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INTRODUCTION

I n  t h e  i n v e s t i g a t i o n  o f  t h e  a b s o r p t i o n  ( o r  

e m i s s i o n )  o f  a  gamma r a y  b y  a  n u c l e u s ,  a  num ber o f  

n u c l e a r  m o d e l s  h a v e  b e e n  p r o p o s e d  w h ic h  c a n  d e s c r i b e  

t h e  p r o c e s s ,  A c o l l e c t i v e  m o d e l  o f  G o l d h a b e r  and 

T e l l e r  (Go 4 8 )  i s  a  c l a s s i c a l  h y d r o d y n a m ic  m o d e l  

w h ic h  a s s u m e s  t h e  p r o t o n s  t o  b e  m o v in g  i n  o p p o s i t e  

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

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

r a t i o n .  T h i s  i s  e s s e n t i a l l y  a  com pound n u c l e u s  d e s ­

c r i p t i o n  o f  a b s o r p t i o n .  I n  t h e  m o d e l  o f  W i l k i n s o n  

(Wi 5 6 ) w h ic h  i s  b a s e d  o n  t h e ' i n d e p e n d e n t  p a r t i c l e  

m o d e l ,  a  n u c l e o n  a b s o r b s  t h e  gamma r a y  e n e r g y  an d  

m o v es  t o  a  h i g h e r  s h e l l ,  e v e n t u a l l y  s h a r i n g  i t s  

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

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

t a k e  p l a c e .

I n  t h e  d e s c r i p t i o n  o f  t h e  e m i s s i o n  o f  

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

t h e  W i l k i n s o n  t h e o r y  t h a t  tw o p r o c e s s e s  a r e  p o s s i b l e ,  

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

a b s o r p t i o n  o f  a  gamma r a y  o r  t h e  f o r m a t i o n  o f  a  com ­

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

w h o se  e n e r g y  d i s t r i b u t i o n  c a n  b e  c a l c u l a t e d  f r o m  t h e
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Statistical model. The energy distribution of the 
reaction products which have been measured suggest 
that the compound nucleus picture can account for 
the general energy distribution but the yield of 
high energy particles is significantly larger than 
the predictions (Di 50, By 51) and there is the 
possibility of both direct and compound nucleus 
mechanisms.

Both processes appear to have regions of 
validity which are determined by the mass number of 
the nucleus or the excitation energy involved.
Compound nucleus formation is the main process for 
heavier nuclei at low energies and for lighter nuclei, 
both compound nucleus and direct transitions have been 
observed. For high energy photon absorption, direct 
transitions appear to be dominant.

From the experimental point of view, the 
measurement of photonuclear reactions is difficult. 
Because of the continuous energy spread of brems- 
Strahlung from betatrons and electron synchrotrons, 
excitation functions are measured by varying the end 
point energy, and the yield for each energy interval 
is obtained by a difference method. Results from 
various laboratories relating to the same nucleus are 
not in general agreement and beside bremsstrahlung
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e x p e r im e n t s ,  two m ethods o f  a p p ro a c h  c an  be u se d  to  

e x te n d  th e  f i e l d  o f  m easu rem en t.

1. The c r o s s  s e c t i o n s  o f  p h o to n  in d u ce d  

r e a c t i o n s  have b een  m easu red  u s in g  m onochrom atic  

r a d i a t i o n  from  p r o to n  c a p tu r e  i n  l i g h t  n u c l e i .  The 

m ost commonly u se d  r a d i a t i o n  h a s  b e en  th e  L i^ ( p ,y ) B e ^  

r e a c t i o n  a t  th e  441 Kev r e s o n a n c e .

2. The ( y »p ) and ( p ,y )  r e a c t i o n  c r o s s  s e c ­

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

b a la n c e  (Be 37) and i t  i s  p o s s i b l e  to  i n v e s t i g a t e  th e  

i n v e r s e  ( p ,y )  r e a c t i o n s  to  p ro v id e  d a t a  f o r  th e  i n t e r ­

p r e t a t i o n  o f  p h o to n u c le a r  r e a c t i o n s .  (Ma 5 6 , Ge 59» Go

59, Wi 59).

B oth  ( y , p )  and ( p , y ) r e a c t i o n s  m ust be c o n ­

s i d e r e d  a s  f i e l d s  o f  i n v e s t i g a t i o n  whose r a n g e s  have 

b e en  l i m i t e d  by t e c h n o lo g y ;  th e  f i r s t  by th e  need  

f o r  a v a r i a b l e  e n e r g y ,  m onochrom atic  gamma ra y  so u rc e  

and th e  l a t t e r  by th e  need  f o r  w e l l - r e s o l v e d  p r o to n  

beams above 5 Mev I n  e n e rg y .  The r e l a t i v e l y  low 

c r o s s  s e c t i o n s  f o r  th e s e  p r o c e s s e s  r e q u i r e  d e t e c t o r s  

w i th  h ig h  e f f i c i e n c y ,  good e n e rg y  r e s o l u t i o n  and w i th  

low s e n s i t i v i t y  to  b ack g ro u n d . I t  i s  s u b s t a n t i a l l y  

t r u e  t h a t  o n ly  th e  g e n e r a l  f e a t u r e s  o f  many o f  th e s e  

r e a c t i o n s  a re  known and a h i g h e r  p r e c i s i o n  i n  m e a su re -
1

ment i s  r e q u i r e d  b e fo r e  any n u c l e a r  model can  be
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rigorously compared with experiment.

The investigations presented below are 
believed to include a number of refinements which 
have not been used extensively in earlier invest­
igations.

In part A is reported the measurement of 
the angular distribution of the radiation from the 
Li^(p,Y)Be^ reaction in the proton energy range at 
present available in this laboratory. Using a 
large Nal(Tl) crystal, it has been possible to study 
separately the two gamma rays emitted and establish 
a marked difference in their behaviour in the neigh­
bourhood of the 441 Kev and 1030 Kev resonances.

Part B describes the use of this radiation
to investigate the Na2^(y>p) Ne22 and Br*^*^(Y>p)

7ft finSe' 9 reactions using thin inorganic scintillators 
as both target and detector. By this technique, it 
is possible to detect the reaction products with good 
resolution in the presence of a high gamma ray flux.



PART A.

The Li7(p.r)Be8 Reaction,

Chanter I.
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a well-defined beam energy and thin targets. As a 
result, yields are low and background radiation from 
competitive reactions can be high. While these 
effects can be reduced by using energy sensitive 
detectors, many investigations have been hindered by 
the use of gamma ray spectrometers with limited re­
solution. Significant improvements in the accuracy 
of measurement have come with the advent of the pair 
spectrometer and the sodium iodide scintillation 
counter.

The excitation function of proton capture 
radiation generally includes a number of sharp re­
sonances in the first few Mev of proton energy.
These correspond to unique states in the compound 
nucleus with properties which can be determined from 
the level widths, angular distributions and intensity 
ratios of the gamma rays emitted at the resonance.
At higher proton energies, the excitation function 
generally passes through a broad maximum which is 
believed to be the inverse of the giant resonance in 
photodisintegration.

Current theory suggests that radiative 
capture may proceed by way of the compound nucleus 
or capture of a proton into a bound level of the 
residual nucleus, accompanied by the emission of the
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excess energy in the form of gamma ray quanta. For 
the lightest nuclei where the levels are widely sep­
arated, direct proton capture appears to be dominant 
as in H2(p,y)He3 (Wi 52) and H3(p,y)Hei4' (FI 51) •
The excitation function of the latter reaction has no 
resonances at low excitation energies and the cross 
section rises steadily with proton energy (Pe 55).

The interest in the Li'(p,Y)Be reaction, 
apart from its use as a source of monochromatic rad­
iation for photodisintegration studies, arises from 
the suggestion by Wilkinson (Wi 54) that it proceeds 
by way of compound nucleus and direct proton capture 
mechanisms. The large amount of experimental in­
formation on this reaction has been reviewed by 
Ajzenberg-Selove and Lauritsen (Aj 59) which for 
completeness is summarised below. As studies have 
been hampered by the difficulties inherent in gamma 
ray spectroscopy, the detection methods are discussed 
in the following sections so that the data may be 
critically evaluated before presenting the current 
work.
1.1. Excitation Function.

7 AThe Li'(p,v)Be reaction is resonant at 
proton energies of 441 Kev (Bo 48), 1.03 Mev (Kr 54,
Pr 54) and 2.1 Mev (Pr 54, Sw 55, Ne 57) corresponding

/
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to levels in Be^ at 17.64, 18,15 and 19.1 Mev.
The 441 Kev resonance is 12 Kev wide and has a peak 
cross section of 6.0 mb. (Po 49) while the 1.03 and 
2.1 Mev resonances are much weaker and have widths 
of about 168 and 400 Kev respectively. Immediately 
above the 441 Kev resonance, the cross section is 
larger than can be explained by the resonance " tail* 
(Bo 48, Wi 54) and the two weak resonances are super­
imposed on a non-resonant background which increases 
slowly with proton energy, going through a broad 
maximum at 5.8 Mev (Ge 59).
1.2. Composition of the Radiation.

The radiation includes garrma rays of energy 
(17.2 + 7/3 Ep) and (14.3 + 7/q Ep) Mev corresponding
to transitions to the ground state and the first

Q'texcited states of Be . The relative intensities of 
the two gamma rays vary with proton energy and the 
14.8 Mev gamma ray is approximately 2 Mev broad 
(Wa 48).

It is possible that there are other gamma 
rays present with an intensity of about 5%  of the

+ For convenience, the two gamma rays will be 
referred to in the text by their energies at the 441 
Kev resonance, 17.6 and 14.8 M©v respectively.
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total radiation. Evidence for these is discussed in 
section 2.

Angular correlation measurements at the 441 
Kev resonance have shown the 17*6 Mev gamma ray to be 
magnetic dipole (Ml) (De 54) and the 14.8 Mev gamma 
ray to be Ml + E2 (Bo 58).

o
1.3. Assignments to the Levels of Be up to 18.15 Mev. 

Alpha particles from the disintegration
aBe 2c< have been observed from the ground state and

first excited state (2.9 Mev) of Be^ (Jo 53, Bu 50) 
and this requires the two levels to have even parity 
and even angular momentum (j). As in the case of
most even-even nuclei, the ground state and the first

8 + + excited state of Be are believed to be J = 0 and 2
respectively. This is confirmed by the work of
Devons and Goldring (De 54) and of Boyle (Bo 56).

The observed Ml and Ml + E2 character of the
441 Kev resonance radiation requires the 17.64 Mev

o
level of Be to have even parity and an angular 
momentum of 1. No particle break up from this 
level has been observed and the odd J value is con­
sistent with this fact.

Investigation of the radiation from the 1030 
Kev resonance has not been extensive and no conclusions 
about the spin and parity of the 18.15 Mev level of



Pig. 1.

tu.

Q1. Energy levels of Be
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QBe can be made from the experimental evidence 

available (Kr 54).
Assignments to the 17*64 and 18.15 Mev

Qlevels of Be have been made independently from
the investigations of the elastic scattering of
protons where anomalies have been observed at the
441 and 1030 Kev resonances. (Wa 53a). An analysis
of the data established both the 17*64 and 18.15

+Mev levels to be J = 1 and formed by p wave protons 
with channel spins 1 and 2 in the ratio 1 to 5 
(Li 53, Ch 53, Li 55)* In other words the J = 1

ostates of Be are formed with equal probability in
their substates J = 0 1 1 and radiative trans-z t

itions from the 17*64 and 18.15 Mev levels to the
4 * 4 * P)2 and 0 levels of Be would be isotropic.

The information on the energy levels of 
Be of interest in a discussion of the Li'(p,Y)Be° 
reaction up to Ep = 1100 Kev is summarised in 
Figure 1.1.
2. Gamma Radiation Detectors Used in Previous 

Investigations of the Li^(p.v)Be° Reaction.
The significance of experimental measure­

ments of the radiation must be considered in the 
light of the characteristics and limits of the 
various detectors used in past investigations,

*  LIBRARY r-j
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and a l t h o u g h  t h e  f o l l o w i n g  d i s c u s s i o n  i s  n o t  e x h a u s t ­

i v e ,  t h e  p r i n c i p l e  m ethods  a r e  r e v ie w e d  i n  o r d e r  t o  

p r e s e n t  th o s e  p r o p e r t i e s  o f  the  r a d i a t i o n  which a re  i n  

d o u b t  o r  which have y e t  t o  be m ea su re d .

2 . 1 .  P h o t o d i s i n t e g r a t i o n .

The m easurem ent  o f  t h e  t o t a l  e n e rg y  r e l e a s e d  

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

f rom  th e  441 Kev r e s o n a n c e  e n a b l e s  th e  c a l c u l a t i o n  o f  

t h e  e n e rg y  and c o m p o s i t i o n  o f  th e  r a d i a t i o n .  I n v e s t ­

i g a t i o n s  o f  t h i s  t y p e  have  been  c a r r i e d  o u t  w i t h  t h e  

Ci ^(Y»3°0 and L i^ (Y * t )H e ^  r e a c t i o n s ,  

a • N u c le a r  E m u l s io n s .

Nabholz  e t . a l .  (Na 51» Na 52) i r r a d i a t e d  

n u c l e a r  e m u l s i o n s  w i th  r e s o n a n c e  r a d i a t i o n  and exam- 

in e d  the C (y >3°0 r e a c t i o n  s t a r s  i n  the  e m u l s i o n .

A p l o t  o f  th e  number o f  s t a r s  a s  a f u n c t i o n  o f  th e  

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

t h r e e  g r o u p s  c o r r e s p o n d i n g  to  gamma r a y s  o f  e n e r g y  

1 7 . 6 ,  1 4 .8  and 1 2 . 6  Mev. A c o m p ar iso n  of  th e  y i e l d s  

a t  f o u r  a n g l e s  o f  o b s e r v a t i o n  showed the  r a d i a t i o n  t o  

be i s o t r o p i c .  The e x p e r i m e n t  was one o f  th e  f i r s t  t o  

s u g g e s t  the e x i s t e n c e  o f  a t h i r d  gamma r a y  f ro m  th e  

L i f (p>Y)Be r e a c t i o n .  The e x p e r im e n t  was r e p e a t e d  

by Goward and W i l k i n s  (Go 5^) who found the  t h i r d  

gamma r a y  l i n e  to have  an e n e r g y  o f  1 2 .3  Mev. The
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r e l a t i v e  i n t e n s i t y  o f  th e  t h r e e  gamma r a y s  was 

e s t i m a t e d  from  t h e  v a r i a t i o n  o f  th e  c r o s s  s e c t i o n  

o f  th e  C (y >3°<) r e a c t i o n  be tw een  E = 12 Mev and 

1 7 .6  Mev and the  i n t e n s i t y  o f  th e  12 .3  Mev gamma 

r a y  h a s  b e en  e s t im a t e d  a t  6%  and  25%  o f  th e  t o t a l  

r a d i a t i o n  by Nabholz e t  a l .  and G-oward e t  a l .  The 

w ide v a r i a t i o n  i n  th e  r e s u l t s  i s  p resum ab ly  due to  

th e  d is a g re e m e n t  i n  the m easu rem en ts  o f  th e  c r o s s  

s e c t i o n  i n  t h i s  e n e rg y  ra n g e  (T i  55) .

An e x p e r im e n t  was p e rfo rm ed  by T i t t e r t o n

(T i  53 , 54) u s in g  e m u ls io n s  lo a d e d  w i th  L i^ .  The

L i^ (Y > t)H e^  r e a c t i o n  c r o s s  s e c t i o n  changes  more
12s lo w ly  th a n  th e  C (y »3°0 r e a c t i o n  i n  t h i s  e n e rg y  

ra n g e  and th e  fo rm e r  r e a c t i o n  sh o u ld  g iv e  a more 

a c c u r a t e  m easurem ent o f  th e  i n t e n s i t y  o f  the  com­

p o n e n t s .  A ga in , t h r e e  gamma r a y s  were o b se rv e d  

and the  e n e rg y  o f  th e  t h i r d  l i n e  was found  to be 

1 2 .5  Mev w i t h  an  i n t e n s i t y  o f  ab o u t  5%  o f  the t o t a l  

r e s o n a n c e  r a d i a t i o n ,  

b .  P r o p o r t i o n a l  C o u n te r s .
12I n  th e  m easurem ent o f  th e  C (y *3c<) c r o s s  

s e c t i o n  a t  E^ = 17 .6  Mev, a p r o p o r t i o n a l  c o u n te r ,  

f i l l e d  w i th  m ethane g as  h a s  been  i r r a d i a t e d  w i th  

r e s o n a n c e  r a d i a t i o n  (Ca 55) .  E v id en ce  f o r  th e  

p r e s e n c e  o f  a weak gamma r a y  a t  1 2 .5  Mev was o b ta in e d  

a f t e r  c o r r e c t i o n  f o r  a h ig h  background  i n  t h i s  e n e rg y
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region. The result must be admitted with some 
reservations in view of the large errors in the 
measurement although a further investigation of 
C (y »3°0 in a nuclear emulsion reported in the 
same paper shows identical features about - 
12.5 Mev.

A comparison of the two investigations 
demonstrates the type of situation where the 
nuclear emulsion is still a useful, if tedious, 
instrument in investigating aspects of a reaction 
which are not clearly resolved by electronic 
detectors. The fact remains that the evidence 
for the existence of a third gamma ray depends 
almost entirely on the nuclear emulsion measure­
ments. It is also true that if such a weak line 
were to exist, the resolution of the present 
generation of electronic detectors is not suffic­
ient to resolve it clearly in the presence of the 
14.8 and 17.6 Mev gamma radiation.
2.2. Alpha-particle Spectroscopy.

Even parity, even angular momenturn levels
oof Be can break up into two c< particles, and o( 

groups observed in coincidence with the Li^(p,y)Be^
Q

radiation would identify levels of Be formed in a 
garrana ray transition.



1 4 .
W hile I n a l l  and B oyle  ( I n  54) were a b le  to

o
f i n d  c< g ro u p s  c o r re s p o n d in g  to  l e v e l s  o f  Be a t  4 .0 9 »  

5*31 and 7*5 Mev, a  more r e c e n t  e x p e r im e n t u s in g  a 

gamma ra y  d e t e c t o r  w ith  im proved r e s o l u t i o n  h a s  p r o ­

duced  a  n e g a t iv e  r e s u l t  (Ge 60) and gamma ra y  t r a n s -
Q

i t i o n s  to  l e v e l s  o f  Be , o th e r  th a n  th e  g round  s t a t e  

and th e  2 .9  Mev l e v e l  rem a in  i n  d o u b t . I n  th e  

p r e s e n t  w ork , no e v id e n c e  f o r  th e s e  weak garana r a y s  

was fo u n d  and th e y  w ere assum ed n o t to  be p r e s e n t .  

2 .3 .  G e ig e r  C o u n te r s .

Many o f  the  e a r l y  m easu rem en ts  o f  th e  

r a d i a t i o n  were made u s in g  G e ig e r  C o u n te rs  (Hu 4 0 ,

Ta 4 6 , Bo 4 8 , Po 4 9 ) .  These c o u n te r s  have a low 

e f f i c i e n c y  f o r  th e  d e t e c t i o n  o f  garana r a y s  and t h i s  

c a n  be im proved by p la c in g  t h i n  a lum in ium  r a d i a t o r s  

i n  f r o n t  o f the  d e t e c t o r  to  s e rv e  a s  a so u rc e  o f  

se c o n d a ry  e l e c t r o n s .  I n  a d d i t i o n ,  th e  a lum in ium  

s e r v e s  a s  a n  a b s o rb e r  to  re d u c e  th e  c o n t r i b u t i o n s  

from  low e n e rg y  r a d i a t i o n  from  s c a t t e r e d  gamma ra y s  

and from  th e  a c c e l e r a t o r .  The p u ls e  o u tp u t  i s  

in d e p e n d e n t o f  th e  e n e rg y  o f  th e  r a d i a t i o n  d e te c te d  

and gamma ra y  e n e r g ie s  a re  o b ta in e d  by m ea su rin g  the  

ran g e  o f  s e c o n d a ry  e l e c t r o n s  p ro d u ced  i n  a r a d i a t o r  

(Po 4 8 ) .  W hile t h i s  m ethod i s  n o t  p r e c i s e ,  i t  i s  

s a t i s f a c t o r y  f o r  th e  m easurem ent o f a s i n g l e  gamma
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7 ß
r a y  energy*  I n  th e  c a se  o f  th e  L i^ P t r iB ©  r a d i a t i o n ,  

th e  r a n g e s  o f  se c o n d a ry  e l e c t r o n s  p ro d u ced  by th e  two 

gamma r a y s  a re  s i m i l a r .  The m ethod i s  n o t s a t i s f a c t o r y  

f o r  the  m easu rem en t o f  th e  c o m p o s it io n  o f  th e  r a d i a t i o n  

and the i n t e n s i t y  r a t i o s  r e p o r t e d  by Tangen (Ta 46) and 

Devons and H ine (De 49) a re  i n  d isa g re e m e n t w ith  m ea su re ­

m ents made w ith  p a i r  s p e c t r o m e te r s .

Devons and H ine (De 49 ) have  m easu red  th e  

a n g u la r  d i s t r i b u t i o n  o f  th e  two u n re s o lv e d  gamma ra y s  

a t  E = 4 4 0 , 650 and 890 Kev by u s in g  two g e ig e r  c o u n te r s  

i n  l i n e  w ith  the  t a r g e t  and i n  c o in c id e n c e .  An a lum in ium  

r a d i a t o r  was p la c e d  in  f r o n t  o f  th e  f i r s t  c o u n te r  and an 

a lum in ium  a b s o rb e r  was p la c e d  b e tw een  th e  f i r s t  and 

second  c o u n te r s .  The r a d i a t o r  and a b s o rb e r  th ic k n e s s  

com bined was la r g e  enough to  m in im ise  th e  c o n t r ib u t io n s  

from  s c a t t e r e d  r a d i a t i o n  and se c o n d a ry  e l e c t r o n s  from  th e  

t a r g e t  h o u s in g . A second  p a i r  o f c o u n te r s  was p la c e d  

on th e  o p p o s i te  s id e  o f th e  t a r g e t  and two s e p a ra te  

a n g u la r  d i s t r i b u t i o n s  w ere m easu red  s im u lta n e o u s ly  from  

th e  number o f  c o in c id e n c e s  and th e  c o u n tin g  r a t e  from  a 

s in g l e  th ic k - w a l l e d  g e ig e r  c o u n te r  m o n ito r  p la c e d  u n d e r 

th e  t a r g e t  h o u s in g .

The a n g u la r  d i s t r i b u t i o n  o f  th e  r a d i a t i o n  was 

found  to  be i s o t r o p i c  w i th in  6%  a t  th e  441 Kev
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resonance and at E^ = 650 and 890 was found to be of
2the form 1 + a-̂  cos 0 + a2 cos 0.

By measuring the ratio of the intensity of 
the radiation at I50 and 145° to the proton beam, they 
found there was interference in the neighbourhood of 
the 441 Kev resonance between the resonance radiation 
and radiation of opposite parity.
2.4* Magnetic Pair Spectrometers.

Semi-circular pair spectrometers after the 
design of McDaniel, von Dordel and Walker (McD 47) have 
detected the 17*6 Mev gamma ray with 6 resolution 
(Wa 48, De 50). With this instrument, the gamna rays 
are collimated on to a thin radiator foil and a uniform 
magnetic field bends the electrons and positrons pro­
duced in the radiator through opposite directions into 
geiger counter detectors. A coincidence circuit 
records the arrival of pairs and from the position of 
the two detectors, the sum of the radii of curvature 
can be obtained to calculate the gamma ray energy 
(Wa 48).

A gamma ray spectrum iB obtained by varying 
the magnetic field and plotting coincidences against 
magnetic field strength. Corrections have to be 
made for the dependence of the detector efficiency on 
gamma ray energy. The resolution is limited by
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scattering in the converter and by the width of the 
defining aperture in front of the pair detectors.
Good resolution requires thin converters and narrow 
apertures with a consequent low coincidence rate.
For this reason, investigations of the Li'(p,Y)Be° 
reaction with this instrument have generally 
required targets about 150 Kev thick to increase the 
yield. At the 441 Kev resonance, the high cross 
section would enable the use of thinner targets, but 
only Devons and Lindsey have used targets 10-20 Kev 
thick at this resonance (De 50)* They found the 
intensity ratio of the 17*6 Mev to the 14*0 Mev 
component to be 2:1 at 0° and 90° to the proton beam, 
with an accuracy of 20%  Walker and McDaniel have 
also measured the ratio and found it to be 2 : 1 at 
the 441 Kev resonance and 0.66 at Ep = 1.15 Mev 
(Wa 48).

The use of this instrument for the measure­
ment of angular distributions has not been extensive 
and at E = 500 and H 50 Kev, with thick targets, has

Jr

been limited to three angles between 0° and 75°• The 
two gamma rays are isotropic at the lower energy while 
at 1.15 Mev, they are anisotropic and markedly 
different. (St. 51)• The latter observation is one 
of the few indications that the angular distributions
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of the two gamma rays may differ.
2.5. Scintillation Counters.

