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HiEgACE

This th e s is  con ta in s an account of research conducted a t the 

U n iv ersity  of Glasgow between October 1953 &nd September 1956.

The in troducto ry  chapter contains a summary of th e  r e s u l t s  of 

experiments on photonuclear reac tio n s  in  l i ^ t  n u c le i ; a c r i t i c a l  

review  of experim ental techniques used in  such in v e s tig a tio n s ; a  

review  of th eo rie s  of photonuclear processes; and a d iscu ss io n  

of s e le c tio n  ru le s  based on the c o n c ^ t of charge independence of 

nuclear forces^and th e i r  in fluence on photonuclear re a c tio n s .

In  Chapter I I  the experim ental technique used by th e  au thor 

is  d escrib ed , sp ec ia l mention being given to  c e r ta in  improvements 

in troduced  by the author to  the system of operation o f the cloud 

chamber. The development of an an a ly sis  technique, which was used 

in  th e  experiments described in  the l a te r  ch ap ters , i s  d iscu ssed .

The author * s co n tribu tions to  th is  process were experim ental, r a th e r  

than th e o re t ic a l .  The system was o r ig in a lly  designed by M essrs.

I .P .  Wright andD.R.O. M orrison, and is  based on microscope 

measurements made on th e  film  negatives.

Chapter I I I  contains an account of an experiment on the  

p h o to d is in teg ra tio n  of neon. New r e s u l t s  are p resen ted  fo r  th e  

) ,  ) and re a c tio n s , only the second of

which had previously been s tu d ied , and th a t a t only a few photon 

en e rg ies . The author a s s is te d  Mr, D.R.O. Morrison in  th e  experim ental



( i i )

work, and ea rly  an a ly s is ; he was responsib le  fo r  the  l a t e r  

a n a ly s is ,  of the events of the (ÎT,It) re ac tio n  and c e r ta in  of the 

(Ü^otid) and ( Ty ) ev en ts , in  which he was a s s is te d  by M rs. M.B. 

Lambie and, la te r ,M r. I ,  M. H. P resto n , The in te rp re ta tio n  of 

the r e s u l t s  has in ev itab ly  been influenced by frequent d iscussions 

w ith the o ther members o f the group, but the p re sen ta tio n  i s  as 

o r ig in a l  as p o ss ib le .

Chapter IV describes an experiment on th e  p h o to d is in teg ra tio n  

of oxygen. The author was responsib le  fo r  the planning of th is  

experiment and v/as a s s is te d  in  i t s  execution and in  th e  an a ly s is  of 

the photographs by Mr. I .  M. H. P resto n , The p re se n ta tio n  and 

d iscu ss io n  of the r e s u l t s  i s  e n tire ly  o r ig in a l .
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1.

CHAPTER ONE 

INTRODUCTION

1,1 A Review of Experiments on Photonuclear R eactions.

The term "photonuclear reac tion" can be applied  to  a much w ider range 

of re a c tio n s  than those included in th i s  survey. However, in  view of th e  

extent of th e  su b je c t, severe lim ita tio n s  have been imposed and only 

re a c tio n s , in  l ig h t  and medium weight n u c le i , induced by photons w ith 

energies below 30 MeV, w il l  be considered . F u rth e r, th e  p h o to -d is in te g ra tio n  

of the deuteron w ill  be om itted .

With these r e s t r i c t io n s ,  the f i r s t  photonuclear re a c tio n  to  be 

observed was th a t in  which neutrons were em itted when bery llium  was exposed 

to  the gamma-rays from Th C" (S z ila rd  and Chalmers 1934). The study of 

photonuclear re a c tio n s , however, req u ire s  photons of much h igher energy 

than are av a ila b le  from n a tu ra lly  rad io ac tiv e  sources. The discovery of 

the high energy gamma-rays which are  em itted when lith iu m  i s  bombarded 

with p ro tons provided a very important to o l which was u t i l i z e d  in  1937 in  

a  study o f many reac tio n s  (Bothe and Centner 1937). This source of gamma- 

rays i s ,  of cou rse , of only lim ited  a p p lic a tio n , s ince  only th re e  photon 

energies a re  p re se n t, and one of these i s  of very low in te n s i ty  (Walker and 

McDaniel 1948).

The development of the  b e ta tro n  (K ers t, 194i) overcame th i s  d i f f i c u l ty  

and le d  to  rap id  p rogress in  th e  study o f p h o to -d is in te g ra tio n . Such a 

machine was f i r s t  used in  a study of the  y ie ld , near th re sh o ld , of a number 

of elements ( Baldwin and Koch 1943). C ross-section  cu rv es , deduced from



th e  y ie ld  curves fo r  th e  re ac tio n s  0^^ ( ^  ) 0^ and Cu^^(X'*^)Cu^^

e s ta b lish e d  th e  ex istence o f the g ian t resonance (Baldwin and K la ib er) 

1948) .  The b e ta  a c t iv i ty  induced in  copper as  a r e s u l t  of th e  l a t t e r  

re ac tio n  has frequen tly  been measured, and provides a  convenient standard  

by which to  monitor gamma-ray doses.

The f i r s t  photonuclear reac tio n  in  which a charged p a r t i c l e  was 

em itted  was observed in  1943 (Huber e t a l .  1943» 1944). The f i r s t  

( ) and ( s ta r )  events were observed in  a cloud chamber (Baldwin

and K laiber 1946). The f i r s t  study of a ( c ro ss -se c tio n  as a

fu n ctio n  of energy came much la te r  (Mann and Halpem 1950), when i t  was 

shown th a t  c ro ss -se c tio n  fo r  the reac tio n  C^^( X4*')®'* was very s im ila r  

to  th a t f o r  the  re a c tio n  on th e  same nucleus.

An e a rly  attem pt to  compare the y ie ld s  of (^."K) and ( T'*^) re ac tio n s  

(H irze l and Waff1er 1947) suggested th e  r a t io  of photoprotons to  photo- 

neutrons was much la rg e r  than would be expected fo r  th e  s t a t i s t i c a l  decay 

of a  ccanpound nucleus. The r e l i a b i l i t y  of the experim ental evidence 

on which th is  conclusion was based i s ,  however, ra th e r  dubious. The 

data was not ex ten siv e , and was based on measurements a t  only one photon 

energy. F u rth e r , i t  was not always p o ss ib le  to  conpare y ie ld s  fo r  the 

same iso tope of a  p a r t ic u la r  elem m t. The conclusion , th a t  the  (V, )

y ie ld s  a re  anomalously h ig h , i s ,  however, supported by l a t e r  work 

(Weinstock and Halpern 1954) in  which the system atics of 4^ ) re a c tio n s  

in  sev era l elements were in v e s tig a te d .



3 ,

I f  compound nucleus form ation i s  assumed, th e  y ie ld  T of photo­

pro tons from a given nucleus may be expressed as 

T = J SGP(E)aE

where S i s  th e  c ro ss-se c tio n  fo r  the absorption of a photon o f energy E.

Gr i s  the  p ro b a b ility  of proton emission from the  compound nucleus.

P (E )  i s  the number of photons w ith energies between E and E + dE. 

Weinstock and Halpem estim ated values of S from work on (J(k.) re ac tio n s  

and c a lc u la te d  G using standard theory (B la tt  and Weisskopf 1952 page 

340) .  The values of Y so ca lcu la ted  were then compared w ith  th e  experi­

m ental r e s u l t s  (B utler and Almy 1953; Toms and Stephens 1951» 1953).

For n u c le i w ith  atomic number below f i f t y  th e  observed and c a lcu la te d  

values agree w e ll. However, the  y ie ld s  f o r  heavier n u c le i were sev e ra l 

orders of magnitude g rea te r than the theory p red ic ted . ( i t  i s  no te­

worthy t h a t , in  f a c t ,  the a c tu a l y ie ld s  a re  only of th e  order o f one 

thousandth of those fo r  the (Y, k.) re a c tio n s ) .

Probably th e  most s ig n if ic a n t fe a tu re  of the experim ental r e s u l t s  

on photo-nuclear reac tions i s  the ex istence of th e  "g iant resonance".

This peak in  the graph of c ro ss-sec tio n  ag a in st photon energy o ccu rs, 

f o r  the range of nuclei w ith which th i s  review i s  p r in c ip a lly  concerned, 

a t  about 20 -  22 MeV, w ith  a value of about 10 mb. ( i . e .  10"^^ cm^) 

and a width a t  h a lf  maximum of about 5 MeV. (The f ig u re s  r e f e r  to  

e i th e r  (V^jt) or (î( tv) re a c tio n s .)

E arly  attem pts to  exp lain  the  v a r ia tio n  of c ro ss -se c tio n  w ith 

energy were based mainly on com petition between severa l r e a c t io n s .
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For example, i t  was suggested th a t the decrease in  (Ÿ,*v) c ro ss -se c tio n  

a t  energ ies above th a t of the  giant resonance was due to  an in c rease  in  

th e  c ro ss -se c tio n . However, when i t  was dem onstrated th a t the

(V, {t) and ) y ie ld s  approached th e  'sum rule* lim its  (Levinger and Bet he

1950) ,  i t  came to  be accepted th a t the  resonance in  the  re a c tio n  c ro ss -  

sec tio n  was due to  a resonance in the abso ip tion  process r a th e r  than to 

v a r ia tio n s  in  th e  p a r t ic le  em ission. Two experiments (M arshall 1951;

Koch, M^Elhinney and Cunnin^am 1951 ) demonstrated th a t th e  photon 

abso rp tion  c ro s s -se c tio n s , and not merely the  photoneutron y ie ld s ,  were 

peaked.

I t  was then suggested (B la tt and Weisskopf 1952 page 65I ) th a t 

only e l e c t r ic  quadrupole and rssagfietic d ipole absorption  took p lace  below 

about 15 MeV, and th a t  the rap id  increase in  c ro ss-sec tio n  above th is  

energy was due to  the  onset o f e le c t r ic  dipole abso rp tio n . There i s  

l i t t l e  experim ental evidence to  support th ese  suggestions. That th e  

g ian t resonance corresponds to  e le c tr ic  d ipo le absorp tion  i s  generally  

accepted; but the m ajority  of the evidence suggests th a t photon 

absorp tion  may w ell be e le c t r ic  d ipole in  characte r a t  lower en e rg ie s .

The r e s u l t s  of one ez^erim ent (Spicer 1955) favour the h y p o th esis , since 

a resonance in  th e  0^^(V, c ro ss-se c tio n  a t 14.7 MeV i s  rep o rted

which would appear to  correspond to  e le c t r ic  quadrupole ab so rp tio n .

However, S p ic e r 's  r e s u l t s  a re  not supported by those of o th er workers 

(Johansson and Forkman 1955). In  p a r t ic u la r ,  the angular d is t r ib u t io n  

repo rted  by th ese  workers i s  completely d if fe re n t from th a t  o f S p ice r,



from which the nature of the absorp tion  was deduced, (The 

re a c tio n  i s  d iscussed  in  more d e ta i l  in  GShapture IV ), I t  has been 

e s tab lish e d  th a t the photon abso rp tion  in  n itrogen  in  the energy reg ion  

7*5 -  10,5 MeV i s  e le c t r ic  d ipo le in  character (Wright e t  a l  1956) .

Three resonances in  th e  (% |v) re a c tio n  in  th is  energy range were observed, 

which corresponded to  absorp tion  in to  known le v e ls ,  thus e s ta b lish in g  

th e  natu re  of the t r a n s i t io n s .  The r e l i a b i l i t y  of th e  experiment i s  

dem onstrated by the excellence o f  th e  agreenent -  as shown by "d e ta iled  

balancing" -  w ith  the r e s u l t s  o f th e  inverse re a c tio n  ()k,Y)

The au thor can f in d  no ju s t i f i c a t io n  fo r b e lie v in g , as  has been assumed 

(S trauch 1953)» th a t the low energy regions of th e  ( Ï , k. ) e x c ita tio n  

curves f o r  carbon, n itrogen  and oxygen (Kats and Gamer on 1951 ; Johns 

e t  a l  1951 » Haslam e t a l .  1951) rep resen t quadrupole ab so rp tio n .

The papers mentioned in  the  previous paragraph rep o rted  f in e  

s tru c tu re  in  th e  (V, jv) c ro ss -se c tio n  in  the energy reg ion  between the  

th resh o ld  fo r  the reac tio n  and the g ian t resonance. Recent work on 

th e  photo-d is  in té g râ t ion  of oxygen a t  23» 25 and 26 MeV (Johansson euid 

Forkman 1956; Stephens e t  a l .  1955» 1956) discovered f in e  s tru c tu re  in  

th e  g ian t resonance region a ls o . This i s  in accord w ith  e a r l i e r  work 

on the  'Vt )0^^ reac tio n  (Katz e t  a l .  1954» Penfold and S p icer 1955)

in  which "breaks" in  the a c tiv a tio n  curve were a t t r ib u te d  to  resonances 

in  the  c ro ss -se c tio n .

The angular d is tr ib u tio n s  of photo-protons and photo-neutrons a re  

of considerab le th e o re tic a l  in te re s t  (see 1 .3) Compound nucleus
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th eo ry  favours an iso tro p ic  d is t r ib u t io n , such as was fbund in  sev era l 

experim ents ( e .g .  Toms and Stephens 1951» Diven and Almy 1950). However 

work on th e  1ft )B" reac tio n  has produced a v a r ie ty  of an iso tro p ic

r e s u l t s ,  inc lud ing  " \ 4. " (G aerttner and T eater 1951 ) .

•a pronounced forward peak* (L ev in thal and Silverman 1951 )
•I X *'"1 + (Mann, Halpern and Eothman

1951)

"1 4. 8  (Mann, Stephens and W ilkinson 1955)

(T his l a te r  conclusion being based on the  experim ental r e s u l t s  of th e  

p rev ious p a p e r) .

In  the  a u th o r 's  opinion the experimental in form ation  on angular 

d is t r ib u t io n s  i s  ra th e r  unsatisfactory* An in s u f f ic ie n t  number o f re a c tio n s  

has been s tu d ied  and the av a ilab le  r e s u l ts  a re  not as r e l ia b le  as one would 

d e s ire .  In  p a r t ic u la r ,  a much la rg e r  number of events must be s tu d ie d , 

to  reduce the s t a t i s t i c a l  u n c e rta in tie s  in  the  r e s u l t s .
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i ,2  A Comparison of Experimental Techniques.

Experiments on photonuclear reac tio n s  are  d i f f i c u l t  to  perform .

In  th i s  sec tio n  some of the techniques which have been used in  the study 

of (y,jx) re ac tio n s  are  d iscussed . The four main problems fa c in g  th e  

experim enter a r e : -

(a ) The pro tons a re  produced in  a heavy photon background which i s  

l ia b le  to  in te r fe re  w ith the p ro ton  d e tec to r.

(b) The c ro ss -se c tio n s  involved are very small -  not more than a few 

ten s of m illib a m s (mb. = 1CT^7 cm^).

(c ) Not a l l  of th e  po ssib le  techniques have high d e tec tio n  e f f ic ie n c ie s .  

Where, in  a d d it io n , the so lid  angle subtended, a t  the  t a r g e t ,  by the 

d e tec to r i s  small the number of events which a re  recorded may be 

p ro h ib itiv e ly  low.

(d) Unless a very th in  ta rg e t i s  u sed , energy lo sses  in  the ta rg e t  may 

se rio u s ly  reduce the re so lu tio n  o f  the  experim ent.

The use of s c in t i l l a t io n  counters -  normally one of th e  most 

powerful techniques in  p a r t ic le  d e tec tio n  -  i s  rendered v i r tu a l ly  

im possible by the f a c t  th a t they overcome none of these  d i f f i c u l t i e s .

In  p a r t ic u la r ,  the  so lid  angle subtended a t the  ta rg e t i s  in e v ita b ly  

low. The p ro p o rtio n a l counter has obvious advantages in  th is  re s p e c t,  

and i t  may even be p o ss ib le  to  use th e  counter gas as the t a r g e t ,  Hov/ever, 

i t  must be d i f f i c u l t  to  ensure th a t a l l  the protons stopped in  the  counter 

and any which d id  not would produce p u lse s  which could no t be d is tin g u ish ed  

from those of photo-protons of lower energy which d id , F u rth e r i t  would



be im possible to  id e n tify  pu lses due to  o ther re a c tio n s  in  which 

charged p a r t ic le s  were em itted . (These l a s t  two p o in ts  assume th a t  

a  gamma-ray source w ith  a  continuous energy spectrum was u sed , such 

as a  synchrotron or b e ta tro n . I t  might well be p o ss ib le  to  overcome 

th e  d i f f i c u l t i e s  by u sing  e s s e n tia lly  monochromatic sources e .g .

) re a c tio n s , but these a re  lim ited  in  number, and th e  r e s u l t s  

a re  o f only lim ited  v a lu e .)

Photographic emulsions have ex tensively  been used in  th e  study 

of photonuclear reac tio n s  (T itte r to n  1955). Two d i s t in c t  ways of 

u sing  the emulsions e x i s t ,  and w il l  be considered in  tu rn ,

( i )  When the emulsion i s  used as the ta rg e t .

An obvious le s t r ic t io n  on th is  technique i s  the lim ite d  number of 

elem ents which ceui be included in  the  p la te s .  However, a much more 

se rio u s d i f f i c u l ty  i s  th a t c e r ta in  elements e .g . carbon oxygen s i lv e r  

bromine a re  in e v ita b ly  p resen t and i t  i s  extremely d i f f i c u l t  to  

se p a ra te  reac tio n s  in  th e  d if fe re n t n u c le i. In  p r in c ip le  th i s  can 

be done by measuring the  ranges of the resid u a l n u c le i bu t these  a r e ,  

in  g en e ra l, too  sho rt to  perm it of accurate measurement. With )

reac tio n s  o f f a i r l y  high energy th is  i s  p o ssib le  (M illa r and Cameron 1953) 

b u t i t  i s  almost c e r ta in  th a t many re a l  events must be re je c te d  because 

th e  r e c o i l  cannot be measured. I t  i s  s ig n if ic a n t th a t  the  c ro ss -se c tio n  

fo r  the )c^^ reac tio n  as measured by M illa r  and Cameron i s  an

order of magnitude sm aller than th a t reported  by o th e r w orkers. (Waff 1er



and Tounis 1949; Nabholz e t a l .  1952) who used gamma-rays from th e  Li (}v,V) 

re a c tio n  and were able to  id e n tify  the  0  events by measuring only

th e  a lp h a -p a r tio le  ranges.

( i i )  When the  ta rg e t  i s  outwith the  em ulsions.

T his technique has been used more freq u en tly  fo r  s tu d ie s  of ( Y, )t, ) 

re a c tio n s  than  has th e  previous one. I t  possesses two main advantages 

over th e  use of coun ters; the de tec tio n  e ffic ie n cy  i s  h ig h e r , and the  

e f fe c t  of ganana-radiation i s  n e g lig ib le . The ch ie f  d isadvantage of th e  

technique i s  th a t low energy protons f a i l  to  reach th e  em ulsions, o r  to  

make measurable tra c k s  th e re in . For exanple, those w orkers who used 

t h i s  technique to  study photo-proton em ission from oxygen (see chap ter 

IV) were unable to  d e tec t protons w ith energ ies below about 1 ,5 MeV 

and are  almost c e r ta in  to  have 'lo s t*  many events whose energ ies lay  

between 1 ,5 and 2 MeV.

The development o f bubble chambers has no t yet reached a  s tag e  

which j u s t i f i e s  th e i r  in c lu s io n  in  th is  d iscu ss io n , although they seem 

lik e ly  to  be of considerab le value in  the  fu tu re . The c h ie f  d isadvantage 

of expansion and d if fu s io n  chambers i s  th e  long cycling  time which, 

in e v ita b ly , involves long ir ra d ia t io n  p e rio d s . This i s  not a severe 

r e s t r i c t io n  in  i t s e l f ,  s ince in  any case the  i r r a d ia t io n  time i s  much 

sh o r te r  than th a t req u ired  fo r  ana ly sis  of the  photographs, but demands 

a considerab le  amount of indulgence from those who a re  resp o n sib le  f o r  

th e  operation  of the  gamma-producing machine.

Although th e  d iffu s io n  chamber i s ,  norm ally , continuously 

s e n s itiv e  th e  dense cloud formed when the X-ray beam of a synchrotron
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passes through removes so much vapour th a t some tim e must e lapse  b efo re  

a  s ta te  o f su p e rsa tu ra tio n  is  re s to re d . In  p ra c t ic e  a  cyc ling  tim e of 

about 45 seconds i s  requ ired  (B alfour 1956) which i s  approxim ately one 

h a lf  of the  cy c lin g  time of an expansion chamber o f s im ila r  dimensions 

wo ik in g  a t  a  s im ila r  p ressu re . I t  i s  possib le  th a t  the  use of " fa s t  

recom pression" o r "over-compression" techniques would allow  a  red u c tio n  

in  cyc ling  tim es. In  the a u th o r 's  opinion however, a  more valuab le  

a p p lic a tio n  of such techniques would be to  perm it an increase  in  working 

p re s su re . I f  a cloud chamber were operated a t a p ressu re  equ iva len t 

to  20 -  30 atmospheres almost a l l  photo-proton tra c k s  would stop  in  the chamber. 

I t  might n o t ,  however, be p o ss ib le  to  d is tin g u ish  p ro ton  tra c k s  in  th e  

dense background of e lec tro n  tra c k s  i f  so high p ressu res  were u se d , but i f  

even 5 - 1 0  atmospheres were a t ta in a b le  a worthwhile extension  o f  the  

technique would be achieved.

F o r, in  th e  a u th o r 's  opin ion , cloud chambers possess o u tstand ing  

advantages over th e  o ther p o ssib le  techniques. In  p a r t ic u la r  a l l  events 

in  which charged p a r t ic le s  are em itted can be id e n t i f ie d  and , when th e  

p a r t i c le  stops in  th e  chamber, a l l  th e  track  i s  v is ib le  and the  energy 

can be determined w ith  more c e r ta in ty  than i s  p o ss ib le  w ith o th e r techniques 

in  which th e  p o s it io n  o f the  o rig in  of the event i s  u n c e rta in . F u rther 

p ro to n s , and a lp h a - p a r t id e s ,  of very low energy can be d e tec ted  -  photo­

p ro tons of energy below 0,5 MeV were measured in  an experiment on th e  

p h o to -d is in te g ra tio n  of n itro g en  (W ri^ t et a l ,  1956) whereas th e  lower 

l im i t  o f the  photographic p la te  technique i s  about 1 ,5  MeV,
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One fu rth e r  d i f f i c u l ty ,  common to a l l  techn iques, l i e s  in  a ss ig n in g  

th e  c o rre c t photon energy to  each even t. For a l l  methods measure only th e  

energv of th e  p ro to n , from which the  k in e tic  energy of th e  re s id u a l nucleus 

can be c a lc u la te d . However, the e x c ita tio n  energy -  i f  any -  of th i s  nucleus 

cannot be determined and hence the t o t a l  energy of the  d is in te g ra t io n  i s

u n c e r ta in . In  some c a se s , i f  the f i r s t  excited  s ta te  of the product nucleus

l i e s  a t  a reasonably high ener®^ there  may be a f a i r l y  la rg e  range of photon- 

energ ies in  which only ground s ta te  t r a n s i t io n s  are  p o s s ib le . A lso , i f

) ra d ia tio n  i s  used , only a few tra n s i tio n s  a re  p o s s ib le , and i t  may 

be p o ss ib le  to  id e n tify  them. However, such gamma-sources are  few in  number 

and lim ite d  in  a o p lic a tio n . Hence th e  only so lu tio n  l i e s  in  varying th e

peak energy of the synchrotron (o r b e ta tro n ) and comparing the  energy sp e c tra

of the photo-protons a t the  d if fe re n t en erg ies .

