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ABSTRACT 

The p rope r  med ica l  c o n t r o l  of p lu ton ium r e q u i r e s  p e r i o d i c  e v a l u a t i o n  o f  
t h e  lung  burden  of c h r o n i c a l l y  exposed p r o c e s s  worke r s .  I n s t r u m e n t s  developed 
f o r  t h i s  purpose  and c u r r e n t l y  i n  u s e  cannot  d e t e c t  levels  below abou t  one- 
h a l f  t o  one maximum p e r m i s s i b l e  lung  bu rden .  Conf idence  i n  s u c h  measurements 
i s  l i m i t e d  by i n a d e q u a c i e s  i n  p r e s e n t  c a l i b r a t i o n  t e c h n i q u e s .  Most l a b o r a t o -  
r i e s  use  d i f f e r e n t  phantoms and d i f f e r e n t  c a l i b r a t i o n  methods ;  r e s u l t s  from 
measurements on t h e  same i n d i v i d u a l  v a r y  wide ly  from one  l a b o r a t o r y  t o  a n o t h e r .  
A program h a s  been o rgan ized  t o  deve lop  methods of i n t e r c a l i b r a t i n g  l a b o r a t o -  
r i es  engaged i n  t h e  in-v ivo  a s s a y  of t r a n s u r a n i c  e l e m e n t s .  The f i r s t  phase  of 
t h e  program h a s  been completed.  The r e s p o n s e  of i n s t r u m e n t a t i o n  and d e t e c t o r s  
t o  p o i n t  s o u r c e s  of  a c t i v i t y  was de termined  i n  a number of l a b o r a t o r i e s .  
C u r r e n t  e f f o r t s  are be ing  d i r e c t e d  toward t h e  d e s i g n  and c o n s t r u c t i o n  of a 
phantom t o  b e  used s p e c i f i c a l l y  f o r  t h e  c a l i b r a t i o n  of d e t e c t o r s  f o r  t h e  ' 

i n -v ivo  d e t e c t i o n  o f  x- and low-energy gamma-ray emitters i n  t h e  human lung .  

INTRODUCTION 

The p r o d u c t i o n  and t h e  use  of t r a n s u r a n i c  n u c l i d e s ,  p r i m a r i l y  p lu ton ium,  
are s t e a d i l y  i n c r e a s i n g .  P rope r  h e a l t h - p h y s i c s  c o n t r o l  of t h e s e  materials 
r e q u i r e s  t h e  development of r e l i a b l e ,  a c c u r a t e  methods of  d e t e c t i n g  and 
q u a n t i t a t i n g  small amounts i n  t h e  human body. S i n c e  t h e  u s u a l  method of ex- 
p o s u r e  i s  by i n h a l a t i o n  of i n s o l u b l e  forms of  t h e  n u c l i d e s ,  r e c e n t  emphasis  
h a s  been g i v e n  t o  d e t e c t i n g  m a t e r i a l  i n  t h e  lung  th rough  e x t e r n a l  c o u n t i n g .  
T h i s  i s  a d i f f i c u l t  a s s ignmen t ,  s i n c e  t h e  photon  e m i s s i o n  of  most t r a n s u r a n i c  
n u c l i d e s  c o n s i s t s  predominant ly  of x-rays below 25 keV. T a b l e  I l i s t s  t h e  
photon  emiss ions  of  t h e  t h r e e  most i m p o r t a n t  i s o t o p e s ,  2 3 B P u ,  2 3 9 P u ,  and 
241Am [l]. The x-rays are h e a v i l y  abso rbed  i n  t i s s u e ,  t h e  h a l f - v a l u e  l a y e r  
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a t  1 7  keV b e i n g  a b o u t  5 mm. 
t i s s u e  of x-rays from t h e  decay  of 2 3 e P ~  and 2 4 1 A m ,  and of t h e  60 keV gamma- 
r a y  of 241Am. 
over  5 c m ,  and i s  c o n s e q u e n t l y  much easier t o  d e t e c t .  The x-rays p r e s e n t  by 
f a r  t h e  g r e a t e r  d e t e c t i o n  problem. 