The advent of the sodium iodide crystal 
activated with thallium widened the field of garrma 
ray spectroscopy considerably. The advantages of 
the scintillator lie in its relatively small size, 
high efficiency, satisfactory resolution and high 
speed. The disadvantages include the production 
of multiple peaks for a monochromatic gamma ray as 
a result of the various absorption processes in the 
detector. A detailed discussion of the scintilla­
tion counter follows below and in this section, it
is only necessary to review the use of this type of

7 ftdetector in the investigation of the Li'(p,Y)Be 
reaction.

It is unfortunate that most of the measure­
ments have been performed with small Nal(Tl) crystals 
which do not resolve the 14.8 and 17.6 Mev gamma rays. 
However Campbell (Ca 56) has used a 1-1/2 in. diameter 
by 1-1/2 in. long Nal(Tl) crystal to measure the 
intensity of the two gamma rays at 90° to the proton 
beam between = 200 Kev and 65O Kev, after assuming 
the value of the intensity ratio of 1.7 at the 441 Kev 
resonance reported by Stearns and McDaniel (St 51).
The poor resolution gave rise to large experimental
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e r r o r s .

A ngular d i s t r i b u t i o n s  o f  th e  two garrma r a y s  

have b e en  m easured  a t  th e  441 Kev r e s o n a n c e  w i th  a 

s i m i l a r  c r y s t a l  by N e u e r t  and R e tz -S c h m id t  (Ne 5 8 ) 

who c la im  them to  d i f f e r .  S ix  m easu rem en ts  have 

b e e n  made be tw een  0° and 145° and th e  s c a t t e r  o f  

p o i n t s  i n  th e  fo rw a rd  d i r e c t i o n  th ro w s  doub t on 

t h e i r  c o n c lu s io n s .

A 3 i n .  d ia m e te r  by 3 i n .  lo n g  N a l(T l)  

c r y s t a l  h a s  b e en  u se d  to  m easu re  th e  a n g u la r  d i s t r i b u ­

t i o n s  from  E = 880 t o  1240 Kev and th e y  a re  o f  the  
P 2

fo rm  1 + a^ cos  6 + a 2 cos 6 (Kr 5 4 ) .  The two com­

p o n e n ts  were n o t  r e s o l v e d  and th e  v a lu e  o f  a 2 a t  E^ = 

880 i s  c o n s i d e r a b ly  h i g h e r  t h a n  t h a t  m easured  by Devons 

and Hine a t  890 Kev (De 4 9 ) .

(T l)  c r y s t a l s  t o  h ig h  e n e rg y  r a d i a t i o n  (Ko 59, Fo 54) 

have  shown t h e  1 4 .8  and 1 7 .6  Mev garrma r a y s  to  be 

p a r t l y  r e s o lv e d  b u t  no i n v e s t i g a t i o n s  have b e e n  r e p o r t e d  

beyond t h i s  o b s e r v a t i o n .

2 .6 .  Summary.

r e a c t i o n  h a s  b e en  o b ta in e d  u s in g  d e t e c t o r s  which do no t 

r e s o l v e  th e  two gamma r a y s .

I n v e s t i g a t i o n s  o f  the  re s p o n s e  o f  l a r g e  Nal

7 8Most o f  th e  i n f o r m a t i o n  on th e  L i / (p ,y )B e
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At the 441 Kev resonance, the two components 
are approximately isotropic and this is consistent 
with the resonance being p wave with channel spins 1 
and 2 in the ratio of 1 : 5 (De 50). The level 
assignments to the 1030 Kev resonance from the Li"^(p,p) 
data are identical and predict isotropic angular dis- 
tributions for Li’(p,Y)Be at this resonance. This 
is in disagreement with measurement (Kr 54). The 
contribution of the non-resonant background is con­
siderable in this energy region and it is not known 
if the anisotropy is due to the resonance or the back­
ground. Wilkinson (Wi 54) has suggested the back­
ground to be from direct s wave proton capture to

othe ground state and first excited state of Be and 
while this theory is sufficient to explain the mag­
nitude of the cross section between the resonances, 
it would require the background to be isotropic, al­
though a small contribution from d wave protons 
could account for the observed anisotropy. A further 
complication arises from the observation of Stearns 
and McDaniel (St 51) who found the angular distribu­
tions of the two components to be markedly different 
in this energy region. Apart from this measurement 
and those at the 441 Kev resonance, no angular dis­
tributions in which the two gamna rays are resolved
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have been measured, and there is a need for a detailed 
investigation of this matter before the distributions 
can be interpreted unambiguously.
3.1. The Present Method.

The experiment was designed to measure the 
separate angular distributions of the 14.8 and 17*6 
Mev gamma rays from proton capture in Li"̂  in the 
energy range of the Canberra 1.2 Mev Cockcroft-Walton 
accelerator. The detector was a 5 in. diameter by 
4 in. long Nal(Tl) crystal which, with suitable 
collimation, gave a resolution of 13% for the 17.6 
Mev gaum a ray. The angular distributions of this 
component W C © ) ^  ^ and of the unresolved gamma rays 
W(©)^ 8+17 6 were obtained directly from the pulse 
height distributions at each angle of observation.
The angular distribution of the 14.8 Mev component 
W(®) 14 8 was ok)tained analytically from Wl©)-^ g and 
W(©)i4 £ using the value of the intensity ratio
of the two components measured at © = 90°.
3.2. Presentation of Material.

apparatus and experimental techniques used in the 
measurements and in Chapter III, the measurement of 
the variation of the intensity ratio of the two com­
ponents with proton energy is described. The 
angular distributions of the two components are

Chapter II is devoted to a summary of the
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p r e s e n te d  in  C h a p te r  IV where i t  i s  s e e n  t h a t  th e y  

d i f f e r  m arked ly  i n  th e  r e g io n  o f  th e  441 and 1030 

Kev r e s o n a n c e s .  I n  C h a p te r  V, th e  r e s u l t s  a re  

d i s c u s s e d  and th e  c o n c lu s io n s  a re  com pared w ith  

p r e s e n t  t h e o r i e s  on  th e  m echanism  o f  th e  r e a c t i o n .



CHAPTER II
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T N T P O D T T D T T  (TN.

This chapter is concerned with the experi­
mental aspects of the investigation. In section I 
the apparatus, targets and detection methods are des­
cribed. Section 2 is devoted to the properties of 
the spectrometer and the absorption process which 
gives rise to the pulse output from the photomulti­
plier. A brief investigation of the effect of coll­
imator size on resolution is described and the pulse 
height distributions of the 17*6 and 14.8 Mev gamma 
rays are separated from the Li'(p,Y)Be° spectra.
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1 . 1 .  A p p a r a tu s .
\

A d iag ra m  o f  th e  a p p a r a t u s  u sed  i n  th e  e x p e r i  

ment i s  shown i n  f i g u r e  2 .1 .  The t a r g e t  chamber was a 

b r a s s  c y l i n d e r  5 i n .  h i g h ,  3 i n .  d ia m e te r  w i th  w a l l s  1 /8  

i n .  t h i c k ,  a p e r s p e x  i n s p e c t i o n  window b e in g  in c lu d e d  i n  

th e  b a s e .

The sodium  io d id e  d e t e c t o r  was m ounted w i th  

th e  c y l i n d r i c a l  a x i s  v e r t i c a l ,  i n  a 9 i n .  x 9 i n .  x 6 i n  

s t e e l  b lo c k  which s to o d  on  a r o t a t i n g  t a b l e  s e t  so t h a t  

th e  a x i s  o f  r o t a t i o n  p a s s e d  th ro u g h  th e  c e n t r e  o f  th e  

t a r g e t .  The gamma r a d i a t i o n  was c o l l i m a t e d  i n t o  th e  

c r y s t a l  c e n t r e  by a c o n i c a l  h o l e  th ro u g h  a l e a d  b lo c k ,

3 i n .  t h i c k .  The c o l l i m a t o r  was t a p e r e d  so t h a t  the  

d e t e c t o r  o b s e r v e d ,  th ro u g h  a s o l i d  a n g le  o f  0 .0 7 4  

s t e r a d i a n s ,  a 1 /4  i n .  d i a m e te r  s p o t  a t  th e  t a r g e t .  The 

re m a in in g  f i v e  s i d e s  o f  th e  c r y s t a l  m ounting  were n o t  

s h i e ld e d  w i th  l e a d .

A 1 - 1 /2  i n .  d i a m e te r  by 1 i n .  N a l (T l )  c r y s t a l  

was u se d  a s  a gamma r a y  m o n i to r  and s e t  a t  -1 3 0 ° ,  6 i n .  

from  th e  t a r g e t .

1 .2 .  P r o to n  Beam.

The p r o t o n  beam from  th e  C a n b e rra  1 .2  Mev 

C o c k c ro f t -W a l to n  a c c e l e r a t o r  was a n a ly s e d  by a 90° 

d e f l e c t i n g  m agnet and was d e f i n e d  a t  th e  e n t r a n c e  to  

th e  m agnet by a 1 /k  i n .  s l i t  and a t  th e  e x i t  by th e
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jaw s o f  th e  e l e c t r o n i c  v o l t a g e  s t a b i l i s e r  s e t  to  a lA i n .  

g a p .  The em erg en t beam was f o c u s s e d  by s t r o n g  f o c u s s in g  

e l e c t r o s t a t i c  l e n s e s  and d e f l e c t e d  th ro u g h  a 45° a n a ly s in g  

m agnet and a 3 /1 6  i n .  d i a m e te r  a p e r t u r e  (beam s to p )  on to  

th e  t a r g e t .  The s t o p  and th e  3 /1 6  i n .  d ia m e te r  t a r g e t  

s p o t  d e f in e d  th e  d i r e c t i o n  o f  th e  beam. The lo n g  p a th  

l e n g t h  o f  th e  p r o to n s  d e f in e d  th e  beam e n e rg y  w hich  was 

b e l i e v e d  to  be s t a b l e  w i t h i n  1 Kev.

C u r r e n t s  o f  1 * 15M"A.. were u se d  i n  th e  e x p e r i ­

ment and by a d j u s t i n g  th e  c o n t r o l s  o f  th e  e l e c t r o s t a t i c  

l e n s e s  w h i le  w a tc h in g  th e  beam s p o t  on th e  t a r g e t  i t  was 

p o s s i b l e  to  f o c u s  th e  beam to  an  1 /8  i n .  c e n t r a l  s p o t .  

Under th e s e  s h a r p  fo c u s  c o n d i t i o n s ,  th e  beam s to p  c u r r e n t  

was l i m i t e d  to  0 -  4|iA. P e r i o d i c  ch eck s  on th e  s p o t  

p o s i t i o n  and f o c u s  were made d u r in g  th e  m easu rem en ts  b u t  

few a d ju s tm e n t s  were n e c e s s a r y .

The m achine was c a l i b r a t e d  a t  th e  340 , 484 ,

672 , 874 and 935 Kev r e s o n a n c e s  i n  th e  P1^ ( p ;°( ,y 

r e a c t i o n s .

1 .3 .  T a rg e t  P r e p a r a t i o n .

T a r g e t s  5 to  20 Kev t h i c k  were d e p o s i t e d  by 

e v a p o r a t i n g  n a t u r a l  l i t h i u m  m e ta l  on to  s i l v e r - p l a t e d  

b r a s s  b a c k in g s  0 .0 1 5  i n .  t h i c k .  Each b a c k in g  was 

masked so t h a t  f o u r  t a r g e t s ,  3 /1 6  i n .  i n  d ia m e te r  and 

3 /8  i n .  a p a r t  were d e p o s i t e d  a s  w e l l  a s  a l / 2 i n .  by 

lA i n .  r e c t a n g l e  o f  l i t h i u m ,  which was u se d  to  m easure
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the thickness of the deposit at the 441 Kev resonance.
The backing material was originally of brass but earlier 
experiments in this laboratory, using thick lithium 
targets on copper, showed the backing material to become 
pitted because of the chemical interaction between the 
two elements. Small pits in the backing material can 
accumulate lithium metal and lead to variations in 
thickness over the target area. This effect can be 
troublesome when investigating the region above a sharp 
resonance with a thin target where small portions of the 
target may be thick enough to contribute some resonance 
radiation.

Pitting was less noticeable on the surface 
of silver backings and to minimise this effect, the brass 
backings were silver plated and were highly polished 
before each evaporation.

To prevent oxidation of the lithium after 
evaporation, the evaporator was filled with dry argon 
and the targets were transferred to the target chamber 
in an atmosphere of this gas. In the chamber, the 
target backing was screwed to a water-cooled holder 
which could be raised using a series of 3/8 in. spacers 
to position the target in the centre of rotation of the 
detector. Each target was changed after the measure­
ment of one angular distribution.
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P i g .  2 . 2 .  P u l s e  h e i g h t  d i s t r i b u t i o n  o f  t h e  
7 ft

L i ' ( p , y ) B e °  r a d i a t i o n  d e t e c t e d  by 

the  5 d i a m e t e r  x U i n .  l o n g

N a l (T l )  d e t e c t o r .  (E = 500 Kev, 

t a r g e t  200 Kev t h i c k ,  0 = 0 ° )
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Because o f  th e  l a r g e  number o f  t a r g e t s  emp­

lo y e d ,  no a t te m p t  was made t o  m easure  an  e x c i t a t i o n  

f u n c t i o n  a c c u r a t e l y ,  b u t  a beam c u r r e n t  i n t e g r a t o r  was 

u se d  i n  th e  m easurem ent o f  e ac h  t a r g e t  t h i c k n e s s  a t  th e  

441 Kev re s o n a n c e  and to  m o n i to r  th e  change o f  y i e l d  

w i th  ru n n in g  t im e .  I n  2 h o u r s ,  a t  E = 600 Kev and a 

c u r r e n t  o f  10 , th e  g r a d u a l  a c c u m u la t io n  o f  c a rb o n

on th e  t a r g e t  i n c r e a s e d  th e  t h i c k n e s s  by 5 Kev, d e s p i t e  

th e  u se  o f  l i q u i d  a i r  t r a p s ,  w h i le  a f t e r  3 to  4 h o u r s ,  

th e  y i e l d  b egan  to  f a l l  o f f  r a p i d l y .  For t h e s e  r e a s o n s ,  

th e  ru n n in g  tim e was l i m i t e d  to  3 t o  4  h o u r s  f o r  e a c h  

t a r g e t .

1 . 4 .  E l e c t r o n i c s .

S c i n t i l l a t i o n s  i n  th e  5 i n .  and 1 - 1 / 2  i n .  

N a l (T l )  c r y s t a l s  were d e t e c t e d  by a 5 i n .  Dumont 6364 

and a 2 i n .  6097 B E .M .I .  p h o t o m u l t i p l i e r .

The 5 i n .  p h o to tu b e  was s u r ro u n d e d  by a mu­

m e ta l  s h i e l d  and th e  o u tp u t  was a m p l i f i e d  by a F a i r s t e i n  

(Fa 5 6 ) n o n -o v e r lo a d  a m p l i f i e r  and f e d  to  a H u tc h in s o n -  

S c a r r o t t  ty p e  100 c h a n n e l  p u l s e  h e i g h t  a n a l y s e r  b i a s e d  

a t  6 Mev gamma r a y  e n e r g y .  An e x a m in a t io n  o f  th e  p u l s e  

h e i g h t  d i s t r i b u t i o n s  o f  th e  l i t h i u m  gamma r a y s  showed 

th e  g a in  o f  th e  sy s te m  was s t a b l e  w i t h i n  1°/Q .

P u l s e s  f ro m  th e  m o n ito r  d e t e c t o r  were amp­

l i f i e d  by a H ig inbo tham  n o n -o v e r lo a d  a m p l i f i e r  and f e d
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Pig. 2.3. Pulse height distribution of
resonance radiation detected by 
the 1-1/2 in. diameter x 1 in. 
long Nal(Tl) monitor. The broken 
line shows the bias point on the 
scaling circuit.
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crystal. Running time * 2 hours.



28

t o  a  s c a l e r  w i th  th e  d i s c r i m i n a t o r  s e t  to  c o u n t  a l l

e v e n t s  above Ê , = 1 0 .6  Mev. The b i a s  p o i n t  was c a l -  Y
c u l a t e d  by m e a su r in g  th e  p u l s e  h e i g h t  o f  th e  1*33 Mev

60gamma r a y  from  Co on th e  k i c k s o r t e r  s e t  to  th e  g a in  

X10 s c a l e .  G a in  s h i f t s  o f  more th a n  2%  c o u ld  be 

d e t e c t e d  i n  t h i s  manner and th e  sy s tem  was fo und  to  be 

s t a b l e  w i t h i n  t h i s  l i m i t .  F ig u r e s  2 .2  and 2 .3  show 

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

i a t i o n  from  th e  441 Kev r e s o n a n c e ,  d e t e c t e d  by th e  

l a r g e  c r y s t a l  and th e  m o n i to r .

1 .5 •  B ack g ro u n d .

a .  Cosmic R a y s .

T h is  backg round  was m easured  by ru n n in g  th e  

e l e c t r o n i c s  w i th  th e  a c c e l e r a t o r  s w itc h e d  o f f .  F ig u re  

2 .4  shows a background  o b ta in e d  from  th e  l a r g e  c r y s t a l  

i n  two h o u r s .  In  th e  e n e rg y  r e g i o n  o f  i n t e r e s t  i n  th e  

e x p e r im e n t ,  th e  p u l s e  h e i g h t  d i s t r i b u t i o n  was q u i t e  f l a t ;  

th e  c o u n t in g  r a t e  was c o n s t a n t  and c o u ld  be d e te rm in e d  

a c c u r a t e l y .  For th e  t h i n  t a r g e t s  u s e d ,  t h i s  backg round  

was a s  h ig h  a s  10%  o f  th e  r e a c t i o n  y i e l d  b u t  th e  s p e c t r a  

and th e  m o n i to r  c o u n ts  were e a s i l y  c o r r e c t e d  f o r  t h i s  

c o n t r i b u t i o n .

b .  C o m p e t i t iv e  R e a c t i o n s .

B ecause o f  t h e  s h a rp  f o c u s ,  th e  beam s to p  and 

th e  t a r g e t  were th e  o n ly  s i g n i f i c a n t  s o u r c e s  o f  r a d i a t i o n
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from the accelerator, G-anma rays from the 6,1 and 
7.1 Mev levels of 0 ^  in the F ^ ( p ;c(,y )0 ^  reactions 
were detected but were eliminated by accepting the 
spectra above Ê , = 8.5 Mev.

The variation of the background with angle 
of observation was investigated by raising the target 
from the beam path and allowing the beam to strike the 
back of the target chamber. It was found to be in­
dependent of the angle of observation beyond = 8.5 
Mev and entirely due to cosmic rays, 

c. Scattering.
The apparatus included a considerable amount

of heavy scattering material but the energy spectra from
the large crystal suggested that most of the scattered
gamma rays detected were of low energy and significant
only below = 8 Mev. The discriminator of the
monitor scaler was set to count all events above E^ *Y
10.6 Mev and a check at the 441 Kev resonance showed 
the ratio of monitor counts to current integrator counts 
was independent of the position of the crystal mounting.

Section 2. The Nal(Tl) Spectrometer.

After considering the gamma ray absorption 
process, the factors affecting the resolution of the 
detector are obtained. The effect of collimator size 
on resolution is measured and the line shapes of the
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P ig .  2 . 5 .  A b s o r p t i o n  p r o c e s s e s  i n  Nal i n  th e  

r e g i o n  E^ =* 0.1 t o  100 Mev. The 

mass a b s o r p t i o n  c r o s s  s e c t i o n :

T ota l = t o t a l  p a ir  production(P T )

+ Compton s c a t t e r i n g  (c) + p h o t o ­

e l e c t r i c  e f f e c t  (PE) f rom G r o d s t e i n  

(Gr 5 7 ) .
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V Pganma rays in the Li'(p,Y)Be° spectrum are obtained.

2.1* Absorption of Gamma Radiation in a Sodium
Iodide Detector.

A gamma ray may be absorbed in the detector 
by three processes; electron pair formation, Compton 
scattering and the photoelectric effect. The cross 
section for each of these absorption processes varies 
with energy of the gamma ray as shown in figure 2.5.
(Gr 57). At 17.6 Mev, the photoelectric effect is of 
no significance for the initial event in the absorption 
of a particular gamma ray, but is significant for low 
energy gamma rays which are the result of events in the 
absorption process. Prom the figure one can see at 

= 17*6 Mev, that 79% of the initial interactions 
between the crystal and the gamma ray beam are pair 
creation events while the remainder are Compton scatter­
ing.

An analysis of the subsequent events which 
lead to the eventual total absorption of the initial 
gamma ray energy in the detector or to escape of some 
fraction of this energy, requires a calculation of the 
Monte Carlo type and has been performed for gamma ray 
energies up to 4.45 Mev for sodium iodide detectors of 
dimensions up to 8 in. radius by 8 in. long (Mi 58,
Be 56). Prom these calculations an accurate prediction
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can be made of the pulse height distribution of mono­
chromatic gamma rays detected by a crystal of speci­
fied dimensions. For gamma rays of energy greater than 
4 Mev the number of multiple events following an initial 
absorption event increases rapidly and the energy loss 
by the secondary electrons includes loss by bremsstrah- 
lung which becomes more significant as the gamma ray 
energy increases. For these reasons the Monte Carlo 
calculations for the line shapes of high energy gamma 
rays become very elaborate even for the present gener­
ation of electronic coraputors.

2.2. Response of a Nal(Tl) Detector to Gamma Radiation.
Any investigation into the line shapes of 

high energy gamma rays must then involve the experimental 
approach. A synthesis of the pulse height distributions 
of 10 - 20 Mev monochromatic gamma rays for a 5 in. 
diameter by 9 in. long Nal(Tl) detector has been made by 
Koch and Wyckoff (Ko 56) by measuring the response of 
the crystal to monochromatic electrons from a betatron. 
Spectral lines for electron energies in 1 Mev intervals 
involved in pair formation from an incident gamma ray 
were folded together to predict the line shape due to 
the electron pairs. It has been assumed that the energy 
loss characteristics of electrons and positrons in the 
detector are the same, except for the production of

✓annihilation radiation by positrons.



Li 7(p,y) 17.6 M*v RESULT

PREDICTION

^ ' =rTr̂ 'T '

PULSE HEIGHT, Mev

P i g .  2 . 6 .

1.
2 .

3 .

4 .

I n s e r t .

S y n t h e s i s  o f  t h e  p u l s e  h e i g h t  d i s t r i b ­

u t i o n  o f  19 Mev gamma r a y s  i n  a 5 i n .  

d i a m e t e r  by 9 i n .  l o n g  Nal c r y s t a l  

s p e c t r o m e t e r ,  ( a f t e r  Koch and Wyckoff;

(Ko 56)

Compton e l e c t r o n  d i s t r i b u t i o n ( d o t t e d  c u rv e )  

M u l t i p l e  Compton i n t e r a c t i o n s  t h a t  c o n t r i b u t e  

t o  th e  p h o t o l i n e  e n e r g y  ( s o l i d  c u r v e ) .

F o ld e d  e l e c t r o n - p a i r  d i s t r i b u t i o n  ( lo n g  

d ash ed  c u r v e )

D i s t r i b u t i o n  due to  l o s s  o f  a n n i h i l a t i o n  

q u a n ta  ( s h o r t  d a sh ed  curve)

Composite  d i s t r i b u t i o n  compared w i th  

e x p e r im e n t  (Fo 54)
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By extrapolation from the calculations of 
Berger and Doggett (Be 56) for gamma rays up to 4.5 Mev, 
they were able to estimate the electron distribution due 
to Compton scattering of photons, the fraction of totally 
absorbed gamma ray energy which gives rise to a gaussian 
distribution about the photo line, and the broadening of 
the pulse height distribution due to the escape of one of 
the annihilation photons from the detector. The latter 
process results in the downward displacement of a fraction 
of the electron pair pulse height distribution by 0.51 
Mev.

Figure 2.6 shows their synthesis of the pulse 
height distribution of a 19 Mev gamma ray in a 5 in. 
diameter by 9 in. long Nal(Tl) detector. The four sep­
arate contributions to the line shape are shown and the 
prediction is compared with the 17.6 Mev gamma ray line 
shape from the Li'(p,Y)Be reaction. This was obtained 
by adjusting the 14.6 and 17.6 Mev gamma ray line shapes
to fit the intensity ratio 117.6/ , = 1.6 (Fo 54).I 14.6

An important conclusion from the synthesis is 
that the line shape of monochromatic gamma rays changes 
slowly from 10 to 20 Mev and this has been confirmed by 
direct measurement with 5 in. diameter by 4 in. and 8 in. 
long Nal(Tl) crystals (Ko 59).

The synthesis of Koch and Wyckoff has been



COLLIMATOR D IA M E TE R - INS.

Pig, 2.7. Variation of resolution with collimator 
diameter for 20.4 Mev gamma ray. Point 
X has been measured with beam collimated 
along crystal axis. Points 0 by colli- 
mation through centre of crystal side.
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made assum ing  f i n e  c o l l i m a t i o n  o f  the gamma ra y  beam 

a lo n g  th e  c r y s t a l  a x i s .  For c o m p ar iso n  w i th  e x p e r i ­

m ent, the  e f f e c t  o f  th e  c o l l i m a t o r  m ust be c o n s id e r e d  

a s  w e l l  a s  s c a t t e r i n g  o f  the  gamma r a y  beam by th e  

t a r g e t  h o u s in g  and th e  c o l l i m a t o r  w a l l .

2 .3 .  a f f e c t  o f  C o l l im a to r  S i z e .

