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PREFACE

The work described in this thesis comprises a part of a photo

disintegration programme being carried out at the Research School of 

Physical Sciences.

Following a suggestion by Professor E. W. Titterton of a method

whereby scintillation counters could be used to detect externally produced

photoprotons, the method of using a scintillation crystal as both target

and detector in the examination of (y,p) reactions was developed by

Professor A. K. Mann, Mr. I. F. Wright and myself. The initial measure- 
23ments of the Na ^(y,p) reaction were made by all three of us and the 

energy calibration, cross-section measurements and non-resonance radiation 

work were completed by Mr. I. F. Wright and rryself subsequent to Professor 

MannTs departure.

23 127At the completion of the study of the Na (y,p) and I (y,p)

reactions, the work was divided such that Mr. I. F. Wright investigated
133the Cs (y*p) reaction in Csl, while I independently performed the ex-

6periments with KI, Lil and Li I. I would like to thank the above-named 

for much helpful assistan.ce and guidance and, where necessary, criticism.

Acknowledgements are due to Dr. F. C. Barker for the analysis 

. given in Appendix II of Chapter II and Mr. I. F. Wright for the data shown 

in Fig.2.3*

Thanks are also due to the workshop staff, in particular to 

Messrs. H. Owen and G. Kalmar, for the construction of apparatus; to the



electronics group for their willing attention to the ever-persistent needs 
of the kicksorters and, most of all, to Mr* N* F. Bowkett for maintenance 
and operation of the high-tension accelerator*
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CHAPTER I



1. Introduction

Photodisintegration studies have been hampered by both ex

perimental and theoretical difficulties.

On the experimental side, the small cross-sections of photo- 

nuclear processes and the restrictive nature of the available gamma-ray 

sources have limited the extent to which measurements have been made. 

Particle reactions, chiefly proton capture reactions, are a convenient 

source of monochromatic radiation though the intensity that such reac

tions provide is low and the number of gamma-ray energies available is 

few. However, it is singularly fortunate that the gamma-ray energies 

of the radiation from some (p,y) reactions are in the region where the 

most interesting phenomena of photodisintegration, viz. the giant 

resonances, occur. On the other hand, the brems Strahlung radiation 

produced by electron accelerators overcomes the problem of intensity but 

any advantage is partially offset by the continuous distribution of gamma- 

ray energies which comprise bremsstrahlung. Although it is possible to 

gain information on the variation of absorption cross-section with gamma- 

ray energy, bremsstrahlung cannot easily be applied to study the 

emission process at any one gamma-ray energy.

On the theoretical side, an exact analysis of the processes 

will require the wave functions of the states involved in any particular 

transition. These wave functions depend on the nucleon motion within 

the nucleus. In view of the present ignorance of the inter-nucleon 

forces and the mathematical difficulties which a many-body system present,



calculations cannot be made. Thus neither the process of absorption, 

which demands a knowledge of the charge and current distributions within 

the nucleus and therefore can only be obtained from the wave functions, 

nor the process of emission of photo-particles can be treated in detail. 

As a partial solution to these difficulties, various models based on 

simplifying assumptions have been proposed. Examples of these are the 

Goldhaber-Teller model (Go 4&) which considers the incident gamma ray to 

excite a dipole vibration within the nucleus whereby the protons and 

neutrons move in opposite directions with a weak inter-coupling, and a 

model proposed by Wilkinson (Wi 56) which is based on the shell model, 

i.e. each nucleon is considered to move in the average field produced by 

the motion of the other nucleons. While these (and other) models show 

some agreement with experimental data, the validity of any one of them 

with regard to general application is uncertain since each, though based 

on different assumptions, fits experiment to some extent.*

Consequently, an essential approach toward an understanding of 

the processes is a phenomenological one, in the hope that sufficient ex

perimental evidence can be obtained to indicate some solution of current 

theoretical difficulties.

The present work has been concerned with the development and 

application of a new technique which enables energy spectra of charged 

photo-nucleons, produced by monochromatic gamma rays, to be obtained. In 

so far as this method has permitted the observation of a number of (y>P) 

reactions which have not been observed before, a contribution has been

'’'It has been shown that the two models referred to above are equivalent 
in some instances (Br 57)*



made to the systematic accumulation of experimental data. Of much 

greater importance, though, is the fact that the (y,p) spectra which 

have been obtained are the first good resolution (5%) of the energy 

spectra of particles emitted from photonuclear reactions induced by 

monochromatic radiation. Such measurements could provide a means by 

which the relative importance of such concepts as compound nucleus forma

tion and decay and the direct photoeffect, whereby a quantum is absorbed 

by individual nucleons without subsequent compound nucleus formation, 

may be examined. In addition, (y,p) reactions have not been much 

examined and any extension of the existing data will contribute to such 

comparisons as the (y,p) and (y,n) cross-sections for nuclei where pre

viously only (y,n) measurements, being the easier to make, were avail

able. In other words, the emphasis has been placed on more refined 

measurements and the extension of existing data rather than the verifi

cation or examination of aspects of any particular model.

In the following sections, various techniques which have been 

used previously to study photonuclear reactions involving the emission 

of charged particles are discussed briefly, and the new method is com

pared with them. Measurements of photo-neutron spectra are not dis

cussed since few have been attempted and these only with bremsStrahlung 

(see next section). The fact that neutron spectroscopy is so intrinsi

cally difficult is further reason for the importance of well-resolved 

proton spectra.

2. Review of previous techniques.
Rather than classify the various techniques according to
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whether they are applicable to use with brems Strahlung or low-intensity 

monochromatic radiation from particle reactions, each is considered 

separately since there is some overlap in their application.

On the other hand, the relative merit of a particular method 

depends very much on the feasibility of its use with each type of radia

tion. With regard to energy spectra of photo-particles, only the 

methods which can be employed with monochromatic radiation serve as a 

means of measurement since, only then, can individual transitions be 

observed.

2.1. Residual activation. The irradiation of targets, usually with 

bremsStrahlung, and the subsequent detection of the residual activation 

which follows the emission of particles as a result of the irradiation, 

has contributed most to the present knowledge of the absorption process 

(reviewed by Strauch - St 53)» The technique has been employed with 

bremsStrahlung to obtain the general features of the excitation functions 

of a large number of reactions (predominantly (y,n)), and has shown the 

existence of the giant resonances in them. In addition,- the systematics 

of the location of the giant resonances as functions of mass number have 

been determined (Mo 53)*

The particular value of the technique, apart from the above 

considerations, is its ability to determine, for some reactions, the 

relative cross-sections of the various processes which can occur, e.g. 

(y,n), (y>P)> (y,2n) and (y,pn). In such measurements, the various

target activities are analysed in detail with a gamma-ray spectrometer
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(Ca 57; Ca 5 8 ). O ther th an  t h i s ,  no in fo rm atio n  on th e  em ission o f 

nucleons can be o b ta in ed .

2 .2 .  I r r a d ia t io n  o f f o i l  t a r g e t s  and th e  e x te rn a l d e te c t io n  o f  photo

p a r t i c l e s . Energy sp e c tra  o f  th e  p ro to n s , deu te ro n s  and a lpha  

p a r t i c l e s  em itted  from a number o f re a c t io n s  have been o b ta in ed  by 

i r r a d i a t i n g  f o i l s  and d e te c tin g  th e  p a r t i c l e s  produced w ith  s c i n t i l l a t i o n  

c r y s ta ls  (Lo 58) and photographic p la te s  (review ed by T i t te r to n  -  T i 55)* 

A few such experim ents have been c a r r ie d  out w ith  monochromatic r a d ia t io n  

bu t th e  m a jo rity  have used brems S trah lu n g  and, f o r  t h i s  re a so n , a re  ab le  

to  in d ic a te  on ly  th e  g en era l f e a tu re s  o f th e  b reak-up  o f  th e  ex c ited  

n u c leu s •

I t  i s  p o ss ib le  to  o b ta in  th e  an g u lar d i s t r ib u t io n s  o f  th e  

em itted  p a r t i c l e s  by p lac in g  an a r ra y  o f p la te s  around th e  ta r g e t  o r ,  in  . 

th e  case where s c i n t i l l a t i o n  co u n te rs  a re  used , by r o ta t in g  th e  co u n ter 

about th e  t a r g e t .  Such measurements c o n s t i tu te  th e  most im portan t con

t r i b u t io n  o f th e  method although» a g a in , th e  use o f  b rem sstrah lung  

l im i t s  t h e i r  v a lu e .

Zinc su lp h id e  d e te c to r s ,  which can be used to  measure p ro ton  

y ie ld s ,  a re  n o t capab le  o f energy r e s o lu t io n .  The sy s tem a tic s  o f  th e  

p ro ton  y ie ld  v a r ia t io n  as a fu n c tio n  o f  atom ic number have been measured 

u s in g  t h i s  type  o f d e te c to r  (Ha 51)*

2.3* O bservations o f re a c tio n s  w ith in  d e te c t in g  m edia. The g en e ra l 

method o f observ ing  pho tonuclear re a c t io n s  w ith in  d e te c t in g  media has 

been employed w ith  gas p ro p o r tio n a l c o u n te rs , cloud chambers and n u c le a r
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emulsions. Each of these detectors is capable of energy resolution of 

the reaction products produced within them.

2.3a. Gas proportional counters. The use of gas counters is restricted
to those gases which have "good” counter properties, i.e. the rare gases,

2deuterium, nitrogen and methane, and the reactions H (y,p) - Ba 52; 

C12(yj3c0 - Ca 55; N14(Y ,p) and N ^ y ^ a )  - Ha 56; Ne20(Y ,p) and
Ne2^(Y>&) - Ha 56a; and A^( y >p ) - Wi 53; have been examined in this 
way. The method has essentially 47C detection of the emitted particles 

and can therefore be used with low-intensity radiation. The above re
actions were observed at 17*6 Mev using gamma rays from the Li^(p,y)

2reaction while the H (y>p)> having a low threshold, has also been investi

gated at 6.1, 12.1 and 16.7 Mev with gamma rays from the F^(p,a) and 
B1:L(p,y) reactions.

