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ABSTRACT

A c a I c u l a t i o n  o f  th e  t r i t i u m  b e ta  e n e r g y  a b s o r p t i o n  in  

s p h e r i c a 1 b u lb s  f i l l e d  w i t h  m ix t u r e s  o f  t r i t i u m  and o t h e r  

g a s e s  i s  c a r r i e d  ou t  under th e  e m p i r i c a l l y  s u b s t a n t i a  t e d  a s ­

sum ption  t h a t  th e  en er g y  a b s o r p t i o n  p er  s p h e r i c a 1 s h e l l  s u r ­

round in g  a p o i n t  t r i t i u m  s o u r c e  i s  r e p r e s e n t a b l e  by a pure  

e x p o n e n t i a l  f u n c t i o n . Primary and s u c c e s s i v e  b a c k s c a t t e r i n g  

a t  th e  wa11 o f  the  v e s s e l  i s  ta k e n  i n t o  a c c o u n t  by means o f  

a v e ry  approxima t e  c a I c u l a  t i o n . The computed e n e r g y  a b s o r p ­

t i o n  f u n c t i o n  f o r  hydrogen g a s  in  a s i l v e r e d  bu lb  a g r e e s  

w i t h i n  -  3% o v e r  a w ide  ran ge  o f  gas  p r e s s u r e  w i t h  t h e  one  

a v a i l a b l e  s e t  o f  s p h e r i c a 1 i o n i z a t i o n  chamber d a t a .
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Chapter 1 

INTRODUCTION

The need f o r  i n f o r m a t i o n  c o n c e r n i n g  t h e  t r i t i u m  b e ta  

e n er g y  a b s o r p t i o n  by s p h e r i c a 1 vo lum es  of  g a s  a r o s e  out  of  

an e x p e r i m e n t a 1 s tu d y  o f  i s o t o p e  exch an ge  r a t e s  in  m ix tu r e s  

o f  t r i t i u m  and methane g a s  co n d u c ted  in  Group W-7. These  

e x p e r im e n t s  were c a r r i e d  out  in  s p h e r i c a 1 g l a s s  b u l b s  v a r y ­

in g  in  volume from 100 t o  1000 ml and a t  t o t a 1 g a s  p r e s s u r e s  

v a r y in g  from 65 to  400  mm Hg. In th e  m a j o r i t y  o f  c a s e s , th e  

g a s  m ix tu re  was p r e d o m in a n t ly  t r i t i u m .  S i n c e  under t h e s e  

c o n d i t i o n s  th e  range  o f  th e  t r i t i u m  b e ta  p a r t i c l e s  i s  o f  th e  

o r d e r  o f  the  bulb  d i a m e t e r , i t  i s  c l e a r  t h a t  not  a l l  of  the  

e m i t t e d  beta  en erg y  i s  ab so r be d  by th e  g a s .

The problem t o  be t r e a t e d  in  t h i s  r e p o r t  i s  e s s e n t i a l l y  

t h i s : g i v e n  a spe c  i f  i e d  homogeneous med ium co n ta  i n i n g  a

d i s p e r s e d  b e ta  e m i t t e r  bounded by a s p h e r i c a 1 wa11 of  known 

c o m p o s i t i o n ,  f  ind th e  f r a c t  io n  o f  th e  t o t a 1 e m i t t e d  b eta  

en e rg y  t h a t  i s  absorbed by th e  medium. While  the  form a1
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c o n t e n t  o f  t h i s  r e p o r t  would be a p p l i c a b l e  t o  any s t a t e  o f  

aggrega  t  ion  o f  a med ium o f  fa  i r l y  low a tom ic  number, f o r  

th e  s a k e  of  c o n c r e t e n e s s  we s h a 11 u s e  a n o m en c la tu re  ap p ro -  

p r i a t e  t o  th e  g a s e o u s  s t a  t e .

B ec a u se  o f  th e  grea  t  c o m p l e x i t y  of  e l e c t r o n  sea  t t e r i n g  

p r o c e s s e s , any fu nd am en ta l  approach t o  th e  problem we e n t e r -  

ta in  h er e  would be f a r  from s i m p l e . I n d e e d , no t h e o r e t i c a 1 

s o l u t i o n  has  y e t  b een  obta ined f o r  t h e  e l e c t r o n  f l u x  d i s ­

t r i b u t i o n  in  a p h y s i c a l l y  bounded medium.

S i n c e  no d i r e c t , p u r e l y  t h e o r e t i c a 1 scheme of  c a l c u ­

l a t i o n  i s  p r e s e n t l y  a v a i l a b l e ,  we s h a 11 have  r e c o u r s e  t o  a 

l e s s  fundam enta1, t w o - s t e p  approach t o  t h e  p ro b lem .  In th e  

f  i r s t  s t e p  we n e g l e c t  backsca  t t e r i n g  from t h e  v e s s e l  wa11 .

T h is  i s  e q u i v a l e n t  t o  a ssum ing  tha t  t h e  med ium i s  homogene­

ous  and unbounded in  i t s  a b s o r b i n g  p r o p e r t i e s , a I th o u g h  th e  

b e ta  e m i t t e r  i s  r e s t r i c t e d  t o  a d e f i n i t e  s p h e r e  in  th e  

medium. Then in  th e  s e co n d  s t e p  we c a I c u l a  t e  th e  en e r g y  

a b s o r p t i o n  due t o  t h e  b a c k s c a t t e r e d  b e ta  p a r t i c l e s  and add 

t h i s  t o  th e  e n e r g y  a b s o r p t i o n  c a I c u l a  ted  in  th e  f  i r s t  s t e p .

I f  b oth  th e  medium and th e  d i s p e r s i o n  o f  t h e  b e ta  e m i t t e r  

t h e r e i n  were i n f  i n i t e  ( r e l a t i v e  t o  t h e  ra n g e  o f  th e  b e ta  

p a r t i c l e s ) , t h e  c a I c u l a  t i o n  f o r  th e  f  i r s t  s t e p  would be 

t r i v i a  1 ,  s i n c e  th e  e n e r g y  absorbed  p er  u n i t  volume must p e r ­

f o r c e  eq u a 1 t h e  en er g y  e m i t t e d  per  u n i t  v o l u m e . In th e
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a c t u a 1 c a s e ,  a r e a l  problem  a r i s e s  s i n c e  th e  ra t e  o f  en e rg y  

a b s o r p t i o n  i s  a f u n c t i o n  o f  t h e  d i s t a n c e  from t h e  c e n t e r  o f  

th e  s p h e r e  due t o  th e  e s c a p e  o f  b e ta  p a r t i c l e s  from th e  

s p h e r e  of  b e ta  e m i s s i o n . In o r d e r  t o  c a I c u l a  t e  t h i s  en er g y  

a b s o r p t  io n  f u n c t  i o n , we must know th e  spac  i a 1 dependence  of  

th e  en e rg y  a b s o r p t i o n  s u r r o u n d in g  a p o i n t  b e ta  e m i t t e r  in  

the  a b s o r b in g  medium. T h is  a s p e c t  o f  th e  problem  w i l l  be 

t r e a t e d  in  t h e  c h a p t e r  which  f o l l o w s .



Chapter 2

THE ENERGY ABSORPTION FUNCTION FOR SPHERICAL GEOMETRY 

NEGLECTING BOUNDARY BACKSCATTERING

The p h y s i c a 1 in p u t  r e q u i r e d  f o r  t h i s  c a I c u l a t i o n  i s  th e  

knowledge  o f  t h e  e n er g y  a b s o r p t i o n  p e r  s p h e r i c a 1 s h e l l  o f  

a b s o r b i n g  g a s  surround ing  a p o i n t  s o u r c e  o f  t r i t  ium. While  

a d i r e c t  e x p e r i m e n t a l  s tu d y  o f  t h i s  p o i n t - s o u r c e  f u n c t i o n  

has  n o t  b een  c a r r i e d  o u t  f o r  t h e  c a s e  o f  t r i t i u m ,  t h i s  has  

been  done f o r  b e t a  s o u r c e s  o f  h i g h e r  e n e r g y . From t h e s e  

data a t  h i g h e r  e n e r g i e s , we s h a l l  make an a t te m p t  t o  adduce  

th e  p o i n t - s o u r c e  a b s o r p t i o n  f u n c t i o n  f o r  t r i t  ium b e ta  

p a r t i c l e s .

F i r s t , h o w e v e r , l e t  u s  n o t e  t h a t  we a r e  not  d i s c u s s i n g  

" a b s o r p t io n "  in  th e  s e n s e  i t  i s  c u s t o m a r i l y  used i n  r a d i ­

a t i o n  p h y s i c s , but  r a t h e r  in  i t s  r a d i o l o g i c a l  s e n s e  o f  

" d o s e ." For what i s  u s u a l l y  r e f e r r e d  t o  a s  " a b so r p t io n "  

in  p h y s i c s  c o u ld  p ro b a b ly  be b e t t e r  termed " a t t e n u a t i o n , "  

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

f u n c t i o n  of  a b s o r b i n g  f i l m  t h i c k n e s s  which  i s  u s u a l l y
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s t u d i e d .  E x p e r i m e n t a l l y ,  i t  i s  found t h a t  th e  i n t e n s i t y  of  

a beam o f  beta  p a r t i c l e s  u s u a l l y  d e c r e a s e s  in  an a p p r o x i ­

m a te ly  e x p o n e n t i a 1 manner w i t h  a b s o r b i n g  f i l m  t h i c k n e s s .

T h is  f a c t  i s ,  h o w e v e r , o f  no u s e  t o  our c a l c u l a t i o n  s i n c e  

t h e r e  i s  no n e c e s s a r y  r e l a t i o n  b e tw een  the  e n e r g y  a b s o r p -  

t i o n  f u n c t i o n  we s e e k  and th e  p a r t i c l e  a t t e n u a t i o n  f u n c t i o n  

u s u a l l y  m ea su red .

F o r t u n a t e l y , h o w e v e r , an e x p e r i m e n t a 1 s tu d y  o f  th e  r a t e s  

of  i o n i z a t i o n  in  h y d r o g e n , a i r ,  and a rgon  s u r r o u n d in g  p o i n t  

b e ta  s o u r c e s  o f  r e l a t i v e l y  low e n e r g y  has  b een  c a r r i e d  out  

The a u t h o r s  c o n c lu d e  t h a t  t h e  e n er g y  a b s o r p t i o n  p er  s p h e r ­

ic a  1 s h e l l  in  t h e s e  g a s e s  i s  r a t h e r  a c c u r a t e l y  r e p r e s e n t e d  

by a d e c r e a s i n g , pure e x p o n e n t i a 1 f u n c t i o n  o f  th e  d i s t a n c e  

from th e  s o u r c e  f o r  b e ta  s o u r c e s  o f  l e s s  than  about  200 kev  

mean b e ta  e n e r g y . I t  was a I s o  found tha t  t h i s  e x p o n e n t i a 1 

dependence  i s  f a r  from b e i n g  v a l i d  in  t h e  c a s e  o f  h ig h  a tomic  

number a b s o r b e r s  a n d /o r  h i g h e r  b e ta  e n e r g i e s . I n d e e d , f o r  

t h e s e  c a s e s , a s e m i l o g a r i t h m i c  p l o t  g i v e s  S - sh a p e d  or ev en  

peaked c u r v e s . T h u s , t h e  e x p o n e n t i a I  p o i n t - s o u r c e  a b s o r p ­

t i o n  f u n c t i o n  must be reg a rd ed  a s  m ere ly  a f o r t u i t o u s  s im p-  

l i f i c a t i o n ,  v a l i d  in  th e  d u a l  r e g i o n  o f  m o d e r a te ly  low 

a to m ic  numbers and lo w - e n e r g y  b e ta  p a r t i c l e s .

