission on 

Radiation Protection (ICRP). l 3  Instead, an existing Monte-Carlo t ranspor t  

analog was used t o  inves t iga te  depth-dose d i s t r i b u t i o n s  in  several  d i f fe r -  

en t  s i zes  of cy l indr ica l  tissue phantoms selected t o  represent  the head o r  

neck, a small to rso ,  and a la rge  torso.12 These r e s u l t s  a r e  shown i n  F i g .  

1 and 2.a 

The energy spectrum of neutrons incident  on a surv ivor ' s  body was 

assumed t o  be the same as  the leakage spectrum o f  the  Health Physics 

aThese depth-dose curves or organ dose estimates based on these curves can 
be renormalized t o  t i s s u e  kerma in a i r  u s i n g  values of 4.54 x 
per fluence gamma ray and 2.3 x 

rads 
rads per fluence neutron.12 
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a 

Research Reactor ( H P R R ) ,  a small unmoderated and unshielded reactor  with a 

c r i t i c a l  assembly s imi la r  t o  t h a t  of the Hiroshima weapon.14 Due t o  the 

thick metal shroud about the c r i t i c a l  assembly of  the Hiroshima gun-type 

device15,16 and the la rge  amount of h i g h  explosives about the c r i t i c a l  

assembly of  the Nagasaki implosion-type the leakage spectra  

from these weapons contained more thermal and intermediate energy neutrons , 

b u t  these neutrons were moderated and absorbed more rapidly than f a s t -  

neutrons; so the a i r  transported spectrum a t  several hundred meters can 

be approximated ra ther  well by the HPRR leakage spectrum. The leakage 

spectrum of the HPRR i s  compared i n  Table 2 w i t h  ORNL neutron threshold 

detector  u n i t  ( T D U )  measurements of the a i r  transported spectrum from a 

f i s s ion  device made during ea r ly  atmospheric weapon test  operations .lo 

Also summarized in Table 3 a r e  some unpublished r e s u l t s  of TDU measure- 

ments made ins ide  facs imi l ies  of Japanese resident ia l - type s t ruc tures .  

The incident  gamma-ray spectrum was approximated by a Straker-Gri tzner  

spectrum of secondary gamma rays18 a t  a f i s s i o n  device-to-survivor dis tance 

of 900 m i n  a i r .  This dis tance was selected because the energy spectrum 

has reached equilibrium a f t e r  i n i t i a l  rapid var ia t ions  w i t h  d is tance,  and 

and equilibrium spectrun! would best  approximate t h a t  inside Japanese houses 

and o ther  s t ruc tu res .  Angular d i s t r i b u t i o n s  of gamma rays a re  d i f f i c u l t  t o  

aThe h i g h  explosives about the 239Pu c r i t i c a l  assembly of the  Nagasaki weap- 
on moderated and absorbed most of the  neutrons. Neutrons were a l so  moder- 
ated by the metal shroud about the 235U c r i t i c a l  assembly of the Hiroshima 
weapon, b u t  few were absorbed by the mater ia ls .  Hence, the neutron doses 
a t  corresponding dis tances  from the weapons were much grea te r  i n  Hiroshima 
than i n  Nagasaki. The differences in radiat ion from the two weapons a r e  
due t o  design, ra ther  than the 239Pu used in the  Nagasaki weapon and the 
2 3 5 U  used in the Hiroshima weap0n.l 
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Table 2. Comparison o f  t he  f r a c t i o n  o f  f a s t  neutrons i n  
var ious  energy reg ions  o f  an ORNL-type neutron 
th resho ld  de tec to r  

F r a c t i o n  o f  a i r  
t ranspor ted  neutrons 

from Shot Fizeau - 
Operat ion P1 umbbobb 

F rac t i on  o f  HPRR 
1 ea kage Ener y r e g i o n  

?MeV 1 neu t ronsa 

0.001 t o  0.75 0.40 
0.75 t o  1.5 0.30 

1.5 t o  2.5 0.1 5 
2.5 t o  10 0.15 

0.55 
0.25 
0.10 
0.10 

UT. D. Jones e t  a1 . , Health Phys. 28, 367 (1975). 
bR. H. R i t c h i e  and G. S. Hurst ,  Health Phys.  - 1, 390 (1959). 

Table 3. Resul ts  o f  ORNL-type TDU measurements i n s i d e  f a c s i m i l e s  
o f  houses from Shot Fizeau -Opera t i on  Plumbbob 

F r a c t i o n  o f  f a s t  neutrons i n  var ious  energy reg ions  

MeV MeV MeV MeV 

House Number o f  
number" 0.001 -0.75 0.75-1 .5 1.5-2.5 2.5-10 measurements 

1 0.55b 0.22 0.12 0.11 15 
(0.50-0.65)' (0.17-0.26) (0.08-0.14) (0.08-0.14) 

2 0.53 0.25 0.11 0.11 15 
(0.47-0.61 ) (0.21 -0.28) (0.09-0.16) (0.08-0.1 5) 

aR. H. R i t c h i e  and G. S. Hurst ,  Health Phys.  1, 390 (1959). 
bAverage o f  measured values. 

CRange o f  measured values. 

p r e d i c t ,  even f o r  t h e  l i g h t  s h i e l d i n g  prov ided by Japanese houses, b u t  

pas t  exper ience1 l3 l2  i n d i c a t e s  t h a t  i t  i s  approx imate ly  c o r r e c t  t o  assume 

t h a t  t he  gamma rays  were i s o t r o p i c a l l y  i n c i d e n t  on a s u r v i v o r ' s  body o r  t he  

c y l i n d r i c a l  phantoms used t o  represent  the  d i f f e r e n t  reg ions  o f  a s u r v i v o r ' s  
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body (see F i g .  1 ) .  An anisotropic  angular d i s t r ibu t ion  was assumed f o r  

the incident  neutrons, l 2 9 l 9  b u t  the f i r s t - c o l l  i s i o n  dose contr ibut ions of 

the  HPRR neutrons w i t h i n  the cy1 indrical  phantoms were overwhelmed by 

mu1 t i c o l l  ision dose contr ibut ions,  and the angular dependency of the 

neutron f i e l d  was l o s t  i n  the  depth-dose calculat ions.a  Since the curves 

of depth dose from neutrons i n  Fig. 2 vary symmetrically with dis tance 

from the surface of the phantom, they may be t rea ted  the same a s  d e p t h  dose 

from an i so t ropic  exposure i n  calculat ing organ doses t o  survivors.  