2 12With the exception of the H (y,p) and C (y>3<x) reactions 
(where the question of levels in the final nucleus does not arise), the 
resolution obtained limited the degree to which transitions through 
levels in the residual nuclei could be identified.

2.3b. Cloud chambers. Cloud chambers are similar to gas counters in 
that reactions in some gases can be studied, though the visual observa

tion of particle tracks is sometimes an advantage, e.g. with reactions 
where two or more charged photo-particles are emitted.

The chief deterrent to the use of cloud chambers is the long 
running times required, even with bremsStrahlung, to accumulate the 
number of events needed for energy spectra of statistical precision.



A-/ \ 1 1\.. .Thus the only reactions examined have been He (y>P) - Ga 51; N (y>P)
1/j, 20 2and N AY#n ) - Wr 56; (ŷ pa.) reactions in Ne - Mo 56 and K (y,p) -

2,PI 50. Of these, only the H (y,p) reaction was observed with mono

chromatic radiation (6.1 Mev).

2*3c. Photographic emulsions. The general method and the experiments 

which have been carried out are reviewed by Titterton (Ti 55)* Reactions 

involving either the constituent nuclei of the emulsion, e.g. C (y,3c0* 

0^°(y and Br^(y,a), or nuclei incorporated or "loaded" into the 

emulsion, e.g. Li'(y,t) and B (y,a), can be investigated. The reactions 

best suited to study within emulsions are those reactions which are 

readily identifiable from the background of tracks in the emulsion by 

means of unique features of the tracks produced by the break-up particles,
12, ve.g. the three-pronged star from the C (y ,3<x ) reaction and the "hammer

Q
track" from the Be (y>p) reaction. Where this is not possible, the 

energy balance of the particles serves as identification, providing the 

gamma-ray energy producing the event is known. If the plates are ex

posed to brems Strahlung, identification of the tracks without energy 

balance is necessary.

It is tedious to analyse a large number of events and the 

resolution which can be obtained is inferior in most instances to that 

which can be obtained with gas counters, but the use of emulsions has 

two important advantages over the other methods which have been discussed: 

(i) the photodisintegration of most light nuclei can be observed 

and, if monochromatic radiation is used, energy spectra (of 

fair resolution) can be obtained. Thus it is the only
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method which a llow s a sy s tem a tic  study  o f  th e se  n u c le i ,  

which a re  o f  i n t e r e s t  because th ey  a re  more amenable to  

th eo ry  th an  h e a v ie r  n u c le i ,  and a number o f models have 

been proposed fo r  th e  d is in te g r a t io n  o f  such n u c le i  as 

L i^ , L i^ and Be^.

( i i )  i t  has a lre a d y  been p o in ted  ou t th a t  i f  an event can be 

id e n t i f i e d  by means o f  c h a r a c te r i s t i c  f e a tu re s  o f  th e  

break-up  p a r t i c l e  t r a c k s ,  th e n  th e  gamma-ray energy r e 

sp o n sib le  f o r  th e  event can be a ss ig n e d . I f  th en  a 

p la te  i s  i r r a d ia te d  w ith  b rem sstrah lu n g , th e  number o f  

even ts  as  a  fu n c tio n  o f gamma-ray energy can be o b ta in ed  

and, w ith c o r re c t io n s  f o r  th e  shape o f th e  b rem sstrah lung  

spectrum , th e  e x c i ta t io n  fu n c tio n  a ls o .  Because o f  th e  

energy re s o lu t io n  th a t  can be o b ta in ed  and th e  f a c t  th a t  

an e x c i ta t io n  fu n c tio n  i s  d e riv ed  w ithou t reco u rse  to  a 

y ie ld  cu rv e , such e x c i ta t io n  fu n c tio n s  can dem onstrate  

th e  p resence  o f s t ru c tu re  in  th e  e x c i ta t io n  fu n c tio n , and 

th u s  resonance a b so rp tio n  in to  le v e ls  o f l i g h t  n u c le i ,  in  

a manner a k in  to  th e  fo rm ation  o f  compound n u c le i  in  

p a r t i c l e  r e a c t io n s ,  has been found.

2.4* Summary.

In  summary, i t  i s  ap p aren t t h a t  none o f th e  methods d iscu ssed  

can conven ien tly  p ro v id e  com prehensive d a ta  concern ing  th e  r e l a t iv e  

i n t e n s i t i e s  o f  t r a n s i t i o n s  to  le v e l s  o f  th e  r e s id u a l  n u c leu s  and th e  

an g u la r d i s t r ib u t io n s  o f  th e se  t r a n s i t i o n s ,  which a re  th e  im portan t



parameters of the break-up mechanism. In fact, with the exception of 

studies of reactions within nuclear emulsions, whereby detailed excita

tion functions have been obtained, and measurements within gas counters 

of the H*(y »p ) reaction (for which the cross-section at particular gamma- 

ray energies is of prime importance in determining the parameters of the 

interactions assumed for the p-n nuclear model), none of them, to the 

present time, has contributed more than the general features of the reac

tions which have been studied with them.

3* The present method.

The present work ha3 extended the general method of Section 2*3 

by examining reactions in small thin scintillating crystals. Experiments 

of this nature have not been carried out previously but several advantages 

are immediately obvious:

(i) Scintillating materials of good counting properties which 

incorporate lithium, sodium, potassium, rubidium and cesium 

(along with iodine) are available, and there are a large 

number of other scintillators whose properties have not yet 

been fully evaluated. The alkali halides provide the 

opportunity of investigating a series of nuclei of increas

ing atomic number. Gas counters offer a similar range but 

the difficulty and cost of obtaining such gases as krypton 

and xenon of sufficient purity and in sufficient quantity to 

fill a reasonably large high-pressure counter have been 

prohibitive.

(ii) The target, i.e. the crystal, is dense and the difficulties

^  l i b r a r y
sf*/i,ERsrr<
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of high-pressure counters and the low loading concentrations 
which can be incorporated into emulsions are avoided.

(iii) The fast decay times of the alkali halides allow fast count
ing rates without the pile-up of small electron pulses due to 

the gamma-ray flux being a serious problem. With gas counters, 
it is often necessary to use relatively long pulse clipping 

times to obviate resolution spread due to the origin of pulses 

in various portions of the counter. This limits the allowable 
counting rates.

(iv) The resolution attainable with scintillating crystals used in 
this way is approximately a factor of two better than that 

obtained with either ga3 counters or emulsions.

(v) The concentration of target nuclei in the crystal and the com

pactness of the ancillary fittings which go to make up a 
scintillation spectrometer allow investigations to be made 

with monochromatic radiation from particle reactions since the 
counter can be placed very close to the target which acts as 
the source of the radiation, and so full use of the available 
intensity is made.

(vi) Since the number of protons or other particles detected depends 
on the loss corrections applicable to the particular crystal 

dimensions used, and these corrections depend in turn on the 
angular distribution of the particles, it is possible, in 
principle, to measure these angular distributions. Similar



measurements could be made with emulsions, but the use of 

crystals provides a more satisfactory method from the point 

of view of convenience and statistics.

All the measurements which are presented have been made with 
n

radiation from the Li (p,y) reaction. It would be possible to use 

brems Strahlung but measurements of particle spectra made with monochro

matic radiation are the most important, as has already been indicated in 

preceding sections.

4* Presentation of material.

Chapter II contains a complete summary of the apparatus and 

experimental techniques which have been developed to obtain, calibrate 

and interpret charged particle spectra arising from the irradiation of 

some of the alkali halide scintillators.

In Chapters III, IV and V, the results obtained for the 

Na^(Y>p)> I^^(y >p ) K ^ ( y »p ) reactions are given. Since the

energy level schemes for none of the residual nuclei of these reactions 

is well known, a considerable portion of the work was devoted to the 

identification of transitions and the assignment of level schemes to the 

nuclei concerned. Subsequently, the discussion in each of these latter 

chapters considers only this aspect of the measurements.

The relation of the work to the general problems of the 

photodisintegration process is summarised in Chapter VI.

11.

Chapter VII contains the results of what amount to little
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more th an  p re lim in a ry  measurements w ith  L i l  and L i I ,  and some inform a

t io n  on th e  v a rio u s  re a c tio n s  which can occur in  th e se  s c i n t i l l a t o r s  has 

been o b ta in e d .

The f i n a l  c h ap te r d is c u s se s  th e  fu tu re  o f  measurements using  

method and shows th a t  a g re a t d e a l o f  u s e fu l  experim en tal work 

rem ains to  be done.

** L I B R A R Y  \

^AffVERSlV*



CHAPTER II

EXPERIMENTAL TECHNIQUES.
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Introduction.

In this chapter, various techniques pertinent to the use of a 

scintillation spectrometer to obtain photoproton spectra are described.

Sections 2.1 and 2.2 are concerned with the actual spectro

meter itself, dealing with the counter assembly, electronics and the 

preparation and properties of the phosphors employed.

Sections 2.3 and 2.4 relate to the gamma-ray source, reviewing 

the Li^(p,y) reaction and describing the methods of target preparation 

and the means of flux measurement.

The final sections consider the problems of energy calibration 

and cross-section measurement which arise as special features peculiar to 

this type of experiment.

Section 1. The spectrometer - circuitry and assembly.

1.1. Circuitry. Throughout our experiments, E.M.I. Type 6097B photo

tubes, incorporated in the circuit of Fig.2.1, were used.

The power supply - an E.K. Cole 1033A - was chosen for its 

ease of fine control adjustment and long-term stability. Pulses from 

the cathode follower were amplified by a low gain linear amplifier and 

analysed with a Hutchinson-Scarrott type multi-channel pulse height 

analyser. Experiment showed that this analyser was not linear for very 

short pulses, and consequently a double integrating circuit was inserted 

between the detector output and the amplifier to increase the pulse rise 

time to approximately 2 microseconds.
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F ig . 2 .1 . C irc u it  diagram  o f phototube r e s i s t o r  chain  and cathode f o l 

lo w er. A ll r e s i s to r s  in  th e  chain were 470 K except which was 680 K. 

