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PKBFAOE

T his t h e s i s  c o n ta in s  an accoun t o f  th e  

re s e a rc h  c a r r ie d  o u t by th e  a u th o r  a t  th e  U n iv e rs i ty  

of Glasgow betw een O ctober 1954 and O ctober 1958.

The in t ro d u c to ry  c h a p te r  c o n ta in s  a  su rv ey  of 

th e  p u b lish e d  l i t e r a t u r e  on th e  p h o to d is in te g r a t io n  of 

n u c le i  w ith  b re m ss tra h lu n g  beams o f r e l a t i v e l y  low 

peak en erg y ; a  c r i t i c a l  review  o f th e  e x p e rim e n ta l 

te c h n iq u e s  w hich  can o r  have been  a p p l ie d  to  t h i s  f i e l d ;  

a  reviev/ o f  th e  th e o r i e s  of p h o to n u c le a r  p ro c e s s e s ,  and 

a  b r i e f  su rvey  o f th e  p u b lish e d  d a ta  r e l a t i n g  to  : : 

r e a c t io n s  i n  w hich more th a n  one n u c leo n  i s  e m itte d .

The equipm ent u sed  in  th e  ex p erim en ts  re p o r te d  

in  t h i s  th e s i s  and th e  method a p p lie d  to  a n a ly se  th e  

reco rd ed  in fo rm a tio n  a re  d e sc r ib e d  in  C h ap te rs  I I  and 

I I I  r e s p e c t iv e ly .  The a u th o r  can o n ly  c la im  to  have 

s l i g h t l y  m o d ified  th e  system  w hich was o r ig in a l ly  

d ev ised  by M essrs. I .P .  W right and D.H.O. M o rriso n .

The accoun t o f  th e  s tu d y  o f th e  ( ^ , p )  r e a c t io n  

i n  neon , which i s  d e sc r ib e d  in  C h ap te r IV , i s  b ased  on 

r e s u l t s  o b ta in e d  by Dr. G .I .  Craw ford w ith  th e  

a s s is ta n c e  of th e  a u th o r .

C hap ter V c o n ta in s  th e  r e s u l t s  o f th e  

in v e s t ig a t io n  in to  the  em iss io n  o f  low energy
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p h o to p ro to n s from  oxygen w hich was c a r r ie d  ou t hy th e  

a u th o r  v /ith  th e  a s s is ta n c e  o f  D r. G .I .  C raw ford . The 

p r e s e n ta t io n  o f the  r e s u l t s  and th e  d is c u s s io n  a re  

e n t i r e l y  th e  author* s work.

In  C h ap ter VI th e  r e s u l t s  o f th e  ex p erim en ts  

perform ed on th e  p h o to -e m iss io n  o f He^ and He4- p a r t i c l e s  

from  oxygen and argon  a re  p re s e n te d . The ex p e rim e n ta l 

work and th e  i n t e r p r e t a t i o n  a re  e n t i r e l y  th e  work o f th e  

a u th o r . The equipm ent used  in  th e se  s tu d ie s  was 

o r ig i n a l ly  desig n ed  and b u i l t  by Mr. R.W.P. M cW hirter,

D r. E.H . Bellam y and D r. P . P a l i t .

B efore any e x p e rim e n ta l work co u ld  be u n d e rta k e n  

in  s tu d ie s  o f p h o to n u c le a r  r e a c t io n s ,  i t  was n e c e s s a ry  to  

determ ine th e  p a ram ete rs  o f  the  photon  and e le c t r o n  beams 

o f th e  340 Mev sy n c h ro tro n , and th e  r e s u l t s  p re s e n te d  in  

th e  f i r s t  appendix  were d e r iv e d  by th e  a u th o r  u n d er th e  

d i r e c t io n  o f D r. W. M cFarlane.

The second appendix  c o n ta in s  th e  r e s u l t s  

o b ta in e d  by M essrs . I .F .  W r i ^ t , D.R.O. M o rriso n ,

G .I . Crawford and Mrs. M.B. Lambie i n  an in v e s t ig a t io n  

of p h o to n u c le a r  r e a c t io n s  in  neon (w ith  th e  e x c e p tio n  of 

the  v/ork on th e  ,p ) r e a c t io n  r e p o r te d  in  C h ap te r IV ). 

The au thor*  s c o n t r ib u t io n  to  th e  work in  t h i s  appendix  

v/as m ere ly  to  check  th e  c a lc u la t io n s ,  w hich w ere in v o lv e d
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and la b o r io u s ,  in  o rd e r  to  a c q u ire  ex p e rie n c e  and to  

e l im in a te  a r i th m e t ic a l  e rro rs#  This appendix  i s  on ly  

in c lu d e d  in  o rd e r  to  p re se n t a  com plete p ic tu r e  o f th e  

p h o to d is in te g r a t io n  o f  neon#
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1 .1  G en e ra l I n t r o d u c t io n .

The f i r s t  in v e s t ig a t io n s  in to  th e  mechanism o f 

p h o to d is in te g r a t io n  w ere c a r r ie d  ou t u s in g  th e  y  - r a y s  

from  th e  n a tu r a l l y  o c c u rr in g  r a d io a c t iv e  e le m e n ts . 

Chadwick and G oldhaher ( l )  i n  1934 i r r a d i a t e d  d eu te riu m  

w ith  th e  2 .62  Mev J f - ra y s  from  ThC" and d e te c te d  th e  

p ro to n s  from  th e  r e a c t io n  D ( (T ,p )n  i n  an i o n i s a t i o n  

cham ber. In  th e  same y e a r  S z i la r d  and Chalmers (2) 

observed  th e  n e u tro n s  from th e  r e a c t io n  Be^ ( y  ,n)Be®, 

when Be^ was i r r a d i a t e d  w ith  th e  ^ - r a y s  from  radium . 

However, s in c e  d eu te riu m  and b e ry ll iu m  were th e  on ly  two 

e lem en ts  w ith  p h o to - th re s h o ld s  below 5 Mev, no f u r t h e r  

r e a c t io n s  w ere in v e s t ig a te d  u n t i l  so u rc e s  o f more 

e n e rg e t ic  photons became a v a i la b le .

H i ^  energy  JJ^-rays were f i r s t  u t i l i s e d  to  s tu d y  

p h o to - re a c tio n s  in  1937 when Bo th e  and G en tner (3 ) u sed  

th e  1 7 .6  Mev and 14 .7  Mev ^ - r a y s  from  th e  r e a c t io n  

I*i^(p>V )Be^ and , a f t e r  th e  developm ent o f th e  b e ta t r o n

by K e rs t  (4 ) i n  1941, h ig h  energy  b rem ss trah lu n g  beams 

w ere a v a i l a b le  to  f u r th e r  p h o to n u c le a r  in v e s t ig a t io n s .

Today, b o th  so u rc e s  o f ^ - r a y s  a re  e x te n s iv e ly  

em ployed. S e v e ra l (p ,K  ) r e a c t io n s  a re  now u sed  to  

p ro v id e  m onochrom atic K - r a y s  o f e n e rg ie s  l e s s  th a n
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20 Mev ( 5 ) ,  w h ile  th e  peak e n e rg ie s  of th e

hrem s8tra h lu n g  beams, a v a i la b le  from  th e  b e ta t r o n s

and s y n c h ro tro n s , now ex tend  up to  1 Bev.

The f lu x e s  o f pho tons a v a i la b le  from  th e  (p ,ÎT )  

r e a c t io n s  a re  low and th e  q u an ta  produced  have e n e rg ie s  

below 20 Mev. C onsequen tly , c o n s id e ra b le  u se  has been 

made o f th e  b rem sstrah lu n g  beams w ith  peak e n e rg ie s  

e x te n d in g  up to  th e  re g io n  around 30 Mev. The u se  of 

b rem sstrah lu n g  beams in tro d u c e s  d i f f i c u l t i e s  due to  th e  

co n tin u o u s  energy spectrum  o f th e  ^ - r a y s  and c o n se q u e n tly  

s p e c ia l  methods have had to  be d ev ised  to  y ie ld  d e ta i le d  

in fo rm a tio n  about th e  r e a c t io n  m echanism s. F o r example ; -

(a )  A measurem ent o f  th e  e n e rg ie s  o f a l l  th e  r e a c t io n  

p ro d u c ts  y ie ld s  an unambiguous d e te rm in a tio n  o f the  

pho ton  e n e rg y , p ro v id ed  none o f  the  p ro d u c ts  i s  l e f t  

in  an e x c i te d  s t a t e .

(b) C o n sid e rab le  i n t e r e s t  i s  c e n tre d  on th e  d if f e r e n c e  

method ( 6 ) where th e  a c t i v i t y  A, induced  in  a  sample 

by pho ton  bombardment, i s  m easured a s  a  fu n c tio n  o f th e  

peak pho ton  en erg y  Eq, under c o n d it io n s  o f c o n s ta n t 

e l e c t r o n  c u r r e n t  i n  the  a c c e le r a to r .  The fu n c tio n  

dA/dEo, e v a lu a te d  f o r  an en erg y  E , g iv e s  th e  c r o s s -  

s e c t io n  a t  t h a t  pho ton  en erg y .
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(c )  The * monochromator* (7 ,8 )  i s  a  d ev ice  con ce iv ed  

to  overcome th e  problem s s e t  by th e  co n tin u o u s  en erg y  

sp ec tru m . In  p r in c ip l e ,  i t  in v o lv e s  th e  d e te c t io n  

o f th e  e le c t r o n s  w hich have been s c a t t e r e d  from th e  

m achine t a r g e t  a f t e r  th e y  have r a d ia te d .  The energy  

o f th e  e le c t r o n s  i s  s p e c i f ie d  by th e  m agnetic  f i e l d  

o f  th e  m achine. I f  a  r e a c t io n  p ro d u c t i s  m easured 

in  c o in c id e n c e  w ith  one o f th e se  e le c t r o n s ,  th e  en erg y  

o f th e  V -ra y  re s p o n s ib le  f o r  th e  r e a c t io n  i s  

s p e c i f i e d .

(d ) Average v a lu e s  o f th e  in te g r a te d  c r o s s - s e c t io n s  

o f p h o to n u c le a r  r e a c t io n s  and th e  e f f e c t iv e  energy  of 

th e  photons re s p o n s ib le  have a ls o  been  o b ta in e d  ( 9 , 10) .  

I n  p a r t i c u l a r ,  M a rsh a ll (lO ) de term ined  th e  Z- 

dependence of th e  a b s o rp tio n  o f th e  photons r e s p o n s ib le  

f o r  th e  r e a c t io n  u n d er in v e s t ig a t io n .  She o b ta in e d  

th e  e f f e c t iv e  energy  of th e  pho tons by e q u a tin g  th e  

t o t a l  a b s o rp t io n  c r o s s - s e c t io n  i n  h e r  a b so rb e rs  to  th e  

sum o f th e  Compton c r o s s - s e c t io n  and th e  p a i r  

p ro d u c tio n  c r o s s - s e c t io n .

1 .2  E x p e rim e n ta l T ech n iq u es .

The fo llo w in g  e x p e rim en ta l te c h n iq u e s  have been 

e x te n s iv e ly  employed in  s tu d ie s  o f p h o to n u c le a r  r e a c t io n s :
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(a) N u c lea r em ulsions

(b) Cloud chambers

(c) A c tiv a t io n  methods

(d) C oun te r system s

Each has a  l im ite d  ran g e  of a p p l i c a b i l i t y  and th e s e  

a re  now b r i e f l y  d is c u s s e d .

(a ) N u clear em u ls io n s .

These have been w id e ly  used  to  m easure th e  

energy  and a n g u la r  d i s t r i b u t io n s  o f th e  charged  p a r t i c l e s  

e m itte d  in  p h o to n u c le a r  r e a c t io n s .  They have a l s o  been 

employed f o r  n e u tro n  d e te c t io n  w here th e  energy  o f th e  

n e u tro n s  was deduced from  m easurem ents o f th e  ran g es  and 

a n g le s  of th e  * knock-on* p ro to n s . In  g e n e ra l ,  th e  

energy  of th e  p ro to n s  d e te c te d  by t h i s  te c h n iq u e  has a  

low er l i m i t  a t  about 2 Mev and c o n se q u e n tly  em ulsions 

a re  u n s u ite d  f o r  m easurem ents o f th e  p ro to n  energy  

spectrum  r e s u l t in g  from  photon a b s o rp tio n  in  th e  energy  

re g io n  im m ediate ly  above th e  r e a c t io n  th r e s h o ld .  T h is 

l i m i t a t i o n  i s  more e v id e n t when d e te c t in g  d o u b ly -ch arg ed  

p a r t i c l e s ,  s in c e  th e y  have s h o r te r  ran g es  th a n  s in g ly -  

charged  p a r t i c l e s  o f th e  same energy . At h ig h  e n e rg ie s  

th e  f a s t ,c h a r g e d  p a r t i c l e s  p ass  th ro u g h  th e  em ulsions and , 

as  a  r e s u l t ,  a  d e te rm in a tio n  of t h e i r  energy  i s  ren d e red  

more d i f f i c u l t .



5.

A f u r th e r  d isa d v a n ta g e  o f t h i s  method stem s 

from  th e  i n a b i l i t y  to  d is c r im in a te  betw een p a r t i c l e s  o f 

th e  same charge b u t d i f f e r e n t  m ass.

However, em ulsions a re  i d e a l ly  s u i te d  to  s tu d ie s  

where th e  in c id e n t  photon  f lu x  i s  low , and a  more com plete 

d is c u s s io n  o f th e  a p p l i c a b i l i t y  o f em ulsions to  pho to 

n u c le a r  s tu d ie s  i s  p re s e n te d  in  th e  rev iew  a r t i c l e  by 

T i t t e r t o n  (1 1 ) .

(b) Cloud cham bers.

M easurements have been made o f th e  energy  

d i s t r i b u t i o n s  o f  p h o to p ro to n s  u s in g  c lo u d  chambers (12 ) ,  

o p e ra te d  a t  gas p re s s u re s  betw een one and two a tm o sp h eres . 

These d i s t r i b u t io n s  o n ly  occup ied  a narrow  energy  

i n t e r v a l  because th e  e f f e c t iv e  range o f th e  p ro to n s  in  

such cham bers was sm a ll. S ince  th e  tim e to  c y c le  a  

s ta n d a rd  expansion  chamber cou ld  be a s  long  as two 

m in u te s , t h i s  in s tru m e n t made i n e f f i c i e n t  u se  o f th e  

a v a i la b le  photon f l u x .  In  t h i s  r e s p e c t  th e  e f f i c i e n c y  

of a  d i f f u s io n  chamber was found to  be com parable to  

th a t  of th e  ex p an sio n  cham ber, s in ce  th e re  was a  d e la y  

betv/een th e  passage  o f th e  beam and th e  r e - e s ta b l is h m e n t  

o f th e  s e n s i t i v e  r e g io n . T h is d e lay  cou ld  be c o n s id e ra b le  

i f  th e  pho ton  f lu x  was h ig h  (1 3 ) . The in t r o d u c t io n  of

f a s t  c y c l in g  ex p an sio n  chambers w i l l  a llo w  a more e f f i c i e n t  

u se  to  be made o f th e  a v a i la b le  photon  f lu x .
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Where c loud  chambers have been  o p e ra te d  w ith  

a  m agnetic f i e l d  i t  has been  p o s s ib le  to  s e p a ra te  o u t 

p a r t i c l e s  o f th e  same charge b u t d i f f e r e n t  mass by 

s im u ltan eo u s m easurem ents o f range and c u rv a tu re  o f  

t r a c k .

Both m ethods (a ) and (b) have been  

c r i t i c i s e d  on th e  grounds t h a t  a  c o n s id e ra b le  tim e 

was re q u ire d  to  a n a ly se  th e  e x p e rim e n ta l d a ta .  The 

developm ent o f au to m atic  sc a n n e rs  w i l l  no doubt 

overcome t h i s  d i f f i c u l t y ,  and in  consequence th e  

r e s u l t s  o b ta in e d  by th e s e  methods w i l l  b e n e f i t  from  

b e t t e r  s t a t i s t i c s  th a n  th o se  o b ta in e d  p re v io u s ly .

(c ) A c tiv a t io n  m ethods.

These have been e x te n s iv e ly  employed in  

s tu d ie s  o f th e  c r o s s - s e c t io n s  o f p h o to n u c le a r  r e a c t io n s  

They a re  o n ly  a p p l ic a b le  w here th e  r e a c t io n s  u n d er 

in v e s t ig a t io n  y ie ld  r a d io a c t iv e  r e s id u a l  n u c l e i ,  and 

i n  g e n e ra l th e y  s u f f e r  from  th e  fo llo w in g  d i s 

ad v an tag es ; -

( i )  Where th e  peak photon energy  i s  i n  ex cess  o f th e  

th re s h o ld  f o r  m u ltip le  n u c leo n  e m iss io n , th e  t a r g e t s  

m ust be m ono iso top ic  in  o rd e r  to  y ie ld  unambiguous 

r e s u l t s .

( i i )  The e x p e r im e n ta lly  d e term ined  a c t iv a t io n  cu rv e  

h as to  be co n v e rted  in to  a  c r o s s - s e c t io n  curve and
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th i s  p ro cess  i s  l i a b l e  to  a  deg ree  o f  a r b i t r a r in e s s *  

F u r th e r ,  i t  i s  n e c e s sa ry  to  en su re  p r e c i s io n  

m o n ito rin g  in  t h i s  p rocedu re  i f  c o n s is te n t  r e s u l t s  

a re  to  be o b ta in e d .

By s tu d y in g  th e  c h a r a c t e r i s t i c  decay o f th e  

iso m e ric  s t a t e s  o f some r e a c t io n  p ro d u c ts  i t  h as  been  

p o s s ib le  to  e s tim a te  th e  r e l a t i v e  im portance o f th e  

r o le s  p layed  by th e  ground s t a t e  and th e s e  e x c i te d  

s t a t e s  in  the  decay of th e  e x c i te d  n u c le u s .

(d) C ounter System s.

C ounters f o r  th e  d e te c t io n  o f uncharged  p a r t i c l e s .

I n  th e  m a jo r i ty  o f  experim en ts in  w hich n e u tro n s  have 

been d e te c te d ,  th e se  n e u tro n s  were f i r s t  slow ed down 

in  a  m odera to r and th e n  d e te c te d  by BF5 c o u n te rs  o r  

rhodium f o i l s .  More r e c e n t ly  an in c re a s in g  u se  has 

been made of * th resh o ld *  d e te c to r s  where th e  n e u tro n  

must p o sse ss  c o n s id e ra b le  k in e t i c  energy  in  o rd e r  to  

produce an (n ,p )  r e a c t io n  in  th e  d e te c to r ,  e . g . ,  o f 

th e  o rd e r  o f  4 Mev f o r  an alum inium  d e te c to r  (1 4 ) .

The e n e rg ie s  o f  f a s t  n e u tro n s  have been  in f e r r e d  from  

the  e n e rg ie s  o f th e  * knock-on* p ro to n s  produced by 

th e se  n e u tro n s  i n  hydrogenous m a te r ia l s .  L iq u id  and 

p l a s t i c  s c i n t i l l a t o r s  have b o th  been used  in  such  

h igh  energy  in v e s t ig a t io n s  (1 5 ) . U n fo rtu n a te ly  such
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d e te c to r s  have low e f f i c i e n c i e s  and in  consequence 

t h e i r  u se  co m p lica te s  th e  e x p e rim e n ta l p ro c e d u re .

C ounters f o r  th e  d e te c t io n  o f charged  p a r t i c l e s .

These c o u n te rs  have been  w id e ly  used  d e s p i te  th e  f a c t  

t h a t  th e re  was n o t a  ty p e  analogous to  th e  th e rm a l-  

n e u tro n  d e te c to r s .  Many v/orkers have u sed  o n ly  one 

c o u n te r  and, a l t h o u ^  th e y  could  m easure th e  energy  

o f th e  p a r t i c l e  d e te c te d , th ey  were u n ab le  to  

determ ine i t s  c h a r a c te r .  Those who have u sed  c o u n te r  

te le s c o p e s ,  on th e  o th e r  hand, have been  a b le  to  

determ ine th e  energy  and c h a r a c te r  o f th e  p a r t i c l e s  

d e te c te d . C ounter te le s c o p e s  s u f f e r  from  th e  d is 

advantage t h a t  th e y  a re  o n ly  a p p l ic a b le  to  h ig h  energy  

in v e s t ig a t io n s  s in c e  th e  p a r t i c l e s  must be s u f f i c i e n t l y  

e n e rg e t ic  to  p e n e t r a te  th ro u g h  th e  f i r s t  c o u n te r  and 

s t i l l  have e n o u ^  energy  to  re c o rd  in  th e  second .

1 .3  E x p erim en ta l R e su lts  on th e * G ian t R esonance*.

A lthough th e  p rim ary  i n t e r e s t  i n  p h o to 

d i s in t e g r a t i o n  c e n tre s  round th e  e lu c id a t io n  o f th e  

p ro c e ss  o f photon  a b s o rp tio n , i t  has been found 

n e c e s sa ry  to  approach  t h i s  to p ic  th ro u g h  in v e s t ig a t io n s  

o f in d iv id u a l  p a r t i a l  r e a c t io n s  because n u c le a r  

a b s o rp tio n  c r o s s - s e c t io n s  a re  much s m a lle r  th a n  

e l e c t r o n ic  a b s o rp tio n  c r o s s - s e c t io n s .  As a  r e s u l t .
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th e  d a ta  on photon a b s o rp tio n  m ust be s y n th e s is e d

from  the  r e s u l t s  o b ta in e d  in  s tu d ie s  o f in d iv id u a l

r e a c t io n s .  U n fo r tu n a te ly , f o r  the  m a jo r i ty  o f

n u c le i ,  on ly  one p a r t i a l  r e a c t io n  ( u s u a l ly  th e (y ^ n )  )

has been in v e s t ig a te d  and co n se q u e n tly  o n ly  a  crude

e s tim a te  can be made o f  th e  t o t a l  a b s o rp tio n  c r o s s -

s e c t io n .  T h e re fo re , s in ce  i t  i s  n o t p o s s ib le  to

compare th e  p a ram e te rs  o f th e  t o t a l  a b s o rp tio n  c r o s s -

s e c t io n  c u rv e s , th ro u g h o u t th e  p e r io d ic  ta b le ,  i t  i s

n e c e s sa ry  to  i n f e r  t h e i r  p ro b ab le  c h a r a c t e r i s t i c s

from  th e  co rre sp o n d in g  q u a n t i t i e s  m easured f o r  one o f

th e  p a r t i a l  r e a c t io n s .  W herever p o s s ib le ,  th e

co n c lu s io n s  deduced from  t h i s  p rocedu re  shou ld  be

compared to  the  sum o f a l l  th e  p a r t i a l  c r o s s - s e c t io n s .

The m a jo r i ty  o f th e  p u b lish e d  d a ta  r e l a t i n g  to  * g ia n t

resonances* i n  th e  c r o s s - s e c t io n s  f o r  th e  p a r t i a l

photo re  a c t io n s  has  been  o b ta in e d  from s tu d ie s  o f

( y , n )  r e a c t io n s .  T h is  d a ta  w i l l  p ro v id e  a  s u i ta b le  
example to  i l l u s t r a t e  th e  p r o p e r t ie s  of the  c r o s s -

s e c t io n  o f a  p a r t i a l  p h o to re a c tio n .

W ithout d o u b t, th e  most o u ts ta n d in g  f e a tu r e

of p h o to n u c le a r  r e a c t io n s  i s  th e  o ccu rren ce  in  th e

c r o s s - s e c t io n  o f  th e  s o - c a l l e d  * g ia n t  resonance* and

th e  t h e o r e t i c a l  approach  to  th e  s u b je c t  has been

p r im a r i ly  concerned  w ith  an e x p la n a tio n  o f t h i s  
phenomenon.
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The p r o p e r t i e s  of th e  * g ia n t  resonance* a re  

no rm ally  s p e c i f ie d  in  term s o f  th e  fo llo w in g  p a ram e te rs  

(see  F ig u re  l ) : -

(a ) The energy  a t  w hich th e  peak o f th e  c r o s s -  

s e c t io n  curve o ccu rs  (Em).

(h ) The w id th  o f  t h i s  resonance  Cf )#

(c ) The h e ig h t  o f t h i s  peak , i . e . ,  th e  maximum 

c r o s s - s e c t io n  (

(d) The in te g r a te d  c r o s s - s e c t io n  (

Each o f the  above q u a n t i t i e s  w i l l  now be c o n s id e re d  in  

tu r n ,  w ith  re fe re n c e  to  th e  ( ^  ,n )  r e a c t i o n ; -

(a )  M o n ta lb e tt i ,  K atz and Goldemberg (16) have p lo t te d  

th e  ex p e rim en ta l v a lu e s  o f  th e  energy  a t  w hich  th e  

maximum c r o s s - s e c t io n s  o ccu r, a s  a  f u n c t io n  o f th e  mass 

number A. They f in d  the  v a r i a t i o n  o f Ejq w ith  A to  be 

o f th e  form  Em = The th r e s h o ld s  f o r  th e  r e a c t io n

show a  s im i la r  v a r i a t i o n  w ith  A. The g raph  shown in  

F ig u re  2 i l l u s t r a t e s  in  a d d i t io n  th a t  th e  th re s h o ld s  

f o r  th e  ( y ,n )  r e a c t io n  in  n u c le i  o f odd N and even Z 

a re  low er th a n  th e  g e n e ra l  t r e n d .  Schuhl and B a s ile  

(1 7 )have d e r iv e d  a  fo rm u la  f o r  Ejĵ  o f  th e  form

s / 2 0 .2 A "^ ^  + 0 .8 5  (1 -Em = 13y  2 0 .2A"'^'^ + 0 .8 5  (1 -  1.6A

and t h i s  i s  a ls o  shown in  th e  f i g u r e .  The w ide v a r i a t io n

of th e  e x p e rim e n ta l p o in ts  p re c lu d e s  th e  o b s e rv a tio n  o f  

s t r u c tu r e  in  t h i s  f ig u re  i f ,  in  f a c t ,  any e x i s t s .



10a*

Z
O
H”
O
üJ

i/)
in
Ooc
O

ENERGY

P ig u re  1 .

The p a ram ete rs  o f  th e  * g ia n t  re so n a n c e ’



lOh*

30 '

2 0 '

15

104

 ...

• •  •
#  •

m

>LÜ

>o
G:W
Zw

 ̂ r  # •
•  •  • •  * • '

##
•  • - • • . • • •  \  '"th

•  • •  •

ENERGY AT MAXIMUM 
CROSS SECTION

•  THRESHOLD ENERGY

to
T 1——»--1—I—r—I---

5 0  lOO
M A SS NUMBER

T--------1------1-----1-----
2 0 0  3 0 0

f ig u r e  2 .

The v a r i a t io n  o f as  a fu n c tio n  
of the mass number.



11.

( b ) . A g e n e ra l su rv ey  o f th e  p u b lish e d  l i t e r a t u r e  

i l l u s t r a t e d  a  c o n s id e ra b le  d isc re p a n c y  betw een th e  

r e s u l t s  of d i f f e r e n t  groups o f w o rk ers  w ith  re g a rd  to  

th e  w id th  of th e  re so n an ce  in  th e  c r o s s - s e c t io n .  The 

r e s u l t s  of N athans and E a lp e m  (18) co rresp o n d ed  to  a  

measurement of th e  t o t a l  n e u tro n  y ie ld  an^ th e  v a lu e s  

of th e  w id ths t h a t  th e y  o b ta in e d  were g r e a te r  th a n  

th o se  o f  M o n ta lb e tt i  e t  a l .  (1 6 ) , who d e te c te d  th e  

r e s id u a l  a c t i v i t y  produced by th e  r e a c t io n  u n d e r 

in v e s t ig a t io n .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  

r e s u l t s  quoted by N athans and H a lp em  show a  marked 

s h e l l - s t r u c tu r e  e f f e c t ,  w h ile  th o se  o f M o n ta lb e tt i  

e t  a l .  show none. The accompanying d iagram  (F ig u re  3) 

shows th e  r e s u l t s  o f N athans and E a lp e m  combined w ith  

th o se  o f  Y erg in  and F ab rica n d  (19)* Eere th e  w id th s  

a re  p lo t te d  as  a  fu n c t io n  of th e  n e u tro n  number N and 

th e  f ig u re  i l l u s t r a t e s  t h a t  the  w id th s  d e c re a se  slo w ly  

a s  a  fu n c t io n  o f N ex cep t a t  th e  magic n e u tro n  numbers 

where the w id th s  a re  w e ll  below th e  g e n e ra l t r e n d .  

A lthough  th e  number o f ex p e rim en ta l p o in ts  i s  l im i t e d ,  

th e  s t r u c tu r e  i s  w e l l  d is p la y e d .

The w id th s  quoted  by N athans and E a lp e m  w ere 

open to  th e  c r i t i c i s m  th a t  th e  m easurem ents in c lu d e d  

c o n tr ib u t io n s  from  o th e r  r e a c t io n s  in  w hich a  n e u tro n  

was e m itte d . F o r t h i s  re a so n  G-oldemberg and Lopes (20)
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in tro d u c e d  a  new p a ram e te r w hich th e y  j u s t i f i e d  a s  

fo llo w s : They s t a t e d  t h a t  th e  o n se t o f  r e a c t io n s  in

w hich a  n e u tro n  was e m itte d , o th e r  th a n  th e  ( îT ,n) 

r e a c t io n ,  i . e . , (^TtPn) and ( % ,̂2n ) would in  g e n e ra l  

a f f e c t  th e  w id th  o f  th e  re so n a n c e , and f u r t h e r ,  t h a t  

t h i s  e f f e c t  would be co n fin e d  to  th e  h ig h  energy  s id e  

of th e  re so n an ce . They reg a rd ed  th e  d if f e r e n c e  

betw een th e  th re s h o ld  energy  and th e  energy  co rresp o n d 

in g  to  th e  h a l f  maximum on th e  f r o n t  edge o f th e  peak 

a s  a  more s ig n i f i c a n t  p aram eter (A )*  They p lo t te d  

A  a s  a  fu n c t io n  o f  A and claim ed peaks co rresp o n d in g  

to  th e  magic n e u tro n  numbers 20 , 28, 50 , 82 and 125.

E ere t h e i r  d a ta  i s  p lo t te d  (F ig u re  4) a s  a  fu n c t io n  of 

th e  n e u tro n  number. In  o rd e r  to  le s s e n  th e  co n fu s io n  

o n ly  th o se  n u c le i  w ith  even N and odd Z a re  in c lu d e d .

I f ,  in  f a c t ,  t h e i r  a s s e r t io n  th a t  th e  w id th  was 

in c re a se d  by in te r f e r e n c e  from  o th e r  r e a c t io n s ,  th e n  

v a lu e s  o f A c a lc u la te d  from -  E th  -  ^ /2 ) shou ld

l i e  below t h e i r  c u rv e . T his i s  g e n e ra l ly  t r u e ,  

a lth o u g h  th e re  a re  a few e x c e p tio n s . No m ention  was 

made in  t h e i r  p ap e r of th e  j u s t i f i c a t i o n  f o r  th e  

s e le c t io n  of th e  ex p e rim en ta l v a lu e s  shown in  th e  f i g u r e . 

C onsequen tly  t h i s  d e t r a c t s  somewhat from  th e  s ig n if ic a n c e  

o f  t h e i r  r e s u l t s .  In  c o n c lu s io n  i t  a p p ea rs  t h a t  th e re
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i s  some ev idence f o r  th e  in c lu s io n  o f s h e l l  model 

e f f e c t s  in  th e  d e s c r ip t io n  o f th e  n u c le a r  p h o to e ffe c t#

( c ) .  The r e s u l t s  of Y erg in  and F a b r ic  and (19) on 

n u c le i  w ith  n e u tro n  numbers o f  abou t 50 in d ic a te d  th a t  

th e  maximum c r o s s - s e c t io n  o f th e  reso n an ce  in c re a s e d  

sh a rp ly  a t  th e  magic number and d id  n o t  d ec rea se  

t h e r e a f t e r .  B earing  t h i s  i n  m ind, an  a tte m p t has 

been made to  c o n tin u e  t h i s  p ro c e s s  th ro u g h o u t th e  

p e r io d ic  t a b l e .  The tre n d  of th e  e x p e rim e n ta l r e s u l t s  

can be d e sc r ib e d  a s  a  sm oothly v a ry in g  fu n c t io n  o f  N, 

b u t a  s e r i e s  of* s t e p s ’, a s  shown in  F ig u re  5, would n o t 

be in c o n s i s te n t  w ith  th e  d a ta .  I t  sh o u ld  be n o te d  

h ere  t h a t  th e  v a lu e s  quo ted  by M o n ta lb e t t i  e t  a l .  i n  

g e n e ra l l i e  above th o se  o f N athans and H alp ern . The 

work o f H a r t le y , S tephens and W inhold (21) on th e  c r o s s -  

s e c t io n s  o f ( if ,n ) r e a c t io n s  i n  s e v e ra l  n u c le i  confiim ed  

th a t  th e  M o n ta lb e tt i  v a lu e s  were too  h ig h  and th e y  

quoted  th e  e r r o r  a s  b e in g  ap p ro x im a te ly  5055. They 

su g g es ted  th a t  th e  s ta n d a rd  v a lu e  used  by th e  C anadian 

g roup , i . e . ,  t h a t  o f th e  Cu^^( )f^,n) r e a c t io n ,  was in  

e r r o r .