C onclusions,

I t  i s  suggested th a t  the id e a l approach to  a study of photonuclear 

re a c tio n s  would be to  combine the follow ing experiments fo r  each nucleus which 

i s  chosen fo r  study

(a) The use of a c tiv a tio n  techniques to study the ( iTjm, ) re a c tio n ,

(b) The use of a conventional cloud chamber to  study m u lt ip a r t ic le  ev en ts ,

and those in  which photoprotons of energies below 2 MeV are  em itted  

( th e  operating  p ressu re  being 1 - 2  atm ospheres),

(c) The use of a high p ressure  cloud chamber to  study photoprotons of higher 

energy,

(d) The use of photographic emulsions i f  the maximum working p re ssu re  of
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the cloud chamber i s  in su f f ic ie n t to  ensure th a t an adequate number 

of h i ^  energy pro tons stop in  the  chamber.

(e) Both (b) and (c) (and (d ) , i f  requ ired) should be c a r r ie d  out a t  se v e ra l 

peak energies so th a t  any groups of protons which were found could 

unambiguously be assigned to  the appropria te  photon energy. The 

p ressu res in  the chamber should be chosen to  provide a reasonable 

reg ion  of overlap in  the  proton energies which are  measured in  each .

I f  photographic emulsions are used , then experiment (c) should s t i l l  

be c a rr ie d  o u t, to  provide a linlc between experiments (b) and ( d ) .

I t  has been assumed above th a t a gas ta rg e t  i s  a v a ila b le , which i s  

more convenient than  a so lid  ta rg e t fo r  e i th e r  cloud chamber or 

emulsion techn iques. Solid ta rg e ts ,  in  the form of th in  f o i l s ,  have 

been used w ith emulsions in  o ther experiments however and, d e sp ite  

some lo ss  in  energy re so lu tio n , would perm it a considerable in c rease  

in  the number of nuclei which are av a ilab le  f o r  s tu d y . There seems 

no reason why f o i l s  should not be used, w ith equal success, in  

conjunction w ith a cloud chamber.
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1 .3  Theories o f Photonuclear Reactions .

(a) In tro d u c tio n .

The b a s ic  theory  of photonuclear reac tio n s i s  an a p p lic a tio n  of 

quantum mechsLnical p r in c ip le s  to  th e  in te ra c tio n  of charged p a r t ic le s  

w ith  th e  electrom agnetic f i e l d .  The photon abso rp tion  c ro ss -se c tio n  

f o r  n u c le i has been ca lcu la ted  by two methods. F i r s t ly  th e  d ip o le  

m atrix  element may be c a lcu la te d  fo r  the absorp tion  of pho tons, i f  

e x p l ic i t  assumptions are made about the ground s ta te  and e x c ite d  s ta te  

wave fu n c tio n s , (E ith e r  an independent p a r t ic le  model o r a c o lle c tiv e  

model may be used) . Secondly sum-rules may be used , based only on the  

p ro p e r tie s  of the nuclear ground s ta te  wave fu n c tio n . P o te n t ia ls ,  such 

as th e  neutron-proton  exchange p o te n tia l ,  which do not commute w ith  poafcion 

w i l l ,  in  g en e ra l, be d if fe re n t fo r  exc ited  s ta te s  and th e  ground s t a t e .  

However, i t  i s  s t i l l  p o ss ib le  to  use only the ground s ta te  wave fu n c tio n , 

w ith  th e  r e s u l t s  changed by an amount p ro p o rtio n a l to  th e  s tre n g th  of 

th e  exchange fo rc e .

The complexity of th e  in te ra c tio n  of electrom agnetic ra d ia tio n  

w ith  n u c le i , and the incomplete comprehension of the  natu re  of nuclear 

fo rc e s , precludes the  form ulation of any f u l l  account of photonuclear 

p ro cesses . The th eo rie s  which have been advanced to  date  have been 

based on broad assumptions and models which are  f r e e ly  adm itted  to  be 

both  extreme and crude. Most of these can be made to  g ive reasonable 

agreement w ith the broad tren d s  of experim ental r e s u l t s .  I t  i s  

su rp r is in g , in  f a c t ,  th a t so extreme models can y ie ld  such s im ila r
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r e s u l t s .

I t  i s  un fo rtuna te  th a t  some of the  experim ental r e s u l t s  which th ese  

th e o rie s  have been c a lle d  upon to  explain are based on not very r e l ia b le  

evidence. Even the "g ian t resonance", which i s  probably th e  most f irm ly  

e s ta b lish e d  of the r e s u l t s ,  has recen tly  been shown ( e .g .  Stephens e t a l ,  

1955) not to  be continuous in  nature -  as had been supposed -  bu t to  be 

composed of sev era l narrow resonances.

The experim ental evidence, upon th e i r  accordance w ith  which the 

th e o rie s  have been judged, can be summarised (Levinger 1954) a s ; -

( i )  The c ro ss -se c tio n  T(w jfor nuclear absorp tion  of photons o f energy W 

has the  genera l appearance of a ra th e r  broad peak a t about 20 MeV (Em) , 

w ith a peak c ro ss -se c tio n  of about 0,1 b a rn s ,

( i i )  Em decreases w ith  mass numbers A as A"^*^

( i i i )  The f u l l  w idth of th e  peak a t  h a lf  maximum:, P , i s  about 5 MeV 

(except fo r  "magic" n u c le i ,  fo r  which T i s  about 2 - 3  KeV),

( iv )  The area  under the  T(w) curve, , i s  p ro p o rtio n a l

to  A, w ith  p ro p o rtio n a lity  constant about 0,02 MeV-bams,

(b) Sum R ules,

The f i r s t  photonuclear sum ru le  appeared in  1950 (Levipger and Bethe 

1950) ,  In  th is  paper i t  was shown th a t quadrupole t r a n s i t io n s  can account 

f o r  only a small p ro p o rtio n  of the observed in teg ra ted  c ro s s -se c tio n .

The in te g ra te d  c ro ss -se c t ion fo r  e le c t r ic  d ipo le t r a n s i t io n s  was evaluated  

a s : -  _
J^ (v i )o lW  % 0*0(9 ( I + M&V-    ( b ) .
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where x  i s  th e  f r a c t io n  of a t t r a c t iv e  exchange fo rce  fo r  the neu tron- 

p ro ton  p o te n t ia l .  Â reasonable value fo r  the mean energy fo r  photon 

ab so rp tio n  was found, and i t  was claimed th a t q u a li ta t iv e  agreement w ith  

a  resonance peak could be obtained by consideration  o f the  a lp h a -p a r t io le  

model* The unexpectedly high y ie ld s  of photo-protons were a lso  explained  

on th e  b a s is  of a photon in te ra c tin g  w ith a s ing le  p ro ton  in  an a lpha- 

p a r t ic le  sub u n it o f the  nucleus. I t  was claimed th a t  th e  r a t io  o f 

photo-pro ton  to  photo-neutron emission was " q u a lita tiv e ly  understood". 

These sum rrules a re  independent of any nuclear model -  except in  

so. f a r  as th e  exchange fo rces  are  concerned -  and are based so le ly  on 

a knowledge of the  ground s ta te  wave fu n c tio n s .

More recen tly  a  second sum r u l e , fo r  a l l  mult ip  o le  t r a n s i t io n s , 

has been obtained (Gell-Mann, Goldberger and T h irring  1954). No 

nuclear model i s  assumed, but two assumptions are  made about th e  

in te ra c t io n  between n u c le i and electrom agnetic f i e ld s .

( i )  Photons of energy g rea te r th an  the  th resho ld  f o r  meson production  

(j=: 15brttv)contribute only to mesonic p rocesses,

( i i )  The forward s c a t te r in g  amplitude fo r  a nucleus approaches th a t  of %

f re e  protons and U f re e  neutrons as the  photon energy tends to  in f in i t y .

With th e se  assumptions the  in teg ra ted  c ro ss-sec tio n  up to  the meson

th re sh o ld  i s  ^  ^
J "  dvl -  0  0 ( 3  ^  I - f  0 1  ^  ^  y  - - - - - - -

where the  f in a l  term has been evaluated from th e  r e s u l t s  of photon- 

nucleon in te ra c tio n s  a t  high energies and i s  es tim ated , by th e  a u th o rs .
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to  be accu ra te  to  about 3 ^ ’.

The c h ie f  advantage of sum ru le  (b) over (a) i s  th a t  th e  upper l im it  

of in te g ra tio n  i s  sp e c if ie d . In  each the f i r s t  term i s  th e  in te g ra te d  

c ro ss -se c tio n  i f  mesonic in te ra c tio n s  and, hence, exchange fo rc e s  a re  

n eg lec ted . The second term i s  th a t  due to  such e f f e c ts .  A lthough, 

p ro p e rly , the  magnitudes cannot d i r e c t ly  be c emparéd (s in ce  (a ) i s  

based only on d ip o le  absorption whereas (B) contains a l l  m u l t ip o la r i t ie s ) 

th e  comparison i s  made not unreasonable by the c a lc u la tio n  of Levinger and 

Bethe ( l o c . c i t , ) th a t quadrupole t r a n s i t io n s  can amount to  only about 

6% of d ipo le t r a n s i t io n s .  S ca tte rin g  experiments suggest th a t  "x" l i e s  

between 0,5 and 0 ,7 .  I f  such a value i s  assumed (A) reduces to

O OU ( I + 0 0

Tiiereas ( b ) is  =. O Ob ( l  V O b )

Hence the  sum ru le s  are  co n s is te n t w ith in  the accuracy of th e ir  ev a lu a tio n ,

( c ) Nuclear Models,

As mentioned in  sec tio n  (a) many nuclear models have been suggested 

in  attem pts to  exp la in  c e r ta in  of the observed fe a tu re s  of photonuclear 

re a c tio n s . Some of these w ill be summarised here .

The e a r l ie s t  considered the  nucleus as a 'l iq u id  drop* (Bohr 1938)in  

which th e re  is  no ordered a r ra y , A p ro je c t i le  shares i t s  energy w ith  the 

whole drop. Subsequently enough energ ,̂  ̂ may be concentrated  in  one p a r t ic le  

to  e je c t i t  from th e  nucleus.

An extreme s h e ll  model (Mayer 1950) in  which only nucleons o u ts id e  

closed  sh e lls  take p a r t , with the  assumption th a t nuclear p ro p e rtie s  may
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be deduced by neg lec ting  closed s h e l ls ,  i s  d ia m e tric a lly  opposed to  c e r ta in  

more recen t models (Reifman 1953» W ilkinson 1954).

When the  resonance nature of photonuclear c ro ss -se c tio n s  was discovered 

a model based on an ordered d ipo le  v ib ra tio n  of pro tons and neutrons in  th e  

nucleus was suggested (Goldhaber and T e lle r  1948), Three p o ss ib le  

p o te n t ia ls  were suggested , the most successfu l being  th a t  in  which th e  protons 

and neutrons move against each o ther as two in co o ^ressib le  f l u id s .  With not 

unreasonable choices of tv/o a rb itr a ry  parameters i t  can be shown th a t  

v a r ie s  as A and » 0,015 A MeV-barns,

A second G oldhaber-Teller model (Steinwedel and Jensen 1950) i s  based 

on a v ib ra tio n  o f com pressible neutron and proton f lu id s  w ith in  a w ell-  

defined  sp h e ric a l s h e l l ,  w ith  a constan t nucleon d en s ity  (although th e  neutron 

or p ro to n  d e n s itie s  in  any region may vary i . e ,  and may v a ry , but 

( 4- ) i s  c o n s ta n t) . The c ro ss-sec tio n  on th ese  two models i s  resonant

over an energy range because the w ell-ordered  v ib ra tio n  l a s t s  fo r  a  f i n i t e  

time befo re  the energy i s  tra n s fe rre d  to  other nucleon motions through 

nuc 1 eon-nucleon in te ra c t io n s , The value of Eĵ  on th i s  l a t t e r  model i s  about 

lower than the experim ental v a lu e s , but the value f o r  the in te g ra te d  

c ro ss -se c tio n  agrees w ell w ith the  sum ru le  value (Levinger and Bethe 1950).

I t  i s  noteworthy th a t  th is  model p re d ic ts  th a t photon s c a tte r in g  w i l l  make a 

la rg e  co n trib u tio n  to  the  in teg ra ted  c ro ss -se c tio n .

One common fe a tu re  of a l l  these  models i s  th a t a  photon, absorbed near 

an eigen-energy o f some c o lle c tiv e  motion, se ts  up a  w ell-o rdered  motion 

whose v ib ra tio n s  are danced due to  the tra n s fe r  of energy through nucleon
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in te ra c t io n s .  Thus a compound nucleus i s  formed from which nucleons may 

be em itted  in  accordance w ith s t a t i s t i c a l  theory (HLatt and Weisskopf 1952 

Chapter V II I ) .

Since th e  experim entally measured r a t io  of photo-protons to  photo­

neutrons was g rea te r  than suggested by s t a t i s t i c a l  theory i t  was suggested 

(Courant 1951 ) th a t i f  a photon in te rac ted  w ith a nucleon near the su rface  

of the nucleus the nucleon might be em itted d ire c tly  w ithout in te ra c tin g  

w ith  the re s id u a l nucleus. The r e s u l t s ,  though la rg e r  th an  those of the 

s t a t i s t i c a l  th eo ry , were s t i l l  lower than the experim ental v a lu e s ,

A somewhat sim ilar model, based on Weisskopf *s "cloudy c r y s ta l  b a l l"  

(Peshbaoh, P o rte r  and Weisskopf 1954) » in  which an ex c ited  nucleon moves 

in  an o rb it  w ith in  the nucleus w ith a mean fre e  path  ( % ) of about 2 x 10"*^^ 

cm, has been suggested (Wilkinson 1954). On th is  model, a  nucleon i s  ra is e d  

to  an ex c ited  o rb i t  by absorption  of a photon. A fter a  f i n i t e  tim e 

(where V i s  th e  v e loc ity  of a ty p ic a l nucleon) the energy i s  tra n s fe r re d  to  

o ther nuclear motions foiming a compound nucleus, which decays in  th e  usual 

way. The ta rg e t  nucleus i s  assumed to  be s a t i s f a c to r i ly  described  by th e  

s h e ll  model, and only tra n s i t io n s  from a closed sh e ll  a re  considered .

Many tra n s i t io n s  which are allowed on the sing le p a r t ic le  model a re  forbidden 

on the s h e ll  model owing to  the  P au li exclusion p r in c ip le .  S im ila rly  c e r ta in  

t r a n s i t io n s  which might be small in  the sing le p a r t i c le  model may w e ll be 

la rg e  in  a re a l nucleus (Lane and R ad icati 1954). The g ian t resonance is  

a t t r ib u te d  to  th ese  "enhanced" t r a n s i t io n s .

The nucleon in  the excited  o rb it may, a t any tim e up to  (when th e
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compound nucleus s ta te  i s  form ed), escape from the n ucleus, thus providing 

th e  anomalously high y ie ld  o f  photo-protons. Wilkinson*s model p re d ic ts  the 

em ission of a  g rea te r  number of "d irec t"  protons since the  ex c ited  o rb it 

e x is ts  fo r  a longer time than in  Courant*s model, in  which a compound nucleus 

i s  formed immediately i f  d ire c t  emission has not occurred,

W ilkinson 's model su ccessfu lly  p red ic ts  the shape of the  c ro ss -se c tio n  

includ ing  the  ex istence of se v e ra l narrow resonances w ith in  th e  "g ian t 

resonance" reg io n . The c o rre c t r a t io  of photo-proton to  photo-neutron  

y ie ld s  i s  o b ta in ed , but the values of the  resonance energy, a re  ra th e r  

low. One f e a tu re ,  which o f fe rs  hope of experim ental v e r i f ic a t io n ,  i s  the  

p red ic tio n  of non-iso trop ip  angular d is tr ib u tio n s  fo r  the em itted  nucleons.

In  f a c t ,  f o r  e je c tio n  from th e  1- o r b i t , the expected d is t r ib u t io n  i s

Ce) =  I + f  •
Compound nucleus th eo ry , on th e  o ther hand, suggests th a t  s-wave pro ton  

emission -  lead ing  to  an is o tro p ic  d is tr ib u tio n  -  w il l  predom inate.
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1 .4  Iso to p ic  Spin S e lec tio n  Rules.

The iso to p ic  fonnalism was introduced many years ago ( e .g .  

Heisenberg 1932) and, w ithout in troducing anything which was fundam entally 

new, le d  to  s im p lif ic a tio n s  in  c e r ta in  c a lcu la tio n s  in  few body problem s. 

B asica lly  i t  co n s is ts  of tre a tin g  the neutron and th e  p ro ton  as a lte rna tive  

s ta te s  of the same p a r t i c l e ,  r a th e r  than as d is t in c t  p a r t id l e s ;  they a re  

d is tin g u ish ed  by the  value of iso to p ic  spin  co -o rd inate  i . e .  th e  component 

of the iso to p ic  sp in  m a trix , which has value ^  fo r  neutrons and fo r  

p ro to n s . I t  has been found p o ss ib le , ra th e r  more r e c e n tly ,  to  apply the 

concept to  many body problem s. In  p a r t ic u la r ,  when lin k ed  w ith  the  

hypothesis of charge independence of nuclear fo rc e s , i t  has le d  to  s e le c tio n  

ru le s  which are  of ooaasiderable in te re s t  in  many branches of n u c lear physics 

inc lud ing  p h o to -d is in te g ra tio n , b e ta  and gamma decay, as w ell as in  meson 

re a c tio n s . In  view o f the dependence of the  ru le s  on charge independence 

i t  i s  w ell to  consider th e  ju s t i f ic a t io n  fo r  th a t hypothesis before continuing  

w ith th e  d iscussion  o f the ru le s  them selves,

F i r s t l y ,  i t  must be conceded th a t  the  ex istence o f Coulomb Forces 

means th a t  th e  hypothesis can never be com pletely ju s t i f i e d  -  though i t  may 

w ell be a  good approxim ation. That i t  i s  a reasonable supposition  i s  

suggested by the  evidence th a t the sp e c if ic a lly  nuclear fo rces  a r e ,  to  a 

la rg e  deg ree , charge independent. This includes th e  equivalence of th e  

s in g le t s c a tte r in g  len g th s  fo r  n -  n , n-p and p-p in te ra c tio n s  and th e  

s im ila r i ty  between th e  s in g le t e ffe c tiv e  ranges f o r  n-p and p -p  in te ra c t io n s .  

Further evidence i s  obtained from a comparison o f n-d  and p-d  s c a tte r in g
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and from a comparison of the  le v e l  schemes of iso b a ric  n u c le i of odd mass.

I t  may reasonably be accep ted , th e re fo re , th a t the hypothesis i s  reasonably 

sound, and th a t the s e le c tio n  ru le s  may be of u se fu l v a l id i ty .  The 

sé le c tio n  ru le s  fo r  photonuclear reac tio n s  may be derived as fo llo w s.

I f  i t  i s  assumed th a t th e  fo rces between nucleons are  independent 

of charge then  th e  to t a l  iso to p ic  sp in  T*- 51 t  of a  system o f  ”i ” 

nucleons i s  a constant of the m otion, and hence a d e f in i te  eigenvalue 

T(T + 1) of T can be assigned to  each nuclear s ta tio n a ry  s t a t e .

The in te ra c t io n  between a nucleus and an electrom agnetic f i e l d  can 

be rep resen ted  by a Hamiltonian H which may be w ritte n  

H = Ho + H, = H, + Ç 
where rep re sen ts  th a t p a r t  of H which i s  independent of iso to p ic  sp in  

and i s ,  th e re fo re , a s c a la r  w ith resp ec t to  ro ta tio n s  in  iso to p ic  sp in  space. 

Hj| transform s l ik e  the z -  component o f a vecto r in  th a t space.

I t  follow s th a t

1 , T ransitions induced by Hq obey T -  T̂  = 0 ( s in c e ,  otherw ise

vanishes) .

2, T ransitions induced by obey T -  T̂  = 0 , -  1 when T% ^  0

T

-  T̂  = 0 , -  1 when T% ^  0 ,  - Z \

-  T̂  -  + 1 Yrhen T^ = 0  Z J

The most s ig n if ic a n t f a c t  a r is in g  from th is  i s  t h a t ,  f o r  se lf-c o n ju g a te  

n u c le i ( i . e .  those w ith  T^ = O) , electrom agnetic tr a n s i t io n s  which talce 

p lace v.dthout change of iso to p ic  sp in  must a r is e  from Hq a lone . (This 

sub jec t i s  t re a te d  in  more d e ta i l  by T rainor and R ad ica ti (1952) )
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Hence fo r  photonuclear reac tio n s in  se lf-co n ju g a te  n u c le i, we have th e  

ru le s
1 +1 , For e le c t r ic  d ipo le  t r a n s i t io n s  T -  T = -  1 .
A +

2. For o th er tra n s i tio n s  T - T  - 0 , - 1 .

Thus e le c t r ic  d ipole absorption by s e l f  conjugate n u c li i s  fo rb idden  

un less a T -  1 s ta te  of th e  nucleus is  ex c ited .

The t o t a l  iso to p ic  sp in  T of a system i s  obtained from th e  iso to p ic  

sp ins of the co n s titu en t nucleons, follow ing the usua l ru le s  fo r  th e  ad d itio n  

of angular momenta. The behaviour of the component along th e  z -  ax is  i s  

genera lly  t r i v i a l .  The 2T + 1 d if fe re n t n ucle i which can be formed -  su b jec t 

to  the P au li conclusion p r in c ip le  -  from a given nuclear w ave-function by 

changing neutrons in to  protons ( and v ice  versa ) w ithout changing the 

wave-function form what i s  known as an " iso to p ic  sp in  m u lt ip le t" , 

ch a rac te rized  by the 2T + 1 values of T . Obviously th ese  members of 

such a m u ltip le t must have the same spin  and p a r i ty ;  th e ir  masses w ill  

a lso  be equal i f  allowance i s  made fo r  th e  neutron-proton m ass-d ifference , 

and fo r  the  Coulomb in te ra c tio n . The id e n tif ic a t io n  of such m u ltip le ts  

provides strong evidence in  favour of the  theory of charge independence 

(Wilkinson 1953).

The im p u rities  to  be expected, on the basis of a Coulomb p e rtu rb a tio n  

of a charge independent H am iltonian, have been estim ated (R ad ica ti 1953, 

MacDonald 1954, 1955). Many experiments have been performed w ith the  

object of measuring the  e ffec tiv en ess  of the se le c tio n  r u le s ,  and r e s u l t s
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in  accord w ith these p red ic tio n s  have been obtained (W ilkinson e t  a l  

1953 -  6 ) . Prom th i s  work we may expect th a t ,  in  l ig h t  n u c le i 

(a  < 20 ), fo r  e x c ita tio n  energies below about 15 MeV th e  im purity  of 

any p a r t ic u la r  s ta te  w il l  l i e  between a few ten th s  of a  p e r  cent and a  

few p e r c e n t.  Thus, in s tead  of the tr a d it io n s  being com pletely fo rb idden  

as demanded by th e  r u le s ,  we may expect th a t "forbidden" re a c tio n s  w i l l  

be in h ib i te d  by a fa c to r  ranging from say , 20 -  500 , depending on th e  

p a r t ic u la r  s ta te s  invo lved . I f  th e re fo re , a s ta te  may d e -ex c ite  by th e  

em ission of e i th e r  of two p a r t ic le s ,  and one of these t r a n s i t io n s  i s  

"allowed" whereas th e  o ther i s  "forbidden" by the iso to p ic  sp in  ru le s ,  

and i f  the two tr a n s i t io n s  a r e ,  o therw ise , equally  probably then  th a t  one 

which i s  in  accord w ith  the ru le s  may be expected to  predom inate.

However, th e  emission of a p a r t ic le  in  v io la tio n  of the  ru le s  would be 

expected to  compete more than favourably w ith the em ission of a gamma 

ra y .

The se le c tio n  ru le s  a re  mainly of in te re s t  when ap p lied  to  th e  

p h o to -d is in te g ra tio n  of s e lf  conjugate n u c le i. Even in  such ca ses , 

however, the  influence on th e  ( V,4̂ ) and (X "^ ) reac tio n s  i s  l ik e ly  to  

be s l i g h t , since the s ta te s  of th e  re s id u a l nuclei fo llow ing such 

reac tio n s  are of h a l f - in te g ra l  iso to p ic  sp in . The se le c tio n  ru le s  a re , 

th e re fo re , o f major importance only when «C -p a r t ic le  em ission i s  considered . 