C ap ac ito rs  in  th e  low er p a r t  o f th e  chain  were 0.001 m icro fa rad s .



1,2. Counter assembly» The counter assembly was designed so that it

could be adapted to use in vacuum as a part of the calibration m^nber 

(Section 5) and in air for crystal irradiations (Chapters III-VI). The 

essential features of the counter assemblies for both applications are 

illustrated in Fig.2.2.

The normal E.M.I. tube base, by nature of the semi-transparency 

of the polythene insulation and a central hole, needed considerable 

modification before it could be employed in such an assembly. A tight- 

fitting ebonite plug was inserted into the central hole and the base 

painted with several coats of a solution of black picein wax in trichlor- 

ethylene (or ether). So treated, the base was light-tight and could be 

mounted in a way that required only the phototube volume to be sealed, 

leaving the components of the dynode system and the cathode follower 

exposed and accessible.

Thin (0.015”) brass telescopic tubing was used for the 

counter casing to minimise the number of electrons produced in the 

vicinity of the crystal by the incident radiation.

1.3* Gain variations. In the course of the development of the 

present technique, it was found that gain variations of as much as 25$ 

occurred when crystals were irradiated with gamma rays, and the tech

nique became feasible only when some understanding of the nature of 

variation was achieved and (more important) when an easily applied method 

of gain measurement and correction was developed.

Variations of phototube gain with counting rate and temperature
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Fig. 2.2. Basic unit to house the phototube and its incorporation

into both air and vacuum assemblies



have been rep o rted  (Be 55; Ev 54 and We 55) and th e se  f a c to r s  were in 

v e s t ig a te d .  A co n sid e ra b le  p o rtio n  o f th e  d a ta  d iscu ssed  in  t h i s  

s e c tio n  was o b ta ined  over a p e rio d  o f  e ig h teen  months w ith  th e  phosphors 

and experim ental a ssem blies  which a re  d e sc rib ed  in  succeeding s e c t io n s , 

bu t a g en era l c o n s id e ra tio n  can be made a t  t h i s  ju n c tu re  w ithou t lo s s  o f 

c o n t in u i ty .

( a )  . Gain m o n ito rin g . A c o n s ta n t check on th e  s t a b i l i t y  o f  th e  t o t a l  

ga in  o f  th e  system  was m ain ta ined  in  both  co u n te r assem blies w ith  a 

(ThC + ThCf ) a lpha  p a r t i c l e  source mounted behind a poly thene s h u t te r .

To keep th e  p o s i t io n  (p u lse  h e ig h t)  o f  th e  h ig h e r energy a lpha  group 

c o n s ta n t, th e  photo tube v o lta g e  was s e t  so t h a t  th e  counting  r a te s  were 

equal in  th e  two a d jacen t channels (o f  th e  k ic k s o r te r  d isp la y )  d e f in in g  

th e  peak p o s i t io n .  A d r i f t  in  ga in  produced asymmetry in  th e  two 

channels and a gain  v a r ia t io n  o f  l e s s  th an  0 .25$ could  be observed and 

c o rre c te d  by adjustm ent o f  th e  photo tube v o lta g e .

Gain changes over a p e rio d  o f tim e ( F ig s .2 .3  and 2 .4 )  were 

ob ta ined  from th e  v o ltag e  ad ju stm en ts  req u ired  to  m ain ta in  a co n stan t 

p u lse  h e ig h t in  co n ju n c tio n  w ith  th e  measured g a in  dependence o f th e  

phototube w ith  v o lta g e .

( b )  . In v e s t ig a t io n  o f gain  dependence on te m p e ra tu re . The gain  v a r ia 

t io n  o f a photo tube w ith  tem p era tu re  was measured by observ ing  th e  

p u lse  h e ig h t o f th e  h ig h e r energy a lp h a  group from a (ThC + ThCT) source 

as  w ater o f  v a r ia b le  tem p era tu re  was c ir c u la te d  around th e  o u ts id e  o f 

th e  c o u n te r , and a v a r ia t io n  o f  approxim ately  -l$/c° was reco rd ed .
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Sodium iodide, the phosphor used for the investigation, exhibits a pulse 

height temperature/dependence of (-0*14 + 0.02)$/C° (We 55 )> so that the 

variation of the phototube itself must be reduced accordingly.

Thus the observed shifts could have resulted, at least in 

part, by reason of the proximity of the detector (phosphor and phototube) 

and the bombarded lithium target, which can attain a comparatively high 

temperature as a result of the high beam currents (50 - 200jjta) used. 

However, the gain shifts persisted when water of temperature constant to 

within + 0.2°C. was circulated through copper tubing soldered to the 

counter casing. Nevertheless, water cooling was maintained on the 

counters throughout the experiments.

(c). Variations with counting rate.

(i) Summary of previous investigations. Bell et al. (Be 55)>

using R.C.A. phototubes, reported increases of pulse height by 

as much as 20$ with changes of counting rate from a few tens 

to a few thousand counts per second. This change was almost 

instantaneous, both with regard to its appearance after in

creasing the counting rate and recovery to the original pulse 

height when the counting rate was reduced again. A small, 

long-term effect which persisted for several days, similar to 

that reported by Caldwell and Turner (Ca 54) > was also 

observed.

Bell et al. also reported a gain increase of 10-30$ follow

ing the exposure of phototubes (R.C.A. Type 6292) to a weak

L I B T ) / t R y  f }
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light source, providing voltages were applied to the dynodes. We 

observed this effect with a 6097B tube, which was exposed to weak 

light with normal voltages on all dynodes. The gain increased by 

7%f returning to normal in 40 minutes, whereas Bell et al. found the 

effect to persist for periods of 24 hours or more. However, such 

an effect is not applicable in the present instance.

Evans and Parkinson (Ev 54) mentioned gain instability of 

EMI Type 5 3 H  tubes at high count rates but gave no details of either 

the magnitude or the nature of the shifts.

(ii) Present observations. It was soon apparent that the gain variations 

observed were dependent on counting rate or the counting history of 

the tube, but the effects differed from those reported by Bell et al. 

Plots of gain versus time for two different counting conditions are 

given in Figs.2.3 and 2.4* Fig.2*3 shows the gain variation of an

EMI Type 6097B tube over a period of 20 hours’ continuous counting

with two different counting rates. A tendency to a gain increase

with the faster counting rate may be seen, but the change is neither

instantaneous nor does the increase remain so long as the faster 

counting rate is maintained. The general features of this curve, 

viz. the early rise, a relatively long period of nearly stable gain 

and finally a sharp decrease falling below the original gain setting, 

were characteristic of almost all the EMI tubes examined, particu

larly when they were new. Fig.2.4 was also obtained with an EMI

tube; after a period of very fast counting when the gain increased,
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the gradual decrease of the gain was followed to below the original 

setting. The same tube, tested a week later under identical condi

tions, was stable.

An RCA Type 6551 tube showed similar long-term variations at 

fast counting rates while an instantaneous gain increase was observed 

with a Dumont Type 6292 tube when the count rate was increased but, 

as before, the new gain level was not stable.

•

Figs.2.3 and 2.4 must be regarded only as indications of the 

observed gain changes. Neither is typical because other tubes be

haved only in roughly the same way and, furthermore, the gain varia

tions of a particular tube were not reproducible from day to day. 

However, as has been mentioned above, the kind of variation shown in 

Fig.2.3 was most typical of new tubes. Usually the gain of tubes 

which had been used continuously, i.e. for 10-12 hours per day for a 

week or more, at high counting rates stabilised, and it was possible 

to make runs of at least 8-10 hours* duration with an overall gain 

variation of less than 2%•

(d) Origin of the gain shifts. A systematic investigation into the 

origin of the gain variations was not attempted since the object was 

merely to understand the phenomenon sufficiently to enable experiments 

of the type discussed in Chapter I to be done. In this regard, the 

knowledge that there were reasonably long periods of time during which 

the gain was virtually stable or otherwise changed slowly and regularly 

(and so would allow correction) was of prime importance. However, it
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would seem that a surface effect of the dynodes is responsible for the 

variations. Bell et al. found that, with phototubes exposed to light, 

the gain shifts occurred only if voltages were applied to the dynodes, 

i.e. the shifts were the result of electron bombardment of the dynodes, 

and also, the resolution of the tube was improved so long as the gain 

shift persisted. These measurements, and the present observations, 

which showed that the variations were not reproducible from day to day 

and seemed to depend on the counting history of the tube, provide a 

strong case for believing that a dynode surface effect is the cause of 

the shifts rather than the charging of the dynode insulators as Evans and 

Parkinson suggest.

Section 2. Phosphor preparation and properties.

The scintillation crystals used for the present work fulfilled 

a dual purpose in that they were both target and detector. As such 

their dimensions - in particular, thickness - required more careful 

attention than is normally the case. Although preliminary investigations 

and the spectrometer calibrations were made with the detector unit within 

an evacuated chamber, it was desirable to use crystals in air so that 

protection of hygroscopic phosphors from moisture was necessary. These 

two factors were the major features of phosphor preparation which had to 

be considered.

This section describes the preparation of each phosphor and 

discusses the properties (resolution, particle responses, decay time, 

etc.) of some of them in so far as a knowledge of the properties was



20

necessary to interpret spectra arising from gamma-ray irradiation of a 
particular phosphor.

2.1. Sodium iodide.
(a). Preparation. Sodium iodide blocks were cleaved into pieces 

approximately l/Sn thick and, in a moisture-free atmosphere, one face 
was polished and cemented to perspex or directly onto the face of a 
phototube with Ciba cold-setting Araldite 101. The polishing was done 
in two stages; the exposed face was cleaned with a fifty-fifty mixture 

of acetone and chloroform and then polished with soft tissue moistened 
with carbon tetrachloride.

Since the use of ciystals mounted directly onto a phototube 
is somewhat restrictive, ciystals were usually mounted into perspex 
discs about l/8,f thick. Optically bonded to the phototube face with 
Dow-Corning silicone fluid, the discs were centrally located with a 
perspex holder or clamped between brass retaining blocks which were 
cemented to the phototube with araldite.