F i g u r e  1 shows t h e  t r a n s m i s s i o n  th rough  s o f t  

The 60-keV gamma-ray has  a much g r e a t e r  h a l f - v a l u e  l a y e r ,  

U l t r a s o n i c  measurements have shown t h a t  t h e  ave rage  t h i c k n e s s  of t h e  
c h e s t  w a l l  i n  t h e  a d u l t  male  v a r i e s  from abou t  10 t o  40 mm [ 2 , 3 , 4 ] .  T h i s  
r e s u l t s  i n  t r a n s m i s s i o n  of 25 t o  0 .7% of t h e  x-rays from plutonium. When 
g e o m e t r i c a l  e f f e c t s  are i n c l u d e d ,  a d e t e c t o r  would i n t e r c e p t  o n l y  a few 
(1 t o  3 )  x-rays p e r  m i n u t e  f o r  an  ave rage  pe r son  w i t h  a maximum p e r m i s s i b l e  
l u n g  bu rden ,  1 6  nCi .  
s e n s i t i v i t y  and low backgrounds f o r  t h e  d e t e c t i o n  of t h e s e  low photon-count 
ra tes .  They c o n s i s t  m o s t l y  of a s s e m b l i e s  of t h i n  i n o r g a n i c  s c i n t i l l a t o r s  
(phoswiches)  [5,6] and p r o p o r t i o n a l  c o u n t e r s  [ 7 , 8 , 9 , 1 0 ] .  The p r o p o r t i o n a l  
c o u n t e r s  have b e t t e r  ene rgy  r e s o l u t i o n  than  t h e  s c i n t i l l a t o r s  b u t  poore r  
e f f i c i e n c y ,  e s p e c i a l l y  above abou t  30 keV. Large s o l i d - s t a t e  d e t e c t o r s ,  
p r i n c i p a l l y  i n t r i n s i c  germanium, are a l s o  under i n v e s t i g a t i o n .  They have 
e x c e l l e n t  ene rgy  r e s o l u t i o n  b u t  s u f f e r  from poor g e o m e t r i c a l  e f f i c i e n c y  due 
t o  t h e i r  smal l  s i z e .  The u s e  of many such  d e t e c t o r s  i n  a r r a y s  could overcome 
t h i s  problem b u t  o n l y  a t  a l a r g e  monetary expense.  

D e t e c t o r s  have been developed w i t h  s u f f i c i e n t l y  high 

METHOD 

Once t h e  x-rays have been d e t e c t e d  and t h e i r  number q u a n t i t a t e d ,  t h e  
most d i f f i c u l t  t a s k  l i e s  ahead ,  namely conve r s ion  of t h e  c o u n t s  observed t o  
t h e  l u n g  burden i n  n a n o c u r i e s .  Th i s  i s  accomplished by a p rocedure  r e f e r r e d  
t o  as c a l i b r a t i o n ;  i t  can  b e  performed i n  a number of ways. The s i m p l e s t  b u t  
l e a s t  s u i t a b l e  is t o  u s e  a p o i n t  s o u r c e  i n  a f i x e d  p o s i t i o n ,  c o r r e c t i n g  t o  a n  
a c t u a l  s i t u a t i o n  by a p p l y i n g  a p p r o p r i a t e  g e o m e t r i c a l  c o r r e c t i o n  f a c t o r s ,  
which are d i f f i c u l t  t o  o b t a i n .  The two 2 3 e P ~  cu rves  i n  F ig .  1 i l l u s t r a t e  shy  
t h i s  c o r r e c t i o n  i s  n e c e s s a r y .  The lower dashed cu rve  i s  f o r  a s m a l l  d i s k  
s o u r c e ,  t h e  s o l i d  l i n e  f o r  a mock lung  (2600 cm') made of  p l a s t i c  and uniform- 
l y  l a b e l e d  w i t h  t h e  i s o t o p e .  Another method, and most p o p u l a r ,  i s  t o  use  an 
anthropomorphic  phantom c o n s t r u c t e d  t o  some " s t anda rd  man'' geometry.  
such  phantoms have been developed w i t h  v a r y i n g  d e g r e e s  of complexi ty  [ 1 1 , 1 2 , 1 3 ] .  
Some c a l i b r a t i o n s  have been performed w i t h  cadave r s  [ 5 , 1 0 , 1 4 ]  and w i t h  
"in-vivo" methods [ 15 ,16 ] . 

