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A b l o c k  d iagram of  t h e  sy s t em,  an I t  was d i f f i c u l t  t o  o b t a i n  a  p r o p e r  

improvement of  one r e p o r t e d  e a r l i e r ,  t e r m i n a t i o n  a t  t h e  anode of  t h e  pho to-  

used  t o  obse rve  s c i n t i l l a t i o n s  i s  p r e -  m u l t i p l i e r  t u b e .  Th i s  i s  ve ry  c r i t i c a l  

s e n t e d  i n  F i g u r e  1. A s i g n a l  i s  t a k e n  f o r  o b s e r v i n g  t h e  f a s t  s i g n a l s  from 

from t h e  l a s t  dynode of  t h e  p h o t o m u l t i -  

p l i e r  t u b e ,  a m p l i f i e d  i n  wideband ampl i -  

f i e r s ,  and  t h e n  used  t o  t r i g g e r  t h e  

sampl ing  s cope .  The anode s i g n a l  i s  

de l ayed  t o  a l l ow  f o r  t h e  i n s e r t i o n  de-  

l a y  of  t h e  t r i g g e r  a m p l i f i e r s  and i s  

ana lyzed  w i t h o u t  p r i o r  a m p l i f i c a t i o n .  

An e m i t t e r - f o l l o w e r  was i n s e r t e d  i n  

t h e  channe l - advance  l i n e  between t h e  

d i g i t a l  o s c i l l o s c o p e  and t h e  sampl ing  

o s c i l l o s c o p e .  Th i s  t h e n  a l l ows  one 

t o  u se  t h i s  same p u l s e  f o r  c o u n t i n g  t h e  

number of  samples  t a k e n .  
PULSE AVERAG/NG SYSTEM 

H. V. 

s t i l b e n e ,  f o r  example.  The problem 

was l a r g e l y  s o l v e d  by u s i n g  a  t u b e  

w i t h  a  c o a x i a l  anode connec t i on  de -  

s i g n e d  t o  match t h e  i n p u t  impedance 

(50 2) of  t h e  sampl ing  o s c i l l o s c o p e .  

F i g u r e  2 compares t h e  averaged  anode 

p u l s e s  o b t a i n e d  from a  56 AVP w i t h  an  

XP-1021. The r e d u c t i o n  o f  c i r c u i t  

r i n g i n g  ach i eved  w i t h  t h e  XP-1021 i s  
obv ious .  The r i s e  t i m e s  and w i d t h s  

of  t h e s e  shapes  a g r e e  w i t h  t h e  manu- 

f a c t u r e r ' s  s p e c i f i c a t i o n s .  

The ave raged  p u l s e s  from s e v e r a l  

common s c i n t i l l a t o r s  e x c i t e d  by 6 0 ~ o  

F I G U R E  I .  P u l s e  A v e r a g i n g  S y s t e m  f o r  t h e  p h o t o m u l t i p l i e r  t u b e  r e sponse  

were o b t a i n e d  and a r e  p r e s e n t e d  i n  
P H O T O  T U B E  D Y N O D E  S I G N A L  F A S T  

A S S E M B L Y  A N O D E  
' 

A M P L I F I E R  
--# 

A M P L I F I E R  F i g u r e s  3 t h rough  6 .  The XP-1021 - 
t u b e  was used  f o r  a l l  measurements 

D E L A Y  T R I G G E R  I N  
L I N E  

I ~ I I 
C H A N N E L  A D V A N C E  b u t  t h e  N a I ( T l ) ,  f o r  which t h e  56 AVP 

S I G N A L  
R E S E T  was adequa t e .  A l l  c r y s t a l s  were t h i c k  

I N  (2 Smm), e x c e p t  a g a i n  f o r  t h e  NaI(T1) - -* 
S A M P L I N G  

O S C I L L O S C O P E  

s i g n a l  decay  t imes- the t ime  r e q u i r e d  

-+ 

Y  
D I G I T A L  M E M O R Y  

O S C I L L O S C O P E  
C H A R T  

R E C O R D E R  
which was v e r y  t h i n  (s 0.025 mm). The 



Time 

2 BNWL-235 2 

FIGURE 2 .  Averaged Anode P u l s e s  from 
P h o t o m u Z t i p Z i e r  Tubes  
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FIGURE 6 .  S c i n t i  2 Za t ion-  
Response o f  ThalZium A c t i v a -  
t e d  Sodium I o d i d e  

t o  e - I  o f  i t s  i n i t i a l  v a l u e - o b s e r v e d  

d i r e c t l y  w i t h  t h i s  sys tem a r e  g i v e n  

i n  Tab l e  I .  Care must be used  i n  i n -  

t e r p r e t i n g  t h e s e  r e s u l t s  f o r  t h e  two 

f a s t e r  s c i n t i l l a t o r s ,  because  t h e  pho- 

t o m u l t i p l i e r - t u b e  r e sponse  f u n c t i o n  

( F i g u r e  2) i s  n o t  n e g l i g i b l e .  I f  t h i s  

r e s p o n s e  f u n c t i o n  i s  u n f o l d e d  t o  ob-  

t a i n  t h e  n a t u r a l  decay  t ime  of t h e  

c r y s t a l s ,  e s t i m a t e s  c o n s i s t e n t  w i t h  

o t h e r  measurements a r e  o b t a i n e d .  

TABLE 1 .  S i g n a l  Decay T imes  

C r y s t a l  

An t h r a c e n e  

S t i l b e n e  

NaI ( T l )  240 

T I M E - R E S O L V E D  S P E C T R O S C O P Y - U .  E .  W i l s o n  

I t  i s  expec t ed  t h a t  a  s t u d y  of  t h e  

a tomic  and m o l e c u l a r  e x c i t a t i o n  produced  

i n  m a t t e r  by a  r a d i a t i o n  f i e l d  w i l l  b e  

f r u i t f u l  i n  u n d e r s t a n d i n g  how and i n  

what form energy  i s  t r a n s f e r r e d  i n  i r -  

r a d i a t e d  m a t t e r .  For  t h i s  s t u d y  an op-  

t i c a l  s p e c t r o s c o p y  sys tem i s  be ing  assem- 

b l e d  and i n t e g r a t e d  w i t h  t h e  pulsed-beam 

Van de G r a a f f  a c c e l e r a t o r .  

Major components o f  t h e  sys tem have 

been acquired- a 500 mm E b e r t - t y p e  s c a n -  

n i n g  s p e c t r o m e t e r ,  vacuum chamber f o r  

t a r g e t  h o l d e r s ,  and  v a r i o u s  p a r t s  o f  

t h e  q u a r t z  o p t i c a l  sy s t em,  and p l a n s  

have been comple ted  f o r  a  semipermanent  

beam p o r t  f a c i l i t y  on t h e  a c c e l e r a t o r .  

The p u l s e - a v e r a g i n g  s y s t e m ( 2 )  was 

a t t a c h e d  t o  t h e  s p e c t r o m e t e r  a s  t h e  de-  

t e c t o r  and p r e l i m i n a r y  t e s t s  were made. 

L igh t  e m i t t e d  from a  h i g h - p r e s s u r e  xenon 



f l a s h  lamp was f o c u s s e d  on t h e  e n t r a n c e  of  t h e s e  l i n e s  was measured.  F igu re  7 

s l i t  o f  t h e  s p e c t r o m e t e r  and t h e  shows t h e  emi s s ion  a t  472.9 nm and 

spec t rum r e c o r d e d .  The spec t rum was a t  468.2 nm a s  a  f u n c t i o n  of  t ime .  

a  cont inuum th rough  t h e  r e g i o n  400 The t ime s c a l e  was n o t  a c c u r a t e l y  c a l i -  
0 

nm < A < 600 nm ( 1  nm : 10 A)  w i t h  b r a t e d ,  b u t  t h e  f u l l  w i d t h  o f  t h e  p u l -  

s e v e r a l  b road  l i n e s  between 450 and s e s  i s  app rox ima te ly  1 . 5  p s e c .  With- 

490 nm super imposed  on i t .  To t e s t  i n  t h e  accu racy  of  t h e  measurements ,  

t h e  p r i n c i p l e  of t h e  p u l s e - a v e r a g i n g  t h e  two l i n e s  decay w i t h  t h e  same t ime 

sys t em,  t h e  t ime  dependence o f  two dependence.  

I I 
T i m e  

FIGURE 7. Light Pulse from a Xenon 
Flash Lamp at Two Different Wavelengths 

S P E C I F I C  I O N I Z A T I O N  O F  M O N O E N E R G E T I C  P R O T O N S  I N  T I S S U E - E Q U I V A L E N T  GAS- 
D. N. S a m s k y  a n d  W. A. G l a s s  

A mixture of 64.4% CH , 32.4% CO and 3.2% N 2  was used as tissue gas. 
The sample was I em tRick and unier a pressure of 37.2 torr thus cor- 
responding to a 0.51 p foil of unit material. The results indicated 
a maximum specific ionization of 105 k e V / p .  

The s t u d y  o f  t h e  d i s t r i b u t i o n  o f  p r o t o n s  i n  t i s s u e - l i k e  m a t e r i a l s .  

ab so rbed  n e u t r o n  dose  i n  m i c r o s c o p i c  Abso rp t i on  s i t e s  o f  i n t e r e s t  i n  neu-  

a b s o r p t i o n  s i t e s  h a s  i n d i c a t e d  t h e  t r o n  dos ime t ry  a r e  s o  s m a l l  t h a t  t h e  

t h e  need  f o r  more d e t a i l e d  i n fo rma-  s t a t i s t i c a l  n a t u r e  o f  t h e  s p e c i f i c  

t i o n  t h a n  i s  c u r r e n t l y  a v a i l a b l e  r e -  i o n i z a t i o n  and t h e  i n f e r r e d  e n e r g y  

g a r d i n g  t h e  s p e c i f i c  i o n i z a t i o n  of l o s s  becomes i m p o r t a n t .  Due t o  t h e  



n a t u r e  of  i o n i z a t i o n ,  t h e  number of  

t h e  i o n s  formed i n  a  g i v e n  p a t h  l e n g t h  

can  v a r y .  I f  t h e  a v e r a g e  number of 

i o n i z a t i o n s  i s  l a r g e ,  t h e n  t h e  v a r i -  

a t i o n  i n  t h a t  number can  be a p p r o x i -  

mated by a  Gauss i an  d i s t r i b u t i o n ,  and 

no d i s t i n c t i o n  need  be made between 

t h e  ave rage  and t h e  most  p r o b a b l e  

v a l u e s .  T h e r e f o r e ,  i n  keep ing  w i t h  

t h e  u s u a l  s e n s e  o f  s p e c i f i c  i o n i z a t i o n ,  

ave rage  v a l u e s  w i l l  b e  u sed  even i n  

c a s e s  where t h e  Gauss i an  approxima-  
t i o n  no  l o n g e r  h o l d s .  Another  common 

p r a c t i c e  i s  t h e  a s s ignmen t  o f  a  con-  

s t a n t  v a l u e  t o  t h e  r a t i o  of  energy  l o s s  

and i o n i z a t i o n .  Although t h i s  p r o c e -  

du re  i s  n o t  d e f e n s i b l e  f o r  p r o t o n  e n e r -  

g i e s  below t h e  o n s e t  of c h a r g e  exchange ,  

t h e  s p e c i f i c  i o n i z a t i o n  w i l l  be r e p o r t -  
e d  i n  t e rms  o f  keV/p. I t  must be 

s t r e s s e d ,  however ,  t h a t  f o r  low e n e r -  

gy p r o t o n s ,  t h e  s p e c i f i c  i o n i z a t i o n  

i s  n o t  a  good i n d i c a t i o n  of  energy  

l o s s .  F u r t h e r ,  a  d i s t i n c t i o n  must 

be made between t h e  ene rgy  l o s t  by 

t h e  p r o t o n  and t h a t  ga ined  by t h e  g a s .  

P ro ton  ene rgy  l o s t  t h rough  coulomb 

i n t e r a c t i o n  w i l l  o c c a s i o n a l l y  p roduce  

e l e c t r o n s  w i t h  s u f f i c i e n t  e n e r g y  t o  

c o n t r i b u t e  t o  t h e  obse rved  i o n i z a t i o n .  

These & - r a y s  may c o n t r i b u t e  t o  t h e  

measured i o n i z a t i o n  even though t h e  

p r o t o n  l o s t  t h e  energy  o u t s i d e  t h e  r e -  

g i o n  of  i n t e r e s t .  T h i s  expe r imen t  t 
was d e s i g n e d  t o  measure t h e  ene rgy  

t r a n s f e r r e d  t o  t h e  medium unde r  

cha rged  p a r t i c l e  e q u i l i b r i u m  c o n d i -  

t i o n s ;  t h a t  i s ,  t h e  p r o t o n s  were r e -  

q u i r e d  t o  p a s s  t h rough  s u f f i c i e n t  g a s  

t o  e s t a b l i s h  e q u i l i b r i u m  w i t h  t h e  

most e n e r g e t i c  6 - r a y s .  

The s p e c i f i c  i o n i z a t i o n  measurements  

were made w i t h  a  t h i n - f o i l  p r o p o r t i o n -  

a l  c o u n t e r ;  t h e  c o n s t r u c t i o n  d e t a i l s  

a r e  shown i n  F i g u r e  8 .  The t h i n  f o i l  

i s  d e f i n e d  by a  1 cm window i n  a  s h i e l d  

t u b e  t h a t  s u r r o u n d s  t h e  p r o p o r t i o n a l  

c o u n t e r  anode.  The v o l t a g e  on t h e  

t u b e  was a d j u s t e d  t o  match t h e  equ ipo -  

t e n t i a l  s u r f a c e  i n  t h e  c y l i n d r i c a l  

S o l i d  
S t a t e  D e t e c t o r  

1 2  u 
H o l e  

Gas Flow 

FIGURE 8. The Thin FoiZ Pro-  
p o r t i o n a Z  Counter  



c o u n t e r  a c t i o n  was n o t  d i s t u r b e d ,  and 

t h e  r e g i o n  of i o n  c o l l e c t i o n  was w e l l  

d e f i n e d .  

The p r o t o n  beam o f  t h e  Van de Graa f f  

a c c e l e r a t o r  was m a g n e t i c a l l y  ana lyzed  

and c o l l i m a t e d  by a  12 p diam h o l e  b e -  

f o r e  e n t e r i n g  t h e  chamber. Except  a t  

ve ry  low e n e r g i e s ,  t h e  p r o t o n s  t r a v e r s e d  
. t h e  e n t i r e  l e n g t h  of  t h e  chamber and 

s topped  i n  a s o l i d  s t a t e  d e t e c t o r .  The 

r e s p o n s e s  o f  t h e  l a t t e r  w i t h  v a r i o u s  

gas  p r e s s u r e s  i n  t h e  chamber were used  

t o  c a l i b r a t e  t h e  p r o p o r t i o n a l  c o u n t e r .  

S i g n a l s  from t h i s  d e t e c t o r  were a l s o  

used  t o  g a t e  t h e  s i g n a l s  from t h e  p r o -  

p o r t i o n a l  c o u n t e r ,  t h u s  p r o v i d i n g  a d d i -  

t i o n a l  c o l l i m a t i o n .  The a p p a r a t u s  was 

o p e r a t e d  under  c o n s t a n t  gas  f low c o n d i -  

t i o n s  a t  a  p r e s s u r e  of  3 7 . 2  t o r r .  A t  

t h i s  p r e s s u r e  and a t  20 O C ,  t h e  1 cm 

sample of  gas  r e p r e s e n t s  a  u n i t  d e n s i t y  

f o i l  of 0 .51  p. 

A  b l o c k  d iagram of  t h e  e l e c t r o n i c  

sys tem i s  shown i n  F i g u r e  9.  The 

c h a r g e - s e n s i t i v e  p r e a m p l i f i e r  was 

chosen t o  be compa t ib l e  w i t h  t h e  a c t -  

i o n  of  t h e  p r o p o r t i o n a l  c o u n t e r .  The 

d i s c r i m i n a t o r  was s e t  t o  a c c e p t  f o r  

a n a l y s i s  o n l y  t h o s e  p r o t o n s  t h a t  p a s s -  
e d  t h rough  t h e  f o i l  p a r a l l e l  w i t h  t h e  

anode w i r e .  
The d a t a  f o r  t h i s  exper iment  were 

t a k e n  a s  a  f u n c t i o n  of  p r o t o n  ene rgy  

b e f o r e  t h e y  e n t e r e d  t h e  chamber. F i g u r e  

10 shows t h e  u n c a l i b r a t e d  r e sponse  of 

t h e  p r o p o r t i o n a l  c o u n t e r  a t  3 7 . 2  t o r r  

and r e sponses  of  t h e  d e t e c t o r  a t  3 7 . 2  

t o r r ,  a t  c a l i b r a t i o n  p r e s s u r e  (PC) ,  and 

a t  0 .0  t o r r .  The c a l i b r a t i o n  p r e s s u r e ,  

app rox ima te ly  19 t o r r ,  i s  t h a t  p r e s s u r e  

which s i m u l a t e s  t h e  p o s i t i o n i n g  o f  t h e  

d e t e c t o r  a t  t h e  f r o n t  edge o f  t h e  s e n s i -  

t i v e  volume a t  t h e  o p e r a t i n g  p r e s s u r e .  

For  machine e n e r g i e s  above about  1 . 0  MeV, 

t h e  s l o p e  of  t h e  p r o p o r t i o n a l  c o u n t e r  i s  

n e a r l y  c o n s t a n t ,  and an energy  c a l i b r a -  

t i o n  of  i t  can be  made. The ave rage  

energy  l o s t  i n  t h e  s e n s i t i v e  volume c a n  

be t a k e n  a s  t h e  r a t i o  of t h e  l e n g t h  of 

t h e  s e n s i t i v e  volume t o  t h e  l e n g t h  of 

t h e  chamber, t imes  t h e  energy  l o s t  i n  

t h e  chamber a s  measured by t h e  d e t e c t o r .  

The r e s u l t ,  a c a l i b r a t e d  r e sponse  cu rve  

of  t h e  p r o p o r t i o n a l  c o u n t e r , i s  shown i n  

F i g u r e  11. The peak of  t h e  i o n i z a t i o n  

cu rve  o c c u r s  a t  100 keV and r e a c h e s  a  

maximum of  105 keV/u. 
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FIGURE 9 .  The E l e c t r o n i c  
S y s t e m  f o r  t h e  T h i n  F o i l  Pro-  
p o r t i o n a l  C o u n t e r  
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i n  a  T i s s u e  E q u i v a l e n t  Gas 
Sample Corresponding  t o  a U n i t  
D e n s i t y  F o i l  o f  0 . 5 1  p 



G R I D - W A L L E D  P R O P O R T I O N A L  COUNTER-W. A .  G l a s s  

A m i n i a t u r e  p r o p o r t i o n a l  c o u n t e r  was d e v e l o p e d  f o r  s t u d i e s  o f  t h e  
e f f e c t  o f  w a l l - s c a t t e r e d  r a d i a t i o n  o n  measured l o c a l - e n e r g y - d e n s i t y  
d i s t r i b u t i o n s .  I t  has  a  h e l i c a l - g r i d  c a t h o d e  s t r u c t u r e  t h a t  i s  
a p p r o x i m a t e l y  t r a n s p a r e n t .  The s e n s i t i v e  volume i s  a  c y l i n d e r  1 cm 
diam and I cm l o n g .  

P r o p o r t i o n a l  c o u n t e r s  make p o s s i b l e  

t h e  measurement o f  t h e  d i s t r i b u t i o n  of  

energy  d e p o s i t e d  i n  m i c r o s c o p i c  s i t e s  

by i o n i z i n g  r a d i a t i o n .  I t  i s  u s u a l l y  

assumed t h a t  t h e  d i s t r i b u t i o n  o f  e n e r -  

g i e s  d e p o s i t e d  i n  such  a  c o u n t e r  by 

i o n i z i n g  r a d i a t i o n  i s  t h e  same a s  t h a t  

i n  t h e  e q u i v a l e n t  m ic roscop ic  s i t e .  

~ o s s i ( ~ )  ha s  g i v e n  a n  example t h a t  shows 
t h a t  t h e  a s sumpt ion  i s  n o t  r i g o r o u s l y  

t r u e .  A p a r t i c l e ,  p a r t i c u l a r l y  an  e l e c -  

t r o n ,  may c r o s s  t h e  c o u n t e r ,  undergo 

m u l t i p l e  s c a t t e r i n g  i n  t h e  w a l l ,  and 

come back t h rough  t h e  c o u n t e r ;  whe rea s ,  

a  s i m i l a r  e l e c t r o n  going  t h rough  t h e  

e q u i v a l e n t  s o l i d  would have  missed  t h e  

volume a f t e r  b e i n g  s c a t t e r e d .  

To i n v e s t i g a t e  j u s t  how much t h i s  

phenomenon i n f l u e n c e s  t h e  ene rgy  d i s -  

t r i b u t i o n s  measured ,  i t  was dec ided  t o  

compare d i s t r i b u t i o n s  measured w i t h  a  

c o n v e n t i o n a l  s o l i d - w a l l  c o u n t e r  w i t h  

F I G U R E  1 2 .  One C e n t i m e t e r  
Diameter  G r i d-  W a l l e d  C o u n t e r  
w i t h  F ie  Zd Shaping  E l e c t r o d e s  

t h o s e  measured i n  a  c o u n t e r  o f  t h e  

same s i z e  b u t  whose w a l l s  were  of  t h e  

same d e n s i t y  a s  t h e  ga s  i n  t h e  c o u n t e r .  

S c a t t e r i n g  i n  t h e  l a t t e r  s h o u l d  be s i m -  

i l a r  t o  t h a t  i n  t h e  e q u i v a l e n t  s o l i d .  

A c o u n t e r  w i t h  e s s e n t i a l l y  t r a n s p a r e n t  

w a l l s  would be p l a c e d  i n  a  ve ry  l a r g e  

t a n k  t h a t  c o n t a i n e d  t h e  c o u n t i n g  g a s .  

The i n v e s t i g a t i o n  would be made w i t h  

a  b e t a - r a y  e m i t t e r  d i s p e r s e d  i n  t h e  

g a s  and whose range  was l e s s  t h a n  t h e  

d i s t a n c e  from t h e  c o u n t e r  t o  t h e  w a l l  

o f  t h e  t a n k .  T h i s  would s i m u l a t e  a  

sys tem of  un i form d e n s i t y  i n  which 

t h e r e  was cha rged  p a r t i c l e  e q u i l i b r i u m .  

The s i m i l a r  s i t u a t i o n  w i l l  be s i m u l a t e d  

i n  t h e  c o n v e n t i o n a l  c o u n t e r  by i n c o r p -  

o r a t i n g  t h e  same b e t a - e m i t t e r  i n  i t s  

w a l l s  and c o u n t i n g  g a s .  

The c o u n t e r  ha s  been comple ted  and 

t e s t e d  and i s  i l l u s t r a t e d  i n  F igu re  1 2 .  

I t  i s  a  c i r c u l a r  c y l i n d e r  1 cm diam and  

1 cm long .  The t r a n s p a r e n t  w a l l  i s  

made of 0 .127 mm w i r e  wound a s  a h e l i x  
w i t h  s p a c i n g  o f  1 . 6  mm between a d j a -  

c e n t  t u r n s .  Th i s  c o n s t r u c t i o n  p r o -  

v i d e s  g r e a t e r  t h a n  90% t r a n s p a r e n c y  

t o  i n c i d e n t  b e t a  p a r t i c l e s ,  y e t  p r o -  

v i d e s  a  s a t i s f a c t o r y  c a t h o d e  and d e f -  

i n i t i o n  of t h e  c o u n t i n g  volume f o r  

t h e  c y l i n d r i c a l  c o u n t e r .  The h e l i x  

i s  s u p p o r t e d  by two w i r e s  runn ing  t h e  

l e n g t h  o f  t h e  s t r u c t u r e .  These a l s o  

p r o v i d e  s u p p o r t  f o r  a  s o l i d  w a l l  t h a t  
c an  be added w i t h o u t  d i s t u r b i n g  t h e  

i n t e r n a l  p a r t s  o f  t h e  c o u n t e r  t o  make 

t h e  c o r r e s p o n d i n g  c o n v e n t i o n a l  c o u n t e r  

S i n c e  t h e  l e n g t h  of  t h e  c o u n t e r  i s  



Channe l  
Number 

FIGURE 2 3 .  Response  o f  t h e  
G r i d-  W a l l e d  P r o p o r t i o n a l  
C o u n t e r  t o  C o l l i m a t e d  A lpha  
P a r t i c l e s  

t h e  same a s  i t s  d i a m e t e r ,  f i e l d - s h a p i n g  

e l e c t r o d e s  were n e c e s s a r y .  They a r e  

t h i n - w a l l e d  t u b e s  1 . 6  mm diam. The 

f i e l d - s h a p i n g  e l e c t r o d e s  a r e  i n s u l a t e d  

from t h e  anode s u p p o r t s  by T e f l o n  bush-  

i n g s  which a l s o  c e n t e r  t h e  anode.  

I n  o p e r a t i 2 n ,  t h e  p o t e n t i a l  on t h e  

f i e l d - s h a p i n g  e l e c t r o d e s  i s  a d j u s t e d  

t o  minimize d i s t o r t i o n  of t h e  c y l i n d r i -  

c a l  e l e c t r i c  f i e l d  o v e r  t h e  l e n g t h  o f  

t h e  anode.  The anode i s  a  s t a i n l e s s  

s t e e l  w i r e  0 . 0 7 6  mm diam. The c o u n t e r  

i s  des igned  t o  o p e r a t e  a t  t h e  c e n t e r  

o f  a  122 cm diam s p h e r i c a l  t a n k  con-  

t a i n i n g  1 4 c - l a b e l l e d  e t h y l e n e  a t  a  p r e s -  

s u r e  of  abou t  200  t o r r ,  which i s  j u s t  

adequa t e  t o  a s s u r e  b e t a - r a y  e q u i l i b r i -  

um. A t  t h i s  p r e s s u r e  t h e  c o u n t e r  w i l l  

s i m u l a t e  a  u n i t  d e n s i t y  s i t e  o f  ap-  

p r o x i m a t e l y  3 p. 

The c o u n t e r  was t e s t e d  f o r  r e s o l u -  

t i o n  and u n i f o r m i t y  o f  r e s p o n s e  by d i r -  

e c t i n g  c o l l i m a t e d  monoene rge t i c  a l p h a  

p a r t i c l e s  a c r o s s  t h e  c o u n t e r  normal  

t o  i t s  a x i s .  F i g u r e  1 3  shows t h e  r e -  

sponse  of  t h e  c o u n t e r  t o  t h e s e  p a r t i -  

c l e s  a s  t h e y  e n t e r  a t  d i f f e r e n t  l o c a -  . - 
t i o n s  a long  t h e  a x i s  o f  t h e  c o u n t e r .  

The r e sponse  i s  e s s e n t i a l l y  t h e  same - 
a t  a l l  p o i n t s .  I 

. 
SELF-ABSORPTION I N  S C I N T I L L A T I O N  CRYSTALS-0. N .  Samsky 

S e l f - a b s o r p t i o n  i n  s c i n t i l l a t o r s  i m p l i e s  t h a t  t h e r e  i s  p a r t i a l  
o v e r l a p p i n g  o f  t h e i r  e m i s s i o n  and a b s o r p t i o n  s p e c t r a .  The  i n -  
t e n s i t y  o f  l i g h t ,  a s  measured  b y  a  p h o t o m u Z t i p Z i e r  t u b e ,  d e -  
c r e a s e s  a s  t h e  p a t h  t r a v e l e d  by t h e  l i g h t  t h r o u g h  t h e  s c i n t i l -  
l a t o r  i n c r e a s e s .  O p t i c a l  f i l t e r s  enhance  t h e  e f f e c t  o f  s e l f -  
a b s o r p t i o n .  

A s t u d y  was unde r t aken  t o  measure t h e  d i s t a n c e  t h e  l i g h t  t r a v e l e d  i n  t h e  

s e l f - a b s o r p t i o n  i n  s c i n t i l l a t i o n  c r y s -  s c i n t i l l a t o r  b e f o r e  b e i n g  d e t e c t e d  by 

t a l s .  The amount of s e l f - a b s o r p t i o n  a  p h o t o m u l t i p l i e r  t u b e .  A w e l l  c o l l i m a t -  

depended upon t h e  s c i n t i l l a t o r  and ed  beam o f  p r o t o n s  e n t e r e d  t h e  s c i n t i l l a -  



t o r  a t  v a r i o u s  d i s t a n c e s  ( P )  from i t s  

o p t i c a l l y  coup led  s u r f a c e .  An o p t i c a l  

f i l t e r ,  p l a c e d  between t h e  s c i n t i l l a t o r  

and t h e  p h o t o m u l t i p l i e r  t u b e ,  enhanced 

t h e  e f f e c t  o f  t h e  s e l f - a b s o r p t i o n .  

The e x p e r i m e n t a l  a p p a r a t u s  i s  shown 

i n  F igu re  14 .  The ene rgy  c o n t r o l  s l i t s  

- S i a t l r r e d  Proton Beam 

slt lonln Slit 

t A s s ~ r n b l y  Control 

High Voltage 
/ 
\ 
Filtered Signal 

l 'hu tomul t~plwr  
Tubes 

FIGURE 1 4 .  E x p e r i m e n t a l  A p -  
p a r a t u s  f o r  Determin ing  
~e Z f - a b s b r p  t i o n  i n  s c i k t i  2 -  
l a t i o n  C r y s t a l s  

and t h e  a n a l y z i n g  magnet o f  t h e  2 MeV 

Van de Graa f f  g e n e r a t o r  were used  t o  

d e f i n e  un ique  p r o t o n  e n e r g i e s  r ang ing  

from 0 . 3  t o  1 . 8  MeV. A t h i n  ( 1 . 3  p ]  

n i c k e l  s c a t t e r i n g  f o i l  was u sed  t o  r e -  

duce t h e  i n t e n s i t y  o f  t h e  beam t o  1 /10  6  

of t h e  o r i g i n a l .  The f o i l ,  mounted s o  

t h a t  i t  cou ld  be  r o t a t e d  i n  and removed 

from t h e  p a t h  of  t h e  beam, was chosen  

t o  minimize energy  l o s s  and energy  

s p r e a d  i n  t h e  s c a t t e r e d  beam. 

The energy  l o s t  i n  t h e  f o i l  i n  i t s  

normal p o s i t i o n  was found by r o t a t i n g  

t h e  f o i l  and by u s i n g  a  s o l i d  s t a t e  

d e t e c t o r  t o  measure d i f f e r e n c e s  i n  

p u l s e  h e i g h t .  F i g u r e  15 d e f i n e s  t h e  

normal p o s i t i o n  A and t h e  r o t a t e d  

p o s i t i o n  B of t h e  s c a t t e r i n g  f o i l .  

With t h e  f o i l  i n  p o s i t i o n  B ,  t h e  max- 

imum re sponse  of  t h e  d e t e c t o r  was used  

a s  a  c a l i b r a t i o n  of  t h e  machine ene rgy  

A 

F o i l  

FIGURE 1 5 .  S c a t t e r i n g  F o i l  
P o s i t i o n s  f o r  P r o t o n  Energy 
Loss  Measurements 

With t h e  f o i l  i n  p o s i t i o n  W ,  t h e  d e t e c -  

t o r  was u s e d  t o  measure t h e  ave rage  

energy  of  t h e  p r o t o n  a f t e r  s c a t t e r i n g .  

F i g u r e  16 g i v e s  t h e  r e l a t i o n s h i p  between 

t h e  machine energy  and t h e  ene rgy  of  

t h e  p r o t o n s  u sed .  

- C a l ~ t i r o t ~ o n  C u r v e  / 
1 . 3 ~  N i c k e l  Is'o11 

- a t  45' to the Beam 

- 

- 

- 

- / ' 
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/ *  
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FIGURE 1 6 .  Energy Reza t i o n s h i p  f o r  
P r o t o n  S c a t t e r i n g  a t  9 0 °  Through a  

The s c a t t e r e d  beam p a s s e d  t h rough  

a  p o s i t i o n i n g  s l i t .  The w i d t h  o f  t h e  

s l i t  was a d j u s t a b l e  and was s e t  a t  

0 .13  mm w i t h  a  f e e l e r  gage .  The s l i t  

assembly ,  c o n t r o l l e d  by r o t a t i n g  a  



hexagonal  n u t  on a  0.7874 t h r e a d  p e r  N u r i ~ ~ a l  Signal Fi l teredSlgnal  

mm (20 t h r e a d s / i n . )  b o l t ,  gave a  p o s i -  

t i o n  r e p r o d u c i b l e  t o  w i t h i n  0 . 0 5  mm. Llncar P u l s e s  

The beam was a l l owed  t o  e n t e r  t h e  s c i n -  D l s r r i r n ~ n a t o r  Dis r r i rn lna tor  
4rnplliler A r n p l i f l e r  

t i l l a t o r  a t  p o s i t i o n s  ( P )  r a n g i n g  from 

0 .13  t o  13 .0  mm away from i t s  f a c e .  

The beam i n t e n s i t y ,  v a r i a b l e  from a  Iielght 
Analyzer 

few t o  s e v e r a l  thousand  p r o t o n s  p e r  
I 

second ,  was c o n t r o l l e d  by t h e  ene rgy  

s l i t  s e p a r a t i o n  and t h e  i n t e n s i t y  of  

t h e  beam c u r r e n t .  
Slow-Doubl~ 

A s c i n t i l l a t o r  and a  f i l t e r  were op- Coincldc n i e  

t i c a l l y  coup led  t o  t h e  two Amperex 56 D ~ s c r l r r i i n a t o r  I ' U ~ ~ ~ S  5 nlii ~ l n r l n a t u r  I ' L Z I ~ ~  

UVP p h o t o m u l t i p l i e r  t u b e s  by s i l i c o n e  FTGURE 1 8 .  E l e c t r o n i c  Scheme 
g r e a s e .  The s c i n t i l l a t o r s ,  a n t h r a c e n e  f o r  S e l f - a b s o r p t i o n  i n  S c i n t i l -  

and NE102, were p o l i s h e d  d i s c s  19 mm l a t i o n  C r y s t a l s  

t h i c k  and 38 mm diam. The o p t i c a l  f i l -  

t e r s *  have t r a n s m i s s i o n  cu rves  a s  g i v e n  

i n  F i g u r e  17 .  F i g u r e  18 i s  a  s c h e m a t i c  

of  t h e  e l e c t r o n i c s .  The l i n e a r  p u l s e s  

from t h e  p h o t o m u l t i p l i e r  t u b e s  were 

f e d  i n t o  t h e i r  r e s p e c t i v e  p r e a m p l i f i e r s  

and d i s c r i m i n a t o r - a m p l i f i e r s .  A l l  b u t  

t h e  s m a l l e s t  n o i s e  p u l s e s  caused  d i s c r i m  

i n a t o r  p u l s e s  t o  be  f e d  i n t o  t h e  c o i n c i -  

dence  u n i t .  One of t h e  l i n e a r  p u l s e s  

was a c c e p t e d  f o r  a n a l y s i s  by t h e  p u l s e  

h e i g h t  a n a l y z e r  i f  accompanied by a  g a t e  

p u l s e  from t h e  c o i n c i d e n c e  u n i t .  This  

c o i n c i d e n c e  g a t i n g  g r e a t l y  r educed  t h e  

e f f e c t  o f  p h o t o m u l t i p l i e r  n o i s e .  

The s h i f t  i n  t h e  p u l s e  h e i g h t  was 

measured by r e c o r d i n g  t h e  a v e r a g e  chan-  

n e l  number f o r  e ach  p o s i t i o n  o f  t h e  

p o s i t i o n i n g  c o l l i m a t o r .  Each measure-  

ment-a r e sponse  v e r s u s  p o s i t i o n  curve-  

was made w i t h  two s c a n s  i n  o p p o s i t e  

d i r e c t i o n s  s o  t h a t  t h e  l a s t  p o i n t s  t a k -  

en checked t h e  f i r s t  p o i n t s  f o r  d r i f t s  

i n  g a i n .  Any r u n  w i t h  a  g a i n  s h i f t  

was n o t  u sed .  I n  a d d i t i o n ,  f o r  v a r i o u s  

f i x e d  p o s i t i o n s ,  a  r e s p o n s e  v e r s u s  

energy  cu rve  was g e n e r a t e d  by v a r y i n g  

t h e  a c c e l e r a t o r  ene rgy  of  t h e  Van de  

Graaf  f .  
The r e s u l t s  a r e  shown i n  F i g u r e s  

320 360 4 0 0  4 4 0  48il .,Lil 

19  t h rough  25. F i g u r e s  19  and  2 2 ,  
W a \ e l r n e t h . N a n o m e t e r s  - .  

r e sponse  v e r s u s  energy  c u r v e s ,  show 

FIGURE 1 7 .  T r a n s m i s s i o n  Curves  
f o r  t h e  O p t i c a l  F i l t e r s  

- 

*Corning  g l a s s  f i l t e r s  #7-52 

t h a t  a s  t h e  t r a n s m i s s i o n  of t h e  f i l -  

t e r s  d e c r e a s e s ,  t h e  minimum d e t e c t a b l e  

ene rgy  i n c r e a s e s .  The g e n e r a l  shape  

of t h e  c u r v e s ,  however, i n d i c a t e s  t h a t  

t h e  r e sponse  of  t h e  f i l t e r e d  p h o t o -  

m u l t i p l i e r  t u b e  can  be r e l a t e d  t o  t h e  
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0 N o r m a l  
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A F ~ l t e r  7-51 

- 
P - 0.37" 

Normal / 

0 

0 0.2 0 . 4  0 . 6  0 . 8  1 . 0  1 .2  1 . 4  1 . 6  1 . 8  2 . 0  

Energy o f  P r o t o n  i n  MeV Ec 

FIGURE 22.  Response v e r s u s  
Energy Curves  f o r  Anthracene  
f o r  t h e  Normal and F i l t e r e d  
#7-59 and 7- 5 1  Cases .  

FIGURE 19 .  Response v e r s u s  
Energy Curves  f o r  NE102 f o r  
t h e  Norma2 and F i l t e r e d  #7-59 
Cases  

I NE102 Normal I 

Dis tance  f r o m  Photocathode in M i l l i m e t e r s  Distance frorn Pl~otocathode I n  M ~ l l l ~ r ~ v t , , r . i  
FIGURE 23. Response V e r s u s  
P o s i t i o n  Curves  f o r  t h e  Normal FIGURE 20. Response v e r s u s  

P o s i t i o n  Curves  f o r  t h e  Normal 
Case o f  NE102 a t  1 .67 MeV, 
0 .  82 MeV, and 0.48 MeV 

Case o f  An thracene  a t  1.67 MeV 
and 0 .82  MeV 

160 

E = 1.67 M e V  

E = 0.82  MeV 
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0 2 4 fi  8 10 12 

I)lstance f rom Photocathode in Mll11meter.s Dis tance  f rom Photocathode i n  M i l l i m e t e r s  

FIGURE 24. Response V e r s u s  
P o s i t i o n  Curves  f o r  t h e  F i l t e r -  
ed #7-59 Case o f  An thracene  
a t  1.67 MeV and 0 .82  MeV 

FIGURE 21. Response v e r s u s  P o s i t i o n  
Curves  f o r  t h e  F i l t e r e d  #7-59 Case 
o f  NE102 a t  1 .67  MeV, 0 .82  MeV, and 
0.48 MeV 



Filter 7- 51  

Distance from Photocathode i n  Millimeters 

FIGURE 25. Response V e r s u s  P o s i t i o n  
Curve f o r  t h e  F i l t e r e d  #7-51 Case 
o f  An thracene  a t  1 .67  MeV 

energy of the foil scattered protons. 

The remaining figures show self-ab- 

sorption effects for anthracene and 

NE102, with filters #7-59 and $7-51 

at energies of 1.67, 0.82, and 0.48 

MeV. As the position (P) increases 

from zero, the response reaches a 

maximum value. In this region, the 

effect of photomultiplier tube coup- 

ling predominates. As the point of 

scintillation approaches the photo- 

multiplier tube scintillator interface, 

the effective area of coupling de- 

can be explained by realizing that 

when ionizing radiation passes through 

a scintillator, it excites a primary 

emission spectrum that in most cases 

partially overlaps the absorption 

spectrum for that scintillator. Thus, 

for a given wave length the intensity 

of the initial light will fall off ex- 

potentially with distance. The absorp- 

tion coefficient is determined from 

the absorption spectrum of the scin- 

tillator. The final transmitted light 

is a summation of all the exponential 

terms. This relation has been put in 

approximate analytical form by Kaiser 

and devilliers. (4) Their measurements, 

however, were made using scintillators 

thicker than 8 mm and using 2 4 4 ~ m  

alphas as a source. No attempt has 

been made here to form an analytical 

expression of the self-absorption. 

The effect of the filters was to re- 

duce the amount of light that reached 

the photomultiplier tube that was non- 
absorbable in the scintillator. For 

NE102, filter #7-51 was not used since 

the intensity of light that it passed 
. . 

was not sufficient for analysis. 

creases, and hence the light reaching The self-absorption in a scintilla- 

the photomultiplier tube also de- tor can be measured in a single cry- . 
creases. After the maximum the re- stal using protons. The absorption 

sponse curves are seen to drop off, effect is a function of path length to s 

first rapidly and then at a slower rate. the photomultiplier tube and can be en- s 

This decrease in pulse height amplitude hanced by appropriate use of optical 

can be attributed to self-absorption filters. The effect seems to be ener- 

in the scintillator. The effect gy independent. 

P U L S E D  X - R A Y  M A C H I N E- L .  A .  Braby 

Evaluation of the 600 kv, 12 kJ 
, F \  

A problem in early tests of the pulser 

pulsed X-ray machine* was continued. was the inconsistency of current and 

* F i e l d  E m i s s i o n  C o r p o r a t i o n ,  

McMinnvi l l e ,  Oregon. 

voltage measurements using the load re- 

sistors provided. The value of these 



r e s i s t o r s  seemed t o  change bo th  w i t h  

v o l t a g e  and t i m e .  We l e a r n e d  t h a t  t h e y  

were made up of  h i g h  power, l ow-va lue  

carbon  f i l m  r e s i s t o r s  connec t ed  i n  s e r i e s  

and t h a t  o t h e r s  had e x p e r i e n c e d  s i m i l a r  

d e t e r i o r a t i o n  under  p u l s e  u s e .  I t  was 

s u g g e s t e d  t h a t  r e s i s t i v e  e l emen t s  of  

copper  s u l p h a t e  i n  aqueous s o l u t i o n  be 

used  between coppe r  e l e c t r o d e s .  Such 

r e s i s t o r s  were known t o  work r e l i a b l y  

w i t h  v e r y  s h o r t  p u l s e s ,  b u t  t h e y  hau n o t  - been used  f o r  p u l s e s  l o n g e r  t h a n  1 u s e c .  

, They have  a  r e l a t i v e l y  h i g h  t e m p e r a t u r e  

c o e f f i c i e n t  o f  r e s i s t a n c e ;  t h e r e f o r e ,  

t h e  volume and r e s i s t i v i t y  of t h e  s o l u -  

t i o n  must be a d j u s t e d  t o  p r o v i d e  s u f -  

f i c i e n t  t he rma l  c a p a c i t y  s o  t h a t  t h e  

t empera tu re  change caused  by power 

d i s s i p a t i o n  w i l l  be l e s s  t h a n  a  f r a c -  

t i o n  of  a  d e g r e e .  A L u c i t e  c y l i n d e r  

9 cm diam and 1 m l o n g ,  c o n t a i n i n g  

app rox ima te ly  0.05M - CuS04, makes a  

300 n r e s i s t o r  which i n c r e a s e d  i n  

t empera tu re  abou t  1 / 3  " C  w i t h  a  1 2  

k J  p u l s e .  T e s t s  showed no problem 

w i t h  10 psec  p u l s e s ,  and s u c c e s s i v e  

c u r r e n t  measurements  ag reed  w i t h i n  

t h e  accu racy  of  t h e  o s c i l l o s c o p e  

r e a d o u t .  From t h e s e  t e s t s ,  i t  appea r s  

t h a t  t h e  power s u p p l y  i s  pe r fo rming  

s a t i s f a c t o r i l y ;  however, no l i f e t i m e  

o r  endurance  t e s t s  have been made. 

Experiments  w i t h  t h i s  dev i ce  would 

i n v o l v e  t h e  o p e r a t i o n  of p h o t o m u l t i p l i e r  

t u b e s  and o t h e r  c i r c u i t r y  p l a c e d  n e a r  

t h e  p u l s e r .  S ince  t h e  s p a r k  gaps a r e  

u n s h i e l d e d ,  t h e  d e v i c e  r a d i a t e s  a  l a r g e  

amount of  RF n o i s e .  To keep t h i s  n o i s e  

from t h e  d a t a  s i g n a l s ,  a  p h o t o m u l t i p l i e r  

and p r e a m p l i f i e r  were s h i e l d e d  w i t h  a  

1 cm t h i c k  aluminum can and connec t ed  

t o  d i s p l a y  equipment  by a  s i n g l e  c a b l e  

t h u s  a v o i d i n g  any p o s s i b i l i t y  of  ground 

l o o p s .  T e s t s  i n d i c a t e d  t h a t  t h e s e  p r e -  

c a u t i o n s  reduced  t h e  n o i s e  on t h e  o u t -  

p u t  s i g n a l  t o  a  r e a s o n a b l e  l e v e l  f o r  

p r e l i m i n a r y  e x p e r i m e n t s .  

L O C A L  ENERGY D E N S I T Y  AND H I T  THEORY-W. C .  R o e s c h  

Classical hit theory can be generalized to permit allowance 
for difference in effectiveness of different hits or in 
sensitivity of different bioZogicaZ entities. ExpZoitation 
of the generalization requires the assumption of connections 
between biological sensitivity and a physical quantity such 
as local energy density. 

H i t  " theory"  i s  a  h y p o t h e s i s  t o  ex-  

p l a i n  t h e  obse rved  forms of d o s e - e f f e c t  

c u r v e s  by r e l a t i n g  them t o  e l emen ta ry  

q u a n t i z e d  r a d i a t i o n  a b s o r p t i o n  e v e n t s  

( h i t s )  d i s t r i b u t e d  a c c o r d i n g  t o  Po i s son  

s t a t i s t i c s .  For example,  i f  a  s i n g l e  

h i t  w i t h i n  a  b i o l o g i c a l  e n t i t y  i s  s u f -  

f i c i e n t  t o  k i l l  i t ,  t h e n  t h e  f r a c t i o n  

s u r v i v i n g  a  dose  D i s  

where m i s  t h e  ave rage  number of  h i t s  

expec t ed  i n  a  b i o l o g i c a l  e n t i t y  and 

A = (m/D) = c o n s t a n t  i s  t h e  ave rage  

number e x p e c t e d  p e r  u n i t  dose .  Zimmer 

r e c e n t l y  rev iewed t h e  s u b j e c t  o f  h i t  

t h e o r y  ( 6 ) .  Among t h e  c r i t i c i s m s  he 

n o t e d  t h a t  had  been made of t h e  t h e o r y  

were t h a t  t h e  ma thema t i ca l  a n a l y s i s  

had n o t  been deve loped  t o  a l l o w  f o r  



t h e  d i f f e r e n c e  i n  e f f i c i e n c y  of d i f -  

f e r e n t  i n t e r a c t i o n s  o r  f o r  t h e  d i f -  

f e r e n c e  i n  r a d i o s e n s i t i v i t y  of  d i f -  

e r e n t  b i o l o g i c a l  e n t i t i e s .  This  pape r  

s u p p l i e s  t h e  n e c e s s a r y  mathemat ics .  

I n  t h e  f i r s t  p a r t  o f  t h e  pape r  t h e  

n e c e s s a r y  fo rma l  changes  a r e  made t o  

c l a s s i c a l  h i t  t h e o r y .  I n  t h e  second  

p a r t  a  c o n n e c t i o n  w i t h  l o c a l  energy  

d e n s i t y  i s  assumed i n  o r d e r  t o  e x p l o i t  

t h e  developments  i n  t h e  f i r s t  p a r t ;  

some o t h e r  way of  a s s o c i a t i n g  b i o l o g i -  

c a l  and p h y s i c a l  e v e n t s  on t h e  mic ro -  

s c o p i c  s c a l e  might  do e q u a l l y  w e l l  o r  

b e t t e r .  

H i t  Theory 

I t  i s  assumed t h a t  each  h i t  p roduces  

i t s  e f f e c t s  on t h e  b i o l o g i c a l  e n t i t y  

i n d e p e n d e n t l y  of  e v e r y  o t h e r  h i t .  Then 

t h e r e  must be a  p r o b a b i l i t y  of s u r v i v a l ,  

S l y  f o l l o w i n g  a  s i n g l e  h i t .  Th i s  S1 

i s  de t e rmined  by t h e  r ange  of e f f e c t i v e -  

n e s s  of i n d i v i d u a l  h i t s  and by t h e  d i f -  

f e r e n c e s  i n  r a d i o s e n s i t i v i t y  of d i f f e r -  

e n t  e n t i t i e s  i n  t h e  i r r a d i a t e d  p o p u l a -  

t i o n .  Because of  t h e  assumed indepen-  

dence of  t h e  e f f e c t s  of d i f f e r e n t  h i t s ,  

t h e  p r o b a b i l i t y  of  s u r v i v i n g  n  h i t s  i s  

s:. The p r o b a b i l i t y  of  n  h i t s ,  when 

t h e  mean number e x p e c t e d  i s  m ,  i s  
-m  n  e  m / ( n ! )  . T h e r e f o r e ,  t h e  p r o b a b i l i t y  

of  s u r v i v i n g  such  a  dose  i s  

From l o c a l - e n e r g y - d e n s i t y  t h e o r y  ( 7  

D = m <AZ>. Thi s  can  be  i n t r o d u c e d  

i n  Equa t ion  ( 2 )  a s  a  p h y s i c a l  r e l a t i o n -  

s h i p  w i t h o u t  any i m p l i c a t i o n  r e g a r d i n g  

a  c o n n e c t i o n  of  e f f e c t i v e n e s s  o r  s e n s i -  

t i v i t y  w i t h  l o c a l  ene rgy  d e n s i t y .  

w i t h  

A t  t h i s  p o i n t  any o f  t h e  u s u a l  more 

e l a b o r a t e  forms of  h i t  t h e o r y  can  be  

b u i l t  up from E q u a t i o n s  ( 2 )  o r  ( 3 ) .  

For  example,  i f  e ach  of  N e n t i t i e s  i n  

a  sys tem must be d e s t r o y e d  t o  k i l l  t h e  . 
sys t em,  t h e n  t h e  p r o b a b i l i t y  of s u r v i v a l  

-kD of a  sys tem i s  1 - ( 1  - e - k D ) N  w i t h  e  

from Equa t ion  ( 3 ) .  I f  d e s t r u c t i o n  of  

any one of  t h e  N w i l l  k i l l  t h e  s y s t e m ,  

t h e n  t h e  p r o b a b i l i t y  of  s u r v i v a l  i s  

e  - k D N ,  e t c .  

The R e l a t i v e  B i o l o g i c a l  E f f e c t i v e n e s s  

(RBE) of  a  r a d i a t i o n ,  deno t ed  by h ,  r e l -  

a t i v e  t o  x  r a y s ,  deno t ed  by x ,  i s  

RBE = kh/kx 

whether  t h e  s u r v i v a l  c u r v e  i s  a  s i m p l e  

e x p o n e n t i a l  such  a s  Equa t ion  (3a )  o r  

one of t h e  more c o m p l i c a t e d  f u n c t i o n s  

j u s t  c o n s i d e r e d .  

I f  a  s p e c i f i c  r a d i o b i o l o g i c a l  phenom- 

enon i s  t o  be d e s c r i b e d  by t h e  above 
e q u a t i o n s ,  a  s i n g l e  t y p e  o f  s u r v i v a l  

c u r v e  [Equa t ion  ( 3 ) ,  one o f  t h e  N - e n t i t y  

e q u a t i o n s ,  o r  o t h e r s ]  must f i t  t h e  d a t a  

f o r  a l l  t y p e s  of r a d i a t i o n  by changing  

on ly  t h e  v a l u e  of  k .  There  i s  no d i f -  

f i c u l t y  i n  s e e i n g  how t h i s  i s  p o s s i b l e  

i f  t h e  c u r v e s  a r e  a l l  s imp le  exponen-  

t i a l ~ .  Another  t y p e  of  f a m i l y  o f  s u r -  

v i v a l  c u r v e s  o f t e n  s e e n  i s  t h a t  o f  

e x p o n e n t i a l  c u r v e s  f o r  h i g h  LET r a d i -  

a t i o n  w i t h  more complex c u r v e s ,  s i m i l a r  

t o  m u l t i - h i t  c u r v e s ,  f o r  low LET. How 

t h i s  might  a r i s e  i s  shown i n  F i g u r e  2 6 .  

Here 1 - (k - e - k D ) 2  i s  shown f o r  k t s  

i n  t h e  r a t i o  1 : 4 : 8 .  A l l  t h e  c u r v e s  a r e  

t h e  same shape ,  b u t ,  one t h e  s c a l e  cho -  

s e n ,  t h e  h i g h e r  RBE c u r v e s  l ook  exponen- - 
t i a l  . 



FIGURE 26. IZZustration of the Same 
Survival Curve for Different RBE 
Values 

A remain ing  q u e s t i o n ,  t h e n ,  i s ,  i f  

Equa t ion  (3b)  w i l l  g i v e  t h e  n e c e s s a r y  

v a r i a t i o n  of  k w i t h  LET. To answer 

t h i s  q u e s t i o n  r e q u i r e s  a d d i t i o n a l  

assumpt ions  about  S1. I t  must be a s -  

sumed t o  v a r y  w i t h  some q u a n t i t y  t h a t  

d e s c r i b e s  t h e  r a d i a t i o n .  We w i l l  a s -  

sume f o r  t h e  moment t h a t  t h e  l o c a l  

energy  d e n s i t y  i n t r o d u c e d  by R o s s i ,  

B i a v a t i ,  and G r o s s ( 8 )  i s  t h e  n e c e s s a r y  

q u a n t i t y .  

Local  Energy D e n s i t y  

Taking 

S ( A Z )  = e-'" 

co r r e sponds  t o  t h e  c l a s s i c a l  s i n g l e - h i t  

t h e o r y .  Equa t ions  (5)  and (3b)  g i v e  

(7 )  where t h e  n o t a t i o n  i s  t h a t  of r e f e r e n c e  . 

I f  X A Z  < <  1 o v e r  most of t h e  A Z  

d i s t r i b u t i o n ,  t h e  e x p o n e n t i a l  i n  Equa t ion  

(7)  can  be r e p l a c e d  by t h e  f i r s t  two 

te rms  o f  i t s  power s e r i e s  expans ion .  

This  g i v e s  k = h = c o n s t a n t .  The s u r -  

v i v a l  c u r v e s  a r e  e x p o n e n t i a l ,  and t h e  

RBE's a r e  t h e  same f o r  a l l  r a d i a t i o n s .  

Keeping a n o t h e r  term i n  t h e  s e r i e s  shows 

t h a t  t h e  RBE of h i g h  LET r a d i a t i o n s  i s  

s l i g h t l y  l e s s  t h a n  t h a t  f o r  low LET; 

t h i s  i s  what i s  obse rved  i n  s i n g l e - h i t  

phenomena. I f  h A Z  > >  1, t h e  exponen-  

t i a l  i n  Equa t ion  (7)  c an  be n e g l e c t e d  

and k = ( A Z )  -'. Th i s  g i v e s  ve ry  low 

R B E ' s  f o r  h i g h  LET r a d i a t i o n s  and i s  

seldom of  i n t e r e s t  i n  r a d i o b i o l o g y .  

C a l c u l a t i o n s  w i t h  o t h e r  p o s s i b l e  

f u n c t i o n s  f o r  ~ ( A Z )  i n d i c a t e  t h a t  

much of  t h e  shape  of  RBE cu rves  can  be 

unde r s tood  from t h e  b e h a v i o r  of s ( ~ Z 1  . . 
Assume t h a t  i n  a  h i t  i n  which t h e r e  f o r  s m a l l  A Z .  I f ,  f o r  example,  w i t h  

i s  an i nc r emen t  A Z  t o  t h e  l o c a l  ene rgy  n > l  
d e n s i t y  t h e r e  i s  a  p r o b a b i l i t y  of  s u r -  

v i v a l  s  (AZ) . Then S(AZ) = 1 - azn  (8)  

'0 

sl = /  ~ ( A Z )  P(AZ)  ~ A Z  . 
- 

( 5 )  f o r  s m a l l  A Z ,  Equa t ion  (3b)  g i v e s  
0 

One e x p e c t s  a  p r i o r i  t h a t  s (dZ)  i s  n e a r l y  k = 41") / (Az) . (9)  

u n i t y  f o r  s m a l l  A Z  and t h a t  i t  d e c r e a s e s  

m o n o t o n i c a l l y  w i t h  i n c r e a s i n g  A Z .  Then k w i l l  be s m a l l  f o r  low LET, r i s e  

t o  a  maximum, and d e c r e a s e  a s  (b$ 
f o r  h i g h  LET. This  i s  how many RBE 

cu rves  behave .  



LONG T E R M  CHANGE O F  P u - B e  N E U T R O N  S O U R C E S- L . L .  N i c h o l s  

The change  i n  n e u t r o n  y i e l d  o f  two Pu-Be n e u t r o n  s o u r c e s  w i t h  
t i m e  was d e t e r m i n e d  t o  be 1 . 0  t 0 .  3% p e r  y e a r .  The a c c u r a c y  
o f  r e s u l t  i s  d e p e n d e n t  on t h e  s t a b i l i t y  o f  t h e  B F 3  t u b e  s e n -  
s i  t i v i  t y .  

The f l u x  from Pu-Be n e u t r o n  s o u r c e s  s e n s i t i v e  t o  t h i s  damage.* 

changes a s  a  f u n c t i o n  of  t ime .  T h i s  The s o u r c e s  were p o s i t i o n e d  i n s i d e  

i s  c aused  p r i m a r i l y  by t h e  b u i l d - u p  of  a  p r e c i s i o n  long  c o u n t e r  (I1) and t h e  

2 4 1 ~ m  from t h e  o r i g i n a l  2 4 1 ~ ~  i n  t h e  coun t  r a t e  f o r  e ach  s o u r c e  was meas- 

s o u r c e .  S i n c e  t h e s e  s o u r c e s  a r e  used  u r e d  p e r i o d i c a l l y  ove r  a  2 y r  p e r i o d .  

a s  f l u x  s t a n d a r d s  i n  n e u t r o n  e x p e r i -  The d a t a  were f i t t e d  w i t h  a  s t r a i g h t  

ments ,  i t  i s  i m p o r t n a t  t o  know how t h e  l i n e  and t h e  p e r c e n t  change p e r  y e a r  

o u t p u t  changes w i t h  t i m e .  was c a l c u l a t e d .  For o u r  two s t a n d a r d  

A p r e v i o u s  a t t emp t ( ' )  t o  measure s o u r c e s  (M-246',  M-710') t h e  n e u t r o n  

t h i s  change by comparing t h e  unknown f l u x  i n c r e a s e s  by 1 . 0 * 0 . 3 % / y e a r .  

s o u r c e  w i t h  a  known 2 3 8 ~ ~ - ~ e  s o u r c e  The u n c e r t a i n t y  i n  t h i s  v a l u e  was 

was u n s u c c e s s f u l .  The change i n  

n e u t r o n  emi s s ion  r a t e  was c a l c u l a t e d  

u s i n g  t h e  known i s o t o p i c  compos i t i on  

and t h e  known number of  n e u t r o n s  p e r  

a l p h a .  The s o u r c e  was made from a  

powdered m i x t u r e  of  Pu02 and b e r y l l i u m  

i n s t e a d  of  t h e  more s t a b l e  PuBelg com- 

p l e x ,  and i t  f a i l e d  t o  y i e l d  r ep roduc -  

i b l e  r e s u l t s .  P r ev ious  a t t e m p t s  t o  

measure s e c u l a r  changes u s i n g  a  BF3 

t u b e  a s  a  s t a n d a r d  were hampered by 

r a d i a t i o n  damage e f f e c t s .  ( l o )  More 

r e c e n t l y ,  however ,  t u b e s  have been 

o b t a i n e d  t h a t  a r e  c o n s i d e r a b l y  l e s s  

de t e rmined  by e s t i m a t i n g  t h e  magni tude  

of  t h e  known s o u r c e s  of  e r r o r .  These 

e r r o r s  i n c l u d e  t h e  s t a n d a r d  d e v i a t i o n  

due  t o  c o u n t i n g  s t a t i s t i c s ,  a  s m a l l  

e r r o r  i n  t h e  t e c h n i q u e  u sed  t o  s e t  

t h e  g a i n  of  t h e  BF3 t u b e  c o u n t i n g  

sys t em,  and an e r r o r  c aused  by den-  

s i t y  changes i n  t h e  p o l y e t h y l e n e  i n  

t h e  long  c o u n t e r  b rough t  abou t  by 

v a r i a t i o n s  i n  room t e m p e r a t u r e .  

* T w e n t i e t h  C e n t u r y  E l e c t r o n i c s ,  
New A d d i n g t o n ,  Croyden ,  S u r r e y ,  
England 

L O C A L - E N E R G Y - D E N S I T Y  D I S T R I B U T I O N S- W .  C .  R o e s c h  

The  l a b o r  o f  d e t e r m i n i n g  t h e  Z o c a l - e n e r g y - d e n s i t y  d i s t r i b u t i o n  
can  o f t e n  b e  a v o i d e d  by  r e d u c i n g  t h e  d e s i r e d  q u a n t i t y  t o  an 
e x p r e s s i o n  i n v o Z v i n g  o n l y  moments o f  t h e  s i n g l e - e v e n t  d i s t r i -  
b u t i o n  o r  by  mak ing  u s e  o f  t h e  G a u s s i a n  a p p r o x i m a t i o n  when t h e  
e x p e c t e d  number o f  e v e n t s  i s  l a r g e .  

R o s s i ,  B i a v a t i ,  and Gross ( * )  i n t r o -  and b i o l o g i c a l  e f f e c t s  o f  i o n i z i n g  r a d i -  

duced t h e  q u a n t i t y  " l o c a l  energy  d e n s i t y ' ' ,  a t i o n  a t  t h e  m i c r o s c o p i c  l e v e l .  The 
Z ,  t o  a s s i s t  i n  r e l a t i n g  t h e  p h y s i c a l  l o c a l  energy  d e n s i t y  i s  t h e  ene rgy  a b -  



so rbed  i n  a  s m a l l  s p h e r i c a l  volume of  

m a t t e r  d i v i d e d  by t h e  mass of  t h e  mat-  

t e r  i n  t h a t  volume. For s p h e r e s  s m a l l  

enough t o  be  of  r a d i o b i o l o g i c a l  i n t e r -  

e s t ,  a  few microns  and l e s s  i n  d i a m e t e r ,  

a  g i v e n  abso rbed  dose  w i l l  p roduce  d i f -  

f e r e n t  v a l u e s  of  t h e  l o c a l  energy  den-  

s i t y  i n  d i f f e r e n t  s p h e r e s  because  t h e  

p a r t i c l e  n a t u r e  of  r a d i a t i o n  r e s u l t s  
i n  c o n c e n t r a t i o n  of  abso rbed  energy  

a long  p a r t i c l e  t r a c k s  r a t h e r  t h a n  i n  

un i form d i s t r i b u t i o n s  t h roughou t  t h e  

i r r a d i a t e d  m a t e r i a l .  Determining  t h e  

l o c a l - e n e r g y - d e n s i t y  d i s t r i b u t i o n ,  P(Z], 

i s  t h e  f i r s t  t a s k .  One o r  more e v e n t s  

may c o n t r i b u t e  t o  Z .  De te rmining  P(AZ) 

t h e  d i s t r i b u t i o n  of  i nc r emen t s  A Z  t o  

Z i n  s i n g l e  e v e n t s ,  i s  e a s i e r  t h a n  d e -  

t e r m i n i n g  P(Z) .  The pu rpose  of  t h i s  

pape r  i s  t o  demons t r a t e  ma thema t i ca l  

r e l a t i o n s  between P  (AZ) and P(Z) t h a t  

f r e q u e n t l y  pe rmi t  avo+-ding t h e  d e t e r -  

m i n a t i o n  of  P(Z) .  

Ross i  ( I 2 )  ha s  g i v e n  a  formula  f o r  

c a l c u l a t i n g  P(Z) from P(AZ) : 

t h rough  (3)  g i v e  P(Z) when P(AZ) i s  

known, b u t  u s u a l l y  much compu ta t i ona l  

l a b o r  i s  i n v o l v e d .  

Le t  u s  u s e  t h e  n o t a t i o n  

We w i l l  c a l c u l a t e  (e-'z) . Thi s  i s  

t h e  Laplace  t r a n s f o r m  of  P ( Z ) ;  i f  t h e  

s i g n  of  A were changed,  i t  would be 

what i s  known i n  p r o b a b i l i t y  t h e o r y  a s  

t h e  moment-genera t ing  f u n c t i o n .  P u t t i n g  

f  (Z) = e - A '  i n  Equa t ion  ( 4 ) ,  s u b s t i t u t i n g  

P(Z) from Equa t ion  ( I ) ,  and u s i n g  t h e  

Lap l ace  t r a n s f o r m  c o n v o l u t i o n  theorem n  
t h  t i m e s  i n  t h e  n- term g i v e s  

where t h e  b r a c k e t s  i n  (e-AAz) d e n o t e  

t h e  same o p e r a t i o n  a s  i n  e q u a t i o n  ( 4 ) ,  

b u t  t h e  p r e s e n c e  of  t h e  A i n d i c a t e s  

t h a t  t h e  i n t e g r a t i o n  i s  o v e r  t h e  d i s -  

t r i b u t i o n  P(AZ) r a t h e r  t h a n  P(Z) . 
I t  i s  r e a d i l y  shown t h a t  

where From t h i s  and Equa t ion  (5)  

and 

Po ( Z )  = 6 ( Z ) ,  ( 3 )  
(z2e-'z) = [m2 ( A z e - ' ~ ~ )  

t h e  D i r a c  d e l t a  f u n c t i o n .  Pn(Z) i s  t h e  

p r o b a b i l i t y  o f  a  l o c a l  energy  d e n s i t y  
- 1  . 

+ m ( d z 2 e - ' ~ ~ ) ]  e-m[l 
-m n  Z i n  n  e v e n t s ;  e  m (n! )  1s t h e  

Po i s son  p r o b a b i l i t y  of  n  e v e n t s  when 
- (e-"z)] ( 7 ~ )  

t h e  ave rage  number i s  m .  E q u a t i o n s ( 1 )  



For m much l e s s  t h a n  o n e ,  (z)* app roaches  
e t c . ,  and ,  by l e t t i n g  A = 0 ,  

(Az)and a 2  approaches  (nz2) - ( A Z ) ~  , i.e., - - 
(14 = 1 (8a)  

P*(Z)/  ( 1  - e - m )  app roaches  P(AZ) o r  P*(Z) 

e s s e n t i a l l y  e q u a l s  mP(aZ). For m much 
( Z  ) = m ( A Z )  (8b)  

l a r g e r  t h a n  o n e ,  (1)' approaches  ~ ( A z )  ( z 2 )  = m 2  ( A Z ) ~  + m ( A z 9  ( 8 ~ )  

( z 3  = m 3  { A S 3  + 3m2 ( A 3  (A29 
and u 2  approaches  m(Az2)  ; h i g h e r  odd 

c e n t r a l  moments approach  z e r o .  T h i s  
+ m ( A Z ~  (8d) i n d i c a t e s  t h a t  P*(Z) [ o r  P(Z)]  app roaches  

a  Gauss ian  d i s t r i b u t i o n  

e t c .  
P* ( z )  = [ z ~ D ( A z ~  / $211 

The mean v a l u e  of  Z ,  (z) , e q u a l s  

t h e  abso rbed  d o s e ; ( 9 )  t h e r e f o r e ,  from exp  [(z - D ) ~ ( A z ) / ~ D ( A z ~ ) ] .  

. . . (12) Equa t ion  (8b)  

Equa t ion  (8a )  s a y s  t h a t  t h e  P(Z) d i s -  

t r i b u t i o n  i s  no rma l i zed  t o  u n i t y .  I t  i s  

s o  no rma l i zed  because  i t  i n c l u d e s  t h e  

te rm e  m 6 ( ~ )  f o r  t h e  p r o b a b i l i t y  of  ' n o  

ene rgy  d e p o s i t i o n  e v e n t  t a k i n g  p l a c e  

( t h e  p r o b a b i l i t y  o f  an  e v e n t  t a k i n g  

p l a c e  b u t  w i t h  no ene rgy  d e p o s i t i o n  i s  

P (AZ = 0)  ~ A Z ) .  De t e rmina t i ons  of  P(Z) 

do n o t  i n c l u d e  t h i s  t e rm b u t  g i v e  i n -  

s t e a d  P* (Z) = P(Z) - e-m6 ( z )  . p* (Z) 
- m 

i s  no rma l i zed  t o  1 - e  r a t h e r  t h a n  

u n i t y .  Using * t o  d e n o t e  t h e  o p e r a t i o n  

of  Equa t ion  ( 4 )  b u t  w i t h  P * ( Z ) / ( l  - e - m )  

g i v e s  

A p p l i c a t i o n s  seldom r e q u i r e  P(Z) i t -  

s e l f ;  t h e y  o f t e n  r e q u i r e  some e x p r e s s i o n  

of  t h e  form of  Equa t ion  ( 4 ) .  For ex -  

ample,  ~ i a v a t i ~ ' ~ )  used  f  (=) e q u a l  t o  

one f o r  Z I Z o  and e q u a l  t o  z e r o  f o r  . . 
Z > Z o .  Th is  c an  be e v a l u a t e d  

f o r  l a r g e  m .  

More g e n e r a l l y ,  f ( Z )  c a n  be a p -  

proximated  by a  power s e r i e s .  O r ,  an  

e x p r e s s i o n  o f  t h e  form 

-AZ f ( Z )  = e  ( ao  + alZ + a2Z2 + . . . )  (14 

may be a  b e t t e r  app rox ima t ion .  I n ,  

t h i s  c a s e  

and 



and t h e  t e rms  on t h e  r i g h t  c an  be e v e n t  f r equency  

e v a l u a t e d  by E q u a t i o n s  ( 8 ) .  1 - e  - m = 1 - e  - D/ (A Z) 

Sometimes one wants  j u s t  t h e  from Equa t ion  ( 9 ) .  

CALORIMETRIC MEASUREMENT O F  2 ' 0 ~ o * - ~ .  M .  Fleming 

A c a l o r i m e t e r  o f  t h e  tw in  t ype  (14) 

was used  f o r  c y l i n d r i c a l  samples  a s  

l a r g e  a s  24 cm long  and 5 cm diam. 

Thermal i n s u l a t i o n  was o b t a i n e d  by a  

. 1 . 3  cm l a y e r  of  s t y ro foam.  The c a l -  

o r i m e t e r  r e l i e d  on t h e  h i g h  t h e r m a l  

c o n d u c t i v i t y  of  a  3.2 mm t h i c k  cop-  

p e r  j a c k e t  t o  p r o v i d e  t h e  same temp- 

e r a t u r e  envi ronment  f o r  e a c h  s i d e .  

Temperature r i s e  o f  t h e  sys tem was 4.2 
0 C / W .  A 1 2 - j u n c t i o n ,  i r o n - c o n s t a n -  

t a n  t he rmop i l e  was u sed  t o  d e t e c t  any 

t e m p e r a t u r e  d i f f e r e n c e  between c e l l s .  

Thermopile  o u t p u t  was f e d  t o  an am- 

p l i f i e r  which i n  t u r n  s u p p l i e d  a  s i g -  

n a l  t o  a  p r o p o r t i o n a l  c o n t r o l  sys tem.  

The c o n t r o l l e r  p r o v i d e d  t h e  c a l i b r a t i o n  
s i d e  o f  t h e  c a l o r i m e t e r  w i t h  t h e  e l e c -  

t r i c a l  power n e c e s s a r y  t o  keep t h e  

two s i d e s  a t  t h e  same t e m p e r a t u r e .  

A t  e q u i l i b r i u m  t h e  h e a t  o u t p u t  o f  t h e  

sample i s  e q u a l  t o  t h e  power s u p p l i -  

e d  t o  t h e  c a l i b r a t i o n  h e a t e r .  A c l o c k -  

c o n t r o l l e d  r e a d o u t  sys tem r e c o r d e d  

t h e  v o l t a g e  on t h e  h e a t e r  a t  p r e d -  

e t e rmined  i n t e r v a l s .  The sys t em was 

t h e r e f o r e  comple t e ly  au tomated .  

Maximum measurab le  s o u r c e  power 

i s  10 W and t h e  minimum d e t e c t a b l e  

power l e v e l  i s  abou t  10 mW. Accur-  

acy  r e q u i r e d  f o r  t h e  measurement 

was 1% which was e a s i l y  o b t a i n e d .  

S i x t e e n  i r r a d i a t e d  b i smuth  e l emen t s  

were measured.  The f i r s t  e lement  t o  

be measured was remeasured a t  t h e  

end of  t h e  expe r imen t  t o  o b t a i n  t h e  

decay r a t e  of  t h e  h e a t  o u t p u t .  The 

measured v a l u e  d i f f e r e d  from t h e  a c -  

c e p t e d  h a l f - l i f e  of 2 1 0 ~ o  by l e s s  t h a n  

t h e  e s t i m a t e d  e x p e r i m e n t a l  e r r o r ;  

t h i s  s u p p o r t s  t h e  assumpt ion  t h a t  t h e  

h e a t  c o n t r i b u t i o n  from r a d i o a c t i v e  

con t aminan t s  was n e g l i g i b l e .  

* T h i s  work was n o t  funded by t h e  
D i v i s i o n  o f  B i o l o g y  and M e d i c i n e .  

APPARATUS F O R  LOCAL-ENERGY-DENSITY MEASUREMENTS-W. A .  G l a s s  

A p r o p o r t i o n a l  c o u n t e r  i s  d e s c r i b e d  c a p a b l e  o f  measur ing  t h e  d i s t r i b u t i o n  
o f  e n e r  i e s  d e p o s i t e d  i n  m i c r o s c o p i c  s p h e r i c a l  s i t e s  ( o f  t h e  o r d e r  o f  
5 r 20-92  gl  by i o n i z i n g  r a d i a t i o n .  D i s t r i b u t i o n s  o f  t h e  dose  a s  a  func-  
tion o f  e v e n t  s i z e  f o r  m o n o e n e r g e t i c  n e u t r o n s  a r e  compared w i t h  s i m i l a r  
r e s u l t s  o b t a i n e d  a t  t h e  R a d i o l o g i c a l  Research  L a b o r a t o r y ,  Columbia 
U n i v e r s i t y .  

I n v e s t i g a t i o n  of t h e  ene rgy  d e p o s i t e d  5 x  1 0 - l ~ ~ )  i s  made p o s s i b l e  by measur-  

by i o n i z i n g  r a d i a t i o n  i n  m i c r o s c o p i c  i n g  t h e  ene rgy  d e p o s i t e d  i n  c a v i t i e s  

a b s o r p t i o n  s i t e s  ( s i t e s  o f  t h e  o r d e r  o f  f i l l e d  w i t h  a  g a s  hav ing  t h e  same a tomic  



compos i t ion  a s  t h e  w a l l  m a t e r i a l .  g r i d  h e l d  a t  a  p o t e n t i a l  0 . 2  t h a t  o f  
(15)  T h e o r i e s  advanced by U .  Fano , t h e  anode.  T h i s  v o l t a g e  i s  s u f f i c i e n t  

G .  ~ a i l l a ' ' ~ )  , and  o t h e r s  show t h a t  t o  c o l l e c t  e l e c t r o n s  from i o n i z i n g  

when such  a  c a v i t y  i s  su r rounded  by e v e n t s  w i t h i n  t h e  s p h e r i c a l  c a v i t y .  

s u f f i c i e n t  m a t e r i a l  t o  e s t a b l i s h  The c o l l e c t e d  e l e c t r o n s  p a s s  t h rough  

charged  p a r t i c l e  e q u i l i b r i u m ,  t h e  t h e  t r a n s p a r e n t  g r i d  and i n t o  t h e  c y l i n -  

c a v i t y  e x p e r i e n c e s  t h e  same energy  

a b s o r p t i o n  p e r  u n i t  mass a s  t h e  s u r -  

rounding  w a l l .  R o s s i ,  e t  a l .  ( 8917y18)  

have shown t h a t  e x c e p t  f o r  a  p o s s i b l e  

e f f e c t  due t o  e l e c t r o n  s c a t t e r i n g ,  t h e  

ene rgy  spec t rum of  i o n i z i n g  e v e n t s  i n  

such  a  c a v i t y  i s  t h e  same a s  t h e  s p e c -  

trum i n  m i c r o s c o p i c  s i t e s  o f  h i g h e r  

d e n s i t y  m a t e r i a l .  The d imens iona l  

s c a l i n g  f a c t o r  i s  t h e  r a t i o  of  t h e  den -  

s i t y  of t h e  g a s  t o  t h e  d e n s i t y  of  t h e  

m a t e r i a l  be ing  s i m u l a t e d .  

Techniques f o r  p roduc ing  p r o p o r t i o n a l  

c o u n t e r s  i n  s p h e r i c a l  c a v i t i e s  have 

been deve loped  a t  t h e  R a d i o l o g i c a l  Re- 

s e a r c h  l a b o r a t o r y  a t  Columbia U n i v e r s i t y  

Our Labo ra to ry  r e c e n t l y  o b t a i n e d  one of  
t h e s e  s p h e r i c a l  p r o p o r t i o n a l  c o u n t e r s  

w i t h  t i s s u e  e q u i v a l e n t  w a l l s . *  The 

f o l l o w i n g  is  a  d e s c r i p t i o n  of  t h e  e q u i p -  

ment n e c e s s a r y  f o r  making l o c a l - e n e r g y -  

d e n s i t y  measurements  and of  t h e  g e n e r a l  

per formance  c h a r a c t e r i s t i c s  o f  t h e  

c o u n t e r .  

The p r o p o r t i o n a l  c o u n t e r  i s  a  s p h e r -  

i c a l  c a v i t y  10 cm diam su r rounded  by 

about  6 mm of  t i s s u e  e q u i v a l e n t  p l a s t i c .  

A c y l i n d r i c a l  e l e c t r i c  f i e l d  about  t h e  

anode ,  n e c e s s a r y  t o  produce  uni form gas  

m u l t i p l i c a t i o n  f o r  i o n i z i n g  e v e n t s  i n -  

dependent  o f  t h e i r  l o c a t i o n  w i t h i n  t h e  

c a v i t y ,  i s  m a i n t a i n e d  by a  tenuous  s p i r a l  

*The c o u n t e r  was made avaiZabZe t o  us  
t h r o u g h  t h e  k i n d n e s s  o f  H .  H .  R o s s i  
and h i s  co- workers  a t  CoZumbia U n i v e r-  
s i t y .  I t  was f a b r i c a t e d  by Mr. Rudolph 
Gand and M r .  R o b e r t  Lee .  

d r i c a l  e l e c t r i c  f i e l d  between t h e  g r i d  
and anode where t h e  ga s  m u l t i p l i c a t i o n  

p r o c e s s  t a k e s  p l a c e  t o  produce  a  s i g -  

n a l  p r o p o r t i o n a l  t o  t h e  i n i t i a l  i o n i -  

z a t i o n .  F i g u r e  2 7  shows c o n s t r u c t i o n  

d e t a i l s .  Evidence  t h a t  e l e c t r o n s  a r e  

c o l l e c t e d  from a l l  r e g i o n s  of  t h e  s p h e r -  

i c a l  volume and a r e  s u b j e c t  t o  un i form 

m u l t i p l i c a t i o n  i s  g i v e n  i n  F i g u r e  2 8 .  

