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- 4 4  - _  ABSTRACT 

I f  an  i o n i z a t i o n  chamber c o n s i s t i n g  o f  a small c a v i t y  i n  s o l i d  

material i s  placed i n  a f i e l d  of non-ionizing r a d i a t i o n ,  then,  under c e r t a i n  

cond i t ions ,  t h e r e  e x i s t s  t h e  fo l lowing  r e l a t i o n s h i p :  

Energy d i s s i p a t e d  pe r  u n i t  volume of w a l l  material  = 
average energy per i o n  pair i n  t h e  gas X r e l a t i v e  

s topp ing  Dower f o r  t h e  i o n i z i n g  secondaries  X number of i o n  

p a i r s  formed per unit  volume in t h e  gas.  

This  r e l a t i o n s h i p  h a s  been known f o r  many years.  

100 Mev neutron beam, it has been formulated i n  a s u f f i c i e n t l y  g e n e r a l  f a sh ion  

In o rde r  t o  apnly it t o  t h e  

so t h a t  it can be used without  d e t a i l e d  knowledge of t h e  n a t u r e  of t h e  inter-  

a c t i o n  between t h e  neu t rons  and t h e  nucl-et. 

I n  o r d e r  t o  determine t h e  cond i t ions  under which t h e  s t a t e d  r e l a t i o n s h i p  
has beek 

is v a l i d  f o r  t he  100 Yev neutron beam, t h e  i o n i z a t i o n  WPT; s tud ied  as a f u n c t i o n  

of s i z e  of c a v i t y ,  t h i c k n e s s  of w a l l  .material ,  and conpos i t i on  of wan m a t e r i a l .  

The e f f e c t s  of neutron a t t e n u a t i o n  and b a c k s c a t t e r  + determined. 

We a de te rmina t ion  of t h e  r e l a t i v e  c o n t r i b u t i o n  of hydrogen, carbon, and 

kd% be e h 
The r e s u l t  

rs 

oxygen n u c l e i  t o  t h e  t o t a l  enerqy d i s s i p a t i o n  i n  hydrogenous s o l i d s .  The 

measurements a lso y i e l d 9  a determinat ion of t h e  a b s o l u t e  va lue  o f  t h e  energy 

flux of t h e  neutron beam, which check& c l o s e l y  with a simultaneous determinat ion 
5 

made by a n  e n t i r e l y  d i f f e r e n t  method. 

The r e s u l t s  can be used t o  c a l c u l a t e  t h e  energy dosage t o t i s s u e  of  known 

composition from a monitored exposure t o  t h e  neutron beam, w i t h  a n  accuracy of 

about 10%. The r e s u l t s  w i l l  a l so  be use fu l  i n  t h e  f u t u r e  i n  developing t h e  

t h e o r y  of t h e  i n t e r a c t i o n  between 1CO Mev neutrons and t h e  l i g h t  n u c l e i ,  

p a r t i c u l a r l y  with regard t o  s t a r  f o r m t i o n -  

1 2 b 3 2 2 8  
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I - I n t r o d u c t i o n  

~ This paper p re sen t s  information r ega rd ing  the  i n t e r a c t i o n  
@C31 

of 100 h E V  neu t rons  wi th  l i gh t  n u c l e i  

The c e n t r a l  p rob lea  i s  the  computation of t h e  energy t r a n s f e r r e d  

by i o n i z a t i o n  chamber s t u d i e s .  '4 

from t h e  neu t ron  beam t o  an  a r b i t r a r y  So l id  con2osed of hydrogen, 

carbon,  and oxygen, that  i s  t o  say ,  the d e t e r m i m t i o n  of *e t i s s u e  

energy dose. 

When the  i o n i z a t i o n  chamber i s  t o  be used t o  s tudy t h e  g r o p e r t i e s  

of a r a d i a t i o n  f i e l d ,  t h e r e  are i n  gene ra l  two tyges of chamber which 

may be used: If' the chamber is s u f f i c i e n t l y  l a r g e ,  so t ha t  when 

p laced  i n  an e x t e r n a l  r a d i a t i o n  f i e l d  t h e  secondary ?articles from 

t h e  w a l l s  make a n e g l i g i b l e  c o n t r i b u t i o n  t o  t h e  observed i o n i z a t i o n  

then t h e  i o n i z a t i o n  depends only upon the r a d i a t i o n ,  and the p r e s s u r e  

and composition of t h e  gas i n  the chamber. If the chanber, on t h e  

o t h e r  hand, i s  s u f f i c i e n t l y  small so  tha t  t h e  observed i o n i z a t i o n  i s  

due on ly  t o  t h e  secondary p a r t i c l e s  from t h e  walls, t h e  c o n t r i b u t i o n  

hdmes from the- a r i s i n g  i n  the gas being n e g l m b l e ,  t hen  th ere is  

a s imgle r e l a t i o n s h i p  between t h e  r a d i a t i o n ,  the g r e s s u r e  and 

composition of the gas, and t h e  p r o p e r t i e s  of t h e  walls. kn i o n  chamber 

of in t e rmed ia t e  s i z e  p r e s e n t s  i n  gene ra l  a m c h  more d i f f i c u l t  groblem 

i n  the a n a l y s i s  of t h e  ouserveci i o n i z a t i o n .  

has a range of about 1 meter i n  a i r ,  and a 100 TBsrc proton has a range 

MbP 
b ince  a 10 S V  p o t o n  
b 

of 70 meters  i n  a i r ,  it i s  clear tha t  t h e  srnall chamber i s  the aJpro- 

p r i a t e  one f o r  t h e  p r e s e n t  study. 

The g e n e r a l  approach i s  i n d i c a t e d  by t h e  Table of Contents. 

S e c t i o n  I1 i s  a c r i t i c a l  examination of t h o  r e l a t i o n s h i p  between the  

i n c i d e n t  f l u x ,  the p r o g e r t i e s  of the  gas  and the  wall lnaterial, and 

1 2 b 3 2 3 0  
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t h e  observed i o n i z a t i o n  i n  ;? c a v i t y  chmber .  

gene ra l  i n  i t s  language and a p p l i c a t i o n ,  applying t o  any non-ionizing 

r a d i a t i o n  f l u x  (neu t rons  o r  g#o’ions). 

d i s c u s s i o n  of t he  s p e c i a l  fo rm which t h i s  r e l a t i o n s h i p  cakes when 

aLiplied t o  the present case, and an eva lua t ion  of t h e  c o n s t a n t s  

needed. Sec t ions  IB and V p r e s e n t  and d i s c u s s  the experimental  

aGpl i ca t ions  to t h e  neutron beam. 

This s e c t i o n  i s  q u i t e  

h Sec t ion  I11 c o n s i s t s  of a 

1 2 1 3 3 2 3 1  
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I1 - The i3ragg-GrSy equat ion.  

1. Orig in  of t h e  Equation. 

The f i r s t  q u a n t i t a t i v e  d i scuss ion ,  known t o  t h e  w r i t e r ,  of t h e  

between t h e  observed i o n i z a t i o n  and t h e  processes  t a k i n g  

walls of t he  i o n  chamber w8s made by S i r  William Bragg 

i n  131 I .  He was i n v e s t i g a t i n g  the  ranges of thc? r e c o i l  e l e c t r o n s  

r e s u l t i n g  from gamma rays .  That p a r t  of h i s  argument which concerns 

u s  he re  m y  be s t a t e d  as follows: Consider a substance uniformly 

i r r a d i a t e d  by gama. r a y s .  ,The t o t a l  l e n g t h  of’ t h e  t r a c k s  of the r e -  

c o i l  e l e c t r o n s  c ros s ing  a small volume of a r b i t r a r y  shape i n s i d e  t h e  

substance is p r o p o r t i o n a l  t o  the  p o d u c t  of t he  i n t e n s i t y  of the gamma 

r a d i a t i o n ,  the mass c o e f f i c i e n t  of a b s o r j t i o n  of the gammas, and t h e  

range of the secondary e l e c t r o n s ,  This  product  i s  independent of 

d e n s i t y ,  uniformity of m a t e r i a l ,  and crookedness of the 
e& 

t r acks .  The range i n  q u e s t i o n  need n o t  be t h e  same f o r  a l l  t h e  p a r t -  

i c l e s ,  but i s  a n  average. Suppose now t h a t  the small volume i n  

ques t ion  is a vacuum. This w i l l  n o t  change the  d i s t r i b u t i o n  of 

t he  e l e c t r o n s  i n  i t s  neighborhood, s i n c e  any e l e c t r o n  c r o s s i n g  t h e  
2 

c a v i t y  w i l l  n o t  have i t s  range i n  matter (measured, say ,  i n  mg./cm ) 

changed i n  amount o r  d i r e c t i o n .  Hence the t o t a l  l e n g t h  of t h e  

’ 

pa ths  of t h e  e 

i f  we W J W  yht g[cptoh s a  f P e r ~ k 9  ~ t ~ . h  b-c hef/.cchd, 

h 
c r o s s i n g  t h e  c a v i t y  i s  the  same as f o r  a similar 

Volume of w a l l  m a t e r i a l  s i t u a t e d  nearby. If now we i n t r o d u c e a i r  

i n t o  the c a v i t y ,  t h i s  conclusion w i l l  n o t  be changed, provided t h e  

c a v i t y  is n o t  too l a r g e ,  nor the Dressure too high. The extent t o  

which t h i s  l as t  conclusion is v a l i d  imy be t e s t e d ,  Bragg sugges t s ,  

by measuring i o n i z a t i o n  as a f c t i o n  of p r e s s u r e .  If the  r e l a t i o n s h i p  

i s  l i n e a r ,  t h e  c a v i t y  does no t  a f f e c t  tho number of e l e c t r o n s  c r o s s i n g  

h 

% 
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it .  

From t h i s  argument, we can u t  once w r i t e .  down, i n  modern termin- 

o logy ,  t h e  d e s i r e d  r e l a t i o n s h i p .  For 

where Ew 

wall and i n  t h e  a i r  of t h e  c a v i t y ,  r e s p e c t i v e l y ,  by the  e l e c t r o n s  
a 

l o s i n g  energy a t  t h e  r a t e  ( T I ,  w i t h  t h e  appropr i a t e  s u b s c r i p t .  

and E, are t h e  ene rg ie s  d i s s i p a t e d  p e r  uni t  volume i n  the 

So then 

where is t h e  number of i o n  p a i r s  /cc/sec formed i n  t h e  c a v i t y ,  W 

is  t h e  average energy p e r  i on  p a i r  i n  a i r ,  ana S is t h e  s topping 

power of t h e  wall m a t e r i a l  f o r  e l e c t r o n s  r e l a t i v e  t o  a i r .  ' I Z i s  t hen  

i s  t h e  d e s i r e d  r e l a t i o n s h i p ,  which w e  s h a l l  r e f e r  t o  as t h e  Bragg- 

Gray'equation. 

Eq. (1) by L. H. Gray i n  1 

who deduced it independent 

by m a t h e m t i c a l  i nduc t ion ,  t h a t  t h e  d i s t r i b u t i o n  of t he  e l e c t r o n s  

It w a s  f irst  s t a t e d  i n  t h e  q u a n t i t a t i v e  form of 
3) 

p a r t  of a cosmic ray i a v e s t i g a 3  
R 

s proof consistedih showing f irst ,  
4 

i s  n o t  d i s t u r b e d  i n  t h e  neighborhood of t he  c a v i t y ,  and then  showing 

. by a r a t h e r  e l a b o r a t e  geometr ical  argument t h a t  o m  E q . ( l )  followed 

from t h i s  f a c t .  H i s  s ta temcnt  of the equa t ion ,  and h i s  fo rmula t ion  

of t h e  cond i t ions  under which it i s  v a l i d ,  a r e  q u i t e  c o r r e c t  pro- 

vided t h a t  h i s  main assum,)tion i s  j u s t i f i e d ,  namely, t h a t  - 
W bhd a S i s  independent of energy. However, h i s  manner of 

proof adds b u t  l i t t l e  p h y s i c a l  i n s i g h t ,  so t h a t  i t  w i l l  no t  be 

r epea ted  here .  

1 2 b 3 2 3 3  
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A t h i r d  d e r i v a t i o n  of the Bragg-Gray equat ion was con t r ibu ted  

by G. C. Laurence 3, i n  1937, Viho was d i s c u s s i n g  the aeasuroment of 

t h e  i n t e n s i t y  of X-rays with ena rg ie s  above 500 kv- H i s  very ingen- 

i o u s  a,j,proach t o  t h e  problem i s  t h e  b a s i s  of t h e  d e t a i l e d  d i s c u s s i o n  

of thc! next s e c t i o n .  The d e r i v a t i o n  of t h e  Bragg-Gray equa t ion  given 

t h e r e  d i f f a r s  from t h a t  given by Laurence only i n  t h a t  i t  i s  somewhat 

more gene-a1 i n  its formulat ion,  and it  i s  i n  terms of tho convention- 

a l  f u n c t i o n s  used by modern plu-sics. ';aurenceT s r a t h e r  complicated 

r e s u l t ,  irhich i s  i n  rea1i t .y  E q . ( l )  i n  i t s  m s t  

g s n e r a l  form, xi11 be shown t o  be capable  of q u i t e  a simple formula- 

t i o n ,  without  l o s s  of g e n e r a i i t y .  

The t r a n s f e r  of energy from the  rJrinarj, non-ioriiziag r a d i a t i o n  

t o  t h e  wall m t o r i a l  t akes  $ l ace  i n  two s t e p s .  

secondary p a r t i c l e s  a r e  c r e a t e d  by e l a s t i c  o r  i n e l a s t i c  c o l l i s i o n s  

between t h e  p i n a r y  p a r t i c l e s  and t h e  atoms of t h e  walls, ana t h e s e  

i o n i z i n g  p a r t i o l e s  t hen  d i s s i p a t e  t h e i r  energy by i o n i z a t i o n  and 

e x c i t a t i o n  of t h e  a t o m  near  which they pass. 

cons ide r  a r e g i o n  i n  t h e  wall material s u f f i c i e n t l y  far f rom the  

F i r s t ,  i o n i z i n g  

As a r e s u l t ,  i f  we 

o u t e r  boundaries so t h a t  t h e  dr i rmry r a d i a t i o n  i s  i n  u q u i l i b r i ' m  

wi th  i t s  secondar i e s ,  t h e  enargy d i s s i p a t e d  p r  cc. can De e x p e s s e d  

I 

where ni i s  the  number of a t o m  per  cc of type i , Id3 i s  t h e  priinary 

f l u x  i n  particles/cm 2 / s ee  between E and E +  dE, yi i s  t h e  average 

energy of a secondary i n  9 type i c o l l i s i o n  expressed as a f r a c t i o n  

of t h e  energy of t h e  p i k r y  p a r t i c l e ,  ki i s  the  average number of 

i o n i z i n g  secondaries  c rea t ed  i n  a tygc i c o l l i s i o n ,  andcr. i s  t h e  
1 

i 2 b 3 2 3 4  



c o l l i s i o n  cross s e c t i o n  of tjri3e i atoms f o r  t he  production of 

one o r  more i o n i z i n g  particl-6;;.  

Eq, (1) can be w r i t t e n  i n  t h e  e x p l i c i t  f o r m  

*om t h i s  i t  follows a t  once t h r t  

i 
where N is t he  n u b o r  of i o n s  formed p e r  secc,nd i n  -Lhe c a v i t y ,  V 

i s  t h e  volume of tlie c a v i t y ,  6- 4: IEdE i s  t h e  p i m a r y  tnergy 

f l u x ,  and ‘h~ bar s j g n i f i e s  ”sverage over t h e  pi,$iarj- energy spectrum 

Eq,(3) i s  t-z:entialiy t h e  form of t h e  Bra,,g-(:ray equat ion which i s  

a2,)licd i n  t h e  p re sen t  i nves t ig ; t i on  t o  thi. neutron Seam f rom t h e  

184-inch cyc lo t ron .  I n  t h e  nex t  s e c t i o n  i t  is ‘derived i n  a somewhat 

more gene ra l  form, 

2 - Detai led Cavi ty ,  Theory 

Consider a c a v i t y  of a r b i t r a r y  shape i n  a s o l i d  m a t e r i a l  i n  a 

r a d i a t i o n  f i e l d .  

o r  photons) .  

Suppose t h i s  t o  be non-ionizing r a d i a t i o n  (neutrons 

If t h e  c a v i t y  i s  f i l l e d  wi’;h a i r  o r  sane o t h e r  gas, 

i o n i z a t i o n  t i i l l  appear i n  i t ,  and un5er s u i t a b l e  cond i t ions  t h i s  can 

be measured. 

c a v i t y ,  the i n c i d e n t  r a d i a t i o n  f l u x ,  and t h e  g r o p d r t i e s  of t h e  gas 

?:ic sock t h e  r e l a t i o n s h i p  bet-~een t h e  i o n i z a t i o n  i n  the  

and t h e  s o l i d .  

Suppose f i r s t  t h a t  che r a d i a t i o n  i s  monoencrgetic, and ,aral le l  

t o  somti l i x e d  d i r e c t i o n ,  say B = 0 .  Then the number of’ i o n i z i n g  part- 

ic1,s crzatt-d 2t:r ,second i n  Trolume elvment dx djr dz a t  t h e  o r i g i n ,  

w i t h  energy i)LtwCen E and E + dE1, and which t r m o l  i n  a d i r e c t i o n  

l y i n g  wi th in  t h e  s o l i d  angle- , is . j u s t  
1 1 

1 2 b 3 2 3 5  d o  
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b 

dG) 
d E l  

z 
where I is  the  flux of primary r a d i a t i o n  i n  pa r t i c los / cm / sec ,  

n i s  t h e  nm3c.r of atoms/cc i n  t h e  wall m a t e r i a l  assumed t o  be a 

s i n g l e  e l s ~ o r t t  on ly ,  cr is t he  c ros s  s e c t i o n  f o r  c o l l i s i o n  wi th  

product icn o f  i o x i z i n g  p a r t i c l e s ,  d ur 

f ( @ , E 1 )  

= s i n  0 d 0 d t) , ard 
d c :  a1 i s  the p r o b a b i l i t y  t h a t  an  i o n i z i n g  p a r t i c l e  c r e a t -  

ed i n  t h e  volume e l e m n t  dx dy dz , w i l l  have an e n e r F j  i n  t h e  

dE and a d i r e c t i o n  w i t h i n  t h e  s o l i d  angle  d w .  