Many 

R e g a r d l e s s  o f  t h e  method of c a l i b r a t i o n ,  i t  i s  r e a d i l y  a p p a r e n t  from 
F ig .  1 t h a t  a s i n g l e  c a l i b r a t i o n  f a c t o r  i s  n o t  a p p r o p r i a t e .  Most i n v e s t i g a -  
t o r s  compensate f o r  t h e  t h i c k n e s s  e f f e c t  by u s i n g  a s i n g l e  c a l i b r a t i o n  
p o i n t  on t h e  phantom, w i t h  a known c h e s t  w a l l  t h i c k n e s s ,  and a t r a n s m i s s i o n  
cu rve  l i k e  t h a t  i n  F i g .  1 t o  d e r i v e  t h e  c o u n t i n g  e f f i c i e n c y  as a f u n c t i o n  
of c h e s t  w a l l  t h i c k n e s s .  T h i s  i s  n o t  comple t e ly  s a t i s f a c t o r y  f o r  s e v e r a l  
r e a s o n s .  F i r s t ,  no a l lowance  i s  made f o r  nonuniform d i s t r i b u t i o n  of r a d i o -  
active material i n  t h e  l u n g s .  Second, w i t h  t h e  d e t e c t o r s  p o s i t i o n e d  over  t h e  
l u n g s ,  t h e  c o u n t  ra te  due t o  mater ia l  i n  o t h e r  o rgans  ( e . g . ,  l i v e r ,  lymph 
nodes )  canno t  b e  a s c e r t a i n e d .  F i n a l l y  and most i m p o r t a n t ,  t h e  phantoms used 
i n  most l a b o r a t o r i e s  ir. t h e  United S t a t e s  were n o t  des igned  f o r  c a l i b r a t i o n  
w i t h  x-ray emitters. For  example,  t h e  REMAB phantom (Alderson Resea rch  
L a b o r a t o r i e s )  used a t  Lawrence Livermore L a b o r a t o r y  (F ig .  2 )  nomina l ly  
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i s  c o n s t r u c t e d  t o  " s t a n d a r d  man'' d imens ions  o v e r a l l ;  however, t h e  i n c o r p o r a t e d  
s k e l e t o n  h a s  a small r i b  cage .  T h i s  n e c e s s i t a t e s  t h e  use  of somewhat smaller 
' ' lungs" t h a n  d e s i r e d  and r e s u l t s  i n  an  i n c o r r e - c t  c h e s t  wal l  p r o f i l e .  Fig- 
u r e  3 shows c r o s s - s e c t i o n a l  v iews  o f  t h e  c h e s t  as measured u l t r a s o n i c a l l y ,  
bo th  f o r  t h e  phantom and f o r  an  a v e r a g e  p lu ton ium worker  a t  t h i s  Labora tory  
[ 1 7 ] .  The s c a n s  were made a c r o s s  t h e  c h e s t  a t  5 c m  above t h e  leve l  of  t h e  
n i p p l e .  The d i s c r e p a n c y  is immedia te ly  a p p a r e n t .  The phantom p r o f i l e  i s  
i r r e g u l a r  w i t h  much t o o  t h i c k  a c h e s t  w a l l .  A l so ,  t h e  h e a r t  i s  p o s i t i o n e d  
i n  such  a manner t h a t  i t  c o v e r s  a n  abnorma l ly  l a r g e  p o r t i o n  of  t h e  l e f t  l u n g .  
F i g u r e  4 shows t h e  c h e s t  w a l l  t h i c k n e s s  a.t several  p o i n t s  on t h e  c h e s t  f o r  
bo th  t h e  phantom and t h e  human s u b j e c t .  
t h e  c h e s t  s u r f a c e  covered  by t h e  d e t e c t o r s  used a t  t h i s  Labora to ry ,  two 13-cm 
d i a m e t e r  phoswich a s s e m b l i e s .  Also  shown i s  t h e  p e r c e n t  t r a n s m i s s i o n  of 
Pu x-rays a t  each  p o i n t ,  i l l u s t r a t i n g  t h e  l a r g e  v a r i a t i o n  i n  t h i s  pa rame te r .  
I t  shows how n e c e s s a r y  i t  is t o  make c a r e f u l  measurements a t  many p o i n t s  f o r  
d e t e r m i n a t i o n s  of t h e  a v e r a g e  c h e s t  w a l l  t h i c k n e s s  t o  be used t o  d e r i v e  t h e  
count:ing e f f i c i e n c y  f o r  any p a r t i c u l a r  s u b j e c t .  The ave rage  t h i c k n e s s  f o r  
t h e  phantom i s  42 mm w i t h  a r a n g e  of 34 t o  60 mm compared t o  28 mm and a 
range  of 22 t o  50 mm f o r  t h e  human s u b j e c t .  The co r re spond ing  ave rage  t r a n s -  
m i s s i o n s  a r e  1 . 3 %  t o  4 . 8 % .  