Th i s  f i g u r e  d i s p l a y s  t h e  p u l s e  h e i g h t  

d i s t r i b u t i o n  r e s u l t i n g  from a  mono- 

e n e r g e t i c  a l p h a  p a r t i c l e  s o u r c e  mounted 

f l u s h  w i th  t h e  c o u n t e r  w a l l .  I t  i s  

assumed t h a t  t h e  a l p h a  p a r t i c l e s  l o s e  

a  s u f f i c i e n t l y  s m a l l  amount of  ene rgy  

i n  t r a v e r s i n g  t h e  c a v i t y  t h a t  t h e i r  

ELECTR 
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FIGURE 2 7 .  The S p h e r i c a Z  P r o p o r t i o n -  
a2 C o u n t e r  
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and i n t e g r a t i o n  t ime  c o n s t a n t s .  F i g u r e  

29  shows t h e  e f f e c t  o f  a m p l i f i e r  t ime  
c o n s t a n t s  on r e s o l u t i o n .  The r e s o -  

l u t i o n  i s  t aken  a s  t h e  f r a c t i o n a l  f u l l -  

wid th-a t -ha l f -maximum f o r  e v e n t s  p r o -  

duced by c o l l i m a t e d  a l p h a  p a r t i c l e s  

d i r e c t e d  a c r o s s  a  d i ame te r  o f  t h e  

c o u n t e r .  These r e s u l t s  i n d i c a t e  l i t -  

t l e  o r  no improvement i n  r e s o l u t i o n  

10 by i n c r e a s i n g  t h e  t ime  c o n s t a n t s  b e -  
20 40 bO 80  1 0 0  1 2 0  1 4 0  1 6 0  

C h a n n e l  number yond 3 . 2  U S ~ C .  

FIGURE 2 8 .  Even t  Spec t rum Re- 
s u l t i n g  from a  M o n o e n e r g e t i c  
A l p h a - P a r t i c l e  Source  Mounted 
Flush  w i t h  C o u n t e r  W a l l  

1 4  

s t o p p i n g  power i s  c o n s t a n t .  Hence, 

t h e  r e s u l t i n g  ene rgy  l o s s  d i s t r i b u t i o n  
C 

2 1 3  
u 
3 

d i s t r i b u t i o n  of  c h o r d s  drawn, w i t h  equa l  d 

212 
p r o b a b i l i t y  i n  a l l  d i r e c t i o n s ,  from a  

p o i n t  on t h e  w a l l  o f  t h e  s p h e r e .  Tha t  11 

i s ,  a l l  energy  l o s s e s  s h o u l d  be e q u a l l y  
7 "  
A "  

p r o b a b l e  from z e r o  t o  a  maximum v a l u e  u I 4 5 4 5 b I 
Tlmc c o n s t a n t ,  y s e c  

which r e p r e s e n t s  a  t r a v e r s a l  a long  t h e  

d i a m e t e r ;  l a r g e r  e v e n t s  o b v i o u s l y  have FIGURE 2 9 .  R e s o l u t i o n  o f  t h e  S p h e r i -  
c a l  P r o p o r t i o n a l  Counter  as  a  F u n c t i o n  

z e r o  p r o b a b i l i t y .  o f  A m p l i f i e r  Time C o n s t a n t s  

I t  was n e c e s s a r y  t o  p r o v i d e  a d d i -  

t i o n a l  e l e c t r o s t a t i c  s h i e l d i n g  of  t h e  

c o u n t e r  a g a i n s t  n o i s e  p i c k - u p .  An a d -  

e q u a t e  conduc to r  was produced  by vacu -  

um d e p o s i t i o n  of  abou t  10 u o f  s i l v e r  

o n t o  t h e  o u t s i d e  w a l l  o f  t h e  c o u n t e r .  

Th i s  s h i e l d  was t h e n  e l e c t r i c a l l y  con-  

n e c t e d  t o  t h e  c o u n t e r  b a s e  and t h e  

common ground.  

F i g u r e  3 0  shows t h e  wide range  of 

ga s  g a i n  ove r  which t h i s  c o u n t e r  w i l l  

f u n c t i o n  s a t i s f a c t o r i l y .  S t a b l e  o p e r -  

a t i o n  a t  ve ry  h i g h  g a s  g a i n  i s  i m p o r t -  

a n t  when measur ing  i o n i z i n g  e v e n t s  

produced by h i g h  energy  e l e c t r o n s .  

These e v e n t s  may c o n t a i n  on ly  a  few 

S i g n a l s  from p r o p o r t i o n a l  c o u n t e r s  
1 

t y p i c a l l y  d i s p l a y  a  r a t h e r  s low and 5 
OC 

v a r i a b l e  r i s e  t ime  p r i m a r i l y  due t o  a 

t h e  f i n i t e  d r i f t  v e l o c i t y  of  e l e c t r o n s  1' 
> 

i n  t h e  g a s .  Th i s  i s  p a r t i c u l a r l y  t r u e  
e - 

f o r  t h i s  c o u n t e r  s i n c e  t h e  r a d i a l  ex -  & 11 

t e n t  o f  i o n i z i n g  e v e n t s  can  be a s  g r e a t  I I 
a s  5 cm. S i g n a l s  o f  t h i s  t y p e  a r e  b e s t  10 1 I I I I I 

5 10 1 5  2 0  2 5  3 0 

a m p l i f i e d  w i t h  a  c h a r g e - s e n s i t i v e  p r e -  p r e s s u r e ,  mm of f i g  

a m p l i f i e r  f o l l owed  by an  RC a m p l i f i e r  FIGURE 3 0 .  Gas Gain o f  t h e  Spher icaZ  
w i t h  r e l a t i v e l y  long  d i f f e r e n t i a t i o n  P r o p o r t i o n a l  C o u n t e r  a s  a  F u n c t i o n  o f  

Gas P r e s s u r e  



i n i t i a l  i o n  p a i r s ,  and gas  g a i n s  o f  
3  10 o r  more a r e  n e c e s s a r y  t o  r a i s e  t h e  

s i g n a l  above t h e  i n h e r e n t  e l e c t r o n i c  

n o i s e .  

S i m u l a t i o n  of  s p h e r i c a l  a b s o r p -  

t i o n  s i t e s  of  t h e  o r d e r  of  1 u diam i n  

t i s s u e  r e q u i r e s  o p e r a t i o n  o f  t h e  coun-  

t e r  a t  g a s  p r e s s u r e s  o f  a  few t o r r .  

The gas  g a i n  of  p r o p o r t i o n a l  c o u n t e r s  

i s  a  ve ry  s e n s i t i v e  f u n c t i o n  of  p r e s -  

s u r e ,  p a r t i c u l a r l y  a t  p r e s s u r e s  b e -  

low 2 0  t o r r ,  a s  shown i n  F i g u r e  31. 

Thus, f o r  u l t i m a t e  r e s o l u t i o n ,  t h e  

ga s  f low sys tem used  w i t h  t h e  s p h e r i c -  

a l  p r o p o r t i o n a l  c o u n t e r  must m a i n t a i n  

a  c o n s t a n t  p r e s s u r e  f o r  t h e  p e r i o d  of  

I I I I I I I I 

500  600  700 8 0 0  9 0 0  1 0 0 0  1 1 0 0  1 2 0 0  
Anode p o t e n t i a l ,  V 

t ime  r e q u i r e d  t o  accumula te  a  s p e c -  

t rum. Our ga s  h a n d l i n g  sys t em,  s i m i -  

l a r  t o  t h a t  r e p o r t e d  by M .  H .  B i a v a t i  

e t  a l .  ( 19 )  h a s  shown some d i f f i c u l t y  

w i t h  long  term s t a b i l i t y  of  ga s  p r e s -  

s u r e .  Work h a s  begun on an  e l e c t r o n i -  

c a l l y  c o n t r o l l e d  feedback  d e v i c e  t o  

r e g u l a t e  ga s  p r e s s u r e  w i t h  an  e r r o r  

s i g n a l  d e r i v e d  from g a i n  s h i f t s  i n  a n -  

o t h e r  p r o p o r t i o n a l  c o u n t e r  o p e r a t i n g  

from t h e  same p r e s s u r e  sy s t em.  

A comparison of  ou r  r e s u l t s  w i t h  

t h o s e  o b t a i n e d  by t h e  group  a t  Colum- 

b i a  U n i v e r s i t y ,  who p i o n e e r e d  t h i s  

t ype  of measurement ,  seems a p p r o p r i a t e .  

A good r e s u l t  t o  compare i s  t h e  dose  

d i s t r i b u t i o n  i n  e v e n t  s i z e  f o r  mono- 

e n e r g e t i c  n e u t r o n s .  Event  s i z e  h a s  

been d e f i n e d  a s  t h e  ene rgy  (measured 

i n  KeV) d e p o s i t e d  i n  a  s p h e r i c a l  s i t e  

d i v i d e d  by t h e  e q u i v a l e n t  d i a m e t e r  o f  

t h a t  s i t e  i n  u n i t  d e n s i t y  m a t e r i a l .  

F i g u r e  32 compares t h e  no rma l i zed  dose  

d i s t r i b u t i o n s  o b t a i n e d  f o r  monoener- 

g e t i c  n e u t r o n s  i n  o u r  l a b o r a t o r y  w i t h  

t h o s e  r e p o r t e d  by M .  H .  B i a v a t i  e t  

a l .  ('O) The g e n e r a l  f e a t u r e s  of  t h e s e  

40 6 0  80 1 0 0  
r ( k e V l u )  

0.02 

- En = 1.1 MeV 
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F I G U R E  3 2 .  Comparison o f  t h e  
Dose D i s t r i b u t i o n  i n  Y o f  
Monoenerge t ic  Neutrons  ( D i s t r i -  

FIGURE 3 2 .  Gas Gain o f  t h e  b u t i o n s  a t  R i g h t  from Radio-  
S p h e r i c a l  P r o p o r t i o n a l  C o u n t e r  ZogicaZ Research  L a b o r a t o r y ,  
a s  a  F u n c t i o n  o f  Anode P o t e n t i a l  Columbia U n i v e r s i t y )  



d i s t r i b u t i o n s  show t h e  expec t ed  a g r e e -  l o s e  t o  a  1 s i t e  i s  a b o u t  100 KeV. 

ment. The d i f f e r e n c e  i n  energy  s c a l e  I f  one makes c e r t a i n  assumpt ions  r e -  

r e f l e c t s  a  d i f f e r e n c e  i n  c a l i b r a t i o n  g a r d i n g  t h e  b e h a v i o r  of t h e  i o n i z i n g  

t e c h n i q u e s .  The Columbia group  u s e s  e v e n t s  i n  t h e  c o u n t e r ,  t h e  i n s t r u m e n t  

t h e  s t o p p i n g  power of monoenerge t ic  a l -  can  be u sed  t o  de t e rmine  e x p e r i m e n t a l l y  

pha p a r t i c l e s  t o  de t e rmine  t h e  max- t h e  dose  d i s t r i b u t i o n  i n  l i n e a r  energy  

imum energy  l o s t  by p r o t o n s  t o  t h e  t r a n s f e r .  F i g u r e  33 shows an  e x p e r i -  

s p h e r i c a l  c o u n t e r .  Our energy  s c a l e  m e n t a l l y  measured dose d i s t r i b u t i o n  i n  

has  been made t o  a g r e e  w i t h  a n  e x p e r i -  l i n e a r  ene rgy  t r a n s f e r  f o r  a  Pu-Be neu-  

ment r e c e n t l y  per formed i n  o u r  l a b o r a -  t r o n  s o u r c e  (Hanford s o u r c e  #M-1221), 

t o r y  t h a t  measures  t h e  maximum en-  compared w i t h  a  t h e o r e t i c a l  dose  d i s -  

e r g y  l o s t  ( i o n i z a t i o n )  by p r o t o n s  p a s -  t r i b u t i o n  f o r  n e u t r o n s  from Pu-Be s o u r c e s  

s i n g  t h rough  t h e  ga s  used  i n  t h e  s p h e r i -  The c u r v e s  have been no rma l i zed  t o  e q u a l  

c a l  c o u n t e r .  Th i s  expe r imen t  i n d i c a t e s  a r e a s  and maximum l i n e a r  energy  t r a n s -  

t h a t  t h e  maximum energy  a  p r o t o n  can  f e r  o f  100 keV/p. 

Pu-Be Source  

F I G U R E  3 3 .  Dose D i s t r i b u t i o n  i n  LET f o r  a 
Pu-Be Neutron  Source  Compared w i t h  t h e  t h e o -  
r e t i c a l  D i s t r i b u t i o n  [ T h e o r e t i c a l  Curve from 
R e f e r e n c e  1 2 5 1 1  

P R O G R E S S  I N  ABSORBED-DOSE C A L O R I M E T R Y- D .  M .  F l eming  

C a l o r i m e t r y  s t u d i e s  were c o n t i n u e d  be measured i s  abou t  1 r a d / h r  which i s  

w i t h  t h e  g o a l  o f  deve lop ing  a  c a l o r i m e t e r  ex t r eme ly  low f o r  c a l o r i m e t r i c  t e c h -  

f o r  u s e  i n  t h e  measurement of  abso rbed  n i q u e s .  I f  i s o t h e r m a l  c a l o r i m e t r y  i s  

n e u t r o n  dose .  The dose  r a t e  which must  employed and t h e  measurement ex t ended  



ove r  an  8 h r  p e r i o d ,  a c c u r a t e  measure-  c a l o r i m e t e r  w i l l  be  u sed  a s  a  t o o l  t o  

ment of  t h i s  dose  r a t e  w i l l  r e q u i r e  t h e  deve lop  t h e  s e n s i t i v i t y  and s t a b i l i t y  

a b i l i t y  t o  d e t e c t  t e m p e r a t u r e  changes d e s i r e d  f o r  t h e  n e u t r o n  c a l o r i m e t e r .  
- 7  0 a s  low a s  10 C .  Extreme t e m p e r a t u r e  

s t a b i l i t y  o f  t h e  c a l o r i m e t e r  w i l l  a l s o  

be r e q u i r e d  f o r  t h e  8 h r  expe r imen t .  - 
C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  r e q u i r e d  

t e m p e r a t u r e  s t a b i l i t y  and s e n s i t i v i t y  

may be ach i eved  by u s i n g  a  tw in  c a l o r -  

i m e t e r .  
An i m p o r t a n t  c h a r a c t e r i s t i c  of t h e  

tw in  c a l o r i m e t e r  i s  t h e  reduced  depen-  

dence on t e m p e r a t u r e  s t a b i l i t y ,  because  

t e m p e r a t u r e  changes i n  t h e  t he rma l  

s h i e l d  a f f e c t  e ach  c e l l  i d e n t i c a l l y  i n  

t h e  i d e a l  c a s e .  A l so ,  t h e  twin  c a l o r -  

i m e t e r  t e c h n i q u e  i s  n o t  dependent  upon 
1 - Styrofoam Insulation 

an a b s o l u t e  t e m p e r a t u r e  measurement b u t  2 - Copper Thermal Shield 
3 - Graphite Liner 

r e u i r e s  o n l y  d i f f e r e n t i a l  measurement 4 s - - H O I ~ O ~  Solid A b s o r b e r  A b s o r b e r  

which i s  much e a s i e r  t o  o b t a i n .  

To app ly  t h e  tw in  c a l o r i m e t e r  t o  t h e  

measurement of  abso rbed  dose ,  some means FIGURE 3 4 .  Absorbed  Dose Cal- 
o r i m e t e r  w i t h  L i d s  Removed 

must be i n c o r p o r a t e d  t o  d i f f e r e n t i a t e  

between t h e  dose  s u p p l i e d  t o  each  s i d e  

The t e c h n i q u e  i n  u s e  i s  t o  p r o v i d e  a  L a t e r  t h i s  t e c h n i q u e  w i l l  b e  adap t ed  

mass d i f f e r e n c e  between t h e  two ab-  f o r  u se  w i t h  n e u t r o n s .  

s o r b e r s .  The o u t s i d e s  o f  t h e  a b s o r b e r s  S t u d i e s  a r e  a l s o  i n  p r o g r e s s  i n  t h e  . -  

a r e  i d e n t i c a l  t o  p r o v i d e  t h e  same h e a t  a r e a  of s e n s i t i v e  t e m p e r a t u r e  measure-  

t r a n s f e r  p r o p e r t i e s ,  b u t  one is  ho l low .  ment .  Although s e v e r a l  thermometry - 
The a b s o r b e r  w i t h  t h e  lower mass ab-  sys tems  a r e  a v a i l a b l e  which may be  

s o r b s  l e s s  r a d i a t i o n  and a s  a  r e s u l t  pushed t o  t h e  l i m i t  of O C ,  most  
k 

has  a  lower t e m p e r a t u r e  r i s e .  have s e r i o u s  drawbacks.  O f  t h e  s e v e r a l  
As a  p r e l i m i n a r y  t o  t h e  n e u t r o n  sys tems  t h a t  have been s t u d i e d ,  thermo- 

c a l o r i m e t r y ,  a  y - r a y  c a l o r i m e t e r  ( F i g -  e l e c t r i c  m a t e r i a l s  and gas  thermometry 

u r e  3 4 )  i s  p a r t i a l l y  assembled .  Th i s  show promise  of g r e a t e r  s e n s i t i v i t y .  

F A S T  N E U T R O N  M E D I C A L  R E S E A R C H  F A C I L I T Y - K .  L .  S w i n t h  

A s h i e l d  and i r r a d i a t i o n  f a c i l i t y  by r e p l a c i n g  p a r a f f i n  w i t h  w a t e r  

were s e t  of f o r  t h e  U n i v e r s i t y  of t anks  and c o n c r e t e  b r i c k s .  A p e r i -  

Washington med ica l  r e s e a r c h  l a b o -  scope  and v e n t i l a t i o n  t u n n e l  were 

r a t o r y  i n  Walla  Wal la .  Major modi- i n c l u d e d  i n  t h e  s h i e l d  t o  a l l e v i a t e  

f i c a t i o n s  t o  t h e  s h i e l d i n g  were made t h e  f e e l i n g  of  c l o s e n e s s  f o r  t h e  



s u b j e c t .  An uneven f l o o r  made 

n e c e s s a r y  a  s l i g h t  m o d i f i c a t i o n  of 

t h e  t r a c k s  on which t h e  b e d ,  s p a c e r ,  

and n e u t r o n  g e n e r a t o r  move. 

A f t e r  o p t i m i z a t i o n  of t h e  p e r -  

formance of t h e  n e u t r o n  g e n e r a t o r ,  

an e s t i m a t e  of  t h e  ave rage  dose  r a t e  

a v a i l a b l e  t o  t h e  volume o f  i n t e r e s t  

u s i n g  t h e  D(d,n)  r e a c t i o n  was made 

w i t h  a i r - f i l l e d ,  t i s s u e - e q u i v a l e n t ,  

i o n i z a t i o n  chambers .  The ave rage  

dose  r a t e  was found  t o  be 1 . 2  r a d s / h r .  

S i m i l a r  chambers ,  b u t  f l u s h e d  w i t h  

t i s s u e - e q u i v a l e n t  ga s  were d e s i g n e d  

and a r e  b e i n g  assembled  ( 2 2 ) .  

Although t h e  T (d ,n )  r e a c t i o n  w i l l  be  

u sed  f o r  most e x p e r i m e n t s ,  t h e  

e f f e c t s  o f  n e u t r o n s  o f  lower  ene rgy  

from t h e  D(d,n)  r e a c t i o n  a r e  b e i n g  

i n v e s t i g a t e d  because  of  t h e i r  g r e a t e r  

b i o l o g i c a l  i n t e r e s t .  

TISSUE EQUIVALENT ION C H A M B E R  D E V E L O P M E N T- L .  A .  Braby 

The d e s i r a b i l i t y  of  t i s s u e  e q u i -  

v a l e n c e  f o r  abso rbed-  dose measur ing  

d e v i c e s  i s  w e l l  known. I n  a d d i t i o n ,  

a  gamma-only d e v i c e  i s  needed  when 

mixed f i e l d s  a r e  e n c o u n t e r e d .  The 

A150 t i s s u e  e q u i v a l e n t  p l a s t i c  (23)  

was chosen f o r  t o t a l  dose measure-  

ments and g r a p h i t e  f o r  t h e  gamma 

d e t e r m i n a t i o n s .  
The program needs  f o r  i o n  chambers 

a r e  a  m i n i a t u r e  chamber t o  be used  

w i t h  a  p u l s e  p e n c i l  r e a d e r  ( 2 4 )  f o r  

dep th - dose  s t u d i e s  and a  s m a l l  i o n  

chamber f o r  n e u t r o n  dos ime t ry  t o  

a s s i s t  t h e  U n i v e r s i t y  o f  Washington 

spe rma togenes i s  s t u d i e s  . 
S i n c e  t h i s  l a t t e r  p r o j e c t  r e q u i r e s  

dose d i s t r i b u t i o n  measurements and 

because  t i s s u e  e q u i v a l e n t  gas  f i l l i n g  

would be i n c o n v e n i e n t ,  a  m i n i a t u r e  

chamber w i t h  a  s m a l l  c a v i t y  and t h i c k  

and 

Q = c(V, - V1) 

where f  i s  t h e  c o l l e c t i o n  e f f i c i e n c y ,  

q  i s  t h e  cha rge  produced  i n  coulombs 

p e r  cm3 of  a i r ,  e  i s  t h e  cha rge  o f  

an e l e c t r o n  i n  coulombs. D i s  t h e  
( S / P )  

dose  i n  r a d s ,  i s  t h e  s t o p p i n g  (S/P)Z 
power r a t i o  of  a i r  t o  w a l l  m a t e r i a l ,  
w i s  t h e  ene rgy  i n  e l e c t r o n  v o l t s  ab -  

s o r b e d  p e r  i o n  p a i r ,  p i s  t h e  d e n s i t y  

o f  a i r ,  c  i s  t h e  chamber c a p a c i t a n c e ,  

and V -V i s  t h e  change i n  p o t e n t i a l  0 1 
on t h e  chamber due t o  t h e  cha rge  c o l -  

l e c t e d .  

For  t h e  d e s i r e d  V/c v a l u e  a  con-  

v e n i e n t  combina t ion  o f  r 2 ,  t h e  i n n e r  

r a d i u s  of  t h e  c a v i t y ,  and r l ,  t h e  

r a d i u s  o f  t h e  e l e c t r o d e ,  c an  be ob-  

t a i n e d  from 

w a l l s  was d e s i g n e d .  When a  d e s i r e d  
c = 2 n ~  * l r 2  

o  r2 - r1 + 2 n ~ ~ L / l n ( r ~ / r ~ )  
s e n s i t i v i t y  D /  (VO - V1) i n  r a d s  p e r  

v o l t ,  h a s  been de t e rmined ,  t h e  neces -  

s a r y  r a t i o  of  volume t o  c a p a c i t a n c e  
v  = 2/3  n ( r 2  3 2 2 can  be c a l c u l a t e d  from - r13) + n ( r 2  - r l  ) L  

e  ( S / P  2 Q = f q v  = f  D 
w 1 . 6  x P v  

by s u c c e s s i v e  app rox ima t ion  where L 



i s  t h e  l e n g t h  of  a  c y l i n d r i c a l  c a v i t y  i n  ga s  volumes o t h e r  t h a n  t h e  i n t e n d e d  

w i t h  one h e m i s p h e r i c a l  end.  The Type c a v i t y .  Even t h e  s m a l l  a i r  gaps 

A chamber ( F i g u r e  35) was d e s i g n e d  i n t e n d e d  t o  l e n g t h e n  t h e  s u r f a c e  

f o r  4 pF and 0 .5  rad/V. I t s  t o t a l  l e akage  p a t h  o v e r  i n s u l a t o r s  can  

volume i s  18 .5  mm3 and r l  i s  1.375mm. cause  major  e r r o r s .  The chamber con-  
Expe r i ence  w i t h  machin ing  and t a c t s ,  i f  l e f t  uncovered ,  can  c o l l e c t  

c l e a n i n g  s m a l l  i n s u l a t o r s  soon  i n d i -  i o n s  from a  v e r y  l a r g e  volume. The 
c a t e d  t h a t  T e f l o n  was t h e  b e s t  c h o i c e ,  c o n f i g u r a t i o n  i l l u s t r a t e d  f o r  t h e  A 
u n l e s s  p o l y s t y r e n e  c o u l d  be  molded t o  and B chambers p roved  t o  be  a d e q u a t e .  
t h e  f i n i s h e d  shape .  Normal ly ,  a  new I n  t h e  s p e r m a t o g e n e s i s  p r o j e c t  t h e  

i n s u l a t o r  l e a k s  q u i t e  b a d l y  u n t i l  i t  need  a r o s e  f ~ r  more s e n s i t i v i t y  and 

h a s  been c l e a n e d  s e v e r a l  t i m e s .  I n  t h e  Type B chambers r e s u l t e d .  These 

s m a l l  chambers d u s t  p a r t i c l e s  i n  t h e  have a  s e n s i t i v i t y  of  7 V/ rad  ( a s  . 
gap between e l e c t r o d e s  i s  a l s o  a  de t e rmined  from n e u t r o n  f l u x  measure-  

ments)  which i s  somewhat l e s s  t h a n  

e x p e c t e d .  To improve s e n s i t i v i t y  

w i t h o u t  i n c r e a s i n g  s i z e ,  t h e s e  cham- 

b e r s  w i l l  have  t o  be a d a p t e d  t o  t h e  

p u l s e  p e n c i l  r e a d e r .  

A 100 cm3 f low chamber u s i n g  

t i s s u e  e q u i v a l e n t  ga s  and w i t h  6.5mm 

t i s s u e  e q u i v a l e n t  p l a s t i c  w a l l s  was 

d e s i g n e d  f o r  c a l i b r a t i n g  t h e  s m a l l  

chambers. I n  t h i s  chamber, 

( F i g u r e  36) i n s u l a t i o n  i s  p r o v i d e d  by 

Chamber A Chamber B 
volume 18.5 mm volume 203 mm 

FIGURE 3 5 .  S m a l l  T i s s u e -  
E q u i v a l e n t  I o n  Chamber P o s i -  
m e t e r s  

problem.  However, i t  i s  u s u a l l y  pos -  

s i b l e  t o  r educe  l e a k a g e  t o  l e s s  t h a n  

A d i f f i c u l t  problem w i t h  sma l l  

Gas 
passage 

0 

5 cm 

Modif ied  MHV I-F connec to r  

c a v i t i e s  i s  e x t r a  camera1 c o l l e c t i o n ,  Chamber M 
volume 1 0 0  cm3 

t h a t  i s ,  c o l l e c t i o n  of  i o n s  formed 
FIGURE 3 6 .  C a l i b r a t i n g  Chamber Employ- 
i n g  T i s s u e  E q u i v a l e n c e  and Gas Flow 



a  mod i f i ed  MHV c o n n e c t o r  and l e a k a g e  i s  measured w i t h  a  vacuum t u b e  e l e c -  

r e s i s t a n c e  i s  >1016n.  Chamber c u r r e n t  t r o m e t e r .  

C A L C U L A T I O N  O F  T H E  D I S T R I B U T I O N  O F  D O S E  I N  L I N E A R  E N E R G Y  T R A N S F E R  F R O M  S P H E R I C A L  
P R O P O R T I O N A L  C O U N T E R  DATA- D. N .  S a m s k y  a n d  W .  A .  G l a s s  

A computer  program was w r i t t e n  t o  c a l c u l a t e  n e u t r o n  dose  d i s t r i b u t i o n s  
i n  l i n e a r  energy  t r a n s f e r  from s p h e r i c a l  p r o p o r t i o n a l  c o u n t e r  d a t a .  A 
f low diagram i s  g i v e n  and sample c a l c u l a t i o n s  f o r  s e v e r a l  m o n o e n e r g e t i c  
n e u t r o n  e n e r g i e s  a r e  p r e s e n t e d .  Comparisons w i t h  t h e o r e t i c a l  c a l c u l a -  
t i o n  shows t h a t  c a l c u l a t e d  l i n e a r  energy  t r a n s f e r  d i s t r i b u t i o n s  a r e  
probably  v a l i d  f o r  n e u t r o n s  h a v i n g  e n e r g i e s  g r e a t e r  t h a n  1 MeV. 

I n  r a d i a t i o n  f i e l d s  where t h e  

cha rged  p a r t i c l e s  have g r e a t l y  d i f -  

f e r e n t  l i n e a r  energy  t r a n s f e r s  i t  i s  

d i f f i c u l t  t o  a s s i g n  a  dose  e q u i v a l e n t .  

For r a d i a t i o n  p r o t e c t i o n  pu rposes  i t  

would be d e s i r a b l e  t o  measure t h e  

abso rbed  dose  f o r  e ach  l i n e a r  ene rgy  

t r a n s f e r ,  m u l t i p l y  by t h e  c o r r e s -  

ponding q u a l i t y  f a c t o r ,  and sum t h e  

p r o d u c t s  t o  a r r i v e  a t  a  dose  e q u i -  

where r i s  t h e  e q u i v a l e n t  r a d i u s  o f  

t h e  s p h e r e .  These a s sumpt ions  a r e  

r e a s o n a b l y  w e l l  s a t i s f i e d  f o r  

n e u t r o n s  above abou t  1 .0  MeV, h i g h  

ene rgy  cha rged  p a r t i c l e  beams, e t c .  

I t  i s  c o n v e n i e n t  t o  n o t e  t h a t  

D(Y) =Y N(Y) ; t h e n  

v a l e n t .  Approximate methods have 
1 i -  D(L) = 

Kt 
been deve loped  f o r  d e t e r m i n i n g  D ( L )  , 7 
t h e  dose d i s t r i b u t i o n  i n  l i n e a r  

energy  t r a n s f e r .  (251 Thi s  method r e -  

q u i r e s  knowledge of  N(Y), t h e  e v e n t -  

s i z e  d i s t r i b u t i o n .  Event  s i z e  i s  
r e l a t e d  t o  t h e  r e sponse  obse rved  i n  

a  s p h e r i c a l  p r o p o r t i o n a l  c o u n t e r  and 

i s  d e f i n e d  a s  t h e  ene rgy  l o s t  by an  

i o n i z i n g  e v e n t  i n  a  s i t e  d i v i d e d  by 

t h e  e q u i v a l e n t  d i a m e t e r  o f  t h a t  s i t e .  

The d a t a  f o r  N(Y) a r e  o b t a i n e d  a s  a  

h i s t o g r a m  p u l s e - h e i g h t  d i s t r i b u t i o n  

from a  m u l t i c h a n n e l  a n a l y z e r .  A 

computer program was w r i t t e n  t o  

produce  D(L) from such  p u l s e - h e i g h t  

s D e c t r a .  
Then, i f  i t  i s  assumed t h a t  t h e  The program was w r i t t e n  i n  
secondaries compr i s ing  t h e  e v e n t s  

F o r t r a n  IV f o r  t h e  Univac 1107 
c r o s s  t h e  s ~ h e r e  i n  s t r a i g h t  l i n e s ,  - 

computer .  F i g u r e  3 7  i s  a  b r i e f  f low 
a long  which t h e i r  l i n e a r  energy  

t r a n s f e r  i s  c o n s t a n t  and ,  i f  
d iagram of  t h e  code .  The n e c e s s a r y  

i n p u t  p a r a m e t e r s ,  i n  a d d i t i o n  t o  t h e  
s e c o n d a r i e s  s t a r t i n g  o r  s t o p p i n g  i n  

N(Y) d i s t r i b u t i o n ,  a r e  t h e  c o u n t e r  
t h e  c o u n t e r  can  be n e g l e c t e d ,  



Data C a r d s  
One o r  

More  C a s e s  

I I Function I 

1 

F I G U R E  3 7 .  Flow Diagram f o r  t h e  Cal-  
c u l a t i o n  o f  t h e  D i s t r i b u t i o n  o f  Dose 
i n  LET from S p h e r i c a l  P r o p o r t i o n a l  
Counter  Data 

Start 

A - 

s i z e  and i n p u t  ene rgy  c a l i b r a t i o n .  

The d a t e ,  r un  number, ene rgy  and 

any o t h e r  a d d i t i o n a l  i n f o r m a t i o n  can  

be  a s s o c i a t e d  w i t h  each  computa t ion .  

A p l o t t i n g  o p t i o n  i s  a v a i l a b l e  s o  

t h a t  e i t h e r  D ( L )  o r  D ( Y )  and  D ( L )  

a r e  graphed .  Only t h e  s t a t i s t i c a l l y  

s i g n i f i c a n t  d a t a  of t h e  m u l t i c h a n n e l  

a n a l y z e r  o u t p u t  were i n c l u d e d  f o r  

a n a l y s i s .  

The i n p u t  was t h e  Hanford  s t a n d a r d  

LISTIV s u b r o u t i n e .  F i r s t  a  D ( Y )  

h i s t o g r a m  was c a l c u l a t e d  from t h e  d a t a  

and no rma l i zed  t o  u n i t y .  Th i s  c a l -  

Z e r o  
Machine 

T e s t  f o r  
Next Case  
T e r m i n a t e  

On l a s t  C a s e  

Calcula tes  D(Y) 
and D(L) a t  Graphs  

1 KeV/u In terva ls  D(Y) and D(L) 

o r t hono rma l  po lynomia l s  was t h e n  

found t o  r e p r e s e n t  t h e  n o r m a l i z e d  

D ( Y )  h i s t o g r a m .  The o r d e r  of  t h e  

po lynomia l ,  l e s s  t h a n  1 6 ,  was chosen  

t o  minimize t h e  r e s i d u e .  From t h i s ,  

a  s e t  o f  o r d i n a r y  po lynomia l  c o e f -  

f i c i e n t s  was c o n s t r u c t e d .  A p o i n t  by 

p o i n t  comparison between t h e  D ( Y )  

h i s t o g r a m  and t h e  c a l c u l a t e d  f i t  

r e f l e c t e d  no more t h a n  t h e  s t a t i s t i c a l  

f l u c t u a t i o n  of  t h e  d a t a .  Adjus tments  

were made s o  t h a t  computer  c a l c u -  

l a t i o n s  o f  t h e  D ( Y )  and D ( L )  f u n c t i o n  

were made a t  1 keV/p i n t e r v a l s .  The 

i r  

c u l a t i o n  a s  w e l l  a s  a l l  o t h e r s ,  was code r e t u r n s  t h e  no rma l i zed  D ( Y )  

per formed i n  double  p r e c i s i o n  s o  t h a t  h i s t o g r a m ,  t h e  match ing  D ( Y )  f u n c t i o n ,  

e ach  number had  21 s i g n i f i c a n t  d i g i t s  t h e  p e r c e n t  d i f f e r e n c e  between t h e  

t h u s  i n s u r i n g  t h a t  round o f f  e r r o r s  two, t h e  o r d i n a r y  po lynomia l  c o e f -  

i n  d i v i s i o n s  and s u b t r a c t i o n s  would f i c i e n t s ,  and t h e  a d j u s t e d  D ( Y )  and 

n o t  a f f e c t  t h e  r e s u l t s .  A s e t  o f  D ( L )  f u n c t i o n s .  I n  a d d i t i o n  i t  can  

s u p p l y  p l o t s  f o r  D ( Y )  and D ( L )  . 

Calculates 
D(Y) Histogram 
and Normalizes 

i t  to Unity 

A + 
E r r o r  i n  

F l t s  an  
Or thonormal  
Polynomial 

to D(Y) 

Input Data 
C a r d s  

Calculated 
Ordinary  

Polynomial 
Coefficients f o r  

D(Y) 

Finds % Difference 
Between D(Y) Histogram 

and Matchlng D(Y) 
A - 



The o p e r a t i o n  of t h e  code was 

checked by comparison w i t h  a  few 

p o i n t s  c a l c u l a t e d  by hand and was 

s a t i s f a c t o r y .  F i g u r e s  38 and 39 

show t h e  r e s u l t s  o f  r e p r e s e n t a t i v e  

c a s e s  t h a t  have been  no rma l i zed  s o  

t h a t  t h e  h igh  l i n e a r  ene rgy  t r a n s f e r  

peak i n  t h e  D(L) spec t rum f a l l s  i n  

Channel 100.  I t  s h o u l d  be n o t e d  

t h a t  even though r e s u l t s  f o r  0 .5  MeV 

n e u t r o n s  have been p r e s e n t e d ,  t h e  D(L) 

d i s t r i b u t i o n  i s  n o t  c o r r e c t  due t o  

t h e  h i g h  p e r c e n t a g e  of s e c o n d a r i e s  

s t o p p i n g  w i t h i n  t h e  c o u n t e r .  I t  h a s  

been i n c l u d e d  t o  show t h a t  i t s  g e n e r a l  

shape  above 40 keV/u is  s i m i l a r  t o  

t h a t  from t h e  t h e o r e t i c a l  c a l c u -  

FIGURE 3 8 .  Dose D i s t r i b u t i o n  
i n  Y for Monoenergetic Neutrons 

l a t i o n s  by R o s s i .  (") A comparison 
of  t h e  N ( Y )  d i s t r i b u t i o n  w i t h  t h e  

t h e o r e t i c a l  d i s t r i b u t i o n  c a l c u l a t e d  

by Caswel l  (26) i s  shown i n  F i g u r e  40. 

I t  shows t h a t  f o r  n e u t r o n  e n e r g i e s  

above 1 . 0  MeV a  D(L) d i s t r i b u t i o n  

can be c o n s t r u c t e d .  A D(Y) d i s t r i -  

b u t i o n  ( F i g u r e  41a) f o r  a  Pu-Be 

n e u t r o n  s o u r c e  i n d i c a t e s  t h a t  i t  would 

be  c o r r e c t  t o  c a l c u l a t e  a  D(L) d i s -  

t r i b u t i o n  ( F i g u r e  41b) .  I f  t h e  a c -  

c e p t e d  v a l u e s  f o r  q u a l i t y  f a c t o r s  a t  

v a r i o u s  l i n e a r  energy  t r a n s f e r  v a l u e s  

(Handbook 5 9 )  a r e  u sed ,  a  q u a l i t y  

f a c t o r  o f  7 can be a s s i g n e d  t o  t h e  

n e u t r o n s  from a  Pu-Be n e u t r o n  s o u r c e  

on t h e  b a s i s  o f  i t s  l i n e a r  energy  

t r a n s f e r  dose d i s t r i b u t i o n .  

FIGURE 3 9 .  Dose D i s t r i b u t i o n  
i n  LET for Monoenergetic Neu- 
t r o n s  
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FIGURE 4 0  f a ) .  N f Y )  D i s t r i b u -  
t i o n  from S p h e r i c a l  P r o p o r t i o n -  
aZ Counter  Data 

20  4 0  B l i  80 L O O  

T l n  KrVl i i  

FIGURE 4 1  f a ) .  Dose D i s t r i b u -  
t i o n  on  Y  f o r  a  Pu-Be S o u r c e  

0 . 2  0 . 4  0 . 6  0 . 8  0 . 1  1 .2  1 .4  1 . 6  

E2 ,  MeV 

FIGURE 40  f b ) .  N f Y )  D i s t r i b u -  
t i o n  from Caswe Z 2 ' s  CaZcuZat ion  

FIGURE 4 1  ( b ) .  Dose D i s t r i b u -  
t i o n  i n  LET f o r  a  Pu-Be S o u r c e  



L O W  E N E R G Y  FAST N E U T R O N  SPECTROMETER-W. A .  Glass  

3  A He - f i l l e d  p r o p o r t i o n a l  c o u n t e r  c o u n t e r  i s  c h a r a c t e r i z e d  by i t s  w a l l -  

was deve loped  t o  a i d  i n  t h e  e v a l u -  l e s s  c o n s t r u c t i o n  and i s o t r o p i c  r e s -  

a t i o n  of  n e u t r o n  s p e c t r a  i n  t h e  ponse t o  n e u t r o n  f l u x .  R e s o l u t i o n  

energy  r ange  0 . 1  t o  1 . 0  MeV. The i s  app rox ima te ly  40 keV f  .w.h.m. f o r  

125 keV n e u t r o n s .  

TRANSITION Z O N E  DOSIMETRY-K. G .  P a i l t h o r p  

The d i s t r i b u t i o n  of  t h e  dose  n e a r  

t h e  i n t e r f a c e  between a  b e t a - e m i t t i n g  

h a l f - s p a c e  and a n o t h e r  medium i s  

i n f l u e n c e d  by t h e  a tomic  compos i t i on  

of  t h e  b a c k s c a t t e r i n g  medium a s  w e l l  

a s  t h a t  of t h e  e m i t t i n g  medium. For  

h a l f - s p a c e s  w i t h  d i s s i m i l a r  a tomic  

compos i t i ons ,  t h e  dose  d i s t r i b u t i o n  

i s  d i s c o n t i n u o u s  a t  t h e  i n t e r f a c e ,  a  

phenomenon known a s  t h e  s t o p p i n g  

power jump, s i n c e  t h e  d i s c o n t i n u i t y  

r e s u l t s  from t h e  d i f f e r e n c e  i n  t h e  

mass s t o p p i n g  powers of  t h e  m a t e r i a l s .  

I n  t h i s  s t u d y ,  dose  d i s t r i b u t i o n s  

were s t u d i e d  f o r  two m e t a l l i c  e m i t t i n g  

media i n  combina t ion  w i t h  t h r e e  

m e t a l l i c  b a c k s c a t t e r i n g  med ia - - a  t o t a l  

o f  s i x  d i s t i n c t  c a s e s .  

A c a l i b r a t e d  s o l u t i o n  o f  3 2 ~  was 

mixed w i t h  250 mesh powders of  a lumi -  

num and l e a d .  The m i x t u r e s  were 

a l l owed  t o  d r y  and t h e n  compacted on 
a  300 t o n  p r e s s .  ( 2 8 )  The r e s u l t  was 

two m e t a l  d i s k s  3  i n .  diam and t h i c k e r  

t h a n  t h e  maximum range  of  3 2 ~  b e t a  

p a r t i c l e s .  The d e n s i t i e s  a c h i e v e d  

were 100 and 93% of  t h e o r e t i c a l  

d e n s i t y  f o r  aluminum and l e a d  r e s -  

p e c t i v e l y .  

Aurorad iographs  were made o f  t h e  

s o u r c e s  t o  de t e rmine  t h e  u n i f o r m i t y  

of  t h e  a c t i v i t y .  F i g u r e  42 i s  a  

h i s t o g r a m  d i s p l a y  of o p t i c a l  d e n s i t y  

r e a d i n g s  a t  a  number o f  random s i t e s  

i n  t h e  c o l l e c t i n g  r e g i o n  o f  t h e  f a c e s  

of  t h e  e m i t t i n g  d i s k s .  The a p e r t u r e  

of  t h e  o p t i c a l  d e n s i t o m e t e r  u sed  was 

1 /16  by 3/16 i n . ,  s o  some a v e r a g i n g  

i s  i n h e r e n t  i n  t h e  r e a d i n g s .  
The dose  r a t e  a t  t h e  i n t e r f a c e  f o r  

an example i n  which t h e  two media a r e  

of t h e  same a tomic  compos i t i on  i s  

e q u a l  t o  one h a l f  o f  t h e  dose r a t e  a t  

t h e  c e n t e r  o f  an i n f i n i t e  e m i t t i n g  

medium, R ,  which i s  j u s t  (") 

where E i s  t h e  ave rage  ene rgy  i n  MeV 

of  t h e  e l e c t r o n s  e m i t t e d ,  and C i s  

t h e  c o n c e n t r a t i o n  of  e m i t t e r  i n  uCi /g .  

I f  t h e  a c t i v i t y  was un i fo rmly  d i s t r i -  

b u t e d ,  t h e  measured i n t e r f a c e  dose 

r a t e  would a g r e e  w i t h  t h a t  c a l c u -  

l a t e d  from t h e  above r e l a t i o n s h i p .  

The c a l c u l a t e d  and measured i n t e r f a c e  

dose r a t e s  f o r  t h e  aluminum e m i t t e r  

h a l f - s p a c e  were r e s p e c t i v e l y  10.20 

and 10 .36  r a d / h r .  The c a l c u l a t e d  

and measured i n t e r f a c e  dose  r a t e s  f o r  

t h e  l e a d  e m i t t e r  h a l f - s p a c e  were r e s -  

p e c t i v e l y  1 0 . 2 1  and 10 .18  r a d / h r .  

The agreement  i s  w i t h i n  t h e  range  o f  

t h e  e x p e r i m e n t a l  u n c e r t a i n t y .  



FIGURE 4 2 .  His tograms  o f  S o u r c e  
U n i f o r m i t y  
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The e x t r a p o l a t i o n  chamber i s  shown 

i n  F i g u r e  43.  The e m i t t e r  h a l f - s p a c e s  

were mounted t o  L u c i t e  d i s k s  th rough 

which ex t ended  e l e c t r i c a l  l e a d s .  

This  assembly s e r v e d  a s  t h e  a c c e l e -  

r a t i n g  e l e c t r o d e  w i t h i n  t h e  e x t r a -  

p o l a t i o n  chamber. 

I n  o p p o s i t i o n  t o  t h i s  e l e c t r o d e  

w i t h i n  t h e  e x t r a p o l a t i o n  chamber was 

one of t h r e e  c o l l e c t o r - g u a r d  r i n g  

a s s e m b l i e s - - o n e  of  aluminum, one of  

2 5  

20 H i s t o g r a m  of  Number of  R e a d i n g s  p e r  I n t e r v a l  - 
( 0 . 5  u n i t )  

v e r s u s  

15 O p t i c a l  D e n s i t o m e t e r  R e a d i n g  (Minus  B a c k g r o u n d )  
- 

f o r  P ~ ( ~ ' P )  s o u r c e  d i s k  

t h e  0 . 0 0 5  i n .  a i r  gap between t h e  

c o l l e c t o r  and t h e  gua rd  r i n g .  The 

f r o n t  s u r f a c e  of  t h i s  assembly  was 

s u b s e q u e n t l y  f a c e d  o f f  on a  l a t h e  

t o  i n s u r e  t h e  c o p l a n a r i t y  of  t h e  

c o l l e c t o r  and gua rd  r i n g .  E l e c t -  

r i c a l  l e a d s  e x t e n d i n g  t h rough  t h e  

r e s i n  ma in t a ined  t h e  gua rd  r i n g  a t  

ground p o t e n t i a l  and conduc t ed  t h e  

i o n i z a t i o n  c u r r e n t  from t h e  c o l l e c -  

t i n g  e l e c t r o d e  t o  t h e  i n p u t  o f  a  

coppe r ,  and one of  l e a d .  Each a s -  v i b r a t i n g  r e e d  e l e c t r o m e t e r .  The 

sembly c o n s i s t e d  of  a d i s k  1 i n .  diam e l e c t r o m e t e r  was u sed  i n  t h e  r a t e - o f -  

su r rounded  by an annulus  of  1 .010 i n .  cha rge  mode, and t h e  o u t p u t  was d i s -  

I D  and 3 i n .  OD. These were cemented p l a y e d  on a  s t r i p  c h a r t  r e c o r d e r .  

t o  a  d i s k  o f  c a s t  e l e c t r i c a l  epoxy The e n t i r e  e x t r a p o l a t i o n  chamber 

m 
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Z 

m U 

5 

2 d 

y. 
3 

ci 

z 
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r e s i n  i n  such  a  way a s  t o  m a i n t a i n  assembly was mounted d i r e c t l y  on t h e  

O p t i c a l  D e n s i t o m e t e r  R e a d i n g  ( A r b i t r a r y  U n i t s )  

5 

L I I I I I 
2 5  

IU 1 5  i U 2 5  3 U 3 5 4 U 
O p t i c a l  D e n s i t o m e t e r  R e a d l n g  ( A r b i t r a r y  U n i t s )  

1 0  

t l i s t o g r a m  o f  Kumber o f  R e a d i n g s  p e r  I n t e r v a l  ( 0 . 5  u n i t 1  

- 1 5  v e r s u s  

O p t i c a l  D e n s i t o m e t e r  R e a d i n g  (Minus B a c k g r o u n d )  

f o r  A ~ ( " P )  s o u r c e  d i s k  

A 0  

5 

I I I I I I I 
5 1 0  1 5  2 0  2  5 3 0 3  5 

1 
4 0  



Meta l  

-1 Epoxy 

Nylon 

P r e a m p l i f i e r  
Head 

F I G U R E  4 3 .  Ex t rapo  l a t i o n  Cham- 
b e r  Assembly 

head  of t h e  p r e a m p l i f i e r  u n i t  o f  t h e  aluminum frame c o n s i s t i n g  of two 

e l e c t r o m e t e r .  The c a s e  o f  t h e  e x t r a -  a n n u l i  was used  t o  clamp f o i l s  o f  

p o l a t i o n  chamber c o n s i s t e d  of  two aluminum, coppe r ,  o r  l e a d  and t o  

t h r e a d e d  aluminum c y l i n d e r s .  The s t r e t c h  them o v e r  t h e  a c c e l e r a t i n g  

t h r e a d s  were 1 6 / i n .  and t h e  c i rcum-  e l e c t r o d e  w i t h i n  t h e  chamber f o r  

f e r e n c e  of  t h e  o u t e r  c y l i n d e r  was t h e  purpose  of examining t h e  dose 

d i v i d e d  i n t o  d e g r e e s ,  p r o v i d i n g  p o s i -  r a t e s  a t  p o s i t i o n s  w i t h i n  t h e  back -  

t i o n i n g  o f  1 .736  x  l ~ - ~ i n . / ' .  An s c a t t e r i n g  medium. 



An independen t  d e t e r m i n a t i o n  was 

made of  t h e  p o s i t i o n  c o r r e s p o n d i n g  

z e r o  p l a t e  s e p a r a t i o n .  Capac i t ance  

was r e a d  w i t h  an  L - C  me te r  a s  t h e  

chamber s e t t i n g  was v a r i e d .  A p l o t  

o f  ( c a p a c i t a n c e )  -' v e r s u s  chamber 

s e t t i n g  gave a  s t r a i g h t  l i n e  which 

when e x t r a p o l a t e d  t o  t h e  a b s c i s s a  

i n d i c a t e d  t h e  chamber s e t t i n g  

c o r r e s p o n d i n g  t o  z e r o  p l a t e  s epa -  

r a t i o n .  

S i x  c o n f i g u r a t i o n s  were i n v e s t i -  

g a t e d -  - t h r e e  b a c k s c a t t e r i n g  h a l f  - 

s p a c e s  f o r  each  of  t h e  two e m i t t e r  

h a l f - s p a c e s .  The r e s u l t s  a r e  shown 

i n  g r a p h i c  form i n  F i g u r e s  4 4  th rough 

4 7 .  The q u a n t i t y  J W  p l o t t e d  i n  

F i g u r e s  4 3  and 4 4  and r e f e r r e d  t o  

a s  chamber r e sponse  i s  r e l a t e d  t o  

dose  r a t e  t h rough  t h e  Bragg-Gray 

r e l a t i o n s h i p ,  ( 3 0 )  

R = sJW 

where s i s  t h e  r a t i o  of  t h e  mass 

s t o p p i n g  power of  t h e  w a l l  m a t e r i a l  

FIGURE 4 4 .  Chamber Response 
f o r  A Z  ("PI E m i t t e r  Hal f- Spaces  

FIGURE 4 5 .  Chamber Response  
f o r  Pb ( Y Z P I  E m i t t e r  HaZf-Spaces  

f o r  e l e c t r o n s  t o  t h a t  o f  t h e  g a s  w i t h  

i n  t h e  i o n i z a t i o n  c a v i t y ,  and R i s  

t h e  dose  r a t e  w i t h i n  t h e  w a l l  

m a t e r i a l .  Note t h a t  t h e  chamber 

r e sponse  a t  t h e  i n t e r f a c e  i n c r e a s e s  

w i t h  i n c r e a s i n g  Z o f  t h e  b a c k s c a t -  

t e r i n g  m a t e r i a l .  T h i s  r e s u l t s  from 

t h e  f a c t  t h a t  t h e  mean s q u a r e  a n g l e  

of  t h e  s c a t t e r i n g  i s  p r o p o r t i o n a l  t o  

(2) 2 .  Tha t  i s ,  more e n e r g y  i s  

r e f l e c t e d  back t o  t h e  i n t e r f a c e .  

This  same c o n s i d e r a t i o n  a c c o u n t s  f o r  

t h e  more r a p i d  d e c r e a s e  w i t h  dep th  
2 (mgjcm ) of chamber r e sponse  f o r  t h e  

h i g h e r  Z m a t e r i a l s  which c a u s e s  t h e  

t h r e e  chamber r e sponse  c u r v e s  t o  

c r o s s .  Due t o  t h e  g r e a t e r  r ange  
2 (mg/cm ) of  e l e c t r o n s  i n  t h e  h i g h e r  Z 

m a t e r i a l s  a s  w e l l  a s  t h e  g r e a t e r  

b r emss t r ah lung  p r o d u c t i o n  ( s i n c e  t h e  

r a t i o  o f  t h e  energy  l o s t  by e l e c t r o n s  

th rough r a d i a t i v e  p r o c e s s e s  t o  t h a t  



(Assuming F = 0 . 4  MeV f o r  
a l l  p o i n t s  examined)  

0 1 0 0  2 0 0  

P o s i t i o n ,  mg/cm 
2 

FIGURE 4 6 .  Dose Rate  f o r  A Z ~ ~ ~ P )  
E m i t t e r  Hal f- Space  

l o s t  i n  c o l l i s i o n s  i s  p r o p o r t i o n a l  ( 3 2 1  . t o  Z , )  t h e  cu rves  w i l l  c r o s s  a g a i n  a t  

a  dep th  beyond t h o s e  a t t a i n a b l e  w i t h  

t h i s  a p p a r a t u s .  

The v a l u e s  of  dose r a t e s  p l o t t e d  

i n  F i g u r e s  45  and 46  depend on t h e  

s t o p p i n g  power r a t i o s  (33) f o r  t h e  

m a t e r i a l s  used  and a l s o  on t h e  ene rgy  

spec t rum o f  e l e c t r o n s  a t  a  g i v e n  

p o s i t i o n ,  s i n c e  s t o p p i n g  power r a t i o s  

a r e  f u n c t i o n s ,  a l b e i t  s l o w l y  v a r y i n g ,  

of e l e c t r o n  ene rgy .  The s i m p l i f y i n g  

assumpt ion  adopted  i n  t h i s  r e p o r t  i s  

t h a t  t h e  ave rage  e l e c t r o n  e n e r g y ,  E, 
was 0 . 4  MeV a t  a l l  p o i n t s  i n  t h e  

m a t e r i a l s .  Th i s  i s  a  r e a s o n a b l e  

app rox ima t ion  i n  t h e  r e g i o n  of  most 

p r a c t i c a l  i n t e r e s t  ( i . e .  n e a r  t h e  

i n t e r f a c e )  ; however, t h e  a p p r o x i -  

mat ion  d e t e r i o r a t e s  a s  p o i n t s  a r e  

c o n s i d e r e d  deepe r  w i t h i n  t h e  back-  

s c a t t e r i n g  medium. 

When s t o p p i n g  power jumps occu r  

a t  t h e  i n t e r f a c e ,  two dose r a t e s  

were o b t a i n e d  from s u c c e s s i v e  a p p l i -  

c a t i o n s  of  t h e  s t o p p i n g  power r a t i o s  



(Assuming F = 0 . 4  MeV 
for all points examined) 

- 1 0 0  0  1 0 0  2 0 0  3 0 0  
Position, me/crn 2  

- 

F I G U R E  4 7 .  Dose R a t e  f o r  P ~ ( ~ ~ P I  
Emitter HaZf-Space 

f o r  t h e  two m a t e r i a l s  t o  t h e  chamber 

r e sponse  r e a d i n g  a t  t h e  i n t e r f a c e .  

The dashed  c u r v e s  t o  t h e  l e f t  o f  
t h e  i n t e r f a c e  i n  F i g u r e s  4 6  and 4 7  

a r e  i n t e n d e d  on ly  t o  s u g g e s t  t h e  way 

i n  which t h e  dose r a t e  c u r v e s  app-  

roach  t h e  i n t e r f a c e .  No d a t a  were 

t a k e n  i n  t h i s  r e g i o n .  However, t h e  

d a t a  t a k e n  i n  t h e  b a c k s c a t t e r i n g  

medium a f f o r d  some i n f o r m a t i o n  

abou t  dose  r a t e  cu rves  i n  t h e  

e m i t t i n g  medium. Energy c o n s e r v a t i o n  

d i c t a t e s  t h a t  t h e  a r e a  under  t h e  

cu rve  t o  t h e  r i g h t  o f  t h e  i n t e r f a c e  

be e q u a l  t o  t h e  a r e a  t o  t h e  l e f t  of 

t h e  i n t e r f a c e  bounded above by 

2 .13  BC and below by t h e  dose  r a t e  

c u r v e .  Tha t  i s ,  t h e  ene rgy  abso rbed  . . 
i n  t h e  b a c k s c a t t e r i n g  medium must 

e q u a l  t h e  ene rgy  e s c a p i n g  t h e  e m i t -  - 
t i n g  medium. Also  t h e  dose  r a t e  

c u r v e s  must converge  t o  2.13 BC f o r  
7 

d e p t h s  g r e a t e r  t h a n  t h e  maximum 

range  of t h e  most e n e r g e t i c  e l e c t r o n  

e m i t t e d .  These c o n s i d e r a t i o n s  

p r o v i d e  an i ndex  t o  t h e  n a t u r e  o f  

t h e  dose  r a t e  c u r v e s  w i t h i n  t h e  

e m i t t i n g  medium. 



W H O L E  B O D Y  C O U N T I N G  O F  P L U T O N I U M  I N  D O G S *- K .  L .  Swinth 

g x p e r i m e n t s  were per formed  w i t h  dogs t o  l e a r n  more a b o u t  t h e  problems 
a s s o c i a t e d  w i t h  i n  v i v o  c o u n t i n g  o f  p l u t o n i u m .  These  e x p e r i m e n t s  are  
a  c o n t i n u a t i o n  o f  p r e v i o u s  work .  

P h y s i c a l  d i f f e r e n c e s  i n  dogs ,  shown i n  F i g u r e  48. The new s o u r c e s  

which a f f e c t  p lu ton ium c o u n t e r  s e n s i -  gave c o u n t i n g  r a t e s  a lmos t  i d e n t i c a l  

t i v i t y ,  were f u r t h e r  i n v e s t i g a t e d .  t o  t h o s e  of exposed  dogs.  Th i s  

The e f f e c t  of t h e  s k e l e t o n  on 

c o u n t i n g  was de t e rmined  b o t h  by 

c o u n t i n g  s o u r c e s  i n  a  dog s k e l e t o n  

and by measur ing  r i b  w i d t h  and s p a c -  
e i n g  on X-ray f i l m s .  By measur ing  w i d t h  

and s p a c i n g  o f  r i b s  on X-ray  f i l m s  of  

dogs we e s t i m a t e d  t h a t  28% o f  t h e  c h e s t  

a r e a  was cove red  by r i b s .  T h i s  v a l u e  

i g n o r e s  t h e  e f f e c t  o f  t h e  s c a p u l a ,  s t e r -  

num, and s p i n a l  column. Counting a  

s o u r c e  p l a c e d  a t  t h e  lymph node l o c a -  

t i o n  i n  t h e  s k e l e t o n  gave a  d e c r e a s e  

o f  46% from t h e  r a t e s  w i t h  t h e  s o u r c e  

i n  t h e  same l o c a t i o n  b u t  w i t h o u t  t h e  

s k e l e t o n .  

P rev ious  i n v e s t i g a t i o n s  d e t e r -  

mined t h e  a t t e n u a t i o n  o f  17  keV 

photons  i n  t h e  c h e s t  w a l l  o f  d i f f e -  

r e n t  dogs by i n s e r t i n g  a  p lu ton ium 

s o u r c e  down t h e  t r a c h e a  t o  t h e  b i f u r -  

c a t i o n ,  t h u s  app rox ima t ing  p lu ton ium 

i n  t h e  b r o n c h i a l  lymph nodes.. (34)  

Combining t h e s e  r e s u l t s  w i t h  t h e  

s k e l e t o n  d a t a  we o b t a i n  a  h a l f  v a l u e  

l a y e r  of  1 . 3  cm f o r  17 keV photons  

i n  t h e  t i s s u e  of  t h e  c h e s t  w a l l .  

Sources  of  t h e  same i s o t o p i c  com- 

p o s i t i o n  a s  t h e  exposu re  m a t e r i a l  

were o b t a i n e d  and used  t o  s t u d y  t h e  

e f f e c t s  o f  d i f f e r e n t  d i s t r i b u t i o n s  

i n  t h e  dog phantom. The changes i n  

s e n s i t i v i t y  w i t h  d i s t r i b u t i o n  a r e  

* 
Work done i n  c o o p e r a t i o n  w i t h  
J . F .  Park o f  t h e  B i o l o g y  Depar tment .  

con f i rms  ou r  e a r l i e r  p r e d i c t i o n  t h a t  

t h e  p r e v i o u s l y  obse rved  d i f f e r e n c e  

i n  s e n s i t i v i t y  between phantom and 

r e a l  dogs (341 was due t o  d i f f e r e n t  

p lu ton ium i s o t o p i c  compos i t i on .  

Changes i n  d i s t r i b u t i o n  seem t o  

accoun t  f o r  t h e  major  d i f f e r e n c e s  i n  

s e n s i t i v i t y  n o t e d  w i t h  d i f f e r e n t  dogs.  

Table  2 . 2  shows t h e  s e n s i t i v i t i e s  

o b t a i n e d  f o r  d i f f e r e n t  dogs compared 

w i t h  t h o s e  p r e d i c t e d  from t h e  phantom. 

t h e  d e t e r m i n a t i o n  of  t h e  body burden  

and t h e  r e a l  d i s t r i b u t i o n  w i t h i n  t h e  

dog were o b t a i n e d  by a l p h a  c o u n t i n g  

of t h e  t i s s u e s .  

I f  one assumes t h a t  c o u n t i n g  r a t e s  

of  background dogs and con t amina t ed  

dogs a r e  no rma l ly  d i s t r i b u t e d  s t a t i s -  

t i c a l l y ,  one can  s t a t e  a  lower  l i m i t  

f o r  d e t e c t i o n  of  p lu ton ium contami-  

n a t i o n .  The background c o u n t i n g  r a t e  

a s  de t e rmined  from 20 uncontamina ted  

dogs was 116 ? 10.7  ( s t a n d a r d  d e v i -  

a t i o n  of  t h e  c o u n t s )  counts /min  f o r  

t h e  17 keV X-ray  r e g i o n  and 607 t 53 

counts /min  when t h e  60 keV gamma r a y  

was i n c l u d e d .  The s e n s i t i v i t i e s  

de t e rmined  from t h e  e i g h t  dogs i n  

Tab l e  I1 were 2.28 k 0.16  and 

13 .28  + 1 . 0 9  counts /min-nCi  r e s p e c -  

t i v e  ene rgy  r e g i o n s .  With a  5 %  

chance of  j udg ing  a  background 

an imal  con t amina t ed  and a  50% chance  

of  c a l l i n g  a  dog w i t h  t h e  l i m i t i n g  
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FIGURE 4 8 .  S e n s i t i v i t y  o f  P l u t o n i u m  
Whole Body Counter  f o r  D i f f e r e n t  
D i s t r i b u t i o n s  o f  A c t i v i t y  
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amount uncon tamina t ed ,  t h e  lower and Pas t e r n a c k  (35 )  i f  we assume t h a t  

l i m i t  f o r  t h e  X r a y  r e g i o n  i s  7 .7nCi ,  t h e  background r a t e  i s  w e l l  known. 

and f o r  t h e  17  keV X r a y  p l u s  6 0  KeV I f  we reduce  t h e  p o s s i b i l i t y  o f  c a l -  

gamma t h e  l i m i t  i s  6 . 6  nCi .  This  i s  l i n g  a  con t amina t ed  dog uncontami-  . . 
t h e  "minimum s i g n i f i c a n t  measured n a t e d  (Type I e r r o r )  from 5 0 %  t o  5 %  

a c t i v i t y "  i n  t h e  n o t a t i o n  o f  A l t s h u l e r  ("minimum d e t e c t a b l e  t r u e  a c t i v i t y "  (35)  ) , - 
" .  

TABLE I I .  E f f e c t  o f  Organ D i s t r i b u t i o n  on C a l i b r a t i o n  - 
Dog Percent P l u t o n i u m  i n  Tissue Sens i t i v i t y ,  counts/min-nCi 

Bronchial Predicted 

0 

0 -  

- 

Lung Lvmph Nodes Liver Other Measured From Phantom - 

I I 



we g e t  1 7 . 3  and 1 3 . 5  nCi f o r  t h e  

r e s p e c t i v e  energy  g roups .  

A means of  p r e d i c t i n g  t h e  s e n s i t i v -  

i t y  would be v a l u a b l e  i n  i n c r e a s i n g  

t h e  accu racy  o f  ou r  coun t ing  r e s u l t s .  

One e a s i l y  o b t a i n e d  v a r i a b l e  t h a t  i s  

s e n s i t i v e  t o  changes i n  t h e  i n t e r n a l  

d i s t r i b u t i o n  of  p lu ton ium i s  t h e  r a t i o  

of  t h e  c o u n t s  i n  t h e  X-ray c h a n n e l s  t o  

t h o s e  i n  t h e  X-ray c h a n n e l s  p l u s  t h o s e  

i n  t h e  60 keV gamma r a y  c h a n n e l s ,  

($ c o u n t s ,  channe l s  13 .6  t o  25.6 

c o u n t s ,  channe l s  13 .6  t o  66.4 

R e s u l t s  o b t a i n e d  f o r  s e n s i t i v i t y  

v e r s u s  r a t i o  w i t h  t h e  phantom a r e  

shown i n  F i g u r e  4 9 .  Th i s  r a t i o  de-  

pends on t h e  p lu ton ium i s o t o p i c  com- 

p o s i t i o n  and t h e  p o s i t i o n  of  t h e  dog 

i n  t h e  c o u n t e r  i n  a d d i t i o n  t o  t h e  

d i s t r i b u t i o n  o f  t h e  p lu ton ium w i t h i n  

t h e  dog. The p h y s i c a l  c h a r a c t e r i s  - 

t i c s  o f  t h e  dog can  a l s o  a f f e c t  t h i s  

r e l a t i o n s h i p .  Adding f a t  o r  t i s s u e  

pads t o  t h e  phantom produced  a  

p a r a l l e l  b u t  lower l i n e .  A s i m i l a r  

r e l a t i o n  is  found f o r  t h e  17  keV 

X r a y  p l u s  60 keV gamma v e r s u s  t h e  

r a t i o .  

The f e a s i b i l i t y  of  c o u n t i n g  

t i s s u e s  from s a c r i f i c e d  dogs ha s  
been e x p l o r e d .  Counting t h i n  s e c -  

t i o n s  (3mm) i n c l o s e d  i n  p l a s t i c  bags 

and p l a c e d  on t o p  of  one c o u n t i n g  

u n i t  gave good agreement  w i t h  t h e  

r e s u l t s  from a l p h a  c o u n t i n g .  Two 

s t a n d a r d  d e v i a t i o n s  o f  t h e  back-  

ground r a t e  co r r e spond  t o  about  

0 .33  nCi .  Sandwiching t h e  samples  

between two u n i t s  shou ld  p r o v i d e  

g r e a t e r  s e n s i t i v i t y  t han  t h e  23 

counts /min-nCi  o b t a i n e d .  

0 . 1  0 . 2  0 . 3  

R a t i o ,  E c u u n t s ,  c h a n n e l s  1 3 . 6 - 2 5 . 6  keV 
( F o u n t s ,  c h a n n e l s  1 3 . 6 - 6 ' 5 . 4  keV 

F I G U R E  4 9 .  S e n s i t i v i t y  i n  X-Ray R a t i o  
f o r  Dog Phantom i n  P l u t o n i u m  Counter  



S H O R T- T E R M  R E T E N T I O N  O F  P L U T O N I U M  I N  DOGS*- K. L .  S w i n t h  

The s h o r t  t e r m  r e t e n t i o n  o f  p l u t o n i u m  i n  dogs was s t u d i e d  by whole  body 
c o u n t i n g .  A h a l f - t i m e  f o r  r e t e n t i o n  o f  about  2 day was o b t a i n e d  f o r  t h e  
r a p i d l y  e l i m i n a t e d  p o r t i o n .  

A f t e r  an exposu re  t o  p lu ton ium,  a  

l a r g e  f r a c t i o n  of  t h e  i n i t i a l l y  

d e p o s i t e d  m a t e r i a l  i s  e l i m i n a t e d  by 

t h e  body. R e c e n t l y  1 3  dogs were e x -  

posed  t o  f o u r  d i f f e r e n t l y - p r e p a r e d  

p lu ton ium ox ides  and t h e  r e t e n t i o n  

of p lu ton ium s t u d i e d  by whole body 

coun t ing .  

The dogs i n h a l e d  a e r o s o l s  p r o -  

duced w i t h  a  v i b r a t i n g  t y p e  g e n e r a t o r  

c o n t a i n i n g  d ry  p lu ton ium ox ide  d u s t .  

The ox ides  were  p r e p a r e d  i n  f o u r  

d i f f e r e n t  manners from two i s o t o p i -  

c a l l y  d i f f e r e n t  p lu ton ium s o u r c e s  : 

@Oxala t e  c a l c i n e d  a t  300°C 
( I s o t o p e  A) 

@Above r e c a l c i n e d  a t  1000°C 
( I s o t o p e  A) 

@Del t a  form of  p lu ton ium 
m e t a l  o x i d i z e d  a t  123OC 
( I s o t o p e  B) 

@Del ta  form of  p lu ton ium 
m e t a l  o x i d i z e d  a t  450°C 
( I s o t o p e  B) 

A f t e r  t h e  dogs were exposed t o  t h e  

p lu ton ium a e r o s o l ,  t h e y  were c l e a n e d  of 

con t amina t i on ,  wrapped i n  a  t h i n  

p o l y e t h y l e n e  s h e e t  and coun ted  w i t h  

a  whole-body c o u n t e r .  Counting 

g e n e r a l l y  s t a r t e d  w i t h i n  1 h r  a f t e r  

exposure  and c o n t i n u e d  on a  d a i l y  

s c h e d u l e  f o r  2 weeks. When p o s s i b l e ,  

t h e  dogs were coun ted  t w i c e  d a i l y  f o r  

t h e  f i r s t  few days .  A f t e r  2 weeks t h e  

" h e  c o o p e r a t i o n  and a s s i s t a n c e  o f  t h e  
B i o l o g y  Department ( I n h a l a t i o n  T o x i -  
c o l o g y )  i s  g r a t e f u l l y  acknowledged .  

coun t s  were made weekly and ,  f i n a l l y ,  

b iweekly  a f t e r  2  months. 

The dogs were coun ted  u n a n e s t h e -  

t i z e d  and on t h e i r  backs  i n  t h e  c e n t e r  

o f  f o u r  p lu ton ium c o u n t e r  u n i t s .  (34)  

One u n i t  was below t h e  b a c k ,  one 

above t h e  c h e s t ,  and one on each  s i d e  

of  t h e  c h e s t .  S ince  t h e  dogs were n o t  

a n e s t h e t i z e d ,  i t  was n e c e s s a r y  t o  have 

someone remain i n  t h e  c o u n t e r  and 

r e s t r a i n  them. Backgrounds were 

measured f o r  a l l  dogs and h a n d l e r s  be-  

f o r e  t h e  expe r imen t  s t a r t e d .  Count ing  

was per formed i n  a  cave made of  o l d  

s t e e l  and l i n e d  w i t h  l e a d .  

For a n a l y s i s  o f  t h e  c o u n t i n g  

r e s u l t s ,  two energy  bands were u sed .  

One band cove red  t h e  17 keV X r a y  

from p lu ton ium and t h e  o t h e r  cove red  

t h e  60 keV y r a y  from 2 4 1 ~ m .  

The ave rage  empty background r a t e  

i n  t h e  s h i e l d  f o r  t e n  background runs  . . 
t a k e n  through t h e  2 months was 

41.4 + 6 .9  counts /min  i n  t h e  X-ray - 
r e g i o n  compared t o  55 + 2 . 7  coun t s /min  ' - 
i n  a  4  i n .  l e a d  s h i e l d .  ( 34 )  The back-  

. 
ground i n  t h e  r e g i o n  o f  t h e  60 keV . 
gamma from 2 4 1 ~ m  was 65.9 t 7 . 1  

counts /min .  When a  dog phantom 
(Alderson  Research  Co.) was i n  t h e  

c o u n t e r  t h e  coun t  r a t e  i n c r e a s e d  t o  

91  and 185 counts /min  f o r  t h e  X-ray 

and y - r a y  r e g i o n s  r e s p e c t i v e l y .  Back- 

grounds f o r  t h e  dogs were abou t  t h e  

same as  f o r  t h e  phantom b u t  were n o t  

i m p o r t a n t  due t o  t h e  h i g h  coun t  r a t e s  

o b t a i n e d .  The p r e s e n c e  of  t h e  

h a n d l e r  i n c r e a s e d  t h e  background r a t e  



by abou t  2 0 %  o v e r  t h e  empty back-  

ground.  

C o n t r o l l i n g  t h e  h o r i z o n t a l  p o s i t i o n  

of t h e  dog was a  major  d i f f i c u l t y .  

A l i n e  t r a v e r s i n g  t h e  c h e s t  a t  t h e  

forepaws was used  a s  r e f e r e n c e  f o r  

h o r i z o n t a l  p o s i t i o n i n g  i n  r e l a t i o n  

t o  t h e  c o u n t e r .  F igu re  5 0  shows c a l i -  

b r a t i o n  r e s u l t s  f o r  t h e  phantom 

and t h e  e f f e c t  o f  s m a l l  d i s p l a c e m e n t s  

on t h e  s e n s i t i v i t y .  Dogs do n o t  l i k e  

t o  be r e s t r a i n e d  on t h e i r  backs  and 

t h e i r  movement was t h e  g r e a t e s t  

cause  o f  e r r o r s .  

1 0 1 2 3 4 5 

Displacement, cm 

FIGURE 5 0 .  Change i n  S e n s i -  
t i v i t q  w i t h  H o r i z o n t a l  Dis-  
p lacement  

Figu re  51  shows r e s u l t s  o b t a i n e d  

f o r  a  t y p i c a l  dog. The h i g h  coun t  

r a t e s  o b t a i n e d  can  be s e e n  and t h e  

r a p i d  d e c r e a s e  i n  i n i t i a l  count  r a t e  

i s  obvious .  An e x p o n e n t i a l  e l i m i -  

n a t i o n  of t h e  p lu tonium was assumed 

b 17 keV X-ray ( 2 3 y ~ u )  

60 keV X -r a y  ( 2 4 1 ~ m )  

1 , 0 0 0  
0 2 0  40 6 0 8 0 100 

T u n e ,  days  

FIGURE 5 1 .  R e t e n t i o n  o f  I n h a l e d  
P l u t o n i u m  

and t h e  b e s t  s t r a i g h t  l i n e  was used  

t o  f i t  t h e  p o i n t s .  This  was done f o r  

a l l  t h e  r e s u l t s .  A h a l f - t i m e  f o r  

r e t e n t i o n  of  t h e  r a p i d l y  e l i m i n a t e d  

p o r t i o n  and t h e  r a t i o  of i n i t i a l  

coun t  r a t e  t o  t h a t  when t h e  e l i m i -  

n a t i o n  r a t e  l e v e l e d  o f f  was c a l c u -  

l a t e d  from each  c u r v e .  Table  111. 

summarizes t h e  r e s u l t s  f o r  1 2  o f  t h e  

dogs.  One dog was n o t  i n c l u d e d  i n  t h e  

a n a l y s i s  because  he was exposed  a  

second  t ime t o  i n c r e a s e  h i s  body 

burden ,  b u t  h i s  count  r a t e s  remained 

n e a r  background.  

Only g e n e r a l  s t a t e m e n t s  can  be  

made abou t  t h e  r e s u l t s  between t h e  



T A B L E  III. Summary of R e s u Z t s  

R a t i o :  I n i t l a 1  R e t e n t i o n  F i n a l  Body 

I n i t i a l  Count Rate  Half-Time,  Burden, 

Group Dog F i n a l  Count Rate  days p C i  

X r a y  Y r a y  X r ay  Y r ay  X r a y  y r a y  -- 

I 306 5 . 4  5.25 0.90 0.85 1 .53  1 .77  

AVERAGES 6 .0  i 5 . 1  6 .4  + 4.7 1 .00  2 0.62 1 .07  2 0.85 . .- 

groups because  o f  t h e  s m a l l  group 

s i z e s .  The dogs exposed t o  t h e  ox ides  

made from t h e  me ta l  had a  s h o r t e r  r e -  

t e n t i o n  t ime and i n  g e n e r a l  seemed t o  

l o s e  a  g r e a t e r  p r o p o r t i o n  of  t h e  i n i -  

t i a l  burden .  Only one dog r e t a i n e d  

a l l  o f  i t s  i n i t i a l  burden .  

The ave rages  and s t a n d a r d  d e v i -  

X-ray and y - r ay  coun t ing  r e s u l t s  r e s -  

p e c t i v e l y .  The r a t i o s  o b t a i n e d  f o r  

t h e  r e s p e c t i v e  r e s u l t s  were 

6.0 5 5 . 1  and 6 .4  5 4.7.  This  shows 

t h e  l a r g e  v a r i a t i o n  i n  t h e  p e r c e n t  

r e t a i n e d  and t h e  e l i m i n a t i o n  r a t e  

a f t e r  i n h a l a t i o n  exposu re .  

The long  te rm r e t e n t i o n  h a l f - t i m e  

a t i o n s  were c a l c u l a t e d  f o r  t h e  h a l f -  was on t h e  o r d e r  of  hundreds  of  days .  

t ime of  r e t e n t i o n  and t h e  r a t i o  o f  R e s u l t s  a r e  n o t  t a b u l a t e d  f o r  t h i s  

i n i t i a l  burden t o  t h a t  remain ing  p o r t i o n  of  t h e  c o u n t i n g  because  of  

a f t e r  t h e  i n i t i a l  r a p i d  d e c l i n e .  t h e  l a r g e  u n c e r t a i n t i e s  due t o  t h e  

Values of  1 .00  + 0.62 days and v a r i a b i l i t y  o f  t h e  d a t a .  

1 .07  i 0.85 days were o b t a i n e d  f o r  Body burdens  l i s t e d  were d e t e r -  

t h e  h a l f - t i m e  of  r e t e n t i o n  f o r  t h e  mined from coun t s  of  t h e  a n e s t h e -  
t i z e d  dog a s  done i n  p r e v i o u s  



expe r imen t s .  (34)  The c o u n t s  were p e r -  were t a k e n  from F i g u r e  50 a s  measured 

formed s h o r t l y  b e f o r e  t h e  dogs were w i t h  t h e  phantom. Comparison of  t h e  

s a c r i f i c e d  a t  t h e  c o n c l u s i o n  of t h e  r e s u l t s  w i t h  b i o a s s a y  d a t a  has  n o t  

expe r imen t .  C a l i b r a t i o n  f a c t o r s  been done. 