(d) The in t e g r a te d  c r o s s - s e c t io n s  re p o r te d  in  th e  

l i t e r a t u r e  f a i l  to  ex h a u s t th e  d ip o le  sum a s  c a lc u la te d  

from  th e  r e la t io n s h ip s  of L ev in g er and B ethe (22) and 

G ell-M ann, G oldberger and T h ir r in g  (2 3 ) , a lth o u g h  f o r
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h ig h  Z th e  ( ,n ) in te g r a te d  c r o s s - s e c t io n s  n e a r ly

do so . The v a lu e s  o b ta in e d  by th e  two main g roups 

o f w orkers ap p ear to  be i n  agreem ent h e r e ,  a s  a l s o  

a re  th o se  c a lc u la te d  f o r  s e v e r a l  r e a c t io n s  u s in g  a  

known in te g r a te d  c r o s s - s e c t io n  a s  a  s ta n d a rd . The 

e x p e rim e n ta l v a lu e s  a re  p lo t t e d  in  F ig u re  6 to g e th e r  

w ith  th e  t h e o r e t i c a l l y  p re d ic te d  r e l a t io n s h ip .

Having i l l u s t r a t e d  th e  p r o p e r t i e s  o f th e  

’ g ia n t  re so n a n c e s ’ f o r  th e  ( îf ,n )  r e a c t io n  i t  i s  now 

n e c e s s a ry  to  determ ine  w h e th er o r  n o t  th e s e  re so n an ces  

occu r i n  th e  c r o s s - s e c t io n  f o r  pho ton  a b s o rp tio n .

T his can be answ ered by an ex am in a tio n  of th e  n u c le a r  

p h o to e f fe c t  i n  q I^ . The p o s s ib le  r e a c t io n s  a re  l i s t e d  

w ith  t h e i r  r e s p e c t iv e  p r o p e r t i e s  i n  th e  fo llo w in g  t a b l e (5 ) î

TABLE 1

R e a c tio n  T h resh o ld  Peak c r o s s -  Energy a t  I n te g r a te d
s e c t io n  m^imum c ro s s -s e c t io n

(m i l l ib a m s  ) IMev) (M ev-bam sT

18 .75  8 .3  22 .5  56 x 10"^
y ,p )  1 5 .9  34±B 21 .5  63 x 10“ 5
0 , 2n j 3 2 .0  n o t  m easured
Jf,pn) 27 .4  n o t  m easured
^ ,3 a )  0 .1  18 & 25

«
y  ,n )  +

y
( y , y  ) n o t m easured

y » p n ) + 21.5
, 2n)
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The main c o n tr ib u t io n s  to  th e  t o t a l  pho ton  

a b s o rp tio n  came from  th e  ( 2T $n) and ( y ,p )  r e a c t io n s  

w hich  b o th  had peaks a t  ab o u t 22 Mev and t h i s  would 

le a d  one to  e x p e c t th e  t o t a l  a b s o rp tio n  c r o s s - s e c t io n  

to  be peaked h e re  a l s o .  In  a n o th e r  c a s e ,  such  as  

alum inium , th e  peak of th e  c r o s s - s e c t io n  f o r  th e  ( K ,n )  

r e a c t io n  was found to  l i e  a t  1 9 .5  Mev, w hich was a l s o  

the  th re s h o ld  f o r  th e  ( %^,pn) r e a c t io n .  Could th e  

f a l l - o f f  o f th e  c r o s s - s e c t io n  have been due in  any way 

to  c o m p e tit io n  from  th e  (ÎT ,p n ) o r ( ? T ,2n ) r e a c t io n s ?

A s tu d y  o f th e  c r o s s - s e c t io n  curve f o r  t o t a l  n e u tro n  

e m iss io n , i r r e s p e c t iv e  o f th e  r e a c t io n ,  showed t h a t  i t  

was a ls o  peaked a t  th e  same energy  and th e  d e c re a se  in  

th e  c r o s s - s e c t io n  was th e r e fo r e  n o t due to  c o m p e titio n  

from  th e  o th e r  r e a c t io n s .  One th e re fo r e  co n c lu d es  

t h a t  in  f a c t  th e  peak o ccu rs  in  th e  a b s o rp tio n  c r o s s -  

s e c t io n  and t h a t  the  e f f e c t s  o f  th e  o th e r  r e a c t io n s  a re  

m ain ly  c o n fin e d  to  in c re a s in g  th e  w id th  o f th e  re so n an ce . 

One noY/ f e e l s  more c o n f id e n t to  d is c u s s  th e  f e a tu r e s  

of th e  a b s o rp t io n  p ro c e ss  in  te rm s o f th e  g e n e ra l  

f e a tu r e s  n o te d  i n  th e  su rvey  of th e  ( ) ( ,n )  re a c t io n #

1 .4  D is c u s s io n  o f th e  T h eo ries  o f P h o to d is in te g r a t io n .

L ev in g er and B ethe (22) have c a lc u la te d  th e  

t o t a l  in t e g r a te d  c r o s s - s e c t io n  f o r  e l e c t r i c  d ip o le  photon
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a b s o rp tio n  ( and o b ta in e d

HZ6^  dÊ  = 0 .060  —  M e v -b a m s  (1 )

F eenberg  (24) and S ie g e r t  (25) showed t h a t  th e  sum 

r u le s  were m o d ified  by exchange fo rc e s  and L ev in g er 

and Bethe in c lu d e d  th e  f r a c t i o n  o f  th e  n e u tro n -p ro to n  

exchange fo rc e  x  as  a  p a ram ete r in  t h e i r  c a l c u la t io n s .  

They th e n  o b ta in e d

jG = 0 .0 6 0  ^ ( 1  + 0 . 8r ) ---------- ( 2 )“C A

The in c lu s io n  o f  exchange fo rc e s  n e c e s s i t a t e s  t h a t  th e  

c a lc u la t io n s  be perform ed on a  s p e c i f i c  model w h ile  

r e l a t i o n  ( l )  v/as a  g e n e ra l  r e s u l t  and in d e p en d en t of 

m odel. R e su lt (2) co u ld  be in c re a s e d  f u r t h e r  by th e  

a d d i t io n  o f  c o r r e l a t io n  betw een the  n u c leo n s  ( 5 ) .

Gell-M ann e t  a l .  (25) have d e r iv e d  th e  sum ru le  

f o r  a l l  m u l t i p o l a r i t i e s  from a d is p e r s io n  r e l a t i o n  and 

o b ta in e d  ((i = meson th re s h o ld )

= 0 .060  ^ ( 1  + 0 .1   (5)

R e la tio n s h ip s  (2) and (3 ) a re  p lo t t e d  in  

F ig u re  6 to g e th e r  w ith  th e  in t e g r a te d  c r o s s - s e c t io n s  f o r  

( y  ,n )  r e a c t io n s  re p o r te d  in  th e  l i t e r a t u r e .  I n  t h i s  

f ig u r e  th e  v a lu e  o f  x in  ( 2) was assumed to  be (26) 

and w ith  t h i s  ch o ice  t h e  r e la t io n s h ip s  a re  e q u a l .
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I t  should  be n o te d  t h a t  (S  ̂ i s  i n  f a c t  th e  

sum over a l l  th e  p a r t i a l  r e a c t io n s ,  i . e . ,

F o r t h i s  re a s o n , th e  v a lu e s  o f th e  in t e g r a te d  c r o s s -  

s e c t io n  o b ta in e d  from  m easurem ents o f  th e  t o t a l  n e u tro n  

y ie ld  shou ld  approxim ate more c lo s e ly  to  th e ^ J^ iC th a n  

th e  v a lu e s  o f th e  in te g r a te d  c r o s s - s e c t io n  d e te rm in ed  

f o r  th e  ( y ,n ) r e a c t io n  a lo n e . F or h ig h  Z v a lu e s ,  th e  

charged  p a r t i c l e  em issio n  i s  su p p re ssed  by th e  Coulomb 

b a r r i e r  and th e  in te g r a te d  c r o s s - s e c t io n s  d e r iv e d  from  

m easurem ents o f  th e  n e u tro n  y ie ld  w i l l  be c lo se  to
o

P lo ts  o f the  n e u tro n  y ie ld s  as a  f u n c t io n  o f tfte 

mass number A (2 7 ,2 8 ,2 9 ) showed t h a t  (a )  f o r  n u c le i  

l i g h t e r  th an  copper th e  y ie ld  was n o t a  smooth fu n c t io n  

of th e  atom ic number and t h a t  (b) above Z = Zq^  th e  

y ie ld  v a r ie d  sm oothly as Z^ and n o t as NZ/A. H alp ern  

and Mann (30) showed t h a t  the  p ro to n  y ie ld  was n o t a  

smooth fu n c tio n  of Z f o r  th e  l i g h t  e lem ents b u t th a t  

( ^  ( ÎT,p) + f  ( V,n) ) v a r ie d  a s  HZ/A w ith in  th e  

ex p e rim en ta l e r r o r s .  T h is r e s u l t  acco u n ts  f o r  (a ) 

and th e  m u l t i p l i c i t y  o f n e u tro n  em issio n  m ight e x p la in ( b ) .

I n  c o n c lu s io n  i t  can be s a id  t h a t  f o r  heavy 

n u c le i  th e  e x p e rim e n ta l v a lu e s  ag ree  re a so n a b ly  w e ll  

w ith  e x p re s s io n  ( 2 ) w ith  x = i-, b u t f o r  th e  l i g h t  

e lem en ts even th e  sums of th e  ( 2T ,p ) and ( îf",n)
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c o n tr ib u tio n s  (up to  24 Mev) f a l l  below th e  

p re d ic te d  v a lu e s .  One i s  th e re fo r e  le d  to  s u s p e c t  

t h a t  a  c o n s id e ra b le  p a r t  o f th e  in t e g r a te d  c r o s s - s e c t io n  

may be t i e d  up in  bound p a r t i c l e  s t a t e s  (below any 

p a r t i c l e  th re s h o ld )  o r  i n  a  h ig h  energy  t a i l  i n  th e  

c r o s s - s e c t io n .  E x p erim en ta l ev idence  d e r iv e d  by Jo n es  

and T e r w il l ig e r  ( 31 ) in d ic a te d  t h a t  in  f a c t  th e  h ig h  

energy  p h o to -a b s o rp tio n  c r o s s - s e c t io n  d id  have su ch  a  

h ig h  energy  t a i l .

Two models have been dev ised  to  e x p la in  th e  

p ro cess  o f photon a b s o rp tio n , nam ely th e  c o l l e c t i v e  

model and the  in d ep en d en t p a r t i c l e  m odel.

(A ). The c o l l e c t iv e  m odel.

S tu d ie s  o f th e  sum r u le s  in d ic a te d  t h a t  

c o r r e la t io n s  betv/een th e  n u cleo n s were o f c o n s id e ra b le  

im portance and shou ld  be in c lu d e d  in  th e  model f o r  

pho ton  a b s o rp tio n . The f i r s t  model was d e v ise d  by 

G oldhaber and T e l l e r  (3 2 ) , who assumed t h a t  a l l  th e  

p ro to n s  were moving c o l l e c t i v e ly  i n  th e  o p p o s ite  

d i r e c t io n  to  t h a t  o f  a l l  th e  n e u tro n s . D i f f e r e n t  

assum ptions ab o u t th e  fo rc e s  betw een th e  n u c leo n s  gave 

a v a r i e ty  o f m odels, e . g . ,  i f  th e  n e u tro n s  and p ro to n s  

were t r e a t e d  a s  co m p ressib le  f l u i d s  c o n s tra in e d  w ith in  

th e  n u c le u s , th e n  th e  v a r i a t io n  o f Em was p r o p o r t io n a l
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to  A" i f ,  how ever, th e  n e u tro n s  and p ro to n s

were co n s id e red  a s  in c o m p ress ib le  in t e r p e n e t r a t in g  

s p h e re s , th en  the  v a r ia t io n  o f  Em was p ro p o r t io n a l  to  

j ^ - l /6  ̂ The e x p e rim e n ta l v a r i a t i o n  was i l l u s t r a t e d  

in  F ig u re  2*

The in te g r a te d  c r o s s - s e c t io n  gave th e  sum ru le  

v a lu e  f o r  no exchange f o r c e s ,  as  i t  shou ld  h av e , s in c e  

th e y  w ere n o t in c lu d e d  in  the  model w hich in c lu d e d  a l l  

th e  d ip o le  v ib ra t io n s #

The w id th  o f th e  reso n an ce  ^  was e x p la in e d  

as  b e in g  due to  th e  co u p lin g  o f  th e  o rd e red  v ib r a t io n s  

to  o th e r  modes o f n u c le a r  m o tion , i . e . , sh m ila r  to  

damping by f r i c t i o n .

This model a u to m a tic a l ly  in v o lv e d  th e  fo rm a tio n  

o f a  compound n u c le u s  s in c e  th e  energy  o f  th e  in c id e n t  

quantum was sh a red  among a l l  th e  n u c le o n s , and w h ile  

t h i s  was a  re a so n a b le  ap p ro x im atio n  f o r  th e  heavy 

elem ents i t  was l e s s  a p p l ic a b le  to  th e  l i g h t  e lem en ts  

where a  c o n s id e ra b le  amount o f d i r e c t  p h o to e f f e c t  

o ccu rred  (33>54). The model can  be f u r t h e r  c r i t i c i s e d  

on th e  grounds th a t  i t  in c lu d e s  com plete in te m u c le o n

c o r r e l a t io n  w hich  can n o t be r e c o n c i le d  w ith  th e  

s a t i s f a c t o r y  d e s c r ip t io n  o f n u c le a r  ground s t a t e s  in  

te rm s o f th e  s h e ll-m o d e l.

The compound n u c leu s  so form ed w i l l  decay
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th ro u g h  th e  a llo w ed  ch an n e ls  in  a  manner in d ep en d en t 

of th e  mode o f fo  m a t  io n . Where th e re  a re  a  la rg e  

number o f  s t a t e s  a  s t a t i s t i c a l  p ro ced u re  can  be u se d . 

Such a  system  was p re se n te d  by D iven and Almy (3 5 ) , 

who in c o rp o ra te d  th e  work o f W eisskopf and Ewing (36) 

in  a  d e r iv a t io n  o f t h e i r  e x p re s s io n  f o r  th e  p ro to n  

en erg y  spectrum . I t  was n o te d  t h a t  th e  p ro to n  s p e c t r a  

c a lc u la te d  by t h i s  method were i n  d isag reem en t w ith  th e  

ex p e rim en ta l r e s u l t s  i n  t h a t  th e re  ap p eared  to  be an 

ex cess  o f h ig h  energy  p ro to n s  and a  d e f ic ie n c y  o f low 

energy  ones. S im ila r  r e s u l t s  were o b ta in e d  by 

B y erly  and S tephens (3 7 ) . The more r e c e n t  work of 

th e  I t a l i a n  group (14) showed t h a t  a  s im i la r  d isc re p a n c y  

was p re s e n t  i n  the  s p e c tr a  o f  th e  n e u tro n s  e m itte d  i n  

( y ,n )  r e a c t io n s .

(B) The independen t p a r t i c l e  m odel.

T h is  model has been used  by W ilk in so n  (38) to  

e x p la in  th e  p a ram e te rs  o f  th e  ’g ia n t  re so n an ce* . In  

g e n e ra l  term s one s t a r t s  w ith  a  n u c leu s  in  i t s  ground 

s t a t e ,  w hich i s  f a i r l y  v /e ll  d e sc r ib e d  by th e  s h e l l -  

m odel. C o n sid e r an e l e c t r i c  d ip o le  (E l)  t r a n s i t i o n  

in  which one n u c leo n  changes o r b i t  by one u n i t  o f 

a n g u la r  momentum. S ince th e  d ip o le  sum i s  ex h au sted  

by th e  ’g ia n t  resonance* , t r a n s i t i o n s  in v o lv in g  th e  

n u c leo n s in  th e  'core* a re  c o n s id e re d  as d i s t i n c t  from  

th e  v a len ce  n u c le o n s . As a  r e s u l t  o f th e  i n t e r a c t i o n
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betw een th e  e x c i te d  n u c leo n  and th e  r e s t  o f  th e  

n u c le u s , th e  u p p er s t a t e  o f  th e se  t r a n s i t i o n s  i s  n o t 

a  w e ll  d e f in e d  s i n g l e - p a r t i c l e  s t a t e  b u t i n  f a c t  th e  

a b s o rp tio n  p roceeds to  many f i n a l  s t a t e s  c o n ta in in g  

p a r t  o f th e  id e a l  s i n g l e - p a r t i c l e  s t a t e  in  t h e i r  

sh e ll-m o d e l d e s c r ip t io n .  However, th e  i n t e r e s t  l i e s  

w ith  th e  g ro ss  f e a tu r e s  o f  th e  ’g ia n t  resonance*, and 

co n seq u en tly  th e  im p o rtan t q u a n t i ty  i s  th e  summed 

e f f e c t  over th e s e  l e v e l s ,  w hich i s  t h a t  a p p ro p r ia te  to  

th e  id e a l  s i n g l e - p a r t i c l e  s t a t e  d is s o lv e d  in  them .

One m ight th en  e x p e c t to  f in d  f in e  s t r u c tu r e  in  th e  

resonance , and such i s  th e  case  (3 9 ,4 0 ,4 1 ) .

Y /ilk inson  showed t h a t  a f t e r  he had in s e r t e d  

th e  e x p e rim en ta l v a lu e s  f o r  Em in  h i s  fo rm u la  f o r  the 

in t e g r a te d  c r o s s - s e c t io n ,  he o b ta in e d  a  good acco u n t o f 

th e  tre n d  b u t ,  a l t h o u ^  th e  a b s o lu te  m agnitude was 

c o r r e c t  f o r  th e  l i g h t  e le m e n ts , i t  was to o  low by a 

f a c to r  o f two f o r  th e  heavy n u c le i .

\7hen c o n s id e r in g  Em, W ilk in son  c a lc u la te d  t h a t  

i t  was o f th e  o rd e r  o f 9 Mev f o r  th e  heavy n u c le i  and 

n o t 14 Mev as h as  been found e x p e r im e n ta lly . However, 

u s in g  a  reduced  mass o f abou t a  h a l f  o f  the  norm al mass 

and R = 1 .2  x x  10“^^ cm ., th e  c a lc u la t io n  was

re p e a te d  and th e  e x p e rim e n ta l p o in ts  were found  to  l i e  

betw een th e  two t h e o r e t i c a l  c a l c u la t io n s .  T h is  th e o ry
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can th e r e fo r e  g iv e  a q u a l i t a t i v e  e x p la n a tio n  o f  th e  

v a r i a t i o n  of Em as a f u n c t io n  of A.

The w id th  j o f th e  resonance  can  be due to  

s e v e r a l  cau ses b u t none can be q u a n t i t a t iv e ly  e v a lu a te d , 

e . g . ,  ( l )  s e p a ra t io n  in  energy  o f th e  s i n g l e - p a r t i c l e  

t r a n s i t i o n s ;  ( 2 ) w id e -sp re a d  c o n tr ib u t io n s  o f  th e  

v a le n c e  n uc leons and th e  e f f e c t  o f t h e i r  c o u p lin g  to  

th e  e x c i te d  c o re . Q u a l i ta t iv e  ev idence  f o r  t h i s  can be 

drawn from  th e  e a r l i e r  s e c t io n  on th e  w id th s  o f  th e  

re so n an ces  m easured f o r  ( ^ , n )  r e a c t io n s ,  w here narrow  

w id th s  were re c o rd e d  f o r  th e  'magic* n u c le i  w hich  have 

no v a le n c e  n u c le o n s .

When c o n s id e r in g  th e  en erg y  d i s t r i b u t i o n s  o f 

th e  e m itte d  p a r t i c l e s ,  th e  fo llo w in g  p i c t o r i a l  

p r e s e n ta t io n  d e s c r ib e s  th e  mechanism o f e m iss io n  

fo llo w in g  photon  a b s o rp tio n .

As a  r e s u l t  o f th e  a b s o rp tio n  o f th e  in c id e n t  

p h o to n , a  n u c leo n  i s  e le v a te d  to  a  h i ^ e r  s i n g l e - p a r t i c l e  

s t a t e  where i t  may i n t e r a c t  w ith  th e  r e s t  o f th e  n u c le u s  

to  f o m  a  compound n u c le u s , w hich  w i l l  th e n  decay 

s t a t i s t i c a l l y ,  o r  be e m itte d  d i r e c t l y  w ith o u t s h a r in g  

i t s  en erg y . The l a t t e r  p o s s i b i l i t y  would acco u n t f o r  

th e  f a s t  n u c leo n s  found in  s e v e r a l  e x p e rim e n ts , i . e . ,

Toms and S tephens (4 2 ) . F e r re ro  (45) a ls o  confirm ed  

t h a t  th e  f a s t  n e u tro n s  o r ig in a te d  i n  th e  * g ia n t  resonance*
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Where p ro to n  em iss io n  i s  co n cern ed , th e  

r e s u l t s  o f  H ir z e l  and W â ff le r  (44) f o r  heavy elem en ts 

in d ic a te d  t h a t  th e  ex p e rim en ta l c r o s s - s e c t io n  a t  17 .6  

Mev was c o n s id e ra b ly  h ig h e r  th a n  th e  v a lu e  p re d ic te d  

by th e  s t a t i s t i c a l  th e o ry . A model o f the above ty p e , 

in  w hich a l l  th e  energy  of th e  ab so rbed  pho ton  i s  

c e n tre d  on a  s in g le  n u c leo n , p ro v id e s  a  sim ple 

e x p la n a tio n  o f the  above d is c re p a n c y . S ince  th e  

s t a t i s t i c a l  p ro c e ss  in  g e n e ra l in v o lv e s  p ro to n s  o f 

energy  low er th a n  th e  s i n g l e - p a r t i c l e  p ro c e s s ,  th e  

Coulomb b a r r i e r  has a  c o n s id e ra b ly  g r e a t e r  e f f e c t  on th e  

e v a p o ra te d  p ro to n s  th a n  on th e  * re so n a n c e -d ire c t*  

p ro to n s . T h is  i s  w e ll  seen  in  th e  r e s u l t s  o f Toms and 

S tephens (42) f o r  indium , cerium  and b ism u th . The 

energy  d i s t r i b u t io n s  o b ta in e d  f o r  th e  p h o to p ro to n s  were 

f i t t e d  w ith  th e  sum o f th e  s p e c tr a  c a lc u la te d  on th e  

b a s is  of a  * re so n a n c e -d ire c t*  p ro c e ss  and th e  

e v a p o ra tio n  p ro c e s s . The f r a c t i o n  o f th e  t o t a l  

spectrum  c o n tr ib u te d  by th e  s t a t i s t i c a l  p ro c e ss  

d e c re a se d  as the  atom ic number in c re a s e d . S im ila r  

r e s u l t s  have been  o b ta in e d  by o th e r  w orkers and in  

p a r t i c u l a r  Dawson (45) found t h a t  th e  p e rc e n ta g e  of 

d i r e c t  em iss io n  v a r ie d  from  Ofo f o r  alum inium  up to  

50^ f o r  rhodium .

The indep en d en t p a r t i c l e  m odel, as  en v isag ed  by



24.

W ilk inson  g a in s  f u r th e r  su p p o rt from  a  s tu d y  o f th e  

a n g u la r  d i s t r i b u t io n s  o f th e  e m itte d  n u c le o n s . In  

p a r t i c u l a r ,  ta k e  th e  case  o f  th e  a n g u la r  d i s t r i b u t i o n  

m easured by Llann, S tephens and Y /ilk in son  (33) f o r  the  

r e a c t io n  ( ^  ,p )B ^^. They found t h a t  i t  was o f  th e  

form  1 + 1 .5  s in ^  0 . Here th e  ground s t a t e  o f i s  

0+ and E l a b s o rp tio n  would le a d  to  a  1 -  e x c i te d  s t a t e .

I f  th e  compound n u c leu s  w ere to  decay to  th e  ground 

s t a t e  o f  B^^ (3/ 2- )  o r th e  f i r s t  e x c i te d  s t a t e  ( l / 2- ) , 

th e n  th e  a n g u la r  d i s t r i b u t i o n  would be i s o t r o p i c  s in c e  

th e  s-wave e m iss io n  would be fav o u red  o ver d-wave 

em iss io n .

W ilkinson* s model p r e d ic t s  th e  form  o f th e  

a n g u la r  d i s t r i b u t i o n  to  be

I  (©) = 1 4= 1 /2  (1 + 2 /1 )  sin2© 

and h e re  I  (©) sh o u ld  be 1 + 1 .5  s in ^  ©, i n  agreem ent 

w ith  ex p erim en t.

C onsider a ls o  th e  e a r l i e r  r e s u l t  o f H a lp ern ,

Mann and Hothman (46) who o b ta in e d  an  a n g u la r  
d i s t r i b u t i o n  o f th e  form  1 + ( s in  0 + 0.25  s i n  0 cos -0-)^ .

A lthough th e  form  i s  d i f f e r e n t ,  th e  a n is o t r o p ic  c h a r a c te r

o f the  a n g u la r  d i s t r i b u t i o n  i s  co n fiim ed .

S ince B Ü  and C^^ a re  m ir ro r  n u c le i ,  one m ight 

ex p ec t th e  ground s t a t e s  and th e  f i r s t  e x c ite d  s t a t e s  

to  have th e  same sp in s  and p a r i t i e s  r e s p e c t iv e ly .  .
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The above argum ent co u ld  th e n  be a p p l ie d  to  th e  

( fYi) p ro c e ss  a s  w e l l .  The r e s u l t s  o f F a b r ic a n d , 

A l l i s o n  and H alpern  (47) in d ic a te d  an a n g u la r  

d i s t r i b u t i o n  o f th e  form  1 + (1 .3 5  ±  0 .8 8 ) s in ^  G f o r  

the  n e u tro n s  e m itte d  from  th e  0^^ ( %^,n) 0^  r e a c t io n .

I t  seems th e r e fo r e  t h a t  th e  indep en d en t p a r t i c l e  model 

i s  v e ry  s u c c e s s fu l  in  d e s c r ib in g  th e  a n g u la r  

d i s t r i b u t io n s  o f th e  e m itte d  n u c leo n s  from

More g e n e r a l ly ,  i t  shou ld  be n o te d  t h a t  s im i l a r  

a n g u la r  d i s t r i b u t i o n s  have been  re p o r te d  f o r  th e  e m itte d  

p ro to n s  from v a r io u s  n u c le i  th ro u g h o u t th e  p e r io d ic  

ta b le  (3 4 ,4 5 ,4 8 ) .

The a n g u la r  d i s t r i b u t io n s  o f the  p h o to p ro to n s  

a re  in  many c a se s  n o t o n ly  a n is o t r o p ic  b u t a ls o  

asym m etric . A forw ard  peak i s  seen  i n  th e  d i s t r i b u t i o n  

and i t  i s  in t e r p r e te d  a s  the  e f f e c t  o f in te r f e r e n c e  

betw een th e  d ip o le  a b s o rp tio n  and th e  quadrupo le  

a b s o ip t io n . Mann, H alpern  and Rothman (48) s t a t e d  

t h a t  p ro v id ed  th e re  was no random r e d i s t r i b u t i o n  o f  the  

energy  and a n g u la r  momentum of th e  ab so rb ed  ph o to n , th e  

in te r f e r e n c e  betw een th e  p -  and d-wave e m iss io n  of th e  

p ro to n s , r e p re s e n te d  by th e  asym m etric a n g u la r  

d i s t r i b u t i o n ,  i n  f a c t  re p re s e n te d  in te r f e r e n c e  betw een 

d ip o le  and quadrupo le  a b s o rp t io n . Asymmetry was 

observed  in  th e  a n g u la r  d i s t r i b u t i o n s  of p h o to n e u tro n s
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by v a r io u s  v/orkers (1 4 , 47) and F ab rican d  e t  a l .  (47 ) 

e x p la in e d  th i s  by s t a t i n g  th a t  th e  o n ly  e f f e c t iv e  ch arg e  

in  th i s  case  was t h a t  o f th e  r e s id u a l  c o re .

P r ic e  (49) h as m easured th e  a n g u la r  d i s t r i b u t i o n s  

o f th e  n e u tro n s  e m itte d  from  ( ^ , n )  r e a c t io n s  i n  s e v e ra l  

n u c le i  and on th e  assum ption  t h a t  th e y  were o f th e  f o m  

A + B s in 2  Qf he p lo t t e d  th e  r a t i o  B/A as  a  fu n c t io n  o f  Z. 

T his i s  rep roduced  in  the  accom panying F ig u re  7*

L e ik in , O sokina and R a tn e r  (50) d em o n stra ted  t h a t  

th e  model en v isag ed  by W ilk in so n  was n o t w h o lly  s a t i s f a c to r y .  

They in v e s t ig a te d  p h o to -p ro to n  e m iss io n  from  n u c le i  w ith  

Z — 28 and 29# - In  th e  W ilk in so n  model th e  e f f e c t  o f

th e  v a len ce  n u c leo n s i s  co n fin e d  to  in c re a s in g  th e  w id th  

o f th e  resonance  and th e y  do n o t c o n tr ib u te  g r e a t ly  to  th e  

t o t a l  a b s o rp tio n . These R u ssian  w orkers c la im ed  th a t  th e y  

d id  p la y  an im p o rta n t p a r t  in  th e  a b s o rp tio n  p ro c e s s .  They 

m easured a q u a n t i ty  (pjS) v/hich re p re s e n te d  th e  f a s t  p ro to n  

f r a c t i o n  o f th e  t o t a l  p ro to n  y ie ld .  T h is  q u a n t i ty  was 

p lo t te d  a g a in s t  th e  maximum energy  o f th e  b re m ss tra h lu n g  

beam and th e  r e s u l t i n g  cu rv es  d i f f e r e d  from  one a n o th e r  in  

a  marked f a s h io n . The curve co rre sp o n d in g  to  th e  n u c le u s  

w ith  Z = 28 was sm oothly  v a ry in g , w h ile  in  t h a t  f o r  

copper (Z = 2 9 ), pÿ̂  ro se  suddenly  by a  f a c to r  o f 2 .5  

betw een Bq = 25 Mev and Eo = 28 Mev. The a u th o rs  o f t h i s  

com m unication su g g es ted  th a t  th e  d if f e re n c e  in  th e
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b eh av io u r o f pjS f o r  th e se  n u c le i  cou ld  be r e l a t e d  to  

th e  v a le n c e  n u c leo n s a s  Z = 28 re p re s e n te d  a  c lo s e d  s h e l l .

1 .5  R ea c tio n s  In v o lv in g  M u ltip le  H u d so n  E m iss io n .

In  a d d i t io n  to  the  p h o to n u c le a r  r e a c t io n s  i n  w hich 

on ly  one n u c leo n  was e m itte d , p re lim in a ry  in v e s t ig a t io n s  

have been made in to  r e a c t io n s  in  w hich s e v e ra l  n u c leo n s  were 

e m itte d , in d iv id u a l ly  o r  i n  sm a ll a g g re g a te s , i . e . ,  

d e u te ro n s , t r i t o n s .  He3 and He^ p a r t i c l e s .  I n  g e n e ra l ,  

th e se  m u ltip le  r e a c t io n s  have h ig h  th r e s h o ld s  and have n o t 

been e x te n s iv e ly  s tu d ie d ,  due in  p a r t  to  th e  l im i te d  number 

of m achines o f in te rm e d ia te  o r  h ig h  en erg y  w hich were 

a v a i la b le  f o r  such  ex p e rim e n ts . These r e a c t io n s  a ls o  

p re s e n t c o n s id e ra b le  e x p e rim e n ta l d i f f i c u l t i e s  i f  a l l  th e  

r e a c t io n  p ro d u c ts  have to  be d e te c te d .  A lthough th e  scope 

o f t h i s  f i e l d  i s  to o  wide to  be d is c u s s e d  in  d e t a i l  h e re ,  

th e  r e s u l t s  o f several*  in v e s t ig a t io n s  a re  p re s e n te d  below 

and i t  i s  f e l t  t h a t  th e y  a re  r e p r e s e n ta t iv e  o f th e  

p u b lish e d  d a ta  on t h i s  t o p i c .