By i n c r e a s i n g  th e  d ia m e te r  o f  the  c o l l i m a te d  

ganma r a y  beam, th e  p r o b a b i l i t y  o f  e sc a p e  o f  r a d i a t i o n  

th ro u g h  th e  c r y s t a l  s i d e s  i n c r e a s e s  and th e  p u ls e  

h e i g h t  d i s t r i b u t i o n  o f  t h e  gamma r a y  b r o a d e n s .

The p u l s e  h e i g h t  d i s t r i b u t i o n  o f  20 .3  Mev 

gamma r a y s  from  p r o t o n  c a p tu r e  i n  t r i t i u m  was m easu red  

w ith  th e  a p p a r a tu s  o f  f i g u r e  2 .1  b u t  u s in g  c y l i n d r i c a l  

c o l l i m a t o r s  o f  v a r y in g  d i a m e te r .  The r e s o l u t i o n  was 

fo u n d  to  v a ry  a s  shown i n  f i g u r e  2 .7  and i s  r e l a t i v e l y  

i n s e n s i t i v e  to  c o l l i m a t o r  d im e n s io n s  f o r  th o se  l e s s  

t h a n  1 .5  i n .  d i a m e t e r .  One p o i n t  i s  shown i n  f i g u r e  

2 .7  w hich  h a s  b e e n  o b t a i n e d  by c o l l i m a t i n g  th e  beam 

a lo n g  the  c r y s t a l  a x i s ,  and i t  was c o n c lu d e d  t h a t  t h e  

optimum r e s o l u t i o n  o f  13%  c o u ld  be a t t a i n e d  w i th  t h e  

c r y s t a l  a x i s  v e r t i c a l .  T h is  o r i e n t a t i o n  was fo u n d  

more c o n v e n ie n t  to  u se  i n  th e  e x p e r im e n t .

2 . 4 .  E f f i c i e n c y  o f  th e  D e t e c t o r .

From th e  t o t a l  gamma r a y  a b s o r p t io n  c r o s s  

s e c t i o n s  p. f o r  Nal (Da 5 5 ) a t  E^ = 1 4 .8  and 1 7 .6  Mev,
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Fig. 2.8. Comparison of pulse height distribu­
tions of 16.6 and 20.4 Mev gamma rays 
from B11(p,y)C12 and H^(p,y)He^ resp­
ectively. For comparison, the B11 
(p,y) spectrum has been displaced to 
the right.
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the efficiencies

E = 1 -e-ttL (L = 5 in.)
were found to be 82.8%  and 84.5% respectively. No 
corrections were made for the 2 Mev width of the 14.8 
Mev gamma ray.

2.5« The Line Shape of the 17.6 Mev Gamma Ray.
The 17.6 Mev gamma ray line shape is not

directly available from the pulse height analysis of 
7 fithe Li'(p»r)Be radiation because of the overlap of the 

two gamma rays in the spectrum (figure 2.3). The sep­
aration is complicated by the 2 Mev width of the 14.8 
Mev component.

The 17.6 Mev line is monochromatic and it
was decided to investigate the difference in the pulse
height distributions of the 16.6 Mev and 20.4 Mev gamma

11 3rays from proton capture in B and H respectively to
see if the 17.6 Mev line shape could be estimated from
these two monochromatic gamma rays.

Thick targets of natural boron and tritium
adsorbed on zirconium were placed in turn in the angular
distribution chamber shown in figure 2.1 and were bomb-

2arded with 1 Mev protons. Because of the sin 0 angular 
distribution of the H^(p,Y)He^ reaction (Ar 50) the spect 
rometer was set at 90° with the target at 45° to the 
proton beam. The B (p,y)C reaction was observed
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Fig. 2.9. Separation of the 14.8 and 17.6 Mev
7 Agamma rays from Li'(p,y)Be .

(E = 380 Kev, target 200 KeV thick,
hr

e = o°).
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at 0°. In addition, a 200 Kev thick lithium target 
was bombarded with 500 Kev and 380 Kev protons and 
the yield was observed at 0°. The gain and bias of 
the pulse height analyser were not altered during the 
comparison but the gain of the photomultiplier was 
altered by adjusting the E.H.T. supply so that the peak 
height of the 20.4, 17.6 and 16.6 Mev gamma rays occurred 
in turn in the same channel of the pulse height analyser. 
In figure 2.8, the 16.6 and 20.4 Mev gamma ray spectra,
normalised to the same peak height, are compared.

11 12Because of the 12 Mev gamma ray from the B (p,y)C 
reaction, it was not possible to observe the 16.6 Mev 
line shape below 14 Mev. Above this energy there is 
no measurable difference in the two spectra and assum­
ing the 17.6 Mev gamma ray has the same pulse height 
distribution, the separation of the two components in 
the Li'(p,y)Be° radiation is shown in figures 2.2 and 
2.9.

2*6. The Li^(p.y)Be^ Reaction at E = 270 Kev.
£r

One result of the present measurement of the 
angular distribution of the Li"^(p,y)Be^ radiation shows 
(Chapter IV) that at Ep * 270 Kev, the 14.8 Mev gamma 
ray is isotropic while the 17.6 Mev component is anis­
otropic. Spectra observed at 0° and 135° at this 
energy after correction for the background, absorption
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Pig. 2.10. Li^(p,y)Be^ spectra at E = 270 Kev, 
corrected and normalised to the same 
number of monitor counts. The lower 
curve shows the difference in the two
distributions.
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i n  th e  t a r g e t  b a c k in g  and n o rm a lis in g  th e  two o b s e r ­

v a t io n s  to  th e  same number o f  m o n ito r  c o u n ts  a re  shown 

i n  f ig u r e  2 .1 0 .  The s u b t r a c t i o n  o f  th e  two p u ls e  h e ig h t  

d i s t r i b u t i o n s  i s  in c lu d e d  i n  f i g u r e  2 .1 0  and r e p r e s e n t s  

th e  l i n e  shape  o f  th e  17*6 Mev gamma r a y .  T h is  cu rv e  

was s u b t r a c t e d  from  th e  0° sp e c tru m  to  g iv e  th e  l i n e  

shape  o f  the 1 4 .6  Mev component ( f i g u r e  2 .1 0 ) .  A 

sm o o th er e s t im a te  o f  th e  1 7 .6  Mev com ponent was o b ta in e d  

u s in g  a  re s o n a n c e  sp e c tru m  o b ta in e d  from  th e  same t a r g e t  

( f i g u r e  2 .1 1 ) .  The 17*6 Mev l i n e  shape  from  f i g u r e  2 .1 0  

was n o rm a lis e d  to  th e  re so n a n c e  sp e c tru m  and s u b t r a c t e d  

t o  o b t a i n  th e  a p p ro x im a te  h e ig h t  o f  th e  1 4 .8  Mev compon­

e n t .  The 1 4 .8  Mev p u ls e  h e ig h t  d i s t r i b u t i o n  was n o rm a l­

i s e d  to  t h i s  h e ig h t  and s u b t r a c t e d  from  th e  re s o n a n c e  

sp e c tru m  to  g iv e  the  1 7 .6  Mev l i n e  sh a p e . The m ethod i s  

cumbersome and in v o lv e s  a p p ro x im a tio n s  b u t  a c o m p a riso n  

o f  the 17*6 l i n e  shape  w ith  th e  2 0 .4  Mev gamma ra y  just­

i f i e s  th e  a ssu m p tio n  t h a t  the two p u ls e  h e ig h t  d i s t r i b ­

u t io n s  a re  s i m i l a r .

2 .7 .  L ine  Shape Below E ,̂ = 8 .5  Mev.

The p u ls e  h e ig h t  d i s t r i b u t i o n s  do n o t i n d i c a t e  

th e  l i n e  shape  below  8 .5  Mev. I n  t h i s  e n e rg y  r e g io n ,  

c o n t r i b u t i o n s  from  th e  P1^ ( p ;°<,y ) 0 1^ r e a c t i o n s  a re  m ixed 

w ith  low e n e rg y  gamma r a y s  from  s c a t t e r e d  r a d i a t i o n .

Many o f  th e s e  e v e n ts  a r i s e  from  s c a t t e r i n g  m a t e r i a l  o u t ­

s id e  th e  d e te c to r  and some a re  due to  th e  e sc a p e  from
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the detector of a fraction of the incident gamma ray
energy. The actual line shape between 0 and 8.5 Mev
depends on the latter and is partly determined by the
dimensions of the collimator. Calculations of the
pulse height distribution of high energy gamma rays
below E , = 8 Mev show that with no collimation, the Y
line shape maintains a constant height in this energy 
region (Ko 59). For the collimator used in these 
investigations, the line shape was assumed to be between 
the limits shown in figure 3.1. The angular distrib­
utions of the gamma rays were obtained without consider­
ing the spectra below E^ = 8.5 Mev and the line shape 
below this energy was only of interest in the calcul­
ation of the absolute value of the intensity ratio in 
Chapter III.

2.8. Conclusion.
The separation of figure 2.9 shows the 14.8 

Mev gamma ray line shape does not extend beyond 16.9 
Mev and the angular distribution of the 17*6 Mev com­
ponent W(e)17 g can be obtained from the part of each 
spectrum above this energy. The angular distribution 
of the unresolved gamma rays W(0)-^ 8 + 17 6 is 
calculated by summing each spectrum between 8.5 and 
I9.5 Mev. WC©)^ 8 can be depived fron1 W(0) 1̂  £
and W(e)-,-7 r after measuring the relative intensity of

/
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the two components a t 0 = 9 0 ° . For t h i s  r e a so n , the

v a r ia t io n  o f the r a t io  was m easured from E = 200 toP
1030 Kev w ith  a h ig h er  s t a t i s t i c a l  accuracy than  cou ld  

be a t ta in e d  from the s p e c tr a  in  th e  angu lar d i s t r i b ­

u t io n  m easurem ents.



CHAPTER I I I .

M easurem ent o f  th e  B ra n c h in g  R a t i o .
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I n t r o d u c t i o n .

I n  t h i s  work, th e  b ra n c h in g  r a t i o  i s  d e f in e d  

a s  th e  r a t i o  o f  th e  i n t e n s i t y  o f  the  g round  s t a t e  t r a n s ­

i t i o n  to  th e  i n t e n s i t y  o f  th e  t r a n s i t i o n  to  th e  2 .9  Mev
o

l e v e l  o f  Be . The r a t i o  i s  known to be a f u n c t i o n  o f  

p r o to n  e n e rg y  (Wa 48) b u t  th e  o n ly  d e t a i l e d  m easurem ent 

o f  th e  v a r i a t i o n  h a s  b e en  made u s in g  a 1 - 1 /2  i n .  d i a m e te r  

by 1 - 1 /2  i n .  lo n g  N a l(T l)  c r y s t a l  (Ca 5 8 ) .  Because  th e

gamma r a y s  were n o t  r e s o l v e d ,  i t  was n e c e s s a r y  t o  assume 

th e  l i n e  shape  o f  e a c h  component and t h a t  the  i n t e n s i t y  

r a t i o  a t  t h e  441 Kev re s o n a n c e  was 1 .7  (S t  5 1 ) .

A knowledge o f  th e  b ra n c h in g  r a t i o  f o r  n o n -  

r e s o n a n c e  r a d i a t i o n  i s  o f  i n t e r e s t  because  the  d i r e c t  s 

wave p r o t o n  c a p tu r e  m echanism o f  W ilk in so n  p r e d i c t s  th e  

r a t i o  to  f a v o u r  the t r a n s i t i o n  to  th e  f i r s t  e x c i t e d
Q

s t a t e  o f  Be (Wi 5 4 ) ,  f o r  b o th  and LS c o u p l in g  schem es. 

I t  i s  no t  known i f  th e  r a t i o  v a r i e s  in  the  n e ig h b o u rh o o d  

o f  th e  1030 Kev r e s o n a n c e .  A p a r t  from  th e s e  m a t t e r s ,  

t h e  r a t i o  i s  r e q u i r e d  to  d e r i v e  the  a n g u la r  d i s t r i b u t i o n  

o f  the  1 4 .8  Mev gamma r a y  Wl©)-^ g from  and

W^e W 8  + 1 7 .6 .

2 .1 .  E x p e r i m e n t a l .

The a p p a r a t u s  u se d  i n  tbs  m easurem ent o f  the  

b r a n c h in g  r a t i o  h a s  b e e n  d e s c r i b e d  i n  C h a p te r  I I*  The 

d e t e c t o r  was s e t  a t  90° to  the p r o to n  beam and c u r r e n t s  

o f  10 -  15 pA were u s e d  e x c e p t  i n  t h e  r e g i o n  o f  th e  441
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AT 441 KEV RESONANCE

7 3Fig* 3«1* C om parison  o f  L i '( p ,y ) B e  s p e c t r a  

o b ta in e d  a t  0 = 90° f o r  E = 4 4 0 ; 

620 and 1030 Kev. The sm ooth 

cu rv e  i s  th e  l i n e  shape o f  th e  

17*6 Mev gamma r a y .
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Kev resonance where the beam intensity was reduced to 
avoid high counting rates. The targets were kept as 
thin as experimental conditions would allow. Between 
430 and 450 Kev, the deposits were less than 5 Kev thick 
and between 450 and 600 Kev were 5 " 10 Kev thick. In 
the remaining energy regions, the targets were 20 Kev 
thick except for the points below = 300 Kev where the 
low yield required a 60 Kev target.

The bias and gain of the pulse height analyser 
were fixed during the measurements so that the peak 
height of the 17*6 Mev gamma ray fell in the same channel 
of the display. Measurements were made in 5 - 50 Kev 
intervals from E = 200 to 1030 Kev. The running time 
and integrated beam current were noted for each observa­
tion and each spectrum was recorded from the display of 
the pulse height analyser. The cosmic ray background 
was measured by running the electronics for 1 to 2 hours 
with the accelerator switched off.

The pulse height distribution of the 17*6 Mev 
gamma ray was obtained by replacing the lithium target 
with a target of tritium adsorbed on zirconium. The 
target was bombarded with 850 Kev protons and the high 
voltage supply to the photomultiplier tube was reduced 
until the peak of the 20.3 Mev gamma ray coincided with 
the channel number of the 17*6 Mev gairma ray.





lOOO600 800 
PROTON EhtRGY —  KEV

P i g .  3 . 2 . V a r i a t i o n  o f  t h e  b r a n c h i n g  r a t i o  w i t h  

p r o t o n  e n e r g y  (u p p e r  c u rv e )  and th e  

e x c i t a t i o n  f u n c t i o n  ( lo w er  c u r v e ) .



Figure 3.1 shows typical spectra obtained in 
the measurement normalised to a common peak height at 
17.6 Mev. The line shape of the gamma ray from 
H3 (p,Y )HeU is included. The extrapolations to zero 
energy in figure 3.1 show the assumed limits in the line 
shape based on the calculations of Kockum and Starfelt 
(Ko 59).

2.2. Calculation of the Branching Ratio.
Each spectrum was summed between E^ = 8.5 and 

19*5 Mev and the cosmic ray background was subtracted. 
The assumed pulse height distribution of the 17.6 Mev 
component was normalised to fit each spectrum and the 
intensity of the 14.8 Mev component was obtained by 
subtraction.

The variation of the ratio with proton energy 
is shown in the upper curve of figure 3.2. The excita­
tion function in the figure was derived from the ratio 
of the number of counts between E^ = 8.5 Mev and 19*5 
Mev and the number of monitor counts. Four targets of 
varying thickness were used in the investigation and the 
yields at the 441 Kev resonance were normalised to a 
common value. The smooth curve above E = 800 is that 
measured by Kraus (Kr 54) at 6 = 90°.

2.3. Absolute Value of the Branching Ratio.
The results of figure 3.2 are those required
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in the separation of the angular distributions but 
further corrections are necessary to estimate the 
absolute value of the ratio.

The errors in the absolute value due to the 
uncertainty in the line shape below E^ = 8.5 Mev have 
been calculated assuming the extrapolations of figure 
3.1. At the 441 Kev resonance, the ratios are within 
3 %  of the value shown in figure 3.2 while at Ep = 770 
Kev, the ratios are 0.50 t 0.01 and 0.54 ± 0.01 for the 
upper and lower limits, compared with O.58 * 0.01 in 
figure 3.2. The broken curve in figure 3.2 shows the 
lower limit in the absolute value of the ratio due to 
the uncertainty in the line shape. A small correction 
was made for the variation of the detector efficiency 
(Chapter II, 2.4). The upper limit in the absolute 
value of the ratio approximates to the experimental 
curve.

3. Discussion.
The points at Ep s 480 and 500 Kev show higher 

values of the ratio than neighbouring points and this 
effect is attributed to non-uniformity of the target 
deposit where a small portion may be thick enough to 
contribute some resonance radiation with a larger cross 
section and a higher value of the ratio. In this case,



TABLE 3 .1

M easurem ents o f  th e  L i^ ( p ,Y ) B©^ 
b r a n c h in g  r a t i o .

EP
(Kev)

T a rg e t
T h ic k n e s s
(Kev)

Angle h -  1 1 7 ’ 6b_ I  1 4 .8 R e fe re n c e

4 5 0 10-20  Kev 0 ° ,9 0 ° 2 - 0 . 2 (De 5 0 )

460 150  Kev 0 ° 2 (Wa 48)

500 T hick 0 °
35°
70°

1 .7  - 0 .2
1 .8  
1 .7 2

( s t  5 1 )

1150 70 0 °? .6 6 (Wa 48 )

1150 250 0°
35°
75°

.6 2  -  0 .0 7

.5 8  +

.4 5  -  0 .1
( s t  5 1 )

200 Thick 90° . 5  -  0 .1 (Ca 5 6 )

3 7 5 ,6 0 0 T hin 90° 1 .0  -  0 .2 (Ca 56)
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t h e  t a r g e t  was d i s c a r d e d  and th e  m easurem ent was r e p e a t e d .

The p r e c a u t i o n s  t a k e n  to  m in im ise  t h i s  e f f e c t  

have  b e en  d e s c r i b e d  i n  C h a p te r  I I  b u t  t h e r e  re m a in s  a 

p o s s i b i l i t y  t h a t  the  m easu red  v a lu e  o f  t h e  r a t i o  i n  th e  

r e g i o n  o f  460 -  650 Kev may be too  h i g h .  N e v e r t h e l e s s ,  

th e  p o i n t s  on th e  c u rv e  a re  r e p e a t a b l e ;  and th e  asymmetry 

i n  the b ra n c h in g  r a t i o  a b o u t  E * 441 Kev h a s  b e en
J r

o b s e rv e d  by o t h e r  i n v e s t i g a t o r s  (De 49» Ca 5 6 ) .

The r a t i o  a t  th e  441 Kev re so n a n c e  i s  2 .3  t  

0 .0 4  and  h i g h e r  t h a n  m easu rem en ts  r e p o r t e d  by o t h e r  

w o rk e rs  (T ab le  3 . 1 ) .  I n  th o s e  i n v e s t i g a t i o n s ,  t h i c k  

t a r g e t s  were u s e d  and th e  i n c l u s i o n  o f  a sm a ll  amount o f  

n o n - r e s o n a n t  r a d i a t i o n  would t e n d  to  red u c e  the r e l a t i v e  

i n t e n s i t y  o f  th e  1 7 .6  Mev gamma r a y .  I t  i s  i n t e r e s t i n g  

t o  r e f e r  to  th e  r e s o n a n c e  sp e c tru m  o f  f i g u r e  2 .2  o b t a i n e d  

from  a 200 Kev t h i c k  t a r g e t ,  bom barded w i th  500 Kev 

p r o t o n s .  The i n t e n s i t y  r a t i o  o b t a i n e d  from  t h i s  sp e c tru m  

was 1 .8 0  - 0 . 0 2 .

I n  th e  r e g i o n  o f  the  1030 Kev r e s o n a n c e ,  th e  

i n t e n s i t y  r a t i o  m a in t a in e d  a c o n s t a n t  v a lu e  a t  0 .5 8  “

0 .0 1  ( u n c o r r e c t e d )  and b o th  gamma r a y s  a re  r e s o n a n t .

About Ep * 700 Kev, the  r a d i a t i o n  i s  l a r g e l y  

due to  th e  n o n - r e s o n a n t  background  and the  i n t e n s i t y  r a t i o ,  

0 .5 4  - 0 . 0 5 , i s  a p p ro x im a te ly  in d e p e n d e n t  o f  th e  a n g le  o f  

o b s e r v a t i o n  (C h a p te r  IV ) .  I n t e g r a t i o n  o f  th e  r a t i o  o v e r



4 4 .

4ft d o es  no t a l t e r  the  v a lu e  and i t  i s  c o n s i s t e n t  w i th  

W i lk in s o n ’ s p r e d i c t i o n  from  th e  d i r e c t  s wave p r o to n  

c a p t u r e  mechanism t h a t  th e  t r a n s i t i o n s  sh o u ld  f a v o u r  

the  2 .9  Mev l e v e l  o f  Be^ (Wi 5 4 ) .

I n  th e  n e ig h b o u rh o o d  o f  th e  441 Kev and 

1030 Kev r e s o n a n c e s ,  the  r a t i o  was found  to  be a s t r o n g  

f u n c t i o n  o f  th e  a n g le  o f  o b s e r v a t i o n  and t h i s  m a t t e r  i s  

i n v e s t i g a t e d  i n  th e  c h a p te r  w hich  f o l lo w s .



CHAPTER IV.

The Angular Distributions.
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1 . I n t r o d u c t io n ,

T h e o r e t i c a l  e x p r e s s io n s  f o r  th e  d i f f e r e n t i a l  

c r o s s  s e c t i o n  o f  a n u c le a r  r e a c t i o n  a re  g iv e n  in  th e  

fo rm :

d ^  = ^max.

k = 0 Bk Pk co s  ^B1 52f De 57 ,

Vo 59) where © i s  the a n g le  b e tw een  th e  in c id e n t  and 

e m e rg en t p a r t i c l e s  i n  th e  c e n t r e  o f  m ass sy s te m . F or 

r a d i a t i v e  c a p tu re  p r o c e s s e s ,  th e  sy s te m  b e fo re  c o l l i s i o n  

c a n  be d e f in e d  i n  te rm s  o f  th e  m u tu a l o r b i t a l  a n g u la r  

momentum 1 o f  the  t a r g e t  n u c le u s  and th e  bom bard ing  

p a r t i c l e  and th e  v e c to r  sum s (c h a n n e l  s p in )  o f  t h e i r  

i n t r i n s i c  a n g u la r  momenta I  and i  r e s p e c t i v e l y .  The 

o u tg o in g  c h a n n e l f o r  gamma ra y  e m is s io n  i s  e x p re s s e d  in  

te rm s  o f  th e  m u lt ip o le  o rd e r  o f  th e  gamma ra y  1* and the 

s p in  o f  th e  f i n a l  n u c le a r  s t a t e  I E x p r e s s i o n s  in  

t h i s  r e p r e s e n t a t i o n  show to  be f u n c t io n s  o f  th e  e n e rg y  

o f  the in c id e n t  p a r t i c l e ,  th e  c h a n n e l s p i n s ,  the o r b i t a l  

a n g u la r  momenta and th e  n a tu r e  o f  th e  f o r c e s  b e tw een  th e  

p a r t i c l e s  (De 57» Go 5 9 ) .

E x p e r im e n ta l ly ,  th e  e s s e n t i a l  p a r t  o f th e  

a n a l y s i s  o f  a n g u la r  d i s t r i b u t i o n  m easu rem en ts i s  th e  

e x p re s s io n  o f th e  o b s e r v a t io n s  in  the  c e n t r e  o f  m ass 

sy s tem  and th e  c a l c u l a t i o n  by th e  m ethod o f l e a s t  s q u a re s
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o f  th e  c o e f f i c i e n t s  o f  th e  L egendre  p o ly n o m ia ls .

There a re  a number o f  r e s t r i c t i o n s  l i m i t i n g  th e  o r d e r  

k o f  th e  p o ly n o m ia ls  (Ya 4 8 ,  B1 52 ) w hich  a re  im p o r ta n t  

i n  t t e  a n a l y s i s  and i n t e r p r e t a t i o n  o f  a n g u la r  d i s t r i b ­

u t i o n s :

1« As a r e s u l t  o f  th e  c o n s e r v a t io n  o f  p a r i t y ,  

B^ v a n i s h e s  f o r  odd v a l u e s  o f  k ,  p ro v id e d  the  r e a c t i o n  

i n v o lv e s  an i s o l a t e d  l e v e l  o f  the  compound n u c le u s  w i th  

u n iq u e  p a r i t y  and a n g u la r  momentum. Odd pow ers o f  cos

0 i n  an  a n g u la r  d i s t r i b u t i o n  a re  due to  i n t e r f e r e n c e  

b e tw ee n  odd and ev en  p a r i t y  i n t e r a c t i o n s .

2. I n  r e a c t i o n s  where th e  p e n e t r a t i o n  c o e f f ­

i c i e n t s  a r e  such  t h a t  t h e r e  i s  a maximum v a lu e  1 o r  1 * 

f o r  which th e  w id th s  a r e  s i g n i f i c a n t ,  k -  2 1 ; k -  21* 

and k = 2b where b i s  the  t o t a l  a n g u la r  momentum o f  th e  

sy s te m .