S i n c e , h o w e v e r , th e  l o w e s t  e n e r g y  b e ta  e m i t t e r  s t u d i e d
35

i s  S w it h  a mean b e ta  e n e r g y  8 . 6  t i m e s  a s  l a r g e  a s  th e
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5 . 7  kev mean b eta  e n e r g y  of  t r i t i u m ,  some q u e s t i o n  a r i s e s  

a s  t o  w hether  th e  a s su m p t io n  o f  an e x p o n e n t i a 1 a b s o r p t i o n  

f u n c t i o n  f o r  t r i t i u m  i s  j u s t i f i a b l e .  H a p p i l y , t h e  assump­

t i o n  i s  ra t h e r  w e l l  s u b s t a n t  ia t e d - - a I t h o u g h  ind i r e c t l y - - b y  
" 2th e  work of  Grun who measured l i g h t  e m i s s i o n  c a u se d  by 

m o n o e n e r g e t i c , c o l l i m a t e d  e l e c t r o n  beams in  a i r . For e l e c -  

t r o n  beams v a r y i n g  in  e n e r g y  from 5 t o  54 k e v , Grun obta ined  

p l a n e  e n e r g y  a b s o r p t i o n  f u n c t i o n s  ( r o u g h ly  o f  h a y s t a c k  

s h a p e )  h a v in g  p r a c t i c a l l y  th e  same sh a p e  f o r  a l l  e n e r g i e s .  

T h is  would seem t o  c o n s t i t u t e  good e v i d e n c e  t h a t  th e  shape

o f  th e  p o i n t - s o u r c e  e n e r g y  a b s o r p t i o n  f u n c t i o n  f o r  t r i t i u m
35i s  t h e  same a s  f o r  S — t h a t  i s , e x p o n e n t i a 1 .

H e n ce , in  what f o l l o w s , we a ssume w i t h  a fa  i r  d e g r e e  

of  c o n f i d e n c e  t h a t  th e  e n e r g y  a b sorbed  p er  s p h e r i c a 1 s h e l l  

o f  g a s  o f  m o d e r a te ly  low a to m ic  number s u r r o u n d in g  a p o i n t  

s o u r c e  o f  t r i t i u m  may be a d e q u a t e l y  r e p r e s e n t e d  by th e  

e x p r e s s i o n

D (r )  = Ae"^^

where D (r)  i s  th e  d o se  ra t e  f o r  a s p h e r i c a l  s h e l l  o f  g a s  o f  

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

and p i s  t h e  l i n e a r  e n e r g y  a b s o r p t i o n  c o e f f i c i e n t  f o r  th e  

p a r t i c u l a r  a b s o r b in g  g a s .  To a l a t e r  s e c t i o n  we l e a v e  th e  

problem  o f  e s t i m a t i n g  t h e  numerica 1 v a l u e s  of  \i f o r  v a r i o u s  

g a s e s . Our p r e s e n t  c o n c e r n  w i l l  be t o  make a fo rm a l

12



c a I c u l a t i o B  o f  t h e  d o se  r a t e  f o r  a s p h e r i c a l  volume o f  g a s  

n e g l e c t i n g  boundary b ack sca  t t e r i n g . The c o n s t a n t  A in  t h e  

above e x p r e s s i o n  can be r e l a t e d  t o  th e  s o u r c e  s t r e n g t h  s  o f

th e  p o i n t  b e ta  e m i t t e r  by th e  r e l a t i o n
oo

s  -  S D ( r ) d r  -  A .
o M-

and we th u s  obta in  th e  n o rm a l ize d  e x p r e s s i o n ,

D (r)  -  u se " ^ ^ .  ( 1 )

In t h i s  c a I c u l a t i o n  and in  a 11 t h a t  f o l l o w s  we n e g l e c t  

th e  f a c t  t h a t  t h e  ra n g e  o f  t h e  b e ta  p a r t i c l e s  i s  f i n i t e , 

w hereas  t h e  e x p o n e n t i a 1 f u n c t i o n  e x t e n d s  t o  i n f i n i t y . How­

e v e r  , s i n c e  t h e  da ta o f  Sommermeyer^ show t h a t  t h e  p o i n t -  

s o u r c e  a b s o r p t i o n  f u n c t i o n  i s  e x p o n e n t i a 1 o u t  t o  a ran ge  o f  

a t  l e a s t  4 / jx , t h i s  n e g l e c t  p r o d u c e s  o n ly  s l i g h t  e r r o r , w h i l e  

a f f o r d i n g  c o n s i d e r a b l e  m a th e m a t ica 1 s  i m p l i f  i c a  t  i o n . I f  th e  

f i n i t e  range o f  th e  b e ta  p a r t i c l e s  w ere  t o  be taken  i n t o  

a c c o u n t , th e  c a I c u l a  t e d  s p h e r i c a 1 a b s o r p t i o n  f u n c t i o n  would  

be in c r e a s e d  by an amount v a r y i n g  from 0 t o  about  1.5%,  

d epend ing  in  a c o m p l ic a  ted  manner on t h e  s p e c i f  i c  c o n d i t i o n s , 

We w i l l  now make u s e  o f  e q . ( 1 )  t o  c a I c u l a t e  t h e  d o se  

ra t e  ( e n e r g y  absorbed  p e r  u n i t  of  t im e )  a s  a f u n c t i o n  o f  

p o s i t i o n  in  a s p h e r e  o f  g a s  in  which t r i t i u m  i s  d i s t r i b u t e d  

u n i f o r m l y . The geom etry  i n v o l v e d  i s  i l l u s t r a t e d  by F i g u r e  1

- 13 -
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C o n s id e r  a p o i n t  P l o c a t e d  a d i s t a n c e  a — x from th e  

c e n t e r  O o f  a s p h e r e  o f  r a d i u s  a . The b e ta  en er g y  e m i t t e d  

p er  seco n d  per  u n i t  volume o f  t h e  g a s  i s  . I f  t h e  med ium 

were i n f  i n i t e , th e  d o s e  r a t e  in  an i n f  i n i t e s i m a 1 volume  

e le m e n t  dV l o c a t e d  a t  P due t o  a l l  o f  t h e  d i s t r i b u t e d  

s o u r c e s  l o c a t e d  in  th e  s p h e r i c a 1 s h e l l  o f  r a d i u s  r  su rro u n d ­

in g  P would be

D (r)  dr dV -  [X e~^^ dr dV.

However , s i n c e  th e  med ium i s  f  i n i t e , o n ly  a f r a c t i o n  o f  th e  

s p h e r i c a 1 s h e l l  f o r  r>x c o n ta  i n s  b e ta  s o u r c e s . From s o l i d  

a n g l e  c o n s i d e r a t i o n s  one can  show t h a t  t h e  f r a c t i o n  o f  t h e  

s h e l l  f o r  x ^  r  ^  2a -  x t h a t  i s  w i t h i n  t h e  e m i t t i n g  medium 

i s

(2a -  X -  r ) (1  + —) .
4(a  -  x)  r

For r  X ,  t h e  f r a c t i o n  i s  u n i t y  and f o r  r  2, 2a -  x , th e  

f r a c t i o n  i s  z e r o .

H en ce , th e  a c t u a l  d o s e  ra t e  a t  P due t o  th e  s p h e r i c a l  

s h e l l  o f  r a d i u s  r  f o r  x r  ^  2a -  x i s

d€ -  ^ ^o (2a  -  X -  r ) ( 1  + —)e~^^  dr
4(a  -  x )  r

and th e  t o t a 1 d o se  ra t e  a t  P p er  u n i t  volume due t o  a l l

s h e l l s  h a v in g  p o r t i o n s  in  th e  e m i t t i n g  med ium i s  t h e r e f o r e

€ -  f  \  dr (+)
*'o
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2a “ X

^ (2a -  X -  r )  ( 1 + —) e d r .
4(a  -  x) I*

( 2 )

The i n t e g r a t i o n  i s  s t r a i g h t f o r w a r d  and r e s u l t s  in  th e  e x ­

p r e s s i o n

4 €  ̂ _4____2_ ^~\ix

U. M-

X (2a -  X
a -  X

x)  | i (a  -  x)_
g-pL(2a -  x ) _  g - | ix

In 2a -  X

m n n(-1)“ n (2a -  x )^  -  x^ (3 )
na®l n n I

wh i c h  g i v e s  th e  d o se  r a t e  e p er  u n i t  volume a s  a f u n c t i o n  o f

th e  d i s t a n c e  a -  x from t h e  c e n t e r  o f  t h e  s p h e r e .

Our ma in  i n t e r e s t , h o w e v e r , l i e s  in  t h e  t o t a 1 d o se  ra t e

E f o r  th e  w h o le  s p h e r e , Now, E i s  g i v e n  by
•a

E €(a  -  x) d(a -  x)  .

T h is  i n t e g r a t i o n  i s  a n a l y t i c a l l y  t r a c t a b l e  but  l e n g t h y . The 

r e s u l t  i s

E -  47T a^ € X (n  -I- 3)
n - o  (n  + 4 ) !

Def i n i n g  G t o  be t h e  f r a c t i o n  of  th e  e m i t t e d  b e ta  en erg y

t h a t  i s  absorbed  by th e  s p h e r e  o f  g a s  and w r i t i n g  a  f o r  2jj,a ,

16



we have cx>

G = 3 ^  (4 )
n - o  (n  + 4 ) !

For c o m p u ta t io n a 1 p u r p o s e s , t h i s  i n f i n i t e  s e r i e s  c o n v e r g e s

t o o  s l o w l y  f o r  l a r g e  a .  For a g r e a t e r  than u n i t y  an a I t e r -

n a t i v e  e x p r e s s i o n  ( which  i s  v a l i d  f o r  a l l  v a l u e s  o f  a)  i s

more c o n v e n i e n t :
O  O  I ^

( 4 ' )3 31    _

2a a
( a  + 1) e"“

A graph o f  G(a) a p p e a r s  in  F i g u r e  2 .  (A t a b u l a t i o n  o f  G(a)  

i s  g i v e n  in  T a b le  2 ,  Chapter  6 . )

The c a l c u l a t i o n  o f  t h e  e n e r g y  a b s o r p t i o n  n e g l e c t i n g  

b a c k s c a t t e r i n g  i s  t h u s  f o r m a l l y  c o m p l e t e . I t  may be n o ted  

t h a t  a v a r i e s  w i t h  th e  c o m p o s i t i o n  and d e n s i t y  o f  th e  a b ­

s o r b in g  g a s  a s  w e l l  a s  w i t h  th e  d i a m e t e r  o f  t h e  e m i t t i n g  

v o lu m e . I f  P i s  th e  g a s  d e n s i t y , \ i / 9  i s  a c o n s t a n t  f o r  a 

g i v e n  g a s ; and t h e r e f o r e  a v a r i e s  d i r e c t l y  a s  th e  p r o d u ct  

of  t h e  g a s  d e n s i t y  and t h e  d ia m e t e r  o f  t h e  e m i t t i n g  v o lu m e .
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Chapter  3 

BACKSCATTERING CONSIDERATIONS

When an e l e c t r o n  beam i s  i n c i d e n t  on a r e l a t i v e l y  d en se  

medium, an a p p r e c i a b l e  f r a c t i o n  o f  th e  beam i s  ( more or  l e s s  

d i f f u s e l y )  sea  t t e r e d  back i n t o  th e  h a I f - s p a c e  o f  i t s  o r i g i n . 