( a ) .  The and 0^^ ( r e a c t io n s

have been s tu d ie d  by many w orkers ( 5 1 , 52 , 55) who i r r a d i a t e d  

p h o to g rap h ic  em u ls io n s . I n  p a r t i c u l a r ,  c o n s id e r in g  th e  

0^^ ( ^  ,4 a ) r e a c t io n ,  Goward and W ilk in s  (51b) showed th a t  

f o r  an oxygen n u c le u s , e x c i te d  by photons o f energy  l e s s  

th a n  25 Mev, th e  most p ro b ab le  mode o f  decay was by an
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a lp h a - p a r t i c l e  cascade v ia  th e  e x c i te d  s t a t e s  o f 0^2

i . e . ,

and ^  Be^ 4 a
o r   ^  Be^^ + d

They e s tim a te d  t h a t  in  35̂  o f  th e  s t a r s  w hich th e y  m easured 

th e  d a ta  was c o n s is te n t  w ith  an  i n t e r p r e t a t i o n  in  w hich 

th e  p ro c e s s  p roceeded  v ia  two Be^ n u c le i  i n  t h e i r  ground 

s t a t e s .

The c r o s s - s e c t io n  f o r  t h i s  r e a c t io n  (51e) i s  shown 

in  F ig u re  8 and i t  i l l u s t r a t e s  th e  p resen ce  o f s e v e ra l  

re so n an ces  w hich have been c o r r e la te d  to  le v e l s  o r  groups 

of l e v e ls  in  th e  n u c le u s . These were confirm ed by 

L ivesey  and Sm ith (52) who a ls o  e s tim a te d  t h a t  f o r  

B y  ^  25 Mev th e  cascade v i a  0^^^ was u n l ik e ly .

M il la r  and Cameron (54) o b ta in e d  r e s u l t s  w hich were 

i n  c o n t r a s t  to  th o se  above in  t h a t  they  e s tim a te d  t h a t  40^ 

o f th e  s t a r s  t h a t  in v o lv e d  Be^ n u c le i  in  t h e i r  ground s t a t e s  

were produced in  an 0^^ ( ^ ,B e ^ )  2a  r e a c t io n  and 60ÿo o f th e  

s t a r s  t h a t  in v o lv ed  Be^ in  e x c i te d  s t a t e s  co rresp o n d ed  to  

th e  0^^ ( y  , 4a) r e a c t io n .

I t  would ap p ear th a t  th e  fo rm a tio n  of a  compound 

n u c leu s  fo llo w ed  by a cascade decay  i s  s a t i s f a c to r y  in  

e x p la in in g  th e  f e a tu r e s  of t h i s  r e a c t io n .  In  p a r t i c u l a r ,  

when H siao and T e leg d i (55 ) assumed th a t  f o r  Ey ^  25 Mev
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th e  a b s o rp tio n  was e l e c t r i c  d ip o le  in  c h a r a c te r ,  th e y  

found t h a t  t h e i r  r e s u l t s  bore out th e  p r e d ic t io n s  of 

Gell-M ann and T e leg d i (5 6 ) , who c o n s id e re d  th e  oxygen d a ta  

on th e  b a s is  of th e  is o to p ic  s p in  fo rm alism .

( h ) .  A lthough th e  c r o s s - s e c t io n s  f o r  th e  ( 3 " ,a )  

r e a c t io n s  have n o t been in v e s t ig a te d  th o ro u g h ly , two 

com prehensive s e t s  o f d a ta  on th e  y ie ld s  o f such  r e a c t io n s  

a t  low e n e rg ie s  have been p u b lish e d . The f i r s t  was 

o b ta in e d  by Toms and M cElhiimey (57) > who u sed  a  21 .5  Mev 

b rem ss trah lu n g  beam, and th e  second was r e p o r te d  by E rd o s , 

S c h e r re r  and S t o l l  (5 8 ) , who i r r a d i a t e d  t h e i r  t a r g e t s  w ith  

a  beam o f peak energy  32 Mev. B oth  groups o f r e s u l t s  a re  

i l l u s t r a t e d  in  F ig u re  9* The y ie ld s  in c re a s e d  w ith  

atom ic number u n t i l  Z = 30 and t h e r e a f t e r  d e c rea sed  because 

th e  in h ib i t in g  e f f e c t  o f th e  Coulomb b a r r i e r  was s t r o n g e r  

th a n  th e  enhancing  e f f e c t  o f th e  low er r e a c t io n  th re s h o ld  

(5 7 ) . C o n tra ry  to  th e  p re v io u s ly  h e ld  b e l i e f s ,  E rd o s , 

S c h e r re r  and S t o l l  found t h a t  th e  ( ,a )  and ( ^  ,p )  y ie ld s

were ap p ro x im ate ly  c o n s ta n t  f o r  Z ^  50.

The c r o s s - s e c t io n s  f o r  ( ) J , a )  r e a c t io n s  (58) show 

th e  f a m i l i a r  resonance  b eh av io u r and, as can  be seen  from  

F ig u re  10, th e  c r o s s - s e c t io n s  have become v e ry  sm a ll by th e  

tim e th e  energy  of th e  absorbed  pho ton  has in c re a s e d  to  

abou t 40 Mev.

The energy  d i s t r i b u t i o n  of th e  a lp h a - p a r t i c l e s
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e m itte d  from  copper was m easured by B y erly  and S tep h en s 

( 37) a t  Eq = 24 Mev and th e y  concluded  th a t  th e s e  

p a r t i c l e s  were em itted  in  an  e v a p o ra tio n  p ro c e s s .

( c ) .  Two approaches have been made to  i l l u s t r a t e  

the  p r o p e r t ie s  of th o se  r e a c t io n s  in  w hich v e ry  many 

n u c leo n s a re  e m itte d . The f i r s t ,  namely th e  i r r a d i a t i o n  o f 

p h o to g rap h ic  em u lsio n s, was used  by K ikuch i (59) who 

determ ined  th e  y ie ld  of s t a r s  a s  a  fu n c tio n  of th e  peak 

photon  en erg y . He found th a t ,  when th e  peak  energy  was 

r a i s e d  from 150 Mev to  300 Mev, th e  m ajor in c re a s e  in  y ie ld  

came from th r e e  o r more prong s t a r s .  The e x p e r im e n ta l 

r e s u l t s  were n o t s u f f i c i e n t l y  c o n c lu s iv e  to  en ab le  a  

d e f in i t e  e s tim a te  to  be p laced  on th e  y ie ld  o f tw o-prong  

s t a r s  and i t  i s  p o s s ib le  t h a t  th e y  showed a  com parable 

in c re a s e  in  y i e ld .  L i t t l e  v a r i a t io n  was found f o r  th e  

y ie ld  o f s in g le  p ro to n s  in  t h i s  energy  ra n g e . The second 

in v o lv ed  the  m easurem ent, a f t e r  chem ical s e p a r a t io n ,  o f  th e  

r e l a t i v e  a c t i v i t i e s  o f th e  decay p ro d u c ts  from  the  

i r r a d i a t e d  n u c le u s . A ty p ic a l  example o f t h i s  method was 

p u b lish e d  by D eb s.e t  a l .  (60) who i r r a d i a t e d  a r s e n ic ,  

germanium, g a lliu m , z in c  and co p p er, and d e te c te d  is o to p e s  

w hich d i f f e r e d  from  th e  t a r g e t  n u c leu s  by a s  much a s  20 

n u c le o n s .

The energy  dependence o f th e  y ie ld  o f  some r e a c t io n s  

o f t h i s  type  was i l l u s t r a t e d  by S u g ih ara  and H alp ern  (61)
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who combined t h e i r  r e s u l t s  w ith  th o se  o f Holtzman and 

Sugarman (62) to  show th a t

( i )  f o r  th e  As^^ (jj">2pn) r e a c t io n ,  th e  y ie ld  ro se  

by a f a c t o r  o f  ap p ro x im a te ly  4 when th e  peak en erg y  was 

in c re a s e d  from  50 to  140 Mev, b u t o n ly  by a  f a c t o r  of

1 .5  when th e  peak energy  was f u r th e r  in c re a se d  to

520 Mev. They concluded  t h a t  f o r  t h i s  r e a c t io n  th e  

e n e rg ie s  of th e  absorbed  pho tons w ere 140 Mev.

( i i )  i n  r e a c t io n s  le a d in g  to  Ga'^^, Ga^^, Ga^^, Cu^"^, 

Gu^^ and Hi^^ th e y  could assume th a t  th e  pho tons had 

e n e rg ie s  ^  140 Mev. As can be seen  from  th e  p u b lish e d  

d a ta ,  th e  main d isa d v a n ta g e s  of t h i s  method w ere t h a t  no 

e s tim a te  cou ld  be made o f th e  p r o b a b i l i ty  of e m iss io n  o f 

nu c leo n s in  th e  form  o f com posite  p a r t i c l e s  and t h a t ,  

where non m ono-iso to p ic  t a r g e t s  were i r r a d i a t e d ,  th e  

i n t e r p r e t a t i o n  o f  th e  y ie ld s  was co m p lica ted  by th e  

p ro d u c tio n  o f the  same d a u g h te r  n u c leu s  from  d i f f e r e n t  

t a r g e t  n u c le i .

I t  appeared  th e re fo re  t h a t  such r e a c t io n s  were 

produced by pho ton  a b s o rp tio n  in  a  wide en erg y  ra n g e . 

A part from th e  em issio n  o f a  few f a s t  p a r t i c l e s  

im m ediate ly  a f t e r  th e  a b s o rp tio n  o f th e  p h o to n , th e  

rem ain ing  frag m en ts  were found to  behave in  a  manner 

c o n s is te n t  w ith  an e v a p o ra tio n  p ro c e s s .

M easurements of th e  en erg y  and a n g u la r  d i s t r i b u t i o n s  

of h ig h  energy p ro to n s  w hich were e m itte d  from
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p h o to n u o lea r r e a c t io n s  have le d  to  a  g e n e ra l 

c o n f iim a tio n  of the  p ro p o sa l fo rm u la te d  by L ev inger (65) 

who su g g es ted  t h a t ,  a t  h ig h  e n e rg ie s  and in  complex 

n u c le i ,  th e  in c id e n t  photon  in t e r a c te d  d i r e c t l y  w ith  a  

tv/o n u c leo n  s u b - s t r u c tu r e .  B arto n  and Sm ith (64) have 

d e te c te d  c o in c id e n t p a i r s  o f p ro to n s  and n e u tro n s  from  

l i th iu m  and found th a t  th e  a n g u la r  d i s t r i b u t i o n  was 

c o n s is te n t  w ith  th e  p r e d ic t io n s  o f  th e  q u a s i-d e u te ro n  

th e o ry . S im ila r  r e s u l t s  were o b ta in e d  by Y /attenberg  

e t  a l .  (65) f o r  o th e r  n u c le i .  F u r th e r  su p p o rt f o r  the  

q u a s i-d e u te ro n  model was d e r iv e d  from  th e  p h o to p ro to n  

m easurem ents where b re a k s  in  th e  energy  d i s t r i b u t io n s  

and fo rw ard  peaks in  th e  a n g u la r  d i s t r i b u t i o n s  were 

in t e r p r e te d  a s  ev id en ce  of th e  in t e r a c t i o n  o f th e  in c id e n t  

photon  w ith  a  two n u c leo n  s u b - s t r u c tu r e .  At th e sd  

e n e rg ie s  i t  was a c c e p te d  th a t  e l e c t r i c  d ip o le  a b s o rp tio n  

was predom inant and th e  v e ry  low y ie ld s  o f  p ro to n -p ro to n  

p a i r s  w ere in t e r p r e te d  a s  an in d ic a t io n  th a t  th e  

c o n t r ib u t io n  from  quadrupole a b s o rp tio n  v/as s m a ll .

F in a l ly ,  i t  would a p p e a r  th a t  f o r  r e a c t io n s  i n  

T/hich two o r more n u c leo n s  a re  e m itte d , a t  low e n e rg ie s ,  

th e  a b s o rp tio n  i s  fo llo w ed  by the  fo rm a tio n  o f a  compound 

n u c le u s  w hich th e n  decays in  a  manner governed by 

s t a t i s t i c a l  th e o ry . On th e  o th e r  hand , a t  v e ry  h ig h  

e n e rg ie s  th e  p rim ary  i n t e r a c t i o n  i s  betw een th e  in c id e n t



53..

photon  and a  two nu cleo n  s u b -u n it  w ith  th e  subsequen t 

fo rm a tio n  o f a  compound n u c le u s  i f  b o th  p a r t i c l e s  

f a i l e d  to  em erge. The in te rm e d ia te  en erg y  range has  

n o t been  in v e s t ig a te d  in  d e t a i l  and c o n se q u e n tly  no 

e s tim a te  can y e t  be made o f th e  r e l a t i v e  c o n tr ib u t io n s  

o f th e se  two mechanisms in  t h i s  re g io n . S im i la r ly ,  one 

cannot n e g le c t  th e  p o s s i b i l i t y  t h a t  th e re  e x i s t s  a  

p rim ary  in t e r a c t i o n  betw een th e  in c id e n t  pho tons and 

a l t e r n a t i v e  s u b -u n its  w ith in  complex n u c le i ,  ê . g . , 

a  q u a s i - a - p a r t i c l e  s u b - s t r u c tu r e .
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A vo lum e-defined  Y /ilson c loud  cham ber, 12 in c h e s  

in  d ia m e te r , was used  in  s tu d ie s  o f th e  pho to 

d i s in t e g r a t i o n  o f neon and oxygen. The chamber was 

f i l l e d  w ith  th e  g as u nder in v e s t ig a t io n  and c o n se q u e n tly  

p lay ed  th e  r o le s  o f  b o th  t a r g e t  and d e te c to r .  The 

b re m ss tra h lu n g  beam p assed  th ro u g h  th e  chamber and the  

t r a c k s  of charged  p a r t i c l e s ,  e m itte d  in  p h o to n -in d u ced  

r e a c t io n s  in  th e  t a r g e t  g a s , were re c o rd e d  

pho to  g r a p h ic a l ly .

The a n n o ta te d  d iagram , F ig u re  11 , i l l u s t r a t e s  the 

component p a r t s  of t h i s  cham ber. The t a r g e t  gas was 

c o n ta in e d  in  a  volume w hich was d e f in e d  by th e  c y l in d e r ,  

to p - p la te  and th e  f l e x i b l e  diaphragm  lo c a te d  b e n e a th  th e  

chamber b a s e - p la te .  The to p  was of T r ip le x  g la s s ,

30 c m s .; in  d ia m e te r  and 2 cms. t h i c k ,  and th e  base  was a  

b ra s s  p la te  p e r fo ra te d  w ith  a  la rg e  number o f sm a ll h o le s  

to  a llo w  un ifo rm  gas flo w  betw een the  volum es w hich la y  

above and below . The volume was made gas t i g h t  by f i t t i n g  

neoprene g a sk e ts  a t  th e  to p  and th e  bottom  o f th e  c y l in d e r .

B efo re  the to p - p la te  was clamped to  the  P ersp ex  

c y l in d e r ,  a  few c . c . ’ s of a  d i l u t e  s o lu t io n  o f a c e ty l -  

s a l i c y l i c  a c id  in  w a te r  w ere s p r in k le d  on th e  v e lv e t  w hich  

covered  th e  chamber b a se . T h is  was n e c e s s a ry  as  i t  had 

been found in  th e  p a s t  t h a t  the  p re se n c e  o f a  sm a ll 

q u a n t i ty  o f t h i s  s o lu t io n  p rev en ted  th e  grow th o f mould on
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th e  v e lv e t .  I f  o n ly  w a te r  v/ere added to  th e  cham ber, 

th e  mould appeared  a f t e r  th e  chamber had been s e a le d  f o r  

a  p e r io d  o f a  few v/eeks. As a  p r e c a u t io n  a g a in s t  th e  

phenomena a s s o c ia te d  w ith  vapour d e p le t io n ,  a  r e l a t i v e l y  

la rg e  q u a n t i ty  o f  w a te r  v/as added in  th e  above p rocedu re  

because a c o n s id e ra b le  amount o f w a te r  v apou r was l a t e r  

removed d u rin g  th e  vacuum t e s t s ,  e t c .

The chamber was f i r s t  ev acu a ted  and th e n  f i l l e d  

w ith  th e  a p p ro p r ia te  g a s , s a tu r a t e d  w ith  w a te r  v ap o u r, 

th rough  a  p o r t  in  th e  b a s e - p la t e ,  an d , when f i l l e d  to  

th e  re q u ire d  p r e s s u re ,  t h i s  p o r t  was s e a le d ,

The c y l in d e r  was made o f q u a r te r - in c h  th i c k  P ersp ex

11,5  in c h es  i n t e r n a l  d ia m e te r  and 2 .5  in ch es  h ig h . A 

s i g n i f i c a n t  r e d u c t io n  i n  th e  number o f e le c t r o n  t r a c k s  was 

ach iev ed  by re d u c in g  th e  th ic k n e s s  o f th e  chamber w a lls  to  

0 .09  in c h e s  over tv/o d ia m e tr i c a l ly  o p p o s ite  a re a s  o f 

ap p ro x im a te ly  1 .5  in c h e s  x  3*75 in c h e s ,  which p ro v id ed  

e n t ry  and e x i t  ’windov/s’ f o r  th e  beam.

For th e  in v e s t ig a t io n s  r e p o r te d  in  C hap ters  IV and 

V, diaphragm s o f neop rene  and l / l 6- in c h  p a ra - ru b b e r  

r e s p e c t iv e ly  w ere u se d . The p o s i t i o n  of the  diaphragm  

could  be v a r ie d  by a l t e r i n g  th e  p re s s u re  d if f e re n c e  a c ro s s  

i t .  The upwards t r a v e l  was l im i t e d  by th e  bottom  o f th e  

b a s e - p la te  w h ile  th e  e x te n t  o f th e  downwards m otion  was 

governed by a l im i t i n g  p l a t e .  The p o s i t io n  o f t h i s  p la te
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cou ld  be a l t e r e d  by tu rn in g  th e  th re a d e d  screw  a t  th e  

bo ttom  o f th e  chamber assem b ly . To move th e  diaphragm  

upw ards, com pressed a i r  was fe d  in to  th e  volume below th e  

diaphragm  from a  r e s e r v o i r  ta n k , th e  p re s s u re  i n  w hich was 

c o n t ro l le d  by a  re d u c in g  v a lv e .  The com pressed a i r  

flow ed th ro u g h  a  s o le n o id -o p e ra te d  v a lv e  and a  n eed le  

v a lv e  in to  th e  cham ber. I n  th e  case  o f  a  * f a s t ’ 

ex p an sio n  t h i s  a i r  was r e le a s e d  to  th e  atm osphere th ro u g h  

th e  o n e -in c h  d iam e te r e x i t  arm of th e  * fast*  v a lv e ,  w h ile  

f o r  a  ' slow ’ ex pansion  th e  gas p assed  to  th e  atm osphere 

th ro u g h  a  second so le n o id  v a lv e .

Tfhen th e  p is to n  o f th e  ’ fa s t*  expansion  v a lv e  was 

i n  i t s  upperm ost p o s i t io n  i t  p re s se d  a g a in s t  th e  smooth 

rim  of a  f l e x ib le  b ra s s  b e llo w s , th e re b y  s e a l in g  th e  low er 

s e c t io n  o f th e  chamber from  th e  a tm osphere . The s h a f t  o f 

t h i s  p is to n  was made o f s t e e l  and i t  was h e ld  in  p la c e  by 

th e  a c t io n  o f  a  P .O . so le n o id  th ro u g h  w hich p assed  th e  

ca thode c u r r e n t  o f a  p a i r  o f 6L6 o u tp u t t e t r o d e s  connected  

in  p a r a l l e l .  T h is c u r r e n t  was of th e  o rd e r  o f 80 m illia m p s . 

When a la rg e  n e g a tiv e  p u lse  was a p p lie d  to  th e  c o n t r o l  

g r id s  o f  th e se  v a lv e s ,  th e  c u r r e n t  was c u t  o f f  and th e  

p re s s u re  a c t in g  on th e  upper fa c e  drove th e  p is to n  downwards 

and a llow ed  th e  gas to  pass  o u t t h r o u ^  th e  s id e  o r i f i c e .  

A f te r  th e  expansion  a  second s o le n o id , s i tu a t e d  below th e  

f i r s t ,  was e n e rg ise d  by c lo s in g  a  r e la y  w hich connected  th e
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c o i l  to  a  2 4 -v o lt  P .O . su p p ly . The h a l f - s t e e l ,  h a l f - b r a s s  

a rm atu re  w ith in  t h i s  c o i l  was d r iv e n  upwards and fo rc e d  th e  

’fa s t*  v a lv e  p i s to n  in to  i t s  o r ig i n a l  p o s i t io n  where i t  was 

h e ld  by th e  f i e l d  o f th e  f i r s t  s o le n o id .

An e l e c t r i c  f i e l d  was a p p lie d  betw een th e  to p  and 

bottom  o f th e  chamber in  o rd e r  to  remove unwanted charged  

io n s .  The b ra s s  b ase  o f th e  chamber was e a r th e d  and a  

c le a r in g  f i e l d  o f 400 v o l t s  P .O . was connected  to  a  t h in  

co n d u c tin g  r in g  on th e  u n d e r -s id e  o f th e  to p - p l a t e .  T h is  

r in g  was p a in te d  d i r e c t l y  on to  th e  g la s s  u s in g  a  c o l lo id a l  

su sp e n sio n  of g ra p h ite  i n  w a te r  (A quadag). At o n e -p o in t on 

th e  c ircu m feren ce  o f th e  to p - p la te  th e  r in g  was ex tended  on 

to  a  w ide a r e a  o f th e  s id e  to  w hich th e  f i e l d  su p p ly  was fe d  

th ro u g h  t h i n  copper s t r a p s  h e ld  f i im ly  a g a in s t  th e  g r a p h i te .  

T his f i e l d  was sw itch ed  o f f  b e fo re  th e  ’ f a s t ’ expansion  

to o k  p la c e .

To p ro v id e  a  s a t i s f a c to r y  m a tt s u r fa c e  a g a in s t  

w hich to  p h o to g rap h , b la c k  v e lv e t  was s t r e tc h e d  over th e  

u p p er su rfa c e  o f th e  p e r f o r a te d  b a s e - p la t e .  T hin  n ic k e l  

w ire s  were s t r e tc h e d  a c ro s s  th e  chamber to  form  a  g r id  

w hich r e s te d  on th e  s u r fa c e  o f th e  v e l v e t .  S ince  th e  

lo n g i tu d in a l  w ire s  ( p a r a l l e l  to  th e  beam d i r e c t io n )  were 

a ls o  p a r a l l e l  to  the  l i g h t  s o u rc e s , th e y  r e f l e c t e d  more 

l i g h t  th a n  th e  t r a n s v e r s e  ones and co n seq u en tly  were made 

a s  t h i n  as  p r a c t ic a b le  -  i n  f a c t ,  0 .002  in c h e s . The
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t r a n s v e r s e  w ire s  w ere 0.005 in c h e s . The n e t t  r e s u l t  was 

a  g r id  o f th e  form  shown in  F ig u re  12 , w hich was l a t e r  u sed  

in  th e  a n a ly s is  o f th e  re c o rd e d  e v e n ts .

As any s in g le  ’ run* was l i k e l y  to  l a s t  a  p e r io d  o f 

a t  l e a s t  fo u r  h o u rs , i t  was n e c e s sa ry  to  s t a b i l i s e  th e  gas 

te m p e ra tu re . T h is  was ach iev ed  by f i t t i n g  an alum inium  

s h ie ld  round th e  chamber to  w hich were a t ta c h e d  w a te r -c o o l in g  

p ip e s . T his s h ie ld  se rv ed  a  d u a l purpose in  th a t  i t  a ls o  

sc reen ed  th e  chamber from  any unwanted l i g h t .  The in s id e  

s u r fa c e  was covered  w ith  a  b la c k , m a t t - f in i s h  p ap e r to  

p re v e n t unw anted l i g h t  r e f l e c t i o n s .  F ive r e c ta n g u la r  

’v/indows* w ere c u t in  th e  w a ll  o f th e  c y l in d e r  to  p ro v id e  

th re e  p o r ts  th rough  w hich to  i l lu m in a te  th e  chamber and two 

w hich a c te d  as  e n try  and e x i t  p o r ts  f o r  th e  photon  beam.

The gas tem p era tu re  was m on ito red  by a  th e rm is to r  whose 

r e s is ta n c e  could  be m easured on a b rid g e  o f v/hich i t  

c o n s t i tu te d  one arm.

A weak polonium  sou rce  was mounted on th e  in s id e  

s u rfa c e  of th e  P ersp ex  c y l in d e r .  I n i t i a l l y  th e  o p e ra tin g  

c o n d itio n s  were a d ju s te d  u n t i l  th e  a l p h a - p a r t i c l e s  from 

t h i s  so u rce  p ro v id ed  sh a rp  t r a c k s  in  th e  cham ber.

The chamber was i l lu m in a te d  by two f l a s h  lamps 

s i tu a te d  on e i t h e r  s id e  o f th e  cham ber. Each lamp c o n s is te d  

o f a  M ullard  LSF16 x e n o n - f i l le d  d isc h a rg e  tu b e  e n c lo se d  in  

an e b o n ite  box v /ith  an i n s  e t  p lano -convex  c y l in d r i c a l  le n s
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S i  - r

F ig u re  12.

T y p ic a l c loud  chamber p h o tog raph  
v/liich i l l u s t r a t e s  th e  g r id  and th e  background 
of e le c t r o n  t r a c k s .  The t r a c k  o f an a - p a r t i c l e  
from th e  polonium  so u rce  can  be seen  to p - r ig h t ,  
w h ile  a p ro to n  t r a c k  i s  v i s i b l e  w ith in  the  beam.
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1 0 .5  in c h es  lo n g  and 1 in ch  b ro a d . The d isc h a rg e  tube

approxim ated  to  a l in e  source and was p o s i t io n e d  a lo n g  th e

fo cu s  o f the  c y l in d r ic a l  le n s .  The lamp boxes were 4 .3

in c h es  from  th e  P erspex  c y l in d e r  and la y  p a r a l l e l  to  th e

c e n t r a l  g r id  w ire* They were mounted in  such  a  manner

th a t  th e y  co u ld  be a d ju s te d  in d iv id u a l ly .  Each o f th e

d isc h a rg e  tu b e s  was connected  a c ro s s  a  bank o f  c o n d en se rs ,

o f c a p a c ity  500 uP, w hich cou ld  be charged  to  a maximum

o f 2 .5  kv . The energy  s to r e d  in  th e  co n d en sers  was

d isc h a rg e d  th ro u g h  th e  lamps when th e  gas d isc h a rg e  was

t r ig g e r e d  by a  h igh  v o lta g e  p u lse  su p p lie d  by th e  secondary

o f  an autom obile ig n i t i o n  c o i l .  T h is p u ls e  was fe d  on to

a w ire  s p i r a l  wound round th e  d isc h a rg e  tu b e .  The d u ra t io n

o f th e  f l a s h  was le n g th e n e d  to  abou t 0 .5  m i l l i s e c .  by 
in c lu d in g  a choke in  the  d isc h a rg e  c i r c u i t .  A*steady^ lamp

(c o n s is t in g  of a  6 v o l t ,  24 w a tt  bu lb  beh ind  a  c y l in d r i c a l

le n s )  was u sed  when th e  t r a c k s  were be ing  examined v i s u a l l y ,

a s  th e  f l a s h  was to o  b r i e f  and in te n s e .  The l i g h t  from  th e

lamps form ed a p a r a l l e l  beam w hich p assed  h o r iz o n ta l ly

th ro u g h  th e  chamber. The cam eras, s i tu a te d  above th e

cham ber, reco rd ed  th e  l i g h t  w hich  was s c a t t e r e d  upw ards

by t r a c k s  in  th e  s e n s i t i v e  volum e.

The type o f cam era used  in  th e  experim en ts  r e p o r te d  

in  C hap ters  TV and Y i s  shown in  F ig u re  15 and th e  f e a tu r e s  

o f t h i s  cam era a re  d isc u sse d  o v e r le a f .
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Figure 15.

One of the  cam eras.
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E n ta i  80 mm. f / 4 . 5 e n la rg in g  le n s e s  were 

mounted in  a  manner t h a t  p e rm itte d  th e  a l t e r a t i o n  o f th e  

fo c u s  and , in  th e  cam eras l a b e l l e d  S2 and S3, th e  w hole 

le n s  assem bly  was d is p la c e d  l a t e r a l l y  to  en ab le  a  f u l l  view  

of th e  chamber to  be re c o rd e d  on each  f i lm .  S o le n o id -  

o p e ra te d  s h u t t e r s ,  w hich were in s e r t e d  beh ind  th e  le n s e s ,  

were opened f o r  a  p e r io d  o f from  one to  two seconds by 

e n e rg is in g  the  s o le n o id , b u t th e  exposure tim e was in  f a c t  

de te rm in ed  by th e  d u ra t io n  of th e  lamp f l a s h .  Under 

norm al c o n d itio n s  th e  pho tog raphs w ere taken  v /ith  th e  beam 

room in  t o t a l  d a rk n e ss .

5G-91 I l f o r d  re c o rd in g  f i lm ,  60 mm. w ide , v/as used  

in  25- f o o t  r o l l s  and ap p ro x im a te ly  12 0 exposures were 

re c o rd e d  on each . The f i lm  was drawn th ro u g h  th e 'g a te ' by 

a  24 v o l t  D.O. m otor w hich  r o ta t e d  th e  ’ take-up* sp o o l.

The ’ g a te ’ c o n s is te d  o f an alum inium  b ase  w ith  a g la s s  

p re s s u re  p la te  above and l a t e r a l  d e f i n i t i o n  o f the f i lm  

p o s i t io n  was p ro v id ed  by a  s p r in g - lo a d e d  guide on one s id e  

of the  gate*. A f in e  ad ju s tm en t was a l s o  p ro v id ed  on th e  

s h a f t  o f th e  ’ take-up*  sp o o l b u t t h i s  was o n ly  used  where 

the  norm al r e p r o je c t io n  p rocedu re  was in  o p e ra t io n .

The * take-up* drum r o ta te d  th ro u g h  120® betw een 

su c c e s s iv e  ex p o su res  and th e  e x te n t  o f th e  r o t a t i o n  was 

d e te rm in ed  by a  m ic ro -sw itc h  w hich p re s se d  a g a in s t  th e  

s h a f t .  The d ia m e te r  of th e  drum was so chosen t h a t  th e
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le n g th  o f f i lm  t h a t  p assed  th ro u g h  t h e 'g a t e ’ d u rin g  each  

of th e se  r o t a t i o n s  s l i g h t l y  exceeded th e  d ia m e te r  o f 

th e  im ages.

F our asym m etric s tu d s  lo c a te d  each  cam era on a  

’ Tufnol* h oard  w hich was su p p o rte d , 62 .7  cm. above th e  

to p - p la te  o f the  chamber by th e  cam era s ta n d  whose base 

c o n s is te d  of a  c i r c u l a r  r in g  w hich was b o l te d  to  th e  

tw elve s u p p o r tin g  p i l l a r s  of th e  chamber when th e  s ta n d  was 

in  p o s i t io n .  The s ta n d  was o r ie n ta te d  i n  su ch  a manner 

t h a t  th e  f i lm s  ra n  a t  r i g h t  a n g le s  to  th e  c e n t r a l  g r id  w ire .

In  o rd e r  to  f a c i l i t a t e  the  a n a ly s i s ,  th e  

m a g n if ic a tio n s  o f  th e  cam eras were made e x a c t ly  e q u a l.

Each was de term ined  from  m icroscope m easurem ents made on 

t e s t  pho tographs o f a  g r id .

F u r th e r  t e s t  pho tographs were ta k en  i n  o rd e r  to  

e s tim a te  th e  q u a l i ty  o f the  chamber i l lu m in a t io n .

The e f f e c t s  produced by poor c o l l im a tio n  o f th e  l i g h t  beam 

were im m ediate ly  obvious on ex am in a tio n  o f th e se  e x p o su re s . 