Some previous ORNL estimates of dose t o  a fetus,20 female breas t s ,20  

and ac t ive  bone marrow,21 which a re  of i n t e r e s t  here, a r e  summarized i n  

Table 4. These estimates give low LET-absorbed doses, D,, from gamma rays 

( see  Fig. 1 )  i n  terms of T65D values of  tissue kerma in  a i r  from gamma 

rays,  K,. 

absorbed doses, D,, from gamma rays produced by neutrons ( see  F i g .  2)  a r e  

a l s o  specif ied i n  terms of T65D values of  tissue kerma i n  a i r  from neu- 

t rons,  Kn. 

a small to rso  in F i g s .  1 and 2 ,  and on the assumption t h a t  the  t i s s u e  a t  

g rea t e s t  risk l i e s  a t  a penetration depth of 1 cm below the  skin surface.  

T h i s  assumption i s  cons is ten t  w i t h  t h a t  used by the BIER Committee i n  esti-  

mating absorbed dose t o  breasts  of women who were subjected t o  multiple 

fluoroscopies d u r i n g  a r t i f i c a l  pneumothorax for  pulmonary tuberculosis .  22  

High LET-absorbed doses, Dn, from recoi l  ions and low LET- 

The values f o r  breasts  a r e  based on the depth-dose curves for  

The estimates of f e t a l  dose by t r imesters  i n  Table 5 were obtained by 

combining the curves of depth dose i n  a small torso with information on 

aTest ca lcu la t ions  i n  which the incident  neutrons were followed through 
only their f i rs t  co l l i s ions  within the cyl indrical  phantoms indicated 
t h a t  the anisotropic  f i e l d  subroutine used in the Monte-Carlo t ranspor t  
analogue was working properly. 
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TaYle 4.  Estimates of mean ausorbed dose t o  the female 
breas t s ,  a fetus, and the a c t i v e  bone marrow 
of an atomic-bomb survivor i n  terms of tissue 
kerma i n  a i r  

Active 
Breastsa bone Fetusa 

marrowb 
Absorbed dose / t i  ssue 

kerma i n  a i r  

0.80 0.55 0.42 
0.55 0.26 0.14 
0.045 0.070 0.077 

aG. D. Kerr, ORNL/TM-4830 (1975). 
bT. D.  Jones, Radiat. Res. - 71, 269 (1977). 

Table 5. Estimates of absorbed dose t o  the fetus of an atomic-bomb 
survivor i n  terms of tissue kerma i n  a i r  a s  a function of 
f e t a l  development by trimesters 

Stage of f e t a l  development by trimesters 
First Second Third 

Penetration depth f o r  inc i -  8 cm 6 cm 8 cm 
dent r ad ia t ion  measured 
from sur face  of abdomen 
t o  center of uterusa 

fetus :b 
Radius 0.13-1.0 cm 2-3 cm 4-5 cm 
Crown-rump 1 ength 0.13-5.5 cm 10-20 cm 23-30 cm 

kerma : 
D,/K, 0.40 0.43 0.42 
Dn/ Kn 0.12 0.15 0.14 
Dy/ Kn 0.078 0.076 0.077 

Geometry of embryo o r  

Absorbed dose/t issue 

aA. Tabuchi e t  a1 . , Hiroshivla Daigaku Igakubu Zasshi - 12(1 .2), 57 

bT. D .  Jones e t  a1 ., HeaZth Phys. - 28, 367 (1975). 
(1 964). 
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f e t a l  size12 and distance from the abdominal surface t o  the center of the 

uterus23 a t  d i f f e ren t  developmental stages.a I n  the f i rs t  t r imester ,  the 

f e tus  and s l i g h t l y  enlarged uterus remain cent ra l ly  located w i t h i n  the body 

a t  an average dis tance (or  penetration depth) from the surface of the abdo- 

men to  the center  of the uterus of about 8 cm. In the second t r imester ,  

the fe tus  and great ly  enlarged uterus move upward and forward, decreasing 

the average penetration depth t o  a m i n i m u m  o f  about 6 cm, b u t  i n  the t h i r d  

t r imester ,  the grea t ly  enlarged fe tus  and uterus s e t t l e  back down in to  the 

body, increasing the average penetration depth to  about 8 cm. Due to  small 

var ia t ions i n  these estimates of f e t a l  dose by t r imesters  (see Table 5) and 

t o  some uncertaint ies  i n  the calculat ions of mean f e t a l  dose,20 use of the 

one s e t  of values given i n  Table 4 seems reasonable for a l l  stages of 

f e t a l  development. 

The ac t ive  bone marrow doses i n  Table  4 were estimated from curves 

of depth dose i n  a large torso (see F i g s .  1 and 2 ) ,  and active-marrow 

penetration depths for i so t ropic  exposure of the ICRP Reference Man 

phantorn.21 An isotropic-exposure d is t r ibu t ion  o f  penetration depths was 

obtained by f irst  u s i n g  Monte-Carlo methods to  randomly se l ec t  a small 

mass, dm, of ac t ive  marrow i n  the phantom, and then calculat ing the dis- 

tance, R ,  t o  the c loses t  i r rad ia ted  body surface.  

repeated u n t i l  a probabi l i ty  d i s t r i b u t i o n  of  penetration depths, p(R)dR,  

f o r  the ac t ive  marrow was well known s t a t i s t i c a l l y .  

can be used t o  ca lcu la te  penetration-depth probabi l i t i es  f o r  other organs 