It is not usual practice to cement sodium iodide directly to 
perspex because the crystal-perspex interface deteriorates (due, pre
sumably, to absorbed moisture in the perspex or chemical reaction between 

the two materials) to an extent ultimately destroying energy resolution 
by the crystal. A glass disc interposed between the perspex and the 

crystal will prevent this effect, but the direct mounting was preferred 

in order to remove any background effects arising from reactions in the 
glass. If the discs were thoroughly dried in a dry box before sodium
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iodide was cemented to them, the crystals could be used for about 21 days 

on average, although deterioration did occur within a day or two in some 

cases.

To obtain a uniform crystal thickness, the apparatus shown in 

Fig.2.5 was used. The sliding fit of the disc holder within the cylin

der enabled the crystal to be ”cut down” with a damp cloth while ensuring 

that the exposed face was parallel to the cemented face. Crystals pre

pared in this fashion were uniform to within at least 0.001”, but allow

ance had to be made for the thickness of araldite which was approximately 

0.002”. When the precise crystal thickness was required, e.g. for cross- 

section measurements, the araldite layer was measured at the completion 

of the run by dissolving away the crystal with a suitable solvent.

Several techniques for protecting sodium iodide from water 

vapour have been reported in the literature; the general method being to 

seal a freshly cleaved crystal within a small volume of dry air. Such a 

procedure was not suitable in the present instance because:-

(a) a sealed detector cannot be used in vacuum.

(b) a form of protection was desired whereby changes of crystal 

dimension could be made easily, i.e. protection which could be 

readily removed and re-applied.

These requirements were finally met in the following way.

When the required thickness was attained with the apparatus of Fig.2.5, 

the exposed face of the crystal was quickly dried with tissue, polished 

with tissue moistened with acetone, and smeared with vaseline. In this
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way, a cleaned and polished surface was possible without the inconvenience 

of having to carry out the operation in a dry box* An aluminium foil 

(1*5 mgm/cm ) was then placed over the crystal* By carefully smoothing 

the foil, any excess vaseline was squeezed out of the foil-ciystal inter

face to form a moisture-proof seal around the sides of the crystal. Tests 

with alpha particles of various energies demonstrated that absorption by 

the residual thin grease film over the crystal was well within the error 

of the assigned thickness of the aluminium foil. Crystals so protected 

maintained good energy resolution almost indefinitely and the covering 

foil remained in position when the detector unit was placed under vacuum.

(b). Particle spectra and resolution* Fig.2*5 shows a typical alpha

particle spectrum of (ThC + ThC1) obtained with a sodium iodide detector

of dimensions l/4” x l/4” x 0*040”; the energies of the groups being

reduced from 8.8 and 6.1 Mev to 7»2 and 4«3 Mev by a 1*5 mgm/cin

aluminium foil over the crystal. With a high degree of collimation of

the alpha particles, the optimum resolution attained with 7 Mev alpha

particles was k% (full-width at half height); crystals used to obtain 
23Na vy,p) spectra gave 5-6$ resolution with only the fair collimation 

afforded by the mounting of the alpha source which was used for gain 

checks.

Proton spectra of the B^(d,p) reaction are given in Big.2.23 

(Section 5)* Transitions to the ground state and first two excited 

states are in evidence with a resolution of 6$, but further collimation 

would have improved this value since an energy spread of the incident 

protons accounts for portion of this width*
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(c). Heavy particle responses in sodium iodide« During the calibration 

of the spectrometer (Section 5) both the proton and alpha particle re

sponses were obtained. The proton response, in agreement with the work 

of Franzen et al. (Fr 50 and 52) and Taylor et al. (Ta 51 )> was linear 

above 3 Mev, but extrapolation to the origin was not sufficiently accurate 

to provide any evidence for the reported non-zero intercept at -25 Kev 

(Be 56).

The (ThC + ThCT) alpha source, which had been used to check 

gain stability, enabled a simultaneous determination of the alpha re

sponse. The alpha response shape* was identical to that of the response 

curves reported by Taylor et al. and Lovenberg (Lo 51 )> but if the 

present result and that of Taylor et al. are normalised against their

differ considerably (Fig.2.6). The response of 5*3 Mev alpha particles

measured relative to the response of 661 Kev gamma rays by Franzen et al.

(Fr 50) is also shown in this diagram. It was observed, too, that the 

Sp/S^ ratios (for a given energy) varied for different batches of sodium 

iodide. Both these observations are consistent with the notion of the 

dependence of the relative responses on the thallium concentration of the 

crystal (Eb 54; Ha 52).

^ h e  response of sodium iodide to N e ^  ions is discussed in Chapter IV.

+The calibration alpha response was only established with two alpha energies 
The result was later checked with a larger number of energies by inter
posing a series of aluminium absorbers between an alpha source and the 
crystal.

corresponding proton ratios for a given energy
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In view of this evidence, it is important to realise that the 

relative responses of a particular spectrometer to heavy particles must 

be measured before meaningful energy calibrations of one particle in terms 

of the response of another can be assigned. This fact has not always 

been appreciated in the literature.

(d). Proton range-energy curve. The range-energy relation for protons 

in sodium iodide (Fig.2.7) was calculated on the basis of the method dis

cussed in Section 6.

2.2. Potassium iodide.

(a) . Preparation. This phosphor is not hygroscopic, so that polishing 

and mounting present no special problems. Water and acetone were used 

to clean and polish crystals of potassium iodide and it was not necessary 

to work in a dry box, but otherwise the procedure of Section 2.1(a) was 

adopted. Although it was not required as a form of protection, an 

aluminium foil was usually placed over the crystals to improve light 

collection at the photo-cathode.

(b) . Particle spectra and resolution. No measurement of the light out

put of potassium iodide relative to sodium iodide was attempted but 

Franzen et al. (Fr 50a) reported a value of l/4* Resolution comparable 

to that obtained with sodium iodide was obtained for both alpha particles 

and protons.

. 40 40(c) . Background due to K . Long-lived K , of an isotopic concentra

tion of 1.19 x 10“4 in natural potassium (En 54)> is the source of an 

electron and gamma-ray background in KI detectors. Endt and Kluyver
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(En 54)9 from a summary of experimental data, report that 11$ of the 

transitions proceed by electron capture through giving rise to a 

1.46 Mev gamma ray; the remaining 89$ of the transitions decay by beta 

emission to Ca^°, the electron end-point energy being 1.33 Mev. Using 

a 3/4n x l/2n x l/2" crystal, the decay spectrum of was examined, 

principally as a means of observing the reported 2 milli-second phos

phorescence of KI(T1) (Be 50). The electron spectrum is shown in
2Fig.28. The inset of Fig.5*8 is a spectrum recorded with better resolu

tion and the 1*46 Mev "photopeak", though not properly resolved, is
22 60evident. The energy calibration was obtained with Na and Co gamma 

rays. The existence of a relatively long-lived phosphorescence is 

demonstrated by the low-energy tftail" of the spectrum which obscures the 

low-energy portion of the electron spectrum. Neither the one-electron 

pulses from the phosphorescence nor the decay products contribute 

pulses beyond the lowest energy at which photoprotons were observed, viz. 

2 Mev (Chapter VI) so that further consideration was unwarranted.

(d). Proton range-energy curves. The range-energy curve for protons 

in potassium iodide (Fig.2.9) was calculated on the basis of the method 

discussed in Section 6.

2.3« Lithium iodide.

(a). Preparation. Lithium iodide is extremely deliquescent - far 

more so than sodium iodide - and consequently the mounting of lithium 

iodide crystals required more careful attention than had been necessary

for the other scintillators
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As before, crystals were mounted on perspex d iscs, but i t  was 

found necessary to interpose a glass disc between the crystal and the 

perspex, otherwise the crystals deteriorated very rapidly (within a few 

days -  see Section 2 .1 (a )) . In a dry atmosphere, pieces of lithium  

iodide which had been cut from larger blocks with a fine saw*1' were 

polished with acetone and cemented to the mounts with Ciba ara ld ite . To 

achieve conditions of su ffic ien t dryness, both phosphorus pentoxide and a 

liquid air  trap were used as drying agents in a dry box of standard design.

”Cutting down” to the required thickness and the fin a l polish

ing of crystals were completed outside of the dry box in the same manner 

as for sodium iodide except that acetone was used exclusively for both 

operations. An aluminium f o i l  cover with vaseline surrounding the 

crystal was again used as a means of protection from water vapour. It 

was necessary, however, to  ensure that a l l  air pockets were squeezed out 

of the vaseline since even the small amount of mosture contained in these 

bubbles was su ffic ien t to spoil the crysta l• Needless to say, the fo i ls  

were carefully examined for small pin-holes before being used.

Except for instances where accidental damage of the covering 

fo i l  occurred, crystals remained clear and retained optimum resolution  

for periods exceeding one month.

(b).  Particle spectra and resolution. The lig h t output of europium-

Lithium iodide is  a p la s tic - lik e  material ( c . f .  cesium iodide) and cannot 
be easily  cleaved.
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a c t iv a te d  li th iu m  io d id e  has been re p o rte d  as 35$ o f t h a t  fo r  sodium 

io d id e  fo r  a  correspond ing  energy lo s s  (Ni 55)* R eso lu tio n  comparable 

to  th a t  o b ta ined  w ith  sodium io d id e  was o b ta in ed  fo r  both  a lpha  p a r t i c le s  

and p ro to n s .