P R O G R E S S  I N  P L U T O N I U M  W H O L E  B O D Y  C O U N T I N G- K .  L .  S w i n t h  

Calibration was completed of the plutonium whole body counter for plu- 
tonium in the lungs 10.385 counts/min-nCil. The background component 
due to degradation of higher energy photons was studied and correlated 
with the number of high energy photons present. The errors caused by  
various isotopic compositions were studied. The measurements on a few 
subjects are described. 

I n  v i v o  p lu ton ium c o u n t i n g  i n v o l v e s  -- 
problems of  a c c u r a t e  background 

measurement and c o n t r o l  and c o r r e c -  

t i o n  f o r  i s o t o p i c  compos i t i on .  P ro -  

g r e s s  i n  t h e  s t u d y  of  t h e s e  problems 

i s  p r e s e n t e d  a l o n g  w i t h  c a l i b r a t i o n  

r e s u l t s  and a  d i s c u s s i o n  of  r e s u l t s  

from coun t ing  some s u b j e c t s .  

C a l i b r a t i o n  

A c a l i b r a t i o n  of  t h e  p lu ton ium 

c o u n t e r  f o r  d e p o s i t i o n  of  p lu ton ium 

i n  t h e  l u n g s ,  l i v e r ,  and b r o n c h i a l  

lymph nodes gave s e n s i t i v i t i e s  f o r  

t h e  r e s p e c t i v e  o rgans  of  0 .385 ,  

0 .505 ,  and 0.349 counts /min-nCi  when 

t h e  17 keV X-rays  were coun ted .  I n -  

c l u d i n g  t h e  60 keV americium gamma 

r a y  i n c r e a s e d  t h e  r e s p e c t i v e  s e n s i -  

t i v i t i e s  t o  2 .63 ,  3 .60 ,  and 2.78 

counts /min-nCi .  C a l i b r a t i o n s  were 

made f o r  t h e s e  organs  because  e x p e r i -  

ence w i t h  an ima l s ' ( 34 )  i n d i c a t e s  t h a t  

t h e  major  p o r t i o n  of  i n h a l e d  p l u -  

tonium can be e x p e c t e d  i n  t h e s e  

o rgans .  

The c a l i b r a t i o n s  were per formed 

w i t h  two c o u n t i n g  u n i t s  o v e r  t h e  

c h e s t  and one on each  s i d e  unde r  t h e  

arms w i t h  t h e  t o p  edge of  t h e  uppe r  

c o u n t e r s  2  i n .  below t h e  t o p  of  t h e  

s t e rnum of  t h e  r e c l i n i n g  s u b j e c t .  

This  i s  r e f e r r e d  t o  a s  t h e  s t a n d a r d  

p o s i t i o n .  A c o u n t i n g  u n i t  c o n t a i n s  

13  p h o t o t u b e s  o p t i c a l l y  coup led  t o  

t h i n  NaI c r y s t a l s .  ( 3 6 )  ~ l t h o u g h  s e n -  

s i t i v i t y  f o r  l i v e r - d e p o s i t e d  p lu ton ium 

i n c r e a s e s  a s  t h e  c o u n t e r  i s  moved 

lower ove r  t h e  body, f o r  o t h e r  o rgans  

t h i s  w i l l  n o t  be s o .  Unless  g r e a t e r  

t h a n  20% o f  t h e  body burden  of  p l u -  

tonium i s  i n  t h e  l i v e r ,  t h e  t o t a l  

s e n s i t i v i t y  w i l l  c o n t i n u o u s l y  de-  

c r e a s e  a s  t h e  c o u n t e r s  a r e  moved 

below t h e  s t a n d a r d  p o s i t i o n .  

The c a l i b r a t i o n s  were made u s i n g  

an A lde r son  Research Remab phantom. 

For  t h e  l ung  c a l i b r a t i o n ,  t h e  p l u -  

tonium was mixed i n  a  lung  e q u i v a l e n t  

m a t e r i a l  and p l a c e d  i n  t h e  lung  

c a v i t i e s  of  t h e  phantom. For  t h e  l i v e r  

c a l i b r a t i o n  a  r a d i o a c t i v e  s o l u t i o n  

was u sed ,  and a  s m a l l  s o u r c e  was used  

f o r  t h e  b r o n c h i a l  lymph node c a l i -  

b r a t i o n .  The s o u r c e s  were a l l  o f  t h e  

same i s o t o p i c  compos i t i on .  

Background V a r i a t i o n  

P lu tonium must be d e t e c t e d  w i t h  

h i g h  e f f i c i e n c y  because  of  t h e  weak 



r a d i a t i o n s  and low l e v e l s  i n v o l v e d .  

A maximum p e r m i s s i b l e  body burden  

based  on bone i s  40 nCi ( N B S  Handbook 

69) whereas  one c a n  c a l c u l a t e  a  

maximum p e r m i s s i b l e  lung  burden  of 

16 nCi ba sed  on dose  t o  t h e  l u n g s .  

These low l i m i t s  coup led  w i t h  t h e  

h i g h  a b s o r p t i o n  and low abundance of  

t h e  measurab le  r a d i a t i o n s  makes i t  

n e c e s s a r y  t o  keep t h e  background a s  

low and p r e d i c t a b l e  a s  p o s s i b l e .  

A n t i c o i n c i d e n c e  t e c h n i q u e s ( 3 7 )  

w i t h  a  p l a s t i c  phosphor  have  been  

t r i e d ;  b u t ,  a l t h o u g h  t h i s  r educes  

t h e  background,  i t  i s  n o t  e f f e c t i v e  

i n  e l i m i n a t i n g  c o n t r i b u t i o n s  from 

r a d i o n u c l i d e s  i n  t h e  s u b j e c t ' s  body. 

O the r  a n t i c o i n c i d e n c e  methods have 

been  i n v e s t i g a t e d  w i t h  l i t t l e  o r  no 

improvement.  T h i s  i n c l u d e d  t r y i n g  a  

t h i n  p r o p o r t i o n a l  c o u n t e r  o v e r  t h e  

f a c e  of  one u n i t  and u s i n g  i t  i n  

a n t i c o i n c i d e n c e .  
The major  problem i n  background 

c o n t r o l  a r i s e s  from t h e  f a c t  t h a t  

i n d i v i d u a l s  have d i s t i n c t  and v a r y i n g  

amounts of r a d i o n u c l i d e s  i n  t h e i r  

b o d i e s  which l e a d s  t o  d i f f e r e n t  back-  

ground r a t e s  f o r  i n d i v i d u a l s  and f o r  

t h e  same i n d i v i d u a l  a t  v a r i o u s  t i m e s .  

D i f f e r e n c e s  a s  g r e a t  a s  a  f a c t o r  of 

two a r e  o b t a i n e d  i n  t h e  background 

r a t e  f o r  unexposed i n d i v i d u a l s .  The 

a n t i c o i n c i d e n c e  methods do n o t  s i g n i -  

f i c a n t l y  reduce  t h e  d i f f e r e n c e s  i n  

t h e  background.  
I t  was dec ided  t h a t  t h e  b e s t  

approach  would be t o  f i n d  an i n d e -  

penden t  measure of t h e  background 

c o n t r i b u t i o n  of an i n d i v i d u a l  and 

c o r r e l a t e  t h i s  w i t h  h i s  background 

i n  t h e  p lu ton ium c o u n t e r .  The most 

d e s i r a b l e  c o r r e l a t i o n  w i l l  have  an 

e q u a l  o r  g r e a t e r  s e n s i t i v i t y  t o  

changes i n  t h e  background r a t e .  

Whole body c o u n t s ,  ( 37 )  c h e s t  s c a n s ,  

and s imu l t aneous  c h e s t  c o u n t s  have  

been t r i e d  b u t  have  n o t  p roved  t o  be  

any b e t t e r  o r  a s  s i m p l e  a s  u s i n g  a  

h i g h e r  energy  r e g i o n  i n  t h e  p lu ton ium 

c o u n t e r  spec t rum.  The r e g i o n  from 

136 t o  176 keV i s  u sed  because  no s i g -  

n i f i c a n t  c o n t r i b u t i o n  from a  p l u -  

tonium s o u r c e  was o b t a i n e d  i n  t h i s  

a r e a .  

F i g u r e  5 2  shows d a t a  o b t a i n e d  f o r  

t h e  h igh  energy  r e g i o n  (136 t o  176 

keV) v e r s u s  t h e  background r a t e  i n  

t h e  17  keV X-ray c h a n n e l s .  F i g u r e  53 

shows t h e  c o r r e l a t i o n  f o r  t h e  c h a n n e l s  

i n c l u d i n g  t h e  X r a y  p l u s  t h e  6 0  keV 

2 4 1 ~ m  gamma r a y .  Also  shown on b o t h  

FIGURE 5 2 .  Count Rate  of Unexposed 
P e o p l e  ( 1 7  keV X R a y )  



FIGURE 5 3 .  Count R a t e  o f  Un- 
exposed  People  ( 2 7  keV X Ray 
Plus  6 0  keV y Ray)  

f i g u r e s  i s  a  l e a s t  s q u a r e s  f i t  t o  t h e  

p o i n t s  which is  b o r d e r e d  by two 

d o t t e d  l i n e s  a t  tw ice  t h e  s t a n d a r d  

e r r o r  of e s t i m a t e .  The s o l i d  c i r c l e s  

a r e  n o t  i n c l u d e d  i n  t h e  l e a s t  s q u a r e s  

a n a l y s i s .  C o r r e l a t i o n  c o e f f i c i e n t s  

were c a l c u l a t e d  f o r  b o t h  c a s e s  and 

i n d i c a t e d  t h a t  t h e  c o r r e l a t i o n  was 

h i g h l y  s i g n i f i c a n t .  The l e a s t  

s q u a r e s  f i t  f o r  t h e  X r a y  channe l s  

i s  y  = 0 . 9 2 ~  - 39 .7 ;  when t h e  2 4 1 ~ m  

gamma i s  i n c l u d e d  i t  i s  y  = 4 . 8 0 ~ - 1 2 3 .  

The s t a n d a r d  e r r o r s  of  e s t i m a t e  a r e  

3.8 and 29.6 counts /min  f o r  t h e  r e s -  

p e c t i v e  c a s e s .  I n c l u d i n g  t h e  s o l i d  

c i r c l e s  f o r  t h e  X r a y s  changes t h e  

l e a s t  s q u a r e s  e q u a t i o n  t o  

y  = 0 . 8 2 ~  - 19 .5  and t h e  s t a n d a r d  

e r r o r  of e s t i m a t e  i n c r e a s e s  t o  9 .5  

coun t s /min .  These two p o i n t s  w i l l  be 

i g n o r e d  i n  t h e  subsequen t  a n a l y s i s  

s i n c e  t h e y  a r e  a t t r i b u t a b l e  t o  t h e  

poo r  c o u n t e r  geometry r e s u l t i n g  from 

t h e  s i z e s  and shapes  of t h e  i n d i v i -  

d u a l s .  

I t  i s  d e s i r a b l e  t o  s t a t e  a  lower 

l i m i t  of d e t e c t i o n  f o r  t h e  c o u n t e r .  

I f  we assume t h a t  t h e  d a t a  p o i n t s  a r e  

normal ly  d i s t r i b u t e d  abou t  t h e  l e a s t  

s q u a r e s  l i n e  and use  t h e  s t a n d a r d  

e r r o r  o f  e s t i m a t e  r a t h e r  t h a n  t h e  

s q u a r e  r o o t  o f  b a c k g r o u n d - r a t e  a s  a  

measure of  t h e  s t a n d a r d  d e v i a t i o n ,  

one can e s t i m a t e  t h e  l i m i t s  o f  d e t e c -  

t i o n .  

From t h e  work of A l t s h u l e r  and 

?as  tei-nack (35)  one c a l c u l a t e s  f o r  t h e  
"minimum s i g n i f i c a n t  measurab le  

a c t i v i t y , "  19 nCi f o r  t h e  X-ray 

channe l s  and 2 2  nCi f o r  t h e  X-ray 

p l u s  2 4 1 ~ m  gamma- r a y  c h a n n e l s .  These 

co r r e spond  t o  two s t a n d a r d  d e v i a t i o n s  

of t h e  background.  Only p lu ton ium 

d e p o s i t e d  i n  t h e  lungs  i s  c o n s i d e r e d  

h e r e .  The "minimum d e t e c t a b l e  t r u e  

a c t i v i t y "  i s  49 nCi f o r  t h e  X-ray 

r e g i o n  and 46 nCi when t h e  h i g h e r  

ene rgy  r e g i o n  i s  i n c l u d e d .  I n  t h e  

c a l c u l a t i o n s  t h e  p r o b a b i l i t i e s  of 

j udg ing  t r u e  a c t i v i t y  a s  background 

and t r u e  background a s  a c t i v i t y  have 

been s e t  a t  2 . 5 % .  

The l i m i t s  o f  d e t e c t i o n  do va ry  

w i t h  d i s t r i b u t i o n  of  t h e  i s o t o p e  and 

i s o t o p i c  compos i t i on .  These f e a t u r e s  

a r e  d i s c u s s e d  e l s ewhe re  i n  t h i s  

r e p o r t .  

Measurements on S u b j e c t s  

The c o u n t e r  ha s  had l i m i t e d  use  i n  

e v a l u a t i n g  i n t e r n a l  exposu re  t o  p l u -  

tonium. P e r s o n n e l  exposed  i n  g love  



box i n c i d e n t s  a t  Rocky F l a t s  and 

Hanford were coun ted .  

Two s u b j e c t s  from Rocky F l a t s  

were coun ted ;  o n l y  one of  t h e s e  c a s e s  

w i l l  be  d e s c r i b e d .  A comple te  d e s -  

c r i p t i o n  of  t h e  a c c i d e n t  and t r e a t -  

ment was g i v e n  by P u t z i e r  e t  a l .  (38)  

A t  t h e  t ime  of  t h e  c o u n t s ,  background 

e s t i m a t i o n  by c o r r e l a t i o n  w i t h  coun t  

r a t e  from 136 t o  176 keV i n  t h e  p l u -  

tonium c o u n t e r  was n o t  b e i n g  p e r -  

formed. The on ly  d a t a  a v a i l a b l e  t o  

e s t i m a t e  t h e  i n d i v i d u a l  ' s background 

r a t e  were h i s  whole body c o u n t s .  

The d a t a  from t h e  X-ray r e g i o n  

i n d i c a t e d  a  body bu rden  o f  520 nCi 

w h i l e  a  body burden  of  410 nCi was 

i n d i c a t e d  when t h e  2 4 1 ~ m  gamma r ay  

was i n c l u d e d .  P u t z i e r l s  d a t a  g i v e  

a  body burden  o f  610 nCi abou t  2  1 / 2  

month p r e v i o u s  t o  ou r  c o u n t s .  I t  

s h o u l d  be n o t e d  t h a t  a  c o r r e c t i o n  f o r  

i s o t o p i c  compos i t i on  was n o t  made and 

c o u l d  accoun t  f o r  t h e  d i f f e r e n c e .  A 

c o r r e c t i o n  was made f o r  d i s t r i b u t i o n .  

The d i s t r i b u t i o n  was measured by 

u s i n g  one c o u n t e r  u n i t  o v e r  t h e  i n -  

d i v i d u a l  l ungs  and l i v e r .  The s e l f -  

c o l l i m a t i n g  p r o p e r t y  o f  low ene rgy  

r a d i a t i o n  was assumed, and a  d i s t r i -  

b u t i o n  s i m i l a r  t o  t h a t  assumed by 

P u t z i e r  was o b t a i n e d .  I n  t h a t  work 

t h e  a c t i v i t y  r a t i o  ( r i g h t  l u n g  t o  

l e f t  l ung  t o  l i v e r )  was 1 : 1 . 3 : 1 . 1  

w h i l e  i n  t h e  p r e s e n t  c a s e  i t  was 

1 : 1 . 4 : 1 .  
E leven  peop le  a t  Hanford  were i n -  

vo lved  i n  a  g love  box i n c i d e n t  w i t h  

p o s s i b l e  exposu re  t o  an  a e r o s o l  of 

uranium e n r i c h e d  w i t h  p lu ton ium.  A l l  

o f  t h e s e  i n d i v i d u a l s  were s c r e e n e d  

f o r  p o s s i b l e  l ung  b u r d e n s .  The 

r e s u l t s  were n e g a t i v e  f o r  a l l  b u t  

two i n d i v i d u a l s ,  and one o f  t h e s e  was 

a t  background l e v e l s  one day l a t e r .  

The p o s i t i v e  i n d i v i d u a l  had  a  

coun t  r a t e  i n d i c a t i n g  a  p o s s i b l e  body 

burden  of  250 nCi 24 h r  a f t e r  t h e  

i n c i d e n t .  The a c t i v i t y  d i s a p p e a r e d  

r a p i d l y  w i t h  h a l f  o f  i t  gone i n  38 h r  

i n d i c a t i n g  removal by c i l i a r y  a c t i o n .  

Counting r e s u l t s  i n d i c a t e d  t h a t  t h e  

i n d i v i d u a l  r eached  background l e v e l s  

5  t o  6  days a f t e r  t h e  i n c i d e n t .  

B ioas say  r e s u l t s  i n d i c a t e d  a  r e t a i n e d  

body burden  below t h e  l i m i t s  o f  de-  

t e c t i o n  of  t h e  c o u n t e r .  C o r r e c t i o n  

was n o t  made f o r  i s o t o p i c  composi-  

t i o n  of t h e  exposu re  m a t e r i a l .  

I s o t o p i c  Composi t ion 

I n  t h e  s e c t i o n  on c a l i b r a t i o n  i t  

was n o t e d  t h a t  t h e  same i s o t o p e  was 

u sed  i n  a l l  o f  t h e  c a s e s .  T h i s  i s  

s i g n i f i c a n t  s i n c e  t h e  X- ray  e m i s s i o n  

r a t e  changes w i t h  t h e  i s o t o p i c  com- 

p o s i t i o n .  C a l c u l a t i o n s  were  made of  

t h i s  e f f e c t .  F i g u r e  54 shows t h e  

c a l c u l a t e d  number of  17  keV X-rays 

e m i t t e d  p e r  a l p h a  e m i t t e d  f o r  f o u r  

d i f f e r e n t  i s o t o p i c  compos i t i ons  and 

how t h i s  number changes  w i t h  t ime .  

For  dos ime t ry  p u r p o s e s ,  i t  i s  t h e  

X - r a y l a l p h a  r a t i o  t h a t  i s  of  i n t e r e s t ,  

b u t  i t  must be  remembered t h a t  t h e  

a l p h a  emi s s ion  r a t e  i n c r e a s e s  w i t h  

t ime ,  s o  t h e  change i n  t o t a l  X-ray 

emi s s ion  w i t h  t ime  i s  g r e a t e r  t h a n  

i n d i c a t e d  by t h e  f i g u r e .  

Due t o  t h e  l a r g e  d i f f e r e n c e s  i n  

X-ray /a lpha  r a t i o s  p o s s i b l e ,  i t  i s  

d e s i r a b l e  t o  know t h i s  r a t i o  when 

i n t e r p r e t i n g  whole body c o u n t i n g  r e -  * 
suits. A summer s t u d e n t  worked on 

* J .  S c h u Z t z ,  AEC H e a l t h  P h y s i c s  
Fe l t o w ,  U n i v e r s i t y  o f  W a s h i n g t o n  
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- Initial Isotopic Composition, 
% by weight 

Curve 2 3 8 ~ u  2 3 9 ~ u  2 4 0 ~ u  2 4 1 ~ u  2 4 2 ~ u  2 4 1 ~ m  - - - - - - 
1 0.009 92.8 6.1 0.8 0.3 0.0045 
2 0 9 0 8.1 1.4 0.5 0 
3 0 8 0 16 2 . 5  1.5 0 
4 0 7 0 2 1 6.0 3.0 0 

FIGURE 5 4 .  S e c u l a r  I n c r e a s e  i n  X Ray per 
Alpha E m i t t e d  by S e v e r a l  I s o t o p i c  M i x t u r e s  
o f  P l u t o n i u m  

I I 

the assembly and evaluation of a coun- A thin NaI crystal makes up one wall of 

ter for the determination of this ratio. the counter and detects the X rays asso- 

The counter is a gas flow proportional ciated with the decay of the plutonium. 

counter containing the source and de- Figure 55 shows the general scheme of 

I 

signed to detect the alpha particles. the detection system. 
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FIGURE 55 .  S c h e m a t i c  Diagram o f  X Ray 
t o  A lpha  R a t i o  E x p e r i m e n t  

5 5 ~ e  I N  T H E  M A R I N E  E N V I R O N M E N T  A N D  I N  P E O P L E  WHO C O N S U M E  O C E A N  F I S H -  
H .  E .  P a l m e r  a n d  T .  M .  B e a s l e y  

A c o n c e n t r a t i o n  p r o c e s s  f o r  "Fe  e x i s t s  i n  t h e  mar ine  e n v i r o n m e n t  w h i c h  
f a r  e x c e e d s  t h e  c o n c e n t r a t i o n  t h a t  o c c u r s  i n  t h e  l i c h e n - c a r i b o u - E s k i m o  
oo c h a i n .  In  sa lmon  and n o r t h e r n  t u n a  t h i s  p r o c e s s  l e a d s  t o  amounts  

i f  g5Fe t h a t  a r e  20 t o  30 t i m e s  t h e  amount i n  t h e  A l a s k a n  c a r i b o u  muscZe 
and a s  much a s  100 t i m e s  t h o s e  i n  U n i t e d  S t a t e s  b e e f  m u s c l e .  Body b u r -  
d e n s  o f  55Fe a p p r o a c h i n g  1 . 5  u C i  have  b e e n  measured  i n  p e o p l e  who e a t  
l a r g e  amounts  o f  sa lmon .  

The l e v e l s  of 5 5 ~ e  i n  humans and r e p o r t e d .  Dur ing  t h i s  i n v e s t i g a t i o n ,  

t h e i r  f o o d  b o t h  i n  A l a s k a  and  i n  t h e  i t  was found  t h a t  ocean  f i s h  h a d  

S t a t e  o f  Washington were r e c e n t l y  h i g h e r  c o n c e n t r a t i o n s  o f  t h i s  r a d i o -  



n u c l i d e  t h a n  d i d  t h e  Alaskan  c a r i b o u .  

This  f i n d i n g  s u g g e s t e d  t h a t  i n d i v i -  

d u a l s  whose d i e t  c o n t a i n e d  l a r g e  

q u a n t i t i e s  o f  ocean f i s h  c o u l d  have 

body burdens  s e v e r a l  t i m e s  h i g h e r  

t han  t h o s e  of t h e  c a r i b o u - e a t i n g  

Eskimos and pe rhaps  s e v e r a l  o r d e r s  

o f  magnitude h i g h e r  t h a n  t h o s e  of  t h e  

R ich l and ,  Washington,  r e s i d e n t s  

measured.  This  r e p o r t  d e t a i l s  t h e  

measurements t h a t  have been made on 

samples  from t h e  mar ine  envi ronment  

and i n c l u d e s  t h e  e s t i m a t e d  5 5 ~ e  body 

burdens o f  i n d i v i d u a l s  who d e r i v e  a  

major  p o r t i o n  of  t h e i r  d i e t  from 

ocean f i s h .  

" ~ e  c o n c e n t r a t i o n s  i n  ocean  f i s h  

have been  r e p o r t e d  p r e v i o u s l y ;  ( 3 9 ,  40)  

however, t h e  measurements were made 

b e f o r e  t h e  l a s t  s e r i e s  o f  a t m o s p h e r i c  

n u c l e a r  t e s t s .  The l e v e l s  i n  salmon 

and t u n a  f i s h  a r e  now 100 t o  2 0 0  t imes  

t h e  l e v e l s  r e p o r t e d  f o r  t h e s e  e a r l i e r  

measurements .  We have a n a l y z e d  a  

number of  marine samples  i n  an  

a t t e m p t  t o  i n d i c a t e  t h e  "Fe concen-  

t r a t i o n s  i n  t h e  v a r i o u s  t r o p h i c  

l e v e l s  o f  t h e  mar ine  envi ronment  and 

t o  p o i n t  ou t  t h e  r e l a t i v e  concen-  

t r a t i o n s  of  "Fe i n  t h o s e  mar ine  

organisms  t h a t  s e r v e  a s  f o o d s t u f f s  

f o r  human b e i n g s .  
Table  I V  c o n t a i n s  t h e  r e s u l t  o f  

t h e  a n a l y s i s  o f  a  v a r i e t y  o f  ocean  

f i s h  u s i n g  t h e  methods p r e v i o u s l y  

d e s c r i b e d .  (41) S e v e r a l  i n t e r e s t i n g  

p o i n t s  a r e  e v i d e n t  from t h e s e  d a t a .  

F i r s t ,  i t  i s  s e e n  t h a t  salmon,  t u n a ,  

and s a u r y  f i s h  have t h e  h i g h e s t  

T A B L E  I V .  5 5 ~ e  i n  Ocean F i s h  During L a s t  6 Mon ths  o f  1965 

Number o f  Samples  

Type o f  F i s h  i n  Average  O r i g i n  

( F l e s h )  

Average  
S t a b l e  I r o n  A v e r a g e  

C o n t e n t ,  5 5 ~ e  C o n t e n t ,  

m d k g  nCi /kg  

Salmon 

Salmon 

Salmon 

Salmon 

Salmon 

1 Ocean a t  Ko tzebue ,  A l a s k a  1 2 . 0  93 .0  

1 Ocean a t  Ko tzebue ,  A l a s k a  4 . 6  48.0  

3  Yukon R i v e r  i n  A l a s k a  1 3 . 2  37 .0  

1 Cook I n l e t ,  A l a s k a  1 4 . 2  34 .0  

1 Wash ing ton  C o a s t  5 . 8  1 4 . 0  

A l b a c o r e  Tuna 1 N o r t h e r n  P a c i f i c  Ocean 

A l b a c o r e  Tuna 1 S o u t h e r n  P a c i f i c  Ocean 

A l b a c o r e  Tuna 1 N o r t h e r n  A t l a n t i c  

A l b a c o r e  Tuna 1 S o u t h e r n  A t l a n t i c  

Ocean P e r c h  1 P a c i f i c  1 . 9  0 . 8 5  

Cod 1 P a c i f i c  - - 0 .20  

W h i t e f i s h  3  N o r t h e r n  A l a s k a n  C o a s t  1 1 . 0  0 .10  

Shee  F i s h  2  N o r t h w e s t e r n  A l a s k a n  C o a s t  . - 0 . 4 8  

S e a  Bass  1 Wash ing ton  C o a s t  6 3 . 7  0 .27  

S w o r d f i s h  1 P a c i f i c  - - 0 . 3 3  

H e r r i n g  2  Packed  i n  Norway 

H e r r i n g  3  Canad ian  West C o a s t  

S a r d i n e s  2  Packed  i n  Norway 

S a r d i n e s  2  P a c k e d  i n  Maine 

Sme 1 t 2  Wash ing ton  C o a s t  

S a u r y  S e v e r a l  Oregon C o a s t  



c o n t e n t  o f  "Fe. Sau ry  f i s h  i s  p r o -  

c e s s e d  i n  J apan  and s o l d  f o r  human 

consumption b u t  o n l y  i n  a  v e r y  s m a l l  

amount compared t o  t h e  amount of  

salmon and t u n a .  The s a u r y  f i s h  t h a t  

we ana lyzed  were t a k e n  i n  t h e  plume 

of  t h e  Columbia R i v e r  o u t l e t ,  and 

some of  t h e  5 5 ~ e  i n  t h e s e  f i s h  p r o -  

b a b l y  comes from t h e  s p e n t  c o o l i n g  

w a t e r  o f  t h e  Hanford n u c l e a r  r e a c t o r s  

which emp t i e s  i n t o  t h e  r i v e r .  More 

s t u d i e s  a r e  needed  t o  de t e rmine  t h e  f r a c -  

t i o n  o f  "Fe, from t h e  Columbia R i v e r ,  

i n  t h e s e  s a u r y  f i s h .  The c o n c e n t r a -  

t i o n s  o f  "Fe i n  h e r r i n g  and s a r d i n e s  

canned i n  Norway a r e  r e l a t i v e l y  h i g h  

a t  abou t  15  nCi /kg ;  w h e r e a s , t h e  same 

t y p e  o f  f i s h  from t h e  U.S. and Canada 

a r e  one t e n t h  of  t h a t .  We have n o t  

measured enough samples  t o  d e t e r m i n e  i f  

t h i s  d i f f e r e n c e  i s  c o n s i s t e n t  o r  why 

t h e  d i f f e r e n c e  e x i s t s .  Second ly ,  t u n a  

caugh t  i n  t h e  n o r t h e r n  oceans  have more 

"Fe t h a n  t h o s e  c a u g h t  i n  t h e  s o u t h e r n  

oceans ,  and t h o s e  i n  t h e  P a c i f i c  Ocean 

have more "Fe t h a n  t h o s e  i n  t h e  A t l a n -  

t i c  Ocean. These d i f f e r e n c e s  i n  "Fe 

c o n c e n t r a t i o n s  o f  ocean  f i s h  from d i f -  

f e r e n t  g e o l o g i c a l  l o c a t i o n s  a r e  c o n s i s -  

t e n t  w i t h  t h o s e  found  i n  measur ing  

1 3 7 ~ s ,  ( 4 2 )  6 0 ~ o ,  and " O A ~ ;  (43 )  however, 

t h e  i n t e r e s t i n g  o b s e r v a t i o n  i s  t h a t  

t h e  c o n c e n t r a t  i o n s  a r e  a p p r o x i -  

m a t e l y  1000 t i m e s  h i g h e r  t h a n  t h e  

r e p o r t e d  v a l u e s  of  t h e  o t h e r  t h r e e  

i s o t o p e s .  

The r e l a t i v e l y  h i g h  l e v e l s  o f  5 5 ~ e  

i n  t h e  marine s p e c i e s  measured i s  due 

i n  l a r g e  p a r t  t o  t h e  low c o n c e n t r a t i o n  

of s t a b l e  i r o n  i n  s e a  w a t e r  

- 1 g l i t e  Also  most o f  t h e s e  

marine s p e c i e s  a r e  i r o n  d e f i c i e n t  

compared t o  l a n d  a n i m a l s .  F u r t h e r -  

more, r a d i o a c t i v e  i r o n  f a l l i n g  on 

l a n d  s u r f a c e s  w i l l  be  d i l u t e d  by 

t h e  l a r g e  amount of  s t a b l e  i r o n  

e x i s t i n g  t h e r e ;  and ,  a s  a  r e s u l t ,  

t h e  up t ake  of " ~ e  by p l a n t s  and  

an ima l s  w i l l  be  g r e a t l y  r educed  be -  

cause  of t h i s  d i l u t i o n .  Salmon and 

t u n a  f i s h ,  however ,  a r e  f a s t  growing 

f i s h  and ,  l i v i n g  i n  a  low i r o n  e n v i -  

ronment ,  p r o b a b l y  t a k e  up and r e t a i n  

most o f  t h e  i r o n  a v a i l a b l e  t o  them. 

The s lower-growing  f i s h  such  a s  s e a  

b a s s ,  p e r c h ,  and w h i t e f i s h  c o n t a i n  

much l e s s  "Fe. The lower  "Fe t o  

s t a b l e  i r o n  r a t i o  which was measured  

i n  t h e s e  f i s h  con f i rms  t h e  lower  

u p t a k e  and s l o w e r  growth .  

Tab l e  V c o n t a i n s  d a t a  showing 

t h e  r e l a t i v e  c o n c e n t r a t i o n s  of  5 5 ~ e  

i n  t h e  l i v e r ,  r o e ,  and musc le  o f  two 

chum salmon caugh t  a t  Kotzebue,  A la ska .  

The l i v e r s  of t h e s e  salmon c o n t a i n  a l -  - 
most 2 p C i  o f  "Fe p e r  k i l o g r a m  of  

l i v e r  (wet w e i g h t ) a n d  r e p r e s e n t  t h e  

h i g h e s t  c o n c e n t r a t i o n s  we have  measured  

i n  any organism o r  t i s s u e .  I t  i s  a l s o  

i n t e r e s t i n g  t o  n o t e  t h e  r a t h e r  un i fo rm 

l a b e l l i n g  of  t h e  salmon a s  e v i d e n c e  by 

t h e  r a t i o  of r a d i o a c t i v e  t o  s t a b l e  i r o n  
- --- 

T A B L E  V .  " ~ e  anu S t a b l e  I r o n  i n  Salmon Caught  a t  K o t z e b u e ,  A l a s k a  

Mus c l e  L i v e r  Roe 

"Fe, I r o n ,  nCi " ~ e  5 5 ~ e ,  I r o n ,  nCi "Fe "Fe. I r o n ,  nCi  "Fe 

Sample nCi/kg mg/kg mg Fe nCi /kg  mg/kg mg Fe nCi/kg mg/kg mg Fe 



in the various tissues. were taken from the Columbia River plume 

Since salmon are known to feed on a which probably accounts for their high 

variety of marine orgaisms (plankton , 5 5 ~ e  content. Again additional studies 

euphausids, herring, squid, etc.) it is are needed to determine the fraction of 

difficult to attribute their high 5 5 ~ e  5 5 ~ e  coming fram the Columbia River. 

concentrations to the consumption of a Other marine organisms such as oysters, 

specific species. Indeed, their high scallops, clams, shrimp, and crab are 

levels probably result from the intake very low in 55~e(41' and probably do 

of both the relatively high activity of not contribute much to the 5 5 ~ e  body 

small fish such as herring or saury and burdens of either other marine species 

the lower activity plankton, euphausids, or humans. 
and squid. Table VI lists some represen- As might be expected, these high lev- 

tative values of the 5 5 ~ e  concentrations els of 5 5 ~ e  in the salmon produce higher 

in these tropic levels. The barnacles than average levels of 5 5 ~ e  in popu- 

are surface-living organisms that were lations that eat substantial quantities 
taken from glass floats off the Califor- of these fish. As was reported, (41) 

nia coast, and their high 5 5 ~ e  content the caribou-eating Eskimo of Anaktuvuk, 

indicates a large uptake from fresh fall- Alaska had an average 5 5 ~ e  body burden 

out on the ocean surface. The higher of 61 nCi in January, 1965. In Novem- 

availability of the 5 5 ~ e  at the surface ber, 1965, this same group of people 

may be the reason for the high levels had an average 5 5 ~ e  body burden of 81 

in saury fish since they also live close nCi, an increase of some 13 %.  In con- 
to the surface. The sea cucumbers trast, adult male Eskimos from Tanana, 

are mud scavengers and these samples Alaska, who eat large quantities of sal- 

T A B L E  V I .  Concentration of 5 5 ~ e  in Some Marine Organisms 

Species Locat ion nCi/kg 

Sea Water California Coast <O. 00004 

Phytoplankton (dinoflagellata) California Coast 0.5 

Euphausids Oregon Coast 

Gulf of Alaska 

Mussel (Mytilus) California Coast 0.36 

Kelp (Nacrystis) California Coast 0.03 

Barnacles (Lepas) California Coast 140.0 

Squid Muscle (Lolego) California Coast 0.76 

Squid Liver California Coast 8.6 

Purple Sea Cucumbers (whole) Oregon Coast 76.0 

Sea Urchins (whole) Oregon Coast 0.48 



mon i n  a d d i t i o n  t o  c a r i b o u  and moose 

meat ,  showed an a v e r a g e  "Fe body b u r -  

den o f  252 nCi .  Fu r the rmore ,  r e c e n t  

b lood  samples  r e c e i v e d  from n a t i v e s  

n e a r  B e t h e l ,  A la ska ,  who e a t  more s a l -  

mon t h a n  t h e  Tanana n a t i v e s  show t h a t  

t h e i r  a v e r a g e  " ~ e  body burden i s  

700 nCi w i t h  one i n d i v i d u a l  hav ing  a  

body burden  of  1440 nCi .  

I n  t h e  a n a l y s i s  o f  t h e  b lood  s p e c i -  

mens o b t a i n e d  from t h e  B e t h e l  n a t i v e s ,  

i t  was found t h a t  t h e  a v e r a g e  "Fe body 

burden  o f  t h e  f ema le s  was t w i c e  t h a t  o f  

t h e  ma le s .  The o p p o s i t e  i s  t r u e  f o r  

1 3 7 ~ s  i n  t h e  Alaskan  n a t i v e s  where t h e  

c o n t e n t  i n  women i s  c o n s i s t e n t l y  two 

t h i r d s  t h a t  i n  t h e  ma le s  ( 4 4 )  due t o  

t h e i r  lower d i e t a r y  i n t a k e .  S i n c e  t h e  

food  i n t a k e  o f  women i s  g e n e r a l l y  lower 

t h a n  t h a t  of men, t h e  h i g h e r  " ~ e  body 

burdens  obse rved  p r o b a b l y  r e f l e c t  t h e  

more r a p i d  t u r n o v e r  of  i r o n  by f ema le s .  

T h i s  i s  p r o b a b l y  due t o  t h e  i r o n  l o s s  

t h rough  t h e  m e n s t r u a l  b lood  w i t h  t h e  

r e s u l t  t h a t  t h e i r  body burdens  a r e  

c l o s e r  t o  an e q u i l i b r i u m  w i t h  t h e  " ~ e  

i n  t h e i r  d i e t  t h a n  a r e  t h e  m a l e s .  

D e s p i t e  t h e  f a c t  t h a t  some o f  t h e  

Alaskan  n a t i v e s  have body burdens  a p -  
p r o a c h i n g  1 . 5  u C i ,  which i s  abou t  

100  t i m e s  t h e  ave rage  l e v e l  o f  r e s i -  

d e n t s  o f  t h e  S t a t e  of  Washington,  i t  

must be emphasized t h a t  t h e s e  l e v e l s  

a r e  f a r  below t h e  maximum p e r m i s s i b l e  

body burden o f  100 p C i  f o r  members of  

t h e  g e n e r a l  p o p u l a t i o n  who a r e  n o t  e x -  

posed  t o  "Fe i n  t h e  c o u r s e  o f  t h e i r  

o c c u p a t i o n s .  '45)  The r a d i a t i o n  d o s e  t o  

t h e  r e d  b lood  c e l l s  o f  a  p e r s o n  w i t h  a  

c o n s t a n t  5 5 ~ e  body burden  of  1000 nCi 

would be abou t  30 mrad /y r .  T h i s  e s t i -  

mate i s  c a l c u l a t e d  u s i n g  b o t h  t h e  X-ray 

and Auger e l e c t r o n  dose  t o  t h e  e r y t h r o -  

c y t e  f r a c t i o n  of  t h e  b l o o d .  T h i s  dose  

i s  abou t  30% of  t h e  y e a r l y  dose  t o  t h e  - 

body from n a t u r a l  s o u r c e s  such  a s  c o s -  

mic r a y s  and i n t e r n a l l y  d e p o s i t e d  4 0 ~  

and radium. 

A s  a  r e s u l t  o f  t h e s e  i n v e s t i g a t i o n s  

one might  p r e d i c t  t h a t  p o p u l a t i o n s  i n  

t h e  n o r t h e r n  c o u n t r i e s  such  a s  J apan  

and t h e  Scand inav i an  c o u n t r i e s  who e a t  

l a r g e  q u a n t i t i e s  of ocean  f i s h  p r o b a b l y  

have r e l a t i v e l y  h i g h  " ~ e  body bu rdens  

a s  do t h e  Alaskan  n a t i v e s .  I n  o u r  p r e s -  

e n t  i n v e s t i g a t i o n s ,  we a r e  measur ing  t h e  

5 5 ~ e  c o n t e n t  i n  v a r i o u s  p o p u l a t i o n s  o f  

t h e  wor ld .  

We thank  R .  M.  Bernard  and T. A .  

J o k e l a  f o r  t h e i r  a s s i s t a n c e  i n  a n a l y -  

z i n g  t h e  many samples ,  D r .  J .  M .  Aase 

and D r .  H .  D .  M i l l e r  o f  t h e  U.S. P u b l i c  

H e a l t h  S e r v i c e  i n  A la ska  f o r  o b t a i n i n g  

b lood  samples  from Alaskan  n a t i v e s ,  and 

M r .  Max Brewer, D i r e c t o r  o f  t h e  A r c t i c  

Research  L a b o r a t o r y ,  f o r  t h e  s u p p o r t  i n  

o b t a i n i n g  t h e  many Alaskan  s ample s .  

S E A S O N A L  C Y C L E  O F  1 3 7 ~ ~  I N  A L A S K A N  N A T I V E S  A T  A N A K T U V U K  PASS- H. E .  P a l m e r  
W .  C .  H a n s o n *  a n d  L .  A .  B r a b y  

The s e a s o n a l  c y c l e  o f  1 3 7 ~ s  i n  t h e  burdens  o c c u r r e d  d u r i n g  s p r i n g  and 

Anaktuvuk Pas s  n a t i v e s  which was summer months and t h e n  d e c r e a s e d  

s t a r t e d  i n  J a n u a r y ,  1964,  was con- s t e a d i l y  u n t i l  t h e  f o l l o w i n g  s p r i n g .  

t i n u e d  u n t i l  A p r i l ,  1965.  Maximum Th i s  s e a s o n a l  c y c l e  is  p r i m a r i l y  

* B i o Z o g y  D e p a r t m e n t  
dependent  upon t h e  a v a i l a b i l i t y  of 

c a r i b o u  which forms t h e  food  b a s e  



f o r  t h e  v i l l a g e  and which showed a  v a r i a t i o n  o f  t h e  body burden  i n  t h e  

d i f f e r e n t  s e a s o n a l  c y c l e  of  1 3 7 ~ s  i n  a d u l t  Eskimos from J a n u a r y ,  19 6 4 ,  t o  

t h e  meat .  F igu re  56  shows t h e  s e a s o n a l  A p r i l ,  1 9 6 5 .  The d e t a i l s  o f  t h i s  
s t u d y  a r e  p u b l i s h e d  e l s e w h e r e .  ( 46 )  

F I G U R E  5 6 .  S e a s o n a l  V a r i a t i o n  of 1 3 7 ~ S  

i n  Esk imos  a t  A n a k t u v u k ,  A l a s k a  

T H E  A P P L I C A T I O N  OF S I M P L I F I E D  WHOLE B O D Y  C O U N T I N G  I N  A L A S K A- H .  E .  P a l m e r  

The development  o f  t h e  s i m p l i f i e d  The c r y s t a l ,  i n s t r u m e n t a t i o n ,  and 

whole body c o u n t i n g  method, which s c a l e s  f o r  weighing  t h e  peop le  can  be 
I u s e s  a  3 by 3 i n .  NaI c r y s t a l  i n  con- c a r r i e d  i n  a  medium-sized s u i t c a s e .  
I j u n c t i o n  w i t h  a b a t t e r y - p o w e r e d ,  Th i s  method was s u c c e s s f u l l y  u sed  
I 

t r a n s i s t o r i z e d ,  s i n g l e  channe l  i n  t h e  p a s t  y e a r  t o  measure t h e  body 
a n a l y z e r  w i t h  a  b u i l t - i n  h i g h  v o l t a g e  burdens  of  a d u l t s  a t  t h e  remote 

s u p p l y ,  was d e s c r i b e d  p r e v i o u s l y .  ( 4 7 3 4 8 )  v i l l a g e s  of  Ambler, A r c t i c  V i l l a g e ,  



and Anaktuvuk Pas s  i n  A la ska .  The have t a k e n  abou t  a  week a t  e ach  

ave rage  1 3 7 ~ s  bu rdens  of  a d u l t  males  v i l l a g e  ( p l u s  much h i g h e r  t r a n s p o r -  

i n  A p r i l ,  1964,  were 834,  1218,  734 t a t i o n  c o s t s )  t o  o b t a i n  t h e  same 

nCi ,  r e s p e c t i v e l y .  With t h i s  s imp- i n fo rma t  i o n .  

l i f i e d  method we were  a b l e  t o  r each  Because of  t h e  conven ience  of  t h i s  

a  v i l l a g e ,  coun t  abou t  2 0  p e o p l e ,  method,  i t  has  e n t i r e l y  r e p l a c e d  t h e  

and r e t u r n  t o  a c e n t r a l  p o i n t  w i t h i n  u se  of  t h e  shadow s h i e l d  whole body 

a  few h o u r s .  Our p a s t  methods would c o u n t e r  i n  t h e  s t u d i e s  o f  1 3 7 ~ s  i n  

Alaskan  n a t i v e s .  



RADIATION CHEMISTRY 

DETERMINATION O F  E R Y T H R O C Y T E  SIZE DISTRIBUTION-W. D .  F e l i x  

E l e c t r o n i c  i n s t r u m e n t s  a r e  now corn- 1 / A ,  was 1 / 2 .  Unless  o t h e r w i s e  n o t e d ,  

monly used  t o  coun t  p a r t i c l e  c o n c e n t r a -  100,000 c e l l s  were counted  i n  90 s e c  

t i o n s  i n  e l e c t r i c a l l y  conduc t ing  suspen -  co r r e spond ing  t o  a  dead t ime of l e s s  

s i o n s .  The C o u l t e r  Counter  c o u n t s  p a r -  t h a n  10% on t h e  256-channel  a n a l y z e r .  

t i c l e s  by s e n s i n g  t h e  changes i n  r e s i s -  

- t i v i t y  between two conduc t ion  l i q u i d  . b o d i e s  connec t ed  by a  s m a l l  o r i f i c e .  

The volume of  a  p a r t i c l e  i s  r e l a t e d  t o  

t h e  change i n  r e s i s t a n c e  d e t e c t e d  a c r o s s  

t h e  o r i f i c e  a s  a  p a r t i c l e  p a s s e s  from 

one chamber t o  a n o t h e r  t h rough  t h e  o r i -  

f i c e .  By u s i n g  a  p u l s e - h e i g h t  a n a l y z e r ,  

t h e  volume d i s t r i b u t i o n  of  p a r t i c l e s  

f l owing  t h rough  t h e  o r i f i c e  can  be 

a u t o m a t i c a l l y  s t o r e d  and r e c o r d e d .  

Many v a r i a b l e s ,  which may have  neg-  

l i g i b l e  e f f e c t  on t h e  d e t e r m i n a t i o n  of  

a b s o l u t e  numbers of  c e l l s  p r e s e n t  i n  

a  s a l i n e  s u s p e n s i o n ,  s i g n i f i c a n t l y  a f -  

f e c t  t h e  d e t e r m i n a t i o n  of  volume d i s -  

t r i b u t i o n .  Repor ted  h e r e  a r e  t h e  ob- 

s e r v a t i o n s  of  t h e  e f f e c t s  o f  e l e c t r o n i c  

r e s o l u t i o n ,  pH, c o u n t i n g  r a t e ,  and d i -  

l u t i o n  t ime .  The r e s u l t s  were u sed  t o  

e s t a b l i s h  s t a n d a r d  p rocedu re s  f o r  v o l -  

ume d i s t r i b u t i o n  s t u d i e s  i n  t h i s  l a b -  

o r a t o r y .  

Exper imenta l  

E r y t h r o c y t e s  were d i l u t e d  i n  normal ,  

b u f f e r e d  s a l i n e  (phosphate  b u f f e r ,  

pH 7 . 4 ) .  S i g n a l s  g e n e r a t e d  by c e l l s  

p a s s i n g  t h rough  t h e  o r i f i c e  were r e -  

co rded  on a  256-channel  a n a l y z e r .  Ap- 

e r t u r e  c u r r e n t  s e t t i n g  on t h e  Model B 

C o u l t e r  Counter  was 0.354 c o r r e s p o n d i n g  

t o  a  nominal c u r r e n t  o f  1 . 4 1  mA;  g a i n ,  

A p e r t u r e  E f f e c t s  

R e s o l u t i o n  of  t h e  d i s t r i b u t i o n  s p e c -  

t rum can  be improved by p r o l o n g i n g  t h e  

t ime  t h e  i n s t r u m e n t  ha s  t o  s e n s e  t h e  

e l e c t r i c a l  s i g n a l  r e s u l t i n g  from a  

p a r t i c l e  p a s s i n g  t h rough  t h e  o r i f i c e .  

Th i s  i n c r e a s e  i n  t ime  f o r  s e n s i n g  may 

be g a i n e d  by d e c r e a s i n g  t h e  r a t e  t h rough  

t h e  o r i f i c e ,  by i n c r e a s i n g  t h e  e f f e c t -  

i v e  measurement volume by e l o n g a t i o n  

of  t h e  a p e r t u r e ,  o r  by i n c r e a s i n g  t h e  

c r i t i c a l  volume of  t h e  e l e c t r i c a l  f i e l d  

around t h e  a p e r t u r e  by t h e  use  of  l a r g e  

a p e r t u r e  c u r r e n t s .  Lushbaugh e t  a l .  (49) 

i n v e s t i g a t e d  t h e  l a t t e r  e f f e c t  and found  

an a p p a r e n t  i n c r e a s e  i n  r e s o l u t i o n .  

T h e i r  f u r t h e r  f i n d i n g s  were c o n s i d e r e d  

a s  b i o l o g i c a l  ev idence  f o r  t h e  e x i s -  

t e n c e  of two d i s t i n c t  s u b p o p u l a t i o n s  

of  e r y t h r o c y t e s  i n  mammalian b lood .  

Th i s  s u b p o p u l a t i o n  due t o  "mature" c e l l s  

a s  opposed t o  " immature"cel1s was mani-  

f e s t  i n  e l e c t r o n i c  measurements a s  a  

s h o u l d e r  i n  t h e  s i z e  d i s t r i b u t i o n  

c u r v e .  (50) 

~ u b i t s c h e k ( ~ ~ ) ,  i n  examining t h e  

d i s t r i b u t i o n  a n a l y s i s  o f  e r y t h r o c y t e s ,  

approached  t h e  problem by u s i n g  e l o n -  

g a t e d  a p e r t u r e s  whose l e n g t h s  were two 

o r  t h r e e  t imes  t h e  d i a m e t e r .  Reso lu-  

t i o n  was i n c r e a s e d  by a b o u t  20% and t h e  

c o e f f i c i e n t  o f  v a r i a t i o n  was d e c r e a s e d  

by abou t  50%.  



S e v e r a l  a p e r t u r e  t u b e s  were c o n s t r u c t -  

ed  from p r e c i s i o n  b o r e ,  100 p diam c a p i l -  

l a r y  t u b i n g ,  s l i c e d  i n t o  wa fe r s  200 t o  

300 u t h i c k  and cemented ove r  an open-  

i n g  i n  a  t u b e  s i m i l a r  i n  d imens ion  t o  

t h a t  s u p p l i e d  w i t h  t h e  C o u l t e r  Coun te r .  

The d i s t r i b u t i o n  of  human e r y t h r o -  

c y t e s  o b t a i n e d  from t h e  e l o n g a t e d  ap -  

e r t u r e  i s  compared w i t h  t h a t  o b t a i n e d  

from t h e  commercial  a p e r t u r e  i n  F i g u r e  

57 .  I t  was n e c e s s a r y  t o  u se  a  l a r g e r  

c u r r e n t  a c r o s s  t h e  e l o n g a t e d  a p e r t u r e  

t h a n  a c r o s s  t h e  s h o r t  a p e r t u r e  s i n c e  

t h e  e f f e c t i v e  f i e l d  was much l a r g e r .  

I t  i s  r e a d i l y  obvious  t h a t  t h e  s h o u l d e r  

which had  been p r e s e n t  i n  t h e  d i s t r i -  

b u t i o n  from t h e  commercial  a p e r t u r e  

t u b e  i s  n o t  p r e s e n t  i n  t h e  d i s t r i b u t i o n  

cu rve  from t h e  e l o n g a t e d  a p e r t u r e  t u b e .  

1 .0  

I n  f a c t ,  t h e  l a t t e r  c u r v e  i s  n e a r l y  

symmet r i ca l .  Th i s  f i n d i n g  i s  i n  c o n t r a -  

d i c t i o n  t o  t h e  p r o p o s a l  o f  Lushbaugh, 

e t  a1.,(50) of  a  two component e r y t h r o -  

c y t e  sys tem.  

Counting Rate  E f f e c t  

I n c r e a s i n g  t h e  c o u n t i n g  r a t e  beyond 

t h e  optimum r a t e  r e s u l t s  i n  a  s h i f t  o f  

t h e  d i s t r i b u t i o n  peak  t o  l a r g e r  v o l -  

umes due t o  c o i n c i d e n t  p a s s a g e  of  . 
c e l l s .  Dec rea s ing  t h e  c e l l s  p e r  u n i t  

volume r e s u l t s  i n  i n c o n v e n i e n t l y  long  

c o u n t i n g  t i m e s .  A c o n v e n i e n t  i n d i c a t o r  

d u r i n g  o p e r a t i o n  f o r  t h e  number o f  c e l l s  . 
coun ted  p e r  u n i t  t ime  i s  g i v e n  by t h e  

p e r c e n t  dead t ime on t h e  ana log  t o  

d i g i t a l  c o n v e r s i o n  u n i t .  Two c u r v e s  

Dose (in Minutes  Exposure )  

F I G U R E  5 7 .  Comparison o f  C e l l  D i s t r i -  
b u t i o n s  O b t a i n e d  from Norma2 and EZong- 
a t e d  A p e r t u r e s  



r e s u l t i n g  from c o u n t s  made a t  two d i f -  

f e r e n t  dead t imes  a r e  shown i n  F i g u r e  

58. The d i s t r i b u t i o n  g i v e n  by t h e  11% 

dead t ime count  h a s  been n o t i c e a b l y  

s h i f t e d  t o  a  l a r g e r  volume. Our f i n d i n g s  

w i t h  a  256-channel  a n a l y z e r  i n d i c a t e  

t h a t  d i s t r i b u t i o n s  made w i t h  1 0 %  dead  

t i m e s ,  o r  l e s s ,  g i v e  r e p r o d u c i b l e  peak 

volumes.  Using 200 a p e r t u r e  t u b e s  

and under  t h e  p r e s s u r e  d i f f e r e n t i a l  

o b t a i n e d  w i t h  t h e  " f i s h  tank"  vacuum 

pump s u p p l i e d  w i t h  t h e  C o u l t e r  Counter ,  

a  1 0 %  dead t ime co r r e sponded  t o  a  l i v e  

c o u n t i n g  t ime  f o r  100,000 c e l l s  o f  ap -  

p r o x i m a t e l y  90 s e c .  

D i l u t i o n  Time and pH E f f e c t s  

For p rocedu re s  u s i n g  t h e  C o u l t e r  

Coun te r ,  one no rma l ly  a t t e m p t s  t o  s a v e  

t ime  by d i l u t i n g  a l l  o f  t h e  samples  t o  

Channel Number 

FIGURE 5 8 .  E f f e c t  o f  Count ing  Ra te  on 
CeZZ S i z e  D i s t r i b u t i o n  



be coun ted  a t  once .  The q u e s t i o n  a r i s e s  

whether  e r y t h r o c y t e s  undergo enough 

volume change d u r i n g  t h e  t ime  between 

d i l u t i o n  and c o u n t i n g  t o  a f f e c t  t h e  

s i z i n g  of  t h e  c e l l s .  Concen t r a t ed  c e l l  

s u s p e n s i o n s  were d i l u t e d  i n  normal ,  

f i l t e r e d  s a l i n e  ( 0 . 9 %  NaC1) and i n  n o r -  

ma l ,  b u f f e r e d  s a l i n e  (phosphate  b u f f e r ,  

pH 7 . 4 ) .  F i g u r e s  59 and 60 show t h e  

s i z e  d i s t r i b u t i o n s  made a t  t i m e s  up t o  

26 min f o l l o w i n g  i n i t i a l  d i l u t i o n .  The 

26 min s i z i n g  i n  b u f f e r e d  s o l u t i o n  was 

n o t  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  

a t  18 rnin and i s  c o n s e q u e n t l y  n o t  shown. 

One must conc lude  t h a t  d i s t r i b u t i o n  

c o u n t s  must be t a k e n  immed ia t e ly  on d i -  
l u t i o n .  I n  f a c t ,  d u r i n g  90 s e c  c o u n t s ,  

t h e r e  w i l l  undoub ted ly  be some b roaden-  - 

Channel Kumber  

F I G U R E  5 9 .  E f f e c t  o f  Delay Between DiZu- 
t i o n  and Count ing  on CeZZ S i z e  D i s t r i -  
b u t i o n  D e t e r m i n a t i o n .  Normal S a l i n e  



Channel Number 

FIGURE 6 0 .  E f f e c t  o f  Delay Between DiZu- 
t i o n  and C o u n t i n g  on CeZZ S i z e  D i s t r i -  
b u t i o n  D e t e r m i n a t i o n .  B u f f e r e d  S a Z i n e  

swelling during the counting interval 

even in suspensions counted immediately 

upon dilution. The rate of swelling 

is also noted to be greater in normal 

saline than in saline buffered to phys- 

iologic pH. Our work agrees with that 

of Lushbaugh, et a1. ( 5 2 )  in emphasiz- 

ing the importance of pH on the erythro- 

cyte size distribution. 

These results demonstrate the prob- 

lems inherent in comparison of distri- 

bution curves obtained at one site 

with those obtained at another. In 

fact, reproducibility is difficult to 

maintain from day to day using the same 

instrument. It is obviously necessary 

that to allow quantitative correlation 



w i t h  r e s u l t s  from C o u l t e r  Counter  s t u d -  pH, s a l i n i t y ,  d i l u t i o n s ,  c o u n t i n g  t i m e s ,  
l 

i e s ,  t h e  c o n d i t i o n s  o f  t h e  e x p e r i m e n t ,  a p e r t u r e  d imens ions ,  and C o u l t e r  Counter  i 
s e t t i n g s ,  must be r e c o r d e d  and r e p o r t e d .  I 

. 

R A D I A T I O N - I N D U C E D  H E M O L Y S I S  O F  E R Y T H R O C Y T E S- W. D. Felix 

Prev ious  r e p o r t s  on t h e  e f f e c t  of 

i o n i z i n g  r a d i a t i o n  on e r y t h r o c y t e s  i n  

p h y s i o l o g i c a l  s a l i n e  have  d e s c r i b e d  t h e  

g e n e r a l  k i n e t i c  scheme ( 5 3 9 5 4 )  and have 

a t t e m p t e d  t o  f o r m u l a t e  e q u a t i o n s  t o  

d e s c r i b e  t h e  d i f f u s i o n - c o n t r o l l e d  p r o -  

c e s s e s  l e a d i n g  t o  c e l l  s w e l l i n g .  ( 5 5 )  

These r e p o r t s  i n d i c a t e d  t h e  v a l u e  of 

t e c h n i q u e s  deve loped  i n  d e m o n s t r a t i n g  

t h e  e f f e c t s  o f  r a d i a t i o n  on a  model 

b i o l o g i c a l  sy s t em.  F u r t h e r  e f f o r t s  

have  now been  a p p l i e d  t o  improve t h e  

a n a l y t i c a l  t e c h n i q u e s  u sed  t o  f o l l o w  

t h e  r a d i a t i o n - i n d u c e d  hemolys i s  of r e d  

c e l l s .  The t e c h n i q u e s  were u t i l i z e d  

t o  examine t h e  a p p l i c a t i o n  o f  t h e  k i n -  

e t i c  f o r m u l a t i o n s  t o  c e l l s  hav ing  r e -  
c e i v e d  h i g h e r  r a d i a t i o n  doses  t h a n  u sed  

p r e v i o u s l y .  

Blood was o b t a i n e d  by v e n i p u n c t u r e  

of  s e l e c t e d  c o n t r o l  a n a i m a l s .  Hepar in  

was used  a s  a n t i c o a g u l a n t .  C e l l s  were 

washed t h r e e  t i m e s  i n  b u f f e r e d  s a l i n e  

and s t o r e d  a t  4 O C .  Sample t u b e s  f o r  

i r r a d i a t i o n  s t u d i e s  were t ho rough ly  

c l e a n e d ,  f i l l e d  w i t h  doubly  d i s t i l l e d  

w a t e r  and i r r a d i a t e d  and f i n a l l y  f lamed 

t o  remove o r g a n i c  r e s i d u e s .  Tempera- 

t u r e  c o n t r o l  d u r i n g  i r r a d i a t i o n  was e f ;  

f e c t e d  by a  Dewar f l a s k  c o n t a i n i n g  37 C 

w a t e r .  S i n c e  most i r r a d i a t i o n s  were f o r  

t i m e s  long  enough f o r  c e l l  s e t t l i n g  t o  

o c c u r ,  i t  was found  n e c e s s a r y  t o  mix 

t h e  c e l l  s u s p e n s i o n  by oxygen b u b b l i n g .  

The volume r a t i o  of r e d  b lood  c e l l s  t o  

b u f f e r e d  s a l i n e  was u s u a l l y  abou t  1 :100 .  

Fol lowing  i r r a d i a t i o n  i n  t h e  Lammacell 

6 0 ~ o  s o u r c e ,  0 . 1  r n l  o f  t h e  3  m l  s u spen-  . ' 

s i o n  was removed w i t h  a  m i c r o - s y r i n g e ,  

d i l u t e d  w i t h  up t o  20 p a r t s  b u f f e r e d  

s a l i n e ,  and c e n t r i f u g e d  i n  a  mic ro -  

c e n t r i f u g e .  Hemoglobin c o n c e n t r a t i o n  

i n  t h e  s u p e r n a t a n t  s o l u t i o n  was d e t e r -  

mined a t  409 m u ,  u s i n g  a  Beckman DU 

s p e c t r o p h o t o m e t e r  w i t h  a  m i c r o - c e l l  

a t t a c h m e n t .  

The r a d i a t i o n - i n d u c e d  hemolys i s  o f  

sheep  e r y t h r o c y t e s  i n  b u f f e r e d  s a l i n e  

a t  v a r i o u s  dosages  i s  c h a r a c t e r i z e d  

by t h e  c u r v e s  shown i n  F i g u r e  61.  The 

v e r t i c a l  l i n e s  i n d i c a t e  t h e  v a r i a t i o n  

between r e p l i c a t e  samples  o f  t h i s  p a r -  

t i c u l a r  s e t .  I n  s u s p e n s i o n s  i n  which 
. - 

mixing  was n o t  comple t e ,  t h e  v a r i a t i o n  

between samples was l a r g e ;  however ,  i n  

t h e  s e t  shown, where mix ing  was comple t e ,  

t h e  v a r i a t i o n  between samples  i s  w i t h i n  

t h e  l i m i t s  o f  t h e  s p e c t r o p h o t o m e t r i c  

method. 

R e p r o d u c i b i l i t y  of  hemoglobin a n a l y -  

s e s  made c o n c u r r e n t l y  from t h e  same 

sample  depended on t h e  t y p e  of  c e n t r i -  

f u g e  cup u s e d .  I n t a c t  c e l l s  adhe red  

t o  t h e  s i d e s  of p o l y s t y r e n e  and p o l y -  

e t h y l e n e  t u b e s .  C e l l u l o i d  t u b e s  were 

found  t o  be most s a t i s f a c t o r y  i n  u se  

bu t  a r e  a p p a r e n t l y  no l o n g e r  a v a i l a b l e  

i n  t h e  s i z e  r e q u i r e d  f o r  m i c r o - c e n t r i -  

f u g a t i o n .  The e r r a t i c  b e h a v i o r  o f  t h e  

e x p e r i m e n t a l  p o i n t s  n o t i c e a b l e  i n  F i g -  
u r e  61  f o r  hemoglobin c o n c e n t r a t i o n s  
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FIGURE 6 2 .  R e p r e s e n t a t i v e  Example o f  
E r y t h r o c y t e  Hemolys i s  T e c h n i q u e s .  Pos t  
I r r a d i a t i o n - I n d u c e d  Hemolys i s  o f  Sheep 
C e l l s  I r r a d i a t e d  a t  3 7  O C .  l Dose Rate  
2500 R a d s / m i n )  

n e a r  z e r o  can  be a t t r i b u t e d  t o  c e l l s  

a d h e r i n g  t o  t h e  s i d e s  of  t h e  t u b e s  d u r -  

i n g  c e n t r i f u g a t i o n .  
C e l l  s e t t l i n g  d u r i n g  i r r a d i a t i o n  was 

a  major  f a c t o r  w i t h  r e s p e c t  t o  r ep rodu-  

c i b i l i t y  among samples  i r r a d i a t e d  a t  

t h e  same dose  l e v e l .  A s  t h e  c e l l s  r e -  

packed i n  t h e  bot tom of  t h e  t u b e  d u r i n g  

i r r a d i a t i o n ,  t h e  e f f e c t i v e  f r e e  r a d i c a l  

a t t a c k s  r e c e i v e d  by each  c e l l  i n  t h e  

packed r e g i o n  was l e s s  t h a n  t h a t  r e -  

c e i v e d  by t h e  c e l l s  r ema in ing  i n  su spen-  

s i o n .  O the r  i n v e s t i g a t o r s  have a l s o  

obse rved  t h i s  and have  a t t r i b u t e d  a  

2 0 %  p r o t e c t i o n  e f f e c t  t o  t h e  c l o s e  pack-  

i n g  o f  c e l l s .  They a l s o  showed t h a t  

t h e  observed  p r o t e c t i o n  was due o n l y  t o  

a d e c r e a s e  i n  t h e  volume of  w a t e r  around 

t h e  e r y t h r o c y t e s  and n o t  t o  i n h i b i t i o n  

of m e t a b o l i c  p r o c e s s e s .  ( 5 6 )  Although 

c o n t r i b u t i n g  t o  f r o t h i n g ,  oxygen bub- 

b l i n g  was found t o  be an  e f f e c t i v e  means 

of m a i n t a i n i n g  a  uniform c e l l  s u s p e n s i o n  

d u r i n g  i r r a d i a t i o n .  

The r e a l t i o n s h i p  between abso rbed  

dose  and T, t h e  t ime  r e q u i r e d  f o r  h a l f  

h e m o l y s i s ,  i s  p r e s e n t e d  i n  F i g u r e  6 2 .  

A s  e x p e c t e d  from e a r l i e r  r e s u l t s ,  ( 5 3 )  

FIGURE 62 .  Time t o  Hal f  HemoZysis a s  
a  F u n c t i o n  o f  Dose R e c e i v e d  (Dose R a t e  



the relationship may be described by the 

exponential function: 

Dose = B ln(K/~) 

where B and K are experimental parameters 

The result demonstrates the validity 

of the equation at higher dosages than 

used previously. (53,541 

It was noted in this set of samples, 

as in others, that at the high dosages 

an amorphous precipitate appeared. Con 

currently, as the dose increased, the 

hemoglobin present in the supernatant 

at complete hemolysis decreased. This 

is demonstrated in Figure63 where the 

0 4 8 12 16 20 24 

Dose (I" Minutes  Exposure) 

FIGURE 6 3 .  I r r e v e r s i b l e  D e n a t u r a t i o n  
o f  Hemoglobin e x p r e s s e d  a s  a  F u n c t i o n  
o f  D i f f e r e n c e  i n  Absorbance U n i t s  o f  
CompZeteZy Hemolyzed C o n t r o l  and I r -  
r a d i a t e d  Samples  (Dose R a t e  2 5 0 0  Rads/  
minl  

difference between hemoglobin absorb- 

ance of totally hemolyzed control and 

irradiated samples is plotted against 

dose received by the irradiated samples. 

The difference as plotted is a measure 

of the hemoglobin precipitated by 

irradiations. The residue which is 

formed may occur as a result of: 

reaction of hemoglobin with irradiation 

decomposition products of the intra- 

or-extra-cellular constituents; decom- 

position of free hemoglobin by free 

radical attack or by direct hit; or, 

free radical attack on hemoglobin 

followed by polymerization. For 

valid determination of the effect of 

biological protective agents it is 

necessary to control the dosage to 

cell concentration ratios such that 

the system is in the lower flat portion 

of the curve in Figure 63. 

With the techniques developed to 

follow the hemolysis of irradiated 

erythrocytes, a quick, convenient, 

and quantitative biological testing 

ground for radiation protective agents 

is available. Erythrocytes are read- 

ily learned by skilled technicians. 

Thus a complete evaluation of protect- 

ive proficiency can be made in a 

few days. Dose to cell concentration 

ratios should be sufficient to allow 
- 

complete hemolysis in about 36 to 48 hr 

while not leading to excessive deposi- 

tion of hemoglobin-bearing sediment. 

E F F E C T  O F  C H L O R I D E  I O N  ON T H E  R A D I O L Y S I S  O F  E R I O G L A U C I N E  S O L U T I O N S -  

W .  D .  F e l i x  

The radiation chemistry of chloride OH' + 2 ~ 1 -  + OH- + ~ 1 2  (1) 
solutions at pH from 0 to 7 has been is highly pH dependent and is rate lim- 
the subject of two recent articles. ited by a reaction s t e ~  (51) involving 
It has been suggested that the overall 

- 
a singly charged negative ion. 

reaction, 



The r a t e  o f  p r o d u c t i o n  o f  ~ 1 2  i s  i n -  

d e p e n d e n t  o f  oxygen c o n c e n t r a t i o n  a n d  

i s  f i r s t  o r d e r  i n  h y d r o g e n  i o n ,  c h l o r -  

i d e  i o n ,  a n d  h y d r o x y l  r a d i c a l  c o n c e n -  

t r a t i o n s .  From t h e  o b s e r v a t i o n  t h a t  

a d d i t i o n  o f  h y d r o g e n  p e r o x i d e ,  a n d  e l e c -  

t r o n  s c a v e n g e r ,  h a d  no e f f e c t  on t h e  

p r o d u c t i o n  o f  ~ 1 2 ,  Anbar  and  Thomas ( 5 7 )  

c o n c l u d e d  t h a t  ~ 1 2  was g e n e r a t e d  o n l y  

i n  t h e  s p u r  r e g i o n s .  

Anbar  a n d  Thomas c o n s i d e r e d  t h r e e  

p l a u s i b l e  mechanisms i n v o l v i n g  f i r s t  

o r d e r  dependence  on c h l o r i d e  i o n ,  h y -  

d r o g e n  i o n ,  a n d  h y d r o x y l  r a d i c a l  c o n -  

c e n t r a t i o n s :  

H ~ o + +  ~ 1 -  - H C 1  + HOH 

HC1 + OH'  + C1' + HOH ( 2 a )  

OH'  + ~ 1 -  - ~ 0 ~ 1 '  

H O C ~ ' +  H +  -. C1'  + HOH (2b)  

OH' + ~ ~ 0 '  + H20t + HOH 

H20++ ~ 1 -  -. C1' + HOH. ( 2 c )  

None o f  t h e  t h r e e  mechanisms d i s c u s s e d  

was f o u n d  f r e e  f rom o b j e c t i o n .  Ward 

and Myers ( 5 8 )  assumed t h a t  i n  t h e  p r e s -  

e n c e  o f  NaCl i n  a c i d  s o l u t i o n ,  t h e  h y -  

d r o x y l  r a d i c a l  was c o n v e r t e d  t o  a  d i f -  

f e r e n t  s p e c i e s  which  r e a c t e d  p r e f e r e n -  

t i a l l y  w i t h  t h e  d o u b l e  bonds  o f  t h y m i n e  

U t i l i z i n g  t h e  OH s c a v e n g i n g  p r o p e r t i e s  

o f  e t h a n o l ,  and  by v a r y i n g  pH and  c h l o r -  

i d e  i o n  c o n c e n t r a t i o n ,  t h e y  o b t a i n e d  

r e s u l t s  w h i c h  t h e y  f e l t  i n d i c a t e d  a  

t h i r d  o r d e r  mechanism:  

OH' + H+ + ~ 1 -  + C 1 '  + HOH ( 3 )  

w i t h  a  r a t e  c o n s t a n t  o f  7 . 6  x  10' l i t e r  2 

- 1 mole - '  s e c  . 
The r a d i a t i o n  c h e m i s t r y  o f  c h l o r i d e  

i o n  was examined by c o m p e t i t i v e  r e a c -  

t i o n  t e c h n i q u e s  u s i n g  e r i o g l a u c i n e  a s  

t h e  c o m p e t i t i v e  i n d i c a t o r .  The p r o -  

p o s e d  t e r m o l e c u l a r  mechanism o f  Ward 

and  Myers ( 5 8 )  was imposed and  t h e  r e -  

s u l t s  a t  n e u t r a l  pH were  compared w i t h  

t h e i r  r e s u l t s  a t  low pH. The pH of  

t h e  s o l u t i o n s  was d e t e r m i n e d  w i t h  a  

Beckman Model G pH-mete r  b e f o r e  and  

a f t e r  i r r a d i a t i o n .  No c h a n g e s  i n  pH 

o f  t h e s e  u n b u f f e r e d  s y s t e m s  were  d e -  

t e c t e d  beyond  t h e  normal  i n s t r u m e n t a l  

e r r o r  l i m i t s .  

S o l u t i o n s  6  x  ~ o - ~ M  - i n  e r i o g l a u c i n e  

i n  d o u b l y  d i s t i l l e d  w a t e r  were  made up 

w i t h  v a r i o u s  NaCl c o n c e n t r a t i o n s  f rom 

0  t o  1 . O M .  - The s o l u t i o n s  were  i r r a d i -  

a t e d  f o r  1 . 5  min i n  a  Gammacell 60Co 

s o u r c e  d e l i v e r i n g  2680 r a d s / m i n .  Ra- 

d i a t i o n - i n d u c e d  b l e a c h i n g  o f  t h e  e r i o -  

g l a u c i n e  was d e t e r m i n e d  by s p e c t r o -  

p h o t o m e t r i c  a b s o r b a n c e  measurements  

a t  631  m u .  The r e s u l t s  a r e  d i s p l a y e d  

i n  F i g u r e  64 where  t h e  a b s o r b a n c e  d i f -  

f e r e n c e s  (Ao - A) b e t w e e n  t h e  n o n i r r a d i -  

a t e d  and  t h e  i r r a d i a t e d  s o l u t i o n s  a r e  

FIGURE 6 4 .  Dependence o f  R a d i a t i o n  I n -  
duced B l e a c h i n g  o f  E r i o g l a u c i n e  on  
c Z -  C o n c e n t r a t i o n  

- 1 / 3  p l o t t e d  a g a i n s t  [ ~ l - ]  a n d  [ C l  ] . 
D a t a  w e r e  c o r r e c t e d  f o r  t h e  i n c r e a s e  

i n  a b s o r b e d  d o s e  due  t o  t h e  h i g h  sodium 

c h l o r i d e  c o n c e n t r a t i o n .  

~ l l e n ( ~ ~ )  i n  h i s  r e v i e w  work on t h e  

r a d i a t i o n  c h e m i s t r y  o f  w a t e r ,  d i s c u s s e d  



the empirical relationship whereby hy- 

drogen and hydrogen peroxide yields in 

salt solutions could be plotted against 

the cube root of the concentration of 

the anion concentration to yield a 

straight line. This relationship was 

shown to hold until the yield fell to 

about 0.6 of its limiting value. Anbar 

and Thomas noted a dependence of ~ 1 2  for- 

mation on the cube root of the ~ 1 -  con- 

centration. In Figure 64 the cube root 

curve is not linear beyond about 0.85 

of its limiting value. However, the 

first order dependence of erioglaucine 

bleaching is linear. 

Under the termolecular hypothesis, 

the reactions of erioglaucine and chlor- 

ide ion in competition for hydroxyl 

radicals are written, 

OH' + ERG + ERG products (kl) (4) 
OH. + c1- + H+ - C1. + HOH(kZ) (5) 

At the high concentration of C1 used, 

the reaction 

c1- + C1' + c1; 

is assumed to remove all of the chlor- 

ine atoms. 

Assuming a steady state concentration 

of OH radicals and a constant ~ 1 -  con- 

centration, consideration of the com- 

petition kinetics leads to the equation 

. . . ,  
where the optical densities of erioglau- 

cine before irradiation, following ir- 

radiation, and following irradiation in 

the presence of NaCl are Do, D , D2 re- 

spectively, and (ERG2) is the concentra- 

tion of erioglaucine after irradiation 

in the presence of NaC1. Plotting (~1-)/ 

(ERGZ) In (D2/Do) vs D1/D2 results in 

the linear curve shown in Figure 65 hav- 

ing a slope of 0.42. The pH of the doub- 

ly distilled water used for the irradi- 

ation was 6.2 corresponding to a hydrogen 

- 

- Slope = 0.42 

- 

- 

- 

l , I l l I l I I I  

FIGURE 6 5 .  K i n e t i c  P l o t  o f  R a d i a t i o n  
Induced  B l e a c h i n g  o f  E r i o g Z a u c i n e  i n  
t h e  P r e s e n c e  o f  C h l o r i d e  

ion concentration of 6.3 x 10-~bJ. Using 

a reported value for kl of 4.7 x 10 9 
" 

M-I - sec -1(60) and with an absorptiv- 

ity coefficient for erioglaucine of - 
5 1.1 x 10 , the overall rate constant . 

for ~ 1 ;  formation is 2.8 x lo1'. This 

result is higher than that of Ward and 

Myers, 9 2 (58) 7.6 x 10 M set", ob- - 
tained at low pH. 

Anbar and Thomas (571 thought it un- 

likely that an activated complex of 

the composition c ~ - - o H - H ~ o +  could be 

formed by a random three body collision 
at a high enough rate to explain the 

rapid ~ 1 2  formation. The results pre- 
sented here are not sufficient to refute 

their argument nor definitely to pre- 

clude one of the three bimolecular mech- 

anisms presented earlier. 



The dependence of  t h e  f o r m a t i o n  of  ~ 1 2  does n o t  r e a c t  w i t h  e r i o g l a u c i n e .  

~ 1 2  on t h e  cube r o o t  o f  t h e  c h l o r i d e  C o r r e c t i o n  f o r  ~ 1 2  r e a c t i o n  would l e a d  

i o n  c o n c e n t r a t i o n  h a s  been w e l l  e s t a -  t o  t h e  c a l c u l a t i o n  of  a  g r e a t e r  i n i t i a l  

b l i s h e d .  ( 5 7 , 5 9 )  The f a i l u r e  of  t h e  cube ~ 1 ;  y i e l d  and would a l s o  cause  an 

r o o t  t e s t  i n  t h i s  expe r imen t  may i n d i -  i n c r e a s e  i n  t h e  c a l c u l a t e d  t e rmo lecu -  

c a t e  t h e  assumpt ion  t o  be i n c o r r e c t  t h a t  l a r  r a t e  c o n s t a n t .  

E L E C T R O N  S P I N  R E S O N A N C E  D E T E C T I O N  I N S T R U M E N T S- R. N. Diebel 

Back- d iode  microwave d e t e c t o s  a r e  recommended f o r  u s e  a t  400 Hz m o d u l a t i o n .  
They p r o v i d e  about  a  1 0 - f o l d  improvement  i n  s i g n a l - t o - n o i s e  r a t i o  o v e r  
IN23E p o i n t  c p n t a c t  d e t e c t o r s .  C a l c u l a t i o n  o f  e l e c t r o n  s p i n  r e s o n a n c e  
fESRI s i g n a l  a m p l i t u d e  i n c r e a s e s  a t  lower  f r e q u e n c i e s  i n  p r o p o r t i o n  t o  
v - 3 - 5 8  f v  = r a d i o  f r e q u e n c y ) .  Thus a  3 - f o l d  d e c r e a s e  o f  f requency  c o u l d  
p r o v i d e  a  5 0- f o l d  i n c r e a s e  i n  s i g n a l  a m p l i t u d e  w h i l e  sample volume need 
i n c r e a s e  o n l y  3 2 - f o l d .  