This process was simply 

The same technique 

aThese calculat ions assumed t h a t  the center of the uterus was a l so  the 
center o f  the f e tus .  The depth dose curves were averaged over the volume 
occupied by the fe tus  a t  d i f f e ren t  stages of development t o  obtain a mean 
f e t a l  dose. 
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and o the r  exposure s i t u a t i o n s  of i n te res t . "  As an example, Jones21 has 

used t h e  technique t o  p rov ide  t h e  f i r s t  accurate assessment o f  dose t o  

a c t i v e  ( r e d )  bone marrow from i s o t r o p i c ,  r o t a t i o n a l ,  b i l a t e r a l ,  a n t e r i o r -  

p o s t e r i o r ,  and p o s t e r i o r - a n t e r i o r  i r r a d i a t i o n  by  neutrons. And, he has 

extended bone-marrow dosimetry f o r  gamma rays  t o  energies and exposure 

s i t u a t i o n s  t h a t  were p rev ious l y  unava i l ab le  i n  the  l i t e r a t u r e .  The doses 

t o  a number o f  c r i t i c a l  organs f o r  l a t e n t  r a d i a t i o n  e f f e c t s  observed i n  

the  atomic-bomb su rv i vo rs  a r e  i nves t i ga ted  here us ing  a mathematical 

phantom o f  a Japanese adul t.24 

t i o n  depths ( o r  mean pene t ra t i on  depths f o r  small  organs) and us ing  t h e  

curves o f  depth dose i n  F igs .  1 and 2 f o r  a smal l  t o r s o  ( o r  t h e  head and 

neck f o r  the  t h y r o i d ) ,  organ doses f o r  t h e  Japanese atomic-bomb su rv i vo rs  

have been obta ined a t  a tremendous sav ing i n  computer programming and 

computer t ime compared t o  t h a t  which would have been requ i red  i n  d i r e c t  

Monte-Carlo t r a n s p o r t  c a l c u l a t i o n s  o f  dose i n  I C R P  Reference Man-type 

phantoms. 

By c a l c u l a t i n g  d i s t r i b u t i o n s  o f  penetra- 

"The pene t ra t i on  depth, R ,  used t o  spec i fy  t h e  depth dose, D(R) ,  i n  t h e  
more f a m i l i a r  case o f  a n t e r i o r - p o s t e r i o r  (A-P) beam exposures i s  q u i t e  
d i f f e r e n t  f rom t h e  case o f  i s o t r o p i c  exposures. I n  A-P beam exposures, 
D(R) and L a r e  s p e c i f i e d  i n  terms o f  d is tance from t h e  f r o n t  i r r a d i a t e d  
sur face o f  t h e  body a long a vec tor  i n  t h e  d i r e c t i o n  o f  t h e  i n c i d e n t  
r a d i a t i o n .  
a ted  by r a d i a t i o n  i n c i d e n t  f rom a l l  d i r e c t i o n s ,  and D(R) v a r i e s  symmet- 
r i c a l l y  w i t h  d i s tance  from t h e  c l o s e s t  i r r a d i a t e d  body sur face.  Thus, 
R i s  s p e c i f i e d  i n  terms o f  d is tance from t h e  c l o s e s t  i r r a d i a t e d  sur face  
of t h e  body a long a surface-normal vec tor .  The penetrat ion-depth proba- 
b i l i t i e s ,  p( t )dR,  f o r  any organ w i l l  be l e s s  than t h e  ha l f - t h i ckness  o f  
the  body i n  t h e  case o f  i s o t r o p i c  exposures, w h i l e  p(R)dR f o r  some organs 
may range up t o  n e a r l y  t h e  f u l l  body th ickness i n  t h e  more f a m i l i a r  case 
o f  A-P beam exposures. 21 

I n  i s o t r o p i c  exposures, a l l  sur faces o f  the  body a r e  i r r a d i -  
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ORGAN DOSE ESTIMATES FOR ADULT SURVIVORS 

The ICRP Reference Man, based mainly on anatomical data from European 

and American studies, has a t o t a l  body mass of 70 k g . I 3  A much smaller 

mean body mass of about 50 kg was indicated by anatomical data thought t o  

be appl icable  t o  atomic-bomb survivors 20 years of age or older i n  1945.24 

While these differences in body s i z e  can be s ign i f i can t  i n  calculat ions of 

dose t o  organs within the torso of the body from gamma-ray and neutron 

f i e l d s  s imi la r  t o  those experienced by the atomic-bomb survivors ,  the 

differences between a 1945 and present-day Japanese adul t a r e  negl i g i  bl e .  

Consequently, a mathematical model of a phantom w i t h  a t o t a l  body mass of 

55 kg was designed t o  approximate a present-day Japanese adul t .24  This 

phantom i s  su i t ab le ,  therefore ,  for other  dose estimation s tudies .  As 

examples, the dose t o  ac t ive  bone marrow and the genet ical ly  s ign i f i can t  

dose from diagnost ic  and therapeutic radiat ion pract ices  i n  Japan have 

been o f  recent  interest. 25-28 

Figure 3 shows some of the  idealized representat ions of major organs 

in the head and torso of the phantom, and Table 6 summarizes the masses o f  

a l l  internal  organs i n  the  phantom. The lungs, skeleton (bone plus marrow) 

and other  organs and s o f t  t i s sues  of the phantom were assumed t o  have 

spec i f i c  g rav i t i e s  of 0.3, 1.4,  and 1 .O, respect ively.  

i n g  internal  organs were developed from b o t h  Japanese autopsy data29'31 

and ICRP Reference Man data32 specifying s i z e  and mass of the organs i n  

terms of t o t a l  body mass.24 Masses of red and yellow marrow and t h e i r  

d i s t r ibu t ions  i n  the  skeleton were adopted from data of the Bone Marrow 

Research Group i n  Japan.33 

marrow in a normal adu l t  and idealized skeleton of the Japanese adu l t  

Equations describ- 

Figure 4 i l l u s t r a t e s  the d i s t r ibu t ion  of red 
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torso regions of an ICRP Reference Man-type phantom. 
mission from W .  S .  Snyder e t  a l .  (13). 

Reproduced by per- 
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phantom. 

based on this phantom have been published by Kerr e t  a1 .34 

Estimates of dose t o  ac t ive  bone marrow of adul t  survivors 

Table 6. Summary o f  organ masses o f  a phantom simulating 
the body and major internal  organs of a Japanese 
adu l t  

Organ Mass in grams 

Adrenal s 
B1 adder 
Brain 
Gastrointest inal  t r a c t  

Stomach 
Small i n t e s t i  nesa 
Large in t e s t ines  

Heart 
Kidneys 
Liver 
Lungs 
Ovaries 
Pancreas 
Skeleton 

Bone 
Red marrow 
Ye1 1 ow marrow 

Spleen 
Testes 
Thymus 
Thyroid 
Uterus 

Total Body 

15 
36 

1,470 

120 
8 29 
302 
329 
233 

1,492 
781 

8 
50 

6,055 
7 84 
986 
133 

37 
26 
20 
66 

55,200 

aIncludes contents of small i n t e s t ines .  