None o f  th e  c r y s ta ls  examined showed any evidence o f non- 

uniform  a c t iv a t io n  which i s  m an ifested  by double peaks in  s p e c tra  o f
' ' A S

u n co llim ated  m onoenergetic p a r t i c l e s  o r gamma ra y s . , ^  library t

( c )  • Response cu rves o f th e  v a rio u s  p a r t i c l e s  in  l i th iu m  io d id e . During 

th e  c a l ib r a t io n  o f  th e  spec trom eter used to  examine pho tonuclear re a c tio n s  

in  l i th iu m  io d id e  (C hapter V I), th e  p ro ton  and a lp h a - p a r t ic le  responses 

were determ ined (see  a lso  S ec tion  2 .3 ( d ) ) .  The r e s u l t in g  curves fo r  both 

n a tu ra l  L i l  and L i^ I  a re  given in  F ig s .2 .10  and 2 .1 1 . I t  w i l l  be seen 

th a t  w hereas th e  p ro ton  response i s  l i n e a r ,  th e  a lp h a  response , as  i s  

c h a r a c te r i s t i c  o f  th e  a lk a l i  h a l id e s ,  i s  n o t .

( d )  . Neutron d e te c tio n  w ith  l i th iu m  io d id e .

( i )  In tro d u c tio n . S c in t i l l a t i o n  d e te c tio n  o f n eu tro n s  w ith  l i th iu m
/  I

io d id e  by means o f  th e  L i° (n ,t)H e ^  re a c t io n  has been re p o rte d  by 

se v e ra l w orkers (Ho 51; Sc 52; Be 52; Sc 54 and Ni 55)* The 

c ro s s -s e c t io n  o f th e  re a c tio n  i s  la rg e  (930 b a m s) a t  therm al 

e n e rg ie s  and a m onoenergetic group which i s  due to  th e  energy lo s s  

o f th e  t r i t o n  p lu s  a lpha  (Q * 4*785 Mev) w ith in  th e  c r y s ta l  a llow s 

d is c r im in a tio n  in  th e  p resence  o f  a gamma-ray background.

'‘'A ll c r y s ta ls  used were a c t iv a te d  w ith  europium. The c r y s ta ls  were 
ob ta ined  from th e  Harshaw Chemical Company, C leveland , Ohio, U.S.A.
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The energy of the triton plus alpha group produced by thermal 

neutrons has been given as 4*0 Mev (Ni 55), 4*1 (Ho 51), 4*5 (Sc 52)

and to within 6% of 4*0 Mev (Be 52); these measurements having been made 

with lithium iodide activated with either tin, thallium or europium in 

varying amounts. Each energy measurement was made by comparing the pulse 

heights of the triton plus alpha group and the 661 Kev gamma-ray line of 

Cs^-^ or, in the case of Hofstadter et al. (Ho 51), the 1.17 and 1.33 Mev 

gamma rays of Co^. Schenk and Meiler (Sc 54) extended the measurements 

to higher neutron energies and found that the energy of the group was not 

a linear function of (En + Q) in the energy region ^  « 0 - 16 Mev; the 

neutron points lay below the gamma-ray response for values of (En + Q) 

less than 8 Mev, and above for values of (En + Q) greater than 8 Mev.

While it was realised that the triton plus alpha group produced 

by thermal neutrons would serve as a useful calibration point for spectra 

obtained by irradiating Lil crystals with gamma rays, the above data 

needed further consideration before this could be done.

There is no a priori reason to suppose that the properties of 

lithium iodide will differ greatly from those of sodium iodide, but in 

relation to the known responses of the latter phosphor, the above data 

are difficult to explain. Taylor et al. (Ta 51) showed that, for sodium 

iodide, the proton and deuteron responses were linear and almost coincident, 

while the alpha response was non-linear and, at a given energy, considerably 

less than the proton response (Section 2.1(c)). It has been commonly 

supposed that both the electron (gamma ray) and triton responses would be 

linear and identical, or very nearly so, to the proton curve. No
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measurements to confirm the latter assumption have been reported in the 

literature*

Two inconsistencies in the data become apparent. Firstly, it 

is surprising that the energy release of the triton plus alpha within the 

crystal is as large as 4-4*0 Mev. The particles would give rise to a 

group at approximately 3*3 Mev in lithium iodide (the exact energy being 

determined by the activator concentration (Section 2.1(c)) if the response 

curves of Fig.2*10 are used and it is assumed that the triton and proton 

responses are equal. Secondly, the release of energy exceeding (En + Q) 

for some values of is inadmissible. In an attempt to clarify this 

anomaly, Schenk and Neiler investigated the effect of europium concentra

tion on the energy of the triton plus alpha group produced by thermal 

neutrons. The energy of the group increased with the amount of activation 

until a concentration was attained for which the group energy exceeded the 

anticipated maximum of 4*8 Mev. The energy release would be expected to 

increase with activator concentration since the proton-alpha ratio (for a 

given energy) decreases with activator concentration (Eb 54)» but it 

should not exceed the actual total energy of the particles.

Both difficulties are removed if the assumption is made that
jjt

the triton and gamma-ray responses do not coincide. Measurements of

the proton, gamma-ray and alpha-particle responses of natural Lil and
6 6 6Li I (96$ Li ), in conjunction with the Li (n,t) group, were made to test

the validity of this assumption.

'•‘Or, alternatively, the gamma-ray and proton responses coincide but differ 
from the triton response.
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(ii) Experimental procedure» The counter assembly (Fig.2.12) employed 

was essentially similar to the calibration chamber which is described 

in Section 5« Protons from the B^(d,p) reaction produced at a 

deuteron bombarding energy of 300 Kev were used to determine the 

proton response curve and aluminium absorbers of various thicknesses 

were interposed between the detecting crystal and the boron target to 

increase the number of proton energies available. The protons were 

observed at 90° rather than at 0°, as is the case in the calibration 

chamber. The 8.78 and 6.1 Mev alpha groups from a (ThC + ThCf) 

source and gamma rays from Cs J (661 Kev) and Na (0.51 and 1.28 

Mev) were employed to establish the alpha and gamma-ray responses. 

Crystal mounting was as described above. The Li^(n,t) group was 

obtained with an uncollimated Ra-Be source. A paraffin block, placed 

between the source and the detector, moderated the neutrons.

(iii) Results. Two sets of measurements were recorded with natural

lithium iodide using different crystals and foil thicknesses and were

in excellent agreement. The crystal dimensions were 1” x x 0.15n

and l/V* x l/4n x 0.050w. The larger crystal resolved the highest
22energy- gamma ray used, viz. the 1.28 Mev line of Na , with resolu

tion better than 12$ and the Li^(n,t) group with 7$ resolution. The 
22 6Na and Li (n,t) spectra for this crystal are given in Fig.2.13*

The smaller crystal, though of inferior resolution, was sufficiently 

large to allow identification of the group at 1.28 Mev.

One measurement was made with a Li^I crystal of dimensions
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g" X J" X 0.15".

Figs.2.10 and 2.11 represent a summary of the above measurements 

and those made during the calibration (Section 2.3(c)).

It will be seen that there is a difference between the gamma- 

ray and proton responses, and a linearity check of the electronics 

(Fig.2.14) ruled out the possibility that the proton and gamma-ray 

points might be fitted to a common line of non-zero intercept.

The energy of the alpha particle produced (with thermal neutrons) 

in the Li^(n,t) reaction is 2.16 Mev and the energy of the triton is 

2.6 Mev. In natural lithium iodide, the contribution of the alpha 

particle is equivalent to that of a 0.5 Mev proton so that the 

difference between the measured triton plus alpha group energy (relative 

to the proton response) of 3*25 Mev and the contribution of the alpha 

particle, viz. 2.75 Mev, is the equivalent proton response of a triton 

of 2.6 Mev energy. Similarly, it follows for Li^I that the proton 

energy giving an equivalent response to a 2.6 Mev triton is 2.4 Mev.

Thus the proton and triton responses can be regarded as approxi

mately equal from this measurement (since the accuracy is limited by 

the alpha response curve which was only determined with two points).

A further discussion of the response of tritons in lithium iodide is 

given in Chapter VI.

A summary of the results for both scintillators is tabulated in

Table 2.1
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Dimensions of 
crystal

Energy of Li6(n,t) 
group

Contribution of 
2.6 Mev triton

of (2 f

(a) Natural lithium 
iodide

1” x J-» x 0.15”

1/4” x 1/4” x 0.04”

3.2 Mev 

3-3 Mev

4.1 Mev 
4*2 Mev

2.8 Mev 

2.7 Mev

(b) Separated LibI 

jg” x g” x 0.15” 2.9 Mev 3.8 Mev 2.4 Mev

*(1) Relative to proton response.
(2) Relative to gamma-ray response.

TABLE 2.2.

Scintillator
Electron energy 
equivalent to a 
5 Mev proton

Nal 7.2 Mev

KI approx. 7*5 Mev

Csl 7.3 Mev
Lil 6.7 Mev
Li6! 6.9C Mev5
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( i v )  . D iscu ssion . Having e sta b lish ed  th at th e tr ito n  and gamma-ray

responses o f lith ium  iod id e are considerably d if fe r e n t , the  

apparent anomalies d iscussed  above are e a s i ly  reso lved . C learly , 

neutron energy measurements are only p o ss ib le  i f  protons are used 

fo r  ca lib ra tio n s  o f the c ry s ta l (u n less the r e la t iv e  proton ( t r i t o n ) -  

gamma ray responses are known) or the actu a l neutron response d eter

mined. In re la tio n  to  th e present work, the r e su lts  in d ica te  that 

the tr ito n  plus alpha group can be used fo r  check ca lib ra tio n s  o f  

photoproton spectra providing the energy o f th e group i s  taken as 

3.25  Mev for  natural lith iu m  iod ide and 2 .9  Mev fo r  Li^I (fo r  the 

p a rticu la r  batch o f c r y s ta ls  used ).

( v )  . Measurements with other s c in t i l la t o r s . Measurements o f  the proton-

gamma ray responses were a lso  made with Nal, KI and C sl, and the  

r e s u lt s  for th ese  s c in t i l la t o r s  are l i s t e d  in Table 2 .2  where the  

e lec tro n  energy g iv in g  a pulse height equal to  a 5 Mev proton in  

each o f the s c in t i l la t o r s  i s  g iven .

( e ) .  P a r tic le  range-energy curves in  lith iu m  io d id e . The range-energy 

r e la t io n  fo r  protons in  lith iu m  iod ide (F ig .2 .1 5 ) was ca lcu la ted  on the  

b a sis  o f  th e method d iscussed  in  Section  6 . The deuteron and tr ito n  

curves were estim ated from the proton curve by assuming th at the rate o f  

energy lo s s  o f a l l  th ree p a r t ic le s  depends only on the p a r t ic le  v e lo c ity .