I t  has been noted (Gell-Mann and Telegdi 1953) th a t th e  se le c tio n  r u le s ,  

i f  s t r i c t l y  v a l id  demand th a t  (^,oL ) reac tio n s  in  s e l f  conjugate n u c le i
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fo llow  e le c t r ic  quadrupole absorp tion  a lo n e , un less enough energy i s  

a v a ila b le  to  leave th e  re s id u a l nucleus in  a T = 1 s t a t e .  For e l e c t r i c  

d ip o le  abso rp tion  must form a T =? 1 s ta te  and Alpha p a r t ic le  t r a n s i t io n s  

have A T = 0 ; a lso  a lp h a -p a r tic le  em ission from the  1 + s t a t e ,  formed by 

megnatic d ipo le  ab so rp tio n , to  the  0+ , 2+ and 4+ low ly in g  s ta te s  of 

the  product nucleus i s  im possible. I t  i s  suggested, however, (Gell-Mann 

and Telegdi lo c , c i t )  th a t  there may be an energy reg ion  between th e  

low est T = 1 s ta te  of the parent nucleus and the th resh o ld  fo r  neutron  o r  

p ro to n  em ission in  which alpha p a r t ic le s  may be produced as a  r e s u l t  of 

th e  im p u ritie s  of the  iso tq p ic  sp in  s t a te s .

The follow ing paragraph from th e  Gell-Mann Telegdi paper i s  quoted, 

almost verbatim , because of i t s  inportance in  a d iscu ssio n  of th e  re a c tio n  

Ne20 (y^otot) 012 (see  Caiapter I I I ) .

"The charge independent perturbaticx is co n trib u te  a lso  to  th e  f a te  

of a re s id u a l T » 1 s ta te  produced by a lp h a -p a r tic le  em ission in  accordance 

w ith  the se le c tio n  ru le s . Again i f  ganma-ray em ission i s  the only process 

which competes e f fe c t iv e ly , fu r th e r  alpha-decay to  a T » 0 s ta te  may occur.

I t  should be noted th a t  such an et-aC cascade through a le v e l w ith T = 1 w il l  

p re v a il  not only over a  corresponding cascade through a T * p l e v e l ,  but 

a ls o  over th e  d ire c t emission of two a lp h a -p a r tic le s . For th e se  "forbidden" 

modes o f decay o f i n i t i a l  T = 1 s ta te s  we expect th e  sm allness o f the 

iso to p ic  sp in  im purity not to  be compensated by phase-space f a c to r s .  In  

the  allowed mode of decay of the  i n i t i a l  T = 1 s t a t e ,  the re s id u a l nucleus 

may f in d  i t s e l f  unable to  do anything but v io la te  th e  conservation  law.
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The iso to p ic  sp in  se lec tio n  ru le s  are  based on th e  assunp tion  o f 

charge independence. I t  has been shown (Kroll and Foldy 1952) th a t  the 

le s s  s tr in g e n t requirem ent of charge symmetry ( i , e ,  th e  assumption th a t  

n-n and p-p fo rc es  are  equal but th a t  these are not n ec e ssa rily  equa l 

to  n-p fo rc e s )  provides se lec tio n  ru le s  fo r  se If-con  ju g a te  n u c le i ,  which 

a r e ,  in  f a c t ,  id e n tic a l  to iso to p ic  spin  se lec tio n  r u le s .  A ll th e  

experim ental evidence about the se le c tio n  ru le s  h a s , so f a r , r e f e r re d  to  

s e l f  conjugate n ucle i w ith T < 2 and, hence, s a t i s f ie s  e i th e r  s e t  of 

se le c tio n  ru le s .  There a re , however, reasons fo r  b e liev in g  in  th e  

f u l l e r  concept of charge independence (Wilkinson 1953)*

I t  has been suggested (peaslee  and Telegdi 1953) th a t  experim ents 

w ith  l ig h t  n u c le i having A = (4n. + 3) taay provide evidence in  favour of 

one theory o r the  o th e r . S ta te s  w ith T - ^  and w il l  be formed

follow ing photon ab so rp tio n . A fte r neutron em ission, th e  re s id u a l 

nucleus w il l  have both T = 0 and T -  1 low ly ing  le v e ls  while th e  a v a ila b le  

s ta te s  in  the  daughter nucleus follow ing t r i to n  em ission must be T = 0,

From T = ^  s ta te s  neutron  and t r i to n  tr a n s i t io n s  to  T = 0 o r T = 1 s ta te s  

a re  allow ed. However, from T = s ta te s  only neutron emission -  to  T = 1 

s ta te s  -  i s  allow ed. Thus, in  the  energy region up to  the  th resh o ld  fo r  

t r i t o n  em ission to  a T = 1 s ta te  in  th e  product nucleus, a  comparison of 

the le v e ls  appearing in  the (Y,-*v) and ( Y, tr ) reac tio n s w il l  d is tin g u ish  

th e  T = ^  and T = ^  s ta te s .

The experim ental evidence on the  p h o to -d is in teg ra tio n  of Lc 

supports th e  hypothesis of charge ind^endence . For 5 neu tron -em itting
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le v e ls  a re  repo rted  (Goldemberg and Katz 1953) but only 2 which emit 

t r i to n s  (T i t te r to n  and Brinkley 1953).
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CHAPTER TWO 

EICPERIMENTAL TECMIQI3E 

I I . 1 The O peration of the  Expansion Chamber,

In  ch ap ters  th ree  and four are described experiments in  which the 

p h o to -d is in teg ra tio n  of neon and oxygen were stud ied  by passin g  th e  

brem sstrahlung from a synchrotron through an expansion chamber f i l l e d  

w ith  th e  ap p ro p ria te  gas sa tu ra ted  with water vapour. Photographs 

were taken a f te r  each expansion, and the film s were analysed by a  technique 

which i s  described  in  the  second p a r t of th is  ch ap te r. T his f i r s t  se c tio n  

describes the opera tio n  o f the  chamber p roper.

The cloud chamber used was of conventional design . The 'Perspex* 

cy lin d e r , which was 12 inches in  diam eter, inches h i ^  and J  inch th ic k , 

re s te d  on a b ra ss  p l a t e , the  cen tre  of which was p e rfo ra te d . The volume 

was defined  by a diaphragm of b u ty l rubber which was f re e  to  move between 

two b rass  p la te s ,  the f i r s t  of which has a lready  been mentioned and th e  

second of which was movable, (This perm itted the  v a r ia tio n  of the  

expansion r a t i o ) .  The p o s itio n  of the diaphragm was c o n tro lle d  by th e  

pressure o f the gas which f i l l e d  the  bottom p a rt of the  chamber, A 
s ig n if ic a n t reduction  in  the number of e lec tro n  treicks in  th e  chamber was 

achieved by reducing the th ickness of th e  chamber w all to  0,09 inches a t  

the regions of en trance and ex it of the X-ray beam. The chamber was 

placed one metre from the ta rg e t of the synchrotron; a  lead  co llim ato r 

was used to  produce a rec tangu la r beam 10 cm. wide and 2^ cm. h ig h , a t  

th e  chamber. The bottom of the chamber was covered w ith  b lack  v e lv e t ,  

which was found to  be the  most su itab le  background fo r  photographic
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purposes, A •grid* of f in e  w ire , 0,002 inches in  d iam eter, which was 

s tre tc h e d  ju s t  above th e  surface of th e  v e lv e t, provided a  re fe ren ce  

frame which was used in  th e  an a ly s is  of the photographs.

The chamber was ca re fu lly  p o sitio n ed  so th a t  th e  X*ray beam 

passed  through th e  cen tre  of the illum inated  reg ion  and along th e  

d ire c tio n  of th e  co n tro l g rid  w ire . This was c a r r ie d  out in  two 

stag es

(a )  The co llim a to r was positioned  so th a t th e  beam passed c e n tr a l ly  

th r o u ^ ,

(b) The cloud chanber was then  p laced  in  th e  c o rre c t p o s it io n  r e la t iv e  

to  the  c o llim a to r .

The p o s it io n  of maximum in te n s ity  of th e  uncollim ated  beam was 

found by ir r a d ia t in g  an array  of copper rods and m easuring th e  induced 

b e ta - a c t iv i ty .  The co llim ato r was then placed so th a t  the p o s it io n  of 

maximum in te n s ity  coincided w ith the cen tre  of th e  ho le in  the  face  of th e  

lead  block which was nearer the synchrotron. Lead p la te s  each con ta in ing  

a row of th ree  p inho les w ith the c e n tra l one a t  th e  cen tre  of th e  co llim a to r 

were then p laced  over the  fro n t and re a r  fa c e s . Examination o f th e  p a tte rn  

produced when an X-ray p la te  on the chamber side o f the  co llim a to r was 

exposed then enabled the  l a t t e r  to  be c o rre c tly  a lig n ed . That the  chamber 

was c o rre c tly  p o sitio n ed  was v e r if ie d  v isu a lly  by sh in ing  a  l ig h t  through 

the co llim ato r and, a ls o ,  by exposing X-ray p la te s  a t  the  en try  and ex it 

windows,
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In  th e  period  between expansions the  diaphragm was held  in  i t s  

h ig h est p o s i t io n  by connecting th e  bottom sec tio n  o f  th e  chamber to  a 

r e s e rv o ir  of compressed a i r  which was m aintained a t  a  p ressu re  of 

approxim ately 8 pounds per cubic inch above th a t  o f the gas in  th e  

chamber p ro p er. An expansion was caused by re le a s in g  th e  ccmpressed 

a i r  to  th e  atmosphere through an o r if ic e  which was approxim ately one 

inch  in  diam eter. This was normally sealed  by a  rubber-capped b rass  

d is c ,  mounted coax ia lly  on a rod the lower h a lf  of which was of s t e e l .

This was held in  p lace  by the a c tio n  of a D.O. so leno id  through which 

was passed  the cathode cu rren t of a p a ir  of type 6l6 output te tro d e s  

which were connected in p a r a l le l  and normally conducting , A f a s t  

expansion was caused by applying a la rge  negative pu lse  to  the c o n tro l 

g r id s  of these  valves thus c u ttin g  them o f f .  A fte r  th e  expansion 

th e  valve was re se t by applying a sudden voltage to  a second so le n o id , 

s i tu a te d  below the f i r s t *  This impelled the  rod upwards in to  i t s  

o r ig in a l p o s it io n , where i t  was held in  p lace by th e  f i e ld  of th e  f i r s t  

so len o id .

I t  i s  of g reat im portance, in  the study of photonuclear re a c tio n s , 

th a t  good tra c k  q u a lity  be ob ta ined , since i t  may be necessary  to  

measure th e  track s of p ro to n s , a lp h a -p a rtic le s  and re s id u a l n u c le i the 

d e n s itie s  of io n isa tio n  of vAiich are markedly d i f f e r e n t .  For operation  

w ith  th e  cloud chamber the output o f the synchrotron was reduced to  s in g le  

b u rs ts  of X-rays which were o f very short d u ra tio n  (about 40 m icroseconds). 

Once the  expansion r a t io  had been c o rre c tly  ad ju s ted  th e  most important
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fa c to r  which governed track  quality  was the time delay between th e  

expansion o f th e  chamber and the passage of the X -rays,

The magnet of the synchrotron was permanently energized  and th e  

"sing le  sh o ts"  of output were obtained by applying sin g le  p u lse s  to  

the  gun, v ia  a push-button sw itch. When th e  button  was p ressed  a 

p u lse , derived  from one of th e  magnet c o i l s ,  was passed to  a f l i p -  

f lo p  c i r c u i t ,  in  th e  cloud chamber con tro l u n i t ,  which produced th e  

negative p u lse  which caused the  f a s t  expansion. A fter th e  cloud 

chamber pu lse  a f in i t e  delay occurred before th e  pu lse was fed  to  the  

synchrotron gun. During th e  prelim inary s tag es of each experiment 

th is  delay was v a rie d , in  s tep s of 5 m illiseco n d s, between 30 and 10 

m illiseconds and the  sh o rte s t delay co n sis ten t w ith good trac k  q u a lity  

was adopted fo r  th e  subsequent work, A too short delay produced 

tracks which were very d if fu s e ,  whereas an unnecessarily  long delay  

re su lte d  in  an increase  in  chamber background without any s ig n if ic a n t 

improvement in  track  q u a li ty .

One fu r th e r  v a riab le  delay was the time which elapsed  between 

the expansion of the chamber and th e  f la sh in g  of the  lamps by which 

the photographs were taken . Here, aga in , the minimum delay was 

se lec ted  so th a t ,  although su ff ic ie n t condensation had occurred along 

the trac k s  which were of i n t e r e s t ,  the trac k s  of e lec tro n s  had no t reached 

maximum in te n s i ty  nor had th e  densest track s had time appreciab ly  to  

d if fu s e . Since very short exposures were req u ired , i t  was convenient 

to  open the camera sh u tte rs  before expansion and obta in  th e  d es ired
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exposure time from the  short d u ra tio n  of the f la s h  of l ig h t  from the 

lamps. These were d ischarge tubes f i l l e d  w ith  xenon gas to  a  p re ssu re  

of 10 cen tim etres of mercury. These were fed  from a bank o f condensers , 

of 600 m icrofarads t o t a l  c a p a c ity , charged to  approxim ately 1 k i lo v o l t ,  

(The optimum vo ltage was found fo r  each experim ent). The condensers 

d ischarged through th e  lanps when th e  gas was rendered conducting by 

the  ap p lic a tio n  o f th e  output from an automobile type ig n it io n  c o i l .

An io n isa tio n  chamber mounted on the  w all of the synchrotron  

room behind the cloud chamber was used fo r  m onitoring purposes, The 

output pu lses were am plified  by conventional equipment and d isp layed  

on the  screen o f a  cathode ray o sc illo sc o p e . The p u lse  heigh t was 

noted each time th a t  an expansion was made. The m onitoring system 

was c a lib ra te d  by noting  the pu lse  heigh t during th e  i r r a d ia t io n  of a  

standard  copper f o i l .  The ra d ia tio n  dose during th i s  i r r a d ia t io n  was 

found by measuring th e  b e ta -a c t iv i ty  of th e  f o i l .  The copper a c t iv i ty  

was subsequently compared w ith  th e  response of a V ictoreen thim ble 

mounted a t  the c e n tre  o f a  Perspex c y lin d e r .

The operations which have been considered were a sso c ia ted  d i r e c t ly  

w ith  the f a s t  expansion o f th e  chamber and w ith th e  exposure of th e  film  

on which the r e s u l t s  were recorded . Many o ther th in g s must be done i f  

the chamber i s  su ccessfu lly  to  be opera ted . For in s tan ce  th e  conden­

sa tio n  nucle i which remain in  the  chamber a f te r  an expansion must be 

removed before th e  next expansion can take p la c e . This i s  accomplished 

by performing s e v e ra l‘slow*or 'c le a rin g *  expansions between successive
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•fast*  expansions. The o r ig in a l method was to  open and c lo se  manually ■ 

a t  the  app rop ria te  tim es , a tap  which was connected to  the  bottom 

se c tio n  of the chamber. For th e  neon experiment, however, a  second 

magnetic valve was f i t t e d  w ith a sm aller o r i f ic e  than  th a t  used fo r  

the  f a s t  expansions, Also the  ac tio n  of th is  valve was much slower

than  the f i r s t  since the  so leno id , in  opening the  v a lv e , had to  overcome 

the  re s is ta n c e  of the  spring which, norm ally, held th e  valve  closed*

Since i t  was considered th a t g re a te r  uniform ity of tra c k  q u a lity  might 

be achieved i f  the cycle of slow expansions were performed more re g u la r ly  

than  was prev iously  p o s s ib le , i t  was decided th a t the valve should 

au tom atica lly  be co n tro lled  by an e le c tro n ic  u n it which was designed 

a lso  to  perform  the o ther functions which the operation  o f th e  chamber 

e n ta i le d .

The b asic  component of th is  u n it  i s  a u n ise lec to r mechanism which 

i s ,  e s s e n t ia l ly ,  a sw itch o f e ig h t banks each con tain ing  tw en ty -five  

c o n ta c ts . These were s e lc te d , in  tu rn , by the e i ^ t  w iper arms which 

were caused to  move round, from one con tac t to  the  n e x t , by energ izing  

th e  c o i l  of a  co n tro l so leno id . The c o i l ,  which a c tu a lly  i s  in  two 

se c tio n s  which may be connected e i th e r  in  p a ra l le l  o r in  s e r ie s ,  was 

p laced  in  the cathode c i r c u i t  o f a  th y ra tro n , whose g r id  was m aintained 

a t  a  f ix e d  negative p o te n t ia l .  The anode was connected to  th e  p o s it iv e  

te rm in a l of a  la rg e  ( th i r ty  m icrofarads) condenser which was charged 

through one o f a number of r e s is to r s  from a s ta b il iz e d  high ten s io n  

supply . When the  vo ltage on th e  anode of the th y ra tro n  reached the
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c r i t i c a l  value th e  valve  became conducting, and the  condenser d ischarged  

through i t  thus energ izing  the  u n ise le c to r  so leno id . The tim e in te rv a l  

between successive d ischarges was co n tro lle d  by th e  tim e constant of th e  

oondenaer and charging r e s i s to r  and, hence, the delay in  e ach u n ise le c to r  

p o s it io n  was dependent on the p a r t ic u la r  value of r e s i s to r  which was in  

c i r c u i t .  Thus, by u sing  one bank of contacts to  s e le c t th e  re a ia to r  

of th e  app ro p ria te  v a lu e , i t  was p o ss ib le  to  make the  u n ise le c to r  co n tro l 

the tim ing of i t s  own c y c le .

The o ther banks of con tacts were used to  perform th e  o ther o pera tions 

a sso c ia ted  with the  expansion cycle v iz : -

(a) Open, and c lo s e , th e  camera s h u tte r s ,

(b) Operate the r e s e t  so leno id ,

(c) Wind th e  film  onto the take-up spool a f te r  each exposure,

(d) Provide a delay of about 35 seconds a f te r  th e  f in a l  slow expansion

to  allow  th e  gas in  the chamber to  regain  i t s  equ ilib rium  co n d itio n s,

(e) Operate warning buzzers which ind ica ted  th a t  th e  chamber wis ready

fo r  the  next f a s t  expansion.

The c le a r in g  expansions con sisted  of a p erio d  of f iv e  seooids during 

which the chamber was allowed slowly to  expand follow ed by a  period of 

e igh t seconds when th e  diaphragm was slowly forced  back up, Th» un it 

normally provided th e  maximum number -  f iv e  -  of slow expansions, which 

were requ ired  when the  chamber was used in  the  denaely io n is in g  i-ray  beam. 

P rovision  was made fo r  having a sm aller number o f expansions, i f  th e  

operating  cond itions w arranted a reduction .

Once th e  expansion r a t io  has co rrec tly  been ad justed  fo r  aiy
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p a r t ic u la r  chamber gas i t  is  not necessary to  a l t e r  i t ,  so long as the  

tem perature of the gas , before expansion, remains c o n s ta n t. S ince each 

"run" occrpiecL a period  of s ix  hours some form of tem perature c o n tro l was 

necessary . This was provided by a w ater-cooled aluminium cy lin d e r which 

surrounded the chamber, and was clamped to  the b rass p la te s  which formed 

th e  main p a r t o f th e  chamber, Windows were, of cou rse , l e f t  to  perm it 

the passage of the  beam and the l ig h t  from the f la s h  lamps, which were 

mounted h o r iz o n ta lly , in  a d ire c tio n  p a r a l le l  to  th a t of th e  X -rays,

The sh ie ld  was so constructed as to  prevent l ig h t from the  lamps s tr ik in g  

on the edge of th e  T rip lex  p la te  which formed the top of th e  chamber. 

Otherwise a shadow p a tte rn  which obscured much of the chamber was formed 

in  the g lass  p la te .  I t  was important a lso  to  prevent d ire c t  l ig h t  

s tr ik in g  th e  v e lv e t which covered the chamber bottom since  th i s  produced, 

on the photographs , an array of s^o ts corresponding to  the weave of the 

c lo th .

S tereoscopic photographs were taken by using two, or th r e e ,  cameras. 

The film  used was I lfo rd  type 50-91 which v/as found to  combine th e  necessary 

q u a li t ie s  of s e n s i t iv i ty ,  c o n tra s t and fin en ess of g ra in . The film  was 

s ix ty  cen tim etres w ide, u nperfo ra ted , and was supplied in  tw en ty-five  fe e t  

r o l l s ,  which provided one hundred and twenty exposures. I t  was usua l to  

take one complete r o l l  of f ilm  in  each "run".
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I I . 2 , The Development of an A nalysis Technique,

In  th e  s t r i c t  sense of the word, an event has been "analysed" when, 

as a r e s u l t  of measurements of the ind iv idual t r a c k s ,  i t s  n a tu re  has 

conclusive ly  been e s ta b lish e d , and a l l  possib le inform ation about the  

energ ies of th e  p a r t ic le s  and the ex c ita tio n  energ ies involved has been 

e x tra c te d , by c a lc u la tio n s  based on these measurements. The word 

"an a ly sis"  i s  used in  a ra th e r  more r e s tr ic te d  sense in  th is  c h a p te r , 

however, and i s  ap p lied  to  th e  e x tra c tio n , from the photographs, o f  the  

req u ired  inform ation about the p o s it io n s , lengths and angles of th e  

re le v an t tracks*

The f i r s t  step  in  su ch  a p ro cess , i s ,  th e re fo re , a p re lim inary  

scanning of the  film s ^when the  p o s itio n s  of track s  a re  noted and , where 

p o s s ib le , a p re lim inary  sep ara tio n  of the  events i s  made in to  the various 

c la s se s  ( s t a r s ,  c o l l in e a r  and non -co llinear f la g s  e t c . )  S everal scanning 

techniques are  a v a ila b le . In  th a t which has most freq u en tly  been adopted, 

the  film s a f t e r  p ro cessin g , were passed over an illum ina ted  ground g lass  

screen and examined under a  simple magnifying g la ss  (a  watchmaker's eyeglass 

was found to  be very su ita b le )  , For the  experiment on th e  p h o to -d is in te ­

g ra tio n  of oxygen (see  Chapter IV) images of the film s were p ro jec ted  onto 

a f l a t  ta b le  and examined by the naked ey e , When th i s  p relim inary  scanning 

has been completed measurements of the  track s  i s  commenced.

The inform ation which i s  normally required  comprises

(a) The p o s itio n  of th e  o r ig in  of the  even t, and of the  end p o in ts  of any 

track s  which stop in  the  chamber.
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(b) The angles of a l l  t r a c k s .

(c )  The leng ths o f a l l  o f th e  tracks which l i e  wholly w ith in  th e

illu m in a ted  region of the chamber.

C o-ordinates are measured r e la t iv e  to  the reference  g r id  on the chamber 

bottom; angles are measured r e la t iv e  to  th e  g rid  w ire which was p laced  

in  th e  d ire c tio n  of the  gamma-ray beam. (This i s  simply fo r  convenience 

in  l a t e r  work; any f ix ed  d irec tio n  could have been s e le c te d ) .

The most d ire c t an a ly sis  technique i s  th a t  which u su a lly  i s  known 

as " re p ro je c tio n " . The film s are  rep laced  in  the  ap p ro p ria te  cameras, 

whose backs a re  removed so th a t l ig h ts  placed above them c a s t ,  through 

th e  camera le n se s , images of what i s  recorded on th e  f ilm s onto a movable 

ta b le  which is  p laced approximately in  the  p o s itio n  of th e  chamber. The 

ta b le  i s  then  moved u n t i l  a l l  the images of the  track  co in c id e , when they 

correspond ex ac tly , in  p o s itio n  and magnitude, to  th e  o r ig in a l tra c k .

The c o -o rd in a te s , lengths and angles are  then  measured d ir e c t ly  using 

p r o tr a c to r s ,  d iv iders and ru le r s .

When the  track s to  be measured a re  reasonably long -  g re a te r  in  

leng th  than  one cen tim etre , say -  th is  technique i s  very e f f e c t iv e .  

However, in  th e  study of photonuclear reac tio n s , i t  i s  f req u en tly  

necessary to  measure the track s  of re c o ilin g  n ucle i which a r e ,  almost 

in v a r ia b ly , much sh o rte r  than th is  and, hence a new technique i s  req u ired . 

