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P R E F A C E .
This Thesis is concerned with experimental studies 

of nuclear photodisintegration, performed with bremsstrahl- 
ung radiation from the Canberra 33 Mev electron synchrotron.

Some of the investigations described have been per­
formed in collaboration with other workers. The measure­
ment of photoneutron activation curves reported in Chapter 
2 was made in collaboration with Dr. J.H. Carver, and the 
method of analysis developed jointly. The experiments 
described in Chapter 4 on the photodisintegration of tan­
talum were performed jointly by Dr. J.H. Carver, Dr. R.D. 
Edge and myself, the experimental work being shared equally 
amongst us. The remaining experiments were carried out 
independently.

I am greatly indebted to Dr. J.R. Carver, who has 
supervised most of these investigations, and given me much 
assistance and helpful advice in the course of this work.

I wish also to acknowledge the assistance of Mr. A. 
Bull, and particularly his efficient operation of the 
electron synchrotron.

I am grateful to the Australian Rational University 
for the award of a Scholarship, during the tenure of which
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these studies were carried out.
Some of the work described in this Thesis has been 

reported in the following publications:
(i) "Determination of Photonuclear Cross Sections" 

(with Dr. J.H. Carver). Australian Journal of 
Physics 10, 312, (1957).

(ii) "The Integrated Cross Section from Threshold to9 7
30 Mev for the Reaction Be (y,2n) Be Proc. 
Phys. Soc. A70, 836, (1957 ).

(iii) "Direct Excitation in the Photodisintegration 
of Tantalum above the Giant Resonance" (with 
Dr. J.H. Carver and Dr. R.D. Edge). Proc. Phys. 
Soc. A70, 415, (1957).

No part of this Thesis has been submitted for a degree 
at any other University.
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CEAPi-üiR 1 .

X TT T HO EU C1* 10 ?T.
Abstra ct.

The experimental results pertaining to nuclear 
photodisintegration a^d the giant resonance are summar­
ised. I t  is pointed out that although most of the ob­
served nucleon emission is characteristic of a decaying 
compound nucleus, there generally remains a component 
which is presumed to arise from direct interactions.

The principal theoretical models proposed to account 
for the absorption are briefly discussed; the relation­
ship b e tw e e n  the collective and independent particle 
model descriptions is indicated, and it is shown that the 
latter formulation is able to account for the properties 
of the direct component as far as they are known.

The points at which some of the experiments described 
in later chapters provide additional information about 
direct emission and test the predictions of the single 
particle theory are indicated.
1.1 Introduction.

Early workers (C7, S10, H7) in the field of nuclear 
photodisintegration were able to establish that energetic
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photons were capable of disrupting the nucleus, but it was
not until high energy electron accelerators, which provide
a continuously variable, albeit complex, spectrum of gamma
rays, were developed that the systematics of nuclear photon
absorption could be investigated.
1.2 Characteristics of Photonuclear Absorption.

Since gamma rays are strongly scattered and absorbed
by the atom through the processes of Compton scattering,
pair production and photoejection of electrons, direct
absorption methods of examining photon interactions with

*
the nucleus are not very fruitful . The absorption cross
section is generally obtained, therefore, by adding together

(
the cross sections for the reactions (^,^), , (^*np).
(^,2n).... etc., which are determined separately by-
detection of the reaction products or by measuring the 
radioactivity of the residual nucleus. Measurements are 
made using a bremsstrahlurg beam of the reaction yield as 
a function of maximum bremsstrahlung energy, and the

*
Some direct absorption measurements have been made (K8) 

by determining with a large sodium iodide crystal the 
shape of a bremsstrahlung spectrum before and after attenu­
ation through an absorber (carbon). When allowance is made 
for all extranuclear absorption, there remains a small 
residue at about the right energy to be attributed to the 
giant resonance.
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excitation function for the reaction inferred from the 
bremsstrahlung yield curve. A method of analysis is 
described in detail in Chapter 2. With the exception of 
the lighter nuclei, (Z^.20), most of the total cross 
section is accounted for by the photoneutron cross sec­
tions, since -neutrons are not affected by the increasing 
Coulomb barrier; most of the results quoted below are 
therefore derived from photoneutron studies.
1.2.1 The Giant Resonance.

Photonuclear absorption tales place largely through 
a broad resonance, generally from five to six Mev wide in 
the region from 15 to 20 lev. The position of the maximum
of this "giant resonance” varies smoothly with atomic mass

- 0.2
showing an A dependence close to 'hco^A , (32, M6, PT,
N2, P'6 and others), the width is found to be substantially 
constant but appears to show significant variation around 
closed shells (1T2, Yl) , and the integrated, cross section 
increases with atomic mass, roughly according to the ex­
pression :

c ^
I c' dE = 0.020 A Mev.barn

' ' --- ----------------------------------- -

when allowance is made for charged particle emission 
from light nuclei (M2) and photoneutron yields are corrected
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Among the light nuclei, careful examination of brems-
strahlung yield curves shows the presence of discontinuities
of slope (K3, G3, P2 etc.) and points to the excitation of
sharp levels at least near threshold, and there is some
evidence of the same sort for fine structure within the
resonance itself (P2). Stronger support for this conclusion
comes from studies of the energy distribution of reaction
products following bremsstrahlung irradiation of light

7 12
nuclei. For reactions such as Li (\,t), C (v,3d) and 16 o o
0 ($,4°0 observed in photographic emulsions, the energy
of the photon absorbed can be uniquely determined from the 
energies of the fragments; the difficulty normally encoun­
tered in bremsstrahlung experiments of identifying the 
photon which has induced the reaction is thus overcome, 
and excitation functions are obtained which display a 
number of sharp peaks (T2, G7, G5, G6 and others). The
same is found for the bremsstrahlung induced photoproton9 12 16
spectra from Be , C and 0 , where the lov; excited states

xor multiplicity (15). Yergin and Fabricand (Yl) have also 
found that the integrated cross section to 24 Mev is sig­
nificantly less for magic nuclei at T = 50. They show that 
t/e pronounced sharpening of the resonance is due to a 
faster fall in the cross section on the high euerg\ side 

this cannot be accounted for by competition, so that tie area, under the absorption peak is less.
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of the residual nucleus are well-separated and transitions 
to particular states can be resolved. Well-defined photo­
proton lines have been observed (C8) reflecting sharp 
photon absorption in the giant resonance.

At energies well beyond the giant resonance, the 
cross section is observed to increase slowly (J5), and in 
this region neutrons and protons are frequently emitted in 
coincidence (113). Nucleon emission is strongly angle- 
dependent, and appears to be consistent with the break-up 
of a nuclear sub-unit such as a "quasi-deuteron" (11).
1*2.2 Energy and Angular Distributions.

^ri lif-ht nuclei excited by mono-energetic quanta, the 
spectrum of emitted nucleons is expected to show well- 
resolved energy groups as the decay proceeds to different 
excited states of the residual nucleus, and this is found 
to oe the case (e.g. T3, W7 etc.). In heavier nuclei this 
structure disappears as the level spacing becomes too small, 
ard the level densities determine the distribution . It is

Groups arising from transitions to the ground and low 
dT.tnih states persist, however. For example, the energy distribution of photoprotons from A^disintegreted bv 17-6 
i®v Photons shows groups corresponding to transitions to the ground and first excited states of Ct" superimposed 
on an "evaporation" spectrum (1V7). The same iTiound some- 
'h t surprisingly, for photoprotons from iodine. Wright
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assumed that a compound nucleus is formed, and the decay 
proceeds to all states available to it with statistical 
weighting factors proportional to the level density in 
the residual nucleus at the energy of the recipient level. 
The level density increases more or less exponentially, 
so that a "Maxwellian" distribution of nucleon energies 
is expected, peaking at a "nuclear temperature" which is 
characteristic of the residual nucleus after nucleon 
emission.

Most of the experimental work on the energy and 
angular distributions of emitted nucleons has been per­
formed using bremsStrahlung as the exciting radiation. 
When bremsstrahlung is employed, any fine structure is, 
of course, smeared out by the continuous nature of the 
photon flux (except in the special cases cited in 1.2.1), 
but the general shape of the distribution to be expected
following the formation of a compound nucleus can still

*
be calculated . Experimentally it is observed that the

and Ophel (W12) have found proton groups corresponding to 
transitions to the three lowest states of Teufe in studies 
using thin Kal crystals both as target and detector.
* The shape of the evaporation spectrum is not very sensi­
tive to the excitation energy, since the nuclear temperature 
is a slowly varying function of the energy. Moreover, most 
of the photon absorption takes place over a fairly narrow
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"bulk of micleons are distributed in this way (W7, D4, £12, 
CIO, PS, Z1 etc.) but that there remains in addition a small 
but significant higher energy component whose presence is 
not consistent with this description unless the level 
density is assumed to increase much more slowly ($5; see 
also 5". 7.1 and footnote to page °i** ), and this in turn 
throws the lower energy results out of agreement.

The same feature is evident from a study of angular 
distributions, which show’ a large isotropic component 
consistent with emission from a compound rucleus, and a 
smaller anisotropic group consisting of the high energy 
nucleons.

Other results which are related to this aspect are 
the anomalous proton yields from the heavier nuclei, where 
it is expected that protons will be strongly suppressed 
by the Coulomb barrier. It is found (H4) that the experi­
mental yield exceeds that calculated from the decay of a 
compound nucleus by a factor ranging from a few- per cent 
to thousands.

Carver et al (C2) have measured the ratio in

range of energies, for which the nuclear temperature may be assumed constant (see 5“. 7.1).
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t a n t a l u m  a t  17 .6  k e v ,  and f i n d  t h a t  t h e  (5 ,n)  c r o s s  s e c ­

t i o n  a t  t h i s  en e rg y  i s  t oo  l a r g e  t o  he e x p l a i n e d  by com­

p e t i t i o n  i n  t he  decay o f  a compound n u c l e u s ;  f u r t h e r  

e v i d e n c e  o f  t h e  same n a t u r e  i s  p r o v i d e d  by t h e  e x p e r i m e n t s  

d e s c r i b e d  in  C h a p t e r  4 .

1 . 3  Dipol e  Sum R u l e s .

B a s i c a l l y ,  t h e  t h e o r y  o f  p h o t o n u c l e a r  r e a c t i o n s  i s  an

a p p l i c a t i o n  of  t he  quantum m e c h a n i c a l  t h e o r y  f o r  t h e  i n t e r -
*

a c t i o n  o f  cha rged  p a r t i c l e s  w i t h  t he  e l e c t r o m a g n e t i c  f i e l d ,  

where  i t  i s  e s t a b l i s h e d  t h a t  t h e  s t r o n g e s t  i n t e r a c t i o n s  a r e  

t h e  a l l owed  e l e c t r i c  d i p o l e  t r a n s i t i o n s .  I t  i s  t h e r e f o r e  

a n t i c i p a t e d  (and t h i s  i s  s u p p o r t e d  by t h e  magn i tude  o f  t h e  

c r o s s  s e c t i o n  : see  below) t h a t  a b s o r p t i o n  i n t o  t h e  g i a n t  

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

L e v i n g e r  and Ee the  (L4) have made a very  g e n e r a l  c a l ­

c u l a t i o n  f o r  t he  i n t e g r a t e d  c r o s s  s e c t i o n  f o r  e l e c t r i c  

d i p o l e  a b s o r p t i o n  by t he  n u c l e u s ,  ba sed  on t h e  we l l -known  

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

and f i n d :

O ' dE = 0 .060  NZ/A (1 + 0 . 8 x )I
A n e u t r o n  may be c o n s i d e r e d  t o  have an e f f e c t i v e  c h a r g e ,  

be ca us e  t h e  f o r c e  on t he  r e m a i n d e r  of  t h e  n u c l e u s  p u s h e s  
i t  away and l e a v e s  t h e  n e u t r o n  f r e e .
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where  x i s  t h e  f r a c t i o n  o f  t h e  n e u t r o n  p r o t o n  f o r c e  which  

h a s  an exchange c h a r a c t e r .  The f i r s t  p a r t  o f  t h i s  ex­

p r e s s i o n  i s  i n d e p e n d e n t  o f  any n u c l e a r  model ,  and t h e  

s e c o n d ,  w h i l s t  i t  i s  d e r i v e d  a ssuming  a Fermi  ga s  model ,  

shou ld  be f a i r l y  i n s e n s i t i v e  t o  t h e  model  u s e d  (L2 ) .
*

Making t h e  good a p p r o x i m a t i o n  V - Z s A/2 and s e t t i n g  x ?  j  , 

one f i n d s  t h a t  t he  i n t e g r a t e d  c r o s s  s e c t i o n  r e d u c e s  t o :

j" O* dE = 0 .020  A Mev-barn

- a r e s u l t  which must  ag r e e  w i t h  any d i p o l e  model  which  

t a k e s  i n t o  accoun t  t h e  e f f e c t  o f  exchange  f o r c e s .  They 

show f u r t h e r  t h a t  t h e  c o n t r i b u t i o n  from the  h i g h e r  o r d e r  

m u l t i p o l e s  i s  s m a l l  compared w i t h  t he  d i p o l e  sum (8^> f o r  

fig a b s o r p t i o n  i s  t h e  l a r g e s t ) .

The e x p e r i m e n t a l  c r o s s  s e c t i o n  a g r e e s  w i t h  t h i s  r e s u l t ,  

w i t h i n  t he  r a t h e r  l a r g e  e x p e r i m e n t a l  e r r o r s  ( s e e  1 . 2 . 1 ) ,

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

c h a r a c t e r

*

A v a lu e  o f  x - |  i s  i n d i c a t e d  by o t h e r  e x p e r i m e n t a l  work.  
I t  i s  f o un d ,  f o r  example ,  t h a t  h i g h  energy  n -p  s c a t t e r i n g  
d a t a  a r e  b e s t  i n t e r p r e t e d  i f  a S e r b e r  i n t e r a c t i o n  o f  t h e  
form V =• 1 (1  Pm) V ( r ) ,  where  P** i s  t h e  Ma jo rana  exchange  
o p e r a t o r ,  i s  assumed.
** A more f u n da m e n t a l  c a l c u l a t i o n  due t o  Gel l -Mann e t  a l  (Gl)  
wh ich  i s  " m o d e l - i n d e p e n d e n t ” y i e l d s  f o r  t h e  TOTAL i n t e g r a t e d



10

1.4 Theoretical Models.
Theoretical accounts of the dipole giant resonance 

have taken two forms. These are the collective models (G4 ,
J 2, Dl, D2, Bll, F5, SI and others) in which the process is 
discussed as a gross dipole oscillation of all protons 
against all neutrons, and the independent particle model 
where the interacting photon is considered to be absorbed 
by a single nucleon in making an £1 transition between 
shell model states (W5, Y»6, £10). Both of these treatments 
give reasonable results for the main features of the giant 
resonance, even though they appear to be mutually exclusive. 
This apparent contradiction is partly resolved by Brink (B9), 
who shows that for an oscillator potential a particular 
linear combination of single particle transitions is excited 
which corresponds exactly to o^e of the collective oscilla­
tions proposed by Goldhaber and Teller (G4). This aspect 
is considered in greater detail i^ 1.4.3.

cross section including all multipoles:
oo

<r-d£ = 0.060 ?JZ/a ( i -fO.lAf)
HZ '

which is close to the same value.
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1.4.1 The Collective Models.
A number of collective modes of oscillation in which 

all protons move collectively against all neutrons have 
been proposed by Goldhaber and Teller (G4). In the model 
which they analyse in detail, for example, the nucleus is 
considered as two interpenetrating clouds of protons and 
neutrons which pass back and forth through one another 
during the oscillation. For this model, which they ana­
lyse classically, it is possible to describe the motion 
in terms of a single collective co-ordinate representing 
the separation of the respective centres of mass, and to 
show that for small distortions this co-ordinate under­
goes a simple harmonic oscillation. When reasonable 
assumptions are made for the nuclear parameters involved, 
a value is obtained for the frequency (i.e. the energy)
in fair agreement with experiment, with an A dependence 

- 1/6
htt>~A . The integrated cross section agrees with the 
non-exchange component of the dipole sum, as it must do 
if the model is to account for all of the dipole absorp­
tion. The model has been refined by Fujita (F5), who

*
shows that in a proper quantum mechanical analysis ex-

♦
c.f. Tomonaga (T4) for conditions under which a quantum 

mechanical analysis in collective co-ordinates is valid.
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change effects appear when a velocity-dependent potential 
is introduced into the Hamiltonian, increasing the inte­
grated cross section and the resonance energy by a factor 
(q  -v- < T x )  where & is a numher close to 0.1 ( c. f • 1»«̂  bove ) •

There are other modes of collective motion which have 
been examined («32, Dl, 1)2, bl) and wrhose detailed predic­
tions differ from the model just considered, but by and 
large their results for the position and magnitude of the 
absorption peak are similar.

It appears, then, that the broad features of nuclear 
dipole absorption are adequately explained in terms of the 
excitation of a single level, correspending to a collective 
vibration of all protons against all neutrons. However, 
when the subsequent de-excitation of the state reached is 
considered the collective picture is less satisfactory.
It is assumed that the ordered vibration induced v/hen a 
photon is absorbed is quickly broken up through random 
nucleon collisions, leading to the formation of a compound 
nucleus which decays in the conventional way. We have al­
ready seen, however (c.f. 1.2.2), that part of the emission 
is not consistent with the decay of a compound nucleus; it 
is therefore considered that these arise from direct inter­
actions. Unfortunately, there does not appear to be any-
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thing inherent in the collective level to account for
*

direct emission , and it is necessary to propose an in­
dependent ’’direct photo-effect” (Jl, C9) to explain the 
observed excess of high energy anisotropic nucleons.
This in turn is somewhat unsatisfactory, since the ex­
periments of Ferrero et al (F2) using threshold (n,p) 
detectors indicate that the anomalous fast neutron com­
ponent arises from the same absorption mechanism as the 
lower energy neutrons from a compound nucleus.
1.4.2 The Single Particle Model.

The single particle model has been developed by 
Wilkinson (W5, W6) and a more detailed account is given 
of it in this work, since some of the experiments des­
cribed later are interpreted in terms of single particle 
excitation.

One starts from a consideration of the matrix element 
for El transitions by individual nucleons between shell 
model states. Since the giant resonance is known to ex­
haust the dipole sum, and this involves all the nucleons 
in the nucleus, it is apparent that most of the transition
_ _____

but see 1.4.3 where the collective level can be inter­
preted as a linear combination of single particle states.
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strength must he attributed to nucleons in the closed 
shells, since this is where most of them lie. Wilkinson 
shows that transitions involving the disruption of closed 
shells are much stronger than valence transitions, so 
that, although a single nucleon makes the transition, its 
strength is considerably enhanced by the presence of the 
remaining nucleons which close the shell. Transitions 
from the deep-lying shells are, of course, strictly for­
bidden, since the shells above them are already filled, 
but they still contribute to the dipole sum in that their 
presence prohibits negative transitions downwards from 
the shells above.

The strongest transitions occur between shells with 
the same radial quantum number, for the radial overlap 
integrals j" y (r) rV(r)dr, which largely determine the 
dipole matrix element, are then greatest. Since for all 
reasonable shell model potentials the separation between 
these shells is roughly constant, the strong transitions 
will have approximately the same energy, and the total 
absorption cross section will show a peak.

In actual fact when the absorption energy is calcu­
lated it is found to be too low - Wilkinson finds 9 Mev 
in lead, where the observed value is 14 Mev - but there
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1

are reasonable arguments whereby it may be increased. If 
a velocity-dependent potential is used, or what amounts to
the same thing, an effective nucleon mass equal to about

*
half of its free mass 9 the energy is increased and agrees 
satisfactorily with experiment. We have already seen that 
the same considerations enter into the correct calculation 
for the dipole sum through the factor (1 +• 0.8x) (1.3 and 
1.4.1) and in the same way the harmonic mean energy, which 
may not be very different from the position of the maximum, 
is increased some fifty per cent.