I n  a d d i t i o n ,  t h e r e  a re  a number o f  w e ll-know n  

s e l e c t i o n  r u l e s  c o n c e rn in g  th e  e m is s io n  o f  gamma r a d i a ­

t i o n  w hich  a re  p e r t i n e n t  to  th e  a n a l y s i s  o f  th e  a n g u la r  

d i s t r i b u t i o n s  and w hich  a re  in c lu d e d  f o r  c o m p le te n e s s :

1 . I n  a  r a d i a t i v e  t r a n s i t i o n  be tw een  i n i t i a l  

and  f i n a l  s t a t e s  o f  a n g u la r  momenta J  and I  r e s p e c t i v e l y ,

1 c a n  assume any n o n - z e r o  i n t e g r a l  v a lu e  g iv e n  by

1 j  -  i i  * 1 *  i j  + ii

2. The p r o b a b i l i t y  o f  e m is s io n  o f  a gsrnma r a y



Ep 3?0 KEv

CHANNEL NO.

F i g . 4 . 1 .  L i " ^ (p ,Y )B e ^  s p e c t r a .

320K ev ; 6 = 0 °  and 1 3 5 ° J t a r g e t  20Kev

t h i c k ) .
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in a transition J --- — > I decreases rapidly as 1
2 g 21increases, roughly as (-^-) (We 51, B1 52a) where R 

is the nuclear radius and } \  is the wavelength of the 
emitted radiation. The multipolarity of the emitted 
radiation will generally correspond to the smallest 
value of 1 which is allowed by conservation of angular 
momentum and parity.

3. The relative transition probability of 
electric radiation is greater than magnetic radiation of 
the same multipolarity by a factor which is approximately

lAO ( 2%McR/h)2
(We 51) where M is the mass of the nucleon. This approx- 
imates to 4.4A' / J  and for Be , the factor is of the order 
of 18, irrespective of the transition energy.

The facts sunmarised in this introduction are 
used in the analysis of the angular distributions in 
section 3.1 and a summary of the results is included in 
the final sections. First, the measurement of the dis­
tributions is described.

2. Experimental.
Measurements of the energy spectra were made 

at 8 to 10 angles of observation, chosen in random order 
but at approximately equally spaced intervals of cos 0 
between 1 and - 0.71. The targets were set in a plane 
perpendicular to the proton beam but for measurements
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a t  9 0 ° ,  th e  b a c k in g  was i n c l i n e d  a t  an  a n g le  o f  20° to  

th e  beam. R o t a t i o n  o f  the  t a r g e t  was n o t  c o n s id e r e d  

d e s i r a b l e  because  the r e s u l t i n g  i n c r e a s e  i n  t a r g e t  

t h i c k n e s s  e f f e c t i v e l y  r e d u c e s  th e  beam energy*  A 

r o t a t i o n  of th e  t a r g e t  th ro u g h  20° i n c r e a s e s  th e  t h i c k ­

n e s s  by 6 % and t h i s  v a r i a t i o n  was c o n s id e r e d  t o l e r a b l e  

e v e n  i n  t h e  r e g i o n s  where the  a n g u la r  d i s t r i b u t i o n s  

change r a p i d l y  w i th  p r o t o n  e n e rg y .  E a r l i e r  w o rk e rs  

showed Vlfe)-^ ß + 17 6 v a r i e d  r a p i d l y  b e tw ee n  400 and 

550 Kev (De 49) and b e tw ee n  950 and 1100 Kev (Kr 5 4 ) .

I n  t h e s e  e n e rg y  r e g i o n s ,  t a r g e t s  10 Kev t h i c k  were 

fo u n d  to  e f f e c t  th e  compromise b e tw ee n  th e  need  f o r  a t h i n  

t a r g e t  and an  a d e q u a te  y i e l d  from  t h e  r e a c t i o n .  At the  

441 Kev r e s o n a n c e ,  t a r g e t s  l e s s  t h a n  5 Kev t h i c k  were 

u se d  and in  th e  re m a in in g  e n e rg y  r e g i o n s ,  20 Kev t h i c k  

t a r g e t s  were u se d  e x c e p t  f o r  p o i n t s  below  E = 300 Kev
£r

where th e  low y i e l d  r e q u i r e d  t a r g e t s  40  Kev t h i c k .

F ig u r e s  4 .1  t o  4 .4  show t y p i c a l  s p e c t r a  o b t a in e d  i n  th e  

m easu rem en ts .

The a n g u la r  d i s t r i b u t i o n s  o f  th e  u n r e s o lv e d  

gamma r a y s  were c a l c u l a t e d  from  th e  sum o f  e v e n t s  be tw een  

E = 8 .5  and 1 9 .5  ^ e v ,  and th e  s p e c t r a  were sunmed 

be tw een  the  c h a n n e ls  c o r r e s p o n d in g  to  1 6 .9  and 19*5 ^ev  

to  d e r i v e  th e  a n g u la r  d i s t r i b u t i o n  of th e  1 7 .6  Mev 

com ponent. The t o t a l s ,  a f t e r  c o r r e c t i o n  f o r  cosm ic r a y  

b a ck g ro u n d , a b s o r p t i o n  i n  the  t a r g e t  b a c k in g ,  c o u n t in g
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l o s s  in  the p u lse  h e ig h t  a n a ly se r  and n o r m a lisa tio n  

to  th e  same number o f  m onitor c o u n ts , were ex p ressed  

w ith  the an g le  o f  o b s e r v a t io n  in  the c e n tr e  o f  mass 

system .

In  the c o r r e c t io n s ,  th e  fo l lo w in g  approx­

im a tio n s  were made:

1 . The a b so rp tio n  c o e f f i c i e n t s  fo r  b r a ss  a t E  ̂ *
p

1 4 .8  and 1 7 .6  Mev (0 .0 3 2  and 0 .0 3 4  cm /gm r e s p e c t iv e ly  

(Da 55) )  were assumed to  be 0 .0 3 3  cm /gm and co n sta n t  

over the (E^ + 7/8E p ) Mev range in v e s t ig a t e d .  The use  

o f  t h i s  average va lu e  gave r i s e  to  a maximum erro r  o f  

0 . 02 %  in  the c o r r e c t io n  fa c to r  f o r  a b so r p tio n .

2. The tra n sfo r m a tio n  o f  the in t e n s i t y  I (©) and an g le  

o f  o b s e r v a t io n , 0 in  th e  la b o r a to ry  system  to  the c e n tr e  

o f  mass sy stem ,

He).  1U = l ie) (1 - v 2/ c 2 )c.m . —----------- ----- -------- -9
( 1+ v /c  co s 0 )*c.m .

and cos 6 _ ... = co s 0 -  v /cc .m . —"--------- :--------------1 -  v / c  c o s  ©
approxim ate to

1 ( 0 ) .  m = 1 ( 0 ) . (1 -  2v /c  co s 0 ) c »rn#
and 0  ̂ _ = 0 - 2  v / c  s i n  0c.m .

i f  h igh er  powers than

the f i r s t  in  v /c  are n e g le c te d , v b e in g  the v e lo c i t y  o f
o

r e c o i l  o f  Be . The h ig h e s t  v a lu e  o f  v /c  in  t h i s  i n v e s t ­

ig a t io n  i s  0 .0 0 6  a t  E * 1100 Kev.
hr
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Experimental points for W(@) 14.8 + 17.6
and W(0)^y £, normalised to unity at cos 0 = 1  are shown 
in figures 4.5 and 4.6.

3.1. Analysis.
It can be seen from figures 4.5 and 4.6 that 

the angular distributions are not symmetrical about 0 = 
; and odd powers of cos 0 are present indicating 

interference between contributions from protons of odd 
and even parity. Assuming the current evidence that 
both resonances are due to odd parity (p wave) protons 
(Chapter I, 1.3), the interfering radiation must be due 
to even parity protons. In this proton energy range, 
the penetrability of 1 = 2 protons is of the order of 
0.2*% of that for 1 = 0 protons (Ch 46) and the inter­
ference is assumed to be predominantly s - wave with a 
small admixture of d- wave protons.

The ground state of Li^ is 3/2”and electric
dipole (El) radiation can rise from both s and d wave
proton capture in this nucleus. Since El radiative
transitions are more probable than magnetic on higher
order electric radiation, the interference is assumed
to be El. For s - wave proton capture, the radiation
would be isotropic and for d wave protons, the highest
order term in the angular distribution function would

pbe cos 0. Interference between radiation from d wave



cos ©

Angular distributions of the 

17.6 Mev gamma rays W(e)17 r

Fig. 4.6



TABLE 4 .1

V a lu es  o f  th e  c o e f f i c i e n t s  o f  th e  
a n g u la r  d i s t r i b u t i o n s  i n  f i g u r e s  4 .1  and 4 .2 .

P ro to n
E nergy
(KevT.

1 4 .8  + 17*6 Mev. 1 7 .6 Me v . 1 4 .8 Mev.

Al/A0 V Ao V Ao A2 / Ao Al/Ao A2/ Ao

1100 0 .5 2 0 .3 5 1 .1 5 0 .4 0 .1 6 0 .3 2

1070 0 .4 1 0 .3 6 0 .9 0 0 .3 9 0 .1 4 0 .3 4

1050 0 .4 6 0 .3 6 0 .8 7 0 .4 3 0 .2 3 0 .3 2

1030 0 .3 1 0 .2 6 0 .5 6 0 .2 3 0 .1 7 0 .2 8

786 0 .1 8 0 .2 0 .2 0 0 .1 7 0 .1 5 0 .2 2

581 0 .3 3 0 .1 4 0 .4 9 0 .1 0 0 .1 7 0 .1 8

471 0 .1 7 0 .0 8 0 .2 0 0 .0 7 0 .1 2 0 .1 0

440 0 .0 5 6 0 .0 0 8 0 .0 6 4 0 .0 1 5 0 .0 3 6 -0 .0 0 2

428 -0 .0 5 7 -O .029 -0 .0 7 0 0 .0 0 4 -0 .0 3 2 -0 .0 9 5

396

321

•0 .2 7

• 0 . 2 2

- 0.02
0.01

•0 .41

• 0.56

0 .0 4

0.00

•0 .09

•0.01
-0 .0 9

0 . 0 2
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interaction and the E2 component in the resonant 14-8 
Mev gamma ray would introduce a cos^0 term in W(ö) y  g 
(Br 60).

The angular distributions would then be of
the form:

W(e)i4 g = A q  + A-ĵ cos 0 + A£ cos2 © + cos^0 --(.5) 

and W(e)17 g = Aq + cos 0 + A2 cos20 -- (6)

A number of the measurements of W(©) 14.8+17.6
were analysed in the form of equation (5) hut the errors 
in A* were large and no significance could be attributed 
to the values.

The solid lines in figures 4.5 and 4.6 show 
the results of a least squares fit of the polynomials (6) 
to the experimental points. Errors in A^ and A2 have 
been estimated from statistical and possible geometrical 
errors in the measurement. Corrections of the coeffic­
ients for finite detector geometry were negligible (Ro 53, 
Go 59).

The angular distributions of the 14.8 Mev gamma 
ray, W(©)14 g were obtained analytically from the measure­
ments. W(©)1-? g was multiplied by the factor required 
to satisfy the condition that at 0 = %

w(e) 17*6
W(e)14.8 ♦ 17.6_W(S)17.6

= b 9 the branching
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r a t io  m easured a t © = (C hapter I I I )  and W (© )^  g

was then  su b tr a c te d  from WC©)^ 8 + 17 6*

The angu lar d i s t r ib u t io n s  were ex p ressed  in
2

the form Aq (1 + a1 co s © + a 2 cos ©). The c o e f f i c i e n t s  

o f  W(©) fo r  f ig u r e s  4 .5  and 4 .6  are summarised in  ta b le  

4 .1  and th e  d er iv ed  c o e f f i c i e n t s  of W (© )^ g are in c lu d e d .

F ig u re s  4 .7  to  4 .1 0  show the v a r ia t io n  w ith  

p roton  energy o f  a 1 and a 2 fo r  the r e s o lv e d  and u n r e s o l­

ved gamma r a y s . The c o e f f i c i e n t s  fo r  ViK©)-  ̂ g have been  

d e r iv e d  from the smoothed v a lu e s  o f  W(©)-^ g + ^  g and 

W(©)1? g but the v a r ia t io n  o f  a 2 fo r  the 1 4 .6  Mev gamma 

ray i s  n o t shown b ecause i t  i s  id e n t i c a l  w ith  a 2 in  

f ig u r e  4 .9 .  T h is f ig u r e  a ls o  in c lu d e s  m easurem ents o f  

a ? by oth er  w orkers (De 49» Kr 5 4 ) .  The e x c i t a t io n  

fu n c t io n  o f  f ig u r e  4 .9  i s  tak en  from f ig u r e  3 .2  and

above E_ = 800 Kev the more a ccu ra te  measurement by 
P

Kraus at © = x /  (Kr 54) has been  u sed .
/ 2

In  f ig u r e s  4 .7  and 4 . 8 ,  the s c a t t e r  o f  the 

v a lu e s  o f  an betw een  E^ = 500 and 600 Kev i s  w ider than  

exp erim en ta l e r r o r s  would a llo w . Energy s t r a g g le  in  

the ta r g e t  can be s e r io u s  in  t h i s  energy r e g io n  because  

o f  the r i s in g  c r o s s  s e c t io n  o f  the ad jacen t reson an ce  

and the ra p id  change in  a^. A com parison o f  th e  la r g e  

number of s p e c tr a  o b ta in ed  in  t h i s  energy r e g io n  f a i l e d  

to  r e v e a l any s i g n i f i c a n t  d if f e r e n c e  in  the r e l a t i v e  

in t e n s i t y  o f  th e  1 7 .6  Mev gamma ray at a p a r t ic u la r
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a n g le  o f  o b s e r v a t io n .  N e v e r th e le s s ,  the  v a lu e s  o f  a ^ , 

b e c a u se  o f  th e  e n e rg y  s t r a g g l e  i n  t h i s  r e g io n ,  may be 

lo w e r th a n  one w ould e x p e c t  from  a n  i d e a l l y  t h i n  t a r g e t .

3 . 2 .  The V a r i a t i o n  o f  a ^.

An i n s p e c t io n  o f  f i g u r e s  4 . 9  and 4 .1 0  shows 

th e  v a lu e s  o f a 2 to  be the  same f o r  b o th  gamma r a y s  

w i t h in  th e  e x p e r im e n ta l  e r r o r s .  The a p p e a ra n c e  o f  a 2 

im m e d ia te ly  above th e  441 Kev re s o n a n c e  s u g g e s ts  t h a t  i t  

i s  a s s o c i a t e d  w ith  the  n o n - re s o n a n t  b a c k g ro u n d .

At t h e  441 Kev r e s o n a n c e  a 2 i s  a p p r o x i m a t e l y  

z e r o ,  and n e g l e c t i n g  i n t e r f e r e n c e  e f f e c t s ,  the  r a d i a t i o n  

i s  i s o t r o p i c .

At th e  1030 Kev r e s o n a n c e ,  th e  s i t u a t i o n  i s  

n o t  im m e d ia te ly  c l e a r .  I f  each  v a lu e  o f  a 2 i s  m u l t i ­

p l i e d  by th e  v a lu e  a t  th e  c o rre sp o n d in g  p o in t  on th e  

e x c i t a t i o n  f u n c t i o n ,  th e  r e s u l t i n g  A2 i s  s e e n  to  r i s e  

s t e a d i l y  th ro u g h  th e  re s o n a n c e  ( f ig u r e  4 . 9 ) .  iVie a s u r e -  

m en ts o f  A2 up to  E * 1240 Kev by K raus (Kr 54) s u g g e s t  

t h a t  A2 c o n t in u e s  to  r i s e  s lo w ly  beyond th e  re so n a n c e  

and th e  f i n i t e  v a lu e  o f  A2 c an  be a t t r i b u t e d  to  th e  n o n ­

r e s o n a n t  b a ck g ro u n d . I f  t h i s  i s  c o r r e c t ,  th e  r e s o n a n t  

r a d i a t i o n  i s  i s o t r o p i c .

3 . 3 .  The V a r i a t i o n  o f  a -̂ .

I n t e r f e r e n c e  te rm s i n  W(0) -^  g + 17 6 k ave 

b e e n  o b se rv e d  by e a r l i e r  w o rk e rs  (De 4 9 ,  Kr 54) b u t
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}

th e  s e p a r a t i o n  o f  the  two gamma r a y s  shows the  i n t e r ­

f e r e n c e  to  be s t r o n g e r  f o r  th e  g round  s t a t e  t r a n s i t i o n  

t h a n  f o r  th e  t r a n s i t i o n  t o  th e  2 .9  Mev l e v e l  o f  Be^ 

and t h i s  e f f e c t  a p p e a r s  t o  a c c o u n t  f o r  th e  d i f f e r e n c e  

i n  th e  a n g u la r  d i s t r i b u t i o n  o f  th e  two com ponents .

The m agnitude  o f  t h e  i n t e r f e r e n c e  f o r  each  

gamma r a y  w ould  depend on  th e  r e l a t i v e  i n t e n s i t y  o f  the  

component a t  t h e  r e s o n a n c e  and i n  the  i n t e r f e r i n g  b a c k ­

g ro u n d . For the 1 4 .8  Mev gamma r a y ,  th e  i n t e r f e r e n c e  

would a l s o  depend on  th e  u n d e r te rm in e d  m ix in g  r a t i o  o f  

Ml + E2 a t  th e  r e s o n a n c e .



APPENDIX.
Calculation of the Coefficients of 
the Polynomials W(e) by the Method 

of Least Squares.

This was performed using standard routines K3 
and L7 of the computor Silliac in the Basser Com­
puting Laboratory at the University of Sydney,

Routine K3 fits a set of N weighted ^
experimental points to the best polynomial of the form: 

s = n - 1
F(x) = 2 i_ a xs (n - N)

s = o
The criterion of excellence for the polynomial 

is that the sum of the squares of the deviations,

where the f(x^) are the given experimental data, shall be 
a minimum with respect to arbitrary variations of the co­
efficients a .s

to a set of n simultaneous linear equations for the co­
efficients a . The programme produces the equations in 
a nx(n+l) matrix form which are used in the automatic 
solution of linear equations by routine L7.

In the programme used, the experimental points were

M

The condition that M is a minimum is equivalent

1
given equal weight
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I n t r o d u c t i o n «

T h is  c h a p t e r  e x te n d s  the d i s c u s s i o n  o f  the  

e x p e r im e n ta l  r e s u l t s  and i n c l u d e s  a co m p a r iso n  w i th  th e  

r e s u l t s  o f  o t h e r  w o rk e rs .  I t  i s  c o n v e n ie n t  t o  d i s c u s s  

s e p a r a t e l y  th e  r e s o n a n c e s ,  the  n o n - r e s o n a n t  background  

and th e  o b se rv e d  i n t e r f e r e n c e  be tw een  th e  two. The 

c h a p te r  ends  w i t h  summary o f  th e  c o n c lu s io n s  f rom  th e  

e x p e r im e n t  and a b r i e f  d i s c u s s i o n  o f  f u r t h e r  i n v e s t i g a t i o n s  

w hich a re  s u g g e s te d  by th e  e x p e r im e n ta l  r e s u l t s .

1 .  The 441 and 1030 Kev R e so n a n c e s .

I n  t h i s  s e c t i o n  th e  r e s o n a n c e s  a re  d i s c u s s e d  

ig n o r in g  th e  cos  0 te rm  i n  th e  a n g u la r  d i s t r i b u t i o n s  

which i s  due to  the  i n t e r f e r e n c e  o f  r a d i a t i o n  o f  

o p p o s i t e  p a r i t y  t o  the  r e s o n a n c e  r a d i a t i o n .

1 .1 .  The Uhl Kev R e so n a n c e .

The a p p ro x im a te  i s o t r o p y  o f  th e  r a d i a t i o n  from  

th e  441 Kev r e s o n a n c e  f i r s t  l e d  to th e  c o n c lu s io n  t h a t
Q

th e  17 .64  Mev l e v e l  o f  Be was form ed by s wave 

( l = o ) p r o to n s  (De 4 9 ) .  T h is  was r e c o n s i d e r e d  (De 50,

De 54) i n  the l i g h t  o f  the  a n a l y s i s  o f  th e  e l a s t i c  

s c a t t e r i n g  o f  p r o to n s  by Li"^ a t  t h i s  re so n a n c e  

(Co 4 9 ,  Gh 53) which a t t r i b u t e d  th e  re so n a n c e  to  p 

wave p r o t o n s .  C a p tu re  o f  1 = 1 p r o to n s  by L i^ ( J = 3 /2  )
, Q

to  t h e  J  = 1 l e v e l  o f  Be c a n  p ro c e e d  th ro u g h  c h a n n e l  

s p i n s  1 and 2; th e  c o n t r i b u t i o n s  o f  b o th  c h a n n e ls
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o v er la p  in c o h e r e n t ly  and cannot in t e r f e r e  w ith  each  

other* The angu lar d i s t r ib u t io n  o f  the reson ance  

r a d ia t io n  i s  o f  th e  form (De 5 0 )

w(e) 1 7  ,  = 1 + c o s 2©
17.6 (5R+7) ------ (5 .1 )

and

w(e)j. g = 1 + ^ aV5R-lHU+45ß s i n  g! + 9ß2) ........ (5. 2)
260R+268 + 12ß s in  0U-5R)+3p2(35R+4l)

where R i s  the r a t io  o f  th e  c o n tr ib u t io n  from ch an n el 

sp in  1 to channel sp in  2 , ß i s  the m ixing r a t io  o f  E2 

and Ml r a d ia t io n  and <jf i s  the phase d if fe r e n c e  of the  

Ml and E2 m u ltip o le s*

For R = the an gu lar  d i s t r ib u t io n s  o f the

1 7 .6  and 1 4 .8  Mev components are i s o t r o p ic ,  i r r e s p e c t iv e  

o f  the r e la t iv e  s tr e n g th s  o f  Ml and E2 r a d ia t io n  in  the 

1 4 .8  Mev gamma r a y .

The angu lar d i s t r ib u t io n s  o f  th e  r a d ia t io n  a t  

th e  441 Kev reson ance a r e , by the p r e se n t m easurem ents:

= 1 + .0 6 4  -  .0 1  co s  9 + 0 .0 1 5  t  .0 2  c o s 2©
1 7 .6

W(©) -, I 0 = 1 + 0 .0 3 6  -  .0 2  c o s  © " 0 .0 0 2  t  .0 3  co s'”©.
14. o

The v a lu e s  o f  a 2 are app rox im ately  zero  and 

c o n s is t e n t  w ith  a channel sp in  r a t io  o f

Neuert and R etz-S ch m id t (Ne 5 8 ) have observed  
2

a sm a ll c o s  © term ( a 2 = 0 .0 3 )  in  the angu lar d i s t r i b ­

u t io n s  o f  th e  two components corresp on d in g  to  a channel 

sp in  r a t io  o f  1 /^ . The s c a t t e r  o f  p o in ts  in  the
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fo rw ard  d i r e c t i o n  th ro w s  d o u b t  on t h e i r  c o n c lu s io n  

a l th o u g h  th e  v a lu e  i s  w i t h i n  th e  e x p e r im e n ta l  e r r o r  o f  

th e  p r e s e n t  w ork. Devons and Hine (De 4 9 ) found  

&2 = o a t  t h i s  r e s o n a n c e  f o r  the  u n r e s o lv e d  ganma r a y s .

1 2 . The 1030 Kev R e so n a n c e .

At th e  1030 Kev r e s o n a n c e ,  i t  i s  d i f f i c u l t  to  

m easure  th e  a n g u la r  d i s t r i b u t i o n  o f  th e  re s o n a n c e  r a d i a ­

t i o n  i n  th e  p r e s e n c e  o f  th e  n o n - r e s o n a n t  background  

w hich  i s  dom inan t and c e r t a i n l y  i n c l u d e s  an  a ^  te rm .

I f  one assum es t h a t  th e  n o n - re  so n a n t  background  h a s  a 

v a lu e  o f  = 0 .2 4  a t  E = 1030 Kev, i t  i s  o n ly  p o s s i b l e  

to  say  t h a t  w i t h i n  the e x p e r im e n ta l  e r r o r s ,  th e  a n g u la r

d i s t r i b u t i o n  of th e  r e s o n a n t  1 7 »6 Mev gamma r a y  i s
2 2b e tw een  1 + *33 cos  0 and 1 ” 0 .0 6  cos 0 . S ince  th e  

r e s o n a n c e  i s  b e l i e v e d  t o  be p -  wave (L i 55 ) e q u a t i o n s  

5 . 1 . and 5 .2 .  a r e  a g a i n  a p p l i c a b l e  and th e  c h a n n e l  s p i n  

r a t i o  i s  be tw een  R = 0 .1  and 1 .

For a v a lu e  o f  R o t h e r  th a n  V5 , a 2 i s  n o t  

n e c e s s a r i l y  t h e  same f o r  th e  two ganma r a y s  (E q .5«2) 

b u t  s in c e  ß and a re  n o t  known, no u se  can  be made of 

th e s e  v a lu e s  t o  l i m i t  th e  e r r o r s  i n  the r a t i o .  The 

e x p e r im e n ta l  r e s u l t s  a re  n o t  c o n c lu s iv e  b u t  th e  L i^ ( p ,p )  

m easu rem en ts  a t  t h i s  r e s o n a n c e  r e q u i r e  a c h a n n e l  s p i n  

r a t i o  o f  abou t V 5 (L i  5 5 ) and t h e  p r e s e n t  m easu rem en ts  

o f  th e  gamma r a d i a t i o n  a re  n o t  i n c o n s i s t e n t  w i th  t h i s  '

r a t i o



2 The Non-Re son ant Background

58.