The c i rc les  e n c l o s e  t h e  p o r t i o n  of  

The d i f f i c u l t i e s  i n h e r e n t  i n  c a l i b r a t i n g  d e t e c t o r s  € o r  c h e s t  coun t ing  
have been known f o r  some time. S e v e r a l  e f f o r t s  have been made r e c e n t l y  t o  
deve lop  methods of i n t e r c a l i b r a t i o n  among t h e  many l a b o r a t o r i e s  engaged i n  
t h e  in-v ivo  a s s a y  of p lu tonium.  These  e f f o r t s  have inc luded  t h e  use of 
p o i n t  s o u r c e s  t o  t es t  t h e  i n s t r u m e n t a t i o n  [18], and a n a l y s i s  a t  s e v e r a l  labo-  
r a t o r i e s  of t h e  same p e r s o n s ,  e i t h e r  a c c i d e n t a l l y  exposed p lu tonium p r o c e s s  
workers  [19] o r  o t h e r  p e r s o n n e l  i n t e n t i o n a l l y  exposed t o  a mix tu re  of l o 3 P d  
and 5 1 C r  [ 2 0 ] .  The p o i n t - s o u r c e  s t u d y  w a s  des igned  t o  t e s t  t h e  performance 
of c o u n t i n g  i n s t r u m e n t s  i n  v a r i o u s  g e o m e t r i e s  and w i t h  a wide r ange  of count  
rates (ove r  two o r d e r s  of m a g n i t u d e ) ,  a s  w e l l  as t o  compare a b s o l u t e  s t a n d a r d s .  
This  e x e r c i s e  showed t h a t  t h e r e  i s  good i n s t r u m e n t a l  c o n t r o l  a t  t h e  p a r t i c i p a t -  
i n g  l a b o r a t o r i e s ;  t h e  ma jo r  d i s c r e p a n c i e s  appeared  t o  b e  i n  t h e  a c t i v i t i e s  
of t h e  pr imary l a b o r a t o r y  s t a n d a r d s .  A l l  l a b o r a t o r i e s  have now been provided  
w i t h  s t a n d a r d  s o u r c e s  ( N a t i o n a l  Bureau of S t a n d a r d s )  s o  t h a t  a l l  f u t u r e  
i n t e r c a l i b r a t i o n  e f f o r t s  w i l l  have a common b a s i s  f o r  comparison. I n  t h e  
l a t t e r  e x e r c i s e  a known m i x t u r e  of l o 3 P d  ( 2 0 . 2  keV and 2 2 . 8  keV x - r a y s ,  
17-day h a l f - l i f e )  and ' C r  (323 keV gamma-ray, 27-day h a l f - l i f e )  was inha , led  
by t h r e e  pe r sons  of  d i f f e r e n t  p h y s i c a l  s t a t u r e .  
by c o n v e n t i o n a l  whole-body c o u n t i n g  t e c h n i q u e s ,  was used a s  a " tag"  f o r  t h e  
I o 3 P d ,  which could  then  i n  p r i n c i p l e  be used t o  c a l i b r a t e  t h e  c h e s t  c o u n t e r .  
Although t h e r e  w a s  good agreement  among many l a b o r a t o r i e s  on t h e  lung  burdens  
of  5 1 C r ,  t h e r e  were l a r g e  d i s c r e p a n c i e s  i n  t h e  estimates of Io3Pd  lung  burdens  
and i n  t h e  p lu tonium c a l i b r a t i o n  f a c t o r s  d e r i v e d  the re f rom.  These d i f f e r e n c e s  
are a t t r i b u t e d  p r i m a r i l y  t o  d i f f e r e n c e s  i n  c a l i b r a t i o n  t echn iques .  