It is interesting to note that the presence of fine 
structure in the resonance (c.f. 1.2.1) can be readily- 
accounted for, since the theory does not require a greater 
density of states at the peak, but only that transitions 
to them should be enhanced.

The important difference between the collective and 
single particle models is that in the latter we are pre­
sented with an excited state, which need not always decay 
through a compound nucleus. A single nucleon has been 
elevated to a high energy shell, from whence it may be

* ------------------------ --- ------ -
c.f. Weisskopf (W2) , who suggests that the experimental 

position for the peak is evidence for an effective mass equal to half the free nucleon mass.
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emitted directly, or, as is more frequently the case, be 
absorbed into a compound nucleus following inelastic col 
lisions with other nucleons. Moreover, we can make an 
estimate of the relative likelihood of these two pro­
cesses, where:

The numerator of this expression is the sum rule limit for 
the particle width for a nucleon of wave number k in a 
nucleus of radius R (S2), multiplied by the penetrability, 
and the denominator is the width for absorption into a 
compound nucleus, equal to twice the imaginary part of the 
complex potential.

For neutrons, where the penetrability enters only 
through the centrifugal barrier, and therefore only affects 
the direct yield from states of very high angular momentum, 
it can be expected that the cross section for direct emisr 
sion will display the same giant resonance as the cross 
section for those which are evaporated; this is in agree­
ment with Ferrero's results (F2; see 1.4.1 above). Ferrero 
et al find for the fast neutron component from bismuth a 
cross section shape very close to that of the giant res-

2mR
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onance, and a direct yield which agrees with that predicted 
by the decay of single particle states. Similar conclusions 
can be drawn from the experiments described in Chapter 4.

For protons the situation is likely to be somewhat 
different, since the additional Coulomb barrier means that 
the factor largely determines the behaviour of Ĉ  , and 
consequently the direct yield from each transition. Since 
the strongest transitions are those between shells of high 
angular momentum, and the emission of direct protons from 
these will be strongly inhibited by the barrier (Coulomb+- 
centrifugal), it is likely that most of the direct proton 
yield will come from the less strong transitions at higher 
energy, between shells of low angular momentum. In heavy 
nuclei direct protons must account for virtually all photo­
proton emission, since the Coulomb barrier prohibits proton 
evaporation; this may mean that the peak of the (y,p) cross 
section is shifted to higher energies.

Wilkinson finds excellent agreement between the direct 
photoproton yields calculated on this basis for £3 Mev 
bremsstrahlung, and the equivalent experimental yields for 
elements above about Z =■ 50. He also determines the energy 
and angular distributions of direct photoprotons from lead, 
irradiated with 23Mev bremsstrahlung, and finds again that
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they agree very well with the experimental distributions.
The single particle theory is seen, therefore, to ac­

count for the giant resonance just as successfully as the 
collective models, and in addition is fairly successful in 
explaining, through the decay of single particle states, 
the relative magnitude of the direct component.

The experiments described in Chapters 5 and 6 report 
measurements made of the absolute yield, excitation func­
tion and angular distribution of direct photoprotons from 
silver, and the results obtained are compared there with 
the predictions of the single particle theory.
1.4.3 The Relationship Between the Two Models.

The fact that both the collective and single particle 
descriptions of dipole absorption predict fairly success­
fully the properties of the giant resonance leads one to 
suspect that they may in fact represent similar physical 
situations. Levinger (L3) and Brink (B9) have indicated 
how this might occur. Levinger suggests that the wave 
function for the excited state reached in the absorption 
might be a linear combination of single particle wave 
functions, which corresponds to all the protons moving in
one direction and all the neutrons moving in the other.

\

Brink in fact shows that in the special case of an
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oscillator potential this is indeed so, and ~ that a
particular linear combination of single particle excita­
tions is produced which corresponds exactly to a Goldhaber- 
Teller oscillation. Thus one should be able to calculate 
the direct yield of nucleons from a particular shell, even 
on the basis of collective excitation, by selecting the 
appropriate component of the collective wave function 
which corresponds to that particular single particle trans­
ition.

This exact equivalence disappears if the shell model 
potential is altered, and the Goldhaber-Teller description 
no longer contains exactly the same information as its 
single particle counterpart. When a more realistic nuclear 
potential is assumed, corresponding more closely to a real 
nucleus, the single particle formulation becomes superior, 
since the additional information introduced through refine­
ments to the shell model potential is not contained in the 
collective account.
1.5 Conclusions.

It has been indicated in the foregoing discussion 
that while the collective and single particle descriptions 
of nuclear dipole absorption are related, the latter is 
probably a closer approximation to reality. It has been
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shown that the "behaviour of the anomalous direct component 
can he fairly well accounted for when the situation is 
examined from this point of view, even though the shell 
model which was used for this purpose is a somewhat ideal­
ised one. It might he hoped that as more detailed inform­
ation about the direct component is accumulated the shells 
involved in the transitions might he identified, and 
specific details about the nuclear potential inferred.
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CHAPTER 2.
THE MEASUREMENT OF EXCITATION FUNCTIONS WITH A BREMSSTRAHL«

" ‘ 12 16 54~
UNG BEAM, THE REACTIONS C (̂ [.n). 0 (j.n) AND Fe (^.n)»
Abstract.

The problem of measuring photon excitation functions 
with the rather awkward bremsstrahlung distribution is 
discussed. An iterative method for the solution of brems­
strahlung yield curves to obtain excitation functions is 
presented, and the relevant tables for such solution 
appended.

The measurement by residual activation of the yield
12 16 54

curves for the reactions C (f,n), 0 (^,n) and Fe (jj,n)
from their thresholds to 31 Mev is described, and the 
iterative method applied to derive the excitation functions. 
These show certain interesting features which are discussed. 
2.1 Introduction.

Although synchrotrons and betatrons deliver high fluxes 
of gamma rays, and indeed have made possible the systematic 
study of photonuclear reactions, which have such low cross 
sections, they suffer from the major drawback that the 
gamma rays are not mono-energetic. This complicates the 
analysis greatly, for, while it is very easy to induce and
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detect photonuclear effects with such sources, it is ne­
cessary to disentangle from the observations the effect 
of having a continuous distribution of photon energies. 
However, provided that this distribution is known, it is 
possible to measure excitation functions for such reactions.

Unfortunately, the bremsstrahlung distribution can 
rarely be precisely specified, since even though the radi­
ation process is fairly well understood the radiating con­
ditions within most machines are not well-defined. However, 
to within a few per cent the photon spectrum is known, and 
this is adequate to examine the broader features of photo- 
nuclear absorption, such as the giant resonance. Indeed, 
in certain favourable circumstances, detailed structure 
within the resonance can be inferred (K3, G3, P2 etc.; see 
1.2.1).

To measure the excitation function for a photonuelear 
reaction the reaction yield A(kQ) is measured as a function 
of the energy kQ of the radiating electrons. This is re­
lated to the cross section cr-(k) and the bremsstrahlung 
distribution P(k,kQ ) by the expression:

ko
cr (k) P(k,kQ )dk

T
-- (2.1)



23

where k is the energy of the photon and g is a constant 
which normalises the expression to unit electron charge.

The problem then reduces to solving this integral 
equation, given A(kQ) and P(k,kQ), and this has been done 
in a number of ways (W10, J4, K2, S3). The best-known of 
these is the "photon difference” method (K2) where the 
integral is replaced by a sum over a set of narrow inter­
vals and an average cross section for each interval is 
obtained. This is not, however, the method used in this 
work; an analytical method is developed in which the in­
tegral is transformed into a form amenable to iterative 
solution, with the aid of certain functions which are 
tabulated.
2.2 The BremsStrahlung Spectrum.

The bremsStrahlung arising from fast electrons inci­
dent upon a thin radiator is fairly well understood, and 
has been calculated by Bethe and Heitler (H3). This cal­
culation makes use of the Born approximation, which re­
quires that the quantity Ze/137v should be small compared 
with unity. For radiators of high atomic number this 
condition is not at all well fulfilled, but more exact 
calculations (B6, M4) using proper Coulomb wave functions 
indicate that the chief error introduced lies in the ab-
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solute magnitude of the bremsStrahlung cross section 
rather than in the shape. The Bethe-Heitler equations, 
suitably modified by these considerations,have been 
checked experimentally through the inverse process of 
pair production (see D3), as has the bremsstrahlung 
cross section itself (Wl, K7) though not to such accuracy, 
and it is safe to say that the theoretical spectrum ap­
plies quite well for thin radiators, even of high Z.
2.2.1 The Thin Target Spectrum.

In the form given by Schiff (S6) the intensity in 
the forward direction J(k,kQ ) in units of energy is pro­
portional to:

P : +  (l-z)2|21ogM. - (2-z)2 ___ (2.2)

where z « k / kQ + u and 1 / ̂  * 1 / 1 / with:

2 p 1/2
oL ~ 2(k -v u ) (1-z) / uz and oc = C / Z 1 0 2

and:
k = photon energy in Mev 
kQ = electron energy in Mev 
u - rest mass of electron in Mev - 1.02 
C = constant = 111.

Then P(k,kQ ), the number of photons of energy k, is 
given by:

P(k,k0 ) = J(k,kQ ) / k.
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The d e r i v a t i v e  o f  P ( k , k 0 ) w i t h  r e s p e c t  to  k Q i s  a l s o  

r e q u i r e d  i n  t h e  a n a l y s i s  w hich  f o l l o w s ,  and i s :

P ' ( k , k Q) = dP /  dkQ

- 2 ( 2 z ( 1 - z ) l o g ^  ( z - 2 ) ( 2 - z ) z  (1 -  *2/ o ^ ) (1 + [ 1 - zj 2 )l . . ( 2 . 3 )
( kQ+ u ) k I  1- z )

2 . 2 . 2  T h ick  T a r g e t  C o r r e c t i o n s .

The d i f f i c u l t y  l i e s  i n  r e l a t i n g  t h i s  t h i n  t a r g e t  r e ­

s u l t  t o  t h e  more r e a l i s t i c  c a se  o f  e l e c t r o n s  s t r i k i n g  a 

t h i c k  t a r g e t ,  where i o n i s a t i o n  l o s s e s  and m u l t i p l e  s c a t ­

t e r i n g  w i t h i n  th e  r a d i a t o r  a r e  c e r t a i n  t o  p ro d u ce  some 

m o d i f i c a t i o n .  A par t  from t h e  case  o f  m ac h in e s  w i t h  e x t e r ­

n a l  beams, where  t h e  r a d i a t o r  c o n d i t i o n s  can be chosen  a t  

w i l l ,  and t h i c k  t a r g e t  c o r r e c t i o n s  c o n s e q u e n t ly  a p p l i e d  

(V.'9) , t h e  t a r g e t  p a r a m e t e r s  a r e  g e n e r a l l y  n o t  w e l l -k n o w n .

S ince  no s e n s i b l e  c o r r e c t i o n s  f o r  t a r g e t  t h i c k n e s s  

can be a p p l i e d  f o r  t h e  C a n b e r ra  m ach ine ,  i t  i s  assumed i n  

t l  e f o l l o w i n g  t h a t  t h e  i n t e n s i t y  i n  t h e  f o r w a r d  d i r e c t i o n  

i s  g iv e n  by t h e  B e t h e - H e i t l e r  e x p r e s s i o n  ( 2 . 2 ) .  There i s  

p a r t i a l  J u s t i f i c a t i o n  f o r  t h i s  a s su m p t io n  i n  t h a t  e l e c t r o n s  

w h ich  a re  s t r o n g l y  s c a t t e r e d  w i t h i n  t h e  t a r g e t  w i l l  r a d i a t e  

a t  a lo w er  e n e r g y ,  b u t  n o t  i n  t h e  f o r w a r d  d i r e c t i o n .  Those 

e x p e r i m e n t s  w hich  have  been  p e r fo rm ed  t o  m easure  th e  d i s -
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t r i b u t i o n  i n  comparable  s i t u a t i o n s  ( y n , K7 e t c . )  i n d i c a t e  

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

a s s u m p t io n ,  and t h a t  t h e  B e t h e - H e i t l e r  c a l c u l a t i o n s  do 

a p p r o x i m a t e ly  r e p r e s e n t  t h e  e x p e r i m e n t a l  d i s t r i b u t i o n .

2 .2  The S o l u t i o n  o f  t h e  I n t e g r a l  E q u a t i o n .

A cco rd in g  to  e q u a t i o n  ( 2 . 1 ) ,  t h e  r e a c t i o n  y i e l d  i s  

g iv e n  by:

A(kQ) - g J  (k )  P ( k , k Q)dk .

T

D i f f e r e n t i a t i n g  w i t h  r e s p e c t  to  k  :
k 0*0

A ' ( k 0 ) / g  ,  f es- ( k ) P '  ( k , k o ) d k + ~ ( k o )P ( k o ,k  )
T

o r :  jc

A’ (k Q) / g =  j  |<v(ic) -  ( k o ) j p ' ( k , ] c 0 )dJc

T *0 
+ -O c0>fP(V V  + [ P 1 (k , kQ) dkj .

T

T h is  becomes, on r e a r r a n g i n g :
*0

+ 1__ / / <v (lr) -  « ' • ( I t  )1P 1 ( k , k Q)dk0 0 s Tv TtT J i ° i
T . . . . ( 2 . 4 )

w h ere :  v0
S(k0 ,T )=  p(fc0 .k0 ) * {  P ’ Oc,ko )dk . . . • ( S . 5)
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and:
c-0(k0) = A* (kQ ) / gS(kQ ,T) --- (2.6)

The iterations are made on equation (2.4), by inserting

in the integral the zero order approximation *̂0(k0 ) to

compute a correction <r^(kQ ) which is then inserted in turn

in the integral to compute a second order correction, and

so on. In general form the complete solution is:
n

O -  (kn ) r ° a ( k 0 ) ....(2.7)
n z 0

with: kQ

<r- (k.) * 1 • f i  o  . (k ) - (k)"Jp'(k.k )dk
51 0 STFTfT Jj "-1 0 "-1 ] 0

where (N0(k0) and S(k0 ,T) are given by equations (2.6) and 

(2.5).

In principle, it would be possible to solve this equa­

tion with a single set of values of S(kQ ,T) computed for a 
value of T below the threshold of all reactions to be con­

sidered, but the convergence of the iterations is greatly 

improved by choosing T as close to the threshold as 

possible. Tables of values of P(k,kQ ), P'(k,kQ) and S(kQ ,T) 

have been computed at 1 Mev intervals of each variable over 

the range 6 - 3 5  Mev, and are appended at the end of this 

thesis (Appendix 1).
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I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i f  t h e  b r e m s S t r a h l u n g  

i n t e n s i t y  were c o n s t a n t ,  so t h a t  P f ( k , k Q)= £ ( k - k Q) /  k ,  

t h e  zero  o r d e r  a p p r o x i m a t i o n  ( 2 , 6 )  would be e x a c t .  I n  

F i g u r e  2 .1  P ' ( k , k 0 ) i s  p l o t t e d  a s  a  f u n c t i o n  o f  k f o r  i n ­

c r e a s i n g  v a l u e s  o f  k Q, and i t  i s  n o t i c e a b l e  t h a t ,  a s  k Q 

i n c r e a s e s ,  t h e  d e r i v a t i v e  draws c l o s e r  to  a d e l t a  f u n c ­

t i o n .  T h is  i s  r e f l e c t e d  i n  t h e  f a c t  t h a t  t h e  i t e r a t i o n s  

do i n d e e d  converge  more s h a r p l y  t h e  h i g h e r  t h e  t h r e s h o l d  

f o r  t h e  r e a c t i o n .

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

c u r v e s  by t h i s  method i s  t h e n  t h e  f o l l o w i n g :

( i )  t h e  m easu red  y i e l d  curve  i s  n u m e r i c a l l y  d i f f e r ­

e n t i a t e d  and n o r m a l i s e d  by t h e  f u n c t i o n  S (k  , T)o
to  g i v e  t h e  z e ro  o r d e r  a p p r o x i m a t i o n  £7̂0 ( k Q)

( i i )  u s i n g  e q u a t i o n  ( 2 . 4 ) ,  improved  s o l u t i o n s  a r e  ob­

t a i n e d  w i t h  t h e  a i d  o f  t h e  t a b u l a t e d  v a l u e s  o f

P f ( k , k  ) and S (k 0 ,T ) ;  t h e  c o m p u ta t io n  o f  t h e  o
i n t e g r a l  i n  e q u a t i o n  ( 2 . 4 )  i s  c a r r i e d  o u t  by any 

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

F ig u r e  2 . 2  shows an example  o f  su ch  an a n a l y s i s .  The
63

c r o s s  s e c t i o n  f o r  t h e  r e a c t i o n  Cu ( y , n )  a s  m easured  by 

Berman and Brown (B5) was assumed,  and from i t  a y i e l d  

curve  was c o n s t r u c t e d  u s i n g  t h e  S c h i f f  sp ec t ru m  (Append ix  1 ,
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Table 1). This was analysed by the iterative method just 
described, and the solution, converging to the original 
shape as more approximations were taken, is shown.
2.4 Monitoring of the Gamma-Ray Flux.

The measurement of bremsStrahlung intensities and 
total flux is generally a difficult problem. The most 
satisfactory method of monitoring is to measure the inte­
grated electron current which produces the bremsstrahlung, 
but this is not feasible for machines which have internal 
circulating beams. A popular alternative is to measure 
the total ionisation produced by the beam in a standard 
thick-walled ionisation chamber (K2), but this method 
suffers from the defect that the response of the chamber 
has to be calculated as a function of maximum bremsstrahl­
ung energy, and such calculations are not very reliable.

This difficulty may be avoided by measuring yields 
relative to some other well-established reaction. This is
the practice adopted in this work, where the cross section

63
measurement of Berman and Brown for the reaction Cu (y,n) 
is taken as standard. Their measurement was monitored 
directly by collecting and measuring the total electron 
charge which gave rise to the bremsstrahlung and the brems­
strahlung itself was properly corrected for target thick-
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ness, so that considerable reliance can be placed on their 

result. From their published excitation function a yield 

curve has been computed assuming the Schiff thin-target 

spectrum, and this "theoretical" yield curve is subsequent­

ly taken as standard (Fig. 2.2).

Experimentally, the yields from the reaction under
63

study and from the reaction Cu (tf ,n) are measured simul­

taneously as a function of maximum bremsStrahlung energy. 

The ratio of these, and the assumption of the above yield 

curve for copper, then gives directly the required yield, 

normalised to unit electron charge. Moreover, this pro­

cedure compensates in part for any inadequacies in the 

assumed bremsStrahlung shape and for the neglect of thick- 

target corrections (c.f. Sagane; S3). For those reactions 

at least whose excitation functions have shapes similar to 

that of copper, this form of monitoring will give the 

correct result for the derived cross section; fortunately, 

the reaction in copper is fairly typical, and this

condition is met approximately in a large number of cases.
12 16 54

The measurement of the photoneutron excitation func-
12 16 54

tions for the isotopes C , 0 and Fe was undertaken 

for a number of reasons. Although the three reactions had

2.5 The Reactions C fy.n). 0 (y.n) and
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been in part measured before (B4, HI, S4, K4), the energy 
range 24 - 30 Mey had not been thoroughly investigated, and 
it was felt that in view of the neutron structure of these 
isotopes - they all have closed shells or sub-shells for 
neutrons - interesting effects might be observed on the 
high energy side of the giant resonance. At the same time, 
satisfactory reproduction of well-known results up to 24 Mev 
would give confidence in the energy calibration, monitoring 
procedure and general technique employed, in preparation for 
more elaborate studies with a bremsstrahlung beam.
2.5.1 The Canberra Electron Synchrotron.