S ection  3 . The gamma-ray source.
rj

3*1. Summary o f experim ental data o f the L i ' ( p , y )  rea c tio n . The
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n
L i '( p ,y )  re a c t io n  was used as th e  gamma-ray source fo r  a l l  o f th e  p re sen t

experim ents* This re a c tio n  i s  w ell su ite d  to  p h o to d is in te g ra tio n  s tu d ie s
—8s in ce  i t  has a high gamma-rav y ie ld  (1CT y /p )  and g ives r i s e  to  a  r e l a 

t iv e ly  sim ple gamma-ray spectrum  a p a r t from th e  obvious advantage o f  th e  

h igh  e n e rg ie s  o f th e  two gamma rays#

The e n e rg ie s  o f th e  main gamma-ray components (any o th e r  

gamma ra y s  in  th e  spectrum  have a t o t a l  in te n s i ty  no t exceeding k% -  

In 53) have been measured a t  a p ro ton  bombarding energy o f 441 Kev as 

(1 7 .6  + 0 .2 )  Mev and 14*0 + 0 .3  Mev (Aj 55); th e  w idth o f  th e  h ig h e r 

energy component be in g  only  12 Kev, w h ile  measurements in d ic a te  th a t  th e  

14*0 Mev component, which corresponds to  a t r a n s i t i o n  through th e  broad 

2*9 Mev le v e l  o f  Be , i s  approxim ately  2 Mev wide (S t 51)*

The re a c t io n  e x h ib its  two resonance, one a t  441*4 Kev and 

a n o th e r , bu t much sm a lle r , resonance a t  1030 Kev (Aj 55)* S te a m s  and 

McDaniel (S t 51), u s in g  a p a ir  sp ec tro m e te r, measured th e  r a t i o  o f th e  

gamma-ray i n t e n s i t i e s  a t  441 Kev as  1 .7  + 0 .2  (17*6 : 14*0) and as 

0 .6 2  + 0 .7  a t  th e  h ig h e r resonance (bo th  measurements a t  0 ° ) .  Devons and 

Hine (De 49) -  g e ig e r  coun ter and a b so rb e rs , and Campbell (Ca 56) -  

s c i n t i l l a t i o n  co u n te r , have in v e s t ig a te d  th e  reg ion  between th e  two 

reso n an ces . Both found th e  r a t i o  o f  th e  i n t e n s i t i e s  a t  90° to  be 

approxim ately  u n ity  in  th e  reg ion  o f  650 Kev.

S p ec tra  o f th e  gamma ray s  produced a t  490 Kev and 805 Kev 

w ith  a  t a r g e t  about 80 Kev th ic k  ( F ig .2 .1 6 ) dem onstrate  q u i te  c le a r ly  th e

'“'See Section  4*2 f o r  d e ta i l s  o f  th e  gamma-ray spec tro m ete r which was used 
to  o b ta in  th e  s p e c tra  o f F ig .2 .1 6 .
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d if fe re n c e  o f th e  gamma-ray co n ten t a t  th e se  two p ro ton  bombarding 

e n e rg ie s .

The major p o rtio n  o f th e  work d e sc rib ed  in  th e  succeeding 

ch ap te rs  was c a r r ie d  out u s in g  r a d ia t io n  ob ta ined  a t  th e  low er resonance 

s in ce  th e  in te n s i ty  o b ta in a b le  i s  l a r g e r  and th e  17*6 Mev component i s  

predom inant, bu t where d i f f i c u l t i e s  o f in te r p r e ta t io n  o ccu rred , sp e c tra  

were a lso  recorded  using  r a d ia t io n  produced a t  a h ig h e r p ro ton  bombarding 

energy . The in c reased  p ro p o rtio n  o f th e  14*8 Mev component a t  h ig h e r 

p ro ton  en e rg ie s  accen tuated  th o se  p o r tio n s  o f th e  s p e c tra  due to  14*8 Mev 

gamma ray s  r e l a t i v e  to  sp e c tra  ob ta in ed  w ith  gamma rays from th e  low 

energy resonance and d e f in i te  id e n t i f i c a t io n  o f t r a n s i t i o n s  could be made.

3 .2 .  P rep a ra tio n  o f  li th iu m  t a r g e t s . A ll t a r g e t s  used to  produce
n

L i '(p ,Y )  r a d ia t io n  were o f l i th iu m  m etal d ep o sited  on copper backings 

e i th e r  by ev ap o ra tio n  o r e le c tro - d e p o s i t io n .  Thick t a r g e t s  f o r  resonance 

r a d ia t io n  were made e x c lu s iv e ly  by th e  evapo ra tion  o f  l i th iu m  m e ta l, bu t 

th in  t a r g e t s  f o r  th e  non-resonance runs were p repared  by e i th e r  method 

although  e v ap o ra tio n , be ing  much s im p le r, was favou red . Some a sp e c ts  o f 

th e  two methods a re  d iscu ssed  b r i e f ly  h e re .

( a ) .  E v ap o ra tio n . I t  i s  custom ary to  s i lv e r - p la te  copper b e fo re  

d e p o s it in g  l i th iu m  on i t  in  o rd e r  to  o b ta in  g re a te r  ad h esio n . However, 

i t  was found th a t  l i th iu m  metal, evaporated  d i r e c t ly  onto copper w ithou t 

th e  u su a l in te rm e d ia te  la y e r  o f oxide and n i t r i d e  which r e s u l t s  from th e  

evaporation  o f l i th iu m , was ex trem ely  te n a c io u s . The la y e r  o f  oxide and 

n i t r i d e  was avoided by covering  th e  t a r g e t  backing w ith  a  s h u t te r  which



was operated externally with a magnet. The backing was exposed only when 

the contaminants had been boiled off from the lithium metal in the tung

sten "boat".

Immediately after evaporation the target, while still hot, 

could be transferred in air to the target assembly and pumped without 

deterioration due to water vapour.

(b). Electro-deposition. Lithium metal targets of accurately controlled

thickness were prepared by the electro-deposition of lithium from a solu

tion of lithium chloride in pyridine (Aj 52). Since ^jzenberg stresses 

the necessity of using pure pyridine, suitable precautions were observed. 

Analar pyridine was initially dried over potassium hydroxide and twice 

distilled with further drying over potassium hydroxide between distilla

tions. Hydrated lithium chloride was maintained at 110°C for some hours 

to remove surface water and finally dried by heating in vacuo. In this 

form the salt could be stored in a vacuum desiccator indefinitely without 

deterioration. The glass electrolysis cell was airtight to prevent the 

absorption of water vapour during target deposition. With such checks 

of purity and dryness, target preparation was straightforward.

Targets were laid down satisfactorily on platinum and 

aluminium backings, the residual surface of the target backing being pro

tected with a coating of paraffin - a wax insoluble in pyridine but easily 

removed with other solvents. A solution of paraffin in ether was recoim- 

mended by Ajzenberg for this purpose, but molten paraffin was found to be 

more effective in that it was easier and quicker to apply and remove.
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C onsiderab le  tro u b le  was experienced  in  d e p o s it in g  d i r e c t ly  on 

to  copper, and i t  became n ecessa ry  to  p la te  th e  backings w ith  p la tin u m .

During e le c t r o ly s i s ,  a brown c o lo u ra tio n  o f th e  p y rid in e  was 

produced in  th e  v ic in i ty  o f th e  g ra p h ite  anode, bu t adm ixture o f t h i s  

p o s s ib le  contam inant w ith  th e  cathode compartment was preven ted  by a g la ss  

s in t e r  between th e  two com partm ents. O ccasio n a lly , an orange-brown j e l l y -  

l ik e  d e p o s it  formed over th e  t a r g e t  a re a  and in te r f e r e d  w ith  li th iu m  

d e p o s it io n . This was found to  be due to  th e  in te r a c t io n  o f  p y rid in e  

w ith  chromic a c id  which was re ta in e d  by th e  s in te r  a f t e r  th e  c e l l  had been 

c lea n e d . Prolonged washing o f th e  c e l l  and th e  use o f o th e r  c lean in g  

s o lu tio n s  overcame th e  d i f f i c u l t y .

T a rg e ts , bo th  ten ac io u s  and uniform , o f th ic k n e sse s  up to  

2 .5  mgm/cm were p repared  in  t h i s  way*

S ec tio n  4 * Gamma f lu x  measurement.

4*1* In tro d u c tio n . The method o f gamma-ray f lu x  m onito ring  o r  measure

ment employed in  a p a r t i c u la r  experim ent i s  g e n e ra lly  determ ined by both 

th e  ty p e  o f r a d ia t io n  to  be measured ( i . e .  w hether b rem sstrah lung  o r mono

chrom atic gamma ra y s )  and th e  n a tu re  o f  th e  experim ent. Thus fo r  

b rem sstrah lung  in v e s t ig a t io n s ,  where h ig h - in te n s i ty  beams a re  a v a ila b le , 

th e  a c t i v i t i e s  induced in  copper o r tan ta lu m  f o i l s  du rin g  an i r r a d ia t io n  

a re  measured and th e  gamma f lu x  i s  deduced from th e  known d a ta  o f th e  

(y>n) re a c t io n s  in  th e s e  e lem en ts. Such a measurement i s  n o t u su a lly  

s u i ta b le  fo r  experim ents u s in g  monochromatic ra d ia t io n  from p a r t i c l e

* Ion chambers a re  a lso  employed w ith  b rem sstrah lu n g .
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reactions although Hirzel and Waffler (Hi 47) > in an activation experiment 

using 17*6 Mev gamma rays, used copper foils in this way to obtain the 

relative yields of various (y>p) and (y>n ) reactions which gave rise to 

activities with half-lives in the vicinity of the half-life of Cu (10 

minutes).