T h is  f r a c t i o n  i s  c a l l e d  th e  2 7T(or ha I f - s p a c e )  b a ck sc a  t t e r i n g  

c o e f f  i c i e n t . T y p i c a l l y , t h e  b a ck sca  t t e r e d  e l e c t r o n s  p e n e ­

t r a t e  th e  med ium f o r  a d i s t a n c e  v a r y i n g  from about  o n e -  

t w e n t i e t h  t o  one-ha I f  o f  t h e i r  r e c t i l i n e a r  range  i n  th e  

med ium b e f o r e  b e i n g  turned  b a c k .

G e n e r a l l y  c o n s i d e r e d , b a c k s c a t t e r i n g  i s  a v a s t l y  c o m p l i ­

c a t e d  phenomenon and c o n s i d e r a b l e  e x p e r i m e n t a 1 e f f o r t  h as  

been expended toward i t s  e l u c i d a t i o n .  Much of  t h i s  work i s  

beyond th e  s c o p e  and i n t e r e s t  o f  t h i s  r e p o r t . No monograph 

or book seems to  have been  w r i t t e n  on th e  s u b j e c t  and th e  

l i t e r a  t u r e  i s  ra t h e r  d i s p e r s e d  . However , th e  r e f e r e n c e s  

c i t e d  in  t h i s  r e p o r t  can s e r v e  a s  a g u id e  t o  t h e  ma in  body 

of  l i t e r a  t u r e .
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A c c u r a t e  e x p e r i m e n t a 1 work on b a ck sc a  t t e r i n g  i s  a s  r a r e  

a s  i t  i s  d i f f i c u l t . By f a r  t h e  l a r g e s t  amount of  d a t a  i s  

of  a c r u d e  and e x p l o r a t o r y  n a t u r e . In th e  e n e r g y  ran ge  o f
3 A

i n t e r e s t  h e r e  o n ly  th e  work o f  Pa 1l u e 1 ,  S t e r n g l a s s ,  and
5

Kanter can be c o n s i d e r e d  d ef  i n i t i v e .

The m agnitude  o f  th e  b a c k s c a t t e r i n g  c o e f f  i c i e n t  i n ­

c r e a s e s  markedly  w i t h  t h e  a to m ic  number o f  t h e  backsca  t t e r i n g
3”S S“Tmed ium and a I s o  depends  on t h e  a n g l e  o f  i n c i d e n c e  o f

t h e  e l e c t r o n s  and on th e  a n g u la r  a p e r t u r e  o f  th e  c o u n t e r  or
7

c o l l e c t o r . B e c a u se  o f  t h e  a n g l e  e f f e c t s , i t  makes c o n ­

s i d e r a b l e  d i f f e r e n c e  w hether  t h e  i n c i d e n t  e l e c t r o n  f l u x  i s
9c o l l i m a t e d  or d i f f u s e . B u t , i n  any c a s e , th e  d i r e c t i o n a 1 

d i s t r i b u t i o n  o f  t h e  b ack sca  t t e r e d  e l e c t r o n s  i s  more c h a r ­

a c t e r i s t i c  o f  d i f f u s i v e  than o f  s p e c u l a r  r e f  l e c t i o n .

On t h e  o t h e r  hand , t h e  b a c k s c a t t e r i n g  c o e f f  i c  i e n t  i s  

r e l a t i v e l y  i n s e n s i t i v e  t o  c h a n g e s  in  e l e c t r o n  e n e r g y  above
4

about  3 k e v . In p a r t i c u l a r , f o r  a tom ic  numbers o f  l e s s  

than  a b o u t  t h i r t y , no en er g y  d ep e n d e n ce  i s  e v i d e n t  above  

about  3 k e v . For h ig h  a tom ic  num bers , t h e  b a c k s c a t t e r i n g

c o e f f  i c i e n t  i s  by no means sma1 1 .  For e x a m p le , i t  i s  about
90 . 7  f o r  d i f f u s e  i n c i d e n c e  on l e a d  in  th e  Mev e n e r g y  r e g i o n .

So f a r  we have o n ly  been  d i s c u s s i n g  p a r t i c l e  b a c k s c a t -  

t e r i n g  w i t h o u t  any c o n c e r n  a b o u t  th e  e n e r g y  d i s t r i b u t i o n  o f  

t h e  b ack sca  t t e r e d  e l e c t r o n s . However , our i n t e r e s t  in  th e
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backsca  t t e r i n g  p r o c e s s  a r i s e s  from our need t o  know th e  

en e rg y  " r e f l e c t e d "  back i n t o  t h e  s p h e r e  o f  a b s o r b i n g  g a s .

The en erg y  d i s t r i b u t i o n  depends  on t h e  a to m ic  number o f  th e
4 - 8backsca  t t e r i n g  med ium and on th e  a n g l e  o f  i n c i d e n c e .

The shape  o f  th e  d i s t r i b u t i o n  i s  p r a c t i c a l l y  in d e p e n d e n t  of
4

th e  e n er g y  o f  th e  i n c i d e n t  e l e c t r o n s  f o r  low e n e r g i e s
8( ~  1 k e v ) , b u t  e x h i b i t s  some d ep en d en ce  a t  h ig h  e n e r g i e s  

500 k e v ) . M oreover , t h e  d e p e n d en ce  of  t h e  d i s t r i b u t i o n

on a tomic  number i s  much l a r g e r  a t  h ig h  e n e r g i e s  th an  a t

1 4lo w .

The r a t i o  o f  t h e  mean e n e r g y  o f  t h e  b a c k s c a t t e r e d  e l e c ­

t r o n s  t o  th e  mean en e rg y  o f  t h e  i n c i d e n t  e l e c t r o n s  i s , in  

t h e  r e g i o n  o f  low e n e r g y , e s s e n t i a l l y  in d ep e n d en t  o f  t h e  

i n c i d e n t  e n er g y  and o n ly  s l i g h t l y  d ep en d en t  on t h e  a to m ic  

number. T h i s  r a t i o  v a r i e s  from a b o u t  0 . 5  f o r  low a to m ic

numbers t o  about  0 . 6  f o r  h ig h  a to m ic  numbers in  th e  e n e r g y
4 5r e g i o n  from about  1 t o  10 k e v . ’ Use w i l l  be made o f  t h i s  

f a c t  in  our c o m p u ta t io n  o f  t h e  b a ck sc a  t t e r i n g  c o n t r i b u t i o n .

As might be e x p e c t e d , th e  p r e s e n t l y  a v a i l a b l e  data  on 

b a c k s c a t t e r i n g  p r o c e s s e s — e v e n  though fa i r l y  e x t e n s i v e — a r e  

by no means s u f  f  i c  i e n t  t o  make p o s s i b l e  a p r e c i s e  c a l c u l a t i o n  

of  th e  e n er g y  d e p o s i t i o n  in  t h e  s p h e r e  o f  g a s  due t o  t h e  

b a c k s c a t t e r e d  e l e c t r o n s . A p r e c i s e  c a l c u l a t i o n  would demand 

d e t a i l e d  data  on th e  p a r t i c l e  f l u x , d i r e c t i o n a l  d i s t r i b u t i o n ,
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and en er g y  d i s t r i b u t i o n  o f  th e  b e ta  p a r t i c l e s  i n c i d e n t  on 

t h e  w a l l , and would a I s o  r e q u i r e  d e ta  i l e d  d ata  on t h e  b a c k -  

s c a t t e r i n g  c o e f f i c i e n t  p er  e l e m e n t  o f  s o l i d  a n g l e  a s  a 

f u n c t i o n  o f  a to m ic  number, ( i n c i d e n t  and r e f l e c t e d )  d i r e c ­

t i o n  , and e n e r g y , a n d , in  a d d i t i o n , would r e q u i r e  d e ta  i l e d  

data  on t h e  e n e r g y  p er  b a c k s c a t t e r e d  e l e c t r o n  a s  a f u n c t i o n  

o f  th e  above p a r a m e t e r s . M oreover ,  e s p e c i a l l y  a t  low v a l u e s  

o f  t h e  a b s o r p t i o n  p aram eter  a  ( d i s c u s s e d  in  t h e  l a s t  s e c t i o n ) , 

s e c o n d - o r d e r  b a c k s c a t t e r i n g  ( i . e . ,  b a c k s c a t t e r i n g  o f  th e  

b a c k s c a t t e r e d  e l e c t r o n s  a f t e r  t r a v e r s i n g  t h e  g a s )  and e v e n  

t h i r d - o r d e r  b a c k s c a t t e r i n g  must be ta k e n  i n t o  a c c o u n t .

I t  i s  t h e r e f o r e  ap p a ren t  t h a t , e v e n  i f  a c c u r a t e  data  

were a v a i l a b l e  i n  p r o f u s i o n ,  t h e  p r e c i s e  c a l c u l a t i o n  o f  th e  

backsca  t t e r i n g  c o n t r i b u t i o n  t o  t h e  e n e r g y  a b s o r p t i o n  in  th e  

g a s  would be a most f o r m id a b le  t a s k .  I n d e e d , b e c a u s e  o f  th e  

g e o m e t r i c a l  c o m p l e x i t i e s  i n v o l v e d , t h e  t a s k  might w e l l  be  

p r a c t i c a l l y  i m p o s s i b l e .

For t h e s e  r e a s o n s  we h e r e  p r o f f e r  a r a t h e r  c ru d e  c a I c u ­

la  t i o n  a s  a s u b s t i t u t e  f  or e x a c t  ana l y s i s . In a l a t e r  s e c ­

t i o n  we s h a l l  s e e  t h a t , i n  s p i t e  o f  t h e  s e v e r e  a p p r o x i m a t i o n s , 

some e m p i r i c a 1 e v i d e n c e  s u g g e s t s  t h a t  th e  c a l c u l a t i o n  i s  not  

g r o s s l y  i n  e r r o r  e v e n  f o r  w a l l  m a t e r i a l s  o f  a to m ic  number a s  

h ig h  a s  s i l v e r . B ecause  the  r e l a t i v e  b a c k s c a t t e r i n g  c o n t r i ­

b u t i o n  d i m i n i s h e s  w i t h  t h e  a to m ic  number, t h i s  c a l c u l a t i o n
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s h o u ld  be s u f f i c i e n t l y  accu ra  t e  f o r  w a l l  ma t e r i a l s  o f  mod­

e r a t e l y  low a tom ic  number.