Comparison of Microwave D e t e c t o r s  

Our ESR i n s t r u m e n t a t i o n  i s  b e i n g  

used  t o  s t u d y  r a d i c a l s  i n  w a t e r  s o -  

l u t i o n .  S ince  t h e  obse rved  s i g n a l s  

a r e  o f t e n  on ly  a  few t i m e s  t h e  n o i s e  

l e v e l ,  we a r e  always s t r i v i n g  t o  i m -  

prove  t h e  s i g n a l - t o - n o i s e  r a t i o .  For 

t h e  p a s t  2 y e a r s  we have used  low n o i s e  

back d iode  d e t e c t o r s .  (61) These a r e  

a  v a r i e a n t  o f  t h e  Esak i  o r  t u n n e l  d iode  

j u n c t i o n - t y p e  s t r u c t u r e .  ( 6 2 )  comparison 

o f  t h e  back d iode  w i t h  1N23E and 1N23F 

p o i n t  c o n t a c t  d i o d e s  has  c o n s i s t e n t l y  

demons t r a t ed  s u p e r i o r  per formance  f o r  

t h e  back d i o d e  when u s i n g  a  400 Hz mod- 

u l a t i o n  f r equency  w i t h  t h e  9 . 5  GHz mic ro -  

wave f r equency .  About a  1 0 - f o l d  improve-  

ment i n  s i g n a l - t o - n o i s e  r a t i o  i s  o b t a i n e d  

by u se  of back d iodes  a t  400 H z .  When 

t h e  modu la t i on  f r equency  i s  changed t o  

100 kHz, t h e  back d iode  g i v e s  a  r a t i o  

ve ry  s i m i l a r  t o  t h a t  o f  s e l e c t e d  1N23E 

o r  1N23F d e t e c t o r s .  The back d iode  i s  

much more rugged and g i v e s  c o n s i s t e n t  

per formance  unmatched by t h e  p o i n t  con-  

t a c t  d iodes  o v e r  p e r i o d s  of  a  y e a r  o r  

l o n g e r .  Very r e c e n t l y  we have  used  

some 1N23G p o i n t  c o n t a c t  d iodes  and 

f i n d  them s u p e r i o r  t o  t h e i r  p r e d e c e s -  

s o r s  i n  t h e  1N23 s e r i e s  when t e s t e d  a t  

100 kHz. No t e s t  ha s  been made w i t h  t h e  

1N23G a t  400 Hz. 

The lower  i n t e r m e d i a t e  f r equency  im- 

pedance of  t h e  back d i o d e ,  100 n a s  con-  

t r a s t e d  w i t h  500 t o  800 fi f o r  p o i n t  con-  

t a c t  t y p e s ,  may n e c e s s i t a t e  some changes 

i n  t h e  c o u p l i n g  t r a n s f o r m e r  between t h e  

microwave d e t e c t o r  and a u d i o  amp l i -  

f i e r .  The b a s i c  t h e o r y  h a s  been pub- 

l i s h e d  ( 6 3 )  and i t  w i l l  s u f f i c e  t o  s a y  

t h a t  i f  one assumes t h a t  t h e  t r a n s -  

former  i s  p e r f e c t ,  t h a t  t h e  a m p l i f i e r  

h a s  an e q u i v a l e n t  n o i s e  i n p u t  of 800 n 
( a s  might  be a v a i l a b l e  from a  good 

pentode  a m p l i f y i n g  s t a g e ) ,  and t h a t  

t h e  a m p l i f i e r  i n p u t  impedance i s  abou t  
5 10 n , t h e n  t h e  i n p u t  t r a n s f o r m e r  

s h o u l d  have a  t u r n s  r a t i o  of about  1 :18 .  

The Var i an  V4500 E l e c t r o n  Sp in  Reson- 

ance s p e c t r o m e t e r ,  which s e r v e s  a s  t h e  

b a s i s  f o r  ou r  equipment  used  a  1 :10  

r a t i o  f o r  t h e  i n p u t  t r a n s f o r m e r .  We 

have mod i f i ed  t h i s  t r a n s f o r m e r  ( a f t e r  



sawing open t h e  coppe r  c a s e )  by c e n t e r  One impor t an t  d e t a i l  i n  m a i n t a i n i n g  

t a p p i n g  t h e  i n p u t  winding  ( i t  i s  on ly  good s i g n a l - t o - n o i s e  r a t i o  i n  t h e s e  

11 t u r n s  and hence  e a s i l y  rewound). h i g h - g a i n  d e t e c t i o n  sys t ems  i s  t o  p r o -  

This  g i v e s  a  1 :20  r a t i o  on each  s i d e  v i d e  a  b r eak  i n  t h e  dc  p a t h  between 

of  t h e  c e n t e r  t a p .  t h e  microwave d e t e c t o r  mounts and t h e  

To s i m u l t a n e o u s l y  r e t r i e v e  t h e  100 r e s t  of t h e  microwave sys t em.  Th i s  

kHz s i g n a l  a long  w i t h  10 k H z  and 400 p r e v e n t s  f o r m a t i o n  o f  ground l o o p s  b e -  
! 

H z  ( o r  lower f r e q u e n c i e s )  we have u sed  tween t h e  r e c e i v e r  and t r a n s m i t t e r  s e c -  

two t r a n s f o r m e r s  i n  s e r i e s  a s  shown i n  t i o n s  o f  t h e  s p e c t r o m e t e r .  

F i g u r e  66 .  A b a l a n c e d  homodyne d e t e c -  A ve ry  r e c e n t  development  wor thy  

t i o n  sys tem h a s  been  u s e d  s i n c e  i t  

g r e a t l y  r educes  k l y s t r o n  FM n o i s e .  The 

s p l i t  p r imary  windings  o f  t h e  low f r e -  

quency t r a n s f o r m e r  a r e  connec t ed  t o  each  

end of  t h e  100 k H z  t r a n s f o r m e r .  Low 

impedance,  low n o i s e  d e t e c t o r s  r e q u i r e  

a  low r e s i s t a n c e  dc  r e t u r n ,  t y p i c a l l y  

10 R o r  l e s s ,  t o  p r e v e n t  e x c e s s  n o i s e .  

o f  n o t e  i s  t h e  i n t r o d u c t i o n  o f  a  new 

t y p e  o f  n o i s e  microwave d e t e c t o r  d i o d e ,  ' 

C 6 4 )  We hope t h e  "hot  c a r r i e r "  d i o d e .  

t h a t  t h e  m a n u f a c t u r e r  w i l l  s oon  f i n d  

i t  p o s s i b l e  t o  make a  d i o d e  package 

which per forms  a s  w e l l  a t  9 GHz a s  do 

t h e  p r o t o t y p e s  o p e r a t i n g  a t  1 t o  2 G H z .  

The t u r n s  r a t i o  of  t h e  low f r equency  Dependence o f  E l e c t r o n  Sp in  Resonance 
S i g n a l  Anlplitude Upon Radio Frequency 

t r a n s f o r m e r  can  a l s o  be l a r g e r ,  between 

1 :50  and 1:100 s i n c e  t h e  a u d i o  f r equency  I n  our  s t u d i e s  of r a d i c a l s  i nduced  

vacuum t u b e  a m p l i f i e r  w i l l  have an i n p u t  i n  aqueous s o l u t i o n s ,  we o f t e n  have  

impedance of  a round l o 7  n. a v a i l a b l e  q u a n t i t i e s  o f  m a t e r i a l  o f  

T 1 
De tec to r  1 

1 0 . 0 0 0  Hz 

D e t e c t o r  2 

FIGURE 6 6 .  Trans  former C o n n e c t i o n s  f o r  
Preampli  f i e r  I n p u t  o f  E S R  S p e c t r o m e t e r  



t h e  o r d e r  of  100 m l .  We can  t h e r e f o r e  

p r o v i d e  sample enough t o  f i l l  a  r a t h e r  

l a r g e  microwave c a v i t y .  This  ha s  l e d  

u s  t o  re- examine  t h e  r e l a t i o n s h i p s  be -  

tween e l e c t r o n  s p i n  resonance  s i g n a l  

a m p l i t u d e ,  c a v i t y  c o n f i g u r a t i o n ,  and 

t h e  r a d i o  f r equency  f o r  s p i n  r e sonance .  

The f a c t o r s  which de t e rmine  t h e  

s i g n a l  amp l i t ude  o p e r a t e  a s  f o l l o w s :  (65) 

Ampli tude a xt'nP 0 . 5  
DVs 

where x" = r f  magnet ic  s u s c e p t i b i l i t y  
p e r  gram 

n = f i l l i n g  f a c t o r ,  i . e . ,  
f r a c t i o n  o f  r a d i o f r e q u e n c y  
magnet ic  f i e l d  i n  c a v i t y  
which i s  occup ied  by sample 

Q = c a v i t y  q u a l i t y  f a c t o r  

P  = r a d i o f r e q u e n c y  power ab-  
s o r b e d  i n  t h e  c a v i t y  

D = d e n s i t y  of  sample ( i t  i s  
1 . 0  f o r  most aqueous s o -  
l u t i o n s  of  i n t e r e s t  and 
hence w i l l  be  i gno red  i n  
ou r  d i s c u s s i o n )  

Vs = volume of  sample .  

For r a d i c a l s  i n  d i l u t e ,  low v i s c o s i t y  

s o l u t i o n s ,  and i n  t h e  absence  of  l i n e  

b roaden ing  due t o  chemica l  r e a c t i o n s ,  

t h e s e  f a c t o r s  a r e  r e l a t e d  t o  t h e  r a d i o  

f r equency ,  v ,  a s  d e t a i l e d  below: (65-67)  

n a v  -'I6 i s  t h e  r e s u l t  o f  

Q a (ElV) - 1 / 3  V1 /6  in a 

r e c t a n g u l a r  TE102 c a v i t y  

and o f  E "  v i n  t h e  f r e -  

quency r ange  from abou t  

60 MHz up t o  9 GHz ( E "  

i s  t h e  l o s s  p o r t i o n  o f  

d i e l e c t r i c  c o n s t a n t .  (66)  

Th i s  a p p l i e s  on ly  f o r  a  

t h i n  s l a b  of  sample i n  a  

r e c t a n g u l a r  TE102 c a v i t y . )  

n Vs /Vc  where Vc (volume 

of  t h e  c a v i t y  and sample)  

i s  a  t h i n  s l a b  p l a c e d  a t  

a  node of  microwave mag- 

n e t i c  f i e l d  i n  t h e  c a v i t y .  

Combining t h e s e  l a s t  two r e l a t i o n s  y i e l d s  

Vs = n V C  = v - l i b v  
C ,  however 

vc v-3  s o  vs v 
- 3 .16  

v-3'4 f o r  samples  e x h i b -  

i t i n g  power s a t u r a t i o n ,  

a s  i s  t h e  c a s e  f o r  most 

o r g a n i c  r a d i c a l s ,  and 

we choose t o  o p e r a t e  a t  

t h e  b r i n k  of s a t u r a t i o n .  (66)  

Combining a l l  t h e s e  te rms  l e a v e s  v w i t h  
an  exponent  hav ing  t h e  sum 

o r  ESR S i g n a l  Amplitude v - 3 .58  

This  e x p r e s s i o n  i n d i c a t e s  t h a t  i f  

t h e  r a d i o  f r equency  e l e c t r o n  s p i n  

r e sonance  were t o  be reduced  from 

t h e  commonly used  9 GHz r e g i o n  

down t o  3  GHz, t h e  s i g n a l  amp l i -  

t u d e  would i n c r e a s e  about  50 f o l d .  

Such a  tremendous i n c r e a s e  i n  s i g n a l  

amp l i t ude  would be a  r e a l  b r eak th rough  

i n  examina t i on  of  r a d i a t i o n - i n d u c e d  

f r e e  r a d i c a l s  and of  o t h e r  paramag- 

n e t i c  m a t e r i a l s  where s u f f i c i e n t  v o l -  

ume of  sample i s  a v a i l a b l e .  Ta.ble 

VI p r e s e n t s  a  comparison of t h e  op- 

e r a t i n g  pa rame te r s  c a l c u l a t e d  f o r  

t h r e e  d i f f e r e n t  f r e q u e n c i e s  on t h e  

b a s i s  o f  t h e  t h e o r y .  

Performance of  e l e c t r o n  s p i n  

r e sonance  s t u d i e s  a t  f r e q u e n c i e s  

lower t h a n  t h e  9 GHz now commonly 

used  c o u l d  r u n  i n t o  some problems i n  

s p e c t r a l  r e s o l u t i o n  when t h e  o p e r a t -  

i n g  f r equency  i s  n o t  much l a r g e r  t h a n  



T A B L E  V I .  CaZcuZa ted  V a r i a t i o n  o f  E Z e c t r o n  S p i n  R e s o n a n c e  w i t h  R a d i o  F r e q u e n c y  
f o r  Aqueous  S a m p l e s  

F r e q u e n c y  G H Z  

M a g n e t i c  f i e l d ,  Oe 

C a v i t y  D i m e n s i o n s ,  ( a )  cm 2 .2  x 1 . 0  x 4 . 1  6 . 7  x 3 . 0  x 12 11 x  5 x 2 1  

Sample Volume, ( b )  m l  0 . 5  1 6  8 2  

R e l a t i v e  ESR S i g n a l  A m p l i t u d e  1 5  1 318 

R e l a t i v e  S e n s i t i v i t y ,  
s p i n s  p e r  u n i t  volume 

R e l a t i v e  M o d u l a t i o n  ( c )  
D r i v i n g  Power 

Optimum Sample  T h i c k n e s s ,  mm 0 . 2 5  

( a )  H e i g h t  t i m e s  w i d t h  t i m e s  l e n g t h  f o r  r e c t a n g u l a r  TE102. 

( b )  Sample c o u l d  be  s m a l l e r ;  i n  f a c t ,  r e d u c t i o n  o f  h e i g h t  t o  occupy  c e n t r a l  5 0 %  
of  c a v i t y  would  r e d u c e  f i l l i n g  f a c t o r  f o r  r a d i o  f r e q u e n c y  m a g n e t i c  f i e l d  
by o n l y  3 0 % .  

( c )  Assumed t o  b e  p r o p o r t i o n a l  t o  a r e a  o f  b r o a d  s i d e  o f  c a v i t y .  

t h e  m a g n e t i c  e n e r g y  s e p a r a t i o n s  i n -  

v o l v e d  i n  t h e  f i n e  s t r u c t u r e .  For  o r -  

g a n i c  r a d i c a l s  i n  s o l u t i o n  t h e s e  f i n e  

s t r u c t u r e  i n t e r a c t i o n s  a r e  u s u a l l y  

a r o u n d  25 g a u s s  o r  l e s s  and  s o  one 

m i g h t  s u p p o s e  t h a t  o p e r a t i o n  a t  250 

g a u s s  o r  h i g h e r ,  i . e . ,  650 MHz o r  

h i g h e r ,  would s t i l l  e n a b l e  r e s o l u t i o n  

o f  t h e  l a r g e r  n u c l e a r  h y p e r f i n e  i n t e r -  

a c t i o n s .  

I n  c o n c l u s i o n ,  i t  a p p e a r s  t h a t  t h e  

a m p l i t u d e  i n c r e a s e  a v a i l a b l e  by o p -  

e r a t i n g  w i t h  a  l a r g e r  c a v i t y  a t  a  

l o w e r  f r e q u e n c y  m e r i t s  i m m e d i a t e  

a t t e n t i o n .  The t h e o r y ,  a s  e x e m p l i -  

f i e d  i n  T a b l e  V I ,  i n d i c a t e s  t h a t  d e -  

t e c t i o n  o f  r a d i c a l s  w i t h  u n p a i r e d  e l e c -  

t r o n s  c o u l d  b e  a c h i e v e d  a t  c o n c e n t r a -  

t i o n s  o n e - f i f t i e t h  o r  l e s s  t h a n  p r e s -  

e n t l y  a c h i e v e d .  P rob lems  would  un-  

d o u b t e d l y  a r i s e  i n  o b t a i n i n g  m a t e r i a l s  

o f  c o n s t r u c t i o n  o f  s u f f i c i e n t  p u r i t y  

t o  mee t  t h e  demands o f  a  100 f o l d  

r e d u c t i o n  i n  d e t e c t i o n  l i m i t .  We 

n e e d  t h i s  d e c r e a s e  i n  d e t e c t i o n  l i m i t  

t o  be  a b l e  t o  s e a r c h  f o r  r a d i c a l s  p r o -  

d u c e d  i n  l i v i n g  s y s t e m s  by n o n - l e t h a l  
. 

d o s e s  o f  r a d i a t i o n .  No means o f  a c h i e v -  ' 

i n g  s u c h  a  l a r g e  i n c r e a s e  i n  e l e c t r o n  
s p i n  r e s o n a n c e  s i g n a l  seems c o n c e i v a b l e  , 
o t h e r  t h a n  t h i s  one o f  u s i n g  l a r g e r  

s a m p l e s  a t  l o w e r  r a d i o  f r e q u e n c i e s .  

6 0 ~ 0  I R R A D I A T O R  F L O W  S Y S T E M  F O R  E L E C T R O N  S P I N  R E S O N A N C E- R .  N.  D i e b e l  

a n d  D .  R .  K a l k w a r f  

C o n s i d e r a b l e  a l t e r a t i o n  o f  t h e  e x -  t r o l  o v e r  t h e  r a t e  o f  f l o w  ( F i g u r e  6 7 ) .  

i s t i n g  f l o w / i r r a d i a t i o n  s y s t e m  (68)  C o n n e c t i o n s  a n d  v a l v i n g  a r e  now c o n -  

h a s  b e e n  made t o  p r o v i d e  g r e a t e r  f r e e -  s t r u c t e d  o f  g l a s s .  A g l a s s  i r r a d i a t i o n  

dom from c o n t a . m i n a t i o n  a n d  b e t t e r  c o n -  c o i l  was a s s e m b l e d  which  c a n  b e  moved 



FIGURE 6 7 .  6 0 ~ o  I r r a d i a t o r  Flow S y s t e m  
f o r  ESR a n d  K i n e t i c  S t u d i e s  

i n  and o u t  o f  t h e  i r r a d i a t i o n  zone a s  t h rough  a  v a r i a b l e  r a t i o  g e a r  box ,  and 

needed.  The f l ow  i s  c o n t r o l l e d  by a  an e l e c t r i c a l l y  c o n t r o l l e d  magne t i c  

s t a i n l e s s  s t e e l  g e a r  pump equipped  c l u t c h  i s  used  i n  a  manner which l i m i t s  

w i t h  e x t e r n a l  mechan ica l  s e a l  and e x -  t h e  t o r q u e  t r a n s m i s s i o n ,  t h u s  p r o t e c t  - 
t ended  s t u f f i n g  box t o  p r o v i d e  h i g h  i n g  t h e  g e a r  pump. The sys tem i s  b e i n g  
vacuum s e a l  f o r  t h e  s h a f t .  The pump e v a l u a t e d  i n  connec t i on  w i t h  ou r  con-  

i s  d r i v e n  from a c o n s t a n t  speed  motor  t i n u i n g  s t u d i e s  on i r r a d i a t i o n - p r o d u c e d  

f r e e  r a d i c a l s .  

L O N G - L I V E D  O R G A N I C  R A D I C A L S  F O R M E D  I N  I R R A D I A T E D  A Q U E O U S  S O L U T I O N- D .  R .  

K a l k w a r f  and R .  N .  Diebel  

Although many f r e e - r a d i c a l  r e a c t i o n s  r a p i d  d i f f u s i o n  i s  p o s s i b l e .  Such r a d -  

p roceed  r a p i d l y  i n  t h e  l i q u i d  p h a s e ,  i c a l s  would be  o f  p a r t i c u l a r  impor tance  
t h e  s i g n i f i c a n t  e f f e c t  which chemica l  i n  r a d i o b i o l o g y ,  s i n c e  i f  t h e i r  p r e -  
s t r u c t u r e  h a s  upon r e a c t i o n  r a t e s  l e a d s  c u r s o r s  were n a t u r a l l y  p r e s e n t  i n  an  

one t o  s u s p e c t  t h e  e x i s t e n c e  of r a d i c a l s  o rganism o r  i n t r o d u c e d  b e f o r e  i r r a d i a -  

which a r e  r e l a t i v e l y  s t a b l e  even when t i o n  t h e y  c o u l d  s l ow  down t h e  r a t e  o f  



r a d i a t i o n  damage and t h u s  p r o v i d e  more 

o p p o r t u n i t y  f o r  r e p a i r  and p o s t i r r a d i -  

a t i o n  t h e r a p y .  The p r e s e n t  s t u d y  shows 

t h a t  s e v e r a l  r a d i a t i o n - i n d u c e d  r a d i c a l s  

a r e  r e l a t i v e l y  s t a b l e  i n  aqueous s o l u -  

t i o n  and i n d i c a t e s  how t h e y  a r e  formed.  

S o l u t i o n s  of  t h e  o r g a n i c  compounds 

were i r r a d i a t e d  a t  room t e m p e r a t u r e  

i n  Pyrex c o n t a i n e r s  p l a c e d  w i t h i n  t h e  

sample compartment of a  Gammacell 200. 

The absorbed  dose  r a t e  was 3000 r a d s /  

min a s  de t e rmined  by chemica l  dos ime t -  

r y .  When m o l e c u l a r  oxygen was t o  be 

exc luded  from a  s o l u t i o n ,  a rgon  was 

bubbled  t h rough  i t  f o r  20 min w i t h  t h e  

s o l u t i o n  i n  a  g l o v e  box f i l l e d  c o n t i n -  

u o u s l y  w i th  a  n i t r o g e n  a tmosphere .  

The c o n t a i n e r s  were t h e n  c l o s e d  w i t h  

g r o u n d - g l a s s  s t o p p e r s  l i g h t l y  s e a l e d  

w i t h  s i l i c o n e  g r e a s e  and t r a n s f e r r e d  

t o  t h e  i r r a d i a t i o n  zone.  Fol lowing  

i r r a d i a t i o n ,  t h e  s o l u t i o n s  were r e -  

t u r n e d  t o  t h e  i n e r t  a tmosphere  of  t h e  

g l o v e  box where samples  were p r e p a r e d  

f o r  examina t i on  w i t h  a  Va r i an  V-4500 

E l e c t r o n  Sp in  Resonance s p e c t r o m e t e r .  

The c e l l s  u sed  were  p r e p a r e d  by r e p l a c -  

i n g  t h e  s t a n d a r d  s i d e - a r m s  of Va r i an  

V-4548 aqueous sample c e l l s  w i t h  1 mm 

I.D. v i t r e o u s  s i l i c a  t u b i n g .  The ends  

of  t h i s  t u b i n g  were p o l i s h e d  f l a t  and 

t h e  c e l l s  were made a i r  t i g h t  by cov-  

e r i n g  them w i t h  a  p o l i s h e d  s i l i c a  d i s c ,  

l i g h t l y  g r e a s e d  a t  t h e  edges  and k e p t  

i n  p l a c e  w i t h  a  T e f l o n  cap .  

N,N,Nf,N'-Tetramethylphenylenediamine - 
(TMPD) S o l u t i o n s  

I r r a d i a t i o n  of  a i r - s a t u r a t e d ,  aqueous 

s o l u t i o n s  of  TMPD a t  pH 4  t o  8 p roduced  

a  b l u e  s o l u t i o n  w i t h  a n  e l e c t r o n  s p i n  

r e sonance  s i g n a l  which was o b s e r v a b l e  

f o r  weeks a f t e r  i r r a d i a t i o n .  The meas- 

u r e d  o p t i c a l  a b s o r p t i o n  spec t rum of t h e  

s o l u t i o n  co r r e sponded  t o  t h a t  f o r  Wurs- 

t e r ' s  Blue r a d i c a l  c a t i o n  (69)  

b u t  more p o s i t i v e  i d e n t i f i c a t i o n  was I 

o b t a i n e d  by e l e c t r o n  s p i n  r e sonance  . 
s p e c t r o m e t r y .  F i g u r e  68 shows a  corn- [ 

p a r i s o n  of t h e  c e n t e r  p o r t i o n s  o f  t h e  
1 

spec t rum f o r  t h e  r a d i a t i o n - i n d u c e d  

r a d i c a l  and f o r  W u r s t e r ' s  Blue s y n t h e -  . 
s i z e d  by o x i d a t i o n  o f  TMPD w i t h  b r o -  

mine. Both s p e c t r a  c o r r e s p o n d  c l o s e l y  

t o  p u b l i s h e d  measurements  on Wurs t e r  ' s  

Blue (70 ,71 )  and t h e  congruence  o f  t h e i r  

c e n t e r  p o r t i o n s  i s  ev idence  t h a t  t h e  

i r r a d i a t e d  s o l u t i o n  does  n o t  c o n t a i n  a  

m i x t u r e  of  two o r  more r a d i a t i o n - i n d u c e d  

r a d i c a l s .  

F l a v i n  Mononucleo t ide  (FMN) 

Some r a d i a t i o n - i n d u c e d  r a d i c a l s  

were d e t e c t e d  i n  aqueous s o l u t i o n s  of  

t h i s  coenzyme whose ESR s p e c t r a  de -  

pended on pH. A l l  o f  t h e s e  r a d i c a l s  

r e a c t e d  r a p i d l y  w i t h  m o l e c u l a r  oxygen 

t o  g i v e  nonparamagnet ic  p r o d u c t s  s o  

t h a t  oxygen was exc luded  d u r i n g  t h e  

i r r a d i a t i o n  and measurements .  F i g u r e  

69  shows t h e  spec t rum o f  ~ o - ~ M  FMN 

i r r a d i a t e d  i n  2 N  H2S04. The 3 2 - l i n e  - 

spec t rum i s  v e r y  s i m i l a r  t o  t h o s e  

r e p o r t e d  f o r  FMN s o l u t i o n s  which were 

c h e m i c a l l y  r educed  i n  d i l u t e  a c i d ,  (72,731 . 
and t h e r e  i s  no ev idence  t h a t  i t  a r i s e s  

from r a d i c a l s  w i t h  d i f f e r e n t  chemica l  

s t r u c t u r e .  Although t h e r e  a r e  many 

l i n e s  i n  t h e s e  s p e c t r a ,  t h e y  a r e  p o o r l y  

r e s o l v e d  s o  t h a t  a  p r e c i s e  f o r m u l a t i o n  

of  t h e  chemica l  s t r u c t u r e  o f  t h e  r a d -  

i c a l  i s  n o t  y e t  p o s s i b l e .  The spec t rum 

c o u l d  be d e t e c t e d  f o r  days a f t e r  i r r a d i -  

a t i o n .  



, 1 Gauss,  

FIGURE 6 8 .  ESR S p e c t r a  o f  f a )  Bromine-  
O x i d i z e d  N ,  N ,  N ', N '- T e t r a m e t h y  Zpheny l e n e -  
d i a m i n e  S o l u t i o n  f b )  Gamma- Irradiated 
N ,  N ,  N ', N  '- Te trame t h y  Zpheny l e n e d i a m i n e  
So Z u t i o n  



Due t o  i ncomple t e  r e s o l u t i o n  of  t h e  

FIGURE 6 9 .  ESR S p e c t r u m  o f  S o l u t i o n  
O b t a i n e d  b y  I r r a d i a t i n g  0.002M_ F l a v i n  
M o n o n u c l e o t i d e  i n  Aqueous  2E H2S04 Con- 
t a i n i n g  0 . 5 F  E t h a n o l .  

Figu re  70 shows t h e  e l e c t r o n  s p i n  

r e sonance  spec t rum of  t h e  r a d i a t i o n -  

i nduced  r a d i c a l  formed i n  phospha t e  

b u f f e r  a t  pH 5 . 8 .  The spec t rum i s  d i f -  

f e r e n t  from t h a t  f o r  t h e  r a d i c a l  s t a b l e  

i n  a c i d  s o l u t i o n s  and i t  d i s a p p e a r e d  

much more r a p i d l y  f o l l o w i n g  i r r a d i a t i o n .  

s p e c t r a l  l i n e s ,  i t  i s  n o t  p o s s i b l e  t o  

de t e rmine  whether  t h e  number o f  l i n e s  

o r  t h e i r  s p a c i n g s  d i f f e r  from t h o s e  

f o r  t h e  a c i d - s t a b l e  r a d i c a l .  A d d i t i o n  

of hydroxyl  r a d i c a l  s c a v e n g e r s  such  

a s  e t h a n o l  o r  e r i o g l a u c i n e  i n c r e a s e d  

t h e  y i e l d  o f  r a d i c a l s  s i g n i f i c a n t l y ,  

s u g g e s t i n g  t h a t  t h i s  r a d i c a l  was a l s o  

formed by t h e  r educ ing  a c t i o n  o f  

s p e c i e s  formed d u r i n g  w a t e r  r a d i o l y s i s .  

F i g u r e  7 1  shows t h e  e l e c t r o n  s p i n  

r e sonance  spec t rum o f  t h e  r a d i a t i o n -  

induced  r a d i c a l  formed i n  1 0 - I M  NaOH. - 

FIGURE 71 .  ESR S p e c t r u m  o f  S o l u t i o n  - 
O b t a i n e d  b y  I r r a d i a t i n g  0.01M F l a v i n  
M o n o n u c l e o t i d e  i n  A q u e o u s  0 .  IM_ NaOH 

Thi s  i s  q u i t e  s i m i l a r  t o  t h e  spec t rum 

p u b l i s h e d  f o r  FMN a f t e r  r e d u c t i o n  w i t h  

d i t h i o n i t e  i n  a l k a l i n e  s o l u t i o n .  ( 7 4 1  

Again ,  however ,  t h e  e x a c t  s t r u c t u r e  

of  t h e  r a d i c a l  i s  i n  doub t .  The r a d -  

i c a l  was q u i t e  s t a b l e  when p r o t e c t e d  

from oxygen and c o u l d  be d e t e c t e d  f o r  

weeks f o l l o w i n g  i r r a d i a t i o n .  

FIGURE 7 0 .  ESR S p e c t r u m  o f  S o l u t i o n  
O b t a i n e d  b y  I r r a d i a t i n g  0 . 0 0 1 g  F Z a v i n  
M o n o n u c l e o t i d e  i n  A q u e o u s  P h o s p h a t e  
B u f f e r  a t  pH5.8 C o n t a i n i n g  0.5M E t h a n o l  

A i r - s a t u r a t e d  aqueous s o l u t i o n s  of  

CPZ,  t h e  p h e n o t h i a z i n e  d r u g ,  i n  1 M  - H C 1  

t u r n e d  p ink  d u r i n g  i r r a d i a t i o n  and were  



found  t o  e x h i b i t  t h e  e l e c t r o n  s p i n  r e s -  

onance spec t rum i n  F i g u r e  72. A s i m i l a r  

spec t rum h a s  been p u b l i s h e d  ( 7 5 )  f o r  t h e  

FIGURE 7 2 .  ESR S p e c t r u m  o f  s o l u t i o n  
O b t a i n e d  b y  I r r a d i a t i n g  0 .  O O Z E  ChZor- 
promazine i n  Aqueous IM_ HCZ 

p r o d u c t  o f  e l e c t r o l y t i c  o x i d a t i o n  of  

CPZ and i t  was conc luded  t h a t  t h e  r a d i -  

a t i o n - i n d u c e d  r a d i c a l  i s  a  p r o d u c t  o f  

t h e  r e a c t i o n  i n v o l v i n g  CPZ w i t h  t h e  

o x i d i z i n g  r a d i c a l s  formed d u r i n g  w a t e r  

r a d i o l y s i s .  The 1 6 - l i n e  spec t rum can  

be d e t e c t e d  f o r  s e v e r a l  days i n  t h e  
s o l u t i o n  and i s  most p r o b a b l y  a t t r i b -  

u t a b l e  t o  t h e  chemica l  s t r u c t u r e  

No ESR s i g n a l s  were obse rved  i n  n e u t r a l  

s o l u t i o n s .  

Methylene Blue (MEB) 

I r r a d i a t i o n  o f  MEB i n  2 3 N  H2S04, 

from which m o l e c u l a r  oxygen had been 

removed, p roduced  a  s o l u t i o n  w i t h  t h e  

4 - l i n e  e l e c t r o n  s p i n  r e sonance  spec t rum 

p u b l i s h e d  p r e v i o u s l y .  ( 7 6 )  Of more b i o -  

chemica l  i n t e r e s t ,  however ,  was t h e  

d i s c o v e r y  t h a t  a  s t a b l e  r a d i c a l  d e r i v e d  

from MEB c o u l d  be  d e t e c t e d  even i n  s o -  

l u t i o n s  a t  pH 7 i f  t h e y  were s a t u r a t e d  

w i t h  sodium s u l f a t e .  The e l e c t r o n  s p i n  

resonance  spec t rum of  t h i s  r a d i c a l  i s  

shown i n  F igu re  73;  and ,  w h i l e  t h e  

FIGURE 7 3 .  ESR Spec t rum o f  S o Z u t i o n  
O b t a i n e d  b y  I r r a d i a t i n g  O . O O l M _  MethyZ- 
e n e  B lue  i n  S a t u r a t e d  Aqueous Sodium 
S u l f a t e  C o n t a i n i n g  0.5M_ E t h a n o l  

l i n e s  a r e  i n c o m p l e t e l y  r e s o l v e d ,  f a r  

more t h a n  4  l i n e s  a r e  p r e s e n t .  A s i g -  

n a l  can be d e t e c t e d  f o r  s e v e r a l  days 

i f  t h e  s o l u t i o n  i s  n o t  exposed  t o  a i r ,  

s u g g e s t i n g  t h a t  t h e  r a d i c a l  i s  a  r e -  

duced form o f  methylene  b l u e .  Because 

of  t h e  broad  spec t rum,  t h e  u n p a i r e d  

e l e c t r o n  i s  p r o b a b l y  smeared o v e r  t h e  

e n t i r e  r i n g  sys tem.  

Reexaminat ion of oxygen- f r ee  i r r a d i -  
a t e d  s o l u t i o n s  of PNB i n  0 .1E  NaOH f a i l e d  

t o  show t h e  e l e c t r o n  s p i n  r e sonance  

spec t rum p r e v i o u s l y  r e p o r t e d  ( 7 7 1  f o r  t h e  

r a d i a t i o n - i n d u c e d  r a d i c a l  formed i n  t h i s  

s o l u t i o n .  I n s t e a d ,  t h e  2 7 - l i n e  spec t rum 

shown i n  F i g u r e  74 was o b t a i n e d  which 

co r r e sponds  e x a c t l y  t o  t h e  chemica l  

s t r u c t u r e :  6 
co, 



The e l e c t r o n  s p i n  r e sonance  s i g n a l  from ma t ion  seems t o  be w e l l  e x p l a i n e d  by 

t h i s  r a d i c a l  c an  be d e t e c t e d  f o r  abou t  a d d i t i o n  o f  a  r a d i a t i o n - i n d u c e d  h y d r a t e d  

an h o u r  a f t e r  i r r a d i a t i o n ,  and i t s  f o r -  e l e c t r o n  t o  t h e  a r o m a t i c  r i n g  sys t em.  

FIGURE 7 4 .  ESR Spec t rum o f  S o Z u t i o n  
O b t a i n e d  b y  I r r a d i a t i n g  0 . 0 0 2 g  Sodium 
p - N i t r o b e n z o a t e  i n  Aqueous 0. lM_ N a O H  

R E A C T I O N  K I N E T I C S  O F  F R E E  R A D I C A L S  I N  A Q U E O U S  S O L U T I O N- D .  R.  K a l w a r f  a n d  
R .  N .  D i e b e l  

The d i s c o v e r y  t h a t  l o n g - l i v e d  o r g a n i c  

r a d i c a l s  can  form i n  s e v e r a l  i r r a d i a t e d  

s o l u t i o n s ( 7 8 1  s u g g e s t s  t h a t  r e l a t i v e l y  

s t a b l e ,  y e t  m o b i l e ,  f r e e  r a d i c a l s  a l s o  

o c c u r  d u r i n g  i r r a d i a t i o n  o f  b i o l o g i c a l  

s y s t e m s .  T h e i r  e f f e c t  on t h e  amount 

of r a d i o b i o l o g i c a l  damage i s  unknown 

a s  y e t  f o r  w h i l e  t h e y  woxld s low down 

t h e  c h a i n  of  chemica l  r e a c t i o n s  i n i t i -  

a t e d  by i r r a d i a t i o n  and a l l o w  more t ime  

f o r  r e p a i r  mechanisms t o  o p e r a t e ,  t h e i r  

long  l i f e t i m e  would a l s o  g i v e  them more 

o p p o r t u n i t y  t o  d i f f u s e  t o  c e l l  s i t e s  

a t  which c r i t i c a l  r e a c t i o n s  c o u l d  t a k e  

p l a c e .  I n  t h e  p r e s e n t  s t u d y ,  t h e  r e -  

a c t i o n  k i n e t i c s  f o r  some of  t h e s e  r a d -  

i c a l s  were examined i n  s e a r c h  f o r  gen-  

e r a l  p r i n c i p l e s  gove rn ing  t h e i r  f o r m a t i o n  

and d i s a p p e a r a n c e  s o  t h a t  t h e  c o u r s e  of 

o r g a n i c - r a d i c a l  r e a c t i o n s  i n  i r r a d i a t e d  

t i s s u e  can  be p r e d i c t e d .  

E l e c t r o n  s p i n  r e sonance  s p e c t r a  were 

used  t o  measure t h e  c o n c e n t r a t i o n  of  

r a d i a t i o n - i n d u c e d ,  o r g a n i c  r a d i c a l s  a s  

a  f u n c t i o n  o f  t ime  and t o  d e t e c t  any . 
change i n  t h e i r  chemica l  s t r u c t u r e  a s  

r e f l e c t e d  i n  t h e  h y p e r f i n e  s p l i t t i n g  

of  t h e  s p e c t r a l  l i n e s .  The r a d i c a l s  
were g e n e r a t e d  e i t h e r  i n  s t a t i c  ( 7 8 )  - 
o r  f 1 0 w i n g C ~ ~ )  s o l u t i o n s  by exposu re  

t o  6 0 ~ o  gamma r a d i a t i o n  from a  Gamma- 

c e l l  200 a t  a  dose  r a t e  o f  3000 r a d s /  

min. Using t h e  f low s y s t e m ,  t h e s e  

s o l u t i o n s  c o u l d  be examined w i t h i n  1 

s e c  a f t e r  i r r a d i a t i o n ,  u t i l i z i n g  a  Va r i an  

V-4500 s p e c t r o m e t e r  w i t h  100 kHz modula- 

t i o n .  R a d i c a l  c o n c e n t r a t i o n s  were 

e v a l u a t e d  by r e c o r d i n g  t h e  f i r s t -  



d e r i v a t i v e  e l e c t r o n  s p i n  r e sonance  t o  t h e  a - e l e c t r o n  sys tem of  t h e  s u b -  

s p e c t r a  a t  modu la t i on  amp l i t udes  h i g h  s  t r a t e .  ( 7 8 )  I n c r e a s i n g  t h e  c o n c e n t r a -  

enough t o  smooth o u t  any h y p e r f i n e  t i o n  of  hydrogen i o n  i n  t h e  i r r a d i -  

l i n e s ,  c u t t i n g  o u t  t h e  r e c o r d e d  s p e c -  

t r a  w i t h  a  s h a r p  k n i f e ,  and measur-  

i n g  t h e  f i r s t  moments of  t h e  s p e c t r a  

abou t  t h e i r  c e n t e r s  on a  moment b a l -  

a n c e .  ( 7 9 )  These f i r s t  moments, when 

c o r r e c t e d  t o  s t a n d a r d  s e t t i n g s  of  

t h e  i n s t r u m e n t ,  were t a k e n  t o  be p r o -  

p o r t i o n a l  t o  r a d i c a l  c o n c e n t r a t i o n ,  

and t h e  p r o p o r t i o n a l i t y  c o n s t a n t  was 

o b t a i n e d  by measuring ana logous  mo- 

ments f o r  s t a n d a r d  s o l u t i o n s  of  

W u r s t e r ' s  Blue i n  w a t e r  and d i p h e n y l -  

p i c r y l h y d r a z y l  i n  benzene .  The con -  

c e n t r a t i o n s  o f  r a d i c a l s  i n  t h e s e  r e f -  

e r e n c e  s o l u t i o n s  were o b t a i n e d  from 

t h e i r  measured o p t i c a l  abso rbances  
4  -1 -1 u s i n g  A56mp = 1 .24  x 10 M - cm 

f o r  W u r s t e r ' s  Blue ( 8 0 )  and A i Z O m u  = 

1 . 1 5  x 1 0 ~ ~ - l c m - '  - f o r  d i p h e n y l p i -  

c r y l h y d r a z y l .  (81)  

One of  t h e  g e n e r a l  p r i n c i p l e s  found 

t o  govern t h e  f o r m a t i o n  o f  r a d i a t i o n -  

induced  o r g a n i c  r a d i c a l s  i n  d i l u t e  aque-  

ous s o l u t i o n  i s  t h a t  t h e  p r e s e n c e  o f  

r e a g e n t s  t h a t  r e a d i l y  c a p t u r e  j u s t  one 

o f  t h e  r a d i c a l s  formed by w a t e r  r a d i o -  

l y s i s  w i l l  g r e a t l y  a f f e c t  t h e  r a d i a -  

t i o n  y i e l d .  Th i s  i s  due t o  t h e  p r e -  

ponde ran t  f r a c t i o n  of  t h e  r a d i a t i o n  

energy  b e i n g  abso rbed  by t h e  w a t e r  and 

t o  t h e  c o n f l i c t i n g  chemica l  r e a c t i o n s  

o f  t h e  r e s u l t i n g  w a t e r  r a d i c a l s ,  some o f  

which a c t  a s  o x i d i z i n g  a g e n t s  and o t h -  

e r s  a s  r e d u c i n g  a g e n t s .  Numerous i l l u s -  

t r a t i o n s  of  t h i s  p r i n c i p l e  were o b s e r -  

ved b u t  on ly  two a r e  d e s c r i b e d  below. 

The e l e c t r o n  s p i n  r e sonance  s p e c t r a  

of  t h e  r a d i c a l  d e r i v e d  from p - n i t r o b e n -  

z o a t e  i o n  i n d i c a t e d  t h a t  i t  was t h e  

a d d i t i o n  p r o d u c t  of a  h y d r a t e d  e l e c t r o n  

a t e d  s o l u t i o n  i n c r e a s e d  t h e  r a t e  of 

t h e  d i v e r s i o n a r y  r e a c t i o n :  

s o  t h a t  t h e  r a d i a t i o n  y i e l d  of  t h e  o r -  

g a n i c  r a d i c a l  f e l l  w i t h  d e c r e a s i n g  pH 

a s  shown i n  Table  VI I .  Whereas t h e  

r a d i a t i o n  y i e l d  of  t h e  o r g a n i c  r a d i c a l ,  

i n  t h e  absence  of  a  h y d r o x y l - r a d i c a l  

s cavenge r  such  a s  e t h a n o l ,  i s  f a r  b e -  

low t h a t  o f  t h e  h y d r a t e d  e l e c t r o n  i t -  

s e l f ,  G e  = 2.8/100 eV abso rbed ,  t h e  

y i e l d  approaches  t h i s  v a l u e  i n  t h e  p r e s -  

ence of  t h e  s c a v e n g e r .  

The i r r a d i a t i o n  p r o d u c t  o f  N,N,N' ,Nf-  

tetramethyl-p-phenylenediamine was a  

r a d i c a l - c a t i o n  formed by removal of an 

e l e c t r o n  from t h e  a - e l e c t r o n  sys tem o f  

t h e  s u b s t r a t e ,  p robab ly  by r e a c t i o n  w i t h  

hydroxyl  r a d i c a l s .  The a v a i l a b i l i t y  o f  

h y d r a t e d  e l e c t r o n s  f o r  r e v e r s i n g  t h i s  

p r o c e s s  r o s e  a s  t h e  pH o f  t h e  s o l u t i o n  

was i n c r e a s e d  d u r i n g  i r r a d i a t i o n ,  and 

t h e  y i e l d  of  r a d i c a l - c a t i o n s  f e l l  a s  

shown i n  Tab l e  VI I .  

A g e n e r a l  p r i n c i p l e  found t o  a f f e c t  

t h e  d i s a p p e a r a n c e  of  r a d i a t i o n - i n d u c e d  

r a d i c a l s  i s  t h a t  h i g h  i o n i c  cha rge  on 

t h e  r a d i c a l s  i n h i b i t s  t h e i r  d i s a p p e a r a n c e  

by r a d i c a l - r a d i c a l  r e a c t i o n s .  S ince  pH 

governs  bo th  t h i s  e f f e c t  and t h e  a v a i l -  

a b i l i t y  o f  h y d r a t e d  e l e c t r o n s ,  t h e  s i g -  

n i f i c a n c e  of  i o n i c  cha rge  on t h e  l i f e -  

t i m e s  o f  t h e  r a d i c a l s  c an  be s e e n  most 

c l e a r l y  i n  t h e i r  d i s a p p e a r a n c e  r a t e s  

f o l l o w i n g  i r r a d i a t i o n .  

During i r r a d i a t i o n ,  s o l u t i o n s  of 

p - n i t r o b e n z o a t e  i o n  and o f  p - n i t r o a n i l i n e  

show t h e  p r o d u c t i o n  o f  s i m i l a r  r a d i c a l s  

i n  which a  h y d r a t e d  e l e c t r o n  has  been 



TABLE V I I .  E f f e c t  o f  Hydrogen I o n  and E t h a n o l  on t h e  R a d i a t i o n  Y i e l d s  o f  O r g a n i c  
Free R a d i c a l s  

Precursor 

1.0 x p-nitrobenzoate 
11  

&! G(radicals/100 eV absorbed) 

13 0.9 
12 0.6 

I I 9 
"plus 3 x ethanol 13 

- 

1.0 x ~ o - ~ M  - t e t r ame thy lpheny lened iamine  7 . 4  
5 . 8  

added to the n-electron system of the 

substrate. The disappearance rates of 

both radicals in oxygen-free solutions 

at pH 13 following irradiation are also 

similar, neither being represented by 

a pure first- or second-order process 

in terms of radical concentration. But, 

while an empirical separation of the 

decay for the p-nitroaniline radical- 
anion into two exponential terms gives 

half-life values of 20 * 5 and 90 + 15 

sec, a similar treatment for decay of 

the p-nitrobenzoate radical- anion gives 

half-life values of 5 2 2 and 60 2 15 

min. A possible explanation for the 

strikingly greater stability of the p- 

nitrobenzoate radical-anion is that it 

is doubly charged at this pH whereas 
the p-nitroaniline radical-anion is 

only singly charged, i.e., 

6 
coo- 

and that the electrostatic repulsion 

between like-charged radicals limits 

their rate of disappearance. 

Another illustration of this prin- 

ciple is shown by the radical formed 

I I I I I I I 
0 .  I 0 .  2 0 . 3  

ABSORBED U O S L ,  M r a d s  

when chlorpromazine was irradiated 

in aqueous solution. In 1.OM - HC1, the 

radical was formed readily and was 

stable for days outside of a radiation 

field. In the field, it was not only 

formed by oxidation of chlorpromazine, 

probably with hydroxyl radicals, but 

was itself further oxidized as sug- 

gested by the data in Figure 75. 

FIGURE 75.  V a r i a t i o n  o f  Y i e l d  f o r  t h e  
C h l o r p r o m a z i n e  R a d i c a l  w i t h  Absorbed  
R a d i a t i o n  Dose i n  1.Og HCZ S o Z u t i o n  

0 . 2  

At that acidity, the radical was prob-. 

ably in the form of the doubly charged 

cat ion: 

9. jX 
y t l .  

r .?g  



However, a t  pH 5 . 5 ,  where t h e  s i n g l y  

charged  c a t i o n  would be expec t ed  t o  

form, i . e . ,  

no e l e c t r o n  s p i n  r e sonance  s i g n a l  

cou ld  be o b t a i n e d  a f t e r  i r r a d i a t i o n ,  

s u g g e s t i n g  a  f a s t e r  d i s m u t a t i o n  r a t e  

f o r  t h i s  r a d i c a l .  

A f u r t h e r  p r i n c i p l e  conce rn ing  t h e  

s t a b i l i t y  of  r a d i a t i o n - i n d u c e d  r a d i c a l s  

i n  aqueous s o l u t i o n s  i s  t h a t  t h e  p r e s -  

ence o f  supposed ly  r a d i a t i o n - i n e r t  

s u b s t a n c e s  i n  t h e  s o l u t i o n  can  s i g n i f i -  

c a n t l y  l e n g t h e n  t h e  l i f e t i m e s  of some 

r a d i c a l s .  This  p r i n c i p l e  i s  i l l u s t r a t e d  

t h e  l a c k  of  a  s i g n a l  a t  h i g h e r  pH may 

be due t o  e i t h e r  o r  bo th  of t h e  p r i n -  

c i p l e s  ment ioned  above.  I f  t h e  s o l u -  

t i o n  i s  s a t u r a t e d  w i t h  sodium s u l f a t e  

b e f o r e  i r r a d i a t i o n ,  however ,  a  s i g -  

n i f i c a n t  and  w e l l - r e s o l v e d  spec t rum 

was o b t a i n e d  even a t  pH 7 and was 

s t a b l e  f o r  d a y s .  ( 7 8 )  The i r r a d i a t e d  

sample was p a s s e d  through a  M i l l i p o r e  

HA f i l t e r  t o  de t e rmine  whether  t h e  

s i g n a l  was due t o  suspended  s o l i d s ;  

b u t ,  w h i l e  a  p o r t i o n  of  t h e  s i g n a l  

i n t e n s i t y  was l o s t ,  i t  was n o t  un-  

r e a s o n a b l e  t o  a t t r i b u t e  t h i s  t o  r e a c t i o n  

w i th  t h e  f i l t e r .  

Sodium s u l f a t e  has  no known r e a c t i o n s  

w i th  t h e  r a d i o l y s i s  p r o d u c t s  o f  w a t e r ,  

s o  o t h e r  e x p l a n a t i o n s  of  i t s  e f f e c t  must 

be s o u g h t .  One p o s s i b i l i t y  i s  t h a t  i t  

r a i s e s  t h e  v i s c o s i t y  of t h e  s o l u t i o n  

t o  a  v a l u e  where t h e  r a t e s  of  r a d i c a l -  

r a d i c a l  r e a c t i o n s  a r e  i n h i b i t e d .  A t  
by t h e  e f f e c t  o f  sodium s u l f a t e  on t h e  

t h e  p r e s e n t ,  however ,  i t  seems more 
s t a b i l i t y  of  r a d i c a l s  formed i n  i r r a d i -  l i k e l v  t h a t  t h e  i n t e n s e  i o n i c  f i e l d  i n  
a t e d ,  oxygen- f r ee  methylene  b l u e  s o l u -  

- 

such  s o l u t i o n s  e x e r t s  a  s t a b i l i z i n g  - 
t i o n s .  R a d i a t i o n - i n d u c e d  r a d i c a l s  de -  

i n f l u e n c e  on t h e  r a d i c a l s ,  and t h i s  
r i v e d  from methvlene  b l u e  were f i r s t  

- .  
n o t e d  i n  23N - H2S04 s o l u t i o n s , ( 3 4 )  and w i l l  be e x p l o r e d  i n  f u t u r e  expe r imen t s .  

C H E M I C A L  P R O T E C T I O N  O F  A G A R O S E  J E L L I E S  F R O M  R A D I A T I O N  D A M A G E-  
D.  R .  K a l k w a r f  

The p h y s i c a l  s t a t e  of  m a t t e r  i n  many 

r e g i o n s  of  l i v i n g  t i s s u e  i s  t h a t  o f  an 

aqueous j e l l y  whose p r o p e r t i e s  p r o v i d e  

c o n t r o l  o f  r i g i d i t y  and t h e  d i f f u s i o n  

r a t e s  of  m e t a b o l i t e s  w i t h i n  t h e  t i s s u e s .  

Using aqueous j e l l i e s  of a g a r o s e  a s  

t i s s u e  p r o t o t y p e s ,  it was shown e a r l i e r  

t h a t  a d d i t i o n  o f  t h e  a r t i f i c i a l  f ood  

c o l o r i n g ,  e r i o g l a u c i n e  ( F D & C  Blue No. 11, 
a l lowed t h e s e  p o l y s a c c h a r i d e  j e l l i e s  t o  

remain f i r m  even a f t e r  a b s o r b i n g  up t o  

11 t imes  t h e  r a d i a t i o n  dose  which would 

l i q u e f y  an  u n p r o t e c t e d  j e l l y .  (83)  The 

l a r g e  p r o t e c t i v e  e f f e c t  o f  t h i s  dye a s  

w e l l  a s  i t s  r e l a t i v e l y  low t o x i c i t y  

t o  humans prompted t h e  s e a r c h  d e s -  

c r i b e d  h e r e  f o r  o t h e r  p r o t e c t i v e  a g e n t s  

among t h e  d y e s t u f f s  a u t h o r i z e d  a s  food  

a d d i t i v e s .  

J e l l i e s  c o n t a i n i n g  0 . 2 0 %  a g a r o s e  by 

weight  and one o f  v a r i o u s  a r t i f i c i a l  

food c o l o r i n g s  were p r e p a r e d  and 



i r r a d i a t e d .  P r e c i s e  c o n t r o l  o f  concen-  
t r a t i o n  was o b t a i n e d  by m e l t i n g  t o g e t h e r  

weighed q u a n t i t i e s  o f  a  1 . 0 0 %  a g a r o s e  

s t o c k  j e l l y  and a  s t a n d a r d  s o l u t i o n  of  

t h e  dye i n  a  sc rew-capped  Pyrex t e s t  

t u b e ,  t i g h t e n i n g  t h e  c a p ,  and t h e n  

c o o l i n g  t h e  m i x t u r e  r a p i d l y  t o  room 

t e m p e r a t u r e .  I r r a d i a t i o n  of t h e s e  

samples  was accompl i shed  i n  a  Gammacell 

200 a t  a  dose  r a t e  of  3000 r a d s l m i n .  

I f  a f t e r  i r r a d i a t i o n  t h e  sample cou ld  

f low from one end of  t h e  t u b e  t o  t h e  

o t h e r  d u r i n g  g e n t l e  a g i t a t i o n ,  it was 

c o n s i d e r e d  t o  be l i q u e f i e d .  

S e v e r a l  dyes were found  t o  p r o t e c t  

a g a r o s e  j e l l i e s  from r a d i a t i o n - i n d u c e d  

l i q u e f a c t i o n  a s  shown i n  Table  V I I I ,  

where p r o t e c t i o n  i s  e x p r e s s e d  quan-  

t i t a t i v e l y  by t h e  dose  e x t e n s i o n  f a c -  

t o r ,  i . e . ,  t h e  r a t i o  of t h e  l i q u e f a c -  

t i o n  dose  i n  t h e  p r e s e n c e  of t h e  p r o -  

t e c t i v e  a g e n t  t o  t h a t  i n  i t s  absence .  

The t r i p h e n y l m e t h a n e  dye ,  FDGC Blue 

No. 1 ( e r i o g l a u c i n e )  and t h e  i n d i g o  

dye ,  FDGC Blue No. 2 were found t o  be 

t h e  most e f f e c t i v e  a l t h o u g h  t h e y  may 

p r o t e c t  by d i f f e r e n t  mechanisms. Both 

dyes a r e  b l eached  i r r e v e r s i b l y  i n  i r -  

r a d i a t e d  aqueous s o l u t i o n s  s a t u r a t e d  

w i t h  oxygen;  b u t  whereas e t h a n o l ,  a  

s e l e c t i v e  h y d r o x y l - r a d i c a l  s c a v e n g e r ,  

p r o t e c t s  FDbC Blue No. 1 from r a d i a t i o n -  

induced  b l e a c h i n g ,  i t  s e n s i t i z e s  FDEC 

Blue No. 2 .  

The c r i t i c a l  r o l e  p l a y e d  by t h e  

d e t a i l e d  chemica l  s t r u c t u r e  of  an  

a d d i t i v e  i n  d e t e r m i n i n g  i t s  p r o t e c t -  

i v e  a b i l i t y  i s  w e l l  i l l u s t r a t e d  by 

t h e s e  r e s u l t s .  The r e l a t i v e l y  poor  

p r o t e c t i v e  a g e n t ,  FDGC Green No. 2 ,  

and t h e  r e l a t i v e l y  good p r o t e c t i v e  

a g e n t ,  FDGC Blue No. 1, a r e  b o t h  

t r i pheny lme thane  dyes  which d i f f e r  

o n l y  i n  t h e  p o s i t i o n  a t  which a  s u l -  

f o n i c  a c i d  group i s  s u b s t i t u t e d  i n  

ana logous  a r o m a t i c  r i n g s .  S i m i l a r l y ,  

FDGC Green No. 1 and FDGC Green No. 3  

d i f f e r  from t h e s e  o n l y  i n  t h e  p r e s e n c e  

o r  absence  of r i n g  s u b s t i t u e n t s .  

P r a c t i c a b l e  chemica l  p r o t e c t i o n  of  

i r r a d i a t e d  l i v i n g  t i s s u e ,  whe the r  i t  

be p r e v e n t i n g  human d e a t h  o r  p r e v e n t -  

i n g  t e x t u r a l  changes i n  r a d i a t i o n -  

p a s t e u r i z e d  food ,  must be p o s s i b l e  n o t  

o n l y  w i t h  n o n t o x i c  compounds b u t  a l s o  

a t  c o n c e n t r a t i o n s  of  a d d i t i v e  which 

can  be c o n v e n i e n t l y  i n c o r p o r a t e d  i n  

t h e  sys tem.  I t  i s  t h u s  i n t e r e s t i n g  

t o  r e p o r t  i n  F igu re  7 6  t h a t  b o t h  FDGC 

Blue No. 1 and FDGC Blue No. 2 p r o v i d e  

TABLE V I I I .  L i q u e f a c t i o n  Dose f o r  0 . 2 0 %  Agarose J e l l i e s  C o n t a i n i n g  8 s 1 0 ' ~ k L  
C o n c e n t r a t i o n s  o f  V a r i o u s  A d d i t i v e s  

A d d i t i v e  

None 
FDGC Green No. 1 
FDGC Green No. 2 
FDGC Yellow No. 5  
FDGC Green No. 3  
FDGC Yellow No. 6  
FDGC Re? No. 3  
FDGC V i o l e t  No. 1 
FDGC Blue No. 1 
FDbC Blue No. 2  

L i q u e f a c t i o n  Dose, Mrad 

0 . 6 3  
1.1 
1.1 
1.1 
1 . 5  
2 .0  
2 .8  
2. . 8  
9 . 1  
9 . 3  

Dose E x t e n s i o n  F a c t o r  

1 . 0  
1 . 5  
1 . 5  
1 . 5  
2 .4  
3 .2  
4 .4  
4 .4  

14 
16 



- 

FDGC BLUE NO. 2 

BLUE NO. 1 

I I I 
0 5 1 0  

DYE CONCENTRATTON, r n / m o l e s / l i t e r  

FIGURE 7 6 .  E x t e n s i o n  t o  L i q u e f a c t i o n  
Dose of 0 . 2 0 %  Agarose J e l l i e s  Prov ided  
by Dye A d d i t i v e s  

. . 
s i g n i f i c a n t  e x t e n s i o n s  t o  t h e  r a d i a t i o n  g e t h e r  w i t h  t h e i r  low t o x i c i t y  t o  humans 

s t a b i l i t i e s  o f  t h e  j e l l i e s  even  a t  m i l l i -  makes them good c a n d i d a t e s  f o r  f u r t h e r  

molar  c o n c e n t r a t i o n s .  This  f e a t u r e  t o -  r e s e a r c h  on t h e  chemica l  p r o t e c t i o n  of  

l i v i n g  t i s s u e .  
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R A D I O L O G I C A L  C H E M I S T R Y  

A L P H A - E M I T T E R S  I N  T H E  C O L U M B I A  RIVER- C. D .  J e n n i n g s *  a n d  T. M .  B e a s l e y  

Long- l i ved  a c t i n i d e s  would r e p r e s e n t  

a  p o t e n t i a l  h a z a r d  i f  some means of  

c o n c e n t r a t i n g  them i n  t h e  envi ronment  

were t o  e x i s t .  Although t h e i r  s p e c i -  

f i c  a c t i v i t i e s  a r e  low, t h e i r  long  

h a l f - l i v e s  d i c t a t e  an ex t ended  r e s i -  

dence i n  t h e  env i ronmen t .  I t  i s  of 

i n t e r e s t ,  t h e r e f o r e ,  t o  de t e rmine  

which a c t i n i d e s  a r e  p r e s e n t  i n  t h e  

Columbia R ive r  and a t  what c o n c e n t r a -  

t i o n  l e v e l s  t h e y  e x i s t  t h e r e .  

The i d e n t i f i c a t i o n  o f  t h e  a l p h a -  

e m i t t i n g  i s o t o p e  measured was a c -  

compl i shed  b o t h  by l a r g e  a r e a  a l p h a -  

r a y  s p e c t r o m e t r y  (853  and by s p e c i f i c  

r ad iochemica l  s e p a r a t i o n  t e c h n i q u e s .  

S ince  l a r g e  a r e a  a l p h a  s p e c t r o m e t r y  

r e q u i r e s  a minimum o f  s o u r c e  m a t e r i a l  

t o  o b t a i n  good r e s o l u t i o n  and s i n c e  

t h e  l e v e l s  o f  t h e  a l p h a  a c t i v i t y  were 

e x p e c t e d  t o  be s m a l l ,  i t  was n e c e s s a r y  

t o  c o n c e n t r a t e  t h e  a c t i n i d e s  from t h e  

ashed  r e s i d u e s  o f  r e l a t i v e l y  l a r g e  

b i o l o g i c a l  s amp le s .  Fo l lowing  d i s s o -  

l u t i o n  of  t h e  l a t t e r  i n  c o n c e n t r a t e d  

n i t r i c  and p e r c h l o r i c  a c i d s ,  t h e  a c -  

t i n i d e s  were c o p r e c i p i t a t e d  on Fe (OH) 3 ,  

t h e  p r e c i p i t a t e  was i s o l a t e d  and d i s -  

s o l v e d  i n  d i l u t e  n i t r i c  a c i d ,  and t h e  

a c t i n i d e s  were e x t r a c t e d  from a  heav-  

i l y  s a l t e d  A1(N03)3 s o l u t i o n  i n t o  

2 0 %  s o l u t i o n  o f  a lamine-336 i n  x y l e n e .  

A l l  t e t r a v a l e n t  and h e x a v a l e n t  a c t i n -  

i d e s  a r e  e x t r a c t e d  e s s e n t i a l l y  quan-  

t h e  o r g a n i c  l a y e r  by s t r i p p i n g  t h e  

s o l u t i o n  w i t h  1 M  HC104 and t h e  a c t i n -  - 

i d e s  a g a i n  c o n c e n t r a t e d  by c o p r e c i p i -  

t a t i o n  on Fe(OH)3. Th i s  l a t t e r  p r e -  

c i p i t a t e  was t h e n  d i s s o l v e d  i n  

1 M  - CH3COOH, and t h e  r e s u l t i n g  s o l u t i o n  

a s p i r a t e d  on to  a lumin i zed  c e l l u l o s e  

a c e t a t e  s h e e t s  f o r  a l p h a - e n e r g y  a n a l -  

y s i s .  I t  must be p o i n t e d  o u t  t h a t  t h e  

i s o t o p e s  of  radium and t h e  t r i v a l e n t  

a c t i n i d e s  a r e  n o t  c a r r i e d  t h rough  t h i s  

p a r t i c u l a r  s e p a r a t i o n .  

Water samples  were made a c i d i c  by 

t h e  a d d i t i o n  o f  n i t r i c  a c i d ,  reduced  

i n  volume by b o i l i n g ,  and t h e  a c t i n -  

i d e s  c o n c e n t r a t e d  by c o p r e c i p i t a t i o n  

on Fe(OH)3. T h i s  p r e c i p i t a t e  was t h e n  

p r o c e s s e d  a s  d e s c r i b e d  above.  

Tab l e  I X  c o n t a i n s  t h e  q u a l i t a t i v e  

r e s u l t s  o b t a i n e d  from a l p h a  s p e c t r o -  

m e t r i c  a n a l y s i s  o f  t h e  v a r i e t y  of 

TABLE I X .  Q u a l i t a t i v e  S p e c t r o m e t r y  
R e s u l t s  o f  Sample  A n a l y s i s  

* I s o t o p e  D e t e c t e d  

Columbla  R i v e r  s u c k e r  n o n e  

Columbia  R i v e r  squaw f i s h  

R i v e r  a l g a e  

Columbia  R i v e r  w a t e r  

R e a c t o r  E f f l u e n t  w a t e r  

C h i n o o k  P o i n t  z o o p l a n k t o n  

A s t o r i a  z o o p l a n k t o n  a n d  d e t r l t u s  

McNary s e d i m e n t  

M a r l n e  c o p e p o d s  

E u p h a u s ~ d s  

Salmon e g g s  

Salmon s t o m a c h  a n d  c o n t e n t s  

S e a  cucumbers  

n o n e  
238u 2 3 4 u ,  21OpO 

238u 234u,  210p0 

23BU 2 3 4 u ,  2lOpO 

238" 234,,, 2lOpO 

23aU 2 3 4 u ,  2 lOpO 

238u 2 3 4 u ,  210p0 

23EU 2 3 4 u ,  21OpO 

2 1 0 ~ o  

2 1 0 ~ o  

2 1 0 ~ o  
23aU 2 3 4 u ,  2 lOpO 

t i t a t i v e l y  unde r  t h e s e  c o n d i t i o n s .  

The a c t i n i d e s  were t h e n  removed from 

* A E C  R i c h l a n d  Gradua te  Fe 2 low,  
J u n e- S e p t e m b e r ,  1 9 6 5  

samples l i s t e d ,  w h i l e  Tab l e  X c o n t a i n s  

t h e  q u a n t i t a t i v e  r e s u l t s  o b t a i n e d  i n  

v e r i f y i n g  b o t h  t h e  i d e n t i t y  o f  t h e  



. 
The d a t a  o f  Tab l e s  I X  and X s u g g e s t  

TABLE X .  Q u a n t i t a t i v e  R e s u l t s  o f  t h a t  i ndeed  such  a c t i v i t y  c o u l d  be due 
S p e c i f i c  R a d i o c h e m i c a l  A n a l y s e s  t o  uranium. The s u r p r i s i n g l y  h i g h  

Sample 

R e a c t o r  e f f l u e n t  w a t e r  

R e a c t o r  e f f l u e n t  w a t e r  

Co lumbia  R i v e r  w a t e r  

McNary s e d i m e n t  

Salmon eggs  

Sa lmon  s t o m a c h  

Sea cucumbers 

Sea cucumbers 

Sea  c u c u m b e r s  

Sample  Size 

10  l i t e r s  

1 0  l i t e r s  

1 5 . 5  l i t e r s  

2 . 0  g  

28.0 g ( d r y )  

3 . 5  g ( d r y )  

69 .0  g ( w e t )  

70 .7  g ( w e t )  

6 9 . 0  g ( w e t )  

Analytical R e s u l t s  
d i s / m i n / k g  

0 . 0 5 1  'lo Po 

0 . 3 0  338,, + 234,, 

0 . 0 3 3  "OPO 

1 . 9  x l o 3  ? l 0 p 0  

3 . 9 5  x 1 0 2  :lope 
1 3 . 8 9  x l o 3  ''OPO 

6 8 . 1  2 1 0 ~ o  

8 . 6 5  x 10'  2 3 8 ~  + 234u 
4 .52  x 10' 2 3 8 ~  + 2 3 4 ~  

r a d i o n u c l i d e s  d e t e c t e d  and t h e  quan-  

t i t i e s  p r e s e n t .  The o n l y  a l p h a  e m i t -  
234u t e r s  d e t e c t e d  were , 2 3 8 ~  and 

2 1 0 ~ o .  Cherry (86)  ha s  measured t h e  

a l p h a  r a d i o a c t i v i t y  of  p l a n k t o n  from 

t h e  s e a  and r e p o r t s  t h a t  2 1 0 ~ o  con-  

t r i b u t e s  a  s u b s t a n t i a l  p o r t i o n  of  t h e  

a l p h a  a c t i v i t y  t o  t h e s e  s ample s .  A 

c e r t a i n  p o r t i o n  o f  t h e  a l p h a  a c t i v i t y  

of t h e  p l a n k t o n  was u n i d e n t i f i e d  (no 

s p e c t r o m e t r y  employed) and was assumed 

t o  be due t o  e i t h e r  uranium o r  radium. 

uranium c o n t e n t  of s e a  cucumbers was 

v e r i f i e d  by s p e c i f i c  uranium a n a l y s i s  (87)  

a s  was t h e  h i g h  2 1 0 ~ o  c o n t e n t  o f  t h e  
salmon and sed iment  samples .  (88)  

The v a l u e s  of  2 1 0 ~ o  c o n c e n t r a t i o n  

f o r  b o t h  r e a c t o r  e f f l u e n t  w a t e r  and 

r i v e r  w a t e r  a r e  i n  g e n e r a l  agreement  

w i t h  2 1 0 ~ o  and ' lOpb c o n c e n t r a t i o n  

measured i n  ocean  w a t e r  ( 89 )  and o t h e r  

a reas , (90)  a l t h o u g h  s e c u l a r  e q u i l i b r i u m  

between t h e s e  two i s o t o p e s  s h o u l d  n o t  

be assumed. 

The d a t a  p r e s e n t e d  h e r e  and e l s e -  

where would t e n d  t o  s u b s t a n t i a t e  

t h e  s u g g e s t i o n  of  Cher ry  ( 8 6 )  t h a t  t h e  

c o n c e n t r a t i o n  of  2 1 0 ~ ~  (and p o s s i b l y  

of  ' lOpb)  i n  t h e  mar ine  envi ronment  

may be l a r g e .  No a r t i f i c i a l l y  p r o -  

duced a l p h a - e m i t t e r s  were e v i d e n c e d ;  

i f  p r e s e n t  t h e y  were below t h e  de -  

t e c t i o n  l i m i t  o f  t h e  i n s t r u m e n t s  u sed .  

Alpha e m i t t e r s  were p r e s e n t  on ly  i n  

low c o n c e n t r a t i o n  i n  t h e  Columbia 

R ive r .  

. . T H E  REDUCTION OF REACTOR E F F L U E N T  W A T E R  RADIONUCLIDE CONCENTRATIONS BY 
T H E  ADDITION O F  SODIUM SILICATE TO PROCESS W A T E R- D .  E .  R o b e r t s o n  

S i g n i f i c a n t  r e d u c t i o n s  i n  t h e  c o n c e n t r a t i o n s  o f  many r e a c t o r  e f f l u e n t  
w a t e r  r a d i o n u c l i d e s  by t h e  a d d i t i o n  o f  10 t o  20 ppm o f  sod ium s i l i c a t e  
t o  p r o c e s s  v a t e r  was d e m o n s t r a t e d .  The  e x p e r i m e n t  i n v o l v e d  a  h a l f -  
p l a n t  e v a l u a t i o n  a t  D- r e a c t o r  w h i c h  s t a r t e d  i n  January  o f  1965 and con-  
t i n u e d  i n t o  1966.  The c o n c e n t r a t i o n s  o f  t h e  r a d i o n u c l i d e s  7 6 ~ s ,  5 1 ~ r ,  3 2 p ,  
2 3 9 ~ p ,  and 1 2 4 ~ b  were  r e d u c e d  i n  t h e  e f f l u e n t  w a t e r  from t h e  t e s t  s i d e  
t o  a b o u t  1 / 9 . 5 ,  1 / 7 ,  1 / 5 ,  1 / 3  and 1 / 4  r e s p e c t i v e 2  r e l a t i v e  t o  t h e  con-  
t r o l  s i d e  o f  t h e  r e a c t o r .  The c o n c e n t r a t i o n s  o f  YsMn, G4Cu and 6 5 ~ n  
were  e s s e n t i a l l y  unchan ed by  t h e  s i l i c a t e  t r e a t m e n t ,  w h i l e  t h e  concen-  
t r a t i o n s  o f  and 14$.La land p r o b a b l y  o f  t h e  o t h e r  r a r e  e a r t h  r a d i o -  
n u c l i d e s )  were  i n c r e a s e d  by  a b o u t  25 t o  35% and by  a  f a c t o r  o f  2  t o  3 
r e s p e c t i v e l y .  The b e h a v i o r  o f  6 0 ~ o  and 4 6 ~ c  was more e r r a t i c .  

A c o n s t a n t  e f f o r t  i s  be ing  main-  of  r a d i o a c t i v e  m a t e r i a l  d i s c h a r g e d  t o  

t a i n e d  a t  Hanford t o  reduce  t h e  amounts t h e  Columbia R ive r  i n  r e a c t o r  e f f l u e n t  



w a t e r .  (921 The r a d i o i s o t o p e s  and The c o n c e n t r a t i o n  of 6 5 ~ n  and - !  

t h e i r  i n t e r a c t i o n s  w i t h  t h e  envi ronment  remained e s s e n t i a l l y  unchanged,  w h i l e  

a r e  c o n t i n u o u s l y  be ing  mon i to r ed  t o  t h o s e  of  2 4 ~ a  and 3 1 ~ i  were i n c r e a s e d  

de t e rmine  t h e  l e v e l s  a t  communit ies  by f a c t o r s  of 2 t o  3. The f a v o r a b l e  

which u se  Columbia R i v e r  w a t e r  f o r  r e s u l t s  from t h i s  t e s t  prompted a  p r o -  I 

d r i n k i n g  p u r p o s e s  o r  f o r  i r r i g a t i o n  

o r  which u s e  i t s  f i s h  a s  f o o d .  (93) 

The r a d i o n u c l i d e s  of  major  i n t e r e s t  
2  39 

a r e  7 6 ~ s ,  3 2 ~ ,  Np, "cry  2 4 ~ a ,  

6 4 ~ u ,  and 6 5 ~ n .  

The m a j o r i t y  of  t h e  r a d i o n u c l i d e s  

p r e s e n t  i n  r e a c t o r  e f f l u e n t  w a t e r  

o r i g i n a t e  when t h e i r  p a r e n t  e l emen t s  

i n  p r o c e s s  w a t e r  become adsorbed  on 

t h e  c o r r o s i o n  f i l m  s u r f a c e  of  t h e  

r e a c t o r  p r o c e s s  t u b e s  and f u e l  e l e -  

ment j a c k e t s  and r e s i d e  long  enough 

t o  become n e u t r o n  a c t i v a t e d .  T h e i r  

r a d i o a c t i v e  d a u g h t e r s  a r e  t h e n  s u b -  

s e q u e n t l y  r e l e a s e d  t o  t h e  e f f l u e n t  

s t r e a m .  ( 9 4 3  Minimiz ing  t h e  a d s o r p -  

t i o n  of  t h e s e  p a r e n t  e l emen t s  h a s  

r educed  t h e  c o n c e n t r a t i o n s  of  t h e  

r a d i o a c t i v e  d a u g h t e r s .  Labo ra to ry  

and i n - r e a c t o r  s t u d i e s  have been  con- 

d u c t e d  t o  e v a l u a t e  t h e  e f f e c t s  o f  

v a r i o u s  chemica l  a d d i t i v e s  and c o a t -  

i n g  m a t e r i a l s  a s  a d s o r p t i o n  i n h i b i t -  
o r s .  (95-971  Of t h e  chemica l  a d d i t i v e s  

t e s t e d  i n  t h e  l a b o r a t o r y ,  sodium s i l -  

i c a t e  was,  by f a r ,  t h e  most e f f e c t -  
i v e  a d s o r p t i o n  i n h i b i t o r .  The l a b -  

o r a t o r y  t e s t s  were fo l l owed  by an  

i n - r e a c t o r  expe r imen t  i n  which sodium 

s i l i c a t e ,  a t  20 t o  40 ppm ( a s  S i 0 2 )  

was added t o  t h e  p r o c e s s  w a t e r  f l owing  

t h rough  a  s i n g l e  r e a c t o r  p r o c e s s  t u b e .  

I n  t h a t  t e s t  t h e  r a d i o n u c l i d e s  3 2 ~ ,  

' l c r ,  6 4 ~ u ,  7 6 ~ s ,  and 2 3 9 ~ p  were r e -  

duced i n  t h e  e f f l u e n t  w a t e r  by f a c -  

t o r s  t o  abou t  1 / 2 ,  1 / 1 . 4 ,  1 / 1 . 8 ,  

1 / 2 . 2  and 1 / 3 ,  r e s p e c t i v e l y ,  r e l a t i v e  

t o  t h e i r  c o n c e n t r a t i o n s  i n  t h e  e f f l u -  

e n t  w a t e r  o f  a  nea rby  c o n t r o l  t u b e .  

d u c t i o n - s c a l e  expe r imen t  i n  which sodium I 
1 

s i l i c a t e  was added t o  t h e  p r o c e s s  w a t e r  

s u p p l y i n g  o n e - h a l f  o f  a  r e a c t o r  w h i l e  8 

t h e  o t h e r  h a l f ,  s u p p l i e d  w i t h  normal 

p r o c e s s  w a t e r ,  was u sed  a s  a  c o n t r o l .  

Th i s  p a p e r  i s  a  summary of  t h e  d a t a  
1 

o b t a i n e d  d u r i n g  t h i s  h a l f - r e a c t o r  t e s t .  
1 

- 1 
C 1 

The h a l f - p l a n t  s i l i c a t e  a d d i t i o n  

was conducted  a t  t h e  D R e a c t o r .  The 
i 
1 
4 

"N" g r a d e  s i l i c a t e  ( P h i l a d e l p h i a  f 
Quar tz  Company) was s e l e c t e d  because  

o f  i t s  h i g h e r  p u r i t y  and h i g h e r  s i l i c a  

c o n t e n t  (S i02  t o  Na20 r a t i o  of  3 . 2 : l )  I 
r e l a t i v e  t o  o t h e r  a v a i l a b l e  sodium 1 
s i l i c a t e s .  The sodium s i l i c a t e  was 

added ( a s  a  1: 5  d i l u t i o n  o f  t h e  "N" 

s i l i c a t e )  t o  t h e  p r o c e s s  w a t e r  s u p -  

p l y i n g  t h e  t e s t  s i d e  o f  t h e  r e a c t o r  

a t  a  p o i n t  f o l l o w i n g  t h e  w a t e r  t r e a t -  

ment p r o c e s s .  F i n a l  pH a d j u s t m e n t  

was made i n  l a r g e  s t o r a g e  t a n k s  b e -  

f o r e  pumping t h e  w a t e r  t o  t h e  r e a c t o r .  