Assume f irst  t h a t  t h e  i o n i z i n g  secondary p a r t i c l e s  raach t h e  
1’ range El + 

c a v i t y  without  d e f l e c t i o n  i n  t h e  wall m t c r i a l .  Sugpose f u r t h e r  tha t  

t h e  d ihens ions  of t h e  c a v i t y  a r e  s o  s m a l l  comgared t o  t h e  range i n  

\n t h e  gas of t h e  cav , t h a t  t h e  chanke 

i n  energy of t h e  p a r t i c l e s  i n  c r o s s i n g  the  c a v i t y  c a n  be neglected 

i n  cons ide r ing  t h e  s topping power of t h e  gas. Then t h e  number of i on  

p a i r s  c r e a t e d  i n  t h e  c a v i t y  p e r  second, by t h e  c b j  p z r t i c l e s ,  due t o  

energy d i s s i p a t e d  through i o n i z a t i o n  and e x c i t a t i o n ,  i s  

(4) 
s, (32 1 
w (Ez ) 

dN1 = t dcI) See diam-am, pace 11. 

where W(E2) i s  the  average energy p e r  i o n  p a i r  i n  t he  gas o f  t h e  

c a v i t y  f o r  i ons  c r e a t e d  by t h e  i o n i z i n g  p a r t i c l e s ,  S, i s  the s t o p p i n g  

power (energy l o s s  p e r  cm. taken as a p o s i t i v e  number) i n  t h e  gas 

- 

( a i r )  of t he  c a v i t y ,  

E2 
of t h e  cav i ty .  

t i s  t h e  d i s t a n c e  across the  c a v i t y ,  and 

i s  the  energy o f  an i o n i z i n g  p a r t i c l e  when i t  roachGs  t h e  edge 

Then t h e  number of i o n  p a i r s  c rea te f i  y c r  second by all those 

1 2 b 3 2 3 b  
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, 

7 

I l l u s t r a t i o n  f o r  Fquation ( 4 )  

1 2 b 3 2 3 1  
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. 

secondaries  c r e a t e d  a t  energy El 

p o s i t i v e  x - d i r e c t i o n ,  i s  j u s t  

and t h e r e a f t e r  t r a v e l l i n g  i n  t h e  

where xo = x-coordinate of t h e  c a v i t y  s u r f a c e ,  and r = sdnge in t h e  

w a l l  material of the i o n i z i n g  secondaries .  

i c l e  

Since t h e  i o n i z i n g  p a r t -  

i s  c m a t e d  a t  x wi th  i n i t i a l  energy E ,  
X - 

h2 = El - sw (E1, x’) dx’ 

0 

where Sw 

secondaries .  So now t h e  i n t e g r a l  becomes 

is t h e  s topg ing  of t h e  wall m a t e r i a l  f o r  t h e  i o n i z i n g  

where V is the  volume of  the cav i ty .  So now 

p r o b a b l i l i t y  t han  an i o n i z i n g  secondary be c r e a t e d  i n  t h e  energy 

ranga E1 t o  El + dE1. Then the  number of i o n  Jairs c r e a t e d  pe r  

sticond i n  t h c  c a v i t y  by sdcondaries  c rea t ed  wi th  i n i t i a l  e n e r g i e s  in 

1 2 b 3 2 3 8  



t h e  range E l  t o  E1 dE1, and 

d i r e c t i o n  whatsoever,  i s  j u s t , ,  

Yl 
( 6 )  

SO f i n a l l y ,  the  t o t a l  number ai. 
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t r a v e l l i n g  t h e r e a f t e r  i n  any 

i o n  pairs c r e a t e d  pe r  second i n  t h e  

c a v i t y  i s  
- 

where E i s  t h e  energy of t h e  primary p a r t i c l e s .  

Before proc2:eding f u r t h e r ,  l e t  u s  rcaovo t h o  n e c e s s i t y  f o r  t h e  

assumption that  the i o n i z i n g  i J a r t i c l e s  are undeflected i n  t h e  vial1 

material. 

are scattered through an angle %{ i n t o  a cone of so l id  angle d n , 
a f t e r  t r a v e l l i n g  a d i s t a n c e  a i n  the  o r i g i n a l ,  x -d i r ec t ion .  

Then Eq. (4 )  becomes 

Suppose t ha t ,  of t he  d? secondar i e s ,  a f r a c t i o n  a da d A 

t d ( l -adadn ) f yJ sa(EH) t f  d ?(a dam) 
See diaeram, D. U, (E$) 

where t' 

and E l 2  

edge of t h e  cavi ty .  

equa t ion  ( 5 )  must be added the two i n t e g r a l s  

i s  tine d i s t a n c e  a c r o s s  the c a v i t y  i n  the  now d i r e c t i o n ,  

i s  the energy of the scatt t ;r t ;d particles on reaching the 

Then, t o  t h e  t r i p l y - i t e r a t e d  i n t e g r a l  following 

I 2 5 3 2 3 9  
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These two i n t e g r a l s  are a q u a l ,  so t h a t  s inglr :  s c a t t e r i n g  leaves t h e  

i o n i z a t i o n  i n  t h a  c a v i t y  umchmgcd. The argument i s  a t  once general-  

i z e d  t o  m u l t i p l e  s c a t t e r i n g ,  g i v i n g  t h e  conclusion t h a t  Eq. ( 7 )  is 

unchanged by s c a t t e r i n g  i n  t h e  vlrall m a t e r i a l .  

Eq. ( 7 )  aillies Lo a monoenergetic r a d i a t i o n  f i e l d  i n c i d e n t  on 

R s o l i d  con ta in ing  a s i n g l e  type of atom, whc:re the  c o l l i s i o f i  pro- 

c e s s  pr0duct.s E s i n g l k i o n i z i n g  secondary. t o r  the most gene ra l  ca se ,  

t h e  corresponding r e s u l t  can be w r i t t e n  down by i n s p e c t i o n ,  i n  the  

form 

where I (E)dE i s  the i n c i d e n t  p a r t i c l e  flux iii t h o  <,nergy i n t e r v a l  

E + dE=, i i s  a s u b s c r i p t  d i s t i n g u i s h i n g  the s e v ~ r a l  types  of 

a t o m  i n  t h e  wall material and t h c  possibl t ,  typus of c o l l i s i o n  wi th  

each, and k i  is t h e  average nuinbcr o f  i o n i z i n g  p a r t i c l e s  produced 

i n  a type i c o l 2 i s i o n .  

NOW S = SVJ/Sa i s  5 standard fu i ic t ion ,  t ha  r e l a t i v e  stopging 

power. Let  

Ri i s  j u s t  tho  m a n  va luc  of t he  fu , l c t ion  

a l l  ena rg ie s  f r o m  zero up t o  E Then l e t  

1 / WiSi, averaged over 

E 

j f i ( E 1 )  Ri(E1) a1 
0 p_ ( E )  = 

P. i s  t h e  m a n  valua of Ri f o r  all thl., i o n i z i n g  p a r t i c l e s  produced 1 

1 2 b 3 2 4 1  
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by a primary of energy E i n  a type i c o l l i s i o n .  Then l e t  

y i  
type i c o l l i s i o n ,  expressed as 2 f r a c t i o n  o? t he  energy of t h e  

i s  e v i d e n t l y  t h e  avcrnge energy of a secondary l a r t i c l e  i n  a 

p i m a r y  p a r t i c l e .  Now equa t ion  (8) can  be w r i t t o n  

i 
This  can ther-, be w r i t t e n  i n  tho s i m p l i f i e d  form 

i 

i s  thc gr immy e n e r a  

flux. The b a r  s i g n i f i e s  "aTJerage over t h e  @ w r y  cnergy s_Joctrum 

weighted with the primary morgy". 

Eq. (12)  i s  t h e  d e s i r s d  r e l a t i o n s h i p  bctrreen obsorvzd ion iza -  

t i o n  i n  t h e  c a v i t y ,  t h e  2 r i m r y  flux, and the  ) r o p e r t i e s  of the  ,as 

and t h e  wall m a t e r i a l .  

rmch sin2l;r argurnrnt,, i n  t h e  fo l lowing  mnnor:  kcccp t ing  t h e  p roof s  

T h i s  r e s u l t  could  h a w  becn rcached by a 

of Gray and Brsgg, as demonstrating E q . ( 3 ) ,  wi: m u s t  still allow f o r  

an energy dependence of' W and SI Taking Equat ion (1) as n l i d  f o r  

a given p a r t i c l e  znergy, wc: f i r s t  form an avsrage t o  t a k e  account 

of the f a c t  t h a t  p a r t i c l e s  c roa ted  a t  a @yon energy a r r i v e  a t  t h e  

c a v i t y  w i t h  a l l  cnc rg ie s  between zero and t h e  i n i t i a l  energy. This  

carresponds t o  Equation ( 9 ) .  Then wo take ano the r  average, co r re s -  

ponding t o  Eq. (lo), t o  tnko i n t o  account t h e  ena l .0  s2read i n  t h e  

secondar i e s  c r e a t e d  by a given primary. Then a t h i r d  average, t a k i n g  

I Z b 3 2 4 2  
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account of the encrey spraad of t h t  primary r a d i a t i o n  and the number 

of secondaries  p e r  c o l l i s i o n ;  g ives  j u s t  Equat ion ( 1 2 ) .  Thus t h e  

p r e s e n t  r a t h o r  e l a b o r a t e  d e r i v a t i o n  c o n t r i b u t e s  only a d e t a i l e d  under- 

s t and ing  of t he  l i m i t a t i o n s  of t h e  f i n a l  equc t ion ,  rather t h a n  any 

q u a n t i t a t i v s ,  new r e s u l t .  Eowever, f o r  t hose  circumstances where 

t h e  degendvrrce upon energy of r e l a t i v e  s top2 ing  2owc;r o r  energy p e r  

i o n  >air i s  important and can be detei-minod, Equation (12) p r e s e n t s  

t h e  p o s s i b i l i t y  of fi somewhat more a c c u r a t e  a n a l y s i s  of c e r t a i n  types 

of i o n  chamber measurements t han  has  t h u s  f a r  been at tempted,  w i th  

t h o  except ion of t h e  work of Laurence . 3) 

A.n oxamination of t h e  d i s c u s s i o n  of t h i s  s e c t i o n  w i l l  show t h a t  

t h e  fo l lowing  cond i t ions  ;ire e x p l i c i t l y  o r  i n p l i c i t l y  l a i d  down f o r  

the  v a l i d i t y  of Q u a t i o n  (i2) : 

1 - The dimensions of the c a v i t y  m u s t  be somewhat less t han  t h e  

minirim rango i n  the c a v i t y  of t he  i o n i z i n g  . m r t i c l c s  m i s i n g  

i n  the walls. 

2 - The wall t h i c k n e s s  must be a t  l e a s t  as g r e a t  as t h e  maximum 

range of t h s  i o n i z i n g  p a r t i c l e s  i n  t h e  wall material. 

3 - The v a r i a t i o n  i n  i n t e n s i t y  of t h s  qrimary r a d i a t i o n  over 

t h e  r eg ion  from which 9 o n i z i n g  p r t i c l e s  r e a c h  the c a v i t y  

must be n e g l i g i b l e  . 
4 - Thz i o n i z a t i o n  due t o  secondaries  c r o a t e d  i n  the gas of t h e  

c a v i t y  must S c  n e g l i g i u l e  corqared t o  i o n i z a t i o n  due t o  sec- 

onda r i e s  c r e a t e d  ir, tht: walls. 

5 - Scg-t ter ing of the  i o n i z i n g  p a r t i c l e s  i n  th,: Ras of t h e  cav- 

i t y  can be neglected.  

Tkcst: f i v e  cond i t ions  w i l l  be referrxl t o  as the r lcavi ty  condi- 

1 2 b 3 2 4 3  
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%ions'' and a n  ion  cha;nber which meets thcm, cs R "cav i ty  chamber". 

The requirements  im2osed by thest: c a v i t y  cond i t ions  f o r a  a l a rge  

p a r t  of thr: subsequent d i s c u s s i o n ,  and of t h e  e x p o r i m n t a l  work. 

It was t a c i t l y  assumed t h a t  tht? w a l l  ma te r i a l  was uniform i n  

d e n s i t y .  

in, say ,  mG./cm2 i n s t c s d  of cms., t h e  proof would go t h r o u g h . U c h W e d  

This is n o t  r e q u i r e d ,  f o r  if a l l  distcmccs were moasured 

Thus t h e  r e s u l t  i s  v a l i d  f o r  w a l l s  no t  uniform i n  d e n s i t y ,  I n  

f a c t ,  t h e  i o n i z a t i o n  i n  a c a v i t y  chvnbtx i s  independent of d e n s i t y  

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

wall 
4 

. c a n c e l s  o u t  oetween Pi and 
I t  

. This r e s u l t ,  p r h e p s  a t  first s i g h t  s u r p r i s i n g ,  is  a r e s u l t  

of t he  second of the  c a v i t y  cond i t ions  c i t e d  above. 

While t h e  d e r i v a t i o n  started wi th  t h e  s p e c i f i c a t i o n  t h a t  t h e  

primary r a d i a t i o n  be p a r a l l o l ,  the r e s u l t  i s  indeaendcnt of' all 

angular  v a r i a b l e s  and of t h e  shapc: of the  c a v i t y .  'Bus t h e  i o n i z a t i o n  

i n  a c a v i t y  chamber i s  indopendent of t h e  d i r e c t i o n  of  the jri inary 

r s d i a t  ion. 

It i s  perhaps worth .?ointing ocrt t h n t ,  c o n t r a r y  t o  statc- 

n e n t s  f r e q u e n t l y  encountered i n  d i s c u s s i o n s  of r a d i a t i o n  dosimetry, 

no assumption is m d c  i n  a r r i v i n g  a t  ETUZtiOn (12)  o r  i t s  s impler  

oqu iva len t  Eq. (3), concerning th;: energy per  i o n  p u i r  i n  tho w a l l  

m a t e r i a l .  

i n  t h e  rial1 matLrial .  Whilo t h i s  i s  cd r t : i i n ly  a m a t t d r  of considzr-  

This  q u a n t i t y  eaters on ly  when cons idu r ing  i o n i z a t i o n  

a b l e  importance i n  s tkdy ing  th3 b i o l o g i c a l  e f f e c t s  o f  r o d i a t i o n ,  i t  

w i l l  n o t  be considered f u r t h e r  i n  the p - c s e n t  i n v e s t i g a t i o n .  
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c 

N 
cr 
W 
10 
4= 

cn 

3. - V e r i f i c a t i o n  of t h e  Bragg-Gray equa t ion  

If t h c  r c l c t i v o  s topping powor and t h o  avarLqp energy per  i o n  p a i r  a m  
I iadcpcndcnt or' cncrgy, t h e  gene rn l  form Xd. (Is), roduces at once t o  El. (3): 

I n  t h i s  form t h e  r e l a t i o n s h i p  has been e x t c n s i v c l y  tes t rd ;  Gray 4 )  first made 

a c r i t i c a l  e x m i n a t i o n  of t h e  r o l n t  i onsh ip ,  i n  d i scuss ing  t h e  a b s o l u t e  dotermina- 

t i o n  of gamma-ray energy. F i r s t  Grzy shows t h n t  t h e  averogs energy p r  i o n  p a i r ,  
se c ondary 

VI, end t h e  relative stopping power, S, f o r  t h c  elGctrons from g m a - r a y s  are 

c o n s t a t  w i t h  s u f f i c i e n t  accuracy f o r  purposes 0: z p p l i c a t i o n  of IQ. (3). 

t h e n  p o i n t s  out t h c t  9 h e  equat ion r e q u i r e s  (I) t h a t  t h o  i o n i z a t i o n  per  u n i t  

volume should be independent of the  s i z e  of tho  c h m b s r ;  ( 2 )  t h z t  t h e  i o n i z a t i o n  

i n  a given chambcr should be propor t ionn l  t o  t h 2  gas prcssurc;  (3)  t h o t  the 

P. 
He 

i o n i z a t i o n  i n  d i f f e r e n t  chclmbers should be p ropor t ionn l  t o  t h o  gmna-ray energy 

absorbed p r  w-it volumc of t h e  wall rnF.tcriz1, 2nd i n v e r s e l y  as i t s  stopping 

powcr". 

and d i f f e r e n t  materials, f i l l o d  wi th  a i r  a t  v a r i o u s  p rossu res  between 10 and 74 

By i! very c a r e f u l  s e r i e s  of measuremcnts on c h a b c r s  of  d i f f e r e n t  s izes  

ems*, hc shows t h a t  t h e  obsorvat ions s a t i s f y  t h e s o  t h r c e  requirements w i t h i n  a 

fcw pcrcont i n  all cases ,  i n d i c z t c  the b a s i c  v a l i d i t y  of t h e  r e l a t i o n s h i p  

i n  question. 

Acborsold and Anslow 6, i n  a very ex tens ive  s e r i e s  of measurements on t h o  

5 J2W neutron b c m  of t h e  37-inch Bcrkclcy cyc lo t ron ,  mcosur3d g m a - r a y  ionizo-  
* I\ 

t i o n  as a f u n c t i o n  of p r o s s u m ,  from ebout 10 cms. t o  76 cms., f o r  some 16 d i f -  

f e r e n t  gases. Thosc mcasurcmonts were m.de w i t h  a f i l t e r e d  R2 sourc.0. For all 

t h e  gases  t h e  i o n i z a t i o n  was a c c u r a t e l y  l i n c z r  w i t h  pressuro over t h e  r eg ion  

observed. From thc  r e l a t i v e  i o n i z n t i o n  i n  tho  d i f f o r c n t  gases, t h c y  computed 
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s topping  powers by means of t h e  Bragg-Gray equat ion,  and got  va lues  i n  c l o s e  

agrcemont wi th  alpha-part  i c l e  s topping  powers found by o tho r  observers .  S i m i l a r  

measurements w i th  a i r - f i l l e d  thimble chambers mado of some seven d i f f e r e n t  m a t -  

o r i a l s ,  cxposed t o  gamma r a d i a t i o n ,  gave aga in  i o n i z a t i o n  l i n e a r  wi th  prcssuro 

from a few cms. up t o  80 cms. When they  used thesc  same thimble c h m b e r s  i n  t h e  

neutron bean, t hey  found t h e  l ineclr  r e l e t i o n s h i p  t o  hold only when t h e  pressure  

was s u f f i c i c n t l y  low so t h a t  t h o  secondary p a r t i c l e s  fram t h e  w a l l  completely 

crossed t h e  charher .  

a r e  no longer  sc l t i s f i ed ,  are c l e a r l y  v i s i b l e  on many of t h e i r  curves.  

The most ex tens ive  a p p l i c a t i o n  <and ver i f ic2 . t  ion of t h a  Bragg-Gray cquat ion  

The t r a n s i t i o n  pressures, at which t h e  c c v i t y  cond i t ions  

has been i n  connection wi th  i n v e s t i g z t i o n s  of t h e  medical problem of  X-ray and 

gamma-ray dosjmotry. 

rc fc rencos  t o  t h e  many o r i g i n a l  papers ,  i s  contcined i n  t h e  rovicw c r t i c l o  by 

Kaye, B e l l ,  B i a s ,  and Perry A more rcccnt  summary i s  given i n  some of t h e  

o r t i c l c s  i n  t h e  r e fe rence  volune e n t i t l c d  Medical Physics  ''1. 

repor ted  i n  t h e s e  z r t i c l c s  i a  concerned p r imar i ly  w i t h  dotermining a c t u a l  t i s s u e  

doses,  t h e  qx t r apo la t ion  chamber developed by F O i l l a  f o r  accomplishing t h i s  

f u r n i s h e s  a very va luablc  means of v e r i f y i n g  the Br~3gg-Gray equat ion.  

e x t r a p o l a t i o n  chamber, descr ibed i n  d e t a i l  i n  t h e  l o s t  two re fcrdnces ,  i s  simply 

a p a r a l l e l - p l a t e  i o n i z a t i o n  chamber so dcsigncd thrit t h e  spacing between thc: 

p l a t e s  can be vcr ied  wi th in  widc limits. If t h s n  tho  i o n i z a t i o n  per u n i t  volume 

is dctcrmined as  a func t ion  of thc  p l a t e  spacing,  it v d l l  bo found t o  approach 

a l i m i t i n g  valuo independent of p l r t c  spacing as t h e  p l a t e  spacing is  docrcased. 