The peak v o lta g e  o f the  condenser bank was v a r ie d  and an  

exposure ta k en  a t  each v a lu e  in  o rd e r  to  d e te rm in e  th e  

optimum o p e ra tin g  v o lta g e .

The c o n d en sa tio n  n u c le i  w hich rem ained a f t e r  a  

’ f a s t ’ expansion  had to  be removed b e fo re  th e  n e x t expansion  

i f  th e  cloud  chamber was to  be used  s u c c e s s f u l ly .  I n  o rd e r  

to  ach iev e  t h i s ,  ’ slow* o r  ’c le a rin g *  ex p an sio n s were 

made betw een su c c e s s iv e  ’ fa s t*  e x p a n s io n s , in  th e  manner
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d e sc r ib e d  p re v io u s ly . Over as le n g th y  a p e r io d  as 120 

com plete c y c le s  i t  was o f th e  u tm ost im portance  to  en su re  

u n ifo rm ity  o f t r a c k  q u a l i ty  and to  t h i s  end th e  ’ slow* 

expansions were made f u l l y  a u to m a tic .

A u n i s e l e c to r  mechanism was th e  b a s ic  component 

o f th e  u n i t  b u i l t  to  c a r ry  ou t t h i s  p ro c e d u re . In  

p r in c ip le  t h i s  c a is is te d  o f  a  sw itch  w i th  e ig h t  b an k s, 

each  w ith  25 c o n ta c ts .  These were s e le c te d  in  tu r n  by 

e ig h t  w ip e r arms w hich were moved to  su c c e ss iv e  p o s i t io n s  

by e n e rg is in g  th e  c o n t ro l  s o le n o id . The c o i l  was 

s i tu a te d  in  th e  ca thode o f a th y ra t ro n  whose g r id  was a t  

a f ix e d  n e g a tiv e  p o t e n t i a l .  The anode was connected  to  

th e  p o s i t iv e  te rm in a l o f a  30 condenser w hich  was 

charged  up t h r o u ^  one o f s e v e ra l  r e s i s t a n c e s  from  a  

s t a b i l i s e d  h igh  te n s io n  su p p ly . When th e  v o lta g e  on th e  

anode of th e  th y r a t r o n  exceeded the c r i t i c a l  v a lu e ,  the  

v a lv e  conducted  and th e  condenser d isc h a rg e d  th ro u g h  i t ,  

th u s  e n e rg is in g  th e  u n i s e l e c to r  s o le n o id . The i n t e r v a l  

o f tim e betw een su c c e s s iv e  d isc h a rg e s  was de term ined  by 

th e  tim e c o n s ta n t o f th e  condenser and th e  r e s i s ta n c e  

a p p ro p r ia te  to  th e  p o s i t io n  occupied  by th e  w ip e r arm 

b e fo re  each d isc h a rg e  to o k  p la c e .  Hence by u s in g  one 

bank of c o n ta c ts  to  s e le c t  th e  a p p ro p r ia te  r e s i s t a n c e s ,  

i t  was p o s s ib le  f o r  th e  u n i s e le c to r  to  c o n tro l  th e  tim in g  

o f i t s  own c y c le .
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The so le n o id  v a lv e s , w hich c o n t r o l le d  th e  ’ s lo w ’ 

expansions and co m p ressio n s, were e n e rg is e d  when a  w ip e r  

arm made c o n ta c t  w ith  th e  a p p ro p r ia te  c o n ta c ts  on one 

bank* The o th e r  banks were u sed  to  c o n t r o l  th e  

a u X ilia r :y o p e ra t io n s  a s s o c ia te d  w ith  th e  c y c lin g  o f th e  

cloud  chamber* These in c lu d e d

(a) opening and c lo s in g  th e  s h u t t e r s ;

(b) e n e rg is in g  th e  r e s e t  s o le n o id ;

(c) w ind ing  th e  f i lm s  forw ard  a f t e r  each  ex p o su re ;

(d) the  in c lu s io n  o f  a  d e lay  a f t e r  th e  l a s t  ’ s low ’ 

ex p an sio n  to  ensu re  th a t  th e  v/orking gas had 

r e tu rn e d  to  a  s ta b le  c o n d i t io n . (T h is  v/as 

n e c e s s a ry , because tu rb u le n c e  d i s to r t e d  th e  t r a c k s ) .

(e) sw itc h in g  o f f  th e  c le a r in g  f i e l d  b e fo re  th e  ’ f a s t ’ 

expansion* I f  t h i s  were n o t done, th e  io n s  were 

dragged ou t o f the  t r a c k s ,  w ith  th e  r e s u l t  t h a t  

th e y  became l e s s  w e ll  d e f in e d .

F iv e  seconds were r e q u ire d  to  com plete  each  

’ slow ’ exp an sio n  and th e  v a r ia b le  d e la y , w hich  fo llo w ed  

the  l a s t  o f th e s e ,  was g r e a te r  th a n  35 seco n d s. The number 

o f ’ slow* ex p an sio n s  w hich were re q u ire d  to  c l e a r  th e  

chamber was dependen t on th e  i n t e n s i t y  of io n i s a t i o n  w hich 

was p r e s e n t ,  and i t  was foim d th a t  a  minimum o f th re e  was 

re q u ire d . I n  th e  c o n s tru c t io n  o f t h i s  u n i t  p ro v is io n  was 

made f o r  a  maximum o f  f iv e  ’ slow* expansions*
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B efore th e  cloud chamber was moved in to  th e  

sy n ch ro tro n  beam room, th e  photon  beam had to  be 

c o llim a te d . The p o s i t io n  o f maximum in t e n s i t y  o f  th e  

\m co llim a ted  beam was determ ined  by i r r a d i a t i n g  an a r r a y  

of th in  copper ro d s  and co u n tin g  th e  induced  b e t a - a c t i v i t y  

of each in  a  s ta n d a rd  geom etry. A b lo c k  o f  le a d  w ith  a  

r e c ta n g u la r  a p e r tu re  c u t in  i t  was p o s i t io n e d  so th a t  th e  

c e n tre  of th e  a p e r tu re  co in c id e d  w ith  th e  p o s i t io n  o f 

maximum beam i n t e n s i t y .  The n e a r  fa c e  o f t h i s  b lo ck  was 

36 .8  cms. from  th e  sy n c h ro tro n  t a r g e t .  The a p e r tu re  

m easured 3 .9  cms. by 0 .95  cms. a t  th e  fa c e  n e a r e s t  th e  

sy n c h ro tro n  and 5 .5  cms. by 1 .4  cms. on th e  o th e r .  The 

c o l l im a to r  was mounted in  p o s i t io n  and th e  i n t e n s i t y  

d i s t r i b u t i o n  o f th e  beam th a t  emerged from  i t  was re c o rd e d  

on an X -ray  f i lm  lo c a te d  on th e  beam room s id e  o f  th e  

c o l l im a to r .  Two le a d  p la te s  were m ounted, one on each 

s id e  of th e  c o l l im a to r ,  each  w ith  a  row o f  th re e  p in -h o le s  

d r i l l e d  in  i t ,  th e  m iddle one being  lo c a te d  a t  th e  c e n tre  

o f th e  c o l l im a to r  a p e r tu r e .  The l in e  jo in in g  th e  th re e  

h o le s  in  th e  one p la te  was a t  45 d e g rees  to  th e  

co rresp o n d in g  l i n e  in  th e  o th e r .  Y/hen an X -ray  p la te  was 

i r r a d i a t e d  beyond th e  le a d  p l a t e s ,  th e  p a t te r n  o f sp o ts  

t h a t  was observed  in d ic a te d  th e  o r i e n ta t io n  o f th e  

c o l l im a to r  w ith  r e s p e c t  to  th e  beam d i r e c t io n .  \Yhen 

c o r r e c t ly  a l ig n e d , i . e . ,  when the  a x is  o f the  c o l l im a to r
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p assed  th ro u g h  th e  sy n c h ro tro n  t a r g e t ,  th e  sp o ts  

co rresp o n d in g  to  th e  two c e n t r a l  h o le s  were superim posed . 

F in a l ly  th e  i n t e n s i t y  d i s t r i b u t i o n  o f th e  beam t h a t  

emerged from  th e  c o r r e c t ly  o r ie n ta te d  c o l l im a to r  was 

determ ined  by i r r a d i a t i n g  a n o th e r  a r r a y  o f copper ro d s .

The chambef was th en  p o s i t io n e d  in  f r o n t  o f  the  c o l l im a to r  

and i t s  h e ig h t a d ju s te d  u n t i l  th e  beam p assed  c e n t r a l l y  

th ro u g h  th e  s e n s i t iv e  re g io n .

In  a s tu d y  o f p h o to n u c le a r  r e a c t io n s ,  i t  i s  

e s s e n t i a l  t h a t  good t r a c k  q u a l i ty  be o b ta in e d  in  o rd e r  to  

be ab le  to  d i f f e r e n t i a t e  betv/een s in g ly -  and dou b ly -ch arg ed  

r e a c t io n  p ro d u c ts . I n  o rd e r  to  achieve t h i s ,  th e  o u tp u t 

of th e  sy n c h ro tro n  was reduced  to  s in g le ,  s h o r t  b u r s t s  o f 

% f-rays. Once th e  v a lu e  of th e  ex p an sio n  r a t i o  had been 

f ix e d ,  th e  t r a c k  q u a l i ty  depended on th e  tim e d e la y  betw een 

th e  ’fa s t*  ex pansion  and th e  passage  o f the  pho ton  beam.

Y/hen th e  sy n c h ro tro n  was o p e ra te d  under * s in g le -sh o t*  

c o n d i t io n s , th e  magnet was perm anen tly  e n e rg ise d  and th e  

b u r s ts  o f y  - r a y s  were o b ta in e d  when th e  sy n c h ro tro n  gun 

was p u lsed  v i a  a  push b u tto n . When t h i s  b u tto n  was 

p re s se d , a p u ls e , d e riv e d  from  a p eak er c o i l  w ith in  th e  

m agnet, was p assed  to  a f l i p - f l o p  c i r c u i t  in  the c lo u d  

chamber c o n t ro l  u n i t  w hich produced th e  n e g a tiv e  p u lse
t \

t h a t  t r ig g e r e d  th e  f a s t  ex p an sio n . A f te r  th e  c loud  chamber 

p u lse  th e re  was a  f i n i t e  d e lay  b e fo re  th e  p u lse  was p assed
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to  th e  sy n c h ro tro n  gun. This d e lay  co u ld  he a l t e r e d  

in  s te p s  o f 5 m ill is e c o n d s  between 30 and 70 m ill is e c o n d s  

and the  s h o r te s t  d e la y  c o n s is te n t  w ith  good t r a c k  q u a l i ty  

was used  in  th e  e x p e rim e n ts . T his optimum v a lu e  was 

ap p ro x im a te ly  40 m ill is e c o n d s . Too s h o r t  a  d e la y  produced 

d i f f u s e  t r a c k s ;  to o  lo n g  a d e lay  in c re a s e d  th e  background 

i n t e n s i t y .  A f te r  a  f u r th e r  d e la y , a  p u lse  v/as fe d  from  

th e  chamber c o n tro l  u n i t  to  the  p rim ary  o f th e  i g n i t i o n  

c o i l  whose secondary  p ro v id ed  th e  p u lse  t h a t  t r ig g e r e d  

th e  lam ps. This d e la y  was c o n tin u o u s ly  v a r ia b le  w ith  an 

optimum v a lu e  o f ap p ro x im ate ly  120 m il l i s e c o n d s .  T h is was 

th e  minimum d e lay  s e le c te d  so t h a t  a lth o u g h  s u f f i c i e n t  

c o n d e n sa tio n  had o ccu rred  on the  heavy c h a r g e d - p a r t ic le  

t r a c k s ,  th e  e le c t r o n  background i n t e n s i t y  was n o t a t  i t s  

maximum n o r had the  t r a c k s  o f i n t e r e s t  become d i f f u s e .

To m o n ito r th e  beam an i o n i s a t i o n  chamber was 

mounted on the  w a ll  o f the  sy n ch ro tro n  beam room behind 

the  cloud chamber and th e  p u lse s  from  i t  were a m p lif ie d  by 

a c o n v e n tio n a l a m p l i f ie r  b e fo re  be ing  d is p la y e d  on a  G ossor 

o s c i l lo s c o p e . The h e ig h t of each p u lse  was m easured on the  

s c re e n  of th e  c a th o d e -ra y  o s c il lo s c o p e  and th e  t o t a l  

i r r a d i a t i o n  dose f o r  each  experim ent was o b ta in e d  by 

summing th e se  p u lse  h e ig h ts .  The m o n ito rin g  system  was 

c a l ib r a te d  by com paring tlie p u lse  h e ig h ts  n o te d  d u rin g  an 

i r r a d i a t i o n  o f a  s ta n d a rd  copper s h e e t to  th e  a c t i v i t y
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induced  in  th e  s h e e t .  T his a c t i v i t y  was coun ted  in  a 

s ta n d a rd  geom etry and use was th e n  made o f  th e  c a l i b r a t i o n  

d e r iv e d  by I .P .  W right (6 6 ), who compared th e  a c t i v i t y  

induced  in  th e  copper s h e e t  w ith  th e  re sp o n se  o f  a  V ic to re e n  

th im b le  mounted a t  th e  c e n tre  o f a P ersp ex  b lo c k .

Under c o n d itio n s  o f c o n s ta n t magnet c u r r e n t ,  th e  

peak energy  of th e  brems s t  rah lu n g  beam was d e te rm in ed  by 

d is p la y in g  th e  r - f  envelope and a p u ls e  from  a  pealcing 

c o i l  on the  two t r a c e s  o f  a twin*^beam o s c il lo s c o p e  and 

a r ra n g in g  t h a t  the ’back edge* o f th e  r - f  envelope 

c o in c id e d  in  tim e w ith  th e  p r e - s e t  p o s i t io n  o f th e  p u lse  

from  th e  p eak er c o i l .  The v a lu e  o f the b ia s  c u r r e n t ,  w hich 

d e te rm in ed  a t  w hat time th e  peak er p u lse  ap p eared  in  the  

magnet c y c le ,  p ro v id ed  a  measure o f th e  maximum energy  of 

th e  c i r c u la t i n g  e le c t r o n  beam. B efore  each  run  th e  b ia s  

c u r r e n t  v/as s e t  a t  th e  re q u ire d  v a lu e  (o b ta in e d  from  th e  

machine c a l ib r a t io n )  and th e  *back edge * o f the  r - f  

envelope was b ro u g h t in to  co in c id en ce  w ith  th e  p eak e r p u lse  

on a tim e s c a le .  Uo a d ju s tm en ts  were made to  th e  r - f  

envelope v /ithou t su b se q u e n tly  re p e a t in g  th e  above p ro c e d u re . 

I t  was e s tim a te d  th a t  th e  peak energy  o f th e  c i r c u l a t i n g  

e le c t r o n  beam was s ta b le  to  w ith in  t  0 .5  Mev.



CHAPTER I I I .
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In  e a r l i e r  experim en ts  th e  chamber was 

photographed  w ith  th re e  cam eras, w ith  t i l t e d  le n s e s ,  

in c l in e d  to  one a n o th e r  and th e  ph o to g rap h s o f th e  re c o rd e d  

e v e n ts  were an a ly se d  by a s ta n d a rd  r e p r o je c t io n  m ethod. In  

t h i s  method th e  f ilm s  were re p la c e d  in  th e  a p p ro p r ia te  

cam eras and l i g h t  was shone down th ro u g h  the  cam eras from  

above. The im ages o.f th e  e v e n ts  re c o rd e d  on th e  f i lm s  were 

c a s t  on a p iv o te d  ta b le  belov/. The t a b le  was moved u n t i l  

the  th r e e  images w ere superim posed. In  t h i s  c o n d i t io n  th e  

c o in c id e n t images co rresp o n d ed  e x a c t ly ,  in  o r i e n t a t i o n  and 

m agnitude, to  the o r ig in a l  t r a c k .

In  c loud  chamber s tu d ie s  o f p h o to n u c le a r  r e a c t io n s  

i t  i s  sometimes n e c e s sa ry  to  measure th e  ra n g e s  o f th e  

r e c o i l in g  r e s id u a l  n u c le i .  Such n u c le i  n o rm a lly  y ie ld  

t r a c k s  of l e s s  than  1 cm. and th e  r e p r o je c t io n  te c h n iq u e  

was i n t r i n s i c a l l y  in c ap ab le  o f m easuring  such  s h o r t  t r a c k s  

to  any rea so n ab le  degree o f a c c u ra c y . One s o lu t io n  to  

t h i s  problem  was proposed  by I .F .  Vf r i g h t  (12) who m easured , 

d i r e c t l y  on th e  f i lm s , th e  le n g th s  o f  th e se  s h o r t  t r a c k s  

u s in g  a  b in o c u la r  m icroscope o f  low m a g n if ic a t io n  ( x 2 5 ) .

In  t h i s  te ch n iq u e  th e  t r u e  le n g th  o f th e  t r a c k  

could be c a lc u la te d  from th e  m easurem ents u s in g  th e  known 

geom etry of th e  cam era system . Such c a lc u la t io n s  cou ld  be 

com p lica ted  and la b o r io u s  and c o n se q u e n tly  l i a b l e  to  

a r i th m e t ic  e r r o r  b u t cou ld  be g r e a t ly  s im p l i f ie d  by
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choosing  a  s u i ta b le  cam era geom etry . In  th e  system  

chosen , th e  th re e  cam eras were mounted on a h o r iz o n ta l  

board  w ith  th e  le n s e s  a t  th e  v e r t i c e s  o f an i s o s c e le s  

t r i a n g l e  (F ig u re  1 4 ) . The o r ig in  o f the  c o -o rd in a te  system  

a s s o c ia te d  w ith  the  cam eras was d e f in e d  by th e  in t e r s e c t i o n  

o f th e  v e r t i c a l  p r o je c t io n  th rough  th e  c e n tr e  o f th e  le n s  

o f th e  T^ camera and th e  p lan e  o f th e  chamber g r id .  The 

X -a x is  was d e fin e d  to  be th e  beam d ir e c t io n ,w h ic h w a s  a ls o  

th e  d i r e c t io n  of the  c e n t r a l  g r id  w ire ,  w h ile  th e  Y and Z 

axes com pleted the  o rth o g o n a l s e t .  The c a lc u la t io n s  

t h e r e a f t e r  assumed t h a t  th e  f i lm  from  th e  T^ cam era was 

u sed  to g e th e r  w ith  one o th e r .  Y/here th e re  were th r e e  

cam eras in  u se , the  second f i lm  was chosen  to  be t h a t  from  

th e  cam era n e a re s t  to  th e  p a r t i c u l a r  ev en t under 

ex am in a tio n , th e re b y  red u c in g  le n s  d i s t o r t i o n  to  a  minimum.

Vf hen th e  cam eras were mounted in  the  r e p r o je c t io n ;  

s ta n d  shown in  F ig u re  15, th e  v e r t i c a l  s e p a ra t io n  o f th e  

camera b oard  and th e  moveable t a b l e ,  in  i t s  lo w est p o s i t io n ,  

was made eq u a l to  the  p re v io u s ly  m easured d is ta n c e  betw een 

th e  board  and th e  chamber g r id .  The o r ig in  of th e  

r e p r o je c t io n  frame o f  re fe re n c e  was d e f in e d  by a  plumb 

l in e  suspended from th e  c e n tre  o f  the  le n s  o f th e  T]_ cam era. 

By r e p la c in g  the  f i lm s  in  th e  a p p ro p r ia te  cam eras and 

a l ig n in g  th e  r e p r o je c te d  im ages, i t  was p o s s ib le  to  d e fin e  

th e  d i r e c t io n  of th e  c e n t r a l  g r id  w ire  and hence th e  X -a x is .
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F ig u re  14

The r e l a t i v e  p o s i t io n s  o f th e  
cam eras.
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Fi^rure 15

The r e p r o je c t io n  s ta n d  w ith  th e  
t r a c k  s im u la to r  on th e  moveable ta b le
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In  th i s  procedure the  to p -p la te  o f the chamber was 

in s e r te d  between the cameras and th e  ta b le  to  cance l th e  

e f f e c t s  of r e f r a c t io n  in tro d u ced  by the g la s s  w hile th e  

exposures were being  made. T h e re a f te r  any p o in t in  th e  

chamber could be lo c a te d  in  the  re p ro je c t io n  system w ith  

the  use o f a  m illim e tre  g r id  f ix e d  to  th e  top  of the  ta b le  

and a v e r t i c a l  s c a le  a lo n g s id e .

In  th e  a n a ly s is  o f  each tr a c k  one norm ally w ishes 

to  o b ta in  the fo llo w in g  p r o p e r t i e s : -

(1) th e  p o s it io n s  of the o r ig in  and end p o in t of 

the  t r a c k , should  the l a t t e r  l i e  w ith in  the  

s e n s i t iv e  volume of the  chamber.

(2) th e  angle  between th i s  t r a c k  and a stan d ard  

d i r e c t io n  ( i . e . ,  the a x is  of th e  beam).

(5) th e  le n g th  of th e  t r a c k .

When u sin g  th e  m icroscope techn ique  the  

c o -o rd in a te s  of a p o in t on the tra c k  were measured w ith  

r e s p e c t  to  th e  re fe re n c e  g r id  on th e  base of the  chamber 

(C hap ter I I ) ,  and a l l  the an g le s  were measured w ith  

re s p e c t  to  the  c e n t r a l  g r id  w ire . As m entioned e a r l i e r ,  

t h i s  d i r e c t io n  was chosen to  be p a r a l l e l  and v e r t i c a l l y  

below th e  a x is  of th e  beam.

The measurements were c a r r ie d  ou t as fo llow s

(a ) Using th e  v e r n ie r  s c a le s  a s s o c ia te d  w ith  the

m icroscope s tag e  movements, th e  c o -o rd in a te s  of the o r ig in
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and e n d -p o in t of each, tra c k  were measured r e la t iv e  to  

th e  n e a re s t  re fe re n c e  p o in t on th e  c e n tr a l  g r id  w ire 

( f o r  the  T]_ f i lm ) , and th i s  p rocess was th en  rep ea ted  f o r  

th e  second f i lm . This y ie ld e d  ( z i , y i )  and (x2 ,y 2)« I f  

th e se  were then  added to  the  c o -o rd in a te s  of the  chosen 

re fe re n c e  p o in t ,  one o b ta in ed  th e  c o -o rd in a te s  of th e se  

p o in ts  in  the camera frame of re fe re n c e .

(b) The an g les  between th e  tr a c k  and the  c e n tra l  

g r id  w ire  were measured w ith  the  goniom eter head on th e  

m icroscope f o r  b o th  f i lm s . T h is gave and

(c) The le n g th s  of th e  t r a c k ,  a s  reco rd ed  on b o th  

f i lm s ,  were measured w ith  the  ey e -p iece  sc a le  o f the 

m icroscope to  y ie ld  Li and L2*

The c o -o rd in a te s  (x ,y ,z )  of the  p o in t could be 

c a lc u la te d  from

2 = 0  ( | z i  -  1 2 ) + I y i  -  7 2 1 )

Y  =  my2̂ (1 -  z / h )  +  ï r e f .

X  =  m x i  ( 1  -  z /h )  +

where

C = a c o n s ta n t dependent on th e  dim ensions 

o f the camera system , 

h = th e  v e r t i c a l  h e ig h t o f th e  le n se s  above 

the  p lane of the  g r id ,  

m -  th e  m a g n if ic a tio n  of th e  re c o rd in g  system,
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The v a lu e  o f m was o b ta in e d  from  th e  r a t i o  o f " th e  

d is ta n c e  betw een two s p e c i f ie d  re fe re n c e  p o in ts  on the  

c e n t r a l  g r id  v/ire a s  m easured on th e  f i lm  v /ith  a m icroscope" 

to  " th e  d is ta n c e  betw een the  same two p o in ts  m easured in  

th e  chamber".

The c a lc u la t io n s  w hich d e r iv e d  th e  c o -o rd in a te s  

from  th e  m easurem ents on th e  f i lm  were based  on th e  

fo llo v /in g  c o n d i t io n s : -

(1) The image o f a  t r a c k  on any f i lm  was a  

h o r iz o n ta l  p r o je c t io n  o f t h a t  t r a c k .

(2) The h e ig h t  o f a  p o in t above th e  g r id  was 

p ro p o r t io n a l  to  th e  d isp la c e m e n t, from  th e  g r id ,  

o f i t s  p r o je c t io n  from  a  f ix e d  p o in t ,  w hich was 

n o t v e r t i c a l l y  above i t .  C onsequently  th e  h e ig h t 

of a  p o in t was d e fin e d  by th e  m easurem ents o f  th e  

d isp la cem en ts  from  two f ix e d .p o in t s .  . %

A lthough i t  was p o s s ib le  to  c a l c u la te  th e  a n g le s  o f  a  

t r a c k  from  the m easurem ents made on th e  f i lm s ,  th e  

n e c e s s a ry  c a lc u la t io n s  were e x c e e d in g ly  la b o r io u s  and a 

t r a c k  s im u la to r  (F ig u re  16) was in tro d u c e d  in to  th e  

r e p r o je c t io n  system  to  f a c i l i t a t e  th e  a n a ly s i s .  T h is  t r a c k  

s im u la to r  was a  m echan ical d ev ice  c o n s is t in g  of a  n e e d le , 

si][ in c h e s  in  le n g th ,  mounted in  a  b a l l  and so ck e t a t  the  

c e n tre  o f  a  560^ p r o t r a c t o r .  L ig h t v/as shone do?m th ro u g h  

th e  cam eras on to  t h i s  dev ice when s i tu a te d  on th e  

r e p r o je c t io n  t a b l e .  The s im u la to r  v/as p o s i t io n e d  in  such  a
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F ig u re  16.

The t r a c k  s im u la to r .
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manner t h a t  the  c o -o rd in a te s  of th e  c e n tre  of the  h a l l  

i n  th e  camera fram e of re fe re n c e  w ere those  of th e  o r ig in  

o f th e  e v e n t, i f  i t  la y  low er th a n  th e  end p o in t .  The 

0^-180^ and 90^-270^ l i n e s  on th e  p r o t r a c to r  w ere a l ig n e d  

w ith  th e  X and Y axes r e s p e c t iv e ly .  The n e e d le  was th e n  

r o ta t e d  u n t i l  th e  shadows t h a t  i t  c a s t  on th e  h o r iz o n ta l  

p lan e  made a n g le s  w ith  r e s p e c t  to  th e  X -a x is  e q u a l to  th e  

co rresp o n d in g  a n g le s  m easured on th e  f i lm s .  The n eed le  

th e n  had th e  same o r ie n t a t i o n  in  th e  r e p r o je c t io n  system  

as  th e  t r a c k  p o sse ssed  in  th e  chamber system . The 

re q u ire d  a n g le s  w ere th e n  re a d  o f f  th e  p r o t r a c to r  s c a le s  

i f  allow ance was made f o r  th e  th ic k n e s s  o f th e  n eed le  by 

ta k in g  the  mean o f th e  re a d in g s  o b ta in e d  w ith  th e  

p r o t r a c to r  on e i t h e r  s id e  of th e  n e e d le . The ang le  read  

o f f  th e  v e r t i c a l  p r o t r a c to r  v/as ta k e n  as p o s i t i v e ,  i . e . ,  

th e  t r a c k  p o in te d  upr/ards.

The te ch n iq u e  was m o d ified  i f  th e  t r a c k  d i r e c t io n  

was downwards. The s im u la to r  was moved to  occupy th e  

p o s i t io n  o f th e  bottom  of th e  t r a c k ,  i . e . ,  th e  e n d -p o in t .

As a r e s u l t  o f t h i s ,  th e  a n g le s  to  be c a s t  by th e  n eed le  
w ere now t  180^ and 4= 180®. The an g le  re a d  o f f

th e  v e r t i c a l  p r o t r a c to r  was now n e g a t iv e .  The ang le  in  th e  

v e r t i c a l  p lane  was d e s ig n a te d  by th e  symbol a w h ile  t h a t  in  

th e  h o r iz o n ta l  p lan e  by 0 .

I f  0 vfas ^  18QO the  v a lu e s  used  in  th e  a n g u la r
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d i s t r i b u t io n s  w ere 360^-G. T h is  was b ased  on the  

re a so n a b le  assum ption  th a t  th e  d i s t r i b u t i o n  betw een 

9 = 0 ^  and 0 = -180^ was e q u iv a le n t  to  th a t  betw een 

0 = 0 ®  and 0 = +180®.

A lthough th e  le n g th s  of th e  t r a c k s  cou ld  be 

c a lc u la te d  from  th e  c o -o rd in a te s ,  i . e . ,

+ A y  T  A z ^  i t  was c o n s id e re d  more a c c u ra te  

to  measure them on th e  f i lm s .  These were th e  v a lu e s  L]_ 

and L2 m entioned e a r l i e r .  The t r a c k  s im u la to r  was used  

to  co n v ert th e s e  v a lu e s  in to  t r u e  t r a c k  le n g th s  in  th e  

fo llo w in g  m anner.

l ihen  th e  s im u la to r  was p o s i t io n e d  to  de te rm ine  

th e  a n g le s , o n ly  one le n s  was l e f t  uncovered  and th e  

s im u la to r  moved, v /ith o u t a l t e r i n g  th e  o r ie n t a t i o n  o f th e  

n e e d le , u n t i l  th e  end of th e  shadow c o in c id e d  w ith  the  

p o in t  d e fin ed  by the c o -o rd in a te s  o f th e  e n d -p o in t o f th e  

t r a c k ,  i f  a was p o s i t i v e .  The le n g th  o f th e  shadov/ v/as 

th e n  measured L^. The p ro c e ss  v/as re p e a te d  v /ith  th e  

second camera to  g iv e  1*2* analogous p ro ced u re  v/as 

employed where a v/as n e g a t iv e .

The le n g th  of th e  t r a c k  v/as o b ta in e d  from

^need le
^ tr a c k  ” ^ f ilm  % M ( l  -  )•^shadow h

where
ZjQ = th e  z c o -o rd in a te  of the  lo w est p o in t on 

th e  t r a c k .
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M = th e  m a g n if ic a tio n  a s s o c ia te d  w ith  the ey e-p iece  

s c a le .  T his was determ ined by a procedure 

analogous to  th a t  adopted  e a r l i e r  in  f in d in g  

th e  v a lu e  o f m.

In  a d d i t io n  to  th e  ease  w ith  which th e  p ro cess  cou ld  be 

c a r r ie d  o u t, i t  was more r e l i a b l e ,  s in ce  each s te p  could 

be v e r i f i e d ,  e . g . ,  i f  the  c o -o rd in a te  measurements were in  

e r r o r  i t  was n o t  p o s s ib le  to  o b ta in  agreem ent between the 

’ shadow* an g le s  and those  m easured on th e  f i lm s .  S im ila r ly , 

where th re e  cam eras were u sed , agreem ent could  no t be 

o b ta in ed  i f  in  f a c t  one o f th e  an g les  had been in c o r r e c t ly  

m easured.

There was one r e s t r i c t i o n  to  th e  a p p l ic a b i l i t y  

of t h i s  system . The m echanical d e s ig n  of the  s im u la to r 

p rev en ted  a measurement in  th e  v e r t i c a l  p lane of ang les 

of l e s s  than  10®. However, the s ig n i f i c a n t  angle to  be 

o b ta in e d  was in  f a c t  ^  ( th e  angle between the tra c k  and 

th e  a x is  of th e  beam) and t h i s  i s  o b ta in ed  from

cos ^  = cos 0  cos a  

and co n seq u en tly  where a  was le s s  th a n  10® th e  va lue  of 

th e  co s in e  was c lo se  to  u n i ty  and the  e r r o r  in tro d u ced  

in  ^  was sm a ll. The e f f e c t  on the le n g th  measurements was 

a ls o  sm a ll. The e r r o r  in tro d u ced  in to  the measurements 

by assum ing t h a t  cos a = 0.995 fo r  a l l  tra c k s  w ith  a <C 10®

was l e s s  th an  15̂ .
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The a c c u ra c y  o f th e  m icroscope m easurem ents was 

e s tim a te d  from  a  t e n - f o ld  a n a ly s i s  o f a  t r a c k ,  s e le c te d  a t  

random, u s in g  th e  m icroscope te c h n iq u e  o n ly . The r e s u l t s  

o b ta in e d  from  t h i s  su rv e y  showed t h a t

(1) f o r  th e  m easurem ent o f X and Y c o -o rd in a te s  

(40 m easurem ents) th e  s ta n d a rd  d e v ia t io n  was 

a p p ro x im a te ly  0 .05  cm.