The background r a d ia t io n  above the 441 Kev 

reson an ce was ob served  by Bonner and Evans who showed 

th a t  i t  cou ld  not be e x p la in ed  in  term s o f  th e  in c r e a se d  

b a r r ie r  p e n e t r a b i l i t y  o f  the r e so n a n t p ro ton s (Bo 4 8 ) .

No n eigh b ou rin g  reso n a n ces  have been found th a t  are 

str o n g  enough to  account for the c r o s s  s e c t io n  o f  the  

r e a c t io n  betw een the r e so n a n c es .

W ilk in so n 's  th eo ry  o f  d ir e c t  s-w ave proton  

cap tu re  (Wi 54) i s  a t t r a c t iv e  because i t  can account 

fo r  the background up to  E = 1 Mev, i t  p r e d ic t s  th a t
Q

in  the n on -reson an t r e g io n s ,  the 2 .9  Mev l e v e l  o f  Be

i s  favou red  in  the ca p tu re  p r o c e ss  and the r a d ia t io n

(E l)  has the c o r r e c t  p a r ity  to  in t e r f e r e  w ith  the 441

and 1030 Kev r e so n a n c e s . The th eory  would a lso  req u ire

the background r a d ia t io n  to  be i s o t r o p ic  but t h i s  i s  not

in  agreem ent w ith  the ex p er im en ta l r e s u l t s .  In  the

en ergy  r e g io n  in v e s t ig a t e d ,  s-w ave p ro ton  cap tu re  i s

dominant but sm all c o n tr ib u t io n s  from 1 = 1 or  1 = 2

p r o to n s , w h ile  not c o n tr ib u t in g  s i g n i f i c a n t ly  to  the
2t o t a l  c r o s s  s e c t io n  co u ld  in tro d u ce  a c o s  0 term in  th e  

angu lar d i s t r ib u t io n s .  The p e n e t r a b i l i t y  o f 1 3 2 

and 1 = 1 p ro to n s i s  low in  th i s  r e g io n  but la rg e  a 2 

term s can  a r is e  from s-w ave and d-wave in te r fe r e n c e  

in  the background w h ile  s-w ave and p-wave in te r fe r e n c e  

would in tro d u ce  term s i n  co s 6 o n ly . In  f ig u r e s  4 .9
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and 4 . 1 0 ,  &2 te rm s  a p p e a r  a t  a b o u t  E^ = 460 Kev and 

t h i s  c o r r e s p o n d s  to  t h e  e n e rg y  where the  d-wave p r o to n  

p e n e t r a b i l i t y  cu rve  f o r  Li*^ b e g in s  t o  r i s e  (Ch 4 8 ) .

I t  i s  c o n c lu d e d  t h a t  t h e  n o n - r e s o n a n t  background  i n c lu d e s  

b o th  s and d-wave p r o to n  c a p t u r e  r a d i a t i o n  which i s  

assumed to  be e l e c t r i c  d i p o le  i n  c h a r a c t e r .  C o n t r i ­

b u t io n s  from  1 = 1 p r o t o n s  i n  t h e  b ack g ro u n d  may be 

p r e s e n t  b u t  would be l i m i t e d  by th e  l o n g e r  mean l i f e  

t im e  of Ml and E2 r a d i a t i o n .

The a 2 te rm  i s  t h e n  e s s e n t i a l l y  an i n t e r f e r e n c e  

te rm  from  s and d -  wave p r o to n s  i n  th e  b ack g ro u n d ;  th e  

v a r i a t i o n  o f  a 2 d epends  on the  r e l a t i v e  s t r e n g t h  o f  th e  

two com ponents . A cco rd ing  to  W ilk in s o n ,  the  d i r e c t  s -  

wave p r o to n  c a p tu r e  c r o s s  s e c t i o n  d ro p s  s lo w ly  beyond

E = 1  Mev and one would e x p e c t  a 0 to  show t h i s  e f f e c t .
P *

T h is  h a s  n o t  b e e n  i n v e s t i g a t e d  q u a n t i t a t i v e l y  b u t  the 

p l a t e a u  i n  A2 i n  f i g u r e  4 . 9 ,  w hich  l i e s  beyond th e  

p r e s e n t  m easu rem en ts ,  may be due t o  th e  change i n  the 

r e l a t i v e  i n t e n s i t y  o f  t h e  s and d-wave p r o to n  c o n t r i -  

b u t  i o n s .

3 .  I n t e r f e r e n c e .

I n t e r f e r e n c e  i n  t h e  n e ig h b o u rh o o d  o f  the  441 

Kev r e s o n a n c e  was f i r s t  o b se rv e d  by Devons and Hine 

(De 49) by m ea su r in g  th e  i n t e n s i t y  o f  the  u n r e s o lv e d



p ro to n  en erg y  (keV)

F ig u r e  4. V aria tio n  o f asy m m e try  w itli p ro to n  energy . 
T a rg e t th ick n ess  O =  12keV  a t  5 0 0 keV ; A =  2 0 k eV  a t  5 0 0 koV.

F ig . 5 .1 .  V a r ia t io n  o f  asym m etry w ith

p ro to n  e n e rg y . T a rg e t th ic k n e s s  

0 = 12 Kev; A = 20 Kev. (A f te r  

Devons and H in e ; De 4 9 ) .
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gamma r a y s  a t  15° and 145°• T h e i r  e x p e r im e n ta l  

r e s u l t s  a re  shown i n  f i g u r e  5 .1  and t h i s  i s  t o  be 

compared w i t h  f i g u r e  4 . 7 *

The two c u rv e s  show th e  r a p i d  change o f  th e  

p h ase  a n g le  ( 8 ) b e tw ee n  the  r e s o n a n t  r a d i a t i o n  and the 

n o n - r e s o n a n t  r a d i a t i o n  o f  odd p a r i t y .  The i n t e r f e r ­

ence  te rm  i s  ze ro  (and  8 = ^ / 2 ) a t  = 434 -  3 Kev i n  

the  p r e s e n t  work and 433 -  2 Kev i n  f i g u r e  5 . 1 .

The r e s u l t s  d i s a g r e e  i n  th e  p o s i t i o n  and v a lu e  

o f  t h e  maximum a n i s o t r o p i e s ,  I ,  o f  W(e)-y^ 8 + 17 6

I n  th e  p r e s e n t  w ork , t h e s e  o c c u r  a t  E_ = 56O ( i  = 1 .8 )P
and (380 Kev ( i  = 0 .6 )  and i n  f i g u r e  th ey  a re  a t

Sp = 575 ( i  = 2 )  and 330 ( I  = 0 .3 5 )*  The maxima o f  

f i g u r e  5*1 a r e  b e tw ee n  th o s e  o f  W(e) 17 .6 and

W (e)x^  8 + 17 6 i n  th e  p r e s e n t  w ork . I t  i s  p o s s i b l e  

t h a t  th e  g e ig e r  c o u n te r  d e t e c t o r  sy s te m  u se d  by Devons 

and Hine was more s e n s i t i v e  to  th e  17»6 Mev gamma r a y  

and t h i s  i s  s u g g e s te d  by the  v a lu e  o f  th e  i n t e n s i t y  

r a t i o  a t  th e  441 Kev r e s o n a n c e  w hich  i s  tw ice  a s  l a r g e  

a s  the p r e s e n t  m easu rem en t.

On th e  a s su m p t io n  t h a t  the 441 Kev re s o n a n c e  

was due t o  s-w ave p r o t o n  c a p t u r e ,  Devons and Hine 

(De 49)  were a b le  to  a t t r i b u t e  the  i n t e r f e r e n c e  to  a 

b r o a d ,  e v en  p a r i t y  l e v e l  o f  Be a s s o c i a t e d  w i th  L iH p ,« * )^  

r e a c t i o n ,  which i s  r e s o n a n t  a t  3 Mev, and to  f i t  t h e i r
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experimental curve to a theory based on the overlap 
of these two levels.

With the more recent evidence that the resonan­
ces are p-wave (De 50, De 54) there is no known over-

Qlapping odd-parity level of Be which can give rise to 
the interference, but Wilkinson has suggested the 
interference could be due to odd-parity, direct s or 
d-wave proton capture.

A theoretical analysis of interference between
othe levels of Be and a direct proton capture mechanism 

without a well-defined intermediate state is the subject 
of investigation by other workers (Br 60) and is limited, 
at the moment, to the simpler case of the ground state 
transition in the region of the 441 Kev resonance.
The interfering radiation is assumed to be electric 
dipole from direct s-wave proton capture. The inter­
pretation of the interference with the 14.8 Mev gamma 
ray is complicated by the urdetermined mixing ratio of 
Ml and E2 radiation at the resonance.

At the 1030 Kev resonance, both gamma rays show 
interference effects and this provides additional 
evidence that they are both resonant at this proton 
energy. Both s and d-wave proton capture in the back­
ground contribute to the interference with the p-wave 
resonance. It is also possible that there is a p-wave 
component in the background giving rise to cos © terms
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i n  the  backg round  r a d i a t i o n  i t s e l f .  The t h e o r e t i c a l  

a n a l y s i s  o f  th e  m echanism s which g iv e  r i s e  to  the 

o b se rv e d  v a r i a t i o n  o f  th e  c o e f f i c i e n t  o f  co s  0 a t  t h i s  

re s o n a n c e  would be d i f f i c u l t ,  b u t  an e x t e n s i o n  o f  th e  

m easu rem en ts  t o  h i g h e r  p r o t o n  e n e r g i e s  may a s s i s t  1he 

i n t e r p r e t a t i o n .

4 .  C o n c lu s io n s .

I n  the l i g h t  o f  the ev id en ce  th a t  the 441 and

1030 Kev r e s o n a n c e s  a r e  p -w ave, we may sum m arise the

c o n c lu s io n s  from th e  p r e se n t  i n v e s t ig a t io n  o f  the 
7 8L i ' ( p , v ) B e  r e a c t i o n .

1 . The two gamma r a y s  from the 441  Kev reson an ce are  

i s o t r o p ic  and c o n s is t e n t  w ith  the reson ance b e in g  

p-wave w ith  ch an n el sp in s  1 and 2 in  the r a t io  o f

1/  .

2. Both  gamma r a y s  a re  r e s o n a n t  a t  the  1030 Kev 

r e s o n a n c e .  The a n g u la r  d i s t r i b u t i o n s  o f  th e  

re so n an c e  r a d i a t i o n  have n o t  b een  m easured  

a c c u r a t e l y  and th e y  do n o t  l e a d  to  any d e f i n i t e  

c o n c lu s io n s  on  th e  m echanism o f  th e  1030 Kev 

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

w i th  the r e s o n a n c e  be ing  p-wave ( J  = 1+ ) w i th  

c h a n n e l  s p i n s  1 and 2 i n  th e  r a t i o  o f  1 /  .



63,

3 . The non-re sonant background betw een the 1+41 and 

10 3 0  Kev reso n a n ces  in c lu d e s  both  s and d-wave 

p ro to n  capture r a d ia t io n .  In te r fe r e n c e  betw een  

th e  two g iv e s  r i s e  t o  s i g n i f i c a n t  a 2 term s in  th e  

an gu lar  d i s t r ib u t io n s .  The v a lu e  o f  a2 i s  

approxim ately  the same fo r  both  gamma r a y s .

4 .  The s e p a r a t i o n  o f  t h e  two gamma r a y s  c o r r e s p o n d i n g  

to  t r a n s i t i o n s  t o  t h e  g round  s t a t e  and f i r s t
D

e x c i t e d  s t a t e  o f  Be h a s  shown t h e i r  r e s p e c t i v e  

a n g u l a r  d i s t r i b u t i o n s  t o  d i f f e r  m ark ed ly  i n  t h e  

ne ighbourhood  o f  the  441 and 1 0 3 0  Kev r e s o n a n c e s  

a s  a r e s u l t  o f  the i n t e r f e r e n c e  b e tw e e n  the  

r e s o n a n t ,  e v en  p a r i t y  s t a t e s  and p r o t o n  i n t e r ­

a c t i o n s  o f  o p p o s i t e  p a r i t y *

4 .1 .  F urther Work.

I t  i s  u n f o r t u n a t e  t h a t  t h e  p r e s e n t  m easu rem en ts  

c o u ld  no t  be e x t e n d e d  to  h i g h e r  p r o t o n  e n e r g i e s ;  the  

i n f o r m a t i o n  on t h e  1030 Kev r e s o n a n c e  i s  i n c o m p le te  and 

a more p r e c i s e  measurement  o f  a 2 up t o  = 1*5 

would be u s e f u l  i n  t h e  i n t e r p r e t a t i o n  o f  the  r e s o n a n c e  

and the  n o n - r e s o n a n t  b a c k g ro u n d .

The i n v e s t i g a t i o n  of the  2 .1  Mev r e s o n a n c e  i n  

th e  L iH p ,Y ) B e  r e a c t i o n  h a s  b e e n  l i m i t e d  t o  the  m e a s u r e ­

ment o f  e x c i t a t i o n  f u n c t i o n s  o f  t h e  u n r e s o l v e d  gamma r a y s  

a t  0° and 90° (P r  54 , Ne 5 7 ) .  The l a t t e r  w o rk e r s  a l s o
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m easu red  th e  i n t e n s i t y  r a t i o  o f  th e  com ponents a t  120° 

to  the  p r o t o n  beam and found  o n ly  th e  1 4 .8  Mev component 

to  be r e s o n a n t .  I f ,  a s  h a s  b e e n  shown a t  th e  1030 Kev 

r e s o n a n c e ,  the  i n t e n s i t y  r a t i o  i s  a s t r o n g  f u n c t i o n  o f  

the  a n g le  o f  o b s e r v a t i o n ,  t h e i r  c o n c l u s i o n  may be w rong. 

An a n g u la r  d i s t r i b u t i o n  m easurem ent a t  t h i s  en e rg y  would 

be o f  i n t e r e s t .

F i n a l l y ,  t h e r e  i s  c l e a r l y  a need  f o r  a (y “°0  

a n g u la r  c o r r e l a t i o n  m easurem ent o f  t h e  1 4 .8  Mev gamma 

a t  the  441 Kev re s o n a n c e  i n  o r d e r  to  d e te rm in e  th e  

m ix in g  r a t i o  o f  Ml and S2 r a d i a t i o n  i n  t h i s  com ponent.

A knowledge o f  t h i s  r a t i o  i s  r e q u i r e d  to  e x p l a i n  the  

m arked d i f f e r e n c e  i n  t h e  i n t e r f e r e n c e  te rm  i n  th e  1 7 .6  

Mev and 1 4 .8  Mev com ponents .



PART B

CHAPTER VI.

Studies in Photodisintegration
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In tr o A u c tio n .

The in v e s t ig a t io n s  p r e sen ted  in  t h i s  s e c t io n  

in v o lv e  the a p p l ic a t io n  o f  te c h n iq u e s  d evelop ed  in  t h i s  

la b o r a to r y  by Mann, Ophel and W right (Ma 57> Op 5 8 ) fo r  

the measurement o f  p h o to -p ro to n  sp e c tr a  in  th in  in o rg a n ­

i c  s c i n t i l l a t o r s  which serv e  as both  ta r g e t  and d e te c to r ,
~7 8U sing m onochrom atic gamma r a d ia t io n  from the L i '(p ,y )B e  

r e a c t io n ,  p h o to -p ro to n s have been  r e so lv e d  w ith  a r e s o l ­

u t io n  as h igh  as 5% and i t  h as been  p o s s ib le  to  study

the p h o to d is in te g r a t io n  o f  the e lem en ts  in  the corrmon
23 22in o r g a n ic  s c i n t i l l a t o r s :  Na J (y ,p )N e  (Op 5 8 )*

K ^ ( y , p )a 38 ( 0p 5 9 ) .  Cs15^ (Y ,p)X e1^ 2 and I 12 "̂ (y , p ) Te126

(Wr 5 8 ) .  The m easured c r o s s  s e c t io n s  and the energy  

d is t r ib u t io n  o f  the p h o to -p r o to n s  can be compared w ith  

the p r e d ic t io n s  o f  the s t a t i s t i c a l  theory to t e s t  the 

s ig n i f ic a n c e  o f  the two p o s s ib le  r e a c t io n  mechanisms: 

compound n u c le u s  and d ir e c t  p ro to n  e m is s io n .

2, Techniques in  P h o to d is in te g r a t io n  S tu d ie s .

I t  i s  co n v en ien t to  d is c u s s  b r i e f l y  the methods 

used by o th e r  w orkers in  t h i s  type o f  in v e s t ig a t io n  so 

th a t the p r e se n t  method can be compared w ith  them.

2 .1 .  R esid u a l A c t iv a t io n .

The measurement o f p h o to n u clea r  r e a c t io n  c r o ss  

s e c t io n s  by ir r a d ia t in g  e le m e n ts  w ith  gamma ra y s and
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m e a su r in g  the  r e s i d u a l  a c t i v a t i o n  h a s  b een  a w i d e l y -  

u s e d  t e c h n i q u e  i n  photo d i s i n t e g r a t i o n  s t u d i e s .  D e t a i l s  

o f  t h e  i n v e s t i g a t i o n  a re  w i t h i n  the  scope o f  a r e v ie w  

a r t i c l e  by S t r a u c h  ( S t  5 3 ) .  The method does  n o t  a l low  

th e  i n v e s t i g a t i o n  o f  p a r t i c l e  s p e c t r a ,  b u t  m easurement  

o f  e x c i t a t i o n  f u n c t i o n s ,  u s i n g  b e t a t r o n s  and e l e c t r o n  

s y n c h r o t r o n s ,  have  e s t a b l i s h e d  t h e  g e n e r a l  f e a t u r e s  o f  

t h e  g i a n t  r e s o n a n c e  i n  p h o t o n u c l e a r  r e a c t i o n s  (Mo 53) 

and i t  i s  o f t e n  p o s s i b l e  to compare the  c r o s s - s e c t i o n s  

o f  ( y * n ) ,  (y*p ) 9 ( r* 2 n )  and (y*3n) r e a c t i o n s  i n  one 

t a r g e t  to  d i s t i n g u i s h  be tw een  compound n u c l e u s  and 

d i r e c t  e m i s s i o n  p r o c e s s e s .  (Ca 57» Hi 4 7 ) .  S in c e  many 

( y , p ) r e a c t i o n s  l e a d  to  s t a b l e  p r o d u c t s ,  t h e  method  i s  

l i m i t e d  i n  i t s  a p p l i c a t i o n ,  and d i r e c t  o b s e r v a t i o n  o f  

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

m e a su re m e n t .

2 . 2 .  Charged P a r t i c l e  S p e c t r o s c o p y .

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

b e e n  l i m i t e d  to  c h a rg e d  p a r t i c l e  e m i s s i o n  i n  (y »p ) » ( y »<1) 

and (y *°0  r e a c t i o n s .  The y i e l d  f rom an i r r a d i a t e d  

t a r g e t  h a s  b e en  o b s e r v e d  by an a r r a y  o f  p h o t o g r a p h i c  

p l a t e s  s u r r o u n d i n g  the  t a r g e t  (To 51) o r  by s c i n t i l l a t i o n  

c o u n t e r s  (Lo 59) and a n g u l a r  d i s t r i b u t i o n s  have been  

m easured  i n  t h i s  m anner .  For  an a d e q u a te  y i e l d ,  the  

m easu rem en ts  r e q u i r e  an i n t e n s e  c o l l i m a t e d  gamma r a y
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beam and t h i s  t y p e  o f  i n v e s t i g a t i o n  h a s  been  l i m i t e d  

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

o f  t h e  e n e r g y  s p e c t r a  a re  smeared  by th e  c o n t i n u o u s  

energy  s p r e a d  o f  the  b r e m s s t r a h l u n g .

More p r e c i s e  m easu rem en ts  o f  the  e n e rg y  s p e c t r a  

have b e e n  made by i n v e s t i g a t i n g  pho to  n u c l e a r  r e a c t i o n s  

i n  th e  d e t e c t o r  medium. For d i s c u s s i o n ,  t h e s e  may be 

d i v i d e d  i n t o  f o u r  g r o u p s :  

a .  N u c le a r  E m u l s i o n s .

The use  o f  n u c l e a r  e m u l s i o n s  i n  the  i n v e s t i ­

g a t i o n  of p h o t o d i s i n t e g r a t i o n  h a s  b e e n  r e v i e w e d  

by T i t t e r t o n  (T i  55)* Measurements  have b e en  

made by i r r a d i a t i n g  e m u l s io n s  lo a d e d  w i th  a 

number o f  l i g h t  e l e m e n t s .  I n  g e n e r a l  t h e  s p e c t r a  

a r e  more e a s i l y  i n t e r p r e t e d  when monochrom atic  

gamma r a y  s o u r c e s  from p r o t o n  c a p t u r e  i n  l i g h t  

n u c l e i  have  b e e n  u se d .  Where e m u ls io n s  have 

b een  i r r a d i a t e d  w i th  b r e m s s t r a h l u n g ,  i t  i s  some­

t im e s  p o s s i b l e  t o  c a l c u l a t e  from th e  measurement 

o f  th e  t r a c k s  i n  each  e v e n t  i n  t h e  e m u l s io n ,  

th e  e n e r g y  o f  th e  i n c i d e n t  gamma r a y .  An 

e x c i t a t i o n  f u n c t i o n  can  be d e r i v e d  f rom  t h e  e n e r g y  

d i s t r i b u t i o n  o f  gamma r a y s  i n  the  b r e m s s t r a h l u n g .  

R eso n an t  a b s o r p t i o n  p e ak s  h ave  b e en  found  in  t h i s  

manner i n  C1 2 (y >3°<) and (Go 5 3 ) ,

L i 7 (Y , t ) H e 4 (T i  53) and B1 0 (Y,d)2c< ( mu 5 2 ) .
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Energy spectra of 5 “ 2 0% resolution have 
been obtained by irradiating nuclear emulsions 
with monochromatic gamma rays from the Li'(p,y)Be 
and F^Cp* y »°0o ^  reactions. (Na 52a, Wa 53) and 
it is possible to measure angular distributions of 
the reaction products in the emulsion. The tech­
nique has extended the field of measurement 
considerably but the accumulation of data is 
tedious and other methods have been sought to 
eliminate the visual measurement of tracks and to 
improve the overall statistical accuracy.

b. Cloud Chanbers.
Cloud chambers have been filled with helium 

(Ga 5l) and nitrogen (Wr 5?) to study the He^(y,p)H^ 
and the (y »p ), and (y >°0 reactions in N ^
using bremsstrahlung. The H (Y,p)n reaction has 
been investigated using the 6.1 Mev gamma rays 
from F1^(p ;y ,°̂ )o 1^. (Ph 50). The density of the 
detector medium is low and for a reasonable 
statistical accuracy very long running times are 
required with the most intense gamma ray beams 
that are available.

c . Proportional Counters.
Proportional counters filled to a few atmos­

pheres of pressure with a number of suitable



69

g a s e s  have  b e e n  i r r a d i a t e d  w i th  m onochromatic  

garrma r a y s ,  g e n e r a l l y  f rom the  L i ' ( p , Y ) B e  

r e a c t i o n ,  and th e  p h o t o d i s i n t e g r a t i o n  o f  th e  

c o u n t e r  g a s  h a s  b e e n  s t u d i e d  a s  i n  H (y>p)n  

(Be 5 2 ) ;  C1 2 (y , 3=0 , (Ca 5 5 ) ;  N1 4 ( y , p )C1 3 ,

Nli+(Y.0‘)B:LU» Ne2 0 (Y,=<)016 and Ne2 0 (Y,p)P1 9 ,

(Ha 6 0 ) ;  A4 0 (y , p )C13 9 , (Wi 5 1 ) .  D i s c r e t e

p a r t i c l e  g ro u p s  have  b e en  r e s o l v e d  i n  the 

r e a c t i o n s ,  w i th  t h e  e x c e p t i o n  o f  t h e  f i r s t  two, 

where l e v e l s  o f  the  r e s i d u a l  n u c l e u s  a re  n o t  

i n v o l v e d ,  and t r a n s i t i o n s  to l e v e l s  i n  the  

r e s i d u a l  n u c l e u s  have b e e n  i d e n t i f i e d .  The 

method i s  l i m i t e d  by th e  number o f  s u i t a b l e  

c o u n t e r  g a s e s  a v a i l a b l e ;  t h e  r e s o l u t i o n  o f  the  

c o u n t e r s  (10 - 20°/o  ) and t h e  l o n g  decay  t ime o f  

th e  p u l s e  o u t p u t  f rom the  c o u n t e r  which l i m i t s  

t h e  c o u n t in g  r a t e .

2 . 3 .  Summary.

Most o f  the  i n f o r m a t i o n  a v a i l a b l e  i n  a s y s t e m a t i c  

s tu d y  o f  photo d i s i n t e g r a t i o n  h a s  come f rom e x p e r i m e n t s  

u s i n g  the  a c t i v a t i o n  t e c h n i q u e  which o n l y  a l l o w s  th e  

measurement  o f  c r o s s  s e c t i o n s  and e x c i t a t i o n  f u n c t i o n s .