This  again i s  j u s t  t h e  behavior  prcd ic tcd  by t h e  Bragg-Gray equiition. 

A summary of t h c  work i n  t h i s  f i c l d  through 1939, giving 

While the work 

The 

Thus it is  reasoncblo t o  cons ida r  t h a t  tho  Brcgg-Gray equat ion has bean 

v e r i f i o d ,  and c a n  be acceptod without r c sc rvc t ions .  Tho problem i n  applying it 

is  t h e  de te rmina t ion  o f  t h e  exac t  cond i t ions  undcr which it is v a l i d  f o r  a 
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particular r a d i a t i o n  f i e l d .  Under somc circumstonccs it would bs  d i f f i c u l t  o r  

impossible t o  cons t ruc t  an i o n  chambor m e t i n g  th3  c a v i t y  cond i t ions  with any 

accurccy. 

Tho first two of thc  c a v i t y  cond i t ions  cited,-rclatiing t o  

t h o  dimonsions of t h e  c a v i t y  and t h s  t h i c k n c s s  of tho w z l l s ,  arc t o  bc considered 

as experimental  r c q u i r m e n t s  t o  be oxmined  s c p a r o t e l y  f o r  oach r a d i a t i o n  f i e l d .  

Tho t h i r d ,  having t o  do w i t h  the v a r i a t i o n  i n  t h e  i n t e n s i t y  of t h e  p r h a r y  

r a d i z t i o n  i n  the neighborhood of the  c c v i t y ,  w i l l  normally be n c o r r e c t i o n  t o  

be appl iod t o  t h e  obsorvod i o n i z a t i o n .  

t o  t h c  observed i o n i z a t i o n  by the gcs  of thl; c a v i t y ,  c m  be considered as satis- 

f i e d  by any e x p e r i m m t a l  set-up whert t h e  observed i o n i z z t i o n  p e r  u n i t  volunc is  

e i t h o r  l i n o a r  wi th  p re s su re  from t h z  o p o r a t i r g  prossure down t o  zero,  o r  indopen- 

dent of tho s ize  of the  i o n  chczmbcr from tho  o p e r z t i n g  s ize  down t o  zero.  This  

last statemmt is duc t o  t he  f r c t  tha t  t h o  i o n i z c t i o n  pe r  unit volume ( o r  t h c  

energy d i s s i p a t e d  pe r  unit volume) due t o  c o l l i s i o n s  between tho  primary r a d i a -  

t i o n  2nd t h o  gc2s of t h c  c a v i t y ,  i s  not g iven  by zn expres s ion  of t h s  form of 

Eq. (2), but is p ropor t ionc l  t o  t h c  s topping powor of t h 3  gzs i t se l f ,  End t u  

an average d i m a s i o n  of thi: c n v i t y ,  and t h u s  must go t o  zero with e i ther  of t h e s e  

q u z n t i t i c s .  Likewise s c a t t e r i n g  by t h o  gas of thul c m i t y  o f  secondarias  wig-  

h a t i n g  i n  thd  walls must approach zero f o r  the l imiting c x c  of c i t h c r  zero 

volumo o r  ze ro  gas .  

The lost two, r e l c t i n g  t o  t h e  c o n t r i b u t i o n  

1 2 b 3 2 4 1  



I11 - Appl i ca t ion  of t h e  Cavi ty  Chamber t o  t h e  100 MEV Neutron Beam. 

1. - General Equat ions 

The problem of t h e  de te rmina t ion  of the  energy transfer from a neutron beam 

t o  an hydrogenous s o l i d  was d iscussed  i n  g r e a t  de t a i l  by Gray 5 )  i n  1944. His 

equa t ion  is  equivalent  t o  Eq. (3) of t h e  present  d i s c u s s i o n ,  provided t h a t  f o r  

t h e  f r a c t i o n a l  energy t r a n s f e r  from a neut ron  t o  a n u c l e a r  secondary p a r t i c l e  we 

can use  t h e  va lue  appropr i a t e  t o  a n  e m t i c  c o l l i s i o n  i s o t r o p i c  i n  t h e  c e n t e r  of 

mass coord ina te s ,  t h a t  is ,  i n  t h e  present  n o t a t i o n ,  

2 A i  

(13) Y i k i  = jl+Ailz 

where A is t h e  atomic weight of t he  r e c o i l i n g  atom. A s  Gray p o i n t s  ou t ,  t h i s  is 

c e r t a i n l y  a reasonable assumption f o r  hydrogen r e c o i l s  up t o  10 MlW or  so ,  and 
i 

A4Li.J- 

need be only approximately t rue f o r  o t h e r  l i g h t  n u c l e i ,  s ince  most of t h e  energy 

t r a n s f e r r e d  t o  an hydrogenous solid will be due t o  hydrogen r e c o i l s  for neut ron  

ene rg ie s  below 10 36H. For a reasonably monoenergetic neut ron  beam w i t h  energy 
Mmscr 

of a few-, h i s  very  l u c i d  and d e t a i l e d  d i scuss ion  of t h e  accu racy  o f  t h i s  

b 

meth- 

odofde te rmin ing  energy t r a n s f e r  from neut rons  is c e r t a i n l y  v a l i d .  But i f  t h e  

beam of neut rons  has a wide energy spectrum, and p a r t i c u l a r l y  if  t h e r e  a r e  many 

neut rons  below a few e, t h e  accuracy of t h e  simple Eq, (3) w i l l  be much l e s s ,  
b 

s i n c e  i n  t h a t  energy reg ion  both t h e  r e l a t i v e  stopping power f o r  protons,  and 

t h e  c o l l i s i o n  c ross  s e c t i o n  f o r  hydrogen a r e  s t r o n g  f u n c t i o n s  of t h e  energy. It 

would seem that a somewhat more a c c u r a t e  a p p l i c a t i o n  of t h e  method m i g h t  r e s u l t  

from us ing  t h e  averages expressed i n  Eqs. (9), (lo), and (12). 

Gray’s d i scuss ion  of stopping powers and average e n e r g i e s  per  i o n  p a i r  

is used t o  secu re  t h e  values of t h e s e  f u n c t i o n s  

Beyond t h a t  h i s  formulation of t h e  p r o b l m  i s  not a p p l i c a b l e  t o  neut rons  w i t h  

f o r  t h e  present  i n v e s t i g a t i o n .  

1 2 b 3 2 4 8  
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1 i 
'4 

10'13 cm, of a 100 irlev neutron i s  ai o u t  0.5 x cm, while  t h e  r a d i u  

1 
i 

&f(t'ne carbon nucleus connpubed f r o m  the  s c a t t e r i n g  o f  100 !,.ev neutrons 

x 10-13 cm. AS a r e s u l t ,  e l a s t i c  jQ/ c o l l i s i o n s  do n o t  occur i n  this en 

ion. 11 
i 1 c o l ' l i s i o n  p rocess ,  discussed i n  n o r e  d e t a i l  below, m y  r e s u l t  i n  t h e  product ibn 

I I 
i 6f vprotons,  a lpha -pa r t i c l e s ,  r e s i d u a l  n u c l e i ,  anc! neutrons,  wi th  e n e r g i e s  betbeen 

f 

$ 1  w 
i *  the primary neutron energy and a few pIw. Thus the energy t r a n s f e r  process  is  
' 

a& d i f f e r e n t  from t h a t  at  lower energies, and c a l l s  f o r  a somewhat d i f f e r e n t  

formulation, 

Eq. (12) can be w r i t t e n  i n  t h e  form 

i 

1 

whore Xi = Y.qr. , and where it is supposed t h a t  t h e  sverage of  1 / T? S, as 

expressed by Eqs. ( 9 )  and (lo), is  n e a r l y  enough iarlependent of energy over  t h e  

1 1  

primary energy spectrum t o  be removed from t h e  i n t e g r a l  i n d i c a t e d  by t h e  bar. 

t h i s  equa t ion  t h e  q u a n t i t i e s  i n  pa ren theses  are t o  be considered as numerical 

::: 

cons tan t s  which depend upon t h e  na tu re  of t h e  i o n  climber and t h e  observed ion iza -  

t i o n ,  while  t h e  X i ' s  and $I are t o  be considered as unknowns dependent only on 

t h e  primary energy flux an2 the na tu re  of t h e  i n t e r a c t i o n  betwean t h e  neutron 

beam and t h e  sepa ra t e  atoms, but independent of t h e  spccisll  cond i t ions  of the 

experimental  i o n  chambers. Thus, if we determine the  i o n i z a t i o n  i n  a number of 

d i f f e r e n t  chambers under s u i t a b l e  c o n d i t i o n s ,  i nc lud ing  i d e n t i c a l  neutron flux, 

t h e n  Eq. (14) w i l l  g i v e  a s e t  of l i n e a r ,  simultaneous,  homogeneous equat ion i n  

t h e  unknowns Xi and 1/ 9 . IF t h e r e  is. B s u f f i c i e n t  number of equat ions,  a l l  of 

t h e  unknowns but one can be determined. 

- 
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The present  i n v e s t i g a t i o n  i s  l imi t cd  t o  ma- t e r i a l s  con ta in ing  hydrogen, 

carbon, and oxygen. T h i s  method is  app l i ed ,  and va lues  are determined f o r  Xc, 

Io, and $ i n  terms of XH* N m r i c d  va lues  are t h e n  socured by estimating 

from d a t a  secured i n  

% 
a h  \hdepcfidQfit  

@T= 
Thus, even i n  t h e  absence of d e t a i l e d  information about the c o l l i s i o n  

process  between the beam neutrons and t h e  ca rbon  and oxygen n u c l e i ,  we w i l l  be 

a b l e  t o  c a l c u l a t e  both t h e  energy flux of  t h e  beam and t h o  energy transfer t o  

hydrogonous s o l i d s .  Fo r  th energy p c r  cm3 p e r  second d e l i v e r e d  t o  a s o l i d  a t  

a depth g r e a t e r  t h a n  t h e  maximum rango of  t h e  r e c o i l  p a r t i c l e s ,  i s  just 

0; 

Thus t o  t h e  accuracy t h a t  the s topp ing  powers and 

dose t o  an  a r b i t r a r y  s o l i d  can be computed& fVm 

The f u n c t i o n  P of Eq. (14), defined i n  Eqs. ( 9 )  and ( l o ) ,  r e p r e s e n t s  
i 

e s s e n t i a l l y  an average reciprocal.  s topping power, s i n c e  ths  average energy p e r  

constant .  To be s t r i c t l y  accurate. ,  
badhed. 

i o n  p z i r ,  W, w i l l  be &mw+aA, 

ctie s u b s c r i p t  i should be giver, v a l u e s  t o  d i f f e r e n t i a t e  t h e  d i f f e r e n t  t y p e s  of 

c o l l i s i o n  wi th  a s i n g l e  nucleus.  It w i l l  ba shown however that  t h e  r z c i p r o c a l  

s topping powers arc  ~ ; a = . l : r  t o  make t h i s  u n x c e s s a r y .  Apparently 

t h z  s topping powers of t h o  pro tons ,  a lphas ,  and r e s i d u a l  n u c l e i  from a ncutron- 

carbon c o l l i s i o n  can ba c h a r a c t e r i z e d  by a s i n g l e  number w i t h  s u f f i c i o n t  accuracy 

f o r  t h e  present  i nves t  igclt ion.  

Thus far all equat ions were expressed t a c i t l y  i n  cgs. units. For  purposes 

of c a l c u l a t i o n ,  Eq. (14)  i s  w r i t t e n  i n  the  form 

I Z b 3 2 5 0  
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where f i  is  t h e  f r ac t iona l .  p a r t  by  weight of olemcnt i i n  the wall material, 

Ai is the  atomic weight of olcment i , Pi is t h e  awra ge of (1/ S.TJ ) def ined  by 

Eqs. ( 9 )  and (10) , Si is  the s topping 

t h e  gas i n  t h e  c a v i t y  for the ion iz ing  r e c o i l  p a r t i c l e s ,  VIi is  the average 

l i  

powor of the w a l l  material r e l a t i v e  t o  

energy pe r  i o n  p a i r  expressed i n  ev/ ion p a i r ,  Xi = 7 k r. wbero 3/ is the 
i i i  i 

energy of t h e  average secondary p a r t i c l e  expressed as a f r a c t i o n  o f  the energy 

of t h e  primary neutron, ki is  t h c  average number of i o n i z i n g  r e c o i l s  p e r  c o l l i -  

s i o n  CT. is  the c r o s s  s e c t i o n  i n  barns  f o r  t h c  product ion of one o r  more ionizing 

p a r t i c l e s ,  t h G  b a r  i n d i c a t e s  an average over  t h e  primary energy spcctrum weighted 

w i t h  t he  energy, I i s  t h e  ion  c u r r e n t  i n  the  c a v i t y  chamber i n  micro-micro-amp+ 

l. 

eres, V is the  volume of t h e  c a v i t y  chamber i n  cc.  , and 6 is  tha  primary energy 

flux i n  Mev/crn2/sec. 

which follow. 

These arc: the u n i t s  which are used i n  t h e  c a l c u l a t i o n s  

If charge is measurcd ins t3ad  of c u r r e n t ,  t h e  equa t ion  becomes 

1 

L 

i 
:diere Q is tile charge c r e a t e d  i n  the chamber i n  esu/cc and t i s  the t i m e  of 

observa t ion  i n  seconds. 

It i s  customary i n  t h i s  country at t h e  present  t i m e  t o  express energy 

dosages i n  units of the  "roentgen equiva len t  physical" ,  written rep.  

ergs per gram de l ive red  energy, a number e leva ted  t o  t he  p o s i t i o n  of a unit be- 

cause it happens t o  be t h c  rate at which cnergy i s  t r a n s f e r r e d  t o  a i r  when the  

ion iza t ion  i n  a i r  by a beam of X-rays i s  on3 esu/cc (ono roontgen) .  

One rep=83 

Then Eq. (15) 

becomes i n  t h e  u n i t s  used i n  t h e  present  c a l c u l a t i o n s  

rep/scc 

1 2 b 3 2 5 1  
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If Eq. (16) and (17) a r e  solved f o r  t h ~ e  primary f l u x  and t h i s  i s  s u b s t i t u t e d  

i n  Eq. (18), t h e  energy dosa(*e i s  expressed i n  t h e  equat ions 

rep/ s e c 

where t h e  s u b s c r i p t  1 i n d i c a t e s  t h e  c a v i t y  chamber w i t h  which t h e  measurements 

a r e  c a r r i e d  out,  and t h e  subsc r i ck  2 i n d i c a t e s  t h e  s o l i d ,  mesumably t i s s u e ,  

f o r  which t h e  energy dosage i s  c a l c u l ~ t e d .  

The d e n s i t y  of t h e  s o l i d  m a t e r i a l s  does n o t  a-pear  i n  any of t h e  Eqs. (16) 

It is absent  from Eqs, (18) t o  (20) because of t h e  d e f i n i t i o n  of t h e  t o  ( 2 0 ) .  

r ep .  

independent of cknsity, 

As a r e s u l t ,  a l l  s topping power f u n c t i o n s  will b e  c a l c u l a t e d  for m a t e r i a l s  of 

It was dropped i n  w r i t i n g  Eqs. (16) and (17) because t h e  product niPi i s  

i d t  d e n s i t y ,  which will g i v e  t h e  c o r r e c t  s topo ing  powers f o r  s u b s t i t u t i o n  i n  

Zqs .  (16) t o  (20). 

Eq. (16) i s  t h e  bas i s  o f  t h e  a n a l y s i s  of t h e  i o n  chamber measurements made 

i n  t h e  p re sen t  i n v e s t i g a t i o n .  Eqs, (19) and (20) a r s  t h e  b a s i s  of t h e  a p p l i c a t i o n  

of t h e  r e s u l t  t o  t h e  c a l c u l a t i o n  of energy dosages.  

even though Eq. (16) i s  a hamogeneous equat ion,  so t h a t  t h e  a n a l y s i s  will g ive  

%/XH, and Xo/XH, Eqs. (19) and (20) will a l low c a l c u l a t i o n  o f  t h e  energy dosage 

wi thou t  a s s i g n i n g  a va lue  t o  XH. 

s o l u b l e  i n  terms of  q u a n t i t i e s  determined b y - t h e  p re sen t  i o n  chamber measurements, 

without. recourse t o  d a t a  from o t h e r  experiments,  o r  d e t a i l e d  knowledge of t h e  

Drocesses of energy t r a n s f e r  from t h e  neutrons t o  t h e  n u c l e i  of i n t e r e s t .  

It i s  noteworthy t h a t ,  

Thus t h e  energy dosage problem i s  c o m d e t e l y  

1 2 b 3 2 5 2  



BP 139 

-27- 

The unique aspect  of t hc  prcsent  formula t ion  l i c s  j u s t  i n  t h e  r e c o g n i t i o n  

t h a t ,  even though OUT knowlcdgc of t he  d e t a i l s  of enorgy transfcr is  very vaguo, 

t h e r e  is  st i l l  a q u a n t i t y ,  des igna ted  here  by Xi, which c h a r a c t c r i z o s k a  

c o l l i s i o n  and which can be detcrmincd by i o n i z a t i o n  measurements, and which I s  i n  

f a c t  j u s t  tho  q u a n t i t y  ncedcd t o  make energy dosage c a l c u l a t i o n s .  

That t h i s  fo rmula t ion  has ' no t  been used before  is  not t o  be wondorad a t ,  
I k  

A t  lower neut ron  cnc rg ic s  t h e  problcm is q u i t e  d i f f 'o rcn t .  Below about 10 hdW 

ncut ron  c o l l i s i o n s  w i t h  t h e  l i g h t  n u c l e i  w i l l  be c l a s t i c ,  and' it w i l l  be suffi- 

c i e n t l y  accu ra t e  f o r  dosage c a l c u l a t i o n  t o  assume i s o t r o p i c  s c a t t e r i n g ,  as i n  

Eq. (13). Since thc  energy t r a n s f e r r e d  t o  t h e  carbon and oxygcn atoms i n  hydro- 

gcnous s o l i d s  w i l l  bc .not over  10% of t h e  t o t a l  energy transfer, some an i so t ropy  

i n  t h o  s c a t t e r i n g  of t h e  ncut rons  by carbon and oxygcn w i l l  not i n t roduce  a g r e a t  

e r r o r  i n t o  t h e  a p p l i c a t i o n  of Eq. (15). I o n  chamber m e s u r e n e n t s  on neut rons  of 

t h e s e  ene rg ie s  a r c  bes t  made, not w i th  a c a v i t y  chamber, but  w i th  a chamber 

s u f f i c i e n t l y  l a r g e  s o  t h a t  t he  c o n t r i b u t i o n  t o  t h c  i o n i z a t i o n  of  t h e  r e c o i l  nuclef. 

from carbon and oxygcn w i l l  be n o g l i g i b l c  comparod. t o  t h e  i o n i z a t i o n  from t h o  

r e c o i l  protons from t h e  hydrogen of th;i w a i l  m a t e r i a l .  T h i s  is e a s i l y  done, 

s ince  t h c  maximum rangc of t h o  r e c o i l  n u c l e i  from an 8 UIev neut ron  i s  3.6 and 9 . E  

~ n .  f o r  carbon and oxygen r c s p e c t i v e l y ,  compared t o  77 cms. f o r  a r e c o i l  protoyl,  

Thc. n e c e s s i t y  f o r  t h i s  a r i s x  from t h c  almost complotz l a c k  of informat ion  about 

t h e  s topping  powers and average onergy per  ion p a i r  f o r  carbon and oxygen r e c o i l  

n u c l e i .  

flux by i o n i z a t i o n  m t h o d s ,  Gray 5 )  cons ide r s  a l l  t h e s e  problems i n  d z t a i l ,  and 

I n  h i s  very  d o t a i l e d  and c a r e f u l  d i scuss ion  of t h e  measurement of neut ron  

t h e n  concludes tha t  "the abso lu tc  de te rmina t ion  of  tho neut ron  cncrgy absorbed 

p e r  u n i t  volme of a s o l i d  hydrocarbon. ... i s  s t tondcd  by an u n c c r t a i n t y  of about 

5Pp. Thus, i n  t h e  neut ron  encrgy rogion of a few !&, t h e  present  formula t ion  is  

unne ces  s a r y  . 
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1 of the  d oroge encrg 

d f o r  a l l  of t h e  i o n i z i  

3. - Proton s topping  powers 

Thc e x y z i m c n t a l  and t h e o r e t i c a l  data a v a i l a b l e  on t h e  s topping power of 

protons r e l a t i v e  t o  a i r  has been d iscusscd  and summarized by G r a y  5 ) .  He has 

tabulated the r e l a t i v e  atomic s topping power f o r  pro tons  of hydrogen, carbon, ~-7~2 

ciygen, up t o  14  PIEgff. Usnng t h e  Bethe formula 13), h i s  va lucs  havc been ex t r apc -  

h t c d  t o  200 W. 