(2) f o r  m easurem ents o f Z c o -o rd in a te s  (20 

m easurem ents) th e  s ta n d a rd  d e v ia t io n  was 

0 .125  cm.

(3) m easurem ent o f th e  le n g th  u s in g  th e  e y e -p ie c e  

s c a le  had a  s ta n d a rd  d e v ia t io n  o f 0 .025  cm. in  

a c tu a l  t r a c k  le n g th .  T h is  f ig u r e  co u ld  be 

l a r g e r  i f  th e  t r a c k  q u a l i ty  w ere p o o r.

(4) th e  s ta n d a rd  d e v ia t io n  i n  th e  m easurem ent o f 

a n g le s , u s in g  th e  g o n io m e te r, was o f th e  o rd e r  

of one d e g re e . I t  was b e l ie v e d  t h a t ,  u s in g  th e  

t r a c k  s im u la to r ,  th e  e r r o r  in  9 would be ab o u t 

th e  same, i . e . ,  1®, w h ile  t h a t  i n  a  would be 

s l i g h t l y  l a r g e r  -  ab o u t th r e e  d e g re e s .

As can  be seen  from  th e  above r e s u l t s ,  th e  a ccu ra cy  o f 

th e  d e te rm in a t io n  o f th e  le n g th s  of th e  t r a c k s  from  th e  

c o -o rd in a te  m easurem ents depended l a r g e ly  on th e  a c c u ra c y  

o f  th e  d e te rm in a tio n  of th e  Z c o -o rd in a te s . I t  was f o r  

t h i s  re a so n  th a t  th e  ran g es  o f th e  charged  p a r t i c l e s
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m easured in  th e  exp erim en ts  r e p o r te d  in  C hap ters  IV 

and V were ta k e n  from  th e  t r a c k  s im u la to r  re a d in g s  

r a th e r  th a n  from  th e  c o - o r d in a te s .  I t  was b e l ie v e d  

t h a t  the  e r r o r  in  t h i s  p ro c e ss  amounted to  l e s s  th a n  

0 .1  cm.

The r e p r o je c t io n  system  was checked by com paring

th e  le n g th s  as m easured by t h i s  method w ith  th o s e  o b ta in e d

from  th e  c o -o rd in a te s  o f th e  e n d -p o in ts  o f th e  t r a c k s

( th i s  a ls o  checked th e  a ccu ra cy  o f  th e  o r ie n t a t i o n  o f th e

t r a c k  s im u la to r)  f o r  a la rg e  number o f e v e n ts .  A ty p ic a l

example o f t h i s  p ro c e s s  i s  i l l u s t r a t e d  i n  C hap ter V.

I n  an a tte m p t to  e s t im a te  th e  e x te n t  of

s u b je c t iv e  e r r o r s ,  a  la rg e  number o f e v e n ts  w ere a n a ly se d

by two independen t w orkers and th e  r e s u l t s  in d ic a te d  t h a t  
th e se  e r r o r s  v/ere o f  th e  o rd e r  of o r  l e s s  th a n  th o se

d isc u sse d  above.



CH/iPÏER IV.

PHOÏOPROTOIÎS PROM IffiOlI.



58.

4 .1 .  I n t r o d u c t io n .

The p h o to d is in te g r a t io n  o f neon was s tu d ie d  

p r im a r i ly  to  in v e s t ig a te  the  m u lt ip le  em issio n  o f n u c le a r  

frag m en ts  such  a s  s - p a r t i c l e s  and p ro to n s  (Appendix I I ) . 

However, a  c o n s id e ra b le  number o f p h o to p ro to n s  were 

re c o rd e d  and i t  was d e c id e d  th a t  th e s e  w ere w orthy  o f 

d e ta i le d  a n a ly s i s .  T h is  was made d i f f i c u l t  by th e  f a c t  

t h a t  a l l  bu t th r e e  o f th e  p h o to p ro to n s  d id  n o t  s to p  i n  th e  

s e n s i t iv e  volume o f th e  chamber and a s  a  r e s u l t  th e  e n e rg ie s  

o f th e  p ro to n s  co u ld  n o t be d e te rm in ed  from  t h e i r  ra n g e s .

4 .2 .  S p e c if ic  ex p e rim e n ta l c o n d i t io n s .

A c o n v e n tio n a l v o lu m e-d efin ed  c lo u d  chamber was 

f i l l e d  w ith  ’ s p e c t r a l l y  p u re ’ n eo n , s a tu r a t e d  w ith  w a te r  

v ap o u r, to  a  p re s s u fe  o f  1 .2  a tm ospheres and p o s i t io n e d  in  

th e  beam of th e  23 Mev sy n c h ro tro n . A beam o f  peak en erg y  

23 + 0 .5  Mev was p assed  th ro u g h  th e  c e n tr e  o f  th e  cham ber, 

c a re  be ing  ta k e n  t o  en su re  t h a t  th e  beam d id  n o t  s t r i k e  th e  

chamber base o r  th e  to p  p l a t e .  The t r a c k s  w ere re c o rd e d  

by th r e e  cam eras on 5091 re c o rd in g  f i lm  and th e  t r a c k s  were 

s u b je c te d  to  th e  a n a ly s is  p ro ced u re  d e s c r ib e d  i n  C h ap te r 

I I I .  The t o t a l  i r f a d i a t i o n  dose was d e term ined  to  be 

0 .1  r  and a  t o t a l  o f  900 exposu res was made.

4 .3 .  E x p erim en ta l R e s u l t s .

The th re s h o ld s  f o r  th e  (n ,p )  and (n ,a )  r e a c t io n s
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v/iiich were l i a b l e  to  be con fused  w ith  th e  ( ^ , p )  and 

( r e a c t io n s  a re  g iv en  below

(n ,p )  ----- 6 .2 7  Mev

He^^ (n ,a )  0^'^ , ----- 0 .603  Mev

The in t ro d u c t io n  o f  4 in c h e s  o f p a r a f f in  wax, b eh in d  th e  

c o l l im a to r ,  se rv e d  to  m oderate  th e  f a s t  n e u tro n s . The 

e f f e c t iv e n e s s  o f t h i s  p re c a u t io n  was d em o n stra ted  by th e  

f a c t  t h a t  v e ry  few e v e n ts  w ere re c o rd e d  w ith  o r ig in s  o u ts id e  

th e  knovm d im ensions o f  th e  beam.

As neon was m ono-atom ic, i t s  s to p p in g  power was 

lov/, and in  a l l  b u t th re e  o f  the  303 re c o rd e d  ( ^ , p )  e v e n ts  

th e  photo pro to n  l e f t  th e  s e n s i t i v e  volum e. I t  was d ec id ed  

t h a t  i t  was f e a s ib l e  to  m easure th e  F^9 r e c o i l  t r a c k s  and 

from  th e se  o b ta in  th e  p ro to n  e n e rg ie s  a lth o u g h  th e  a c c u ra c y  

o f such a p ro ced u re  was p o o r. The r e c o i l i n g  F^^ n u c le i  

r a r e ly  t r a v e l l e d  more th a n  4 mm. and i t  v/as e s t im a te d  t h a t  

th e  e r r o r  in  th e  c a lc u la te d  en e rg y  o f any in d iv id u a l  é v e n t 

v/as o f th e  o rd e r  o f 1 Mev.

M easurem ents v/ere made o f th e  le n g th s  o f th e  

t r a c k s  o f the  r e c o i l in g  f 19 n u c le i  and th e  a n g le s  betv/een 

th e  p h o to p ro to n  t r a c k s :  and th e  beam d i r e c t io n .  The e n e rg ie s  

o f th e  r e c o i l s  were d e te rm in ed  from  a ra n g e -e n e rg y  curve f o r  

F^9 n u c l e i  in  neon as d e r iv e d  by D.R.O. M orrison  (6 7 ) . T h is 

r e l a t i o n s h i p  v/as e x t r a p o la te d  to  low e n e rg ie s  and th e  

v a l i d i t y  o f  t h i s  e x t r a p o la t io n  was d e te rm in ed  by com paring
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th e  e n e rg ie s  of th e  r e c o i l in g  n u c le i  c a lc u la te d  from 

th e  energy  o f  the p ro to n  and a ls o  from th e  le n g th  o f th e  

r e c o i l  t r a c k  in  th e  th r e e  e v e n ts  v/here th e  p ro to n s  stopped  

in  th e  s e n s i t iv e  volum e.

I t  was assumed th a t  in  each case  th e  r e s id u a l  

n u c le u s  was l e f t  in  i t s  ground s t a t e  and th e n  th e  energy  

o f th e  absorbed  photon  (E^ ) co u ld  be o b ta in e d  from  

E = Ep + -  Q

where was the  energy  of th e  n u c le u s . In  th e  momenta 

(k) were o b ta in e d  from  the  co rre sp o n d in g  e n e rg ie s  (E ), 

th e  fo llo w in g  momentum diagram  co u ld  be u s e d : -

w here s in  B =
k ^  s in  y

and E, s in  ^

The v a lu e  of k ^  was th e n  o b ta in e d  by a  method o f 

su c c e ss iv e  ap p ro x im a tio n s. In  p r a c t ic e  i t  was found to  

be more co n v en ien t to  p re p a re  a  s e r i e s  of cu rv es  o f photon  

en e rg y  v e rsu s  r e c o i l  range f o r  a  s u f f i c i e n t l y  la rg e  number 

o f  v a lu e s  o f the  ang le  ( ^ )  to  allov / re a so n a b ly  a c c u ra te  

in t e r p o la t i o n .  The above p ro ced u re  v/as adopted , as  i t  v/as 

in c o n v e n ie n t to  m easure th e  an g le  (B) to  any degree  o f 

a c c u ra c y .

B efore  th e  shape o f  th e  c r o s s - s e c t io n  cou ld  be
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de t e  im ined, a llow ance had to  be made f o r  th e  v a ry in g  

number of pho tons in  each  energy  i n t e r v a l  o f th e  

brem m strahlung beam. I t  was assumed t h a t  th e  spectrum  

ta b u la te d  by K atz and Cameron (68) was a p p l ic a b le  to  th e se  

r e s u l t s .  The r e s u l t i n g  h is to g ra m  i s  shown i n  E ig u re  17 .

The shape o f t h i s  cu rve b e a rs  no resem blance  to  th e  

f a m i l i a r  * g ia n t  re so n a n c e ’ form  v/hich i s  i l l u s t r a t e d  in  

F ig u re  18 where th e  c r o s s - s e c t io n  f o r  th e  lle^^ (Y ^,n) 

r e a c t io n ,  m easured by F erguson  e t  a l .  (6 9 ) , i s  p re s e n te d . 

Because of th e  d i s s i m i l a r i t y  in  shape o f th e  c r o s s - s e c t io n s  

f o r  th e  ( ^ , p )  and ( Y",n) r e a c t io n s ,  c a r e f u l  checks w ere 

made of th e  a c c u ra c y  and th e  c o n s is te n c y  o f th e  measureme n ts  

and c a lc u la t io n s  and i t  was concluded  t h a t  th e re  were no 

grounds to  conclude  t h a t  an a p p re c ia b le  e r r o r  a ro se  in  them .

In  draw ing th e  a n g u la r  d i s t r i b u t i o n , 30® in t e r v a l s  

v/ere chosen to  p ro v id e  re a so n a b le  s t a t i s t i c s  a lth o u g h  th e  

e x p e rim e n ta l accu ra cy  ( ' ^  3^) v/ould have j u s t i f i e d  a f i n e r  

s u b d iv is io n . The d i s t r i b u t i o n  was c o r r e c te d  f o r  v a ry in g  

s o l id  ang le  f o r  eq u a l a n g u la r  i n t e r v a l s  by d iv id in g  th e  

number o f e v e n ts  i n  any in t e r v a l  by th e  mean v a lu e  o f  th e  

s in e  o f th e  ang le  in  t h a t  i n t e r v a l .  The e x p e rim e n ta l 

d i s t r i b u t i o n  was c o n s is te n t  w ith  is o tr o p y  and th e  s t r a i g h t  

l i n e  shov/n in  F ig u re  19 i s  th e  w eig h ted  mean o f th e  

e x p e r im e n ta l p o in t s .  Ho d if f e r e n c e  was re c o rd e d  in  a  

com parison  o f th e  a n g u la r  d i s t r i b u t i o n s  o f th e  e v e n ts  due to
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p h o to n s o f  e n e rg ie s  g r e a t e r  th a n  o r  l e s s  th a n  18 Mev.

The ch o ice  of 18 Mev v/as p u re ly  a r b i t r a r y  b u t th e re  was 

no in d ic a t io n  t h a t  a  d iv i s io n  a t  any o th e r  energy  would 

i n  f a c t  show any s i g n i f i c a n t  d i f f e r e n c e .

4#4# D isc u ss io n  o f  th e  r e s u l t s .

There w ere grounds f o r  s u s p e c t in g  th e  o r ig i n a l  

assum ption  th a t  th e  r e s id u a l  n u c le u s  v/as l e f t  i n  i t s  

ground s t a t e .  The work o f A rth u r  e t  a l .  (6 8 ) , on th e

r e a c t io n ,  h as  c o n s id e ra b le  b e a r in g  on t h i s  p o in t .  

W ith  p ro to n s  o f 8 Mev i t  v/as shown t h a t  th e  n u c le u s  

co u ld  be l e f t  i n  any one o f  e le v e n  e x c i te d  s t a t e s  c o n ta in e d  

i n  an energy  i n t e r v a l  of ab o u t 4*5 Mev, ex ten d in g  upv/ards 

from  th e  ground s t a t e .  I f  i t  i s  c o n s id e re d  t h a t  pho ton  

a b s o rp tio n  in  th e  ’ g ia n t  re so n a n c e ' r e g io n  r e s u l t e d  in  the  

fo rm a tio n  of a  compound n u c le u s  and t h a t  th e  same compound 

n u c le u s  v/as formed in  th e  i n e l a s t i c  p ro to n  s c a t t e r in g  

p ro c e s s  th e n  th e  r e s u l t s  o f  th e  above w orkers a re  d i r e c t l y  

a p p l ic a b le  h e re , s in c e  an 8 Mev p ro to n  v/ould co rre sp o n d  to  

an  e x c i t a t io n  energy  o f a b o u t 21 Mev in  Ne^^. I t  th e r e 

f o r e  seemed re a so n a b le  to  suppose t h a t  th e  n u c le u s  

co u ld  be l e f t  in  any one o f  th e se  e x c i te d  s t a t e s  fo llo w in g  

a  ( ^  ,p )  r e a c t io n  in  neon .

I t  was th e r e f o r e  assumed t h a t  o n e - th i r d  o f th e

t r a n s i t i o n s  w hich fo llo w ed  pho ton  a b s o rp tio n  i n  th e  energy  

ran g e  19 Mev to  25 Mev l e f t  the  n u c le u s  in  i t s  ground
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s t a t e ,  o n e - th i rd  in  th e  energy  l e v e ls  betw een 0 and 2 Mev 

and o n e - th i rd  in  th e  l e v e ls  betw een 2 and 4 .5  Mev* The 

en e rg y  of th e  pho ton  w hich produced  th e  r e a c t io n  was th e n  

E ^  = (E y  )

w here (E ^  ) was th e  v a lu e  c a lc u la te d  p re v io u s ly  and 

was th e  e x c i t a t io n  en e rg y  of th e  r e s id u a l  n u c le u s .

The c r o s s - s e c t io n  curve was th e n  r e c o n s tr u c te d  a s  shown in  

E ig u re  18. I t  can be seen  t h a t  th e re  i s  c lo s e  ag reem ent 

betv/een th e  tv/o cu rv es  and th e  deg ree  o f  agreem ent i s  

i l l u s t r a t e d  in  th e  fo llo v /in g  t a b l e ; -

R eac tio n

( iT»p)

I n te g r a te d  
c r o s s - s e c t io n  
’(Mev-baïms X " 10*"^)

59 .

45

E nergy  a t
maximum 

(Mev y

22

21 .5

Peak c r o s s -  
s e c t io n  

( m i l l ib a m s )

8

7 .5

The p redom inant mode o f  decay  o f  th e  compound

n u c le u s  v/ould be by s-v/ave p: or n  e m iss io n  and t h i s  v/ould

y i e ld  an  i s o t r o p i c  a n g u la r  d i s t r i b u t i o n .  The ' in d ep en d en t

p a r t i c le *  model o f W ilk in so n  (58) would have p r e d ic te d  an
2a n g u la r  d i s t r i b u t i o n  o f th e  form  a  + b s in  G. The 

s t a t i s t i c s  i n  th e  e x p e rim e n ta l a n g u la r  d i s t r i b u t i o n  would 

n o t a llo w  th e  d e te c t io n  o f a  d i s t r i b u t i o n  o f  t h i s  form  w ith  

a ^  b ,  i f  i t  v/ere p r e s e n t .

Hence i t  was concluded  t h a t  th e  e x p e rim e n ta l 

r e s u l t s  w ere c o n s i s te n t  v /ith  pho ton  a b s o rp tio n  v/hich
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pro ceed ed  v /ith  th e  norm al ’g ia n t  re so n a n c e ’ form  o f th e  

c r o s s - s e c t io n  and produced  a compound n u c le u s  w hich  

decayed  by s-wave p ro to n  e m iss io n , to  b o th  th e  ground s t a t e  

and the  e x c ite d  s t a t e s  o f
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5*1. The p u b lish e d  d a ta  on th e  0^^ ( ZT r e a c t io n .

Because o f th e  co n tin u o u s energy  spectrum  of th e  

photons in  a  b re m ss tra h lu n g  beam, i t  i s  n e c e s s a ry  to  

in v e s t ig a te  th e  c o n t r ib u t io n s  made by pho tons be lov/ th e  

’ g ia n t  resonance* b e fo re  a  c o r r e c t  e s tim a te  can be made o f 

th e  photon a b s o rp tio n  mechanism in  th e  resonance  i t s e l f .

I n  an in v e s t ig a t io n  o f the  0^.^ ( Y f V )  r e a c t io n ,  S p ic e r

( 71 ) i r r a d i a t e d  oxygen v /ith  b re m ss tra h lu n g  o f peak energy

1 8 .7  Mev. T h is  energy  v/as chosen  i n  o rd e r  t h a t  h is  

em ulsions would n o t d e t e c t  p ro to n s  w hich r e s u l t e d  from  

t r a n s i t i o n s  to  th e  e x c i te d  s t a t e s  o f  th e  f i r s t  o f  v/hich

was 5.5  Mev above th e  ground s t a t e .  He o b ta in e d  a  peak in  

th e  p ro to n  energy  d i s t r i b u t i o n  a t  a  p ro to n  energy  o f 

ap p ro x im ate ly  2 .6  Mev w hich co rresp o n d ed  to  a  peak i n  th e  

c r o s s - s e c t io n  a t  a  pho ton  energy  o f abou t 14*7 Mev and of 

m agnitude 4 .6  m i l l i b a m s .  Johansson  & Eorkman (72) 

chose to  v/ork w ith  a  peak b re m ss tra h lu n g  en erg y  o f 20 .5  Mev 

and under th e se  c o n d itio n s  p ro to n s  o f  energy  g r e a te r  th a n  

ab o u t 3 Mev r e s u l t e d  from  t r a n s i t i o n s  to  th e  ground s t a t e  

o f  v /h ile  th o se  o f energy  below 3 Mev o r ig in a te d  in

t r a n s i t i o n s  to  e i t h e r  th e  ground s t a t e  o r  th e  f i r s t  e x c i te d  

s t a t e s  of He concluded  t h a t  th e  peak re p o r te d  by

S p ic e r  was th re e  tim es  g r e a te r  th a n  h i s  own m easurem ent, 

w h ich  in  i t s e l f  was an u p p er l i m i t ,  b u t d id  n o t p ro fe s s  to  

know th e  re a so n  f o r  th e  d isc re p a n c y . A com parison o f th e
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a n g u la r  d i s t r i b u t io n s  f o r  th e  p ro to n s  o f energy  

ap p ro x im a te ly  2 .5  Mev b ro u g h t ou t y e t  a n o th e r  d is c re p a n c y . 

The an g u la r d i s t r i b u t i o n  m easured by S p ic e r  had th e  form  

( l  + cos^ Q) w h ile  t h a t  m easured by Jo h ansson  and Eorkman 

v/as claim ed to  be i s o t r o p i c  v /i th  some s ig n  o f a  s in ^  Q 

component. One m ight re g a rd  Jo h an sso n  and Eorkman* s 

i s o t r o p i c  a n g u la r  d i s t r i b u t i o n  as  a s u p e rp o s i t io n  o f th e  

( l  f  cos^ 0) a n g u la r  d i s t r i b u t i o n  a s  m easured by S p ic e r  and 

a  ( l  4 s in ^  0) c o n t r ib u t io n  from  th e  t r a n s i t i o n s  to  th e  

e x c i te d  s t a t e s  o f T h is  i n t e r p r e t a t i o n ,  hov/ever, w i l l

o n ly  tend  to  in c re a s e  th e  d isc re p a n c y  betv/een th e  two s e t s  

o f  r e s u l t s  w ith  re g a rd  to  th e  m agnitude o f  the c r o s s - s e c t io n ,  

The p ro to n  energy  s p e c t r a  m easured by S p ic e r  and Johansson  

and Eorkman a re  p re s e n te d  in  E ig u re  20.

F u r th e r  c r i t i c i s m  o f S p ic e r ’ s r e s u l t s  stem s from  

th e  work of Vf i l k in s o n  and Bloom (73) on th e  in v e rs e  

r e a c t io n  (p ,y " )  0^^, who concluded  t h a t  S p ic e r ’ s r e s u l t s

v/ere in  some way m is in te r p r e te d .  These w orkers found 

l i t t l e  o r no s ig n  of th e  peak  c o rre sp o n d in g  to  a  photon  

e n e rg y  of 14 .7  Mev and concluded  t h a t  the  low energy p ro to n s  

re c o rd e d  in  th e  ( ^  ,p )  ex p erim en ts  were in  f a c t  due to  

t r a n s i t i o n s  to  the  e x c i te d  s t a t e s  o f  and n o t to  th e  

ground s t a t e .  T h is  m igh t im ply t h a t  th e  energy  c a l i b r a t i o n  

o f  th e  I l l i n o i s  b e ta t r o n  was a t  f a u l t .
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S p ic e r  concluded th a t  th e  peak in  th e  c ro s s -  

s e c t io n  a t  a  photon energy o f 14# 7 Mev was due to  E2 and 

Ml a b s o rp tio n , b u t t h i s  c o n c lu s io n  must be reg ard ed  a s  

su sp e c t as long  as h i s  r e s u l t s  rem ain  in  d isag reem en t w ith  

th o se  of o th e r  w orkers#

However, i t  seems p ro b ab le  t h a t  th e re  a re  m inor 

peaks in  th e  p ro to n  en erg y  spectrum  w hich , i f  in t e r p r e te d  

as  r e s u l t in g  from t r a n s i t i o n s  to  th e  ground s t a t e ,  co rrespond  

to  resonances in  th e  c r o s s - s e c t io n  a t  photon  e n e rg ie s  o f 

abou t 14 .7  Mev and 17*6 Mev.

B earing  th e se  r e s u l t s  in  m ind, nov/ c o n s id e r  th e  

r e a c t io n  in  th e  energy  re g io n  in c lu d in g  th e  ’g ia n t  re so n an ce* . 

Here i t  i s  p o s s ib le  to  compare th e  r e s u l t s  o f  Johansson  and 

Eorkman, Cohen e t  a l .  (74 ),M ilone  e t  a l .  (75) and L ivesey  

(7 6 ) . In  th e  p ro to n  energy  spectrum  m easured by Cohen e t  

a l . , s ix  peaks v/ere d e te c te d  and th e  com parison v /ith  th e  

r e s u l t s  of o th e r  v /orkers w i l l  be made v /ith  s p e c ia l  re fe re n c e  

to  th e s e .  S e v e ra l v /orkers d is p la y  c r o s s - s e c t io n  cu rves 

(F ig u re  21) b u t as  th e se  in v o lv e  the  sometimes d o u b tfu l use  

o f  th e  b rem sstrah lu n g  spectrum  in  the  tra n s fo rm a tio n  to  a 

c r o s s - s e c t io n  from  th e  p ro to n  energy  spectrum , i t  i s  f e l t  

t h a t  th e  p ro to n  spectrum  i s  a more r e l i a b l e  q u a n ti ty  f o r  

s tu d y .

The p ro to n  energy spectrum  m easured by Cohen e t  a l .  

i s  shov/n in  th e  accompanying diagram  (F igure  22) and th e
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peaks a re  l a b e l le d  w ith  th e  l e t t e r s  A to  P . Each v / i l l  be 

c o n s id e re d  in  tu rn .

GROUP A.

ï h i s  peak  o c c u rs  a t  a  p ro to n  en erg y  o f betv/een 

2 and 3 Mev. S p ic e r ’ s m easurem ent ap p ea rs  t o  be a t  a  

s l i g h t l y  h ig h e r  en erg y  th a n  th o se  of Cohen e t  a l .  and 

Johansson  and Forkman ,but* i t  i s  p ro b a b le  t h a t  th e y  a l l  

co rrespond  to  th e  same p ro to n  g ro u p . The s p e c tr a  

m easured w ith  b re m ss tra h lu n g  beams o f peak  e n e rg ie s  25 o r  

26 Idev Y7ill c o n ta in  ground s t a t e  c o n t r ib u t io n s  a s  p o in te d  

ou t by S p ic e r  b u t th e y  v / i l l  a l s o  c o n ta in  p ro to n s  r e s u l t i n g  

from  t r a n s i t i o n s  to  th e  e x c i te d  s t a t e s .  T h is  i s  w e ll  seen  

i n  the f ig u re  d e p ic t in g  th e  d i f f e r e n c e  betvreen th e  s p e c tr a  

m easured a t  25 and 26 Hev. (F ig u re  23) • T his group i s  n o t 

d e te c te d  by th e  I t a l i a n  w o rk e rs .

GROUP B.

This group i s  composed of p ro to n s  v fith  e n e rg ie s  

betw een 3 .5  and 4 Mev. I t  i s  n o t  p r e s e n t  in  S p ic e r ’ s 

d i s t r i b u t i o n  b u t i t  m ight be p re s e n t  to  a  sm a ll e x te n t  in  

t h a t  o f Johansson and Porkman (F ig u re  20) i f  one a llov /s  an 

e r r o r  o f  about 0 .2  Mev in  th e  a b s o lu te  v a lu e s  o f t h e i r  

en e rg y  s c a le .  I t  i s  an a p p re c ia b le  p a r t  o f th e  t o t a l  

p ro to n  y ie ld  as m easured by Joh an sso n  and Forkman, M il one 

e t  a l .  and Cohen e t  a l .  a t  peak e n e rg ie s  o f  26, 26 and
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25 Mev r e s p e c t iv e ly .  The v/ork o f S van tes son (77) on the 

decay photons from  th e  r e s id u a l  n u c le i  formed by th e  

p h o to d is in te g r a t io n  o f  0^^ in d ic a te d  a  h ig h  p r o b a b i l i ty  f o r  

th o se  t r a n s i t i o n s  to  th e  6 .3  Mev s t a t e  o f  I f  one now

a s s ig n s  t h i s  group o f  p ro to n s  to  t r a n s i t i o n s  to  th e  6 .3  Mev

s t a t e  of 0^^ t h i s  would i n f e r  th e  a b s o rp tio n  o f pho tons o f

energy  about 22 .2  Mev, w hich i s  th e  energy  a t  w hich  th e  

' g ia n t  resonance* occu rs  and th e  above e x p la n a tio n  would 

th e re fo re  seem re a s o n a b le . C o n firm a tio n  o f the  c o r r e l a t io n  

of t h i s  group w ith  t r a n s i t i o n s  in v o lv in g  th e  e x c i te d  s t a t e s  

o f i s  o b ta in e d  in  th e  (26 Mev -  23 Mev) d if f e r e n c e  

spectrum  shown in  F ig u re  23.

CROUP 0 .

T his co rre sp o n d s  to  a  p ro to n  group o f  energy

betv/een 4 .5  and 5 Mev. I t  i s  a  m ajo r f r a c t i o n  o f th e

Johansson  & Forkman d i s t r i b u t i o n  m easured a t  20 .5  Mev and 

r e p re s e n ts  th o se  p ro to n s  e m itte d  in  t r a n s i t i o n s ,  to  th e  ground 

s t a t e ,  Y/hich fo llo w  th e  a b s o rp tio n  of photons o f  energy  

around 17 .5  Mev. The (23 Mev -  20 .5  Mev) d if f e r e n c e  spectrum  

(F ig u re  24) as m easured by Johansson  & Forkman shoY/s no s ig n  

o f a  c o n t r ib u t io n  to  t h i s  g roup , b u t th e  (26 Mev -  23 Mev) 

d if f e r e n c e  spectrum  shoY/s an a p p re c ia b le  y i e ld .  T h is l a t t e r  

c o n t r ib u t io n  r e s u l t s  from  th e  a b s o rp tio n  o f pho tons o f energy  

betw een 23 Mev and 26 Mev, fo llo v /ed  by th e  em issio n  o f .
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p ro to n s  in  t r a n s i t i o n s  to  th e  6 .3  Mev and 7 .3  Mev le v e l s  

o f Lîilone e t  a l .  e s tim a te d  t h a t  th e  t r a n s i t i o n s  to

th e se  le v e ls  v/ere in  th e  r a t i o  2 :3  r e s p e c t iv e ly .

G-RQUPS D Aim B .

The groups designa ,ted  by Cohen e t  a l .  a s  D and B 

a re  sm a ll. T h is  i s  r e f l e c t e d  in  th e  com parison w ith  th e  

r e s u l t s  o f o th e r  w o rk e rs . Croup D i s  seen  by Cohen e t  a l . ,  

Johansson  and Porkman and p o s s ib ly  a lso  by M ilone e t  a l .  

Group B, on th e  o th e r  hand , i s  re c o rd e d  by Cohen e t  a l . , 

Milone e t  a l .  and L iv esey , b u t n o t  by Johansson  and Forkman. 

Since groups D and E a re  composed o f p ro to n s  o f  e n e rg ie s  

ap p ro x im ate ly  7 Mev and 8 Mev r e s p e c t iv e ly ,  th e y  co rresp o n d  

to  photon a b s o rp t io n  i n  th e  energy  range ap p ro x im a te ly  

19 Mev to  20 Mev, w hich i s  th e n  fo llo v /ed  by t r a n s i t i o n s  to  

th e  ground s t a t e  o f At t h i s  s ta g e  i t  i s  o f i n t e r e s t

' to  examine th e  d if f e r e n c e  s p e c t r a .  The (23 Mev -  20 .5  Mev) 

spectrum  m easured by Johansson  and Forkman shows no 7 Mev 

group bu t d is p la y s  an 8 Mev g roup . The (26 Mev -  23 Mev) 

s p e c t r a  of M ilone e t  a l .  and Johansson  and Forkman b o th  

d is p la y  a  la c k  o f th e  8 Mev g ro u p , b u t Johansson  and Forkman 

re c o rd  a 7 Mev group v /h ile  M lo n e  e t  a l .  a p p a re n tly  do n o t .  

The tv/o d if f e r e n c e  s p e c tr a  can be b ro u g h t in to  q u a l i t a t iv e  

agreem ent i f  one assumes a sm all e r r o r  in  th e  energy  s c a le  

o f one s e t  o f r e s u l t s .
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GROUP F .

This i s  a p ro to n  group of energy  9 Mev to

10 Mev. I t  c o rre sp o n d s  to  t r a n s i t i o n s  to  th e  ground s t a t e  

o f 1^5 and in  f a c t  c o n s t i tu t e s  th e  * g ia n t  r e s o n a n c e '.  I t  

i s  seen  by a l l  groups of w o rk e rs .

I t  shou ld  a ls o  be n o te d  t h a t  th e re  e x i s t s  a  

c o n s id e ra b le  ' t a i l '  i n  th e  c r o s s - s e c t io n  a t  e n e rg ie s  

g r e a te r  th a n  t h a t  o f th e  ' g ia n t  r e s o n a n c e '• T h is  i s  seen  

i n  th e  c r o s s - s e c t io n  d e r iv e d  by P enner (78) (F ig u re  21) and 

i s  a lso  p a r t i a l l y  re v e a le d  in  th e  c r o s s - s e c t io n s  o b ta in e d  

by Cohen e t  a l . ,  Johansson  and Forkman and M ilone e t  a l .

The l a t t e r  in  f a c t  s t a t e d  t h a t  f in e  s t r u c tu r e  e x is te d  in  

th e  c r o s s - s e c t io n  in  t h i s  re g io n  and c la im ed  tvYo peaks 

w hich co rresp o n d ed  to  p ro to n  e n e rg ie s  o f ap p ro x im a te ly

11 Mev and 1 2 .8  Mev r e s p e c t iv e ly .  The fo rm er was confirm ed 

by Id v esey .