One so lu tio n  (Wright et a l ,  1956) i s  to  measure d i r e c t ly ,  on the  f i lm s , 

the leng ths of these short t ra c k s , using a b inocu lar microscope of f a i r l y  

low m agnification  (about X 4 0 ), I t  i s  then p o ss ib le , in  p r in c ip le  a t
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l e a s t ,  to  c a lc u la te  th e  tru e  track len g th , using th e  known geometry of 

the camera system. However, unless th is  is  chosen c a re fu l ly ,  th e  

c a lc u la tio n s  are  unduly com plicated. ( in  fact Wright e t  a l .  found i t  

p r a c t ic a l  to  use only th a t one cf the th ree  cameras which was p o s itio n e d  

c e n tra l ly  above th e  chamber).

The ca lcu la tio n s  can be considerably s in p l if ie d  by su itab ly  

designing the  camera system . For th i s  reason a new system was adopted 

fo r  th e  Neon experiment (see Chapter I I I )  , in  an attem pt to  p rovide a 

more uniform  an a ly s is  procedure based on microscope measurement of a l l  

tr a c k s . The th ree  cameras are mounted on a ho rizon ta l board w ith  th e  

len ses  a t  the  v e r tic e s  of an iso sce le s  t r ia n g le . The len ses are  o f f ­

s e t so th a t  the film s may run  h o rizo n ta lly . With th i s  system i t  i s  

p o ss ib le  to  c a lcu la te  th e  co -o rd in a tes , angles and leng th  of a tra c k  

from th e  values of th e se  q u an titie s  as measured, using a m icroscope, on 

th e  f ilm  n eg a tiv es . The ca lc u la tio n s  are based on the follow ing p r in c ip le s ; -

1 . The image of a track  on any film  is  a ho rizon ta l p ro je c tio n  o f th a t  

t r a c k .

2. The heigh t of a p o in t above the  ^ i d  is  p ropo rtiona l to  th e  

displacement:, , from the g r id , of i t s  p ro jec tio n  from a fix ed  p o in t 

which i s  not v e r t ic a l ly  above i t .  Consequently the height of a 

p o in t i s  defined by the measurement of the displacem ents ffom two 

fix ed  p o in ts .

The procedure, in  measuring a track  by th is  technique, i s  as fo llo w s;-
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(a ) The o o -o rd in a tœ of each end of the trac k  (%i, a re  measured,

r e la t iv e  to  th e  n ea re s t po in t on th e  c e n tra l g r id  w ire , on each 

o f two film s (denoted by th e  su ffic e s  i , j ) .

(b ) The angle between th e  trac k  and th e  ce n tra l g rid  w ire , which l i e s  in  

th e  d ire c tio n  of the gamma-beam, ( ) i s  measured f o r  each f i lm .

(c )  The len g th  of the  tra c k  (1%) is  measured on each f i lm ,

( i t  has been assumed, h e re , th a t  the  track  stopped in  the  chamber.

I f  i t  d id  not th en , obv iously , the  co -o rd inates of only one end could be

measured, and no length  measurement would be p o ss ib le .)

The co -o rd in a tes (x ,y ,z )  length ( l )  and angles ( & ,^  ) o f the 

o r ig in a l  track  a re  then  obtained  from th e  fo llcw ing form ulae

h — z [ 1 + 1yi -  1 j

X -  m x ^  ( 1 - z )
E

m y .  (1 -  £  ) 
 ̂ h

ta n  = h -  z Cos â ( tan  -  tan  $ 2  )
B ^ '

i ( tan  -  tan  Qc )
B
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Ceooi Ceo D I ^ XÇ bïM.o^

c«>y8

vfhere A,B,C,rn are  constan ts which depend on the  dimensions of the 

camera system.

h is  the height of the camera lenses above th e  g r id ,

p and q are  co -o rd inates r e la t iv e  to ho rizo n ta l axes d e fin ed , fo r  each

p a ir  of cam eras, so th a t  the p -ax is  is  th e  l in e  jo in ing  the p ro jec tio n s of 

th e  camera lenses and the q-axis i s  the  l in e ,  perpendicular to  th e  p -ex is , 

through the orthogonal p ro jec tio n  of the o rig in  of the tr a c k ,

/J  is  the angle betv/een the orthogonal p ro jec tio n  of the track  and the 

q a x is ,

i s  th e  an g le , measured on film  " i " , between the trac k  and the q-axis,

Xi is  the x -co -o rd in a te  of the  lens of camera " i"  ,

oC is  the angle between the track  and a h o rizo n ta l plsuie; 8  i s  the

angle between the  p ro jec ted  track  and the gamma-beam.

As can be seen from the form ulae, measurements on only two film s 

a re  requ ired  fo r  the measurement of e ith e r  the co-ord inates o r angles of 

a t r a c k . In  p ra c t ic e ,  however, the choice of cameras i s  r e s t r ic te d  fo r:-
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( i )  th e  p ro jec tio n  o f the  camera len s  of one camera i s  chosen a s  th e  

o r ig in  of the ( x ,y ,z , )  co -o rd in a te  system (th e  z -a x is  i s  th e  

d ire c tio n  of the gamma- beam and the  y , z ax is com plete an 

orthogonal s e t ) .  The formulae f o r  th e  co -o rd inates assume th a t  

th i s  f ilm  i s  always used; the second i s  chosen as th e  one whose 

camera was n ea re s t to  th e  tra c k , (Thus lens d is to r t io n  i s  th e  

lowest p o ss ib le ) .

( i i )  the  f ilm s  fo r  th e  angu lar measurements are chosen so th a t  an g le  

i s  le s s  than 3 ( f .  (There is  always one, and only one p a i r  o f 

cameras which s a t i s f i e s  th is  co n d itio n ) . Hence i t  i s  e a s i ly  

p o ss ib le  to  ob ta in  and by successive approxim ations.

In  f a c t ,  since these angles a re  ca lcu la ted  to  th e  n ea rest h a l f ­

degree , i t  i s  u su a lly  p o ss ib le  to  estim ate c o s ^ w ith  s u f f ic ie n t  

accuracy to  make a  second approximation unnecessary.

As can be seen from th e  form ulae, very many a r ith m e tica l operations 

are involved in  th e  measurement of each t r a c k , and th is  i s  the  main 

disadvantage of the  system . F o r, not only are  the ca lcu la tio n s  

te d io u s , but they a re  very l ia b le  to  "human e r ro rs " , which are  not 

e a s ily  d e tec ted . Hence, although th e  accuracy of the  system is  s a t i s ­

fac to ry  when c o rre c tly  c a r r ie d  out i t  i s  n o t, in  p r a c t ic e ,  s u f f ic ie n tly

r e l ia b le .  Assuming th a t  no a r ith m e tica l e rro rs  have been made, the

accuracy i s  -  1^ in  8

*2®  in  oC

-  0.05 cm. in  1 .



Figure 1.



41

which c empares not unfavourably w ith  th e  corresponding f ig u re s  f o r  

r e p ro je c tio n , w ith  th e  advantage th a t  the lower l im it  of accu ra te  

len g th  measurements i s  much le s s .

To r e ta in  th e  advantages of th e  above technique w hile reducing 

th e  number of a r ith m e tic a l p rocesses would obviously be a u se fu l advance. 

Two p o ss ib le  so lu tio n s  a re  th e  use of nomograms or o f a  mechanical 

analogue. U nfortunately  th e  c a lc u la tio n s  a re  not w ell su ite d  to  th e  

a p p lic a tio n  of the f i r s t  of th e se  tech n iq u es, and a  very la rg e  number 

o f graphs and ta b le s  would be re q u ire d . However the second so lu tio n  

has proved to  be very p r a c t i c a l .

The mechanical device c o n s is ts  of a need le , which i s  s ix  inches 

in  le n g th , mounted in  a b a l l  and socket a t  the  cen tre  of a 360^ 

p ro tr a c to r .  I f  t h i s  i s  p laced  beneath the  cameras and illum ina ted  by 

l ig h t s  shone through th e  le n s e s , th re e  shadows are  o as t by the needle 

(see  f i g ,1 . )  The angles between th ese  shadows and a f ix e d  d ire c tio n  

then  correspond exactly  to  those which would be recorded on the film s 

i f  th e  needle were photographed in  t h i s  p o s i t io n . I f ,  th e re fo re , th e  

f ix e d  end of the  needle i s  p laced  in  th e  p o s it io n , r e la t iv e  to  the 

cam eras, of one end of a  t r a c k ,  and i f  the  needle i s  ro ta te d  u n t i l  the  

angles of shadow (as measured on th e  p ro tra c to r )  correspond to  those 

o f  the  track  as measured on th e  film : n eg a tiv e s , then  th e  needle must 

l i e  in  the d ire c tio n  o f th e  t r a c k .  The angle which th e  needle makes 

w ith  the f ix e d  d ire c tio n  which i s ,  th e re fo re , th a t  between th e  trac k  

and the ganma-ray beam can then  be measured.
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I f  th e  needle i s  now moved, without r o ta t io n ,  u n t i l  th e  end o f 

th e  shadow c a s t by any one l ig h t  i s  in  the  p o s it io n  of th e  topmost po in t 

of the t r a c k ,  a  simple r e la t io n  e x is ts  between th e  tru e  track  le n g th , the 

length  of th e  shadow, and of the  track  as measured on th e  corresponding 

f ilm . In  f a c t

1 = M 1____( 1 -  Zo ) 1 NEE35LE .................................(a )
™  -  Ï 1 S

where Zo and h are  the  heigh ts above the g rid  of the  lower end of the  

track  and the  camera len s re sp e c tiv e ly ,

M i s  th e  fa c to r  req u ired  to  convert measurements in  the  a rb itr a ry  

u n its  of the eyepiece sca le  o f the microscope in to  lengths in  cen tim etres , 

The an a ly s is  of a  track  i s ,  th e re fo re , c a r r ie d  out as  follow s

(a) The co -o rd in a te s , lengths and angles on th e  film s a re  measured, 

as b e fo re .

(b) The co -o rd ina tes o f the  end po in ts  of th e  track  which l i e  in  the 

chamber are  c a lc u la te d .

(c) The needle i s  placed in  the p o s it io n , r e la t iv e  to  the  cameras,

of th e  lower po in t of the  tra c k , A re p ro jec tio n  t a b le ,  fixed  in  

a h o rizo n ta l plane but f re e  to  move v e r t i c a l ly ,  i s  used to  support 

the device.

(d) The angles 0  and are measured, using  th e  h o rizo n ta l p ro tra c to r  

and a  second 18CP one which ro ta te s  about a v e r t ic a l  ax is  th r o u ^
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th e  ce n tre  o f  the  b a l l .

(e )  The needle i s  moved as re q u ire d , th e  th ree  shadow leng ths a re

measured, and th re e  values of th e  track  leng th  a re  c a lc u la te d  u sing  

form ula (A) .

The angles ( ) which a re  measured, using  th e  goniometer head o f the

m icroscope, on the f ilm s are  the  ang les made by th e  p o s i t iv e  d ire c tio n  o f 

th e  tra c k  w ith  th e  d ire c tio n  of the  photon beam. I f  th e  track  i s  in c lin e d  

upwards i . e .  i f  the  o r ig in  i s  the  lowest p o in t of th e  tr a c k , then  th e  

shadow angles measured on the  p ro tra c to r  are  made equal to  the  correspond­

ing • However, i f  the o r ig in  i s  the h ig h est p o in t of the  t r a c k ,

th e  needle must be placed  in  th e  p o s itio n  of th e  o th e r end of th e  track  

and th e  shadow a n ^ e s  are made equal to  ( ^  ) .  When th e  needle

i s  c o r re c tly  o r ie n ta te d  i t s  a n g le s , as measured by the p ro tra c to r s ,  a re  

( 8  + 15®“ ) and ( — o6 ) .

In  a d d itio n  to  being much le s s  ted ious to  ap p ly , th i s  technique 

i s  much more r e l ia b le  than th a t  idiich depended so le ly  on microscope 

measurements and c a lc u la tio n s . Each stage  in  the procedure i s  

au to m atica lly  v e r i f ie d , f o r

1 . I f  th e  measured co -o rd in a te s  a re  in c o rrec t i t  i s  not p o ss ib le  to  

make th e  shadow angles coincide w ith those measured on th e  f ilm s ,

2 . I t  i s  im possible to  make a l l  th ree  angles agree u n less  a l l  have 

c o r r e c t ly  been measured, ( in  p r in c ip le  only two angles a re  

req u ired  to  define th e  d ire c tio n  of th e  tra c k  and, in  f a c t ,  only
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two a re  used in  th e  e a r l i e r  c a lc u lâ t ions • % ere i s  no safeguard

ag a in s t sua e rro r  in  one of these) •

3 . Three values a re  obtained fo r  the  length of th e  t r a c k ,  in s tead

o f one as p rev io u s ly , ( i t  would have been p o ss ib le  to  c a lc u la te  

th ree  values b u t the time requ ired  would have been ex cess iv e).

One r e s t r ic t io n  on the  technique i s  th a t th e  mechanical design 

of th e  device impedes i t s  use fo r  track s  which a re  c lo se  to  h o r iz o n ta l , 

s in ce  the minimum in c lin a tio n  of the  needle i s  ten  degrees. However, 

in  p r a c t ic e ,  th e  angle oL i s  su f f ic ie n tly  w ell defined  i f  i t  i s  

known to  be le s s  than  ten  degrees, since th e  most s ig n if ic a n t angle 

i s  % which i s  defined  by

cos % =* cos B- . cos

and the  e r ro r  in troduced  in  X i s  sn a il since cos 10® i s  c lo se  to  

u n ity . F urther the  e f fe c t on the  measurement of lengths i s  sm all 

a ls o ,  fo r

j i  <X. ^

and the  e rro r  in troduced by assuming, fo r  a l l  tra c k s  w ith angle </. 

le s s  than te n  deg rees, th a t cos oL = 0,995 i s  le s s  than one h a lf  

of one p er cent and , in  consequence, n e g lig ib le .

The accuracy o f th is  technique i s  s im ila r  to  th a t a t ta in a b le  by 

ca lc u la tio n s  based on the microscope measurements. This has been
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v e r if ie d  by measurements of a r t i f i c i a l  track s and, a lso  by comparing 

the  r e s u l t s  o f measurements of re a l track s using each of th e se  methods 

and, a lso  re p ro je c tio n .
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CHAPTER THREE 

THE PHOTO-DISIMTEGRATION OF NEON

111,1 In tro d u c tio n

Two papers describ ing  photonuclear reac tio n s  i n  neon had been published 

a t th e  time when th is  experiment was commenced. The f i r s t  of th e se  

(Ferguson e t a l .  1954) presented a graph showing the  v a r ia tio n  w ith  energy 

of th e  c ro ss -se c tio n  fo r  the re ac tio n  Ne^^ ( --w ) Ne^^, T his

was obtained by moderating the neutrons in  p a r a f f in  wax and d e te c tin g  th%i 

in  BP  ̂ co u n te rs , A ty p ic a l  "g iant resonance" was found a t  21,5 MeV 

w ith  a peak c ro ss -se c tio n  of 8 mb. The second (Erdman and Barnes 1953) 

p resen ted  r e s u l ts  fo r  the reac tio n  He^^( V, c< obtained by exposing

an io n isa tio n  chamber f i l l e d  w ith  neon to  the ra d ia tio n  from th e  L;^( )

re a c tio n . I t  was claimed th a t ,  a t 17.6 MeV, t r a n s i t io n s  which l e f t  the

0^^ nucleus in  one of the excited  s ta te s  a t 6 -  7 MeV were much more

frequen t than ground s ta te  t r a n s i t io n s .

I t  was hoped th a t u se fu l inform ation about th ree  types of re a c tio n  

would be obtained from the experimmt to  be d escrib ed . These w ere ;-

(a) the ( ) re a c tio n , which had not p rev iously  been s tu d ied ,

(b) the ( g' c< ) re a c tio n , which had been stu d ied  a t  only th ree  en e rg ies ,

(c) the  (^oCoC) and ( oC |\̂  ) reac tions which had not been stud ied  but 

which had unusually low th resh o ld s.

I t  was an tic ip a te d  th a t  the ( V] |v ) re ac tio n  would ex h ib it a "g iant
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resonance" b u t ,  in  view of the low stopping power of neon i t  was not 

expected th a t  any f in e  s tru c tu re  in  the  c ro s s -s e c tio n  would be d e tec ted  

ex cep t, p o ss ib ly , in  th e  reg ion  immediately above th e  th resh o ld  f o r  the  

r e a c t io n . Since th e  th resh o ld s fo r  th e  and (Y, w ) reac tio n s

a re  high (12.87 and 16.908 MeV re sp e c tiv e ly )  i t  was expected th a t many 

( ) events ( th re sh o ld  4.746 MeV) would be observed s in c e  th is  i s

the  only re a c tio n , in  which a p a r t ic le  i s  em itte d , which i s  e n e rg e tic a lly  

p o ss ib le  below about 13 MeV.

( ffU oC ) and ( k  ) events a re  to  be expected i f , i n a ( X ^ o d  ) or 

( ^̂  |v ) re a c tio n  th e  re s id u a l nucleus i s  l e f t  in  an e x c ite d  s ta te  above 

th e  th resh o ld  fo r  f u r th e r  p a r t ic le  em ission . The v a lu es of the c ro ss -  

se c tio n s  fo r  the  ) ,  and (ÎT, ®̂ k) re a c tio n s  should be

governed, to  some e x te n t, by the  iso to p io  sp in  s e le c t io n  ru le s  (see 

ch ap ter 1 ,4 ) .  I t  was hoped th a t th e  v a l id i ty  o f th e se  ru le s  might be 

confirmed by the  ecperim ental r e s u l t s .

I I I . 2 Experim ental Method.

The expansion chamber was f i l l e d  w ith  " sp e c tra l ly  pure" neon, 

sa tu ra te d  w ith w ater vapour, to  an expanded p re ssu re  of 1 ,2  atm ospheres.

The opera tion  of the  chamber and the  a sso c ia ted  equipment was c o n tro lled  

e le c t ro n ic a l ly ,  as d iscussed  in  ch ap ter I I . t .  During the  ir ra d ia t io n s  

the  peak energy of the  synchrotron  was 23 -  0 .5  MeV. The ra d ia tio n  dose, 

which was measured by the method described in  the previous ch ap te r, 

amounted to  0.1 Roentgen, In  a l l ,  ten  s e r ie s  o f i r r a d ia t io n s  were c a rr ie d  out
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in  ad d itio n  to  those performed w hile th e  operating  cond itions were 

being ad ju s ted , A t o t a l  of approximately nine hundred exposures were

made.

The th resho lds fo r  neutron-induced events in  neon a r e : -

4 -  ) 1-2°....................... 6.27 MeV

Ne^® O'*̂  ....................... 0.603 MeV.

The neutrons which always accompany the  photon beam are  produced 

c h ie f ly  by reac tio n s  in  the synchrotron ta rg e t and in  th e

c o llim a to r . In  an attem pt to  moderate the  f a s te r  n eu tro n s , p a ra f f in  

blocks which to ta l le d  fou r inches in  th ickness were placed  in  f ro n t  o f 

the chamber.

I t  was not found necessary to  take e labo ra te  p recau tions in  

p rocessing  the f i lm s , which were I l fo rd  5G-91 , and were developed in  

I l fo rd  ID 33 developer. The e f fe c t of shrinkage of the f ilm s  was 

n eg lig ib ly  sm all. I t  w as, however, found necessary  to tak e  s te p s  to  

ensure th a t  th e  film  remained reasonably ta u t  between th e  camera gate 

and th e  feed  spoo l. This was s a t i s f a c to r i ly  achieved by using  a 

modified feed  s d o o I  in  p lace  of the p la in  cardboard one su p p lied  by 

the makers. One end of a s t r ip  of p ap er, s l i ^ t l y  le s s  broad than the 

f ilm , was f ix ed  to  the spool and th e  end of the f ilm  was wound under­

neath th e  paper when the f ilm  was respoo led .
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The iso to p ic  com position o f neon gas i s ,  approxim ately:

N«20 _ 91^

^

N e ^  -  6%i

Hence, although the  events observed in  th i s  experiment corresponded
on

predom inantly to  the p h o to -d is in teg ra tio n  of Ne , some c e r ta in ly

arose from th e  volume o f Ne^^; the co n trib u tio n  o f Ne^^ may reasonably

be n eg lec ted . A lthough, in  p r in c ip le ,  events from ea ch  of these

iso to p es can be d is tin g u ish e d , by applying the  p r in c ip le  o f momentum

con serv a tio n , in  p ra c t ic e  the accuracy o f measurement which would be

req u ired  cannot be ach ieved . However s in c e , in  g en e ra l, the  th resholds
. . 22fo r  re a c tio n s  in  Ne a re  higher than those fo r  the corresponding

reac tio n s  in  Ne^^ and since  the proportion  of th a t iso to p e  in  the  gas

i s  sm a ll, i t  i s  reasonable to  ascribe  the  observed events to  reac tio n s
20in  the main iso to p e , Ne^ ,

I I I .3  The an a ly s is  of th e  Photographs.

(a ) P relim inary A nalysis

The trac k s  which were observed when the photographs were scanned 

under a pocket magnifying g lass were divided in to  a  number of c la s s e s ,

the  two most in p o rt an t o f which were re fe rre d  to  as " f lag s"  and "sta rs* .
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A "flag "  was the  name given to  an event in  which two track s  were 

observed, one corresponding to  a fragment (p ro to n , deuteron or 

a lp h a -p a r tic le )  and the o ther to  th e  re c o ilin g  nucleus. Events in  

which th ree  tra c k s  were v is ib le  were re fe rre d  to  as " s ta r s " .  As 

a r e s u lt  of the  scanning 333 f la g s  and 60 s ta r s  were no ted . The 

events were then fu rth e r  c la s s i f ie d  according to  whether or not 

the  in d iv id u a l tra.cks stopped in  the  illum inated  region of th e  

chamber. In  a l l  cases the r e c o i l  d id  so s to p .

The events were analysed in  th e  follow ing order

(1) s ta r s  in  which both fragments stopped,

(2) s ta r s  in  which one fragment stopped but the o ther d id  n o t.

(3) f la g s  in  which the fragment stopped.

(4 ) f la g s  in  which the  fragment f a i le d  to  s to p .

There were th ree  re ac tio n s  which would be observed as " s ta r s " .

(a) Ne^^ ( û<.«sC ) 0^2 Threshold 11.895 MeV

(b) ) ir>5 16.856 MeV

(c) Ne20 ( 20.825 MeV.

Each event of c la ss  (l ) was assigned te n ta t iv e ly  to  one of these  

reac tio n s  a f te r  considera tion  of the density  of io n isa tio n  and 

m u ltip le  sc a tte r in g  of the tra c k s , but the f in a l  c la s s i f ic a t io n  was 

based on a more p o s itiv e  id e n t if ic a t io n .  A fte r the len g th s  and 

angles of th e  th ree  track s of each event had been measured, by th e  

technique described in  the previous ch a p te r , the momenta of th e  th ree  

p a r t ic le s  were c a lc u la te d , assuming i n i t i a l l y  th a t  the  v is u a l id e n t i f ic a t io n
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was co rrec t*  The vecto r sum of the momenta of th e  th re e  p a r t i c le s  

was then sub trac ted  from the momentum of the in c id en t gamma-ray, 

whose energy was obtained  from the sum of the energ ies of the p a r t ic le s  

and the th resh o ld  energy. In p r in c ip le ,  i f  th e  event had been 

id e n t i f ie d  c o r re c t ly ,  th is  "momentum unbalance" would be z e ro . However, 

in  view of th e  probable e r ro rs  in  the  measurements, i t  would be unreason­

ab le  to  expect the momentum unbalance to  be exactly  z e ro . In  p r a c t ic e ,

values up to  50 MeY were found, although only excep tiona lly  was a  value
C

g rea te r  than  30 MeV accepted , (The re c o i l  track  o f t h i s  event had
0

been badly s c a tte re d  near the  o rig in  and, in  consequence, i t s  d ir e c tio n  

was le s s  w ell defined than was u su a l) . The second most reasonab le  

a ss ig n a tio n  of each event was then adopted, and th e  corresponding 

momentum unbalance evaluated . Figure 2 shows the values of momentum 

unbalance obtained fo r the s ta r s  in  which a l l  track s  stopped in  the 

chamber on each of the two ass ig n a tio n s . In  eveiy case th e  value 

based on the c la s s i f ic a t io n  which was considered to  be th e  most probable 

was found to  be very much le ss  than the o ther w hich, in  tu r n ,  was sm aller 

than any o ther p o s s ib i l i ty .  In fa c t  a l l  of the " f i r s t  cho ice" values 

were lower than the le a s t of the others* Also shown in  f ig u re  2 i s  a  

sketch  of s im ila r  re s u lts  obtained by workers who used photographic 

emulsions to  study the reac tio n  3< ) (Goward and W ilkins 1953)*

This i s  included to  i l l u s t r a t e  the s im ila r ity  in  c r i t e r i a  f o r  a c c s ta n c e  

of an event.