The Canberra electron synchrotron is a mains frequency 
(50 c.p.s.) machine with a nominal maximum energy of 33 Mev. 
Energy control is achieved by varying the peak amplitude of 
the magnetic field and adjusting the duration of the radio- 
frequency acceleration so that the electrons strike the 
tungsten target at the peak of the cycle. This amplitude 
is controlled by a variable inductance choke in parallel 
with the resonant magnet-condenser circuit, and is stabil­
ised with the choke against drifts of more than 0.25 Mev.
The beam intensity is approximately 5 - 7  roentgens per 
minute at a metre at an energy of 30 Mev, and is somewhat 
less at lower energies.
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2.5.2 Energy Calibration.
The electron energy was determined as a function of 

magnet current by measuring the thresholds for the photo­
neutron reactions listed in Table 2.1.

Table 2.1.
______THRESHOLD ENERGIES FOR PHOTONEUTHON REACTIONS.

Reaction Energy
181

(j,n)65 7.6 Mev
Cu (* ,n) 10.6 Mev16
o (v,n)12 15.6 Mev
c (*,«) c-.00•H Mev

The relationship between energy and magnet current
was assumed to remain linear beyond the range of threshold
measurements and the calibration determined is in close
agreement with that quoted at three energies (18, 24 and
50 Mev) by the manufacturers of the magnet. An additional
secondary check is afforded by the measured ratio between

12 65the yields from the reactions C (j,n) and Cu (^,n) as a 
function of energy. This agrees precisely with the same 
measurement on the Stanford linear accelerator (B4, B5),



33

where the energy was measured independently by a magnetic 
deflection method.

It is believed therefore with some confidence that 
the energy calibration is known to within 0.3 Mev, and 
that, for a given setting, the energy can be held to within 
0.25 Mev of its nominal value.
2.5.3 Yield Curves for the Reactions.

A cadmium holder, necessary to obviate unwanted slow 
neutron reactions, containing a disc of iron, oxygen (as 
boric acid) or carbon (graphite) sandwiched between similar 
copper discs, was exposed to the synchrotron beam for a 
known time. The induced positron activities from the 
reaction under study and from the copper were measured 
with thin-window Geiger counters (Twentieth Century: Type 
EW.3H) in a standard geometry, and the ratio of the activi­
ties determined as a function of maximum bremsstrahlung 
erergy.

The length of the irradiations was chosen to suit 
both the half-life of the isotope being produced and the 
half-life of the activity induced in the copper monitor 
foils (9,4 minutes). Thus, for carbon and iron, with 
half-lives of 20.4 minutes and 8,9 minutes respectively, 
the targets were exposed for ten minutes, whilst oxygen
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( h a l f - l i f e  2 .1  m i n u t e s )  was exposed  f o r  two m i n u t e s .

S in c e  c o u n t i n g  r a t e s  were q u i t e  h i g h ,  i t  was n e c e s s a r y

t o  d e te r m in e  dead  t im e  c o r r e c t i o n s  f o r  t h e  G e ig e r  c o u n t e r s .

A co p p e r  d i s c  was i r r a d i a t e d  t o  s a t u r a t i o n ,  and th e  decay

o f  t h e  in d u c e d  p o s i t r o n  a c t i v i t y  was f o l l o w e d  a t  tw o -m in u te

i n t e r v a l s  f o r  some n i n e t y  m i n u t e s .  A s e m i - l o g  p l o t  o f

coun t  r a t e  v e r s u s  t im e  showed, a f t e r  s u b t r a c t i n g  a sm a l l
66

c o n t r i b u t i o n  f o r  a 3 . 3 - h o u r  a c t i v i t y  i n d u c e d  in  Cu a 

p u re  9 .4 - m in u t e  h a l f - l i f e  f o r  count  r a t e s  below 4 0 ,0 0 0  

c o u n t s  p e r  m in u te .  A c c o r d i n g l y ,  a c t i v i t i e s  were k e p t  below 

a b o u t  3 0 ,000  c o u n t s  p e r  m in u te  so t h a t  no dead t im e  c o r r e c ­

t i o n s  had t o  be a p p l i e d .

I t  was found from  t h e  a c t i v i t i e s  o f  t h e  f r o n t  and b ack  

c o p p e r  f o i l s  t h a t  no c o r r e c t i o n  was n e c e s s a r y  f o r  a t t e n u a ­

t i o n  o f  t h e  beam as  i t  p a s s e d  t h r o u g h  t h e  sam ple .

The a c t i v i t i e s  were  c o r r e c t e d  i o r  s e l f - a b s o r p t i o n  u s i n g  

t h e  e x p r e s s i o n :

—lex
W =■ N (o b s e rv e d )  (1  - e )

kx

where x i s  t h e  s o u r c e  t h i c k n e s s  i n  m g . / s q . c m ,  and k i s  t h e  

e l e c t r o n  ( p o s i t r o n )  mass a b s o r p t i o n  c o e f f i c i e n t .  V a lues  o f  

k a p p r o p r i a t e  t o  t h e  p o s i t r o n  e n d - p o i n t  energy  f o r  each  

i s o t o p e  were o b t a i n e d  from t h e  p u b l i s h e d  curve  o f  B aker  and
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Katz (B2). No geometric corrections were necessary, since 
all samples were of the same size (7/8" diameter) and were 
counted in a standard position. The data were finally cor­
rected for isotopic abundances, and reduced to "yield per

65
mole of X per yield per mole of Cu " as a function of 
maximum bremsstrahlung energy. This was converted to a 
bremsStrahlung yield curve in each case with the aid of the 
copper yield curve of Figure 2.2.

The masses, isotopic abundances and positron end-point 
energies for each isotope are listed in Table 2.2.

Table 2.2.
ISOTOPIC ABUNDANCES AND DECAY SCHEMES.

Target Thickness 
(mg./sq.cm.)

*
Isotopic
Abundance

**
Half-life 
(mins.)

**
Positron 

Energy (Mev)

12
C 279 98.9^ 20.4 0.9116
0 175 99.8*> 2.1 1.6865

Cu 288 69.1?» 9.4 2.9154
Fe 102 5.84^ 8.9 2.50 (70?t)

* (H5) ** (D5) and 2.15 (50^)

2.5.4 Results.

The three yield curves, shown in Figures 2.5, 2.4 and
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2.5, were analysed by the iterative method, and the result­

ant excitation functions are displayed on the same figures. 

Parameters estimated from the measured excitation functions 

are presented in Table 2.3.

Table 2.3.

PARAMETERS OF TEE MEASURED (j,n) CROSS SECTIONS.

Reaction Peak
Energy (Mev)

Width at half 
maximum (Mev)

Integrated Cross 
Section to 31 Mev

C dav — rviidt bar*)

12
c (y,n) 23 4.2 42 £ 7

16
0 (*,n) 24 3.4 4 6 - 7

54
Fe ,n) 19 6.9 290 i 50

2.6 Discussion.

The derived cross sections agree substantially with

earlier measurements as far as they have been made. The
12 16

excitation functions for C (#,n) and 0 (#,n) show the

sharp resonance generally associated with closed shells
54

(c.f. 1.2.1) though this is not apparent for Fe (y,n), and 

all three have pronounced high energy "tails". These tails 

are no doubt partly due to the fact that the (#,2n) thresh­

olds are high for these isotopes (34, 29 and 26 Mev respect-



Energy in Mev
Figure 2.3 : C*1 (y ,n )
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ively: AI andCiu.) so that competition from this reaction, 
which frequently reduces the (jj,n) yield, is not possible 
over most of the energy range. It is also possible that 
they may be associated with the closed shells, though it 
is difficult to envisage the mechanism which would be 
responsible. This association is suggested by the dipole 
sum rule for the integrated cross section, since, if the 
total absorption is to achieve the sum rule limit, and 
the area under the peak is less (Yl: c.f. footnote to p. 4), 
the balance of the cross section must appear at higher 
energies.

It appears that this correlation with the closed 
shells may be fairly general. Recently Carver and Turchi- 
netz (Cll) have measured photoneutron cross sections for a 
number of elements in the region of N s 82, and find that 
the cross section shows the same anomalous feature of con­
siderable absorption above the peak for nuclei with N = 82.

12 16
The tails in C (j,n) and 0 (^,n) have also been re­

ported by Sagane (S4), who interprets them as possible 
evidence for direct interactions. At higher energies, 
where competition from multiple reactions becomes more im­
portant, this is almost certainly the case, but for photony
excitations up to 30 Mev such an inference cannot be drawn.
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2.6.1 Carbon.
The measured cross section for carbon agrees closely, 

both in shape and absolute magnitude, with the results of 
Barber et al (±>4), who report that the high energy tail 
extends beyond 40 Mev.
2.6.2 Oxygen.

This measurement carries beyond 24 Mev the cross 
section determination of Horsley et al and Montalbetti et 
al (H6 and M5). The peak is found to be at 24 Mev rather 
than at 2S Mev as some earlier results suggest, and is 
fairly well determined, since the activation curve was ex­
tended well beyond the point of inflection.

The shoulder between 16 and 20 Mev (H6) is well- 
reproduced. This has been associated with quadrupole ab­
sorption (H6: c.f. £8) but Peaslee (PI) has indicated 
that it can alternatively be explained in terms of inco­
herent El absorption in this region, as distinct from 
the largely coherent dipole absorption in the giant res- 
onan ce.
2.6.3 Iron.

The threshold for the reaction was observed at *"*12.5 
Mev, which is lower than the earlier value of 13.3 Mev 
(K4). The shape of the cross section is rather unexpected,



39

since the narrowed absorption frequently found at the 
magic numbers is not evident, and the absorption is 
particularly broad.



40

CHAPTER 2 .
THE INTEGRATED CROSS SECTIONS FOR PHOTOREACTIONS

7
LEAPING TO 55,6-DAY Be .

Abstract.
7 9 7

The yield of Be from the reaction Be (^,2n) Be ,
irradiated with 30 Mev bremsStrahlung, has been measured 
by residual activation. This is converted to an integ­
rated cross section by assuming a reasonable cross sec­
tion shape, and a value is obtained of:

30JCN(j^,2n)dE - 1,2 t 0.2 tvtUUWar*
20.56

This value is compared with the photoneutron yield 
measurements of Jones and Terwilliger, and shown to be 
consistent with the cross section calculated from their 
result on the basis of competition between the (jf,n) and 
(y,2n) reactions.

A search has been made for the same activity from 
10 7

the reaction B (y , t) Be , and an upper limit of 7 
Mev millibarns is placed on the cross section for that
reaction
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3.1 Introduction.
9

Photoneutron emission from Be has been studied ex­
tensively at low energies (S3, El, C4 and others) using 
radiation from nuclear reactions and radioactive sources, 
since the neutron binding energy is very low (1*67 Mev:
Al). A reasonable theoretical fit to the low energy cross 
section is found for a model consisting of a loosely bound 
neutron moving in the field of two alpha particles (G8). 
The agreement is by no means complete (c.f. the results of
Carver et al (C4) which indicate that at 6,13 Mev the

4 5
break-up sometimes occurs by way of He + Be , the latter 
then emitting a neutron) but the model appears to explain 
at least part of the process, and, in particular, predicts 
the sharp peak in the cross section which is observed just 
above threshold (c.f, G8).

At higher energies the cross section shows the fami­
liar giant resonance (N3, J5), peaking at 22 Mev, with 
the same form as the (^,p) cross section (H2), and pre­
sumably involves transitions by the more tightly bound 
nucleons in the core. It is therefore interesting to look 
at the (y,2n) cross section, since the emission of two 
neutrons must also be associated with the latter process. 
The threshold for this reaction is 20.56 Mev (from mass
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7
values: AI) and the product nucleus Be has a half-life
of 53.6 days, so that the reaction should he amenable to
a residual activation measurement.
3.2 Experimental Method.

7
Be decays by K-capture to the ground and first ex- 

7
cited states of Li , with 11 per cent of the transitions
going to the higher state at 477 Kev (Al). This decays
by the emission of a gamma ray; the method therefore

7
chosen to measure the Be activity was pulse height an­
alysis of its gamma-ray spectrum, detected with a sodium 
iodide crystal and photomultiplier.

A cubic block of beryllium metal of dimensions 1" x 
1" x 1" and weighing 29.57 grammes was irradiated for a 
total of sixteen hours in a bremsstrahlung beam with a 
maximum bremsstrahlung energy of 30 Mev. The beam was 
monitored with 1" x 1" x 0.005” tantalum foils through
the 8.15-hour beta activity induced in them through the 

181 180m
reaction fa (y,n) fa , tantalum being chosen for 
its convenient half-life. The irradiation was broken 
into three parts, each of about five hours1 duration, 
and for each, fresh monitor foils were taken. As a pre­
caution against possible neutron capture reactions, since 
the machine generates a considerable flux of thermal
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neutrons, the block and monitor foils were enclosed in 
cadmium foil.

Gemma rays from the beryllium block were detected 
with a 2" Nal(Tl) crystal and photomultiplier enclosed in 
a lead castle with 3" walls. Pulses from the photomulti­
plier were analysed with a Hutchison-Scarrot multi-channel
analyser, and a typical spectrum is plotted in Figure 3.1.7
The gamma ray from the decay of Be was readily detected,
with a measured energy of 475 i 5 Key, and its half-life,
which was followed for ninety days, was confirmed to be
53 ± 3 days. The observed counting rate in the photopeak,
when a background of 9.0 counts per minute was subtracted,
was 9.6 counts per minute.

The activity induced in the tantalum monitor foils
was measured with the standard beta-sensitive Geiger
counters used in the previous experiments (see 2.5.3).
Counting rates of the order of 12,000 counts per minute
were recorded, and the half-life of each foil was checked
and found to be as expected.

63 62
Since the Cu (^,n) Cu cross section is taken as 

standard in this work, a separate short irradiation was 
made of 1" x 1” copper and tantalum foils, and their in­
duced activities compared to derive a figure for the ac-
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t i v i t y  w h ich  would have been  in d u ce d  i n  co p p er  i n  th e  

l o n g  i r r a d i a t i o n s .  Copper c o u ld  n o t  he u s e d  a s  t h e  i n i ­

t i a l  m o n i t o r ,  a s  i t s  h a l f - l i f e  i s  much to o  s h o r t .
62

A n n i h i l a t i o n  r a d i a t i o n  from th e  Cu was a l s o  d e t e c t e d

w i t h  t h e  s c i n t i l l a t i o n  c o u n t e r ,  so t h a t  u l t i m a t e l y  th e  
7 62

y i e l d s  o f  Be and Cu were  compared i n  s i m i l a r  g e o m e t r i e s  

w i t h  t h e  same d e t e c t o r .

3 . 3  Re s u i t s .

The o b s e r v e d  a c t i v i t i e s  were c o r r e c t e d  t o  s a t u r a t e d  

a c t i v i t i e s  p e r  mole o f  e ac h  i s o t o p e ;  sm a l l  c o r r e c t i o n s  

were made to  a l lo w  f o r  s e l f - a b s o r p t i o n  o f  t h e  477 Kev 

r a d i a t i o n  w i t h i n  t h e  b e r y l l i u m  b lo c k  (19^:  S7) and f o r  t h e  

s l i g h t l y  d i f f e r e n t  g e o m e t r i e s  o f  th e  b lo c k  and f o i l s  i n  

th e  s c i n t i l l a t i o n  d e t e c t o r .  This  l a t t e r  c o r r e c t i o n  was 

s m a l l  (12^)  s i n c e  b o th  were  p l a c e d  a t  a d i s t a n c e  o f  a bou t  

2” from t h e  c r y s t a l ,  so t h a t  to  a f i r s t  a p p r o x im a t io n  th e  

g e o m e t r i c  e f f i c i e n c y  was t h e  same f o r  e&eh.

A r a t i o  was o b t a i n e d  f o r  th e  r e l a t i v e  y i e l d s  a t  30 

Mev o f :
7 9

Y i e l d  o f  Be p e r  mole o f  Be -3
______________________________________  (2 .5 6  * 0 . 5 1 )  x 10

62 63
Y i e ld  o f  Cu p e r  mole o f  Cu

I n  o r d e r  t o  c o n v e r t  t h i s  t o  an i n t e g r a t e d  c r o s s
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s e c t i o n ,  i t  i s  n e c e s s a r y  to  assume a sh ap e  f o r  th e  c r o s s -  

s e c t i o n  c u r v e ,  s i n c e  t h e  e x p e r im e n t  h a s  d e t e r m i n e d  o n ly  

one p o i n t ,  a t  30 Mev, on t h e  b r e m s S t r a h l u n g  y i e l d  c u r v e .

I t  t r a n s p i r e s  t h a t  t h e  i n t e g r a t e d  c r o s s  s e c t i o n  i s  n o t
*

v e r y  s e n s i t i v e  to  t h e  shape assumed , and  t h e  i n t e g r a t e d  

c r o s s  s e c t i o n  d e r i v e d  f o r  an e x c i t a t i o n  f u n c t i o n  p e a k i n g  

a t  24 Mev i s :

30

J ^ ( X , 2 n )  dE - 1 . 2  + 0 . 2  Mev m i l l i b a r n .

20 .56

3 . 4  D i s c u s s i o n .

An e s t i m a t e  o f  t h e  , 2 n ) c r o s s  s e c t i o n  can be made

i f  t h e  p r o c e s s  i s  t h o u g h t  o f  f rom t h e  f o l l o w i n g  p o i n t  o f
9

v ie w .  A n e u t r o n  i s  e m i t t e d  from t h e  e x c i t e d  Be n u c l e u s  
8

l e a v i n g  Be i n  an e x c i t e d  s t a t e .  I f  s u f f i c i e n t  e n e rg y  i s  

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

n e u t r o n  to  be p o s s i b l e ,  th e  p r o b a b i l i t y  o f  t h i s  o e c u r i n g

S------------------------------------------------------- — --------------------------—--------------------
To check  t h i s  p o i n t  e x c i t a t i o n  f u n c t i o n s ,  s i x  Mev wide  

and p e a k in g  a t  22,  24 ,  26 and 28 Mev, were assumed,  and  
t h e  i n t e g r a t e d  c r o s s  s e c t i o n  d e r i v e d  i n  e a c h  c a s e .  The 
v a l u e s  o b t a i n e d  were 1 . 1 4 ,  1 . 1 7 ,  1 .3 4  and 1 .5 3  Mev m i l l i ­
b a rn  r e s p e c t i v e l y .  I t  i s  e asy  t o  see  t h a t  t h i s  w i l l  be so ,  
s i n c e  e x c e p t  a t  t h e  h i g h  e n e r g y  t i p  o f  t h e  b r e m s S t r a h l u n g  
t h e  p h o to n  d i s t r i b u t i o n  does  n o t  change v e r y  q u i c k l y  o v e r  
t h e  ran g e  20 to  30 Mev.
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is determined by:
(i) the relative likelihood that the first

8
neutron leaves Be in a state above the
threshold for further neutron emission

(ii) the competition between neutron emission
and all other modes of decay of the excited 8
Be .

8
Equivalent excitations in Be are reached by the 6

reaction Li +■ d (AI) , so that (ii) may be estimated from
6the experimental cross sections for the reactions Li (d *)6 6 6 

(Ai), ii (a,a) (Ai), ii (a,p) (W3), ii (a,t) (m i ), ii (a,*)
(W3) and Li (d,n) (Bl). From the measured cross sections
for these reactions it is found that, for this order of
excitation, about 40 per cent of decays proceed by way of7
neutron emission to Be .

The factor (i) is estimated roughly, using for the 
energy distribution of the first neutron, the expression 
I(l)di " n/ where € - neutron energy in Mev,

* cross section for the formation of a compound nucleus 
in the inverse neutron capture reaction and<0(Eo) s level 
density in the residual nucleus at the excitation left to 
it. <>c is given by Blatt and Weisskopf (B8, p.348) assum­
ing that there are no selection rules to take into account.
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<o(Ed ) is estimated below 20 Mev from the known distribution 
R 8of levels in Be (Al), and beyond this energy by assuming* -1a level density of the form U>(E^)s0.05 exp(0.36SR)E Mev

which gives the correct number of levels below 20 Mev and
fits approximately the known level spacing. Using this
form for the level density, and the estimate that 40 per8
cent of decays above the neutron threshold in Be lead to 
7

Be , the percentage of neutron transitions which are expect 
ed to lead to a second neutron are listed as a function of 
photon energy in Table 3.1.