Figure 5 i l l u s t r a t e s  results o f  penetration-depth calculat ions f o r  

several organs o f  the  adul t  survivors. The r e s u l t s  o f  these calculat ions 

and calculat ions for other  organs a r e  summarized i n  Tables 7 and 8. 

the case of l a rge r  organs,  probabi l i ty  d i s t r i b u t i o n s  of penetration depths 

a re  given (see Table 7 ) ,  and i n  the  case o f  smaller organs, mean penetra- 

t ion  depths a r e  given (see  Table 8 ) .  

In 

Mean penetration depths of small 
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Table 7.  Probabi l i ty  d i s t r i b u t i o n s  of penetrat ion depths f o r  l a r g e r  organs of  a Japanese adu l t .  

Normalized p robab i l i t y  d i s t r i b u t i o n s ,  p (a)da ,  for i s o t r o p i c  i r r a d i a t i o n  
Penet ra t ion  

In t e s t ina l  Kidneys Liver Lungsa Pancreas Stomach Spleen Uterus (cm) Bone B1 adder Heart Tract 
Depth, R Act ive 

Marrow 

0-0.5 
0.. 5-1 .O 
1 .O-1 . 5  
1.5-2.0 
2.0-2.5 
2.5-3.0 
3.0-3.5 
3.5-4.0 
4 .O-4.5 
4.5-5.0 
5.0-5.5 
5.5-6.0 
6.0-6.5 
6.5-7.0 
7.0-7.5 
7.5-8.0 
8.0-8.5 
8.5-9.0 
9.0-9.5 
9.5-1 0.0 

0.0308 
0.0983 
0.0818 
0.0632 
0.0544 
0.0610 
0.0495 
0.0582 
0.0801 
0.0954 
0.0944 
0.0869 
0.061 7 
0.0390 
0.0221 
0.0143 
0.0072 
0.0016 
0.0001 

0.0189 
0.0955 
0.0887 
0.0841 
0.0821 
0.0781 
0.0786 
0.0797 
0.0765 
0.0770 
0.0793 
0.0765 
0.0738 
0.0112 

0.0006 
0.0219 
0.0482 
0.0657 
0.0769 
0.0866 
0.0923 
0.0910 
0.0924 
0.0803 
0.0740 
0.0694 
0.0637 
0.0720 
0 0650 

0.0007 
0.0156 
0.0588 
0.0616 
0.0704 
0.0886 
0.0968 
0.1172 
0.1197 
0.1204 
0.0902 
0.0700 
0.0581 
0.0319 

0.0288 
0.1158 
0.1981 
0.2328 
0.2082 
9.1506 
0.0654 
0.0003 

0.0462 
0.081 2 
0.1027 
0.1142 
0.1034 
0.0928 
0.0835 
0.0845 
0.0696 
0.0562 
0.0495 
0.0426 
0.031 2 
0.0242 
0.0135 
0.0047 

0.01 1 3  
0.0715 
0.1298 
0.1631 
0.1795 
0.1645 
0.1217 
0.0697 
0.0425 
0.0261 
0.0145 
0.0051 
0.0007 

0.0029 
0.0083 
0.0139 
0.0169 
0.0239 
0.0348 
0.0406 
0.0643 
0.0871 
0.1256 
0.1952 
0.2548 
0.1317 

0.0086 
0.1102 
0.1150 0.1022 

0.0846 ’ 

0.0800 
0.0806 
0.0852 
0.0838 
0.0970 
0.1102 
0.0426 

0.0143 
0.0803 
0.1245 
0.1509 
0.1671 
0.1655 0.0050 
0.1431 0.0681 
0.1051 0.0723 
0.0468 0.0801 
0.0024 9.1101 

0.1196 
0.1 362 
0.1373 
0.1402 
0.1311 

aInc ludes  a d e n s i t y  co r rec t ion  f o r  the lungs.  
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organs, with the exception of the thyroid,  were estimated from equations 

for  the organ and external body surfaces of  the  phantom. According t o  

F ig .  6 drawn from a transverse view of the body i n  Grant’s Atlas of 

Anatomy,35 the  thyroid i s  located too deeply within the neck of the 

Japanese adu l t  phantom and other ICRP Reference Man-type phantoms. T h u s ,  

the thyroid was moved 1 cm c loser  t o  the surface of the neckya and a d i s -  

t r i bu t ion  of penetration depths was calculated due t o  the complex shape of 

the thyroid (see Fig. 7 ) .  The resu l t ing  d i s t r ibu t ion  of penetration depths 

shown i n  Fig .  5 indicates  a mean penetration d e p t h  of 1 .6  cm for the 

thyroid,  and this value appears t o  be i n  reasonably good agreement w i t h  

the t ransverse view of the neck and thyroid shown i n  F i g .  6 .  

views o f  the body i n  Grant’s Atlas of Anatomy and other  cross-sectional 

anatomy b o o k ~ ~ ~ y ~ ~  can be used t o  estimate mean penetration depths for 

organs o r  t i s sues  not included in the phantom. 

Transverse 

Table 8. Mean penetration d e p t h s  f o r  smaller 
organs of a Japanese adu l t  

Organ Mean penetration depth 
a(cm) 

Adrenal s 
Breasts 
Ovaries 
Testes 
Thymus 
Thyro i d 

3.5 
1 .oa 
9.2  
1.8 
4.1 
1.6 

“BIER Report, pp.  141 -143 (1972). 

aThe placement o f  the  thyroid i n  the neck r e g i o j  of ICRP Reference Man-type 
phantoms i s  probably acceptable f o r  internal  radiat ion dose ca lcu la t ions ,  
b u t  i t  i s  located too deeply within the neck for calculat ions of dose from 
external f i e l d s .  To move the thyroid 1 cm c loser  t o  the neck surface,  
( Y  + 6)  i s  replaced by ( Y  + 7 )  i n  equations A33 of the Japanese adul t  
phantom. 24 
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A s p e c i f i c  g r a v i t y  and a composi t ion t y p i c a l  o f  t he  s o f t  t i s s u e s  o f  

t he  body were assumed i n  the  c a l c u l a t i o n s  of depth dose i n  F igs.  1 and 2. 