As w il l  be shown l a t e r ,  i t  was p o ssib le  to  c a lc u la te  th e  photon
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energy fo r  each o f th ese  events w ithout using the measurements of the 

r e c o i l  t r a c k . I t  i s  then possib le  to  deduce the energy o f the  r e c o i l  

w ith  g re a te r  c e r ta in ty  than  the measured v a lu e , which i s  l im ite d  in  

accuracy by range s tra g g lin g  and by p o ssib le  u n c e rta in tie s  in  the 

range-energy r e la t io n  which was used. However, i t  was shown, by 

comparing th e  c a lcu la te d  energies and the measured ranges, th a t  th e  

r e la t io n  which had been used was, in  f a c t ,  accu ra te . This f a c t ,  

to g e th er w ith the success of the  v isu a l id e n tif ic a t io n  of th e  events 

(as v e r i f ie d  by the  sep ara tio n  of " f i r s t  choices" from "seconds"), 

provided the  ju s t i f i c a t io n  fo r  the technique used in  analysing  the 

s ta r s  in  which only one of the  fragment track s stopped in  th e  chamber. 

These events were c la s s i f ie d  as a r e s u lt  of a v isu a l exam ination, and 

the momentum of th e  p a r t ic le  which did  not stop was c a lcu la te d  from 

the momenta of th e  two which d id  and of the gamma-ray. Successive 

approximations w ere, of cou rse , necessary since the  c a lc u la tio n s  of 

the  photon energy depends on a knowledge of the energy of the  p a r t i c l e s .  

This technique was le s s  r e l ia b le  than th a t used fo r  the f i r s t  g ro ip , 

since i t  was dependent on measurements of th e  re c o il track s  which were 

much sh o rte r  than th e  o th e rs . In  f a c t ,  only fourteen  of th e  th i r t y -  

eigh t s ta r s  of th is  c la s s  could be analysed; in  the o ther events the 

re c o il  was e ith e r  so short or so badly sc a tte re d  th a t a s u f f ic ie n t ly  

accurate  measurement was not p o ss ib le . However, in  view of th e  low 

values of momentum balance obtained fo r  the f i r s t  group of s t a r s ,  i t
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was believed  th a t th e  r e s u l ts  fo r  these fourteen events were s u f f ic ie n t ly  

r e l ia b le  to  be included w ith the o th e rs .

’Flag* events may correspond to  any of the follow ing r e a c t io n s : -

Ne^O ( iT, K- ) Threshold 12.87 MeV

4.75 MeV

Ne^° (îf,flL) P''® 21.1 MeV

Ne20 ( ï ' 4 k) p18 23.0 MeV

Mê *̂  0"'̂  20.34 MeV

A ll of th e  ’flags* observed in  th is  experiment were "c o llin e a r"

( i . e .  the  angle between the fragment and the  re c o il  la y  between 170® 

and 190®) and m ust, th e re fo re , correspond to  one of the  f i r s t  th ree  

r e a c tio n s . I f  a f la g  i s  "non -co llinear" the momenta can only be

balanced i f  the  em ission of a neu tron , in  addition  to  the charged

fragment i s  assumed.

I t  i s  p o ss ib le  th a t  some of the  f la g s  were neutron-induced 

events ( e .g .  Ne^^ ( '^ ik )  or Ne^O (/ŵ  06 )0'*7 )  ̂ but i t  i s  u n lik e ly  

th a t many (/h.^k ) ( ^ ,  oC ) events occurred. That th e  p recau tions

(described  in  se c tio n  I I I , 2) were e f fe c tiv e  i s  in d ica ted  by th e  sm all 

number of events whose o r ig in  lay  w ithout the known dimensions of th e  

photon beam. Since the  volumes of th e  chaunber which were "in" and 

"out" of th e  beam were approximately equal, the number of events which 

occurred "out o f th e  beam" -  and must, in  consequence, have been 

neutron-indue ed -  was a measure of th e  number of neutron-induced events
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which occurred "in  th e  beam". In fa c t only two of th e  events which 

were observed did not o r ig in a te  w ith in  the  beam.

I t  was assumed th e re fo re , th a t a l l  the flag s  were photonuclear 

ev e n ts . Events corresponding to  the ('t^oL) and ( X ^ ) re ac tio n s  

could be d is tin g u ish ed  v is u a lly , since th e  re c o il  tra c k s  of )

events were much longer than the re c o ils  of ) ev en ts . Also

th e re  were marked d iffe ren ces  in  the d en sity  of io n is a tio n  and 

m u ltip le  s c a tte r in g  of the tra c k s . When the fragment stopped in  th e  

chamber, momentum balancing provided a more c e r ta in  id e n t i f ic a t io n .  

U nfo rtuna te ly , however, only th ree  proton track s  stopped.

I t  i s  p o ss ib le  th a t some of the f lag s  corresponded to  ( oL ) 

events b u t ,  in  view of th e  high th resho ld  fo r th i s  re a c tio n , i t  i s  

be liev ed  th a t  few o f the events d id  so correspond. Since th e  

maximum energy of the gamma-rays was only a few MeV above the  th re sh o ld  

fo r  th e  re a c tio n  any photodeuterons which were em itted must have been 

of low energy and a la rge  proportion  would, in  consequence, have stopped 

in  th e  chamber. Any which did so would c e r ta in ly  have been id e n t if ie d  

by momentum balancing  b u t, in  f a c t ,  none were found. I t  could 

reasonably  be assumed, th e re fo re , th a t a^ l of the ’flags* corresponded 

to  ( DL ) o r ( |v) events.

( b ) Events in  which two a lp h a -p a r tic le s  were em itted .

The energies of the gamma-rays which caused such ev e n ts , which
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were a t t r ib u te d  to  th e  rea c tio n  Ne^^ (ï,o<.o() were ob tained

i n i t i a l l y ,  on th e  assumption th a t the re s id u a l n ucle i were formed 

in  th e  ground s t a t e ,  by adding the energies of the  th re e  p a r t ic le s  

to  the  th re sh o ld  energy fo r  th e  re ac tio n  i . e .

I f  th e  e x c ita tio n  energy of the  product nucleus was then  th e  

tru e  photon energy was E y  '  Y • Since th e  f i r s t

ex c ited  s ta te  of l i e s  a t 4Jf3  MeV i t  was p o ss ib le , in  se v e ra l 

c a se s , to  be c e r ta in  th a t the t r a n s i t io n  was to  the ground s t a t e  

f o r ,  s ince  the maximum quantum energy was 23 MeV any events fo r  which 

( was g rea te r  than 19 MeV could only be ground s ta te  t r a n s i t io n s .

F u rth e r , i t  has been rep o rted  (Ajzenberg and L auritsen  1955) th a t in  

only a sm all p roportion  of events do a lp h a -p a r tic le  t r a n s i t io n s  leave 

a 0^2 nucleus in  th a t exc ited  s t a t e .  I t  was assumed, th e re fo re ,

( a t  le a s t  i n i t i a l l y )  th a t  a l l  the  Ne^^ ( ) events d id  leave th e

product nucleus in  the ground s t a t e .

I t  was assumed, a lso  th a t  such events represen t the  form ation 

and tw o-stage decay of compound n u cle i i . e .  th a t they follow ed the  

scheme

The e x c ita tio n  energy of th e  in term ediate compound nucleus s t a t e ,  in  

oxygen l 6 ,  was ca lcu la ted  from th e  energies and d ire c tio n s  of th e  two
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a lp h a -p a r tic le s  and the in c id en t photon. S in ce , however, i t  was not 

p o ss ib le  to  determ ine which a lp h a -p a r tic le  was f i r s t  to  be em itted , two 

values o f e x c ita tio n  energy ( ) were obtained f o r  each even t. The

c a lc u la tio n s  were c a rr ie d  out as  fo llo w s, assuming th a t one a lp h a -p a r t ic le ,  

then  the  o th e r , was f i r s t  to  be em itted ,

(1 ) The momentum of th e  re c o il in g  in term ediate  nucleus was ob ta ined

from th e  momenta of th e  photon and f i r s t  fragm ent. The correspond­

ing  (k in e tic )  energy was c a lc u la te d , as was th e  angle between 

th i s  re c o i l  and th e  second fragm ent.

(2) The momentum of th e  product nucleus was c a lc u la te d  from those  

of th e  in term edia te  r e c o i l  and th e  second f ra g n e n t. The 

(k in e tic )  energy of th i s  f in a l  r e c o i l  was a lso  o b ta in ed .

( 3 ) The e x c ita tio n  energy of the in te rm ed ia te  nucleus was then 

computed from :-

= Ep2 + ""

where Q i s  th e  binding energy of the second fragment (P^) in  th e  

in te rm ed ia te  nucleus.

(4 ) The energy of e x c ita tio n  of the  f i r s t  ocmpound nucleus which w as, 

of co u rse , th e  energy of the inc iden t photon , was ob ta ined  fro m :-

E Y = + E^ -

where = E^^ + Ep^
i 1and Q i s  the  b inding energy o f in  the ta rg e t nucleus
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The values o f Î ?  so ca lcu la ted  are shown in  f ig u re  3*

(O) Events in  which an a lp h a -p a rtic le  and a proton were em itted . 

Such events belonged to  one of the reac tio n s Ne^^ ( k ) 

and Ne^^ (  ̂ I t  was assumed th a t such events corresponded

to  th e  two stag e  decay of a compound nucleus, but i t  was c le a r ly  

in p o ss ib le  to  d is tin g u ish  between th e  two p o s s ib i l i t i e s .

(•) V  —>  ̂ Of6 "+ ^

0,6 —^ ^

^  +  4 -

V

Consequently both p o s s ib i l i t ie s  were considered and the e x c i ta t io n  

energ ies in  th e  appropria te  in term ediate nuclei were c a lc u la te d  in  a 

manner s im ila r  to  th a t  described above fo r  the ( Y oK  ) ev e n ts .

The r e s u l t s  are shown in  f ig u re  4#

(d ) Events in  which a s in g le  a lp h a -p a r tic le  was em itted .

The r e s u l t s  fo r  th ese  ev en ts , which were a t tr ib u te d  to  the  

reac tio n  Ne^^ (lf  o(, ) 0** ,̂ are  included because they have an im portant 

p lace  in  a  f u l l  p ic tu re  of the  p h o to -d is in teg ra tio n  of neon. The 

author w as, however, not responsib le  f o r  the  ana ly sis  o f th ese  ev en ts , 

F igure 5 shows values of E  ̂ which i s  defined by ;-
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— Eĵ  + E  ̂— Q
Three o f th e  events were analysed by d ire c t  measurement of th e  

ranges of th e  re c o il  and a lp h a -p a r t ic le .  In  fo u rteen  o th ers  th e  

momentum of th e  a lp h a -p a r tic le  (which d id  not stop in  the  chamber) 

was ob ta ined  from th a t  of th e  r e c o i l ,  by equating th e  components o f 

the re sp e c tiv e  momenta a t r ig h t  angles to  th e  d ire c tio n  o f th e  

in c id en t gamma-rays. In  two c a se s , although the  event had th e  

appearance of a  ( X ^  ) event in  which both  of th e  fragm ents stopped in  

the  chamber, i t  was not p o ss ib le  to  d efin e  the o r ig in  w ith  s u f f ic ie n t  

accuracy to  perm it accu ra te  range measurements. In  th e se  two cases 

the t o t a l  range, o f both  tr a c k s ,  was me Ensured and p ro p o rtio n  co n trib u ted  

by each p a r t ic le  was c a lc u la te d . The th ree  ca teg o rie s  a re  in d ic a te d , 

in  f ig u re  5 ,  by th e  ex ten t o f  the shad ing ,

(e ) Events in  which a s in g le  proton was em itted .

Since only 3 of the  305 p ro ton  tra c k s  which were observed stopped 

in  the chamber, th e  energy measurements of the m ajority  o f  such e v en ts , 

which were a t t r ib u te d  to  th e  re a c tio n  Ne^^ (X i^ )  were based on

the ranges' of the r e c o i l  t r a c k s .  These re c o i l  track s were very  sho rt -  

seldom longer than  4 mmi. -  and i t  was not a n tic ip a te d  th a t  th e  re s u lt in g  

energy spectrum would be very a c c u ra te , but i t  was hoped th a t  the general 

nature of th e  energy dependence of the c ro ss -se c tio n  fo r  th e  re a c tio n  would 

be ob ta ined , ( i t  was estim ated  th a t the c a lcu la te d  energy of any in d iv id ­

u a l  tra c k  might be in  e r ro r  by as much as 1 MeV),
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For each ( if, ) event the leng th  of the  re c o i l  and th e  angles of 

the  proton track  were measured. The energies of the  protons were then  

c a lc u la te d  from the energies of the r e c o i l s ,  which were obtained from 

th e  measured ranges using  a range-energy re la tio n  which had been derived  

from published d ata  (Morrison 1954). When th is  range-energy curve was 

drawn i t  was necessary to  ex trapo la te  downwards in  energy from the reg io n  

of experim ental measurements. The exact shape of the curve in  the  reg ion  

of e x trap o la tio n  was chosen to  agree w ith the po in ts obtained from those 

( ) events of th is  experiment in  which the proton energy could be

d ir e c t ly  measured.

Although th e re  was reason (see  la te r )  to  b e liev e  th a t  th e  assumption 

v.as in v a lid , i t  was convenient to  assume th a t ,  in  each ev e n t,th e  product 

nucleus was formed in  the ground s t a t e .  Then, in  th e  obvious n o ta tio n .

E

The method of c a lc u la tio n  is  i l l u s t r a te d  in  f ig u re  6 , The momentum of 

the r e c o i l  ( Kr ) înd the angle ( Y ) between the gamma-ray and p ro ton  

were known. The proton momentum ( kp ) &nd ganma-ray momentum ( k-jf ) 

could be ca lcu la ted  by a method of successive approximations b u t, in  

p ra c t ic e  a s e r ie s  of graphs of r e c o i l  range against photon energy were 

p repared , fo r  a s u f f ic ie n t  number of values of angle V  to  perm it 

reasonably accurate  in te rp o la tio n . These graphs were obtained by using
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th e  method of c a lc u la tio n  ou tlin ed  above.

I f  i t  were p o ss ib le  to  measure accu ra te ly  the angle between the 

r e c o i l  and fragment tra c k s  i t  would be p o ss ib le  to  o b ta in  the photon 

energy more d i r e c t ly .  However, since  th is  ang le l i e s  between 170^ and 

190®, and since th e  measurement of th e  angle between two a rb itra ry  

d ire c tio n s  i s  in e v ita b ly  d i f f i c u l t  to  perform , a s u f f ic ie n t ly  accurate  

determ ination  to  ju s t i f y  th is  approach to  the  problem i s  not p o ss ib le .

In  order to  i l l u s t r a t e  th e  v a r ia tio n  of th e  c ro ss-sec tio n  fo r  th e  

re a c tio n  w ith  th e  energy of in c id en t photons i t  was necessary to make 

allowance fo r  th e  vary ing  numbers of gamma-rays of d if fe re n t  energies 

which were em itted by the synchro tron . I t  was assumed th a t  the ou tpu t 

spectrum of the Glasgow synchrotron was s im ila r  to  th a t of the Saskatchewan 

machine (Katz and Cameron 1951). The histogram  of c ro ss-sec tio n  ag a in s t 

photon energy which was obtained i s  shown by th e  dashed" l in e  in f ig u re  7#

The do tted  curve rep re sen ts  th e  r e s u l t s  fo r  the ) reac tion
!

(Ferguson e t a l ,  1954). As can be seen the  (Y, jv ) r e s u l t s  show no sign  

of th e  e x p e c te d ^ ia n t resonance. C areful checks of th e  ca lcu la tio n s  and 

t e s t s  of consistency  in  the a n a ly s is  of th e  events f a i le d  to  reveal any 

e r r o r s ,  and i t  was concluded th a t  th e  assumption t h a t ,  in  a l l  the e v e n ts , 

th e  nucleus was formed in  i t s  ground s ta te  was in v a l id .  I f  a  nucleus 

were l e f t  in  a s ta te  of e x c ita tio n  energy E , then  th e  tru e  photon energy 

E ^ would be re la te d  to  the value c a lcu la te d  as above, E ^ say, by

I
E y  “ E y  + E ,
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(The e r ro r  in  Ep in troduced by using th e  in co rrec t value of k y in  

th e  c a lc u la tio n  of kp would have been n e g lig ib le , since kp » 43*3 |  Ep 

and the  e r ro r  in  k y  and, hence kp could have been b u t a few u n its  o f

MeV )
C

As was mentioned e a r l i e r ,  th e re  was reason to  expect tha t many of 

the t r a n s i t io n s  in  the higher energy regions would leave the  nucleus 

in  e x c ite d  s ta te s .  Workers (Arthur e t a l ,  1952) who stu d ied  th e  re a c tio n  

(p ,p1) p"̂ 9 rep o rted  th a t sev era l resonances in  th e  energy spectrum of 

th e  s c a tte re d  protons corresponded to  tra n s i tio n s  in  which the  f lu o r in e  

nucleus was l e f t  in  one of sev era l ex c ited  s ta te s  of energ ies up to  4 MeV, 

The energy of the in c id en t protons in  th is  experiment ims 8 MeV, which 

corresponds to  the g ian t resonance region  of th e  re ac tio n  Ne^^( Y, ^ )P ^ ^  

i f  th ese  reac tio n s  involve the form ation of compound n u c le i .  I t  i s  

an e s s e n t ia l  fea tu re  of compound nucleus theory th a t the decay o f the 

compound nucleus i s  independent of the  mode o f form ation. Hence i t  may 

be concluded th a t the  pro ton  energy spectrum of the photoprotons from 

neon in  the* g ian t resonance* region w i l l  be s im ila r to  th e  spectrum of 

the  protons which were in e la s t ic a l ly  sc a tte re d  from f lu o r in e .

The r e s u l ts  of the  f lu o rin e  experiment may be summarised, very 

g e n e ra lly , by s ta t in g  th a t the protons f e l l  w ith approximately equal 

frequency in to  th ree  energy groups corresponding to  t r a n s i t io n s  which 

l e f t  the  P^^ nucleus in

(a) the ground s ta te .
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(b) excited  s t a t e s  a t about 2 MeV,

(c) exc ited  s ta te s  a t about 4 MeV,

I t  was te n ta t iv e ly  assumed, th e re fo re , th a t th i s  app lied  a lso  to  th e  

p h o to d is in te g ra tio n  of neon in  the  corresponding energy reg io n . Hence 

those events which were observed to  correspond to  th e  photon energy 

range 21 -  23 MeV represen ted  only one th ird  of the events which occurred 

in  th is  ran g e , th e  o ther two th ird s  being observed equally  in  th e  1 7 - 1 9  and 

1 9 - 2 1  MeV re g io n s . I t  was then possib le  to  reconstruc t th e  h istogram ,

as shown by the  unbroken l in e  in  f ig u re  7 #
V

( p )  T h e  A n g u la r  D i s t r i b u t i o n  o f  t h e  P h o t o p r o t o n s .

An attem pt was made to  measure th is  d is t r ib u t io n  before the  f u l l e r

an a ly sis  of th e  (V,V) events was commenced. This attempt was prcmpted

by the controversy aroused by c e r ta in  th e o re tic a l models ( e .g .  W ilkinson 

1954) which p red ic ted  an angular d is tr ib u tio n  which i s  markedly d if fe re n t 

from th a t  which i s  the most probable on a c cmpound nucleus in te rp re ta t io n  

of p h o to d is in te g ra tio n .

I t  was obvious t h a t , fo r  s t a t i s t i c a l  reaso n s , i t  would be necessary 

to  group the r e s u l t s  in to  broad angular in te rv a ls  and, hence, th a t  th e  

previous accuracy of angular measurements was not necessary . T herefore 

c e r ta in  s im p lif ica tio n s  in  the an a ly s is  procedure were in troduced .

In stead  of accura te  co -o rd inate  measurements being made, the  p o s i t io n  of 

each track  in  the  chamber was estim ated  v is u a lly , by reference  to  the  g rid  

system, an average value of z-oo-o rd inate  being assigned to  each ev en t.

The n e e d l e  a n d  p r o t r a c t o r s  w e re  t h e n  p o s i t i o n e d  s i m i l a r l y  w i t h  r e s p e c t
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to  a facs im ile  of the g rid  which was placed on the  re p ro je c tio n  ta b le .

The e r ro r  in  p o s itio n  so introduced was not g rea te r than  3 cm. ( th e  

h a lf  d iagonal of th e  g r id  squares) and the corresponding angular e r ro r  

was u n lik e ly  to  exceed ten  degrees. The angular d is t r ib u t io n  so ob ta ined  

i s  shown in  f ig u re  8 , in  which the dotted  l in e  corresponds to  an is o tro p ic  

d is t r ib u t io n ,  w ith  which the experim ental r e s u lts  a re  obviously c o n s is te n t .

F igure 9 shows the re s u lts  obtained by p lo tt in g  th e  values of th e  

angles between the  photqprotons and the gamma-ray bean obtained  when the  

f u l l  an a ly s is  technique was used. Once again the  r e s u l t s  sire c o n s is te n t 

w ith  an is o tro p ic  d is t r ib u t io n . When the method of " le a s t squares* was 

used to  f i t  the observed d is tr ib u tio n  to  the form a  + b s in ^8 the r a t io  

a /b  was found to  be 8/ l  , A d iv is ion  of the re a q ltâ  in to  "high** and **low** 

energy events revealed  no s ig n ific an t d ifference between the  d is tr ib u t lo / is  

fo r  those  events w ith  photon energy above, and below 17 MeV.
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I l l  .4  D iscussion  of Experimental R e su lts .

(a )  The ( iÇoC ) R eaction .

The iso to p ic  sp in  se le c tio n  ru le s ,  v/hich were d iscussed  in  

ch ap ter 1 .4 , re q u ire  th a t the  compound nucleus s t a t e ,  which i s  formed 

by e le c t r ic  d ip o le  photon absorp tion  in  Ne^^, have T = 1 ; fo r  magnetic 

d ip o le  or e l e c t r ic  quadrupole absorp tion  e ith e r  T = 1 or T » 0 i s  

p o s s ib le . Since a lp h a -p a rtic le  emission is  accompanied by no change 

of iso to p ic  s p in , the (X®̂  ) re ac tio n  in neon i s  allow ed, fo llow ing 

e l e c t r ic  d ipo le  ab so rp tio n , only i f  the res id u a l nucleus (O^^) i s  l e f t  

in  a s ta te  w ith  T = 1 . Hence ( ) events which leave the oxygen

nucleus in  s ta te s  w ith T = 0 correspond e ith e r to th a t p a r t of the  

t o t a l  magnetic d ipo le  and e le c t r ic  quadrupole absorp tion  fo r  which 

^  T s= 0 , or to  a re la x a tio n  of the  se lec tio n  r u le s .  The f i r s t  T = 1 

s ta te  in  0^^ i s  be lieved  to  l i e  a t about 13 MeV (W ilkinson 1953), which 

i s  above the  th resh o ld  fo r  both proton and a lp h a -p a rtic le  em ission from 

th a t nucleus. I t  may reasonably be expected, th e re fo re , th a t  i f  a  

( Xo( ) t r a n s i t io n  in  Ne^^ leaves the  0^^ res id u a l nucleus in  a T = 1 

s ta te  fu r th e r  p a r t ic le  emission w il l  occur, and the event w il l  be 

observed as a " s ta r"  i . e .  as an event corresponding to  one of the  

re ac tio n s  Ne^^(Xoio(. )C^^ or Ne^^(X°^ K )^^^•

I t  has been reported  (Erdman and Bames 1953) t h a t ,  a t  a  photon 

energy of 17,6 MeV, tra n s i t io n s  which leave the 0^^ nucleus in  one of 

se v e ra l ex c ited  s ta te s  a t 6 -  7 MeV are very much more frequen t than  

ground s ta te  t r a n s i t io n s .  I f  th i s  were tru e  of th e  (X^C ) events which



65.

were observed in  th e  p resen t experiment then , in  the  previous n o ta tio n , 

th e  values of E y  f o r  the photons causing the  events would be equal to  

(E^ + 6 ) o r (E^ + 7 )  MeV, Thus almost a l l  of the events would correspond 

to  photon energ ies of 15 MeV and above. That th is  should be so seems 

u n lik e ly , s in ce  th e  only photonuclear reac tions in  Ne^^ in  which p a r t ic le s  

a re  em itted , which can take p lace a t energies below 15 MeV, are  th e  (Y,oC ) 

and (Xi'-) r e a c t io n s , and th e  ( X ^ )  y ie ld  i s  believed  to  be low a t  such 

energ ies (see next s e c tio n ) . However, the absence of any s ig n if ic a n t 

c o r re la tio n  between the observed values of Ê  and the e x c ita tio n  energies 

of the known le v e ls  in  Ne^^ (Ajzenberg and L auritsen  1955) suggests th a t 

the  p ropo rtion  of events in  which the 0^^ re s id u a l nucleus was formed in  

one of the ex c ited  s ta te s  a t  6 • 7 MeV may w ell be la rg e .