Table 3.1.

Photonenergy 20.56 22 24 26 28 30
Percentage 0 1 5 12 25 40

It must be emphasised, however, that this calculation 
may be considerably in error, since the statistical assump­
tions implicit in the use of an exponential level density 
are not well-founded in a nucleus as light as beryllium.

Using the values listed in Table 3.1, the total photo­
neutron yield measurements of Jones and Terwilliger (J5) 
have been corrected for neutron multiplicity, and the cross
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section for the emission of two neutrons calculated. The 
curve of Jones and Terwilliger, the corrected (fl.n) cross
section and the calculated cross section are shown

*
in Figure 3.3 . The value obtained in this way for the 
integrated (^,2n) cross section is 1.8 Mev millibarn, which 
is in surprisingly close agreement with the direct measure­
ment described above.

10 7
3.5 The Reaction B (v.t) Be .1r~ 7

A search was also made for the Be activity following
a similar irradiation of boron, since the threshold for the 10 7
reaction E (j,t) Be is 18.6 Mev (from mass values: Al) .
A block of solid boron was made by binding amorphous boron 
powder with a small quantity (1̂ ) of paraffin dissolved in 
acetone, and subjecting it to a pressure of 10 tons per sq. 
inch in a cylindrical former. The mass of boron consolid­
ated in this way in a cylindrical pellet of 1" diameter and 
approximately ln long was 12.2 grammes; this was irradiated 
under the same conditions and for the same length of time 
as the beryllium.

7
No radiation was found corresponding to Be disintegra-

*
For simplicity, the contribution of the (tf,np) reaction to the total neutron yield has been neglected.
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tions, and accordingly an upper limit of 2 counts per minute 
was estimated for the maximum counting rate which could have 
been present, but would have been beyond the limits of de­
tection.

The upper limit for the integrated cross section deter­
mined from this value, assuming the cross-section shape, is
<v7 kev millibarn. This value is high because the low

10
isotopic abundance of B (19^) means that only ~  2.4 

10
grammes of B were irradiated. No errors are placed on it, 
since there is no way of estimating reliably the error on 
the number for the minimum detectable activity.
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CHAPTER 4.
DIRECT EXCITATION IN THE PKOIODISINTEGRATION OP TANTALUM. 
Abstract.

Single and multiple photoneutron yields from tantalum 
have been measured as a function of maximum bremsStrahlung 
energy. The measurements were made by residual activation 
in the former case, and by subtraction from the total yield, 
determined with the aid of the Szilard-Chalmers reaction in 
sodium permanganate, in the latter. The resulting yield 
curves have been analysed by the iterative method to deter­
mine the relative cross sections for single and multiple 
neutron reactions.

The ratio between the integrated cross sections from 
threshold to 31 Mev has been determined as:

/
31

0 0
It is shown that for excitations beyond 17 Mev,

emission of single neutrons arises largely from direct 
interactions, and the ratio of the integrated cross sec­
tions in this region is found to be:
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31 SIJ °^dE /  J  dE r 0 . 9 6  * 0 . 1 5

17 17

I t  i s  c o n c lu d e d  from t h e s e  o b s e r v a t i o n s  t h a t  a l a r g e  

p a r t  o f  t h e  p h o to n  a b s o r p t i o n  i n  th e  h i g h  en e rg y  t a i l  above 

t h e  g i a n t  r e s o n a n c e  can be a cc o u n te d  f o r  by d i r e c t  i n t e r ­

a c t i o n s ,  and i t  i s  shown f i n a l l y  t h a t  t h e  second  e x p e r i ­

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

t h e  decay o f  s i n g l e  p a r t i c l e  s t a t e s .

4 . 1  I n t r o d u c t i o n .

I t  was p o i n t e d  o u t  i n  C h a p te r  1 t h a t  i n  g e n e r a l  t h e  

en e rg y  d i s t r i b u t i o n s  o f  n u c l e o n s  e m i t t e d  f o l l o w i n g  p h o to n  

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

c a l c u l a t e d  on t h e  b a s i s  o f  th e  decay o f  a compound n u c l e u s .  

I t  a p p e a r s  t h a t  t h e r e  i s  g e n e r a l l y  p r e s e n t  an anomalous 

h i g h  energy component which i s  a t t r i b u t e d  to d i r e c t  i n t e r ­

a c t i o n  be tw een  t h e  incom ing  ph o to n  and t h e  e m i t t e d  n u c le o n  

w i t h o u t  t h e  f o r m a t i o n  o f  an i n t e r m e d i a t e  compound s t a t e .

The b e s t  e s t i m a t e s  o f  t h e  r e l a t i v e  c r o s s  s e c t i o n s  f o r  

d i r e c t  e m i s s i o n  and e m i s s io n  th r o u g h  a compound n u c l e u s  come 

from s t u d i e s  o f  p h o t o p r o to n  c r o s s  s e c t i o n s  i n  heavy n u c l e i ,  

where  v i r t u a l l y  a l l  e m i t t e d  p r o t o n s  a re  d i r e c t  because  o f  

t h e  e f f e c t  o f  t h e  b a r r i e r .  F o r  d i r e c t  p r o t o n s ,  W i lk in so n
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f i n d s  r e a s o n a b l e  ag reem en t  between t h e  o b s e r v e d  r a t i o  o f  

t h e  d i r e c t  c r o s s  s e c t i o n  to  th e  t o t a l  a b s o r p t i o n  and t h e  

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

The measurement  o f  s i n g l e  and m u l t i p l e  n e u t r o n  y i e l d s  

f rom heavy n u c l e i  e x c i t e d  by h ig h  energy  p h o to n s  o f f e r s  

one means o f  e s t i m a t i n g  t h e  same r a t i o  f o r  d i r e c t  p h o t o ­

n e u t r o n s .  Among th e  h eavy  n u c l e i  a h ig h  p o t e n t i a l  b a r r i e r  

s t r o n g l y  s u p p r e s s e s  t h e  e m i s s io n  o f  e v a p o r a t e d  p r o t o n s ,  so 

t h a t  a compound n u c l e u s  w i l l  a lm os t  i n v a r i a b l y  d e - e x c i t e  

by " b o i l i n g  o f f "  a number o f  n e u t r o n s .  M o reover ,  a t  h i g h  

e x c i t a t i o n ,  i t  i s  f a r  more l i k e l y  t h a t  a compound n u c l e u s  

w i l l  decay by e j e c t i n g  two o r  more c o m p a r a t i v e l y  low energy  

n e u t r o n s  r a t h e r  t h a n  a s i n g l e  one o f  h ig h  e n e r g y ,  and th e  

e x p e c t e d  number,  th e  m u l t i p l i c i t y ,  i s  r e a d i l y  c a l c u l a b l e  

a s  a f u n c t i o n  o f  e x c i t a t i o n  e n e r g y .  Thus t h e  c r o s s  s e c t i o n  

f o r  m u l t i p l e  n e u t r o n  e m i s s i o n ,  which can be d e r i v e d  from 

t h e  m u l t i p l e  y i e l d  when th e  m u l t i p l i c i t y  i s  known, i s  a 

m easure  o f  t h e  c r o s s  s e c t i o n  f o r  th e  f o r m a t i o n  o f  a com­

pound n u c l e u s .  F u r t h e r m o r e , s i n c e  m u l t i p l e  e m i s s io n  i s  th e  

dominant  p r o c e s s  a t  h i g h  e x c i t a t i o n ,  any s i n g l e  n e u t r o n  

c r o s s  s e c t i o n  must a r i s e  from d i r e c t  i n t e r a c t i o n s ,  and w i l l  

n o t  i n v o l v e  t h e  f o r m a t i o n  o f  a compound n u c l e u s .  The d e ­

t a i l s  o f  t h i s  argument  a r e  d e v e lo p e d  more c l o s e l y  i n  t h e



53

succeeding paragraphs, in relation to th<e specific case 
studied.
4.1.1 Photoreactions in Tantalum.

Tantalum is a heavy nucleus, which Is particularly 
suitable for a measurement of this nature. It meets satis­
factorily the requirement of a high coulomb barrier for
protons (13 Mev), is practically mono-isotopic, consisting 

181
of 99.99^ Ta (W4) and has the advantage that the (#,n) 
reaction can be measured simply by residual activation.

Table 4.1.
NEUTRON-PRODUCING- REACTIONS IN TANTALUM.

Reaction Threshold (Mev)

181 *
Ta (v,n ) 7.6

181 *
Ta (^,2n) 14.0

181 *
Ta (*,3n) 22.2

181 **
Ta (fc,np) 13.4

* (L5) ** (cr*)

Neutron-producing reactions in tantalum which are 
energetically possible are listed with their thresholds in
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Table 4.1. Of these, the (^,np) is very unlikely if a 
compound nucleus is formed, since the high potential 
barrier will inhibit the evaporation of protons. It is 
a possible reaction following direct ejection of a proton, 
however, if the proton leaves sufficient energy in the 
nucleus to evaporate a second neutron, but again the pro­
ton must have sufficient energy itself to surmount the 
barrier, so that the effective threshold is raised to 
more than 26 Mev. It seems, therefore, that the (^»np) 
reaction can be neglected, and that the only reactions 
which will contribute significantly to the neutron yield 
up to 30 Mev are simply emission of one, two or three 
neutrons.
4.1.2 Neutron Multiplicity.

In order to calculate the neutron multiplicity one 
must assume:

(i) a compound nucleus is formed, and the energy 
spectrum of emitted neutrons can be repre­
sented by the convential Maxwellian distrib­
ution

(ii) if an evaporated neutron leaves sufficient 
energy in the nucleus for a second neutron 
to be emitted, this invariably occurs.
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The seco n d  a s s u m p t io n  i m p l i e s  t h a t  t h e r e  i s  no com­

p e t i t i o n  from gamma-ray e m is s io n  i n  t h e  decay  o f  t h e  

compound n u c l e u s ,  a c o n d i t i o n  which i s  a p p r o x i m a t e l y  f u l ­

f i l l e d  e x c e p t  im m e d ia te ly  above the  t h r e s h o l d  (B 8 ) .  P r o ­

t o n s ,  o f  c o u r s e ,  w i l l  n o t  compete b e c a u s e  o f  th e  e f f e c t  

o f  t h e  b a r r i e r .

Under t h e s e  a s s u m p t io n s  t h e  energy  d i s t r i b u t i o n  o f  

e v a p o r a t e d  n e u t r o n s  i s  g iv e n  by:

- t/e
N ( l )  'v. c o n s t . i  e

where 6 ,  t h e  n u c l e a r  t e m p e r a t u r e ,  i s  a f u n c t i o n  o f  t h e  

e x c i t a t i o n  en e rg y  *KW. T h is  i s  t h e  c o n v e n t i o n a l  p eak ed  

d i s t r i b u t i o n  w i t h  a maximum a t  € - 6 ,  c u t t i n g  o f f  a t  a 

maximum en erg y  *m = di* - Bfi, where Br  i s  t h e  n e u t r o n  

b i n d i n g  energy  ( s e e  F i g u r e  4 . 1 ) .

I f  a n e u t r o n  em erges  w i t h  energy  l e s s  t h a n  t c fu»> - Bgn , 

t h e r e  r e m a in s  s u f f i c i e n t  energy  f o r  a s e co n d  n e u t r o n  to  

emerge .  By a s s u m p t io n  ( i i )  t h i s  t a k e s  p l a c e ,  and t h e  r e l a ­

t i v e  l i k e l i h o o d  o f  one o r  two n e u t r o n s  b e i n g  e m i t t e d  i s  

p r o p o r t i o n a l  to  th e  a r e a s  u n d e r  th e  energy  d i s t r i b u t i o n  to 

t h e  r i g h t  and to  t h e  l e f t  o f  t h e  l i n e  t = -  Bgn , from

w hich  th e  m u l t i p l i c i t y ,  which  i s  t h e  mean number o f  n e u t r o n s  

p e r  d i s i n t e g r a t i o n ,  can r e a d i l y  be o b t a i n e d .  The a rgum ent
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can "be extended beyond the (^,3n) threshold, though the 
calculation then becomes a two-step process. The neutron 
multiplicity, calculated as a function of excitation energy 
to 30 Mev for tantalum by levinger and Bethe (L5), is shown 
in Figure 4.2.

The important point for this experiment is that single 
emission of neutrons from a compound nucleus is negligible 
for excitations beyond about 17 Mev.
4.2 The Single Neutron Yield.

The measurement of the single neutron yield as a func­
tion of maximum bremsStrahlung energy was made by residual 
activation, in the same way as the activation measurements 
described in 2.5.3. Foils of copper and tantalum, enclosed
in cadmium, were exposed to the beam for a given time, and

180m 62
the activities from 8.15-hour Ta and 9.4-minute Cu
were compared in the same Geiger-counting assembly. Below
16 Mev, however, the activity induced in the copper foils
became too small to provide an accurate measure of the to-

63tal dose, and, of course, below 10.7 Mev, the Cu (^,n) 
threshold, there was no copper activity at all. Thus, at 
these lower energies, the integrated current from a thick- 
walled ionisation chamber was taken as a measure of the 
total beam. The low energy measurements were normalised
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*
to the yields monitored by the copper activity at 16 Mev . 
4.3 The Total Neutron Yield Measurements.

The multiple neutron yield was measured in this ex­
periment by obtaining the total neutron yield and sub­
tracting from it the single neutron yield as determined 
above (4.2). Of a variety of methods available for a 
total neutron measurement, the one chosen for its high 
sensitivity, comparatively uniform energy response in the 
moderating geometry employed and relative insensitivity 
to gamma rays, was the Szilard-Chalmers reaction in an 
aqueous solution of sodium permanganate, surrounded by 
paraffin moderator.
4.3.1 The Szilard-Chalmers Reaction.

Sodium permanganate is one of a number of unstable 
complex molecules which has the property that, following

♦
It must be mentioned that the tantalum beta-activity 

comes from the decay of an 8.15-hour metastable state in 
Ta/io , lying just above the ground state. It is necess­
ary to assume that the ratio between the cross section 
for neutrons leaving the nucleus in this state and the to­
tal (ftn) cross section does not change.with photon energy. 
Experiments which measure *g/rm for In"* (y,n) (G2),
Brv (j,n) (K5) and Mo**1 (y ,nj (Kl) show that once sufficient 
energy is available for the metastable level to be excited, 
the ratio does not alter with excitation energy. In the 
present case, the level in Ta,go lies so little above the 
ground state that the ratio is assumed to be constant over 
the whole range.
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(n,#) absorption by one of its atoms, the recoil is suffi­
cient to disrupt the molecule, so isolating the reacting
atom in a different chemical form. In the case of per- 

56 55
marganate, Mn from the reaction Mn (n,tf ) separates as 
manganese dioxide which can be readily extracted and 
concentrated by simple physical means. Filtration through 
carrier-laden filter paper suffices as the separation pro­
cedure .

The use of this reaction as a neutron detector depends 
56

on the fact that Mn is radioactive, with a half-life of 
2.6 hours, and the activity collected on the filter paper 
is a measure of the neutron flux through the solution*
Since the reaction involves thermal neutrons, the detec­
tion efficiency varies with neutron energy, and depends 
ultimately on the efficiency of the solution itself as a 
neutron moderator. It can be made more uniform either by 
using very large volumes of solution, so that effectively 
all neutrons are thermalised, or by the supplementary use 
of paraffin as a moderator, (c.f. 4.4).

Sodium permanganate was chosen in favour of the more 
commonly employed potassium salt, since it is possible to 
attain far higher permanganate concentrations with the 
former. At the concentration used (650 gr./litre), this
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meant an increase in sensitivity of more than a factor of 
ten over that of a saturated KMnO^ soluti on.
4.3.2 Experimental Arrangement.

The experimental arrangement for the total neutron 
yield measurements is shown in Figure 4.3. A strongly 
collimated bremsstrahlung beam from the electron synchro­
tron passed through a hole in the lead and concrete 
shielding to strike a tantalum target at the centre of a 
two-litre volume of aqueous NaMnO.. This solution was 
contained in a spherical glass flask with a passage 
through its diameter for the beam.

The apparatus was aligned with photographic plates, 
and the beam collimated sufficiently to ensure that no 
gamma rays struck the solution or its containing flask 
directly. The solution was surrounded by 15 cm. of par­
affin to reflect back neutrons and thus help flatten the 
energy response of the detector (c.f. 4.4), and a layer 
of borax and a further 15 cm. of paraffin shielded it 
from background neutrons produced in the machine room.

The target, consisting of a 1" x 1" x in tantalum 
block placed in the centre of the flask, was irradiated 
for a period of twenty minutes at maximum bremsstrahlung 
energies ranging from 14 to 31 Mev. The total brems-
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Strahlung dose was measured in the usual way, by the 9.4- 
minute positron activity induced in thin ln x 1" copper 
foils irradiated with the target, and counted immediately 
afterwards with the standard thin-window Geiger counters 
(see 2.5.3). In addition, the beam was monitored by a 
continuously reading thick-walled ionisation chamber, and 
a few runs which showed large fluctuations in intensity 
were discarded.

Background runs, made with the copper foils in place
but without the tantalum block, showed that the background
was not large - less than 5^ of the measured yield at 30
Mev - though correction had to be made for it.56
4.3.3 Extraction of Mn

The active manganese was extracted from the solution 
by filtering under pressure through No. 54 Whatman filter 
paper on a sintered glass backing, on which had been dis­
tributed 0.1 grammes of MnO as carrier. At the end of

Cj

the filtration the flask was washed, and the washings
filtered and discarded. The pure filtered solution was
retained and could be used again in about a day when the

56
residual unextracted Mn activity had decayed. The fil­
ter paper was finally washed with distilled water, acetone 
and ether, and, when it had dried, the activity collected
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on it was measured. The extraction process took about 
thirty minutes. 56

To measure the beta activity from the Mn , the dried 
filter paper was wrapped about a thin-walled long glass 
Geiger counter (Twentieth Century: Type B6) and the whole 
enclosed within two inches of lead. The lead served both 
to reduce the background from extraneous sources and to 
increase the count rate from the sample by scattering beta 
particles back into the counter.

Tests of the extraction and counting procedure with 
a standard radium-beryllium neutron source showed that the 
method gave results which were satisfactorily reproducible.
A typical decay curve of the extracted activity is shown 
in Figure 4.4.
4.3.4 The Total Neutron field Curve.

The total neutron yield, with the background subtracted, 
is shown as a function of maximum bremsStrahlung energy from 
14 to 31 Mev in Figure 4.5. On the same curve the neutron 
background is plotted, indicating that it was not large 
enough to be troublesome. Each point is the mean of at 
least three determinations, and each is accurate to within 
about 4 per cent.
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4.4 Detection Efficiency as a Function of Neutron Energy.
The important assumption in the above determination 

has been that the efficiency of the Szilard-Chalmers de­
tector remains constant as the maximum bremsStrahlung 
energy is varied. In the main this is so, since, although 
the response may not be uniform for all neutron energies, 
the evaporation spectrum of neutrons does not change much 
with excitation energy and most of the neutrons are evap­
orated. However, in this experiment, it is the neutrons 
which are not evaporated which are of the most importance. 
4.4.1 The Use of a Larger Tank.

Accordingly, to determine whether the efficiency did 
change appreciably with excitation energy, the experiment 
was repeated at two energies, 18 Mev and 30 Mev, under much 
improved moderating conditions. A conical flask, with its 
apex directed at the target and filled with NaMnO^, sampled 
a 700-litre volume of water moderator with the tantalum 
block at its centre. The water was contained in a large 
perspex tank with a passage through the centre for the 
beam, and a wood and cadmium lid to shield the solution 
from neutrons coming in from the top (see Figure 4.6).
The water itself provided some shielding on the remaining 
sides, but because of the great size of the assembly, it
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was not feasible to shield the solution as adequately as
it had been in the smaller tank.