The a d d i t i o n  was s t a r t e d  on J a n u a r y  

1 7 ,  1965 a t  a  c o n c e n t r a t i o n  o f  5  ppm 

S i 0 2 .  The c o n c e n t r a t i o n  was g r a d -  

u a l l y  i n c r e a s e d  t o  10 t o  20 ppm S i 0 2  

o v e r  a  p e r i o d  of  9  d a y s .  The con-  

c e n t r a t i o n  t h roughou t  t h e  remainder  

o f  t h e  t e s t  ave raged  a b o u t  12  t o  15 

ppm S i 0 2 .  During r e a c t o r  shutdowns 

t h e  s i l i c a t e  a d d i t i o n  was c o n t i n u e d  

b u t  a t  a  reduced  c o n c e n t r a t i o n  o f  

5  t o  10 ppm S i 0 2 .  D a i l y  samples  of  

500 m l  o f  e f f l u e n t  w a t e r  from t h e  

t e s t  s i d e  and from t h e  c o n t r o l  s i d e  
of  t h e  r e a c t o r  were c o l l e c t e d  f o r  

r ad iochemica l  a n a l y s i s  from sampl ing  

l i n e s  c o n t i n u o u s l y  c a r r y i n g  a  f l ow .  
The r a d i o n u c l i d e s  2 4 ~ a ,  3 2 ~ ,  5 1 ~ r ,  



TABLE X I .  R e d u c t i o n  F a c t o r s  O b t a i n e d  f o r  R e a c t o r  E f f l u e n t  Water  Radio-  
n u c l i d e  C o n c e n t r a t i o n s  by t h e  A d d i t i o n  o f  Sodium S i l i c a t e  t o  P r o c e s s  Water  

R a t i o  o f  Con t ro l  E f f l u e n t  A c t i v i t y / S i l i c a t e  T rea t ed  E f f l u e n t  A c t i v i t y  (Monthly Averages) 

l ad ionuc l i de (k ; i  lB)( ;;;i) Feb. Mar. Apr. M a ~ ( ~ ) ~ u n e  J u l y  Aug. Sep t .  Oct .  Nov. D c  J a n .  
- - - - - - - - - - - - - (1966) 

( a ) ~ a c k g r o u n d  d a t a  p r i o r  t o  a d d i t i o n  

( b ) ~ i l i c a t e  was n o t  added from May 11 t o  May 1 9 ,  1965 

239 5 6 ~ n ,  6 4 ~ u ,  6 5 ~ n ,  7 6 ~ s ,  and Np 
were measured i n  t h e  e f f l u e n t  w a t e r  

from bo th  s i d e s  o f  t h e  r e a c t o r  by s t a n -  

d a r d  r ad iochemica l  and i n s t r u m e n t a l  
6 0  methods.  The r a d i o n u c l i d e s  4 6 ~ c ,  Co, 

1 2 4 ~ b ,  and 1 4 ' ~ a ,  which a r e  p r e s e n t  

i n  much lower c o n c e n t r a t i o n s ,  were 

p e r i o d i c a l l y  measured by d i r e c t l y  

coun t ing  t h e  r e s i d u e  from e v a p o r a t e d  

e f f l u e n t  w a t e r  samples  u s i n g  m u l t i -  

d imens iona l  gamma-ray s p e c t r o m e t r y .  ( 9 8 )  

Disso lved  s i l i c a  was measured i n  t h e  

e f f l u e n t  from b o t h  s i d e s  of t h e  r e a c t -  

o r  by a  c o l o r i m e t r i c  p r o c e d u r e .  

Background r a d i o n u c l i d e  measure-  

ments were made f o r  s e v e r a l  weeks 

p r i o r  t o  s t a r t i n g  t h e  a d d i t i o n  and 

t h e s e  showed t h a t  t h e  c o n c e n t r a t i o n s  

of t h e  r a d i o n u c l i d e s  be ing  s t u d i e d  

were e s s e n t i a l l y  e q u a l  i n  t h e  e f f l u -  

e n t  from bo th  s i d e s  of t h e  r e a c t o r .  

The s i l i c a t e  a d d i t i o n  began on J a n -  

ua ry  1 7 ,  1965,  and c o n t i n u e d  i n t o  

1966. Thus,any s e a s o n a l  t r e n d s  due 

t o  w a t e r  t e m p e r a t u r e ,  t r a c e  e lement  

c o n c e n t r a t i o n s  i n  t h e  r i v e r  w a t e r ,  

e t c . ,  c o u l d  be obse rved .  During 

t h e  f i r s t  s e v e r a l  weeks of  t h e  ad-  

d i t i o n  ( a t  5  t o  10 ppm S i 0 2 )  t h e  

sodium s i l i c a t e  caused  a  s l i g h t  i n -  

c r e a s e  i n  most e f f l u e n t  w a t e r  r a d i o -  

n u c l i d e s  and a  l a r g e  i n c r e a s e  i n  

t h e  3 2 ~  c o n c e n t r a t i o n  ( s e e  Tab l e  X I ) .  

This  was i n t e r p r e t e d  a s  a  g r a d u a l  

s l o u g h i n g - o f f  o f  t h e  o l d  c o r r o s i o n  

f i l m  which had t h e  e f f l u e n t  w a t e r  r a -  

d i o n u c l i d e s  i n c o r p o r a t e d  i n t o  i t s  

s t r u c t u r e .  A f t e r  t h e  s l o u g h i n g - o f f  

p e r i o d  a  r e d u c t i o n  i n  most r a d i o n u -  

c l i d e s  was o b s e r v e d ,  which g r a d u a l l y  

improved ove r  a  p e r i o d  of  s e v e r a l  

months ( s e e  Tab l e  X I ) .  A f t e r  abou t  

8 months o f  sodium s i l i c a t e  a d d i t i o n  

t h e  r e d u c t i o n  mechanism appea red  t o  

r e a c h  an  e q u i l i b r i u m  c o n d i t i o n  u n t i l  

t h e  r e a c t o r  was s h u t  down f o r  s e v e r a l  

weeks i n  e a r l y  November f o r  ma in t en -  

ance work. A f t e r  s t a r t u p  t h e  r educ-  

t i o n s  i n  most r a d i o n u c l i d e s  a g a i n  were 

improved. As Table  XI i n d i c a t e s ,  t h e  



maximum ave rage  monthly r e d u c t i o n s  
2 3 9  o b t a i n e d  f o r  3 2 ~ ,  5 1 ~ r , 7 6 ~ s  and Np 

d u r i n g  t h e  y e a r  were t o  1 / 3 . 2 ,  1 / 7 ,  

1 / 9 . 5  and 1 / 5 . 2 ,  r e s p e c t i v e l y ,  o f  t h e  

o r i g i n a l  v a l u e s .  The 2 4 ~ a  and 5 6 ~ n  

c o n c e n t r a t i o n s  were i n c r e a s e d  20 t o  

50% th roughou t  most  o f  t h e  t e s t .  The 

c o n c e n t r a t i o n s  o f  6 4 ~ u  and 6 5 ~ n  were 

e s s e n t i a l l y  unchanged.  The b e h a v i o r  

of  t h e  t r a c e  r a d i o n u c l i d e s  4 6 ~ c ,  6 0 ~ o ,  

1 2 4 ~ b  and 140La was more d i f f i c u l t  t o  

i n t e r p r e t .  These r a d i o n u c l i d e s  a r e  

a s s o c i a t e d ,  t o  an e x t e n t ,  w i t h  p a r -  

t i c u l a t e  m a t t e r  i n  t h e  w a t e r  and t h e  

v a r i a t i o n s  o f  t h e  4 6 ~ c  and  6 0 ~ o  con-  

c e n t r a t i o n s  were r a t h e r  ex t r eme .  How- 

e v e r ,  t h e  1 2 4 ~ b  c o n c e n t r a t i o n  was r e -  

duced t o  abou t  1 / 3  t o  1 / 5 .  The 140La 

(and p r o b a b l y  t h e  o t h e r  l e s s  abundant  

r a r e  e a r t h s )  and 6 0 ~ o  were i n c r e a s e d  

by f a c t o r s  o f  about  2  t o  3 and 1 . 3  t o  

2 ,  r e s p e c t i v e l y .  The v a r i a t i o n s  i n  

t h e  4 6 ~ c  c o n c e n t r a t i o n  were s o  g r e a t  

t h a t  t h e  e f f e c t  o f  t h e  s i l i c a t e  ad-  

d i t i o n  on i t s  e f f l u e n t  c o n c e n t r a t i o n  

i s  s t i l l  u n c e r t a i n .  S e v e r a l  samples  

showed t h e  p r e s e n c e  of  " ~ e  and 1 3 4 ~ s  

and t h e i r  c o n c e n t r a t i o n s  i n  t h e  s i l -  

i c a t e - t r e a t e d  e f f l u e n t  w a t e r  were abou t  

1 / 6  of t h o s e  i n  t h e  normal e f f l u e n t  

w a t e r .  

The mechanism by which sodium s i l -  

i c a t e  r e d u c e s  r e a c t o r  e f f l u e n t  w a t e r  

r a d i o n u c l i d e  c o n c e n t r a t i o n s  i s  n o t  

f u l l y  u n d e r s t o o d .  However, i t s  r o l e  

a s  an a d s o r p t i o n  i n h i b i t o r  i s  c l e a r l y  

p a r t  o f  t h e  mechanism. S i l i c a t e s ,  

whe the r  p r e s e n t  a s  i o n s  o r  a s  m i c e l l e s ,  

t e n d  t o  d e p o s i t  on m e t a l  s u r f a c e s  due 

t o  t h e i r  n e g a t i v e  c h a r g e ,  forming a  

v e r y  t h i n ,  i n e r t  s u r f a c e .  D e f i n i t e  alum 

inum s i l i c a t e  compounds have been r e p o r -  

t e d  t o  e x i s t  under  c o n d i t i o n s  s i m i l a r  t o  

t h o s e  e s t a b l i s h e d  i n  t h i s  t e s t .  Anal-  

y s i s ,  by emi s s ion  s p e c t r o s c o p y ,  o f  t h e  

c o r r o s i o n  f i l m  on r e a r  n o z z l e  Van S tone  

f l a n g e  i n s e r t s  ( p e r f o r a t e d  aluminum 

c y l i n d e r s )  from b o t h  s i d e s  o f  t h e  r e -  

a c t o r  showed a  s i l i c o n  c o n c e n t r a t i o n  

about  f i v e  t i m e s  h i g h e r  i n  t h e  f i l m  

of  t h e  t e s t  s i d e .  X-ray d i f f r a c t i o n  

measurements showed t h i s  f i l m  t o  con-  

s i s t  ma in ly  of  an amorphous m a t e r i a l ,  

p r o b a b l y  amorphous s i l i c a ,  a s  r e p o r t e d  

i n  o t h e r  s i m i l a r  i n v e s t i g a t i o n s .  Ap- 

p a r e n t l y ,  s i l i c a t e s  r e a c t  w i t h  t h e  

hydrous  aluminum o x i d e  s u r f a c e  t o  form 
t h e  p r o t e c t i v e  f i l m .  S i n c e  e s s e n t i a l l y  

a l l  o f  t h e  r a d i o n u c l i d e s  t h e  c o n c e n t r a -  

t i o n s  of which were reduced  by t h e  s i l -  

i c a t e  t r e a t m e n t  were i n  t h e  form o f  

a n i o n s ,  i t  was s u s p e c t e d  t h a t  t h e  s i l -  

i c a t e d  f i l m  e x h i b i t e d  a  s l i g h t l y  neg-  

a t i v e  c h a r g e ,  t h e r e b y  i n h i b i t i n g  t h e  

a d s o r p t i o n  o f  a d d i t i o n a l  a n i o n s  from 

t h e  p r o c e s s  w a t e r  o n t o  t h e  f i l m .  Ze ta  

p o t e n t i a l  measurements  of  f r e s h  su spen-  

s i o n s  of  t h e  c o r r o s i o n  f i l m s  conf i rmed 

t h i s  t o  be t r u e .  The s i l i c a t e d  f i l m  

had a  z e t a  p o t e n t i a l  o f  -17 t o  - 2 1  mV,  

w h i l e  t h e  u n s i l i c a t e d  f i l m  was e s s e n -  

t i a l l y  a t  z e r o  mV. The re  i s ,  however ,  no 1 . I 
l a r g e  co r r e spond ing  i n c r e a s e  i n  t h e  

c a t i o n  r a d i o n u c l i d e s  i n  t h e  s i l i c a t e -  

t r e a t e d  e f f l u e n t .  The s i l i c a t e d  c o r -  

r o s i o n  f i l m  i s  s o  i n e r t  compared w i t h  

t h e  h i g h l y  a c t i v e  normal  c o r r o s i o n  f i l m ,  

t h a t  a  p r e f e r e n t i a l  a d s o r p t i o n  of c a t -  

i o n s  i s  n o t  o b t a i n e d .  

One of  t h e  problems e n c o u n t e r e d  d u r -  

i n g  t h i s  t e s t  was an abnormal  f i l m i n g  

i n  t h e  f r i n g e  p r o c e s s  t u b e s  s u p p l i e d  

by s i l i c a t e - t r e a t e d  p r o c e s s  w a t e r  and 

a  consequent  h y d r a u l i c  p r e s s u r e  i n -  

c r e a s e .  Th i s  o c c u r r e d  o n l y  when t h e  

i n l e t  w a t e r  t e m p e r a t u r e  was below 10 O C  



and on ly  i n  t h o s e  f r i n g e  

t h e  w a t e r  t e m p e r a t u r e  wa 

i c a n t l y  i n c r e a s e d  by t h e  

a t e d  i n  t h e  r e a c t o r .  (99)  

t u b e s  where t o  u s e  i t  on a  f u l l  s c a l e  b a s i s  can  

s  n o t  s i g n i f -  239 be made. The r a d i o n u c l i d e s  7 6 ~ s ,  Np, 

h e a t  gene r -  and 5 1 ~ r  were reduced  t o  about  1 / 9 . 5 ,  

Obvious ly  , 1 1 5 . 2 ,  and 1 / 7 ,  r e s p e c t i v e l y ,  o f  t h e i r  

t h e s e  c o n d i t i o n s  c r e a t e d  a  change i n  o r i g i n a l  v a l u e s .  These r a d i o n u c l i d e s  

t h e  p h y s i c a l  and /o r  chemica l  n a t u r e  a r e  i m p o r t a n t  because  t h e y  c o n t r i b u t e  

of  t h e  sodium s i l i c a t e  which a l lowed ove r  t w o - t h i r d s  o f  t h e  g a s t r o i n t e s t i n a l  

g r e a t e r  d e p o s i t i o n  t o  o c c u r .  When dose t o  t h e  r e s i d e n t s  o f  R ich l and ,  

t h e  w a t e r  t e m p e r a t u r e  i n c r e a s e d  d u r i n g  Pasco and Kennewick who u s e  Columbia 

t h e  summer months t h i s  d i f f e r e n t i a l  R ive r  w a t e r  f o r  d r i n k i n g  p u r p o s e s .  

f i l m i n g  e f f e c t  c e a s e d .  The r a d i o n u c l i d e  3 2 ~ ,  which i s  con-  

Another  problem which o c c u r r e d  d u r -  c e n t r a t e d  by w h i t e f i s h  and wa te r fowl  

, i n g  t h e  t e s t  was a n  i n c r e a s e  i n  t h e  i n h a b i t i n g  t h e  Columbia R i v e r ,  and t h u s ,  

r a d i a t i o n  l e v e l s  on t h e  r e a r  f a c e  o f  consumed by p e o p l e ,  was reduced  i n  con- 

t h e  t e s t  s i d e ;  t h i s  ave raged  2  t o  4 c e n t r a t i o n  t o  about  113 by t h e  s i l i -  

t i m e s  h i g h e r  t h a n  on t h e  c o n t r o l  s i d e ,  c a t e  t r e a t m e n t .  The c o n c e n t r a t i o n s  

t h u s  i n c r e a s i n g  t h e  problem o f  exposure  of l Z 4 s b  and 6 4 ~ u  were reduced  t o  abou t  

t o  p e r s o n n e l  working on t h e  r e a r  f a c e .  ( 9 9 )  114 and 1 / 1 . 3 ,  r e s p e c t i v e l y .  The u l -  

Th i s  r a d i a t i o n  decayed w i t h  app rox ima te ly  t i m a t e  g o a l  of t h e s e  r e a c t o r  e f f l u e n t  

a  1 2  t o  15  h r  h a l f - l i f e  and b o t h  s i d e s  w a t e r  s t u d i e s  i s  t o  reduce  t h e  r a d i o -  

appea red  t o  decay a t  n e a r l y  t h e  same n u c l i d e  c o n c e n t r a t i o n s  i n  t h e  Columbia 

r a t e .  Co r ros ion  f i l m  d e p o s i t e d  on t h e  R i v e r .  I f  sodium s i l i c a t e  were u sed  on 

r e a r  n o z z l e  Van S tone  f l a n g e  i n s e r t s  a  f u l l - s c a l e  (5  r e a c t o r s )  b a s i s ,  t h e  

from bo th  s i d e s  o f  t h e  r e a c t o r  was r a -  r i v e r  c o n c e n t r a t i o n s  of  t h e  above r a -  

d i o c h e m i c a l l y  ana lyzed  t o  de t e rmine  t h e  d i o n u c l i d e s  c o u l d  t h e n  be expec t ed  t o  

cause  of  t h e  h i g h e r  r a d i a t i o n  r e a d i n g s  be reduced  by t h e  above amounts.  The 

on t h e  t e s t  s i d e .  I t  appea red  t h a t  r a r e  on ly  i n c r e a s e s  of  s i g n i f i c a n c e  found 

e a r t h  r a d i o n u c l i d e s .  n o t a b l y  1 4 0 ~ a  and were f o r  2 4 ~ a  (25  t o  35%)  and t h e  

lS3sm d e p o s i t  on t h e  downstream s i d e  t r a c e  amounts o f  r a r e  e a r t h  r a d i o -  

of  t h e  r e a c t o r  p i p i n g .  These r a d i o n u -  n u c l i d e s  ( a  f a c t o r  o f  2 t o  3 ) .  The 

c l i d e s  were i n  g r e a t e r  abundance i n  f i l m i n g  i n  c o l d  t u b e s  and t h e  r e a r  f a c e  
t h e  c o r r o s i o n  f i l m  from t h e  t e s t  s i d e  exposu re  problems a r e  u n f a v o r a b l e  

by a  f a c t o r  of 2 t o  3 . When t h e  s i l i -  s i d e  e f f e c t s ;  t h e s e  might  be e l im-  

c a t e d - f i l m  p r e f e r e n t i a l l y  adso rbs  t h e  i n a t e d  o r  reduced  when b e t t e r  under-  

r a r e  e a r t h  r a d i o n u c l i d e s  i s ,  a t  s t a n d i n g  of  t h e  mechanisms i n v o l v e d  

p r e s e n t ,  unexp la ined .  i s  o b t a i n e d .  
Sodium s i l i c a t e  i s  an  e f f e c t i v e  ad-  Throughout  t h e  t e s t  t h e r e  e x i s t e d  

s o r p t i o n  i n h i b i t o r  f o r  p a r e n t s  o f  many some c r o s s - m i x i n g  of  w a t e r  from bo th  
o f  t h e  i m p o r t a n t  e f f l u e n t  w a t e r  r a d i o -  s i d e s  of t h e  r e a c t o r .  I t  ha s  been 

n u c l i d e s -  The f a c t o r s  f o r  and aga ins t  e s t i m a t e d  t h a t  t h i s  c r o s s - m i x i n g  amounted 
u s i n g  sodium s i l i c a t e  t r e a t e d  p r o c e s s  t o  about  1 5 %  of  t h e  t o t a l  r e a c t o r  e f -  
w a t e r  t~ reduce  r a d i o n u c l i d e  c o n c e n t r a -  f l u e n t  be ing  i n t e r changed .  l-he e f f i -  

t i o n s  i n  r e a c t o r  e f f l u e n t  w a t e r  must c i e n c y  of  t h i s  t e s t  c o u l d  t h e n  be 
be c a r e f u l l y  weighed b e f o r e  a  d e c i s i o n  expected t o  improve by such an amount 

i n  f u l l - s c a l e  p r a c t i c e .  



T H E  E F F E C T  O F  R E D U C E D  A L U M  A D D I T I O N  ON T H E  R E M O V A L  O F  7 5 ~ s  A T  T H E  K w - R E A C T O R  
WATER T R E A T M E N T  PLANT- W. A .  H a l l e r  

For s e v e r a l  months expe r imen t s  were zene HC1-HI e x t r a c t i o n  method. (100) 

c a r r e d  o u t  a t  t h e  KW-  and KE-Reactors The 7 6 ~ s  was t h e n  coun ted  w i t h  a  5  i n .  

t o  e v a l u a t e  t h e  e f f e c t s  of  r educ ing  NaI c r y s t a l ;  t h e  obse rved  a c t i v i t y  

t h e  c o n c e n t r a t i o n  of  alum i n  t h e  w a t e r  i s  shown i n  Table  X I I ,  

t r e a t m e n t  p r o c e s s .  Of p a r t i c u l a r  i n -  

t e r e s t  were changes i n  t h e  c o n c e n t r a -  - 
TABLE XII .  A c t i v a t i o n  of Raw and t i o n s  of r a d i o i s o t o p e s  i n t r o d u c e d  
T r e a t e d  W a t e r  f rom t h e  K- R e a c t o r s  

i n t o  t h e  Columbia R i v e r .  Reac to r  e f -  W a t e r  T r e a t m e n t  P l a n t s  

f l u e n t  samples were r o u t i n e l y  t aken  

and ana lyzed  f o r  t h e i r  r a d i o n u c l i d e  Alum Efficiency f o r  
Collection Water Treatment Additlo*, C:kts(a) R ~ ~ ~ ~ ~ I  of 75As, 

Date Plant c o n c e n t r a t i o n s .  -- P P ~  % ( b )  
12/1/65 KW (Treated) 6.5 17,006 51.5 

During t h e  month o f  December t h e  12/1/65 KE (Treated) 16 4,164 88.1 

12/1/65 KW (Raw Water) 0 35,021 
KE-Reactor w a t e r  t r e a t m e n t  p l a n t  used  12/6/65 KW (Treated) 6.5 17,181 51.0 

a  16 ppm alum a d d i t i o n  w h i l e  t h e  1Z/b/65 K E  (Treated) 16 4,152 88.2 

KW-Reactor w a t e r  t r e a t m e n t  p l a n t  used  

6 . 5  ppm. Analyses  of  t h e  r e a c t o r  ( a )  7 5 ~ s  i n p u t  c o n c e n t r a t i o n  may be mea- 
s u r e d  by t h e  7 6 ~ s  o u t p u t  c o n c e n t r a -  

e f f l u e n t  w a t e r s  showed t h a t  t h e  7 6 ~ ~  t i o n  a s  g e n e r a t e d  by t h e  n e u t r o n  
c o n c e n t r a t i o n  i n  t h e  KW e f f l u e n t  a c t i v a t i o n  p r o c e d u r e .  

w a t e r  was 5 t o  6  t imes  t h a t  of K E .  ( b )  E f f i c i e n c y  of removal was talc 
7 5  ed by comparing t h e  raw w a t e r  S ince  t h e  A s ( n , ~ ) ~ ~ A s  r e a c t i o n  i s  

n t e n t  v e r s u s  t h e  t r e a t e d  w a t e r  
r e s p o n s i b l e  f o r  7 6 ~ s  p r o d u c t i o n ,  one 5gAs c o n t e n t  produced by n e u t r o n  
e x p l a n a t i o n  of t h e  observed  i n c r e a s e  

of t h e  l a t t e r  i s o t o p e  is  t h a t . a  

dec reased  alum a d d i t i o n  d e c r e a s e d  

t h e  removal of  t h e  p a r e n t  i s o t o p e  

7 5 ~ s  a t  t h e  w a t e r  t r e a t m e n t  p l a n t .  

Neutron a c t i v a t i o n  a n a l y s i s  was 

used t o  de t e rmine  t h e  e f f i c i e n c i e s  

f o r  t h e  removal of  t h e  p a r e n t  i s o t o p e  

7 5 ~ s  a t  t h e  w a t e r  t r e a t m e n t  p l a n t .  

Ten m i l l i l i t e r  samples of  raw and 

a l u m - t r e a t e d  w a t e r  were c o l l e c t e d  a t  

t h e  KW and KE p l a n t s  and t h e s e  were 

n e u t r o n  a c t i v a t e d  f o r  2 4  h r .  A f t e r  

a  t h r e e  day c o o l i n g  p e r i o d ,  t h e  

a r s e n i c  was chemica l ly  s e p a r a t e d  from 

t h e  i r r a d i a t e d  samples u s i n g  t h e  ben-  

a c t i v a t i o n .  

Tab le  XI1 c l e a r l y  shows t h a t  t h e  e f f i -  

c i e n c y  of removal of  7 5 ~ s  a t  a  r e a c -  

t o r  wa te r  t r e a t m e n t  p l a n t  d e c r e a s e s  

w i t h  a  low alum a d d i t i o n .  Table  XI1 

and t h e  a n a l y t i c a l  l a b o r a t o r y  a n a l y s e s  

a l s o  show t h a t  t h e r e  i s  a  d i r e c t  r e -  

l a t i o n s h i p  between t h e  7 5 ~ s  i n p u t  i n t o  

t h e  r e a c t o r  and t h e  7 6 ~ s  o u t p u t .  The 

7 6 ~ s  o u t p u t  of KW i s  5 t o  6  t imes  h i g h e r  

t h a n  t h a t  of  K E ,  w h i l e  t h e  co r r e spond-  

i n g  i n p u t  of  p a r e n t  7 5 ~ s  i n t o  t h e s e  

r e a c t o r s  d i f f e r s  by a f a c t o r  of  4 ,  be ing  

h i g h e r  a t  KW a t  l e a s t  f o r  t h e  p e r i o d  of 

t ime concerned .  



I O N  E X C H A N G E  S T U D I E S  O F  T H E  C H E M I C A L  FORM O F  R A D I O N U C L I D E S  I N  C O L U M B I A  R I V E R  

W A T E R  A N D  R E A C T O R  E F F L U E N T- J a c k  L .  N e l s o n  

I o n  exchange s t u d i e s  w i t h  r e a c t o r  e f f l u e n t  and Columbia R i v e r  w a t e r  
fgom Hanford t o  Vancouver ,  Washin t o n  i n d i c a t e  t h a t  6 5 ~ n ,  6 0 ~ o ,  and 9 Mn a r e  ZargeZy c a t i o n i c  w h i l e  C r  i s  m o s t l y  a n i o n i c .  124sb i s  
a n i o n i c  i n  r e a c t o r  e f f l u e n t  and i s  changed t o  an uncharged form a s  i t  
moves down t h e  r i v e r .  

One of t h e  f i r s t  s t e p s  t h a t  i s  n e c -  An e q u i l i b r i u m  l e v e l  was r eached  f o r  

e s s a r y  i n  a  s t u d y  of  t h e  mechanisms most o f  t h e  n u c l i d e s  abou t  a t  McNary 

i n v o l v e d  i n  r e a c t i o n s  of  r a d i o n u c l i d e s  Dam b u t ,  f o r  6 0 ~ o ,  was r eached  a t  t h e  

w i t h  r i v e r  s ed imen t s  i s  t o  de t e rmine  sampl ing  p o i n t  i n  t h e  300 Area of t h e  

t h e  chemica l  and p h y s i c a l  forms of t h e  Hanford p r o j e c t .  Th i s  e q u i l i b r i u m  con -  

n u c l i d e s  i n  t h e  r i v e r .  Experiments  d i t i o n  i s  t hough t  t o  be a  s t a t e  i n  

have been conducted  i n  which samples  

o f  r i v e r  w a t e r  were f i l t e r e d  t h rough  

0 . 3 ~  membrane f i l t e r s  and t h e n  p a s s e d  

t h rough  i o n  exchange r e s i n  b e d s .  Ions  

found i n  t h e  e f f l u e n t  o f  c a t i o n  exchange 

r e s i n  columns were c o n s i d e r e d  t o  be 

e i t h e r  a n i o n s  o r  uncharged  forms;  t h o s e  

i n  an ion  r e s i n  e f f l u e n t  were c a t i o n s  o r  

uncharged;  and t h o s e  p a s s i n g  t h rough  

which s e t t l i n g  o u t  and d e p o s i t i o n  of  

suspended  sed iment  i s  o c c u r r i n g  a t  abou t  

t h e  same r a t e  a s  a d d i t i o n a l  up t ake  of  

n u c l i d e s  by suspended  s ed imen t .  For  

l Z 4 s b ,  i t  would appea r  t h a t  t h e  f r a c -  

t i o n  a s s o c i a t e d  w i t h  p a r t i c u l a t e s  g r a d -  

u a l l y  s e t t l e d  o u t  t o  t h e  r i v e r  bo t tom 

and t h a t  l i t t l e  o r  no a d d i t i o n a l  up-  

t a k e  by p a r t i c l e s  o c c u r r e d .  

t h e  two r e s i n s  i n  s e r i e s  were uncharged  

s p e c i e s .  The expe r imen t s  were r u n  im- 

m e d i a t e l y  a f t e r  sampl ing  t h e  r e a c t o r  TABLE X I I I .  Forms o f  R a d i o n u c l i d e s  
i n  R e a c t o r  E f f l u e n t  and Columbia 

e f f l u e n t  and a t  f o u r  s i t e s  down t h e  R i v e r  Water  a t  V a r i o u s  L o c a t i o n s  

Columbia R ive r  t o  Vancouver ,  Washington. P c r c e n t  P e r c e n t  i n  S o l u t i o n  
R a d i o n u c l l d e  L o c a t i o n  P a r t i c u l a t e  C a t i o n i c  A n i o n i c  Uncharged 

S e r i e s  of  expe r imen t s  were r e p e a t e d  R . L .  ja) 1 6  100  u 0  
300 Area 5  1 96 1 3  

i n  March, J u n e ,  and September t o  d e t e c t  "zn McNary 77 98 1 1 
The  Dal les  8 4  9 6  2 2 
V a n c o u v e r  8  0  8  3 12  5  

any d i f f e r e n c e s  due t o  t e m p e r a t u r e s ,  ~ . t .  z 3  96 1 

300 A r e a  3  3 96  1 
l i g h t ,  and r i v e r  d i s c h a r g e .  " ~ r  McNary 7  3 9  3  3 

The D a l l e s  1 0  1 9  9  0 

The r e s u l t s  o f  t h e  expe r imen t  a r e  V a n c o u v e r  1 0  1 99 0  

R.E. 5 98 2 0  

g i v e n  i n  Tab l e  X I I I .  S i n c e  t h e r e  a p -  3 0 0  A r e a  6  6 5  3 9 1  8  9  4  s 2  
'OCO McNary 

9  

The D a l l e s  64 5 7  30 1 3  
p ea r ed  t o  be  no s i g n i f i c a n t  d i f f e r e n c e s  Vancouver  6  8  8  1 3 16 

a t t r i b u t a b l e  t o  s e a s o n ,  t h e  d a t a  f o r  

t h e  t h r e e  d a t e s  were ave raged .  I t  can  

R.E. 6  8  3  4  6  2  5  
300 Area  77 1 3  8 3  4  

4 6 s c  McNary 90 1 4  7  9 7  
The D a l l e s  88 2  8  56 1 6  
V a n c o u v e r  89 4  7  9 17  

be s e e n  t h a t  t h e  p e r c e n t a g e  o f  e ach  r a -  R . E .  3 97 2  0  
300 A r e a  5  7  76 8  1 6  

d i o n u c l i d e  e x c e p t  l Z 4 s b  found t o  be i n  5 4 ~ n  McNary 70 9 5 2  3 
The D a l l e s  78 92  7  1 
Vancouver 70 4  8 4  3  10  

p a r t i c u l a t e  form i n c r e a s e d  a s  r e a c t o r  R . E .  9  o 1 o n  o 
300 A r e a  5 1 42 5  7 

e f f l u e n t  was mixed w i t h  r i v e r  w a t e r  and l Z 4 s b  McNary z o 2 2  78 
The D a l l e s  2  2  24 7  4  

f o r  some d i s t a n c e  downstream b u t  t h e n  V a n c o u v e r  1 0  1 6  8  4  

seemed t o  r e a c h  a  dynamic e q u i l i b r i u m .  ( a ) ~ e a c t o r  E f f l u e n t  



As e x p e c t e d ,  6 5 ~ n ,  6 0 ~ o ,  and 5 4 ~ n  were ,  an  uncharged form a s  i t  moved down 

and remained ,  m o s t l y  c a t i o n i c  w h i l e  '.he r i v e r .  

was a n i o n i c .  4 6 ~ c  had  a  s u r p r i s -  These d a t a  a g r e e  w e l l  w i t h  d e p l e -  

i n g l y  l a r g e  f r a c t i o n  i n  t h e  an ion  form t i o n  d a t a  ( l o ' )  which i n d i c a t e  t h a t  

p l u s  some uncharged  s p e c i e s .  These ,  " C r  and 1 2 4 ~ b  move down t h e  r i v e r  w i t h  

a s  w e l l  a s  t h e  p o s s i b l e  s m a l l  amounts l i t t l e  d e p l e t i o n  w h i l e  6 5 ~ n ,  4 6 ~ c ,  6 0 ~ o ,  

o f  uncharged ' O C O  and "Zn a r e  p rob -  and 5 4 ~ n  have  a  h i g h e r  n a t u r a l  d e p l e t i o n  

a b l y  s p e c i e s  complexed by b i o t a  o r  from t h e  r i v e r  w a t e r .  I t  w i l l  be  o f  

o r g a n i c  d e r i v a t i v e s  of  b i o t a .  The i n t e r e s t  and impor t ance  t o  de t e rmine  

1 2 4 ~ b  was a l l  a n i o n i c  i n  r e a c t o r  some of t h e  chemica l  s p e c i e s  and how 

e f f l u e n t  b u t  was l a r g e l y  changed t o  t h e y  a r e  t a k e n  up and h e l d  by s e d i -  

ments 

D E T E R M I N A T I O N  OF S E A S O N A L  V A R I A T I O N S  I N  S E D I M E N T  D E P O S I T I O N  R A T E S  I N  M c N A R Y  
R E S E R V O I R  O F  T H E  C O L U M B I A  R I V E R - J a c k  L .  N e l s o n  

During 1964 and e a r l y  1965 ,  a  s e r i e s  

o f  bot tom sed imen t  c o r e s  was t a k e n  from 

an a r e a  abou t  1000 y a r d s  ups t ream from 

t h e  McNary Dam on t h e  Columbia R ive r  
1000 g 

under  50 f t  o f  w a t e r .  The sample s i t e  
500 L a 

i s  an a r e a  of  q u i e s c e n t  w a t e r  n o t  i n  

d i r e c t  l i n e  w i t h  s p i l l w a y s  and t u r b i n e  h "4 
m 

i n t a k e s  o f  t h e  dam. The c o r i n g  d e v i c e  . 
used  was a  1 5  cm diam f r e e - f a l l  a p p a r a t -  

D 

U S .  (1021 Cores were f r o z e n ,  s l i c e d  i n  5  o 

1 t o  5  cm d e p t h  s e c t i o n s ,  d r i e d ,  and Y '. 
\ 

, 
ana lyzed  w i t h  a  m u l t i d i m e n s i o n a l  gamma \ 

r a y  s p e c t r o m e t e r .  (103) 
\ 

Good d a t a  were o b t a i n e d  f o r  6 5 ~ n ,  L 
\ 

6 0 ~ o ,  and 4 6 ~ c  and t h e s e  a r e  p l o t t e d  \ 
w i t h  d e p t h  on s emi log  p l o t s  i n  F i g u r e s  L 'X 

77 through 82.  Some l e s s  p r e c i s e  d a t a  

were a l s o  o b t a i n e d  f o r  5 4 ~ n ,  5 8 ~ o ,  l o 6 ~ u ,  o  10 20 3 0  4 0  50  6 o 
D e p t h  ( c e n t i m e t e r s )  

9 5 ~ r - 9 5 ~ b ,  " ~ e ,  and 1 3 7 ~ s ,  and t h e s e  

fo l l owed  a  p a t t e r n  s i m i l a r  t o  t h a t  i n  6  5 6 0 FIGURE 7 7 .  V a r i a t i o n  o f  Zn, Co ,  
t h e  g r aphs  shown. 

a n d  4 6 ~ c  w i t h  D e p t h  i n  4 / 2 7 / 6 4  McNary 
The p a t t e r n  of  changes i n  r a d i o a c -  C o r e  

t i v i t y  w i th  dep th  can  pe rhaps  b e s t  be 

s e e n  i n  t h e  6 5 ~ n  c u r v e s .  As expec t ed  The m a j ~ r  s c o u r i n g  of  s ed imen t  i n  t h e  

from r a d i o a c t i v e  decay ,  t h e r e  i s  a  r i v e r  o c c u r r e d  between t h e  5 /5 /64  c o r e  

f a i r l y  good s t r a i g h t  l i n e  d e c r e a s e  of ( F i g u r e  78) and t h e  6/23/64 c o r e  ( F i g -  

6 5 ~ n  w i t h  dep th  w i t h  some n o t a b l e  ex -  u r e  7 9 ) .  The two c o r e s  t a k e n  b e f o r e  

c e p t i o n s ,  e s p e c i a l l y  n e a r  t h e  s u r f a c e .  t h e  s c o u r i n g  p e r i o d  ( F i g u r e s  77 and 78) 
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D e p t h  ( c e n t i m e t e r s )  

6  0  
FIGURE 7 8 .  V a r i a t i o n  o f  6 5 Z n ,  C o ,  

a n d  4 6 ~ c  w i t h  D e p t h  i n  5 / 5 / 6 4  MciVary 
C o r e  

5000 

D e p t h  ( c e n t i m e t e r s )  

6  0 FIGURE 7 9 .  V a r i a t i o n  o f  6 5 ~ n ,  Co ,  

a n d  4 6 ~ c  w i t h  D e p t h  i n  6 / 2 3 / 6 4  McNary 
C o r e  

show r e l a t i v e l y  l i n e a r  d e c r e a s e s  i n  

a c t i v i t y  w i t h  d e p t h .  Immediately a f t e r r  

t h e  major  s c o u r i n g  p e r i o d  ( 6 / 2 3 / 6 4 ,  

F i g u r e  7 9 ) ,  t h e r e  was an i n c r e a s e  i n  

a c t i v i t y  w i t h  d e p t h  f o r  abou t  t h e  t o p  

8 cm, and t h e n  t h e  e x p e c t e d  d e c r e a s e  

b e g i n s .  The c o r e s  t a k e n  t h rough  t h e  

r e s t  o f  t h e  s e a s o n  showed p a t t e r n s  

g r a d i n g  s t e a d i l y  between t h e s e  two 

ex t r emes .  

I t  would a p p e a r  t h a t  t h e  sampl ing  

s i t e  was an a r e a  i n  which sed iment  was 

be ing  s t e a d i l y  d e p o s i t e d ,  even d u r i n g  

t h e  s p r i n g  when o t h e r  p a r t s  o f  t h e  r i v e r  

bot tom were be ing  s cou red  by h i g h  w a t e r .  

The h i g h  w a t e r  and l a r g e  sed iment  l o a d  

e v i d e n t l y  r e s u l t e d  i n  a  r e l a t i v e l y  

r a p i d  d e p o s i t i o n  of  about  8 cm of  low 

a c t i v i t y  s ed imen t s  d u r i n g  t h e  s p r i n g  

f r e s h e t .  T h i s  may be somewhat more 

2 
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DeDth  ( c e n t i m e t e r s )  

6  5  6  0  FIGURE 8 0 .  V a r i a t i o n  o f  Zn,  Co ,  

a n d  4 6 ~ c  w i t h  D e p t h  i n  7 / 1 7 / 6 4  McNary 
C o r e  



! 

D e p t h  ( c e n t i m e t e r s )  D e p t h  ( c e n t i m e t e r s )  
I 

6  5  6  0 6  5  6 0 FIGURE 8 1 .  V a r i a t i o n  o f  Zn ,  Co ,  FIGURE 8 2 .  V a r i a t i o n  o f  Zn ,  Co ,  

a n d  4 6 ~ c  w i t h  ~ p t h  i n  8 / 2 4 / 6 4  McNary a n d  4 6 ~ c  w i t h  ~ e p t h  i n  1 / 8 / 6 5  ~ c k y  
C o r e  C o r e  

t h a n  would be d e p o s i t e d  d u r i n g  t h e  av -  

e r a g e  f r e s h e t ,  because  t h e  1964 s p r i n g  

w a t e r  volume and suspended  s ed imen t  l e v -  

e l s  were u n u s u a l l y  h i g h .  A p a r t  o f  t h e  

d e p o s i t e d  m a t e r i a l  was undoubted ly  s e d -  

iment  t h a t  was s c o u r e d  from a r e a s  of 

t h e  r i v e r  between Hanford and McNary. 

I n d i c a t i o n s  of  t h i s  a r e  shown by a  

s l i g h t l y  s h a r p e r  d i p  i n  4 6 ~ c  a c t i v i t y  

( 8 4  dJ  t h a n  6 0 ~ o  a c t i v i t y  ( 5 . 3  y r )  i n  

t h e  t o p  8 cm o f  s ed imen t .  

I n  comparing t h e s e  d a t a  w i t h  s c o u r -  

i n g  d a t a  p r e v i o u s l y  r e p o r t e d ,  (104) ,-he 

s i t u a t i o n  appea r s  t o  be  one of  s low 

sed iment  d e p o s i t i o n  o v e r  l a r g e  a r e a s  

o f  t h e  r i v e r  bot tom d u r i n g  t h e  J u l y  t o  

A p r i l  p e r i o d .  Then d u r i n g  t h e  h i g h  w a t e r  

p e r i o d  o f  May and J u n e ,  a  l a r g e  p a r t  o f  

t h e  d e p o s i t e d  sed iment  from t h e  u p r i v e r  

medium t o  h i g h  c u r r e n t  a r e a s  i s  s c o u r e d  

and c a r r i e d  downr iver  where a  p a r t  o f  

i t  r e d e p o s i t s  i n  low c u r r e n t  a r e a s  such  

a s  t h e  sampl ing  a r e a  d e s c r i b e d  i n  t h i s  

r e p o r t .  

THE U S E  O F  6 5 ~ n / 6 0 ~ o  RAT IOS  TO D E T E R M I N E  A G E  A N D  D E P O S IT IO N  R A T E  O F  
R I V E R  B O T T O M  SEDIMENTS- Jack L .  N e l s o n  a n d  J. M. N i e l s e n  

~ a d i o n u c l i d e  r a t i o s  have been used  some c i r c u m s t a n c e s  t o  d e t e r m i n e  i n  t h e  

f o r  many y e a r s  t o  de t e rmine  ages  and same way t h e  age  and d e p o s i t i o n  r a t e  

d e p o s i t i o n  r a t e s  of ocean bot tom s e d -  of  r i v e r  bot tom o r  r e s e r v o i r  s e d i m e n t s  

imen t s  . ( lo5) I t  i s  a l s o  p o s s i b l e  unde r  b u t  on a  much s h o r t e r  t ime  s c a l e  t h a n  



i s  u s u a l l y  used  i n  t h e  oceans .  (106)  

The method can  be a p p l i e d  on ly  t o  a r e a s  

o f  a  r i v e r  where n e t  a ccumula t i on  of  

s ed imen t  i s  o c c u r r i n g  and i s  most  u s e -  

f u l  where c o n s t a n t  d e p o s i t i o n  i s  going  

on.  Another  r equ i r emen t  i s  t h a t  t h e  

r a t i o  of  i n p u t  r a d i o n u c l i d e s  be r e l -  

a t i v e l y  c o n s t a n t .  These c o n d i t i o n s  

a r e  met r e a s o n a b l y  w e l l  f o r  t h e  p a s t  

s e v e r a l  y e a r s  i n  p o r t i o n s  o f  t h e  Co- 

l i m b i a  R ive r  below t h e  Hanford P l a n t .  

A s emi log  p l o t  o f  6 5 ~ n / 6 0 ~ o  concen-  

t r a t i o n  v e r s u s  s ed imen t  dep th  s h o u l d  

r e s u l t  i n  a  s t r a i g h t  l i n e  d e c r e a s e  

due t o  t h e  d i f f e r e n c e  i n  h a l f - l i v e s  

of  t h e  two n u c l i d e s .  Th i s  assumes t h a t  

r a d i o a c t i v e  decay i s  t h e  s o l e  o r  p r i n -  

c i p a l  change o c c u r r i n g  and t h a t  dep-  

o s i t i o n  i s  somewhat c o n s t a n t .  F i g u r e s  

8 3 ,  8 4 ,  and 85 show such  p l o t s  f o r  

bot tom c o r e s  t a k e n  a t  t h r e e  d a t e s  abou t  

Depth (centimeters) 

6  5  
FIGURE 83. L e a s t  S q u a r e s  P l o t  o f  Zn/ 

6 0 ~ o  R a t i o  V e r s u s  Depth i n  S e d i m e n t  
Core from McNary R e s e r v o i r ,  4 / 2 7 / 6 4  
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FIGURE 8 4 .  L e a s t  Squares  P l o t  o f  6 5 ~ n /  

6 0 ~ o  R a t i o  V e r s u s  Depth i n  S e d i m e n t  Core 
from McNary R e s e r v o i r ,  6 / 2 3 / 6 4  

Depth (centimeters) 

FIGURE 85. L e a s t  Squares  P l o t  o f  6 5 ~ n /  

6 0 ~ o  R a t i o  V e r s u s  Depth i n  S e d i m e n t  Core 
from McNary R e s e r v o i r ,  8 /24 /64  



1000 y a r d s  ups t r eam from McNary Dam on 

t h e  Columbia R i v e r .  These a r e  some of  

t h e  same c o r e s  f o r  which r a d i o n u c l i d e  

d a t a  a r e  g i v e n  i n  an  accompanying s e c -  

t i o n  of t h i s  r e p o r t .  (107) 

The p o i n t s  shown a r e  a c t u a l  d a t a  

p o i n t s  of 6 5 ~ n / 6 0 ~ o  r a t i o s  a t  v a r i o u s  

d e p t h s  w h i l e  t h e  l i n e  i s  a  c a l c u l a t e d  

l e a s t  s q u a r e s  f i t  l i n e  w i t h  i n t e r c e p t s  

e v a l u a t e d  a t  z e r o  d e p t h  and a  6 5 ~ n / 6 0 ~ o  

r a t i o  of one .  The i n t e r c e p t  a t  z e r o  

dep th  s h o u l d  be a  b e s t  v a l u e  f o r  t h e  

6 5 ~ n / 6 0 ~ o  r a t i o  o r i g i n a l l y  so rbed  o r  

d e p o s i t e d  a t  t h e  s ed imen t  s u r f a c e .  

The s l o p e  of  t h e  l i n e  can  be used  t o  

c a l c u l a t e  an ave rage  d e p o s i t i o n  r a t e  

p e r  u n i t  o f  t ime  u s i n g  t h e  245 day 

h a l f - l i f e  of 6 5 ~ n  and t h e  5 . 3  y r  h a l f -  

l i f e  of 6 0 ~ o .  The s u r f a c e  r a t i o s  and 

ave rage  d e p o s i t i o n  r a t e s  f o r  t h e s e  and 

some o t h e r  c o r e s  t a k e n  a t  t h e  same 

l o c a t i o n  a r e  g i v e n  i n  Tab l e  X I V .  

The 6 5 ~ n / 6 0 ~ o  r a t i o s  found a t  t h e  

s u r f a c e  a g r e e  w e l l  w i t h  t h o s e  i n  Co- 

lumbia R ive r  w a t e r  and suspended  s e d -  

iment  a t  Pasco ,  Washington,  abou t  36 

m i l e s  ups t r eam.  ('01) A n a l y t i c a l  d a t a  

on Hanford r e a c t o r  e f f l u e n t  i n d i c a t e  

t h a t  t h e  6 5 ~ n / 6 0 ~ o  r a t i o  added t o  t h e  

r i v e r  f l u c t u a t e s  b u t  ha s  n o t  changed 

a p p r e c i a b l y  ove r  t h e  a p p r o x i m a t e l y  4  I 

y e a r s  covered  by t h e  p l o t s .  The a v e r -  

age  d e p o s i t i o n  r a t e  of a b o u t  12 .5  cm/yr 

i s  h igh  b u t  c o n s i s t e n t  w i t h  o t h e r  e v i -  

dence .  I t  s h o u l d  be emphasized t h a t  

t h i s  i s  f o r  one p a r t i c u l a r  sampl ing  

a r e a  and i s  n o t  r e p r e s e n t a t i v e  o f  t h e  

whole McNary R e s e r v o i r .  Sediment  dep-  . 
o s i t i o n  r a t e s  v a r y  b r o a d l y  w i t h  t h e  c u r -  

r e n t  and o t h e r  f a c t o r s .  They a l s o  v a r y  

somewhat w i t h  t h e  s e a s o n  a s  can  be 

s e e n  i n  F i g u r e s  83,  84,  and 85.  F i g u r e  

84 shows a  s e c t i o n  i n  t h e  t o p  8 t o  10 

cm where r e l a t i v e l y  r a p i d  d e p o s i t i o n  

h a s  o c c u r r e d  d u r i n g  t h e  r e c e n t  s p r i n g  

f r e s h e t .  The c a l c u l a t e d  l i n e ,  t h e n ,  

i s  an ave rage  of a l l  s e a s o n s  o f  s e v e r a l  

y e a r s .  

At tempts  have been made t o  a p p l y  
I 

t h i s  d a t i n g  method t o  c o r e s  i n  o t h e r  

a r e a s  of  t h e  Columbia R i v e r .  Al though I 
t h e r e  a r e  s e v e r a l  o t h e r  a r e a s  of t h e  1 
r i v e r  where a  r e a s o n a b l y  good s t r a i g h t  

I 

l i n e  p l o t  i s  o b t a i n e d ,  p a r t s  o f  t h e  I 

r i v e r  bot tom a r e  n o t  a p p l i c a b l e  t o  

t h i s  t r e a t m e n t  because  s ed imen t  i s  n o t  
- I 

I 
be ing  r e g u l a r l y  d e p o s i t e d  t h e r e .  . 

TABLE X I V .  6 5 ~ n / 6 0 ~ o  R a t i o s  a t  t h e  S u r f a c e  and Average  S e d i m e n t  D e p o s i t i o n  
R a t e s  f o r  One Sampl ing  S i t e  i n  t h e  McNary R e s e r v o i r  o f  t h e  Co lumbia  R i v e r  

Average 
6 5 ~ n / 6 0 ~ o  R a t i o  D e p o s i t i o n  R a t e ,  

Core Date a t  S u r f a c e  cm/yr 

O v e r a l l  
Average 42 .9  1 2 . 5  



A M E T H O D  F O R  DETERMINATION O F  3 2 ~  A N D  O T H E R  RADIONUCLIDES ON FILTERS CONTAINING 
SUSPENDED RIVER SEDIMENTS-Jack L .  Nelson and W .  B .  S i l k e r  

I t  i s  s o m e t i m e s  d e s i r e d  t o  s e p a r a t e  and d e t e r m i n e  3 2 ~  a s s o c i a t e d  w i t h  
s m a l l  amounts  o f  s e d i m e n t  on membrane f i l t e r s  and s u b s e q u e n t l y  t o  be  
a b l e  t o  d e t e r m i n e  o t h e r  r a d i o n u c l i d e s  i n  t h e  same s a m p l e .  A p r o c e d u r e  
found s a t i s f a c t o r y  i s  d e s c r i b e d  b e l o w .  

Q u a r t e r  up t o  t e n  5.5 i n .  diam f i l -  

t e r s  o r  t h e  e q u i v a l e n t  by t e a r i n g  o r  

c u t t i n g ,  and p l a c e  them i n  a  600 m l  

b e a k e r .  Add 100 t o  150 m l  o f  50% I I N G 3 ,  

20 m l  o f  30% H202,  and a  few b o i l i n g  

beads .  Cover t h e  beake r  w i t h  a  watch 

g l a s s  and l e t  i t  s t a n d  f o r  20 min. 

P l a c e  on a  h o t  p l a t e  and b e g i n  h e a t i n g  

on low h e a t .  A f t e r  i t  has  been o b s e r -  

ved t h a t  t h e  f i l t e r s  a r e  beg inn ing  t o  

d i s i n t e g r a t e ,  turr.  t h e  h e a t  ~ p  t o  h i g h .  

Be fo re  t h e  sample goes t o  d r y n e s s ,  r e -  

move t h e  beake r  from t h e  h o t  p l a t e  and 

add an a d d i t i o n a l  150 m l  of 50% HN03 

and 20 m l  of 30% HZ02.  B o i l  on h igh  

h e a t  t o  n e a r  d r y n e s s  and t h e n  d e c r e a s e  

h e a t  t o  low. Low h e a t  a v o i d s  s p a t t e r -  

i n g  w h i l e  go ing  t o  d r y n e s s .  I f  c h a r -  

r i n g  a p p e a r s ,  t h e  o x i d a t i o n  i s  n o t  

comple te  and i t  i s  n e c e s s a r y  t o  make 

a d d i t i o n a l  50% HN03 and 30% 11202 t r e a t -  

ments .  

Add 100 m l  o f  1 . 2 M  H C 1  t o  t h e  beake r  - 
and h e a t  n e a r l y  t o  b o i l i n g .  Cool and 

t r a n s f e r  t o  a  500 m l  s e p a r a t o r y  f u n n e l .  

Rinse  w i t h  a  s m a l l  amount of  1 . 2 M  H C 1 .  - 

Add a  second  100 m l  o f  1 . 2 M  H C 1  t o  t h e  - 
beake r  and r e p e a t  t h e  h e a t i n g  s t e p .  

T r a n s f e r  t h i s  t o  t h e  s e p a r a t o r y  f u n n e l  

a l s o .  P o l i c e  t h e  beake r  and r i n s e  w i t h  

1.2M - H C 1 .  Br ing  t o t a l  volume i n  t h e  

s e p a r a t o r y  f u n n e l  t o  250 m l  w i t h  1.2M - 
H C 1 .  

Add 50 m l  o f  10% ammonium molybdate  

s o l u t i o n  and shake  f o r  30 s e c .  Add 

70 m l  o f  a s o l u t i o n  of 1 3 %  1 - b u t a n o l  

i n  anhydrous e t h e r ,  i n v e r t  once and 

ven t  t o  r e l e a s e  p r e s s u r e .  Cont inue  

t o  i n v e r t  and v e n t  u n t i l  p r e s s u r e  s t o p s  

b u i l d i n g  up and t h e n  shake  f o r  60 s e c .  

Let  t h e  phase s  s e p a r a t e  and d r a i n  t h e  

lower aqueous phase  i n t o  t h e  same 600 

m l  b eake r  i n  which t h e  d i g e s t i o n  was 

per formed.  Rinse  t h e  o r g a n i c  w i t h  25 

t o  30 m l  o f  1.2M - H C 1 ,  v e n t i n g  as  r e -  

q u i r e d .  Shake f o r  30 s e c ,  l e t  phase s  

s e p a r a t e ,  and add t h e  aqueous t o  t h a t  

a l r e a d y  c o l l e c t e d  i n  t h e  600 m l  b e a k e r .  

T r a n s f e r  t h e  o r g a n i c  t o  a  50 o r  100 m l  

b eake r  and l e t  t h e  e t h e r  e v a p o r a t e  o v e r -  

n i g h t .  Mount t h e  b u t a n o l  on a  B p l a n -  

c h e t  and r i n s e  t h e  beake r  w i t h  a  ve ry  

s m a l l  amount of  e t h a n o l .  Dry under  an  

i n f r a r e d  lamp and count  t h e  p l a n c h e t  

f o r  3 2 ~ .  

Evapo ra t e  t h e  c o n t e n t s  o f  t h e  600 

m l  b eake r  t o  d rynes s  under  a  h e a t  lamp 

When d r y ,  p l a c e  t h e  beake r  on a  h o t  

p l a t e  on medium o r  h igh  h e a t  u n t i l  

fuming s t o p s .  With s m a l l  amounts of  

w a t e r ,  t r a n s f e r  t h e  r e s i d u e  i n t o  a 

c o u n t i n g  c o n t a i n e r  f o r  gamma s p e c t r o s -  

copy.  P o l i c e  and r i n s e  t h e  beake r  i n t o  

t h e  c o u n t i n g  c o n t a i n e r .  Count f o r  gam- 

ma e m i t t e r s .  

The p r o c e d u r e  ha s  been t e s t e d  f o r  

r ecove ry  of  gamma e m i t t e r s  by f i r s t  

coun t ing  s e c t i o n e d  f i l t e r s  per - s e  and 

comparing t h e  d a t a  w i t h  gamma c o u n t s  

o b t a i n e d  f o l l o w i n g  3 2 ~  removal .  The 

f i l t e r s  u sed  were 0 . 3 0 ~  membrane f i l -  

t e r s  u sed  on about  6 g a l  o f  Columbia 



Rive r  w a t e r .  The compar i sons  a r e  T A B L E  X V .  Recovery  o f  Gamma E m i t t e r s  
~ ~ l l ~ w i n g  3 2 ~  Removal P r o c e d u r e  

shown i n  Tab l e  XV. R a d i o n u c l i d e  

Al though some c o r r e c t i o n  may be 60Co - 4& 5 5 
d e s i r a b l e  and o c c a s i o n a l  r e c o v e r  checks  1 8 5 . 2  8 0 . 3  8 6 . 6  9 8 . 6  1 0 9  

2 9 4 . 4  8 1 . 0  8 4 . 9  9 5 . 8  92.4  
s h o u l d  be made, t h e  r e c o v e r i e s  found 

3  9 4 . 9  8 8 . 5  8 7 . 6  1 0 1  1 0 4  

a r e  q u i t e  good. 
Average 9 1 . 5  8 3 . 3  8 6 . 4  9 8 . 5  1 0 1 . 8  

B E H A V I O R  A N D  T R A N S P O R T  O F  R A D I O N U C L I D E S  I N  T H E  C O L U M B I A  R I V E R  B E T W E E N  H A N F O R D  
A N D  V A N C O U V E R ,  W A S H I N G T O N *  4. W .  P e r k i n s ,  J .  L .  N e l s o n ,  and W. L .  H a u s h i l d * *  

A s t u d y  o f  t h e  b e h a v i o r  and t r a n s p o r t  by t h e  Columbia R i v e r  o f  t h e  11 
5  1  5 4  5 8 6 0  6  5 r a d i o n u c l i d e s  4 6 ~ c ,  C r ,  Mn, Co, 5 9 ~ e ,  Co, Zn, 9 5 ~ r - 9 5 ~ b ,  

106 Ru, 1 2 4 ~ b  and 1 4 0 ~ a  was per formed  i n  t h e  r i v e r  r e a c h  b e t w e e n  
Pasco ,  W a s h i n g t o n  and V a n c o u v e r ,  W a s h i n g t o n ,  d u r i n g  t h e  p e r i o d  Jan-  
u a r y ,  2965.  T h i s  e x t e n s i v e  s t u d y  o f  r a d i o n u c l i d e  b e h a v i o r  was accom- 
p l i s h e d  b y  d i r e c t  c o u n t i n g  o f  w a t e r  s a l t s  and f i l t e r  s a m p l e s  on a  
m u l t i d i m e n s i o n a l  gamma-ray s p e c t r o m e t e r  and r e p r e s e n t s  t h e  f i r s t  meas-  
u r e m e n t s  o f  t h e  i n t e r a c t i o n s  o f  m o s t  o f  t h e s e  r a d i o n u c l i d e s  i n  t h e  
r i v e r .  Through  t h i s  m u l t i p l e  t r a c e r  t e c h n i q u e  t h e  s p e c i f i c  and r e l -  
a t i v e  b e h a v i o r s  o f  t h e  11 r a d i o n u c l i d e s  i n  r e g a r d  t o  t h e i r  s o r p t i o n  
b y  and movement w i t h  s u s p e n d e d  p a r t i c u l a t e s  i n  t h e  Columbia R i v e r  were  
d e t e r m i n e d .  A l s o ,  d e p l e t i o n  o f  t h e s e  r a d i o n u c l i d e s  from t h e  r i v e r  
d u r i n g  t r a n s p o r t  and t h e  r a d i o n u c l i d e  i n v e n t o r y  i n  t h e  s t r e a m  bed  f o r  
t h e  r i v e r  r e a c h  b e t w e e n  P c s c o ,  W a s h i n g t o n  and V a n c o u v e r ,  W a s h i n g t o n  
were  e s t i m a t e d .  

* t o  b e  p u b l i s h e d  i n  L imnology  and ~ c e a n o g r a p h y .  

"U. S .  G e o l o g i c a l  S u r v e y ,  p o r t l a n d ,  Oregon 

N A T U R A L  A N D  A R T I F I C I A L  R A D I O N U C L I D E  C O N C E N T R A T I O N  I N  F A R M  P R O D U C E  I R R I G A T E D  W I T H  
C O L U M B I A  R I V E R  WATER-R.  W. P e r k i n s  

The Hanford  r e a c t o r s  i n t r o d u c e  s m a l l  amounts  o f  s e v e r a l  r a d i o n u c l i d e s  
i n t o  t h e  Columbia R i v e r  and some o f  t h e s e  c a n  be d e t e c t e d  i n  farm 
produce  i r r i g a t e d  w i t h  t h i s  w a t e r .  The c o n c e n t r a t i o n  o f  t h e  14 n a t u r a l  
avd a r t i f i c i a l  r a d i o n u c l i  e s  i n c l u d i n g  22Na, ~ O K ,  4 6 s c ,  51 5 4 ~ n ,  6 0 ~ o ,  
6 5 ~ n ,  9 5 ~ r - g 5 N b ,  I o 6 8 u ,  1'4Cs, 1 3 7 ~ s ,  I I 4 c e ,  2 2 6 ~ a ,  and 22 'g i  have  b e e n  
measured  i n  s p r i n k l e r - i r r i g a t e d  and d i t c h - i r r i g a t e d  farm produce  and 
compared w i t h  t h e  c o n c e n t r a t i o n s  o f  t h e s e  r a d i o n u c l i d e s  i i r s $ g a t i o n  
w a t e r ,  s o i  2 and f a l l o u t .  The a r t i f i c i a l  r a d i o n u c l i d e s  4'Sc, C r ,  
6 0 ~ o  and 6 5 i n  a r e  m a i n l y  from i r r i g a t i o n  w a t e r  and a r e  much h i g h e r  i n  
t h e  s p r i n k l e r - i r r i g a t e d  t h a n  i n  t h e  d i t c h - i r r i g a t e d  p r o d u c e .  The o t h e r  
a r t i f i c i a l  r a d i o n u c l i d e s  a r e  from b o t h  f a l l o u t  and i r r i g a t i o n  w a t e r .  
C o n c e n t r a t i o n s  o f  t h e  n a t u r a l  r a d i o n u c l i d e s  g r e a t l y  e x c e e d  t h o s e  o f  
a r t i f i c i a l  r a d i o n u c l i d e s  i n  t h e  p r o d u c e .  

Rad ionuc l ide s  e n t e r  p l a n t s  and t h u s  N a t u r a l  r a d i o n u c l i d e s  p r e s e n t  i n  t h e  

man's  f ood  s u p p l y  from many s o u r c e s .  s o i l ,  i n c l u d i n g  uran ium,  t ho r ium,  and 



t h e i r  d a u g h t e r s  and 4 0 ~  a r e  t a k e n  up 

d i r e c t l y  from t h e  s o i l .  On decay o f  

t h e  n a t u r a l  2 2 2 ~ n  i n  t h e  a i r ,  i t s  l ong-  

l i v e d  d a u g h t e r s  ' lOpb  (21  y r )  and 

2 1 0 ~ o  (138 d) a r e  d e p o s i t e d  on t h e  s o i l  

and on t h e  l e a v e s  of  v e g e t a t i o n  and 

t a k e n  i n t o  t h e  p l a n t .  O the r  a i r b o r n e  

r a d i o n u c l i d e s  which have r e s u l t e d  from 

n u c l e a r  weapons t e s t i n g  o r  which a r e  

produced c o n t i n u o u s l y  i n  t h e  atmos-  

p h e r e  by cosmic r a y  s p a l l a t i o n  r e a c -  

t i o n s  a r e  s i m i l a r l y  d e p o s i t e d  and t a k e n  

i n t o  p l a n t s .  

A t  Hanford t h e  n u c l e a r  r e a c t o r s  a r e  

c o o l e d  w i t h  Columbia R ive r  w a t e r  and 

on subsequen t  d i s c h a r g e  o f  t h i s  w a t e r  

t o  t h e  r i v e r  s m a l l  amounts of  s e v e r a l  

n u c l i d e s  w i t h  induced  r a d i o a c t i v i t y  

e n t e r  t h e  r i v e r .  The use  o f  t h e  Colum- 

b i a  R ive r  f o r  i r r i g a t i o n  a t  downstream 

l o c a t i o n s  p r o v i d e s  a n o t h e r  r o u t e  f o r  

r a d i o n u c l i d e  e n t r y  i n t o  farm p roduce .  

The obse rved  c o n c e n t r a t i o n s  of  6 5 ~ n  

and ' l ~ r  i n  fa rm produce  which was i r -  

11 a r t i f i c i a l  r a d i o n u c l i d e s  "Na. 4 6 ~ c .  

" C r ,  5 4 ~ n ,  (jOco, 6 5 ~ n ,  9 5 ~ r - 9 5 ~ b ,  

l o6Ru ,  134 C s 9 - -  1 3 7 ~ s ,  and 1 4 4 ~ e .  The 

o r i g i n  of  t h e  L L ~ a  i s  ma in ly  n u c l e a r  

weapons t e s t i n g ,  w i t h  a  s m a l l  f r a c t i o n  

r e s u l t i n g  from cosmic r a y  s v a l l a t i o n  - , A 

of a rgon  i n  t h e  a tmosphere .  (110) ~ h ~  

4 6 ~ c .  "cr. 6 0 ~ o .  and 6 5 ~ n  a r e  ma in lv  

from i r r i g a t i o n  w a t e r  ( lo ' )  ( i n t r o d u c e d  - 

by t h e  Hanford r e a c t o r s )  w h i l e  5 4 ~ n ,  

9 5 ~ r - 9 5 ~ b ,  lo6Ru,  1 3 4 ~ s ,  and 1 4 4 ~ e  a r e  

from bo th  t h e  Hanford r e a c t o r s  and 

f a l l o u t .  

S ince  many of  t h e  r a d i o n u c l i d e s  of  

i n t e r e s t  were p r e s e n t  a t  on ly  a  few 

d i s i n t e g r a t i o n s  p e r  minute  p e r  k i l o -  

gram o f  p roduce ,  samples  of  a  k i l og ram 

o r  more were u sed  wherever  p o s s i b l e .  

Sample p r e p a r a t i o n  i nvo lved  a  s l o w ,  low 

t e m p e r a t u r e  a s h i n g  of  t h e  sample (400 

t o  500 O C J  f o l l owed  by p r e s s i n g  of  t h e  

r e s u l t i n g  a s h  i n t o  a  s t a n d a r d  geometry 

p e l l e t  ( 1 /2  i n .  t h i c k  by 2 i n .  diam) f o r  

c o u n t i n g .  A l l  samples  were counted  f o r  

r i g a t e d  w i t h  Columbia R ive r  w a t e r  were 1000 min on a  m u l t i d i m e n s i o n a l  gamma- 

r e p o r t e d  s e v e r a l  y e a r s  e a r l i e r .  
(108,109)  

r a y  s p e c t r o m e t e r .  (103) 

However, a t  t h e  t ime  of  t h o s e  e a r l i e r  

s t u d i e s ,  s u f f i c i e n t l y  s e n s i t i v e  t e c h -  

n i q u e s  were n o t  a v a i l a b l e  t o  a l l ow  a  

d e t a i l e d  s t u d y  of t h e  u p t a k e  of  n a t u r a l  

and o t h e r  a r t i f i c i a l  r a d i o n u c l i d e s .  

The a v a i l a b i l i t y  of a  m u l t i d i m e n s i o n a l  

gamma r a y  s p e c t r o m e t e r  h a s  now a l lowed 

t h e  d i r e c t  i n s t r u m e n t a l  measurement o f  

14 r a d i o n u c l i d e s  i n  farm p roduce .  

To p l a c e  t h e  r a d i o n u c l i d e  c o n t e n t  

o f  farm produce  i n  p r o p e r  p e r s p e c t i v e ,  

t h e  c o n c e n t r a t i o n s  o f  bo th  n a t u r a l  and 

a r t i f i c i a l  r a d i o n u c l i d e s  i n  s e v e r a l  

t y p e s  o f  p roduce  and f o d d e r  h a s  been 

measured.  The s t u d y  has  i n c l u d e d  t h e  

measurement o f  t h e  t h r e e  n a t u r a l  r a d i o -  
40  2 2 6 ~ a ,  and 2 2 8 ~ h ,  and t h e  n u c l i d e s  K ,  

The obse rved  c o n c e n t r a t i o n s  of  t h e  

1 4  r a d i o n u c l i d e s  i n  p roduce ,  i r r i g a t i o n  

w a t e r  and s o i l  a r e  p r e s e n t e d  i n  Table  

X V I .  The measurements i n c l u d e  produce  

i r r i g a t e d  by bo th  d i t c h  and s p r i n k l e r  

sy s t ems .  The w a t e r  f o r  t h e  d i t c h  i r -  

r i g a t i o n  was pumped d i r e c t l y  from t h e  

r i v e r  w h i l e  t h a t  f o r  t h e  s p r i n k l e r  i r -  

r i g a t i o n  p a s s e d  through t h e  R ich l and  

C i t y  w a t e r  t r e a t m e n t  p l a n t ,  w i t h  a  r e -  

s u l t i n g  d e c r e a s e  i n  i t s  r a d i o n u c l i d e  

c o n t e n t ,  p r i o r  t o  i t s  u s e .  S e v e r a l  
o f  t h e  r a d i o n u c l i d e  measurements  were 

made a  few months a f t e r  sample c o l l e c -  

t i o n  and t h i s  l i m i t e d  t h e  number of  

samples  on which " C r  (26 d )  and 9 5 ~ r  

(65 d) c o u l d  be measured.  Sample com- 

p o s i t i o n  and  r a d i o n u c l i d e  c o n c e n t r a t i o n  



T A B L E  XVI. R a d i o n u c Z i d e  C o n c e n t r a t i o n  i n  Farm Produce I r r i g a t e d  w i t h  CoZurnbia 
R i v e r  W a t e r  

Eggs 
Potatoes 

Green Beans 

Squash 

Cabbage 

Cucumbers 

Green Peppers 

Rhubarb 

Pasture Grass 

Watermelon 

Apples 

Red Beets 

Beet Tops 

Grapes 

Tomatoes 

Cantaloupe 

Corn 

Carrots 

Alfalfa 

 oil(^) 
Rlver H20 7-27-65 

River H 2 0  8-6-65 

Rlver H20 8-31-65 

Ditch Irrigated 

0.41 94.0 - - -  
... 0.25 102 

0.56 89.6 - - -  
..- --. . . - 

0.35 94.7 - - -  
... 0.11 102 
... 1.3 180 

0.36 -40 6.0 

0.82 48.0 100 
... 0.67 220 

0.14 2.10 2 7 

2.5 481 -. . 

12 1020 320 

0.34 -50 81 

0.29 72.4 44 

0.69 119 6.9 
... 0.64 458 

0.40 84.2 8.0 

5.6 1290 60 

76 2850 -. . 

0.96 111 -. . 

1.1 107 7.8 

1.5 116 4.3 

Sprinkler Irrigated 

... ... Squash 3310 0.20 - - -  2.0 0.14 282 22.0 . -. 1.4 - - -  0.51 0.6 

Lettuce 0.93 9110 96 5200 226 6.4 1340 120 88 <0.5 74 510 2 1 2 6 
... Pumpkin ~ 0 . 1 2  8300 - -  - - -  4.5 0.74 652 7.0 27 5.0 - - -  1.7 1.0 

Cucumbers 0.12 4130 0.30 - - -  1.8 0.24 182 5.0 -1 0.08 4.5 - - -  0.60 0.5 
... ... . . . . . .  Tap H20 8-3-65 1.8 3300 2.1 0.46 34.7 - - -  2.3 .-- 210 - - -  

(a)~op 2 in. of soil. 

(bj~ased on previous w o r k  in which large volumes of rlver water were analyzed for " ~ a ,  134~s, and 1 3 7 ~ s  

l i m i t e d  t h e  o t h e r  r a d i o n u c l i d e s  which 

c o u l d  be measured  i n  t h e  v a r i o u s  s a m p l e s .  

I t  i s  a p p a r e n t  t h a t  t h e  n a t u r a l  r a -  

d i o a c t i v i t y  due t o  4 0 ~  i s  much h i g h e r  

t h a n  t h a n  due t o  a r t i f i c i a l  r a d i o n u -  

c l i d e s  from a l l  s o u r c e s .  The a c t i v i t y  

d e n s i t y  o f  4 0 ~  i n  n a t u r a l  p o t a s s i u m  i s  

a b o u t  1840 d i s / m i n / g  and t h e  4 0 ~  v a l u e s  

t h u s  s e r v e  a s  a  measure  o f  t h e  p o t a s s i u m  

c o n t e n t  o f  t h e  v a r i o u s  t y p e s  o f  v e g e t a -  

t i o n .  The a r t i f i c i a l  r a d i o n u c l i d e s  p r e s -  

e n t  c a n  be r o u g h l y  d i v i d e d  a c c o r d i n g  t o  

how g r e a t l y  t h e y  a r e  c o n c e n t r a t e d  by 

t h e  v e g e t a t i o n .  T h i s  r e f l e c t s  b o t h  t h e  

a f f i n i t y  o f  a  p l a n t  f o r  a  r a d i o n u c l i d e  

and i t s  a v a i l a b i l i t y  f o r  u p t a k e  by t h e  

p l a n t .  I n  g e n e r a l  a l l  o f  t h e  r a d i o -  

n u c l i d e s  which were  p r e s e n t  i n  i r r i g a -  

t i o n  w a t e r  were  i n  much h i g h e r  con-  

c e n t r a t i o n  i n  s p r i n k l e r - i r r i g a t e d  p r o -  

duce  t h a n  i n  t h e  d i t c h - i r r i g a t e d  p r o -  

d u c e .  T h i s  s u g g e s t s  t h a t  f o l i a t e  a b -  

s o r p t i o n  may p l a y  a n  i m p o r t a n t  p a r t  

i n  t h e  u p t a k e  o f  t h e s e  r a d i o n u c l i d e s .  

The b e e t  t o p s  from t h e  d i t c h - i r r i g a t e d  

fa rm had h i g h e r  c o u n t s  t h a n  most  o t h e r  

p r o d u c t s ;  however ,  t h e y  grow i n  a  manner 

s u c h  t h a t  t h e y  c o n t a c t  t h e  w a t e r  d u r i n g  

i r r i g a t i o n  and  f o l i a t e  a b s o r p t i o n  may 

a l s o  b e  i m p o r t a n t  h e r e .  Of t h e  r a d i o -  

n u c l i d e s  4 6 ~ c ,  ' l ~ r ,  6 0 ~ o ,  and 6 5 ~ n ,  



which r e s u l t  main ly  from i r r i g a t i o n  

w a t e r ,  t h e  f i r s t  t h r e e  have a  lower 

s p e c i f i c  a c t i v i t y  i n  most d i t c h  i r r i -  

g a t e d  produce  t han  i n  t h e  i r r i g a t i o n  

w a t e r .  The b e e t s  and t h e  b e e t  t o p s  

a r e  e x c e p t i o n s ,  a s  ment ioned  p r e v i -  

o u s l y .  The 6 5 ~ n  c o n c e n t r a t i o n s  i n d i -  

c a t e  some p r e f e r e n t i a l  up t ake  p a r t i -  

c u l a r l y  by c o r n .  P rev ious  s t u d i e s  

have shown t h a t  6 5 ~ n  i s  p r e f e r e n t i a l l y  
c o n c e n t r a t e d  by c o r n  and wheat .  (109)  

The 4 6 ~ c ,  " ~ r ,  6 0 ~ o  and 6 5 ~ n  were 

h i g h e r  i n  t h e  s p r i n k l e r - i r r i g a t e d  c r o p s ;  

however, on ly  a  l i m i t e d  group  of 

produce  was a v a i l a b l e  f o r  compar i son .  

The s p e c i f i c  a c t i v i t y  of t h e  6 5 ~ n  i n  

t h e s e  c r o p s  was abou t  5  t o  40 t imes  

t h a t  i n  t h e  i r r i g a t i o n  w a t e r .  The 

s p e c i f i c  a c t i v i t y  of  t h e  4 6 ~ c  and 6 0 ~ o  

were abou t  50 t o  15 f o l d  h i g h e r  r e s p e c -  

t i v e l y ,  on l e t t u c e  t h a n  i n  i r r i g a t i o n  

w a t e r .  The s p e c i f i c  a c t i v i t y  of 

was comparable  on t h e  l e t t u c e  and i n  

t h e  i r r i g a t i o n  w a t e r ,  and t h e  r a d i o i s o -  

t ope  was n o t  d e t e c t e d  on t h e  o t h e r  p r o -  

duce .  

The 2 2 ~ a  becomes a v a i l a b l e  t o  p l a n t s  

from f a l l o u t  and i s  n o t  p r e s e n t  i n  a  

s i g n i f i c a n t  amount i n  i r r i g a t i o n  w a t e r .  

P r ev ious  s t u d i e s ( ' l 0 )  had shown r e l -  

a t i v e l y  h i g h  c o n c e n t r a t i o n s  of  2 2 ~ a  

i n  mea t ,  m i l k ,  and wheat and s m a l l e r  

amounts i n  v e g e t a b l e s .  The r e s u l t s  

from t h i s  p r e s e n t  s t u d y  a r e  i n  a g r e e  

ment w i t h  p r i o r  o b s e r v a t i o n s  and i n -  

d i c a t e  t h a t  eggs a r e  a n o t h e r  i m p o r t a n t  

sou rce  of  2 2 ~ a  i n  t h e  d i e t .  The r a d i o -  

n u c l i d e s  5 4 ~ n ,  9 5 ~ r - 9 5 ~ b ,  l o6Ru ,  1 3 4 ~ s ,  

and 1 4 4 ~ e  a r e  from b o t h  f a l l o u t  and 

i r r i g a t i o n  w a t e r .  S ince  t h e r e  i s  n o t  

a  l a r g e  d i f f e r e n c e  i n  t h e  a c t i v i t i e s  

p r e s e n t  on t h e  s p r i n k l e r -  and d i t c h -  

i r r i g a t e d  produce  i t  a p p e a r s  t h a t  i r -  

r i g a t i o n  w a t e r  i s  n o t  a  major  s o u r c e  

of t h e  r a d i o n u c l i d e s .  For 1 3 4 ~ s  and 

1 3 7 ~ s ,  t h e i r  r a t i o  p r o v i d e s  a  c l u e  a s  

t o  t h e i r  o r i g i n .  The r a t i o  of  1 3 4 ~ s  

t o  1 3 7 ~ s  i n  t h e  Columbia R ive r  i s  abou t  

1 : 2 0 ' " ~ )  below t h e  Hanford r e a c t o r s ,  

w h i l e  t h a t  i n  f a l l o u t  i s  abou t  1 : 5 0 0 .  

S ince  most o f  t h e  measurements t h a t  

c o u l d  be made showed a t  l e a s t  1 0 0 - f o l d  

more 1 3 7 ~ s  t h a n  1 3 4 ~ s  t h i s  would i n -  

d i c a t e  t h a t  t h e  r ad ioces ium i s  ma in ly  

from f a l l o u t .  

The r a d i o n u c l i d e s  2 2 6 ~ a  and 2 2 8 ~ h  

i n  t h e  produce  a r e  members of t h e  

2 3 8 ~  and 2 2 8 ~ h  c h a i n s ,  r e s p e c t i v e l y ,  
and come from t h e  n a t u r a l  r a d i o a c t i v -  

i t y  i n  t h e  s o i l .  While t h e  2 2 6 ~ a  

must be t a k e n  i n t o  t h e  p l a n t  a s  radium, 

t h e  2 2 8 ~ h  may have r e s u l t e d  from t h e  

d i r e c t  u p t a k e  o f  2 2 8 ~ a  (6 .7  y r )  and 

i t s  subsequen t  decay i n  t h e  p l a n t s  t o  

form 2 2 8 ~ h .  The c o n c e n t r a t i o n s  of  

t h e s e  r a d i o n u c l i d e s  a r e  low i n  produce  

because  of t h e i r  r e l a t i v e l y  low con-  

c e n t r a t i o n  i n  s o i l .  Very h i g h  n a t u r a l  

r a d i o a c t i v i t y  l e v e l s  have been obse rved  

i n  p l a n t s  from r e g i o n s  of h igh  n a t u r a l  

r a d i o a c t i v i t y  i n  t h e  s o i l .  