Our approach w i l l  i n v o l v e  th e  f o l l o w i n g  b a s i c  assump­

t i o n s  :

a . Each s u r f a c e  e l e m e n t  o f  t h e  s p h e r i c a 1 wa11 e m i t s  

b a c k s c a t t e r e d  b eta  p a r t i c l e s  i s o t r o p i c a l l y  i n t o  t h e  h a l f ­

s p a c e  o f  t h e  a b s o r b in g  g a s .

b . The a v e r a g e  e n e r g y  o f  th e  o n c e - b a c k s c a t t e r e d  beta  

p a r t i c l e s  i s  degraded by an amount such t h a t  t h e  a v e r a g e  

a b s o r p t  ion  c o e f  f  i c  i e n t  i s  , where ^^^>1 and p. i s  t h e  

a v e r a g e  a b s o r p t i o n  c o e f f  i c i e n t  o f  t h e  u n b a c k s c a t t e r e d  b e ta  

p a r t i c l e s  in  th e  g a s .

c .  The t o t a l  e n e r g y  o f  t h e  o n c e - b a c k s c a  t t e r e d  b e ta
3

p a r t i c l e s  i s  4/37Ta b ( l  -  G) s o  t h a t  th e  r e l a t i v e  ( t o  t h e  

t o t a 1 b e ta  e n e rg y  e m i t t e d  in  t h e  s p h e r e  of  g a s )  e n e r g y  i s  

b( 1 -  0 )  , where b < l  i s  assumed t o  be a c o n s t a n t  depend ing  

o n ly  on th e  a tom ic  number o f  t h e  wa11 m a te r ia  1 .  ( 1  -  G) i s

t h e  f r a c t i o n  o f  t h e  t o t a 1 e m i t t e d  b e ta  e n e r g y  t h a t  i s  " i n c i -  

dent"  on th e  s p h e r i c a 1 wa11 .

d .  S u c c e s s i v e  b a c k s c a t t e r i n g  can  be  t a k e n  i n t o  a c c o u n t  

by s u c c e s s i v e  a p p l i c a t i o n  o f  th e  c o n s i d e r a t i o n s  g i v e n  in  ( a ) , 

( b ) , and ( c ) .

In a c c o rd a n ce  w i t h  ( a ) and (b )  and u s i n g  t h e  same geom­

e t r y  a s  in  F i g . 1 ,  s a v e  t h a t  x -  0 ,  we f  ind t h e  e n e r g y

23



absorbed  per  seco n d  in  a s p h e r i c a 1 s h e l l  o f  th e  a b s o r b in g  

g a s  due t o  an e l e m e n t  of  s u r f a c e  area  on t h e  w a l l  o f  e m i s ­

s i o n  s t r e n g t h  ’ t o  be

2a -  r  - r i ^ ^  ^d€'  -  r  Li € ' — ------ — e  d r .
1 °  2a

Now, th e  t o t a 1 e n e r g y  absorbed  p e r  s e co n d  by a 11 o f  th e  g a s

i s  j u s t

-/
2a

d€' € » o 1 -

-rio. 
(1  -  e   ̂ )

w h e r e , a s  b e f o r e , a  =  2\ia .

S i n c e  t h e  same r e l a t i o n  h o l d s  f o r  e v e r y  e l e m e n t  o f  wa11 

a r e a , t h e  t o t a 1 d o s e  r a t e  in  t h e  a b s o r b i n g  g a s  due t o  o n c e -  

backsca  t t e r e d  e l e c t r o n s  i s

- i j r a ^  £ b ( l  -  G) 
3 °

1 - (1  -

and th e  d o s e  r a t e  r e l a t i v e  t o  t h e  t o t a 1 b e t a  e n er g y  e m i t t e d  

in  th e  medium i s

-  b ( l  -  G)f^

where f  s  1 -

I t  i s  e v i d e n t  t h a t  n o t  a 11 o f  t h e  b a ck sca  t t e r e d  b e ta  

p a r t i c l e s  w i l l  be a b sorbed  by t h e  g a s : a f r a c t i o n  1 -  fj^

o f  th e  o r i g i n a 1 b ( 1 -  G) e n er g y  w i l l  be l e f t  ov er  t o
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' 're impinge" on th e  w a l l .  The r e s u l t a n t ,  t w i c e - b a c k s c a t t e r e d  

b e ta  p a r t i c l e s  w i l l  th u s  c a r r y  a t o t a 1 r e l a t i v e  e n er g y

mounting t o  b ^ ( l  -  G) (1  -  fj^) and w i l l  have  an a v e r a g ea

a b s o r p t i o n  c o e f  f  i c  i e n t  where y^  Of t h i s  e n e r g y  ,
- y o ^

a f r a c t i o n  f g  =  1 -  H / y ^ )  ( 1  -  e  ) w i l l  be absorbed  

by th e  g a s . T h u s , Bg * b^( 1 -  0)  (1  -  f  f g .

S i m i l a r l y , th e  d o s e  ra t e  in  th e  g a s  due t o  t h e  t h r i c e -
3

b a c k s c a t t e r e d  b e ta  p a r t i c l e s  w i l l  be Bg -  b (1  -  G) (1  -  f
- y ^ a

( 1  -  f g )  f 0 , where y^  >  y ^ ,  and f g  =  1  -  ( l / / g a ) ( 1  -  e ) .

In genera 1 ,  th e  t o t a 1 r e l a t i v e  d o s e  ra t e  due t o  b a c k -
oo

sea  t t e r i n g  o f  a 11 o r d e r s  i s  B -  B^ . In p r a c t i c e , where

a i s  n o t  sma H e r  than  ab o u t  0 . 1  in  th e  r e g i o n  o f  i n t e r e s t ,

B may be taken  a s  Bĵ  + Bg + Bg. For a  grea  t e r  than  about  

2 0 ,  o n ly  B̂  ̂ need be co m p u te d . A graph o f  f  i y a )  v s  ya  

a p p ea r s  in  F i g . 3 .

At t h i s  p o i n t  th e  f  orma1 p a r t  of  our c a I c u l a  t i o n  i s  

c o m p l e t e . The f r a c t i o n  o f  t h e  t o t a 1 b e t a  e m i s s i o n  en erg y  

t h a t  i s  absorbed  by t h e  s p h e r i c a 1 volume o f  g a s  i s  F =  G + B. 

W hile  G depends  o n ly  on a , B depends ( th r o u g h  b) on th e  

a tom ic  number of  th e  wa11 m a t e r i a l  a s  w e l l  a s  on a . Our 

n e x t  t a s k  w i l l  be t o  a s s i g n  n u m e r ic a 1 v a l u e s  t o  b , y ^ , and 

j i . T h is  w i l l  be u n d er ta k e n  in  t h e  f o l l o w i n g  c h a p t e r .

F i r s t , h o w ev e r , comments on t h e  na t u r e  o f  b may be 

w o r t h w h i l e . b i s  th e  f r a c t i o n  of  t h e  t o t a 1 b e ta  en e rg y
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" i n c i d e n t "  on th e  wa11 t h a t  i s  b a c k s c a t t e r e d . H e n c e , b i s  

g i v e n  by th e  p rod u ct  o f  th e  p a r t i c l e  b a c k s c a t t e r i n g  c o e f ­

f i c i e n t  (a v e r a g e d  ov er  a l l  a n g l e s  a n d , i f  n e c e s s a r y , over  

a l l  i n c i d e n t  e n e r g i e s )  and th e  a v e r a g e  e n e r g y  of  th e  b a ck -  

s c a t t e r e d  b e ta  p a r t i c l e s  r e l a t i v e  t o  t h e  a v e r a g e  e n e r g y  o f  

th e  e m i t t e d  b e ta  p a r t i c l e s . Now, th e  a v e r a g e  e n e r g y  of  th e  

backsca t t e r e d  b e ta  p a r t i c l e s  i s , in  t u r n , g i v e n  by th e  p r o ­

duct  o f  t h e  a v e r a g e  e n er g y  of  t h e  b e ta  p a r t i c l e s  i n c i d e n t  

on t h e  w a l l  and th e  a v e r a g e  f r a c t i o n  o f  t h e  i n c i d e n t  en er g y  

r e t a  ined by th e  p a r t i c l e s  d u r in g  b a c k s c a t t e r i n g .  In our 

range o f  e n e r g y , t h i s  l a t t e r  f r a c t i o n  i s  in d ep en d e n t  o f  th e

i n c i d e n t  b e ta  p a r t i c l e  e n e r g y  and o n ly  s l i g h t l y  d ependent
4 5on t h e  a tom ic  number o f  th e  b a ck sc a  t t e r i n g  ma t e r i a 1 .  ’

However, i t  i s  n o t  d i f f i c u l t  t o  s e e  t h a t  th e  a v e r a g e  

en erg y  of  th e  beta  p a r t i c l e s  i n c i d e n t  on th e  w a l l  depends  

somewhat on th e  a of  th e  s p h e r e  o f  g a s . For e x t r e m e ly  sma11 

a ,  th e  a v e r a g e  en e rg y  o f  t h e  inc  i d e n t  b eta  p a r t i c l e s  s h o u ld  

be c l o s e  t o  th e  a v e r a g e  e n e r g y  o f  th e  b e ta  e m i s s i o n . For  

v er y  l a r g e  a ,  t h e  a v e r a g e  e n e r g y  o f  the  in c  i d e n t  b e t a s  s h o u ld  

be in  th e  ne ighborhood  o f  one-ha  I f  o f  t h e  a v e r a g e  e m i s s i o n  

e n e r g y . The a c t u a 1 dependence  on a  would be r a t h e r  d i f f  i c u l t  

t o  c a I c u l a t e  and w i l l  n o t  be a t t e m p te d  h e r e . Even an a p p r o x i ­

mate c a l c u l a t i o n  of  th e  d ep en d en ce  o f  t h e  en er g y  d i s t r i b u t i o n  

on depth  o f  p e n e t r a t i o n  in  a medium i s  a r a t h e r  f o r m id a b le
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t a s k . F u r t h e r m o r e , th e  u n c e r t a  i n t i e s  in  th e  o t h e r  assump­

t i o n s  a r e  p r o b a b ly  a s  l a r g e  a s  t h e  e r r o r  in tr o d u c e d  by a s ­

suming b t o  be c o n s t a n t  w i t h  a  o v e r  th e  ra n g e  o f  a  we a r e  

co n c er n e d  w i t h  ( t y p i c a l l y , from 1 t o  2 0 ) .  In t h i s  r a n g e , 

we e s t im a  t e  t h a t  th e  a v e r a g e  e n e r g y  o f  t h e  inc  i d e n t  b e ta  

p a r t i c l e s  i s  r o u g h ly  0 . 7  o f  th e  a v e r a g e  en e rg y  ( 5 . 7  kev)  

o f  th e  b e ta  e m i s s i o n  from t r i t i u m .
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Chapter  4 

NUMERICAL ASSIGNMENTS

For the  sa ke  of  c o n t i n u i t y  w i t h  t h e  d i s c u s s i o n  o f  th e  

l a s t  s e c t i o n , we s h a 11 c o n s i d e r  t h e  b v a l u e s  f i r s t . For  

th e  v a l u e s  o f  t h e  backsca  t t e r i n g  c o e f f  i c i e n t s , we s h a 11 ta k e  

v a l u e s  from th e  c u r v e  g i v e n  by Kanter^^ f o r  t h e  e n e r g y  i n t e r -  

v a 1 from 3 t o  10 k e v . The agreem ent  b e tw een  t h e s e  v a l u e s  

and e a r l i e r  v a l u e s  r e p o r t e d  in  th e  l i t e r a t u r e  i s  f a i r l y
4

g o o d . From S t e r n g l a s s , we c h o o s e  t h e  v a l u e  0 . 6  f o r  th e  

a v e r a g e  f r a c t i o n  of  th e  en e rg y  r e t a  in ed  by t h e  e l e c t r o n s  

d u r in g  t h e  backsca  t t e r  in g  p r o c e s s . And , f o r  r e a s o n s  men­

t io n e d  in  th e  p r e v i o u s  c h a p t e r , we c h o o s e  0 . 7  a s  th e  a v e r a g e  

en e rg y  o f  th e  i n c i d e n t  b e ta  p a r t i c l e s  r e l a t i v e  t o  t h e  a v e r a g e  

e m i s s i o n  e n e r g y .