The ratio of the yields at 30 Mev and 18 Mev, as
measured with the smaller detector, had been found to be
1.69 h 0.08. The same ratio determined with the larger
tank was 1.60 ± 0.14, indicating that no large errors had
been introduced through the use of the two-litre flask.

181
4.4.2 Detection of Ta (y.2n) by Residual Activation.

An independent method of confirming the same point,
at least in part, was afforded by direct detection of the
(#,2n) reaction through the 600-day activity (W8) of 

179
Ta . Fresh tantalum foils, enclosed in cadmium, were
irradiated for some six hours at maximum bremsstrahlung
energies of 18 and 30 Mev. The total dose was monitored

180*«
with the 8.15-hour activity in Ta , observed in this 
instance by pulse height analysis of its gamma-ray spec­
trum using a thallium-activated sodium iodide crystal and 
photomultiplier.

A single channel analyser, attached to a fast scaling
circuit, was set to enclose the photopeak of the 55 Kev K-

180
capture X ray of Hf , and the decay of this line fol­
lowed for about seven days. When the 8.15-hour activity 
had decayed (see Figure 4.7) there remained a single very
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long-lived lime of the same energy, which was attributed 
179to Ta . The assignment of this activity could be made

179
quite confidently, since Ta emits no other radiations
apart from its conversion X rays (W8, B7). The only

182
other possibility would have been Ta , formed by neutron 
capture, and, fortunately, this displays a considerably 
more complicated decay spectrum. In any ease, this re­
action would have been unlikely, since the tantalum was 
well-shielded by cadmium from thermal neutrons.

From the ratios of the (#,2n) and (̂ f,n) yields at 
30 Mev and 18 Mev, and assuming no contribution to the 
total yield from the (^,3n) reaction, the ratio of the 
total yields at these two energies is 1.87+ 0.2. This 
figure is to be compared with those quoted at the end of 
4,4.1. Since the ($,3n) reactions can make some contrib­
ution to the total yield, this suggests that the total 
yield at 30 Mev probably lies slightly above that obtained 
by the Szilard-Chalmers measurement, though the discrepancy 
lies within the errors of that determination.

It is worth pointing out that this discrepancy does 
not affect the determination of the (fl,n) cross section, 
since this was made independently by residual activation.

A possible source of error in the total neutron
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measurement could arise if the gamma-ray beam contained 
a large contamination of fast neutrons, since some of 
these could be scattered into the solution by the tanta­
lum target. A calculation based on the number of fast 
neutrons known to be present in the beam (Tl) showed 
this effect to be negligible.
4.5 The (y.3n) Cross Section.

An attempt was made to observe the (y,3n) activity
by residual activation, in a careful study of the decay
curves with the Geiger counters, following irradiation
at a maximum bremsstrahlung energy of 30 Mev. These
showed a pure decay of 8.15 hours, and no suggestion of
any activities of half-life ten minutes or two hours (W8)

178
corresponding to Ta , From this, an upper limit could
be placed on the integrated (J,3n) cross section of less
than about 5f > of the (fl,n) cross section. This has been
confirmed in a recent study of the (^,3n) cross section,
using scintillation counters to examine the gamma radia- 

178
tion from Ta (C1E).
4.6 Analysis of the Yield Curves.

The total and single neutron yields were normalised 
to the same value at 14 Mev, the (tf,2n) threshold, and 
are shown, with the multiple yield which is the difference
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between them, in Figure 4.8. The single and multiple 

yield curves were analysed by the iterative method, to 

give the cross section curves a C^) and b C^) of Figure

4.9.

The cross section is made up of the (# , 2n)

cross section, and , the (x,3n) cross section, since
o

the (tf,np) cross section has been shown to be insignific­

ant (c.f. 4.1.1). Thus:

2 <*. 3 -

To determine the cross section for absorption leading to 

the formation of a compound nucleus, it is necessary to 

divide between and ^ . Below 22.2 Mev, the (#,3n)

threshold, is zero, so that:

« 2 ^ 2

exactly, and beyond this energy the cross section is 

divided between them assuming the multiplicity derived by 

Levinger and Bethe (c.f. 4.1.2 and Figure 4.2). This is 

an extreme assumption, which over-estimates <̂ rz% since
o  ’

the compound nucleus formed may follow a direct inter­

action between a photon and a nucleon, in which the emit­

ted nucleon makes an inelastic collision with the nucleus
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before it escapes. Alternatively, a neutron may be 
ejected from a deep-lying shell, leaving sufficient ener­
gy in the nucleus to evaporate a second neutron. The 
other extreme is to assume that ^  is zero, in which 
case the curve c of Figure 4.9 would be multi­
plied by a factor which is unity below 22 Mev and in­
creases to 1.5 at 31 Mev. The uncertainty involved in 
the division of between and ^ 3  is, however, not 
very serious in the interpretation of these results (see 
below).

According to the above assumption the curves a 
and c (tf' g represent the cross sections for absorp­
tion leading to single and multiple emission respectively. 
By numerical integration, the ratio of the integrated 
cross sections for these two modes of decay is found to be:

and from 17 Mev, beyond which energy single emission is 
unlikely from a compound nucleus:

0 0

+ %  dE = 0.86 ± 0.15
17 17
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The errors quoted on these ratios are derived from 
the errors on the measured yield curves, since to quite a 
good approximation the bremsStrahlung yield is a measure 
of the integrated cross section, As is indicated above, 
there is some additional uncertainty, depending on how 
the cross section <>m is shared between 0 s g and This
amounts to 7 per cent for the second ratio, between the 
two extremes of all or no *-r/) at 51 Mev, and about 3 per 
cent for the first.

These results may be compared with the measurements
7

made at 17.6 Mev using the Li (p, JJ') radiation (C2, C3) 
in which the ratio of the cross sections at 17.6 Mev was 
found to be = 0.9 ±0.4.
4 • 7 Discussion ♦

Because of the uncertainty in the shape of the brems- 
strahlung, and the errors in the experimental yield curves, 
it would be unwise to place too much reliance on the de­
tailed shapes of the cross-section curves far beyond their 
respective peaks, apart from observing that they appear to 
be of the same order of magnitude over the range 17 to 31 
Mev. The ratios of the integrated cross sections, however, 
subject to their quoted errors, are better determined, and 
the second ratio is of particular interest.
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When, it is recalled that in this region single 
neutron emission should have given way almost entirely 
to multiple emission in the decay of a compound nucleus, 
it is apparent that much of the absorption must take 
place without the formation of a compound state. Further­
more, the cross section for decay via a compound nucleus 
may still be over-estimated, since it has been assumed 
that all multiple emission derives from a compound nuc­
leus. As is indicated above (c.f. 4.6), some multiple 
emission may occur following direct interactions.

If the absorption is thought of from the point of 
view of single particle transitions from closed shells, 
the relative probabilities of direct emission and absorp­
tion into a compound nucleus may be estimated in the way 
suggested in 1.4.2 (p. 16). The width without barrier 
for a neutron in tantalum excited by a gamma ray of ^  18 
Mev (say a neutron energy of 10 Mev) is:

f» 3 ft̂ k r -z -u
‘ ^  I ”iR 6 -3 Mey*

The transitions responsible for photon absorption in 
this energy region are almost certainly between shells of 
lower angular momentum than the strong lh - li and

' lx
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lh - li ,a, transitions which account for the resonance at
14 Mev, and the neutron width from them will not, there-

♦
fore, be much affected by the centrifugal barrier . Thus 
it is considered that the above width is close to the width 
for direct emission.

The width for absorption into a compound nucleus is 
equal to twice the imaginary part of the complex potential, 
and may be estimated from the model of Feshbach, Porter 
and Weisskopf (F4). For low energy neutrons, they find a 
good fit to average neutron cross sections with a complex 
potential V = 42(1 •+ 0.03i) Mev, and a width for absorp­
tion therefore of 2 x 0.03 x 42 s 2.5 Mev. Cini and Fubini 
(C13) suggest that this increases rapidly with energy,

2 paccording to the expression (E B) / B , where E is the 
neutron energy and B is the binding energy of the last 
neutron; this would imply in this case a value of 2W ^  10 
Mev. There is thus considerable uncertainty in the value 
of the width for absorption into a compound nucleus, 
though these two values probably represent reasonable

*  _ _  . -— —  -----------—

The centrifugal barrier height for neutrons in an i- 
shell ( A - 6) is ~  13 Mev; for neutrons in the next worst 
circumstance (4- 5) the barrier is~9 Mev and it is likely 
that the transitions involve shells of lower angular mo­
mentum than this.
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*
limits .

Using these estimates, the fraction of neutron transi­
tions which lead to direct emission is 6.7 / 6.7 + 2.5 
= 707& (2W =2.5 Mev) or 6.7 / 6.7 * 10 * 40?& (2W = 10 Mev).

Since neutron transitions account for only half of the to­
tal absorption, and none of the proton transitions can 
yield direct neutrons, this suggests that about 20 to 35 
per cent of the total absorption above 17 Mev results in 
direct emission of neutrons.

The measured ratio for the integrated cross sections 
above 17 Mev for direct emission, and for the formation of 
a compound nucleus, is 0.86. This ratio is largely deter­
mined by the cross sections between 17 and 20 Mev, where 
direct proton transitions are negligible since the poten­
tial barrier is still important. Thus the fraction of the 
total absorption leading to direct neutron emission is 
close to 0.86/1.86 = 45^, and agrees remarkably well with
the estimate above; it is therefore concluded that the ob­
served direct emission can be satisfactorily accounted for 
in terms of the decay of single particle transitions.

—  I — — — — — — — —

In studies of the fast neutron component from bismuth, 
Ferrero et al (F2) have found reasonable agreement with 
experiment using a value of 2W-^ 10 Mev.
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CHAPTER 5.
DIRECT PHOTOPROTONS IN THE PHOTOPISINTEGRATION OP SILVER. 
Abstract.

A thin-crystal proton spectrometer has been used to 
measure the energy distributions and yields of high energy 
photoprotons from thin silver foils as a function of maxi­
mum bremsStrahlung energy. From the measured yield curves 
and the proton energy distributions the cross section for 
protons which can be identified as direct is inferred, and 
is shown to display a resonance in the region of 22 Mev.
The integrated cross section for emission of protons of 
energy greater than 10 Mev is found to be 36 t 10 Mev milli- 
barn.

The absolute yield and the cross-section shape are 
discussed, and indicate that it is not necessary to propose 
a separate absorption mechanism for the direct cross sec­
tion in this case; in particular, it is demonstrated that 
the results are consistent with a single particle theory 
of photonuclear absorption, and it is suggested that much 
of the direct photoproton cross section in silver arises 
from a strong single particle transition between the 2p 
and 2d shells.
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5.1 Introduction.
In studies of the energy distributions of photoprotons 

it has been established that a substantial number of protons 
is emitted with more energy than is expected if a compound 
nucleus is invariably formed (CIO, D4, £12 etc.). Energy 
distributions generally show a broad "evaporation" peak at 
an energy determined by the height of the Coulomb barrier, 
and an anomalous tail of high energy protons which extends 
out to the maximum proton energy possible for a given ex­
citation.

It is generally presumed that this high energy com­
ponent is a consequence of direct interactions, and does 
not involve the formation of a compound nucleus.

This experiment was undertaken to determine the vari­
ation with energy of the "direct" cross section in silver, 
with a view to deciding whether it exhibits the same be­
haviour as the giant resonance, or whether it must be ac­
counted for by some independent absorption mechanism. It 
is shown later (see 5.7.1) that there should be no signif­
icant yield of photoprotons from silver with energies 
greater than ~  10 Mev if the protons are evaporated from 
a compound nucleus, so that protons of higher energy are 
almost certainly direct; the cross section for emission of
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p r o t o n s  in  t h i s  energy  ran g e  can t h u s  be t a k e n  a s  a meas­

u r e  o f  t h e  c r o s s  s e c t i o n  f o r  d i r e c t  i n t e r a c t i o n s  w i t h  

p r o t o n s .  I t  i s  by no means a com ple te  m e a su re ,  o f  c o u r s e ,  

s i n c e  some o f  th e  lo w e r  e n e rg y  p r o t o n s  a r e  c e r t a i n  to  come 

from d i r e c t  i n t e r a c t i o n s  w i t h  lo w e r  e n e rg y  p h o to n s  i n  t h e
(rot*. Vrawsi^iot** c*fcfc{>e(r sU ells

b r e m s s t r a h l u n g  sp e c t ru m ^  and t h e r e  i s  u n f o r t u n a t e l y  no way 

o f  d i s t i n g u i s h i n g  t h e s e  f rom p r o t o n s  w h ich  a re  e m i t t e d  

f o l l o w i n g  t h e  f o r m a t io n  o f  a compound n u c l e u s .

To d e te r m in e  t h e  c r o s s  s e c t i o n  f o r  f a s t  p h o t o p r o t o n  

e m i s s io n  i t  i s  n e c e s s a r y  t o  m easure  b o t h  t h e  a b s o l u t e  

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

b r e m s s t r a h l u n g  e n e r g y .  Knowledge o f  t h e  energy  t h e n  s e r v e s  

to  i d e n t i f y  d i r e c t  p r o t o n s  i n  t h e  d i s t r i b u t i o n ,  and a 

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

p o n e n t .  T h is  may be a n a l y s e d  i n  t h e  no rm al  way to  d e r i v e  

a c r o s s - s e c t i o n  curve f o r  e m i s s i o n  o f  p r o t o n s  o f  g r e a t e r  

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

i n  i t s  i n t e r p r e t a t i o n ,  s i n c e  t h e  t h r e s h o l d  o f  t h e  b rem s­

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

d i r e c t  e m i s s i o n .  S i l v e r  i s  a good c h o ic e  f o r  t h i s  ty p e  o f

e x p e r i m e n t ,  s i n c e  i t s  low p r o t o n  b i n d i n g  energy (a p p ro x im -
lo7  109

a t e l y  6 Mev i n  b o th  Ag and Ag : D4) means t h a t

" d i r e c t "  p h o t o p r o t o n s  may be d e t e c t e d  a t  p h o to n  e n e r g i e s
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as low as 16 kev.
Seen in this light, the experiment is the equivalent 

of the fast neutron measurements of Ferrero et al (F2) 
who used threshold (n,p) detectors to measure bremsstrahl- 
ung yields of anomalous high energy neutrons. However, 
the method promises more information than is available 
when a simple threshold detector is used. A modified 
"photon difference" analysis can be applied to the differ­
ence between proton spectra taken at successive energies, 
to give immediately the cross section for direct protons 
which remove all the excitation energy from the nucleus 
(see 5.6.2).
5.2 The Proton Detector.

The design of the scintillation detector used to meas­
ure the energies of photoprotons is shown in Figure 5.1.
A 1" x 1" square crystal of thallium-activated caesium
iodide sufficiently thick to stop protons of energy up to

♦
24 toev (0.100") was cemented edgewise onto a thick

* “  ”  ' "  ‘ '------------
The range of protons in caesium iodide was estimated by 

interpolation of published range energy tables (Rl) to 
determine the proton ranges in caesium and iodine, and 
weighting these according to the expression:

1 / R  = 1 / R  + 1 / R
CsJ Cs I
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circular glass plate with clear araldite casting resin, and 
enclosed within a spherical reflecting shell of aluminium.
The inside surface of the aluminium was electrolytically 
polished to produce an extremely clean matte surface, ideal 
for diffuse reflection with low loss; this arrangement 
meets satisfactorily the requirement that the amount of 
light collected and transmitted through the glass plate 
should he independent of the position within the crystal at 
which a scintillation event occurs. A thin ( 4 mg./sq.cm.) 
window, one inch square, of polished aluminium foil in one 
side of the reflector admitted protons to the crystal with­
out significant energy loss ( ^  50 Kev for a 10 Mev proton), 
and since the detector was operated in vacuo, a number of 
small holes was drilled about the base of the aluminium 
reflector to evacuate it along with the experimental appar­
atus. As these holes were small (1/32"), it was not antic­
ipated that their presence would affect materially the 
amount of light collected.

Scintillation pulses from the crystal were detected 
with an E.M.I. Type photomultiplier, which was optically
bonded to the glass base with silicone oil. Voltage pulses 
from the photomultiplier were shaped and amplified in the 
usual way and fed finally to a Hutchison-Scarrot 80-channel
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pulse height analyser.
The performance of the scintillator was assessed hy 

measuring the alpha particle spectrum from ThCTT; a typical 
spectrum, taken in vacuo with an uncollimated source, is 
shown in Figure 5.2. The two alpha particles, of initial 
energies 8.8 and 6.9 Mev, but somewhat degraded by the 
aluminium window, are cleanly separated, with an energy 
resolution of approximately 6 per cent. Some of this 
spread may be ascribed to variations in energy lost by 
alpha particles in passing through the aluminium window at 
differing angles, since the window was relatively thick for 
8lpha particles (an 8.8 Mev alpha particle at normal inci­
dence loses about 1.7 Mev in passing through this thickness 
of aluminium). The resolution for protons was probably 
somewhat better than this, and certainly more than adequate 
for the experiment performed.
5.3 Energy Calibration.

In connection with another experimental programme in
this laboratory the proton response relative to the response
for the 8.8 Mev ThCtT alpha particle was determined for a
piece of caesium iodide from the same batch by measuring
the relative response for known proton groups from the 

10 11
reaction £ (d,p) £ . The measurement was performed in-



7

6 .

5 .
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Channel Number

Figure 5,2 i Alpha P a rtic le  Spectrum,
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dependently by Mr. I. F. Wright (Wll) and no further 
description is given therefore in this thesis.

For this batch of caesium iodide, the light output 
from the 8.8 Mev alpha particle after it had passed through 
the aluminium windowwas the same as that from a proton of 
energy 5.4 t 0.2 Mev. This figure was taken to determine 
the proton energy scale, and was found to agree very well 
with the figure derived from the maximum energy expected 
for photoprotons from silver irradiated with 30 Mev brems- 
st rah lung ( 24 Mev).
5.4 Experimental Details.
5.4.1 The Proton Counter.

So that protons would not lose energy in passing 
from the foil target to the crystal, the counter was 
maintained at a pressure of about 100 microns with the 
aid of a rotary pump. A diagram of the experimental 
assembly is given in Figure 5.3. Bremsstrahlung from the 
synchrotron passed through a 3/8" lead collimator, to pro­
duce a well-defined pencil of gamma rays of diameter 
at the target. The beam, cleared of electrons by a strong 
permanent magnet placed behind the collimator, entered the 
target tube through a thin aluminium window. Beyond this, 
a further magnet was mounted to deflect out of the beam
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electrons produced in the window, so that a relatively 
"clean" bremsstrahlung flux irradiated the target of thin 
silver foil.

The target tube could be broken just beyond the foil 
to facilitate the interchange of target and standard alpha 
particle source, and the diameter of the tube beyond this 
point was increased to 2^" to ensure that the beam, which 
was slightly divergent, did not strike the thick side walls; 
the beam emerged again through a similar thin window of 
aluminium.

The crystal detector described in 5.2 was mounted as 
shown in Figure 5.3, with the crystal parallel to and di­
rectly opposite the target, to detect photoprotons emerging 
at ninety degrees. A short l£" diameter tube connected the 
target tube to a 2|" diameter brass cylinder, which housed 
the crystal and photomultiplier. The glass plate to which 
the crystal was attached rested on an "0" ring on a ledge 
inside the cylinder, to make a vacuum seal, and the photo­
multiplier was enclosed in an aluminium can fixed over the 
brass with black "scotch" tape.