Although t h e  c o n c e n t r a t i o n  of a l l  

o f  t h e  r a d i o n u c l i d e s  obse rved  i n  t h i s  

s t u d y  a r e  ex t r eme ly  low compared w i t h  

Maximum P e r m i s s i b l e  C o n c e n t r a t i o n  v a l -  

ues  ('12' f o r  d r i n k i n g  w a t e r ,  t h e y  a r e  

impor t an t  i n  u n d e r s t a n d i n g  r a d i o n u c l i d e  

b e h a v i o r  i n  t h e  envi ronment .  These 

v a l u e s  p l u s  t h e  known r e t e n t i o n s  and 

b i o l o g i c a l  h a l f - l i v e s  of  t h e  r a d i o n u -  

c l i d e s  a l l o w  one t o  e s t i m a t e  body b u r -  

dens  which would r e s u l t  from use  of 

t h e s e  foods  i n  t h e  d i e t .  I n  a d d i t i o n ,  

t h e  r e l a t i o n s h i p s  between t h e  r a d i o -  

n u c l i d e  c o n c e n t r a t i o n s  i n  i r r i g a t i o n  

w a t e r ,  s o i l ,  and a i r ,  and t h a t  r e -  

s u l t i n g  i n  farm p roduce ,  a l l o w  one t o  



e s t i m a t e  what r a d i o n u c l i d e  l e v e l s  i n  a b l y  h igh  r a d i o n u c l i d e  c o n c e n t r a t i o n s  

t h e  envi ronment  would produce  u n d e s i r -  i n  farm produce .  

D I S T R I B U T I O N  AND EXCRETION OF TECHNETIUM I N  HUMANS*-T. M. B e a s l e y ,  H .  E.  P a l m e r  a n d  
W .  B .  N e l p * *  

Widespread  use  o f  9 9 m ~ c  as  a  t r a c e r  i n  m e d i c i n e  and l a r g e  s c a l e  s e p a r a-  
t i o n  o f  9 9 ~ c  from f i s s i o n  p r o d u c t  w a s t e  r e q u i r e  t h a t  a d e q u a t e  knowledge 
o f  t h e  m e t a b o l i c  p r o p e r t i e s  o f  t e c h n e t i u m  be  known s o  t h a t  r e a l i s t i c  e x -  
posure  l i m i t s  can be imposed f o r  t h e  i s o t o p e s  o f  i n t e r e s t .  T h i s  work 
d i s c u s s e s  a  m e t a b o l i c  e x p e r i m e n t  u s i n g  9 5 m ~ c  ( 6 0  d! and 9 6 T c  ( 4 . 3  dl  i n  
which  long  t e r m  e x c r e t i o n ,  r e t e n t i o n ,  and l o c a l i z a t i o n  o f  t h e s e  i s o t o p e s  
were measured u s i n g  whole  body c o u n t i n g  t e c h n i q u e s .  Fo l lowing  i n t r a v e n -  
ous and o r a l  a d m i n i s t r a t i o n ,  b o t h  u r i n a r y  and f e c a l  e x c r e t i o n  r a t e s  were 
measured ,  and m a t h e m a t i c a l  e x p r e s s i o n s  were d e r i v e d  f o r  t e c h n e t i u m  e  l i m i -  
n a t i o n .  The l a t t e r  s h o u l d  be h e l p f u l  i n  e s t i m a t i n g  body b u r d e n s  o f  t h e  
w e a k- b e t a  e m i t t i n g  99Tc  f o l l o w i n g  a d v e r t e n t  e x p o s u r e .  

" P r e s e n t e d  a t  t h e  Annual H e a l t h  P h y s i c s  S o c i e t y  Meet ing and a c c e p t e d  f o r  
p u b l i c a t i o n  i n  H e a l t h  P h y s i c s  

* * D i r e c t o r ,  D i v i s i o n  o f  N u c l e a r  M e d i c i n e ,  U n i v e r s i t y  o f  Wash ing ton  H o s p i t a l ,  
S e a t t l e ,  Wash ing ton  

* l O p b  AND 2 1 0 ~ o  I N  ALASKAN B I O L O G I C A L  SAMPLES-T. M. B e a s l e y  a n d  H.  E.  P a l m e r  

The p a s t  two decades  have s e e n  an 

i n c r e a s e d  e f f o r t  on t h e  p a r t  o f  r e -  

s e a r c h  workers  i n  t h e  r a d i o l o g i c a l  

s c i e n c e s  t o  i d e n t i f y  and measure t h e  

n a t u r a l  r a d i a t i o n  l e v e l s  t o  which man 

i s  s u b j e c t .  These i n v e s t i g a t i o n s  have 

been prompted i n  l a r g e  measure by t h e  
adven t  o f  r a d i o a c t i v e  m a t e r i a l  i n t r o -  

duced i n t o  t h e  envi ronment  from n u c l e a r  

weapons t e s t i n g  and by t h e  h i g h  n a t u r a l  

r a d i a t i o n  l e v e l s  t h a t  have  been d i s c o v -  

e r e d  i n  v a r i o u s  p a r t s  o f  t h e  wor ld .  (113)  

More r e c e n t l y ,  t h e  c o n c e n t r a t i n g  of  

f a l l o u t  r a d i o i s o t o p e s  i n  some eco -  

sy s t ems  such  a s  t h a t  obse rved  i n  t h e  

A r c t i c  r e g i o n s  f o r  1 3 7 ~ s C 1 1 4 )  and 

5 5 ~ e ( 1 1 5 )  have prompted r e s e a r c h  i n  

of t h e  n a t u r a l l y  o c c u r r i n g  r a d i o i s o t o p e s  

' lOpb (22 y r )  and 2 1 0 ~ o  (138 d ) .  

The p r e s e n t  d i s c u s s i o n  d e a l s  w i t h  t h e  

l e v e l s  of t h e s e  l a t t e r  two i s o t o p e s  

which have been measured i n  c e r t a i n  

b i o l o g i c a l  samples  from A l a s k a .  

The most e x t e n s i v e  i n v e s t i g a t i o n  o f  

t h e  n a t u r a l  2 1 0 ~ b  c o n c e n t r a t i o n s  i n  man 

i s  t h a t  o f  Holtzman. (116-119) I n c l u d e d  

i n  t h e s e  measurements  were  some b i o l o g -  

i c a l  m a t e r i a l s  from A r c t i c  r e g i o n s  (120)  

which showed r e l a t i v e l y  h i g h  c o n c e n t r a -  

t i o n s  of t h i s  i s o t o p e  i n  l i c h e n s ,  c a r i -  

bou bone.  and a n t l e r .  The s o u r c e  of  

t h i s  2 1 0 ~ b  i s  undoub ted ly  t h e  decay  of  

2 2 2 ~ n  i n  t h e  a tmosphere  and t h e  h i g h  

l e v e l s  o f  2 1 0 ~ b  i n  t h e  c a r i b o u  r e s u l t  

t h e  a r e a  of  " n a t u r a l  f a l l o u t , "  n o t a b l y  from a  c o n c e n t r a t i o n  p r o c e s s  of  t h e  

t h e  c o n c e n t r a t i o n s  i n  t h e  envi ronment  ' l O p b  by l i c h e n s  s i m i l a r  t o  t h a t  ob-  

s e r v e d  f o r  1 3 7 ~ s .  We have ex t ended  



t h e s e  measurements t o  i n c l u d e  a  v a r i -  

e t y  of b i o l o g i c a l  samples  from t h e  

Alaskan  r e g i o n  and have  de t e rmined  

n o t  on ly  t h e  2 1 0 ~ b  c o n t e n t  o f  t h e s e  

m a t e r i a l s  b u t  a l s o  t h e  2 1 0 ~ o  concen-  

t r a t i o n s .  

2 1 0 ~ o  was de t e rmined  by f i r s t  wet  

a s h i n g  t h e  samples  i n  c o n c e n t r a t e d  

n i t r i c  and p e r c h l o r i c  a c i d s  and 30% 

- hydrogen p e r o x i d e , ,  f o l l owed  by chem- 

i c a l  e l e c t r o d e p o s i t i o n  of  t h e  po lon-  

ium from a  d i l u t e  h y d r o c h l o r i c  a c i d  

s o l u t i o n  a f t e r  t h e  method of  Black .  (881 

'08po was u sed  f o r  t h e  r ad iochemica l  

y i e l d  measurement t h rough  t h e  d i s s o -  

l u t i o n  and p l a t i n g  p r o c e d u r e ,  t h e  po- 

lonium f i n a l l y  be ing  de t e rmined  by 

a l p h a  ene rgy  a n a l y s i s  u s i n g  a  s i l i c o n  

d iode  d e t e c t o r  and a  400 channe l  p u l s e  

h e i g h t  a n a l y z e r .  S i n c e  l e a d  i s  n o t  

l o s t  i n  t h i s  p r o c e d u r e ,  ' lOPb was de -  

t e rmined  i n  t h e  r e s i d u e  from t h e  po-  

lonium p l a t i n g  by t h e  p rocedu re  of  

S i l l  and Willis.  ( lZ1)  '12Pb was 

u sed  f o r  t h e  r a d i o c h e m i c a l  y i e l d  

measurement and t h e  ' lOPb a c t i v i t y  

de t e rmined  by low background b e t a  

c o u n t i n g  t h r o u g h  aluminum a b s o r b e r s  f o l -  

lowing decay  of t h e  2 1 2 ~ b  and t h e  a t -  

t a i nmen t  of  p a r t i a l  e q u i l i b r i u m  be-  

tween ' lOpb  and i t s  d a u g h t e r ,  210 B i .  

The i d e n t i f i c a t i o n  and o r i g i n  o f  

t h e  c a r i b o u  samples  which were a n a -  

l yzed  and t h e  l e v e l s  o f  ' lOpb  and 

2i0Po observed  a r e  c o n t a i n e d  i n  

Table  XVII. The v a l u e s  l i s t e d  f o r  

t h e  c a r i b o u  a r e  t h e  c o n c e n t r a t i o n s  

e x i s t i n g  a t  t ime  of s l a u g h t e r ,  and 

show t h e  r e l a t i v e  l e v e l s  of t h e  two 

i s o t o p e s  i n  t h e  v a r i o u s  o rgans  o f  t h e  

l i v i n g  an ima l .  S i n c e  i s o t o p i c  t r a c e r s  

were used  a s  y i e l d  d e t e r m i n a n t s ,  t h e  

p r o b a b l e  e r r o r s  i n  t h e  d e t e r m i n a t i o n s  

TABLE XVII .  2 1 0 ~ b  and 2 2 0 ~ o  ~ o n c e n -  
t r a t i o n s  i n  A l a s k a n  Car ibou  

210 210 2 1 0 ~ o  

Sample C h a r a c t e r i s t i c s  Tissues nCi/E:(a) nCi/kP:(a) 5 

Caribou No. 1 Meat 0 . 4 1  0 . 0 3  1 3 . 7  
6  y e a r  o l d  Female L i v e r  4 .13  0 . 8 1  5 . 1  
Anaktuvuk P a s s ,  A l a s k a  Kidney 3.51 0.56 6 . 3  

S p l e e n  0 .82 

Bonecb) 3.12 3 .35 0 . 9 3  

C a r i b o u  No. 2  Meat 0 .35  0 .03 1 1 . 7  
7  y e a r  o l d  Male L i v e r  5 .47  2.45 2.2 
Anaktuvuk P a s s ,  A l a s k a  Kidney 4 .36 0 .42 1 0 . 4  

S p l e e n  0 .68 0 .15 4 .5  

C a r i b o u  No. 3 Meat 0 . 2 6  0 .03 8 .7  
8  y e a r  o l d  Male L i v e r  4.28 0 . 6 0  7 . 1  
Anaktuvuk P a s s ,  Alaska  Kidney 3 .92 0 .55 7 . 1  

S p l e e n  0 .74 0 . 1 1  6 . 7  

Bone'b) 3 . 1 5  4.50 0.70 

( a ) ~ l l  samples  r e p o r t e d  as nCi /kg wet t i s s u e  

( b ) ~ e p o r t i n g  t h e s e  v a l u e s  i n  te rms of  pCi /g  a s h  one  o b t a i n s  8 . 4 2 ,  
1 3 . 1  and 1 1 . 3 ,  r e s p e c t i v e l y .  TVe3&)values  a r e  n e a r l y  i d e n t i -  
c a l  t o  t h o s e  r e p o r t e d  Holtzman. 

a r e  due a lmos t  e x c l u s i v e l y  t o  c o u n t i n g  

s t a t i s t i c s .  Care was t a k e n  t o  i n s u r e  

t h a t  p r o b a b l e  e r r o r s  from t h i s  s o u r c e  

were l e s s  t h a n  1 0 %  f o r  t h e  measurements 

of  bo th  i s o t o p e s  a t  t h e  90% c o n f i d e n c e  

l e v e l .  

Table  XVIII c o n t a i n s  t h e  r e s u l t s  o f  

t h e  2 1 0 ~ o  d e t e r m i n a t i o n  i n  compos i te  

l i c h e n  sample and c e r t a i n  f o o d s t u f f s  

u sed  by Eskimos l i v i n g  on t h e  w e s t e r n  

c o a s t o f  A la ska .  2 1 0 ~ b  r e s u l t s  a r e  n o t  

TABLE X V I I I .  2 1 0 ~ o    on cent rations i n  
O t h e r  S e l e c t e d  AsZaskan Samples  

Sample 

L i ~ h e n s ' ~ )  

Salmon ('1 

B u t t e r f i s h  

W h i t e f i s h  

S e a l  Meat 

S e a l  L i v e r  

P o l a r  B e a r  M e a t  

( a ) ~ e t  w e i g h t  

( b ) ~ h e  l i c h e n  s a m p l e  l i s t e d  i n  a  c o m p o s i t e  s a m p l e  t a k e n  f r o m  
A n a k t u v u k  P a s s ,  A l a s k a .  No d i s t i n c t i o n  c a n  b e  made a s  t o  
t h e  t y p e  o f  l i c h e n  p r e s e n t .  F u r t h e r m o r e ,  t h e  c o n c e n t r a t i o n  
r e p o r t e d  h e r e  c o r r e s p o n d s  t o  a  v a l u e  o f  1 4 . 9  n C i / k g  d r y  
l i c h e n ,  w h i c h  i s  i n  g e n e r a l  a g r e e m e n t  w i t h  t h a t  r e p o r t e d  b y  
H o l t z m a n .  ( 1 2 0 )  

( ' ) ~ v e r a ~ e  o f  f o u r  s a l m o n .  



i n c l u d e d  f o r  t h e s e  p a r t i c u l a r  samples  

s i n c e  t h e y  a r e  u sed  h e r e  o n l y  a s  an 

i n d i c a t i o n  o f  t h e  r e l a t i v e  l e v e l s  o f  

2 1 0 ~ o  t o  which t h e s e  p a r t i c u l a r  i n -  

d i v i d u a l s  might  be exposed .  However, 

i n  t h o s e  samples  such  a s  s e a l  meat 

and s e a l  l i v e r ,  one might  e x p e c t  t h e  

a c t i v i t y  t o  be s u p p o r t e d  i n  p a r t  by 

2 1 0 ~ b .  

S e v e r a l  common f o o d s t u f f s  (mea t s ,  

g r a i n  p r o d u c t s , e g g s ,  e t c . )  from l o c a l  

foodmarke ts  have been ana lyzed  i n  t h i s  

l a b o r a t o r y ;  '122) t h e  r e s u l t s  show t h a t  

g e n e r a l l y  t h e  l e v e l s  o f  2 1 0 ~ o  i n  t h e s e  

foods  a r e  some 1 /10  t o  1/100 of t h o s e  

i n  c a r i b o u  f l e s h ,  s e a l  mea t ,  and s a l -  

mon l i s t e d  i n  Tab l e s  XVII and XVIII.  

Although more samples  must be ana-  

l y z e d  t o  o b t a i n  a  c l e a r e r  p i c t u r e  of 

t h e  2 1 0 ~ b -  2 1 0 ~ o  c o n c e n t r a t i o n s  i n  t h e  

Alaskan  ecosys t em,  c e r t a i n  c o n c l u s i o n s  

can  be drawn from t h e  d a t a  of  Tab l e s  

XVII and XVIII .  F i r s t ,  i t  i s  c l e a r  

t h a t  t h e  c a r i b o u  have been s u b j e c t e d  

t o  h i g h e r  t h a n  t h e  u s u a l ,  wor ld - ave rage  

l e v e l s  o f  i n t e r n a l  r a d i a t i o n .  I f  t h e  

c o n c e n t r a t i o n s  of  t h e  2 1 0 ~ o  i n  t h e  

v a r i o u s  o rgans  of  t h e  c a r i b o u  a r e  con-  

s t a n t  a t  t h e  l e v e l s  l i s t e d  i n  Table  

XVII, t h e  dose  r a t e  t o  t h e s e  v a r i o u s  

o rgans  would be  t h o s e  shown i n  Table  

XIX. S i n c e  t h i s  dose  i s  due t o  a l p h a  

p a r t i c l e s  i t  i s  p r o b a b l y  more e f f e c t -  

i v e  t h a n  an  e q u a l  dose  o f  X-rays  due 

t o  a  h i g h e r  R . B . E .  and t o  a  l a c k  of  

a  p r o t r a c t i o n  e f f e c t .  

S ince  c e r t a i n  of  t h e  Alaskan  n a t i v e s  

depend upon c a r i b o u  meat f o r  a  l a r g e  

p o r t i o n  of  t h e i r  d i e t ,  t h e y  w i l l  a l s o  

be s u b j e c t e d  t o  a  much h i g h e r  r a d i a t i o n  

dose  from t h e s e  i s o t o p e s  t h a n  o t h e r  

Un i t ed  S t a t e s  r e s i d e n t s .  The problem 

can be p u t  i n  b e t t e r  p e r s p e c t i v e  by 

comparing t h e  2 1 0 ~ b - 2 1 0 ~ o  problem t o  

t h a t  o f  1 3 7 ~ s  a r i s i n g  from n u c l e a r  

weapons f a l l o u t .  I n  making t h i s  com- 

p a r i s o n ,  we have  assumed t h a t  t h e  max- 

imum p e r m i s s i b l e  c o n c e n t r a t i o n s  f o r  

1 3 7 ~ s ,  2 1 0 ~ o ,  and 2 1 0 ~ b  a r e  t h e  same 

i n  meat a s  t h e y  a r e  i n  w a t e r .  These 

v a l u e s  a r e  l i s t e d  i n  t h e  I .C.R.P.  Com- 

m i t t e e  I 1  r e p o r t  ('12) a s  2 . 4  x  

uci /cm3,  - 7 x  1 0 - ' ~ ~ i / c m ~ ,  and 1 x  l o - '  
5 pCi/cm , r e s p e c t i v e l y .  The r a t i o  MPC 

2 1 0 ~ o / ~ ~ ~ 1 3 7 ~ ~  = 30. Thus,  t h e  2 1 0 ~ o  

i f  p r e s e n t  i n  t h e  same c o n c e n t r a t i o n  

a s  1 3 7 ~ s  would p r o v i d e  30 t imes  t h e  

r a d i a t i a n  dose .  S i m i l a r l y ,  t h e  r a t i o  

MPC 2 1 0 ~ b / ~ ~ ~  1 3 7 ~ s  = 200. S ince  t h e  
7 7 "  
13 / ave rage  Cs c o n t e n t  o f  c a r i b o u  

f l e s h  has  r e c e n t l y  been measured a s  
1 7  " 7 \  

app rox ima te ly  20 n ~ i / k ~ l " ~ ' a n d  t h e  

2 1 0 ~ o  and 2 1 0 ~ b  c o n c e n t r a t i o n s  t e n t a -  

t i v e l y  de t e rmined  t o  be 0 . 3  and 0 .03  

nCi/kg r e s p e c t i v e l y ,  t h e  r e l a t i v e  

haza rd  t o  t h e  Eskimo c a n  be computed 
T A B L E  X I X .  A p p r o x i m a t e  Dose R a t e s  t o  f o r  2 1 0 ~ ~  a s  (0 .3 /20)30  = 0.45  and 
C a r i b o u  Organs from 2 1 0 ~ o  

f o r  2 1 0 ~ b  a s  (0 .03 /20)200  = 0 . 3 .  

Thus, i f  an Eskimo s h o u l d  consume 
A v e r a g e  ' l O p o  C o n t e n t ,  Dose enough c a r i b o u  f l e s h  c o n t a i n i n g  t h e  

Tissue n C ~ / k g ( ~ '  rad/yr 

c o n c e n t r a t i o n s  of  1 3 7 ~ s ,  
L i v e r  4 .62  0 . 4 5  

2 1 0 ~ o ,  and 

Kidney 4 . 0 5  0 . 3 9  2 1 0 ~ b  l i s t e d  above and s h o u l d  r e a c h  a  
S p l e e n  0 . 7 4  0 . 0 7  

Bone 3 . 7 8  0 . 3 7  
maximum p e r m i s s i b l e  body burden  o f  

1 3 7 ~ s  a s  a  r e s u l t ,  he  would a l s o  be 
( a ' ~ o n c e n t r a t i o n s  a r e  i n  k i l o g r a m s  w e t  w e i g h t .  t e c h n i c a l l y  overexposed  by some 45% 



due t o  2 1 0 ~ o  and by some 30% due t o  

' lOPb.  The maximum p e r m i s s i b l e  body 

bu rden ,  s u s t a i n e d ,  which has  been  

recommended by t h e  I .C .R.P .  f o r  gen-  

e r a l  p o p u l a t i o n s  n o t  exposed t o  1 3 7 ~ s  

i n  t h e  cou r se  of  t h e i r  work i s  3pCi. 

Some Alaskan  n a t i v e s  a l r e a d y  have. 
(124) 1 3 7 ~ s  body burdens  approaching  3  u C i .  

These h igh  body burdens  a r e  known t o  

s u r g e r y  and au topsy  specimens o b t a i n e d  

from i n d i v i d u a l s  r e s i d i n g  i n  I l l i n o i s .  

Secondly ,  measurements  of  2 1 0 ~ o  i n  

u r i n e  specimens o b t a i n e d  from n a t i v e s  

l i v i n g  a t  Anaktuvuk P a s s ,  A l a s k a ,  showed 

average  c o n c e n t r a t i o n s  of  7 .0 d i s / m i n  

p e r  1 . 4  l i t e r s ,  a  c o n c e n t r a t i o n  of  some 

230 t imes  t h a t  observed  by Hursh and 

S u l t z e r  (125) f o r  normal  i n d i v i d u a l s  who 

v a r y  a c c o r d i n g  t o  t h e  s e a s o n a l  changes were exposed  on ly  t o  normal envi ronment -  

t h a t  o c c u r  i n  t h e  1 3 7 ~ s  c o n t e n t  o f  t h e  a 1  l e v e l s  o f  2 1 0 ~ b  and 2 1 0 ~ o .  I f  we 

c a r i b o u .  I t  i s  p o s s i b l e  however, t h a t  u s e  t h e  an imal  d a t a  of  Fink ( l Z 6 )  which 

even w i t h  t h e  s e a s o n a l  v a r i a t i o n s  t h a t  i m p l i e s  t h a t  0 . 1 %  of t h e  2 1 0 ~ o  body 

occu r  i n  t h e  1 3 7 ~ s  body b u r d e n s ,  t h e  c o n t e n t  i s  e x c r e t e d  p e r  day i n  t h e  u r i n e  

p e r m i s s i b l e  exposu re  of  t h e s e  i n d i v i d -  and assuming t h e  n a t i v e s  a r e  a t  e q u i l -  

u a l s  might  be exceeded  f o r  p e r i o d s  of i b r i um w i t h  t h e i r  i n t a k e ,  t h e  c a l c u l a t e d  

t ime  due t o  t h e  p r e s e n c e  o f  2 1 0 ~ b  and ave rage  2 1 0 ~ o  body burden  of t h e  p e o p l e  

2 1 0 ~ o  i n  t h e i r  d i e t .  measured would be 3500 pCi ,  o r  approx-  

There  i s  d i r e c t  ev idence  t h a t  indeed  

Eskimos c o n t a i n  much h i g h e r  c o n c e n t r a -  

t i o n s  of Z 1 O ~ b  and 2 1 0 ~ o  t h a n  do o t h e r  

Un i t ed  S t a t e s  r e s i d e n t s .  ~ i 1 1 " ~ )  h a s  

measured t h e  2 1 0 ~ b  c o n t e n t  o f  a  r i b  
I bone o b t a i n e d  from a  Canadian Eskimo 

and has  obse rved  a  c o n c e n t r a t i o n  of  

2.3 pCi/g a s h ,  which i s  some 15  t imes  

g r e a t e r  t h a n  t h e  ave rage  2 1 0 ~ b  bone 

c o n t e n t  obse rved  by Holtzman (116)  in 

i m a t e l y  1 0 %  of a  maximum p e r m i s s i b l e  

body burden  o f  2 1 0 ~ o  under  t h e  d e f i n -  

i t i n n  g iven  above f o r  1 3 7 ~ s .  

More d e t a i l e d  measurements of t h e  

2 1 0 ~ b  and 2 1 0 ~ o  c o n c e n t r a t i o n s  o f  t h e  

Eskimo d i e t  and of  t h e  u r i n a r y  e x c r e -  

t i o n  of  t h e s e  two i s o t o p e s  i n  Alaskan  

n a t i v e s  a r e  p r e s e n t l y  underway which 

w i l l  f u r t h e r  d e f i n e  l e v e l s  t o  which 

t h e s e  p a r t i c u l a r  i n d i v i d u a l s  a r e  e x -  
I posed .  
I . .  
I 

I -  T H E  D I S T R I B U T I O N  O F  N A T U R A L  A N D  A R T I F I C I A L  R A D I O N U C L I D E S  T H R O U G H  T H E  

I F O O D  C H A I N  I N  A L A S K A- R .  W .  P e r k i n s  a n d  W .  C .  H a n s o n  

1 The u p t a k e  of  f a l l o u t  r a d i o n u c l i d e s  t h e  Alaskan  Eskimo. Lichens  s e r v e  

by Alaskan l i c h e n s  r e s u l t s  i n  a  concen-  n o t  on ly  t o  c o n c e n t r a t e  1 3 7 ~ s  b u t  a l l  

t r a t i o n  of  1 3 7 ~ s  100 t i m e s  h i g h e r  i n  of  t h e  a i r b o r n e  r a d i o n u c l i d e s .  Th i s  

some Alaskan n a t i v e s  t h a n  i n  r e s i d e n t s  r e l a t i v e l y  h igh  c o n c e n t r a t i o n  of  r a -  

o f  t h e  main land  s t a t e s .  (114 ,124)  The d i o n u c l i d e s  a t  t h i s  f i r s t  s t e p  i n  t h e  

l i c h e n s  which c o n c e n t r a t e  f a l l o u t  d i -  food  c h a i n  p r o v i d e s  an  e x c e l l e n t  oppor-  

r e c t l y  from t h e  a i r ,  o r  from r a i n  o r  t u n i t y  t o  obse rve  t h e  b e h a v i o r  o f  r a -  

me l t ed  snow, s e r v e  as  a  main s o u r c e  d i o n u c l i d e s  i n  t h e i r  movement t h rough  

of food f o r  c a r i b o u  and t h e  c a r i b o u  t h e  food  c h a i n  t o  man. S i n c e  c a r i b o u  

a r e  a  p r i n c i p a l  i t em  i n  t h e  d i e t  o f  a r e  t h e  main i t em i n  t h e  d i e t  f o r  t h e  



Alaskan  wolf  a s  w e l l  a s  t h e  Eskimo, 

measurements of  r a d i o n u c l i d e s  i n  wolf 

t i s s u e  were u sed  t o  e s t i m a t e  t h o s e  

which would be p r e s e n t  i n  t h e  Eskimo. 

A l l  o f  t h e  measurements c o n s i d e r e d  

i n  t h i s  s t u d y  i n c l u d i n g  t h e  measurement 

o f  15 r a d i o n u c l i d e s  i n  t h e  l i c h e n s  

were made by d i r e c t  c o u n t i n g  on a  m u l t i -  

d imens iona l  gamma r a y  s p e c t r o m e t e r .  (103) 

I n  Table  XX t h e  c o n c e n t r a t i o n s  of  

10 f a l l o u t  r a d i o n u c l i d e s  measured i n  

a i r  a t  P o i n t  Barrow, A la ska ,  a r e  com- 

p a r e d  w i t h  t h o s e  obse rved  i n  l i c h e n  

samples  c o l l e c t e d  n e a r  Anaktuvuk P a s s .  

These d a t a  show t h a t  t h e  r e l a t i v e  con-  

c e n t r a t i o n s  of  t h e  a i r b o r n e  r a d i o n u -  

c l i d e s  a r e  s i m i l a r  t o  t h o s e  on t h e  

l i c h e n s  and t h a t  r e l a t i v e l y  l i t t l e ,  

i f  any d i s c r i m i n a t i o n  i s  e x e r c i s e d  i n  

t h e i r  up t ake  by t h e  l i c h e n s .  I t  i s  

a p p a r e n t ,  however, t h a t  t h e  s h o r t - l i v e d  

r a d i o n u c l i d e s  " ~ r -  " ~ b  and 8 8 ~  a r e  

p r e s e n t  on t h e  l i c h e n s  i n  r e l a t i v e l y  

low c o n c e n t r a t i o n s  compared t o  t h e i r  

abundance i n  a i r  w h i l e  t h e  l o n g - l i v e d  

r a d i o n u c l i d e s  6 0 ~ o  and 1 3 7 ~ s  a r e  

p r e s e n t  i n  r e l a t i v e l y  h i g h  concen-  

t r a t i o n s  on t h e  l i c h e n s .  T h i s  would 

be e x p e c t e d  s i n c e  s h o r t - l i v e d  r a d i o -  

n u c l i d e s  on t h e  l i c h e n s  would r e f l e c t  

c u r r e n t  and r e c e n t  a i r  c o n c e n t r a t i o n s  

w h i l e  l o n g - l i v e d  r a d i o n u c l i d e s  would 

ave rage  t h e  a i r  c o n c e n t r a t i o n s  o v e r  

s e v e r a l  y e a r s  and i n c l u d e  p e r i o d s  of  

h igh  r a d i o n u c l i d e  c o n c e n t r a t i o n s .  A t  

t h e  t ime  t h e s e  a i r  and l i c h e n  samples  . 
were c o l l e c t e d ,  1 kg o f  l i c h e n  con-  

t a i n e d  about  a s  much of t h e  f a l l o u t  
3  r a d i o n u c l i d e s  a s  l o 7  f t  of a i r  n e a r  

ground l e v e l .  The r e l a t i v e l y  h i g h  

c o n c e n t r a t i o n s  of  1 3 4 ~ s  i n  t h e  l i c h e n  

sample a r e  i n  a c c o r d  w i t h  p r e v i o u s  ob- 

s e r v a t i o n s ;  t h e y  showed t h a t  t h e 1 3 4 ~ s  

t o  1 3 7 ~ s  r a t i o  i n  f a l l o u t  from t h e  

1961-1962 n u c l e a r  t e s t  s e r i e s  was much 

lower t h a n  t h e  r a t i o  p r e v i o u s l y  p r e s -  

e n t  i n  t h e  Alaskan  ecosys tem.  (110)  

Tab l e  X X I  summarizes t h e  r e s u l t s  o f  

a  s t u d y  i n  which t h e  c o n c e n t r a t i o n s  

o f  15  r a d i o n u c l i d e s  were measured i n  

t h e  t h r e e  t r o p h i c  l e v e l s :  l i c h e n ,  
c a r i b o u ,  and wolf  ( a l s o  b i o a s s a y  samples  

TABLE X X .  Comparison o f  A i rborne  and L i c h e n  C o n c e n t r a t i o n s  o f  Ten FaZZout 
RadionucZides  

Half-Life 

2.58 y r  

310 d 

5.27 yr 

108 d 

65 & 35 d 

365 d 

2.7 yr 

2.1 y r  

30 yr 

285 d 

dis/min per lo7 ft3(a) 

2 2 

1890 

21.2 

14.3 

1920 

8850 

3470 

5.0 

4220 

17,700 

Lichen Concentration 
dis/min per kilogram

cb) 

21 

4180 

83 

10 

975 

12,400 

3830 

50 

13,700 

35,300 

dis/min per kilogram Lichen 
dis/min per 10' ft3 OF Air 

0.95 

2.21 

3.92 

0.70 

0.51 

1.40 

1.10 

10 

3.25 

1.99 

( a ) ~ i r  sample collected during December, 1964. 

( b ) ~ i c h e n  sample collected during October, 1964. 



TABLE X X I .  R a d i o n u c l i d e s  i n  L i c h e n s ,  C a r i b o u ,  W o l f ,  and B i o a s s a y  Samples  from 
A l a s k a  ( U n i t s  o f  d i s / m i n  p e r  k i l o g r a m  of w e t  w e i g h t )  

C o l l e c t i o n  
Date  " ~ a  -- 4 0 ~  5 4 ~ n  - - 

1070 4180 

560 5130 

500 3130 

6660 ( e l  

6120 22 

5290 340 

5650 500 

4340 150 

4810 220 

1240 ( e l  

2090 75 

6250 73 

5670 250 

2940 290 

1200 53 

1400 ( e l  

Sample Type 

L i c h e n s  ( a )  

L i c h e n s  

Lichens( ' )  

83  ( e l  10 .0  

92 ( e )  7.7  

8 3  ( e l  5 . 2  

( e l  
0 . 7  

1  42 ( e l  

2  82 (el  
( e )  ( e )  30 23600 

2  ( e )  53 43600 
C a r i b o u  f l e s h  

C a r i b o u  f l e s h  

630 ( e )  31  23100 

490 ( e l  37 26800 

( e l  ( e l  

( e l  ( e l  

( e l  (e l  
( e l  ( e l  

72 84 ( c l  

82 72 ( e )  
C a r i b o u  l i v e r  

C a r i b o u  l i v e r  

34 65 ( e )  

35 76 ( e l  

17 ( e l  6 1  46000 

3  ( e )  66 49900 
C a r i b o u  k i d n e y  

C a r i b o u  k ~ d n e y  

( e )  ( e l  6  1770 

21 ( e )  34 13100 
C a r i b o u  bone 

C a r i b o u  bone 

( e l  ( e l  ( e l  
8  100 ( e l  

( e l  

( e l  

1  ( e )  96 75800 

5  ( e l  61 48800 

14  ( e )  9  4000 

36 ( e l  26 14100 

Wolf f l e s h  

Wolf l i v e r  

Wolf k i d n e y  

Wolf bone 

( e )  ( e l  8 . 3  6550 Human u r i n e  

( a l ~ l a d o n i a  s p p . - C e t r a r i a  s p p .  mixed.  

( b l e e t r a r l a  c u c u l a t a  and  C e t r a r i a  i s l a n d i c a  f rom b e n e a t h  1 . 5  dm f r o z e n  s n o r ,  s t e e p l y  s l o p i n g  t e r r a i n  

( C ) ~ o s t l y  C l a d o n i a  a l p e s t r i s  ~ r o m b e n e a t h e n  frozensnow, r o l l i n g  t e r r a i n .  

from man). 40 K ,  2 2 6 ~ a ,  and 2 2 8 ~ h  are food chain relative to the well estab- 

lished behavior of 137~s. The data naturally occurring radionuclides and 

serve as a baseline for comparison of show a distinct difference in the be- 

havior of " ~ a  relative to 137~s. the concentrations of the artificial 

radionuclides. "Na is a naturally While the 1 3 7 ~ s  in the caribou 

occurring radionuclide produced by and wolf organs have specific activi- 
cosmic ray spallation of atmospheric ties of up to a few times that of the 

lichens, the " ~ a  is 10 to 100 times argon; however, large amounts of this 

radionuclide were produced during the higher in most of the animal organs 
1961-1962 nuclear test series and 

increased the atmospheric 2 2 ~ a  levels 

by more than an order of magnitude. (127) 

than in the lichens. This situation 

would require that the combination of 

the uptake (through the gastrointest- 
Of the other artifical radionuclides. inal tract) plus the biological half- ,. - 
9 5 ~ r - 9 5 ~ b ,  10 6 Ru , 5 ~ b ,  134~s, and 

1 4 4 ~ e  are fission products while 5 4 ~ n ,  

6 0 ~ o ,  6 5 ~ n , 8 8 ~ ,  l l O m ~ g ,  and 1 3 4 ~ s  are 

L L life for Na be several times that of 

137~s. Since this is reportedly not 

the case, ('12) the reason for the 

high " ~ a  levels in the animals is not activation products which were pro- 

duced during the nuclear testing. 

These measurements of the natural 

accumulation in animal tissue are the 

clear but is receiving further study. 
The concentration of the radionu- 

clide in the muscle tissue of the 

caribou and wolf is about 1/100 of 

that in the lichens; however, 5 4 ~ n  is 

first for some of the radionuclides 

and show the movement through the 



p r e f e r e n t i a l l y  c o n c e n t r a t e d  by c e r t a i n  

o rgans  of  t h o s e  a n i m a l s .  I t s  concen-  

t r a t i o n  i n  t h e  l i v e r ,  k idney ,  and bone 

r anges  from 3  t o  30 t imes  t h a t  i n  

t h e  muscle t i s s u e .  

The 6 0 ~ o  c o n c e n t r a t i o n  i n  c a r i b o u  

muscle  t i s s u e  i s  o n l y  1 t o  3% of  t h a t  

i n  t h e  l i c h e n  w h i l e  i t s  c o n c e n t r a t i o n  

i n  t h e  l i v e r ,  k i d n e y ,  and bone a r e  

comparable  t o  t h a t  i n  t h e  l i c h e n .  The 

6 0 ~ o  c o n c e n t r a t i o n s  i n  t h e  o rgans  of 

t h e  wolf a r e  mos t l y  lower t h a n  i n  t h e  

c a r i b o u .  The 6 5 ~ n  c o n c e n t r a t i o n s  i n  

t h e  c a r i b o u  and  wol f  do n o t  show l a r g e  

v a r i a t i o n s  between t h e  o rgans  and a r e  

g e n e r a l l y  h i g h e r  i n  t h e  w o l f .  The 6 5 ~ n  

o rgan  i s  about  h a l f  t h a t  o f  5 4 ~ n .  The 

r e l a t i v e  c o n c e n t r a t i o n  of lo6Ru i n  t h e  

k idney  was app rox ima te ly  t h e  same a s  

t h a t  i n  t h e  l i v e r .  

l l O m ~ g  has  o n l y  r e c e n t l y  been r e -  

p o r t e d  t o  be c o n c e n t r a t e d  i n  t h e  l i v e r  

o f  mar ine  organisms  and t h e  meas- 

urements  p r e s e n t  h e r e  a r e  t h e  f i r s t  

o b s e r v a t i o n s  of  i t s  a ccumula t i on  i n  

t h e  t e r r e s t r i a l  ecosys tem.  Of t h e  

an imal  o rgans  t h a t  were measured ,  i t s  

c o n c e n t r a t i o n  i n  l i v e r  t i s s u e  was by 

f a r  t h e  h i g h e s t ,  r a n g i n g  from abou t  

50 t o  100 t imes  t h a t  i n  t h e  l i c h e n s .  

Although numerous measurements  of  
1 3 7 ~ s  have been made t h roughou t  t h e  

i n  t h e  l i c h e n  was n o t  measured .  Alaskan  ecosys tem,  o n l y  a  few measure-  

The up t ake  o f  lo6Ru th rough  t h e  g a s -  ments  of 1 3 4 ~ s  and i t s  r a t i o  t o  1 3 7 ~ s  
t r o i n t e s t i n a l  t r a c t  w a l l  i s  r e p o r t e d  have been made. 

t o  be v e r y  low; ( '12)however ,  a  s u f -  Table  XXII summarizes ou r  measure-  

f i c i e n t  amount does  e n t e r  t h e  b lood  ments  of  t h e s e  r a t i o s  i n  Alaska  and 

s t r e a m  t o  p r o v i d e  s u b s t a n t i a l  concen-  compares them w i t h  measurements  by L i -  

t r a t i o n s  i n  t h e  l i v e r  and k i d n e y .  The den and Anderson i n  Sweden. These d a t a  

lo6Ru c o n c e n t r a t i o n  i n  t h e  l i v e r  i s  show a  c o n t i n u i n g  d e c r e a s e  i n  t h e  1 3 4 ~ s  

abou t  5 %  of  t h a t  i n  t h e  l i c h e n s ;  t h e r e -  t o  1 3 7 ~ s  r a t i o  o v e r  t h e  p a s t  5  y e a r s .  

f o r e ,  i t s  u p t a k e  and r e t e n t i o n  by t h i s  I n  F i g u r e  86 t h e s e  r a t i o s  of  1 3 4 ~ s  

t o  1 3 7 ~ s  a r e  p l o t t e d  and compared w i t h  

T A B L E  XXII. R a t i o s  o f  1 3 4 ~ s  t o  1 3 7 ~ s  i n  Arctic P e o p l e  and C a r i b o u / R e i n d e e r  F l e s h ,  
1961-1965 

Sample t y p e  

Lapps 
Re indeer  f l e s h  

Car ibou  f l e s h  

Lapps 
Re indeer  f l e s h  

Eskimos 

Caribou f l e s h  

Caribou f l e s h  

Eskimos 

Car ibou  f l e s h  

Car ibou  f l e s h  

- . 100 
Loca t ion  C o l l e c t i o n  Date 

Sweden 

Sweden 

Alaska  

Sweden 

Sweden 

Alaska  

Alaska 

Alaska  

Alaska  

A1 a s  ka 

Alaska  

March - May 

March 

May -Septembe 

August 

October  

J u l y  

Summer 

J u l y  

J a n u a r y  

October  

January  

Refe rence  

 ide en & Anderson,  1962 

 ide en 4 Anderson,  1962 

P e r k i n s  & Nie l sen ,1965  

 ide en 4 Anderson,  1962 

 ide en & Anderson,  1962 

Palmer 4 P e r k i n s ,  1963 

Palmer 4 P e r k i n s ,  1963 

P e r k i n s  & N i e l s e n , 1 9 6 5  

P e r k i n s  4 N i e l s e n , 1 9 6 5  

This  p a p e r  

T h i s  p a p e r  



- 
- 
- 

0 Lid'en and Ander son  
- 

Per l t i n s  and Nie lsen  - 

X P a l m e r  and P e r k i n s  - 

A T h i s  Work 
- 

- 

- 
- 
- 
- 

- 
- 

- 

- 

- 

A 
A 

0.1 

- - 1 9 6 1  1 9 6 2  1 9 6 3  1 9 6 4  1965 

T i m e ,  Y e a r s  

FIGURE 8 6 .  Com a r i s o n  o f  t h e  O b s e r -  
v e d  t o  l3?Cs R a t i o  w d t h  t h e  C a l -  
c u l a t e d  Change i n  R a t i o  due  t o  Normal 
Decay o f  a  M i x t u r e  

a  curve  r e p r e s e n t i n g  t h e  r a t i o s  t h a t  lower t h a n  t h a t  which r e s u l t s  from t h e  

would be p r e s e n t  a s  a f u n c t i o n  of  t ime  decay  of  t h e  i n i t i a l  0 . 0 1 6 5 : l  r a t i o  of 

i f  one s t a r t e d  w i th  t h e  observed  r a t i o  1 3 4 ~ s / 1 3 7 ~ s .  T h e r e f o r e  t h e  r a d i o c e s  - 
of 0.0165 f o r  March t h rough  May of 1961. ium added d u r i n g  t h e  1961-1962 t e s t  was 

The change i n  t h e  obse rved  r a t i o  w i t h  lower i n  1 3 4 ~ s  t han  t h a t  p r e s e n t  i n  

t ime  produces  a  cu rve  which i s  much t h e  ecosys tem p r i o r  t o  t h e s e  t e s t s .  



U L T R A  SENSITIVE MEASUREMENT O F  RADIONUCLIDES A N D  T R A C E  E L E M E N T  CONSTITUENTS IN 
T H E  O C E A N  B Y  MULTIDIMENSIONAL G A M M A- R A Y  SPECTROMETRY-R. W . P e r k i n s ,  D .  E .  Robertson 
a n d  H .  G .  Rieck 

An u n d e r s t a n d i n g  o f  t h e  b e h a v i o r  o f  

t h e  o c e a n ' s  t r a c e  e l emen t s  and of  i t s  

n a t u r a l  and a r t i f i c i a l  r a d i o n u c l i e s  i s  

e s s e n t i a l  i n  o b t a i n i n g  a  c l e a r  p i c t u r e  

of t h e  chemica l ,  b i o l o g i c a l ,  and phys-  

i c a l  p r o c e s s e s  which o c c u r  t h e r e i n .  

The e x t e n s i v e  u s e  of  t h e s e  n a t u r a l  

t r a c e r s  o f  o c e a n i c  p r o c e s s e s  ha s  been 

g r e a t l y  l i m i t e d  by t h e  ex t reme d i f f i -  

c u l t i e s  i n v o l v e d  i n  t h e i r  measurements .  

Measurements of  most o f  t h e  t r a c e  e l e -  

ments  and r a d i o n u c l i d e s  i n  s e a  wa te r  

r e q u i r e  r a t h e r  e l a b o r a t e  chemica l  and/ 

o r  i n s t r u m e n t a l  inethods,  (129-133)and 

t h e  measurement of  a  l a r g e  group of 

e l emen t s  o r  r a d i o n u c l i d e s  i n  a  g i v e n  

sample ha s  been  a  ma jo r  a n a l y t i c a l  

problem. The advan t ages  of  m u l t i p l e  

t r a c e r  t e c h n i q u e s  a r e  o b v i o u s ,  p a r -  

t i c u l a r l y  i n  t h e  oceans  where one i s  

i n t e r e s t e d  i n  comparing s p e c i f i c  

p r o p e r t i e s ,  c o n c e n t r a t i o n s ,  o r  r e a c -  

t i o n  r a t e s  of one e lement  o r  compound 
w i t h  o t h e r s .  Our developments  i n  

m u l t i d i m e n s i o n a l  gamma-ray s p e c t r o m e t -  

r y  
(98,102,109 ,134)have p rov ided  

a  means whereby a  dozen o r  more r a d i o -  

n u c l i d e s  can  be d i r e c t l y  measured 

w i t h  good p r e c i s i o n  i n  many r a d i o -  

n u c l i d e  m i x t u r e s .  The a p p l i c a t i o n  

of  t h i s  new t e c h n i q u e  t o  t h e  a n a l y -  

s i s  of ocean  w a t e r  h a s  been  ve ry  

s u c c e s s f u l .  S t u d i e s  o f  s e a  w a t e r  

c o n s t i t u e n t s  have  shown t h a t  d i r e c t  

measurements  w i t h o u t  chemica l  s e p -  

a r a t i o n  of  numerous r a d i o n u c l i d e s  

can  be made. A l s o ,  f o l l o w i n g  

n e u t r o n  a c t i v a t i o n  o f  a  0 . 1  t o  0 . 5  ml 

sample of s e a  w a t e r  i t  i s  p o s s i b l e  

t o  make a  d i r e c t  measurement of  t h e  

t e n  t r a c e  e l emen t s  s t r o n t i u m ,  r u b i d -  

ium, i r o n ,  z i n c ,  c o b a l t ,  an t imony,  

s i l v e r ,  scandium, and uranium from 

a  s i n g l e  coun t  on t h e  m u l t i d i m e n s i o n a l  

gamma-ray s p e c t r o m e t e r .  T h i s  t e c h n i q u e  

p r o v i d e s  t h e  f i r s t  o p p o r t u n i t y  t o  

measure and o b s e r v e  t h e  b e h a v i o r  o f  

such  a  l a r g e  group  of  t r a c e  e l e m e n t s  

s i m u l t a n e o u s l y .  I t  a l s o  e l i m i n a t e s  

t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  

many complex chemica l  s e p a r a t i o n s .  

Only a  ve ry  s m a l l  sample of  s e a  

w a t e r  ( 0 . 5  m l  o r  l e s s )  i s  r e q u i r e d  
f o r  n e u t r o n  a c t i v a t i o n  and s u b s e q u e n t  

t r a c e  e lement  a n a l y s i s ;  however ,  i t  i s  

n e c e s s a r y  t o  p r o c e s s  a  v e r y  l a r g e  v o l -  

ume of  s e a  w a t e r  t o  p e r m i t  measurements  

of  r a d i o n u c l i d e s  which a r e  p r e s e n t  a t  

o n l y  a  few d i s i n t e g r a t i o n s  p e r  minu t e  

p e r  1000 l i t e r s .  The p r e s e n t  e q u i p -  

ment u sed  f o r  t h i s  work i s  shown i n  

F i g u r e  87 and  c o n s i s t s  o f  a  h i g h  

volume pump* p l u s  a  f i l t r a t i o n  assem- 

b l y  which c o n t a i n s  exchange beds  i n  

t h e  t o p  s e c t i o n .  The f i l t r a t i o n  a s -  

sembly c o n t a i n s  e i g h t  12 i n .  diam 

f i l t e r s  and p r o v i d e s  a  t o t a l  f i l t r a -  

t i o n  a r e a  o f  abou t  800 i n .  The o u t l e t  

s t r e a m  from t h e  f i l t e r s  i s  c i r c u l a t e d  

t h rough  t h e  exchange bed .  The t u b i n g  

i s  p l a s t i c  o r  r u b b e r  hose  and t h e  f i l -  

t r a t i o n  sys tem i s  a l l  p o l y v i n y l c h l o r i d e .  

The pump, which i s  o f  m i l d  s t e e l ,  i s  

p a i n t e d  i n s i d e  w i t h  a  p l a s t i c  c o a t  t o  

p r e v e n t  c o r r o s i o n .  For  t h e  work con-  

s i d e r e d  h e r e ,  membrane f i l t e r s  w i t h  a 

*HornoZite Model X L S - I - 1 / 2 - I ,  c a p a c i t y  
o f  4200 g a l / h r ,  P o r t  C h e s t e r ,  N .  Y. 



FIGURE 8 7 .  Ocean Water  Sampling S y s t e m  
Showing Assembled PVC F i l t r a t i o n - S o r p -  
t i o n  ~ s s e m b l ~  and t h e  High Volume pump 

p o r e  s i z e  of  0 . 3  p were u sed  w i t h  f i b e r  

g l a s s  backup f i l t e r s  and t h e  f low from 

two t o  e i g h t  f i l t e r s  was p a s s e d  t h rough  

exchange beds which c o n s i s t e d  of  a  

12 i n .  diam (500 g )  o x i d i z e d  s t e e l  o r  

a  400 g  bed of  aluminum ox ide  (chrom- 

a t o g r a p h i c  g r a d e ) .  I n  one expe r imen t  

a  400 g  bed o f  50 t o  100 mesh KCF-1 

po t a s s ium h e x a c y a n o c o b a l t ( I I )  f e r r a t e  

(11)  which c o l l e c t s  t h e  r ad ioces ium 

was p l a c e d  i n  s e r i e s  w i t h  t h e  aluminum 

ox ide  bed .  F i g u r e  88 shows t h e  KCF-1 

be ing  added t o  t h e  s o r p t i o n  bed s e c t i o n .  
F igu re  89 i s  a  pho tog raph  showing t h e  

s o r p t i o n  bed and one of t h e  f i l t e r  

f rames removed. 

Ocean w a t e r  samples  were c o l l e c t e d  

i n  an a l l  p l a s t i c  bucke t  on t h e  end 

of  ny lon  rope  s e v e r a l  f e e t  from t h e  

s h i p .  The samples  were immedia te ly  

f i l t e r e d  t h rough  a  membrane f i l t e r  

o f  0 .45 p p o r e  s i z e  i n  an a l l  g l a s s  

FIGURE 8 8 .  S o r p t i o n  Bed M a t e r i a l  Being 
Added t o  Top S e c t i o n  o f  Ocean Sampler  

FIGURE 8 9 .  P a r t i a l l y  Disassembled  Ocean 
Water  S a m p Z e ~ ;  F i l t e r  Frame on  L e f t  and 
S o r p t i o n  Bed on  R i g h t  



sys tem,  and a  0.100 m l  sample o f  t h i s  

w a t e r  was p i p e t t e d  i n t o  a  4  mm I .D.  

v i t r e o u s  s i l i c a  ampule, e v a p o r a t e d  t o  

d r y n e s s ,  and s e a l e d  f o r  n e u t r o n  a c -  

t i v a t i o n .  S t a n d a r d s  of  each  e lement  

t o  be de t e rmined  were i r r a d i a t e d  i n  

a  NaCl m a t r i x  of  t h e  same s i z e  a s  t h e  

sample a l o n g  w i t h  t h e  sample .  The 

ampules were c l e a n e d  p r i o r  t o  u se  by 

r e f l u x i n g  i n  doubly  d i s t i l l e d  HN03. 

Fol lowing  a  1 week i r r a d i a t i o n  a t  a  

f l u x  of  g r e a t e r  t h a n  1013 n e u t r o n s /  
L 

cm s e c  t h e  samples  were a l l owed  t o  

s t a n d  f o r  4  weeks t o  p e r m i t  t h e  2 4 ~ a  

(15 h r )  and 8 2 ~ r ( 3 5 .  7 h r )  t o  decay.  

(These r a d i o n u c l i d e s  a r e  ma jo r  con- 

s t i t u e n t s  d u r i n g  t h e  f i r s t  few weeks 

TABLE X X I I I .  2 Z o ~ o  C o n c e n t r a t i o n s  i n  
O t h e r  S e l e c t e d  A l a s k a n  S a m p l e s  

Element 

Strontium 

Rubidium 

Iron 

Zinc 

Uranium 

Cobalt 

Cesium 

Antimony 

Silver 

Scandium 

Daughter 
Radionuclide Half-Life 

8 5 ~ r  6 5  d 

8 6 ~ b  18.7 d 

5 9 ~ e  45 d 

b 5 ~ n  245 d 

1 4 0 ~ a - 1 4 0 ~ a  12.8 d 

6 0 ~ o  5.27 yr 

1 3 4 ~ s  2.1 yr 

1 2 4 ~ b  60 d 
llOm 

Ag 253 d 
4 6 ~ c  84 d 

Gamma-Ray 
Energies, MeV 

0.515 

1.077 

0.191 and 1.097 

0.511 positron 
annihilation 

0.817 and 1.597 

1.173 and 1.332 

0.6047 and 0.7964 

0.603 and 1.69 

0.656 and 2.27(a) 

0.887 and 1.119 

( a ) ~ u m  peak due to several gamma rays 

samples have shown f a i r  agreement  w i t h  

t h e  ave rages  compiled by Goldberg .  (129) 

O b j e c t i v e s  of  t h i s  work were  t o  d e t e r -  

and t h e i r  p a r e n t  e lement  c o n c e n t r a t i o n s ,  mine which of  t h e  r a d i o n u c l i d e s  p r e s e n t  I 
1 

sodium and bromine ,  can  be  e a s i l y  i n  s e a  w a t e r  c o u l d  be measured  by d i r e c t  1 
I 

de t e rmined  from t h e i r  c o i n c i d e n c e  coun t ing  of  s e a  w a t e r  c o n s t i t u e n t s  and I 
I 

gamma-ray s p e c t r a  a s  measured on t h e  t o  measure r a d i o n u c l i d e  c o n c e n t r a t i o n s  1 

m u l t i d i m e n s i o n a l  gamma-ray s p e c t r o m e t e r ) .  a t  v a r i o u s  l o c a t i o n s  a long  t h e  West Coas t .  1 
Experiments  were de s igned  t o  measure t h e  I The samples  were t h e n  q u a n t i t a t i v e l y  

I 

t r a n s f e r r e d  t o  t h e  c e n t e r  o f  a  1 / 4  i n .  r a d i o a c t i v i t y  i n  p a r t i c u l a t e  m a t e r i a l  ? 
I 

t h i c k  by 1 1 / 4  i n .  diam L u c i t e  sample 1 

s e r v e d  t o  r educe  Bremss t rah lung  r a d i -  

a t i o n  ~ r o d u c t i o n  which r e s u l t s  from t h e  

mount,  cove red  w i t h  an i d e n t i c a l  mount,  3 

l a r g e  amounts of 3 5 ~  and 3 2 ~  p r e s e n t  

i n  t h e  samples .  Tab l e  X X I I I  l i s t s  t h e  

gamma r a y s  and c o i n c i d e n c e  gamma r a y s  / 7 'OC~ measured f o r  t h e  d e t e r m i n a t i o n  o f  t e n  

t r a c e  e l e m e n t s  i n  ocean  w a t e r .  Most , 
of t h e  r a d i o a c t i v e  d a u g h t e r s  a r e  meas- 1 3 4 ~ s  I 124Sb llornAg 

u r e d  w i t h  l i t t l e  i n t e r f e r e n c e  and w i t h  W 

and coun ted  on a  m u l t i d i m e n s i o n a l  ana -  

l y z e r .  ( 9 8 )  The L u c i t e  sample mounts 

a  s t a n d a r d  d e v i a t i o n  o f  a  few p e r  c e n t  1 4 0 ~ ~  1 y5, L n  , 8 6 ~ b  , , " ~ e  
o r  l e s s .  F igu re  90 p r o v i d e s  a  b locked  

i l l u s t r a t i o n  of t h e  m u l t i d i m e n s i o n a l  
0 1 2 

/ 

gamma-ray Spectrum showing t h e  ene rgy  Energy, MeV 

a r e a s  u sed  f o r  t h e  measurement of  each 
FIGURE 9 0 .  E n e r g y  A r e a s  U s e d  i n  t h e  r a d i o n u c l i d e .  The obse rved  c o n c e n t r a -  Direc t  o f  Zen  Rodionuci ides  

t i o n s  of  t r a c e  e l emen t s  i n  s e a  w a t e r  i n  S e a  W a t e r  



which c o u l d  be d i r e c t l y  removed by f i l -  

t r a t i o n  of  s e a  w a t e r  and t o  e s t i m a t e  

t h e  d i s s o l v e d  r a d i o a c t i v i t y  from t h e  

r a d i o n u c l i d e s  r e t a i n e d  on an i r o n  ox ide  

o r  aluminum ox ide  a b s o r p t i o n  bed .  The 

r a d i o n u c l i d e s  i n  t h e s e  two forms were 

t hen  compared w i t h  t h o s e  p r e s e n t  i n  

mar ine  o rgan i sms .  One a b s o r p t i o n  bed 

f o r  t h e  d i s s o l v e d  r a d i o n u c l i d e s  was 

s t e e l  wool .  T h i s  was a c t i v a t e d  by h e a t -  

i n g  o v e r n i g h t  i n  an oven a t  600 O C  w h i l e  

p a s s i n g  about  1 l i t e r / m i n  of f i l t e r e d  

a i r  t h rough  t h e  oven. The i r o n  ox ide  
t h u s  formed was c ru shed  and u sed  a s  a  

t h i n  bed f o r  r a d i o n u c l i d e  s o r p t i o n .  

The u se  of  i r o n  ox ide  a s  an abso rb ing  

s u r f a c e  was s u g g e s t e d  by t h e  work of 

L a l ,  e t  a l .  i n  t h e i r  method of 

e x t r a c t i n g  t r a c e  e l emen t s  from s e a  

w a t e r  by p a s s i n g  s e a  w a t e r  t h rough  a  

m a t r i x  c o n t a i n i n g  f i n e l y  d i s p e r s e d  f e r -  

r i c  hyd rox ide  g e l .  The o x i d i z e d  s t e e l  

wool ,  a l t h o u g h  a  good a b s o r b e r  f o r  r e -  

moval of s e v e r a l  t r a c e  e l emen t s  from 

s e a  w a t e r ,  h a s  r e c e n t l y  been r e p l a c e d  

w i t h  aluminum ox ide*  which s e r v e s  t h e  

same f u n c t i o n  and i s  r e a d i l y  a v a i l a b l e .  
In l a b o r a t o r y  e x p e r i m e n t s ,  t h e  up- 

t a k e  of  s e v e r a l  r a d i o n u c l i d e s  on c o l -  

umns of  o x i d i z e d  s t e e l  wool was measured.  

Columns 1 cm diam were u sed .  A s t e e l  

wool t h i c k n e s s  of  about  1 g/cm2 and 

a  f low r a t e  of 50 ml/min/cm2 of  s u r -  

f a c e  ( o r  t h e  e q u i v a l e n t )  was used  f o r  

t h e  a d s o r p t i o n  measurments .  The e f f e c -  

t i v e n e s s  of  t h i s  bed f o r  r a d i o n u c l i d e  

removal was de t e rmined  by p a s s i n g  

s p i k e d  ocean w a t e r  t h rough  a  column. 

The e f f i c i e n c y  f o r  t h e  removal o f  

t h e  r a d i o n u c l i d e s  by t h e  o x i d i z e d  s t e e l  

*Alumina  Woe Zm N e u t r a l ,  AZupharm 
C h e m i c a l s ,  New O r l e a n s ,  L o u i s i a n a  

TABLE X X I V .  Up take  o f  SoZubZe Rad io -  
n u c Z i d e s  from S y n t h e t i c  S e a  W a t e r  on  
O x i d i z e d  S t e e l  Wool Column (F low o f  
5 0  mZ/min cm2 

P e r c e n t  Re ta ined  

6 6 

a4Ca) 

42 

7 4 

62 

8 7  

4 Y 

4 . 3  

4 7  

% 9 O  

( a ) ~ h i s  r e t e n t i o n  i s  f o r  chromic i o n ;  t h e  r e t e n t i o n  o f  
d ich romate  i o n  i s  abou t  1 0 % .  

wool i s  shown i n  Table  X X I V .  T h e i r  

removal by aluminum ox ide  i s  comparable .  

During May of 1965 ou r  f i r s t  e x t r a c -  

t i o n  of  t h e  d i s s o l v e d  t r a c e  e l emen t s  

from s e a  w a t e r  was made u s i n g  membrane 

f i l t r a t i o n  fo l l owed  by t h e  o x i d i z e d  

s t e e l  wool a b s o r b e r  m a t e r i a l .  These 

measurements were made a t  a  p o i n t  about  

10 m i l e s  o f f  Coos Bay, Oregon,  which 

i s  about  200 m i l e s  s o u t h  of  t h e  mouth 

of  t h e  Columbia R ive r .  Some r a d i o -  

n u c l i d e s  from t h e  Columbia R ive r  a r e  

p r e s e n t  i n  t h i s  a r e a  a s  i s  t r u e  of  t h e  

e n t i r e  Oregon c o a s t .  Two s e a  w a t e r  

samples  were p r o c e s s e d  u s i n g  t h e  l a r g e  

f i l t r a t i o n  a p p a r a t u s  w i t h  about  25% of  

i t s  f l o w  p a s s i n g  t h rough  t h e  a b s o r p t i o n  

bed .  One sample was c o l l e c t e d  from 

t h e  s u r f a c e  w h i l e  t h e  second  was pumped 

from a  dep th  o f  abou t  100 f t  t h rough  
a  1 . 5  i n .  diam p l a s t i c  i r r i g a t i o n  

p i p e .  The i n i t i a l  f low r a t e s  t h rough  

t h e  combined 8 f i l t e r s  ( 0 . 3  p o r e  

s i z e )  were  a b o u t  40 ga l /min  b u t  d e c r e a s e d  

w i t h  t ime  d u r i n g  t h e  30- t o  40-minute 

f i l t r a t i o n  p e r i o d s .  



The volume of t h e  s u r f a c e  sample was 

about  200 g a l  and t h a t  of  t h e  dep th  

sample was about  1100 g a l .  The f low 

r a t e  through t h e  f i l t r a t i o n  system 

du r ing  c o l l e c t i o n  of  t h e  s u r f a c e  sample 

dec reased  t o  about  1 /20  d u r i n g  30 min 

of  o p e r a t i o n .  The f low du r ing  c o l l e c -  

t i o n  o f  t h e  100 f t  dep th  sample de -  

c r e a s e d  t o  about  1 / 3  du r ing  30 min of  

o p e r a t i o n .  The f i l t e r s  and t h e  s t e e l  

wool were d r i e d  and counted  d i r e c t l y  

on t h e  m u l t i d i m e n s i o n a l  gamma-ray 

s p e c t r o m e t e r  f o r  r a d i o n u c l i d e  measure-  

ment. 

Table  XXV p r e s e n t s  t h e  observed  

r a d i o n u c l i d e s  i n  ocean  w a t e r  which 

a r e  a s s o c i a t e d  w i t h  p a r t i c u l a t e  ma- 

t e r i a l ,  and an e s t i m a t e  of  t h e  concen- 

t r a t i o n s  p r e s e n t  i n  s o l u t i o n .  The 

d i s s o l v e d  r a d i o n u c l i d e s  (which a r e  

h e r e  d e f i n e d  a s  t h o s e  which pas s  

through a  0 . 3  u p o r e  s i z e  membrane 

f i l t e r )  were e s t i m a t e d  from t h e  

amounts c o l l e c t e d  on t h e  o x i d i z e d  

s t e e l  wool pack and t h e  a b s o r p t i o n  

e f f i c i e n c i e s  f o r  each  r a d i o n u c l i d e  

a s  shown i n  Tab le  XXIV. These meas- 

urements  p rov ided  ou r  f i r s t  i n f o r -  

mat ion  on t h e  c o n c e n t r a t i o n s  and 

p h y s i c a l  forms of  many of  t h e  r a d i o -  

n u c l i d e s  i n  s e a  w a t e r  and a l lowed 

a  comparison of  t h e i r  r e l a t i v e  b e h a v i o r .  

Where t h e  r a d i o n u c l i d e s  c o u l d  be  meas- 

u r e d  i n  bo th  t h e  p a r t i c u l a t e  and d i s -  

s o l v e d  f r a c t i o n  t h e  p e r c e n t a g e  o f  p a r -  

t i c u l a t e  was c a l c u l a t e d  and i s  i n c l u d e d  , 

i n  t h e  Table .  I t  i s  i n t e r e s t i n g  t h a t  

r e l a t i v e l y  h igh  c o n c e n t r a t i o n s  of  t h e s e  

r a d i o n u c l i d e s  a r e  p r e s e n t  a t  t h e  100 

f t  dep th .  For  example,  t h e  c o n c e n t r a -  

t i o n s  of  5 4 ~ n ,  1 4 4 ~ e ,  and l o 6 ~ u  a r e  

p r e s e n t  i n  comparable c o n c e n t r a t i o n s  

a t  t h e  s u r f a c e  and a t  t h e  100 f t  d e p t h .  

On t h e  o t h e r  hand ,  t h e  s h o r t - l i v e d  r a -  

d i o n u c l i d e  ' lcr  (27 d)  i s  p r e s e n t  i n  

t h e  s u r f a c e  w a t e r  i n  a  c o n c e n t r a t i o n  

of 50 t imes  t h a t  a t  100 f t .  The r e l -  

a t i v e  z o n c e n t r a t i o n s  and p h y s i c a l  forms 

o f  t h e s e  r a d i o n u c l i d e s  a t  t h e  s u r f a c e  

and a t  100 f t  p r o v i d e  an index  o f  t h e i r  

mixing r a t e s  and s u g g e s t  mechanisms, 

i n c l u d i n g  normal mixing,  s e d i m e n t a t i o n  

T A B L E  X X V .  R a d i o n u c l i d e  C o n c e n t r a t i o n s  i n  Ocean Water  a t  t h e  S u r f a c e  and a t  a 
Depth  o f  Abou t  1 0 0  f t l a )  

Percent Percent 
Radionuclide Particulate Soluble Particulate Particulate Soluble Particulate 

(a)~arnples collected about 10 miles offshore from Coos Bay, Oregon 



of p a r t i c u l a t e s ,  and b i o l o g i c a l  p a r t i -  

c i p a t i o n ,  whereby t h e  r a d i o n u c l i d e s  

r each  t h e  deep w a t e r .  

I n  Table  XXVI t h e  observed  r a d i o -  

n u c l i d e  c o n c e n t r a t i o n s  i n  t h e  s u r f a c e  

w a t e r  a r e  compared w i t h  t h o s e  p r e s e n t  

i n  a  sample o f  euphaus ids  which we 

c o l l e c t e d  ( through t h e  c o u r t e s y  of  

D r .  C h a r l e s  Os t e rbe rg  of  Oregon S t a t e  

U n i v e r s i t y )  on Janua ry  29, 1965,  a t  a  

p o i n t  abou t  35 m i l e s  o f f  t h e  Oregon 

c o a s t  mid-way between A s t o r i a  and 

Newport, Oregon. Although t h e s e  o r -  

ganisms a r e  from a  d i f f e r e n t  a r e a ,  

and t h e r e f o r e  somewhat d i f f e r e n t  

c o n c e n t r a t i o n s  would be  e x p e c t e d ,  t h e  

d a t a  s e r v e  t o  i n d i c a t e  t h e  o r d e r  of  

magnitude by which t h e  euphaus ids  

c o n c e n t r a t e  t h e  v a r i o u s  r a d i o n u c l i d e s .  

TABLE X X V I .  Comparison o f  Radionu-  
e l i d e  C o n c e n t r a t i o n s  i n  Ocean W a t e r ,  
Suspended P a r t i c u l a t e  M a t e r i a l  and 
Marine Organisms  from o f f  t h e  Oregon 
Coast  

~ u s p e n d e d ( ~ )  Filter d 
Particulate, water,Ta) 
dis/min/1000 dis/min/1000 Euphausid, 

Radionuclide liters liters dis/min/kg 

(a)~iltered throu,h a 0.3 u pare size membrane filter. 

I n  Table  XXVII t h e  p h y s i c a l  form of  

r a d i o n u c l i d e s  i n  t h e  ocean  a r e  compared 

w i t h  t h o s e  i n  t h e  Columbia R ive r .  I t  

i s  appa ren t  t h a t  t h e s e  r a d i o n u c l i d e s  

a r e  g e n e r a l l y  more s o l u b l e  i n  t h e  ocean 

TABLE XXVII.  Comparison o f  P h y s i c a l  
Form o f  R a d i o n u c l i d e s  i n  t h e  Ocean 
w i t h    hose i n  t h e  Columbia R i v e r  
During Low Flow P e r i o d s  

Columbia Surface 
Radionuclide River (a) ocean 

(a)~olumbia River water measurements at Vancouver, 
Washington, October, and November, 1964. 

(b)Ocean Water samples collected during May, 1965. 

t h a n  i n  t h e  Columbia R ive r .  I n  Tab le  

XXVIII t h e  r a d i o n u c l i d e  c o n c e n t r a t i o n s  

a t  t h e  sampl ing  p o i n t  n e a r  Coos Bay, 

Oregon a r e  compared wi th  t h o s e  i n  t h e  

Columbia R ive r .  The r a d i o n u c l i d e s  i n  

ocean w a t e r  a t  Coos Bay a r e  from bo th  

f a l l o u t  and from t h e  Columbia River  

and t h e  r a t i o s  o f  each r a d i o n u c l i d e  i n  

TABLE XXVII I .  Comparison o f  t h e  Ab- 
s o l u t e  and Re Z a t i v e  C o n c e n t r a t i o n  o f  
R a d i o n u c l i d e s  i n  t h e  Columbia R i v e r  
w i t h  t h o s e  i n  t h e  Ocean n e a r  Coos 
Bay, Oregon ( D i s / m i n  per 1000 l i t e r s )  

Ratio: 
Columbia Ocean Columbia R i v e r  

Radionuclide River - Ocean 

(a)~olumbia River water at Vancouver during April 1964. 

(b)~urface Ocean water 10 miles off Coos Bay, May 1965. 



Columbia R ive r  w a t e r  t o  t h a t  i n  t h e  ocean 

s e r v e s  a s  an i n d e x  o f  i t s  o r i g i n .  For  

example,  t h e  r a t i o  o f  t h e  c o n c e n t r a t i o n s  

of  4 6 ~ c ,  ' l ~ r ,  and i n  t h e  Columbia 

R i v e r  t o  t h a t  i n  t h e  ocean i s  s e v e r a l  

hundred .  Th i s  would be expec t ed  t o  be 

t r u e  because  of  t h e  g r e a t  d i l u t i o n  which 

would occu r  on movement of t h e  Columbia 

During J u l y ,  Augus t ,  and December, 

1965 ,  a d d i t i o n a l  ocean  w a t e r  measu re -  

ments were made t o  g a i n  a  g e n e r a l  p i c -  

t u r e  of  t h e  l e v e l s  o f  r a d i o n u c l i d e s  i n  

ocean  w a t e r  a long  t h e  West Coas t  and 

a t  d i s t a n c e s  a  few hundred m i l e s  o f f -  

s h o r e .  The measurements  a l o n g  t h e  

West Coast  a r e  summarized i n  Tab l e  

R ive r  wa te r  r a d i o n u c l i d e s  th rough 200 

m i l e s  of ocean w a t e r .  On t h e  o t h e r  

hand,  t h e  r a t i o s  of  l o 6 ~ u  and 5 4 ~ n  a r e  

much lower s u g g e s t i n g  t h a t  f a l l o u t  i s  

t h e i r  p r i n c i p a l  o r i g i n .  I t  i s  r e a l i z e d  

i n  making t h i s  ove r  - s i m p l i f  i e d  compari-  

son  t h a t  f a c t o r s  o t h e r  t han  d i l u t i o n  may 

have  had major  e f f e c t s  on t h e  r a d i o n u -  

c l i d e  c o n c e n t r a t i o n s .  

XXIX. These measurements  which were ; 

made d u r i n g  J u l y  and August show much 

lower  c o n c e n t r a t i o n s  of  t h e  r a d i o -  

n u c l i d e s  t h a n  were obse rved  a t  Coos 

: I 
Bay d u r i n g  May ( s e e  Tab l e  XXV) and must  . 
be r e l a t e d  t o  b o t h  t h e  f l ow  p a t t e r n  of 

- ' i  
I 

Columbia R ive r  w a t e r  i n  t h e  ocean  and - i 
t h e  deep w a t e r - s u r f a c e - w a t e r  exchange I 

i n  t h e  ocean .  The r a d i o n u c l i d e  concen-  

t r a t i o n s  drop  o f f  w i t h  d i s t a n c e  from 

TABLE X X I X .  R a d i o n u c l i d e  C o n c e n t r a t i o n s  i n  Ocean W a t e r  A l o n g  t h e  W e s t  C o a s t  
f rom t h e  C a l i f o r n i a  B o r d e r  t o  T o r f i n o ,  B . C .  ( a )  

Garabaldi (45) ( b )  Newport (110) 'b) Winchester Bay (175) ( b )  
Surface 200 t De t urface t Dept 

isotope ~onc, $0 

Gold Beach (250) (b) Crescent City (320;(:) Torfino (-240) (b) 
Surface Surface 

 soto ope ~onc. %(C) 

(a)~amples off the U.S. West Coast were collected during the perlod August 4 to 10, 1965, at distances of 
5 to 1 0  miles off-shore. The Torfino sample was collected July 29, 1965. 

(b)~iles south along the coast from the Columbia River mouth. 

 he percent values are the fractions in the particulate form. The underlined values are approximate 
o n l y  and are an average of these and other measurements. 



t h e  mouth of t h e  Columbia R ive r  i n  a  

s o u t h e r l y  d i r e c t i o n  b u t  t h e  6 5 ~ n  p a t t e r n  

would s u g g e s t  t h a t  t h e  Columbia R ive r  

r a d i o n u c l i d e s  do r e a c h  t h e  C a l i f o r n i a  

c o a s t .  The r a d i o n u c l i d e  c o n c e n t r a t i o n s  

a t  T o r f i n o ,  B . C .  were h i g h  and t h e i r  o r i -  

g i n ,  whether  Columbia R ive r  o r  f a l l o u t ,  

i s  n o t  c l e a r .  

During December, 1965 ,  two o f  t h e  

a u t h o r s  p a r t i c i p a t e d  a s  g u e s t  s c i e n -  

t i s t s  on a  c r u i s e  of  t h e  S c r i p p s  

J ceanograph ic  I n s t i t u t e  r e s e a r c h  

v e s s e l ,  t h e  Hor lzon .  Th i s  c r u i s e  

cove red  an a r e a  from San Diego due 

wes t  abou t  500 m i l e s .  S u r f a c e  and 

300 f t  dep th  r a d i o n u c l i d e  measurements 

were made a t  l o c a t o n s  o f  about  100 and 

500 m i l e s  wes t  of San Diego and t h e  ob 

s e r v e d  c o n c e n t r a t i o n s  a r e  summarized 

i n  Tab l e  X X X .  Rad ionuc l ide  1 3 7 ~ s  was 

c o l l e c t e d  on KCF-1 b u t  a l l  o t h e r  r a d i o  

n u c l i d e s  (which p a s s e d  t h rough  t h e  0 .3  p 

f i l t e r s ]  were c o l l e c t e d  on aluminum 

ox ide  beds .  The s i x  a r t i f i c i a l  r a d i o -  
6 5  n u c l i d e s  5 4 ~ n ,  6 0 ~ o ,  Zn, lo ( ~ R u ,  1 3 7 ~ s ,  

and 1 4 4 ~ e  presumably r e s u l t e d  from nu-  

c l e a r  weapons t e s t i n g  w h i l e  t h e  r a d i o -  

n u c l i d e s  2 2 6 ~ a ,  2 2 8 ~ h ,  and 2 3 4 ~ h  a r e  

n a t u r a l l y  o c c u r r i n g .  With t h e  excep-  

t i o n  of  5 4 ~ n  and t h e  thor ium r a d i o -  

n u c l i d e s ,  which a r e  abou t  h a l f  i n  t h e  

p a r t i c u l a t e  form, t h e  r a d i o n u c l i d e s  

e x i s t  ma in ly  i n  s o l u t i o n .  The com- 

p a r a b l e  c o n c e n t r a t i o n s  of  t h e  a r t i -  

f i c i a l  r a d i o n u c l i d e s  i n  t h e  s u r f a c e  and 

deep w a t e r  samples  show t h a t  f a i r l y  

good mixing h a s  o c c u r r e d  i n  t h e s e  l o -  

c a t i o n s  o v e r  t h e  t o p  300 f t  of t h e  

ocean s u r f a c e .  F u r t h e r  measurement 

w i l l  be r e q u i r e d  t o  de t e rmine  i f  t h e s e  

o b s e r v a t i o n s  a r e  t y p i c a l  o f  t h e  open 

ocean  a r e a s  of  t h e  wor ld .  