T h e r e f o r e , b i s  g i v e n  by b -  0 . 6  ( 0 . 7 )  ( b a c k s c a t t e r i n g

c o e f f i c i e n t ) . For e x a m p le , f o r  s i l v e r , b -  0 . 6  ( 0 . 7 )  ( 0 . 3 8 )  •
120 . 1 6 .  Now, i t  has  b een  shown tha t  i n s u l a  t o r s  backsca  t t e r  

l i k e  m eta1 i f  t h e  a v e r a g e  a to m ic  number i s  u s e d . T h u s , f o r
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b o r o s i l i c a  t e  g l a s s  we c a I c u l a  t e  Z » 9 . 5  and u s e  t h i s  v a lu e  

t o  g e t  a backsca  t t e r i n g  c o e f  f  i c  i e n t  of  about  0 . 1 0 7  f  rom the  

c u r v e .  T h e r e f o r e , f o r  b o r o s i l i c a t e  g l a s s ,  b -  0 . 6  ( 0 . 7 )  

( 0 . 1 0 7 )  « 0 . 0 4 5 .

V a lu e s  of  b c a I c u l a  t ed  by t h i s  p ro c e d u re  f  or  s e v e n  

a tom ic  numbers a r e  l i s t e d  b e lo w .

S u b s t a n c e  Z b

Be 4 0 . 0 2

C 6 0 .0 3

g l a s s  9 . 5  0 . 0 4 5

A1 13 0 , 0 5 5

N i  28 0 . 1 1

Ag 47 0 . 1 6

Au 79 0 . 1 8

N e x t , we s e e k  numeric  a 1 va l u e s  f  or , 5̂ 2 » ^^d y-g . 

F o r t u n a t e l y , b e c a u s e  o f  c o m p e n sa t in g  e f f e c t s , t h e  a c c u r a c y  

of  t h e s e  numerica 1 a s s i g n m e n t s  need n ot  be g r e a t . T h i s  i s  

e s p e c i a l l y  t r u e  f o r  y^  and y ^ .

There i s  some e v i d e n c e ^  t h a t  t h e  mass a b s o r p t i o n  c o e f -  

f  i c  i e n t  k =  )i/p , where p i s  th e  m a t e r i a l  d e n s i t y , i s  g i v e n  

( a t  l e a s t  t o  a f a i r  a p p r o x im a t io n )  by k -  r j / e  , where 7} i s  

th e  mean en erg y  l o s s  ra t e  ( mean s t o p p i n g  power) of  th e  b e ta
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p a r t i c l e s  and e i s  th e  mean en e rg y  of  th e  b e ta  p a r t i c l e s .

T h is  r e l a t i o n  has  o n ly  been  c h e ck e d  f o r  mean e n e r g i e s  eq u a 1
35t o  or g r e a t e r  than 49 k e v , th e  mean e n e r g y  of  S b e ta  

p a r t i c l e s . We s h a 11 make th e  assumpt io n  tha t  i t  i s  a I s o  

v a l i d  down t o  about  1 k e v .

As n o ted  in  th e  p r e v i o u s  c h a p t e r , t h e  mean e n e r g y  of  

o n c e - b a c k s c a t t e r e d  t r i t i u m  b e ta  p a r t i c l e s  i s  about  0 . 6  

( 0 . 7 ) ( 5 . 7  kev)  -  2 . 4  k e v ; t h a t  i s , about  0 . 4  o f  t h e  mean 

beta  e m i s s i o n  e n e r g y .

To compute , we u s e  th e  w e l l - v e r i f  i e d  B e t h e - B l o c h

th e o r y  w i t h  t h e  mean e x c i t a t i o n  p o t e n t i a l  v a l u e s  ta k e n  from
13Nelms t o  ca I c u la  t e  77 a t  an e l e c t r o n  en e rg y  o f  2 . 4  kev .

Now, c o n s i d e r e d  s t r i c t l y , th e  mean e n e r g y  l o s s  r a t e  i s  not  

e q u a 1 t o  th e  en e rg y  l o s s  ra t e  c a I c u l a  ted  a t  t h e  mean b e ta  

e n e r g y . M oreover , the  mean b ack sca  t t e r e d  b e ta  p a r t i c l e  

e n er g y  ^  th e  gas  i s  not  e q u a 1 t o  th e  mean en e r g y  o f  t h e  

backsca  t t e r e d  b e ta  p a r t  i d e s . H owever , s i n c e  we s h a 11 on ly  

be d e a l i n g  w i t h  r a t i o s , one ca n  show t h a t  th e  e r r o r  i n t r o ­

duced by t h e s e  s i m p l i f y i n g  p r o c e d u r e s  i s  sma11 compared w i t h  

th e  u n c e r t a  i n t y  p ro b a b ly  i n h e r e n t  in  th e  b a s i c  a s s u m p t i o n s .

Now, by d e f  i n i t i o n , y^  -  k ^ /k  a n d , i n  t u r n ,  kj^/k -

^1/77 • e / e   ̂. T h e r e fo r e  , y^ -= 2 .38  f]-^/V . F o r t u n a t e l y  f o r

s i m p l i c  i t y , th e  ca I c u la  t e d  r a t i o  v a r i e s  o n ly  s l i g h t l y

w i t h  th e  n a tu r e  o f  th e  g a s . We t a k e  1 . 9  a s  a t y p i c a 1 v a l u e .

T h is  g i v e s  y^  -  4 . 5 ,  a p p r o x i m a t e l y , f o r  a 11 g a s e s .
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Two i t e m s  o f  e x p e r i m e n t a 1 in fo r m a t  ion  lend  c r e d e n c e  t o

t h i s  method of  c a l c u l a t i o n .  In aluminum, r a n g e - e n e r g y
14 15m easurements  ’ show t h a t  t h e  B e t h e - B l o c h  t h e o r y  i s  v a l i d

IBdown t o  a t  l e a s t  1 k e v . In aluminum, a g a i n , a s t u d y  o f  

t h e  ra t e  o f  s e c o n d a r y  e l e c t r o n  f o r m a t i o n  i n d i c a t e s  ind i r e c t l y  

t h a t  k ^ /k  * 4 . 9 ,  approxima t e l y , f  or o n c e - b a c k s c a t t e r e d  e l e c ­

t r o n s  .

A p p ly in g  t h i s  method o f  c a I c u l a  t i o n  t o  , we f  ind

^2 “ ^2^^ " ^2^^ ' ® s i n c e  ^2 ^  ̂ e q u a l s

about  4 . 0  f o r  a 11 g a s e s  , y^  •= 25 .

For y^  we obta i n , s i m i l a r l y , y^  •» 17 7 g / 7  -  140 f o r  

a l l  g a s e s .

U s in g  t h e s e  v a l u e s  o f  y^  and t a k i n g  b -  0 . 1 6 ,  th e  en e rg y  

a b s o r p t i o n  B due t o  b a c k s c a t t e r i n g  o f  a l l  o r d e r s  from a s i l v e r  

wa 11 may be ca I c u la  ted  . The r e s u l t  a p p e a r s  in  F i g . 4 .  Nate  

t h e  s u r p r i s i n g l y  'sharp peak a t  about  a  -  0 . 9 .  P a r e n t h e t i c a l l y , 

we may remark t h a t  t h i s  v a l u e  o f  a c o r r e s p o n d s  t o  about

60 mm Hg o f  g a s  a t  25°C in  a b u lb  o f  100 ml v o l u m e . The

shape  o f  t h e  c u r v e  B ( a )  i s  approxima t e l y  th e  same f o r  a l l  

wa11 ma t e r i a I s  and th e  ord i n a t e s  a r e  r o u g h ly  p r o p o r t i o n a 1 

t o  th e  r e s p e c t i v e  b - v a l u e s .

The most im p ortan t  n u m e r ic a 1 a s s ig n m e n t  y e t  rem ains-— 

tha t  o f  th e  \x va l u e s . From Chapter  2 we re c a  11 t h a t  i f  

th e  l i n e a r  a b s o r p t i o n  c o e f  f  i c  i e n t  [x i s  known f  or t h e  a b s o r b i n g
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g a s , a  and t h e n c e  G(a) can be c o m p u te d . We have  j u s t  shown 

how B (a )  can  be computed f o r  a s p e c i f  i e d  wa11 ma t e r i a 1 i f  a 

i s  known. H e n c e , i f  M- i s  known, th e  problem  of  c a l c u l a t i n g  

F -= G + B ( t h e  f r a c t i o n  o f  th e  t o t a  1 t r i t i u m  b e ta  e m i s s i o n  

en e rg y  ab so r b e d  by th e  s p h e r i c a 1 volume o f  g a s )  i s  s o l v e d .

Our approach  t o  th e  ca I c u la  t i o n  o f  |jl w i l l  be t o  u se  

th e  r e l a  t i o n  o f  Sommermeyer^ r e f e r r e d  t o  a b o v e , k =  \x/p =»

T)/e , and compute k f  or t r  i t  ium b e ta  p a r t i c l e s  from Sommermeyer te
1 35measurements  of  k f o r  S b e ta  p a r t i c l e s .