Leads to provide H.T. for the phototube, and to take 
out pulses from the last dynode, were soldered from the 
appropriate lugs on the photomultiplier base to light-tight
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Belling-Lee plugs on the aluminium can; standard co-axial 
cables connected these to the H.T. supply and the head 
amplifier.
5.4.2 Shielding.

Since a crystal of the dimensions used would detect 
gamma rays with high efficiency, it was imperative that it 
be thoroughly shielded from both the direct beam and 
scattered low energy radiation in the research room. 
Accordingly, the counter was enclosed in lead, so that 
there were at least three inches of lead shielding the 
crystal from every direction. In addition, permanent 
shielding around the machine provided about twelve inches 
of concrete, lead and steel between the crystal and the 
bremsstrahlung source, and steel walls about three inches 
thick shielded the counter from scattered radiation from 
either side. The beam was finally caught in a "beam trap" 
at the end of the room, so that scattered radiation should 
have been at a minimum. The complete lay-out of the shield­
ing is indicated in Figure 5.4.

That the shielding was generally effective was indic­
ated by the fact that when the machine was run without the 
target in the proton counter, no pulses were recorded cor­
responding to energies greater than about 6 Mev, and the
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counting rate "below this energy was less than a tenth of 
the counting rate with the target in position.
5.4.3 Measures to Reduce Electron Background.

The chief difficulty in this experiment, and one which 
is encountered whenever electronic counting devices are 
used to detect photoprotons, was the problem of discrimin­
ating against electrons, since photon interactions which 
produce electrons are orders of magnitude greater than 
photoproton cross sections. The problem is aggravated 
further when bremsstrahlung is used as the source of gamma 
rays, since:

(i) there is a huge flux of low energy gamma rays, 
which can produce electrons, but which are 
below the threshold for photoproton emission 

(ii) electron accelerators are pulsed machines, so 
that all of the bremsstrahlung output arrives 
virtually simultaneously, and large fluxes of 
low energy electrons scattered from the target 
may "pile up" to produce big pulses indisting­
uishable from protons.

The first difficulty can be partly overcome by filter­
ing the beam through a suitable thickness of carbon, which 
strongly absorbs low energy photons (say <  1 Mev) without
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attenuating high energy gamma rays too severely. Accord­
ingly» in a first attempt to reduce the electron "noise", 
the beam was filtered through six inches of graphite, a 
thickness which reduces the flux of 0.5 Mev gamma rays by 
a factor of 10 , but cuts the intensity of 20 Mev gamma 
rays to only about 60 per cent (S7). It was found, however, 
that this made no detectable difference to the electron 
background, and, since it was felt that any sacrifice of 
intensity was not worthwhile unless accompanied by a real 
improvement in the discrimination against electrons, the 
carbon was ultimately discarded.

More success was met with, however, when parameters 
influencing pile up were varied. Every effort was made to 
make pulses from the photomultiplier as short as possible, 
consistent with linearity. The cable from the photomulti­
plier to the head amplifier was made short to keep the 
pulse rise time small, and pulses were straight away 
clipped with a short time constant R-C network to have a 
total length of Just less than a microsecond. They were 
then passed through a biassed diode with the bias level set 
to cut off pulses representing energies of less than 5 
Mev, and fed straight to the grid of a cathode follower.
In this way small electron pulses were biassed out before
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stray capacities increased their length and allowed them 
to pile up.

In addition, the duration of the bremsstrahlung output 
pulse could be increased on this machine by decreasing the 
rate of collapse of the radio frequency amplitude. The 
duration of the bremsstrahlung output was increased by this 
method to ^  200 microseconds, and helped further to control 
pile up. The problem was not, of course, completely over­
come, since many gamma rays were still bunched within each 
microsecond, but some improvement was made in this way.

In order to discriminate between proton and electron 
pulses, 150 mg./sq.cm, of aluminium absorber was placed 
between the target and the detector, and the spectrum ob­
tained after an irradiation at 30 Mev compared with an 
identical irradiation without any absorber. This thickness 
oI* absorber was chosen as the best compromise between an 
absorber which would stop all protons, and one which would 
not alter the electron background too seriously.

The result of these runs is shown in Figure 5.5. It is 
seen that the end-point of the spectrum is reduced from 24 
iv*ev to about 22 Mev, and that the yield of protons with a 
net energy greater than 8 Mev is the same as the yield above 
13 Lev from the run without absorber. Since 150 mg./sq.cm.
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of aluminium reduces the energy of a 13 Mev proton to 8 Mev, 
this indicates that all pulses above 13 Mev are due to pro­
tons, and if the absorber does not distort the electron 
edge too severely then most pulses above 8 Mev also indicate 
protons. As is expected, the electron background is only 
shifted downwards in energy by one or two channels.
5.4.4 Experimental Details.

To minimise random background arising from activities 
induced in the counter, and to eliminate pulses arising 
from the residual betatron output, which is coincident in 
time and therefore more prone to pile up, the multichannel 
analyser was gated to accept pulses only during the time 
when the full energy synchrotron output was produced. The 
gating pulse, timed from the mains, and the output from a 
scintillation counter which monitored the bremsstrahlung 
were displayed simultaneously on the screen of a double­
beam oscilloscope, and the timing and width of the gating 
pulse adjusted to bracket comfortably the bremsstrahlung 
output. A schematic diagram of the electronics is given 
in Figure 5.6.

Proton spectra were taken for maximum bremsstrahlung 
energies ranging from 16 to 32 Mev at 2-Mev intervals. 
Individual runs were of two hours» duration, and between



pr
ot

on
 d

et
ec

to
r 

ph
ot

om
ul

ti
pl

ie
r

Fi
gu

re
 5

.6
 s
 S

ch
em

at
ic

 
Di

ag
ra

m 
of

 
El

ec
tr

on
ic

 
Ci

rc
ui

t



85

runs the gain of the counter was checked by measuring the 
thorium alpha particle spectrum; it was found that the gain 
remained stable, though slight adjustment had to be made
occasionally to the photomultiplier volts to correct for

*

small drifts.
The total bremsstrahlung dose was monitored by the

activity induced in tantalum foils. Foils were wrapped in
cadmium and placed behind the counter in the position

180m
shown in Figure 5.3, and the 8.15-hour Ta activity was
measured by detecting the 55 Kev K-capture X-ray with a
scintillation spectrometer. After each run the foils were
left for an hour before the activity was measured to allow

17 8
any 10-minute activity from Ta (see Carver and Turchi-

181
netz: C6) from the reaction Ta (y*,3n) to decay away.

In order to achieve the highest possible count rates, 
the target was made as thick as possible, consistent with 
protons not being too severely degraded in energy within 
the foil itself. Since it was not anticipated that the 
spectra would exhibit any fine structure, a target which 
removed ^  1 Mev from a 10 Mev proton was considered satis­
factory, and accordingly a foil thickness of 40 mg./sq.cm.*
was decided upon . Even so, the fastest counting rates,
*  — ---------------------------— ---------------- — ------------ -

It should be noted that the distributions are therefore
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which were recorded when the machine was run at its top 
energy of 52 Mev, were still of the order of only two to 
three per minute for protons of energy greater than 8 Mev.
At lower machine energies they were less, partly "because 
lower points on the "bremsstrahlung yield curve were "being 
measured, "but also "because the output from the machine 
falls considerably as the end-point energy is reduced.

Thus, sufficient statistics to determine the yield
curves adequately could only be accumulated over a number
of runs, which were added together. The spectrum taken at
a maximum bremsstrahlung energy of 50 Mev, for example, is
the sum of five two-hour runs, and contains 1200 pulses
corresponding to protons of energy greater than 8 Mev.
The set of spectra shown in Figure 5.7, for which channels
have been added together in groups of three, represent a
total running time of about a hundred hours; they have been
normalised to the same value of integrated electron current,
but with an arbitrary scale factor, with the aid of the 181
Ta (tf,n) yield curve of Figure 4.8.

slightly distorted at the low energy end, since on average 
protons pass through about 20 mg./sq.cm, of silver before 
emerging from the foil. In this application the effect has 
little significance apart from raising proton energies slightly above their apparent values.
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5.5 Absolute Yields»
The absolute yield of protons of energy greater than 

8 Mev was determined relative to the known Cu (*,n) cross 
section. A square foil of copper of the same dimensions 
as the silver target, and weighing 1.946 grammes, was 
placed in the target position and irradiated with 30 Mev 
bremsstrahlung for twenty minutes, with the same tantalum 
monitoring procedure.

Annihilation radiation from the 9.4-minute positron
activity was detected in a known geometry with the sodium
iodide scintillation counter, and the absolute neutron

63
yield per mole of' Cu per unit monitor activity calculated. 
This was related to the photoproton yield through the moni­
tor activity and led to a value of the ratio:

Y(Ag ) _ "Yield of photoprotons above 8 Mev per mole of Agw 
Y(Cu ^T ” Yield of photoneutrons per mole of Cu

- 0.066 + 0.02 ....(5.5.1)

The method is not entirely free from objection, since 
the detection efficiency for both the proton counter and 
the scintillation counter had to be calculated from the 
respective geometries. The rather generous errors quoted 
include uncertainties arising from this source. In addition,
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the photoproton yield may have been over-estimated, since

it was assumed that protons were emitted isotropically; if
2

the angular distribution were pure sin 9, this would mean 

that the yield had been over-estimated by a factor of two. 

However, the results of Diven and Almy (DA), using 20.8 lev 

bremsStrahlung, indicate that most of the protons below 10 

Mev are emitted isotropically, and this includes a fair 

proportion of all photoprotons above 8 Mev, so that the 

error introduced by assuming isotropy is probably not too 

serious.

So that the photoproton yield could be compared direct­

ly with the data of Diven and Almy, the ratio between the 

photoproton and photoneutron yields from silver at 21 Mev 

was also found. Silver and copper foils of the same dimen­

sions and weighing respectively 22.9 mg. and 95.6 mg. were 

enclosed in cadmium and exposed to 21 Mev bremsstrahlung

for ten minutes. The 24.5-minute (D5) and 9.4-minute posi-
106 62

tron activities from Ag and Cu were compared in the 

same geometry, using the scintillation counter, and cor­

rected for isotopic abundance and decay schemes to determine 

the ratio between the respective (tf,n) yields.
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The value obtained!

y(Ag„) _ »Held of neutrons per mole of Ag"
YfSu^) ' Yield of neutrons per mole of Cu

— 3.56 i 0.15 .•••(5.5.2)

is about 30 per cent higher than the figure of 2.80 re­
ported by Diven and Almy for virtually the same brems- 
strahlung energy.

The relative yield at 21 Mev of photoprotons above 
8 Mev and photoneutrons from silver is determined from:

(i) the ratio Y(Agp) / Y(Cun) at 30 Mev « 0.066 
(expression 5.5.1)

(ii) the ratio Y(Ag^) / YXCu^) at 21 Lev = 3.56 
(expression 5.5.2)

(iii) the ratio between the respective photoproton 
yields at 21 and 30 Lev = 82/325 (from the 
photoproton yield curve: see Figure 5,8). 

These combine to give a figure:

0.066 . 82_ - 0.0054 ■£ 0.0015 
3.56 325

That is, there are 5.4 + 1,5 protons of energy greater 
than 8 Lev for every thousand photoneutrons from silver
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excited by 21 kev bremsStrahlung, This result is to be
compared with that given by liven and ALmy, who find ap-

*
proximately 3 1-2 protons of energy greater than 8 kev 
per thousand photoneutrons. The discrepancy between these 
two values arises mainly from the difference between the 
two measurements of the silver photoneutron yields. Vari­
ations of this magnitude are not uncommon in absolute 
determinations of photonuclear yields; in this instance it 
is likely that the difference has come about through the 
use of different monitoring procedures*
5.6 Results and Analysis.
5*6.1 Photoproton Yield Curves.

The results obtained are summarised by the family of 
yield curves shown in Figure 5.8. These have been drawn, 
for counter thresholds increasing in steps of 2 kev from 
8 kev to 22 kev. They have been normalised to the absolute 
determination at 30 kev, and the scale is such that an 
iterative analysis using the tables of Appendix 1 yields 
directly the absolute cross section in millibarns.

The curves drawn for thresholds of 8, 10 and 12 Mev

*  1 ' ------------------------

This was obtained from their "total photoproton yield 
per 10^ neutrons" (23 t 8) by determining from their pub­
lished distribution the fraction of protons (^1/3) above 8 kev.
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indicate a peak in the cross section for emission of protons 
of more than these energies in the region of 22 Mev. This 
is somewhat surprising, since the maximum of the giant 
resonance for neutrons occurs at 17 Mev (D4). Beyond these 
counter thresholds the inaccuracies of the points on the 
yield curves preclude any definite conclusions being drawn, 
though the typical inflected shape of the curves would be 
destroyed, as it appears to be, as the yield curve threshold 
approached and moved beyond 22 Mev.

The yield curve drawn for a counter threshold of 10 
Mev has been analysed completely by the iterative method, 
and the derived cross section is plotted in Figure 5.9.
The integrated cross section for the emission of protons 
of energy greater than 10 Mev is:

This value has been obtained assuming an isotropic 
angular distribution for the protons, and the errors quoted 
are derived ohly from the uncertainties in the measurements. 
It is therefore an upper limit for the integrated cross 
section, and may be in error by as much as a factor of two, 
depending on how great the anisotropy is.

dE - 36 ± 9 Mev millibarn.
16
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5.6.2 Analysis of Spectra.
In principle, if one takes the difference between 

spectra recorded at successive bremsstrahlung energies, 
this difference will be the photoproton spectrum for a 
gamma-ray distribution which is itself the difference 
between successive bremsstrahlung spectra. If the inter­
val is made fairly small, this will correspond to something 
approaching monochromatic radiation, since the smaller the 
interval the closer the difference will look to the deriv­
ative curves P1(k,kQ) of Figure 2.1. Unfortunately, to 
make effective use of this means of analysis successive 
spectra would have to be determined extremely accurately, 
since it is the difference which would be significant, and 
this is scarcely feasible where total counting rates are 
of the order of only a few per minute.

Nevertheless, a simplified analysis can be applied in 
the following way. The proton spectra from 30 Mev and 28 
Mev bremsstrahlung cut off at approximately 24 Mev and 22 
Mev respectively. Those protons which have energies between 
these limits can have come only from interactions with gamma 
rays between 28 Mev and 30 Mev, and must, moreover, leave 
the residual nucleus close to its ground state. Since the 
number of photons in the tip of the bremsstrahlung spectrum
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is known, an average cross section for these protons over 
the energy interval can "be obtained directly.

This has been done with the measured spectra, and the 
average cross section obtained by taking successive differ­
ences is shown in Figure 5.9. The errors on the lower 
energy points are large, since the bremsstrahlung yield 
from the synchrotron falls off quite severely as its energy 
is lowered, but the curve shows the same general shape.
The cross section rises as the photon energy is reduced 
from 32 Mev, and appears to pass through a peak in the re­
gion of 20 Mev; the integrated cross section from 16 to 32 
Mev derived from this curve is 30 ± 10 Mev millibarn, close 
to the value obtained from the iterative analysis.
5.7 Discussion.
5.7.1 The Proton Evaporation Spectrum.

The distribution of "evaporated" protons following the 
absorption of a photon of given energy is given by the 
Maxwellian distribution of protons within the nucleus ap­
propriate to the excitation energy, multiplied by the 
barrier penetrability. To determine the distribution ex­
pected following bremsstrahlung excitation, the spectrum 
corresponding to each photon energy within the bremsstrahl­
ung distribution must be calculated. The set of these
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spectra is then weighted according to the content of the 
bremsstrahlung beam and the absorption cross section, and 
summed over energy.

Figure 5.10 shows the result of such a calculation
for bremsstrahlung of 30 Mev, assuming a barrier height of
9 Mev, a nuclear temperature of 1 Mev and an absorption
cross section peaking at 17 Mev, and similar in shape to
the (j,n) giant resonance in silver. The calculation has
been performed for s-wave protons only, for which there is
no centrifugal barrier, and no allowance has been made for
variation of nuclear temperature with excitation, since
most of the absorption takes place over a fairly narrow

-13 1/3range of photon energies. A value of 1.30 x 10 . A  was 
taken for the nuclear radius to determine the Coulomb 
penetrability (M7).

It is seen that the evaporation spectrum shows a 
peak at*v6 Mev, and that beyond 10 Mev the proton yield is 
negligible. Moreover, it is not easy to alter these con­
clusions without taking rather extreme and somewhat un­
realistic liberties with the nuclear parameters involved 
(S5). Diven and Almy have calculated the distributions 
expected from 20.8 Mev bremsstrahlung for four sets of
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*
nuclear parameters , and find reasonable agreement, both in 
shape and absolute magnitude, with their observed spectrum 
at low energies (less than 8 Mev) for values close to those 
assumed in the above calculation.

It is considered, therefore, that protons observed 
beyond 10 Mev are not evaporated from a compound nucleus, 
but arise from direct interactions. This conclusion is 
supported by the fact that the cross section for all protons 
of energy greater than 10 Mev (see Figure 5.9) agrees 
reasonably well with the "direct" cross section determined 
by successive subtraction of spectra. It is apparent that 
most of the increase in yield of protons above 10 Mev can 
be attributed to the extra protons emerging with approxim­
ately full energy when the bremsstrahlung end-point energy

*  ~  -------

These were:
(i) 0 = 1  Mev (i.e. level density exp(aE)ß , a = A/5)

rQ = 1.42 . io"° cm.
(ii) 0  ̂1.3 Mev (i.e. level density* * exp(aE)2 , i

rQ * 1.30 . 10** cm. a «1.6(A - 40 )£)
(iii) 0 as in (ii)

r -s 1.50 . 10 cm. o
(iv) assuming level density proposed by Schiff (S5), 

namely ~ l n ( E + b )  / b, b ~ 20/A. This increases 
much more slowly with energy than the above. 
rQ * 1.42 . 10'** cm.
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is increased; over the energy range 16 to 52 Mev, then, the 
yield of protons above 10 Mev measures fairly well the 
direct photoproton cross section.
5.7.2 The Shell Model.

The striking feature of the experimental cross section 
is that it shows a maximum shifted upwards in energy by 
several Mev from the (^,n) resonance, which peaks at 17 Mev. 
The second important feature is its absolute magnitude.
The integrated cross section for the (>,n) reaction in silver 
is 1650 Mev millibarn (14) and the integrated cross section 
for direct photoprotons is 56 Mev millibarn (c.f. 5.6.1), 
so that 56/1650, or about 2 per cent, of the total absorp­
tion is accounted for by direct emission of protons. It is 
shown in this section that both of these results are in 
reasonable agreement with the shell model theory of photo- 
nuclear absorption proposed by Wilkinson (W5, W6).

In the shell model formulation the giant resonance is 
thought to arise from enhanced dipole transitions from 
closed shells (c.f. 1.4.2). In the silver nucleus most of 
the transition strength is found in the If - lg proton 
transitions, and the lfff - lg^and lg^- lh„^ neutron trans­
itions, the energies of which tend to cluster to produce 
the observed peak in the absorption at 17 Mev.
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The important proton transitions, determined from the 

radial overlap integrals and angular wave function weight­

ing factors listed "by Wilkinson (W6) for an infinite square 

well, are presented in Table 5.1.

Table 5.1.
*

PROTON TRANSITIONS IN SILVER .

Transition Transition Strength

2p - 3 s,-3/x 4. 0.080 ( 3fi)

2a v- ‘ 0.037
(14 ft)

2V" 2a>v. 0.336

0.840

1£Vi ” lgV*. 0.031 (78*)

lf% '  leVu 1.089

These account for about 

transitions in silver.