The y ie ld  of events of th is  reac tio n  fo r  brem sstrahlung of 23 MeV 

peak energy i s  7 . 5  x 10^ events p er mole per roentgen, which i s  an o rder 

o f magnitude g re a te r  than the y ie ld  (5OO/mole/roentgen) vmich has been 

rep o rted  fo r  th e  re ac tio n  Ol6 (Yot )C^^ (Greenberg e t  a l ,  1954).

( b )  T h e  (X ^^ > ) R e a c t i o n .

The close s im ila r i ty  between the  re s u lts  fo r  th e  ((Sj^) re a c tio n  

(Ferguson et a l ,  1954) and the second histogram shown in  f ig u re  

suggests th a t the estim ate which was made of the p roportion  of events 

in  which th e  re s id u a l nucleus was l e f t  in  the th ree  groups of s ta te s  , 

was reaso n ab le . I t  canno t, however, be claimed on th a t b a s is  th a t the  

assumed r a t io s  a re  d e f in ite ly  e s ta b lish e d , fo r th e  method of "co rrec tio n "
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was ra th e r  crude and, in  f a c t ,  the d iffe ren ce  in  the  c ro ss -se c tio n  which 

would be in troduced i f  s l ig h tly  d if fe re n t r a t io s  were assumed ( e .g .  

in s te a d  of ■3 , ^ , 3) i s  not g re a t. However, w ith th a t  re s e rv a tio n , the  

assum ptions do provide a reasonable explanation of the  observed energy 

d is t r ib u t io n .

There i s  ano ther possib le explanation fo r th e  apparent absence of 

a  "g ian t resonance". I f  i t  i s  assumed th a t ,  in  a l l  the s ta r s  in  which 

both  an a lp h a -p a r tic le  and a  pro ton  were em itted , the  pro ton  was the  f i r s t  

f ra g n e n t, then  these  fo r ty  events can be regarded as (X4* ) ev en ts . However, 

th e  ad d itio n  o f th ese  even ts , a l l  of which had values of Ey which were 

g re a te r  than 20 MeV, to  the number of "ordinary" ( 1 ^ , )  events i s  n o t ,  in  

i t s e l f , s u f f ic ie n t to  produce the desired  change in  the  energy d is t r ib u t io n .  

F o r, although the c ro ss-sec tio n  in  the region 20 -  23 MeV would have a 

value c lo se  to  th a t which would be expected from the (Y^^ ) r e s u l t s ,  the  

number o f events corresponding to  photon energies o f 17 -  18 MeV would 

s t i l l  be unusually  la rg e .

That many o f the photoproton events should leave th e  pl5 nucleus 

in  ex c ited  s ta te s  i s  to  be expected since s-wave proton emission i s  a 

more favoured p rocess than p-wave em ission. Since the  ground s ta te  of 

i s  (^+) and th e  compound nucleus s ta te  formed in  Ne^^ follow ing 

e le c t r ic  d ipo le photon absorption i s  ( I - ) ,  t r a n s i t io n s  in  which the 

re s id u a l s ta te  i s  the ground s ta te  correspond to  p-wave pro ton  em ission, 

S-wave p ro ton  emission w il l  leave the nucleus in  a s t a te  which i s  ( 2- )  

or (^  - ) ,  I t  seems reasonable to  expect th a t a s u f f ic ie n t  number of th e
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many s ta te s  o f in  the energy range 0 -  4  MeV have one, or o th e r ,  of 

th ese  combinations of sp in  and p a r ity  to  ju s t i f y  the  assum ptions which have 

been made about the nature of the  ( Y, ^  ) re a c tio n .

The e a r l ie r  determ ination  o f the angular d is t r ib u t io n  o f the photo­

protons w as, of co u rse , rendered obso le te  by the  l a t e r  measurements. 

However, i t  i s ,  perhaps, of some in te re s t  th a t  the  e a r l ie r  r e s u l t s  were 

in  accord w ith  the more c a re fu lly  obtained  d is t r ib u t io n .  The iso tro p ic  

d is t r ib u t io n  which was observed suggests th a t  s-wave p ro ton  em ission d id ,  

in  f a c t ,  predom inate. I t  must be conceded however, th a t  the observed 

d is t r ib u t io n  could be ob tained  by the ap p ro p ria te  admixture o f  p-wave 

protons of varying channel sp in .

The p ro b a b ili ty  of ground s ta te  t r a n s i t io n s  in  ( r eac t i ons  

in  a  number of l ig h t  n u c le i (n o t ,  un fo rtu n a te ly  including Ne^^) has 

recen tly  been ca lcu la te d  (Gol’dansk ii 1956), on th e  b a s is  of r e s u l ts  

fo r  th e  in v erse  (-^,Y ) re a c tio n s . The c ro ss -se c tio n  fo r the  form ation 

of the re s id u a l nucleus in  i t s  ground s ta te  fo llow ing photon absorp tion  

in  th e  * g ia n t resonance* reg ion  i s  found to  reach  about 10 p er cent of 

the  in te g ra te d  d ipo le  c ro s s -se c tio n .

Only th ree  photoproton trac k s  stopped in  the  illu m in a ted  p a r t of 

the  chamber, which i s  a  su rp ris in g ly  sm all number. The p ro b a b ili ty  th a t  

the track  of a  pro ton  of 2 MeV energy, w ith a range of approxim ately 8 cm ., 

would stop in  the chamber i s  0 ,2 , Hence the number of ( ) events

w ith photon energies below 15 MeV i s  not more than  25, which f ig u re  makes
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reasonab le  allowance fo r  the  s t a t i s t i c a l  u n ce rta in ty  of th e  ev idence.

This es tim ate  i s  c e r ta in ly  an upper lim it since some, o r  a l l ,  of th e  

th re e  events may w e ll have been t r a n s i t io n s  in  which the re s id u a l nucleus 

was l e f t  in  an ex c ited  s ta te .  I t  may be concluded, th e re fo re , th a t  not 

more than one-tw elfth  of the t o t a l  photoproton y ie ld  corresponds to  th e  

ab so rp tio n  of photons with energies below 15 MeV, Qhis i s  markedly 

d if fe re n t from the  re s u lts  which have been repo rted  fo r  the  photo­

d is in te g ra t io n  of n itro g en  (Wright e t  a l ,  1956) and oxygen (S p icer 1955; 

Stephens e t a l ,  1955, 1956; Johansson and Porkman 1955, 1956) in  which 

la rg e  y ie ld s  of photoprotons in  th is  energy range were found. The 

conclusion i s ,  however, in  accord w ith the r e s u lts  of workers who s tu d ied  

the in v e rse  r e a c t io n , (Clegg, Jones, W ilkinson 1955;

S in c la ir  1954) but were unable to  d e tec t any gamma-rays corresponding to  

ground s ta te  t r a n s i t io n s .  No explanation  has been suggested fo r  the  

p re fe re n t ia l  decay by the emission of two photons in  cascade, v ia  th e  

le v e l a t  1 , 63  MeV, of the s ta te s  a t  13.5 -  14.2 MeV which were ex c ite d .

I t  i s  in te r e s t in g ,  however, th a t a s im ila r  s i tu a tio n  e x is ts  in  magnesium.

In  a study of th e  re a c tio n  Na^^(>jw^X )Mg^ i t  was found (R utherglen 1955)
2L.th a t  the  excited  s ta te s  of Mg which were formed decayed by the  em ission 

of two gamma-rays in  cascade, v ia  a le v e l  a t 1,38 MeV, In  the decay 

of th ese  s t a t e s ,  in  neon and magnesium, each of the  gamma-rays in  th e  

cascade i s  magnetic dipole in  c h a ra c te r , as would have been the ground 

s ta te  t r a n s i t io n ,  had i t  ex is ted .
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(o) The ( YjOCoC ) R eac tion .

There i s  sane c o n f l ic t  between th e  r e s u l t s ,  which have been 

summarised in  a review a r t i c l e  (T i t te r to n  1955), of experim ents on 

photonuclear reac tio n s  in  which sev era l a lp h a -p a r tic le s  a re  em itted .

I t  i s  g en e ra lly  agreed th a t  th e  re a c tio n  ) corresponds to  th e

e x c ita tio n  and subsequent decay of compound nucleus s ta te s  in  C and 

Be®. Although th e re  i s  le s s  unanimity about the  re a c tio n  4 oC),

th e re  are  reasonable grounds fo r  the  b e l ie f  th a t th i s  a ls o  i s  a cascade 

p ro cess . The r e s u l t s  f o r  th e se  two reac tio n s  provide th e  main j u s t i f i ­

ca tion  fo r  the  assumptions which have been made about th e  n a tu re  of th e  

reac tio n  Ne^()( )C^^.

S ince each event which was a t t r ib u te d  to  th is  re a c tio n  has been

tre a te d  as a ) event in  which th e  re s id u a l oxygen nucleus was formed

in  an ex c ited  s ta te  which lay  above the  th resh o ld  fo r  the  em ission of em

a lp h a -p a r t ic le ,  the iso to p ic  sp in  s e le c tio n  ru le s  apply to  th i s  re a c tio n

as they do to  the  (Y^oC) re a c tio n , w ith the  fu r th e r  r e s t r i c t io n  th a t

iso to p ic  sp in  must be conserved in  the  second a lp h a -p a r tic le  t r a n s i t io n .

Thus the re a c tio n  i s ,  in  p r in c ip le ,  forb idden follow ing e le c t r ic  d ipo le
12photon ab so rp tio n , un less the  C nucleus be formed in  a s ta te  w ith T = 1 . 

Since th e  lowest such s ta te  l i e s  a t  about 15 MeV an i n i t i a l  photon energy 

of a t  l e a s t  27 MeV would be req u ired , bu t i t  not av a ila b le  in  the  p resen t 

experim ent, in  which the  maximum energy of th e  gamma-rays was 23 MeV,

As mentioned in  chapter 1 .4 , i t  has been suggested th a t a lp h a -p a r tic le  

cascades may occur in  v io la tio n  of th e  s e le c tio n  ru le s  and t h a t ,  in  such



70.

e v e n ts , i t  would be the second t r a n s i t io n  which would v io la te  th e  r u le s .  

T herefore i t  might be expected t h a t ,  since alm ost a l l  of the 

events occur in  th e  "g ian t resonance" reg ion  of photon abso rp tion  where 

e l e c t r i c  dipole tr a n s i t io n s  c e r ta in ly  predom inate, the s ta te s  in  th e  

in te rm ed ia te  nucleus ( 0^^) which were ex c ited  in  th is  re a c tio n  would be 

predom inantly T -  1 .

Since i t  i s  im possible to  decide which of th e  a lp h a -p a r tic le s  was 

f i r s t  to  be em itted , i t  i s  d i f f i c u l t  to  make d e f in i te  deductions from the 

r e s u l t s  which were o b ta in ed . However, th e  in te rp re ta t io n  which was adopted 

of th e  reac tio n  i s  supported by the f a c t  t h a t ,  fo r  almost a l l  of th e  ev en ts , 

a t  le a s t  one of th e  two values of e x c ita tio n  energy i s  co n s is ten t w ith  the  

energy of a known le v e l  in  0^6 , These values have been shaded in  f ig u re  

"3. The f i r s t  T = 1 s ta te  in  0^^ i s  believed  to  be one of those  a t  12.51 

MeV and 12.95 MeV, and i s  probably th e  l a t t e r  (W ilkinson, 1956). In  ten  

of the e igh teen  events corresponding to  th is  re ac tio n  which were ana ly sed . 

Both values of the e x c ita tio n  energy were below 12.5 MeV. In  th re e  of these  

te n  events the re s id u a l nucleus (C^^) could have been formed in  th e  f i r s t  

ex c ited  s t a t e ,  a t  4#43 MeV, and, in  fo u r more, th is  p o s s ib i l i ty  cannot be 

n eg lec ted , since  the  peak synchrotron energy was not known ex a c tly .

However, since i t  i s  u n lik e ly  th a t th e  e rro r  in  peak energy (which w as, 

nom inally , 23 MeV) i s  as g reat as 1 MeV, these  events probably correspond 

to  ground s ta te  t r a n s i t io n s .  Hence a t  le a s t  th ree  and, probably , seven 

of th ese  events correspond to  t r a n s i t io n s  in  which th e  in term edia te  s ta te  

was, nom inally , T = 0.



71

I t  may b e  c o n c l u d e d ,  t h e r e f o r e ,  t h a t  t h e s e  e v e n t s  e i t h e r  

c o r r e s p o n d  t o  t h a t  p a r t  o f  t h e  m a g n e t ic  d i p o l e  a n d  e l e c t r i c  q u a d r u p o le  

p h o to n  a b s o r p t i o n  w h ic h  o c c u r s  w i t h o u t  c h a n g e  o f  i s o t o p i c  s p i n ,  o r  

r e p r e s e n t  a  r e l a x a t i o n  o f  t h e  s e l e c t i o n  r u l e s .  S in c e  a l l  b u t  t h r e e  o f  

t h e  e v e n t s  h a d  p h o to n  e n e r g i e s  a b o v e  18  M eV, t h e  f i r s t  o f  t h e s e  e x p l a n a t i o n s  

s e e m s  u n l i k e l y .  I t  seem s p r o b a b l e ,  t h e r e f o r e ,  t h a t  t h i s  r e a c t i o n  o c c u r s  

b e c a u s e  o f  t h e  know n i m p u r i t y  o f  t h e  i s o t o p i c  s p i n  s t a t e s  ( W i lk in s o n  1 9 5 6 )  

w h i c h ,  i t  i s  s u g g e s t e d ,  a r e  a p p r o x im a te ly  e q u a l l y  im p u r e  a t  a b o u t  13  a n d  

2 0  MeV i n  Q 1^. I f  t h e  s t a t e s  i n  N e^^  a t  e x c i t a t i o n  e n e r g i e s  o f  a b o u t  

20  MeV a r e  e q u a l l y  im p u r e ,  t h e n  t h i s  p r o v i d e s  t h e  p o s s i b i l i t y  o f  a  s e c o n d  

a p p a r e n t  b re a k d o w n  i n  t h e  s e l e c t i o n  r u l e s  a n d  a  s e c o n d  c h a n n e l  th r o u g h  

w h ic h  t h e  r e a c t i o n  N e^^(Y ,o t6 (. may p r o c e e d ,

TThe ( k  ) R e a c t i o n .

A s w as m e n t io n e d  e a r l i e r ,  t h e r e  i s  n o  way o f  t e l l i n g  w h ic h  f r a g m e n t ,  

i n  e v e n t s  b e l o n g i n g  t o  t h i s  r e a c t i o n ,  w a s  f i r s t  t o  b e  e m i t t e d .  I t  w i l l  b e  

a s s u m e d  i n i t i a l l y  t h a t  t h e  a l p h a - p a r t i c l e  w as t h e  f i r s t  f r a g n e n t  a n d  t h a t ,  

i n  c o n s e q u e n c e ,  a l l  s u c h  e v e n t s  may b e  c o n s i d e r e d  a s  ( J ^ o L )  e v e n t s  i n  w h ic h  

t h e  r e s i d u a l  n u c l e u s  (O ^ ^ ) w as l e f t  i n  a n  e x c i t e d  s t a t e  a b o v e  t h e  t h r e s h o l d  

( 1 2 ,1 1  MeV) f o r  p r o t o n  e m is s i o n  a n d  t h a t ,  i n  f a c t ,  a  p r o t o n  w as e m i t t e d .

S in c e  t h e  p h o to n  e n e r g y  f o r  s u c h  e v e n t s  w as  i n v a r i a b l y  g r e a t e r  t h a n  

2 0  M eV, i t  may b e  c o n c lu d e d  t h a t  t h e  p h o to n  a b s o i p t i o n  w as e l e c t r i c  d i p o l e  

i n  c h a r a c t e r  a n d  t h a t  t h e  ccm pound  n u c l e u s  s t a t e  i n  w as  ( 1 - ) ,  T = 1 ,

H e n c e  t h e  s e l e c t i o n  r u l e s  r e q u i r e  t h a t  t h e  i n t e r m e d i a t e  s t a t e  i n  0*^^ h a v e  

T = 1 ,  T he lo w e s t  T = 1 s t a t e  i n  0^^  i s  ( 2 - )  a n d  i s ,  i n  c o n s e q u e n c e .
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u n lik e ly  to  be ex c ited  in  th i s  re a c tio n , since an a lp h a -p a r tic le  

t r a n s i t io n  from a ( 1- )  s ta te  which leaves the re s id u a l nucleus in  a 

(2 - )  s ta te  i s  unfavoured. Hence, i t  may be expected th a t th e  s t a t e  

in  0^^ of lowest energy which would be exc ited  would be th a t  a t  13.06  

MeV, which i s  (1 -)  and T = 1 , In  f a c t ,  th e  low est value of e x c ita t io n  

energy which was obtained  in  the  p resen t experiment was 12,97 MeV, which 

would suggest th a t  th e  12,96 MeV le v e l  i s ,  in  f a c t  T = 1, However, 

s ince  th e  re so lu tio n  of the  experiment i s  approxim ately 0,1 MeV, th is

event cannot d e f in i te ly  be assigned to e i th e r  le v e l .

The values of e x c ita tio n  energy in  0^^, which a re  shown in  f ig u re  

suggest th a t many le v e ls  in  the  reg ion  12.8 -  14 MeV co n trib u te  to  th e  

r e a c tio n . The p ro p e r tie s  of th e  energy le v e ls  in  0^^ which have been 

repo rted  (Ajzenberg and L au ritsen  1955) are  shown in  Table 1 ,

E x c ita tio n  Energy ( in  MeV) 12,95 13.09 13.24 13.65

Spin, P a r ity  2- 1-  4+ 1+ or 2-

Iso to p ic  Spin (where known) 1 1

Table 1 ,

Since these  le v e ls  were id e n t i f ie d  as a r e s u l t  of bombarding w ith  

p ro to n s, i t  i s  reasonable to expect them to  d e -ex c ite  by p ro ton  em ission . 

However, r e la t iv e ly  improbable t r a n s i t io n s  a re  req u ired  i f  a l l  of th ese  

s ta te s  are  to  take p a r t  in  th e  Ne^^(Y,o&|v) r e a c tio n . E le c tr ic  d ip o le
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ab so rp tio n , s-wave a lp h a -p a r tic le  em ission follow ed by s-wave proton 

em ission i s ,  su re ly , a more probable t r a n s i t io n  than magnetic d ipo le  

ab so rp tio n , p-wave a lp h a -p a r tic le  and p-wave pro ton  em ission . The 

in te rm ed ia te  s ta te  in  0^^ would be ( 1- )  on th e  f i r s t  of th ese  schemes, 

which would suggest th a t  t r a n s i t io n s  in  which the 1306 MeV le v e l was 

exc ited  should predom inate. There i s  no evidence fo r  th i s  in  th e  

experim ental r e s u l t s .  I t  i s  u n fo rtuna te  th a t le s s  than h a lf  of the 

events o f  th is  re ac tio n  could be analysed b u t , since th e  number of 

a lp h a -p a r tic le  track s  which f a i le d  to  stop was sm a ll, and th e  p ro b a b ility  

of a p ro to n , which was em itted  from the 13.06  le v e l ,  stopping in  the  

chamber i s  high ( 0 .8 ) ,  i t  seems u n lik e ly  th a t  a s ig n if ic a n t number of 

events corresponding to  th i s  e x c ita tio n  energy were unm easurable.

The experim ental r e s u l t s  suggest th a t a l l  of the s ta te s  which 

were mentioned above were ex c ited  in  th is  experim ent, and th a t  th e re  i s  

a t  l e a s t  one fu r th e r  s t a t e ,  a t about 13.9 MeV. I t  v/ould appear a lso  th a t  

e i th e r  the inform ation given in  Table 1 i s  incomplete (or in c o rre c t)  or 

the m a jo rity  of the events belong to  the (Y,'jt<’C) r e a c tio n . The second 

of these  p o s s ib i l i t i e s  i s  im probable, since sev era l (Ŷ oCoC) events 

corresponding to  th is  e x c ita tio n  energy were observed, and th e re  should 

be many more ( îo l k ) ev en ts , (Even i f  a p ess im is tic  view i s  taken  of 

the iso to p ic  spin im p u ritie s  of the s ta te s^ th e  favoured t r a n s i t io n  -  

(^°^k) " should be a t le a s t  th ree  to  ten  tim es as probable as  th a t  which 

i s  in h ib i te d ) .  I t  i s  suggested , th e re fo re  th a t the inform ation  of



T a b le  1 i s  u n s a t i s f a c t o r y  i n  l h a t  e i t h e r  t h e  s p i n s  a n d  p a r i t i e s  o f  t h e  

s t a t e s  h a v e  b e e n  i n c o r r e c t l y  a s s i g n e d ,  o r  t h e r e  a r e  s e v e r a l  m o re  s t a t e s  

i n  t h a t  e n e r g y  r a n g e  w i t h  s p i n s  a n d  p a r i t i e s  w h ic h  a r e  m ore  a p p r o p r i a t e  

t o  t h e  N e^^(Y )o& k ) r e a c t i o n ;

This suggestion  i s  supported by evidence which had been pub lished  

s in ce  the com pletion of th e  p resen t experim ent. These r e s u l t s  a re  

d iscussed  in  th e  next ch a p te r , which d escribes an experiment which was 

performed la rg e ly  in  an attem pt to  gain more inform ation about th e  mode 

of decay of those s ta te s  of 0^^ which have e x c ita tio n  energ ies in  the 

range 1 3 - 1 4  MeV,

I f  i t  i s  accepted th a t an appreciab le  number of the (Y/ k ) events 

which were observed corresponded to  t r a n s i t io n s  in  lAiich th e  p19 n u c le is  

were formed in  exc ited  s ta te s  a t about 4 MeV, then a t  le a s t  a few 

events must be expected , since th e  th resho ld  fo r  a lp h a -p a r tic le  em ission 

from i s  3*986 MeV, There i s  no reason to  expect 4 MeV to  be an 

upper l im i t  to  th e  e x c ita tio n  energy of the  s ta te s  which were formed and 

s ta te s  of h igher energy than th i s  would su re ly  de-exc ite  by the  em ission 

of an a lp h a -p a r t ic le ,  ra th e r  than by photon em ission . F u r th e r , th e  

re a c tio n  i s  allowed by the iso to p ic  spin s e le c tio n  r u le s ,  s in ce  th e  s ta te s  

of F^^ and which would be formed are of h a l f - in te g ra l  iso to p ic  sp in , 

(Only the ground s ta te  of i s  en e rg e tic a lly  a c c e ss ib le , since th e  

f i r s t  ex c ited  s ta te  of th a t  nucleus l i e s  a t 5,28 MeV and th e  lowest photon 

energy which was observed was w ith in  3 MeV of th e  peak energy o f the 

synchro tron ,

U nfortunately  l i t t l e  i s  known about the  le v e l s tru c tu re  of p i9
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the  energy range ap p ro p ria te  to  the Ne^^( Y , ) re a c tio n  and, hence, 

th e re  i s  nothing w ith  which to  compare the  values of e x c ita tio n  energy 

which were c a lc u la te d . However, th e  absence of any s tr ik in g  signs of 

grouping in  the values of as shown in  f ig u re  kp , suggests th a t  

th i s  mode of decay o f th e  ex c ited  neon nucleus is  le s s  p revalen t th an  

th a t  in  which p ro ton  emission fo llow s primary a lp h a -p a r tic le  em ission.