5 .2 .  In tro d u c t io n  to  th e  p re s e n t in v e s t ig a t io n .

T h is  e x p e r im e n t  v /a s  p e r f o r m e d  i n  o r d e r  t o  o b t a i n  

i n f o r m a t i o n  c o n c e r n i n g  t h e  m ode o f  p h o t o n  a b s o r p t i o n  i n  

o x y g e n ,  b e lo w  t h e  ' g i a n t  r e s o n a n c e ’ .  D e t e r m i n a t i o n s  Y /ere  

m ade o f  t h e  e n e r g y  a n d  a n g u l a r  d i s t r i b u t i o n s  o f  t h e  p r o t o n s  

w h ic h  Y /ere e m i t t e d  i n  t h e  0^^  ( ^  , p )  r e a c t i o n .

P a r t i c u l a r  ca re  was  ta k e n  to  ensu re  t h a t  a t t e n t i o n  

v/as c o n fin e d  to  th e  p ro to n s  w hich w ere e m itte d  in  t r a n s i t i o n s
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to  th e  ground s t a t e  o f T his was ach iev ed  by

re d u c in g  the peak energy  of the  b rem ss trah lu n g  beam to  

18 lieV. T his ch o ice  o f peak  energy  was based  on th e  

fo llo v /in g  f a c t s :  ( i )  th e  r e a c t io n  0^^ (îT»p) had a

th re s h o ld  o f 1 2 .1  Mev, and ( i i )  th e  f i r s t  e x c i te d  s t a t e  

of la y  5 .3  Mev above i t s  ground s t a t e .  A lthough th e  

choice of a  lov/er peak energy  would perhaps have been 

p r e f e r a b le ,  one had to  con tend  w ith  th e  ra p id  re d u c t io n  in  

photon f lu x  w hich accom panied a  d e c re a se  in  peak en erg y . 

C onsequently  i t  was  d ec ided  to  ru n  a t  th e  h ig h e s t  peak 

energy c o n s is te n t  w ith  the  e x c lu s io n  o f t r a n s i t i o n s  w hich 

in v o lv ed  th e  e x c i te d  s t a t e s  of

5•3* S p e c if ic  e x p e rim e n ta l c o n d i t io n s .

The c loud  chamber v/as o p e ra te d  a t  a  w orking 

p re ssu re  of 1 .23  atm ospheres o f oxygen a t  a  te m p era tu re  of 

15^ C and an ex pansion  r a t i o  of 1 .3 1 . The oxygen was of 

m ed ical p u r i ty  and no accoun t was ta k en  o f th e  p re sen ce  of 

th e  iso to p e s  0^^ and 0^^ . I t  was a l ig n e d  in  such a manner 

t h a t  th e  beam passed  sy m m e trica lly  th ro u g h  th e  s e n s i t iv e  

volum e. The d im ensions and th e  r e l a t i v e  p o s i t io n s  of th e  

chamber and th e  c o l l im a to r  v /i th  r e s p e c t  to  th e  sy n c h ro tro n  

t a r g e t  a re  i l l u s t r a t e d  in  F ig u re  25. The expansion  r a t i o  

and th e  d e lay s  betv/een th e  ex p an sio n , beam p u lse  and lamp 

f l a s h  v/ere a d ju s te d  to  o b ta in  optimum tr a c k  q u a l i ty .  

S a t i s f a c to r y  t r a c k  q u a l i ty  was o b ta in e d  v /ith  a d e la y  o f
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55 n i l l i s e c o n d s  betv/een th e  f a s t  expansion  and the  beam 

p u lse  and a f u r th e r  d e la y  o f 75 m ill is e c o n d s  betv/een th e  

beam p u lse  and th e  lamp f la sh *

l o r  t h i s  ex p erim en t two cam eras were em ployed, 

because  th e  y ie ld  o f e v e n ts  p e r  fram e v/as so low t h a t  th e  

u se  of a  t h i r d  cam era was c o n s id e re d  to  be w a s te fu l  o f f i lm .

B efo re  th e  chamber was assem bled , th e  c o -o rd in a te s  

o f the p o in ts  of r e fe re n c e  ( i . e . ,  i n t e r s e c t i o n s  o f th e  g r id  

w ire s )  were m easured in  o rd e r  to  co n v e rt th e  m icroscope 

m easurem ents in to  the  chamber fram e o f  r e f e r e n c e .

At th e  s t a r t ,  t h i s  experim en t was on ly  c o n s id e re d  

as  a p re lim in a ry  in v e s t ig a t io n  and a  more d e ta i l e d  s tu d y , 

in v o lv in g  i r r a d i a t i o n s  a t  v a r io u s  peak e n e rg ie s ,  v/as to  be 

c a r r ie d  ou t a f t e r  th e s e  r e s u l t s  had been a n a ly se d . 

U n fo rtu n a te ly  d i f f i c u l t i e s  en co u n te red  v /i th  th e  sy n c h ro tro n  

r e s u l t e d  in  th e  abandonment o f t h i s  p roposed  programme.

A crude c a l ib r a t i o n  o f th e  beam i n t e n s i t y  v/as o b ta in e d , in  

th e  manner d e sc r ib e d  in  C hap ter I I ,  d u rin g  th e  i n i t i a l  s e r i e s  

o f i r r a d i a t i o n s  and because of th e  above d i f f i c u l t i e s  a  

d e ta i l e d  c a l ib r a t i o n  v/as n o t o b ta in e d . T his c a l ib r a t i o n  

p ro v id ed  a rough s c a le  f o r  th e  c r o s s - s e c t io n  curve d e riv e d  

from  th e  m easured p ro to n  spec trum .

5 .4 . Ih e  c l a s s i f i c a t i o n  o f th e  e v e n ts .

A f te r  developm ent, th e  f ilm s  v/ere re p la c e d  in  th e  

cam eras and l i g h t  shone th ro u g h  them in  o rd e r  to  c a s t  im ages
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on a r e p r o je c t io n  ta b le .  These images were examined 

in d iv id u a l ly  to  lo c a te ,  number and c l a s s i f y  th e  reco rd ed  

t r a c k s .  The r e s u l t s  of t h i s  su rvey  v/ere grouped in to  th e  

g e n e ra l c l a s s i f i c a t i o n s

’flag s*  -  s in g le  tr a c k s  accom panied by a  r e c o i l .

* s in g les*  -  s in g le  t r a c k s  v /ith  no v i s i b l e  r e c o i l  and 

in c lu d in g  ev en ts  from th e  w a lls  o f th e  

cliamber.

*ètars* -  ev en ts  w ith  more th a n  one t r a c k .

The e f f ic ie n c y  o f t h i s  p ro c e ss  was determ ined  

from  a com parison o f th e  r e s u l t s  o b ta in e d  when each f i lm  

v/as examined by tv/o in d ependen t v /o rk ers . The e f f ic ie n c y  

was e s tim a te d  to  be 955'A

The ex p erim en ta l d i s t r i b u t i o n ,  c l a s s i f i e d  in  

te rm s of th e  above scheme, v/as d e r iv e d  from  a  t o t a l  o f 1281 

fram es and i s  g iven  below .

Type of ev en t Number o f ev en ts
reco rd ed

* flag s*  456

* s in g le s  * 219

* s ta rs*  5

The la rg e  number o f * s in g le s*  demands f u r th e r  

e x p la n a tio n . Of th e  219 e v e n ts , 58 o r ig in a te d  in  the  

chamber v /a l ls .  The rem ainder were ev en ts  whose o r ig in s  

la y  o u ts id e  th e  i l lu m in a te d  re g io n  of th e  chamber and whose
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r e c o i l s  v/ere conseq.uently  n o t re c o rd e d , o r  norm al ( Y^,p) 

ev en ts  whose r e c o i l s  had been obscured by th e  g e n e ra l 

background, o r e v e n ts  where t h e . t r a c k  q u a l i ty  p rev en ted  

a c c u ra te  c l a s s i f i c a t i o n .  Those v/hose o r ig in s  la y  o u ts id e  

th e  beam m i ^ t  have o r ig in a te d  from  ( ^ , p )  o r  (n ,p )  r e a c t io n s  

i n  th e  chamber base o r  the  to p  p la t e ,  b u t t h i s  sou rce  was 

n o t co n sid e red  to  be th e  m ajor c o n t r ib u to r  to  th e  y ie ld  of 

* s in g le s * .

Of th e  * f la g s * ,  22 were c l a s s i f i e d  as ( ^ , a )  

e v e n ts , 576 as ( ÎTjP) ev en ts  v/hich cou ld  be f u l l y  an a ly se d  

and a f u r th e r  58 were c l a s s i f i e d  as  ( Y^,p) e v en ts  w hich 

v/ere l a t e r  r e je c te d  from  the  d i s t r i b u t io n s  a s  a  r e s u l t  o f 

doubt concern ing  th e  p o s i t io n s  o f  t h e i r  o r ig in s  v /ith  

r e s p e c t  to  th e  photon beam. Only th o se  e v e n ts  whose 

o r ig in s  la y  w ith in  th e  g eo m e tric a l c o n fin e s  o f  th e  beam as 

d e fin ed  by th e  le a d  c o l l im a to r  and a  f ix e d  p o in t sou rce  were 

acce p ted . A djustm ents to  th e  gun and t a r g e t  p o s i t io n s  

d u rin g  th e  i r r a d i a t i o n s  and th e  f i n i t e  s iz e  o f the sou rce  

p ro b ab ly  gave a g r e a te r  sp re a d  o f th e  beam th a n  th a t  

c a lc u la te d ,  b u t i t  was f e l t  t h a t  a l l  p o s s ib le  so u rces  o f 

doubt should  be removed and co n seq u en tly  a l l  the  ev en ts  

w hich o r ig in a te d  o u ts id e  th e  c a lc u la te d  beam geom etry were 

r e j e c t e d .  C onfirm ation  o f  th e  beam p o s i t io n  as i t  p assed  

th ro u g h  th e  chamber was o b ta in e d  from  th e  d i s t r i b u t i o n  of 

th e  ^ -c o -o rd in a te s  of th e  an a ly sed  tr a c k s  (see  k ig u re  2 6 ).
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I f  one assumed th a t  a l l  th e  e v e n ts  w hich o ccu rred  

o u tv /ith  the  beam w ere to  be c o n s id e re d  a s  a  background, 

th e n  t h e i r  energy  d i s t r i b u t i o n  had to  be d e te rm ined  b e fo re  

a  c o r r e c t io n  cou ld  be a p p lie d  to  th e  p h o to p ro to n  energy 

spectrum . The energy  d i s t r i b u t i o n ,  based  on 38 an a ly sed  

e v e n ts , i s  shown in  F ig u re  27. As th e  beam occupied  a 

q u a r te r  o f th e  t o t a l  volume o f th e  cham ber, t h i s  c o r r e c t io n  

was co n seq u en tly  red u ced .

5 .5 . The e x p e rim e n ta l energy  d i s t r i b u t i o n s .

The t r a c k s  w ere th e n  f u l l y  a n a ly se d  and o f th e  

376 ( Y^,p) e v e n ts , 98 l e f t  th e  s e n s i t i v e  r e g io n . As a 

r e s u l t ,  th e  number of e v en ts  in  th e  energy  d i s t r i b u t i o n  

was reduced  to  285. The ra n g e s  of th e s e  p ro to n s  were 

c a lc u la te d  from  th e  c o -o rd in a te s  o f th e  o r ig in s  and end

p o in ts  of th e  t r a c k s  and a ls o  from  th e  le n g th s  o f th e  

t r a c k s  as  m easured on b o th  f i lm s .  As th e  w orking gas v/as 

w et oxygen a t  1 .25  atm ospheres p r e s s u re ,  th e se  ra n g e s  were 

reduced  to  e q u iv a le n t ran g es  i n  d ry  oxygen a t  S.T .P*

B efore th e s e  ran g es  co u ld  be co n v e rted  in to  

e n e rg ie s  a  s u i ta b le  ran g e -en e rg y  r e la t io n s h ip  had to  be 

found . The m a jo r i ty  o f th e  e v e n ts  a n a ly se d  had ra n g e s  l e s s  

th a n  5 cm. and th e  ra n g e -e n e rg y  curve quo ted  by Aron,

Hoffman and W illiam s (79) cou ld  n o t be re a d  to  th e  re q u ire d  

degree o f accu ra cy . C onsequently  u se  v/as made o f th e  

r e la t io n s h ip  f o r  lov/ energy  p ro to n s  in  a i r ,  quoted  by



76a*

OUT OF BEAM IN XY

OUT OF BEAM IN Z

OUT OF BEAM IN XYZ

DOUBTFUL

PROTON ENERGY IN MEV

P iw r e  27.

Energy d i s t r i b u t i o n  o f th e  ev en ts  
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B e t î i e  a n d  A s h k in  ( 8 0 )  a n d  t h e  e q u i v a l e n t  r e l a t i o n s h i p  

t a b u l a t e d  b y  J e s s e  a n d  S a d a u s k i s  ( 8 1 )  * T h i s  c u r v e  w a s  

n o r m a l i s e d  t o  t l i a t  o f  A r o n , H o ffm a n  a n d  W i l l i a m s  f o r  

p r o t o n s  i n  o x y g e n  a t  a n  e n e r g y  o f  1  M ev t o  p r o d u c e  a  

r e a s o n a b l y  a c c u r a t e  c u r v e  f o r  lo w  e n e r g y  p r o t o n s  i n  o x y g e n .

T he e n e r g y  d i s t r i b u t i o n  sh o v m  i n  H ig u r e  2 8  w a s  

c o m p i le d  o n l y  f r o m  p r o t o n s  w h ic h  s t o p p e d  i n  t h e  c h a m b e r .

A s  a  r e s u l t ;  i t  i s  b i a s e d  i n  f a v o u r  o f  p r o t o n s  o f  lo w  

e n e r g y ,  s i n c e  t h e y  h a v e  s h o r t e r  r a n g e s  and a r e  t h e r e f o r e  

m o re  l i k e l y  t o  s t o p  i n  t h e  s e n s i t i v e  r e g i o n *  T h i s  w a s  

c o r r e c t e d  b y  d i v i d i n g  t h e  m e a s u r e d  d i s t r i b u t i o n  b y  t h e  

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

e n e r g y ,  t o  y i e l d  t h e  t r u e  p r o t o n  e n e r g y  d i s t r i b u t i o n  ( f r e e  

f r o m  a n y  l i m i t a t i o n s  im p o s e d  b y  t h e  a p p a r a t u s ) .  T h i s  

d i s t r i b u t i o n  i s  sh o w n  i n  F i g u r e  29*

S i n c e  t h e  c h o i c e  o f  p e a k  p h o t o n  e n e r g y  i n  t h e  

e x p e r im e n t  e x c l u d e d  a n y  t r a n s i t i o n s  t o  t h e  e x c i t e d  s t a t e s  

o f  on e  c a n  s t a t e

H  =  V s

a n d  t h i s  c a n  b e  a p p r o x im a t e d  b y

-  Q

U s i n g  t h i s  e x p r e s s i o n ,  t h e  p r o t o n  e n e r g y  d i s t r i b u t i o n  w a s  

c o n v e r t e d  i n t o  t h e  c o r r e s p o n d i n g  p h o t o n  e n e r g y  d i s t r i b u t i o n .  

F i n a l l y ,  a l l o w a n c e  h a d  t o  b e  m ade f o r  t h e  s h a p e  o f  t h e  

b r e m s 8 1 r a h l u n g  s p e c t n m  a n d  t h i s  w a s  d o n e  b y  d i v i d i n g  t h e
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th e  p r o b a b i l i ty  o f s to p p in g .
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p h o t o n  e n e r g y  d i s t r i b u t i o n  b y  t h e  t a b u l a t e d  sp e c tr -u m  

q u o t e d  b y  K a tz  a n d  C am eron  ( 6 8 )  t o  y i e l d  t h e  r e l a t i v e  

c r o s s - s e c t i o n  c u r v e  sh o w n  i n  P i g u r e  3 0 .

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

i t  i s  w o r t h w h i l e  t o  n o t e  t h e  d i f f e r e n c e  b e t w e e n  t h e  e n e r g i e s  

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

t h e  t r a c k  l e n g t h s .  A s c a n  b e  s e e n  i n  P i g u r e  31>  77>5 o f  

t h e  e v e n t s  h a d  a n  e r r o r  o f  l e s s  t h a n  0 . 1  M ev .

T he sum m ed d o s e  o f  r a d i a t i o n  r e c e i v e d  b y  t h e  

c h a m b e r  g a s  w a s  e s t i m a t e d  t o  b e  0 . 2  r .

5 * 6 .  D i s c u s s i o n  o f  t h e  r e s u l t s  o n  t h e  e n e r g y  d i s t r i b u t i o n s .

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

o u t  on  t h e  0^^ ( ^  r e a c t i o n  i n  t h i s  e n e r g y  r e g i o n ,

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

( p ,  y  ) 0^^ ( 8 2 , 8 5 )  a n d  c o n c lu d e d  t h a t  i n  0^^ t h e  o n l y  

l e v e l  b e lo w  1 4  M ev w h ic h  w a s  i n v o l v e d  v /a s  t h a t  a t  1 5 . 0 9  M ev . 

T h i s  l e v e l  h a d  a  w i d t h  o f  1 5 0  k e v  a n d  a  p e a k  c r o s s - s e c t i o n  

o f  1  m i l l i b a r n .  One m ig h t  t h e r e f o r e  d e d u c e  t h a t  i n  a  s t u d y  

o f  t h e  r e a c t i o n  0^^ ( ^  , p )  o n e  v /o u ld  e x p e c t  t o  d e t e c t  

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

i n t o  t h i s  l e v e l .  T h i s  p r o t o n  g r o u p  w o u ld  h a v e  a n  energ;^^ 

o f  0 . 9 1  M ev . I h e  e x p e r i m e n t a l  r e s u l t s  s h o w e d  a  p r o t o n  

g r o u p  o f  m ean  e n e r g y  1 . 1  M ev v / i t h  a  w i d t h  a t  h a l f - h e i g h t  

o f  a b o u t  0 . 5  M ev . I n  t h e  p h o t o n  e n e r g y  d i s t r i b u t i o n  

t h i s  c o r r e s p o n d e d  t o  a  p e a k  a t  1 5 . 3  M ev a n d  a  h a l f - v / i d t h
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of 0 .5  Mev. Vfheii th e  peak c r o s s - s e c t io n ,  co rresp o n d in g  

to  th e  46 ev en ts  a t  1 3 .1  Mev, v/as c a lc u la te d  u s in g  th e  

spectrum  ta b u la te d  by Matz and Cameron (6 8 ), a  v a lu e  o f 

abou t 3 m i l l ib a m s  was o b ta in e d . By ap p ly in g  th e  p r in c ip le  

o f d e ta i le d  b a lan c in g  to  th e  in v e rse  (p , ^  ) r e a c t io n ,  an 

expected  peak c r o s s - s e c t io n  o f ap p ro x im ate ly  10 m i l l ib a rn s  

v/as c a lc u la te d  fo r  the  ( 2T,p} r e a c t io n .  This d isc rep an c y  

could be p a r t i a l l y  accoun ted  f o r  i f  a l l  th e  ev en ts  v/hich 

v/ere excluded  from  th e  energy d i s t r i b u t io n  v/ere a t t r i b u t e d  

to  the ( îf ,p )  r e a c t io n .  Hov/ever, i t  v/as known th a t  many o f 

th e se  ev en ts  in v o lv ed  p a r t i c l e s  w ith  e n e rg ie s  in  ex cess  of 

th o se  co n s id e red  h e re , and f u r t h e r ,  th a t  a  c o n s id e ra b le  

number of them o r ig in a te d  in  r e a c t io n s  o th e r  th a n  th e  

( ^ , p ) , i . e . ,  p ro to n s  from  th e  w a l l s ,  e t c .  The d if fe re n c e  

betv/een th e  m easured and c a lc u la te d  v /id ths v/ould s t i l l  

rem ain u n re so lv ed . A l te r n a t iv e ly ,  th e se  d is c re p a n c ie s  

could  be accounted  f o r  i f  th e  m a jo r i ty  of th e  ev en ts  in  the  

photon d i s t r i b u t io n ,  w hich had been  a t t r i b u t e d  to  photons 

o f  energy betw een 13 .1  and 13 .4  Mev, r e s u l t e d  from 

a b so rp tio n  in to  th e  13*09 Mev l e v e l .  I t  v/ould req .u ire a 

c o n s id e ra b le  e r r o r  to  account f o r  t h i s  d isc rep an c y  w hich, 

i f  i t  e x is te d ,  was n o t d e te c te d . I t  i s  f e l t  c o n fid e n t 

t h a t  the  source of t h i s  unknov/n e r r o r  d id  n o t l i e  in  the  

m easurem ents, ran g e-en erg y  r e la t io n s h ip  o r th e  range 

s t r a g g l in g .  However, i f  in  f a c t  th e  peak energy  of the
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beam d id  n o t rem ain  s ta b le  a t  18 Mev b u t in  f a c t  d r i f t e d  

w idely ,- some of th e  re c o rd e d  p ro to n s  co u ld  have r e s u l t e d  

from  t r a n s i t i o n s  to  th e  f i r s t  e x c i te d  s t a t e  o f T his

would req .u ire  a  photon  en erg y  o f ap p ro x im ate ly  18 .7  Mev 

and in  o rd e r to  o b ta in  a  y ie ld  com parable to  th a t  from  the  

13.09  Mev l e v e l  i n  0^^ to  th e  ground s t a t e  o f th e

pealc energy of th e  beam v/ould have had to  be in  ex cess  of 

t h i s  f ig u r e .  Carbon in  the form  of p o ly th en e  was 

i r r a d i a t e d  b u t no a p p re c ia b le  a c t i v i t y  v/as re c o rd e d  and 

i t  v/as th e re fo re  concluded  t l i a t  th e  d r i f t  in  th e  peak energy  

of th e  sy n c h ro tro n  o u tp u t cou ld  n o t account f o r  th e  shape of 

th e  p ro to n  energy  d i s t r i b u t i o n .

On th e  o th e r  hand, th e  ex p e rim en ta l d i s t r i b u t i o n  

would be c o n s i s te n t  w i th  c o n t r ib u t io n s  from s e v e ra l  l e v e l s .  

I n  f a c t ,  i f  two le v e ls  a t  13 .09  Mev and 13*59 Mev were 

assumed to  have v /id th s  o f 250 kev and c r o s s - s e c t io n s  as 

shov/n in  th e  c r o s s - s e c t io n  c u rv e , th e n  th e  curve co u ld  be 

rep roduced  from  1 3 .0  Mev to  1 3 .6  Mev.

The 13*09 Mev le v e l  i s  v /e ll  e s ta b l is h e d  from  th e  

in v e rs e  r e a c t io n  and Hom yack and S h e rr  (84) who s tu d ie d  

th e  r e a c t io n  0^^ (p>P*) 0^^ t e n t a t i v e l y  su g g es ted  a  l e v e l  

a t  13*59 Mev. I t  would n o t seem u n reaso n ab le  to  a s s ig n  

th e  same sp in  and p a r i t y  to  b o th  th e se  l e v e l s .  In  f a c t ,  

Zimmerman (85) h as  s tu d ie d  th e  p r o p e r t i e s  o f th e  lo w -ly in g  

s t a t e s  of and s in c e  0^^ and form  an is o b a r ic
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t r i p l e t ,  one can i n f e r  th e  s p in s  and p a r i t i e s  o f the  0^^ 

le v e l s  co rre sp o n d in g  to  the  e x c i te d  s t a t e s  of where 

th e  ground s t a t e  co rresp o n d s to  the. f i r s t  T=1 s t a t e  

of 0^^ a t  12.95 Mev. T h is  su g g e s tio n  would le a d  to  a  

0" o r  1"" assignm ent to  b o th  l e v e l s .

T his e x p la n a tio n  o f  th e  e x p e rim en ta l d i s t r i b u t i o n s  

i s  in  d isag reem en t w ith  the  p r e d ic t io n s  o f th e  p r in c ip le  o f 

d e ta i l e d  b a la n c in g  as  a p p lie d  to  th e  in v e rs e  r e a c t io n .  As 

a  r e s u l t ,  n e i th e r  e x p la n a tio n  can be .forw arded v /ith o u t 

c r i t i c i s m .  A f u r th e r  in v e s t ig a t io n  has s in c e  been  c a r r ie d  

ou t by M enzies (86) w ith  th e  Cambridge sy n c h ro tro n  in  o rd e r  

to  check th e  r e s u l t s  r e p o r te d  h e re . H is p re lim in a ry  r e s u l t s  

confirm ed  th a t  th e  peak was ap p ro x im a te ly  0 .5  Mev wide and 

he e s tim a te d  th a t  th e  peak c r o s s - s e c t io n  was ap p ro x im ate ly  

5 m i l l i b a m s .

The rem ain d er of th e  ( i f ,p )  c r o s s - s e c t io n  curve 

cou ld  e i t h e r  be reg a rd ed  as  th e  * ta il*  o f the  low energy  

reso n an ce  o r re so n an ces  bu t i t  i s  more l i k e l y  th a t  i t  was 

due to  sm a ll c o n tr ib u t io n s  from  le v e ls  a t  abou t 14*1 Mev 

and 14*7 Mev. The l a t t e r  s t a t e  has been  d e te c te d  by S p ic e r  

and Johansson  & Porkman (71 ,72 ) when th e y  s tu d ie d  th e  0^^ 

( i f f P )  r e a c t io n .  They d is a g re e ,  how ever, as to  th e  

m agnitude of th e  c r o s s - s e c t io n  by a  f a c t o r  of th r e e .

W ilk in so n  and Bloom (73) e s tim a te d  from  t h e i r  own r e s u l t s  

on th e  in v e rs e  r e a c t io n  t h a t  Spicer*  s v a lu e  f o r  th e  c ro s s -



82.

s e c t io n  was in  e r r o r  by a f a c t o r  o f 50. As a r e s u l t ,  

one can on ly  su g g est th a t  such a l e v e l  e x i s t s  w ith  a  

c ro s s -s e c ÿ io n  l e s s  th an  t h a t  quo ted  by S p ic e r .  Here th e  

p ro to n s  which were e m itte d  in  t r a n s i t i o n s  to  th e  ground 

s t a t e  of fo llo v /in g  th e  a b s o rp tio n  o f 14*7 Mev pho tons 

had a v e ry  lov/ p r o b a b i l i ty  o f s to p p in g  i n  th e  chamber 

( 0 . 25) and co n seq u en tly  only  th r e e  such e v e n ts  were reco rd ed , 

A le v e l  has been su g g es ted  by S t o l l  (87) a t  

14*2 Mev a f t e r  s tu d y in g  th e  0^^ ( ( ^ ,a )  r e a c t io n .  From 

th e  p re s e n t r e s u l t s  one would e s t im a te  t h a t  t h i s  l e v e l  

v/ould have a c r o s s - s e c t io n  of a p p ro x im a te ly  o n e - th i rd  o f 

t h a t  of the  13*09 Mev le v e l ,  on th e  h y p o th e s is  of s e v e r a l  

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

The 22 ,a )  e v e n ts  were n o t a n a ly se d  a s  th e re

v/ere so few of them , b u t th e  r a t i o  o f th e  a - p a r t i c l e  y ie ld  

to  th a t  o f th e  p ro to n s  was of th e  o rd è r  o f  one in  tw en ty .

The ’ s t a r s ’ were a l l  fo u r-p ro n g e d  and were 

p ro b ab ly  0^^ ( ^  )4(%) e v e n ts  and th e se  a ls o  were n o t  

a n a ly se d . The le n g th s  of the  a - p a r t i c l e  t r a c k s  w ere s h o r t  

and t h i s  in d ic a te d  t h a t  th e  pho tons r e s p o n s ib le  w ere o f 

low energy .

5*7* The ex p e rim e n ta l a n g u la r  d i s t r i b u t i o n .

The an g le  between th e  p h o to p ro to n  t r a c k  and th e  

beam d i r e c t io n  v/as de term ined  f o r  the  ( ^ , p )  e v e n ts  w hich 

were a c c e p te d  f o r  th e  energy  d i s t r i b u t i o n .  The same ang le
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was a ls o  m easured f o r  a l l  th e  ( î f  ,p )  e v e n ts  in  w hich  th e  

p ro to n  l e f t  th e  s e n s i t iv e  volume o f th e  cham ber. The 

r e s u l t s  were grouped in to  20*̂  b in s  and a  c o r r e c t io n  a p p lie d  

to  account f o r  th e  v a r i a t i o n  of s o l id  an g le  f o r  eq u a l 

a n g u la r  i n t e r v a l s .  T h is  was done by d iv id in g  th e  number o f 

e v e n ts  in  each a n g u la r  i n t e r v a l  by the  mean v a lu e  o f the  

s in e  of th e  an g le  in  t i i a t  i n t e r v a l .

Ko s ig n i f i c a n t  d if f e r e n c e  v/as found betw een th e  

d i s t r i b u t io n s  co rre sp o n d in g  to  ’ stopping* p ro to n s  and 

’ le a v in g ’ p ro to n s . The a n g u la r  d i s t r i b u t i o n  com piled from  

b o th  s e ts  o f p h o to p ro to n s  i s  shown in  F ig u re  52 where the  

e r r o r s  a re  p u re ly  s t a t i s t i c a l .  The accu ra cy  of m easurem ent 

o f th e  ang le  was of th e  o rd e r  o f 5° b u t th e  r e s u l t s  were 

grouped in to  20^ i n t e r v a l s  to  p ro v id e  re a so n a b le  s t a t i s t i c s .

The e x p e rim e n ta l d i s t r i b u t i o n  i s  i s o t r o p i c .  The 

s t a t e  a t  15*09 Mev i s  c o n s id e re d  to  be 1"" (75) and one would 

ex p ec t 8-wave p ro to n  em issio n  to  th e  K^5 ground s t a t e  to  

fo llo w  F I  a b s o rp tio n  in to  t h i s  l e v e l ,  th u s  y ie ld in g  an 

i s o t r o p ic  a n g u la r  d i s t r i b u t i o n .  The h y p o th e s is  t h a t  

a b s o rp tio n  proceeded  in to  two l e v e l s  would s t i l l  be 

c o n s is te n t  w ith  th e  a n g u la r  d i s t r i b u t io n ,  as  i t  v/as assumed 

th a t  b o th  le v e ls  had th e  same sp in s  and p a r i t i e s .
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F ig u re  32.

A ngular d i s t r i b u t i o n  o f th e  photo- 
p ro to n s  from  oxygen*
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6*1. In tro d u c t io n .

I t  shou ld  be p o in te d  out a t  th e  b eg in n in g  of 

t h i s  c h a p te r  t h a t  the  r e s u l t s  p re s e n te d  in  i t  a re  th e  f i r s t  

m easurem ents o f th e  y ie ld s  of He^ p a r t i c l e s  from  p h o to - 

n u c le a r  r e a c t io n s .  The a u th o r  has been u n ab le  to  f in d  any 

re fe re n c e  to  p re v io u s  work on t h i s  to p ic .

In  th e  p a s t ,  s e v e ra l  groups o f  w orkers have 

d e te c te d  a c t i v i t i e s  w hich they  c o r r e la te d  w ith  th e  p ho to 

p ro d u c tio n  of n u c le i  o f th e  form  (Z -2 , N -l)  from  ta r g e t  

n u c le i  of th e  type  (S ,N ). As has  been  m entioned e a r l i e r  

in  C h ap ter I ,  th e se  w orkers en co u n te red  th r e e  d i f f i c u l t i e s  

in  th e  i n t e r p r e t a t i o n  o f t h e i r  r e s u l t s :

(1) The t a r g e t  must be m onoiso top ic  i f  unambiguous 

y ie ld  v a lu e s  a re  to  be a s c r ib e d  to  th e  in d iv id u a l  r e a c t io n s .

(2) The y ie ld  v a lu e s  a re  quoted r e l a t i v e  to  some 

s ta n d a rd , f o r  exam ple, th e  y ie ld  of n e u tro n s  from th e

,n ) r e a c t io n  v/hose c r o s s - s e c t io n  i s  n o t w e ll  

e s ta b l is h e d  up to  e n e rg ie s  i n  th e  re g io n  o f 500 Mev.