The ' l C r ,  e a s i l y  measured 

I n  r e c o g n i t i o n  o f  a need f o r  a c o o r d i n a t e d  program i n  t h i s  f i e l d ,  t h e  
i n t e r c a l i b r a t i o n  e f f o r t  w i t h i n  t h e  Un i t ed  S t a t e s  was fo rma l i zed  i n  1974 
through t h e  o r g a n i z a t i o n  of  a n  " I n t e r c a l i b r a t i o n  Committee f o r  Low-Energy 
Photon Measurements, ' '  composed of r e p r e s e n t a t i v e s  from Argonne N a t i o n a l  
L a b o r a t o r y ,  Battelle P a c i f i c  Northwest  L a b o r a t o r i e s ,  Lawrence Livermore 
L a b o r a t o r y ,  Los Alamos S c i e n t i f i c  L a b o r a t o r y ,  Mound Labora to ry  (Monsanto), 
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and Savannah R ive r  P l a n t  (DuPont), sponsored  by t h e  Energy Research  and De- 
velopment  A d m i n i s t r a t i o n  (ERDA). The pr imary  o b j e c t i v e s  of t h e  Committee a r e  
t o  deve lop  methods of improving t h e  s e n s i t i v i t y  of d e t e c t o r  systems f o r  
a s s a y i n g  t r ansu ran ium e lements  i n  t h e  human l u n g ,  t o  i d e n t i f y  and r e s o l v e  
c u r r e n t  weaknesses  i n  t h e  c a l i b r a t i o n  t e c h n i q u e s ,  and t o  e x e c u t e  a program t o  
i n t e r c a l i b r a t e  t h e  d e t e c t o r  sys tems i n  u s e  a t  ERDA-supported l a b o r a t o r i e s .  

I n  i t s  i n i t i a l  meet ings  t h e  Committee concluded t h a t  t h e  phantoms cur -  
r e n t l y  used  i n  c a l i b r a t i n g  d e t e c t o r s  a r e  most ly  i n a d e q u a t e ;  t h e y  w e r e  n o t  
des igned  f o r  u s e  w i t h  x-ray emitters i n  t h e  lung .  The Committee, t h e r e f o r e ,  
h a s  unde r t aken  t h e  d e s i g n  and c o n s t r u c t i o n  of a more r e a l i s t i c  phantom. T h i s  
phantom w i l l  p e r m i t  a d e t a i l e d  s t u d y  of t h e  e f f e c t  on c o u n t i n g  e f f i c i e n c y  of  
t h e  d i s t r i b u t i o n  of t h e  r a d i o a c t i v e  m a t e r i a l  i n  t h e  l u n g .  A f t e r  t h e  phantom 
h a s  been c a r e f u l l y  s t u d i e d ,  i t  w i l l  b e  c i r c u l a t e d  among t h e  i n t e r e s t e d  l abo-  
r a t o r i e s  and h o p e f u l l y  w i l l  become a pr imary  s t a n d a r d  f o r  t h e  i n t e r c a l i b r a t i o n  
program. 

The Committee cons ide red  s e v e r a l  a l t e r n a t i v e  approaches  t o  t h e  d e s i g n  
of t h e  phantom. I n i t i a l l y ,  t h e  f o l l o w i n g  c r i t e r i a  were e s t a b l i s h e d  f o r  t h e  
phantom: 

1. Reference  (S tandard)  man [ 2 1 , 2 2 , > 3 ]  d imens ions  t o  be used where 
p o s s i b l e .  

2 .  To r e p r e s e n t  upper t runk  only  (neck t o  w a i s t ) .  

3 .  To c o n t a i n  a l l  pe r t ' i nen t  o r g a n s ,  i n c l u d i n g  h e a r t ,  l i v e r ,  l u n g s ,  
k i d n e y s ,  s p l e e n ,  lymph nodes ,  t r a c h e a .  

4 .  To c o n t a i n  a human s k e l e t o n  (Caucas ian)  w i t h  marrow c a v i t y  f i l l e d  
w i t h  u n i t - d e n s i t y  m a t e r i a l .  

5 .  A l l  organs  t o  b e  e a s i l y  removable. 

6 .  T i s s u e  e q u i v a l e n t  m a t e r i a l s  t o  b e  used t h r o u g h o u t ,  w i t h  a l u n g  
d e n s i t y  of 0 .25  g/cm3.  

7 .  Average c h e s t  w a l l  t h i c k n e s s  and c h e s t  p r o f i l e  t o  b e  changeable .  

A s u r v e y  h a s  been made of a l l  r e l e v a n t  d a t a  r e q u i r e d  t o  d e s i g n  a phantom 
t o  a s p e c i f i c  geomet r i c  shape .  T a b l e  11 p r e s e n t s  t h e  d a t a  f o r  s t a n d a r d  man, 
f o r  p e r s o n n e l  counted f o r  p lu tonium a t  t h i s  Labora to ry  and a t  Los Alamos, f o r  
a REMAB phantom and a cadaver .  
t h e  s t a n d a r d  man and our  own average-worker d a t a ,  i t  w a s  dec ided  t o  u s e  t h e  
a v e r a g e  d imens ions  f o r  employees r o u t i n e l y  measured f o r  p lu ton ium,  augmented 
w i t h  standard-man d a t a  where n e c e s s a r y .  
changed.  