Some d i s t o r t i o n  i n  these curves w i l l  occur w i t h i n  t h e  body due t o  d i f f e r -  

ences i n  the  p e n e t r a t i o n  o f  gamma r a y s  and neutrons through t h e  lungs and 

skeleton.  I n  i s o -  

t r o p i c  exposures, o n l y  a small  f r a c t i o n  o f  t he  r a d i a t i o n  reaching most o f  

t he  organs inc luded i n  the  phantom w i l l  have passed through t h e  lungs o r  

skeleton, and o n l y  the  d i s t o r t i o n s  i n  t h e  depth-dose curves t h a t  occur i n  

t h e  lungs o r  ske le ton  a re  important.a Mean f r e e  paths o f  gamma rays a t  

energies above about l o 5  eV o r  100 keV (see F ig.  9 )  r e f l e c t  t h e  d i f f e rences  

i n  s p e c i f i c  g r a v i t y  of t he  lungs, skeleton, and b u l k  t i ssues  o f  the body. 

A t  lower gamma-ray energies, mean f r e e  paths i n  the ske le ton  a l s o  r e f l e c t  

the h ighe r  p h o t o e l e c t r i c  absorpt ion o f  ca lc ium and phorphous i n  bone. 

This  enhanced photoelect ron product ion w i l l  increase the dose i n  very 

small s o f t  t i s s u e  i n c l u s i o n s  i n  c o r t i c a l  bone, such as those found i n  the  

Haversian canal However, t he  spaces i n  t rabecu la r  bone which 

c o n t a i n  the  r e d  marrow a r e  l a r g e r  on the  average than the  small  t i s s u e  

f i l l e d  spaces i n  the Haversian system, and the  mean marrow dose i s  n o t  

a1 te red  s i g n i f i c a n t l y  by the photoelect rons from bone. As an example, 

These d i f f e r e n c e s  a r e  i l l u s t r a t e d  i n  F i g s .  8 and 9.38 

Spiers40 has c a l c u l a t e d  mean doses t o  t r a b e c u l a r  marrow t h a t  a r e  o n l y  5, 

10, 12, 10, and 3 percent g rea te r  than the  dose t o  s o f t  t i s s u e  a t  gamma 

energies o f  25, 50, 75, 100, and 200 keV, respec t i ve l y .b  Theore t i ca l  

aThe d i s t o r t i o n  i n  depth-dose curves f o r  s o f t  t i ssues  a r e  more severe i n  
the rapeu t i c  i r r a d i a t i o n s  w i t h  small beams passing through the  lungs o r  
ske leton be fo re  reaching t h e  t a r g e t  organ o r  t i ssue .39  

rays so t h e  increased dose a t  very  low gamma energies should amount t o  
o n l y  a few percent  increase i n  the  t o t a l  dose t o  a c t i v e  bone marrow. 

bThe atomic-bomb s u r v i v o r s  were exposed t o  a broad energy spectrum o f  gamma 
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calculat ions f o r  neutrons a l so  indicate  negligible differences i n  the 

dose t o  s o f t  t i s sue  and t o  red marrow i n  trabecular bone,41 T h u s ,  no 

corrections were applied t o  the estimates of dose to  red or ac t ive  bone 

marrow of survivors based on the depth-dose curves in Figs. 1 and 2.  

A t  neutron energies below 20 MeV (see F i g .  8), the mean f r e e  paths 

are  determined mainly by the hydrogen atom density,  because the neutrons 

lose 70 t o  90 percent of t h e i r  energy in sca t te r ing  interact ions w i t h  

hydrogen. 

b u t  only about one half as much hydrogen by weight, mean f r e e  paths of 

neutrons i n  the skeleton and s o f t  t i s sue  a r e  nearly the same. 

has essent ia l ly  the same hydrogen content as soft t i s sue ,  b u t  l e s s  t h a n  

one-third the spec i f ic  gravi ty .  T h u s ,  the greater  mean f r ee  paths of b o t h  

neutrons and gama rays in lung t i s sue  compared to  s o f t  t i s sue  a re  due t o  

differences i n  spec i f ic  gravi ty .  The lower spec i f ic  gravity of the lungs 

Since bone has nearly twice the spec i f ic  gravity o f  s o f t  t i s sue ,  

Lung t i s sue  

was taken i n t o  account by f i r s t  calculat ing a to ta l  penetration depth, RT, 

f o r  a small mass of  lung t i s sue ,  and then calculat ing the portion, R L ,  of 

this to t a l  penetration depth w i t h i n  the lungs. A probabili ty d is t r ibu t ion  

of penetration depths, p(R)dR,  with a density correction ( i . e . ,  a spec i f ic  

gravity correct ion)  was obtained us ing  1 .O(CT - R L )  + 0.3 RL o r  RT - 0.7 R L .  

Figure 5 shows penetration-depth d i s t r i b u t i o n s  for the lungs w i t h  and w i t h -  

out a density correct ion.  

dose t o  the lungs of an adul t  survivor i s  predicted by the probabili ty 

d i s t r ibu t ion  of penetration depths w i t h  a density correction (see Table 7 ) .  

An increase of approximately 15 percent i n  the 

Table 9 summarizes a l l  estimates of organ doses for an adul t  atomic-bomb 

survivor based on the penetration-depth d a t a  in Tables 7 and 8,  and the 

depth-dose curves i n  Figs. 1 and 2. 
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Table 9.  Estimates of mean absorbed dose t o  organs and tissues 
of  an adu l t  atomic-bomb survivor i n  terms of tissue 
kerma i n  a i r  

Organ 
Absorbed dose/ t issue kerma 

Active bone marrow 
Adrenal s 
B1 adder 
Breasts 
Fetus 
Heart 
In tes t ina l  t r a c t  
Kidneys 
Liver 
Lungs 
Ovaries 
Pancreas 
Stomach 
Spl een 
Testes 
Thymus 
Thyroid 
Uterus 

0.56 
0.52 
0.45 
0.80 
0.42 
0.42 
0.40 
0.52 
0.47 
0.50 
0.40 
0.40 
0.47 
0.45 
0.65 
0.50 
0.70 
0.40 

0.28 
0.24 
0.18 
0.55 
0.14 
0.16 
0.14 
0.24 
0.18 
0.22 
0.12 
0.12 
0.18 
0.16 
0.40 
0.20 
0.45 
0.12 