T A B L E  X X X .  R a d i o n u c l i d e  C o n c e n t r a t i o n  i n  t h e  Ocean ( D i s / m i n  per  1 0 0 0  l i t e r s ,  
December, 1 9 6 5 1  

Surface %300 ft Depth 
Total Total 

Radionuclides %Particulate Concentration $Particulate Concentration 

(32'00' N Latitude, 120°20' W Longitude)(a) 

27.8 2030 

(31'45' N Latitude, 

(a)%lOO miles West of San Diego 

(b),sOO miles West of San Diego 



C O S M I C - R A Y  P R O D U C E D  R A D I O N U C L I D E S  I N  T H E  E N V I R O N M E N T *- R .  W .  P e r k i n s  a n d  
J. M .  N i e l s e n  

R a d i o n u c l i d e s  a r e  c o n t i n u a Z l y  produced by i n t e r a c t i o n s  o f  c o s m i c  r a y s  
w i t h  t h e  a t m o s p h e r e ,  h y d r o s p h e r e  and l i t h o s p h e r e .  Most o f  t h e  s t u d i e s  
o f  t h e s e  r a d i o n u c l i d e s  a r e  concerned  w i t h  t h o s e  produced i n  t h e  atmo-  
s p h e r e  o r  i n  m e t e o r i t e s .  T h e s e  r a d i o n u c l i d e s  r e s u l t  m a i n l y  from s p a l -  
l a t i o n  r e a c t i o n s  w i t h  i r o n  i n  t h e  c a s e  o f  m e t e o r i t e s ;  however ,  14C i s  
produced by t h e  t h e r m a l  n e u t r o n  c a p t u r e  o f  n i t r o g e n .  The p r o d u c t i o n  
r a t e s  o f  t h e s e  r a d i o n u c l i d e s  i n  t h e  a tmosphere  a r e  s t r o n g l y  d e p e n d e n t  
o  b o t h  a l t i t u d e  and geomagne t ic  l a t i t u d e .  The u s e s  o f  t h e  r a d i o n u c l i d e  
l a c  and t r i t i u m  i n  r a d i o a c t i v e  d a t i n g ,  a t m o s p h e r i c  and o c e a 1 4 t r a n s p o r t ,  
and o t h e r  s t u d i e s  a r e  w e l l  known. W h i l e  t h e  r a d i o n u c l i d e s  C ,  7 ~ e ,  
l o ~ e  and t r i t i u m  a r e  produced from t h e  l i g h t  e l e m e n t  c o n s t i t u e n t s  o f  
t h e  a t m o s p h e r e ,  numerous r a d i o n u c l i d e s  a r e  produced by s p a l l a t i o n  r e -  
a c t i o n  on gtmos h e r i c  a r  o n .  To d a t e  t h e  r a d i o n u c l i d e s  2 2 ~ a ,  2 4 ~ a ,  
3 2 ~ i ,  " p ,  3 ~ ,  25.5, 3 8 S , j 6 C l ,  3 8 ~ 1 ,  and ~ ' C Z  have b e e n  r e p o r t e d .  
The m e t e o r i t i c  d u s t  which  i s  c o n t i n u a l l y  showered i n t o  t h e  a t m o s p h e r e  
c o n t a i n s  s p a l l a t i o n  p r o d u c t s  o f  i r o n  and o t h e r  cosmic  r a y  i n d u c e d  
r a d i o n u c l i d e s .  The c o n c e n t r a t i o n s  o f  mos t  o f  t h e  r a d i o n u c l i d e s  a r e  
e x t r e m e l y  low and i n  some c a s e s  t h e i r  a r t i f i c i a l  p r o d u c t i o n  by weapons 
t e s t i n g  has  g r e a t l y  e x c e e d e d  t h e i r  n a t u r a l  p r o d u c t i o n .  The b i o s p h e r e  
i s  c o n t i n u a l l y  exposed  t o  t h e  wide  s p e c t r u m  o f  c o s m i c- r a y  produced 
r a d i o n u c l i d e s  and some o f  t h e s e  w h i c h  a r e  c o n c e n t r a t e d  by b i o l o g i c a Z  
p r o a e s s e s  c a n  s e r v e  a s  t r a c e r s  i n  s t u d i e s  o f  t h e  b i o l o g i c a l  p r o c e s s e s  
i n  n a t u r e .  

- -- - 

* ~ e a Z t h  P h y s i c s ,  Pergamon P r e s s  1965. V o l .  11 ,  p p .  1297-1304. 

T R A C E  E L E M E N T  M E A S U R E M E N T S  I N  SNOW-R. W. P e r k i n s  

The t r a c e  e l emen t s  i n  snow, r a i n  and 

h a i l  a r e  a  m i x t u r e  of  t h e  s u b s t a n c e s  

r e s p o n s i b l e  f o r  t h e i r  o r i g i n a l  n u c l e -  

a t i o n  p l u s  t h o s e  s c rubbed  from t h e  

a tmosphere  d u r i n g  t h e  d e s c e n t  t o  e a r t h .  

Measurement o f  t h e  t r a c e  e l e m e n t s  i n  

p r e c i p i t a t i o n  t h u s  p r o v i d e s  i n f o r m a t i o n  

on b o t h  t h e  n a t u r e  of  t h e  a e r o s o l  p a r -  

t i c l e s  r e s p o n s i b l e  f o r  n u c l e a t i o n  and 

t h e  washout  e f f i c i e n c y  of  p r e c i p i t a t i o n  

f o r  a tmosphe r i c  a e r o s o l s .  A knowledge 

of  t h e  n a t u r a l  c o n c e n t r a t i o n  of  t h e  

t r a c e  e l emen t s  p r o v i d e s  a  b a s i s  f o r  

s e l e c t i n g  t r a c e  e l emen t s  which would 

be  t h e  most s e n s i t i v e  a r t i f i c i a l  t r a c e r s  

f o r  s t u d y i n g  p r e c i p i t a t i o n  and a tmospher-  

i c  d i s p e r s i o n  problems.  A method h a s  

been deve loped  f o r  t h e  d i r e c t  measure-  

ment of  t h e  f i v e  t r a c e  e l e m e n t s  s i l v e r ,  

z i n c ,  an t imony,  c o b a l t ,  and scandium 

i n  snow. I t  i n v o l v e s  t h e  n e u t r o n  a c -  

t i v a t i o n  of  t h e  snow r e s i d u e  t o  a  t o t a l  

exposu re  of about  lo1' n eu t rons / cm 2 

f o l l owed  by d i r e c t  c o u n t i n g  on a  m u l t i -  

d imens iona l  gamma-ray s p e c t r o m e t e r .  ( 9 8 )  

The sample p r e p a r a t i o n  i n v o l v e s  evap-  

o r a t i n g  t h e  snow sample t o  a  s m a l l  

volume, t h e n  t r a n s f e r r i n g  i t  q u a n t i -  

t a t i v e l y  t o  a  s i l i c a  g l a s s  ampule i n  

which i t  i s  d r i e d ;  t h e  ampule i s  t h e n  

s e a l e d  f o r  n e u t r o n  a c t i v a t i o n .  Vycor 

ware which has  been t h o r o u g h l y  l e a c h e d  

w i t h  b o i l i n g  d i l u t e  HN03 i s  u sed  i n  t h e  

e v a p o r a t i o n  p r o c e s s .  The ampules a r e  



c l e a n e d  p r i o r  t o  u se  by r e f l u x i n g  them 

o v e r n i g h t  i n  c o n c e n t r a t e d  HN03. The 

n i t r i c  a c i d  which i s  used  t o  a c i d i f y  

t h e  me l t ed  snow p r i o r  t o  e v a p o r a t i o n ,  

and t h e  w a t e r  which i s  u sed  a long  w i t h  

t h i s  HN03 f o r  r i n s i n g  d u r i n g  t h e  t r a n s -  

f e r r i n g  p r o c e s s ,  i s  p u r i f i e d  by a  doub le  

d i s t i l l a t i o n  b e f o r e  u s e .  Fo l lowing  

n e u t r o n  a c t i v a t i o n ,  t h e  samples  a r e  h e l d  

f o r  a  2  t o  4  week p e r i o d  t o  a l l ow  t h e  

2 4 ~ a  and o t h e r  s h o r t - l i v e d  r a d i o n u c l i d e s  

t o  decay .  The ampules a r e  t h e n  opened 
and t h e  samples  quantitatively t r a n s -  

c idence  c o u n t i n g  r a t e s  of  t h e i r  c h a r a c -  

t e r i s t i c  gamma r a y s .  T y p i c a l  concen-  

t r a t i o n s  of  t h e  t r a c e  e l emen t s  which 

have been obse rved  i n  f r e s h  snow sam- 

p l e s  a r e  p r e s e n t e d  i n  Tab l e  X X X I .  

The c o n c e n t r a t i o n s  of  t h e  t r a c e  

e l emen t s  c o b a l t ,  scandium,  an t imony,  

and s i l v e r  a r e  e x t r e m e l y  low,  and s o  

t h e s e  t r a c e  e l emen t s  have been s e l e c t e d  

f o r  u se  a s  t r a c e r s  i n  s t u d y i n g  atmos-  

p h e r i c  p r e c i p i t a t i o n  p r o c e s s e s .  

f e r r e d  t o  s t a n d a r d  c o u n t i n g  d i s h e s .  
TABLE X X X I .  T r a c e  Element  Concen- 

The t r a c e  e l emen t s  s i l v e r ,  z i n c ,  a n t i -  t r a t i o n s  i n  T y p i c a l  Snow Samples  

mony, c o b a l t ,  and scandium a r e  d e t e r -  
Trace  Element C o n c e n t r a t i o n ,  ppb 

mined from t h e i r  d a u g h t e r  r a d i o n u c l i d e s  
l l O m  65 

Ag, Zn, l Z 4 s b ,  6 0 ~ o ,  and 4 6 ~ c ,  Zinc 4  
r e s p e c t i v e l y .  Coba l t  0.04 

The r a d i o n u c l i d e  m i x t u r e  i s  coun ted  Scandium 0 .01  

on a  m u l t i d i m e n s i o n a l  gamma-ray s p e c -  Antimony 0 . 1  

t r o m e t e r ,  and t h e  r a d i o n u c l i d e  concen-  S i l v e r  0 .01  

t r a t i o n s  a r e  de t e rmined  from t h e  c o i n -  

C O N C E N T R A T I O N  O F  F A L L O U T  R A D I O N U C L I D E S  D U R I N G  WET A N D  D R Y  SEASONS- C.  W .  Thomas 

The 

r a d i o n  

c o n c e n t r a t i o n s  o f  t h e  f a l l o u t  

. u c l i z s  l o 6 ~ u .  8 8 ~ .  6 0 ~ ~ .  5 4 ~ n .  

7 ~ e ,  95zt--95Nb, i i 4 S b  , i 2 s S b  , ' 
1 3 7 ~ s .  1 4 0 ~ a - 1 4 0 ~ a ,  and 

1 4 4 ~ e  were de t e rmined  i n  samples  of  

r a i n  and i n  compos i te  samples  of r a i n  

and d r y  f a l l o u t .  Both k i n d s  of  sam- 

p l e s  were c o l l e c t e d  15  m i l e s  n o r t h w e s t  

of R ich l and ,  Washington,  on t o p  of  

R a t t l e s n a k e  Mounta in ,  e l e v a t i o n  3400 

f t ,  ove r  t h e  p e r i o d  10 -1- 64  t o  9-30-65  

Rain t r a y s  were de s igned  s o  t h a t  t h e  

w a t e r  cou ld  be a u t o m a t i c a l l y  removed 

by d r a i n i n g  d i r e c t l y  i n t o  l a r g e  p l a s -  

t i c  c o n t a i n e r s  o r  c o u l d  be p a s s e d  

f i r s t  t h rough  a  f i l t e r ,  t h e n  t h rough  

two i o n  exchange columns i n  s e r i e s  

b e f o r e  go ing  t o  t h e  l a r g e  e f f l u e n t  

c o n t a i n e r .  Under normal c o n d i t i o n s  

( i . e . ,  absence  of  blowing d u s t  and 

f a l l i n g  r a i n  t o g e t h e r )  t h e  r a i n  

samples  p a s s e d  through t h e  ion-exchange  

columns w i t h  app rox ima te ly  a  10 min 

d e l a y  p e r i o d .  During d r y  p e r i o d s ,  r a i n  

t r a y s  were p r e v e n t e d  from be ing  a b l e  

t o  l a t e r  d e l i v e r  any d r y  f a l l o u t  

which t h e y  may have caugh t  by s p r a y -  

i n g  them w i t h  Krylon p l a s t i c  eve ry  

day ove r  s i d e s  and bot tom o f  t h e  t r a y s  

t o  f i x  t h e  p a r t i c l e s .  The compos i te  



samples  (d ry  f a l l o u t  and r a i n  f a l l o u t  9-30-65  was 2.04 i n . ,  o f  which 0 .72  i n .  

mixed) were c o l l e c t e d  i n  15-day i n c r e -  f e l l  i n  one 5  h r  p e r i o d .  

ments u s i n g  s i m i l a r  l a r g e  p l a s t i c  t r a y s  I t  was r e p o r t e d  p r e v i o u s l y  t h a t  

b u t  c o n t a i n i n g  1 / 4  i n .  of w a t e r .  A f t e r  v a r i o u s  r a d i o n u c l i d e s  show d e f i n i t e  an -  

c o l l e c t i o n ,  t h e s e  compos i te  o r  " t o t a l  

d e p o s i t i o n"  samples  were e v a p o r a t e d  t o  

d r y n e s s  i n  t h e  l a b o r a t o r y ,  t h e  s a l t s  

suspended  i n  an a g a r - a g a r  g e l  and t h e  

r a d i o n u c l i d e  c o n c e n t r a t i o n s  de t e rmined  

d i r e c t l y  by m u l t i d i m e n s i o n a l  gamma-ray 

s p e c t r o m e t r y .  A s t a n d a r d  U .  S. Weather 

Bureau Rain Gage was used  t o  measure 

t h e  amount of p r e c i p i t a t i o n .  

The ave rage  r a i n f a l l  i n  t h i s  a r e a  

i s  o n l y  7  t o  8 i n . / y r  and r a i n f a l l  i s  

n o t  t h e  predominant  mechanism f o r  f a l l -  

o u t  d e p o s i t i o n .  During t h e  p e r i o d  

cove red  by t h i s  r e p o r t  wea the r  c o n d i -  

i o n i c ,  z a t i o n i c ,  and n e u t r a l  t e n d e n -  

c i e s  a s  i n d i c a t e d  by t h e i r  removal i n  

t h e  an ion  o r  t h e  c a t i o n  exchange column 

o r  by n e i t h e r .  However, i t  was p o i n t e d  

o u t  t h a t  t h e  r e p o r t e d  r e s u l t s  might  

r e f l e c t  mere ly  t h e  f i l t e r i n g  a c t i o n  of  

t h e  l e a d i n g  ( an ion )  c a r t r i d g e  on a  l a r g e  

p a r t i c l e  h o l d i n g  t h e  r a d i o n u c l i d e s .  To 

conf i rm such  a  f i l t e r i n g  e f f e c t ,  i f  a n y ,  

of t h e  l e a d i n g  c a r t r i d g e ,  s e v e r a l  sam- 

p l e s  were c o l l e c t e d  w i t h  t h e  c a t i o n  

c a r t r i d g e  i n  t h e  l e a d i n g  p o s i t i o n .  

The r e s u l t s  i n d i c a t e d  no f i l t e r i n g  a c -  

t i o n  by t h e  l e a d i n g  c a r t r i d g e .  

t i o n s  were unusua l  f o r  t h i s  a r e a ;  d u r -  The most n o t i c e a b l e  d i f f e r e n c e  com- 

i n g  t h e  w i n t e r  o f  1964-1965 t h e  g r e a t e s t  p a r e d  t o  t h e  p r e v i o u s  work was t h e  

s n o w f a l l  i n  53 y e a r s  was r e c o r d e d ,  and l a r g e r  p e r c e n t a g e  o f  i n s o l u b l e s  a s  de -  

t h i s  made i t  i m p o s s i b l e  t o  a t t e n d  t h e  t e rmined  by removal on t h e  f i l t e r  p r e -  

t r a y s  d u r i n g  t h e  p e r i o d  12-2-64  t o  3-1-65  ced ing  t h e  i o n  exchange columns.  T h i s  I 
However, p r e c i p i t a t i o n  f o r  1965 was t h e  i n c r e a s e  c o u l d  be due t o  t h e  e x c e s s i v e l y  

l owes t  r e c o r d e d  f o r  36 y e a r s  and t h i s  d r y  s e a s o n  r e s u l t i n g  i n  l a r g e r  amounts 

meant l o n g e r  t h a n  normal d r y  p e r i o d s .  o f  p a r t i c u l a t e s  i n  t h e  a i r .  The r e s u l t s  

The t o t a l  p r e c i p i t a t i o n  measured a t  t h e  of  t h e  p r e s e n t  work a r e  g i v e n  i n  Tab l e  

sampl ing  s i t e  f o r  t h e  p e r i o d  3 -1 -65  t o  X X X I  I .  

T A B L E  X X X I I .  R a d i o n u c Z i d e s  i n  Rainwater  F r a c t i o n s  

% of T o t a l  A c t i v i t y  
5 p F i l t e r  Ca t ion  Resin  Anion Resin  E f f l u e n t  



Most of t h e  l o 6 ~ u ,  1 2 4 ~ b ,  and 12'sb 

c o l l e c t e d  on t h e  an ion  column, i n d i c a t -  

i n g  a n i o n i c  t e n d e n c i e s  f o r  t h e s e  nu-  

c l i d e s .  The r a d i o n u c l i d e s  2 2 ~ a ,  5 4 ~ n ,  

1 4 0 ~ a - 1 4 0 ~ a ,  and 7 ~ e  showed s t r o n g  c a t -  

i o n i c  t e n d e n c i e s  w h i l e  8 8 ~ ,  1 3 7 ~ s ,  and 

1 4 4 ~ e  showed t h e i r  h i g h e s t  p e r c e n t a g e  

i n  i n s o l u b l e  m a t e r i a l .  I n  g e n e r a l  t h e s e  

d a t a  a g r e e  w i t h  t h o s e  of t h e  p r e v i o u s  

measurements .  

During t h e  c o l l e c t i o n  p e r i o d  two 

Chinese  n u c l e a r  d e t o n a t i o n s  added s h o r t  

h a l f - l i f e  r a d i o n u c l i d e s  t o  t h e  atmos-  

p h e r e  and t h e  c o n c e n t r a t i o n s  a r e  r e -  

f l e c t e d  by t h e  d a t a  g i v e n  h e r e .  

Tab l e  XXXIII shows t h e  cumula t i ve  

compos i te  d e p o s i t i o n  a s  w e l l  a s  t h e  

cumula t i ve  d e p o s i t i o n  due t o  r a i n f a l l .  

C e r t a i n  o b s e r v a t i o n s  on t h e  d e p o s i -  

t i o n  a r e  of  i n t e r e s t .  The l a r g e  r a t i o  

n o t e d  f o r  l Z 4 s b  (60 d) i s  due ma in ly  t o  

a  l a r g e  d e p o s i t i o n  of  unexp la ined  o r i g i n  

o c c u r r i n g  a round t h e  f i r s t  o f  A p r i l ,  

1965; t h i s  r e p r e s e n t e d  80% of  t h e  t o t a l  

1 2 4 ~ b  d e p o s i t i o n  f o r  t h e  p e r i o d .  A h i g h  

c o n c e n t r a t i o n  of l Z 4 s b  was a l s o  n o t e d  

by a i r  sample measurements a t  t h a t  t i m e .  

A l a r g e  d e p o s i t i o n  o f  ' O C O  r e p r e s e n t i n g  

60% of t h e  t o t a l  o c c u r r e d  i n  Augus t ,  

1965;  however ,  u n l i k e  t h e  1 2 4 ~ b  a i r  

sample,  t h e  a i r  sample measurements  

d i d  n o t  show any abnormal 'OCO concen-  

t r a t i o n s  d u r i n g  t h e  p e r i o d .  A l so  from 

t h e  t a b l e  i t  appea r s  t h a t  t h e  cosmic-  

r a y  s p a l l a t i o n  p r o d u c t s  7 ~ e  and 2 2 ~ a  

a r e  c a r r i e d  down l a r g e l y  by t h e  r a i n .  

I n  g e n e r a l ,  t h e  r a d i o n u c l i d e s  t h a t  show 

h igh  t e n d e n c i e s  toward t h e  p a r t i c u l a t e  

c o n d i t i o n ,  such  a s  1 3 7 ~ s  and 1 4 4 ~ e ,  

can d e p o s i t  more e f f i c i e n t l y  d u r i n g  

d ry  p e r i o d s .  

S ince  t h e r e  appeared  t o  be a s e l e c -  

t i v i t y  i n  d e p o s i t i o n  d u r i n g  wet  and 

d ry  p e r i o d s ,  a  comparison was made 

of t h e  d e p o s i t i o n  of  two of  t h e  most 

d i v e r g e n t  r a d i o n u c l i d e s .  The two r a -  

p 

TABLE X X X I I I .  CumuZat ive  Ground D p o s i t i o n  o f  1 3  FaZzou t  R a d i o n u c Z i d e s  
Measured a t  R i c h l a n d ,  W a s h i n g t o n  fa' 

Isotope 
Composite 

dis/min/ftt 
Rain, 

dis/min/ft2 



d i o n u c l i d e s  1 3 7 ~ s ,  h i g h l y  p a r t i c u l a t e  a i r ,  r a i n f a l l ,  and i n  t o t a l  d e p o s i t i o n  

b u t  c a t i o n i c ,  and l o6Ru ,  a s s o c i a t e d  a r e  p r e s e n t e d  i n  Table  X X X I V .  The d a t a  

on ly  s l i g h t l y  w i t h  p a r t i c u l a t e  and h i g h  i n d i c a t e  t h a t  some mechanism f o r  s e l e c -  

a n i o n i c ,  were chosen .  The r a t i o s  i n  t i v i t y  does  e x i s t  d u r i n g  wet  and d r y  

which t h e s e  two i s o t o p e s  occu r r ed  i n  s e a s o n s  a t  l e a s t  between t h e s e  two 

r a d i o n u c l i d e s .  

T A B L E  X X X I V .  C o n c e n t r a t i o n  R a t i o ,  ' 0 6 R u  t o  1 3 7 ~ s ,  i n  R a i n f a Z Z ,  T o t a l  
D e p o s i t i o n  and  A i r  

P e r i o d  R a i n f a l l  Composite - A i r  

10-15-64  
10-28-64  

3 . 4  2 . 3  2.0 

( a ) ~ o  p r e c i p i t a t i o n  o c c u r r e d  d u r i n g  t h i s  p e r i o d .  

( b ) n . d .  = n o t  de te rmined .  



A I R B O R N E  R A D I O N U C L I D E  M E A S U R E M E N T S- R. W. Perk in s  

I n  1962 a  program was s t a r t e d  t o  

s t u d y  t h e  b e h a v i o r  of  a i r b o r n e  r a d i o -  

n u c l i d e s  and t o  deve lop  d i r e c t  c o u n t -  

i n g  methods f o r  t h e i r  measurement .  A 

summary which i n c l u d e d  t h e  c o n c e n t r a -  

t i o n s  of  1 3  a i r b o r n e  r a d i o n u c l i d e s  a t  

R i ch l and ,  Washington,  was p u b l i s h e d  i n  

t h e  P roceed ings  of  t h e  Second Con- 

f e r e n c e  on " Rad ioac t i ve  F a l l o u t  from 

- Nuc lea r  Weapons T e s t s . "  These measure 

ments  covered  t h e  t ime  p e r i o d  1962 

th rough  September ,  1964. The s t u d i e s  

have c o n t i n u e d  and t h e  number o f  a i r -  

borne  r a d i o n u c l i d e s  measured h a s  been 

ex t ended  t o  i n c l u d e  18 n a t u r a l  and 

a r t i f i c i a l  r a d i o n u c l i d e s .  I n  a d d i t i o n  

a  sampl ing  s t a t i o n  has  been added a t  

P o i n t  Barrow, Alaska ,  and one i s  be ing  

s e t  up a t  Rio de  J a n e i r o ,  B r a z i l .  

S i n c e  d i s c o n t i n u a n c e  of  t h e  l a r g e  

s c a l e  a tmosphe r i c  n u c l e a r  t e s t s  i n  

December, 1962,  t h e  a i r  c o n c e n t r a -  

t i o n s  of  most o f  t h e  a r t i f i c i a l  

r a d i o n u c l i d e s  have dropped by one 

o r  two o r d e r s  of magnitude o r  more. 

To m a i n t a i n  a  h i g h  s e n s i t i v i t y  f o r  

r a d i o n u c l i d e  measurement t h e  o r i g -  
3  i n a l  100 f t  /min a i r  sampl ing  pump 

a t  R ich l and ,  Washington,  was r e -  
3  

p l a c e d  w i t h  a  700 f t  /min pump i n  

Feb rua ry ,  1965.  I n  a d d i t i o n ,  a  

l a r g e r  m u l t i d i m e n s i o n a l  gamma-ray 

s p e c t r o m e t e r  d e t e c t o r  s y s t e m ,  u s i n g  

an 11 i n .  diam by 6  i n .  t h i c k  de -  

t e c t o r  ha s  been b u i l t  and w i l l  b e  

i n  u s e  s h o r t l y .  T h i s  d e t e c t o r  

sys tem w i l l  improve t h e  d e t e c t i o n  

s e n s i t i v i t y  f o r  s e v e r a l  o f  t h e  

r a d i o n u c l i d e s  by t h r e e  o r  f o u r f o l d .  

With t h e  drop  i n  c o n c e n t r a t i o n s  of  

t h e  n u c l e a r  weapons-produced-  

r a d i o n u c l i d e s  t h o s e  r a d i o n u c l i d e s  

which a r e  r e l e a s e d  i n  minute  amounts 

from t h e  Hanford p l a n t s  have  become 

e v i d e n t .  U n f o r t u n a t e l y  some of  t h e  

r a d i o n u c l i d e s  s o  r e l e a s e d  a r e  t h e  

same a s  t h o s e  be ing  mon i to r ed  i n  

f a l l o u t ,  and t h i s  has  caused  some 

problems i n  i n t e r p r e t i n g  t h e  n u c l e a r  

weapons f a l l o u t  c o n t r i b u t i o n .  

Tab l e s  XXXV and XXXVI p r e s e n t  t h e  

a i r b o r n e  r a d i o n u c l i d e  c o n c e n t r a t i o n s  

a t  R i ch l and ,  Washington,  and P o i n t  

Barrow, A l a s k a ,  r e s p e c t i v e l y .  The P o i n t  

Barrow samples  a r e ,  o f  c o u r s e ,  n o t  a f -  

f e c t e d  by t h e  Hanford p l a n t  and s h o u l d  

be r e p r e s e n t a t i v e  of a i r b o r n e  r a d i o -  

n u c l i d e  c o n c e n t r a t i o n s  a t  t h a t  l a t i t u d e .  

Table  XXXV i n c l u d e s  t h e  a i r  concen-  

t r a t i o n s  o f  18 a i r b o r n e  r a d i o n u c l i d e s  

a t  a  sampl ing  p o i n t  6 m i l e s  n o r t h  of  

R ich l and ,  Washington. A l l  r a d i o -  

n u c l i d e s  l i s t e d  were measured by d i -  

r e c t  c o u n t i n g  on a  mu l t i d imens iona l  

gamma-ray s p e c t r o m e t e r .  The r a d i o -  

n u c l i d e s  7 ~ e  and 2 2 8 ~ h  a r e  n a t u r a l l y  

o c c u r r i n g  w h i l e  t h e  o t h e r s  have r e -  

s u l t e d  from n u c l e a r  t e s t i n g  o r  from 

t h e  n u c l e a r  p l a n t  o p e r a t i o n .  The 

"Na is  produced  by cosmic r ay  s p a l -  

l a t i o n  a s  w e l l  a s  by n u c l e a r  weapons 

t e s t i n g .  There  i s  no s i g n i f i c a n t  

c o n t r i b u t i o n  t o  t h e  "Na, 8 8 ~ ,  and 

l l O m ~ g  from t h e  Hanford p l a n t  and 

t h e  c o n t r i b u t i o n  t o  a l l  o t h e r s  

excep t  4 6 ~ c ,  1 3 4 ~ s ,  and pe rhaps  

6 0 ~ o  and 6 5 ~ n  i s  u s u a l l y  ve ry  s m a l l .  

The 4 6 ~ c  i s  due e n t i r e l y  t o  t h e  

Hanford p l a n t  o p e r a t i o n .  



TABLE XXXV. R a d i o n u c l i d e  C o n c e n t r a t i o n s  i n  t h e  A i r  n e a r  R i c h l a n d ,  W a s h i n g t o n  
Dur ing  1964  - 1 9 6 5 ,  D i s / rn in  p e r  l o 6  f t 3  ( S . T . P . )  

( a ) ~ ,  B ,  and  C l n d i c a t e  succe s s ive  f r a c t l a n s  of t h e  month 

TABLE XXXVI. R a d i o n u c l i d e  C o n c e n t r a t i o n s  i n  A i r  a t  P o i n t  Barrow,  A l a s k a ,  
D u r i n g  1964  - 1965  

It is planned to publish a com- 

plete review of the fallout meas- 

urements later this year and only 

a few of the more obvious obser- 

vations will be considered here. 

The air concentrations at Point 

Barrow are generally about one-half 

of those at Richland. The 7 ~ e  shows a 

season variation quite similar to 

the long-lived fission products 

thus indicating the importance of 

the stratospheric contribution to 

the spring and summer tropospheric 

concentrations. The "Na concentra- 

tions during 1965 were one-fifth to 

one-tenth of those observed during 

1963 thus confirming the origin 

of the majority of "Na as produced 

by nuclear weapons rather than by 



cosmic r a y s .  The 8 8 ~  and l Z 4 S b  l a n d ,  Washington,  which s u g g e s t s  

which were i n t r o d u c e d  a s  t r a c e r s  t h a t  t h e  ma jo r  p a r t  o f  t h e  1 3 4 ~ s  

i n  a  November and December, 1962 may have o r i g i n a t e d  from t h e  Han- 

n u c l e a r  t e s t  a r e  n e a r  t h e  de -  f o r d  p l a n t .  The Chinese  n u c l e a r  

t e c t i o n  l i m i t ,  b u t  w i l l  p robab ly  t e s t s  p roduced  major  i n c r e a s e s  i n  

be measu rab l e  d u r i n g  p a r t  o f  1966. t h e  1 4 0 ~ a ,  9 5 ~ r - 9 5 ~ b ,  and l o 3 ~ u  

While t h e  1 3 4 ~ s  t o  1 3 7 ~ s  r a t i o  a t  (and s h o r t - l i v e d  r a d i o n u c l i d e s  n o t  

P o i n t  Barrow, A la ska ,  i s  about  i n c l u d e d  h e r e )  (1371, a s  w e l l  a s  

1:1000 i t  i s  abou t  1:100 a t  Rich-  d e t e c t a b l e  i n c r e a s e s  i n  most o f  t h e  

l o n g - l i v e d  r a d i o n u c l i d e s .  

1 3 3 ~ e  AS A N  A T M O S P H E R I C  T R A C E R- J .  D .  L u d w i c k  

1 3 3 ~ e  was e m i t t e d  a s  a  gas  from a  

p r e s s u r e  c y l i n d e r  under  c o n t r o l l e d  

c o n d i t i o n s  a long  t h e  Hanford Meteor-  

o l o g i c a l  g r i d .  The pu rpose  of  t h e s e  

expe r imen t s  was t o  measure t h e  down- 

wind rad ioxenon c o n c e n t r a t i o n s  and 

i n t e r p r e t  t h e  r e s u l t s  i n  te rms  of  an  

a tmosphe r i c  d i f f u s i o n  model.  (138)  

A d d i t i o n a l l y ,  two p a r t i c u l a t e  t r a c e r s ,  

z i n c  s u l f i d e  and f l u o r e s c e i n  (sodium 

s a l t )  were s i m u l t a n e o u s l y  d i s p e r s e d  

from s e p a r a t e  i n d i v i d u a l  g e n e r a t o r s .  

F i e l d  c o l l e c t i o n  of t h e  p a r t i c u l a t e s  

was made w i t h  many sample r s  ove r  a  

wide a r e a ,  b u t  t h e  2 5  xenon sample r s  
were s e l e c t i v e l y  l o c a t e d ,  depending 

upon a tmosphe r i c  c o n d i t i o n s  a t  t h e  

t ime  of t h e  r e l e a s e .  Rapid z i n c  

s u l f i d e  f l u o r e s c e n c e  d e t e r m i n a t i o n s  

were conducted  f o r  t h o s e  p a r t i c u l a t e  

samples  c o l l e c t e d  a t  xenon sample r  

l o c a t i o n s .  T h i s  he lped  t o  de t e rmine  

t h e  s i g n i f i c a n t  r ad ioxenon  a c t i v i t y  

l e v e l s  t o  be  expec t ed .  I n  t h i s  manner, 

l a b o r a t o r y  1 3 3 ~ e  d e t e r m i n a t i o n  was 

programmed t o  e l i m i n a t e  any p o s s i b l e  

con t amina t i on  from e a r l i e r  s amp le s .  

The approximate  1 3 3 ~ e  c o n c e n t r a t i o n s  

were a l s o  u sed  t o  de t e rmine  which 

samples  r e q u i r e d  s p e c i a l  p u r i f i c a t i o n  

of t h e  xenon t o  remove t h e  l a s t  t r a c e s  

of o t h e r  r a d i o i s o t o p e s  such  a s  radon .  

Samples i n  which t h e  r a d i o i m p u r i t y  l e v e l  

was expec t ed  t o  be g r e a t e r  t h a n  1% of  

t h e  t o t a l  a c t i v i t y  were s u b j e c t e d  t o  

chromatographic  s e p a r a t i o n  o v e r  c h a r -  

c o a l .  

One of  t h e  most s i g n i f i c a n t  deve lop-  

ments  from t h e  xenon f i e l d  expe r imen t s  

i s  t h e  a b i l i t y  t o  compare t h e  t h e o r e t -  

i c a l  models  f o r  d i f f u s i o n  i n  t h e  a t -  

mosphere w i t h  t h e  b e h a v i o r  a c t u a l l y  ob- 

s e r v e d .  A d d i t i o n a l l y ,  t h e  d i f f u s i o n  

of  xenon ,  where no i n t e r a c t i o n  w i t h  s u r -  

f a c e s  o r  v e g e t a t i o n  i s  e x p e c t e d ,  can  

be compared w i t h  t h e  d i f f u s i o n  of  s i m u l -  

t a n e o u s l y  r e l e a s e d  t r a c e r s  which do 

r e a c t  w i t h  o r  d e p o s i t  on s u r f a c e s .  

Such comparisons can  a i d  i n  improving 

t h e  u n d e r s t a n d i n g  of  d e p o s i t i o n  mech- 

anisms and l e a d  t o  e s t a b l i s h i n g  d i s -  

p e r s i o n  models a d e q u a t e l y  a c c o u n t i n g  

f o r  them. 

F i g u r e  91  (13') i l l u s t r a t e s  a  t y p -  

i c a l  t h e o r e t i c a l  model o f  downwind 

exposure  where V i s  t h e  d e p o s i t i o n  



v e l o c i t y  and ii i s  t h e  ave rage  wind 
0 

speed  a t  ground l e v e l .  No t i ce  t h a t  

t h e  cu rve  r e p r e s e n t i n g  a  z e r o  depo-  

s i t i o n  v e l o c i t y  s h o u l d  i n d i c a t e  a  

ga s  such  a s  xenon,  w h i l e  m a t e r i a l  

which d e p o s i t s  w i l l  behave i n  acco rd  

w i t h  one of many c u r v e s  depending  upon 

t h e  d e p o s i t i o n  v a l u e .  Thus,  t h e  f a r -  

t h e r  a  d e p o s i t i n g  m a t e r i a l  i s  from i t s  

t a k e n  p l a c e  and t h e  l e s s  of  t h e  ma- 

t e r i a l  remains  i n  t h e  a tmosphere .  11-  

l u s t r a t i o n  of t h i s  p o i n t  i s  shown on 

F i g u r e s  92 ,  9 3 ,  and 94 ,  showing r e s u l t s  

from t h e  l a s t  t h r e e  f i e l d  t e s t s  com- 

p a r i n g  1 3 3 ~ e  and z i n c  s u l f i d e  t r a c e r s .  

A t  t h e  p r e s e n t  t i m e ,  f l u o r e s c e i n  

d e t e r m i n a t i o n s  a r e  n o t  comple te  ; how- 

e v e r ,  a  comparison o f  s i m u l t a n e o u s  z i n c  

s o u r c e ,  t h e  more d e p l e t i o n  w i l l  have s u l f i d e  and f l u o r e s c e i n  e m i s s i o n s  i s  
(1401 g i v e n  e l s ewhe re .  

Distance, m 
Azlnluth 

FIGURE 91. Expected Ground Leve Z FIGURE 92. 1 3 3 ~ e  Muztitracer Run no. 3 
Exposure 
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F I G U R E  9 3 .  2 3 3 ~ e  MuZtitracer Run No .  4 
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T H E  M E A S U R E M E N T  O F  1 3 1 1  T R A N S P O R T  I N  A T M O S P H E R I C  D I F F U S I O N  E X P E R I M E N T S -  
J .  D. L u d w i c k  

I n  t h e  l a t e  summer of 1963 a  con-  

t r o l l e d  l3'1 r e l e a s e  was made a t  

Hanf o r d .  The exper iment  was 

conducted  under  s l i g h t l y  s t a b l e  a t -  

mospher ic  c o n d i t i o n s  j u s t  a t  day-  

b r e a k .  E x t e n s i v e  s t u d i e s  o f  ground 

and v e g e t a t i o n  d e p o s i t i o n  were made 

a t  t h a t  t ime  i n  a d d i t i o n  t o  a comple te  

wind d i f f u s i o n  a n a l y s i s .  The r e s u l t s  

o f  s e v e r a l  phases  o f  t h e  problem i n -  

d i c a t e d  a  need f o r  f u r t h e r  s t u d y .  For 

example,  a  l a r g e  change i n  t h e  form of  

t h e  i o d i n e  was obse rved  a f t e r  on ly  a  

b r i e f  downwind t r a v e l .  This  was ev -  

i d e n c e d ,  i n  p a r t ,  by an  i n c r e a s i n g l y  

l a r g e  i o d i n e  f r a c t i o n  i n  t h e  p a r t i c -  

T A B L E  XXXVII. Comparat ive  D e p o s i t i o n  o f  
1 5 1 1  on  B u i l d i n g  Mater ia2  S u r f a c e s  

S u r f a c e  A r e a  E x p o s e d ,  i n . '  D i s / m i n  p e r  f t 2  

W h i t e  P r i m e  P a i n t  C o a t  55 518 
55 518 

B a r e  F i r  Wood 55 1450 
55 1 4 4 0  

W h i t e  Enamel P a i n t  55 2330 
55 2419 

W h i t e  L a t e x  P a i n t  55 2520 
55 3427 

G r e e n  S l a t e  1 6  4032 

T e x a s  D o l o m i t e  ( W h i t e )  2  1 4766 

S p a r k l e  S l a t e  20 5 1 9 8  

W h i t e  A r t i f i c i a l  S t o n e  1 8  5342 

Brown S l a t e  1 7 . 5  5659 

B l a c k  S l a t e  1 6 . 6  6 6 6 7  

Red Weeping B r i c k  2  0  6 7 2 5  

Pumice  B l o c k  1 9  6 9 8 4  

S i l v e r  P l a t e d  C o p p e r  1 9  5458 

u l a t e  phase .  Some anomalous d i f f e r -  

ences  were obse rved  between r e s u l t s  

from a i r  sampl ing  s t a t i o n s  1 . 5  m above 

ground l e v e l  and t h o s e  on t ower s  a t  t h e  

same geog raph ic  p o s i t i o n .  A l a r g e r  

emmission was needed t o  measure more a c -  

c u r a t e l y  t h e  t r a c e  i o d i n e  c o n c e n t r a -  

t i o n s  a t  g r e a t  d i s t a n c e s .  

I o d i n e  Run No. 2 

On t h e  morning o f  August 24, 1965 ,  

a  r e l e a s e  of abou t  0 . 4  C i  o f  was 

made. A t  t h e  800 m d i s t a n c e  a wooden 

s t r u c t u r e  had been e r e c t e d  w i t h  h o r i -  

z o n t a l  crossmembers from which hung 

samples of b a s i c  b u i l d i n g  m a t e r i a l s  

and s u r f a c e s .  These had  t y p i c a l  s u r -  

f a c e s  which a  c l o u d  o f  e m i t t e d  i o d i n e  

would p robab ly  c o n t a c t  i n  an u rban  a r e a  

i n  any a c c i d e n t a l  r e l e a s e .  The 

amounts of  d e p o s i t i o n  o b t a i n e d  on t h e  

v a r i o u s  s u r f a c e s  a r e  shown i n  Tab l e  

XXXVII. The " a r e a  exposed"  i n  each  c a s e  

i s  t h e  p l a n a r  a r e a  and n o t  t h e  a c t u a l  

s u r f a c e  a r e a ;  some of  t h e  b u i l d i n g  s t o n e s  

and a r t i f i c a l  m a t e r i a l s  have ,  o f  c o u r s e ,  

a  much l a r g e r  s u r f a c e  a r e a  t h a n  t h a t  

of t h e  mere geome t r i c  d imens ions  of  

t h e  sample .  The p h y s i c a l  s i z e s  of  most 

o f  t h e  samples  were a l i k e  s o  t h a t  a i r  

d i s t u r b a n c e  would be s i m i l a r  i n  a l l  

c a s e s .  The l a r g e  t e s t e d  a r e a  f o r  t h e  

wooden p i e c e s  was t h e  r e s u l t  of more 

p i e c e s  t e s t e d  and n o t  o f  l a r g e r  sam- 

p l e s .  

I t  can  be s e e n  t h a t  t h e  pr imed p a i n t e d  

wood s o r b s  t h e  l e a s t  amount of  1311 
9 

w h i l e  a  common b u i l d i n g  m a t e r i a l ,  pumice 

s t o n e ,  was h i g h l y  s o r b e n t .  For com- 

p a r i s o n  p u r p o s e s ,  d a t a  a r e  i n c l u d e d  from 

t e s t i n g  s i l v e r - p l a t e d  copper  which has  

an i o d i n e - r e a c t i v e  s u r f a c e .  

About 600 t o  7 0 0  a i r  s amp le r s  were 

u t i l i z e d  f o r  sampl ing  pu rposes  d u r i n g  

Run 2 .  F i g u r e  95 i l l u s t r a t e s  t h e  com- 

ponent  p a r t s  o f  t h e  i o d i n e  f i e l d  sam- 

p l e r s .  These s ample r s  c o n t a i n e d  v a r i o u s  



Silver M e s h  

Polyethylene Charcoal 

Barr ier  

Charcoal Filter 
Paper 

F I G U R E  9 5 .  3 3 ~  F i e l d  SarnpZer 

amounts of a s  t h e  r e s u l t  o f  Run w i t h  t h e  r e u s e d  s a m p l e r s ,  making a  t o t a l  

2 exposu re .  The o v e r a l l  program f o r  of  abou t  700 sampl ing  s t a t i o n s .  

i o d i n e  i n v e s t i g a t i o n  r e q u i r e d  t h a t  a  

l a r g e r  q u a n t i t y  of  r a d i o i o d i n e  be 

e m i t t e d  t h a n  t h e  0 .4  C i  i n  Run 2 ;  con- 

s e q u e n t l y ,  i t  was n e c e s s a r y  t o  p r e -  

p a r e  f o r  a  t h i r d  ma jo r  f i e l d  t e s t  w i t h i n  

a  s h o r t  t ime .  A s u f f i c i e n t  number of  

samples  was ana lyzed  from Run 2 t o  
1311 a l l o w  a  r e a s o n a b l e  e s t i m a t e  o f  

a c t i v i t y  t o  be made t h roughou t  t h e  

e n t i r e  f i e l d  ne twork .  From t h e s e  

d a t a  i t  was found  t h a t  abou t  2 5 0  

s amp le r s  had i n s i g n i f i c a n t  amounts 

of a c t i v i t y  s o  t h e y  were r e p o s i t i o n e d  

i n t o  t h e  f i e l d  sampl ing  network a long  

Arcs 1 and 2 .  Only t h e i r  f r o n t - f a c e  

membrane f i l t e r s  were changed.  Small  

amounts of  i o d i n e  con t amina t i on  on 

s ample r s  a long  t h e  n e a r - i n  a r c s  would 

have  a  n e g l i g i b l e  e f f e c t  on t h e  r e -  

s u l t s  o f  a  f u t u r e  t e s t ,  s i n c e  h igh  

l e v e l  13'1 exposu re  was a n t i c i p a t e d  

a t  t h e s e  p o s i t i o n s .  Over 400 new 

samplers  were assembled and p o s i t i o n e d  

I n s t r u m e n t a t i o n  used  t o  measure t h e  

q u a n t i t y  of 13'1 c o l l e c t e d  by t h e  

v a r i o u s  p a r t s  o f  t h e  s amp le r s  i n c l u d e d  

a  v a r i e t y  of  gamma-ray s p e c t r o m e t r i c  

coun t ing  equipment .  The f r o n t - f a c e  

f i l t e r  was p l a c e d  i n  a  1 dram v i a l  

and coun ted  i n  a  3 i n .  NaI(T1) w e l l -  

t y p e  c r y s t a l .  The s i l v e r - p l a t e d  

copper  mesh c o n t a i n e d  w i t h i n  t h e  

p l a s t i c  s l e e v e  was coun ted  i n t a c t  by . - 
i n s e r t i n g  i t  i n t o  a  hous ing  m a i n t a i n e d  

between two 9 by 4  i n .  NaI(T1) c r y s t a l s  

e n c l o s e d  i n  a p l a s t i c  phosphor  background-  

r educ ing  s h i e l d ,  no rma l ly  u sed  f o r  c o i n -  

c idence  work. Measurement of  t h e  c h a r -  

c o a l  f i l t e r  pape r  was made i n  a  5 i n .  

NaI(T1) w e l l  c r y s t a l  housed i n  a  low- 

l e v e l  a n t i c o i n c i d e n c e  a r r angemen t .  

A c t i v i t y  c o l l e c t e d  i n  t h e  c h a r c o a l  

s e c t i o n  was measured by removing t h e  

c h a r c o a l  t o  a  j a r  which was t h e n  i n -  

s e r t e d  i n  a  9 i n .  NaI(T1) w e l l  c r y s t a l  

f o r  gamma a s s a y .  A l l  i n s t r u m e n t s  used  

i n  t h e  f i e l d  t o  a w a i t  Run 3 ,  a long  



t o  measure t h e  1311 a c t i v i t y  were c r o s s -  

c a l i b r a t e d  w i t h  each  o t h e r  f o r  t h e  p a r -  

t i c u l a r  geome t r i c  a r rangement  n e c e s s a r y  

i n  coun t ing  a c t u a l  f i e l d  s amp le s .  

I o d i n e  Run No. 3  - 
About 1 . 8  C i  of 13'1 were r e l e a s e d  

i n  a  c o n t r o l l e d  manner t o  t h e  Hanford 

m e t e o r o l o g i c a l  f i e l d  g r i d .  Atmospheric  

- c o n d i t i o n s  a t  t h e  t i m e ,  September 2 ,  

1965,  can  be d e s c r i b e d  a s  mode ra t e ly  

s t a b l e  w i t h  r e s p e c t  t o  l a p s e  r a t e .  The 

m o l e c u l a r  i o d i n e  ga s  was g e n e r a t e d  by 

o x i d a t i o n  of  t h e  i o d i d e  by n i t r i t e  from 

an a c i d  s o l u t i o n .  P rev ious  t e s t s  u s i n g  

t h i s  t e c h n i q u e  and t h e  f i e l d  sampl ing  . 
d e v i c e s  had i n d i c a t e d  t h a t  a  m o l e c u l a r ,  

r e a c t i v e  s p e c i e s  was o b t a i n e d  i n  t h i s  

manner. Only abou t  1% of  t h e  i o d i n e  

a c t i v i t y  i n  t h e s e  l a b o r a t o r y  t e s t s  was 

found  t o  be s o r b e d  o n t o  t h e  f r o n t  f a c e  

f i l t e r .  The remain ing  i o d i n e  s p e c i e s  

were c o l l e c t e d  on t h e  f i r s t  p a r t  of 

t h e  s i l v e r  mesh s e c t i o n .  E s s e n t i a l l y  

no a c t i v i t y  was p a s s e d  t o  t h e  c h a r c o a l  

component s e c t i o n s .  

Seven g r a s s  p l o t s  were c u l t i v a t e d  

i n  an a r c  a t  200 m from t h e  i o d i n e  

r e l e a s e  p o i n t .  A l a r g e  p a s t u r e  was a l s o  

c u l t i v a t e d  a long  t h e  800 m a r c  and 

samples  of  b o t h  p l o t s  a s  w e l l  a s  o t h e r  

v e g e t a t i o n  were measured f o r  13'1 dep-  

o s i t i o n .  Table  XXXVIII i l l u s t r a t e s  

d a t a  t a k e n  from g r a s s  samples  a t  200 

and 800 m from t h e  r e l e a s e  p o i n t .  

These d a t a  r e p r e s e n t  r e s u l t s  from 

13'1 a s s a y  o f  s e l e c t e d  g r a s s  samples  

t a k e n  a t  t h r e e  d i f f e r e n t  t imes  s u b -  

s equen t  t o  t h e  13'1 r e l e a s e .  Only t h e  

g r e e n  uppe r  l e a f  p o r t i o n s  were c o l -  

l e c t e d  (uppe r  8 0 % ) .  The f i r s t  samples  

were t a k e n  on t h e  morning of  t h e  e x -  

per iment  and one would e x p e c t  ve ry  l i t t l e  

d e p l e t i o n  o f  13'1 from t h e  p l a n t  s i n c e  

t h e  d e p o s i t i o n .  The second s e r i e s  was 

t a k e n  6  days  l a t e r  and t h e  t h r i d  s e r i e s  

a f t e r  abou t  8  a d d i t i o n a l  days .  A l l  r e -  

s u l t s  were c o r r e c t e d  f o r  decay back t o  

t h e  t ime  of emi s s ion  s o  any l o s s  i n  

a c t i v i t y  must  be  a t t r i b u t e d  t o  cause s  

o t h e r  t h a n  decay .  

There a r e ,  p e r h a p s ,  s e v e r a l  con-  

c l u s i o n s  one might  v e n t u r e  from t h e s e  

SABLE XXXVIII.  1 3 ' 1  D e p o s i t i o n  on  Grass  

Dis/min/g, Dis/min/g, 
Plot-Position 9/2/65, 1000 h r  9/8/65, 1300 h r  

1 - A r c  1 

2 - A r c  1 

3 - A r c  1 

4 - A r c  1 

5 - A r c  1 

6 - A r c  1 

7 - A r c  1 

A r c  

2153 

3766 

9493 

14053 

19495 

18135 

10988 

A r c  3, 1600 m 



d a t a .  There  was no r e p o r t e d  p r e c i p -  

i t a t i o n  between t h e  p e r i o d  9/2 t o  9 / 8 ;  

t h e r e f o r e ,  one c o u l d  conc lude  t h a t  any 

d i f f e r e n c e  i n  a c t i v i t y  between t h e s e  

two sampl ing  p e r i o d s  would be a t t r i b -  

u t e d  t o  p l a n t  e x p i r a t i o n ,  t o  sampl ing  

v a r i a t i o n s ,  o r  t o  r o o t  t akeup  o r  lower 

l e v e l  ( v e r t i c a l )  c o n c e n t r a t i o n .  The 

samples  seem t o  f a l l  i n t o  two g r o u p s ,  

t h o s e  i n  which t h e  a c t i v i t y  s t a y e d  

e s s e n t i a l l y  t h e  same, and any s m a l l  

d e c r e a s e s  i n  s p e c i f i c  a c t i v i t y  a t t r i b -  

u t a b l e  t o  normal  p l a n t  g rowth ,  and 

t h o s e  i n  which a  s i g n i f i c a n t  l o s s  of 

o c c u r r e d .  The f a c t  t h a t  i n  some 

c a s e s  t h e  i o d i n e  s t a y e d  e s s e n t i a l l y  

t h e  same, excep t  f o r  r a d i o a c t i v e  d e -  

c a y ,  even a f t e r  6  d a y s ,  i n d i c a t e s  

t h a t  a b s o r p t i o n  i n t o  t h e  p l a n t  t a k e s  

p l a c e  i n  a  v e r y  s h o r t  t ime  subsequen t  

t o  d e p o s i t i o n  s o  t h a t  t h e  i o d i n e  i s  

n o t  a v a i l a b l e  f o r  w e a t h e r i n g .  The 

f a c t ,  however ,  t h a t  some samples  have 

a  l a r g e  l o s s  of  i o d i n e  i n d i c a t e s  t h a t  

a t  some s t a g e  o f  g rowth ,  i o d i n e  was 

a v a i l a b l e  f o r  a  r e l e a s e  p r o c e s s  o r  

t h a t  i o d i n e  was b e i n g  h e l d  i n  lower 

l e v e l s  of t h e  g r a s s  a n d / o r  r o o t s .  

To f o l l o w  t h i s  l i n e  o f  t h o u g h t ,  

compare t h e  d i f f e r e n c e s  between t h e  

samples  t a k e n  on 9 /8  and t h o s e  t a k e n  

on 9 /16 .  Again t h e y  f a l l  i n t o  two 

g r o u p s ,  t h o s e  t h a t  remained  e s s e n -  

t i a l l y  c o n s t a n t  and t h o s e  t h a t  l o s t  

a  c o n s i d e r a b l e  f r a c t i o n  of  t h e i r  

13'1 a c t i v i t y .  I t  i s  a l s o  i n t e r e s t -  

i n g  t o  n o t e  t h a t  t h e  day b e f o r e  t h e  

l a s t  samples  were t a k e n ,  a  heavy 

r a i n  f e l l ,  0 . 5  i n .  on 9 /15/65 .  The 

r e s u l t s  i n d i c a t e  s imp ly  a  c o n t i n u -  

a t i o n  of  t h e  p r o c e s s e s  which were 

a l r e a d y  o c c u r r i n g  w i t h  no a p p a r e n t  

s i g n i f i c a n t  i n c r e a s e  i n  d e p l e t i o n  

due t o  t h e  wash. Th i s  a g a i n  p o i n t s  

o u t  t o  a  s t r o n g  a t t a c h m e n t  o f  t h e  

t o  t h e  g r a s s  a t  l e a s t  u n t i l  

t h e  g r a s s  i s  r eady  t o  r e l e a s e  i t .  

R e s u l t s  from t h e  a s s a y  o f  s a g e -  

b rush  f o l i a g e  a r e  i l l u s t r a t e d  i n  Table  

XXXIX. Samples were c o l l e c t e d  immed- 

i a t e l y  f o l l o w i n g  t h e  r a d i o - i o d i n e  r e -  

l e a s e  and c o n s i s t e d  of  o n l y  t h e  g r e e n  

o u t e r  t o p  s e c t i o n s  of t h e  bush .  Ad- 

d i t i o n a l  samples  were t a k e n  6  days  

l a t e r  on Arc 3 a t  1600 m t o  d e t e r m i n e  

p o s s i b l e  d e p l e t i o n .  Again ,  a l l  num- 

b e r s  l i s t e d  were c o r r e c t e d  f o r  decay  

back t o  i o d i n e  r e l e a s e  t i m e .  

Tab l e s  X L  and XLI a r e  c o m p i l a t i o n s  

of t h e  a i r  sampl ing  i n f o r m a t i o n  t a k e n  

T A B L E  XXXIX. 1 3 1 ~  D e p o s i t i o n  on  V e g e t a t i o n  SarnpZes, D i s / m i n / g  

Arc 1, 200 m, Arc 2 ,  800 m ,  Arc 3, 1600 m ,  Arc 4 ,  3200 m  
Sample P o s i t i o n  9 / 2 / 6 5  9 / 2 / 6 5  9 / 2 / 6 5  9 / 8 / 6 5  9 / 2 / 6 5  



a t  ground l e v e l  ( 1 .5  m) and tower p o s i -  

t i o n s  d u r i n g  t h e  1311 t e s t  r e l e a s e  No. 

3 .  One can  n o t e  t h e  ve ry  e x c e l l e n t  

agreement  between t h e  ave rage  p e r c e n t -  

age  c o n c e n t r a t i o n  of 13'1 on each  s e c -  

t i o n  of  t h e  s amp le r s  when comparisons 

a r e  made between ground and tower sam- 

p l e s .  This  was n o t  obse rved  i n  Run No. 

1. I f  a  comparison i s  made be -  

tween t h e  r e s u l t s  o f  Runs Nos. 1 and 3 ,  

s e v e r a l  f a c t o r s  a r e  found t o  v a r y  t o  

a  c o n s i d e r a b l e  e x t e n t ,  and i n  f a c t ,  

t h e s e  d i f f e r e n c e s  a r e  u s e f u l  i n  a  d i s -  

c u s s i o n  of  Run No. 3  i t s e l f .  From 

Arc 1 (200 m) t o  Arc 4 (3200 rn) i n  Run 

No. 3,  a  change i n  t h e  p e r c e n t a g e  of 

p a r t i c u l a t e  i s  obse rved  s t a r t i n g  a t  

a b o u t  3  % on Arc 1 and doub l ing  t o  

abou t  6 %  a t  Arc 4 .  Thus o n l y  a  s m a l l  

amount of  t h e  i o d i n e  was changed i n t o  

p a r t i c u l a t e  t h rough  i n t e r a c t i o n  w i t h  

i t s e l f  o r  w i t h  d u s t ;  w h i l e  d u r i n g  Run 

No. 1 ( d a t a  i n c l u d e d  f o r  compar i son  

pu rposes  on Table  X L I I ,  abou t  10% 

o f  t h e  i o d i n e  was a l r e a d y  p a r t i c u l a t e  

a t  Arc 1, w i t h  ove r  o n e - t h i r d  found  t o  

be  c o l l e c t e d  on t h e  f r o n t - f a c e  f i l t e r  

a t  Arc 4 .  Th i s  d e c r e a s e d  p e r c e n t a g e  

TABLE X L .  1 3 ' 1  i n  A i r  S a m p l e r  S e c t i o n s  T a k e n  from Ground L e v e l  t o  100 f t  
on  T o w e r s ,  Run 3 

S a m p l e  L o c a t i o n ,  S a m p l e r s ,  F r o n t  F i l t e r ,  S i l v e r  Mesh,  C h a r c o a l  F i l t e r ,  C h a r c o a l  M e s h ,  
a z i m u t h  q u a n t i t y  P a r t i c u l a t e  -- r e a c t i v e  P a p e r  1 . 5  i n .  

D i s / m i n  % - - D i s / m i n  % D i s / m i n  - - -  % D i s / m i n  --  
A r c  1 0 6 8 - 1 3 0 '  3 2  6 9 , 5 0 0  3 . 9  1 , 6 3 4 , 0 0 0  9 1 . 0  7 8 , 0 0 0  4 . 3  1 3 , 7 0 0  0 . 8  

A r c  2  0 8 2 - 1 1 8 '  1 9  7 , 0 0 0  4 . 6  1 3 7 , 4 0 0  9 0 . 7  5 , 4 0 0  3 . 6  1 , 7 5 0  1 . 2  

A r c  3  084-110 '  2  6  5 , 0 7 0  6 . 0  7 4 , 7 0 0  8 7 . 8  3 , 6 0 0  4 . 2  1 , 6 7 0  2 . 0  

A r c  4  085-106 '  1 8  3 , 7 5 0  6 . 7  4 7 , 1 0 0  8 3 . 7  4 , 5 6 0  8 . 1  840 1 . 5  

TABLE XLI- 1 3 1 1  i n  A i r  S a m p l e r  S e c t i o n s  T a k e n  1 . 5  rn Above Ground,  Run 3  

Tower  L o c a t i o n ,  S a m p l e r s ,  F r o n t  F i l t e r ,  S i l v e r  Mesh,  C h a r c o a l  F i l t e r ,  C h a r c o a l  M e s h ,  
a z i m u t h  q u a n t i t y  p a r t i c u l a t e  r e a c t i v e  p a p e r  1 . 5  i n .  

D i s / m i n  % D i s / m i n  % D i s J m i n  % D i s / m i n  % 
1 - 0 9 8  1 5  1 1 , 2 0 0  3 . 2  3 1 8 , 0 0 0  9 1  1 8 , 0 0 0  5 . 0  2 , 7 0 0  0 . 7  

i - 1 0 6  1 6  8 6 , 0 0 0  4 . 3  1 , 7 9 0 , 0 0 0  8 9 . 7  1 1 0 , 9 0 0  5 . 5  1 6 , 4 0 0  0 . 8  

1 - 1 1 4  1 6  4 4 , 0 0 0  2 . 5  1 , 6 3 5 , 0 0 0  9 4 . 6  3 8 , 8 0 0  2 . 2  1 0 , 7 0 0  0 . 6  

1 - 1 2 2  1 5  2 , 4 0 0  3 . 1  7 0 , 7 0 0  9 1 . 7  2 , 2 3 0  2 . 9  1 , 7 8 0  2 . 3  

A v e r a g e ,  % 3 . s C a )  9 1 . 9 ' ~ )  4 . 1 ( ~ )  0 . 7 ' ~ )  

2 - 0 9 8  1 7  1 , 4 6 0  3 . 9  3 2 , 7 0 0  8 6 . 9  2 , 1 8 0  5 . 8  1 , 2 9 0  3 . 4  

2 - 1 0 6  1 6  1 9 , 6 0 0  4 . 5  3 9 8 , 0 0 0  9 0 . 9  1 7 , 5 0 0  4 . 0  2 , 5 0 0  0 . 6  

2 - 1 1 4  1 7  1 , 2 5 0  4 . 0  2 7 , 7 0 0  8 8 . 1  1 , 0 7 0  3 . 4  1 , 4 2 0  4 . 5  

2 - 1 2 2  1 7  350 2 . 5  1 1 , 1 0 0  8 0 . 3  960 6 .9  1 , 4 2 0  1 0 . 2  

A v e r a g e ,  % 4.4Ca1 9 0 . 2 ~ ~ )  4 . z C a )  1 . 3 ' ~ )  

3 - 0 9 8  1 7  6 , 6 7 0  5 . 2  1 1 0 , 0 0 0  8 6 . 3  9 , 7 0 0  7 . 6  1 , 1 7 0  0 . 9  

3 - 1 0 6  1 8  3 , 8 0 0  4 . 4  7 7 , 0 0 0  8 8 . 6  4 , 9 0 0  5 . 7  1 , 2 0 0  1 . 4  

A v e r a g e ,  % 4 . ~ ~ ~ )  8 7 . ~ ' ~ )  6 .  a ( a 1  l . l c a )  

4 - 0 9 8  1 8  5 , 9 0 0  6 . 5  7 6 , 4 0 0  8 4 . 2  7 , 3 6 3  8 . 1  1 , 1 3 0  1 . 2  

4 - 1 0 6  1 7  200 2 . 8  5 , 9 0 0  8 2 . 9  6 3 0  8 . 8  390 5 . 5  

A v e r a g e ,  % ~ . 6 ' ~ )  8 4 ( a )  8 . z C a )  l . s C a )  

i a ) ~ e i g h t e d  A v e r a g e  



TABLE X L I I .  1 3 ' 1  i n  A i r  S a m p l e r  S e c t i o n s  T a k e n  1 . 5  m Above Ground,  Run I ( 1  381  

Sample  L o c a t i o n ,  S a m p l e r s ,  F i l t e r ,  
a z i m u t h  q u a n t i t y  p a r t i c u l a t e  S i l v e r ,  r e a c t i v e  F i l t e r ,  C h a r c o a l  Backup  C h a r c o a l  

D i s / m i n  % D i s / m i n  % D i s / m i n  - % D i s / m i n  - % 

A r c  1 068- 114 '  22  1 8 , 4 0 0  9 . 7  1 3 9 , 3 0 0  7 3 . 8  1 5 , 0 0 0  8 . 0  1 6 , 1 0 0  8 . 5  

A r c  2  072-118 '  2 2  2 ,200  1 2  1 1 , 8 0 0  65  1 , 3 0 0  7 . 4  2 , 8 0 0  1 5 . 6  

Arc 3 085-110 '  24 1 , 3 0 0  2 2 . 5  3 , 0 0 0  5 1  600  1 0 . 5  900  1 6  

A r c  4  0 9 0 - 1 0 6 '  1 5  900 30 1 , 0 0 0  34 200 8 . 0  800 2  8  

Arc  4  0 7 1 - 0 7 9 '  
1 0 9 - 1 1 5 '  l 4  

330 3 7  430 4 8  none  p r e s e n t  1 4 0  1 6  

e x i s t i n g  i n  t h e  p a r t i c u l a t e  form i s  

b e l i e v e d  t o  be due main ly  t o  t h e  de-  

c r e a s e d  c o n t e n t  o f  a tmosphe r i c  d u s t  

under  t h e  more s t a b l e  a tmosphe r i c  con-  

d i t i o n s .  

The second s e c t i o n  of  t h e  i o d i n e  

c o l l e c t o r ,  c o n t a i n i n g  s i l v e r  mesh and 

c o l l e c t i n g  a l l  r e a c t i v e  s p e c i e s  of  

i o d i n e ,  h e l d  most o f  t h e  from 

Run No. 3 .  I n  Arc 1 s a m p l e r s ,  t h e  

s i l v e r  mesh s e c t i o n s  c o n t a i n e d  a t  

l e a s t  91% of  t h e  i o d i n e ,  and t h i s  de -  

c r e a s e d  o n l y  s l o w l y  w i t h  d i s t a n c e  t o  

Arc 4  ( 8 4 % )  due f i r s t  t o  an i n c r e a s e  

i n  p a r t i c u l a t e  ( a lmos t  h a l f  o f  t h e  

d e c r e a s e  i n  r e a c t i v e  i o d i n e  from Arc 

1 t o  Arc 4  can  be  a t t r i b u t e d  t o  change 

t o  p a r t i c u l a t e ) .  The remainder  of  t h e  

change i n  t h e  form of t h e  i o d i n e  can  

be a t t r i b u t e d  t o  change t o  u n r e a c t i v e  
o r g a n i c  forms c o l l e c t e d  on t h e  c h a r -  

c o a l  f i l t e r  s e c t i o n .  A comparison o f  

r e a c t i v e  i o d i n e  from Run No. 1 w i t h  

t h a t  from Run No. 3  shows t h a t  t h e  

g r e a t e s t  d i f f e r e n c e s  c a n  p robab ly  be 

a t t r i b u t e d  t o  t h e  l a r g e  amount of  p a r -  

t i c u l a t e  i o d i n e  i n  Run No. 1 t h u s  r e -  

d u c i n g ,  t o  a  l a r g e  e x t e n t ,  t h e  amount 

of  r e a c t i v e  i o d i n e  a v a i l a b l e  t o  t h e  

s i l v e r  s e c t i o n .  Th i s  does  n o t  a ccoun t  

f o r  a l l  o f  t h e  d i f f e r e n c e  s i n c e  i t  can  

be s e e n  t h a t  i n  Run No. 1 a  g r e a t  d e a l  

o f  t h e  i o d i n e  was c o n v e r t e d  i n t o  un- 

r e a c t i v e  ( p o s s i b l y  o r g a n i c )  forms .  

There  appea red  t o  be a  s low con-  

v e r s i o n  of r e a c t i v e  i o d i n e  i n t o  a  

form c o l l e c t a b l e  on t h e  c h a r c o a l  f i l -  

t e r  ( o r g a n i c  u n r e a c t i v e ) .  T h i s  i s  

s e e n  a s  t h e  i o d i n e  c o l l e c t i o n  changes 

from 4 t o  8 %  w i t h  downwind t r a v e l .  The 

most remarkable  d i f f e r e n c e  t h a t  was 

obse rved  between t h e  two r u n s  was i n  

t h e  amount of  r a t h e r  u n r e a c t i v e  i o d i n e  

c o l l e c t e d  on t h e  c h a r c o a l  mesh s e c t i o n .  

During Run No. 3  o n l y  a  s m a l l  p o r t i o n  

o f  t h e  i o d i n e  was found  i n  t h i s  form, 

0 . 8  t o  2 % ,  whereas  Run No. 1 c o n t a i n e d  

up t o  28%.  Obvious ly  a  much d i f f e r e n t  

chemica l  p r o c e s s  was t a k i n g  p l a c e  d u r -  

i n g  Run No. 3.  Perhaps  t h e  a v a i l a b i l -  

i t y  of  o r g a n i c  mo lecu l e s  i n  t h e  a tmos-  

p h e r e  was much r educed ;  c o n s e q u e n t l y ,  

few i o d i n e  mo lecu l e s  were d e p l e t e d  by 

t h i s  p r o c e s  s  and much more remained  

i n  a  r e a c t i v e  form t o  be c o l l e c t e d  on 

t h e  s i l v e r  s e c t i o n .  

There  appea red  t o  be a  r a t h e r  c o n s t a n t  

amount o f  l3'1 c o l l e c t e d  on t h e  c h a r c o a l  

back-up  s e c t i o n  away from t h e  main a t -  

mospher ic  s t r e a m  of  i o d i n e .  T h i s  must 

be i n t e r p r e t e d  a s  a  background.  Thus 

when one c o l l e c t s  o n l y  s m a l l  amounts 

of  13'1 i n  a  s amp le r ,  t h e  p e r c e n t a g e  

found  on t h e  l a s t  s e c t i o n  ( t h e  c h a r c o a l  



pape r )  becomes a  much g r e a t e r  p e r c e n t -  1 -130 ' ;  Arc 2 ground 118 -160° ,  2-130' 

age of  t h e  t o t a l  found .  The s ample r s  Tower; Arc 3 ground 112-160° ,  3-114' 

used  i n  t h e  p r e s e n t  expe r imen t s  were Tower, 3-122' Tower, 3-130' Tower and 

s u f f i c i e n t l y  h i g h  i n  13'1 t o  a v o i d  m i s -  o t h e r  s i m i l a r  p o s i t i o n s  on Arc 4 .  These 

i n t e r p r e t a t i o n  due t o  t h i s  f a c t o r .  d a t a  were n o t  i n c l u d e d  s i n c e  t h e y  r e p -  

Examples of  t h i s  c an  be s e e n  by s cann ing  r e s e n t  l i t t l e  more t h a n  background a c -  

t h e  a n a l y t i c a l  d a t a  from Arc 1 Tower t i v i t y  l e v e l s .  

O R G A N I C  1 3 1 ~  COMPOUNDS R E L E A S E D  F R O M  A  N U C L E A R  F U E L  C H E M I C A L  P R O C E S S I N G  

P L A N T * - # .  A .  H a l l e r  

Organic  131r compounds which a r e  p r e s e n t  i n  t h e  e f f l u e n t  from a  
n u c l e a r  f u e l  p r o c e s s i n g  p l a n t  were f r a c t i o n a t e d  by gas  chromatog-  
raphy  and measured b y  gamma-ray s p e c t r o s c o p y .  The a n a l y s o s  o f  

+ - "  
1.51 

t h e  e f f l u e n t  o r g a n i c  I m a t e r i a l s  showed a  complex  m i x t u r e  o f  

compounds w i t h  b o i l i n g  r a n g e s  o f  4 0  t h r o u g h  2 5 5  O C ;  t h e  lower  
b o i l i n g  compounds were i d e n t i f i e d  a s  m e t h y l ,  e t h y l ,  n- p r o p y l  and 
n - b u t y l  i o d i d e s .  The m e t h y l  and n - b u t y l  i o d i d e  and t h e  m a t e r i a l s  
i n  t h e  b o i l i n g  r a n g e  p e n t y l  t h r o u g h  h e p t y l  i o d i d e  c o n t a i n e d  ap-  
p r o x i m a t e l y  7 0 %  o f  t h e  o b s e r v e d  a l k y l  i o d i d e s .  

*To be  p u b l i s h e d  i n  A n a l y t i c a l  Chemis t ry  

F I S S I O N  P R O D U C T  A E R O S O L  B E H A V I O R  I N  T H E  P L U T O N I U M  R E C Y C L E  T E S T  R E A C T O R  F U E L  ROD 
F A I L U R E  O F  S E P T E M B E R  2 9 ,  1 9 6 5- R .  W .  P e r k i n s ,  C .  W .  T h o m a s  a n d  W .  B .  S i l k e r  

On September 29, 1965 ,  a t  0510 a  

p u r p o s e l y  d e f e c t e d ,  p a r t i a l l y  mo l t en  

f u e l  rod  i n  t h e  r u p t u r e  l oop  t e s t  

f a c i l i t y  of t h e  P lu tonium Recycle  Tes t  

Reac to r  (PRTR) f a i l e d  i n  an unexpec ted  . manner. The r u p t u r e ,  which r e s u l t e d  

i n  a  l o s s  of  abou t  39% of t h e  U02-Pu02 

f u e l  from t h e  r o d ,  was accompanied by 

t h e  f o r m a t i o n  o f  a  h o l e  of  app rox ima te ly  

1 / 2  i n .  diam i n  t h e  s u r r o u n d i n g  p r o c e s s  

t u b e .  The subsequen t  f l a s h i n g  of t h e  

h i g h l y  con t amina t ed  s u p e r h e a t e d  w a t e r  

r e l e a s e d  a  f i s s i o n  p r o d u c t  a e r o s o l  t o  

t h e  conta inment  v e s s e l  a t m o s ~ h e r e .  T h i s  

r e l e a s e  r e s u l t e d  i n  about  h a l f  o f  t h e  

nob l e  ga s  c o n t e n t  r e a c h i n g  t h e  con-  

t a inmen t  v e s s e l  a tmosphere .  About 1% 

of  t h e  r a d i o i o d i n e  and a  somewhat 

s m a l l e r  f r a c t i o n  o f  t h e  s o l i d  f i s s i o n  

p r o d u c t s  e n t e r e d  t h e  conta inment  v e s s e l  

a tmosphere .  A subsequen t  r ad iochemica l  

s t u d y  p r o v i d e d  d e t a i l e d  i n f o r m a t i o n  on 

t h e  b e h a v i o r  o f  some 15  f i s s i o n  p r o d u c t s  

and of  p lu ton ium i n  t h e i r  movement, 

f o l l o w i n g  t h e  rod  f a i l u r e ,  t h rough  t h e  

v a r i o u s  l i q u i d  and gaseous  sys tems  of 

t h e  r e a c t o r  and i t s  con t a inmen t  v e s s e l .  

The r a t i o s  of  t h e  f i s s i o n  p r o d u c t s  ( o t h e r  

t h a n  t h e  nob l e  g a s e s )  which were r e l e a s e d  

t o  t h e  conta inment  v e s s e l  a tmosphere  

were n o t  f a r  d i f f e r e n t  from t h o s e  i n  t h e  

f u e l  rod  showing t h a t  r e l a t i v e l y  l i t t l e  

f r a c t i o n a t i o n  o c c u r r e d  i n  t h e  p r o c e s s  

of d i s s o l u t i o n  and a e r o s o l  f o r m a t i o n .  



Only a  s m a l l  f r a c t i o n  of  t h e  l3'1 and was about  10 t imes  h i g h e r  on t h e  w a l l s  
o t h e r  f i s s i o n  p r o d u c t s  which were r e -  and c e i l i n g s  t h a n  on f l o o r  s u r f a c e s  

l e a s e d  t o  t h e  conta inment  v e s s e l  a t -  on t h e  f i r s t  2 days  f o l l o w i n g  t h e  i n -  

mosphere were d e p o s i t e d  on t h e  con-  c i d e n t ,  b u t  a f t e r  6 days  t h e  r a t i o s  

t a inmen t  v e s s e l  s u r f a c e s .  About 99% were comparable .  The d e p o s i t i o n  of  

o f  t h e  f i s s i o n  p r o d u c t  a e r o s o l  was r e -  t h e  r a d i o a c t i v e  a e r o s o l  p e r  u n i t  o f  

moved i n  t h e  condensa t e  from a i r  c o o l -  s u r f a c e  a r e a  was abou t  4  t o  5 t i m e s  

e r s  which p r o c e s s e d  about  6 %  of  t h e  g r e a t e r  on t h e  f l o o r s  t h a n  on t h e  

conta inment  v e s s e l ' s  a tmosphere  p e r  w a l l  o r  c e i l i n g  s u r f a c e s .  The ob- 

minu t e .  The r a t i o s  of  t h e  s o l i d  f i s -  s e r v e d  d e p o s i t i o n  p e r  u n i t  a r e a  on m e t a l  

s i o n  p r o d u c t s  which were d e p o s i t e d  on s u r f a c e s  was much h i g h e r  t h a n  on p a i n t -  

s u r f a c e s  i n  t h e  con t a inmen t  v e s s e l  ed  s u r f a c e s .  The b e h a v i o r  o f  t h e  r a d i o -  

were q u i t e  s i m i l a r  t o  t h o s e  i n  t h e  n u c l i d e s  i n  t h i s  sy s t em was s i m i l a r  

f u e l  r o d .  14'ce and 9 5 ~ r - 9 5 ~ b  were t o  what might  be e x p e c t e d  i n  t h e  m e l t -  

o f t e n  e x c e p t i o n s ,  r unn ing  s e v e r a l - f o l d  down of  any w a t e r - c o o l e d  r e a c t o r  and 

lower on t h e  s u r f a c e s .  The r a t i o  of  t h e  i n f o r m a t i o n  g a i n e d  from t h e  s t u d y  
r a d i o i o d i n e  t o  o t h e r  f i s s i o n  p r o d u c t s  shou ld  be a p p l i c a b l e  t o  t h e  d e s i g n  o f  

s a f e g u a r d s  f o r  such  e v e n t s .  

A  S I M P L I F I E D  METHOD FOR T H E  D E T E R M I N A T I O N  OF T R A C E  E L E M E N T S  I N  G E O L O G I C  

S A M P L E S  BY A C T I V A T I O N  A N A L Y S I S X- W .  B .  S i l k e r  

A c o m b i n a t i o n  o f  n e u t r o n  a c t i v a t i o n ,  s i m p l e  c h e m i c a l  t r e a t m e n t  and 
gamma-ray s p e c t r o m e t r y  was a p p l i e d  i n  t h e  d e t e r m i n a t i o n  o f  t r a c e  
e l e m e n t s  i n  b a s a l t  s a m p l e s .  The s i m p l i c i t y  o f  t h e  p r o c e d u r e  p e r -  
m i t t e d  c o m p l e t i o n  o f  t h e  s e p a r a t i o n s  i n  2 t o  3 h r  and p r o v i d e d  
measurement  o f  t h e  c o n c e n t r a t i o n s  o f  1 5  e l e m e n t s  i n c l u d i n g  7 r a r e  
e a r t h s .  A c c u r a t e l y  we ighed  10  mg a l i q u o t s  o f  powdered b a s a l t  sam- 
p l e s  were  s e a l e d  i n  v i t r e o u s  s i l i c a  a m p u l e s  and ,  t o g e t h e r  w i t h  a n  
a l i q u o t  o f  a  b a s a l t  whose t r a c e  e l e m e n t  c o n c e n t r a t i o n s  had b e e n  
a c c u r a t e l y  d e t e r m i n e d ,  were  i r r a d i a t e d  f o r  5 m i n  a t  a  n e u t r o n  f l u x  

2 1  o f  a t  l e a s t  5 z n/cm - s e e  . I t  was found e a r l y  i n  t h e  work 
t h a t  t h e  c o m p o s i t i o n  o f  t h e  b a s a l t  was s u c h  t h a t  t h e  n e u t r o n - i n d u c e d  
r a d i o i s o t o p e s  o f  sod ium and manganese  e f f e c t i v e l y  masked t h e  o t h e r  
r a d i o a c t i v e  s p e c i e s  p r e s e n t .  The f o Z l o w i n g  t e c h n i q u e  was t h e r e f o r e  
d e v e l o p e d  t o  s e p a r a t e  o t h e r  r a d i o i s o t o p e s  o f  i n t e r e s t  from t h e s e  two  
e l e m e n t s  p r i o r  t o  a n a l y s i s  b y  gamma-ray s p e c t r o m e t r y .  A f t e r  sample  
d i s s o l u t i o n  b y  t r e a t m e n t  w i t h  H F ,  HiV03, and HCZ04, t h e  r e s i d u e  was 
d i s s o l v e d  i n  I O M  H C Z ,  and m o s t  m e t a l l z c  e l e m e n t s  were  r e t a i n e d  ( a s  
a n i o n i c  c o m p l e x e s )  o n  a  column o f  a n i o n  e x c h a n g e  r e s i n  t h r o u g h  w h i c h  
t h e  s o l u t i o n  was p a s s e d .  The r a r e  e a r t h  e l e m e n t s  were  t h e n  i s o l a t e d  
b y  c o p r e c i p i t a t i o n  w i t h  lan thanum f l u o r i d e  from t h e  column e f f l u e n t ,  
w h i c h  a l s o  c o n t a i n e d  manganese ,  s o d i u m ,  a l k a l i n e  e a r t h s ,  and s u c h  
a n i o n i c  c o n s t i t u e n t s  a s  s u l f a t e  and p h o s p h a t e .  Measurements  o f  t h e  
v a r i o u s  f r a c t i o n s  b y  gamma-ray s p e c t r o m e t r y  p e r m i t t e d  d e t e r m i n a t i o n  
o f  t h e  c o n c e n t r a t i o n s  o f  t h e  f o l l o w i n g  e l e m e n t s  i n  t h e  s a m p l e :  sod ium,  



manganese, c o p p e r ,  g a l l i u m ,  z i n c ,  i r o n ,  c o b a l t ,  uran ium,  lanthanum, 
c e r i u m ,  samarium, europ ium,  d y s p r o s i u m ,  y t t e r b i u m ,  and l u t e t i u m .  The 
e l e m e n t a l  c o n c e n t r a t i o n s  were d e t e r m i n e d  w i t h i n  a  d e v i a t i o n  o f  5 t o  
2 0 %  a t  t h e  6 8 %  c o n f i d e n c e  l i m i t .  T h i s  p r e c i s i o n  w i l l  p e r m i t  f a i r  
e s t i m a t i o n  o f  t h e  t r a c e  e l e m e n t  c o n c e n t r a t i o n s  i n  a  v a r i e t y  o f  samples  
and,  h e c a u s e  o f  t h e  r e l a t i v e l y  s i m p l e  c h e m i s t r y  i n v o  l v e d ,  would be 
q u i t e  a d e q u a t e  f o r  s u r v e y  t y p e  a p p l i c a t i o n s .  