S ince  t h e r e  i s  such  a l a r g e  d i f f e r e n c e  between 

The o t h e r  c r i te r ia  have  n o t  been 

The Committee cons ide red  two approaches  t o  t h e  development  of  t h e  phantom. 
The f i r s t  i n v o l v e s  t h e  use  of ana tomica l  c r o s s  s e c t i o n s  as p r e s e n t e d  by 
Eycleshymer and Schoemaker [ 2 4 ] .  The c r o s s  s e c t i o n s  were photographed  a t  
s u i t a b l e  en largement  t o  produce l i f e - s i z e d  c o p i e s .  These c o p i e s  were t h e n  
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used as p a t t e r n s  f o r  c u t t i n g  i n d i v i d u a l  s e c t i o n s  from 25-nun-thick po lyure thane  
foam. The s e c t i o n s  were s t a c k e d  t o  produce  a l i f e - s i z e d  phantom. T h i s  r a t h e r  
c rude  f i g u r e  was b u i l t  up w i t h  model ing c l a y  by a s c u l p t o r  t o  make t h e  phantom 
a s  l i f e l i k e  as p o s s i b l e .  The same e n l a r g e d  c r o s s  s e c t i o n s  were used a l s o  t o  
c o n s t r u c t  a phantom of t h e  i n t e r i o r  of t h e  body,  w i t h  e a c h  organ  i n d i v i d u a l l y  
formed. These phantoms, which are models o n l y  and n o t  f i n a l  v e r s i o n s ,  are  
now comple te .  E v e n t u a l l y  t h e y  w i l l  be  combined t o  produce  a s i n g l e  phantom. 

The second approach ,  p r e f e r r e d  by t h e  Committee, is  t o  model t h e  phantom 
from a human cadave r  s e l e c t e d  t o  match c l o s e l y  t h e  d imens ions  of t h e  ave rage  
p lu tonium p r o c e s s  worker .  Such a cadave r  h a s  been  o b t a i n e d ;  t h e  dimensions 
a r e  l i s t e d  i n  Tab le  11. I n  p r e p a r a t i o n  f o r  c o n s t r u c t i n g  t h e  p l a s t i c  phantom, 
p l a s t e r  c a s t s  have been made of t h e  e x t e r i o r  and i n t e r i o r  s u r f a c e s  of t h e  
t o r s o  and of t h e  major  o rgans .  The s k e l e t o n  w a s  removed and c l eaned  i n  prep-  
a r a t i o n  f o r  f i l l i n g  t h e  marrow c a v i t y  w i t h  a u n i t - d e n s i t y  m a t e r i a l ,  MIX-D 
[ 2 5 ] .  , A f t e r  c o n s i d e r a b l e  s t u d y  of " t i s s u e  e q u i v a l e n t "  m a t e r i a l s ,  i t  was de-  
c ided  t o  make t i e  s o f t  t i s s u e s  of t h e  phantom, i n c l u d i n g  t h e  muscle  and i n t e r -  
n a l  o r g a n s ,  of p o l y u r e t h a n e  p l a s t i c  o r  a depolymer ized  rubbe r  s i m i l a r  t o  
Temex [ 2 6 ]  w i t h  a b s o r p t i o n  c h a r a c t e r i s t i c s  matched as c l o s e l y  a s  p o s s i b l e  t o  
those  o f  r e a l  s o f t  t i s s u e  ( i . e . ,  b e e f s t e a k ) .  The lungs  w i l l  be  formed from a 
foamed v e r s i o n  of t h e  same m a t e r i a l  i f  f e a s i b l e ,  o t h e r w i s e  from RAND0 lung  
s t o c k ,  w i t h  a d e n s i t y  of 0 .25  g/cm3.  
exposure  t r a n s l o c a t e s  t o  t h e  lymph nodes ,  a hol low t r a c h e a  and t h e  t h r e e  major  
lymph node r e g i o n s  w i l l  a l s o  be i n c l u d e d ,  as shown i n  F i g .  5 .  This  means t h a t  
t h e  phantom can be used  t o  c a l i b r a t e  i n t r a e s o p h a g e a l  p robes  used t o  de tec t  
p lu tonium i n  t h e  lymph nodes [ 2 7 ] .  S i n c e  t h e  h e a r t  i n  t h e  cadaver  i s  somewhat 
e n l a r g e d ,  bo th  i t  and t h e  l e f t  l ung  m u s t  b e  remodeled t o  some e x t e n t .  