Fhotonuclear events in nuclear emulsions are assigned cross- 

sections by a comparison with the number of C ^(y >3c0 stars occurring in 
the emulsion - the cross-section for this reaction having been obtained in 

terms of the available methods of flux measurement by a number of workers 

(Go 53; Na 54; Ca 55).

However, for most experiments with monochromatic radiation, the 

means best suited for monitoring is the use of calibrated geiger counters 

of the type described by Barnes et al. (Ba 52)* Barnes et al. calibrated 

a thick-walled brass geiger counter at a gamma-ray energy of 6.1 Mev by 

means of the almost complete one-one correspondence of the low-energy 

alpha particles and the 6.1 Mev gamma rays emitted at the 340 Kev reson

ance of the F^(p,a) reaction, and at a gamma-ray energy of 17*6 Mev with 

an ionisation chamber.

Similar geiger counters were used for the present experiments.

4.2. Construction of the counters. Fig.2.17 shows the details of the 

counter used by Barnes et al. (Ca 56a), and the sensitivity curve which 

they obtained from a calibration of it is given in Fig.2.18.
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Two replicas of this counter were made and compared at 6.1 and 
17*6 Mev. The sensitivities were identical to within 5% at both gamma- 
ray energies. However, the counters had a life of only 4 weeks, presum
ably due to outgassing of the brass despite efforts made during filling 

to outgas the counters as completely as possible. Consequently, three 

commercial glass-walled geiger tubes* (20th Century Electronics Type B.12) 
were mounted within thick brass cylinders and their sensitivities rela
tive to the Barnes-type counters determined at both 6.1 and 17*6 Mev.

The latter three counters were subsequently used for flux 
measurements associated with the determination of the cross-sections of 
the reactions under study. The counter sensitivities were checked from 
day to day with a Standard Co^ source.

4*3« Calibration of the counters. Although the original counters were
exact replicas of the Barnes counters and some reliance could be placed
in them because their sensitivities were identical, re-calibration would
be desirable. Calibration at 6.1 Mev is, in principle, simple, but as
the gamma-ray sensitivity was really required for the higher energy 

7
Li (p,y) radiation and an extrapolation from the lower energy is not 
necessarily reliable, it was felt that attention should be given to a 
calibration of the counters at 17*6 Mev.

The use of an ionisation chamber for an accurate measurement

1 A/"‘'Type B.12 tubes have a normal argon-alcohol filling. Halogen quenced 
counters, with the inherent advantage of a much longer life, were ^ 
examined but the existence of spurious pulses of an oscillatory nature 
made this tube type unsuitable for quantitative use.
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i s  q u e s tio n ab le  s in ce  th e  c a lc u la t io n  o f th e  a b so lu te  s e n s i t iv i ty  o f such a 

co u n ter i s  f ra u g h t w ith  d i f f i c u l t y .  A more a t t r a c t i v e  approach to  th e  

problem l i e s  in  th e  use o f a la rg e  sodium io d id e  c r y s ta l  as a d e te c to r .

The a b so rp tio n  c o e f f ic ie n ts  o f gamma ray s  fo r  th e  v a rio u s  p ro cesses  in  

sodium io d id e  a re  known and th e  spectrum  of th e  gamma rays which could be 

o b ta in ed  would serve  as a v a lu ab le  guide to  th e  v a l id i ty  o f th e  c a lc u la 

t io n s  u sin g  them .

P re lim in ary  measurements have been made w ith  a r ig h t  

c y lin d e r  o f sodium io d id e  5” in  d iam eter and 4" h ig h . I t  was found th a t  

e s s e n t ia l ly  t o t a l  ab so rp tio n  occu rred  i f  th e  gamma ray s  were d ire c te d  in to  

th e  c e n tre  o f th e  c r y s ta l  through a c o llim a to r  and s p e c tra  s im ila r  to  

th e  resonance spectrum  given in  F ig .2 .16  were o b ta in e d . I t  th e re fo re  

appears th a t  th e  method i s  f e a s ib le ,  bu t u n t i l  such tim e as accu ra te

measurements a re  made w ith  th e  c r y s t a l ,  th e  s e n s i t i v i t i e s  given by B arnes,
2 2 

v iz .  2 .66  count s/quantum/cm a t  17 .6  Mev and 2 .1  count s/quantum/cm a t

1 4 .8  Mev, have been assumed.

S ec tio n  5* Energy c a l ib r a t io n .

Some fe a tu re s  o f th e  d i f f i c u l ty  o f  a ss ig n in g  energy c a l ib r a t io n s  to  

p ro ton  s p e c tra  produced w ith in  a c r y s ta l  have been mentioned in  S ec tio n  2, 

where i t  was in d ic a te d  th a t  a lp h a  p a r t i c l e s  o f known energy can only be 

used i f  th e  p ro ton  and a lpha  responses o f th e  p a r t i c u la r  c r y s ta l  to  be 

c a l ib ra te d  a re  known. Even w ith  such in fo rm atio n , a cc u ra te  c a l ib ra t io n

jjc
The au th o r would l i k e  to  thank Mr. D. S. Gemmell o f  t h i s  la b o ra to ry  who 
k in d ly  loaned th e  com plete c r y s ta l  sp ec trom eter fo r  both th e  measurements 
o f th e  L i7(p ,y )  spectrum  (S ec tio n  3 ) and th e  above g e ig e r  c a l ib r a t io n .
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is unlikely.

Calibrations for the present experiments were obtained by 
comparing the photoproton spectra arising from the irradiation of each 
crystal with spectra of protons from the B^(d,p) reaction. This reac

tion was chosen for calibration purposes since the high Q-value (9.23 Kev) 
of the reaction and the large level spacing of the lower levels of 

provide well-separated proton groups of energies ranging between 4*5 and 
9 Mev (for low deuteron bombarding energies).

5*1. The calibration chamber. The calibration chamber (Fig.2.19) was 
designed to measure both B^(d,p) spectra and (y>P) spectra in a way that 
enabled changeover from one measurement to the other in 15-20 minutes 
while all of the electronic equipment, including the phototube, was kept 
operating.

5*2. The calibration procedure. To obtain the B^(d,p) spectra, the
A

target holder is moved to position A and the target (1 mgm/cnr natural
A

B2 0^ on 1*5 mgm/cnr aluminium foil) bombarded with a 5M<a beam of 
300 Kev deuterons. The foil rack immediately behind the target carries 
aluminium absorber foils which serve to increase the number of calibra
tion points. Generally four foil thicknesses were used, the amounts of 

absorber depending on the particular calibration. Proton energies were 
obtained from the data of Ajzenberg and Lauritsen (Aj 55) and the range- 
energy tables of Aron et al. (Ar 51)* A typical set of B^(d,p) spectra,

obtained with the absorber thicknesses indicated on each spectrum and at



frig. 2.19«

THE CALIBRATION CHAMBER

The calibration chamber.
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a deuteron energy of 300 Kev, is given in Fig.2.20.

In measuring the (y»p) spectra, the polythene shutter was 
closed and the target shifted to position B, in which position the thick 

lithium target was bombarded with 100p,a of protons at 600 Kev. At this 
proton energy, the field of the beam analysing magnet is the same for both 

the deuteron and proton beams and any corrections for the slight change 
in phototube gain caused by the leakage field of the magnet are avoided.

The gain of the system was checked with the (ThC + ThCf) alpha source 
before and after each individual run for both the B^(d,p) and (y,p) 
spectrum measurements. The (y,p) measurement was followed by a repeat 
measurement of the B^(d,p) spectra.

Individual calibrations are described in Chapters III-VI and 
further discussion pertinent to each particular calibration is given in 
those chapters.

Section 6. Cross-section measurements.
Introduction. Normally, irradiations were carried out with the crystals 
as near to the target as possible to make full use of the available inten
sity, but under such conditions the geometry was poorly defined and special 
good geometry runs were recorded in order to establish cross-sections. 

Moreover, a knowledge of the range-energy relations of protons in the 
various scintillators is necessary for an estimation of the fraction of 

protons which escape from the crystal. No comprehensive data of this

nature exist in the literature



F ig . 2 .2 0 .

CHANNEL NUMBER

B ^ ( d ,p )  sp e c tra  ob ta in ed  w ith  th e  in d ic a te d  f o i l  th ic k n e s s e s .

Deuteron bombarding energy was 300 Kev



Each of the above factors is discussed in this section and the

method of range calculation is compared with incidental experimental evi
dence.

6.1. Solid angle considerations of the target-crystal system. The solid 

angle subtended by a rectangle of dimensions 2a x 2b at a point on the 
axis of the rectangle at a distance d from the rectangle is:-

The finite size of the target makes it desirable to choose a geometry for 
which the variation of solid angle over the target diameter can be disre
garded. In Appendix II, choosing a circular crystal for simplicity of 
analysis, an expression is derived for the difference between the solid 
angle at the centre and periphery of a target. The results are summarised 
in Table 2.3 where the various values of target and crystal size and 
target-crystal spacings are evaluated in terms of the solid angle variation. 
From this table, a target diameter of l/8”, crystal dimensions of x 
and a target-crystal spacing of approximately 0.8" were selected to be used 

for cross-section measurements.

6.2. Loss corrections. For monoenergetic particles of range R produced 
isotropically in a layer of infinite extent and thickness 2d, the fraction 

of particles wholly stopped within the layer is given by:-

4 arc sin ab

Appendix I.

f - (1 - R/4d) for R <  2d

= d/R R > 2 d  (Gr 4Ö).



TABLE 2.3

D istance
from

ta r g e t

Diameter
o f

c r y s ta l
**0/

'270

D istance
o f f

ax is

i f h  ~
0  a

«Hq

0 .5 " 0 .5 " 0.106 0 .25" 0.247

0.187 " 
5

0.139

0.125" 0.062

0 .7 5 " 0 .2 0 .2 5 " 0.173

0.097

0.125" 0.043

0 .7 5 " 0 .5 " 0.0513 0 .2 5 " 0.139

0 .1 8 7 "
5

0.076

0.125" 0.035

0 .7 5 " 0.106 0 .2 5 " 0.110

0.187 " 0 .062

0.125" 0.028

1.00»» 0 .5 " 0.030 0 .2 5 " 0.084

0.1875" 0.047

0.125" 0.021
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Using the ranges calculated by the method described in the 
succeeding section, appropriate corrections for the escape losses were 
derived.