*

95 per cent of all proton

In Mayer-Jensen coupling the 2p„v shell is not filled  ̂
until Z * 48, so that the nuclear configuration is (Is*)7"
(S2>! (1Pt) (ldi*) (2si)l(V (1V
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The direct yield of photoprotons may he estimated in 
the same way as the direct neutron yield from tantalum was 
estimated in the previous chapter (c.f. 4.7). The width 
for direct emission is again given hy:

hut in this case , the penetrability through the harrier 
(Coulomb + centrifugal), is the dominant factor which may 
severely curtail emission from the If - lg transitions, 
and increase the importance of transitions between shells 
of lower angular momentum. The calculation in this 
irstance is much more uncertain, however, since the pene­
trabilities are very sensitive to the proton energies 
assumed.

The observed cross section peaks at ^  22 Mev, and the 
experiment indicates that the energy of the protons emit­
ted following absorption in this region is ~  16 Mev. Ac­
cordingly, as a first estimate, the direct yield has been 
calculated assuming a proton energy of 16 Mev for each 
transition, setting limits of 4 Mev and 10 Mev on 2W, 
the width for absorption into a compound nucleus (c.f. 4.7)

5 -K£k . Pl = 7.6 Fe kev



and using penetrabilities given by Morrison (M7). The 
result is given in Table 5.2.

Table 5.2.
DIRECT YIELD OF PROTONS (E 16 MEV).

Transition Strength **
Net

2W = 4
Yield

2W = 10

If - lg 78* .41 22* 18*
2p - 2d 14* .9 8* 5*
2p - 3s 3* 1 2* 1*

Totals 95* 32* 24*

Thus, for these assumptions, direct proton emission 
accounts for 24* to 32* of the proton transitions, or 12* 
to 16* of the total absorption. This is much higher than 
the experimental yield of 2* of the total absorption, 
largely because of the contribution of the If - lg transi­
tions to the direct yield, and indicates, therefore, that 
the If - lg transitions are not likely to be associated 
with the direct photoproton peak at 22 Mev.
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It is, in fact, a more natural step to associate the
If - lg transitions, which are the strongest and account
for about 40 per cent of the total photon absorption from 

*
closed shells , with the giant resonance at 17 Mev, and 
the weaker 2p - 2d transitions with the 22 Mev peak. If 
this is done, and a proton energy of ^ 1 1  Mev is assumed, 
the yield from the If - lg transitions is reduced by a 
factor of twenty, and the calculated direct emission is 
Zfi to 6^ of the total absorption, depending on the value 
chosen for 2W; this agrees fairly well with the experi­
mental value. 100
5.7.2 Comparison with the Reaction Mo (y .p).

It is relevant to compare this experiment with a
recent measurement by residual activation of the (y,p)

100
cross section in a nearby element Mo (Z = 42). Ferrero

*
This may not be strictly correct, since no allowance 

has been made in the calculation of transition strengths 
for the number of protons which are already in the shell 
to which the transition is made. It is possible in this 
case that the If - lg transition strength is over-estim­
ated, since part of it comes from the lf-yt- lg^Ltransition, 
and the lg^vshell already contains eight protons. This, 
of course, does not imply that the integrated cross sec­
tion is less, since presumably transitions upwards from 
the almost filled lg,/t shell are correspondingly stronger. 
The direct proton yield from a lg - lh transition is neg­
ligible, however, since protons in the lh shell must sur­
mount an even higher barrier.** This probably still over-estimates the yield from the 
If - lg transitions, sir>ce the If shell almost certainly 
lies several Mev below the least bound shells.
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et al (FS) have observed a peak in the total cross section 
at 22 Mev, and an integrated cross section of about 6 per 
cent of the total absorption. They have performed a some­
what similar analysis, determining the direct yield from 
each transition for an assumed proton energy of 10 Mev in 
each case, and a value of 2W  ̂10 Mev. On this basis they 
have found that the If - lg and 2p - 2d transitions are 
both responsible for most of the proton yield, with the 
If . lg the more important. Their calculated yield agrees 
with experiment, though they point out that the theoretical 
estimate depends critically on the energies and widths 
assumed.
5.8 Conclusions.

The initial aim of this experiment was to determine 
whether it is necessary to propose an independent absorption 
mechanism to account for direct photoproton emission. The 
experimental result that the cross section passes through a 
maximum several Mev above the photoneutron peak, and accounts 
for 2 per cent of the total absorption, has been shown to be 
consistent with individual proton transitions being excited 
between closed shells, and indicates further that the most 
important transitions are those between the 2p and 2d shells 
with an energy of 22 Mev.
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CHAPTER 6.
THE ANGULAR DISTRIBUTION OF HIGH ENERGY PHOTO PRO TONS

FROM SILVER.
Abstract.

The angular distribution of fast photoprotons from 
silver has been measured for a maximum bremsstrahlung energy 
of 30 Mev and found to be strongly anisotropic. For compar­
ison the same measurement has also been made for nickel, and 
the angular distribution confirmed to be isotropic.

It is concluded that the high energy protons from sil­
ver are emitted from shells of low angular momentum, in 
agreement with the conclusions of the previous chapter.
6,1 Introduction.

Irrespective of the detailed shape of the nuclear po­
tential, the angular distribution of photoprotons depends
only on their angular momentum before and after photon

*
absorption. In general (C9) they are proportional to:

(i) for a transition £ *■*  ̂**’ 1
1(1* 1) i(J(* !)(■**■ 2)sin20

*
These expressions assume no contribution to the absorp­

tion of higher multipolarity than El.
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(ii) for a transition t -y A - 1

1) + i^(^-l)sinfe
2Thus the angular distributions are of the form A * Bsin 0, 

where the ratio B/A is determined by the angular momentum 
of the protons involved; in certain circumstances, when 
the transitions are not too complex, they may help to iden­
tify the shells from which the protons emerge.

Accordingly, the thin crystal detector described in
5.2 was used to measure the angular distribution of high 
energy protons from silver, to decide whether the If - lg 
transitions contribute significantly to the direct yield.
6.2 Experimental Details.

The crystal was mounted on a perspex light pipe as 
shown in Figure 6.1, through the lid of a circular chamber. 
The lid rested on an ”0” ring and could be rotated with 
respect to the chamber to set the angle of the detector. 
Also supported by the lid was a perspex foil holder, which 
could be moved independently, so that the orientation of 
the foil target to the beam could be preserved as the angle 
of the detector was changed. The beam entered and left the 
chamber, which was evacuated, through extended tubes with 
thin aluminium ends, and was monitored with tantalum foils 
as in the previous experiment.
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The chamber was shielded or all sides by 2 inches of 
lead, but the shielding was not as effective as in the pre­
vious experiment since the crystal itself was not closely 
surrounded with lead; this meant that the background edge 
was shifted upwards in energy, and only protons with energy 
greater than 13 Mev could be reliably identified. When 
this condition had been established, the multi-channel 
analyser was replaced by a single channel analyser and 
scalar, set to accept all pulses corresponding to proton 
energies above 13 Mev. In this case, since there was no 
gating facility on the single channel analyser, pulses were 
passed through a gated amplifier, with the gating conditions 
determined in the same way as for the previous experiment 
(c.f. 5.4.4).
6.3 Angular Distributions.

The proton yield at 30 Mev, normalised to unit monitor 
activity, was measured as a function of angle at intervals 
of 20°, since the angle subtended by the crystal at the 
centre of the target was just greater than this (22°).
6.3.1 The Angular Distribution from Silver.

Since the counter threshold was set so high, the count­
ing rate from the silver foil was extremely low. To offset 
this, the target thickness was increased to 100 mg./sq,. cm. ,
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a thickness for which the energy lost by a 13 Mev proton 
emitted from.the centre of the foil is ^  1 Mev. for all 
angles measured the foil was maintained parallel to the 
axis of the beam.

The measured angular distribution, which is markedly 
anisotropic, is shown in Figure 6.2. The errors shown 
are root mean square deviations determined from the 
statistics, and the horizontal bars indicate the angular 
resolution of the counter; no correction has been applied 
to the data for variations in energy loss within the tar­
get as a function of angle.
6.3.2 The Angular Distribution from Fickel.

The angular distribution of fast protons from nickel 
has been measured previously at 30 Mev by Leiken et al (L6) 
using photographic emulsions, and found to be almost iso­
tropic. To make certain that the angular distribution 
for silver was not affected by some systematic error in 
the method, this measurement was repeated using a nickel 
target of thickness ~ 100 mg./sq.cm. The angular distribu­
tion found, which is fairly flat, and certainly greatly 
different from the distribution for silver, is shown in 
Figure 6.3.
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6.4 Discussion,
In the previous chapter it was suggested that the

main contribution to the yield of direct photoprotons> *o
from silver comes from the Ep - Ed transitions. The
angular distribution of protons from these transitions is
proportional to 1 + l.Bsin 0 (e.f. 6.1), whilst that from

2the If - lg transitions is proportional to 1 +■ 0.83 sin 0 
and contains a much larger isotropic component.

The angular distribution found in this experiment 
appears to be even stronger than would be expected from 
the Sp - Ed transitions, though the errors on the points

2are comparatively large, and the distribution 1 1.5 sin 0
is not excluded. One may certainly draw the conclusion, 
therefore, that the observed angular distribution of protons 
above 13 Mev is not consistent with their coming from the 
If - lg transitions, in agreement with the conclusions of 
the previous chapter.



APPENDIX 1,

The Schiff spectrum P(k,k ), its derivative with re­
spect to kQ , P T(k,k0 ), and the normalising function S(kQ>T), 
used for the solution of bremsstrahlung yield curves, are 
tabulated at 1 Mev intervals of k, kQ and T from 6 to 35
Mev



(i)

T A B L E ! .

THEORETICAL SCHIFF ERIKS STRAHLUNG SPECTRUM: 100 x  P ( k , k  ) .o
k .  MevU 35 34 33 32 31 30
k  Mev

35 2 . 0
34 7 . 6 2 . 0
33 1 0 . 6 7 . 8 2 . 0
32 1 2 . 6 1 1 . 0 3 . 0 2 . 0
31 1 4 . 2 1 3 . 0 1 1 . 2 8 . 4 2 . 0

30 1 5 . 2 1 4 . 6 1 3 . 6 1 1 . 6 8 . 6 2 . 2
29 1 6 . 6 1 6 . 0 1 5 . 2 1 4 . 0 1 2 . 0 9 . 0
28 1 7 . 9 1 7 . 2 1 6 . 6 1 5 . 3 1 4 . 4 1 2 . 4
27 1 9 . 0 1 3 . 6 1 3 . 0 1 7 . 2 1 6 . 2 1 5 . 0
26 1 9 . 8 1 9 . 6 1 9 . 2 1 8 . 6 1 8 . 0 1 7 . 0

25 2 1 . 0 2 0 . 8 2 0 . 4 2 0 . 0 1 9 . 4 1 8 . 4
24 2 2 . 2 2 1 . 3 2 1 . 6 2 1 . 2 2 0 . 8 2 0 . 2
23 2 3 . 4 2 3 . 2 2 3 . 0 2 2 . 6 2 2 . 2 2 1 . 8
22 2 5 . 0 2 4 . 8 2 4 . 4 2 4 . 0 2 3 . 6 2 3 . 4
21 2 6 . 6 2 6 . 4 2 6 . 0 2 5 . 8 2 5 . 2 2 5 . 0

20 2 8 . 2 2 8 . 0 2 7 . 8 2 7 . 6 2 7 . 2 2 6 . 3
19 3 0 . 2 3 0 . 0 2 9 . 8 2 9 . 4 2 9 . 0 2 8 . 6
13 3 2 . 4 3 2 . 2 3 2 . 0 3 1 . 6 3 1 . 4 3 0 . 8
17 3 5 . 0 3 4 . 6 3 4 . 4 3 4 . 2 3 3 . 8 3 3 . 2
16 3 8 . 2 3 7 . 8 3 7 . 4 3 6 . 8 3 6 . 6 3 6 . 2

15 4 1 . 2 4 1 . 0 4 0 . 8 4 0 . 4 3 9 . 8 3 9 . 4
14 4 5 . 2 4 4 . 8 4 4 . 4 4 4 . 4 4 3 . 6 4 3 . 2
13 5 0 . 0 4 9 . 6 4 8 . 8 4 3 . 4 4 3 . 0 4 7 . 6
12 5 5 . 4 5 5 . 0 5 4 . 6 5 4 . 2 5 3 . 8 5 3 . 0
11 6 1 . 6 6 1 . 2 6 0 . 9 6 0 . 0 5 9 . 6 5 9 . 2

10 6 9 . 4 6 9 . 0 6 3 . 4 6 8 . 0 6 7 . 4 6 7 . 09 7 9 . 4 7 3 . 8 7 7 . 8 7 7 . 8 7 7 . 2 7 6 . 6
3 9 1 . 2 9 0 . 6 9 0 . 6 9 0 . 0 3 9 . 2 8 3 . 67 107 106 106 106 105 104
6 128 128 127 127 126 125



(ii)

T a b l e  1 ( c o n t i n u e d ) .

k Q k e v  

k  Kev
29 28 27 26 25 24

29 2 . 2
28 9 . 2 2 . 2
27 1 5 . 0 9 . 6 2 . 4
26 1 5 . 6 1 2 . 4 1 0 . 0 2 . 4

25 17 .8 1 6 . 2 1 4 . 0 1 0 . 4 2 . 6
24 1 9 . 6 1 8 . 6 1 7 . 0 1 4 . 6 1 0 . 8 2 . 6
25 2 1 . 0 2 0 . 4 1 9 . 4 1 7 . 3 1 5 . 4 1 1 . 2
22 2 2 . 8 2 2 . 0 2 1 . 4 2 0 . 2 1 3 . 6 1 6 . 2
21 2 4 . 6 2 4 . 0 2 3 . 4 2 2 . 4 2 1 . 2 1 9 . 6

20 2 6 . 2 2 5 . 3 2 5 . 2 2 4 . 4 2 5 . 6 2 2 . 2
19 2 8 . 4 2 7 . 8 27 .4 2 6 . 8 2 6 . 0 2 4 . 8
18 5 0 . 6 3 0 . 0 2 9 . 6 2 3 . 3 2 8 . 2 2 7 . 6
17 5 5 . 0 3 2 . 4 3 2 . 0 3 1 . 4 3 0 . 3 2 9 . 3
16 5 5 . 6 3 5 . 2 3 4 . 6 3 4 . 4 3 3 . 3 3 3 . 2

15 3 9 . 0 3 3 . 4 3 8 . 0 3 7 . 4 3 7 . 0 3 6 . 4
14 4 2 . 8 4 ?.. 2 4 1 . 8 4 1 . 0 4 0 . 6 4 0 . 0
IS 4 7 . 2 4 6 . 6 4 6 . 2 4 5 . 4 4 4 . 6 4 4 . 2
12 5 2 . 4 5 1 . 6 5 1 . 2 5 0 . 4 5 0 . 0 4 9 . 2
11 5 8 . 8 5 3 . 2 5 7 . 2 5 6 . 9 5 6 . 0 5 5 . 0

10 6 6 . 0 6 5 . 6 6 5 . 0 6 4 . 0 6 3 . 6 6 2 . 6
9 7 6 . 0 7 5 . 0 7 4 . 4 7 3 . 4 7 2 . 8 7 1 . 6
8 8 8 . 0 3 7 . 2 9 6 . 2 8 5 . 2 8 4 . 4 3 3 . 6
7 104 102 101 101 100 9 9 . 2
6 124 123 122 122 121 120



(iii)

T a b l e  1 ( c o n t i n u e d )

k  Mev 0
k  Mev

23 22 21 20 19 18

23 2 . 8
22 1 1 . 8 2 . 8
21 1 7 . 0 1 2 . 4 3 . 0

20 2 0 . 4 1 7 . 8 1 3 . 0 3 . 2
19 2 5 . 4 2 1 . 8 1 8 . 6 1 3 . 6 3 . 4
18 2 6 . 2 2 5 . 0 2 3 . 0 1 9 . 6 1 4 . 4 3 . 6
17 2 9 . 2 2 7 . 8 2 6 . 2 2 3 . 6 2 0 . 6 1 5 . 2
16 3 2 . 2 3 1 . 2 2 9 . 6 2 3 . 2 2 6 . 0 2 2 . 2

15 3 5 . 8 3 4 . 4 3 3 . 6 3 2 . 0 3 0 . 0 2 7 . 8
14 3 9 . 2 3 8 . 2 3 7 . 2 3 6 . 0 5 4 . 2 3 2 . 4
13 4 5 . 6 4 2 . 6 4 1 . 6 4 0 . 4 3 9 . 2 3 7 . 2
12 4 3 . 4 4 7 . 6 4 6 . 8 4 5 . 4 4 4 . 2 4 2 . 4
11 5 4 . 6 5 3 . 2 5 2 . 4 5 1 . 4 5 0 . 0 4 3 . 8

10 6 1 . 6 6 1 . 0 5 9 . 6 5 8 . 6 5 7 . 6 5 6 . 0
9 7 1 . 0 7 0 . 0 6 3 . 3 6 7 . 2 6 6 . 0 6 4 . 3
8 8 2 . 6 8 1 . 8 3 0 . 6 7 9 . 2 7 7 . 4 7 6 . 2
7 9 3 . 6 9 7 . 0 9 5 . 3 9 4 . 2 9 3 . 0 9 1 . 2
6 113 117 116 114 112 111

k Q Mevo

k  Mev
17 16 15 14 13 12

17 3 . 3
16 1 6 . 2 4 . 0

15 2 3 . 8 1 7 . 4 4 . 2
14 3 0 . 0 2 5 . 4 1 3 . 6 4 . 6
13 3 5 . 4 3 2 . 2 2 7 . 2 2 0 . 0 5 . 0
12 4 0 . 3 3 3 . 4 3 5 . 0 2 9 . 6 2 1 . 6 5 . 4
11 4 7 . 2 4 5 . 0 4 2 . 4 3 3 . 6 3 2 . 4 2 3 . 6

10 5 4 . 6 5 2 . 6 5 0 . 0 4 7 . 0 4 2 . 6 3 6 . 0
9 6 3 . 2 6 1 . 6 5 9 . 4 5 6 . 8 5 2 . 3 4 7 . 8
8 7 5 . 0 7 3 . 2 7 0 . 3 6 8 . 0 6 5 . 0 6 0 . 0
7 8 9 . 2 8 7 . 8 3 5 . 4 8 2 . 3 7 9 . 2 7 5 . 6
6 109 107 105 103 9 9 . 0 9 5 . 8



( i v )

Table  1 ( c o n t i n u e d )

k Mev o
Mev

11 10 9 8

11 5 . 8
10 2 6 . 0 6 . 4

9 4 0 . 6 £ 9 . 4 7 . 2
8 5 4 . 4 4 6 . 4 3 3 . 2 8 . 0
7 7 0 . 0 6 3 . 6 5 2 . 8 3 7 . 3
6 9 0 . 8 8 5 . 0 7 5 . 0 6 2 . 4

9 . 2
4 4 . 2 11.0



(v)

TABLE 1 1 .

THE SCHIFF BHEMSSTRAHLUNG DISTRIBUTION, DIFFERENTIATED 

WITH RESPECT TO PEAK ENERGY: 100 x P f ( k , k Q) .