S i n c e  p lu tonium a t  l a t e  times a f t e r  

A s  d e s c r i b e d  e a r l i e r  t h e  ave rage  c h e s t  w a l l  t h i c k n e s s  v a r i e s  cons ide r -  
ab ly  i n  our  worker  p o p u l a t i o n ;  t h i s  a p p l i e s  t o  t h e  c h e s t  t h i c k n e s s  p r o f i l e s  
as w e l l .  F i g u r e  6 shows an u l t r a s o n i c  s c a n  of an i n d i v i d u a l ,  t r a n s v e r s e  t o  
the  body a t  5 cm above t h e  l e v e l  of t h e  n i p p l e .  The d a t a  shown i n  F i g s .  4 
and 7 were t aken  from such s c a n s .  A l a r g e  number of t h e s e  scans  have now 
been made from which w e  have d e r i v e d  t h e  a v e r a g e  p r o f i l e  f o r  d i f f e r e n t  c h e s t  
w a l l  t h i c k n e s s e s .  The d a t a  are p r e s e n t e d  i n  F i g .  7 .  The cu rves  l a b e l e d  
I ,  11, and 111 correspond t o  t h r e e  l i n e s  a c r o s s  t h e  c h e s t  w i t h  I1 a t  t h e  
c e n t e r  of  t h e  d e t e c t o r s ,  I and I11 a t  l i n e s  4 c m  above and below t h e  c e n t e r .  
The phantom i s  b e i n g  c o n s t r u c t e d  w i t h  a c h e s t  w a l l  as t h i n  as p o s s i b l e  wi th-  
ou t  s a c r i f i c i n g  t h e  necessary s t r u c t u r a l  s t r e n g t h ;  t h e  t h i c k n e s s  w i l l  be  
approx ima te ly  15 mm. Th i s  t h i c k n e s s  w i l l  b e  i n c r e a s e d  as d e s i r e d  by t h e  
a d d i t i o n  of supplementary  c h e s t - w a l l  l a y e r s  c o n s t r u c t e d  w i t h  ave rage  th i ck -  
n e s s e s  of 7 t o  10 mm, such  t h a t  t h e  o v e r a l l  c r o s s - s e c t i o n a l  p r o f i l e s  w i l l  
cor respond t o  t h e  d a t a  shown i n  F i g .  7 .  T h i s  w i l l  p r o v i d e  an o v e r a l l  range  
of 15 t o  4 3  mm ave rage  t h i c k n e s s  f o r  u s e  i n  g e n e r a t i n g  a c a l i b r a t i o n  c u r v e .  
S e v e r a l  sets of l ungs  w i l l  be  made loaded  w i t h  v a r i o u s  i s o t o p e s  bo th  i n  
uni form and nonuniform d i s t r i b u t i o n s ,  i n c l u d i n g  p o i n t  s o u r c e s .  To p rov ide  
a d d i t i o n a l  c a l i b r a t i o n  d a t a ,  s e v e r a l  casts  w i l l  a l s o  be made of t h e  lymph 
nodes and l i v e r  i n c o r p o r a t i n g  v a r i o u s  i s o t o p e s .  

0 0 2 3 4 b b i  -5- 



S LJMMARY 

An "Intercalibration Committee for Low-Energy Photon Measurements" has 
been formed, under the sponsorship of the United States Energy Research and 
Development Administration, to coordinate the efforts at intercalibration 
among this country's laboratories actively engaged in measurements of trans- 
uranic nuclides in the human lung. This Committee has undertaken initially 
to correct what it believes to be a major weakness in this field, namely the 
lack of a phantom adequate for use with x-ray emitters. 
designed such a phantom and it is now under construction at the Lawrence 
Livermore Laboratory. 

The Soinmittee has 
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Photon  e m i s s i o n  l rom t h r e e  t r a n s u r a n i c  i s o t o p e s  

I s o t o p e  

2 3 * P U  

2 3 9 P u  

2 4  l h  

I n t e n s i t y ,  number ldecay  Energy ,  keV 

0 . 1 1 5  L x-ray  T.17 

y - r a y s  4 3 . 5 0  3 . 4  

9 9 . 8 4  9 . 4  

1 5 3 . 7 1  1.0 

0 . 0 4 6 5  

2 x 

L x - r a y s  ' ~ 1 7  

y - r a y s  35 .7  

52.0 7 

1. x - r a y s  ' u l i  

2 9 . 7  

$ 3 . 1 ,  

0 . 3 7 6  

0 . 0 2 5  

7 

5 9 . 3  0 . 3 5 9  

Dimens ional  d a t a  on " s t a n d a r d  man", l a b o r a t o r y  

p e r s o n n e l ,  a RENAB phantom, and a c a d a v e r .  