(3) The y ie ld  f i n a l l y  a s c r ib e d  to  th e  r e a c t io n  

(N,2»)( ^  , ? ) (N -l,Z -2 )  was composed of th e  p a r t i a l  y ie ld s  

due to  th e  ()(^,2pn) r e a c t io n  to g e th e r  w ith  t h a t  from  th e

( y ,H e 3 ) r e a c t io n  and th e re  was no way o f  e s t im a tin g  t h e i r  

r e l a t i v e  c o n tr ib u t io n s  to  th e  t o t a l .

6 .2 .  Eq.uipment and P ro c e d u re .

The equipm ent (88) v;as o r ig in a l ly  b u i l t  to  s tu d y



th e  r e a c t io n  He^ ( i f ,  )He^ by d e te c t in g  th e  r e c o i l in g  

H e 4 n u c le i .  I t  was n e c e s sa ry  to  d i s t i n g u i s h  betw een th e  

H e4 p a r t i c l e s  v/hich a ro se  from  th e  above r e a c t io n  and th e  

He5 p a r t i c l e s  produced by th e  He^ ()T ,n ) He^ r e a c t io n .

Use was made o f  th e  s ta n d a rd  te ch n iq u e  commonly

used  in  h ig h  en erg y  n u c le a r  p h y s ic s  f o r  d is t in g u is h in g  betw een

p a r t i c l e s  o f d i f f e r e n t  mass by the  s im u ltan eo u s  measurem ent

of the  s p e c i f ic  io n i s a t io n  and th e  t o t a l  energy  o f the

p a r t i c l e  ( i . e ,  and E ) .  The method had been p re v io u s ly

used  to  s e p a ra te  mesons from  e le c tr o n s  and p ro to n s  (8 9 ,9 0 ) ,

and a ls o  to  d i s t in g u is h  betw een p ro to n s  and d o u te ro n s (91)*

These methods employed s c i n t i l l a t i o n  d e te c to r s  b u t v/ere

u n s u ita b le  f o r  t h i s  s tu d y , s in c e  an e x tre m e ly  t h i n

s c i n t i l l a t o r  would be re q u ire d  f o r  th e  ^  m easurem ent,
dx

( e . g . ,  a 15 Mev a - p a r t i c l e  would lo s e  abou t 5 Uev in  p a s s in g  

th ro u g h  0.003 in c h es  o f p l a s t i c  s c i n t i l l a t o r ) .  H u rth e r , 

th e  n o n - l in e a r  v a r i a t io n  of l i g h t  o u tp u t w ith  energy  lo s s  

in  s c i n t i l l a t i n g  c r y s t a l s  reduced  the  e f f e c t iv e  s e p a ra t io n  

betw een the tv/o ty p e s  of d e n se ly  io n is in g  p a r t i c l e s .  Use 

was th e re fo re  made o f  gas c o u n te rs  where th e  s p e c i f ic  

io n i s a t io n  of doub ly -ch arg ed  p a r t i c l e s  was so h ig h  th a t  

th e y  s t i l l  could  be d e te c te d  in  g r e l a t i v e l y  h ig h  back

ground f lu x  o f e le c tro n s  and photons v /ith o u t ’ p ile -u p *  

s e r io u s ly  a f f e c t in g  th e  r e s o lu t io n .

The t a r g e t  chamber was a tu b e  4 f e e t ,  long  and
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3 in c h e s  in  d ia m e te r  w ith  0 .005 in c h e s  *Melinex* windows

a t  e i t h e r  end. The chamber was p o s i t io n e d  in  such  a

manner t h a t  th e  beam p assed  a lo n g  th e  a x is  o f  th e  t a r g e t

tube  whose * e n t r y ’ window was a s  n e a r  a s  p o s s ib le  to  th e

’e x i t ’ p o r t  o f th e  c o l l im a to r  vacuum system . The t a r g e t

was f i l l e d  to  a  p re s s u re  o f 1^  a tm ospheres w ith  th e  gas

u n d er in v e s t ig a t io n  and th e  He^ and He^ p a r t i c l e s  were

d e te c te d  in  two g rid d ed  io n i s a t io n  chambers mounted a t

90® to  th e  a x is  o f th e  beam (see  F ig u re  33)* They had a

common H.T. e le c tro d e  and th e  c o l l e c t o r  p l a t e s  w ere
d E

s e p a r a te ,  th u s  m easuring  ^  and E o f  th e  p a r t i c l e .  The 

E chamber was f l a r e d  out to  in c lu d e  a  re a so n a b le  s o l id  

ang le  o f a c c e p ta n c e . The e a r th e d  guard  r in g  and th e  w ire  

c o n d u c to rs , h e ld  a t  s u i ta b le  p o t e n t i a l s ,  m a in ta in e d  th e  

re q u ire d  f i e l d  d i s t r i b u t i o n  n e a r  th e  edges o f  the  cham ber. 

The e a r th e d  s t r i p  in s e r t e d  betw een th e  c o l l e c to r  p la te s  

se rv ed  to  reduce th e  c a p a c ity  betw een them  (2 .2  p f ) .  

C o llim a ted  polonium  so u rc e s  were mounted in  b o th  cham bers. 

The chamber was f i l l e d  w ith  a  m ix tu re  o f  90ÿG and 10^ 

methane to  a p re s s u re  o f  I k  a tm o sp h eres . The t a r g e t  was 

s e p a ra te d  from  the  cham bers by a  ’M elin ex ’ window 0.0005 

in c h e s  th ic k  su p p o rted  on a w ire  g r id .

The mass and energy  of th e  p a r t i c l e  were d eterm ined  

from  th e  energy lo s s e s  E% and E2 a s  m easured by th e  h e ig h ts  

o f th e  co in c id en ce  p u ls e s  o b ta in e d  from  th e  c o l l e c t o r s  when
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33

The t a r g e t  tube  and the  io n i s a t io n  cham bers. 
Note i n  th e s e  ex p erim en ts  th e  cham bers v/ere 
mounted a t  90^ w ith  r e s p e c t  to  th e  beam

d i r e c t io n .
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a  p a r t i c l e  t r a v e r s e d  bo tli chambers* T h is  in fo rm a tio n  

was d isp la y e d  on a  C.R.O. by a sp o t whose c o -o rd in a te s  

were p ro p o r t io n a l  t o  and E2 r e s p e c t iv e ly *  A b lo ck  

diagram  of th e  e l e c t r o n ic s  i s  shown in  E ig u re  54. W ith 

th e  a id  o f two sh o r te d  d e lay  l i n e s ,  i t  was p o s s ib le  to  

e l im in a te  th e  ’p i l e - u p ’ o f e le c t r o n  p u ls e s  w hich o ccu rred  

w ith in  th e  beam d u ra t io n  (500 jis) and o b ta in  square  p u ls e s  

o f 5 ps d u ra tio n .

The energy  lo s s e s  E]_ and E2 v a r ie d  betw een th e  

l im i t s  1 .3  Mev to  3 Mev and 2 Mev to  18 Mev r e s p e c t iv e ly .  

The s t a t i s t i c a l  f lu c tu a t i o n  in  E]_ u n d e r t y p i c a l  c o n d it io n s  

was about 25 kev .

The sp o ts  on th e  C.H.O. w ere pho tographed  and 

each  exposure l a s t e d  two h o u rs . The number o f sp o ts  p e r  

frame v a r ie d  betw een 7 and 20. The E]_ and E2 axes f o r  

each exposure were p lo t t e d  u s in g  th e  p u ls e s  from  th e  

polonium  so u rces  and co in c id e n c e s  w ere o b ta in e d  by jo in in g  

th e  in p u ts  to  the  co in c id en ce  u n i t  and e a r th in g  th e  in p u t  

to  each  a m p li f ie r  i n  tu r n .  T his a l s o  y ie ld e d  th e  

c a l i b r a t i o n  o f  th e  E]_ and E2 d e f le c t io n s  in  te rm s o f  en erg y  

lo s s ,  and, i n  f a c t ,  th e  p rocedu re  was re p e a te d  w ith  th e  

c a l ib r a t i o n  sp o ts  sp re a d  ou t in  a  d i r e c t i o n  a t  r ig h t  

a n g le s  to  th e  r e q u ire d  d e f le c t io n  i n  o rd e r  to  lo c a te

a c c u ra te ly  th e  re g io n  o f maximum d e n s i ty .  F o r any s e t  

o f ru n s  the c a l ib r a t i o n  d e f le c t io n s  were i n  s u f f i c i e n t
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agreem ent t h a t  t h e i r  mean v a lu e  co u ld  be u sed  th ro u g h o u t.

ïh e  d a ta  was an a ly sed  as  f o l lo w s : -  Prom th e  

t h e o r e t i c a l  ran g e -e n e rg y  r e la t io n s h ip s  (7 9 ,9 2 ) f o r  n u c le i  

i n  a rg o n , th e  c a l i b r a t i o n  d e f le c t io n s ,  th e  geom etry o f 

th e  chamber and th e  gas p re s s u re , i t  was p o s s ib le  to  

c a lc u la te  th e  cu rves a lo n g  w hich He^ and He^ p a r t i c l e s  

would be expected  to  l i e .  The space betw een th e  cu rv es  

and on e i t h e r  s id e  of them was su b -d iv id e d  in to  ch an n e ls  

in  such  a  way th a t  each  curve la y  a lo n g  th e  c e n tr e  of a  

c h a n n e l. The number o f p o in ts  in  each  ch an n e l was coun ted  

and a  h is to g ram  o b ta in e d . A l im i t  was im posed on th e  

re g io n  of co u n tin g  in  o rd e r  to  e l im in a te  th o s e  p a r t i c l e s  

w hich passed  com p le te ly  th rough  b o th  cham bers.

6.5* R e s u l ts .

The r e s u l t s  p re se n te d  in  P ig u re  55 were o b ta in e d  

by P a l i t  and Bellam y (95) who i r r a d i a t e d  a  he lium  t a r g e t  

w ith  525 Mev b re m ss tra h lu n g  and d e te c te d  th e  e m itte d  He^ 

and He^ p a r t i c l e s .  The upper curve (a )  d is p la y s  th e  

y ie ld  o f He^ p a r t ic le s ^  a t  90^ w ith  r e s p e c t  to  th e  beam 

d i r e c t io n ,  from th e  r e a c t io n  He^ ( ^  ,n )  He^. At t h i s  

an g le  th e  k in e m atic s  o f th e  He4„.(Y> Ee^ r e a c t io n  

r u le  ou t th e  em issio n  o f He^ p a r t i c l e s .  The y ie ld s  o f 

He5 and Ee^ p a r t i c l e s  a t  40^ w ith  r e s p e c t  to  th e  beam 

d i r e c t io n  from  b o th  th e  above r e a c t io n s  a re  i l l u s t r a t e d  in
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Mass d i s t r i b u t i o n  of th e  He5 and He^ 
p a r t i c l e s  re p o r te d  by P a l i t  & Bellam y(93]

a . M easured a t  90® w ith  r e s p e c t  to  
th e  beam d ire c tio n *

b . M easured a t  40® w ith  r e s p e c t  to  
th e  beam d i r e c t io n .
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th e  lo w er curve ( b ) .  Prom P ig u re  3 5 (a ) one can see  

t h a t  th e  i n t r i n s i c  r e s o lu t io n  o f th e  d e v ic e  was q u i te  

good and th a t  th e  peak  o c c u rre d  in  th e  p ro p e r  channel*

The r e s u l t s  o f th e  p re s e n t  ex p e rim en ts  a re  

i l l u s t r a t e d  i n  P ig u re  36* Here th e  mass d i s t r i b u t i o n  (a ) 

shows th e  y ie ld s  of He^ and He -̂ p a r t i c l e s  o f  mean energy  

^  20 Mev, w hich w ere o b ta in e d  from  an  oxygen t a r g e t  

i r r a d i a t e d  w ith  325 Mev b re m ss tra h lu n g  when th e  d e te c to r  was 

p o s i t io n e d  a t  90® w ith  r e s p e c t  to  th e  a x is  o f th e  beam* As 

can be se e n , th e  two g roups a re  n o t co m p le te ly  re s o lv e d , bu t 

on th e  assu m p tio n  t h a t  th e  d i s t r i b u t i o n s  were o f th e  form  

re p re s e n te d  by th e  two sy m m etrica l d o t te d  c u rv e s , th e  r a t i o  

o f  th e  y ie ld s  o f He^ and He^ p a r t i c l e s  was 7 5 :47 . By 

co u n tin g  the  number o f p o in ts  on e i t h e r  s id e  o f th e  m iddle 

c h a n n e l, t h i s  r a t i o  was confirm ed  w ith in  ex p erim en ta l e r ro r*  

P ig u re  36(b) shows a  s im i la r  d i s t r i b u t i o n  o b ta in ed  w ith  an  

argon  t a r g e t  and h e re  th e re  i s  no s ig n  o f a  peak in  th e  He^ 

channel* The c u rv e , how ever, i s  n o t sym m etrical and , i f  one 

assum es th a t  th e  d eg ree  o f  d iv e rg e n ce  from  symmetry re p re se n ts  

an u p p er l im i t  f o r  th e  p ro d u c tio n  o f He5 p a r t i c l e s ,  th e n  th e  

r a t i o  i n  t h i s  case  i s  159: ^  30* T h is r a t i o  was ag a in  

confirm ed  w ith in  e x p e rim e n ta l e r r o r  by d iv id in g  th e  

d i s t r i b u t i o n  a t  th e  m iddle channel*  S ince  the energy range 

was s m a ll ,  an  energy  d i s t r i b u t i o n  would n o t  in  f a c t  be v e ry  

i l lu m in a t in g ,  b u t i t  ap p ea rs  th a t  th e  number of p a r t i c l e s
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d ecreased  w ith  in c re a s in g  p a r t i c l e  energy , p a r t i c u l a r l y  

i n  th e  case o f th e  He^ p a r t i c l e s .  A d r i f t  in  th e  g a in  

o f one o f th e  a m p li f ie r s  appeared  d u rin g  th e  runs and t h i s ,  

a lth o u g h  n o t s e r io u s ly  a f f e c t in g  th e  energy  m easurem ents, 

seemed to  have s l i g h t l y  reduced  th e  r e s o lu t io n  to  an 

e x te n t  th a t  th e  He^ and He^ p a r t i c l e s  were n o t r e s o lv e d . 

Hov/ever, on th e  "basis o f  the  p re v io u s  r e s u l t s ,  th e  

c o n tr ib u tio n s  due to  b o th  ty p e s  o f p a r t i c l e s  were s e p a ra te d  

as d e sc r ib e d  above.

6 .4 . D isc u ss io n .

There i s  no th e o ry  w ith  w hich th e se  r e s u l t s  can 

be d i r e c t l y  compared and in  th e  D is c u s s io n  th e y  a re  

compared w ith  d a ta  o b ta in e d  i n  in v e s t ig a t io n s  in  s im i la r  

o r r e la te d  f i e l d s .

The two t a r g e t s  were assumed to  be composed o f 

e n t i r e ly  0^^ and r e s p e c t iv e ly ,  s in c e  th e  gases were 

o f i n d u s t r i a l  p u r i t y  and th e  p e rc e n ta g e  abundances o f th e  

o th e r  iso to p e s  o f oxygen and argon  were n e g l ig ib l e .  I t  

shou ld  be p o in te d  ou t t h a t  i t  was n o t p o s s ib le  to  s tu d y  

th e  (]f ,H e ^ ) r e a c t io n s  i n  oxygen and argon  by th e  

a c t iv a t io n  tech n iq u e  r e f e r r e d  to  i n  th e  I n tro d u c t io n  to  

t h i s  C h ap te r, as b o th  th e  d a u g h te r  n u c le i  were s t a b l e .  

S im ila r ly  the  0^3 n u c l e i ,  w hich r e s u l t e d  from  the  em issio n  

o f  He^ p a r t i c l e s  from  0^^, were a l s o  s t a b l e  and th e r e f o r e  

u n d e te c ta b le  by th i s  method.
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In  o rd e r  to  o b ta in  an o rd e r  o f m agnitude f o r  th e  

r a t i o s  to  be expected  f o r  th e  Hê * to  He3 y ie ld s  i t  was 

assumed t h a t  th e  p a r t i c l e s  were e m itte d  in  th e  decay of 

a  compound n u c leu s  a s  en v isag ed  in  B l a t t  and Y /eisskopf (9 4 ) . 

In  th e se  c a lc u la t io n s  i t  was assumed t h a t  (a) th e  c r o s s -  

s e c tio n s  f o r  th e  fo rm a tio n  of th e  compound n u c le u s  

by He5 and He^ p a r t i c l e s  in c id e n t  on and

r e s p e c t iv e ly  were ap p ro x im a te ly  eq u a l and (b) t h a t  th e  

r a t i o  o f th e  c a p tu re  c r o s s - s e c t io n  f o r  th e  photon  i n  

oxygen to  th e  sum over a l l  decay ch an n e ls  o f th e  compound 

n u c le u s , was a  s lo w ly  v a ry in g  fu n c t io n  o f en e rg y . The 

le v e l  d e n s i t i e s  were c a lc u la te d  from  th e  fo llo w in g  form ula 

v/hich was d e r iv e d  by Lang and le C o u te u r  (95) s -

Dq = 0 .11  (H «t t ) ^  exp — t  ( IIH )

where t  = (
A

As a  f i r s t  a p p ro x im a tio n ,th e  l e v e l  d e n s i t i e s  

co rresp o n d in g  to  s t a t e s  w ith  s p in  ze ro  were u se d . Account 

was a lso  ta k en  o f th e  v/ork o f Brown and M uirhead (96) v/ho 

found t h a t ,  f o r  n u c le i  o f the  same mass and e x c i t a t io n  

en erg y , th e  average  l e v e l  d e n s i t i e s  f o r  odd-even and 

even-even  n u c le i  w ere g iv e n  by 

^  o-e  /V ^  e—e

The above p rocedure  was re p e a te d  f o r  a rgon . The r e s u l t s
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o b ta in ed  from b o th  s e ts  o f c a lc u la t io n s  a re  summarised 

in  th e  fo llo w in g  t a b le .

Energy o f th e  absorbed  -photon 70 120 170 Mev

He^ to  He3 y ie ld  r a t i o  f o r  0^^ 4.4 1 .5  0 .8

He^ to  He5 y ie ld  r a t i o  f o r  53*4 5 .1  1 .5

I f  one were to  talce th e se  r e s u l t s  a t  t h e i r  fa c e  v a lu e

i t  would ap p ear t h a t  th e  p a r t i c l e s  r e s u l te d  from  photon 

a b so rp tio n  i n  the  energy re g io n  around 120 Mev. However, 

th e  th re s h o ld  f o r  th e  em issio n  of 20 Mev a - p a r t i c l e s  la y  

below 30 Mev, i . e . ,  in  th e  re g io n  o f  th e  * g ia n t  resonance* 

in  the  photon  a b so rp tio n  c r o s s - s e c t io n ,  and th e re fo re  one 

would expec t th a t  a  la rg e  f r a c t i o n  o f th e  m easured y ie ld  

r e s u l te d  from  photon  a b s o rp tio n  below 50 Mev, where the

c ro s s - s e c t io n  was much g r e a te r  th a n  a t  h ig h e r  e n e rg ie s .

That 20 Mev a - p a r t i c l e s  w ere em itted  from  n u c le i  when 

i r r a d ia te d  w ith  low energy  photons was dem onstra ted  by 

M illa r  (97) who worked a t  a  peak  photon energy o f 70 Mev.

H is energy d i s t r ib u t io n s  were in  agreem ent v /ith  th o se  

c a lc u la te d  on a  s t a t i s t i c a l  th e o ry .

I t  i s  v e ry  d i f f i c u l t  to  env isage  any o th e r  p ro cess  

a p a r t  from the e v a p o ra tio n  mechanism by which the He^ 

p a r t i c l e s  could have been e m itte d .

The d i f f e r e n t i a l  y ie ld  ro se  by a  f a c t o r  o f 2 

when th e  atom ic number was in c re a se d  from  e ig h t  to  e ig h te e n .
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As i t  i s  now con sid ered  th a t  the  a - p a r t i c l e s  r e s u l te d  

from  photon a b so rp tio n  a t  e n e rg ie s  n o t too  d i f f e r e n t  from 

th a t  co rrespond ing  to  th e  peak o f th e  * g ia n t  resonance*, i t  

i s  in te r e s t in g  to  compare th e  p re se n t r e s u l t s  w ith  th e  

p u b lish ed  d a ta  on a - p a r t i c l e  y ie ld s  o b ta in ed  w ith  photon 

beams o f low peak energy* The y ie ld s  from a  wide range 

of n u c le i have been in v e s t ig a te d  by Toms and McElhinney 

(57) a t  a  peak energy of 21 .5  Mev and by E rdos, S c h e rre r  

and S to l l  (58) v/ho worked v /ith  a peak energy  of 32 Mev. 

T heir r e s u l t s  were i l l u s t r a t e d  in  C hapter I  (F igu re  9 ) .

This d a ta  in d ic a te d  th a t  the  t o t a l  y ie ld  in c re a se d  as th e  

atomic number o f th e  t a r g e t  n uc leus was in c re a se d  up to  

2 = 29 o r 30 and th e r e a f t e r  decreased  a t  g r e a te r  v a lu e s  

o f 2 . The atom ic numbers o f oxygen and argon  would 

correspond to  the  r i s in g  p o r t io n  o f t h i s  curve and a  r a t i o  

of 1 :2  fo r  th e  d i f f e r e n t i a l  y ie ld s  o f a - p a r t i c l e s  from 

th ese  two n u c le i  would th e re fo re  n o t be in c o n s is te n t  v /ith  

the  tre n d  im plied  by th e  r e s u l t s  shown in  F ig u re  9*

He5 p a r t i c l e s  v /ith  en e rg ie s  of th e  o rd e r  of 20 Mev 

would not be em itted  u n t i l  th e  energy  o f th e  absorbed 

photon exceeded app ro x im ate ly  40 Mev. A part from  th re s h o ld  

c o n s id e ra tio n s  one would a n t ic ip a te  t h a t ,  on a  s t a t i s t i c a l  

th e o ry , the energy dependences o f th e  em itted  He^ and He^ 

p a r t i c l e s  would be s im i la r .  T herefo re  i t  i s  suggested  

th a t  th e  He5 p a r t i c l e s  were em itte d  a f t e r  the  a b s o rp tio n  of
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p ho tons w ith  e n e rg ie s  s l l g l i t l y  greater tlian. tnose 

proposed  f o r  th e  ( ^ ,H e 4 )  r e a c t io n .  On th e  o th e r  hand , 

from  th e  t h e o r e t i c a l  c a l c u la t io n s  I t  was known t h a t  the  

r a t i o  of th e  y i e ld s  of to  He^ p a r t i c l e s  in c re a s e d  

r a p id ly  a s  th e  e x c i t a t i o n  energy  was decreased*  A t low 

e n e rg ie s  on a  s t a t i s t i c a l  th e o ry , t h e r e f o r e ,  one would 

have expected  to  d e t e c t  v e ry  many more He^ p a r t i c l e s  th a n  

He3 p a r t i c l e s .  The p a r t i c l e  y ie ld s  o b ta in e d  from  th e  

argon  t a r g e t  w ere i n  agreem ent w i th  t h i s  c o n c lu s io n  s in c e ,  

a lth o u g h  th e r e  was a  l a r g e  He^ y i e l d ,  th e r e  was l i t t l e  o r  

no s ig n  of a  s i g n i f i c a n t  y ie ld  o f He^ p a r t i c l e s .  I n  

c o n t r a s t  to  th e  argon  r e s u l t s  th e r e  was a  la r g e  y ie ld  

from  oxygen. One was th e n  le d  to  p r e d ic t  t h a t  a n o th e r  

mechanism was r e s p o n s ib le  f o r  th e  e m iss io n  of th e se  He3 

p a r t i c l e s ,  and i n  p a r t i c u l a r  to  c o n s id e r  a  d i r e c t  

i n t e r a c t i o n  betw een th e  in c id e n t  pho ton  and a  q u a s i-  

a - p a r t i c l e  s u b -u n i t  w i th in  th e  oxygen n u c le u s . T h is  

in t e r a c t i o n  w ould b e a r  a  c lo s e  resem blance  to  th e  

p h o to d is in te g r a t io n  of a  f r e e  h e liu m  n u c le u s .

The same e x p e r im e n ta l p ro ced u re  had been u sed  

p re v io u s ly  by P a l i t  and B ellam y (93) and t h e i r  v a lu e  o f 

th e  d i f f e r e n t i a l  y i e ld  o f  He3 p a r t i c l e s  from  helium  a t  

90^ i s  quo ted  o v e r le a f ,  to g e th e r  w ith  th e  r e s u l t s  from  

th e  p re s e n t  e x p e rim e n ts .
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T arg e t ITucleus D i f f e r e n t i a l  y ie ld  a t  90^

Iq -3 0  cia^/Qte rad /M ev/Q .

He4 0 .55

0^6 0 .47

<0 .30

A ll th a t  can be s a id  a t  th e  moment i s  t h a t  from  th e  above 

ta b le  i t  w ould appear t h a t  th e  p r o b a b i l i ty  o f such  a  

d i r e c t  p ro c e ss  was v e ry  much h ig h e r  f o r  oxygen th a n  f o r  

argon.

The e n e rg ie s  o f th e  pho tons re s p o n s ib le  f o r  th e  

p h o to d is in te g ra t io n  of f r e e  h e liu m  n u c le i  w ith  th e  

subsequent em issio n  of He3 p a r t i c l e s  o f  mean energy  

/V 20 Mev w ere c a lc u la te d  from  th e  r e a c t io n  k in e m a tic s  

to  be o f the  o rd e r  o f 120 Mev. C onsequently  th e  e n e rg ie s  

o f the photons w hich  produced th e  0^^ ( V ,H e3) 0^^ r e a c t io n s  

would be o f th e  same o rd e r  o f m agn itude.

I t  seemed rea so n ab le  to  assume t h a t  th e re  would 

be a  ro u ÿ i s i m i l a r i t y  in  th e  dependence on th e  mass 

number o f th e  y ie ld s  o f h3 and He3 p a r t i c l e s  f o r  e i t h e r  

an in t e r a c t io n  betw een the  in c id e n t  ra y  and an  a - p a r t i c l e  

su b -u n it w ith in  th e  n u c leu s  o r  a  mechanism in v o lv in g  th e  

s t a t i s t i c a l  decay of th e  compound n u c le u s , n e g le c t in g  

Coulomb b a r r i e r  e f f e c t s .  To d a te  no h ig h  energy  

m easurem ents have been  made on th e  y ie ld s  o f , t )
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r e a c t io n s .  At low photon e n e rg ie s ,  H e in ric h  and 

Y faffler (98) have shov/n th a t  th e re  was a  sh arp  decrease  

in  th e  t o t a l  y ie ld s  o f  t r i t o n s  when th e  mass numher o f 

th e  ta r g e t  n u c leu s  was in c re a s e d . T his d ec rea se  occu rred  

betv/een aluminium, and copper and was in  f a c t  a  f a c to r  o f 

approx im ately  5* They found th a t  t h e i r  r e s u l t s  cou ld  

be f i t t e d  by th e  s t a t i s t i c a l  th e o ry  ex cep t f o r  th e  heavy 

n u c le i .  One m ight th e re fo re  have a n t ic ip a te d  a  d ec rease  

in  the d i f f e r e n t i a l  y ie ld s  o f He3 p a r t i c l e s  when th e  

oxygen t a r g e t  was re p la c e d  by one o f a rgon .

The co n c lu s io n s  w hich can  be drawn from  the  

above s p e c u la tiv e  d is c u s s io n  a re  summarised below .

( i )  The a - p a r t i c l e s  were p robab ly  em itte d  in  an 

ev ap o ra tio n  p ro cess  w hich fo llo w ed  th e  a b s o rp tio n  o f 

photons of e n e rg ie s  on ly  s l i g h t l y  g r e a te r  th a n  th o se  

co rrespond ing  to  the  * g ia n t  reso n an ce* .

( i i )  The in c re a s e  in  th e  d i f f e r e n t i a l  y ie ld s  o f 

a - p a r t i c l e s  as a  fu n c t io n  of th e  mass number was 

c o n s is te n t  w ith  th e  p u b lish e d  d a ta  on t o t a l  y ie ld s  

ob ta in ed  a t  low e n e rg ie s .

( i i i )  The He^ p a r t i c l e s  cou ld  have been ev ap o ra ted  from  

complex n u c le i  formed by th e  a b so rp tio n  o f in te rm e d ia te  

energy quan ta  and th e  t r e n d  o f th e  dependence on th e  

mass number o f th e  He3 y ie ld s  would be c o n s is te n t  w ith  

such  a  mechanism.



97.

( iv )  A lthough th e  r a t i o  o f  th e  y ie ld s  of He^ to

He3 p a r t i c l e s  f o r  a rg o n  was in  agreem ent w ith  ( i i i ) ,  

th i s  was n o t the  case f o r  oxygen v/here, on a  

s t a t i s t i c a l  p ro c e s s , a  g r e a te r  r a t i o  would have been 

expected*

(v) C onsequently  a  f r a c t i o n  o f  th e  y ie ld  o f  He3 

p a r t i c l e s  from  0^^ may be due to  a  d i r e c t  in t e r a c t io n  

between th e  in c id e n t  - r a y  o f energy  ap p ro x im ate ly  

120 Mev and an a - p a r t i c l e  s u b -u n it  w ith in  t h i s  

complex nucleus*

Throughout t h i s  D isc u ss io n  no c o n s id e ra t io n  has  

been g iven  to  th e  y ie ld s  of He^ and He^ p a r t i c l e s  from  

m eson-induced ev en ts  on th e  grounds t h a t  th e  c r o s s - s e c t io n s  

f o r  such r e a c t io n s  would be much le s s  th a n  th o se  o f th e  

low energy p h o to d is in te g ra t io n  re a c tio n s *

I t  i s  in te n d e d  to  in v e s t ig a te  th e  em issio n  

p ro cesses  f o r  n i t ro g e n  in  o rd e r  to  o b ta in  more d a ta  w hich, 

i t  i s  hoped, w i l l  h e lp  to  c l a r i f y  th e  r e l a t i v e  Im portances 

of th ese  two mechanisms in  oxygen* F u r th e r ,  th e  

i r r a d i a t i o n  o f o th e r  n u c le i  o f  h ig h e r  atom ic number w i l l  

h e lp  to  a s c e r ta in  the  v a r i a t io n  o f th e  He4 and He3 

p a r t i c l e  y ie ld s  over a  w id e r range of atom ic num bers.

A lthough i t  would ap p ear obvious t h a t  to  c l a r i f y  

t h i s  problem  th e  experim en ts shou ld  have been  re p e a te d  a t
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a  peak photon  energy  c o n s id e ra b ly  lo w er th a n  520 Mev, 

t h i s  was n o t p o s s ib le ,  as  th e  i n t e n s i t y  o f th e  pho ton  

beam d ecreased  s h a rp ly  a s  th e  peak en e rg y  was reduced*

Since th e  c o u n tin g  r a t e  i n  th e  ex perim en ts  r e p o r te d  h e re  

was a lre a d y  v e ry  sm a ll ( in  th e  o rd e r  o f  5 co u n ts  p e r  h o u r ) ,  

an experim ent u n d e r th e s e  c o n d it io n s  would be im p ra c tic a b le  

C o n tin u a tio n  of th e se  in v e s t ig a t io n s  i s  dependent 

on th e  a v a i l a b i l i t y  o f  * m achine tim e* , w hich i s  v e ry  

l im ite d  because  o f  the in te n s iv e  e x p e rim e n ta l programme 

a t  p re se n t i n  e x is te n c e *
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The d e te rm in a tio n  of some of th e  

p aram eters  o f th e  photon  and e le c t r o n  

beams o f th e  340 Mev sy n c h ro tro n #
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The peak e l e c t r o n  en erg y  o f th e  Glasgow h ig h  

energy  sy n c h ro tro n  was 340 Mev. The V ^-ray  beam was 

produced by a llo v /in g  th e  e l e c t r o n  beam to  s t r i k e  a  

tu n g s te n  ro d  t a r g e t  p la c e d  p e rp e n d ic u la r ly  to  th e  m edian 

p lane  of th e  m agnet. A b re m ss tra h lu n g  spec trum  was 

produced w ith  th e  pho tons b e in g  e m itte d  in  a  narrow  cone 

i n  th e  fo rw ard  d i r e c t i o n  w ith  r e s p e c t  to  th e  e le c t r o n  

beam. The pho ton  beam p assed  o u t th ro u g h  th e  ceram ic 

w a ll o f th e  vacuum cham ber, .betw een  two *0* s e c t io n s  o f 

th e  magnet and in to  th e  beam room#

The m achine was sy n ch ro n ized  to  th e  50 c y c le s /s e c .  