Necr 

Mec, 
There is  good reason t o  be l i ave  t ha t  t h i s  i s  a r e l i a b l e  pro- 

ccdure,  s i n c e  t h e  experimental  and t h e o r c t i c a l  d i f f icu l t ies  l i e  i n  t h e  reg ion  

' 3 U l O W  o m  =. 
Tho Bethc formula WES f i t t e d  t o  Gray's va lucs  a t  14  MEV by t ak ing  f o r  :;,I+ 

x d z a t i o n  p o t e n t i a l  of a i r  63.5 ev., 13) and solving f o r  t h e  i o n i z a t i o n  POtCli:;.~-' 

n: hydrogcn, carbon, and oxygen. These turned  out t o  be 11.1, 67, and 96 ev#, 

r e spec t ive ly .  

cu la t ed  from 4 t o  200 liWV. The r e s u l t s ,  a long wi th  Gray's va lues ,  a r o  given 

Then, us ing  these va lucs ,  t h o  rc la t  ivc  s topping powers were c a i -  

b 

i n  Table 1. As i s  t o  be expected, t h e  va lues  ca l cu la t cd  by t h e  simple formula 

used hcre,  d iverge  apprec i ab ly  from thc va lues  g iven  by Gray f o r  ene rg ie s  below 

about 8 MeV, s i n c e  no K-shell c o r r e c t i o n  has. bcon uscd. A simple c a l c u l a t i o n  

showed t h a t  t he  Fermi o f f c c t  n o d  no t  be ' included i n  proton s topping  powors 
aecr 

f o r  onerg ies  below about 1.5 m. 

1 2 b 3 2 S b  
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Table 1. 

Relat ivo atomic stopping powcrs f o r  protons.  
f rmP.eforoncc 5 ,  p. 77. 
formula, adjusted t o  Gray's values at 14 4W. 

Columns headed "Graytr a r e  tzkon 
Columns hsaded r 7 c ~ l c . ' i  are ca l cu la t ed  by the  Bethc 

k. 

PROTON ENERGY 
No- = 
.05 
.1 
.2 
.4 
.6 
.8 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
6.0 
8r0 

10 
12 
1 4  
20 
25 
50 
100 
150 
200 

HYDROGEN CARBON OXYGEX 

Gray 

.3ao 

.358 

.316 

.269 

.248 

.238 
'231 
.221 
.214 
.209 
.206 
.203 
.201 
.194 
.190 
. la8 
.186 
.185 

Calc 

.197 
i 193 

.188 

.186 

.185 

.182 

.181 

.177 . i 7 4  
,172 
.171 

. i go  

Gray Calc 

- . 926 
.918 
.go9 
.903 
.894 
.889 
.885 
.a83 
,880 
,878 -863 
,872 .e62 
.867 .859 
.863 .860 
.860 .858 
.857 .857 

.855 

.854 

.852 

.850 

.849 

.850 

Gray 

- - - 
1.031 
1.045 
1.051 
1.054 
1.060 
1.063 
1.066 
1.068 
1.069 
1.070 
1.072 
1.074 
1.075 
1.076 
1.077 

Calc 

1.069 
1 * 032 
1.075 
1.075 
1.076 
I. 077 
1.080 
1.081 
I. 083 
1,086 

1.087 
1.087 

relative ;' 1 
thesc/nco~ic stopping poffers to compte  ralat ive ' - g  , 

6 1  
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4. - Constants  of t h e  Mate r i a l s  U;ed. -- 
The materials usod i n  thosc i o n i z a t i o n  s tudicu  were chosen so  as t o  give 8 

wide range of  composition of t h c  th reo  atoms carbon, hydrogen, and oxygen, The 

composition and dens i ty  of t h e  ma to r i a l s  used a r e  l i s t e d  i n  $able 2, The col-  

umns h a d e d  Frfi/A.ll g ive  t h e  p a r t s  by weight over t h c  atomic weight f o r  carbon, 

hydrogen, and oxygen. Thesc are convenient c o e f f i c i e n t s  t o  use i n  t h a  ca lcu la-  

t i o n s  involving t o t a l  i on iza t ion .  The sourcc of t h e  informat ion  l i s t e d  i n  t a b l e  

2 is g iven  i n  t h e  fol lowing paragraphs.  

1 

Carbon: The carbon used was a good q u a l i t y ,  f inc-grained material, Tho 

d c n s i t y  of t h e  samplcs used v a r i c d  s l i g h t l y ,  w i t h  a n  avorago about t h a t  t abu la to?  

These dens i ty  v a r i a t i o n s ,  w i t h i n  about & 2$, were d is regarded  except i n  cross 

s e c t i o n  mcasurmonts ,  whert! t h e  measured d e n s i t y  of t he  sample was usod i n  t h o  

ca l cu la t ion .  
(b 

b ~ m f v . s s ~ ~ f l a \ ,  Qf@W ah s t )  Y 
P a r d f i n :  The composition was de te ra incd  by direct  a n a l y s i s ,  and t h o  dcnslt: 

was mccsured. This  was excopt ionc l ly  pur2 and uniform. 

Polystyrcnc:  No z n r l y s i s  was made, beyond nxsu rcmont  of t h e  dens i ty ,  wh-. ~3 

xTQ?.s found t o  bo uniform between d i f f e r e n t  smplos.  It WCS assumed t h a t  t h e  

.)r)l.ystyi?onc was pure,  polyrnc?.za:d s tyrcno .  

Luci tc :  

'jy t h e  duPont Go. 

p l c ,  2nd thd d e n s i t y  by mocszremcnt of scvor21 s m p l c s .  

Th i s  i s  t h c  t r a a e  n m e  of t h e  methyl msthncry la tc  r e s i n  p r o d u c d  

Thc composition wcs determined by d i r o c t  x m l y s i s  of one snr:- 

The d e n s i t y  was unif\;-:* 

P l e x i g l a s s :  This  is thc  t rndc  mne of t h 2  methyl methncrylatc  r e s i n  pro- 

The composition v~es determined by d i r e c t  ann lys i s ,  duced by Rohm m d  H ~ ~ z s  Co. 

and t h e  d a m i t y  by mzcsurctmnt. The dons i ty  wns u n i f o r m .  

Wztcr: Thzt used w2.s t7.p water .  Com2csition ,-.nd d c n s i t y  axmmad t o  be 

tho  valucs f o r  pura w F . t m .  

Oxclic Acid: Th2.t us& vws i n  th ;  c r y s t a l l i n d  fo rm,  ru?.gont gr?dc,  t h c  
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t k h  a3 

n" water of c r y s t a l l i z a t i o n  Ctctod by thl: m:mufwturer.  

made. 

No d e n s i t y  mezsurement w a s  

Lactose:  Sane comments as ox?-lic w i d .  

Tnble 2 

Composition and d e n s i t y  o f  m a t e r i r l s  used cs i o n i z a t i o n  c h m b c r  walls. 

c 

Using t h o  ztomic stopping powers of Tcblc 1 and thc? composition coof f i c t c . ,  . 

. ,' Table 2,  s topping powers hclve been computed for the s u b s t m c c s  used as i o n  

' ? m ? ~ o r  w a l l  mctcrial. Then t3w l i s t c d  i n  Table  3. The tzb lc  g i v e s  t h e  re 

p;procol of t h c  stopping pW/ic?r 2t v c r i o u s  c n c r z i e s ,  2nd t h e  averago of t h e s e  

skopping powers from 0 up t o  t h o  m e r g i c s  t abu la t ed .  Tho c a l c u l a t i o n s  werc 

mndc w i t h  t h o  f o r m l m  

whore si is the  r o l a t i v c  ntomic s topping powor from T a b l e  1. 

Aa is t h o  nvorage ?.tonic weight of a i r  = 14.55, and d, is  thc density of 
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a i r  = 1.205 x ct 20' C. and 76 cms. 

The vnluos of t h o  stopping pavers  b:?lo'cu 1 kBw arc not ct 2.11 c e r t a i n .  Thus 

t h 2  a v o r q p s  i F  can ha rd ly  be expected t o  be accura to  t o  more t h a n  seve ra l  

percent .  o t  a g iven  enorgy 

m::y bc %&en cs a i n d i c a t i o n  of t h e  m o u n t  of u n c e r t a i n t y  i n  t h e  s topping powers 

The differoncc: betwoon t h e  ' v d u c s  of 1/S 2nd 

t o  be used i n  t h 3  c a l c u l a t i o n s .  

In c a l c u l a t i n g  Toblo 3,  Grsy 's  va lues  of t h e  atomic s topping powers were 
k 

uged up t o  14  M?!3 2nd t h c  ex t r cpo lc t cd  va lues  beyond tha t .  Those s topping  powers 

were p l o t t s d ,  <mCl v,?luos read from t h o  graphs t o  securo  s u f f i c i e n t l y  small intcr-  

V C l s  t o  makc t h e  nwnorical i n t e g r e t i o n s .  The donsit jr  of the substcmces l i s t e d  i n  

Table 3 was taken as u n i t y  f o r  the s topping  power c 'q lcu lz t ions ,  s i n c e  t h i s  is  t h e  

appropriatits s topping power f o r  use i n  Eqs. ( 1 6 )  t o  ( 2 0 ) .  

Toblc 3 

Reciprocal  s topping power f o r  pro tons  r c l a t i v c  t o  air f o r  s u b s t v c o s  uscd i n  
i o n i z a t i o n  chmbor  w d l s .  Rows marked ''l/Str givc  thc r e c i p r o c c l  of the r e l a t i v e  
s topping  power f o r  protolis at t h o  onergy l i s t c d ,  f o r  the substance l i s t e d .  Rowr 
marked ivq give tho  ovorzgo of 1/S from 0 out  t o  t h e  encrgy l i s t e d .  Der\sil-y 

kw 
'1\ tWh as  uhlt 

Energy 0.0 .4 1.0 3.0 10 30 100 Me3 
-I_-. . . -_ -. _ _  _-__ ._ .-_ _-__ _.__-_ I---c_ 

i ' r, rbon . 1;s . .. 0.99 1.07 1.10 1.12 1.15 1.16 1.17 x10" 
,/a 0.99 1.03 1.06 1.10 1-13 1.15 1.16 X10-3 

- .-__. -I.__.I_. _ .  . --------.L -. . . --__ -- -___--I_- -- 
- './,: 0.38 .79 ,84 .89 93 .95 .96 no-3  

'-,l,L 0.38 .58 . :72 .82 .89 .92 .95 x10-3 
--'; .::a:i'fin - ._. . 
.__.___._______I_ ,--. __ -. _. - __ .- .-.____ - - --.. ..-. - --.-.- ..-....- 

7-/8 0.54 .90 .95 .99 1.02 1.04 1.05 X10'3 
.84 .93 .98 1.02 1.04 X10'3 

11's 0.57 .95 . .99 L o 2  1.05 1.06 1.07 X10'3 
i75 0.57 .76 .89 .9? 1.02 1.04 1.06 

1/s 0.50 .95 .98 1.01 1.03 1.03 1.04 

Polystyrcno --.- o,54 m 7 2  1,'s 
I.̂  -._, .- ,--. ._ - _- . ~ - ._-_ .- .. .-----. __.- -.. _--..-". c_-- 

Luc i t e  
_----_I_ -- . __. __-. . _- --.-- - . . . -_ .--_. I - 

i -  0.50 .71 .86 .95 LOO 1.02 1.03 ~ 1 0 - 3  Wctor 

Lact osc 1/S 0.62 1.00 1.03 1.05 1.08 1.08 1.09 X l O - 3  

Oxc?lic Acid 1/23 
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Proton ranges of suf f ic ic r r t  Lccurlcy f o r  t h c  presdnt  cxpcrimental  data 

have becn ca l cu la t cd  by appmximr.tG ndthods from x c u r c t e  range data i n  c e r t a i n  

materials. 

rcg ion  i n  Rcforoncc 15. 

i s  given i n  RGfcrence 1 6 ,  which also givr3s x c u r c t e  s topping  numbers f o r  hydro- 

The range-energy r c l z t i o n  f o r  carbon i s  givs.11 over  a wide energy 
IL.ceJ- 

A range-onorgy r e l a t i o n  f o r  p n r a f f i n  up t o  15 USV 

rlcw M u -  
gen a d  carbon up t o  15 WW, and f o r  oxygcn up t o  3-RBW. 

stopping c r o s s  s e c t i o n s  

Refercnco 15 g ivos  

up t o  10 ESW. In Figs. 1 m d  2 a r e  given t h e  rangc- 

energy curvcs f o r  carbon, p a r a f f i n ,  and polystyrene.  

ref.  15. 

Czrben is  t&en from 
Mw 

P a r a f f i n  is  from ref. 16 up t o  15 W ,  ad i s  computed from the carbon 

curve f o r  h igher  energ ies .  po lys tyrene  is i n t e r p o l a t e d  bctwecn t h e  carbon and 
w 

p a r a f f i n  curves  up t o  15 I@W, a d  i s  conputed from t ho  carbon c u m c  at h i g h e r  

encrg i  cs.  

Ce r tn in  o t h e r  substances may be of i n t c r o s t ,  2nd f a c t o r s  f o r  computing 

t o  c i t h o r  o f  t h c  methylmethacrylate r c s i n s ,  P l e x i g l z s s  or  Luci to ,  $&on t o  

have tho composition c H1.56 Gj.394. Tissue is  t aken  t o  have t h e  composition 

h i c h  i s  a r r i v e d  a t  by t?.king th2 f o r n u l a  f o r  wet t i s sue  given 

ng t h c  4%ni t rogan  b y  wefght cnd s p l i t t i n g  it between carbon and 

oxygen. 

Table 4 

Proton r an  e s  i n  v a i o u s  materials rclp'tivc. t o  t he  r m g c  i n  carbon, a l l  ranges 
i n  mg./cm. 5 

uw- 
.- 

Enorgy, -.--... B&gar 3 10 j 30 I 100 

.93 1 .92 1 .92 .92 

. --.. .. . . _ _  .___. 

' --- Moth, . -- R e T !  - ,- .... - .. . . - ~. . ' , . .- __ -{ , _.___ ; 

Xater  .60 .55 . .55 1 .56 _- ~ . . .  . - -. --4- - --.-&---.-..- + 
- -  -.-- - . . . .  - - . .  . -.L I 1.. . -1 !_--... 
Tissuo .98 ! .95 ! .93 j .92 .93 - 
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IV - Experimental  Resul ts  

1. ?mli.~-5n?ry 7, e:z*Jrerients. The ,xtr . p o l c . t i o n  Cb-mber - - .. -- 
When i t  was first decided t o  i n v e s t i g a t e  the energy transfer prob- 

kw 
lem w i t h  t h e  100 -neu t ron  beam, there was ve ry  l i t t l e  in fo rma t ion  a v a i l a b l e  

about the secondary p a r t i c l e s  t o  be expected. Cloud chamber p i c t u r e s  at that  time 

had a l r e a d y  shown tha t  i n  at least some of t h e  neutron c o l l i s i o n s  wi th  carbon and 

oxygen n u c l e i ,  stars were formed, some of the  prongs of which were r e l a t i v e l y  

s h o r t  r':-nge, heav i ly - ion iz ing  p a r t i c l e s .  

most of t h e  energy d e l i v e r e d  t o  a s o l i d  by the  neutrons w a s  diss ipated by pa&- 

Thus it w a s  considered p o s s i b l e  that  

i c l e s  of v e r y  s h o r t  range i n  air ,  perhaps as s n l a l l  as a few millimeters. I n  

o r d e r  t o  i n v e s t i g a t e  t h i s ,  a var iable-spacing p a r a l l e l  p la te  i o n i z a t i o n  chamber, 

c a l l e d  here an " e x t r a p o l a t i o n  chamber:', was designed. 

The e x t r a p o l a t i o n  p r i n c i p l e ,  t h e  o r i g i n  of which w a s  d i scussed  

above, has been very ex tens ive ly  used i n  X-ray and gamma-ray i n v e s t i g a t i o n s .  

it is g e n e r a l l y  used, the  i o n i z a t i o n  between t h e  p l a t e s  of a p a r a l l e l - p l a t e  

As 

chamber i s  observed as a f u n c t i o n  of t h e  spacing of t h e  plates ,  If t h e  measured 

i o n i z a t i o n  is p ropor t iona l  t o  t h e  p l a t e  spacing, t h e n  t h e  charilber i s  a t rue 

c a v i t y  ch ber  as def ined i n  t h e  present  d i  c u s s i  n ,  and 
~ ~ o ~ ~ + ~  b e  aptt/ed b y  /ow C M ~  T& ~ a I P ~ a t i o q  

mag have t o  be very small be fo re  t h i s  c o n d i t i o n  is m e t .  

from t h e  no t ion  t h a t ,  i f  t h e  volume i o n i z a t i o n  i s  p l o t t e d  a g a i n s t  the spacing,  
4 

it may be extrapolated t o  zero spacing,  t hus  g iv ing  the volume ion iza t . i on  f o r  

an  i n f i n i t e l y  t h i n  chamber. 

The e x t r a p o l a t i o n  chamber as designed f o r  t h e  p resen t  purpose is 

shown schemat i ca l ly  i n  Figure 3. ! h e n  t h s  p l a t e  spacing is  v e r y  small, it i s  a 

p l a s t i c  sphere,  5 inches i n  diameter. P a r t  A- is a screw, 2 inches  i n  diameter, 

wi th  a p i t c h  of 10 threads per inch.  

plane through the c e n t e r  of t h e  sphere.  

The s u r f a c e  between p a r t s  B and C is a 

P a r t  C is  f a s t e n e d  f i r m l y  t o  p a r t  B by 

1 2 b 3 2 b 3  
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e i g h t  screws, one of rihich i s  ohown. 

t h e  sphere,  but  s l i p s  off i n  o r d e r  t o  mount t h e  chamber on the  e l ec t rome te r .  