From th e  most r e c e n t  and most p r e c i s e  measurement o f
17th e  h e a t  o u t p u t  o f  t r i t i u m  and t h e  end p o i n t  ( 1 8 . 6  kev)

18of  t h e  t r i t i u m  b e ta  s p ec tru m ,  th e  mean b e ta  e m i s s i o n  

e n er g y  o f  t r i t i u m  i s  c a I c u l a t e d  t o  be 5 . 7  k e v . The mean
35 19

b e ta  e m i s s i o n  en e rg y  o f  S i s  49 k e v . H e n ce ,

k|- — 49 7J ̂  — TJ —
-     - -  8 . 6 0

^49  ^ ^49  * ^49

For hydrogen  g a s , th e  7} r a t i o  computed by means o f  th e

B e t h e - B l o c h  t h e o r y  i s  5 . 5 0 .  T h e r e f o r e , f o r  Hg, k^ '^/^49 ^ 

4 7 . 3 .  Now, Sommermeyer^ f i n d s  f o r  Hg a k - v a l u e  o f  0 . 4 6 5
2 35

cm /mg f o r  S b e ta  p a r t i c l e s . T h u s , we c a I c u l a  t e  f o r
2

t r i t i u m  b e ta  p a r t i c l e s  in  hydrogen  g a s  t h a t  k -  2 2 . 0  cm /mg

S i n c e  Sommermeyer d o e s  n o t  g i v e  an e s t i m a t e  o f  th e
35

u n c e r ta  i n t y  in  h i s  measurement o f  k f o r  S beta  p a r t i c l e s ,  

and s i n c e  i t  i s  d i f f i c u l t  t o  e s t im a  t e  th e  u n c e r t a  i n t y
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i n h e r e n t  in  th e  a s su m p t io n s  by which th e  k f o r  t r i t i u m  b e ta  

p a r t i c l e s  i s  c a I c u l a  ted  from Sommermeyer’s  mea s u r e m e n t , no 

c o n c r e t e  a s s e s s m e n t  o f  th e  e x p e c t e d  e r r o r  c a n  be g i v e n .  

However, f o r  what i t  i s  w o r t h , we b e l i e v e  t h a t  the  a c t u a 1

v a l u e  o f  k f o r  t r i t i u m  b e t a  p a r t i c l e s  in  hydrogen  gas  i s
2l i k e l y  to  l i e  between 21 and 23 cm / m g . In th e  n e x t  c h a p t e r

we s h a 11 s e e  t h a t  some e m p i r i c a l  e v i d e n c e  t e n d s  t o  s u p p o r t
2

t h i s  c o n t e n t i o n . In any c a s e , we s h a l l  t a k e  k « 2 2 . 0  cm /mg 

f o r  our p o i n t  o f  d e p a r t u r e  from which  t h e  k v a l u e s  o f

o t h e r  s u b s t a n c e s  w i l l  be  c a I c u l a  t e d .

Sommermeyer^ a I s o  made m easurements  on a i r  and argon
35

t r a v e r s e d  by S beta  p a r t i c l e s . T h ese  k v a l u e s  a r e  0 . 2 0 4  
2

and 0 .1 9 3  cm /m g , r e s p e c t i v e l y . By t h e  p r o c ed u r e  j u s t  o u t ­

l i n e d  , we c a I c u l a  t e  th e  c o r r e s p o n d  in g  k v a l u e s  f o r  t r i t i u m
2

b e ta  p a r t i c l e s  t o  be 8 . 8  and 7 . 8  cm / m g .

U s in g  th e  B e t h e - B l o c h  th e o r y  w i t h  t h e  v a l u e s  o f  t h e
13mean e x c i t a t i o n  p o t e n t i a I s  ta k en  from Nelms t o  c a I c u l a  t e  

77 f o r  v a r i o u s  s u b s t a n c e s  a t  an e l e c t r o n  e n e r g y  of  5 . 7  k e v , 

we may th en  ca I c u la  t e  k̂  ̂ f o r  v a r i o u s  s u b s t a n c e s  by u s i n g  th e

r e l a  t i o n , k^/kjj = 77/ 77̂  . Under th e  a s s u m p t io n  tha t  k̂ j »
2 ^

2 2 . 0  cm /mg,  k̂  ̂ va l u e s  from th e  B e t h e - B l o c h  th e o r y  have been

c a l c u l a t e d  f o r  f o u r t e e n  s u b s t a n c e s  and a r e  l i s t e d  in  th e

second  column of  T ab le  1 .
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TABLE 1

ABSORPTION COEFFICIENTS FOR TRITIUM BETA PARTICLES

P a t
k„ k 25°C IX a t

2 2 760  mm 25°C
S u b s t a n c e  /  cm \  / cm \  /  cm \  /  760 mm

(Z) I mg / \  mg / \ mg / \ ml / (cm“ l )

«2 ( 1) 22.0 22.0 22.0 0 . 0 8 2 4 1. 81

He ( 2) 9 . 4 7 11.1 1 0 .3 0 . 1 6 3 5 1.68

C ( 6) 8 . 4 1 11. 1 9. 75 — —

(7 ) 8.11 11. 1 9 . 6 0 1. 146 11.0

°2
( 8 ) 7 . 8 6 11.1 9 . 4 8 1 . 3 0 9 1 2 . 4

Ne ( 10) 7 . 3 8 11.0 9 . 1 9 0 . 8 2 4 9 7.  59

S (1 6 ) 6 . 6 0 11.1 8 . 8 5 — —

A (1 8 ) 5 . 7 5 10.0 7 . 8 7 1 . 6 3 4 1 2 . 9

Kr (3 6 ) 4 . 2 2 9.  52 6 . 8 7 3 . 3 9 7 2 3 . 4

Xe (5 4 ) 3 . 3 7 9.  11 6 . 2 4 5 . 3 6 0 3 3 . 4

CH4 11.8 1 3 . 8 12.8 0 . 6 5 6 7 8 . 4 0

CO2 8.00 11.1 9 . 5 5 1 . 8 1 1 1 7 . 3

Air 8.00 11.1 9 .  55 1 . 1 8 5 1 1 . 3

H„S
2 7 . 5 2 1 1 . 7 9 . 6 1 1 . 4 1 0 13. 5
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Comparison o f  t h e s e  v a l u e s  w i t h  t h o s e  c a l c u l a t e d  

from th e  measurements  o f  Sommermeyer on a i r  and argon shows  

tha t  th e  c o r r e s p o n d in g  v a l u e s  a r e  about  10% low f o r  a i r  

and about 25% low f o r  a r g o n .

The e x p l a n a t i o n  f o r  t h i s  d i s c r e p a n c y  may p o s s i b l y  be 

found in  some r e c e n t  e x p e r i m e n t a 1 wo r k^^’ i n which  th e  

s o - c a l i e d  p r a c t i c a 1 ra n g e  of  e l e c t r o n s  was s t u d i e d  in  th e  

kev en e rg y  r e g i o n . I t  was e s t a b l i s h e d  t h a t , f o r  e l e c t r o n s  

of  en er g y  l e s s  than about  7 k e v , t h e  p r a c t  i c a 1 ra n g e  e x ­

p r e s s e d  in  mass per  u n i t  area  d epends  o n ly  on A/Z ( t h e  r a t i o  

of  a tomic  mass t o  a tomic  number) and t h u s  v a r i e s  o n ly  

s l i g h t l y  w i t h  a tom ic  number f o r  e l e m e n t s  above h y d r o g e n .

( S i x  e l e m e n t s  v a r y i n g  in  a tom ic  number from ca rb o n  t o  go ld  

were s t u d i e d  . )

Now, in  t h i s  r e g i o n  of  en e rg y  t h e  ran ge  i s  a p p r o x i ­

ma t e l y  i n v e r s e l y  p r o p o r t i o n a 1 t o  t h e  e n er g y  l o s s  ra t e  s o

t h a t  we are  l e d  t o  p o s i t  th e  r e l a t i o n ,  k^/kjj -  ( Z / A ) / ( Z / A )
2

A ssu m ing , a s  b e f o r e ,  tha t  k̂ j -  2 2 . 0  cm /m g ,  we have th en  

kg = ( 2 2 . 0 / 0 . 9 9 2 )  (Z/A) f o r  th e  v a r i o u s  s u b s t a n c e s . V a lu e s  

of  kg th u s  computed appear  in  th e  t h i r d  column o f  T a b le  1 .  

Comparison w i t h  th e  k v a l u e s  f  or a i r  and argon  computed from  

th e  measurements  of  Sommermeyer shows t h a t  t h e  kg v a l u e s  a r e  

t o o  h ig h  by about  26% and 28%, r e s p e c t i v e l y .
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The r e a s o n  f o r  t h i s  d i s c r e p a n c y  i s  n o t  d i f f i c u l t  t o  

fa thom : t h e  Z/A r e l a  t i o n  i s  v a l i d  o n ly  up t o  about  7 k e v ,

but  an a p p r e c i a b l e  f r a c t i o n  of  t h e  t r i t i u m  b e t a  e m i s s i o n  

l i e s  above  7 k e v . B ec a u se  o f  th e  u n c e r t a  i n t y  in  th e  e x p e r i ­

menta 1 v a l u e s  o f  Sommermeyer and b e c a u s e  o f  t h e  u n c e r t a  i n t y  

in  t h e  method o f  c a I c u l a  t i o n  o f  th e  k v a l u e s  t h e r e f r o m ,  i t  

d o e s  n o t  seem w o r t h w h i l e  t o  a t t e m p t  t o  "blend" th e  kj  ̂ and 

kg c a l c u l a t i o n s  in  a p h y s i c a l l y  m e a n in g fu l  manner t o  a r r i v e  

a t  agreem ent  w i t h  th e  v a l u e s  c a I c u l a  ted  from Sommermeyer > s  

d a t a . We a r e  t h e r e f o r e  l e d  t o  th e  e x p e d i e n t  compromise o f  

t a k i n g  a s  k t h e  mean o f  th e  k^ and kg v a l u e s  f o r  a g i v e n  

s u b s t a n c e . These  e x p e d i e n t  k v a l u e s , which we s h a 11 u s e  in  

a 11 f u t u r e  c a l c u l a t i o n s ,  a r e  d i s p l a y e d  in  th e  f o u r t h  column  

of  T a b le  1 .

In p a s s i n g , i t  may be o f  i n t e r e s t  t o  n o t e  t h a t  th e  k 

v a l u e s  o f  compounds and m ix t u r e s  a re  c a I c u l a  t e d  by means o f  

a tom ic  mass r a t i o s  a p p l i e d  t o  t h e  c o n s t i t u e n t  a t o m s . U s in g

methane a s  an i l l u s t r a t i o n , we s e e  t h a t
, A , 4A„

CH. * j  c — fi-  •
^ *CH. ^CH.4 4

T h is  p r o c ed u r e  i s  b ased  on th e  a s su m p t io n  t h a t  th e  en e rg y  

l o s s  r a t e  o f  a compound i s  a d d i t i v e l y  made up o f  t h e  en erg y

l o s s  r a t e s  of  i t s  c o n s t i t u e n t  e l e m e n t s . Measurements  w i t h
21p r o t o n s  show t h a t  t h i s  a s su m p t io n  i s  v a l i d  down t o  p r o to n
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e n e r g i e s  of  ro u g h ly  200  k e v . The c o r r e s p o n d  in g  e l e c t r o n  

en erg y  i s  about  0 . 1  k e v . T h e r e f o r e  th e  a s su m p t io n  s h o u ld  be  

s u f f i c i e n t l y  v a l i d  f o r  t r i t i u m  b e ta  p a r t i c l e s .