A.C. mains and a  beam p u lse  was  p roduced on each  e le v e n th  

mains c y c le ,  i . e . ,  a p p ro x im a te ly  4*5 b u r s t s  o f pho tons p e r  

second. A d e t a i l e d  d e s c r ip t io n  of t h i s  machine was g iven  

by W. M cFarlane e t  a l .  (99)*

B efo re  any a t te m p t v/as made to  c o ll im a te  th e  

photon beam, i t s  d im ensions and i n t e n s i t y  w ere f i r s t  

d e term in ed . A ’Y ic to re e n ’ th im b le , su rrounded  by l / S t h  

o f an in c h  o f le a d ,  was u sed  i n  th e  d e te rm in a tio n s  o f  th e  

dim ensions o f th e  pho ton  beam. The q u a n t i ty  o f le a d ,  

namely l / 8 t h  of an in c h , was chosen  to  conform  v /ith  

s im i la r  m easurem ents made p re v io u s ly  on o th e r  e l e c t r o n  

sy n c h ro tro n s  w ith  peak e n e rg ie s  o f abou t 300 Mev. The 

th im b le  v/as moved t h r o u ^  th e  beam in  b o th  th e  h o r iz o n ta l  

and v e r t i c a l  p la n e s  in d e p e n d e n tly , v /ith  th e  d i r e c t io n  o f



100.

m otion alw ays a t  r ig h t  a n g le s  to  th e  a x is  o f th e  beam.

The ’V ic to re e n ’ was mounted on th e  c a r r ia g e  o f a 

t r a v e l l i n g  m icroscope, f i t t e d  v /ith  th e  u s u a l  v e r n ie r  

s c a le s  in  two m u tu a lly  p e rp e n d ic u la r  d i r e c t io n s .  The 

th im ble was 6 m etres  from  th e  sy n c h ro tro n  t a r g e t  and was 

i r r a d i a t e d  f o r  p e r io d s  v a ry in g  betw een o f  a  m inute and 

one m inu te . The s a t i s f a c t o r y  p e r io d s  o f i r r a d i a t i o n  

chosen f o r  each  s e r i e s  o f m easurem ents ( i . e . ,  a  s in g le  

tra v e rs e  in  one p la n e )  v a r ie d  a c c o rd in g  to  th e  s ta n d a rd  

le v e ls  o f i n t e n s i t y  of th e  sy n c h ro tro n  beam o b ta in a b le  on 

th e  days d u rin g  w hich th e se  m easurem ents were made. The 

o u tpu t i n t e n s i t y  was k e p t c o n s ta n t  th ro u g h o u t each  o f 

th e se  t r a v e r s e s  and v/as m o n ito red  w ith  an  io n i s a t io n  

chamber. The dose re c o rd e d  by th e  th im b le  was th en  n o r

m alised  to  t h i s  p a r t i c u l a r  v a lu e  of th e  beam i n t e n s i t y .  

The io n i s a t io n  chamber m entioned above was a  copy o f th e  

chamber designed  and c a l ib r a te d  a t  C o rn e ll U n iv e r s i ty .

On each  o c c a s io n  th e  th im b le  was f i r s t  moved in  

a  h o r iz o n ta l  d i r e c t io n  u n t i l  a  maximum in  th e  beam 

in t e n s i ty  was lo c a te d .  When t h i s  had been  a c h iev ed , th e  

th im ble  was p la c e d  a t  t h i s  p o s i t io n  (M) o f  maximum 

in t e n s i ty  and a  s e r i e s  o f re a d in g s  were th e n  ta lien  w ith  

th e  thim ble s i tu a te d  a t  v a r io u s  p o in ts  v e r t i c a l l y  above 

and below II.

F ig u re  37 i l l u s t r a t e s  ty p ic a l  d a ta  o b ta in e d  in
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I n t e n s i t y  d i s t r i b u t i o n s  o f th e  o u tp u t 
from  the  340 Mev sy n c h ro tro n .

A & D; c o llim a te d  beam.
B & C: u n c o llim a te d  beam.
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t h i s  manner. C u rie s  B. and G co rresp o n d  to  m easurem ents 

on an u n co llim a ted  beam w h ile  A and D r e f e r  to  

m easurem ents vfith  the  c o l l im a to r  in  p o s i t io n .  I t  should  

be no ted  t h a t  th e  maximum o f curve A f o r  a  h o r iz o n ta l  

tr a v e rs e  v;as c o n s id e ra b ly  d is p la c e d  w ith  r e s p e c t  to  th e  

o th e rs .  T h is  v/as an  e x ^ p l e  o f in c o r r e c t  c o l l im a tio n .

Ih e  now a c c e p te d  s ta n d a rd  i n t e n s i t y  d i s t r i b u t i o n  

in  the  h o r iz o n ta l  p la n e  th ro u g h  th e  c e n tre  o f th e  beam i s  

shovra. i n  F ig u re  38. The w id th  a t  half-maximum was 

app rox im ate ly  10"^ r a d ia n s .  A lthough th e  tu n g s te n  

ta r g e t  was c y l in d r i c a l  and 0 .060  in c h e s  i n  d ia m e te r ,

Hughes (100) h as  c a lc u la te d  t h a t  th e  m easured in t e n s i t y  

d i s t r i b u t io n  v/as c o n s is te n t  w ith  a  r e c ta n g u la r  t a r g e t

0.020 in c h es  th i c k .  At 6 m etres  from  th e  t a r g e t  th e  

u n c o llim a te d  photon  beam was ap p ro x im ate ly  5*5 cm. in  

d iam eter ? / i th  th e  low in t e n s i t y  ' s h o u ld e rs ' ex ten d in g  

c o n s id e ra b ly  beyond t h i s .  Y/hen th e  c o l l im a to r  iiad been 

c o r r e c t ly  p o s i t io n e d , th e  d i s t r i b u t i o n  was w e ll re p re s e n te d  

by th e  d o tte d  curve shown in  F ig u re  38 . Under such 

c ircu m stan ces  th e  beam was ap p ro x im ate ly  3*5 cm. i n  

d iam ete r a t  6 m e tres  w ith  v e ry  l i t t l e  i n t e n s i t y  o u tw ith  

t h i s  reg io n . T h is i s  w e ll  i l l u s t r a t e d  in  F ig u re  39, 

where th e  r e l a t i v e  i n t e n s i t i e s  o f  the c o llim a te d  beam and

th e  low in t e n s i t y  ’h a lo ’ a re  re c o rd e d  by th e  degree of

b la c k e n in g  on an X -ray  f i lm . T h is  f i lm  was exposed a t
1 .8 5  m etres  from  th e  t a r g e t .
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PiCT.re 38 .

S tan d a rd  i n t e n s i t y  d i s t r i b u t i o n  of the  
c o llim a te d  and u n c o llim a te d  beams o f 

th e  340 Mev sy n c h ro tro n .
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T h i s  e x p o s u r e  was made a t  t h e  end o f  t h e  3" p ipe  
n e a r e s t  t h e  s y n c h r o t r o n  t a r g e t .  The very  i n t e n s e  spot 
was t h e  p h o to n  beam w h i l e  t h e  l e s s  i n t e n s e  c i r c l e  was 
due t o  s t r a y  r a d i a t i o n  pass ing '  a lo n £  t h e  f*' diameter p ipe  
l e a d i n g  f rom t h e  f l a r e d  s e c t i o n .  At t h i s  p o i n t  t h e  beam 
was 7 /1 6 "  i n  d i a m e t e r .  S in ce  t h e  beam was not p a s s in g  
a l o n g  t h e  a x i s  o f  t h e  p ip e  t h e  l a t t e r  was a d j u s t e d  u n t i l  
t h i s  was a c h i e v e d .

F i C T r e  5 9 .
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D uring  th e  e a r ly  m easurem ents i t  was concluded  

t h a t  the  beam d id  n o t t r a v e l  h o r iz o n ta l ly  th ro u g h  th e  

beam room. I t  was e s tim a te d  th a t  t h i s  d isc re p a n c y  a ro se  

i n  the p o s i t io n in g  o f th e  m agnet. T his was confirm ed  by 

m easuring th e  d e v ia t io n  from  th e  h o r iz o n ta l  p la n e  o f  th e  

magnet base p l a t e ,  w hich , on th e  m a n u fa c tu re rs ’ 

s p e c i f i c a t io n s ,  co u ld  be ta k e n  as  a  p lan e  s u r f a c e .  I t  

was found t h a t  the  magnet d ipped  0.003 ra d ia n s  below the  

h o r iz o n ta l  p lan e  i n  th e  d i r e c t io n  o f th e  em ergent beam.

T his s l i g h t  d isc re p a n c y  had c o n s id e ra b le  e f f e c t  d u rin g  

the  a lignm en t o f equipm ent i n  th e  beam room, e s p e c ia l ly  

i f  the components v/ere lo n g  o r  w id e ly  s e p a ra te d .

The c o l l im a to r  c o n s is te d  o f a  le a d  c y l in d e r  

4 inches i n  d ia m e te r  and 9 in c h es  i n  le n g th  w ith  a  i - i n c h  

ho le  d r i l l e d  a lo n g  i t s  a x i s .  The s u rfa c e  o f th e  l a t t e r  

was co a ted  v /ith  a  l a y e r  o f p a in t  to  c o u n te ra c t  th e  

p o ro s i ty  o f the le a d  because  i t  was l a t e r  to  be e v a c u a te d . 

The end fa c in g  th e  sy n c h ro tro n  t a r g e t  was s e a le d  w ith  a  

th in  g la s s  windovf. At th e  o th e r  end th e  c o l l im a to r  v/as 

coupled to  th e  beam tube th ro u g h  w hich th e  beam p assed  in to  

th e  beam room. The o r i e n t a t i o n  o f the  c y l in d e r  co u ld  be 

a l t e r e d  by fo u r  m o to r-d riv e n  worm screv /s, one f o r  b o th  the  

h o r iz o n ta l  and v e r t i c a l  movements a t  each  end o f  th e  

c y l in d e r  and th e se  co u ld  be c o n t ro l le d  re m o te ly . The 

c o l l im a to r  la y  w ith in  the  yoke of th e  sy n c h ro tro n  magnet 

w here  th e re  v/as a  v a ry in g  m agnetic  f i e l d  and when c o r r e c t ly
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a lig n e d  i t  was b o lte d  to  th e  su p p o rtin g  p la tfo rm .

T h is  p rev en ted  the  c y l in d e r  from  moving due to  th e  

v ib r a t io n  o f  th e  m achine. I n  t h i s  p o s i t io n  e d d y -c u rre n t 

h e a tin g  was found to  be n e g l ig ib l e .  The c o l l im a to r  was 

locked  in  p o s i t io n  w ith  th e  g la s s  window 50 cm. from  th e  

p o in t a t  w hich th e  photon  beam emerged from  th e  vacuum 

chamber.

A f te r  t r a v e r s in g  th e  c o l l im a to r ,  th e  beam p assed  

between th e  p o le s  o f  a  D.C. magnet w hich p rov ided  a  f i e l d  

of 5 ,500 g au ss . The secondary  e le c t r o n s  produced by th e  

^ - r a y s  s t r i k i n g  the  c o l l im a to r  window, e t c . ,  were th u s  

d e f le c te d  out o f  th e  beam. To accommodate th e se  d e f le c te d  

e le c tro n s ,  th e  beam tu b e  v/as f l a r e d  ou t to  a  c r o s s -  

s e c t io n a l  a r e a  o f  4 square  in c h e s  a t  a  d is ta n c e  o f 12 in ch es  

from the m agnet. The photon  beam p assed  out from  th e  

f la r e d  s e c t io n  th ro u g h  an a p e r tu re  s i tu a te d  sy m m etrica lly  

a t  the  end of t h i s  s e c t io n  and e n te re d  in to  an i r o n  p ip e  

%-inch in  d ia m e te r. E le c tro n s  of energy  up to  

approx im ate ly  100 Mev w ere s u f f i c i e n t l y  d e f le c te d  to  

p rev en t them p a ss in g  th ro u g h  to  the  beam room.

The Y/hole c o l l im a to r  assem bly up to  t h i s  p o in t was 

r i g i d ly  b o lte d  to  th e  sy n c h ro tro n  magnet fram e and, as  th e  

machine v/as mounted on s p r in g s , f l e x i b l e  be llow s were 

in tro d u c e d  to  couple th e  i r o n  p ip e  to  th e  n e x t s e c t io n  

w hich c o n s is te d  of a  p ipe 5 f e e t  lo n g  and 3 in c h e s  in  

d ia m e te r. T h is tu b e  p ro je c te d  th ro u g h  th e  s h ie ld in g  v /a ll
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in to  the  b ean  room w here  i t  was coupled  to  a  vacuum box 

12 in ch es  i n  d ia m e te r  and 2 in c h e s  deep w ith  th re e  e x i t  

arms ap p ro x im ate ly  2 in c h e s  in  d ia m e te r . One v/as i n  th e  

s t r a ig h t- th r o u g h  p o s i t io n  w h ile  th e  o th e r  two were 

lo c a te d  sy m m e trica lly  a t  e i t h e r  s id e .  The c y l in d e r  s a t  

between th e  p o le s  o f a D.O. magnet capab le  o f p roducing  

a peak f i e l d  o f 10 ,000  gauss w hich a c te d  a s  a  p a i r -  

sp e c tro m e te r . The p o r ts  were s e a le d  v /ith  th in  windows of 

aluminium o f  ’M elinex ’ f o i l  0 .0 0 2  in c h e s  th ick *  The beam 

tube and c o l l im a to r  w ere ev acu a ted  by a  4 - in c h  d i f f u s io n  

pump. The whole assem bly  i s  i l l u s t r a t e d  in  F ig u re  40.

An o p t ic a l  te le s c o p e  was s e t  up a t  th e  f a r  end o f 

th e  beam room and fo cu ssed  on th e  p o in t  a t  v/hich th e  beam 

emerged from  the  vacuum chamber. The c o l l im a to r  and each  

s e c tio n  o f th e  beam tube  v/ere th e n  i n s t a l l e d  in  such a 

manner t h a t  they  d id  n o t obscu re  the  view  of th e  above 

p o in t .  The c o l l im a to r  was th e n  o r ie n ta te d  in  such  a  v/ay 

th a t  th e  c e n t r a l  h o le  was sy m m e trica lly  d isp o sed  v /ith  

re s p e c t to  the  beam d i r e c t io n .  The p o s i t io n  o f th e  

c o ll im a to r  was a d ju s te d  by rem ote c o n tro l  u n t i l  th e  

i n t e n s i t y  o f th e  t r a n s m it te d  beam was a maximum and a 

c i r c u l a r  beam p r o f i l e  was re c o rd e d  on th e  X -ray  f i lm  

exposed beh ind  th e  c o l l im a to r .  An X -ray  f i lm  v/as exposed 

a t  th e  end of each s e c t io n  and i t s  p o s i t io n  a d ju s te d  u n t i l  

th e  beam p assed  sy m m e trica lly  th ro u g h  th e  whole system .
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A. The synchrotron t a r g e t ,
B. The donut.
C. Magnet *C se c t io n s .
D. The c o l l im a to r  -  the  lead  c y l in d e r .
E. The ' scrubber  magnet' .
P. The f l a r e d  s ec t io n .
G. The supporting  clamp.
H. The 3" h ra s s  p ipe .
I .  The water tank .
J .  The sheet o f  cadmium.
K. The wall  of ba ry te s  b r ic k s  with enclosed le ad  

sh ie ld in g .
L. The 6” s t e e l  p ipe .
LI. The vacuum box.
N. The p a i r  spec trometer magnet.
0. The *T' p iece .

P im ire  40#

The com plete c o l l im a to r  assembly^
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P in a l ly  the  i n t e n s i t y  d i s t r i b u t i o n  a t  th e  c e n tre  o f th e  

beam v/as m easured v /iü i a  sm all io n i s a t io n  chamber to  

confirm  t h a t  th e  a x i a l  i n t e n s i t y  was u n a l te r e d  by th e  

in c lu s io n  o f  th e  c o l l im a to r .

The w a ll  betv/een th e  sy n c h ro tro n  chamber and the  

beam room s h ie ld e d  th e  l a t t e r  and any re c o rd in g  eq.uipment 

i n s t a l l e d  th e re  from  th e  s t r a y  r a d ia t io n  o f th e  m achine. 

The beam p assed  th ro u g h  an  a p e r tu re  in  a  la rg e  Y /ater ta n k  

backed by a cadmium s h e e t  0 .022  in c h es  th ic k  on th e  s id e  

rem ote from th e  m achine in  o rd e r  to  reduce  th e  n e u tro n  

background w hich r e s u l t e d  from  p h o to n u c le a r  r e a c t io n s  

Y /ithin th e  machine room. The Y/all c o n s is te d  o f a  double 

w a ll o f b a ry te s  b r ic k s  each  9 in c h e s  th ic k .  A s t e e l  tube  

was in s e r te d  th ro u g h  a  gap in  th e  v /a ll and th e  space 

between t h i s  tube and th e  b r ic k s  was f i l l e d  w ith  le a d  

b locks packed as t i g h t l y  a s  p o s s ib le .  The rem ain in g  

spaces were th e n  f i l l e d  v /ith  le a d  sh o t and t h i s  was k ep t 

in  p o s i t io n  by s t e e l  p la te s  h e ld  a g a in s t  b o th  v /a lls  by t i e  

b a rs  v/hich ra n  th ro u g h  th e  w a l l .  The 5 - in c h  tube  was 

p assed  th ro u g h  th e  s t e e l  tu b e  and th e  a n n u la r  s e p a ra t io n  

between th e se  v/as a ls o  f i l l e d  w ith  le a d  s h o t .  F in a l ly ,  a  

le a d  c o l l im a to r  4 in c h es  lo n g  and in c h e s  i n t e r n a l  

d ia m e te r was in s e r te d  in  th e  beam tube  im m edia te ly  b e fo re  

th e  p a i r  sp e c tro m e te r  to  com plete th e  s h ie ld in g .

D e te rm in a tio n s  were th e n  made o f  th e  b eh av io u r
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of th e  sy n c h ro tro n  o u tp u t as a  f u n c t io n  o f th e  r a d i a l  

p o s i t io n s  of th e  gun and p ro b e .

The gun p o s i t i o n  was f ix e d  and th e  lo c a t io n  o f  th e  

probe phosphor was v a r ie d  r a d i a l l y .  At each  r a d i a l  

p o s i t io n  o f th e  p robe th e  o u tp u t o f th e  m achine was 

reco rd ed  by th e  C o rn e ll  i o n i s a t i o n  cham ber. As can  be 

seen  i n  F ig u re  41, th e  o u tp u t dropped s h a rp ly  when the  

probe was a t  a  r a d iu s  o f 120 .8  cm. D uring  t h i s  s e r i e s  of 

m easurem ents th e  gun and t a r g e t  w ere a t  r a d i i  o f 119 .4  cm. 

and 121.6 cm. r e s p e c t iv e ly .  At f i r s t  s ig h t  th e s e  f ig u r e s  

v/ere somewhat s u r p r i s in g ,  a s  i t  was ex p ec ted  t h a t  th e  

sy n c h ro tro n  o u tp u t would o n ly  drop  once th e  probe was a t  

a  g r e a te r  r a d iu s  than  th e  t a r g e t .  However, i t  was 

e s tim a te d  th a t  th e re  co u ld  be an  e r r o r  o f  up to  1 cm. i n  

th e  r a d i a l  m easurem ents, because  th e  a x is  o f  th e  vacuum 

chamber was s l i g h t l y  d is p la c e d  v /ith  r e s p e c t  to  th a t  o f th e  

magnet and a l l  r a d i a l  p o s i t io n s  v/ere e s tim a te d  from  

m easurem ents o f th e  p e n e t r a t io n  o f the e le c t r o d e s  in to  the 

vacuum chamber • . The r e d u c t io n  i n  th e  i n t e n s i t y  o f  th e  

c o llim a te d  beam was cau sed  by th e  probe ’ robbing* th e  

sy n c h ro tro n  beam a s  i t  s p i r a l l e d  i n .  • As a r e s u l t ,  th e  

probe produced a  pho ton  beam w hich  emerged from  th e  vacuum 

chamber in  a  d i r e c t i o n  c o n s id e ra b ly  d is p la c e d  from  th a t  o f 

th e  a x is  of th e  c o l l im a to r .

V/hen th e  v a r i a t i o n  o f th e  pho ton  beam i n t e n s i t y



106a,

O UT  PU T.

Jz
5
<Uioc
ccw►-
UIZ

114 116 l i t 120 122 124
PROBE RADIUS. 

(CMS.)

T h is  f i g u r e  show s th e  v a r ia t io n  i n  i n t e n s i t y  o f  
th e  ph oton  beam from  th e  34C MeV sy n ch ro tro n  cau sed  by 
v a r y in g  t h e  r a d i a l  p o s i t i o n  o f  th e  s c i n t i l l a t o r  p rob e . 
The i n t e n s i t y  dropped sh a rp ly  when th e  probe was a t  a 
r a d iu s  o f  1 2 0 .8  cm. The gun and t a r g e t  r a d i i  were 
1 1 9 .4  cm. and 1 2 1 .6  cm. r e s p e c t i v e l y .

Figiire 41.
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was measured as a  fu n c t io n  of th e  ra d iu s  o f th e  gun, 

th e  prohe was r e t r a c t e d  c l e a r  o f  th e  a c c e le r a t in g  re g io n  -  

i n  f a c t ,  to  a  r a d iu s  of 116.5 cm. The t a r g e t  was th e n  

a t  a ra d iu s  o f 121.6  cm. F ig u re  42 i l l u s t r a t e s  th e  

measured b e h a v io u r. The beam in t e n s i t y  ro se  a s  th e  

ra d iu s  in c re a se d  and reach ed  a  maximum a t  a  r a d iu s  o f 

120.4 cm. T h e re a f te r  th e  o u tp u t d ec rea sed  s h a rp ly .

As b e fo re , the  v a lu e s  o f th e  r a d ia l  p o s i t io n s  were 

somev/hat s u sp e c t b u t th e  in c re a s e  re p re s e n te d  th e  approach  

of the  gun to  th e  re g io n  o f accep tan ce  f o r  a c c e le r a t io n ,  

w h ile  th e  sharp  c u t - o f f  r e s u l t e d  from  two e f f e c t s  w hich 

cou ld  n o t  be s e p a ra te d . The f i r s t  was s im i la r  to  th a t  

quoted above f o r  th e  probe m easurem ents, i . e . ,  th e  

sy n ch ro tro n  beam was ’robbed* by th e  gun once i t  was a t  a  

ra d iu s  g r e a te r  th a n  th a t  o f  th e  t a r g e t .  The second was 

due to  th e  f a c t  t h a t ,  once th e  gun p ro tru d e d  in to  the  

re g io n  v/here e le c tro n s  were cap tu red  f o r  a c c e le r a t io n ,  

the  e f f e c t iv e  a re a  f o r  c a p tu re  was d ec rea sed  and 

co nsequen tly  th e  b e ta t r o n  and hence sy n c h ro tro n  beam 

i n t e n s i t i e s  v/ere d im in ish ed .
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CUN F D SIT IO H . 

(M ETEN REAOINC)

The output from the 340 MeV Synchrotron dropped sharply  
when the gun filam ent was at a radius o f 120*4 cm* While 
t h is  was being te s te d , the probe and target were at r a d ii  o f  
116*5 cm. E u t i d  121*6 cm. r e sp e c t iv e ly . The sca le  In d ica tin g  
the filam ent p o s it io n  was th at o f the remote con tro l m eter.
A value of 7 on t h is  sc a le  corresponded to  a radius o f 119 
cm. Each sc a le  d iv is io n  represented 0*45 cm.

F ig u re  42.
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P h o to n u c le a r  r e a c t io n s  i n  neon.



108.

The fo llo w in g  r e s u l t s  a re  in c lu d e d  in  t h i s  

th e s i s  i n  o rd e r  to  p r e s e n t ,  to g e th e r  v /ith  the  r e s u l t s  

r e p o r te d  in  C hap ter IV , a  com plete p ic tu r e  o f th e  

p h o to d is in te g ra t io n  o f neon.

As was m entioned  in  th e  I n tro d u c t io n  to  C hap ter 

IV, a p a r t  o f th e  i n t e r e s t  i n  t h i s  experim en t c e n tre d  

around r e a c t io n s  i n  w hich more th a n  one p a r t i c l e  v/as 

e m itte d , i . e . ,  th e  ( V",aa) and ( y , a p )  r e a c t io n s .  The 

ex p e rim e n ta l r e s u l t s  a re  p re se n te d  in  th e  fo llo w in g  ta b le

e a c t io n T hresho ld Ho. o f 
e v e n ts

I n te g r a te d  c r o s s -  
s e c t io n .  Mev-mb.

CT ,p ) 12 .87 503 39

( V »o) 4 .75 30 -

(îT »op)
o r 

( y  ,p s )
16 .86 40 7

,a a ) 1 1 .9 20 2

( Y  ,pn) 2 5 .1 none -

i t , à) 20 .9 none -

The energy; o f  th e  in c id e n t  photon  was c a lc u la te d  

from  th e  sum of th e  k in e t i c  e n e rg ie s  o f th e  r e a c t io n  

p ro d u c ts  and the  r e a c t io n  th re s h o ld  f o r  each  e v e n t.

Care had to  be e x e rc is e d  i n  th e  i n t e r p r e t a t i o n  o f the 

r e s u l t s ,  because no accoun t cou ld  be ta k e n  o f the  

p o s s i b i l i t y  t h a t  th e  r e s id u a l  n u c leu s  v/as l e f t  i n  an 

e x c i te d  s t a t e .  A momentum balance  was th e n  c a r r ie d  o u t
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on th e  m easurable e v e n ts  to  en su re  t h a t  th e  c h a ra c te r  

o f th e  e v en ts  v/hich had been  a ss ig n e d  a f t e r  v i s u a l  

exam ination  was in  f a c t  c o r r e c t .  T h e re a f te r  th e  c h a ra c te r  

o f the  unm easurable e v en ts  v/as a cce p ted  to  be th a t  

determ ined  v i s u a l l y .  The a c c e p te d  e v e n ts  had a momentum 

unbalance o f l e s s  th a n  30 Mev/c and i n  a l l  ca ses  th e  f i r s t  

assignm en ts w ere confirm ed .

B r ie f ly  th e  co n c lu s io n s  reach ed  from  th e se  

r e s u l t s  a re  p re se n te d  below . In  a l l  th e  r e a c t io n s  i t  

was assumed t h a t  a  compound n u c leu s  s t a t e  v/as formed 

fo llo w in g  th e  a b s o rp tio n  of th e  photon .

The ( y . g )  r e a c t io n .

On th e  b a s is  o f  th e  assum ption  t l i a t  th e  

r e s id u a l  n u c le u s  v/as l e f t  i n  i t s  ground s t a t e ,  th e  

m a jo r ity  of th e  ev en ts  o f t h i s  type  r e s u l t e d  from  

a b so rp tio n  in  th e  pho ton  energy  re g io n  abou t 8 Mev* The 

r e s u l t s  o f Erdman and B am es ( lO l)  in d ic a te d  t h a t  i n  neon, 

fo llo v /in g  th e  a b s o rp tio n  o f 1 7 .6  Mev q u a n ta , th e  r e s id u a l  

oxygen n u c leu s  was more l i k e l y  to  be l e f t  in  an e x c i te d  

s t a t e  between 6 and 7 Mev above th e  ground s t a t e  th a n  in  

th e  ground s t a t e  i t s e l f .  C o n sequen tly , a  number o f 

ev en ts  v/hich had p re v io u s ly  been c o r r e la te d  w ith  photon  

e n e rg ie s  around 8 Mev were th e n  reg a rd ed  a s  hav ing  

o r ig in a te d  from  photon  a b s o rp tio n  betw een 15 and 16 Mev.

The e v e n ts  v/hich l e f t  th e  r e s id u a l  oxygen n u c leu s  i n  s t a t e s
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below 15 Mev ( i . e . ,  s t a t e s  w ith  is o to p ic  s p in  T = 0) 

r e s u l t e d  from  t h a t  p o r t io n  of th e  Ml and B2 a b s o rp tio n  

w ith  T = 0 o r from  E l a b s o rp tio n  ( ^ T  = l )  w ith  th e  

in c lu s io n  o f some im p u rity  i n  th e  i s o  to p ic  s p in  s t a t e s .  

Those w hich l e f t  0^^ in  s t a t e s  h ig h e r  th a n  13 Mev would 

most p ro b ab ly  r e s u l t  in  th e  e x c i te d  n u c leu s  decay ing  by 

th e  em issio n  o f a n o th e r  p a r t i c l e .  The y ie ld  o f  ev en ts  

produced by th e  23 Mev b re m ss tra h lu n g  beam was 7 x  1 0 ^ / 

m o le /r .

The ( y $(%(%) r e a c t io n .

T his r e a c t io n  was assumed to  p roceed  by an 

a - p a r t i c l e  cascade th rough  th e  e x c i te d  s t a t e s  o f to

th e  r e s id u a l  n u c leu s  0^^. The H a tte r  was i n  i t s  ground 

s t a t e  in  th e  m a jo r i ty  o f c a s e s .  As i t  was n o t  p o s s ib le  

to  de te rm in e  which a - p a r t i c l e  was e m itte d  f i r s t ,  two 

v a lu e s  of were o b ta in e d , on ly  one o f w hich was

s i g n i f i c a n t .  However, f o r  a lm ost a l l  th e  e v en ts  one v a lu e

a t  l e a s t  was c o n s is te n t  w ith  th e  known le v e ls  o f  0^^.

S ince m ost o f th e se  e v e n ts  co rresp o n d ed  to  pho ton  e n e rg ie s  

in  excess of 18 Mev ( i . e . ,  th e  energy  in t e r v a l  a s s o c ia te d  

w ith  the  ’ g ia n t  re so n a n c e * ), i t  was re a so n a b le  t o  assume 

th a t  th e  ev en ts  r e s u l t e d  from  E l a b s o rp tio n  w ith  th e  

subsequen t v i o l a t i o n  o f  th e  i s o to p ic  s p in  s e l e c t io n  r u l e s .  

T hese, i f  th e y  w ere a b s o lu te ,  would p r o h ib i t  th e  r e a c t io n  

u n t i l  th e  r e s id u a l  n u c le u s  was l e f t  in  a  T = 1 s t a t e .
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th e  f i r s t  of w hich la y  abou t 15 Mev above th e  ground 

s t a t e .  T h is s t a t e  was e n e r g e t i c a l ly  in a c c e s s ib le  in  

t h i s  ex p erim en t.

The ( ^ . g p )  o r r e a c t io n .

As above, i t  was n o t  p o s s ib le  to  de te rm ine  

v /he ther th e  a - p a r t i c l e  was e m itte d  b e fo re  th e  p ro to n  o r  

v ic e  v e r s a .  The c a lc u la te d  energy  d i s t r i b u t i o n s  f o r  th e  

e x c i te d  s t a t e s  of th e  two a l t e r n a t i v e  in te rm e d ia te  n u c le i  

and b o th  ap peared  p ro b a b le . I t  was th e r e fo r e

assumed a r b i t r a r i l y  t h a t  b o th  decay c h a n n e ls  w ere e q u a lly  

l i k e l y  and t h a t  th ey  c o n tr ib u te d  e q u a l ly  to  th e  y ie ld  o f  

1 j* 0 .2  X 1 0 ^ /m o le /r , Yfith no e x c e p tio n s  th e  p h o ton  

e n e rg ie s  w ere e s tim a te d  to  be g r e a te r  th a n  20 Mev and 

a g a in  ( f o r  th e  same re a s o n  as  i n  th e  ( jT ,aa ) r e a c t io n )  i t  

seemed re a so n a b le  to  assume th a t  t h i s  r e a c t io n  p roceeded  

a f t e r  21 a b s o rp t io n  i n  Ne^^.

L a s t ly ,  i t  was concluded  t h a t  th e  photon  

a b s o rp tio n  c r o s s - s e c t io n  was sm a ll below 15 Mev and t h a t  

above t h i s  en erg y  i t  in c re a s e d  r a p id ly .  I f  i t  was 

assumed t h a t  th e  ( ^ , n )  r e a c t io n  y ie ld e d  a s  many e v e n ts  

a s  had been c l a s s i f i e d  as e s s e n t i a l l y  ( %^,p) i n  form , 

tlie n  o n e -se v e n th  o f th e  t o t a l  y ie ld  co u ld  be a t t r i b u t e d  

to  r e a c t io n s  o f a  b a s ic  ( V>ct) c h a r a c te r .
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