I I I . 5 Conclusions.

The r e s u l t s  obtained from th i s  experiment are  co n s is te n t w ith  

a model of photonuclear p rocesses based on the concept of the compound 

n ucleus. The c ro ss -se c tio n  fo r  any re a c tio n , on th is  m odel,is th e  

product of the  c ro s s -se c tio n  fo r  th e  abso ip tion  of photons and th e  

p ro b a b ili ty  of em ission o f th e  p a r t ic le  (o r  p a r t ic le s )  in  qu estio n .

I t  i s  p o s tu la ted  th a t  photon absorp tion  in to  in d iv id u a l le v e ls  occurs 

and th a t  th e  em ission p ro b a b ility  i s  determined by such fa c to rs  as th e  

s p in s , p a r i t ie s  and iso to p io  sp ins of the  p a r t ic le s  and ex c ited  s t a te s .  

I t  i s  convenien t, in  th is  summary of the r e s u l t s ,  to  consider se p a ra te ly  

se v e ra l rangés of photon-energy ( Eÿ ) ,

(a )  E y  below 13 MeV.

There a re  only two p o ssib le  reac tio n s  -  ( ) and ( ) -  below

the  ( Y k  ) th re sh o ld , which i s  12,87 MeV, Since the p ro b a b ili ty  of 

p a r t ic le  em ission i s  much g re a te r  than th a t of photon em ission, th e  

t o t a l  photon ab so rp tion  c ro ss -se c tio n  in  th is  energy range can be only 

s l ig h t ly  g rea te r  than  th e  c ro ss -se c tio n  fo r the ( Y ,^ ) re a c tio n , which 

has been found, in  th e  p resen t experim ent, to  be sm all. Thus th e  to ta l
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photon ab so rp tion  was sm all,

(b) Ey between 13 MeV and 13 MeV,

In  th i s  energ^^ re g io n , the ex c ited  neon nucleus can d e-ex c ite  by 

the em ission of quanta, a lp h a -p a r tic le s  or protons (which l a t t e r  w il l  

be of low energy). S ince only th ree  pro ton  track s  from ( Y; k  ) events 

were observed to  stop in  th e  chamber -  and since i t  i s  p o ss ib le  th a t 

even th ese  could have been produced in  a  reac tio n  of h igher photon 

energy -  i t  i s  concluded th a t the c ro ss -se c tio n  fo r  the ( Y/ k )  re a c tio n  

i s  small below 15 MeV, As has been m entioned, th is  i s  in  accord w ith 

the r e s u l t s  of the  inverse  re a c tio n  P^^(k»Y )Ne^^, in  which no gamma- 

rays corresponding to  ground s ta te  t r a n s i t io n s  were observed.

Very few ( ) events could be a sc rib ed  to  photons of th i s

energy ran g e . Hence, i t  i s  concluded th a t  the t o t a l  photon absorp tion  

i s  sm all below 15 MeV,

( c )  H ig h e r  v a l u e s  o f  E x

The y ie ld  of pro tons and a lp h a -p a r tic le s  from reac tio n s  caused 

by gamma-rays of energy g re a te r  than 15 MeV was la rg e  -  corresponding 

to  the * g ia n t resonance’ of th e  photon absorp tion  c ro s s -s e c tio n . The 

number o f  events in  which th e  various p a r t ic le s  were the  f i r s t  (o r only) 

fragment to  be em itted are  shown in  Table 2 , The events in  which 

both an a lp h a -p a r tic le  and a  proton were em itted have been , ra th e r  

a r b i t r a r i l y ,  assigned equally  to  the (Yot-k) &nd ( Y, k"^) re a c tio n s .

I t  i s  no t p o ss ib le  to  determ ine the  c o rre c t su b -d iv is io n  b u t ,  since 

th e re  a re  reasons fo r  b e liev in g  th a t  both  reac tio n s  c o n tr ib u te , i t  i s
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u n lik e ly  th a t th e  chosen r a t io  i s  g rossly  in  e r r o r .  Only those  events 

of the ( V, k ) smd ( Y, ot- ) re a c tio n s  in  which the photon energy was above 

15 MeV have been inc luded . The f ig u re s  fo r  the  ( ) re a c tio n  have

been deduced from a published  graph of c ro ss -se c tio n  aga in st photon 

energy (Ferguson e t  a l ,  1954).

Table 2 ,

Primary P a r t ic le R eaction Number of 
Events

T o ta l.

275
Proton

20 295

Neutron 300 300

( V X ) 5
A lpha-part i c le 20

(ï,»cK) 20 45

The y ie ld s  of protons and neutrons were very s im ila r . I t  i s

believed  t h a t ,  b a s ic a l ly ,  p ro ton  and neutron m is s io n  arc equally

probable but th a t  Coulomb b a r r ie r  co n s id e ra tio n s , and the  a v a i la b i l i ty

of energy le v e ls  a f fe c t  th e  a c tu a l y ie ld s  from any p a r t ic u la r  nucleus,
20I t  i s  presumed t h a t ,  in  Ne , such fa c to rs  a f f e c t  the reac tio n s  eq u a lly .



An important featu re  of the resu lts  is  the large number of events 

in  which an a lp h a -p a rtic le  is  the f i r s t  fragment to be em itted . As can 

be seen from Table 2 , the y ie ld  of primary a lp h a -p artic les  amounts to  

about one-seventh of that o f protons or neutrons, which proportion is  

unusually h igh .

The in flu en ce  of the  iso to p ic  sp in  se le c tio n  ru le s .

One of the aims of th is  experiment was to  te s t the a p p lic a b ility  of 

the isotopio  spin selection  ru le s . I t  was expected th a t , i f  these ru le s , 

were abso lute, the character of the inulti-fragm ent -  and (Y^ock) -

reactions observed would have a d e fin ite  form v iz .  there would be a 

r e la t iv e ly  la rg e  y ie ld  of (Y^®^k) events w ith  protons o f low energy, 

corresponding to  e x c ita tio n  energies of about 15 MeV in  0^^, and a much 

smaller y ie ld  o f ( Y , e v e n t s ,  none of which had values of e xc ita tio n  

energy which were greater than about 12,5 MeV,

In  f a c t ,  a large number of (Y<^k) events were observed and, from 

the calcu lated  values of the e x c ita tio n  energy of the 0^^ nucleus, i t  

may te n ta tiv e ly  be in fe rre d  th a t the f i r s t  T -  1 s ta te , which was known 

to l ie  at e ith e r  12,51 MeV or 12,95 MeV, is  the la t t e r .  There would 

appear also to  be several T = 1 states between 15 and 14 MeV, not a l l  o f  

which have been reported, which could n o t, however, be prec ise ly  determined. 

The y ie ld  of (Ŷ oCoC) events was surpris ing ly la rg e  and, in  some events, both 

values of the ex c ita tio n  energy of the interm ediate nucleus la y  above 15 MeV, 

which ind icates th a t ’ in h ib ited * a lp h a -p artic le  emission can compete w ith



’allowed* pro ton  em ission. I t  must be concluded, th e re fo re , th a t the 

s e le c tio n  r u le s ,  although they  do appear to  in fluence reac tio n  

p r o b a b i l i t ie s ,  a re  not ab so lu te .



80,

CHAPTER POUR

THE PHOTODISEfTEGRAT ION OP OXYGEN

IV .1 In tro d u c tio n

In previous experiments which have been c a rr ie d  ou t a t  th e  

U n iversity  o f Glasgow, photonuclear reac tio n s  in  helium , n itro g e n  

and neon have been s tu d ie d . Since oxygen i s  th e  only o th e r  gaseous 

element w ith atomic weight below 40 which is  su ita b le  f o r  use i n  a 

cloud chamber, i t  had been decided before the com pletion of th e  neon 

experim ent, which i s  described  in  chapter I I I ,  th a t oxygen would be 

th e  next element to  be s tu d ied . The importande of th is  experim ent 

became obvious vrhen the r e s u l t s  of th e  neon experiment were d iscu ssed , 

since s ta te s  in  0^^ w ith e x c ita tio n  energ ies of 13 -  14 MeV appear to  

p lay  an im portant p a r t in  the  decay of the  neon compound n u cleu s. The 

r e s u l ts  suggested th a t se v e ra l le v e ls  between th a t  a t  12,95 MeV 

(which was te n ta t iv e ly  id e n t i f ie d  as the  lowest T = 1 s ta te )  and 1 4  MeV 

decayed by p ro ton  em ission, and th a t the  inform ation which was then 

av a ilab le  (Ajzenberg and L au ritsen  1955), about the le v e ls  in  th a t 

reg io n , v/as f a r  from co n p le te . I t  was hoped th a t the increased  number 

of even ts , and the improved energy re so lu tio n  which would be av a ila b le  

in  a study of the  re a c tio n  01^ ( Y, k )  N'̂  ̂ (as  opposed to  Ne20(Yock )]^^) 

might enable le v e ls  in  th i s  reg ion  to  be id e n t i f ie d .  The em ission of 

a lp h a -p a r tic le s  from le v e l in  th is  range i s  a lso  of in te r e s t ,  because of 

the  p o s s ib i l i ty  of a comparison w ith  the r e s u l t s  obtained fo r  the re a c tio n
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Nê (̂ )c12.

The r e s u l t s  of experim ents on the re a c tio n s  0^^ ( Y, k  ) ,

0^^(T/o6 )C^^, Ol6 (ŷ irv )0*̂ 5 and Y, U-o4)were a v a ila b le  befo re  the 

d ec ision  to  study the p h o to d is in te g ra tio n  of oxygen was made.

S e v e r a l  m o re  c o m p re h e n s iv e  p a p e r s  on  t h e  r e a c t i o n  Y) k - w e re  

p u b l i s h e d  d u r i n g  t h e  p e r i o d  b e tw e e n  s e l e c t i n g  t h e  e x p e r im e n t  a n d  

a c t u a l l y  com m encing  t h e  i r r a d i a t i o n s .  H o w e v e r ,  t h e  d i s c r e p a n c i e s  

w h ic h  w e re  n o t e d  b e tw e e n  t h e  r e s u l t s  o f  t h e  t h r e e  e x p e r im e n t s  w h o se  

r e s u l t s  w e re  p u b l i s h e d  e n c o u r a g e d  r a t h e r  t h a n  d i s c o u r a g e d ,  t h e  

c o n t i n u a t i o n  o f  t h e  p l a n n e d  p ro g ra m m e . T he  r e s u l t s  w h ic h  h a v e  b e e n  

p u b l i s h e d  o n  t h e s e  r e a c t i o n s  a r e  s u m m a r is e d , a n d  d i s c u s s e d ,  i n  t h e  

f o l l o w i n g  p a r a g r a p h s .

(a) The r e a c t i o n  Yj )

This re a c tio n  has been stud ied  by many workers ( e ,g ,  Goward and 

Wilkins 1950, 1952; Hsaio and Telegdi 1953; Livesey and Smith 1952, 

1953; M illa r  and Cameron 1953), Since the c ro ss -se c tio n  was found to  

be small below 22,5 MeV, i t  was not a n tic ip a te d  th a t any s ig n if ic a n t 

number of events would be observed in  the  p resen t experim ent. The 

published r e s u l t s  a re  of in te r e s t  p r in c ip a l ly  because of th e  evidence 

they provide in  favour of a compound nucleus in te rp re ta t io n  of 

photonuclear p ro cesses . In  a l l  these  s tu d ie s  photographic emulsions 

were used .
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( b )  T h e  R é a c t i o n

This re a c tio n  has been ex ten siv e ly  s tu d ie d , using  photographic 

emulsions exposed to  th e  gamma-rays from the  Lt*̂  ( k/Y ) r e a c t io n , by 

Yfaffler and h is  co-workers ( e .g .  Waff 1er and Younis 1949; Nabholz,

S to l l  and Waff 1er 1952). A more thorough in v e s tig a tio n  u sing  31 MeV 

brem sstrahlung has a lso  been c a rr ie d  out (E rdos, Sohmouker and S to l l  

1953). I t  i s  rep o rted  th a t  the  c ro ss -se c tio n  i s  small a t about 

24 MeV -  th e  energy of the  g ian t resonance which was observed in  th e  

( ) re a c tio n  -  and continues to  be sm all above th i s  energy although

the iso to p io  sp in  s e le c tio n  r u le s ,  which in h ib i t  a lp h a -p a r tic le  em ission 

follow ing e le c t r ic  d ipole photon absorp tion  un less the product nucleus 

i s  formed in  a T = 1 s t a t e ,  can now be s a t i s f i e d .  (The lowest T = 1 

s ta te  in  is  believed  to  l i e  a t  about 15 MeV; th e  th re sh o ld  fo r

the re a c tio n  0'^^(Y,oC )G^^ i s  7.15 MeV). I t  i s  concluded th a t  the  

p re fe rred  mode of decay of such h ighly  ex c ited  s ta te s  of i s  by

the em ission of a second a Ip h a-p su rtic le , leav in g  a Be® nucleus which 

d is in te g ra te s  in to  two a lp h a -p a r t ic le s .

The re a c tio n  has a lso  been stu d ied  by exposing photographic 

emulsions to  25 MeV brem sstrahlung (M illa r and Cameron 1953). The 

ap p ro p ria te  events were id e n tif ie d  by comparing the  values o f r e c o i l  

energy ob tained  from the r e c o i l  range and the  fragment range. These 

should obviously agree w ith in  the re so lu tio n  of the measurements.

(S u c h  a n  i d e n t i f i c a t i o n  t e c h n i q u e  w as  r e q u i r e d  t o  s e p a r a t e  e v e n t s  f ro m
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t h e  r e a c t i o n  Y,oL )c*^2 f ro m  (Y/®^ ) e v e n t s  f ro m  t h e  o t h e r  n u c l e i  

w h ic h  w e re  p r e s e n t  i n  t h e  e m u l s io n ) . A b r o a d  r e s o n a n c e  a t  a  p h o to n  

e n e r g y  o f  a b o u t  17.5 MeV i s  r e p o r t e d  w i t h  a  p e a k  v a l u e  o f  0,05 m b .

T he e x p e r im e n t  o f  M i l l a r  and  C am eron  h a s  b e e n  r e p e a t e d  b y  o t h e r

w o r k e r s  ( G r e e n b e r g  e t  a l .  1954) who a r e  i n  s u b s t a n t i a l  a g re e m e n t  w i t h

th e i r  r e s u l t s .  Some considerable doubt i s  hov/ever c a s t upon the

a b i l i ty  of the technique to  detect a lp h a -p a r tic le s  of r e la t iv e ly

low energ^r, because the re c o ils  corresponding to  such fragm ents would

be almost in v is ib ly  s h o r t. I t  i s  suggested th a t many ( ) events

corresponding to  e x c ita tio n  energies of about 13 MeV in  0^^ may have

escaped d e tec tio n  and fu r th e r  th a t many tra n s i t io n s  corresponding to
12h igher photon energies would leave the  0 n u c le i, in  ex c ited  s t a t e s ,  

w ith th e  r e s u l t  th a t they a lso  might be overlooked. I t  i s  s ig n if ic a n t 

th a t th e  c ro ss -se c tio n  a t 17.6 MeV reported  by workers u sing  the 

Li*(jv.iY) ra d ia tio n  (Nabholz e t a l .  1952) is  more than th ree  tim es as 

la rg e  as th a t  repo rted  by M illar and Cameron. Since th e  photon energ ies 

in  th is  experiment were known, i t  was p o ss ib le  to  p re d ic t  the  energies 

of the a lp h a -p a r tic le s  from the  )0^^ re a c tio n , and to  use th e

observed a lp h a -p a r tic le  ranges as the c r i te r io n  fo r  id e n tify in g  an 

event.

(c) The Reaction 0^^(("A, )0^^

T h e  e x c i t a t i o n  c u r v e  o f  t h i s  r e a c t i o n  h a s  b e e n  m e a s u re d  b y  tw o  

g ro u p s  ( K a tz  e t  a l .  1954; P e n f o ld  a n d  S p i c e r  1955), b o t h  o f  whom r e p o r t
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s e v e r a l  " b r e a k s " ,  v d iic h  a r e  i n t e i p r e t e d  a s  b e in g  n a r r o w  r e s o n a n c e s  

i n  t h e  r e a c t i o n  c r o s s - s e c t i o n .  A lth o u g h  t h e  s e c o n d  g ro u p  f o u n d  

r a t h e r  m ore b r e a k s  t h a n  d i d  t h e  f i r s t ,  t h e  a g re e m e n t  i s  r e a s o n a b l y  

g o o d . F u r t h e r ,  t h e  p o s i t i o n s  o f  t h e  b r e a k s  a g r e e  w e l l  w i t h  t h e  

e n e r g i e s  o f  r e s o n a n c e s  w h ic h  h a v e ,  m o re  r e c e n t l y ,  b e e n  o b s e r v e d  i n  

t h e  ( Y y k )  r e a c t i o n ,

( d )  T h e  R e a c t io n  k

The c ro ss -se c tio n  fo r  th is  reac tio n  a t 17.6 MeV was measured 

by exposing photographic p la te s ,  which had been soaked in  w a te r, 

to  the gamma-rays from th e  ) re a c tio n  (Waff 1er and Younis

1949). More recen t in v e s tig a tio n s  have used brem sstrahlung o f 

varying peak energies : -

18.7 MeV (Spicer 1955)

20,5 MeV ( J o h a n s s o n  a n d  P orkm an  1955)

23 MeV, 26 MeV (Johansson and Porkman 1956)

25 MeV ( S te p h e n s  e t  a l ,  1955, 1956)

The t e c h n i q u e  u s e d  w as e s s e n t i a l l y  s i m i l a r  i n  e a c h  c a s e ,  A w e l l -  

c o l l i m a t e d  b r e m s s t r a h l u n g  beam  p a s s e d  a x i a l l y  t h r o u ^  a  c y l i n d r i c a l  

•cam era*  f i l l e d  w i t h  o x y g e n  a t  a  p r e s s u r e  e q u i v a l e n t  t o  a b o u t  1 ,5  

a t m o s p h e r e s .  P h o to g r a p h i c  e m u ls io n s  w e re  m o u n te d  i n  t h e  c a m e ra  

so  t h a t  t h e i r  n e a r  e d g e  w as a  fe w  c e n t i m e t r e s  f ro m  t h e  b e a m . A s a  

r e s u l t  o f  e n e r g y  l o s s  i n  t h e  g a s , p r o t o n s  o f  e n e r g i e s  b e lo w  1 .5 MeV 

c o u l d  n o t  b e  d e t e c t e d  i n  t h e s e  e x p e r i m e n t s .

S p i c e r  c h o s e  a  p e a k  e n e r g y  of 18.7 MeV t o  e n s u r e  t h a t  a l l  t h e
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pro ton  track s which were observed corresponded to  t r a n s i t io n s  in  which 

the  nucleus was formed in  i t s  ground s t a t e .  (The f i r s t  ex c ited  

s ta te  of i s  a t  5 .3  MeV, and the maximum pro ton  energy from tr a n s i t io n s  

to  th i s  le v e l  i s  about 1 .2 MeV. Such pro tons would not be recorded in  

the em ulsions). He re p o rts  a broad resonance a t  a p ro ton  energy of 

approxim ately 2 ,4  MeV, w ith  sm all, su b s id ia ry , peaks a t 3.1 MeV and

3.7 MeV. The angular d is t r ib u t io n  o f th e  photoprotons i s  s a id  to  be 

a ( l + cos^ 0 ) ,  from # iich  i t  i s  deduced th a t the  resonance a t 2 .4  MeV

-  which corresponds to  a photon energy of 14.7 MeV -  corresponds to  e i th e r

e le c t r ic  quadr\ç>ole or magnetic d ipo le  photon ab so rp tio n , W ilkinson 

(1955) has d iscussed these  r e s u lts  and suggests th a t "reasonable 

co n sid era tio n s about r a d ia t iv e  widths" favour th e  former in te rp re ta t io n .

The p e a k  c r o s s - s e c t i o n  i s  f o u n d  t o  b e  a p p r o x im a te ly  5 m b. a n d  t h e  y i e l d  

4 X 1(A p r o t o n s  p e r  m o le  p e r  r o e n t g e n ,  a t  18.7 MeV p e a k  e n e r g y .

T he  m a j o r i t y  o f  t h e  p h o to p r o t o n s  o b s e r v e d  b y  J o h a n s s o n  a n d  P o rkm an

i n  t h e i r  20.5 MeV e x p e r im e n t  m u s t c o r r e s p o n d  t o  g ro u n d  s t a t e  t r a n s i t i o n s .  

H o w e v e r , p r o t o n s  o f  up  t o  a b o u t  3 MeV i n  e n e r g y  c o u l d  c o r r e s p o n d  t o  

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

w h ic h  l i e  c l o s e  t o  5 .3  MeV. T h e s e  w o rk e r s  r e p o r t  a  g ro u p  o f  p r o t o n s ,  o f  e n e r g y  

a b o u t  2.2 MeV, w h ic h  c o u l d  b e  i d e n t i f i e d  w i t h  t h e  r e s o n a n c e  a t  2 .4  MeV w h ic h  

w as r e p o r t e d  b y  S p i c e r ,  s i n c e  t h e  s l i g h t  d i f f e r e n c e  i n  e n e rg y  may b e  c a u s e d  

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

t h e  p r o t o n  e n t e r e d  t h e  e m u l s io n .  (N o d e t a i l s  o f  t h e s e  c o r r e c t i o n s  w e re  

g i v e n ) .  The maximum v a l u e  o f  t h e  c r o s s - s e c t i o n  o f  t h i s  r e s o n a n c e  w h ic h  w as
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repo rted  by Johansson must be regarded as an upper l im i t ,  in  view of 

the p o s s ib i l i ty  (which has been mentioned above) th a t  the observed 

photoprotons may include a number corresponding to  t r a n s i t io n s  to  

ex c ited  s ta te s  of th e  re s id u a l n u c leu s , as w ell as to  ground s ta te  

tra n s itio n s*  I t  i s  a l l  the more s u rp r is in g , th e re fo re ,  th a t  a value 

equal to  no more than  one th i r d  of th a t rep o rted  by S p icer was found.