The t o p ,  round s u r f a c e  of screw A is  d iv ided  s o  t h a t  t h e  scrow can be set t o  

t h e  nea res t  thousandth of a n  inch.  Su r faces  are rendered conducting by p a i n t i n g  

wi th  a coating: of g r a p h i t e .  

p i eces  of mica, it was found t h a t  t h e  g r a p h i t e  c o a t i n g s  used were not t h i c k e r  t h a n  

0.1 mg./cm . a 

and c o l l e c t i n g  e l e c t r o d e  i s  t h e  upper s u r f a c e  of C. 

is separated f r o m t h e  guard r i n g  by a very f i n s  l i ne  s c r i b e d  on t h e  upper sur- 

face of C. 

from t h e  guard r i n g  by l i n e  not  over a few thousandths  of an inch wide. 

P a r t  D f i t s  snugly i n t o  p a r t  C t o  complete 

By p u t t i n g  s i m i l a r  g r a p h i t e  c o a t i n g s  on weighed 

The anode is the bottom su r face  of screw A, and t h e  cathode 

The c o l l e c t i n g  e l e c t r o d e  

T h i s  i s o l a t e s  a centra:, c i r c u l a r  e l e c t r o d e  1 3 / 4  inches  i n  diameter  
.I? 

Connection t o  t h e  mode ,  and t o  t h e  cathode guard r i n g  is made by g r a p h i t e  

p a t h s  t h a t  l e a d  through small h o l e s  t o  small screws on t h e  s u r f a c e  of t h e  sphere.  

E l e c t r i c a l  c o n t a c t  w i t h  t h e  c o l l e c t i o n  e l e c t r o d e  i s  made through a small h o l e  

(#80 d r i l l ,  0.0135"diameter) which goes through p a r t  C about 1/161s o f f  c e n t e r ,  

and which meets on t h e  lower s i d e  of C a counterbore 1/8" i n  diameter  and 0.010" 

deep, t h e  ho le  and counter-bore being coated wi th  g r a p h i t e .  

Co l l ec t ing  e l e c t r o d e  and Guard r i n g  are shown as v e r y  heavy l i n e s  f o r  c l a r i t y ,  

though i n  t h e  chamber t h e  g r a p h i t e  coa t ings  are  of n e g l i g i b l e  th i ckness .  

I n  F igu re  3 t h e  

The e x t r a p o l a t i o n  chamber was made from Luc i t e .  It was made 

s p h e r i c a l  because at t h e  t i m e  it w a s  designed,  the neutron beam of t h e  18411 

Cyclotron was not  w e l l  co l l ima ted ,  and it was be l i eved  t h e r e  w a s  a s t r o n g  i s o t r o p -  

i c  background r a d i a t i o n .  I n  o r d e r  t o  measure t h i s  background, it was f e l t  t h a t  

a The most convenient form of graphite used vias c o l l o i d a l  g r a p h i t e  suspended 
i n  e t h y l  a l coho l ,  f u r n i s h e d  by Acheso.n Co l lo ids  Corp., w i t h  t h e  d e s i g n a t i o n  
"Dag" Dispersion No. 154. 

T h i s  method i s  due t o  G. F a i l l a .  
h 
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an e s s e n t i a l l y  non-d i r ec t iona l  d e t e c t o r  would be needed. By t h e  time t h e  

experimsntal  work had progressed t o  s e r i o u s  i o n i z a t i o n  measurements on t h e  

neutron beam, the problems of s h i e l d i n g  and c o l l i m a t i o n  had been so lved ,  and 

it was p o s s i b l e  t o  i n  a sharply-defined beam. A3 a r e s u l t ,  t h e  s p h e r i c i t y  
of t he  e x t r a p o l a t i o n q T a y e d  no r o l e  i n  t h e  experimentat ion.  

e s s e n t i a l l y  tha t  descr ibed i n  r e fe rence  18. The e l e c t r o m e t e r  c i r c u i t  was 
a convent ional  null-type c i r c u i t ,  i n  which the accumulated charge is  c a l c u l a t e d  

,ff@& /T 

The Lindemann e l ec t rome te r  used w i t h  t h e  e x t r a p o l a t i o n  chamber was 
. J  

from t h e  vo l t age  r equ i r ed  t o  r e t u r n  t h e  e l ec t rome te r  need le  t o  zero by p u l l i n g  

t h e  charge onto a c a p a c i t y  of known value 

was placed i n  an e x t e r n a l  r a d i a t i o n  f i e l d ,  a bridge-type c i r c u i t ,  as desc r ibed  

i n  Ref.18, was not used, s i n c e  t h e  ba l anc ing  condenser would be i r r a d i a t e d  at  

her4 
10.22 cms.). Because t h e  i o n  chamber A 

t h e  same t i m e  as t h e  d e t e c t i o n  chsuiiber. 

The method of u s i n g  t h e  e x t r a p o l n t i o n  chamber i s  as follows: A 

b a t t e r y  is a t t ached  between th.3 anode connection and t he  guard r i n g  connection, 

w i t h  s u f f i c i e n t  vo l t age  t o  g i v e  about 100 V/cm. f i e l d .  i l i t h  D removed, t he  

chamber is placed on t h e  e l e c t r o m e t e r ,  b r ing ing  t h e  f l e x i b l e  con tac t  needle  

of t h e  Lindemann e l ec t rome te r  assembly i n t o  con tac t  at t h e  c e n t e r  o f  t h e  bottom 

s i d e  of C ,  as i n d i c a t e d  by t h e  arrcw. The needle  at t h i s  time is  grounded t o  

t h e  case of t h e  e l ec t rome te r  assembly, which is a l s o  connected t o  t h e  b a t t e r y  

nega t ive  and t o  t h e  guard r i a g .  Then t h e  chamber i s  c a r e f u l l y  removed from t h e  

e l ec t rome te r ,  p a r t  D s l ipped  i n t o  p l a c e ,  and t h e  chamber placed i n  t h e  des i r ed  

p o s i t i o n  and i r r a d i a t e d .  Then p a r t  D i s  removed, t h e  chamber placed back on 

t h e  e l ec t rome te r ,  and the  needle  ungrounded j u s t  before  making con tac t  w i t h  t h e  

c o l l e c t  i on  e l e c t r o d e .  J u s t  at  t h e  i n s t a n t  of c o n t a c t ,  t h e  compensating vo l t age  

i s  a p p l i e d ,  so  as t o  prevent t h e  Lindernuun f i b o r ' s  sweeping fa r  o f f  s c a l e  and 

producing a f a l s e  reading due t o  h y s t e r e s i s  i n  the l i b e r  system. I 
1 2 b 3 2 b 5  
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The b a t t e r y  i s  l e f t  connected t o  t h e  chamber during t h e  e n t i r e  

process ,  and t h e  b a t t e r y  nega t ive  is kept  grounded t o  the  e l ec t rome te r  case 

through a wire s u f f i c i e n t l y  long t o  allow moving t h e  chamber t o  the place of 

i r r a d i a t i o n .  Thus t h o  only m a k e  and break is at t h e  c o l l e c t i o n  e l e c t r o d e ,  and 

t h i s  i s  done i n  a f i e l d - f r e e  r eg ion ,  except ing f o r  con tac t  p o t e n t i a l s  and a 

s m a l l  f i e l d  due t o  t h e  acqu i r ed  charge. , h e n e v e r  the a-c f i e l d s  were l a r g e  

enough t o  procluce apprec i ab le  r ead ings  due t o  a-c pickup, t h e  e n t i r e  chamber 

and i t s  b a t t e r y  system were s h i e l d e d  durir?g t h e  make and break process .  

The s e n s i t i v i t y  l i m i t a t i o n  was t h e  background charge,  as determined 

by a blank run .  . This  was neve r  t h e  background r a d i a t i o n ,  b u t  was a " fa l se"  

background due appa ren t ly  t o  induced v o l t z g e s ,  coiitact p o t e n t i a l s ,  e t c .  The 

o r d e r  of nagni tude of the  background observed was about 1% of t h e  charge g iven  

by lmg.  of Ra .  at a d i s t a n c e  of 30 cms, f o r  t h e  maximum usab le  chamber spacing. 

The background was e s s e n t i a l l y  constant  w i t h  spacing of t h e  chamber, but depend- 

ed upon t h e  c a r e  with which t h e  manipulat ions wera c a r r i e d  ou t .  Under t h e  some- 

times far from i d e a l  c o n d i t i o n  which obtained i n  work i n  and nea r  t h e  c y c l o t r o n  

beam, t h e  background was l a r g e r  t h a n  f o r  t h e  bes t  l a b o r a t o r y  condi t ions.  

heavy exposures a v a i l a b l e  i n  t h e  beam, however, made t h z  background c o r r e c t i o n s  

s u f f i c i e n t l y  small s o  t h a t  t h e  accuracy remained about a few pe rcen t ,  f o r  a 

s i n g l e  reading. 

The 

The screw ze ro  waa determined by measuring t h e  c a p a c i t y  of t h e  

chamber aga ins t  t h e  f i x e d  conderiser. 

t i n g  Cd a g a i n s t  d ,  where C is the  measured c a p a c i t y  of t h e  chamber and d i s  t h e  

spacing between t h e  e l e c t r o d e s .  Cd was found t o  be cons t an t ,  as i t  must be f o r  

a proper  p a r a l l e l - p l a t e  condenser, from a spacing of .025 mm. up t o  1 cm., w i th in  

1/2% 

were not n a i n t a i n i n g  a p a r a l l e l  f i e l d  ove r  t h e  c o l l e c t i o n  e l e c t r o d e .  

Tho usab le  spacing was determined by p lo t -  

Beyond 1 cm. CLI  was no longe r  c o n s t a n t ,  i n d i c a t i n g  t h a t  t h e  guard r i n g s  

All  

1 2 b 3 2 b b  
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subsequent measurements were made w i t h  spacings not  over 1 cm. 

Thc e x t r a p o l a t i o n  chamber was t e s t e d ,  and t h e  techliiques of handl ing 

it were developed w i t h  R a  and. Rn-Be sourcss .  Very g r e a t  c a r e  was needed i n  man- 

i p u l a t i n g  t h e  chamber, and much t i m e  was consumed i n  developing t h e  r a t h e r  

s p e c i a l  techniques needed t o  keep t h e  background of induced charge low. .ken it 

w a s  p o s s i b l e  t o  make r o l i a b l e  measurements on t h e  f i x e d  sources ,  t h e  observed 

volume ionizat ion.  WRS independent of e l e c t r o d e  spacing w i t h i n  t h e  e r r o r  o f  

measurement from about .01 cm#. t o  & an#. 

made wi th  t h e  e x t r a p o l a t i o n  chamber i n  the neu t ron  bmn.  The method was t o  put 

t h e  e x t r a p o l a t i o n  chamber, and a s u i t a b l e  monitor,  i n  t h e  neutron beam simultane- 

ously.  A s e r i e s  of measurements was made of t h e  volume i o n i z a t i o n  i n  t h e  ex- 

t r a p o l a t i o n  chamber r e l a t i v e  t o  t h e  monitor,  as a f u n c t i o n  of t h e  e l e c t r o d e  

spacing. Tho r e s u l t s  of t h e  b e s t  s e r i e s  o f  obse rva t ions  were as follows: 

I t  

Then a series of measurements was 

d i n  cm, ,012 .020 .030 .055 ,081 .131 .207 ,385 1.01 

monitor  #1 2.48 2.58 2.45 3.13? 
monitor #2 2.59 2 . 6 1  2.66 2.51 2.49 

Tho f irst  row g i v e s  t h e  e l e c t r o d e  spacing i n  cms. 

r a t i o  of t h e  charge p e r  u n i t  volume obsmvcd i n  t h e  e x t r a p o l a t i o n  chamber t o  t h a i  

obsorved i n  t h a  monitors.  

s m s i t i v i t y  of 250 nr. 

s e n s i t i v i t y  of G m r .  

x i re l iable  because of i ts small value.  There is no i n d i c a t i o n  of increased 

Volume i o n i x s t i o n  i n  t h e  e x t r a p o l a t i o n  chmbor  f o r  t h e  e n t i r e  span of  t h e  measure- 

The next two rows give t h e  

Monitor #1 was a Vic to reen  chamber with a f u l l  s c a l e  

Monitor #2 was a L a u r i t s c n  e l ec t roscope  w i t h  a full s c a l e  

The q u e s t i o n  mark i n d i c a t e s  c reading on t h e  monitor ve ry  

ments, i n d i c a t i n g  t h a t  a chamber w i t h  dimensions less t h a n  8 cen t ime te r  s a t i s f y  

I Z b 3 2 b l  
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t h e  c a v i t y  cond i t ions .  

Although it hss no d i r e c t  connection w i t h  t h e  c e n t r a l  problems of 

t h e  present  i n v e s t i g a t i o n ,  it is  i n t e r e s t i n g  t o  no te  thil t  t h e  s p h e r i c a l  chamber 

was found t o  be very n e a r l y  i s o t r o p i c  i n  s e n s i t i v i t y .  Tho maximum s e n s i t i v i t y  

v~as f o r  r a d i a t i o n  e n t e r i n g  through the s i d e  .of thc.chamber,  t h i s  g iv ing  about 

5% g r e a t e r  charge t h a n  f o r  r a d i a t i o n  e n t o r i n g  through t h e  bottom. 

sumably due t o  t h e  f a c t  t h a t  i n  t h e  l a t t e r  case t h o  column of i o n i z a t i o n  from 

each secondary i s  n e a r l y  paral le l  t o  t h e  e l e c t r i c  f i e l d ,  while  i n  t h e  former 

case it is more n e a r l y  pe rpend icu la r  t o  t h e  f i e l d .  T h i s  produces l e s s  recombina- 

t i o n  f o r  r a d i a t i o n  e n t e r i n g  from t h e  s i d e ,  and hence SoimJhat g r e a t a r  observed 

charge.  T h i s  is  a well-known @enomenon, having bsen d i scussed  i n  d e t a i l  many 

y e a r s  ago by J a f f e  i n  h i s  work on t h e  theo ry  o f  recombination . Since 

no attempt was made t o  i n t e r p r e t  closely i n  any a b s o l u t e  sense tho measured 

i o n i z a t i o n  i n  t h e  e x t r a p o l a t i o n  chamber, no c o r r e c t i o n  was made f o r  recombination. 

The f i e l d  vias kept at about 100 V./cm., which was found t o  be wi th in  a few percent 

Of s a t u r c t i o n  vo l t age  by measuring chargz f o r  a given r a d i a t i o n  exposure as a 

f u n c t i o n  of vol tage.  The f i o l d  was kept a t  about t h i s  value f o r  t h e  s e r i e s  of 

This  i s  pre- 

8 )  

measurements t a b u l a t e d  above. 



2. The Shr-llow I o n i z a t i o n  Chamber. 'i'ransit ion  Curves. 

'When the e x t r n p o l e t i o n  chamber meas1Arements had made it 

c l e s r  t h z t  t he re  was no d i f f i c u l t y  i n  c o n s t r u c t i n g  CI chan te r  which meets 

the Cavity cond i t ions ,  a t  l e t l s t  w i th  reghrd t o  range of p & r t i c l e s  cross- 

ing  t h e  c h m b e r ,  it whs decided th;t the  n e x t  s t e p  wus  t o  i nves t igL te  the  

observed i o n i z a t i o n  a s  a func t ion  of ' th ickness  of  secondGry-producing 

m a t e r i a l ,  t o  f i n d  the  depth o f  m a t e r i a l  r e q u i r e d  t o  give maximum ioniza.- 

t i o n .  

s l a b  of po lys tyrene  for one s i d e ,  .001"polystyrene f o r  t he  o ther  s i d e ,  

t he  pe r iphe ry  of t h e  chanber be ing  t 1 1/2" d i m e t e r  hole  i n  a p i ece  of 

1\16" micsrtcL. The suri 'cces of t h e  p olyst\rrene were rendered conduct ing 

w i t h  g r q h i t e ,  mid t h o  c u r r e n t  was reLd on an e l e c t r o m e t e r  c i r c u i t .  The 

f i r s t  mec,suraments mEde wi th  t h i s  chmmber i n  t h e  neut ron  beam were a s tudy  

To achieve t h i s  an i o n i z a t i o n  chcmber m s  cons t ruc t ed  w i t h  a 1/2" 

o f  t he  "bbckscLtter" ,  t h c t  i s  t o  say,  t h e  c u r r e n t  i n  t h e  ion  chamber due 

t o  m s t e r i a l  on the  downstreom s i d e  o f  t ha  chhmber. I t  w ~ s  found t h & t  the  

bockscEtt .er c u r r e n t  IKS & b o u t  5$ of t h e  t o t 6 1  c u r r e n t ,  a d  WEA i d e n t i c a l  

('~(6 yapeci- TO t h e  drtecrl6.t of Reuh-oQ $ 1 6 ~ )  

h 

withif i  the sccurccy of measurement, r t  t h h t  time r f e w  pe rcen t ,  f o r  carbon, 

po lys tyrene ,  pwaf ' f i i ; ,  md Luc i t e .  'Jhile the f u l l  s i g n i f i c m c e  of  t h i s  

e q u d i t y  of t he  b&ckscc.ttsr c u r r e n t  WGS n o t  roh l i zed  u n t i l  much l a t e r  i n  

the  experiment,  i t  wcs  a t  once c l e & r  t h L t  t h i s  fcct mkde it poss ib l e  t o  

compare t o t a l  i on izL t ion  due t o  d i f f e r e n t  B-C-0 materials w i t h  s.n ion 

chrmber the  bslck and s i d e s  of which were made f r o m  any s u i t a b l e  msterial  

contcining; only H,C ,  r;nd 0. 

P schemtitic c r o s s  s e c t i o n - o f  t he  f i n f l  form of t h e  c h m b e r  

developed t o  mdke these  me,surenonts i s  shown i n  Fiplre 4. The bodv o f  

t h e  chamber i s  c 6" x 6" x l/4" pieco o f  p lus t i c  ( L u c i t r ,  P l ex ig l a s ,  o r  
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po lys ty rene ) .  

,?nd about 1/16" deep (1,Smm)r.). 

c o ~ t e d  w i t h  g r :ph i t e  znd a 1" c i r c l e  i s  s c r i b e d  i n  the  grep : i i t e ,  crect inp;  

c c o l l e c t i o n  e l e c t r o d e  tmd c. guard r i n g ,  by t h e  technique descritaed i n  

the d i scuss ion  of the  extrcpolc.t ion chamber. Pcross  the  open su r face  of 

the  c i r c u l r r  c u v i t y  i s  n f o i l  msde by s p u t t e r i n g  Lie on Formvcr. The E e  

c o s t i n g  i s  s u f f i c i e n t l y  conducting t o  form t h e  ?.node of t h e  chamber. The 

f o i l  cdhcres t o  the s u r f i x e  o f  t he  p l z s t i c  w i t h o u t  the  use o f  any adhesives  

o t h e r  t h a  :. smnll m o u n t  of w k t s r  OF a lcohol  used to p u l l  i t  i n t o  p lace .  C 

The th ickness  o f  t he  f o i l  i s  e s t ima ted  t o  be no% over  0.1 rng./cm2. 

On one sur fccz  a c i r c u l s r  cLvil;y i s  c u t ,  l 1/2lt i n  diameter  

The bottom sur faco  of t h i s  c m i t y  i s  

E l e c t r i c a l  c o n t a c t  wi th  the  f o i l  i s  made by a t r a i l  o f  

g raph i t e  which l eads  along the  su r face  of t h e  p l t i s t i c  t o  a hole  which 

connects  i n  t u r n  t o  a tapped hole  t o  which the  e x t e r n a l  l e a d  i s  connected. 