A knowledge o f  t h e  e n e rg y  and a n g u l a r  d i s t r i b u t i o n s  o f  

r e a c t i o n  p r o d u c t s  i s  needed  f o r  an e x a c t  i n t e r p r e t a t i o n  

o f  th e  r e a c t i o n  mechanism. These p a r a m e t e r s  must  be
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d e te rm in e d  u s in g  m o n o c h ro m a tic  gamma ra y  s o u rc e s  and 

d e te c to r s  w i t h  good e n e rg y  r e s o lu t i o n .  To d a te ,  few  

m easurem en ts  o f  t h i s  ty p e  have been  made w h ic h  a llo w  

a d e t a i le d  c o m p a r is o n  w i t h  t h e o r y ,  th e  n o ta b le  e x c e p t io n  

b e in g  th e  p h o t o d is in t e g r a t io n  o f  the  d e u te ro n .

2 .4 .  The P re s e n t M e th o d .

The use o f  in o r g a n ic  s c i n t i l l a t o r s  as b o th  

t a r g e t  and d e te c to r  i s  an e x te n s io n  o f  m e thods d is c u s s e d  

i n  s e c t io n s  2 .2  a , b and c b u t th e re  a re  a number o f  

a d v a n ta g e s  i n  t h i s  m e thod  n a m e ly :

1 . The d e n s i ty  o f  th e  t a r g e t  m a t e r ia l  i s  h ig h e r  

th a n  t h a t  used  i n  p r o p o r t io n a l  c o u n te rs  and 

n u c le a r  e m u ls io n s . The in o r g a n ic  s c i n t i l l a t o r s  

do n o t  r e q u i r e  e la b o r a te  p r e p a r a t io n .

2 . The s m a ll s iz e  o f  th e  d e te c to r  and m o u n tin g  

a l lo w s  i t  to  be p la c e d  c lo s e  to  weak mono­

c h ro m a t ic  garrma ra y  s o u rc e s .

3 . By a s u i t a b le  c h o ic e  o f  c r y s t a l  d im e n s io n s , 

th e  d e te c to r  can  be made r e l a t i v e l y  in s e n s i t i v e  

to  th e  gamma ra y  f l u x  t r a v e r s in g  i t .

4 . The f a s t  decay t im e s  o f  in o r g a n ic  s c i n t i l l a t o r s  

a l lo w  f a s t  c o u n t in g  r a te s  w i t h o u t  p i l e - u p  o f  s m a ll 

p u ls e s  f r o m  e le c t r o n - p a i r s  t r a v e r s in g  th e  c r y s t a l .
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5.  The e n e r g y  r e s o l u t i o n  o f  i n o r g a n i c  s c i n t i l l a t o r s  

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

p o r t i o n a l  c o u n t e r s  and e q u a l  to  o r  b e t t e r  t h a n  t h a t  

a t t a i n e d  w i t h  n u c l e a r  e m u l s io n s .

A g a in s t  t h e s e  a d v a n t a g e s ,  two d i s a d v a n t a g e s  o f  i n o r g a n i c  

s c i n t i l l a t o r  t a r g e t - d e t e c t o r s  can  be s t a t e d :

1. The t a r g e t - d e t e c t o r  s y s te m  i s  n o t  r e a d i l y  used  i n  

the  m easurem ent  o f  a n g u l a r  d i s t r i b u t i o n s  o f  t h e  

r e a c t i o n  p r o d u c t s .

2. I n o r g a n i c  s c i n t i l l a t o r s  i n c l u d e  a t  l e a s t  two i s o t o p e s  

and th e  p a r t i c l e  s p e c t r a  c a n n o t  a lw ays  be i n t e r p r e t e d  

unam b ig u o u s ly .  I n  th e  case  o f  the  common s c i n t i l l a t o r s  

N a l ( T l ) ,  K l ( T l )  and C s l ( T l ) ,  a p a r t  f rom  the low p e r c e n t ­

age o f  t h a l l i u m  a c t i v a t o r ,  o n ly  two i s o t o p e s  a re  p r e s e n t  

(w i th  th e  e x c e p t i o n  o f  p o t a s s i u m  which i s  i n  any case  

93% K ^ ) .  The low c r o s s  s e c t i o n  o f  th e  I 12" (̂y , p )T e i 2 ^ 

r e a c t i o n  and th e  f a c t  t h a t  t h i s  r e a c t i o n  i s  common to  

th e  t h r e e  s c i n t i l l a t o r s  a l l o w s  a s e p a r a t i o n  o f  t h e  

r e a c t i o n  p r o d u c t s  from I  ( y , p )  and Na \ y »p )»

K3 9 (y , p ) (Op 58) o r  Cs133( r , p )  (Wr 5 8 ) .

2 . 5 . P r e s e n t a t i o n  o f  M a t e r i a l .

The r e m a in d e r  o f  t h i s  c h a p t e r  i s  d e v o t e d  t o  a 

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

o f  the  Na2^(Y»p)Ne^2 and B r" ^ 9 ^  (y ,p )  Se"^ * r e a c t i o n s  i n
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N e l ( T l )  and Cs B r ( T l )  s c i n t i l l a t o r s .  The t e c h n i q u e s  

u s e d  i n  t h e s e  e x p e r i m e n t s  have  b e en  d e s c r i b e d  by Ophel 

and W righ t  (Op 5 8 ) and f o r  t h i s  r e a s o n  a re  o n ly  p r e ­

s e n t e d  b r i e f l y .  The e x p e r i m e n t a l  r e s u l t s  o f  the  

p r e s e n t  m easu rem en ts  a re  r e p o r t e d  i n  C h a p te r  V I I .

3 .1*  The C o u n te r  A ssem bly .

Th in  c r y s t a l s  o f  i n o r g a n i c  s c i n t i l l a t o r s  were
7  o

i r r a d i a t e d  w i t h  gamma r a y s  f rom the  L i ' ( p , y ) B e  r e a c t i o n  

a t  t h e  440 Kev r e s o n a n c e .  The a p p a r a t u s  u sed  i s  shown 

i n  f i g u r e  6 . 1 .  The t h i n  c r y s t a l ,  mounted on a 1 /8  i n .  

p e r s p e x  d i s c  i s  o p t i c a l l y  s e a l e d  to  t h e  E.M.I .  p h o t o ­

m u l t i p l i e r  t u b e ,  ty p e  6097 F. The c r y s t a l  i s  s u r r o u n d e d  

w i t h  p o l y th e n e  s u f f i c i e n t l y  t h i c k  to  s t o p  e x t e r n a l  p h o t o - 

p r o t o n s  f rom r e a c h i n g  t h e  t a r g e t - d e t e c t o r .

The f r o n t  p o l y th e n e  c o v e r  i s  i n  th e  form  o f  a 

movable s h u t t e r  which can  be moved be tw een  r u n s  to  ad m i t  

a l p h a  p a r t i c l e s  from a t h i n  ThC + ThC; s o u rc e  mounted 

b e h in d  the  s h u t t e r .  This  i s  n e c e s s a r y  t o  m a i n t a i n  a 

check  o f  th e  g a i n  o f  th e  sy s te m  d u r i n g  lo n g  p e r i o d s  o f  

i r r a d i a t i o n .

3 . 2 .  E l e c t r o n i c s .

P u l s e s  f ro m  t h e  c a t h o d e  f o l l o w e r  b u i l t  i n t o  ths 

p h o t o m u l t i p l i e r  b a se  were a m p l i f i e d  by a l i n e a r  a m p l i f i e r  

and f e d  to  a H u t c h i n s o n - S c a r r o t t  type  m u l t i c h a n n e l  p u l s e  

h e i g h t  a n a l y s e r .  The a n a l y s e r  was fo u n d  n o t  to  be
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linear for pulses of rise time shorter than I jjl sec. 
and for this reason, a simple pulse integrating circuit 
was included in the cathode follower to increase the 
rise time of the pulses to 2\i sec.

3.3. Gain Variation.
An inherent fault in photomultiplier tubes is 

that the gain of the detector varies when it is under a 
fast counting rate (Be 55» Ev 54). The explanation of 
this behaviour involves surface effects on the dynodes 
of the photomultiplier. It has been found in this work 
that the drift is more noticeable in a new tube and that 
the stability of the detector improves with continual 
use. Variations of up to 3 0 %  in gain were observed 
in the first hours of running but after fairly constant 
use, this variation was normally of the order of - 2% 
every half hour.

In these experiments, where long running times 
are involved, a drift of 2 %  in gain in half an hour can 
affect the resolution of the experiment, and for this 
reason, a thin ThC + ThC source giving alpha particles 
of 8.8 Mev and 6.0 Mev was incorporated in the front of 
the detector and covered with a 0.1 in. thick polythene 
shutter when not in use. The spectrum from the kick- 
sorter was recorded every half hour and the shutter was 
removed to admit the alpha particles. By setting the



74

g a i n  so t h a t  t h e  peak  o f  the 8 . 8  Mev a l p h a  sp e c t ru m  

f e l l  be tw een  two a d j a c e n t  c h a n n e l s  o f  th e  k i c k s o r t e r ,  

i t  was p o s s i b l e  to  o b se rv e  a g a i n  s h i f t  as  s m a l l  a s  

- 1 / 2 %  and th e  b i a s  to  the p h o t o m u l t i p l i e r  dynodes  

was a d j u s t e d  t o  compensa te  f o r  th e  d r i f t .

4 . 1. C r y sta l P r e p a r a tio n .

The c r y s t a l s  were c u t  to  t h e i r  ap p ro x im a te  

s i z e  ( g e n e r a l l y  1A i n .  x l A  i n .  x 0 .1 5 0  i n . )  w i t h  a 

f i n e  j e w e l l e r ' s  saw. A f i n e  weave c o t t o n  c l o t h  was 

s t r e t c h e d  o v e r  a f l a t  g l a s s  p l a t e  and one s i d e  o f  the  

c r y s t a l  was p o l i s h e d  by w e t t i n g  the  c l o t h  w i th  a 1 %  

s o l u t i o n  o f  g l y c e r o l  i n  d i s t i l l e d  w a te r  and  r u b b i n g  

the  c r y s t a l  f a c e  on th e  wet s u r f a c e .  The p o l i s h e d  

c r y s t a l  was d r i e d  w i th  a b s o r b e n t  p a p e r  and cemented  to  

a s t a n d a r d  1 /8  i n .  t h i c k  p e r s p e x  d i s c  machined  t o  the  

shape  o f  t h e  window o f  the  p h o t o m u l t i p l i e r .  The 

cement u se d  was A r a l d i t e  type  101.  I t  fo rm s  a t r a n s ­

p a r e n t  f i l m  u n d e r  th e  c r y s t a l  w i t h  good o p t i c a l  c o n t a c t  

be tw een  the two s u r f a c e s .  By c a r e f u l l y  p r e s s i n g  the  

c r y s t a l  to  push  o u t  s m a l l  a i r  b u b b l e s ,  i t  i s  p o s s i b l e  

t o  form an A r a l d i t e  f i l m  0 .0 0 0 5  i n .  t h i c k .

A f t e r  t h e  cement had s e t ,  the  p e r s p e x  d i s c  

was mounted i n  a b r a s s  h o l d e r  w i th  a v a r i a b l e  r e c e s s  

which was a d j u s t e d  w i t h  a m ic ro m e te r  d e p th  gauge  to  

abou t  0 .0 0 3  i n .  g r e a t e r  t h a n  the r e q u i r e d  c r y s t a l  d e p th
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The c r y s t a l  was r u b b e d  down on th e  wet  r u b b i n g  p l a t e  

u n t i l  the  b r a s s  h o l d e r  f o u l e d  on th e  p l a t e .  T h is  

e n s u r e d  t h a t  th e  r u b b i n g  p ro d u ce d  a c r y s t a l  w i t h  

u n i f o r m  d e p th .  The l a s t  few t h o u s a n d t h s  o f  an  inch  

were removed by r u b b i n g  w i th  the d i s c  h e l d  i n  th e  h an d .  

I t  was p o s s i b l e  t o  p r e p a r e  a c r y s t a l  of  th e  s p e c i f i e d  

t h i c k n e s s  t o  w i t h i n  0 .0 0 0 5  i n .

I n  t h e  c a s e  o f  sodium i o d i d e  which i s  h y g r o ­

s c o p i c ,  the  c r y s t a l  p r e p a r a t i o n  was c a r r i e d  o u t  i n  a 

d r y  box,  a c e to n e  b e in g  u se d  i n s t e a d  o f  w a t e r  f o r  the  

f i n a l  p o l i s h .  B e fo re  rem oving  t h e  c r y s t a l  from a d ry

box ,  i t  was c o v e re d  w i t h  a t h i n  smear o f  v a s e l i n e  and
2

t h e  whole was c o v e red  w i t h  a 1 . 5  mg./cm. a lum in ium  f o i l  

which was p r e s s e d  down f i r m l y  o v e r  the  c r y s t a l .  T h is  

was s u f f i c i e n t  t o  p r o t e c t  the c r y s t a l  i n  norm al  a tmo­

s p h e r i c  c o n d i t i o n s  and i t  r e m a in e d  i n  good c o n d i t i o n  

f o r  up to  t h r e e  weeks when t h e  cem ented  s u r f a c e  b e ­

comes c lo u d y  b e c a u se  o f  some r e a c t i o n  be tw een  the  

A r a l d i t e  and the  sodium io d id e .  P resum ab ly  t h i s  

r e a c t i o n  i s  due to  a sm a l l  w a te r  c o n t e n t  i n  the  cem en t .

I t  was n o t  n e c e s e a r y  to c o v e r  c r y s t a l s  which 

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

a lum in ium  r e f l e c t o r  improved th e  r e s o l u t i o n  o f  the  

sys tem  s i g n i f i c a n t l y .
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F ig .  6 . 2 . The e x p e r i m e n t a l  a r ra n g em en t  u sed  i n  th e  

c o m p ar iso n  o f  t h e  p r o t o n ,  a l p h a  and e l e c t r o n  

r e s p o n s e  o f  C s B r ( T l ) .
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A par t  f ro m  th e  c o n v e n ie n c e  of mounting  the 

c r y s t a l  on  a d i s c  which c a n  be e a s i l y  s e a l e d  to  the  

p h o to tu b e  w i t h  Dow-Corning s i l i c o n e  f l u i d ,  t h e  p e r s p e x  

d i s c  s e r v e s  a s  a s h o r t  l i g h t  p i p e  and a l l e v i a t e s  th e  

i n h e r e n t  n o n - u n i f o r m i t y  o f  the  p h o to c a th o d e  by p e r ­

m i t t i n g  the  l i g h t  f ro m  each  f l a s h  to f a l l  more n e a r l y  

on the whole ca th o d e  s u r f a c e .

4 . 2 .  Response  o f  C sB r(T l )  t o  P r o t o n s .  A lpha  P a r t i c l e s  

and E l e c t r o n s .

The r e l a t i v e  r e s p o n s e  o f  C sB r(T l )  t o  p r o t o n s ,  

a lp h a  p a r t i c l e s  and e l e c t r o n s  was m easured  i n  the  t a r g e t  

chamber shown i n  f i g u r e  6 . 2 .

P r o t o n s  f rom  the B1 0 ( d , p ) B J' 1 r e a c t i o n  were

o b se rv e d  a t  90° to  the beam by a i n .  by ^  i n# by

0 . 1  i n .  CsB r(T l)  s c i n t i l l a t i o n  c o u n t e r .  A 1 . 5 m g . / cm 2

a lum in ium  window s e r v e d  a s  a l i g h t  s e a l  i n  f r o n t  o f  the

p h o t o m u l t i p l i e r  and 1 2 . 7  m g . /  2 and 3 4 .8  m g . /  2cm • cm •
a lum in ium  f o i l s  were mounted on  t h e  movable f o i l  r a c k  

Bhown i n  the  f i g u r e .  I t  was p o s s i b l e  t o  m easu re  t h r o u g h  

th e  f o i l s  the  r e s p o n s e  o f  th e  d e t e c t o r  t o  p r o t o n  g ro u p s  

be tw een  3 and 9 Mev.

The ThG + ThC1 a l p h a  so u rc e  mounted on  th e  f o i l  

r a c k  was u se d  t o  m o n i to r  the  g a i n  d u r i n g  the m easu rem en ts  

and th e  c< sp e c t ru m  was u se d  to  m easu re  the  r e s p o n s e  

o f  C sB r(T l )  to  a lp h a  p a r t i c l e s .
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Pig .  6 . 3 .  P r o t o n ,  a l p h a  and gamma r a y  s p e c t r a  f o r  

a 3 A i n .  x 3 / U i n .  x 0 .1 0  i n .  CsB r(T l)

s c i n t i l l a t o r .
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P i g .  6.4 The r e l a t i v e  r e s p o n s e  o f  C sB r iT l)  to 

p r o t o n s ,  e l e c t r o n s  and a lp h a  p a r t i c l e s .
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The o u tp u t  from  th e  p h o t o m u l t i p l i e r  was 

a m p l i f i e d  and fe d  t o  a 1 0 0 -c h a n n e l  p u l s e  h e i g h t  a n a l y s e r .

A t h i n  t a r g e t  o f  n a t u r a l  b o r i c  o x id e  was bom barded w i th  

600 Kev d e u te r o n s  and p r o t o n  s p e c t r a  were m easu red  

th ro u g h  the 1 .5  m g . / cm 2 » 1 4 .2  m g*/cm>2 and 3 6 .3

m g - /cm .2 f o i l s *
Im m e d ia te ly  a f t e r  t h e  d e u te r o n  bom bardm ent,

137 g c 22
2|i C u r ie  s o u r c e s  o f  Cs '  , Zn°~ and Na were p la c e d

a d j a c e n t  t o  th e  c r y s t a l  b u t  o u t s i d e  the  t a r g e t  cham ber.

The s p e c t r a  were r e c o r d e d  w i th  th e  g a in  o f  th e  p u l s e

h e i g h t  a n a l y s e r  s e t  t o  th e  X10 s c a l e .

F ig u r e  6 .3  shows t y p i c a l  s p e c t r a  o b t a i n e d  in

the  c o m p a r is o n .  No gamma r a y  l i n e  w ss r e s o l v e d  b u t  th e
137e n d - p o i n t  o f  the  Cs ' sp e c tru m  i s  due to  660 Kev e l e c t r o n s  

b e in g  c o m p le te ly  s to p p e d  i n  the c r y s t a l .

The p u ls e  h e i g h t  o f  th e  <=<,p and e g ro u p s  were 

m easured  from  a v o l t a g e  c a l i b r a t i o n  o f  th e  a n a l y s e r  and 

a re  p l o t t e d  a g a i n s t  p a r t i c l e  g roup  e n e rg y  i n  f i g u r e  6 .4 1 .  

The two e x t r a  p o i n t s  on  the re s p o n s e  cu rve  w ere o b ta in e d  

by rem oving  th e  1 .5  mg.// 2 a lum in ium  window.
v  III •

I n  f i g u r e  6 . 3 ,  the  e n e rg y  r e s o l u t i o n  o f  C sR r(T l)  

i s  o f  t h e  o r d e r  o f  6 -  Q% which i s  s l i g h t l y  w orse  th a n

* I t  m ust be n o te d  t h a t  s c i n t i l l a t i o n  c o u n te r  p u l s e  

sh a p e s  f o r  o(, p and e d i f f e r  ( S t  58b, Ow 59) and the 

r e l a t i v e  r e s p o n s e  d e p en d s  on th e  i n t e g r a t i n g  c i r c u i t s  

u se d  i n  th e  e l e c t r o n i c s .





P i g .  6
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5 . R a n g e - e n e r g y  r e l a t i o n  f o r  p r o t o n s  i n

C s B r .
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the 4 - 5% resolution of Nal(Tl) crystals (Op 58).

4.3 Range of Protons in CsBr(Tl).

Approximate range-energy curves for protons in 

caesium and bromine were obtained from a plot of proton 

range against atomic number for a number of proton 

energies up to 12 Mev taken from the data of Aron et al. 

(Ar 51) for aluminium, copper, silver and lead.

These were used to estimate the proton range- 

energy curve (figure 6.5) for caesium bromide by the 

Bragg-Kleeman empirical rule

£
sir

= constant,

where R is the range of a proton of given energy in a 

material of density^7 and atomic weight A. By this rule, 

the atomic weight of CsBr is written as

s~x~
^  ^ G s  * (Ev 55)•

4.4 Correction for Loss of Protons from the Detector. 

For isotropic, monoenergetic particles of range 

R in a layer of infinite extent and thickness 2d, the 

fraction f , of particles completely stopped in the 

layer is given by:
R(1 - ■) for R < 2d

f for R >  2d (Gr 48)
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5• The Gamma Ra.v S o u rc e ,

B oth  r e s o n a n c e  and n o n - re s o n a n c e  r a d i a t i o n
7 o

f rom  th e  L i '(p ,y )B ©  r e a c t i o n  was u se d  a s  a gamma r a y  

s o u r c e .  Thick  t a r g e t s  were p r e p a r e d  by th e  e v a p o r a t i o n  

o f  n a t u r a l  l i t h i u m  m e ta l  o n to  s t a n d a r d  c o p p e r  b a c k in g s  

0 .0 4 0  i n .  t h i c k .  The t a r g e t s  were t r a n s f e r r e d  fro m  t h e  

e v a p o r a t o r  to  th e  t a r g e t  a ssem bly  i n  l e s s  t h a n  one m in u te  

w i th o u t  any a p p a r e n t  d e t e r i o r a t i o n  o f  th e  d e p o s i t .  For 

re s o n a n c e  r a d i a t i o n ,  t a r g e t s  200 Kev t h i c k  were bom barded 

w i th  500 Kev p r o to n s  w i t h  c u r r e n t s  up t o  150|xA. When 

n o n - re s o n a n c e  r a d i a t i o n  was u s e d ,  th e  t a r g e t s  w ere  

l i m i t e d  t o  a 150 Kev t h i c k n e s s  and th e  p r o to n  e n e r g y  was 

850 Kev. Under th e s e  c o n d i t i o n s ,  the  i n t e n s i t y  r a t i o  

o f  th e  1 4 .8  and 1 7 .6  Mev com ponents  o f  th e  r a d i a t i o n  was

X__17U.6 = 1 .8  a t  S = 500 Kev and a p p ro x im a te ly  0 .6  a t
I 1 4 .8  p

= 850 Kev i n  th e  fo rw a rd  d i r e c t i o n  (C h a p te r  I I I ) .

The r e s o n a n c e  r a d i a t i o n  was assum ed t o  be i s o t r o p i c .

5• 1 Ganma Ray M o n i to r .

Three t h i c k - w a l l e d  B a r n e s - ty p e  (Ba 5 2 ) g e i g e r

c o u n te r s  shown i n  f i g u r e  6 .6  were f i r s t  u sed  to  m o n ito r

th e  gamma ra y  beam. These have a s e n s i t i v i t y  o f  2 .6 6
2

c o u n t  s / q  an tum/cm f o r  1 7 .6  Mev gamma r a y s  and 2 .1  c o u n ts
p

/q a n tu m /a n ^  f o r  1 4 .8  Mev Ganma r a y s  (Ba 5 2 ) .  The 

c o u n te r s  were fo u n d  to  have a l i m i t e d  u s e f u l  l i f e  w hich
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was b e l i e v e d  to  be c a u se d  by o u t g a s s i n g  o f  the  b r a s s  

w a l l s .  They were r e p l a c e d  by com m erc ia l  g l a s s -  

w a l l e d  g e i g e r s  w i t h  a norm al  a r g o n - a l c o h o l  f i l l i n g  and 

mounted  i n  b r a s s  c y l i n d e r s  w i th  the  d im e n s io n s  of t h e  

B a rn e s  g e i g e r s .  The s e n s i t i v i t y  o f  t h e  two t y p e s  was 

compared and found  to  be i d e n t i c a l  (Wr 5 8 ) .

The p u l s e  o u t p u t  f rom  the  g e i g e r  m o n i t o r s  was 

c o u n te d  on  H a r w e l l - t y p e  1008 s c a l e r s  w i t h  a dead t im e  o f  

200jjt s e c .  Three m o n i t o r s  were p l a c e d  a t  c o n v e n ie n t  

p o s i t i o n s  1 .5  m e t r e s  f rom  th e  t a r g e t  and a t  t h i s  d i s t a n c e ,  

t h e  c o u n t i n g  r a t e  was low enough t o  l i m i t  c o u n t i n g  l o s s e s  

t o  1% .

6 . I r r a d i a t i o n  o f  th e  S c i n t i l l a t o r s .

T h is  s e c t i o n  i n c l u d e s  a  s h o r t  d i s c u s s i o n  o f  

th e  rre a su re m e n t  and i n t e r p r e t a t i o n  o f  t h e  s p e c t r a  o b se rv e d  

i n  th e  i r r a d i a t i o n  o f  t h e  s c i n t i l l a t o r s  by gamma r a y s .

6 . 1 .  E l e c t r o n  B ackground .