* S u b m i t t e d  f o r  p u b l i c a t i o n  i n  Geochemica and Cosmochemica Ac ta  

I D E N T I F I C A T I O N  O F  I N D I V I D U A L  B A S A L T  FLOWS B Y  A C T I V A T I O N  A N A L Y S I S- W .  B .  S i l k e r  

The geology  of  b a s a l t  f l ows  i n  

s o u t h e a s t e r n  Washington,  p a r t i c u l a r l y  

t h o s e  of t h e  Pasco B a s i n ,  which i n -  

c l u d e s  t h e  Hanford r e s e r v a t i o n ,  ha s  

been t h e  s u b j e c t  o f  many i n v e s t i g a t i o n s .  

The problems encoun te r ed  i n  t h i s  work 

a s  reviewd by Brown and Brown (142)  are  

c e n t e r e d  p r i m a r i l y  a round p o s i t i v e  i d e n -  

t i f i c a t i o n  o f  s p e c i f i c  b a s a l t  f l ows  and 

t h e  r e c o g n i t i o n  of  t h e s e  f l ows  i n  o t h e r  

nea rby  a r e a s .  Most o f  t h e  b a s a l t  f o r -  

ma t ions  were named and t y p e d  from t h e  

l o c a l i t i e s  i n  which t h e y  were f i r s t  

obse rved .  Subsequent  i d e n t i f i c a t i o n  

of  t h e s e  f l ows  a t  o t h e r  l o c a t i o n s  i s  

based  on p h y s i c a l  and m i c r o s c o p i c  p rop-  

e r t i e s  and r e c o g n i t i o n  o f  t h e  s ed imen t -  

a r y  d e p o s i t s  bounding them. I n  many 

i n s t a n c e s ,  l a c k  of  s u i t a b l e  c o n t a c t i n g  

s e d i m e n t s ,  o r  t h e  o c c u r r e n c e  o f  e r o s i o n  

f o l l o w i n g  d e p o s i t i o n  compl i ca t ed  t h e  

i d e n t i f i c a t i o n  of  a  p a r t i c u l a r  f l ow  

w i t h  one t h a t  had been  p r e v i o u s l y  

c h a r a c t e r i z e d .  T h i s  h a s ,  i n  some i n -  

s t a n c e s ,  r e s u l t e d  i n  c o n f u s i o n  i n  t h e  

nomencla ture  o f  t h e  v a r i o u s  f l ows  and 

has  i n d i c a t e d  a  d i s t i n c t  need f o r  a  

method of  i d e n t i f i c a t i o n .  

Knowledge of  t h e  o r i g i n  and boun- 

d a r i e s  of  each  i n d i v i d u a l  f low i s  a l s o  

of  i n t e r e s t  i n  t h e  d e f i n i t i o n  of  t h e  

g e o l o g i c  h i s t o r y  of  t h e  a r e a .  (142,143) 

P rev ious  work by t h e  a u t h o r  r e -  

v e a l e d  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  

c o n c e n t r a t i o n  of  c e r t a i n  t r a c e  e l e -  

ments  i n  Pomona and E lephan t  Mountain 

b a s a l t ,  two a d j a c e n t  f l ows .  The t r a c e  

e lement  c o n c e n t r a t i o n s  appeared  t o  be 

c o n s t a n t  w i t h i n  each  f low w i t h  l i t t l e ,  

i f  any ,  v e r t i c a l  f r a c t i o n a t i o n .  Th i s  

p r e s e n t  p a p e r  d e s c r i b e s  an e x t e n s i o n  

of  t h o s e  s t u d i e s  t o  de t e rmine  t h e  f e a s -  

i b i l i t y  of  d i f f e r e n t i a t i n g  a d d i t i o n a l  

b a s a l t  f lows  by t h e i r  c h a r a c t e r i s t i c  

t r a c e  e lement  c o n c e n t r a t i o n s .  

A s e r i e s  of  samples  was o b t a i n e d  

from w e l l  No. 13/24-2851 which had been 

c o r e  d r i l l e d  t o  t h e  a r t e s i a n  a q u i f e r  

and which i n c l u d e d  most o f  t h e  f lows  

of t h e  Yakima Format ion .  The s p e c i -  

mens were t a k e n  from 10 t o  20 f t  above 

t h e  b a s e  of  t h e  p a r t i c u l a r  f low and 

were i d e n t i f i e d  by R .  E .  Brown from 

t h e  d r i l l i n g  r e c o r d  and m i c r o s c o p i c  

examina t i on .  The samples  were ana-  

l y z e d  i n  d u p l i c a t e  by t h e  n e u t r o n  a c -  

t i v a t i o n  method d e t a i l e d  i n  t h e  p r e -  

ced ing  p a p e r .  The c o n c e n t r a t i o n s  of 

1 5  e l emen t s  a r e  p r e s e n t e d  i n  Tab l e  

XLII I .  



TABLE XLIII. E l e m e n t a l  Abundance  i n  I n d i v i d u a l  B a s a l t  F l o w s ,  ppm 

Elephan t  P r i e s t  P r i e s t  P r i e s t  Sand 
Mountain ~ o m o n a ( ~ )  Rapids No. 3 Raqids No. 2 Rapids No. 1  Roza Hollow - - 

No. o f  Analyses 3  7 2 2 2 2  2  

Depth i n  Wel l ,  f t  6 0  1 4 0  250 360 5 7 0  

Sodium 

Manganese 

Copper 

Gall ium 

Zinc 

I r o n  

Coba l t  

Uranium 

Europium 

Dysprosium 

Lutet ium 

Lanthanum 

Cerium 

Samarium 

Yt te rb ium 

( a ) ~ e s u l t s  f ~ o m  p r e v i o u s  work. 

The p r e c i s i o n  of  r e p l i c a t e s  was 

w i t h i n  1 0 %  f o r  most of  t h e  de t e rmina -  

t i o n s  b u t  was q u i t e  poor  i n  t h e  c a s e s  

of  z i n c ,  cer ium and y t t e r b i u m ,  s o  s u i t -  

a b l e  r e s e r v a t i o n s  shou ld  be p l a c e d  on 

t h e s e  v a l u e s  i n  any e v a l u a t i o n .  

I t  becomes obvious  from t h e s e  d a t a  

t h a t  d i f f e r e n t i a t i o n  between a d j a c e n t  

f lows  by comparison of  t h e i r  r e s p e c t i v e  

t r a c e  e lement  c o n c e n t r a t i o n s  i s  e n t i r e l y  

p o s s i b l e .  C e r t a i n  s i m i l a r i t i e s  e x i s t ,  

f o r  example t h e  Sand Hollow and Roza 

f l o w s ,  b u t  a t  t h e  same t ime n o t a b l e  

d i f f e r e n c e s  a r e  s een  i n  t h e  r e s p e c t i v e  

c o n c e n t r a t i o n s  of  sodium, copper  and 

lanthanum. The c o n c e n t r a t i o n s  of  a l l  

measured e l emen t s  i n  samples of t h e  

Pomona and P r i e s t  Rapids No. 2 f lows 

were i d e n t i c a l ,  w i t h i n  expe r imen ta l  

e r r o r .  I t  would t h u s  be imposs ib l e  

t o  d i s t i n g u i s h  between t h e s e  two f lows 

by a n a l y s i s  o f  i n d i v i d u a l  samples .  I f ,  

however, samples of e i t h e r  t h e  ove r -  

l y i n g  o r  unde r ly ing  f lows  were concu r -  

r e n t l y  ana lyzed ,  p o s i t i v e  i d e n t i f i c a -  

t i o n  cou ld  t h e n  be made. The i d e n t i t y  

of  t h e  Pomona and P r i e s t  Rapids No. 2 

f lows  s t r o n g l y  s u g g e s t s  t h a t  bo th  were 

of t h e  same o r i g i n .  I t  i s  i n t e r e s t i n g  

t o  n o t e  t h e  i n c r e a s e d  i r o n  c o n c e n t r a -  
t i o n  from t h e  Pomona through t h e  Sand 

Hollow f l o w s ,  a l l  o f  which a r e  mem- 

b e r s  o f  t h e  Yakima Format ion .  The 

d i s t r i b u t i o n s  of t h e  r a r e  e a r t h  e l e -  

ments i n  t h e s e  b a s a l t  s amples ,  normal-  

i z e d  t o  l u t e t i u m ,  were compared w i t h  

t h o s e  observed  i n  c h o n d r i t i c  me teo r -  

i t e s .  Lanthanum enr ichment  was 

found i n  a l l  of t h e  c u r r e n t  samples .  

C h o n d r i t i c  r a r e  e a r t h  d i s t r i b u t i o n s  

were observed  i n  t h e  samples of b a s a l t  

from t h e  Elephant  Mounta in ,  P r i e s t  

Rapids No. 3 ,  Roza, and Sand Hollow 

f lows .  Th i s  r e p r e s e n t s  an u n d i s t u r b e d  



r a r e  e a r t h  d i s t r i b u t i o n  and  s u g g e s t s  The d e g r e e  o f  e n r i c h m e n t  was c o n s i d e r -  

t h a t  t h e s e  f l o w s  o r i g i n a t e d  f rom ma- a b l y  l e s s  t h a n  t h a t  r e p o r t e d  f o r  

t e r i a l  l y i n g  d e e p  w i t h i n  t h e  m a n t l e .  K i l a u e a - I k i  l a v a .  I t  i s  s u g g e s t e d  

The t h r e e  o t h e r  f l o w s  e x h i b i t e d  a  d i s -  t h a t  t h e  d e g r e e  o f  r a r e  e a r t h  e n r i c h -  

t r i b u t i o n  t y p i c a l  o f  o t h e r  b a s a l t s ,  ment  m i g h t  p r o v i d e  an  i n d e x  o f  t h e  d e p t h  

w i t h  i n c r e a s e d  e n r i c h m e n t  o f  r a r e  e a r t h  w i t h i n  t h e  e a r t h ' s  m a n t l e  f rom which  

e l e m e n t s  o f  d e c r e a s i n g  a t o m i c  r a d i u s .  t h e  magma was g e n e r a t e d .  

T R A C E  E L E M E N T  I M P U R I T I E S  I N  V I T R E O U S  S I L I C A  TUBING- D. E. R o b e r t s o n  

One o f  t h e  m a j o r  p r o b l e m s  i n  meas-  To d e t e r m i n e  t h e  t r a c e  e l e m e n t  c o n -  

u r i n g  t r a c e  e l e m e n t s  by u l t r a - s e n s i t i v e  t r i b u t i o n s  f rom v a r i o u s  c o n t a i n e r s ,  

a c t i v a t i o n  a n a l y s i s  i s  t h e  r i s k  o f  c o n -  6 p r o p r i e t a r y  s i l i c a  t u b i n g  s a m p l e s  

t a m i n a t i n g  t h e  sample  d u r i n g  h a n d l i n g  were  n e u t r o n - a c t i v a t e d  a n d  t h e i r  

o r  p r e t r e a t m e n t .  A f r e q u e n t  s o u r c e  t r a c e  e l e m e n t  c o n c e n t r a t i o n s  meas-  

o f  c o n t a m i n a t i o n  i s  t h a t  o f  t h e  t r a c e  u r e d ,  w i t h  t h e  u l t i m a t e  aim o f  s e -  

e l e m e n t  i m p u r i t i e s  p r e s e n t  i n  t h e  c o n -  

t a i n e r  u s e d  f o r  e n c a p s u l a t i n g  t h e  

s a m p l e  f o r  n e u t r o n  i r r a d i a t i o n .  T h i s  

l a b o r a t o r y  h a s  e x t e n s i v e l y  u s e d  v i t -  

r e o u s  s i l i c a  ampules  a s  s a m p l e  c o n -  

t a i n e r s ,  s i n c e  o r g a n i c  c o n t a i n e r s  s u c h  

a s  p o l y e t h y l e n e ,  T e f l o n ,  e t c . ,  a r e  d e -  

composed d u r i n g  l o n g  i r r a d i a t i o n s  by 

t h e  h e a t  and  r a d i a t i o n  i n  t h e  r e a c t o r .  

With t h e  s e n s i t i v i t i e s  a f f o r d e d  by 

a v a i l a b l e  h i g h  n e u t r o n  f l u x e s  a n d  t h e  

a p p l i c a t i o n  o f  m u l t i d i m e n s i o n a l  gamma- 

r a y  s p e c t r o m e t r y ,  i t  h a s  become e v i -  

d e n t  t h a t  s t a n d a r d  g r a d e  v i t r e o u s  s i l -  

i c a  ampules  c o n t a i n e d  s u f f i c i e n t  i m -  

p u r i t i e s  t o  make them u n s u i t a b l e  f o r  

u l t r a - s e n s i t i v e  m e a s u r e m e n t s  o f  some 

t r a c e  e l e m e n t s .  T h i s  was q u i t e  a p -  

p a r e n t  d u r i n g  t h e  measurement  o f  

c e r t a i n  t r a c e  e l e m e n t s  i n  s e a  w a t e r  

and  i n  b i o l o g i c a l  m a t e r i a l s  where  

c o n c e n t r a t i o n s  l o w e r  t h a n  1 ppb a r e  

l e c t i n g  one ( o r  more) f o r  u s e  i n  

u l t r a - s e n s i t i v e  a c t i v a t i o n  a n a l y s e s  

Samples  o f  t h e  t u b i n g  were  i r r a d i -  

a t e d  f o r  2 h r  ( t o  m e a s u r e  s h o r t  

h a l f - l i f e  r a d i o n u c l i d e s )  and  f o r  

5 t o  9 d a y s  ( t o  m e a s u r e  l o n g  h a l f -  

l i f e  r a d i o n u c l i d e s )  i n  a  t h e r m a l  

n e u t r o n  f l u x  o f  o v e r  1 x  10 1 3  

L n e u t r o n s / c m  - s e c .  A c o b a l t  s t a n d -  

a r d  was u s e d  a s  a  n e u t r o n  f l u x  mon- 

i t o r  f o r  e a c h  i r r a d i a t i o n .  A f t e r  

t h e  2 h r  i r r a d i a t i o n  t h e  s i l i c a  sam-  

p l e s  were  a l l o w e d  t o  d e c a y  f o r  a b o u t  

24 h r  t o  r e d u c e  t h e  B r e m s s t r a h l u n g  

i n t e r f e r e n c e  f rom 3 1 ~ i  ( 2 . 6  h r )  . 
Then t h e  s a m p l e s  were  gamma-counted 

f o r  10 t o  100 min u s i n g  a  d e t e c t o r  

s y s t e m  c o n s i s t i n g  o f  two 6  x  6  i n .  

NaI ( T l )  c r y s t a l s  i n  c o i n c i d e n c e  s u r -  

rounded  b y  p l a s t i c  p h o s p h o r  a n t i -  

c o i n c i d e n c e  s h i e l d i n g  and  c o u p l e d  

t o  a  P a c k a r d  m u l t i p a r a m e t e r  a n a l y z e r .  

r o u t i n e l y  m e a s u r e d  u s i n g  m u l t i d i n i e n -  The f o l l o w i n g  r a d i o n u c l i d e s  w e r e  

s i o n a l  gamma-ray s p e c t r o m e t r y  a f t e r  e a s i l y  m e a s u r e d  w i t h o u t  p e r f o r m i n g  

n e u t r o n  i r r a d i a t i o n .  a  c h e m i c a l  s e p a r a t i o n :  2 4 ~ a ,  6 4 ~ u ,  



2 39 1 4 0 ~ a ,  1 3 4 ~ s ,  and Np. The 5 t o  9  

d  i r r a d i a t e d  samples were a l lowed t o  

decay f o r  s e v e r a l  weeks t o  reduce  t h e  

i n t e r f e r e n c e  from 2 4 ~ a  and o t h e r  s h o r t  

h a l f - l i f e  r a d i o n u c l i d e s .  Then t h e  
samples were gamma-counted f o r  1000 

min us ing  t h e  same coun t ing  equipment .  

Most of t h e  f o l l o w i n g  r a d i o n u c l i d e s  

were r e a d i l y  measured wi thou t  ver form-  
5  1 ing  a  chemica l  s e p a r a t i o n :  4 6 ~ c ,  Cr ,  

6 5  l l O m  124sb,  " ~ e ,  6 0 ~ o ,  Zn, Ag , 1 3 4 ~ s ,  

l6 O T ~ ,  1 8 ' ~ f ,  and 1 8 ' ~ a .  A few sam- 

p l e s  c o n t a i n e d  such  h igh  c o n c e n t r a t i o n s  

of c e r t a i n  r a d i o n u c l i d e s  t h a t  t h e i r  

Compton i n t e r f e r e n c e s  made t h e  d e t e c -  

t i o n  of o t h e r  t r a c e  r a d i o n u c l i d e s  d i f -  

f i c u l t  . 
The c o n c e n t r a t i o n  of  t h e  p a r e n t  

element  of  each  induced  r a d i o n u c l i d e  

i n  t h e  samples was t h e n  c a l c u l a t e d .  

A summary of  t h e  d a t a  i s  p r e s e n t e d  i n  

Table  XLIV. 

As Table  XLIV i n d i c a t e s ,  t h e  

" S p e c t r o s i l "  and " S u p r a s i l "  a r e  i n  

ex t r eme ly  p u r e .  The " S u p r a s i l "  i s  

a l s o  ve ry  pu re ,  e x c e p t  f o r  r e l a t i v e l y  

h i g h e r  c o n c e n t r a t i o n s  of  scandium and 

c o b a l t .  Brand "C" would be u n s u i t a b l e  

f o r  u l t r a s e n s i t i v e  a c t i v a t i o n  a n a l y s e s  

because  of  t h e  ex t r eme ly  l a r g e  amounts 

o f  1 3 4 ~ s  and l Z 4 s b  produced from t h e  

h i g h  cesium and antimony i m p u r i t i e s .  

Brands " D ,"  " E , "  and "F" a l s o  appea r  

t o  be u n s u i t a b l e  f o r  u l t r a s e n s i t i v e  

work due t o  t h e  r e l a t i v e l v  l a r e e  ~ - u 

amounts o f  l Z 4 s b ,  1 4 0 ~ a ,  1 6 0 ~ b ,  8 1 ~ ~ f .  

2 3 9 ~ p  and 1 4 0 ~ a - 1 4 0 ~ a  (and o t h e r  

f i s s i o n  p r o d u c t s  o f  uranium) produced  

from t h e i r  p a r e n t  i m p u r i t i e s .  

To e s t i m a t e  t h e  e x t e n t  t h a t  samples 

would b e  contaminated  from t h e  ampules 
a  s i m u l a t e d  a c t i v a t i o n  a n a l y s i s  e i p e r i -  

ment was conducted  u s i n g  o n l y  0.10 m l  

o f  1.5N - HN03 (p repa red  from r e d i s t i l l e d  

HN03 and doubly d i s t i l l e d  w a t e r )  a s  t h e  

" sample."  Al so ,  empty, s e a l e d  ampules 

were i r r a d i a t e d .  " S p e c t r o s i l "  and "Su- 

p r a s i l "  ampules were u sed ,  s i n c e  t h e y  

most c a s e s  t h e  p u r e r  m a t e r i a l s .  Ex-  appeared  b e s t  s u i t e d  f o r  u l t r a s e n s i t i v e  

c e p t  f o r  i r o n ,  t h e  " S p e c t r o s i l "  i s  work. A f t e r  a  5 d  i r r a d i a t i o n  i n  a  neu 

TABLE XLIV. Trace  E lement  I m p u r i t i e s  i n  S i x  Sample o f  P r o p r i e t a r y  V i t r e o u s  
S i  l i c a  Tubing  

Impurities, p p b  

S a m p l e s  & - C r  - -  Cr Fe g & & Q - Sb c? - L a  - Tb tif g 

1 8  0 . 0 2 6  6 . 5 3  6 . 5 3  395 0 . 4 3 9  2.0 1 . 4 7  0 . 0 5 1  0 . 0 5 1  1 . 1 2  N.D. N.D. N.D. N.D. 

B ( ~ )  6 3  0 . 3 9 2  2 . 4 6  2 . 4 6  N . D . 1 2 . 4  0 . 0 4 0  N.D. N.D. N.D. h . D .  2 . 6  N.D. N.D. N.D. 

C  890 U.M!C) N.D.(d'  N . D ! ~ ) u . M  0 . 8 9 4  0 . 0 9 0  U.M. N . D .  1 9 4 3  1 3 9 3  0 . 6 0  N.D. N.D. 4 . 0  

D  1470 0 . 1 7 9  230 230 U.M. 0 . 6 4  0 . 0 5 3  2 0 . 9  N.D. 4 3 . 2  0 . 2 9 5  1 2 1  1 . 9 9  2 7 . 3  293 

E 1840 0 . 1 6 3  602 602 U.M.  1 . 0 9  0 . 0 3 0  3 3 . 4  N.D. 3 7 . 6  N.D. 1 3 1  4 . 3 5  26.5  1 7 9 0  

F  1520 0 .097 225 225 U . M .  1 . 7 1  0 .16 2 0 . 0  N.D. 5 8 . 3  0 . 2 8 5  3 1  4 . 8 5  2 3 . 4  6 8  

( a ) " ~ p e c t r o s i l "  - T h e r m a l  A m e r i c a n  F u s e d  Q u a r t z  Company 

( b ) q , ~ u p r a s i l "  - E n g e l h a r d  I n d u s t r i e s ,  I n c .  

( ' )Unable  t o  m e a s u r e  f r o m  s p e c t r a  d u e  t o  p r e s e n c e  o f  l a r g e  a m o u n t s  o f  i n t e r f e r i n g  r a d i o n u c l i d e s  

( d ) ~ o t  D e t e c t a b l e  



2 t r o n  f l u x  of  ove r  1 x  1013 neutron/cm - and a l l  of t h e  r i n s e  s o l u t i o n s  were 

s e c  and a  2 week decay p e r i o d ,  t h e  am- t h e n  coun ted  f o r  1 0 0 0  min u s i n g  t h e  

p u l e s  were opened and t h e  HN03 t r a n s -  Packard m u l t i d i m e n s i o n a l  a n a l y z e r  t o  

f e r r e d  t o  a  coun t ing  d i s h .    he ampules de t e rmine  t h e  e x t e n t  t o  which t h e  t r a c e  

which had c o n t a i n e d  t h e  HN03 were t h e n  element  i m p u r i t y  r a d i o n u c l i d e s  were 

r i n s e d  w i t h  1 .0  m l  o f  h o t ,  c o n c e n t r a t e d  l e ached  from t h e  s u r f a c e  d u r i n g  t h e  

WNO which was a l s o  p l a t e d  o n t o  a  c o u n t -  t r e a t m e n t .  Tab l e  XLV i s  a  summary of 3 
i n g  d i s h .  The empty ampules were opened t h e  d a t a  o b t a i n e d .  

- and r i n s e d  f i r s t  w i t h  1 . 0  m l  o f  d i s t i l l e d  I t  i s  a p p a r e n t  t h a t  t h e  m a j o r i t y  

w a t e r  which was p l a t e d  and t h e n  w i t h  1 .0  of  t h e  r a d i o n u c l i d e  i m p u r i t i e s  i n  

m l  o f  h o t ,  c o n c e n t r a t e d  HN03 which was t h e  1.5N HN03 used  a s  a  "sample" - 
a l s o  p l a t e d .  Thus, f o u r  a l t e r n a t e  meth- o r i g i n a t e d  from t r a c e  e lement  impur- 

* ods  of p o s t i r r a d i a t i o n  t r e a t m e n t  of t h e  i t i e s  i n  t h e  1.5N HN03 i t s e l f ,  s i n c e  - 
sample were e v a l u a t e d .  The 1.5N HN03 - many of  t h e i r  p a r e n t s  a r e  n o t  p r e s e n t  

TABLE XLV. C o n t a m i n a t i o n  i n  A c t i v a t i o n  A n a l y s e s  O r i g i n a t i n g  from T r a c e  
Element  I m p u r i t i e s  i n  V i t r e o u s  S i l i c a  Ampule Sample C o n t a i n e r s  

R a d l o n u c l i d e  
C o n t a m i n a n t  

T o t a l  D i s / m i n  i n  1 . 5 N  Hh03 a n d  R i n s e s  

" S p e c t r o s i l "  Ampule " S u p r a s i l "  Ampule 

1 . 5 5  HN03 "Sample" Conr .  HN03 R i n s e  1 . 5 3  HN03 "Sample" Conc. HN03 R i n s e  -- 

5 7 . 6  0 . 9 9  3 1 . 0  3 . 0  

2748 1 5 . 2  1080 U.M. 

9 4 . 1  N . D . ( b )  7 5 . 3  U.M. 

5 9 . 9  1 . 8  3 0 . 7  1 . 8  

6 3 3 . 3  0 . 9 1  3 5 1 . 0  N.D. 

8 3 . 0  N.D. 1 0 . 0  2 2 . 4  

8 9 . 3  N.D. 4 8 . 1  N.D. 

1 1 3 . 0  N.D. N.D. N.D. 

8 3 . 1  N.D. 1 1 . 6  U.M. 

2683 N.D. 510 U.M. 

N.D. N.D. N.D. L a r g e  amount 

N.D. N.D. N.D. N.D. 

Empty Ampule I r r a d i a t i o n  

T o t a l  D i s j m i n  i n  R i n s e s  

D i s t .  W a t e r  R i n s e  Conc. HN03 R i n s e  D i s t .  W a t e r  R i n s e  Conc. HN03 R i n s e  

4 6 ~ c  1 . 3 3  3 . 4  1 8 . 4  43.0  

5 1 ~ r  7 0 . 1  5  9  1 3 8  1 1 1  

5 g ~ e  N.D. 6 . 9  36  N.D. 

6 5 ~ n  1 0 1  

l1Om 
*g 8 . 0  

l Z 4 S b  N . D .  

1 3 4 ~ s  N.D. 

N.D. 1 2 6  N.D. 

7 . 9  7 . 9  5 . 3  

4 . 6  4 . 0  2 . 3  

N.D. N.D. N.D. 

( a ) ~ n a b l e  t o  m e a s u r e  f rom s p e c t r a  d u e  t o  l a r g e  a m o u n t s  o f  i n t e r f e r i n g  l a 2 T a  

( b ) ~ o t  D e t e c t a b l e  



a s  an  i m p u r i t y  i n  t h e  " S p e c t r o s i l "  

and " S u p r a s i l "  m a t e r i a l s .  However, 

some c o n t r i b u t i o n  i s  due t o  r a d i o -  

n u c l i d e s  t h a t  were l e a c h e d  from t h e  

ampules by t h e  1.5N - HN03. A b e t t e r  

i n d i c a t i o n  o f  which r a d i o n u c l i d e s  

a r e  l e a c h e d  from t h e  ampules i s  s e e n  

i n  t h e  r i n s e s  from t h e  empty i r r a d i -  

a t e d  ampules where o u t s i d e  contamin-  

a t i o n  was min imized .  Although "Spec- 

t r o s i l "  c o n t a i n s  a  r e l a t i v e l y  h i g h  

c o n c e n t r a t i o n  of  i r o n ,  v e r y  l i t t l e  

5 9 ~ e  i s  l e a c h e d  from t h e  s i l i c a .  

A l l  o t h e r  l e a c h e d  r a d i o n u c l i d e s ,  ex-  

c e p t  f o r  6 5 ~ n  and " ~ r ,  a r e  ve ry  

low i n  c o n c e n t r a t i o n .  " S u p r a s i l "  

h a s  r e l a t i v e l y  h i g h e r  c o n c e n t r a t i o n s  

of  scandium and c o b a l t  t h a n  "Spec t ro -  

s i l "  and t h e  e f f e c t  o f  t h i s  c an  be 

s een  i n  t h e  h i g h e r  c o n c e n t r a t i o n s  

of  4 6 ~ c  and 6 0 ~ o  i n  t h e  " S u p r a s i l "  

r i n s e s .  Although t h e s e  c o n c e n t r a -  

t i o n s  a r e  ve ry  low t h e y  a r e  w e l l  

above t h e  d e t e c t i o n  l i m i t s  o f  t h e  

m u l t i d i m e n s i o n a l  a n a l y z e r  and 

wocld c o n t r i b u t e  some c o n t a m i n a t i o n  

t o  a  sample .  However, h e r e  t o o ,  some 

s l i g h t  o u t s i d e  c o n t a m i n a t i o n  i s  s u s -  

p e c t e d  f o r  some e l e m e n t s  which p o s s i b -  

l y  o r i g i n a t e d  d u r i n g  t h e  p r e c l e a n i n g  

p r o c e s s  b e f o r e  i r r a d i a t i o n ,  which 

c o n s i s t e d  of  b o i l i n g  i n  h o t ,  concen-  

t r a t e d  r e d i s t i l l e d  HN03 and r i n s i n g  

w i t h  doubly  d i s t i l l e d  w a t e r .  

A  h i g h  c o n c e n t r a t i o n  of 1 8 2 ~ a  

appea red  i n  t h e  c o n c e n t r a t e d  HN03 

r i n s e  o f  t h e  " S u p r a s i l "  ampule which 

c o n t a i n e d  t h e  1.5N - HN03. I t  appea r s  

t h a t  t h i s  ampule had  an  i n c l u s i o n  of 

some t a n t a l u m - c o n t a i n i n g  m a t e r i a l  

which was l e a c h e d  by t h e  1.5N - HN03 

o r  was p r e s e n t  i n  t h e  1.5N - HN03 i t -  

s e l f .  Another  problem i n  u s i n g  s i l i c a  
ampules a s  sample c o n t a i n e r s  f o r  a c -  

t i v a t i o n  a n a l y s e s  i s  t h a t  when t h e y  

a r e  opened ,  s m a l l ,  o f t e n  u n s e e n ,  

c h i p s  of  n e u t r o n - i r r a d i a t e d  S i 0 2  

sometimes f a l l  i n t o  t h e  s ample ,  r e -  

s u l t i n g  i n  f u r t h e r  c o n t a m i n a t i o n .  

T h i s ,  p e r h a p s ,  e x p l a i n s  t h e  p r e s e n c e  

o f  c e r t a i n  r a d i o n u c l i d e s  i n  t h e  

w a t e r  r i n s e  of  t h e  empty i r r a d i a t e d  

ampules where v e r y  s m a l l  c h i p s  c o u l d  

have  been t r a n s f e r r e d  w i t h  t h e  w a t e r .  

I n  pe r fo rming  u l t r a s e n s i t i v e  a c -  

t i v a t i o n  a n a l y s e s  i t  i s  e s s e n t i a l  

t h a t  one knows o r  can  e s t i m a t e  t h e  

s o u r c e s  of e r r o r  i n  a  measurement .  

The e r r o r  o r i g i n a t i n g  from contam- 

i n a t i o n  can  be  g r e a t l y  r educed  by 

s e l e c t i n g  v e r y  p u r e  t u b i n g ,  such  

a s  " S p e c t r o s i l "  o r  " S u p r a s i l , "  t o  

p r e p a r e  t h e  i r r a d i a t i o n  ampules .  

During t h e  h a n d l i n g  and s h i p p i n g  of  

t h e  t u b i n g ,  i t  i s  exposed  t o  d u s t  

p a r t i c l e s  and o t h e r  c o n t a m i n a n t s .  

T h e r e f o r e ,  t h e  ampules s h o u l d  be 

t h o r o u g h l y  p r e c l e a n e d  by b o i l i n g  

i n  c o n c e n t r a t e d  r e d i s t i l l e d  HN03 

and r i n s i n g  i n  doubly d i s t i l l e d  

w a t e r  o r  by some o t h e r  e q u i v a l e n t  

p r o c e s s .  There  s h o u l d  be no o r  

v e r y  l i t t l e  p r e t r e a t m e n t  o f  t h e  

s amp le ,  s i n c e  t h i s  i n c r e a s e s  t h e  

p r o b a b i l i t y  f o r  c o n t a m i n a t i o n  t o  

o c c u r .  When i t  is  p o s s i b l e  and 

c o n v e n i e n t ,  a  d ry  sample w i t h  no 

r i n s i n g  of  t h e  ampule a f t e r  i r r a d i -  

a t i o n  i s  p r e f e r r e d .  When r i n s i n g  

of  t h e  ampule i s  r e q u i r e d  t o  remove 

a l l  of t h e  sample ,  a s  l i t t l e  r i n s i n g  

a s  p o s s i b l e  s h o u l d  be used  t o  a v o i d  

l e a c h i n g  o u t  r a d i o n u c l i d e  i m p u r i t i e s  

i n  t h e  t u b i n g .  By f o l l o w i n g  t h e s e  

p r e c a u t i o n s ,  t h e  c o n t a m i n a t i o n  i n  a c -  

t i v a t i o n  a n a l y s e s  due t o  i m p u r i t i e s  

i n  t h e  sample c o n t a i n e r  can  be g r e a t l y  

r educed .  



P R E L I M I N A R Y  E V A L U A T I O N  O F  A N  E X I S T I N G  M U L T I D I M E N q I O N A L  GAMMA- RAY S P E C T R O M E T E R  FOR 
WHOLE BODY COUNTING- D.  E .  R o b e r t s o n  a n d  R. W .  P e r k i n s  

A p r e l i m i n a r y  e v a l u a t i o n  o f  a  m u l t i d i m e n s i o n a l  gamma-ray s p e c t r o m e t e r  
a s  a  whole body c o u n t e r  was c o n d u c t e d .  The d e t e c t i o n  s e n s i t i v i t y  f o r  
i t s  9 3 / 8  i n .  d iam by 4 i n .  t h i c k  c r y s t a l s  was compared w i t h  t h a t  o f  
a  s i n g l e  N a I ( T 2 )  c r y s t a l  o f  t h i s  s i z e  w i t h  and w i t h o u t  a n t i c o i n c i d e n c e  
s h i e l d i n g  and l i g h t  p i p i n g .  The d e t e c t i o n  s e n s i t i v i t i e s  f o r  c o i n c i d e n c e  
c o u n t i n g  o f  6 0 ~ o  and o f  2 2 6 ~ a  d a u g h t e r s  by t h e  c o i n c i d e n c e  s y s t e m  and 
s i n g l e  c r y s t a l  were comparable .  A l t h o u g h  t h e  m u l t i d i m e n s i o n a l  s y s t e m  
had a  background s e v e r a l  o r d e r s  o f  magni tude  l o w e r ,  i t s  c o i n c i d e n c e  
c o u n t i n g  e f f i c i e n c y  was a l s o  much lower a t  t h e  g e o m e t r i e s  r e q u i r e d  f o r  
whole-body c o u n t i n g .  The m u l t i d i m e n s i o n a l  s y s t e m  o f  t h i s  s i z e  would 
be mos t  u s e f u l  i n  measur ing  complex m i x t u r e s  o f  r a d i o n u c l i d e s  i n  t h e  
body s i n c e  Compton i n t e r f e r e n c e s  a r e  e x t r e m e l y  s m a l l ,  and t h e  d e t e c t i o n  
s e n s i t i v i t i e s  would remain  f a i r l y  c o n s t a n t  e v e n  though  many r a d i o n u c l i d e s  
were p r e s e n t .  The u s e  o f  l a r g e r  c r y s t a l s  would improve  t h e  s e n s i t i v i t y  
f o r  c o i n c i d e n c e  c o u n t i n g  r e l a t i v e  t o  s i n g l e  c r y s t a l  c o u n t i n g .  

Whole-body coun t ing  i s  u s e f u l  i n  

s t u d y i n g  t h e  u p t a k e , d i s t r i b u t i o n ,  r e -  

t e n t i o n  and e x c r e t i o n  of  v a r i o u s  r a d i o -  

n u c l i d e s  by t h e  body. These r ad ionuc -  

l i d e s  may r e s u l t  from f a l l o u t  o f  n u c l e a r  

weapons, from a c t i v a t i o n  and f i s s i o n  

p roduc t  r e l e a s e s  from n u c l e a r  i n s t a l l a -  

t i o n s ,  o r  o t h e r  s o u r c e s .  They may e n t e r  

t h e  body e i t h e r  by a c c i d e n t a l  a d m i t t a n c e  

i n t o  pe r sons  who work w i t h  r a d i o a c t i v e  

m a t e r i a l s  o r  v i a  t h e  food  c h a i n  t h rough  

p l a n t s  and an ima l s  which a r e  consumed 

by humans. Because t h e  u p t a k e  r e s u l t -  

i n g  from t h e s e  r a d i o n u c l i d e s  i s ,  i n  

most c a s e s ,  ex t r eme ly  s m a l l  compared 

w i t h  t h e  maximum p e r m i s s i b l e  body b u r -  

den ,  t h e i r  d e t e c t i o n  and measurement 

(w i th  t h e  p o s s i b l e  e x c e p t i o n  of 1 3 7 ~ s )  

may be d i f f i c u l t  o r  i m p o s s i b l e  w i t h  

p r e s e n t  t e chno logy .  Very s e n s i t i v e  

d e t e c t o r  sy s t ems  a r e  r e q u i r e d  t o  meas- 

u r e  t h e  low c o n c e n t r a t i o n s  of  r a d i o -  

n u c l i d e s  i n  t h e  body, which a r e  o f t e n  

p r e s e n t  a s  minor  c o n s t i t u e n t s  o f  a  

complex m i x t u r e  o f  r a d i o n u c l i d e s .  

Mu l t i d imens iona l  gamma-ray s p e c -  

t r o m e t r y  has  proven  t o  be an ex t r eme ly  

u s e f u l  t o o l  i n  a n a l y z i n g  complex mix- 

t u r e s  of  r a d i o n u c l i d e s  whose c o n s t i t -  

u e n t s  v a r y  i n  c o n c e n t r a t i o n  by o r d e r s  

of magni tude .  (98,102,145,146)  These 

d e t e c t o r  sys tems  have p rov ided  improved 

s e l e c t i v i t y  o v e r  c o n v e n t i o n a l  gamma- 

r ay  s p e c t r o m e t e r s  f o r  most a p p l i c a t i o n s .  

Th i s  p r e s e n t  work was conducted  t o  

e v a l u a t e  t h e  u s e  of a  m u l t i d i m e n s i o n a l  
gamma-ray s p e c t r o m e t e r  a t  t h e  r e l a t i v e l y  

poo r  geometry u sed  i n  whole-body coun t -  

i n g .  

Design o f  D e t e c t o r  System 

S e v e r a l  m u l t i d i m e n s i o n a l  gamma-ray 

s p e c t r o m e t r y  d e t e c t o r  s y s t e m s ,  u t i l i z -  

i n g  v a r i o u s  c r y s t a l  s i z e s  and a n t i -  

c o i n c i d e n c e  s h i e l d i n g ,  have p r e v i o u s -  

l y  been d e s c r i b e d .  (98 ,102 ,145)  The 

system s e l e c t e d  f o r  e v a l u a t i o n  a s  a  

whole body c o u n t e r  c o n s i s t s  of two 

9 3 /8  i n .  diam by 4 i n .  t h i c k  NaI(T1) 

c r y s t a l s  o p e r a t e d  i n  c o i n c i d e n c e  and 

sur rounded  by 30 i n .  diam p l a s t i c  

phosphor a n t i c o i n c i d e n c e  s h i e l d i n g  

( s e e  F i g u r e  9 6 ) .  The upper  NaI(T1) 

c r y s t a l  i s  f i t t e d  w i t h  a  9 3/8 i n .  

diam by 8  i n .  t h i c k  L u c i t e  l i g h t  p i p e  

t o  reduce  background r a d i a t i o n  o r i g -  

i n a t i n g  i n  t h e  p h o t o t u b e .  Th i s  c r y s -  

t a l  i s  c l a d  i n  19 m i l  s t a i n l e s s  s t e e l  
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and i s  viewed by f o u r  3 i n .  m u l t i p l i e r  

p h o t o t u b e s .  The lower NaI (TI)  c r y s t a l  

i s  i d e n t i c a l  w i t h  t h e  uppe r  c r y s t a l  

e x c e p t  t h a t  i t  h a s  no l i g h t  p i p e .  The 

r e s o l u t i o n  o f  t h e  upper  c r y s t a l  w i t h  

t h e  l i g h t  p i p e  was 9 . 4 %  and t h e  lower 

c r y s t a l  had  a  r e s o l u t i o n  o f  8 . 8 %  a s  

measured a t  t h e  662 keV 1 3 7 ~ s  gamma-ray 

ene rgy .  Each NaI(T1) c r y s t a l  was s u r -  

rounded by a  30 i n .  diam by 15  i n .  

t h i c k  p l a s t i c  phosphor  a n t i c o i n c i d e n c e  

s h i e l d .  Each phosphor  was viewed by 

s i x  5 i n .  E M 1  m u l t i p l i e r  pho to tubes  

(No. 9530B). The upper  phosphor-  

c r y s t a l  assembly c o u l d  be r a i s e d  and 

lowered  by a  l i f t i n g  j a c k .  The upper  

NaI(T1) c r y s t a l  a l s o  c o u l d  be i n d e -  

p e n d e n t l y  r a i s e d  and lowered  by a  

s m a l l e r  l i f t i n g  j a ck  mounted on t h e  

t o p  p l a t e  of  t h e  uppe r  phosphor  ( s e e  . 6- 

F i g u r e  9 6 ) .  The l e a d  cave  was modi- 

f i e d  t o  accomodate an  i r o n  t a b l e  ex -  

t e n d i n g  on bo th  s i d e s  of  t h e  lower  . 
p h o s p h o r - c r y s t a l  assembly  t o  a l l o w  

a  p e r s o n  t o  l i e  between t h e  upper  and 

lower d e t e c t o r  a s s e m b l i e s  d u r i n g  a  

whole body c o u n t .  The a m p l i f i e d  s i g -  

n a l s  from t h e  two NaI(T1) c r y s t a l s  

were f e d  i n t o  t h e  d u a l  ana log  t o  

d i g i t a l  c o n v e r t e r  o f  a  Packard  4096 

channel  a n a l y z e r  f o r  ene rgy  and c o -  

i n c i d e n c e  a n a l y s i s  and from t h e r e  t o  

t h e  computer memory o f  t h e  a n a l y z e r .  

When a  s i n g l e  gamma-ray i n t e r a c t s  



w i t h  e i t h e r  one o f  t h e  c r y s t a l s ,  t h e  n o t  t o t a l l y  absorbed  i n  t h e  NaI(T1) 

even t  i s  r e c o r d e d  i n  t h e  co r r e spond ing  c r y s t a l s  a r e  c a n c e l l e d  by t h e  a n t i -  

X o r  Y a x i s  o f  t h e  memory a s  i n  normal c o i n c i d e n c e  s h i e l d i n g .  

gamma-ray s p e c t r o m e t r y .  When two ( o r  

more) photons  s i m u l t a n e o u s l y  i n t e r a c t ,  

each  i n  a  s e p a r a t e  c r y s t a l ,  t h e  e v e n t  

i s  s t o r e d  i n  t h e  ene rgy- ene rgy  p l a n e  

o f  t h e  memory a t  a  p o i n t  u n i q u e l y  

c h a r a c t e r i s t i c  o f  t h e  two ( o r  more) 

photon  e n e r g i e s .  When t h e  two d e -  

- t e c t o r s  a r e  v e r y  c l o s e  t o g e t h e r ,  t h e  

d e t e c t o r  sys tem approaches  a  t o t a l  

a b s o r p t i o n  gamma-ray s p e c t r o m e t e r ,  . 
s i n c e  most o f  t h e  photons  which a r e  

Background Measurements and Compton - 
Reduct ions  

Background measurements were made 

f o r  each  9 3 / 8  i n .  diam by 4 i n .  t h i c k  

NaI(T1) c r y s t a l  w i t h  and w i t h o u t  a n t i -  

c o i n c i d e n c e  t o  i l l u s t r a t e  t h e  b e n e f i t  

of background r e d u c t i o n  by a n t i c o i n -  

c i d e n c e  s h i e l d i n g  and l i g h t  p i p i n g  

( s e e  F i g u r e  9 7 ) .  With a n t i c o i n c i d e n c e  
t h e  background i s  reduced  t o  about  

- 
- 
- - - - Without Anticoincidence - 
- - With Anticoincidence - 
- 

Lower 9 318 in. NaI(T1) Crystal  Wlthout Light-Pipe 

Upper 9 318 i n  NaI(T1) Crystal  with 8 in. Lucite Light-Plpe 

- Crystal  with 8" 1,ucite - Light Pipe - 
- 
- 
- 

- 

- 

I 

Channel n'urnber 

F I G U R E  9 7 .  Comparison o f  S i n g l e  C r y s t a l  
Backgrounds w i t h  and W i t h o u t  L i g h t  P ipe  
and A n t i c o i n c i d e n c e  S h i e l d i n g  



o n e - t h i r d  ove r  most o f  t h e  energy  range  

from 0 . 1  t o  3  MeV. The l i g h t  p i p e  on 

t h e  upper  NaI(T1) c r y s t a l  f u r t h e r  r e -  

duces t h e  remain ing  background t o  one-  

h a l f  o v e r  most o f  t h e  same ene rgy  range  

by r educ ing  t h e  c o n t r i b u t i o n  from 

4 0 ~  and o t h e r  r a d i o n u c l i d e s  i n  t h e  

p h o t o t u b e s .  The e f f i c i e n c y  of t h e  

a n t i c o i n c i d e n c e  s h i e l d i n g  i s  somewhat 

l i m i t e d  by t h e  r e l a t i v e l y  t h i c k  s t a i n -  

l e s s  s t e e l  c l a d d i n g  on t h e  c r y s t a l s .  

Some Compton photons  e s c a p i n g  t h e  

NaI(T1) d e t e c t o r s  i n t e r a c t  w i t h  t h e i r  

c l a d d i n g  and t h u s  a r e  n o t  a b l e  t o  i n t e r -  

a c t  w i t h  t h e  phosphor  and c a n c e l  t h e  

e v e n t .  The l a r g e  peak i n  t h e  back-  

grounds a t  2 .225 MeV r e s u l t s  from 

c o s m i c - r a y  i n t e r a c t i o n s  w i t h  t h e  l e a d  

s h i e l d i n g  and p l a s t i c  phosphors .  

Cosmic-ray showers  produce  n e u t r o n s  

i n  t h e  l e a d  s h i e l d i n g  which a r e  t h e r -  

ma l i zed  i n  t h e  p l a s t i c  phosphors  and 

c a p t u r e d  by hydrogen  atoms which de -  

e x c i t e  by t h e  emi s s ion  of  a  2.225 MeV 

prompt gamma-ray. A f r a c t i o n  of t h e s e  

gamma-rays l o s e  t h e i r  f u l l  energy  t o  

t h e  NaI ( T l )  c r y s t a l s ,  r e s u l t i n g  i n  

t h e  l a r g e  peaks  i n  t h e  background 

c u r v e s .  S t u d i e s  a r e  p r e s e n t l y  be ing  

made t o  reduce  t h i s  i n t e r f e r e n c e .  The 

background o f  a  6 i n .  diam by 5 i n .  

t h i c k  NaI(T1) c r y s t a l  w i t h  an 8  i n .  

t h i c k  L u c i t e  l i g h t  p i p e  and which was 

a l s o  su r rounded  by a  30 i n .  diam p l a s t i c  

phosphor a n t i c o i n c i d e n c e  s h i e l d  i s  com- 

p a r e d  w i t h  t h e  9 3 /8  i n .  c r y s t a l s  i n  

F i g u r e  97.  Th i s  c r y s t a l  e x h i b i t s  e s -  

s e n t i a l l y  no 4 0 ~  i n t e r f e r e n c e  and a  

lower background because  of i t s  s m a l l e r  

s i z e .  

Background measurements  of  t h e  e n e r g y -  

ene rgy  p l a n e  of  t h e  9 3 /8  i n .  c r y s t a l  

sys tem were made w i t h  t h e  d e t e c t o r s  1 / 8  

i n .  and 10 i n .  a p p a r t  and a l s o  a t  10 

i n .  a p a r t  w i t h  a  " t o r s o  w a t e r  b a t h"  

sandwiched between t h e  d e t e c t o r s  t o  

s i m u l a t e  t h e  t h o r a x  of  a  p e r s o n .  These 

measurements a r e  f o r  an ene rgy  d i a g o n a l  

ex t end ing  from 0  t o  3  MeV ( s e e  F i g u r e  

9 8 ) .  The " t o r s o  w a t e r  b a t h "  c o n s i s t e d  

of  an 8  i n .  deep by 11 1 / 2  i n .  w ide ,  

w a t e r - f i l l e d  p o l y e t h y l e n e  c o n t a i n e r  i n  

t h e  shape  o f  a  c y l i n d r o i d .  The back-  

grounds were t a k e n  w i t h  and w i t h o u t  

a n t i c o i n c i d e n c e .  With a n t i c o i n c i d e n c e ,  

t h e  backgrounds f o r  each  geometry were 

lowered t o  v a l u e s  1 / 3  t o  1 /10  o f  t h e  

p r e v i o u s  ove r  most o f  t h e  ene rgy  range  

from 0 . 1  t o  3  MeV. Compared w i t h  t h e  

1 / 8  i n .  c r y s t a l  s e p a r a t i o n ,  t h e  back-  

ground c o u n t s  i n  t h e  e n e r g y - e n e r g y  

p l a n e  were lowered t o  1 / 2  t o  1 /9  w i t h  

t h e  c r y s t a l s  10 i n .  a p a r t  and were 

d e c r e a s e d  even f u r t h e r  when t h e  " t o r s o  

w a t e r  ba th"  was between t h e  c r y s t a l s .  

These background r e d u c t i o n s  w i t h  t h e  
c r y s t a l s  s e p a r a t e d  10 i n .  we re ,  o f  

c o u r s e ,  due t o  t h e  d e c r e a s e d  p rob-  

a b i l i t y  of  a  s i n g l e  gamma-ray, o r  o f  

two o r  more gamma r a y s  produced  from 

a  cosmic r a y  shower ,  i n t e r a c t i n g  w i t h  

t h e  two d e t e c t o r s  s i m u l t a n e o u s l y .  The 

two peaks  i n  t h e  ene rgy -ene rgy  back -  

ground which o c c u r r e d  a round Channels  

15  and 22 ( t o t a l  e n e r g y  l o s s  of  1 .47  

and 2.225 MeV) when t h e  d e t e c t o r s  were 

t o g e t h e r  were t h e  r e s u l t  o f  t h e  s c a t t e r  

o f  a  p a r t i a l l y  abso rbed  4 0 ~  o r  d e u t e r -  

ium d e - e x c i t a t i o n  gamma r a y  from one 

NaI c r y s t a l  i n t o  t h e  o t h e r .  

The e f f e c t  of t h e  a n t i c o i n c i d e n c e  

s h i e l d i n g  and s o u r c e  geometry on t h e  

r e sponse  of  one of  t h e  s i n g l e  c r y s t a l s  

i s  i l l u s t r a t e d  i n  F i g u r e  99. With t h e  

d e t e c t o r s  1 / 8  i n .  a p a r t ,  t h e  a n t i c o i n -  

c i d e n c e  s h i e l d i n g  r educes  t h e  Compton 



- - - - without Anticoincidence 

With Anticoindence 

4 0 ~  Backscat ter  Peaks  

Deuterium De-excitation 
Prompt Gamma Backscat ter  Peaks 

Detectors  10 in. Apart 
w /Torso  Water Bath 

Between Crystals  

C h a n n ~ l  Number 

FIGURE 9 8 .  Background Measurements  o f  
t h e  Whole-Body C o u n t i n g  MuZtidimensionaZ 
Gamma-Ray S p e c t r o m e t e r  f o r  an Energy 
DiagonaZ E x t e n d i n g  from 0 t o  3 MeV 

. 
r e g i o n s  of  a  6 0 ~ o  spec t rum t o  1 / 2  t o  

1 / 5  o v e r  most o f  t h e  ene rgy  range  and 

t h e  photopeaks  a t  1 .17  and 1 . 3 3  MeV t o  

1 / 3 .  By s e p a r a t i n g  t h e  c r y s t a l s  10 i n .  

and c e n t e r i n g  t h e  6 0 ~ o  p o i n t  s o u r c e  

between t h e  c r y s t a l s ,  t h e  c o i n c i d e n c e  

coun t ing  e f f i c i e n c y  i s  r educed  t o  

about  1/20 t o  1 /25  w h i l e  t h e  c o u n t i n g  

r a t e s  of  t h e  1 .17  and 1 . 3 3  MeV gamma- 

r a y s  a r e  reduced  t o  on ly  abou t  1 / 2 ,  

when compared w i t h  t h e  sys tem n o t  o p e r -  

a t i n g  w i t h  a n t i c o i n c i d e n c e .  P l a c i n g  

t h e  " t o r s o  w a t e r  ba th"  between t h e  

c r y s t a l s ,  w i t h  t h e  6 0 ~ o  s o u r c e  s u s -  

pended i n  t h e  c e n t e r  o f  t h e  b a t h  p r o -  

duces an a d d i t i o n a l  r e d u c t i o n  t o  1 / 3  

t o  1 / 4  i n  t h e  c o i n c i d e n c e  peak and 

a  30 t o  40% r e d u c t i o n  i n  t h e  s i n g l e  

gamma-ray peaks .  The p r o b a b i l i t y  f o r  

t h e  two 6 0 ~ o  gamma r a y s  be ing  t o t a l l y  

abso rbed ,  one each  i n  t h e  s e p a r a t e  

d e t e c t o r s  i s  about  t h e  same a s  f o r  

bo th  be ing  abso rbed  by one d e t e c t o r  

( s e e  F igu re  9 9 ) .  Thus,  r e l a t i v e l y  

low c o i n c i d e n c e  c o u n t i n g  e f f i c i e n c i e s  

a r e  o b t a i n e d  i n  whole body c o u n t i n g .  
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Counting E f f i c i e n c i e s  

Channel  Xurnber  

F I G U R E  9 9 .  6 0 ~ o  Spectra from Whole-Body 
Counting Multidimensional Detector System 
in Various Geometries 

Table  XLVI summarizes t h e  pho to -  

peak c o u n t i n g  e f f i c i e n c i e s  f o r  ' l c r ,  
6 5 ~ n ,  1 3 7 ~ s ,  6 0 ~ o ,  and 2 2 6 ~ a  a t  

c r y s t a l  s p a c i n g s  of  1 / 8  i n .  and 10 

i n .  For t h e  10 i n .  s p a c i n g  t h e  p o i n t  

s o u r c e  i s  c e n t e r e d  between t h e  c r y s -  

t a l s ,  and i s  i n  a i r  f o r  one s e t  o f  

measurements  and i n  t h e  " t o r s o  w a t e r  

ba th"  f o r  t h e  o t h e r  s e t  o f  measure-  

ments .  The d e c r e a s e  i n  e f f i c i e n c y  

w i t h  geometry and a b s o r p t i o n  ma te r -  

i a l  i s  e v i d e n t .  While t h e  e f f i c i e n c y  

f o r  a  s i n g l e  gamma r a y  such  a s  t h a t  o f  

6 5 ~ n  (1 .11  MeV) i s  o n l y  r educed  t o  

1 /10  by going  from a  p o i n t  s o u r c e  1 / 8  

i n .  geometry t o  t h e  " t o r s o  w a t e r  

ba th"  t h e  e f f i c i e n c y  f o r  c o i n c i d e n c e  

c o u n t i n g  of  6 0 ~ o  dropped t o  abou t  

1 /90  of i t s  o r i g i n a l  v a l u e .  

Whole Body Counting 

An e v a l u a t i o n  of  t h i s  mu l t i d imen-  

s i o n a l  d e t e c t o r  sys tem a s  a  whole 



TABLE XLVI. Count ing  E f f i c i e n c y  o f  t h e  Whole Body Count ing  MuZtidimensionaZ 
Gamma-Ray S p e c t r o m e t e r  a t  V a r i o u s  G e o m e t r i e s  w i t h  A n t i c o i n c i d e n c e  

Counting E f f i c i e n c y ,  Counts/min/nCi 

Rad ionuc l ide  Geometry (a )  S i n g l e  Gamma Coinc idence  Gamma Rays 

5 1 ~ r  A 147 - - -  

B 4 2 . 4  - - -  

C 1 0 . 2  - - - 

( a ) ~  = D e t e c t o r s  1 / 8  i n .  a p a r t  w i t h  p o i n t  s o u r c e  c e n t e r  between them 

B = D e t e c t o r s  10 i n .  a p a r t  w i t h  p o i n t  s o u r c e  c e n t e r  between them 

C = D e t e c t o r s  10 i n .  a p a r t  w i t h  t h e  " t o r s o  w a t e r  b a t h"  c e n t e r e d  

between t h e  c r y s t a l s  

( b ) ~ o t a l  s i n g l e  gamma r a y s  i n  t h e  photopeaks from bo th  c r y s t a l <  

body c o u n t e r  was made by comparing i t s  

d e t e c t i o n  s e n s i t i v i t y  w i t h  t h a t  o f  a  

. - s i n g l e  c r y s t a l  w i t h  and w i t h o u t  a n t i -  

c o i n c i d e n c e  s h i e l d i n g  and l i g h t  p i p -  

i ng  ( s ee  Table  XLVII) . The d e t e c t i o n  

s e n s i t i v i t i e s  were measured by c o u n t -  

i n g  p o i n t  s o u r c e s  of 6 0 ~ o ,  2 2 6 ~ a ,  and 

6 5 ~ n  which were c e n t e r e d  i n  t h e  " t o r s o  
w a t e r  b a t h . "  The " t o r s o  w a t e r  ba th"  

was c e n t e r e d  between t h e  two 9 3 /8  i n .  

diam by 4 i n .  t h i c k  NaI(T1) c r y s t a l s  

i n  t h e  m u l t i d i m e n s i o n a l  sys tem and 

c e n t e r e d  d i r e c t l y  under  t h e  9  3/8 i n .  

diam by 4 i n .  t h i c k  NaI(T1) s i n g l e  

c r y s t a l  sy s t ems .  A l l  c o u n t i n g  was 

performed i n  4 i n .  l e a d  c a v e s .  The 

s e n s i t i v i t i e s  f o r  measur ing  0 . 1 0 ,  0 . 5 0 ,  

and 1 .00  nCi o f  each  r a d i o n u c l i d e  d u r -  

i n g  a  100 min count  a t  t h e  90% c o n f i -  

dence l e v e l  was c a l c u l a t e d  from t h e  

coun t ing  e f f i c i e n c i e s  and backgrounds 

( i n c l u d i n g  t h e  c o n t r i b u t i o n  from a  

pe r son )  o f  each  d e t e c t o r  sys tem ( s e e  

Tab l e  XLVII). The s e n s i t i v i t y  f o r  

measur ing  0.10 nCi of  6 0 ~ o  o r  2 2 6 ~ a  

i s  n e a r l y  i d e n t i c a l  f o r  each  d e t e c t o r  

sys tem.  Although t h e  backgrounds of 

t he  s i n g l e  c r y s t a l  sysems were about  

2 t o  4 o r d e r s  of magni tude  h i g h e r  

t h a n  t h a t  of t h e  m u l t i d i m e n s i o n a l  

sys tem,  t h e  c o i n c i d e n c e  c o u n t i n g  

e f f i c i e n c y  of  t h e  l a t t e r  was r educed ,  

t h u s  making t h e  s e n s i t i v i t i e s  o f  t h e  

sysems e s s e n t i a l l y  e q u i v a l e n t .  The 



T A B L E  X L V I I .  Comparison o f  D e t e c t i o n  S e n s i t i v i t i e s  o f  V a r i o u s  D e t e c t o r  
S y s t e m s  f o r  Whole Body 

Detection Sensitivity in nCi for a 100 min Count at 90% 
Confidence Level 

Multidimensional System, Single 9 3/8 in. Single 9 3/8 in. 
Two 9 3/8 in. by 4 in. crystal with crystal without 
crystals in coincidence anticoincidence anticoincidence 
with anticoincidence and light pipe and light pipe 

Radionuclide shielding 

(a)~ounting was performed by centering point sources in the "torso water bath." 

e r r o r  i n  measur ing  1 . 0 0  n c i  o f  6 0 ~ o  

o r  2 2 6 ~ a  i s  r e l a t i v e l y  l e s s  f o r  t h e  

s i n g l e  c r y s t a l  sy s t ems  because  t h e i r  

g r e a t e r  c o u n t i n g  e f f i c i e n c i e s  a l l o w  

h i g h e r  c o u n t i n g  r a t e s  w i t h  co r r e spond-  

i n g l y  lower  s t a n d a r d  d e v i a t i o n s .  

Although t h e  background i s  reduced  

by a n t i c o i n c i d e n c e  s h i e l d i n g ,  t h i s  

a l s o  c a n c e l s  s i n g l e  gamma r a y s  from 

a  ca scade  where a  s econd  gamma r a y  from 

t h e  ca scade  i s  s e e n  by a n t i c o i n c i d e n c e  

s h i e l d .  Thus t h e  c o u n t i n g  e f f i c i e n c y  

f o r  i n d i v i d u a l  c o i n c i d e n c e  gamma r a y s  

i s  reduced .  The b e n e f i t  o f  a n t i c o i n -  

c i d e n c e  s h i e l d i n g  and l i g h t  p i p i n g  f o r  

s i n g l e  gamma r a y  d e t e c t i o n  i s  b e t t e r  

obse rved  by comparing t h e  d e t e c t i o n  

s e n s i t i v i t y  of  a  non- co inc idence  

gamma-ray e m i t t i n g  r a d i o n u c l i d e ,  such  

a s  6 5 ~ n .  He re ,  t h e  lower background 

a f f o r d e d  by t h e  a n t i c o i n c i d e n c e  s h i e l d -  

i n g  and l i g h t  p i p e  r e s u l t e d  i n  abou t  

a  2  f o l d  improvement i n  t h e  d e t e c t i o n  

s e n s i t i v i t i y  f o r  6 5 ~ n .  The d e t e c t i o n  

s e n s i t i v i t i e s  o f  o t h e r  r a d i o n u c l i d e s  

c o u l d  be e x p e c t e d  t o  be i n c r e a s e d  by 

about  t h e  same amount. The s e n s i t i v -  

i t i e s  c a l c u l a t e d  i n  t h i s  s t u d y  were 

ba sed  on t h e  assumpt ion  t h a t  t h e  r a d i o -  

n u c l i d e  be ing  measured was t h e  on ly  

one p r e s e n t  i n  t h e  body ( e x c e p t  f o r  

t h e  n a t u r a l  4 0 ~  and some 1 3 7 ~ s ) .  If 

o t h e r  r a d i o n u c l i d e s  were p r e s e n t  t h e i r  

Compton i n t e r f e r e n c e  c o u l d  s e r i o u s l y  

h i n d e r  o r  p r o h i b i t  t h e  d e t e c t i o n  of  

s m a l l e r  c o n c e n t r a t i o n s  of  o t h e r  r a d i o -  

n u c l i d e s  which c o u l d  be p r e s e n t .  - 
Under t h e s e  c o n d i t i o n s  m u l t i d i m e n s i o n a l  - - 
whole body c o u n t i n g  cou ld  p rove  most 

u s e f u l .  S i n c e  t h e  Compton i n t e r f e r e n c e  
- 

i n  m u l t i d i m e n s i o n a l  gamma-ray s p e c t r o -  

me t ry  i s ,  i n  most c a s e s ,  s m a l l ,  t h e  

d e t e c t i o n  s e n s i t i v i t i e s  i n  Tab l e  XLVII 

would remain e s s e n t i a l l y  c o n s t a n t  even  

i f  o t h e r  r a d i o n u c l i d e s  were a l s o  p r e s -  

e n t  i n  t h e  body. However, t h e  s e n s i -  

t i v i t i e s  o f  t h e  s i n g l e  c r y s t a l  s y s -  

tems ,  e s p e c i a l l y  t h e  n o n - a n t i c o i n c i d e n c e  

s h i e l d e d  d e t e c t o r ,  c o u l d  be s e r i o u s l y  

r educed .  

A few p e r s o n s  were coun ted  f o r  100 

min i n  t h e  m u l t i d i m e n s i o n a l  whole body 



c o u n t i n g  d e t e c t o r  sy s t em.  The on ly  
4  0  r a d i o n u c l i d e s  d e t e c t e d  were K ,  

1 3 7 ~ s  (from f a l l o u t ) ,  and 6 5 ~ n  (from 

d r i n k i n g  Columbia R ive r  w a t e r ) .  The 

c o n c e n t r a t i o n s  of  c o i n c i d e n c e  gamma- 

r a y  e m i t t i n g  r a d i o n u c l i d e s  i n  t h e i r  

b o d i e s  were t h e r e f o r e  lower t h a n  t h e  

d e t e c t i o n  l i m i t s  s t a t e d  i n  Tab l e  XLVII 

No o p p o r t u n i t y  was a v a i l a b l e  t o  coun t  

p e r s o n s  who c o n t a i n e d  r e l a t i v e l y  h i g h  
. - 

c o n c e n t r a t i o n s  of  a  r a d i o n u c l i d e  mix- 

t u r e  i n  t h e  body. 

D i s c u s s i o n  and Conclus ions  

Mul t i d imens iona l  gamma-ray s p e c t r o -  

met ry  may prove  ve ry  u s e f u l  i n  whole-  

body c o u n t i n g ,  e s p e c i a l l y  i n  t h e  c a s e s  

i n  which a  r e l a t i v e l y  h i g h  c o n c e n t r a -  

t i o n  of  a  complex m i x t u r e  of  r a d i o -  

n u c l i d e s  i s  p r e s e n t .  Although t h e  

c o i n c i d e n c e  c o u n t i n g  e f f i c i e n c y  of  

t h i s  sys tem i s  g r e a t l y  reduced  by 

s e p a r a t i n g  t h e  c r y s t a l s  t o  a l l ow  f o r  

whole-body c o u n t i n g ,  t h e  d e t e c t i o n  

l i m i t s  of most r a d i o n u c l i d e s  which 

decay  w i t h  ca scade  gamma r a y s  a r e  

s t i l l  q u i t e  r e a s o n a b l e  s i n c e  t h e  

background i n  t h e  ene rgy- ene rgy  p l a n e  

i s  ex t r eme ly  low f o r  c o u n t s  a s  long  

a s  100 min. These d e t e c t o r  sys tems  
a l s o  o f f e r  s e v e r a l  advan t ages  a s  

normal gamma-ray s p e c t r o m e t e r  whole-  

body c o u n t e r s .  The a n t i c o i n c i d e n c e  

s h i e l d i n g  s i g n i f i c a n t l y  lowers  t h e  

background and Compton r e sponse  o f  

each  c r y s t a l  t h u s  i n c r e a s i n g  t h e i r  

s e n s i t i v i t i e s .  A l so ,  a  tw in  c r y s t a l  

sys tem doub le s  t h e  c o u n t i n g  e f f i c i e n c y .  

The s e n s i t i v i t y  of  t h e  p r e s e n t  de -  

t e c t o r  sys tem i s  j u s t  m a r g i n a l  compared 

t o  t h a t  o f  a  s i n g l e  c r y s t a l .  S i n c e  t h e  

c o i n c i d e n c e  c o u n t i n g  e f f i c i e n c y  i n c r e a s e s  

r a p i d l y  w i t h  c r y s t a l  s i z e ,  c o i n c i d e n c e  

coun t ing  s e n s i t i v i t i e s  would i n c r e a s e  

r e l a t i v e  t o  s i n g l e  c r y s t a l  s e n s i t i v i t i e s  

a s  t h e  c r y s t a l  s i z e s  were i n c r e a s e d  b e -  

yond t h o s e  of t h e  p r e s e n t  sys tem.  

A s i m i l a r  d e t e c t o r  sys tem i s  n e a r  

comple t i on  which c o n s i s t s  o f  two 11 i n .  

diam by 6  i n .  t h i c k  NaI(T1) c r y s t a l s  

e ach  f i t t e d  w i t h  4  i n .  t h i c k  p u r e  NaI 

l i g h t  p i p e s  and su r rounded  by 36 i n .  

diam p l a s t i c  phosphor a n t i c o i n c i d e n c e  

s h i e l d i n g .  T h i s  new sys tem w i l l  a l s o  

be e v a l u a t e d  a s  a  whole-body c o u n t e r .  

A N  ANTICOINCIDENCE-SHIELDED G e ( L i )  G A M M A- R A Y  SPECTROMETER-M. W .  H i l l  

An a n t i c o i n c i d e n c e - s h i e l d e d  gamma- 

r a y  s p e c t r o m e t e r  was assembled u s ing  

a  Ge(Li)  d iode  a s  t h e  p r imary  d e t e c t o r  

and a  l a r g e  26 i n .  diam by 24 i n .  t h i c k  

p l a s t i c  phosphor a s  t h e  a n t i c o i n c i d e n c e  

s h i e l d i n g .  The d i o d e  was housed a t  t h e  

end of  a  vacuum chamber c o n t a i n i n g  a  

long  c o l d  f i n g e r  and i n s e r t e d  i n  t h e  

p l a s t i c  phosphor t h rough  a  2 i n .  diam 

h o l e .  P u l s e s  from t h e  Ge(Li)  d e t e c t o r  

were f e d  t h rough  an  O r t e c  101-XL p r e -  

a m p l i f i e r  i n t o  a  RIDL 34-12 p u l s e  

h e i g h t  a n a l y z e r .  P u l s e s  from t h e  

p l a s t i c  phosphor  s h i e l d  were f e d  i n t o  

t h e  a n t i c o i n c i d e n c e  g a t e  of  t h e  ana -  

l y z e r .  The s i g n a l  l e a d  c a p a c i t a n c e  

r e s u l t i n g  from t h e  long  s i g n a l  l e a d  

was 9 pF. With t h i s  a r r angemen t ,  

r e d u c t i o n  a t  t h e  Compton edge and 

b a c k s c a t t e r  peak of  1 3 7 ~ s  was 1 1 . 5  
.? 

and 6 . 3  r e s p e c t i v e l y  f o r  a  1 cm' by 

1 mm Ge(Li)  d e t e c t o r .  For  t h o s e  r a -  

d i o n u c l i d e s  hav ing  c a s c a d i n g  gamma 

r a y s ,  bo th  t h e  i n t e n s i t y  o f  t h e  Compton 



continuum and t h e  p h o t o e l e c t r i c  peak t o n  edge was s t i l l  enhanced .  For  

were r educed ;  however ,  t h e  i n t e n s i t y  1 3 4 ~ s ,  t h e  r e d u c t i o n  of  t h e  Compton 

o f  t h e  photopeak  r e l a t i v e  t o  t h e  Comp- edge was t o  1/20 w h i l e  t h a t  o f  t h e  
605 keV photopeak was t o  1 / 1 2 .  

REDESIGN A N D  APPLICATON O F  A N  ANTICOINCIDENCE-SHIELDED G e ( L i )  G A M M A - R A Y  

SPECTROMETER-C. W .  Thomas 

The a n t i c o i n c i d e n c e - s h i e l d e d  gamma- 

r a y  s p e c t r o m e t e r  o r i g i n a l l y  de s igned  

and c o n s t r u c t e d  by M .  W .   ill( 147) 

u t i l i z e d  a  Ge(Li )  d iode  a s  t h e  pr imary  

d e t e c t o r  and a  l a r g e  26 i n .  diam by 

24 i n .  t h i c k  p l a s t i c  phosphor  a s  t h e  

a n t i c o i n c i d e n c e  s h i e l d i n g .  The d iode  

was housed a t  t h e  end o f  a  long  19 i n .  

vacuum chamber c o n t a i n i n g  a  c o l d  f i n g e r  

which was i n s e r t e d  i n  t h e  p l a s t i c  phos-  

pho r  t h rough  a  2 i n .  diam h o l e .  To 
change samples  i t  was n e c e s s a r y  t o  r e -  

move t h e  long  vacuum hous ing  from t h e  

p l a s t i c  phosphor  by means of  a  c o u n t e r -  

we igh t ed  p u l l e y  sys tem a f t e r  d i s c o n n e c t -  

i n g  t h e  p r e a m p l i f i e r  and t h e  v a c - i o n  

pump. During such  a  p e r i o d  o f  t ime  

some t e m p e r a t u r e  and p r e s s u r e  i r r e g u -  

l a r i t i e s  were e n c o u n t e r e d  a s  w e l l  a s  

g a i n  i n s t a b i l i t y  a f t e r  r ea s sembl ing  

t h e  sy s t em.  The u n c e r t a i n t y  o f  g a i n  

s h i f t  when d e t e r m i n i n g  unknown r a d i o -  

n u c l i d e s  r e q u i r e d  a  more s t a b l e  s y s -  

tem. I t  was a l s o  n o t e d  t h a t  when 

o p e r a t i n g  t h e  sys tem under  t h e s e  con-  

d i t i o n s ,  some p r e a m p l i f i e r  n o i s e  was 

e n c o u n t e r e d .  Over a  p e r i o d  o f  2 weeks 

u s e  t h e  r e s o l u t i o n  of t h i s  sys tem had 

changed from 6 .5  keV (FWHM) t o  1 4 . 1  

keV (FWHM). Measurements showed t h a t  

t h e  l o s s  was due t o  t h e  p r e a m p l i f i e r ,  

n o t  t o  t h e  4 cm2 diam by 5  mm d e p l e t i o n -  

dep th  d i o d e .  

To improve t h e  d e s i g n ,  a  sample p o r t  

was de s igned  t o  e n t e r  t h rough  t h e  s i d e  

o f  t h e  p l a s t i c  phosphor .  A l ong  chan-  

n e l  1 / 2  i n .  t h i c k  by 2  i n .  wide by 1 2  

i n .  long  was m i l l e d  o u t  o f  t h e  u n d e r s i d e  

of  t h e  t o p  s e c t i o n  of  p l a s t i c  phosphor  

s o  t h a t  i t  connec t ed  w i t h  t h e  2  i n .  diam 

h o l e .  A 30 m i l  aluminum l i n e r  was made 

t o  l i n e  bo th  t h e  h o l e  and t h e  sample 

t r o u g h .  Samples were i n s e r t e d  u s i n g  

a  long  L u c i t e  p a d d l e .  

The system has  been i n  c o n s t a n t  u se  

f o r  measur ing  t h e  r a d i o n u c l i d e  compo- 

s i t i o n  of  a  v a r i e t y  o f  s amp le s .  F i g u r e  

100 shows t h e  r e sponse  of  t h e  s y s t e m ,  

w i t h  and w i t h o u t  a n t i c o i n c i d e n c e  s h i e l d -  

i n g ,  t o  a  g 5 ~ r - g 5 ~ b  s o u r c e  w h i l e  F i g u r e  

101  shows t h e  r e sponse  t o  a  s o u r c e  of  

1 day o l d  n o n - v o l a t i l e  f i s s i o n  p rod-  

u c t s .  Although t h e  r e s o l u t i o n  w i t h  

t h i s  system does  n o t  compare w i t h  t h a t  

o f  d i o d e s  u s i n g  FET p r e a m p l i f i e r s ,  t h e  

e f f e c t  o f  t h e  a n t i c o i n c i d e n c e  s h i e l d i n g  

does g i v e  a  photopeak- to-Compton r a t i o  

which i s  comparable  t o  t h a t  o f  t h e  h i g h  

r e s o l u t i o n  sys t ems .  F i g u r e  102 compares 

t h e  r e sponse  of t h i s  sys tem t o  t h a t  o f  

a  NaI ( T l )  d e t e c t o r .  With t h e  e x c e p t i o n  

of  cesium t h e  i s o t o p e s  ment ioned  above 

a r e  p r e s e n t  i n  r e a c t o r  t u b e  f i l m  and  

t h e  sys tem h a s  been  used  e f f e c t i v e l y  

i n  a n a l y z i n g  samples  of  t h a t  t y p e .  

I n  a d d i t i o n  t o  measur ing  samples  of  

h igh  a c t i v i t y ,  low l e v e l  samples  have  

been measured q u i t e  e f f e c t i v e l y .  F i g -  

u r e  103 i s  a  spec t rum of  a shed  wol f  

muscle  showing t h e  n a t u r a l  4 0 ~  and t h e  



f a l l o u t  i s o t o p e  1 3 7 ~ s .  F igu re  104 i s  A d d i t i o n a l  m o d i f i c a t i o n s  a r e  unde r -  

t h e  spec t rum of  an a i r  f i l t e r  sample way. An FET p r e a m p l i f i e r  h a s  been de -  

showing t h e  f a l l o u t  i s o t o p e s  1 4 4 ~ e ,  s i g n e d  s o  t h a t  t h e  i n p u t  s t a g e  w i l l  be 

1 4 1 c e ,  12 'sb,  13'1, 7 ~ e ,  l o 3 ~ u ,  l o 6 ~ u ,  nounted n e a r  t h e  d iode  t h u s  i n c r e a s i n g  

1 3 7 ~ s ,  9 5 ~ r - 9 5 ~ b ,  and 5 4 ~ n .  From t h e s e  t h e  r e s o l u t i o n  of  t h e  sys tem.  La rge r  

r e s u l t s  i t  i s  a p p a r e n t  t h a t  even a  s m a l l  d iodes  of t h e  c o a x i a l  t y p e  a r e  a l s o  

Ge (L i )d iode  i s  u s e f u l  i n  some low l e v e l  p l anned  f o r  i n c o r p o r a t i o n  i n t o  t h e  

c o u n t i n g  a p p l i c a t i o n s .  sys tem.  
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