The e l e c t r i c a l  connect ion t o  t h e  gua rd  rir;g i s  made throuch 8 graph i t e -  

coa ted  h o l j  l c a d i n r  through the  cec:ter of t h e  p l a s t i c  t o  a s imilar  tapped 

hole ,  n o t  shown. E l e c t r i c a l  c o n t a c t  t o  the  c o l l e c t i n g  e l e c t r o d e  i s  made 

through the  system o f  ho les  shown. Ps x i t h  t h e  e x t r q o l a t i o n  chmber ,  t he  

hole  l ead ing  i n t o  the  e l e c t r o d e  i s  a s  small  as can convenient ly  be d r i l l e d ,  

t h a t  i s ,  a ;:':80 d r i l l .  The back s ide  o f  t he  p l a s t i c  i s  e i t h e r  covered by a 

grounded carbon piece as shown, n r  i s  coa ted  w i t h  a heavy g r a p h i t e  coa t ing ,  

t o  provide e l e c t r i c a l  s!?ielding. 

f r o n t  s i d e  t o  p r o t e c t  t h e  f o i l  f r o m  t h e  s l a b s  o f  secondary-producing-Daterin:  

A 1/32'' Micar t a  space r  i s  used on t h e  

- 

This f o i l  was prepared and nzounted by D r .  Eugh Eradner o f  t h i s  

labora tory .  

C 
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The s e v o r a l  p a r t s  o f  t he  chamber Lire a l l  6" x 6" squares ,  

sereired t,ogeti.isr a t  t h e  co rne r s  by screws n o t  shown i n  t h e  diagram. The 

u n i t  i s  mour:.ted on top  of a p o r t a b l e  e l ec t rome te r  un i t ,  t h e  "Zeus meter". 

The  .Zeus c i r c u i t ,  developed a t  t h e  M e t a l l u r g i c a l  Laboratory of t h e  Kan- 

h a t t c n  P r o j e c t  dur ing  the  w a r ,  i s  a br idge  c i r c u i t  u s ing  two VX32 tubes,  

w i th  2 s e n s i t i v i t y  of 2 1 ~ 4 ~  amps. f u l l  s c a l e ,  In  normal u s e ,  t h e  g r i d  o f  

one tube  i s  connected t o  a probe which runs  i n t o  t h e  c e n t e r  of the  ioniza-  

t i o n  chamber b u i l t  i n t o  t h e  body o f  t h e  u n i t .  The wal l s  o f  t h i s  chamber 

a r e  normallv i n s u l a t e d  f r o m  the case end connected t o  a high p o s i t i v e  

v o l t a g e .  Tho modi f ica t ion  f o r  use i n  t h e  p r e s e n t  i n v e s t i g a t i o n  cons i s t ed  

only i n  grounding the  wa l l s  o f  t he  b u i l t - i n  i o n i z a t i o n  chamber, and 

running tho  probe s t r a i g h t  u? through the top  o f  t he  u c i t  s o  t h a t  it 

p r o j e c t e d  about one inch. 

P c l o s e - f i t t i n g  F l i ; s t i c  j a c k e t  was p l aced  around t h e  1/8" b r a s s  rod used 

5s t he  probe, where it runs through t h e  b u i l t - i n  i o n  chamber. This rod 

This i s  marked "e lec t rometer  input"  i n  Figure 4. 

f i t t e d  a hole  i n  t h s  p l a s t i c  body of t h e  shallow chamber, f u r n i s h i n g  e l e c t r i -  

ca l  contac t  wi th  the c o l l e c t i n g  e l e c t r o d e .  
The chamber, when f t rmly  mounted on top of t h e  Zeus 

cab ine t ,  formed a convenient,  po r t a l . l e  u n . i t .  The Zeus cabinet is 12" 

high 2nd 8'' squzro,  s o  t h a t  t h e  u n i t  could be mounted d i r e c t l y  on t h e  

experimon.taf neutron bench, shown i n  F igu re  5 ,  p u t t i n g  the  i o n i z a t i o n  

chambor i n  the  c e n t e r  o f  t ha  h e m .  The co l l in ih t ing  system, ind ica t ed  

diagrammatically i n  Figure 5 ,  p roduccs  a neut ron  beam diameter  o f  approxi- 

mately 3'' along the  neut ron  bench. This "diameter",  determined by exposing 

f i l m  t o  t h e  h3m, has been confirmed by measurements made wi th  carbon 
M M  

d e t e c t o r s  us ing  the  20- th roshold  re:xt iol? ,  C12(n, 2n)  CL1, The carbon 

d e t e c t o r s  showed a f l a t - t o p p c d  p r o f i l e ,  w i t k ,  an i n t e n s i t y  j u s t  i n s i d e  t h e  

1 2 b 3 2 1 1  
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edge of  2000-4000 times the  in tms i t ; .  j u s t  ou t s ide .  This sha rp  g r a d i e n t  

made it poss ib l e  t o  have tha  c i r c u i t s  j u s t  a few inches ou t s ide  the boam, 

ond s t i l l  c o l l e c t  n o & l i g i b l e  i o n i z a t i o n  i n  the  f r e e  volume o f  the  c i r c u i t  

c ab ine  t . 
Two such w i t s  w e r e  cons t ruc ted ,  so  t h a t  one could be used 

as a monitor .  The normal met!iod o f  observa t ion  was t o  l i n e  the  two sha l low 

chambers up j n  the ceu t ron  heam, w i t h  the  monitor  on t h e  upstream s i d e  

(wi th  r e fe rence  t o  t h e  d i r e c t i o n  of neut ron  f low) .  They were l i n e d  up by 

o p t i c a l  mecns w i t h  the  predetarmined c e n t e r  of  t h e  ?:em, w i t h  an accuracy 

of about l/€P. 

much g r e u t e r  accuracy, b u t  t h e r e  seemed t o  be no reason f o r  doing s o .  The 

nionitor would be assenhlsd  wi th  s u f f i c i e n t  mater is l  on both s i d e s  s o  t h a t  

only t h s  neut rons  could reach the chamber f r o m  outs ide .  S i t h  t h e  monitor 

on the u p s t r a m  s ide  o f  the  d e t e c t o r  chamber, the changes made i n  the 

d e t e c t o r  charnbsr would have no e f f o c t  on t h e  monitor ,  s o  t h a t  tho r a t i o  

of d e t c c t o r  c u r r a n t  t o  mnni tor  c u r r e n t  was a v a l i d  e s t ima to  of' t h e  re la t ive  

e f f o c t  of' t h e  p a r m c t d r  under s tudy,  f r e e  from beam i n t e n s i t y  f l u c t u a t i o n s .  

Under cer t tc in  c i r cums tmcss  i t  was desi . rable  t o  p u t  t he  monitor on the  

downstream s i d e  o f  tho dc tcc t .c r .  When t h i s  was done, t h e  m a t s r i a l  i n  tho 

beam pa th  t o  t h o  monitor  wss lcapt cons t an t ,  by simply t r c u s f e r r i n g  m a t e r i a l  

from on< s i d e  o f  thc  d o t e c t o r  ch tunkr  t o  tho o t h e r ,  The d i s t ance  f rom 

t h e  m o n i t o r  t o  tho  d e k c t o r  was i n  those czses  t;t lcf is t  6 f e e t ,  s o  t h a t  

tho beam a t tonua t ion  as seen by the  cionitor was c o n s t a t .  

I t  would h a w  been p o s s i b l e  t o  l i n e  them up wi th  very  

Using t h U S Q  a o k h o d s ,  tr€insiti.on CUrVi3S YJerc s tud ied  f o r  a 

numSr3r o f  subs tances .  Figura 6 s b o w s  a t4ypj,cal  s a t  of t r a n s i t i o n  curves,  

f o r  f o u r  d i f f c ro i i t  subs tances ,  Tkic sc::!.es o f  absc issec  em disp laced  s o  
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that t h e  i n i t i a l  p o i n t s  w i l l  r io t  ove r l ap .  Thc p o i n t s  p l o t t e d  are  the 

r a t i o s  o f  ohsarved c u r r o n t s ,  cletoctor r e l a t i v e  t o  monitor,  normalized t o  

u n i t v  z t  z j r o  t h i ckness  o f  added m a t e r i h l .  This minimum i o n i z a t i o n  

rapresGnts o f  course sacondarics  a r i s i n g  i n  t h e  s i r ,  i n  t h e  t h i n  f o i l  

on t h e  f r o n t  s ide  o f  t he  chmbor ,  and i n  t h e  rnator ia l  i n  t h e  back of 

t h o  chambar. T h s e  measurments were made w i t h  the monitor downstream 

from t h 3  d = t c c t o r ,  because t h i s  arracgement gnve t he  minimum c u r r e n t  f o r  

zero added m & t a r i a l  due t o  t h e  absence of  socondaries  from the  monitor 

assembly. 

Tho same s o t  o f  experimental  po in t s  k r e p l o t t e d  i n  Figure 7, 

af tGr o c o r r e c t i o n  has  been made f o r  ndtutrcn a.bsorption by a method descr ibed 

bslow. The s c a l e  of Gbscissau i n  Figure 7 i s  now t h e  energy i n  MEV of a 

proton having a rango eoua l  t o  the thickfless of m a t e r i a l .  These ene rg ie s  

cri: ttikcn f r o m  th3 range-energy curvcs of Figures  1 m d  2,  except  f o r  

a - i o u s  circumst  

sre  i n v e s t i  

shown i n  FI 

Curves B Ln 
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chmbe r vtcs i. u t  t h s  middle 

the  chamber 8 

n, f i g u r e  9 con 

8 
Figure shows E revGrso t r n n s i t i o n  curvz f o r  polystyrGne. 

T h i s  V T C . . ~  takcn with tho ::ionitor u p s t r e t i n  froin t h d  de t ec to r ,  a i d  w i t h  t h e  

d a t e c t o r  c h m b e r  tu rned  wound s o  t h - t  i;h3 t h i n  f o i l  wcs on t h e  do:vnstrem 

s i d e .  The cu r ron t  r , ; l c t i v >  t o  tho  n o n i t o r  was t hen  o'tjsarved as t h i n  s h e e t s  

of p o l y s t y w n e  1wr-i' brought u p  t o  the c h u n b o r  on tho  r e r r  s i d e .  

f l a t  p1atdai.i i s  cortai.nl;,r r c J & l ,  s icci?  po in t s  ivero obtained o u t  t o  3 cms., 

a l l  l y i n g  o n  thc  p l t t o t i u  shown w i t h i n  2;;. Since thc .  s l o u d  chanber photo- 

graphs and the  f i l n :  s t u d i o s  o f  the noutron a d  dautoron b ~ m s  as  w z l l  as 

pri2dictions l ~ ~ L s ~ - d  ~ ipoi i  momsr:tum m d  sca t t : r inp  cons iderL. t ions ,  have made 

it  c n t i r u l y  clam thc, ' t  o n l y  ci n e g l i g i b l e  f r a c t i o n  o f  the  szcondari3s  

or ip inkt i .ng  upstr,>am could c r o s s  tho c h m b c r  rind thon bo s c L t t c r o d  bexk 

through :~n mfi;li> i n  t h e  n c i c h b o r h o o d  of 180", it i s  auiko s a f o  $0 assume 

The 
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t h c t  the inc r sase  i n  ionizat ior ;  iridicLLed i n  Figure 11 i s  due t o  secondcr- 

i e s  c r e a t e d  on t h e  downstrem s i d e  o f  the chamber. Then, taking the 

vs lue  o f  t h e  p l a t eau  from Figure Tr, and u s i n p  Figures 6 and 7 t o  c o r r e c t  

f o r  the f e c t  t h c t  the reverse  t r h n s i t i o n  clirvo w:,s taken w i t h  only 0.48 mns. 

o f  oo lys ty r sne  upstrean,  it can be 

secondaries  c o n t r i b u t e  5.3% o f  the m&ximum i o n i z e t i o n  c u r r e n t ,  and 4.9% 

of the i o n i z r t i o n  c u r r e n t  computad f o r  no neutron cbsorpt ion,  with poly- 

s tyrene . 

8 

computed t h h t  the do’rmstrean - 

T h i s  r e s u l t  IVLS checked d i r c c t l y  by me;suring the  c u r r e n t  

f r o m  tbe do;.instrem secondaries  2s 8 f!mcti.cn of t h i ckness  o f  m a t e r i a l  

upstretm, m d  it  M ~ , S  i i i  f a c t  corist.Lit, and o f  the va lue  j u s t  s t L t e d .  I t  

1 2 b 3 2 1 5  
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. $5. -_-- &id kI Gcoqetry;Neutron Aktenuution 

Tho decrecse i n  observed i o n i z e t i o n  w i t h  i nc re s scd  th ick-  

nass o f  mLtar ia l ,  i n  t h e  t r sns i t , ion  curves of Figure 6, c s n  only be due 

t o  & t t c n u & t i o n  of' tho  neutron bern ,  It WLS found p o s s i h l e  t o  determine 

t h i s  a t t e n u a t i o n  .-s fol lows:  Some mezsurcrncnts w c r ~  made t o  dotermine 

how m c h  copper vias needed t o  s t o p  sll tha secondcr i c s  from p a r c f f i n .  

It i r U s  foiind t h L t  t he re  V,S L srnzll but  &ppricic .ble  number of pro tons  

fron: g a - c f f i n  ge t - t l n r  through 1.3 crns of coppor (100 W protor,  range) ,  
Mw 

b u t  n m e  a t  n l l  c o u l d  hc de t ec t ed  through 2.54 crns. of copper.  So EL 

s e r i e s  of bLtd gcometry a t t e n u c t i o n  CUI-vcs were t d m n  whera 2.54 crns. o f  

copper w m  hotwocn the  m c t e r i s l  Loin[: t c s t s d  a1d t h e  chamhL>r, t h c  

mr ts r i i .1  be ing  ot3i:r:rise T,S c l o s e  2;s p o s s i b l e  t o  tho  clictmber. 

vw.s ups t r ean  o f  t he  d e t e c t o r  f o r  t h e s c  me,surmi:nts.  

The monitor  

I t  WLS found t h & t  t h e  n t t c n u r t i o n  meksured undar these  

circumstsnces  WL,S c.ccur,.taly c x p o n e c t i i l  out;  t o  Ebout 10 crns from t h e  

f r o n t  of t h e  i o n  ch,,m.bi=r. I t  thi'.t d i s t m c o ,  t h e  n t tonuc t ion  bccme  

mor82 rcp id ,  ii-idic-ting pr3swlii.k>ly t h e  Lr;nsi t ion f r o m  bc*d g.:ometry t o  

good c:omstry c t tenur , t ion .  rt 

"Bcd gzoulatry'', ix t he  torm i s  used herd,  i s  e s sen t i c - l l y  e q u i v a l e n t  
L rri i n f i n i t e  s c c t t e r o r  i n  an i n f i n i t e  boEm. 
no scc. t tored p r r t i c l e s  rosch thi: d J t e c t o r .  
t o  zittkjnuntior, w i t h i n  10 cm. of thc  dcti:;t(\r, t h e  l : < t t o r  t o  , t tonuct ion  c.t 
d i s t r n c e s  e;rGc.tjr thcn 2 meters .  
t o  be s u f f i c i e n t  t o  r ivs  zittcpuL.tion mcusurem-;nts indopondent o f  d i s thnce  . 

"Good gQ.ometry" moms t h a t  
Thd form<?r torm w i l l  bc r o s t r i c ' d  

T h i s  d i s t , n c e  wr.s found expar imonta l ly  
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I n  t h i s  regj  on the  obsz.:rvjd ~ ; t t \ > n u ~ . t i o n  curvos m t c h e d  va ry  cccurt; tcly 

1/2 
t he  t r m s i t i o n  curvas fo r  t h o  corresponding mai;sri;l. From t h e  T 

v r lucs  no,sUred ic t h i s  fcsh ion ,  it i s  p o s s i b l e  t o  c o n ~ u t e  bhd po rno t ry  

Table 5 - Ecd Gzornetry Hal f - in tens i ty  Thicknzssss cnd C r o s s  Sec t ions  f o r  

The va lues  f o r  Tl/2 Eiven i n  T ~ l l c  5 were s imply r e a d  from 

a log,,rithmic grsph o f  t h i :  oxperimontL1 p o i n t s ,  c,nd n o  e r r o r  h s s  bcon 

computed. The vc lue  of 6 tL,bulcted i s  t h e  m e m  c f  t h -  vklues  computed 

sopc,rat;.!ly from thL- polys tyrene  end pcrLff i n  o ts - rv- t ions ,  us ing  t h e  

computed ;. Tiless w r o  .069 end .049, r e s p c s t i v e l y .  S i in i la r ly ,  t h o  

t a l u l s i t u d  v:luo of .--, i s  the mem o f  t h o  t w o  v:lucs conyuted from the 

w c t ? r  r n d  P1cxif;lEe obsJrv- t ions ,  ngmely .254 cad .283, r e s p c c t i v u l y .  

T h i s  cnakzs i t  c l ea r  t h c t  t h e  nccurrqr  of  t h i .  obss rvc t ions  i s  n o t  high,  

I t  wou ld  be ro,.sonLble t o  c.tt:.ch t o  ~ 1 1  t h 3  tLhulntod c r o s s  soctions a 

t 

r w i ~ n  e r r o r  of& '02 bnrns.  Tho d o n s i t i e s  m d  compositions o f  t h e  mcter icds  

w e  t h o s e  l i s t e d  i n  m h l e  2 .  

Thc r t t enuc - t ion  corroct , ion usod t o  g e t  Figure 7 from 
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mr,tericl ,  :Flout 7 crns. f o r  pr,r tffin.  Fortdnut:1;r, t ha  c t t e n u c t i o n  i s  

suf f ic i2nt l : " r  s r ~ i c l l  s o  thc%t t h i s  i s  n o t  c lErgc: ! i f > c t ,  cnd no g r s & t  e r r o r  

mrould bo introduced by djsreg'.rding it 2rLt i rL?ly .  I t  11~s been taken  i n t o  

cccount ir, j rFthor  orudo f:.shion, cis fol lows:  us inp  tho curv:s of 

F igu re  6,  cn "ionizr , t ion c e n t r o i d "  h&s bezn comput,?d us ing  the  formula 

where 3 i s  t h e  computed c e n t r o i d  i n  crns., 1, i s  th:: m x i m u m  vclue of the 

observed i o n i z c t i o n  c u r r e n t ,  mc? i s  t h c  d o p t h  o f  i n r t z r i d  producing tho  

o f  t h e  ve ry  cpproximata nurnax-iccl i n t a c r L t i o n  &re giv.u.n i n  Tt.blc 6, i n  

which $n i s  the  depth of matzrir.1 producing mc;ti.nurr, i c n i z z t i o n  c u r r e n t .  

Tcble 6 - I o n i z c t i o n  c c n t r o i d s  f o r  vcrioiis mLto r i r l s .  
- - -  

t 
- _ _  - _  

-kcopper - 
polystyrefio i ptr: .ff in 

.12 
26 

I , . l e  .10 .18 

I 
1.1 
33 

1 1.1 
34 

MEte riLl 

E i n  crns. 
z i n  protor;., IzliFV.1 27  1 .15 

- --- ____ 
1 -  

___. -- - - __ .. - ____ 

Thl: mothod o f  u s ing  th s so  c c n t r o i d s  w-s :hen t o  use,  as 

thc  e f f c c t i v z  th ickness  of mc.t\:ri, 1 f o r  purposus o f  J s t imLt ing  tho h t ten-  

unt ion,  one-hctlf t he  s c t u s l  t h i c k n e s s  up t o  c. t h i c k n e s s  o f  twice the  

c e n t r o i d ,  m d  bzyond. t k L t  usc c, thicknoss  mGcisure? from t h e  c e n t r o i d .  