P a r  ame t e r S t a n d a r d  man Average worker  REMAB phantom 

H e i g h t  1 7 0  cm 

Weight  7 0  kg 76 kg 

1 7 7  cm _--_- 

_ _ _ _ _  
(:llrs t 

c i r c u m L e r e n c e  ----- 

L i v e r  1700 g 

Lungs 1000 g 

Kidneys  300 g 

Heart 300 g 

S p l e e n  150 g 

0 0 2 3 9  b9: 

Cada-Je r 

1 7 5  cm 

7 6  kg 

101 cm 

2000 g 

5 4 3  g 

3 0 1  g 

702 g 

120  g 
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238Pu (17 keV) 

I I I 1 I 1 1 
7 

0.001 I 
0 1 2 3 4 5 6 

Absorber thickness (cm) 

F i g .  1. F r a c t i o n  of photons  t r a n s m i t t e d  as a 
f u n c t i o n  of a b s o r b e r  t h i c k n e s s  f o r  
2 3 0 P u  and 241Am. Of t h e  two cu rves  
f o r  2 3 8 P u ,  t h e  dashed  l i n e  i s  f o r  a 
v e r y  s m a l l  s o u r c e  and t h e  s o l i d  l i n e  
is f o r  a p l a s t i c  mock lung  of 
2600 c m 3  un i fo rmly  loaded  w i t h  t h e  
i s o t o p e .  
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F i g .  2 .  A photograph of t h e  phantom (REMAB, manufac tured  by 
Alderson  Research  Labora to ry )  c u r r e n t l y  i n  u s e  a t  t h e  
Lawrence Livermore Labora to ry .  

REMAB phantom 

-Chest surface 

Lung sur face 

Human s u b j e c t  

Fig .  3 .  Chest  t h i c k n e s s  p r o f i l e  f o r  a human s u b j e c t  
and a Rando phantom, measured t r a n s v e r s e  t o  
t h e  s p i n e  5 cm above t h e  l e v e l  of t h e  n i p p l e .  

-10- 
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Thickness i n  cm 
Percent transmission 

p ha n t  om 

subject 
Right chest Left chest 

F ig .  4 .  Ches t  w a l l  t h i c k n e s s  i n  c m  (upper  number) and p e r c e n t  t r a n s -  
m i s s i o n  ( lower  number) a t  s e l e c t e d  p o i n t s  w i t h i n  13  cm 
d i a m e t e r  c i r c l e s ,  f o r  t h e  REMAB phantom and a human s u b j e c t .  
The c i rc les  co r re spond  t o  t h e  a r e a s  covered by t h e  s c i n t i l -  
l a t i o n  c o u n t e r s .  
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Right bronchus Le"t bronchus 

@ Carina tracheobronchial (60%) 

@ Right tracheobronchial (20%) 

@ Left tracheobronchial (20%) 

F i g .  5 .  Schematic  drawing of t h e  t r a c h e a  and lymph 
nodes t o  be inc luded  in t h e  phantom, a s  
d e s c r i b e d  i n  t h e  t e x t .  The p e r c e n t a g e  
v a l u e s  r e f e r  t o  t h e  r e l a t ive  amount of t h e  
i s o t o p e  t o  be  inc luded  i n  each  node.  
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Kchest 

II 

Ill ... 

* .  

- 2.3-2.4 cm 
2.7-2.8 cm 

..... 3.9-4.0 cm 

F i g .  6 .  U l t r a s o n i c  s c a n  of 
a human c h e s t  (B s c a n  
mode) t r a n s v e r s e  t o  
t h e  s p i n e  5 c m  above 
t h e  n i p p l e .  The 
r i b s ,  f a t  l a y e r s ,  
and t h e  c h e s t  and 
l u n g  s u r f a c e s  are 
a l l  v i s i b l e .  

F ig .  7. Average c h e s t  t h i c k -  
n e s s  p r o f i l e s  t r a n s -  
v e r s e  t o  t h e  s p i n e  
of t h r e e  d i f f e r e n t  
l o c a t i o n s  on t h e  
c h e s t ,  f o r  t h r e e  
a v e r a g e  c h e s t  t h i c k -  
n e s s  r anges .  The 
c u r v e s  l a b e l e d  I ,  
11, and I11 are f o r  
9 ,  5,  and 1 cm above 
t h e  n i p p l e  r e spec -  
t i v e l y  . 
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