Levi
Eev

35 34 33 32 31 30

35 1 1 . 1 4 4
34 3 . 7 4 2 1 1 . 4 6 8
33 2 . 1 0 4 3 . 3 4 3 1 1 . 3 7 4
32 1 . 3 6 6 2 . 1 7 2 3 . 9 6 6 1 2 . 1 9 4
31 0 . 9 4 4 1 . 4 1 8 2 . 2 5 6 4 . 0 8 6 1 2 . 5 3 6

30 0 . 6 8 2 0 . 9 7 8 1 . 4 6 2 2 . 3 3 0 4 . 2 1 6 1 2 . 9 9 8
29 0 . 5 1 2 0 . 7 0 6 1 . 0 1 3 1 . 5 2 8 2 . 4 0 8 4 . 3 5 4
28 0 . 4 0 0 0 . 5 3 2 0 . 7 3 8 1 . 0 5 2 1 . 5 7 8 2 . 4 8 8
27 0 . 3 3 2 0 . 4 2 2 0 . 5 5 8 0 . 7 6 6 1 . 0 9 6 1 . 6 3 4
26 0 . 2 9 0 0 . 3 5 2 0 . 4 4 8 0 . 5 8 2 0 . 8 0 6 1 . 1 4 2

25 0 . 2 6 6 0 . 3 0 3 0 . 3 7 8 0 . 4 7 6 0 . 7 1 0 0 . 8 3 6
24 0 . 2 5 3 0 . 2 8 2 0 . 3 3 0 0 . 4 0 2 0 . 4 9 8 0 . 6 4 2
23 0 . 2 5 4 0 . 2 7 8 0 . 3 0 6 0 . 3 5 6 0 . 4 2 8 0 . 5 2 2
22 0 . 2 6 0 0 . 2 3 0 0 . 5 0 4 0 . 3 3 6 0 . 3 9 2 0 . 4 5 2
21 0 . 2 7 0 0 . 2 8 4 0 . 3 0 4 0 . 3 3 2 0 . 3 6 6 0 . 4 1 6

20 0 . 2 8 2 0 . 2 9 4 0 . 3 1 0 0 . 3 3 2 0 . 3 6 0 0 . 3 9 8
19 0 . 2 9 6 0 . 3 0 8 0 . 3 2 2 0 . 3 4 0 0 . 3 6 2 0 . 3 9 2
18 0 . 3 1 4 0 . 3 2 6 0 . 3 3 8 0 . 3 5 4 0 . 3 7 4 0 . 3 9 4
17 0 . 3 3 2 0 . 3 4 4 0 . 3 5 8 0 . 3 7 2 0 . 3 8 3 0 . 4 0 6
16 0 . 3 5 2 0 . 3 6 2 0 . 3 8 0 0 . 3 9 4 0 . 4 1 2 0 . 4 3 0

15 0 . 3 7 2 0 . 3 8 4 0 . 4 0 2 0 . 4 2 0 0 . 4 3 6 0 . 4 5 6
14 0 . 3 9 4 0 . 4 0 8 0 . 4 2 6 0 . 4 5 0 0 . 4 6 0 0 . 4 8 6
13 0 . 4 1 6 0 . 4 3 0 0 . 4 5 0 0 . 4 7 0 0 . 4 8 8 0 . 5 1 4
12 0 . 4 3 8 0 . 4 5 6 0 . 4 7 6 0 . 4 9 6 0 . 5 1 8 0 . 5 4 2
11 0 . 4 6 0 0 . 4 8 0 0 . 5 0 2 0 . 5 2 6 0 . 5 5 0 0 . 5 7 6

10 0 . 4 8 4 0 . 5 0 4 0 . 5 2 8 0 . 5 5 4 0 . 5 8 2 0 . 6 1 0
9 0 . 5 0 4 0 . 5 2 8 0 . 5 5 4 0 . 5 8 4 0 . 6 1 0 0 . 6 4 6
3 0 . 5 3 0 0 . 5 5 4 0 . 5 8 4 0 . 6 1 6 0 . 6 4 6 0 . 6 8 2
7 0 . 5 5 4 0 . 5 8 2 0 . 6 1 0 0 . 6 4 6 0 . 6 8 0 0 . 7 1 8
6 0 . 5 7 6 0 . 6 0 3 0 . 6 4 0 0 . 6 7 6 0 . 7 1 4 0 . 7 5 4



26

25
24
23
22
21

20
19
18
17
16

15
14
13
12
11
10

9
8
7
6

( v i )

Tab le  11 ( c o n t i n u e d ) .

29 28 27

1 3 . 4 5 ?
4 . 5 1 0 1 3 . 9 2 0
2 . 5 9 6 4 . 6 7 3 1 4 . 4 3 8
1 . 7 0 4 2 . 6 9 2 4 . 8 6 2

1 . 1 9 2 1 . 7 8 4 2 . 8 1 6
0 . 8 7 6 1 . 2 5 0 1 . 3 7 0
0 . 6 7 6 0 . 9 2 0 1 . 3 1 4
0 . 5 5 2 0 . 7 1 4 0 . 9 7 2
0 . 4 8 8 0 . 5 9 2 0 . 7 5 4

0 . 4 4 4 0 . 5 2 6 0 . 6 4 0
0 . 4 0 8 0 . 4 8 4 0 . 5 6 2
0 . 4 0 2 0 . 4 6 4 0 . 5 2 6
0 . 4 3 2 0 . 4 7 0 0 . 5 1 4
0 . 4 5 4 0 . 4 8 2 0 . 5 1 8

0 . 4 8 0 0 . 5 0 2 0 . 5 3 4
0 . 5 0 8 0 . 5 3 2 0 . 5 6 2
0 . 5 3 8 0 . 5 6 4 0 . 5 9 8
0 . 5 7 2 0 . 6 0 2 0 . 6 3 2
0 . 6 0 8 0 . 6 3 8 0 . 6 7 4

0 . 6 4 4 0 . 6 7 6 0 . 7 1 4
0 . 6 8 2 0 . 7 2 0 0 . 7 5 8
0 . 7 2 4 0 . 7 6 0 0 . 8 0 4
0 . 7 5 8 0 . 8 0 8 0 . 8 5 2
0 . 7 9 3 0 . 8 4 8 0 . 9 0 0

26 25  24

1 5 . 0 0 8

5 . 0 6 0 1 5 . 5 9 8
2 . 9 4 8 5 . 2 7 6 1 6 . 2 6 2
1 . 9 6 2 3 . 0 6 4 5 . 5 1 0
1 . 3 6 2 2 . 0 3 8 3 . 2 1 6
1 . 0 3 2 1 . 4 5 6 2 . 1 5 2

0 . 8 0 8 1 . 0 9 4 1 . 5 5 0
0 . 6 8 4 0 . 8 6 6 1 . 1 6 4
0 . 6 1 2 0 . 7 3 6 0 . 9 2 8
0 . 5 7 2 0 . 6 6 8 0 . 8 0 2
0 . 5 6 6 0 . 6 3 2 0 . 7 2 8

0 . 5 6 8 0 . 6 2 6 0 . 6 9 6
0 . 5 9 6 0 . 6 3 8 0 . 6 9 4
0 . 6 2 6 0 . 6 7 0 0 . 7 1 6
0 . 6 6 6 0 . 7 0 4 0 . 7 6 2
0 . 7 0 8 0 . 7 5 0 0 . 3 0 2

0 . 7 5 4 0 . 8 0 0 0 . 8 5 6
0 . 8 0 4 0 . 8 5 2 0 . 9 0 6
0 . 8 5 4 0 . 9 0 8 0 . 9 6 8
0 . 9 0 6 0 . 9 6 6 1 . 0 3 2
0 . 9 6 0 1 . 0 2 4 1 . 0 9 8



( v i i )

T a b l e  11 ( c o n t i n u e d ) .

k  Mev0 23 22 21 20 19 18
k  Mev

23 1 6 .9 5 8
SS 5 .7 6 6 1 7 .7 4 2
21 3 .3 3 0 6 . 0 4 6 1 3 .5 3 8

20 2 .2 8 0 3 . 5 6 0 6 .3 6 0 1 9 . 5 2 2
19 1 .6 4 8 2 .4 0 0 3 .7 4 8 6 .7 0 3 2 0 .5 4 6
18 1 . 2 5 0 1 . 7 5 6 2 .5 5 6 3 . 9 7 6 7 .0 9 0 2 1 .7 0 0
17 1 .0 0 6 1 . 2 4 2 1 .3 7 6 2 .7 2 4 4 . 2 3 8 7 .4 5 6
16 0 . 8 7 3 1 .1 0 0 1 .4 4 3 2 . 0 1 2 2 .9 2 2 4 . 5 2 6

15 0 . 8 0 2 0 . 9 6 8 1 .1 9 6 1 .5 9 4 2 .1 7 4 3 . 1 6 2
14 0 . 7 7 6 0 . 8 9 6 1 .0 5 6 1 . 3 2 2 1 .7 3 6 2 . 3 8 4
13 0 . 7 8 2 0 . 8 8 0 0 . 9 9 4 1 . 1 9 2 1 .4 6 6 1 .9 2 0
12 0 . 3 2 6 0 . 8 9 0 0 . 9 3 4 1 .1 3 0 1 . 3 3 2 1 .6 3 8
11 0 . 8 7 6 0 . 9 5 2 1 .0 0 6 1 .1 2 6 1 .2 7 6 1 .5 0 4

10 0 . 9 3 4 0 . 9 9 0 1 .0 7 0 1 .1 6 0 1 . 2 9 2 1 .4 4 0
9 0 . 9 7 4 1 . 0 6 0 1 .1 2 6 1 .2 2 4 1 . 3 4 4 1 . 5 1 4
8 1 . 0 4 8 1 . 1 1 6 1 .2 0 3 1 . 2 9 2 1 . 4 2 2 1 .5 3 0
7 1 . 1 0 6 1 . 1 8 6 1 .2 3 0 1 .3 9 4 1 . 5 2 2 1 .6 6 6
6 1 .1 7 8 1 .2 6 8 1 .3 7 0 1 .4 8 6 1 .6 2 0 1 . 3 4 4

k Q Mev
17 16 15 14 13 12

k  Mev

17 2 2 .9 7 2
16 8 . 0 1 6 2 4 .4 2 6

15 4 . 8 5 8 9 . 5 7 6 2 6 .0 4 8
14 3 . 4 2 8 5 . 2 5 2 9 .2 2 8 2 7 .9 1 2
13 2 .6 0 0 3 . 7 6 4 5 .7 2 4 9 .9 3 9 3 0 .0 7 4
12 2 .1 3 2 2 . 8 8 6 4 . 1 3 6 6 .2 6 0 1 0 .8 8 0 3 2 .6 0 0
11 1 .9 1 0 2 .3 9 0 3 .2 3 6 4 . 5 2 4 6 .9 0 4 1 1 .9 7 6

10 1 .7 3 6 2 .1 2 0 2 .7 0 8 3 .6 6 6 5 .1 8 2 7 .8 0 29 1 . 7 1 4 2 .0 0 4 2 .4 6 4 3 .1 4 0 4 . 2 2 6 5 .9 6 88 1 .7 5 6 2 .0 1 6 2 . 3 5 2 2 .8 7 8 3 . 6 8 2 4 . 9 3 6
7 1 .3 7 9 2 .0 7 8 2 .3 9 4 2 .9 1 8 3 .4 2 6 4 . 3 8 66 1 .9 6 0 2 .1 6 0 2 .4 9 4 2 .8 3 0 3 .8 5 0 4 . 1 5 6





(viii)

Table  11 ( c o n c l u d e d ) .

kg Mev 

k k ey
11 10 9 8 7 6

11 3 5 .590
10 1 3 .2 9 2 3 9 .182

9 8 .8 8 2 14 .948 4 3 .6 0 2
9 6 .9 7 2 10.300 17.140 45 .148
7 5 .9 3 2 8 .2 9 2 12.168 20.020 56 .382
6 5 .356 7 .200 10.200 14.884 24 .140  66 .104



(ix)

TABLE 1 1 1 .

THE FUNCTION 100 S ( k 0 , T) = 100^ P ( k Q,k o ) +  j° P ' ( k , k o ) ök|

Mev
U 35 34 33 32 31 30

T Mev

35 0 . 9 3
34 7 .29 0 . 9 6
33 9 .79 7 .5 2 0 .9 8
32 1 1 .8 1 0 .1 7 .74 1 .0 2
31 1 3 .1 1 2 .2 10 .4 7 .9 6 1 .0 5

30 1 4 .0 1 3 .5 1 2 .6 1 0 .7 8 .2 1 1 .03
29 14 .7 1 4 .5 1 4 .0 1 2 .9 11 .0 8 .48
28 1 5 .2 1 5 .2 1 4 .9 1 4 .4 13 .4 1 1 .4
27 1 5 .6 1 5 .7 15.7 1 5 .4 1 4 .9 1 3 .8
26 1 5 .9 1 6 .1 1 6 .2 1 6 .2 1 5 .9 1 5 .3

25 1 6 .2 1 6 .4 1 6 .6 1 6 .7 1 6 .8 1 6 .5
24 1 6 .5 1 6 .7 17 .0 1 7 .2 1 7 .3 1 7 .2
23 16 .7 1 7 .0 1 7 .3 1 7 .6 17 .9 1 7 .9
22 17 .0 1 7 .3 17 .6 1 7 .9 1 9 .2 13 .4
21 1 7 .2 1 7 .6 18 .0 1 3 .3 1 8 .6 1 3 .9

20 1 7 .5 1 7 .9 1 8 .3 1 8 .6 1 9 .0 1 9 .2
19 17 .8 1 8 .2 1 8 .6 1 9 .0 1 9 .3 19 .7
18 1 8 .1 1 8 .5 1 8 .9 1 9 .2 19 .7 20.0
17 18 .4 1 8 .8 1 9 .2 1 9 .7 2 0 .1 2 0 .5
16 18.7 1 9 .2 1 9 .6 20 .0 2 0 .5 20 .8

15 1 9 .1 1 9 .5 20.0 20 .4 20 .9 2 1 .314 1 9 .5 1 9 .9 20 .4 2 0 .8 2 1 .3 21.713 19 .9 2 0 .3 20 .8 2 1 .3 21.8 2 2 .312 20 .3 20 .8 2 1 .3 21 .8 2 2 .3 22 .7
11 20.7 2 1 .2 21.8 2 2 .3 2 2 .8 2 3 .3

10 21 .2 21 .7 2 2 .3 22 .3 2 3 .4 23.39 21.7 2 2 .2 22 .8 2 3 .4 2 3 .9 2 4 .5
8 22 .2 22 .7 23 .3 24 .0 24 .6 2 5 .1
7 22.7 2 3 .3 2 3 .9 2 4 .6 2 5 .2 25 .9
6 23 .3 2 3 .9 2 4 .6 2 5 .2 2 5 .9 26 .6



(x)

Tab l e  111  ( c o n t i n u e d )

k Q Mev 

T Mev
29 28 27 26 25 24

29 1 .1 1
28 8 .7 5 1 .1 5
27 11 .7 9 .1 5 1 .20
26 1 4 .3 1 2 .5 9 .48 1 .24

25 1 5 .9 1 4 .9 12 .8 9 .34 1 .2 9
24 17 .0 1 6 .6 1 5 .5 1 5 .5 1 0 .3 1 .3 5
25 1 7 .9 17 .8 1 7 .5 1 6 .1 1 3 .8 10.7
22 1 8 .5 18.6 1 8 .5 18.0 16 .7 1 4 .3
21 1 9 .1 1 9 .4 1 9 .5 1 9 .5 1 8 .5 1 7 .2

20 1 9 .5 20 .0 2 0 .2 20 .5 2 0 .1 1 9 .5
19 2 0 .1 2 0 .5 20 .9 21 .1 2 1 .2 2 1 .1
18 2 0 .5 21.0 21 .4 21 .8 2 2 .1 2 2 .4
17 2 0 .9 2 1 .5 21 .9 28 .4 22 .8 2 3 .1
16 2 1 .4 22 .0 22 .5 23.0 2 3 .4 8 4 .1

15 2 1 .9 22 .4 25.0 25 .5 2 4 .1 2 4 .9
14 2 2 .5 25 .0 2 5 .5 2 4 .1 24 .7 2 5 .5
15 2 2 .9 2 5 .5 2 4 .1 24.7 25 .4 2 6 .3
12 25 .4 2 4 .1 24.7 2 5 .3 26 .0 27 .0
11 2 5 .9 24 .7 2 5 .5 26 .0 26.7 2 7 .9

10 2 4 .6 2 5 .5 26 .0 26.7 2 7 .5 2 8 .5
9 2 5 .2 26.0 26.7 27 .5 2 8 .3 29.0
8 25 .9 26 .7 2 7 .5 2 3 .3 2 9 .2 3 0 .3
7 26 .7 2 7 .5 28 .5 2 9 .2 3 0 .1 3 1 .4
6 27 .4 2 8 .5 2 9 .2 3 0 .1 3 1 .1 3 2 .4



( x i )

T a b l e  111 ( c o r t i n u e d )

k Q Mev0

T Mev
23 22 21 20 19 18

23 1 . 4 1
22 1 1 . 1 1 . 4 7
21 1 4 . 9 1 1 . 7 1 . 5 4

20 1 8 . 2 1 5 . 6 1 2 . 2 1 . 6 2
19 2 0 . 4 1 9 . 3 1 6 . 6 1 2 . 8 1 . 7 0
18 2 2 . 3 2 1 . 4 2 0 . 2 1 7 . 4 1 3 . 6 1 . 3 0
17 2 3 . 3 2 3 . 5 2 2 . 7 2 1 . 3 1 8 . 4 1 4 . 2
16 2 4 . 6 2 4 . 5 2 4 . 5 2 3 . 3 2 2 . 6 1 9 . 2

15 2 5 . 2 2 6 . 0 2 6 . 0 2 5 . 9 2 5 . 3 2 3 . 9
14 2 6 . 3 2 6 . 7 2 7 . 1 2 7 . 3 2 7 . 5 2 6 . 7
13 2 6 . 9 2 7 . 9 2 3 . 2 2 8 . 3 2 9 . 2 3 0 . 0
12 2 7 . 9 2 8 . 5 2 9 . 1 2 9 . 8 3 0 . 7 3 0 . 9
11 2 8 . 5 2 9 . 7 3 0 . 2 3 1 . 1 3 1 . 9 2 2 . 3

10 2 9 . 9 3 0 . 4 3 1 . 2 3 2 . 1 3 3 . 3 3 4 . 0
9 3 0 . 3 3 1 . 7 3 2 . 3 3 3 . 4 3 4 . 5 3 5 . 3
8 3 1 . 5 3 2 . 4 3 3 . 4 3 4 . 5 3 6 . 0 3 7 . 1
7 3 2 . 3 3 3 . 9 3 4 . 7 3 5 . 9 3 7 . 3 3 3 . 9
6 3 3 . 7 3 4 . 3 3 5 . 9 3 7 . 2 3 3 . 9 4 0 . 4

k0 Mev 

T Mev
17 16 15 14 13 12

17 1 . 9 1
16 1 5 . 0 2 . 0 2

15 2 0 . 5 1 6 . 1 2 . 1 6
14 2 5 . 2 2 1 . 9 1 7 . 4 2 . 3 1
13 2 3 . 6 2 7 . 2 2 3 . 5 1 3 . 4 2 . 4 9
12 3 1 . 1 3 0 . 6 2 9 . 3 2 5 . 5 2 0 . 0 2 . 7 0
11 3 3 . 3 3 3 . 7 3 3 . 0 3 1 . 6 2 5 . 9 2 1 . 8

10 3 5 . 1 3 5 . 8 3 6 . 5 3 6 . 0 3 4 . 5 3 0 . 1
9 3 6 . 3 3 3 . 2 3 8 . 9 3 9 . 6 3 3 . 9 3 3 . 2
8 3 3 . 8 3 9 . 9 4 1 . 7 4 2 . 7 4 3 . 8 4 3 . 5
7 4 0 . 4 4 2 . 2 4 3 . 7 4 5 . 6 4 7 . 0 4 8 . 9
6 4 2 . 3 4 4 . 1 4 6 . 5 4 3 . 4 5 1 . 0 5 2 . 9



(xii)

T a b l e  111 ( c o n c l u d e d ) .

k 0 Mev 

T Mev
11 10 9 8 7 6

11 2 . 9 4
10 2 4 . 7 3 . 2 3

9 3 2 . 5 2 6 . 2 3 . 6 0
8 4 3 . 3 3 6 . 3 £ 9 . 4 4 . 0 5
7 4 3 . 1 4 7 . 6 4 3 . 6 3 3 . 1 4 . 5 3
6 5 6 . 1 5 5 . 2 5 4 . 4 4 9 . 9 3 7 . 9 5 . 4 2
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