Beyond the  dopth of m a t e r i a l  from which socondLArics  reE.ch the chcmbor, 

t he  c t tor ,uc t i  on c o r r e c t i o n  could be t:.kon from t h e  observed t r a n s i t i o n  

curvc i t s e l f ,  wi thout  cny noc33ssity f o r  considcr inc,  ei ' foctive th ickness .  

This i n  f m t  would i n  theory  ' , e  prc.fu.rrb1., t o  u s i n g  :: c o r r z c t i o n  determine6 

from ci curve i n  which tho s?condL,rics o r l r i n c t z d  i n  c d i f f e r e n t  mt.tdrin1. 
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I t  however i s  ob jec t ionah le  i n  tiic sorisc t h u t  euch  curve would automn- 

t i c c l l y  c o r r e c t  i t s e l f  t o  a cons tLAnt  vc lue ,  independent o f  any e r r o r s  i n  

obserrht ionc I t  seemed prefercillle t o  u se  a completely independent s e t  of 

observLtions t o  Let the c o r r e c t i o n ,  s o  t h n t  the f l r t n e s s  o f  t he  p l a t eaus  

i n  Figure 7 can be taken as 2.n i n d i c a t i o n  o f  the  zccuracy o f  mezsurements. 

ihese remcrks do n c t  of course apply t o  the copper curve,  i n  which c m e  

i t  WLS necessary t o  use t h e  observed curvz t o  c o r r e c t  i t s e l f .  

rn 

1ntcrpretc . t ion o f  t hc  ionizc.t ion moL surrments o f  tha p rc sop t  

inveKtigLti  on r - Q u i r e s  E: knowlodFo of C e r L i n  O r o s s  s e c t i o n s .  ' k i 1 c  c. vc;,? 

c r r 3 f u l  detarmin<Ation h s s  ? o,n m:-de o f  t h o  L o t r . 1  s c a t t c r i n y  c ros s  s e c t i o n  
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f o r  L number o f  substrincc t h c s a  meL.:;urbmoiits wOre mLdc w i t h  ckrbon 

d e t e c t o r s ,  u t i l i z i n g  th3  r aLc t ion  C12(n, 2 r 1 ) C ~ ~ ,  which has a 20 MEV th re s -  

hold. The  i o n  chkmb-r of course has no th re sho ld ,  cnd i s  i n  Eddi t ion 

s c n s i t i v e  t o  gamTL rl i2idtioE cLs w c l l  as w u t r o n s ,  s o  t h o  p o s s i b i l i t y  

ex i s t s  t h z t  t h s  born "seen" by the  i o n  chamber i s  somwhri t  d i f f e r e n t  from 

t h r t  "soen" by tho c t r b o n  de t>ckor s ,  ond LS L, r e s u l t  d i f f e r e n t  c r o s s  

s c c t i o n s  crC: LppropriF.tG. 

To t e s t  t h i s  p o i n t ,  good geometry t o t L l  s c a t t e r i n g  c ros s  

ssc t ior i s  of cLrbon m d  copper w 2 r e  rnec.surrcd s imul tmeous ly  w i t h  carbon 

d s t e c t o r s  cr;d w i t h  t h e  i o n i z a t i o n  c h m b e r s .  dk The r e s u l t s  tx-3 given i n  

TAble '7, along ),vi th cortc,ir: o t h z r  c r o s s  s e c t i o n  mecsuroments. 

T&lc 7 - Good Gcometry T o t L l  S c h t t e r i n g  C r o s s  Sections, LS %turminod 

w i t h  C lrbon D j t e c t o r s  tnd w i t h  r m i z n t i o n  C h n b c r s .  

The columns hszdod m.u?b give t h e  m e m  e r r o r  estimcitcd from 

the :.grcemer,t betimer, t h o  m&suromcnts .  The cctrbon d e t e c t o r  f i n d  vcluos are 

f r o m R : f .  1 7 .  The i o n  c h m h o r  f i n c l  v t l u s s  i n c l u d o  t h o s o  o f  t he  s imul-  
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Since the mc.in uncor t c in ty  i n  the ion chan le r  me: surernonts seemed t o  l i e  

i n  uncortLinty i n  the  background c o r r e c t i o n  dua pOSSikJly t o  non-1ine:J- 

.~ 

resporise o f  t he  d o t e c t i o n  system, the corn?ut.?d e r r o r  i s  be l i evad  t o  be 

t o o  s i n c 1 1 ,  '.n? ra e r r o r  i s  estimzted bi.sed on c. 2% e r r o r  irLCLc.nd(Te 

is  given i n  t h e  l u t  column of !?&le 7. 

This 

The estimGted e r r o r  f o r  t h e  c u b o n  

* I  / i  

4 I ;  

i !  I 

/ 

I! 

1 1  
i '  

! 
I 

i; 
' I  
i 

-_ 5. T o t s i  lonizatioi: Como,arisons 

From t h e  t r L . n s i t i o n  curves co r roc tod  f o r  bad goometry 

t tenuc.t ion,  7 j p n - G  7, t hu rc  cGn be reLd  o f f '  t h o  r c l L t i v e  t o t ; l  ionizc-  

t i o n  o f  the d i f f o r e n t  mi.tori:.ls. Tho s m o  method h c s  boen used fur SOIT.? 

1 2 b 3 2 8 1  



BP 139 

-53- 

1.338 

1.30 1.124 
1.335 

1.331 1,306 1.124 

from Eq. (IS), t h e r e  h m e  l-ocr_ comovtod t h e  IT, llies 

a.rq & .ab ( ' A  e ) 
xc / xz = -?7b- -. (m.e.) 

1.199 

1.199 

( 1  Ihen, u s i r , ~  t h e w  nurnlcrc, t h e  expected r e l c t i v e  i o n i z a t i o n  1-1~s boon 

coaputed, x d  compcm:d w i t h  t h o  obsenrcd. The dLtc., m d  t h e  compc.rison, 

i s  eiven i n  T L b h  0 .  

T ~ b l o  2 - T o t c l  ionizc.tion c u r r a n t  r c l c t i v o  t o  c:-rbon, obsdrved 2nd 

cmputod,  f o r  vL.riov.s m c t c r i c l s .  

-I_- 

C ctrb or 

1,000 
ug. 23 1.000 

1.000 
1,000 

c t .  11 1 .ooo 

onputo d 1 .ooo 

- - ___ - - 
Poly- 

1,28 
s tyren:  

1,186 
1.267 
.l. 161 

1.212 
?=#El. 
/ l \ 9  

g+Q. 
t l L  

Luc i t c  

1.191 
1.196 

1.194 
MFIl? 
/.a/ 
ea- 
- I t  7 

-- 
F'lcxi- 
gl2.s 

1.206 
1.208 

1.207 
1.21 

3 .o 

The r.gr@oment hetrveen the ohscrv,t ions x d  the  comnuted vf lues  i s  p r o -  

r.t d i f f e r e n t  times i s  o n t i r o l y  S L  t i s f , c to ry ,  oxcopt f o r  po lys ty rene ,  whore 

the sproi.d i n  observed vc lues  i s  much l w g z r  t hzn  t h e  i.acurLcy o f  t he  

ol)sarvc.tions 1rould seem t o  warrant. 

sp read  i n  the  observat ions.  

No explana t ion  has been found f o r  t>-.  

The c a l c u l a t i o n  was mads i n  t h e  folloiuing fashion: li' '2q- if 6 )  
1 2 b 3 2 8 2  
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is written out for material con ta in ing  C and H only,  and a l so  written 

ou t  f o r  C :.lone, cad i f  t he  r r . t i o  o f  t n e  t,wo ccur . t ions i s  taken, t he re  

r e s u l t s  t h e  equction 

w h e r e  the  s u b s c r i p t  1 r e f e r s  t o  t h e  c r rbon  c h m h e r ,  m d  t h e  s u b s c r i p t  2 

r e f e r s  t o  the C - H chmber ,  and Cik=(Pi fi/Ai)k, where i = H,C,O, and 

k = 1,2. Then f o r  Iz/I, we use the  t:.bulcted v z l u e  of t h e  r e l r t i ve  ion  

c u r r e n t  from t A l e  8, f o r  po lys tyrene  o r  p x r ^ f f i n ,  w i t h  the  appropr ic te  

vclues of  f i / A i  a d  Pi, End w9 so lve  r.t once f o r  X, / XH, g z t t i n g  of course 

t w o  vLlues.  Then, c 8imilr .r  eoucLtion i s  w r i t t e n  down f o r  0 - H chamber, 

a d  2 C - 0 - E chmber ,  which now involves  t h e  va luc  of 

t he  m e a  of tke  t w o  vLluos,  cad  p u t t i n g  i n  t h e  03s3rved r o l r t i v e  i o n  

c u r r e n t s ,  veluos r.re computed f o r  X / % f o r  t h e  rcmcining five sub- 

s t m c o s  o f  Tsb le  8. 

v i s i o n d  v ~ l u a  o f  :$ /XH. 

used t o  compute d i f f e r e n c e  eauc t ions ,  g iv ing  s e w n  s imul tmeous ,  l i n e a r  

X c  / XH, Using 

Then the  m e m  o f  t hese  v d u e s  i s  tc.ken as t h e  pro- 

Then these  pi-ovis ionzl  v c l u e s  of  t he  r a t i o s  r r e  

eauctlons from which t o  conpute t h 3  b e s t  c o r r o c t i o n  t o  t h e  p rov i s ionc l  \ 
r c t i o s k r  l c r s t  squ r re s  s o l u t i o n  i s  mcde from t h a s e  s e w n  eoua t ions  i n  two 

UKikIlOWns,  giving the c o r r e c t i o n s  which, w h a  rLpnlied t o  t h e  provisionz.1 

v r l u e s  y i e l d  t h e  f i n r l  vn lues  s t L t e d  r t  thc? beginning o f  t h e  p ra sen t  sec t io ; ; .  

Tho m e x  errors ouotod t h s r c  u r c  given by tho l e x i t  s q u r r e s  s o l u t i o n  from 

t h e  cgreement between the  obszrvad and computed v t l u e s .  
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6. Sm@s of Secondaries fran Carbon 

The extrc.polcLtion chcmber m e c  suremants indic:.tcd t h & t  t h e r e  

c m  no prcdomincnt groups o f  p r . r t i c l c s  w i t h  r m g c s  less thc.n one cent imeter .  

'.-'bile thtl o x t r c p o l c t i o n  chanber w7.s un:.blo t o  ct.rry these  observt. t ions 

f u r t h g r ,  t h e  sh:l low i o n  c h m b s r  o f f e red  t h e  oppor tuni ty  t o  oxtcnd t h c  

i n v e s t i g a t i o n  of  rcagos.  Tho ion  chamhor W ~ S  s e t  up wi th  tho  t h i n  f o i l  

i n  th:: n o r n r l ,  upstrzcm pos i t i on ,  :nd t h e  i p n i z c t i o n  c u r r s n t  wc.s s t u d i e d  

t s  c f u n c t i o n  o f  thc  d i s t :nce  f r o m  t h e  c h m b e r  o f  r. t h i n  lLycr  of csrbon 

o r  p o l y s t y r ~ n 3 .  T h a  c u r r c n t  o f  coursc decra sed  s t2Gdily c.s t h c  matcrir.1 

w:s moved avc.y frorn the  c h m b e r .  Levzrt 1 groups o f  p:.rticlcs seamcd t o  be 

i n d i c a t e d  by shc rp  dacroesss  i n  t h e  s lope of' t h e  c u r r e n t  curvG. Tho 

p o s i t i o n  of those  bre&s i s  c iven  i n  tho  fo l lowing  t::,ble: 

TLblc 9 - Apptrent Upper L i m i t  t o  G,roups o f  S z z o n d z l s s  From C Lrbon. 

-- -- - -- -I_ 

2 . 7  ; 
d i s t m c a  i n  cms. 0s bit 
corresponding pro ton  Gnergy, i w b  
corresponding clphrL energy, I%? I 1.95 

Tho long3s t  o f  t h e s c  i s  socn t o  correspont! - .roll  w i th  thl3 f i r s t  bend i n  thc  

polys tyrene  t r c n s i t i o n  curvcs of Figure 10. Thc o thors  would n o t  show up 

i n  t h e  t r a n s i t i o n  curvcs ,  bsirig t o o  c l o s c ~  t o  the  o r ig in .  

The o r i g i n n l  curv?s cro n o t  prccPnt2d herc ,  s i n c e  2.s n r e s? - i  

of th3se range rnessur2ments, c progrzsn h - s  bzor, s t c r t e d  f o r  i n v c s t i g r t i n g  

thase  r t x g e s  w i t h  n d i f f e r , n t i a l  chomber, which should give r l j su l t s  

1 2 b 3 2 8 5  



, 

s u p e r i o r  i n  accu racy  t o  t h a t  obtained v i t h  t h e  n r e s e n t  shallow char~. '~~A*s,  

7. Absolute Neutron Flux Measurements 

Since t h e  i o n i z a t i o n  chambers used i n  t h e  p r e s e n t  i n v e s t i g a t i o n  

a l l b w  a de te rmina t ion  o f  t h e  a b s o l u t e  value of  t h e  energy f l u x  of t h e  

beam, a comparison between f lux  determined i n  t h i s  manner and flux 

determined by an  e n t i r e l y  independent method should g ive  a check on t h e  

v a l i d i t y  of t h e  assumptions involved i n  t h e  i n t e r p r e t a t i o n  of t h e  i o n  

chamber measurements. 

f lux de te rmina t ions  wi th  t h e  ion  chambers desc r ibed  and with proport ion-  

a l  counters ,  The f lux  de te rmina t ion  with t h e  coun te r s  involved t h e  t o t a l  

s c a t t e r i n g  c r o s s  section1') and t h e  angu la r  d i s t r i b u t i o n  of t h e  s c a t t e r e d  

protons,  determined by t h e  same experimental  set-up w i t h  t h e  mronortional 

counters ,  from which d a t a  t h e  neutron f lux can be cornouted i n  neu t rons  

/cm2/secO2 The method has  been r epor t ed  . 

This  comparison was made by making simultaneous 

1 9 )  

The i o n  chamber used i n  t h e s e  measurements w a s  mado, of P l e x i g l a s .  

P u t t i n g  t h e  a n p r o n r i a t e  numerical v a l u e s  i n t o  Ea. (16), t h e  f l u x  a s  measured 

by a P l e x i g l a s  ( o r  L u c i t e )  chamber i s  given by 

where I i s  t h e  ion c u r r e n t  i n  rnicromicroamperes, V 

i n  cm 3 , and it has been assumed t h a t  t h e  secondaries  

i s  t h e  chamber volume 

from a carbon o r  

oxygen nucleus are equ iva len t  t o  a 20 Xev proton, and t h e  r e c o i l  from a 

hydrogen nucleus i s  equ iva len t  t o  a 60 MeV proton, f o r  t h e  purpose of 

comnuting s topning powers. 

g iven  i n  t h e  f i n a l  s e c t i o n  of t h e  pape r . )  

b a n s  
(The va lue  XH = , .04151was used f o r  reasons 

The observed c u r r e n t  i n  t h e  P l e x i g l a s  chamber w a s  co r rec t ed  f o r  

bad geometry a t t e n u a t i o n  by assuming t h a t  t h e  i o n i z a t i o n  c e n t r o i d  w a s  a t  

1.0 cms. The readings on t h e  Zeus output  meter ve re  converted t o  micro- 

1 2 b 3 2 8 b  
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microamperes by c a l i b r a t i n g  t h e  meter w i t h  a 1,nown inpu t  vol tage,  and 

us ing  t h e  r a t e d  va lues  o f  t he  g r i d  r e s i s t o r  ( o f  t h e  o rde r  of d1 ohms), 

Two a e d i t i o n a l  c o r r e c t i o n s  were needed f o r t h e  i o n  chamber readings,  

which were determined by subsequent experiments. The f irst  of t h e s e  was 

t h e  beam i n t e n s i t y  a long  t h e  bench, s i n c e  t h e  idn  chamber was mounted 

153 c m  downstream from t h e  s c a t t e r e r  used f o r  t h e  p ropor t iona l  counters .  

To i n v e s t i g a t e  t h i s ,  one i o n  chamber was used as a monitor on t h e  extreme 

upstream end of t h e  neutron bench, and t h e  o t h e r  was moved a long  t h e  

bench, measuring c u r r e n t  r e l a t i v e  t o  t h e  monitor.  It was found t h a t  t h e  

beam i n t e n s i t y  f e l l  o f f  ve ry  n e a r l y  as t h e  i n v e r s e  square of t h e  d i s t a n c e .  

from the Be t a r g e t .  

Usin5 t h e s e  measurements, t h e  c o r r e c t i o n  f o r  beam f a l l - o f f  was 18$* 

The secmd c o r r e c t i o n  determined i n  a separate e m e r h e n t  was t h a t  

f o r  recombination. 

monitor, a s  usua l )  a s  a f u n c t i o n  of app l i ed  vo l t age  on t h e  i o n  chamber. 

These r e s u l t s  were t h e n  used t o  compute t h e  s a t u r a t i o n  c u r r e n t ,  according 

t o  t h e  theo ry  of r eccnb ina t ion  wi th  columnar i o n i z a t i o n  developed by 

Jaffe'), u s ing  t h e  graohs given by T7anstra7), t o  s i m p l i f y  t h e  computation. 

The method c o n s i s t s  i n  D l o t t i n g  l/i a g a i n s t  f (x) ,  where 

served i o n  c u r r e n t ,  

read from Z a n s t r a t s  graphs,  which h a s  been computed from Jaffe 's  theory.  

These p o i n t s  should, acco rd ing  t o  t h e  theory,  l i e  on a s t r a i g h t  l i n e  

which, vhen ex t r apo la t ed  t o  t h e  axis of o r d i n a t e s ,  gives  t h e  r e c i p r o c a l  

of t h e  s a t u r a t i o n  c u r r e n t .  Fig,  =shows t h i s  p l o t  f o r  t h e  d a t a  of  t h e  

p re sen t  i o n  chambers, f o r  all t h e  exnerimental  n o i n t s  which l a y  wi th in  

t h e  range of Zans t r a ' s  graphs.  

The i o n i z a t i o n  c u r r e n t  vas  measured ( r e l a t i v e  t o  a 

i i s  the ob- 

x i s  t h e  f i e l d  i n  volts/cm , and f(x) i s  a f u n c t i o p  

P 

This granh g ives  a s a t u r a t i o n  c u r r e n t  

4% above t h e  1 2 b 3 2 8 1  
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c u r r e n t  observed wi th  t h e  o p e r a t i n g  vo l t age  g rad ien t ,  67 volts/cm, which i s  

represented by t h e  p o i n t  a t  f (x)  rd 1.4, 

p l o t t e d  on a l i n e a r  v o l t a g e  sca-le, i nc lud ing  one po in t  which lay  o u t s i d e  t h e  

10 
Fie.  'k7: shows t h e  same n o i n t s  re- 

? 

range of Z a n s t r a ' s  graphs. It i s  seen t h a t  t h e  cornnuted s a t u r a t i o n  c u r r e n t  

seems t o  f i t  t h e  d a t a  w e l l .  