Comparison o f  t h e s e  e x p e d i e n t  k v a l u e s  w i t h  t h o s e  c a I c u ­

l a t e d  f o r  a i r  and argon from Sommermeyer' s  da ta shows a g r e e ­

ment in  th e  c a s e  o f  a r g o n ,  but  about  8% d i f f e r e n c e  in  th e  

c a s e  of  a i r . C o n s id e r in g  th e  many u n c e r t a  i n t i e s  i n h e r e n t  

in  our c a I c u l a t i o n s  ( n o t  t o  m ention  p o s s i b l e  e x p e r i m e n t a 1 

e r r o r s ) , we reg a rd  th e  agreem ent  a s  s a t i s f a c t o r y .

With t h i s , th e  t a s k  o f  a s s i g n i n g  n u m e r ic a 1 v a l u e s  t o  t h e  

p a ra m eters  of  t h e  form a1 d ev e lo p m e n t  i s  e s s e n t i a l l y  c o m p l e t e . 

A l l  t h a t  rema i n s  i s  t o  m u l t i p l y  t h e  k v a l u e s  i n  column f o u r  

by t h e  g a s  d e n s i t y  in  mg/ml a t  25 C, 760 mm Hg a s  g i v e n  in  

column f  i v e  in  o rd e r  t o  f  ind t h e  p. va l u e s  a t  2 5 ° C , 760  mm Hg 

f o r  t h e  t w e l v e  g a s e s  l i s t e d . T h ese  \x va l u e s  a re  d i s p l a y e d  

in  t h e  s i x t h  column o f  T a b le  1 .

For a m ix tu re  of  g a s e s , i t  i s  e a s y  t o  show t h a t  t h e  

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

jj,i U^, where 0  ̂ i s  th e  mole f r a c t i o n  o f  c o n s t i t u e n t  i .

I s o t o p e s  o f  g a s e s  can  a I s o  be t r e a t e d  s i m p l y . S i n c e  

th e  e n e r g y  l o s s  r a t e  e x p r e s s e d  in  e n e r g y  p er  u n i t  mass per  

u n i t  area  i s  p r o p o r t i o n a 1 t o  f ( Z) / A , i t  i s  c l e a r  t h a t  i t s  

v a r i a t i o n  among i s o t o p e s  o f  a g i v e n  e l e m e n t  depends  i n v e r s e l y  

on t h e  v a r i a t i o n  o f  A . H e n ce , f o r  a g i v e n  e l e m e n t , k v a r i e s
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i n v e r s e l y  a s  th e  i s o t o p i c  m a s s . H owever , |jl *“ kp and p  v a r i e s  

d i r e c t l y  a s  A . T h e r e f o r e , we c o n c l u d e  t h a t  t h e  l i n e a r  ab­

s o r p t i o n  c o e f f i c i e n t s  o f  a l l  i s o t o p e s  o f  a g i v e n  e l e m e n t  a re

i d e n t i c a 1 .  Taking t r i t i u m  a s  an e x a m p le , we s e e  t h a t  i t s  k
2

va l u e  i s  ( 2 2 . 0 / 3 )  (cm /mg) , b u t  i t s  |x va l u e  i s  t h e  same a s  

t h a t  o f  p r o t iu m .

F i n a l l y , some c a u t i o n a r y  com ments: th e  |i v a l u e s  g i v e n

in  T a b le  1 have been  c a I c u l a t e d  from data  o f  unknown a c c u ­

r a c y  by an i n v o l v e d  s e r i e s  o f  a s s u m p t io n s  r e q u i r e d  t o  e f f e c t  

th e  e x t r a p o l a t i o n  i n t o  an e n e r g y  r e g i o n  of  a lower o r d e r  o f  

m a g n i t u d e . I t  would indeed  be s u r p r i s i n g  i f  th ey  were n o t  

in  e r r o r  by a fa  i r  am ount .

F u r t h e r m o r e , e v e n  i f  t h e  {i va l u e s  were accura  t e , c o n ­

s i d e r a b l e  e r r o r  might be found in  t h e  c a s e  o f  g a s e s  o f  h ig h  

a to m ic  number. The r e a s o n  i s  t h a t  our b a s i c  p r e m i s e — t h a t  

th e  p o i n t - s o u r c e  en e rg y  a b s o r p t i o n  f u n c t i o n  i s  a pure  e x p o ­

nent  i a l — might  n o t  be v a l i d  a t  h i g h  a tom ic  numbers .
35Sommermeyer f  in d s  t h a t  S b e ta  p a r t i c l e s  in  argon  e x h i b i t  

o n ly  a s l i g h t  d e p a r t u r e  from e x p o n e n t i a 1 , bu t  in  g o ld  g i v e  

a peaked a b s o r p t i o n  f u n c t i o n . ( A i r  and hydrogen g i v e  r a t h e r

e x a c t  e x p o n e n t i a l  f u n c t i o n s . )  From t h i s  we c o n c l u d e  t h a t
35S b e ta  p a r t i c l e s  in  k ry p to n  and xenon may g i v e  s i g n i f i c a n t l y  

n onexponent  i a 1 a b s o r p t i o n  f u n c t i o n s . However, t h i s  c o n ­

c l u s i o n  d o e s  n o t  n e c e s s a r i l y  f o l l o w  f o r  t r i t i u m  b e ta  p a r t i c l e s ,
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35
which a r e  an ord er  of  magnitude l e s s  e n e r g e t i c  than  S b e ta  

p a r t i c l e s . F u r th e r m o r e , c o n s i d e r  t h e  f a c t  t h a t  in  th e  c a s e
32

o f  P b e ta  p a r t i c l e s  (w h ich  a r e  an o r d e r  o f  magnitude more
35e n e r g e t i c  than S b e ta  p a r t i c l e s ) , no s u b s t a n c e  s t u d i e d  

g i v e s  an e x p o n e n t i a 1 a b s o r p t i o n  f u n c t i o n . In v i e w  o f  t h e s e  

r e l a  t i o n s , we t e n ta  t i v e l y  s u r m is e  tha t  th e  p o i n t - s o u r c e  

a b s o r p t i o n  f u n c t i o n s  of  t r i t i u m  b e ta  p a r t i c l e s  in  k r y p to n  

and xenon p r o b a b ly  do n o t  d e p a r t  s i g n i f i c a n t l y  from pure  

e x p o n e n t i a I s .
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Chapter  5 

COMPARISON WITH AN EXPERIMENT

We now have a t  hand a l l  o f  th e  t n f o r m a t i o n - - t e n t a t i v e  

though some o f  i t  may b e — r e q u i r e d  t o  compute th e  f r a c t i o n  

of  th e  t r i t i u m  e m i s s i o n  e n e r g y  a b sorbed  by any kind o f  g a s  

e n c l o s e d  in  a s p h e r i c a 1 v e s s e l  o f  any wa11 m a t e r i a l . How­

e v e r  , in  v iew  o f  th e  many a s s u m p t io n s  i n h e r e n t  in  t h e  c a I c u ­

la  t i o n ,  an e x p e r i m e n t a 1 t e s t  i s  s t r o n g l y  i n d i c a t e d .

A p p a r e n t l y , o n ly  one p i e c e  o f  e x p e r i m e n t a 1 work a lo n g

t h e s e  l i n e s  h as  been c a r r i e d  o u t . T h i s  i s  th e  work of  
22Dorfman who s tu d  ied  th e  a b s o r p t  ion  o f  t r i t i u m  b e ta  p a r ­

t i c l e s  in  h y d r o g e n ,h e l i u m ,  and oxygen  by m easuring  t h e  i o n i -  

z a t i o n  c u r r e n t  genera  ted  in  s p h e r i c a 1 g l a s s  b u lb  i o n i z a  t i o n  

chambers w i t h  s i l v e r e d  w a l l s .  The r e p o r t e d  measurements  were  

c a r r i e d  ou t  in  an i o n i z a t i o n  chamber o f  5 . 7 0  cm i n t e r n a  1 

d ia m e te r  ( ~  100 ml volume)  a t  Hg g a s  p r e s s u r e s  v a r y i n g  from  

about  10 t o  6 3 0  mm Hg. Da ta f o r  He were  ta k en  w i t h  f e w e r  

p o i n t s  o v e r  a com parable  r a n g e . The Og data  w i l l  n o t  be
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considered here because, as the author pointed out, the 
precision is poor.

The principle of the method for determining the 
spherica1-vessel absorption function is to measure the 
ionization currents (at saturation voltage) as a function 
of gas pressure and divide these currents by the current 
measured at "saturation" pressure; that is, at a practically 
infinite pressure so that essentially all of the beta energy 
is absorbed. This procedure thus gives the fraction absorbed 
as a function of pressure for a particular gas at a given 
temperature in a given vessel.

From the previously developed theory, let us compute 
the pressure of hydrogen gas at 25°C in a 5.7 cm diameter 
silvered bulb required for 99% energy absorption. At large 
values of a, the expressions may be considerably simplified 
so that we may, to a good approximation, write:

0.16 f-3. )
' 2r» /

3G + B =  l -  -- +

1 -

2a ' 2a
1.26
a

Putting F - 0.99 and solving for a, we obtain a - 126. This 
implies that, in a 5.7 cm diameter bulb, the pressure is 
12.2 atm. Similarly, putting F - 0.97, we find that the 
pressure is 4.1 atm. It is therefore clear that, in a 100 ml 
bulb, relatively large pressures of hydrogen gas are required 
for essentially complete energy absorption.
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The saturation pressure chosen for the aforementioned
experiment appears, in the light of our calculations, to
have been too low. Unfortunately, neither the raw data nor
the saturation pressure used in computing the published

23curves is available at the present time. However, the
23author indicates that the saturation pressure was taken

24at about the end of the curve in graph #KH-9A3057. This 
would indicate a saturation pressure of roughly 900 mm Hg 
of hydrogen gas at 25°C. Using this value, we calculate 
from the theory that F - 0.90 for hydrogen in a 100 ml 
silvered bulb. This suggests that the values published in 
reference 22 of the fractional energy absorption should be 
multiplied by about 0.90.

Because of the use of too low a saturation pressure, 
the plot of log (1 - F'), where F' is the incorrectly large 
absorption fraction, versus gas pressure led to a straight 
line over the major portion of the pressure range. This led 
to the incorrect assumption that (neglecting backscattering) 
the spherica1-vessel absorption function could be repre­
sented by an exponential function. If any other saturation 
pressure (except in the neighborhood of the one chosen) had 
been used, no portion of the curve would have approximated 
a straight line on a semilogarithmic plot.
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Moreover, the starting equation and attendant nomen- 
clature in reference 22 refer to particle attenuation in 
absorbers and not to energy absorption. It is a coincidence 
that both may be expressed as an exponentia1 function though, 
aIbeit with numerically different absorption coefficients.

Dorfman attributes the marked departure of the data 
from linearity on the semilogarithmic plot for pressures 
less than about 250 mm Hg to backscattering. Our la ter 
ana lysis shows that only about one-ha If of this deviation 
is due to backsca ttering; the rema inder is a geometrica1 
effect characteristic of a spherica1 absorption geometry.
Thus, the experimenter's procedure of read ing the pressure- 
for-haIf-absorption from his straight line appears incorrect 
on two counts; F ' is about 11% too large, and using the 
stra ight line considerably overcorrects f or backscattering. 
But, oddly enough, the errors approximately compensate so that 
our procedure gives approxima tely the same result.