The p r o t o n  and e l e c t r o n  r e s p o n s e  c u r v e s  f o r  

C sB r(T l )  a re  s i m i l a r ,  and i n  o r d e r  to  d e t e c t  p r o t o n s  i n  

the  p r e s e n c e  o f  th e  h i g h  e n e r g y  gamma r a y  f l u x ,  the  

c r y s t a l  d im e n s io n s  must  be to o  s m a l l  f o r  h ig h  energy  

e l e c t r o n s  t o  l o s e  much o f  t h e i r  e n e rg y  i n  the  s c i n t i l l a t o r ,  

b u t  l a r g e  enough to  s t o p  a  12 Mev p r o t o n .  S ince  e l e c t r o n  

p a i r s  a r e  p r o j e c t e d  i n  the f o r w a r d  d i r e c t i o n ,  the  h e i g h t  

o f  t h e  e l e c t r o n  p u l s e s  would be p r i m a r i l y  a f u n c t i o n  o f
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F ig .  6 . 7 .  The p o s i t i o n  o f  the e l e c t r o n  background

i n  l A i n .  x l A i n .  CsBr(Tl) c r y s t a l s  o f  

v a r y i n g  t h i c k n e s s .
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t h e  c r y s t a l  d e p th ,  b u t  l a r g e r  p u l s e s  would a r i s e  f rom 

e l e c t r o n s  s c a t t e r e d  a lo n g  the  c r y s t a l  o r  by p i l e - u p  

o f  a number o f  sm al l  p u l s e s .

F i g u r e  6 . 7  shows s p e c t r a  f ro m  a i n ,  x i n .  

C sB r(T l )  c r y s t a l  i r r a d i a t e d  w ith  r e s o n a n c e  r a d i a t i o n  f rom 

L i ' ( p , Y ) B e  , The c r y s t a l  d e p th  was r e d u c e d  i n  s t a g e s  

f rom  0 .0 6 0  i n  . t o  0 .0 4 0  i n .  and 0 .0 3 0  i n ,  and the  g a i n  

o f  th e  sy s te m  was n o t  a l t e r e d  d u r i n g  th e  c o m p a r i s o n .

The p u l s e  h e i g h t  of  the  e l e c t r o n  edge e x t e n d s  to  a p r o t o n  

e n e r g y  o f  a b o u t  12 Mev f o r  th e  0 .0 6 0  i n .  c r y s t a l ,  and 

w i t h  th e  r e d u c t i o n  o f  th e  d e p t h ,  the  p r o t o n  s p e c t r u m  

e m erg es  f ro m  the e l e c t r o n  b ack g ro u n d .  I n  p r a c t i c e  i t  

was fou n d  t h a t  a ^ i n .  x ^  i n .  x 0 .0 2 5  i n .  C sB r(T l )  

c r y s t a l  a l lo w e d  the  m easurem ent  o f  the p r o t o n  s p e c t r u m  

beyond  6 Mev. T h is  i s  i n  c o n t r a s t  w i t h  the a l k a l i  

i o d i d e s  where the  w o r k e r s  were a b le  to m easure  th e  p r o t o n  

s p e c t r u m  i n  a  c r y s t a l  o f  th e  same d im e n s io n s  f ro m  3 Mev 

u p w a rd s .  (Op 5 8 » 5 9 ) .

6 . 2 .  P i l e  Up .

Because  o f  t h e  h i g h  c o u n t in g  r a t e  i n  th e  e l e c t r o n  

b a ck g ro u n d  d u r i n g  i r r a d i a t i o n ,  a d d i t i o n  p u l s e s  c a n  o c cu r  

i n  the  s c i n t i l l a t i o n  c o u n t e r  o u t p u t  b u t  t h e  e f f e c t  was 

c o n s i d e r e d  n e g l i g i b l e  f o r  th e  f o l l o w i n g  r e a s o n s :

1.  The shape  of the e l e c t r o n  back g ro u n d  was found  to

be i n d e p e n d e n t  o f  th e  i n t e n s i t y  o f  th e  gamma r a y  f l u x ,



82

2. No d i f f e r e n c e  i n  t h e  shap e  o f  the ThC + ThC1 a lp h a  

p a r t i c l e  sp e c t ru m  was o b s e r v e d  w i th  t h e  gamma ra y  

beam on o r  o f f*

6.3* C o m p e t i t i v e R e a c t i o n s .

The s c i n t i l l a t o r  was s u r r o u n d e d  w i t h  a p o l y th e n e

e n v e lo p e  t h i c k  enough  t o  s t o p  15 Mev p r o t o n s .  The o n ly

s o u r c e  o f  c o m p e t i t i v e  r e a c t i o n s  o u t s i d e  th e  c r y s t a l  was

th e  p o l y t h e n e ,  A r a l d i t e ,  P e r sp e x  and the  t h i n  a lum in ium

f o i l  u se d  t o  p r o t e c t  h y g r o s c o p i c  c r y s t a l s .  The t h r e s -  
12h o l d  f o r  C (y»p) i s  15*95 Mev and  1 . 7  Mev p h o t o - p r o t o n s  

f rom t h i s  r e a c t i o n  would a p p e a r  i n  the  e l e c t r o n  b a c k ­

g ro u n d .  P h o t o - p r o t o n s  f ro m  oxygen i n  the p e r s p e x  and 

t h e  a lum in ium  f o i l  were u n a v o id a b le  b u t  t h e i r  c o n t r i b ­

u t i o n s  were  assumed to  be n e g l i g i b l e .

C o m p e t i t i v e  r e a c t i o n s  such  as  (y»**) and (Y>d) 

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

s e c t i o n s  a re  g e n e r a l l y  o f  an  o r d e r  o f  m agn i tude  l e s s  

t h a n  (y >p ) r e a c t i o n s ,  t h e  y i e l d  i s  r e l a t i v e l y  s m a l l .

6 . 4 .  Energy C a l i b r a t i o n .

The p h o t o - p r o t o n  s p e c t r a  were c a l i b r a t e d  by 

c o m p a r i s o n  w i th  t h e  p r o t o n  g r o u p s  f ro m  t h e  B1 0 ( d , p ) B 11 

r e a c t i o n  u s i n g  th e  same c r y s t a l  i n  b o t h  e x p e r i m e n t s  and 

m a i n t a i n i n g  the  same g a i n  s e t t i n g  o f  the  e l e c t r o n i c s .

The a p p a r a t u s  u se d  i s  shown i n  f i g u r e  6 . 8 .
f
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E s s e n t i a l l y ,  t h e  d e t e c t o r  a ssem bly  i s  t h e  same a s  i n  

f i g u r e  6 . 1  b u t  i t  was p l a c e d  i n  a vacuum and c o v ered  

w i th  a b r a s s  ^hat*1 c o n t a i n i n g  a t h i n  a luminium window 

to  a d m i t  e x t e r n a l  p r o t o n s  f rom the  b o ro n  t a r g e t  when 

th e  p o l y t h e n e  s h u t t e r  i s  open .  The p r o t o n s  were 

d e t e c t e d  a t  0° th ro u g h  a 1 .5  m g . /  o A3- t a r g e t  b a c k in g
d l l  •

and a s e r i e s  o f  a lum in ium  f o i l s  c o u ld  be s e t  b e tw een  the  

t a r g e t  and  s c i n t i l l a t o r  to  p r o v i d e  lower  e n e r g y  c a l i ­

b r a t i o n  p o i n t s .

A f t e r  d e t e c t i n g  th e  ( d , p )  r e a c t i o n ,  a t h i c k  

l i t h i u m  t a r g e t  was moved i n t o  p o s i t i o n  and bombarded 

w i th  500 Kev p r o t o n s  to  o b t a i n  a (y>p) sp e c t ru m  from  

t h e  c r y s t a l .  The ThC + ThC1 a l p h a  so u rc e  which  was 

u se d  t o  m o n i to r  the  g a i n  s h i f t  d u r i n g  the  e x p e r im e n t  

was mounted on th e  back o f  the  p o l y th e n e  s h u t t e r  w h ich  

c o u ld  be moved i n t o  t h r e e  p o s i t i o n s :  f o r  a g a i n  c h e c k ,

t o  a d m i t  e x t e r n a l  p r o t o n s  t o  the  d e t e c t o r ,  and to  c o v e r  

th e  c r y s t a l  d u r i n g  the  ( y ,p )  r u n .



CHAPTER VII.

(y .p ) Reactions in Nal(Tl) and CsBr(Tl).
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I n t r o d u c t i o n .

The m easurem ent o f  ( y * p ) r e a c t io n s  i n  N a l ( T l )  

and C s B r (T l)  in o r g a n ic  s c i n t i l l a t o r s  a re  d e s c r ib e d  in  

t h i s  c h a p te r .  The a p p a ra tu s ,  gamma ra y  s o u rc e  and 

e x p e r im e n ta l m e thod  a re  common to  b o th  in v e s t ig a t io n s  

and have been  d e s c r ib e d  i n  c h a p te r  V I .

1 . The Na2^ ( y . p )  R e a c t io n  a t  1 4 .8  and 1 7 .6  M ev.

An in v e s t ig a t i o n  o f  t h i s  r e a c t io n  i n  N a l ( T l )  

c r y s t a l s  was f i r s t  r e p o r te d  b y  O phe l and W r ig h t  (Op 58) 

who used  L i ' ( p , Y ) B e  r a d ia t i o n  as a gamma ra y  s o u rc e . 

The r a d ia t i o n  in c lu d e s  tw o com ponen ts  o f  e n e rg y  1 7 .6  

and 1 4 .8  Mev (2  Mev b ro a d )  whose i n t e n s i t y  r a t i o  i s  

known to  v a r y  w i t h  p r o to n  e n e rg y  (Wa 4 8 ) .  I n  th e  

e n e rg y  r e g io n  w here p r o to n  g ro u p s  fro m  th e  1 4 .8  Mev 

com ponent a re  p o s s ib le ,  th e  ( y »p ) g ro u p s  due to  th e  

1 4 .8  and 1 7 .6  Mev com ponen ts  have been  i d e n t i f i e d  f ro m  

a c o m p a r is o n  o f  p h o to - p r o to n  s p e c t ra  o b ta in e d  w i t h  

re s o n a n c e  and n o n -re s o n a n c e  r a d ia t i o n .

F ig u re  7 .1  shows p r o to n  s p e c t ra  m easured  by 

O phe l and W r ig h t  f ro m  a ^  i n .  x  i n .  x  0 .0 1 8  i n .  

N a l ( T l )  c r y s t a l  u s in g  re s o n a n c e  and n o n -re s o n a n c e  

r a d ia t i o n .  The g a in  o f  th e  d e te c to r  and p u ls e  h e ig h t  

a n a ly s e r  were k e p t  c o n s ta n t  i n  th e  e x p e r im e n t and th e  

tw o  s p e c t r a  have been  n o rm a lis e d  to  th e  same num ber o f

m o n ito r  c o u n ts



5' * ; u A "
LIBRARY ?- 

JÜ*IY ERSH'*



S P E C T R A  OBTAINED U S /N G :-

P ESO N AN C E  RAD IATION  .............

N O N  RESONANCE RADIATION  —

PROTON ENERGY (M e vj

23 2 2P i g ,  7*1* Comparison o f  t h e  Na J (y>p)Ne s p e c t r a

o b t a i n e d  u s i n g  r e s o n a n c e  and n o n - re s o n a n c e  

r a d i a t i o n .

( A f t e r  Ophel and W rig h t ,  Op 58) .
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These w o rk e r s  were a b le  to  a t t r i b u t e  the

p r o t o n  g ro u p s  a t  3 . 2 ,  4 .1 ,  5 . 2 ,  7 . 2  and 8 .4  Mev t o

t r a n s i t io n s  through the 5 .4 ,  4 . 4 ,  3 .3 ,  1 .3  and 0 Mev 
22l e v e l s  o f  Ne fo r  the 1 7 .6  Mev component fo r  th e  

fo l lo w in g  rea so n s:

1 .  B e ing  a sh a r p  gamma l i n e ,  t h e  1 7 .6  Mev component 

w i l l  g iv e  a c o r r e s p o n d i n g  i n c r e a s e  i n  the e n e r g y  

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

On the o th er  hand, the 1 4 .8  Mev component i s  

app roxim ately  2 Mev broad (Wa 4 8 ) and i f  i t  

produces sharp p roton  groups a t a l l ,  they  must 

a r is e  from s e l e c t i v e  a b so rp tio n  o f  a narrow  

energy range o f  the broad component. The in c r e a se  

in  the energy o f  the broad component fo r  non­

resonance r a d ia t io n  w i l l  not th e r e fo r e  g iv e  r is e

to an in c r e a s e  in  p roton  en ergy .

2. The i n t e n s i t y  r a t i o s  o f  th e  two components  d i f f e r  

i n  r e s o n a n c e  and n o n - r e s o n a n c e  r a d i a t i o n .  I f  a 

r e s o n a n c e  and n o n - r e s o n a n c e  s p e c t r u m  a re  compared 

a f t e r  n o r m a l i s i n g  t h e  two t o  the  same number o f  

g e i g e r  c o u n t s ,  t h e  i n t e n s i t y  o f  the  p r o t o n  g ro u p s  

due to  the  1 7 .6  Mev component  sh o u ld  be r e d u c e d  by 

a f a c t o r  o f  1 . 6  i n  t h e  n o n - r e s o n a n c e  s p e c t r u m ,  i f  

one a l l o w s  f o r  th e  d i f f e r e n t  r e s p o n s e  o f  t h e  

m o n i to r  t o  t h e  two gamma r a y s .
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In  co m p a rin g  the two s p e c tra  o f  f ig u r e  7.1» 

W r ig h t and O phel co n c lu d e d  t h a t  the number o f  c o u n ts  

i n  the g roup s  a t  4 .2  and 3 Mev was reduced  i n  the non­

resonance  s p e c tru m , b u t th e  peaks were l i f t e d  by an 

in c re a s e  in  an u n d e r ly in g  b road  g roup  c e n tre d  a t abou t

4 Mev, c o rre s p o n d in g  to  the  t r a n s i t i o n  th ro u g h  the  1 .3
22Mev le v e l  o f  Ne f o r  1 4 .8  Mev r a d ia t io n .

The in v e s t ig a t io n  re p o r te d  in  the  fo l lo w in g  

s e c t io n  was p e rfo rm e d  to  re -e x a m in e  the l a t t e r  

c o n c lu s io n .

23 n 22
1 .1 .  A C om parison o f  the  Na J (v .n )N e  S p e c tra  w i th  

Resonance and Non-Resonance R a d ia t io n  fro m  

L i ^ p . Y i B e 8 .

A ^  in .  x  4 |. in .  x  0 .0 2 5  i n .  N a l( T l)  c r y s t a l  

was p re p a re d  and m ounted in  th e  manner d e s c r ib e d  in  

c h a p te r  V I and co ve re d  w i th  a t h in  la y e r  o f  v a s e lin e  and 

a 1 .5  mS * / cm 2 a lu m in iu m  f o i l  to  p r o te c t  th e  c r y s t a l  

fro m  w a te r v a p o u r. The e x p e r im e n ta l a rrangem ent i s  

shown i n  f ig u r e  6 . 1 .

A 150 Kev t h ic k  l i t h i u m  ta r g e t  was bombarded 

w i t h  500 and 85O Kev p ro to n s  w i th  beam c u r re n ts  up to  

120 }jlA. The gamma ra y  f l u x  was m o n ito re d  by g e ig e r  

c o u n te rs  p la c e d  a t  0 ° ,  80° and 130° to  the  p ro to n  beam. 

The g a in  o f  the d e te c to r  was k e p t c o n s ta n t d u r in g  the 

resonance and no n -resonance  ru n s  and was m o n ito re d  by



R * % o n o « a  $p4 .cf> tfnv  

N on Ä « » o n o ^ c t .$ f « c f w m .

23 22P ig .  7 ,2 .  C om parison  o f  th e  Na ^(Y ,p)N e s p e c t r a

o b ta in e d  u s in g  r e s o n a n c e  and n o n - re s o n a n c e  

r a d i a t i o n  in  th e  p r e s e n t  m ea su re m e n ts .  

R esonance  ru n n in g  tim e 2 - 1 /2  h o u r s .  Non­

re s o n a n c e  r u n n in g  tim e 9 h o u r s .
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th e  ThC + ThC1 <* so u rc e  a t  h a l f - h o u r l y  i n t e r v a l s  a f t e r  

r e c o r d i n g  t h e  p r o to n  sp e c tru m .

1 . 2 .  R e s u l t s .

F ig u re  7 .2  shows th e  s p e c t r a  o b t a i n e d  i n  th e  

two i r r a d i a t i o n s  n o r m a l i s e d  to  the  same number o f  0°_  

m o n i to r  c o u n ts .  The en e rg y  s c a l e  i s  b a se d  on t h e  

c a l i b r a t i o n  o f  Ophel and W righ t (Op 5 8 ) .  The 8 .4  Mev 

p r o t o n  g roup  was n o t  o f  i n t e r e s t  i n  t h i s  c o m p a r iso n  and 

was n o t  r e c o r d e d .

The number of c o u n ts  i n  each  g roup  o f  th e  

re s o n a n c e  sp e c t ru m  i s  g r e a t e r  th a n  the  n o n - re s o n a n c e  

sp e c tru m  by a f a c t o r  o f  a b o u t  1 .4  and  the  e n e rg y  s h i f t  

o f  th e  f o u r  p r o t o n  g ro u p s  le a d s  to  th e  c o n c l u s i o n  t h a t  

th e y  a re  due to  th e  17*6 Mev com ponent. There  i s  no 

e v id e n c e  f o r  the  b ro a d  g roup  a t  a b o u t  4 Mev w h ich  can  

be a t t r i b u t e d  to  the  1 4 .8  Mev component and t h i s  d i s a g r e e s  

w i th  the  c o n c l u s i o n  o f  Ophel and W righ t ( f i g u r e  7 .1 ) •

The n o n - re s o n a n c e  m easu rem en ts  were r e p e a t e d  b u t  no 

e v id e n c e  f o r  c o n t r i b u t i o n s  f ro m  th e  low er  e n e rg y  gamma 

r a y  c o u ld  be found  i n  th e  s p e c t r a .  T^e p r e s e n t  r e s u l t s  

have  been  d i s c u s s e d  w i th  Ophel and W righ t who a c c e p t  t h i s  

e v id e n c e  bu t i t  i s  d i f f i c u l t  to  a c c o u n t  f o r  th e  c au se  

o f  such a m arked d i s a g r e e m e n t  i n  th e  m easu rem en ts  a t  4

Mev.
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2 . ( y . p ) R e a c t i o n s  i n  C s B r ( T l ) .

The measurement  o f  (y >p ) r e a c t i o n s  i n  t h i s  

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

i s o t o p e s :  B r"^  ( 50 . 5%  abundance  i n  n a t u r a l

b rom ine)  and Br (49*5°/6 a b u n d a n c e ) .  The (y»p) 

r e a c t i o n s  i n  C s I ( T l )  have b e e n  m easu red  by W right  

(Wr 5 8 ) o f  t h e s e  l a b o r a t o r i e s  and i t  h a s  b e en  p o s s i b l e  

t o  s e p a r a t e  the  (y »p ) s p e c t r a  f o r  Cs'*'^ and by

c o m p a r is o n  w i t h  t h e  m easu rem en ts  i n  K l ( T l )  and N a l ( T l )  

(Op, 5 8 , 5 9 ) .  I t  i s  t h u s  p o s s i b l e  t o  s e p a r a t e  the  

Cb ^ ( Y * p ) X e  ^ c o n t r i b u t i o n  i n  t h e  p h o t o - d i s i n t e g r a t i o n  

o f  C s B r ( T l ) .

2 . 1 .  E x p e r i m e n t a l .

The p r e p a r a t i o n  o f  th e  p hosphor  and t h e  e x p ­

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

m easu rem en ts  have a l r e a d y  b e e n  d e s c r i b e d  i n  e a r l i e r  

s e c t i o n s .  I t  was a t  once a p p a r e n t  i n  the  i r r a d i a t i o n  

o f  C sB r(T l)  t h a t  t h e  e l e c t r o n  r e s p o n s e  o f  C sB r(T l )  

r e l a t i v e  t o  t h e  p r o t o n  r e s p o n s e  was h i g h e r  t h a n  f o r  the  

i o d i d e s  ( c h a p t e r  VI ,  6 . .1 ) .  For a i n .  x ^  i n .  x 

0 . 0 3 0  i n .  c r y s t a l ,  t h e  e l e c t r o n  b a ck g ro u n d  was found to  

e x t e n d  t o  a p r o t o n  e n e r g y  o f  6 Mev and th e  p o s i t i o n  o f  

the  e l e c t r o n  background  was found  to  be r e l a t i v e l y  

i n s e n s i t i v e  t o  c r y s t a l  d im e n s io n s  l e s s  t h a n  ^  i n .  x ^  

i n .  x 0 . 0 2 0  i n .  These i n v e s t i g a t i o n s  were l i m i t e d  to



(y »p ) s p e c t r a  o b s e r v e d  i n  C sB r(T l )  and 

C s l ( T l )  c r y s t a l s  1 /U in .  x l / 4 i n .  x 0 . 0 2 5 i n .  

f o r  the  same gamma r a y  f l u x .  The C s l ( T l )  

sp e c t ru m  h a s  b e en  c o r r e c t e d  f o r  c o n t r i b u t i o n s  

from the  I ^ ^ ( y , p )  T e ^ ^  r e a c t i o n .  The 

e l e c t r o n  b a ck g ro u n d  i s  t h a t  f o r  C s B r ( T l ) .



Pig. 7.4. Cs1̂ , (y >p ) spectrum, from
crystal lAin. x l/4in. x 0.030 in. 
Running time 5 hours.
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the  m easurem ent  o f  p h o t o - p r o t o n s  o f  e n e r g y  g r e a t e r  t h a n  

6 Mev.

2 . 2 .  R e s u l t s .

Some f i f t e e n  s e p a r a t e  r u n s  were made i r ­

r a d i a t i n g  C sB r(T l)  w i th  r e s o n a n c e  r a d i a t i o n .  " /^in .  x 

^  i n .  c r y s t a l s  o f  t h i c k n e s s  b e tw e e n  0 .0 1 5  i n .  and 

0 .0 4 0  i n .  were u s e d  and the  f e a t u r e  o f  a l l  the  s p e c t r a  

was the e x i s t e n c e  o f  a b ro ad  maximum a bou t  a p r o t o n  

e n e r g y  o f  7*6 Mev. F ig u re  7 . 3 ,  7*4 and 7*5 show 

t y p i c a l  s p e c t r a  which  a re  t h e  sum o f  a number o f  p u l s e  

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

b e f o r e  each  ch eck  on  g a i n  v a r i a t i o n s .

The s p e c t r a  a r e  a l l  t h a t  one m ig h t  e x p e c t  from 

a t a r g e t  c o n t a i n i n g  t h r e e  i s o t o p e s  and a d e t e c t o r  w i th  

a r e s o l u t i o n  o f  6 - 8 %  • The b ro a d  peak  abou t  7*6 

Mev a p p e a r s  to  i n c l u d e  a t  l e a s t  two p r o t o n  g ro u p s  b u t  

i t  h a s  been  i m p o s s i b l e  t o  r e s o l v e  them w i t h  any c o n ­

v i n c i n g  r e s u l t s .  The o n ly  g roup  which  was r e s o l v e d  

c o n s i s t e n t l y  was t h a t  b e tw ee n  9 and 10 Mev.

2 . 3 .  E nergy  C a l i b r a t i o n .

An e n e r g y  c a l i b r a t i o n  of  th e  ( y , p )  s p e c t r u m  

was o b t a i n e d  by com par ing  i t  w i t h  the  p r o t o n  s p e c t r u m  

o f  th e  B10 ( d , p )  r e a c t i o n  i n  t h e  manner d e s c r i b e d  i n

c h a p t e r  VI,  s e c t i o n  6 .4
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PROTON ENERGY —  MEV

Fig. 7*5- Cs1^, Br"^'^ (y>p) spectrum from
crystal 1/Uin. x 1/Uin. x 0.015 in. 
Running time 4 hours.
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Two c a l i b r a t i o n s  f i x e d  th e  p o s i t i o n  o f  the 

maximum i n  the  b ro ad  g roup  a t  7*6 -  0 . 3  Mev and the  

e n e rg y  o f  the g ro u p  a b o u t  9*5 Mev a t  9 . 6  - 0 . 1  Mev.

2 . 4 .  The Cs1^ ^ (v . 'p )X e1^ 2S'pectr\im.

C r y s t a l s  o f  C s l ( T l )  and C sB r(T l )  o f  the  same 

d im e n s io n s  i n .  x ^ i n .  x 0 .0 2 5  i n . )  were p r e p a r e d

and i r r a d i a t e d  w i th  l i t h i u m  gamma r a y s  i n  th e  t a r g e t -  

d e t e c t o r  a ssem b ly  o f  f i g u r e  6 . 1 .  The g a i n  o f  th e  

d e t e c t o r  sy s te m  fo r  th e  two m easu rem en ts  was a d j u s t e d  

so t h a t  the  e n e rg y  c a l i b r a t i o n  o f  t h e  d i s p l a y  on  the  

p u l s e  h e i g h t  a n a l y s e r  a l lo w e d  a d i r e c t  c o m p a r is o n  o f  

the  s p e c t r a .  They a r e  shown i n  f i g u r e  7 .3  a f t e r  

n o r m a l i s a t i o n  t o  the  same number of c o u n t s  on the t h r e e  

B a r n e s - t y p e  g e i g e r  c o u n t e r s  u sed  to  m o n i to r  the  gamma 

r a y  f l u x .  P h o to - p r o  t o n s  f rom the  I ' ( y »p ) r e a c t i o n  

have b e e n  m easu red  by o t h e r  w o rk e rs  (Wr 5 8 ) and t h e s e  

p r o t o n  g ro u p s  have b e e n  s u b t r a c t e d  f ro m  th e  C s l ( T l )
l ?  -Z

(y»p)  s p e c t r u m  o f  f i g u r e  7*3. The number of Cs 

n u c l e i  p e r  u n i t  volume i s  a p p r o x i m a t e l y  the  same i n  

CsBr and C s l  and t h e  Cs ^ ^ ( y »p ) c o n t r i b u t i o n  to  the  

C sB r(T l )  (y >p ) s p e c t r u m  a p p r o x im a te s  t o  t h e  b ro k e n  

c u rv e  o f  f i g u r e  7*3. The e n e r g i e s  o f  t h e s e  p r o t o n  

g r o u p s  have b e e n  g i v e n  as  7*3, 8 . 1 6 ,  9 . 1 5 » 1 0 .6 8  and 

1 1 .5  Mev (Wr 5 8 ) .