In a d d i t i o n  t o  t h e s e  c o r r e c t i o n s  needed f o r  the  i o n  chamber measure- 

ments, it i s  necessa ry  to assume a n  aversge neutron energy, t o  convert  energy 

f l u  i n t o  p a r t i c l e  f l u x .  

taken t o  be 90 Mev, t h e  t h e o r e t i c a l  va lue  . 
For t h i s  purpose, t h e  average neutron energy was 

20) 

The a c t u a l  comnarison of t h e  two methods f o r  measuring flux was a 

s e r i e s  of t e n  simultaneous measurements. 

f o r  t h e  ion chamber measurements, and using flux va lues  computed from t h e  

coun te r  measurements , t h e  mean value of t h e  t e n  r a t i o s  of t h e  simultaneous 

flux de te rmina t ions  came out  k S 3  $; .C2 (rn,e,), where t he  e r r o r  i s  computed 

from t h e  agreement between t h e  t e n  va lues  of t h e  r a t i o .  

Using a l l  t he  c o r r e c t i o n s  mentioned 

e 

1.03, 

tt os The awddG agreement 

between t h e  two methods i s  t o  be regarded a s  f o r t u i t o u s ,  s i n c e  n e i t h e r  of 

t h e  two methods of a b s o l u t e  f lux deterrninntion i s  t o  be considered a s  c e r t a i n -  

l y  free of sys t ema t i c  e r r o r s  w i th in  t h e  compilted mean e r r o r .  

The a c t u a l  vd-,t:e cr t h e  neutron f l u x  vas 5 x 10 neutrons/cm /sec., 5 2 

in t h e  exneriments c i t > f j .  

x 10 

8. 

This i n d i c a t e s  a maximum ncutron flux of about  2 
6 

C a l i b r a t i o n  o f  It! m,Cur f o r  Dosage Veasurements 

. f o r  f u l l  beam, a: a d i s t a n c e  of 17.7 meters  (56 f5,)frorn t h e  Be t a r g e t .  

- -- - 
I n  o r d e r  t o  app ly  t h e  r e s u l t s  of t h e  p re sen t  i c ; e s i iga t ion  t o  bic-. 

l o g i c a l  and medical experimentation, it i s  d e s i r a b l e  t o  c a l i b r a t e  monitors 

s u i t a b l e  f o r  use with t h e  extended r a d i a t i o n  exposures necessa ry  i n  b io log ic s1  

work. The i o n  chambers designed for t h e  ? re sen t  work could be used, 

8 by " in t eg ra t ing t1  t h e  exposure, t h a t  i s  t o  say, r ead ing  t h e  in s t an -  

eThese measurements and computations were made by H.F. York, of t h e  Radiat ion 
Laboratory. 

I Z b 3 2 8 8  
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taneous r a d i a t i o n  a t  r egu la r  i n t e r v a l s  and e s t ima t ing  t h e  average 

r a d i a t i o n  exposure from t h i s .  It i s  nrobably more convenient under most 

c o n d i t i o n s  t o  cal ibrate  a convent ional ,  commercial r E d i a t i o n  exDosure 

meter. Yh i l e  t h e  cho i se  of n o n i t o r  denends somewhat on t h e  na tu re  o f  t h e  

b i o l o g i c a l  exneriment, one such monitor has  been tal-ibrated as a guide 

t o  t h e  method. 

The conmercial  chamber c a1 ibra t  e? vas a 25 r F Victoreen chamber. 

The method was a s  fol lows:  F i r s t ,  t h e  two c a v i t y  chambers used i n  t h e  

p re sen t  work v e r e  placed on t h e  neutron bench, one a t  t h e  extreme upstream 

end, and one a t  about t h e  middle.  Then, by r ead ing  t h e  r a t i o  o f  t h e  i o n  

c u r r e n t  i n  t h e  d c t e c t o r  t o  t h a t  i n  t h e  monitor, it was p o s s i b l e  t o  de t e r -  

mine e x a c t l y  t h e  a t t e n u a t i o n  caused by p u t t i n g  t h e  Victoreen chamber, 

mounted i n  a p a r a f f i n  block, immediately u.pstrearn from t h e  d e t e c t o r  

chamber. 

could b e  c o r r e c t e d  t o  t h e  same beam v a l u e ,  

I n  t h i s  f a sh ion  t h e  c a v i t y  chamber and t h e  commercial chamber 

Then t h e  monitor c a v i t y  chamber 

Mras reffioved, and t h e  Victoreen chamber compared t o  t h e  remaining c a v i t y  

chamber by t a k i n g  a s w i e s  of s imultaneoas readings.  

The c a v i t y  C~;,;.:~)ET T a t e r i a l  was I n c i t e .  The Victvrcen cham5er 

was mounted i n  a C L : ~ , ~  0 ‘  ~ u & f f f i n  15*3  c m  on a ~ l d . ; .  The r ead ings  of 

t h e  Victoreen chern’. 5~ were co r rec t ed  f o r  bad 7ecmlijr a-Ytenuation, while 

t h e  readings of i i : t  c ;vit,y chamber were co r rec t ed  fo- - -ad  3eometry 

a t t e n u a t i o n ,  f o r  bcarn f a l l - o f f  a long t h e  bench, f o r  c;t’,--tll?tion by t h e  

Victoreen chamber and i ts  p a r a f f i n  block, and f o r  recom3ination. Then, 

u s ing  t h e  exoprirnental va lue  f o r  the r a t i o  of t h e  t o t a l  i o n i z a t i o n  of a 

p a r a f f i n  chamber and a I u c i t e  chamber, t h e  obcerved readings i n  t h e  two 

were compared, and it w a s  found t h a t  t h e  Victoreen chamber read 11,5$ 

reading i n  roentgens of t h e  
I high,  t h a t  i s  t o  say, i f  Q, is t h e  
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Victoreen chamber surrounded by an  equ i l ib r ium th i ckness  of p a r a f f i n ,  

t h e n  ..%"7Ican be taken t o  b-e esu/cc under t h e  cond i t ions  of t h e  p re sen t  

experiment . 
To make use of t h i s  r e s u l t ,  numerical  va lues  must be n u t  i n t o  Eq. 

UTinP, t h e  formula f o r  v e t  t i s s u e  s t a t e d  i n  the  i s c u s s i o n  of ranges,  (20). 

and as u s u a l  assuming t h a t  t h e  secondaries  from a carbon and oxygen 

nucleus may b e  taken t o  be 20 Mev protons,  wh i l e  t he  r e c o i l  from a hydro- 

gen nucleus may b e  taken a s  a 60 M& proton, t h e  t i s s u e  dose i s  computed 

Foi T-64 p ' f k b J C  O F  coM@OMhf & ~ ~ / ~ ~  h&VS 

/I 

from ~ q .  (20 )  as 

f o r  a 

CdV \q 
p a r a f f i n  chamber 

I\ 

where Ql i s  t h e  measured accumulated charge i n  t h e  chamber i n  question, 

i n  esu/cc. Then f o r  t h e  paraff in-enclosed 25 r Victoreen chamber c a l i b r a -  

t ed ,  
1 1  1 '9 I = l , % x  .87 = 1 . 3 ; ~  rep.  

nmrw\ 
where Q; i s  t h e  Eomd r ead ing  i n  roentgens,  

t h a t  t h e  l a s t  equat ion a p p l i e s  only t o  t h e  one chamber c a l i b r a t e d ,  and 

It should be emphasized 

on ly  t o  t i s s u e  of t h e  a-ssumed composition. 

The i n t e n s i t y  of t h e  r a d i a t i o n  dosage measured i n  t h e s e  experi-  

ments was about 6.1 rep/hr.  

30 rep/hr a t  t h e  c e n t e r  o f  t h e  neu t ron  bench f o r  t h e  maximum neutron beam 

This would mean a maximum dosape of about  

a v a i l a b l e  a t  t h e  p r e s e n t  time. 

would give ab-ut  1150 rep/hr j u s t  ou t s ide  t h e  c y c l o t r o n  t ank  wall. 

Assuming an  i n v e r s e  square beam, t h i s  
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V - DISCI'SSION OF THE EF'EPIITNTbJ ?CSr'I.TS 

1. The energy t r a n s f e r  c o e f f i c i e n t s  X&, and X,. 

It was pointed ou t  i n  t h e  d i s c u s s i o n  following Eq. (14) t h a t  one 

o f  t h e  fou r  unknowns, Xp, Xo, XH, and 9 must b e  determined by ano the r  method 

due j u s t  t o  t h e  f a c t  t h a t  Eq. (14) i s  an homogeneous e w a t i o n .  

two cannot a t  t h e  p re sen  

f lux 

d i s t r i b u t i o n  of s c a t t e r e d  n ro tons  

con ta in  not  only t h e  u n c e r t a i h t i e s  of t h a t  experiFent,  b u t  a l s o  t h e  uncertain-  

The f i r s t  

t ime be measured i n  any o the r  fashion.  The energy 
C0h)OL)t 2 

$ '  could be -from t h e  p ropor t iona l  counter  measurements on angu la r  

d i scussed  above, bu t  t h e  r e s u l t  then would 
a5 - 

A 

t y  in t h e  e s t i m a t e  of t h e  average neutron energy, s ince  t h a t  exDerbent g i v e s  

p a r t i c l e  flux, and . i- is energy flux. !Ye a r e  l e f t  then wi th  t h e  cuaritity 

XH, t h e  numerical  vh lde  of which can i n  f a c t  be e s t i m t e d  wi th  reasonable  

accuracy. 

~ 

Since a neutron-proton c o l l i s i o n  i s  n e c e s s a r i l y  e las t ic  and produces 

always one i o n i z i n g  p a r t i c l e ,  X must be g iven  by t h e  product  of t h e  average H 
f r a c t i o n a l  energy t r a n s f e r  from a neutron t o  a oroton, times t h e  t o t a l  s c a t t e r -  

ing cross s e c t i o n  of a hydrogen nucleus.  

If t h e  n-r, s c a t t e r i n g  i s  i s o t r o p i c  i n  center-of-mass o f  coord ina te s ,  

t h e  average f r a c t i o n a l  energy t r a n s f e r  mu& be e x a c t l y  4, a resu l t  which fol lows 

from t h e  conse rva t jon  of morentum. 

whether t h i s  s c a t t e r i n g  i s  e x a c t l y  i s o t r o p i c  f o r  100 Vev neutrons,  t h i s  

a s s u m t i o n  f i t s  f a i r l y  w e l l  t h e  nea -7er exneriniental d a t a  now a v a i l a b l e .  (?hean@Eir 

d i s t r i b u t i o n  of the  r e c o i l  n ro tons  i s  being s t u d i e d  with t h e  cloud chamber 

by D r .  lf'ilson Powell and h i s  c o l l a b o r a t o r s ,  and w i t h  Droportional coun te r s  

by H. F, York and h i s   collaborator^^^)). Thus it will be assumed t h a t  t h e  

average f r a c t i o n a l  Pnergy t r a n s f e r  from a neutron i n  t h e  beam of t h e  1€%- 

inch c y c l o t r o n  t o  a n r o t o n  i s  4. If a t  some l a t e r  time it i s  found t h a t  

t h e  s c a t t e r i n g  i s  n o t  i s o t r o p i c ,  then t h e  numerical  r e s u l t s  w i l l  have t o  

Yhile  it has n o t  yet been f i n a l l y  decided 
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be r ev i sed ,  b u t  it seems u n l i k e l y  a t  t h e  nreqent  time t h a t  t h i s  f i g u r e  

will be changed by as much a s  lo$. 
The b e s t  va lue  of t h e  t o t a l  s ca t , t e r ing  c r o s s  5 e c t i o n  for hydrocen 

i s  a t  p re sen t  .a83 barns''). The reason f o r  adopt ing t h i s  value,  r a t h e r  

t han  t h e  s l i g h t l y  lower va lue  determined with the i o n  chambers, i s  given 

i n  t h e  d i s c u s s i o n  of t h e  c r o s s  sec t ion  measurements. So now t h e  r e l e v a n t  

From t h e s e  may b e  c a l c u l a t e d  

The e r r o r s  quoted r e p r e s e n t  mean e r r o r s  c a l c u l a t e d  from t h e  agreement of 

t h e  d a t a ,  except for  XH, where t h e  e m e r i m e n t a l  e r r o r  was inc reased (by  t h e  

T US t h e  

a1 valuea of X -ami X -show experimental mean errors OP 4 a 
resrsctively. ff now w8 assign to the average energy per 1.0 

i r ,  the average re la t lV@ stopping powers, and to the avera 
acttonal n-p energy transfer the respective nuncertaintiasn o 
5, and lo$* and if we propagate these as if they $# were t r u  

an errors, we get a final j?$ estimated nuncertaintyn of about 
$ in both Xc and xo 

i f ,; 'I riginal a u t h o r s )  t o  t a k e  account of n o s s i b l e  systematic  e r r o r s .  
.I I r. J 

aA _ _  - _ _  - __ 
An a c c u r a t e  i n t e r p r e t a t i o n  of t h e s e  numbers i nvo lves  a c e r t a i n  

u n t  of t h e o r e t i c a l  i n f o r m t i o n  n o t  now avai lable .  The o u a l i t a t i v e  d i s -  

c u s s i o n  which fo l lows  will ?-e r e v i s e d  a t  such a time as  t h a t  information 

becomes a v a i l a b l e .  

The q u a n t i t y $  was de f ined  a s  

xc = ?? k 6' c c c  
where f is  t h e  average energy of  a n  i o n i z i n g  secondary, expressed as  a 

C 

f r a c t i o n  of t h e  average neutron energy, $ I s  t h e  average number of i o n i z i n g  

secondaries  p e r  c o l l i s i o n , 6  

of one or more i o n i z i n g  p a r t i c l e s ,  and t h e  bar s i g n i f i e s  "average over t h e  

i s  t h e  c r o s s  s e c t i o n  f o r  collison wi th  production 
C 
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energy of t h e  beam weighted wi th  t h e  energy”. 

neutron 

be expected t h a t  t h e  c o l l i s i o n  c r o s s  s e c t i o n  w i l l  be anproximately t h e  geomet- 

f ;  i s  a n p r e c i a b l g  l e s s  than t h e  r ad ius ,  and a s  a r e s u l t  it may 4 

r i c a l  c r o s s  s e c t i o n  f o r  a l l  t h e  neutrons,  indenendent of e1:ergy. SO it W i l l  

not  be ?. bad approximation t o  remove 

ba r ,  and write 

from t h e  i n t e q r a l  i n d i c a t e d  by t h e  
‘L! C 

To g e t  t h e  a p n r o p r i a t e  c r o s s  s e c t i o n  f o r  use i n  t h i s  eouation, it is  necessary 

t o  s u b t r a c t  from t h e  t o t a l  s c a t t e r i n g  c r o s s  s e c t i o n  the  sum of a l l  t he  c r o s s  

s e c t i o n s  f o r  p rocesses  which do no t  r e s u l t  i.n a t  l e a s t  one i o n i z i n g  p a r t i c l e .  

Noi~ it can be shown t h a t  f o r a  spherical .  nucleus which completely 

absorbs a l l  i n c i d e n t  p a r t i c l e s  which c o l l i d e  wi th in  t h e  r a d i u s  R, t h e  t o t a l  

2 s c a t t e r i n g  cross s e c t i o n  i s  2HR , provided R 7 7 $  , t h e  wave l e n g t h  o f  t h e  

i n c i d e n t  p a r t i c l e s .  This i s  seen t o  b e  p l a u s i b l e ,  by analogy wi th  

o p t i c a l  d i f f r a c t i o n  by a c i r c u l a r  r e f l e c t i n q  ?isk, i n  which case  t h e  forward 

and backward d i f f r a c t i o n  n a t t e r n s  a r e  i d e n t i c a l  (Babinet’s  n r i n c i d e )  

Since i n  t h e  n re sen t  enerqy region every neutron which c o l l i d e s  

v i t h  a carbon nvcleus,  t h a t  i s  t o  say, which arnroaches t h e  nucleus wi th in  

t h e  range of t h e  n u c l e a r  f o r c e s ,  can be exDected t o  underqo a n  i n e l a s t i c  

c o l l i s i o n ,  t h e  c r o s s  s e c t i o n  f o r  e l a s t i c  s c a t t e r i n 5  n u s t  b e  j u s t  t h e  

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

v a r i o u s  o t h e r  -7rocesses vrhich may t a k e  p l ace  without  production of i o n i z i n g  

p a r t i c l e s ,  such a s  (n ,  n>*), (n ,  2n), (n ,  3n) ,  e t c .  ,Since t h e  r e a c t i o n  
E. 

11 C 1 2  (n, 2n) C has  a r a d i o a c t i v e  end product,  it has been n o s s i b l e  t o  de- 

19 ) termine t h a t  t h e  c r o s s  s e c t i o n  f o r  t h i s  r e a c t i o n  is  .025? .005 barns 

1 2 b 3 2 9 3  
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The c r o s s  s e c t i o n  f o r  t h e  o t h e r  processes  which do not produce i o n i z i n g  sec- 

onda r i e s  i s  not known. Thus t h e  e s t ima te  of t h e  c r o s s  s e c t i o n  f o r  c o l l i s i o n  

with product ion of one o r  more i o n i z i n g  secondaries  i s  

G = &( * 5 5 )  - .025 .25 barns  

which i s  45% of the  t o t a l  s c a t t e r i n g  cross s e c t i o n .  It i s  assumed t h a t  a 

similar c r o s s  s e c t i o n  f o r  oxygen i s  
* % S  
3? - @x .765 = .31r€! barns  

= o  - 
Then us ing  t h e s e  c r o s s  s e c t i o n s ,  and t a k i n e  t h e  averaEe neutron energy t o  

b e  90 MeV, we c a l c i i l a t e  f o r  t h e  average energy of  t h e  secondar i e s  from a 

s i n g l e  c o l l i s i o n  
33 a4 

C = MeV; and 0 = 8 MeV. 

If t h e o r e t i c a l  c a l c u l a t i o n s  t o  be made i n d i c a t e  t k a t  t h e  (n, n 8 )  and 

(n,  3n) c r o s s  s e c t i o n s  are  apprec iab le ,  t h e s e  e s t i m a t e s  w i l l  have t o  b e  re- 

v i s e d  upwards, perhaps a s  much as  10% (which i s  t h e  amount o f  t h e  (n,2n) 

c o n t r i b u t i o n )  .i 

It i s  not p o s s i b l e  a t  t h e  p r e s e n t  t ime t o  estimate t h e  average 

number o f  i o n i z i n g  n a r t i c l e s  D e r  c o l l i s i o n  with any accuracy, but a guess  

would p l a c e  it betveen 1 and 2. This p,uess i s  based upon t h e  cloud chamber 

d a t a  (unnubl ished)  which i n d i c a t e s  t h a t  t h e  2-, 3-, and 4-pronqed s t a r s  

r e s u l t i n g  from fieutron coll!.sions a r e  roughly i n  t h e  r a t i o  4:2:1. T h i s  

would i n d i c a t e  t h a t  t h e  zverage enerey of a l l  t h e  seccnc'aries from a neutron 

c o l l i s i o n  with a carbon nucleus i s  between 32 and 16 MeV, nrobably n e a r e r  