The experimenter’s procedure for calculating the mass 
absorption coefficients from the pressure-for-haIf-absorption 
values appears to be incorrect since it presupposes that the 
spherica1-vessel absorption function is a pure exponentia1. 
There seems to be no valid way to caIculate absorption coef- 
f icients from observed da ta without carrying through an 
ana lysis of the type presented in this report. However,
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surprisingly Dorfman’s method of calculating k values from 
his data gives, because of compensating errors, approxi­
mately the same numerica1 results as does our ana lysis.

The solid line in Fig, 5 represents the theoretica1 
energy absorption function for hydrogen gas at 25°C in a 
silvered spherica1 bulb of 5.7 cm inside diameter. Since 
|j, = 1.81 cm~^, a is obta ined by mult iply ing the pressure in 
mm Hg by 0.0136. Referring to the backsca ttering curve for 
silver given in Fig. 4 , we see that the contribution to the 
tota1 ionization due to backsca ttering is 51% of the tota1 
at 10 mm Hg of hydrogen, 27% a t 60 mm Hg, and 2.5% a t 760 
mm Hg.

Dorfman’s data for hydrogen and helium are also plotted 
in Fig. 5. For reasons expla ined above, the published values 
for the energy absorption function have all been multiplied 
by 0.90. The data points have been read, as accurately as 
possible, from the published graphs. Nevertheless, some 
error is undoubtedly introduced by this procedure.

Except for pressures under 30 mm Hg, the agreement 
between experiment and theory for hydrogen is within i  3%. 
We interpret this as a verification of the theory for the 
case of hydrogen. Moreover, the agreement shows that our 
numerica 1 assignments for b , y and p, for hydrogen gas 
enclosed in a silvered vessel cannot be grossly in error.
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Fig. 5. The tota1 absorption fraction F for hydrogen gas at 25^C in a 100 ml 
silvered bulb as a function of pressure.



For the case of helium gas the agreement is not as satis­
factory. Dorf man' s data seem to ind ica te tha t (jl for helium 
is identical to jj. for hydrogen, whereas our scheme of numer­
ica 1 assignment puts |i for He about 7% lower than |x for Hg.
But, because of the uncerta inty inherent in our semitheoret- 
ical estima te of p,, precise agreement could hardly be ex­
pected . However, it should a Iso be borne in mind that,
because of the effect of trace amounts of impurities, helium

25is well-known to give erratic results in ionization experi­
ments .
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Chapter 6

GLASS BULBS

The case of the glass wa11 is of great practica1 
importance since many studies of radiolysis, isotope ex­
change rates, and labeling are carried out in spherica1 
glass reaction chambers.

F igure 6 exhibits the backsca ttering function B(a) for 
a spherical vessel of borosilicate glass, taking b - 0.045. 
Comparison with B(a) for silver (Fig. 4) shows that the 
shape is essentially the same, but the ordinates in the case 
of glass are only about one-fourth as large as the corres­
ponding ordinates in the case of silver.

The calculated absorption function F » G + B for 
spherica1 glass bulbs is displayed in Fig, 7. Numerica1 
values are given in Table 2.

Since actual glass reaction chambers are usually made 
from round-bottom standard flasks, the geometry is not truly 
spherica1. In most cases, however, the nonspherica1 portion
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TABLE 2
ABSORPTION FUNCTIONS FOR BOROSILICATE GLASS BULBS

a G B F
0.1 0.0364 0.0095 0.0459
0. 2 0.0712 0.0152 0.0864
0.3 0. 1040 0.0191 0.1231
0.4 0.1352 0.0216 0.1568
0.5 0.1649 0.0233 0.1882
0.6 0.1931 0.0243 0.2174
0.7 0.2199 0.0249 0.2448
0.8 0.2454 0.0252 0.2705
0.9 0.2696 0.0252 0. 2949
1.0 0.2927 0.0251 0.3179
1.1 0.3147 0.0249 0.3397
1.2 0.3357 0.0246 0.3603
1.3 0.3557 0.0243 0.3800
1.4 0. 3748 0.0239 0.3987
1.5 0.3930 0.0234 0.4165
1.6 0.4105 0.0230 0.4335
1.7 0.4271 0.0226 0.4496
1.8 0.4430 0.0221 0.4651
1.9 0.4582 0.0217 0.4799
2.0 0.4727 0.0212 0. 4940
2. 1 0.4867 0.0208 0.5074
2. 2 0.5000 0.0203 0.5203
2.3 0. 5128 0.0199 0.5327
2.4 0.5251 0.0195 0. 5446
2.5 0.5368 0.0191 0.5559
2.6 0.5481 0.0187 0.5668
2.7 0. 5589 0.0183 0.57722.8 0.5694 0.0179 0. 5873
2.9 0.5794 0.0175 0.5969
3.0 0.5890 0.0172 0.6062
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TABLE 2 (Continued)

a G B F
3.1 0. 5982 0.0168 0.6151
3.2 0.6071 0.0165 0.6236
3.3 0.6157 0.0162 0.6319
3.4 0.6239 0.0159 0.6398
3. 5 0.6319 0.0156 0.6475
3.6 0.6396 0.0153 0.6548
3.7 0.6469 0.0150 0.6619
3.8 0.6541 0.0147 0.6688
3.9 0.6609 0.0144 0.6754
4.0 0.6676 0.0142 0.6817
4. 1 0. 6740 0.0139 0.6879
4.2 0.6802 0.0137 0.6939
4.3 0.6862 0.0134 0.6996
4.4 0.6920 0.0132 0.7052
4.5 0.6976 0.0130 0.7105
4.6 0. 7030 0.0127 0.7157
4.7 0.7082 0.0125 0.7208
4.8 0.7133 0.0123 0.7257
4.9 0.7183 0.0121 0.7304
5. 0 0.7230 0.0119 0.7350
5.2 0.7321 0.0116 0.7437
5.4 0.7407 0.0112 0.7519
5.6 0.7488 0.0109 0.7597
5. 8 0.7564 0.0106 0.7670
6.0 0.7636 0.0103 0.7739
6. 2 0.7705 0.00998 0. 7804
6.4 0.7769 0.00971 0.7866
6.6 0.7831 0.00945 0.7925
6.8 0.7889 0.00920 0.7981
7.0 0.7944 0.00897 0.8034
7.2 0.7997 0.00875 0.8084
7.4 0.8047 0.00854 0.8132
7.6 0.8094 0.00834 0.8178
7.8 0.8140 0.00814 0.8221
8.0 0.8183 0.00796 0.8263

- 53 -



TABLE 2 (Continued)

a

8. 2 
8.4 
8. 6 
8.8 
9.0

B
0;8225 
0.8265 
0.8303 
0.8339 
0.8374

0.00778 
0.00761 
0.00745 
0.00729 
0.00714

0.8303 
0. 8341 
0. 8377 
0.8412 
0. 8446

9. 2 
9.4 
9.6 
9.8 
10. 0

0.8408 
0. 8440 
0.8471 
0.8501 
0.8530

0.00700 
0.00686 
0. 00673 
0.00660 
0.00647

0.8478 
0.8509 
0.8539 
0.8567 
0.8595

10. 25
10. 50 
10.75 
11.00
11. 25

0.8564
0.8597
0.8629
0.8659
0.8688

0.00633 
0.00618 
0.00605 
0.00592 
0.00579

0.8628
0.8659
0.8689
0.8718
0.8746

11. 50 
11.75 
12.00
12. 25 
12. 50

0.8715
0.8742
0.8767
0.8792
0.8815

0.00567 
0.00556 
0.00545 
0. 00534 
0. 00524

0.8772 
0.8797 
0.8822 
0.8845 
0. 8868

12.75 
13.00 
13.25 
13. 50
13.75

0. 8838 
0.8860 
0.8881 
0.8901 
0.8921

0.00514 
0.00505 
0.00496 
0.00487 
0.00478

0.8889 
0.8910 
0.8930 
0.8950 
0.8968

14.00 
14.25 
14. 50 
14.75
15.00

0.8940
0.8958
0.8975
0.8992
0.9009

0.00470 
0.00462 0.00454 
0.00447 
0.00440

0. 8987 
0.9004 
0.9021 
0.9037 
0.9053

15. 25
15. 50 
15.75 
16.00
16. 25

0.9025 
0.9040 
0.9055 
0.9070 
0.9084

0.00433 
0.00426 
0.00419 
0.00413 
0.00407

0.9068 
0. 9083 
0.9097 
0.9111 
0.9125
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TABLE 2 (Continued)

a

16. 50
16.75
17. GO 
17. 25 
17. 50
17. 75
18. 00 
18. 25
18. 50
18.75
19. 00 
19. 25 
19. 50 
19. 75 
20.00

B
0.9098
0.9111
0.9124
0.9136
0.9148
0.9160 
0.9172 
0.9183 
0.9194 
0. 9205
0.9215
0.9225
0.9235
0.9244
0.9254

0.00401 
0.00395 
0.00389 
0.00384 
0.00379
0.00373 
0.00368 
0.00363 
0.00359 
0. 00354
0.00349 
0. 00345 
0.00341 
0.00336 
0.00332

0.9138
0.9150
0.9163
0.9175
0.9186
0.9198 
0.9209 
0.9219 
0.9230 
0. 9240
0.9250
0.9259
0.9269
0.9278
0.9287
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(composed of the neck and possible tubulation ports) com­
prises less than 10% of the total reaction volume. A 
question therefore arises as to what effective spherical 
diameter should be used in calculating a.

Since an exact mathematical analysis for nonspherical 
geometries seems to be practically impossible, we can only 
proffer a rough rule of thumb: if the nonspherical portion
of the total reaction volume amounts to about 10% or less, 
use the actual inside diameter of the spherical portion in 
calculating a. This procedure introduces only slight error 
(in the direction of too large a value for F) in the esti­
mation of the fraction of the total emitted beta energy 
that is absorbed by the gas.

In order to obtain a rough estimate of the error inher­
ent in this artifice, consider the mathematically tractable 
case of two spheres connected by a fill tube of negligible 
volume and filled with the same tritium and gas mixture. If 
the volume of the smaller sphere is 10% of the total volume, 
a simple calculation shows that the F for the system is about 
95% of the F for the larger sphere if a < < 1. The energy 
absorption fractions are practically identical if a > > 1. 
Thus, depending on the value of a, the error introduced by 
taking F for the system to be identical with F for the 
larger sphere varies from zero to 5%. In the range of most
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interest, the error introduced is in the neighborhood of 
1 to 2%. If the volume of the smaller sphere were only 1% 
of the reaction volume, the error introduced for a < < 1 
would be less than 1%.

In all of the ana lysis presented in this report, homo­
geneous distribution of the tritium has been taken for granted 
Under certain experimenta1 conditions, however, it is possi­
ble that an appreciable portion of the tritium could be 
sorbed onto the wa11. This effect would change the energy 
absorption function F through a change in both G and B .
However, given sufficient information concerning the amount 
and depth of the sorbed tritium, it should be possible to 
calculate a correction for this effect.
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