0.067 
0.065 
0.072 
0.045 
0.077 
0.075 
0.077 
0.065 
0.075 
0.070 
0.080 
0.080 
0.072 
0.075 
0.050 
0.070 
0.035 
0.080 

* 

Estimates of organ doses i n  Table 9 can be applied either t o  indi-  

vidual survivors o r  groups of survivors.  As an example, Table a-7 of 

the BIER Report22 gives a mean T65D value o f  86 rads f o r  survivors i n  

Hiroshima w i t h  T65D assignments i n  excess o f  10 rads and ages i n  excess 

of 10 years  a t  the time of exposure. 

kerma i n  a i r  from gamma rays,  K,, and neutrons, Kn, f o r  these survivors 

a r e  approximately 74 and 12  rads,  respect ively.  T h u s ,  the mean value o f  

The mean T65D values o f  tissue 

the high LET-absorbed dose t o  the ac t ive  bone marrow, Dn, of these survi- 

vors i s  0.28 Kn = 0.28 (12 rads)  = 3.4 rads,  and the mean value of  the 

low LET-absorbed dose t o  the ac t ive  bone marrow, D,, i s  0.56 Ky + 
0.067 Kn = 0.56 (74 rads) + 0.067 (12 rads)  = 42 rads.  These values 
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e 

give a mean t o t a l  absorbed dose t o  the ac t ive  marrow of  these Hiroshima 

survivors of about 45 rads compared t o  t h e i r  mean to t a l  T65D value of 

86 rads.  The importance of us ing  organ doses, ra ther  than T65D assign- 

ments, i n  estimating radiat ion risks from epidemiological and medical data 

on the Japanese atomic-bomb survivors is  obvious from the above example. 

Absorbed dose t o  organs, other  than ac t ive  bone marrow, can be estimated 

from the T65D assignments f o r  individual survivors or groups of survivors 

u s i n g  values from Table 9 f o r  the organ of i n t e r e s t .  

ORGAN DOSE ESTIMATES FOR JUVENILE SURVIVORS 

An elevated incidence of thyroid cancer and leukemia in  survivors 

exposed as chi ldren compared t o  survivors exposed as  adul t s  has been of  

interest i n  the estimation of radiat ion r i s k ~ . ~ ~ , ~ ~  T h u s ,  doses t o  the 

ac t ive  bone marrow and thyroid of juveni le  survivors have been inves t i -  

gated using mathematical phantoms developed t o  represent a ten-year-old, 

five-year-01 d , one-year-01 d ,  and newborn in fan t  ,a943,44 Total body 

masses of these ICRP Reference Man-type phantoms a r e  summarized i n  Table 

10. 

of the juveni le  survivors were the same as those used i n  estimating organ 

doses f o r  adul t  survivors.  That i s ,  a probabi l i ty  d i s t r ibu t ion  of penetra- 

t ion  depths, p(R)dR,  f o r  the ac t ive  bone marrow and the thyroid were calcu- 

la ted  f o r  each of the  juveni le  phantoms, and the probabi l i ty  d i s t r ibu t ions  

fo r  the thyroid were used t o  estimate mean penetration depths .b  The mean 

Methods used t o  obtain doses t o  the thyroid and ac t ive  bone marrow 

aThese juveni le  phantoms were developed f o r  use in pedia t r ic  nuclear medi- 
c ine.  A descr ipt ion of the ten-year-old ICRP Reference Man-type phantom 
used in this invest igat ion has not been published. 

bThe thyroid of the juveni le  phantoms was moved 1 cm c loser  t o  the neck 
surface for reasons noted i n  our calculat ions u s i n g  the Japanese adul t  
phantom. 
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penetration depths for the thyroid and the probabi l i ty  d i s t r ibu t ions  for 

the ac t ive  bone marrow were then combined with d e p t h  dose in cy l indr ica l  

tissue phantoms matched i n  s i z e  t o  head and neck regions and torso regions 

of the juveni le  phantoms. 

Table 10. Total body mass of juveni le  
and adu l t  phantoms 

Phantom Mass 
( k g )  

Newborn 3.9 
One-year-ol d 10 
F i  ve-year-ol d 20 

Japanese adu l t  55 
Ten-year-old 32 

ICRP Reference Man 70 

Figures 10 and 11 present r e s u l t s  of these age-dependent inves t iga t ions  

The estimates of dose i n  terms of the to t a l  body masses given i n  Table 10. 

of dose t o  the ac t ive  bone marrow based on the 70-kg ICRP Reference Man 

phantom a r e  from Jones,21 and those based on the 55-kg Japanese adu l t  

phantom a r e  from Kerr e t  a1 . 3 4  These r e s u l t s  ind ica te  t h a t  i t  i s  probably 

reasonable t o  apply any of the organ dose f o r  an adu l t  survivor i n  Table 9 

t o  g roup ings  of survivors w i t h  ages i n  excess o f  10 years a t  the time o f  

exposure. And, i t  is probably reasonable t o  apply organ dose estimates f o r  

a five-year-old survivor t o  groupings of survivors between the ages o f  0 

and 9 years .22 Table 11 summarizes the estimates of dose t o  the thyroid 

and ac t ive  bone marrow of survivors based on the 20-kg five-year-old and 

55-kg Japanese adu l t  phantoms. 
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s 