TABLE 7 . 1 .

P o s s i b l e  Proton Groups i n  CsBr(y>p)

Spectrum fo r  E  ̂ = 17»6 Mev.

V
Mev

R es id u a l
N ucleus .

Energy  
L evel  
(Mev) .

R e f e r e n c e .

7 .3 Xe132 (Wr 5 8 . )

8 .1 6 x e 132 (Wr 5 8 . )

9 .1 5 Xe132 (Wr 5 8 . )

9 .5 9

o00
<D

CO 0 .6 5 (Te 5 6 . )

9 .8 8 Se78 0 .6 1 5 (Te 56, St 5 8 )

10. Se80 0 (Wa 5 3 . )

1 0 .5 9 Se78 1 .3 2 (S t  5 8 . )

1 0 .6 8 Xe132 (Wr 5 8 . )

1 1 .2 Se78 0 (Wa 5 3 . )

1 1 .5 Xe132 0 (Wr 58 . )
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2 .5 .  I d e n t i f i c a t i o n  o f  Pr o t o n  Groups i n  C s B r ( v .p ) .
•yD Qrs

A surrmary o f  th e  l e v e l s  o f  Se and Se w hich 

have  been  i d e n t i f i e d  i n  the  coulomb e x c i t a t i o n  o f  Se*^ 

and Se^° (Te 5 6 ) and th e  0 decay  o f  As*^ (S t  5 8 ) i s  

in c lu d e d  in  t a b l e  7 .1 .  The p r o t o n  g ro u p s  w hich  may 

a r i s e  i n  (y»p) r e a c t i o n s  a t  1 7 .6  Mev i n  a re

t a b u l a t e d  w ith  th e  p r o to n  g ro u p s  o b se rv e d  in  Gs 1^ ^ ( y , p ) 

Xe1^ 2 by W rig h t .

F o r th e  1 7 .6  Mev gamma r a y ,  p r o to n s  c o r r e s p o n d ­

in g  to  t r a n s i t i o n s  to  th e  g ro u n d  s t a t e s  o f  S e ^ ° ,  S e ^
1^2and Xe '  a re  e x p e c te d  a t  1 0 .2 4 ,  1 1 .2  and 1 1 .5  Mev 

r e s p e c t i v e l y  (S t  5 8 , Wa 53, Wr 58 ) .  A lthough  the 

g ro u p  a t  1 0 .2 4  Mev i s  p ro b a b ly  p r e s e n t ,  i t  h a s  no t b e en  

r e s o l v e d .  I t  i s  f a i r l y  c l e a r  t h a t  th e  b ro a d  g roup  

b e tw een  1 1 .2  and 1 1 .7  Mev c o r r e s p o n d s  to  t r a n s i t i o n s  to  

th e  g round  s t a t e s  o f  Se*^ and Cs1"^ * .

E n e rg y -w ise ,  i t  i s  n o t  p o s s i b l e  to  a t t r i b u t e

th e  p r o t o n  g roup  a t  9 .6  Mev t o  th e  1 4 .8  Mev component

and i t  h a s  n o t  b een  o b s e rv e d  i n  the  Cs ^ ^ ( y , p ) sp e c tru m .

I t  i s  c o n c lu d e d  th a t t h i s  g roup  i s  due to  th e  Br (y , p ) 
80Se r e a c t i o n  a t  E^ = 1 7 .6  Mev which can  p ro c e e d  by way 

o f  th e  0 .6 5  Mev l e v e l  o f  S e^ ° .

The sm a ll  number o f  e v e n t s  above 12 Mev may be 

due to  (y >°<) r e a c t i o n s  i n  the s c i n t i l l a t o r .  The p r o to n  

and a lp h a  r e s p o n s e  c u rv e s  o f f i g u r e  6 .4  s u g g e s t  t h a t  

t h e  re s p o n s e  o f  a 12 Mev c* i s  g r e a t e r  t h a n  a 12 Mev



Pig, 7.6. Proton spectrum from photodisintegration 

of AgBr in a nuclear emulsion by Li^(p,y)

radiation.

(After Waffler, Wa 53).
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p r o t o n  and c< p a r t i c l e s  o f  t h i s  e n e r g y  have been  

o b s e r v e d  i n  the BrCy»^) r e a c t i o n  a t  1 7 . 6  Mev (Na 5 2 a ) .

2 . 6 .  AgBr(v .p)  R e a c t io n s  in  N uclear E m ulsion s.

F ig u r e  7 .6  shows a p r o t o n  s p e c t r u m  from the 

i r r a d i a t i o n  o f  a n u c l e a r  e m u l s io n  by l i t h i u m  gamma r a y s  

r e p o r t e d  by W a f f l e r  (Wa 5 3 ) .  The c o r r e c t i o n s  f o r  the  

0^ ( y , p ) and  ^ ^ ( y ^p ) r e a c t i o n s  i n  the  e m u l s io n  a r e  

shown b u t  t h e  s p e c t r u m  a l s o  i n c l u d e s  c o n t r i b u t i o n s  from 

th e  (y >p ) r e a c t i o n s  i n  B r* ^ ,  B r ^ 1 , A a n d  Ag1(^ .

The i n t e r p r e t a t i o n  i s  more c o m p l i c a t e d  t h a n  t h e  p r e s e n t  

m easu rem en ts  b u t  th e  s p e c t r a  have th e  same g e n e r a l  

f e a t u r e s  - a  b ro ad  g ro u p  a b o u t  7*5 Mev and a g ro u p  which 

i s  p a r t l y  r e s o l v e d  a t  9 . 6  Mev. I t  would a p p e a r  t h a t  

th e  r e s o l u t i o n  o f  th e  sp e c t ru m  from C sB r(T l )  i s  b e t t e r  

b u t  no t  p r e c i s e  enough  t o  s o r t  ou t  t h e  c o n t r i b u t i o n s  

f rom th e  t h r e e  i s o t o p e s .

2 . 7 .  Cross S e c t io n  M easurement.

The m easurement  o f  t h e  c r o s s  s e c t i o n  o f  th e  

CsBr(Y»p) r e a c t i o n s  was b a s e d  on the  c r o s s  s e c t i o n  

( 2 . 5  t 0 . 1  m .b . )  o f  t h e  t r a n s i t i o n  t o  the  1 . 3  Mev l e v e l  

o f  Ne22 i n  Ns 2^ ( y >p ) Ne22 a t  1 7 .6  Mev r e p o r t e d  by 

W rig h t  and Ophel (Op 5 6 ) .

This was done by i r r a d i a t in g  in .  x i n .  

x 0 .0 2 5  in .  c r y s t a l s  o f  N a l(T l)  and CsBr(Tl) in  the  

d e t e c t o r  assem bly  o f  f ig u r e  6 . 1 .  By u sin g  c r y s t a l s
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o f  th e  same d i m e n s i o n s ,  i t  was p o s s i b l e  to  u se  the  same 

geometry  i n  b o t h  i r r a d i a t i o n s  and a v o id  c o r r e c t i o n s  f o r  

t h e  d im e n s io n s  o f  th e  garrma r a y  so u rc e  which was d e f i n e d  

by a 3 A 6  i n . d i a m e t e r  beam s t o p  im m e d ia te ly  i n  f r o n t  o f  

th e  l i t h i u m  t a r g e t .  The gamma r a y  beam was m o n i to r e d  

by t h r e e  t h i c k - w a l l e d  g e i g e r  c o u n t e r s  1.5m. f rom  the  

t a r g e t  a t  6 0 ° ,  120° and 1 5 0 ° ,  and th e  two s p e c t r a  were 

n o r m a l i s e d  t o  the  same number of m o n i to r  c o u n t s .

The shape o f  t h e  e n e rg y  d i s t r i b u t i o n  o f  th e  

e l e c t r o n  background  was t a k e n  f rom  f i g u r e  6 . 7  and i t  was 

assumed as  i n  f i g u r e  7 .3  t h a t  t h e  e l e c t r o n  background  i n  

a l A i n .  x l A i n .  x 0 .0 2 5  i n .  c r y s t a l  does  n o t  e x te n d  

beyond a p r o t o n  en e rg y  o f  6 .5  Mev. I t  was a l s o  assumed 

t h a t  t h e  p h o t o - p r o t o n  y i e l d  above t h i s  e n e rg y  was due to 

t h e  1 7 .6  Mev component.

The GsBr(Y»p) s p e c t ru m  was c o r r e c t e d  f o r  l o s s  

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

e n e rg y  r e l a t i o n s  o f  f i g u r e  6.5* I n  a s i m i l a r  manner,  

t h e  N a l (T l )  s p e c t r u m  was c o r r e c t e d  u s i n g  the  d a t a  o f  

Ophel (Wr 5 8 ) .

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

the  two c r y s t a l s  and th e  3 . 0  m .b .  c r o s s  s e c t i o n  f o r  th e  

Cs 1^ ^ ( y >p ) r e a c t i o n  in  t h i s  en e rg y  ra n g e  (Wr 5 8 ) ,  t h e  

c r o s s  s e c t i o n  f o r  t h e  e m i s s i o n  o f  p h o t o - p r o t o n s  from 

B r79>81 e n e r gy g r e a t e r  t h a n  6 . 5  Mev was found to  be

t  0 . 5  m .b .3 .3
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2 . 8 .  D i s c u s s i o n .

The i n v e s t i g a t i o n  o f  the  p h o t o d i s i n t e g r a t i o n  o f

CsBr(T l)  u s i n g  s e p a r a t e d  i s o t o p e s  o f  bromine i n  the

c r y s t a l  would  s i m p l i f y  t h e  i n t e r p r e t a t i o n  o f  t h e  e nergy

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

ty p e  o f  s c i n t i l l a t o r  have n o t  b een  s u c c e s s f u l .  The
7Q ft!

g e n e r a l  f e a t u r e s  o f  t h e  p r o t o n  d i s t r i b u t i o n  i n  
7ft ftO( v , p ) S e ' * a r e  o f  some s i g n i f i c a n c e .

The P r o t o n  E v a p o r a t i o n  S p e c t r u m .

The e n e r g y  d i s t r i b u t i o n  o f  p h o t o - p r o t o n s  

e v a p o r a t e d  f rom  a compound n u c l e u s  h a s  b e en  c a l c u l a t e d  

f o r  s i l v e r  and bromine  by W a f f l e r  (Wa 53) and a re  i n ­

c lu d e d  i n  f i g u r e  7 . 6 .  A l e v e l  d e n s i t y  w®< ex p .  (aß)  ^
x/4 i

and a n u c l e a r  r a d i u s  R = r  A J have b e en  u s e d  .o
The e v a p o r a t i o n  s p e c t r u m  i s  n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f o r  s i l v e r  o r  b rom ine  and we may compare t h e s e  

c a l c u l a t i o n s  w i t h  f i g u r e  7 .3  to  d i s c u s s  t h e  B r ^ , ®1 (v>p) 

s p e c t ru m .  I t  i s  a p p a r e n t  i n  t h i s  r e a c t i o n  t h a t  t h e  

e v a p o r a t i o n  sp e c t r u m  c a n n o t  a c c o u n t  f o r  a l l  o f  t h e  y i e l d  

o f  p r o t o n s  above 8 Mev and i t  i s  c o n c lu d e d  t h a t  b o th  

compound n u c l e u s  and d i r e c t  p h o t o d i s i n t e g r a t i o n  a re

t  ” 13I n  f i g u r e  7 . 6 ,  t h e  v a l u e s  r Q = 1 . 3 . 1 0  cm. and

r  = 1 . 5 .  10 1^cm. have b e e n  u s e d  w i t h  a = A4  (w-,) o ' ^ y  L
. 6  (A-4o) ^ j  ( w 2 ) .and a = 1
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present. This has been observed in other medium 
elements (Hi 47, Di 50, By 51) at this gamma ray energy 
where compound nucleus formation has been tbs principal 
mechanism with some admixture of direct transitions.

3. Further Work.
It appears that a general extension of the use 

of inorganic scintillators as target detectors in photo­
disintegration studies would be limited by the energy 
resolution of the particular scintillator and the number 
of isotopes in the crystal. The most spectacular results 
in this method have involved the good scintillators: 
Nal(Tl), Kl(Tl), Lil(Eu) and Csl(Tl).

The recent development of techniques for 
selecting monochromatic gamma radiation from electron 
linear accelerators (Tz 57) would allow the use of these 
scintillators in the measurement over a wide energy range 
of excitation functions of the particle groups observed.

A method has recently been devised for dis­
criminating between alpha, proton and electron pulses 
in organic and inorganic scintillators (Ow 59) and this 
may overcome the problem of the electron background, 
allowing the use of larger scintillators with weaker 
monochromatic gamma ray sources such as F ^ ( p ;o(,y ),

and H^(p,Y)He^. It would also be possible 
to measure (y ,°0 reactions by this method and to measure
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p h o t o - p r o t o n s  f rom t h i n  f o i l s  p l a c e d  o v e r  l a r g e r

s c i n t i l l a t o r s .  O rg an ic  s c i n t i l l a t o r s  would be more

a t t r a c t i v e  d e t e c t o r s  b e ca u se  o f  the  h ig h  t h r e s h o l d  f o r  
12t h e  C (y»p)  r e a c t i o n .



CHAPTER VIII.

A Preliminary Investigation of the 

Ne21(d,p)Ne Reaction.
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I n t r o d u c t i o n ,

P a r t i c l e - i n d u c e d  r e a c t i o n s  ( a p a r t  f ro m  s t r i p ­

p i n g  r e a c t i o n s ) ,  l i k e  p h o t o n u c l e a r  r e a c t i o n s ,  m ig h t  be 

e x p e c t e d  t o  p r o c e e d  e i t h e r  by a compound n u c l e u s  or a 

d i r e c t  p r o c e s s .  I t  would be o f  i n t e r e s t  to  compare 

th e  (y >p ) r e a c t i o n s  m easured  i n  t h i n ,  i n o r g a n i c  s c i n ­

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

which  l e a d  t o  p r o t o n  t r a n s i t i o n s  i n  the  same r e s i d u a l  

n u c l e u s ,  e s p e c i a l l y  where the  same e x c i t a t i o n  e n e rg y  i s

in v o lv e d  i n  the  r e a c t i o n s .  Fo r  exam ple ,  th e  
23 22Na J (y ,p )N e  r e a c t i o n  c o u ld  be compared w i th  the

Ne2 1 ( d , p ) N e u~ r e a c t i o n  a t  E^ = 760 Kev and the

F1^(o(,p)Ne2^ r e a c t i o n  a t  E^ = 8 . 4  Mev.

For a d e t a i l e d  c o m p a r iso n  o f  th e  s e v e r a l  r e a c t i o n s

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

one would r e q u i r e  a knowledge o f  the  e n e r g y  s p e c t r a  and

t h e  a n g u la r  d i s t r i b u t i o n  o f  e a c h  t r a n s i t i o n .

Many o f  th e  p o s s i b l e  r e a c t i o n s  a r e  beyond t h e

e n e rg y  ra n g e  o f  th e  a c c e l e r a t i n g  m ach ines  a t  p r e s e n t

a v a i l a b l e  i n  t h i s  l a b o r a t o r y  b u t  the  f o l l o w i n g  c h a p t e r
21d e s c r i b e s  an a t t e m p t  t o  s t u d y  th e  Ne ( d , p )  r e a c t i o n  a t

t760 Kev. E a r l i e r  w o rk e rs  have  on ly  o b s e r v e d  p r o t o n  

t r a n s i t i o n s  t o  th e  g round  and f i r s t  e x c i t e d  s t a t e s  o f

A m brosen ,J .  and B i s g a a r d ,  K .M ., N a tu re  1 6 b . 888 

Z u c k e r ,A and Watson, W.W. Phys .  Rev. JS.t 14.
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22Ne and no a n g u l a r  d i s t r i b u t i o n s  have b een  m ea su re d .

The p r e s e n t  i n v e s t i g a t i o n  was a t t e m p t e d  to  see  i f  one 

can  i d e n t i f y  i n  a d d i t i o n  t r a n s i t i o n s  by way o f  the  

l e v e l s  o f  Ne ^  r e p o r t e d  by Ophel  ard W right  (Op 58) a t  

5 . 4 ,  4 . 4  and  3 .3  Mev i n  the Naz:?(Y>p)Ne r e a c t i o n  and 

to  m easure  the a n g u l a r  d i s t r i b u t i o n  o f  each t r a n s i t i o n .

2« P r e l i m i n a r y  I n v e s t i g a t i o n .
211 |i 8 m . / crn 2 t a r g e t s  o f  Ne a b s o rb e d  in  

0 .0 0 0 5  in* s i l v e r  b a c k i n g  s u p p l i e d  by the e l e c t r o - m a g n e t i c  

s e p a r a t o r  g ro u p  a t  H a rw e l l  were mounted i n  the  90° t a r g e t  

chamber shown i n  f i g u r e  6 . 2  and were bombarded w i th  760 

Kev d e u te r o n s *  As g a s  a d s o r b e d  on t h e  s i l v e r  b a c k in g  

l e a v e s  the t a r g e t  a t  t e m p e r a t u r e s  above 200°C, the  beam 

c u r r e n t  was l i m i t e d  to  2jiA and th e  t a r g e t  was w a t e r -  

c o o l e d ,  The p r o t o n  y i e l d  was o b se rv e d  w i t h  a 3 /^  i n .  

x i n .  x 0 .0 6 0  i n .  C s l ( T l )  s c i n t i l l a t i o n  c o u n t e r  

mounted on  an  E.M#I .  p h o t o m u l t i p l i e r  ty p e  6099F. A 

s e r i e s  o f  a lum in ium  s t o p p i n g  f o i l s  mounted on the  f o i l  

rack  was u s e d  to  a s s i s t  i n  the i d e n t i f i c a t i o n  o f  the  

p r o t o n  g ro u p s  i n  the s p e c t r u m  and an en e rg y  c a l i b r a t i o n  

o f  th e  d e t e c t o r  was made by o b s e r v i n g  the B1 0 ( d , p ) B 11 

r e a c t i o n  i n  the manner d e s c r i b e d  i n  c h a p t e r  VI,  s e c t i o n  

4 . 2 .
21P r o t o n  g ro u p s  f rom t h e  Ne t a r g e t  were o b se rv e d  

a t  e n e r g i e s  o f  8 .5*  6 . 5  and 3 . 2  Mev, c o r r e s p o n d i n g  to
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(d,p) reactions in N ^ ,  and respectively, but

21there was no evidence for proton groups from the Ne 
(d,p)Ne reaction. It was concluded that the deposit 
was too low to observe this reaction in competition with 
the contaminants in the target.
2.1. Target Preparation.

Attention was then given to the estimation of
the minimum target thickness required to measure the
Ne (d,p)Ne reaction at this bombarding energy and to
see what limits could be placed on the carbon and nitrogen
contamination of the target surface. The investigation
was carried out using natural neon gas, which is 90.9%

20 21Ne , assuming the Ne (d,p) cross section to be com­
parable with that of Ne^(d,p).

To reduce the contaminants in the 0.005 in. 
thick silver backing used in the deposition, it was 
polished with fine abrasive paste and outgassed by 
heating it to a dull red heat in vacuo for a few minutes. 
The clean foil was mounted on a water-cooled probe in 
the 1.2 Mev accelerator immediately above the 90° analysing 
magnet. Natural neon gas was fed to the ion source and 
the foil was bombarded with 100pA. of neon ions at 300 Kev 
for two hours. In this time, the target thickness would 
have been 10 mg./ ? if all the ions were absorbed on 
the silver - which is not the case since the surface
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PROTON ENERGY— MEV

F ig .  8 .1 .  S p e c tra  o b s e rv e d  th ro u g h  a 3 n ig . /  2cm *

a lu m in iu m  f o i l  f ro m  th e  d e u te ro n  bom b- 
20b a rd m e n t o f  Ne a d s o rb e d  on s i l v e r  b a c k -  

in g s (E ^  = 760 K e v ) .

U pper S p e c tru m : T a rg e t p re p a re d  i n  t h i s

la b o r a t o r y .

Low er S p e c tru m : 10 | ig m . /cm 2 t a r g e t

p re p a re d  i n  H a rw e ll  

E .M . s e p a r a to r .
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eventually becomes saturated with ions.^ During the 
deposition, hot water was circulated through the probe 
in order to limit the deposition of carbon on the foil 
and to keep the temperature of the silver backing below 
200°C.

20A second target of Ne adsorbed in silver was 
obtained from Harwell. This was deposited in an 
electromagnetic separator with an ion energy of 30Kev
and it was believed to be saturated with a deposit of

pn10p gm./cm> 2 Ne .
The two targets were bombarded with 760Kev

deuterons in the 90° target chamber and the spectra are
compared in figure 8.1 after normalising to the same
number of current integrator counts.

The peak at 4.5 Mev in both spectra corres-
2o 21ponds to proton transitions in the Ne (d,p)Ne reaction 

to the first excited state of Ne^1 at 0.35 Mev. (Aj 59). 
Ground state transitions were not resolved. The proton 
groups at 4.5 Mev are in the ratio of 10:1 and it was 
estimated that the deposit on the target prepared in this 
laboratory was 100 p gm./cm 2 and the target was saturated.

1 u *K0ch, J. Electromagnetic Isotope Separators
North-Holland, Amsterdam, 1958*

✓
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It appears that the higher ion energy used in this
deposition allows a deeper penetration of the silver
backing and consequently, thicker targets can be prepared.

The carbon and nitrogen contamination of the
backing material prepared in this laboratory is not
significantly different from the commercial target.

It appears that the minimum target thickness
21 22required to investigate the Ne (d,p)Ne~ ' reaction would

21 21be of the order of 10 11 gm./ 2 Ne • Thicker Ne
d i l  •

targets could be prepared in this laboratory but because 
of the low abundance of this isotope (0.28%), enrich­
ment of natural neon by thermal diffusion is a lengthy 
process and supplies of the emriched gas are rare.
2.2. Further Investigation.

21Ne targets deposited on 0#0005 in. silver
backing were obtained from the Laboratory of Mass Spectro-
graphy in Amsterdam. They were prepared in an E.-M.
separator with an ion energy of 20 Kev and were believed
to saturate at 10 u gm./ 2* Because of the presence of^ cm.20 21 Ne H ions which are deposited with Ne , the targets

21were estimated to be 35% Ne * (P.K. Rol, private comm­
unication) •

Figure 8.2 shows the proton spectrum from the 
bombardment of this target with 760 Kev deuterons. The 
spectrum was obtained using the 90° target chamber shown



C
O

U
N

PROTON ENERGY------ MEV

Pig. 8.2. Spectra observed through a 13 mg./ m 2 
aluminium foil from the deuteron bomb- 
bardment of a neon target prepared in 
the Amsterdam S.M. separator (approx.
10 M-gm. /cm< 2 Ne20 + 3 5 %  Ne21). The 
lower spectrum was obtained by bomb- 
barding the reverse side of the target.
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i n  f i g u r e  6 .2  w i t h  a 13 m g . /  2 a lum in ium  f o i l  b e tw een
w i l l  •

t h e  t a r g e t  and d e t e c t o r .  The low er  s p e c t r u m  was o b t a i n e d  

by bombarding  t h e  r e v e r s e  s i d e  o f  th e  t a r g e t  and th e  

e n e r g y  s c a l e  i s  f rom  a c o m p ar iso n  w i t h  the  B1^ ( d , p ) B i l  

r e a c t i o n  i n  the manner d e s c r i b e d  i n  c h a p t e r  V I ,  s e c t i o n

4 . 2 .

The g r o u p s  a t  7 . 8 ,  5.6  and 1 . 7  Mev which are

common t o  b o t h  s p e c t r a  c o r r e s p o n d  to ( d , p )  r e a c t i o n s  i n

Nl 4 , C1^ and H2 . The g r o u p s  a b o u t  4 Mev a r e  b e l i e v e d

to be due t o  t r a n s i t i o n s  to  th e  ground and f i r s t  e x c i t e d  
21 20 21s t a t e s  o f  Ne " i n  th e  Ne (d ,p )N e~  r e a c t i o n ,  and the

g roup  a t  6 .6  Mev c o r r e s p o n d s  to  t r a n s i t i o n s  to  the f i r s t
22  21  \  22e x c i t e d  s t a t e  o f  Ne i n  the  Ne (d ,p )N e  r e a c t i o n .

21C l e a r l y  a t h i c k e r  Ne t a r g e t  i s  r e q u i r e d  b e f o r e
22t r a n s i t i o n s  to  the  l e v e l s  o f  Ne a t  5 . 4 ,  4 . 4 ,  3 .3  and 0 

Mev can  be i d e n t i f i e d  i n  th e  p r e s e n c e  o f  so many com pe t ­

i t i v e  r e a c t i o n s .
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