Stephens e t  a l ,  a lso  re p o r ts  a peak a t between 2 MeV and 2 ,5  MeV 

w hich, because of the photon energy used , may w ell correspond to  high 

energy photon abso rp tion  fo llow ing which th e  nucleus was formed 

in  any of the ex c ite d  s ta te s  a t 5 .3 , 6 ,3  or 7 .3  MeV, In  f a c t ,  the 

low energy reg ion  of the photoproton spectrum can be explained only i f  

assumptions are  made about th e  photon ab so rp tio n . By accep ting  S p ic e r 's  

r e s u l t  -  th a t th e re  was only one main resonance below 18 MeV, i t  was 

p o ss ib le  to  a ss ig n  a l l  of the p ro ton  groips which were observed to  

sp e c if ic  photon en e rg ies . I t  was assumed th a t  a l l  of the  pro tons 

in  the low energy group corresponded to  ground s ta te  t r a n s i t io n s .  Even 

so , the value o f in te g ra te d  c ro ss -se c tio n  fo r  th e  resonance a t  14.7 MeV 

which was found was ra th e r  lower than  th a t  rep o rted  by S p ice r,

The energy d is t r ib u t io n  of the  photoprotons which i s  repo rted  by 

Stephens e t  a l ,  i s  s im ila r  to  the d is t r ib u t io n s  found by Johansson and 

Porkman in  th e i r  h i ^  energy experim ents. The ch ie f d iffe ren ces  in  

the high energy reg io n  can be explained by the  unusual procedure which 

was adopted by Stephens e t a l ,  in  dea ling  w ith  those tra c k s  which passed 

through the  em ulsion. Such tra c k s  were assumed to  correspond to  protons 

whose energv was equal to  the mean energy of a l l  th e  pro tons of g re a te r
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range whose track s  stopped in  the p la te s .  The p resen t author can f in d  

no ju s t i f i c a t io n  fo r  t h i s .  One fu r th e r  d is tu rb in g  fe a tu re  of the r e s u l t s  

i s  th e  magnitude o f the •background' which was rep o rted  by Johansson and 

Forkman, Such tracks a re  believed  to  correspond to  r e a c t io n s ,

e i th e r  in  the gas or in  the  emulsion i t s e l f .  These workers measured 

th e  'background' in  two ways :

(a ) by scanning the  p la te s  used in  th é  normal i r r a d ia t io n s  fo r  trac k s  

coming from d ire c tio n s  which were in c o n s is te n t w ith an o r i ^ n  in  

th e  synchrotron beam, (This i s  the method used by o th er w orkers),

(b) Enulsions were exposed in  the normal way, except th a t  a lead  plug 

was p laced in  the c o llim a to r , so th a t  few, i f  any , photons reached 

th e  camera. Hence a l l  th e  trac k s  which were found corresponded to  

( ^ , / ^ )  even ts.

This l a t t e r  method, on th e  b a s is  of which a background of of th e  

to t a l  number of trac k s  was su b trac ted  from the photoproton r e s u l t s ,

Y/ould appear to  su ffe r  from th e  disadvantage th a t  although th e  photon 

f lu x  through the camera is  reduced, the  neutron flu x  i s ,  in e v ita b ly , 

increased  because of the  photoneutrons formed in  the p lu g .

The p r in c ip le  disagreem ent between the  r e s u l ts  of Stephens e t a l ,  

and Johansson and Porkman l i e s  in  the angu lar d is t r ib u t io n s  fo r  the  

photoprotons which were measured. The l a t t e r  rep o rt th a t  equal number 

of track s  were observed to  go in  a forward and in  a backward d ire c tio n ; 

the  former group found a d e f in i te  preponderance of the tra c k s  going
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forw ard. (The angle between the trac k  and th e  forward d ire c tio n  of th e  

photon beam is  measured* I f  th is  angle i s  acu te  the  tra c k  i s  sa id  to  

"go forward") . This disagreem ent is  p a r t ic u la r ly  su rp ris in g  in  view of 

the good agreement between the  rep o rted  energy spectra*

Both of these  groups of workers rep o rt an iso tro p ic  angular 

d is t r ib u t io n  fo r  the  photoprotons in  th e  resonance a t 2 ,5  MeV. This 

i s  very d if fe re n t from th e  angular d is t r ib u t io n  (1 + cos^ 0  ) which was 

reported  by Spicer fo r  pro tons of th is  energy. Once again  the 

discrepancy i s  d i f f i c u l t  to  understand.

I t  was not a n tic ip a te d  th a t  th e  experiment p re se n tly  to  be 

described would reso lve a l l  of these d isc rep an c ies . On the  o th e r hand 

the improved s e n s i t iv i ty  of th e  cloud chamber technique was expected to  

enable th e  protons of energy le s s  than 1,5 MeV -  which su re ly  were 

em itted -  to  be d e tec ted . F u rth e r , although the  maximum working 

pressure of th e  cloud chamber which was used was in s u f f ic ie n t  to  provide 

a la rg e  p ro b a b ili ty  of stopping  the protons from th e  2,5 MeV resonance, 

i t  v;as hoped th a t  the r e s u l t s  might support one or o ther of the  measured 

values of c ro ss -se c tio n  a t  t h i s  energy.

IV ,2 Experim ental Procedure

Tlie technique was la rg e ly  s im ila r  to  th a t used in  the  neon 

experim ent. The expansion chamber was f i l l e d  w ith  commercial oxygen 

to  an expanded p ressu re  of 1 ,3  atmospheres and sa tu ra ted  w ith  water vapour. 

The peak energy of the  synchrotron was 18 MeV during  the  i r r a d ia t io n s .
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This was chosen as the h ighest energy which could sa fe ly  be used w ithout 

the  p o s s ib i l i ty  of protons from tr a n s i t io n s  in  which the re s id u a l nucleus 

was formed in  the ex c ited  s ta te s  a t  5 .3  MeV obscuring the  energy 

spectrum of the protons from tra n s i t io n s  in  which the photon energy was 

1 3 - 1 4  MeV. U nfortunately  the  energy sc a le  of the Glasgow synchrotron 

was not very re lia b ly  e s tab lish e d  b u t ,  s in ce  one of the  c a l ib ra t io n  p o in ts  

v/as the  th resh o ld  fo r  the re a c tio n  , which is  18.711 MeV,

the peak energy during the  ir ra d ia t io n s  should c e r ta in ly  have been w ith in  

0.5 MeV of the  nominal v a lu e . U nfo rtuna te ly , a s e r ie s  of f a u l t s  in  the  

synchi'otron and the  a sso c ia ted  ap p ara tu s , prevented the  com pletion of 

the c a l ib ra t io n  of the  output m onitoring system and, hence, th e  ra d ia tio n  

dose during the  i r r a d ia t io n s  was unknown. Thus the ab so lu te  values of 

the re a c tio n  c ro ss-se c tio n s  could not be determ ined.

In  order to  o b ta in  the la rg e s t p o ss ib le  number of events from 

the lim ited  supply of f ilm  which was a v a i la b le , only two cameras v/ere 

used . Several of th e  advantages of the  a n a ly s is  technique were 

s a c r if ic e d  by so doing , p a r t ic u la r ly  th e  p ro te c tio n  aga inst human e r r o r s ,  

Y/hich was d iscussed  in  chap ter I I .  In  p r in c ip le ,  however, only two 

cameras are  requ ired  and , in  p r a c t ic e ,  no lo ss  of r e l i a b i l i t y  was su s ta in e d , 

since each event was rem easured, independently , before i t  f in a l ly  was 

accen ted . N a tu ra lly , fo r  some of th e  ev e n ts , the  lens d is to r t io n  was 

la rg e r  than  before b u t,  w ith  the sm all a p e rtu re s  which were u sed , th i s  

was s t i l l  n eg lig ib ly  sm a ll, even fo r  events in  the reg ion  of the chamber



90.

which was fu r th e s t  from the  cameras,

IV .3 C la s s if ic a t io n  and A nalysis of th e  E ven ts.

The scanning of the  film s was c a rr ie d  out in  a d if fe re n t fa sh io n  

from previous experim ents. The film s were rep laced , a f t e r  p ro cessin g , 

in  the cam eras, which were p laced  above the rep ro je c tio n  ta b le  w ith  

lajips arranged to  shine downwards through the len ses . No attem pt was 

made to  a l ig n  th e  film s nor to  make measurements of th e  images , but 

the  number of events and th e i r  p o s itio n s  and appearances were no ted ,

A t o t a l  of 677 events were observed, and were c la s s i f ie d  as follow s

473 'flag s*  (even ts  in  which both a r e c o i l  track  and a  fragment tra c k  

were v is ib le )  .

198 's in g les*  (even ts in  which only one track  could be d is tin g u ish e d ).

6 's t a r s '  ( in  a l l  of which fou r track s  were v i s ib le ) .

No attem pt was made to  analyse the  ' s t a r s ' ,  which were presumed to  

belong to  the  re a c tio n  o"* (̂ ) ,  because a much g rea te r  number of

events would be req u ired  before any s ig n if ic a n t conclusions could be 

drawn. However, th e  d e tec tio n  of these  events was of in te r e s t ,  fo r  

in  each case a l l  of th e  trac k s  were so sh o rt th a t  i t  seemed improbable 

th a t  corresponding events would be v is ib le  in  nuclear em ulsions.

The events which were c l a s s i f ie d  as 's in g le s ' could belong to  

sev e ra l re a c tio n s , not a l l  of which took p lace in  th e  chamber gas . 

F if ty - fo u r ,  f o r  in s ta n c e , o r ig in a ted  e i th e r  in  the f ro n t or th e  re a r  

w all of the chamber. Others may w ell be photon o r neutron-induced events



91

in  the top or bottom p la te s  of the chamber or in  the gas outw ith th e  

illu m in a ted  reg ion  which, as was s ta te d  in  chapter I I ,  was d e l ib e ra te ly  

made to  be sm aller than th e  chamber i t s e l f .  The th ird  p o s s ib i l i ty  i s  

th a t  th ese  were normal ( Y, ) (o r  (')~ |̂v ) ) events in  which th e  r e c o i l  

could not be d is tin g u ish ed . I t  i s  possib le  th a t some may have been 

th e  track s  of a lp h a -p a rtic le s  which o rig inated  outwith the  illu m in a ted  

p a r t  of the chamber, but i t  i s  very  un like ly  th a t any were or

(/vv̂ oC ) even ts, ly in g  w ith in  the illum ina ted  reg io n , whose r e c o i l  was not 

v i s i b l e .

The 'f l a g s ' were subdivided in to  sev era l ca teg o ries  depending on 

the na tu re  of the f ra g n e n t, whether or not the fragment track  stopped 

in  th e  chamber and whether or not the event was c o l l in e a r ,  (A " c o llin e a r  

f la g "  i s  one in  which th e  angle between the re c o il  track  and th a t  of the  

fragment l ie s  between 170° and 190° ) .

IV.4 Experimental R e su lts ,

There are  four reac tio n s which would produce 'f l a g ' events

(a) o-'6(V,1c )n15 Threshold 12,11 MeV

(b) 7.149 MeV

(o) 9.62 MeV

(a) 2.2 MeV.

(Both the (Y,oL ) and (XW''^) reac tions have th resho lds above 

20 MeV, which is  much g rea te r than  the  maximum photon energy). Events

corresponding to  reac tio n s  (c) and (d) above would be observed as non-
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c o l l in e s r  f la g s ,  s in ce  only thus could momentum be conserved, (The

momentum in troduced in to  th e  system by neutrons of s u f f ic ie n t  energy

to  cause the reac tio n s  would be 100 to  150 MeV ) ,  Hence, since no
0

n o n -co llin ea r f la g s  were observed, i t  i s  concluded th a t  only re a c tio n s

(a) and (b) took p la c e . Events from these  two rea c tio n s  can be

id e n t i f ie d  by a  v isu a l exam ination, s ince  the  s tr in g e n t requirem ent of

momentum balancing can be rep la c ed , fo r  an experienced observer, by a

comparison of the ranges of th e  r e c o i l  and fragment tra c k s .

(a) The ( Y ,^ )  R eaction .

The to ta l  number of events which were a t t r ib u te d  to  th is  re a c tio n

was h h l . In  323 of th ese  events the  pro ton  tra c k  stopped in  the

illu m in a ted  reg ion  of the chamber. For these  l a t t e r  events the

co -o rd in a tes  of the o r ig in  of the  event emd the leng th  and angles of

the p ro ton  track  were measured. I t  i s  d is tu rb in g  th a t  approxim ately

1CH' of the trac k s  appeared to  o r ig in a te  outw ith th e  photon beam. The

36 events in  th is  category  were excluded from th i s  s e c tio n , and w i l l  be

d iscu ssed , s e p a ra te ly , l a t e r .  For the o ther events in  which the  p ro ton

trac k s  stopped in  the  chamber, the  energy of the p ro ton  was ob ta ined  from

i t s  measured range. As a r e s u l t  a  histogram  of number of events ag a in st

p ro ton  energy was drawn, as in  f ig u re  10, S ince i t  i s  c e r ta in  t h a t ,
1 5 'except po ssib ly  fo r  the  events of low est energy, the re s id u a l (N ) nucleus 

was formed in  i t s  ground s t a t e ,  the  energy (E ^  th e  incident photon 

i s  given by;

E ^ =  Ep + Ejj'IS -  Q .......................................(A)
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To a very  good approxim ation, th is  can be reduced to

E 'X = Ep -  Q  .............................. (B)
® 15

R elation  (B) was used to  c a lc u la te  the photon energy fo r  each even t.

A co rrec tio n  was now made fo r  th e  varying p ro b a b ili ty  o f tra c k s  of 

d if fe re n t leng ths stopping in  the  chamber. The formula on which 

th i s  c o rre c tio n  v/as based was e s s e n tia l ly  s im ila r  t o ,  though derived 

independently o f ,  one used in  nuclear emulsion work (Green and Livesey 

1946) .  I f  a fu r th e r  c o r re c t io n , f o r  the output spectrum of the 

synchrotron (Katz and Cameron 1951), i s  ap p lied  a histogram  of r e la t iv e  

c ro ss -se c tio n  aga inst photon energy may be drawn, as in  f ig u re  11,

In  drawing the an^^lar d is t r ib u t io n  of th e  photoprotons a l l  the 

( K, ^ ) events were inc luded , whether or not the pro ton  tra c k  stopped 

in  the chamber. The d is t r ib u t io n  which v/as obtained fo r  the angle 

(X ) between the  proton track s and the photon beam i s  shown in  f ig u re  12, 

The e rro rs  shown in  th is  diagram a re  p u re ly  s t a t i s t i c a l ;  the  accuracy 

with which each angle was determined is  much g rea te r  than  would be 

suggested by the  width of the  groups in to  which the values have been 

d iv ided . In  th is  diagram, a c o rrec tio n  has been made fo r  th e  varying 

so lid  angle which i s  subtended by the  angular in te rv a ls .  This c o rrec tio n  

co n s is ts  of m u ltip ly ing  the number of events in  each group by th e  mean 

value of th e  cosecant of th e  angle ^  in  th a t angular in te r v a l .  No

s ig n if ic a n t d iffe ren ce  was found between th e  d is t r ib u t io n  fo r  the  events 

in  \midh th e  pro ton  stopped in  the  chamber and fo r those in  which i t  d id
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n o t. Consequently these in d iv id u a l d is t r ib u t io n s  a re  no t reproduced 

h e re .

(b) The ( y  ) R eaction ,

Twenty-six of the "flag* events were a t t r ib u te d  to  th is  re a c tio n . 

None of th e se  were analysed , p a r t ly  because the  number of events was 

sm a ll, and p a r t ly  because th e  track  q u a lity  was such th a t  the  o rig in s  

of such events were d i f f i c u l t  to  d is t in g u is h . This was because th e  

operating  cond itions of the chamber had been so chosen as to  provide 

f a i r ly  dense p ro ton  tr a c k s .  In  consequence th e re  was l i t t l e  d iffe ren ce  

in  den sity  between the  trac k s  of a lp h a -p a r tic le s  and re c o ilin g  n u c le i,

(c) Events which occurred out of th e  beam.

As was noted above 3^ events were observed which appeared to  be 

( Y , e v e n t s  in  which the  p ro ton  trac k  stopped in  the  chamber, bu t 

whose o rig in s  lay outw ith th e  p red ic ted  volume of the beam. The 

energies of such track s were obtained from measurements of the proton 

range, and are  d isplayed in  f ig u re  13. The degree of shading in  th is  

diagram in d ic a te s  which o f the  co -o rd in a tes  of th e  tra c k  la y  ou tside  

th e  p rescrib ed  l im i ts .

The f a c t  th a t a l l  of these  events were "c o llin e a r  f la g s "  im plies 

th a t they must e i th e r  be ( ï , ^ )  ev en ts , o r ( 'S ^ )  events in  some gas 

o ther than  oxygen. I t  may be assumed th a t  some n itrogen  ( in  which the 

(/vvj^) c ro ss -se c tio n  i s  h igh  a t  therm al energ ies) d iffu sed  in to  the  

chamber during th e  f iv e  week period  during  which the i r r a d ia t io n s  took 

p lace , but i t  seems extrem ely improbable th a t  a s u f f ic ie n t  volume did
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so to  account fo r  a l l  of th e se  even ts, F u rther the (/VL,^) re ac tio n  

in  n itro g e n , a t therm al e n e rg ie s , produce protons of energy 0,58 MeV 

(Wright e t a l ,  195^) and only a small p ro p o rtio n  of the observed events 

correspond to  th is  p ro ton  energy. I t  i s  concluded th e re fo re  th a t a t 

le a s t  the m ajo rity  of th e se  events do , in  f a c t ,  belong to  th e  re a c tio n

I t  must be assumed, th e re fo re , th a t  th e  l im its  which were imposed 

in  decid ing  whether or not an event o rig in a ted  w ith in  the beam were too 

narrow. The most reasonable explanation  fo r  th i s  i s  th a t  s c a tte r in g  of 

photons i s  a more freq u en t occurrence than  was assumed when the dimensions 

of the  beam were c a lc u la te d . Since few of the  o rig in s of the  events were 

fa r  from th e  c a lcu la te d  l im its  of the  beam th e  angular spread which would 

be req u ired  i s  sm alli

I t  was discovered a f t e r  th e  com pletion of the  ir r a d ia t io n s  th a t the  

synchrotron ta rg e t had been moved between the  s e tt in g  up of the  cloud 

chamber and the f i r s t  of th e  i r r a d ia t io n s .  Hence the  beam passed below 

the cen tre  of the chamber. I f  the angular divergence of th e  beam is  

ra th e r  g re a te r  than was estim ated  -  as has been suggested above -  then 

i t  i s  probable th a t sui apprec iab le  number of protons s tru ck  the  bottom 

of the chamber. This would provide an exp lanation  fo r  the  la rg e  number 

of s in g le  p ro ton  tra c k s  which were observed.
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IV .5 D iscussion  of R e su lts .

The photon energy d is t r ib u t io n ,  shown in  f ig u re  1 1 , appears to  

c o n s is t of sev e ra l resonances which, although reasonab ly  narrow , are  

so c lo se ly  spaced th a t not a l l  a te  w ell reso lved  in  th a t  h istogram .

In  Table 3 the energ ies of th ese  resonances a re  shown, to g e th e r w ith  the 

e x c ita tio n  energ ies of the le v e ls  of 0^^ in  the  re le v a n t energy in te rv a l .  

The energy of the resonances h a s , in  each ca se , been evaluated  from the 

mean range of the corresponding p ro ton  group, r a th e r  than  from th e  

histogram  of photon en e rg ies .

Table 3.

p r o t o n  Energy 0.8 0.95 1 . 0 5 1 . 1 5 1 . 3  1 . 4 5 1 . 6 2

P h oton  Energy 1 2 .9 6 1 3 . 1 2 1 3 . 2 3 1 5 .3 5 1 3 . 5 0  1 5 . 6 6 1 3 . 8 4

L e v e l s  i n  0*̂ ^ 12.95 1 3 . 0 9 1 3 . 2 4 ( 1 3 . 3 9 ) 1 3 . 6 5

P r o t o n  Energy 1 .8 2 , 0 5 ( 2 . 7 ) •

P h o to n  Energy 1 4 . 0 3 1 4 . 3 0 ( 1 5 . 0 )

L e v e l s  i n  0^^ 13.98 ( 1 4 . 2 ) 1 4 . 5 2

References to  the rep o rted  le v e ls  in  0^^ are as follow s 

1 2 . 95 , 1 3 . 0 9 ,  1 3 . 2 4  and 13.65  MeV (Ajzenberg and L au ritsen  1955) 

1 3 . 9 s ,  1 4 . 9 2  MeV (C arlson and Bashkin 1955)

( 1 3 . 3 9 )  (nornyak and Sherr 1955)

( 1 4 . 2 )  (S to l l  1954)
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The ex is tan ce  of the l a t t e r  two s ta te s  was not considered to  be w ell 

e s ta b lish e d . S im ila r ly , in  th e  p resen t experim ent, the resonance a t  

15 MeV i s  not c e r ta in ,  since only a very sm all number of events were 

observed a t th is  energy.

The c o r re la tio n  between the  observed resonances and the  known 

energy le v e ls  i s  e x c e lle n t, and th e ir  number and energies provide 

the d es ired  confirm ation o f the r e s u l t s  f o r  the  re ac tio n  Ne^^(Y,ûi ^

which were d iscussed  in  th e  previous c h a p te r . These r e s u l t s  suggested 

th a t a l l  of th e  s ta te s  in  0̂  ^ in  th is  range of e x c ita tio n  energy which 

were then known (those in  th e  f i r s t  re feren ce  above) were ex c ited  in  

the r e a c t io n , and th a t a t  le a s t  one fu r th e r  s ta te  between 13 .5  and 

14 MeV e x is te d .

As was noted in  the  d iscussion  of th a t  re a c tio n , the  sp ins and 

p a r i t ie s  which have been assigned  to  some of these  s ta te s  seem ra th e r  

u n lik e ly , in  view of the r e la t iv e  frequency w ith v/hich pro tons are  

em itted . In  the p resen t experiment the  number of protons from the 

resonances a t 13.12, 13 .23 , 13.35 and 13.50 MeV a re  approxim ately 

equal. The f i r s t  of th ese  resonances corresponds to  the  s t a t e  in  

0^^ a t 1 3 . 0 9 , vfhich i s  known to  be ( 1- ) ,  and the  photon ab so rp tio n  

must th e re fo re  have been e l e c t r ic  d ipo le  in  ch a rac te r; the  em itted 

protons were s-v/ave. That a s ta te  which i s  (4+) should be excited  

w ith equal frequency seems very improbable.

The.observed anguilar d is tr ib u tio n s  o f  the photopro tons, which



a re  is o t ro n ic ,  suggest th a t s -wave p ro ton  m is s io n  was the dominant 

p ro c e ss . I t  would seem not unreasonable, th e re fo r e ,  to  suggest th a t  

a l l  fo u r strong  resonances correspond to  s ta te s  which a re  ( 1 - ) .  This 

suggestion  rece iv es some confirm ation from a re c e n tly  rep o rted  determ ination  

of the sp ins and p a r i t i e s  of the  f i r s t  th ree  ex c ited  s ta te s  of ^ 

(Zimmerman, 1956), Since 0^^ and form an iso b a ric  t r i p l e t ,

the ground s ta te  of corresponds to  the f i r s t  T = 1 s ta te  o f 0^^, 

a t  12,95 MeV, Hence th e  th ree  ex c ited  s ta te s  would appear to  correspond 

to  the s ta te s  of 0^^ shown in  Table 4 ,  in  which the sp ins and p a r i t i e s  

are  a lso  in d ic a te d .

Table 4 .

E x c ita tio n  Energy in  0.113 0,300 0.391

E x c ita tio n  Energy in  o"*̂  13.09 13*24 13.39

Spin , P a r i ty

(a) Zimmerman 0- ,1- 1 - ,2 - ,3 -  0- ,1-

(b) P rev iously  rep o rted  1- 4+

Theie is  no s ig n  of the strong  resonance rep o rted  by Spicer 

a t  14.7 MeV. Since the ra d ia tio n  dose of the p resen t experiment could 

not be determined i t  i s  not p o ss ib le  to  p lace an exact upper l im it  on 

the c ro ss -se c tio n  a t th is  energy. However, i f  the  maximum c ro ss -se c tio n  

in  the reg ion  13 -  13.5 MeV i s  presumed to  be about 5 mb. (which seems a 

reasonably probable value and i s ,  in  f a c t ,  the value obtained by ca lcu la tio n  

from the r e s u l t s  of the  inverse  re a c tio n  fo r  the resonance a t



13 .09  MeV) then the c ro ss -se c tio n  a t  14.7 MeV would appear to  be about 

one ten th  of the value repo rted  by S p ice r, This compares w ith th e  

upper l im it  of one th ird  suggested by Johansson and Forkman, and one 

t h i r t i e t h  obtained by d e ta ile d  balancing  (Atkinson 1956).

I t  is  u n fo rtu n a te  th a t the ( ) events which were observed

were in s u f f ic ie n t fo r  an a ly sis  purposes. I t  i s  in te r e s t in g ,  however, 

to  no te th a t the y ie ld  of a lp h a -p a r tic le s  i s  approxim ately one seventeenth  

of the y ie ld  of p ro to n s . This value i s  ra th e r  le s s  than one h a lf  o f the 

r a t io  observed in  th e  p h o to d is in teg ra tio n  of neon.
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