Table 11. Estimates of mean absorbed dose t o  the thyroid and 
ac t ive  bone marrow of a five-year-old and an adul t  
Japanese atomic-bomb survivor 

~~~ ~ 

Absorbed dose/t issue F i  ve-year-ol d Adult 
kerma i n  air survivor survivor 

0.75 
0.51 
0.031 

0.64 
0.37 
0.047 

0.70 
0.45 
0.035 

0.56 
0.28 
0.067 

Linear regression analysis  and so-called Hoerl ' s  special functions45 

were used t o  obtain the dose vs body-mass equations given i n  F igs .  10 

and 11. These equations and anatomical data from the 1930s and 1940s 

indicate  t h a t  adjustments i n  dose t o  body masses more l i k e  those of the 

survivors i n  1945 a r e  very small. For example, data from the 1930s i n  

Tabulae Bi~Zogicae~ ~ on growth i n  weight of Japanese males and females 

and other data29-31 from the 1940s suggest mean t o t a l  body masses o f  

about 10 kg f o r  a one-year-old, 15 kg f o r  a five-year-old, 25 kg  f o r  a 

ten-year-old, 45 kg f o r  a female a d u l t ,  and 50 kg f o r  an adul t  male sur- 

v i v o r .  These data and the equations i n  F i g s .  10  and 11 predict  values 

of D,/K,, Dn/Kn, and D,/Kn f o r  an adul t  male o r  female survivor and f o r  

a five-year-old survivor t h a t  d i f f e r  about 10 percent or  l e s s  from the 

estimates of dose i n  Table 11 based on the 55-kg Japanese adul t  and 20-kg 

five-year-old phantoms. Negligibly smal 1 adjustments i n  the dose estimates 
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of Figs .  10 and 11 f o r  other  aged juveni le  survivors a l so  a r e  indicated 

by anatomical data from the 1930s and 1940s. 

DISCUSSION 

Experimental measurements of d e p t h  dose from f i s s ion  neutrons t rans-  

ported through l a rge  dis tances  of a i r  have been made by Bond e t  a1 .47 and 

Aceto e t  a1.48 These measurements were made i n  phantoms exposed i n  the 

open d u r i n g  Operation Plumbbob and Operation BREN a t  the Nevada Test S i t e .  

During Operation BREN, the HPRR was attached t o  the hois t  platform of a 

tower and operated a t  e levat ions of up  t o  460 m. 

Operation BREN measurements made 1 m above ground level i n  phantoms 

located a t  dis tances  of 460 t o  1380 m from the tower's based a r e  shown 

in F i g .  12.a These r e s u l t s  of Aceto e t  a1 . ,48 which a r e  only r e l a t i v e  

measurements of the magnitude and shape of various dose d i s t r ibu t ions  

w i t h i n  the phantom, have been normalized to  an absorbed dose from recoi l  

ions per u n i t  t i s s u e  kerma in  a i r  of unity a t  the phantom's f r o n t  surface.  

This normalization gives an absorbed dose from recoi l  ions per u n i t  t i s s u e  

kerma i n  a i r  of about 0.6 a t  the phantom's back surface facing away from 

the source, and these values a re  i n  good agreement w i t h  o ther  recoi l - ion-  

dose measurements made on the  surface of a phantom i n  a i r - t ransported 

f i e l d s  of the HPRR.49 

Typical r e s u l t s  of 

~~ ~ 

aThe high LET-absorbed dose component from our previous ca lcu la t ions  of 
depth dose from neutrons i n  a small to rso  (see F ig .  2) has been broken 
down in to  a fast-neutron or recoil  -ion component and a thermal-neutron 
or 14N(n,p)14C component. The depth doses of  Aceto e t  a l .  a r e  those 
measured along a 20-cm minor ax is  of an e l l i p i t c a l  phantom with a 36-cm ' 
major ax i s  and a 60-cm torso l e n g t h .  
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The recoil-ion doses of Aceto e t  a l .  i n  F i g .  1 2  were obtained from 

measurements of the energy fluence of f a s t  neutrons made w i t h  a t i s sue-  

equivalent proportional counter.48 

dose, Aceto e t  a l .  assumed tha t  the average energy of the f a s t  neutrons 

remained constant as  they penetrated the phantom. That i s ,  the sca t te r ing  

cross sect ions of  t i s sue  a t  the average energy of f a s t  neutrons incident 

I n  coverting these measurements t o  

on the phantom were used t o  convert energy-fl uence measurements t o  recoi 1 - 
ion doses. These data should be regarded, therefore ,  as only approxima- 

tions t o  the depth dose from recoil  ions.48 A BF3 counter and indium 

f o i l s  provided better measurements of  the thermal -neutron fluence within 

the phantom, and thereby, be t te r  data on the 14N(n ,p)14C and 1H(n,y)2D 

dose d i s t r ibu t ions .  These experimental r e s u l t s  of Aceto e t  a l .  a r e  i n  

good agreement with our calculat ions of the low LET-absorbed,dose from 

neutron-capture gamma rays. 

The measurements of Bond e t  a1 .47 provide more r e l i a b l e  data on the 

h i g h  LET-absorbed dose from a i r  transported neutrons. Their r e s u l t s  shown 

i n  F ig .  1 2  were obtained from ORNL-type TDU measurements made i n  28-cm- 

diam. by 32-cm-long cyl indrical  phantoms and TDU measurements made i n  a i r  

a t  the phantom exposure s i t e s . "  These data of Bond e t  a1.47 show l e s s  

attenuation i n  depth dose from recoil  ions than our  calculat ions.  For 

example, the absorbed dose from recoil  ions a t  the center of the phantom 

i s  about 10% of the t i s sue  kerma i n  a i r  from neutrons i n  our ca lcu la t ions ,  

and about 15% of the t i s sue  kerma in a i r  from neutrons in t h e i r  measure- 

ments. These differences may be due i n  par t  t o  the angular d i s t r ibu t ion  

aThe in -a i r  measurements of " t i s sue  kerma" a r e  referred t o  as "incident 
dose" in the report  by Bond e t  a1.47 
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of  neutrons i n  their measurements and our ca lcu la t ions  ( i n  the open vs 

inside a l i g h t l y  shielding s t ruc tu re )  and i n  par t  t o  the lengths o f  the 

phantoms (32 cm vs 60 cm). Neutrons incident  on the ends of the 60-cm- 

long phantoms used in our calculat ions make a negl igible  contribution t o  

the recoi l - ion dose near the  phantom's center  compared t o  neutrons inci- 

dent on the ends of the 32-cm-long phantoms used i n  their measurements. 

Other measurements were made d u r i n g  Operation Plumbbob in  phantoms w i t h  

longer lengths,  and these r e s u l t s  contained i n  a c l a s s i f i ed  version o f  

the report  by Bond e t  a1.47 a r e  i n  b e t t e r  agreement w i t h  our calculat ions.a  

While our ca lcu la t ions  and the neutron measurements of Bond e t  a l .  a r e  

i n  good agreement, their gamma measurements and our  calculat ions a r e  n o t .  

There a r e  differences in the angular d i s t r ibu t ion  of gamma rays in our ca l -  

culat ions and t h e i r  measurements ( in s ide  a l i g h t l y  shielding s t ruc tu re  vs 
* 

i n  the  open) , b u t  typical r e s u l t s  of their measurements w i t h  gamma-sensi t ive 

fi lms and other  devices have a shape more l i k e  the d e p t h  dose from a broad 

uni la te ra l  beam of gama rays (see F ig .  1 ) ,  t h a n  the depth dose expected 

from Ritchie and Hurst's in -a i r  measurements of angular d i s t r ibu t ions  of 

gamma rays from f i s s i o n  weapons.1° One would expect the depth dose from 

in -a i r  gammas to  e x h i b i t  a minimum value i n  the interior of the  phantom. 

These gammas a re ,  however, not the  only contr ibutor  t o  response of a f i lm 

or other  gamma measuring device exposed w i t h i n  the phantoms. Also included 

i n  the responses a r e  contr ibut ions from capture gammas produced by neutrons 

aThe r e s u l t s  of our calculat ions of  the low LET-absorbed dose from neutrons 
a re  a l so  i n  good agreement w i t h  the  phantom measurements of Bond e t  a1 .47 
They concluded, f o r  example, t h a t  the low LET-absorbed dose from capture 
gamma was negl igible  compared t o  the high LET-absorbed dose from recoi l  
ions near the surface of the phantoms, and t h a t  the two components o f  
absorbed dose from neutrons were approximately equal near the center  of 
the phantoms. 
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from the weapon. The shape of the depth-dose curves measured by Bond 

e t  a1 . 47  appears t o  r e s u l t  from a combination of these two gamma com- 

ponents: 

m i n i m u m  a t  the surface and a maximum i n  the phantom's interior, and the 

depth  dose from in-a i r  gammas, which i s  a t  a maximum a t  the surface and 

a minimum i n  the phantom's i n t e r i o r .  Data in  a c l a s s i f i e d  version of the 

repor t  by Bond e t  a1.47 and a recent ly  dec lass i f ied  version of the repor t  

by Ritchie and HurstlO indicate  t h a t  t i s s u e  kermas in  a i r  from gamma rays 

and neutrons were of a b o u t  the same magnitude a t  the  phantom exposure 

s i t e s .  A D,/K, o f  0.90 for the ac t ive  bone marrow of a survivor e s t i -  

mated by Rossi and Mays50 from these phantom measurements i s  unreasonably 

high f o r  reasons discussed above. 

the  d e p t h  dose from neutron-capture gammas, which i s  a t  a 

Some other  experimental s tud ies  t h a t  need t o  be mentioned a re  those of 

Hashizume e t  a1.51'54 of the NIRS i n  Japan. 

doses from beams of radiat ion incident  a t  oblique o r  s l a n t  angles on the 

torso of a r e a l i s t i c  man phantom, and then summed these slant-beam measure- 

ments of depth  dose t o  represent  the angular d i s t r i b u t i o n  of rad ia t ion  from 

a f i s s ion  weapon. Their slant-beam method of  estimating organ doses, and 

their use of 12-MV x-rays from a betatron t o  simulate the energy spectrum 

o f  gamma rays from a f i s s i o n  weapon have been invest igated due t o  la rge  

discrepancies between NIRS and ORNL estimates of f e t a l  dose.*O 

and NIRS estimates of dose for  a f i rs t  t r imes ter  fetus a r e  shown in  

Table 12.a 

They f i r s t  measured depth 

The ORNL 

aOther sets of values for a second and t h i r d  t r imes ter  f e t u s  have been 
given by Hashizume e t  a1 . , 5 1 , 5 3  b u t  these NIRS values a re  estimates of 
dose t o  the head of a fe tus51 and a r e  not  comparable t o  the ORNL e s t i -  
mates of mean f e t a l  dose.20 
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Table 12. Estimates of absorbed dose t o  a f i r s t  t r imester  
f e t u s  i n  terms of tissue kerma i n  a i r  

Absorbed dose/t i  ssue kerma ORNL" N I R S ~  

0.42 0.62-0.70 D Y l  K, 
Dn/ Kn 0.14 0.12-0.16c 
Dy/Kn 0.077 0.095-0.1 1 

~ ~ ~ ~ 

aG. D.  Kerr, ORNL/TM-4830 (1975). 
bRange of values covers differences i n  shielding , 

orientat ion of survivor,  and distances from the hypocenters 
beam estimation of dose t o  a f e t u s  
J .  Radiat .  Res. 1 4 ( 4 ) ,  346 (1973) 
Maruyama, J .  R a d z t .  Res. - 16, 

considered i n  the s l a n t  
by T .  Hashizume e t  a1 . , 
and T.  Hashizume and T. 
Suppl., p. 12 (1975). 

CRecoil-ion dose p us 14N(n,p)14C dose from neutrons. 

Results of NIRS measurements of depth dose i n  the abdominal region of 

a r e a l i s t i c  man phantom from normal and s l a n t  beams of 12-MV x-rays inci- 

den t  on the f r o n t  of the p h a n t 0 m ~ ~ s 5 ~  a r e  shown i n  F i g s .  13 and 14." Also 

shown i n  these f igures  a r e  d e p t h  doses from normal and s l a n t  beams of gamma 

rays w i t h  the same Straker-Gritzner spectrum of energies used i n  our pre- 

vious dose calculat ions f o r  survivors shielded by Japanese houses.12 The 

differences i n  d e p t h  dose from the two spectra a r e  too small t o  explain 

the large discrepancies between ORNL and NIRS estimates of f e t a l  dose from 

gamma rays, and the large discrepancies were traced t o  the slant-beam 

method o f  estimating organ doses. 

the slant-beam method gives reasonable estimates of dose t o  superfical  

O u r  invest igat ions indicate  t h a t ,  while 

organs, i t  can grossly over-estimate the dose t o  deeply seated organs of 

the body. The degree of over-estimation, which depends t o  some extent  on 

aThe angle o f  s l a n t  incidence, 0 ,  i n  F i g .  14 corresponds t o  (90 ' -0)  i n  
Tables 2 ,  3 ,  and 4 of Hashizume e t  a1.51 
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the energy spectrum of the gamma rays and neutrons, can be as much as a 

fac tor  of two. A report  i s  now being prepared tha t  will review the 

slant-beam method of estimating organ doses and some other organ-dose 

s tudies  relevant t o  the dosimetry f o r  the atomic-bomb survivors. 
Y 
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