6.3. Range-energy calculations.

The calculation of the range-energy relations for protons in 
the various scintillating materials was based on two assumptions, viz. 
the rate of energy loss of a proton in a compound is determined by the 
rate of energy loss in each of the constituent elements such that the 

atoms comprising the compound individually contribute to the slowing down 
of protons as though the other element was not present, and secondly, 
that the shape of the range-energy curve is the same for both constituent 
elements and for the compound. Making these assumptions, it follows that:-

A/R = A]_/R-j_ + Ap/R0
where

A = A-l + A2
A

R-j_ = range of proton of energy E in A^ (mgm/ciir)
Rp « range of proton of energy E in Ap
R = range of proton of energy E in A.

Thus for each proton energy for which the range was required,
R-̂  and Rp were obtained from the plot of range (mgm/cm^) versus atomic 
number using the data of Aron et al. (Ar 51) for aluminium, copper, silver 

and lead. At high proton energies (above 4 Mev) the four points so 
obtained lay on a smooth curve, but below this energy there was consider

able scatter (Fig.2.21). The corrections for protons in this energy
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region are small and it was rarely possible to determine the numbers of 

photoprotons at these energies accurately so that the range estimations 

below 4 Mev were not important.

Range-energy curves calculated for sodium iodide, potassium 

iodide and lithium iodide by this method have already been given in 

Section 2.

6.4* Comparison of calculated ranges with experimental data. No attempt 

was made to check any one of the range-energy curves experimentally, but 

some indirect evidence, which at least broadly confirms the results, was 

obtained.

A 0.016” thick sodium iodide crystal, calibrated with 

3^(d,p) protons, had a linear response up to an energy of approximately 

7 Mev, and the pulse height of a proton group observed beyond this energy 

was considerably less than would have been expected from an extrapolation 

of the lower calibration points. When a thicker absorber foil was used 

to reduce the energy of the group to below 7 Mev, a good fit of the pulse 

height relative to the other points was obtained. The calculated range 

of 0.016” for a 7*2 Mev proton would appear to be in good agreement with 

this observation.

The cross-section measurement described in Chapter III was 

made with four independent geometries and crystal thicknesses to gain some 

indication of the consistency with which the loss corrections and solid 

angle calculations could be made. The good internal agreement of the
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resu lts , v iz , 2.49, 2.46, 2.68 and 2.57 mb. i s  further support to the

r e lia b ility  of the range data.

The range of 14 Mev protons in sodium iodide has been reported 

as approximately 0.040” by Evans and Parkinson which is  in fa ir  agreement 

(considering the accuracy of the measurement) with the calculated range of 

0.045".



Appendix I,

Calculation of the solid angle subtended by a 

rectangle at a point on the axis of the reotangle.

diQ, Z dx.dy. oos

Consider area element 

dx.dy at (x,y,0).

Then the solid angle it 

subtends at P is given by 

0/r2 Z d*dx.dy/r3
s d. lx, dv 

(x2 4 y2 4 d2)V 2

Then • d f f 
J-a J-b

dx«dv

(x2 ♦ y 2 ♦ d2)3/2

By suooessive substitution, the value of this 

integral is given by

I z 2Ju2U1 / 2 2v(o - u )
1/2

where a2 4 d2/a2 s o 2 \ y s d.tan 0 and u * sin 0 

Thus 21 s arc sin (y/(o2d2 ♦ o2y2 )1//2)j

(a2 ♦ d2)l/2(b2 ♦ d2)1//2
and S I  m aro sin



Appendix II
Calculation of the difference of solid angle
aubtended bv a circular crystal at the centre
and periphery of a target of finite
diameter. p

a ||
b

Coordinates of P are (a,0,b) and of P f 
(r.oos 9, r.sln 0, 0).
(Distance PP')2 s (a - r.oos 9) + (r.sin 0)2 4 b2

■ A2 4 b2 - 2ar.oos 9
The projection angle is given by aro cos b/PP*.
If (a) is the solid angle subtended at P, then

(a) * f° r.dr f2*b/(a2 4 b2 - 2aro oos 0 4 r2 ) ^  d0JO Jo
Expanding in powers of a and simplifying,

^  (0) - ̂  ( a) s 5a2» gossip, sin'll) 4 o(a4/b4) 
dCl (o) 4b2 (l - ooa ip)

where ̂ 0* (0) 2(l - oos i|))



CHAPTER III

PHOTODISINTEGRATION OF SODIUM.
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1. Electron background.

Introduction. Photoprotons produced within a phosphor material w ill  be 

observed only i f  the magnitude of the electron pulses, which result from 

the gamma-ray flux, i s  su ffic ien tly  reduced. Since sodium iodide was 

the f ir s t  sc in tilla to r  investigated, the nature of the electron background 

was examined with th is sc in tilla to r , but the resu lts hold equally well for 

the other materials in which photoproton reactions were observed. A 

counter assembly of the type described in Section 2 was employed.

1 .1 . Source of the electron pu lses. High-energy electrons w ill be pro

duced by the gamma-ray flux in both the materials around the crystal and 

in the crystal i t s e l f .  Small changes (approximately 10$) in the magni

tude of the background were observed when the thickness of the target 

backing was reduced, and to minimise the number of electrons produced 

externally to the crystal, the target backings were 0.040" thick (the 

minimum thickness which would allow adequate cooling of the target) and 

the counter casing constructed of thin (0.015") brass telescopic tubing.

High-energy electron pairs, which w ill  travel almost normally 

to the crysta l, lose approximately 500 Kev in traversing a crystal thick

ness of 0.020", so that large pulses can only be produced by electrons 

scattered along the crystal or by "pile-up" of a number of these small 

pulses.

Using a crystal of dimensions 3/4" x 3/4" x 0.020", electron  

pulses as large as 6.5 Mev** were observed (Fig.3*l)* It was estimated

*This energy and those energies given subsequently in relation to the 
electron background are rela tive  to the proton response of the crysta l.
The true electron energy is  somewhat higher (Chapter II, Section 2.3(d)) .
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5 /that too few electrons (approximately lCr/sec.) would be detected to make 

pile-up important and, in fact, the electron background was unaltered 

when the gamma-ray intensity was varied by a large factor; thus few of 

the higher energy electron pulses were due to pile-up.

The dependence of the background on scattered electrons 

implies that the factors controlling its magnitude will include the 

crystal area and thickness in so far as the area will define the maximum 

path length of a scattered electron (i.e. the energy of the leading edge) 

and the thickness the extent to which an electron, initially scattered 

along the crystal, will be retained within the crystal - i.e. the number 

of electrons which will expend the maximum possible energy in the crystal.

Fig.3.1, in which the spectra of crystals of dimensions 3/4” x 

3/4” x 0.020”, 3/8" x 3/8” x 0.020” and 3/16” x 3/16” x 0.020” are shown,

indicates a reduction of the energy of the leading edge from approximately 

6.5 Mev to 2.5 Mev as the area is reduced by a factor of 16 (the energy of 

the leading edge has been considered as the energy obtained by extrapolat

ing the sharply decreasing portion of the background). Similarly, for a 

given area, the energy of the leading edge decreased as the crystal thick

ness was reduced.

The above measurements are in general accord with the simple 

explanation given above and they serve as a means of choosing crystal size 

for a particular spectrum measurement. However, the precise nature of 

the background is by no means clear. It was found that the energy of the 

leading edge was not merely the energy loss of an electron traversing the
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maximum dimension. For instance, the electron background of a crystal

of dimensions l/8" x l/S" x 0.050tT was essentially identical to that of 

a crystal of area l/4M x l/4’* and of the same thickness and, also, the 

energy of the leading edge for crystals of dimensions 1/4" x l/4n x 

0.020" and 1 /8" x l/8" x 0.24M was the same although the magnitude of the 

"tail” of the background was much less for the smaller crystal (Figs.

3.1(c) and 3.5).

1.2. Selection of crystal size. For a given run, the crystal dimensions 

were chosen to achieve a compromise between the magnitude of the background 

in the region to be examined, the photoproton counting rate and the frac

tion of protons escaping from the crystal.

2. Experimental method.

The counter assembly is shown in Fig.3.2. Details of crystal 

mounting and protection, the electronics and gain monitoring, have been 

given in Chapter II. Polythene, of a thickness sufficient to stop 

protons of energy less than 10 Mev, surrounded the crystal so that protons 

produced externally would not be detected. No high-energy protons are 

produced in the polythene since the threshold of the C (y>P) reaction is 

15*95 Mev. Reactions occurring in the perspex and in the aluminium foil 

over the crystal, mainly 0 ''(y>p) and Al (y>P)> are unavoidable sources 

of photprotons but their contribution to the total will be approximately 

5% for each reaction assuming cross-sections for the 0^°(y >p ) and 

A1*"'(y >p ) reactions as half and twice the cross-section of the Na (y >p )

reaction
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Energy c a l ib ra t io n  o f  th e  c r y s ta l  has been d e sc rib ed  in  

C hapter I I ,  S ec tion  5« D e ta ils  o f  th e  c a l ib r a t io n  o f sodium io d id e  a re  

given in  S ec tio n  6.

3• R e s u lts .

3*1* I d e n t i f i c a t io n  of t r a n s i t i o n s . The fo llow ing  s p e c tra  (each re p re 

se n tin g  a summation o f a  number o f in d iv id u a l runs o f  approx im ately  45 

m in u tes1 d u ra tio n )  were recorded  u sin g  resonance r a d ia t io n  from a th ic k  

t a r g e t .

( a )  * Sodium io d id e  c ry s ta l  3 /1 6 ” x 3 / l6 ” x 0 .01Sn mounted on g la s s

(F ig . 3 .1 ( c ) ) .

( b )  . Sodium io d id e  c r y s ta l  l / 4 ,r x l / 4 tT x 0 .0 l6 n mounted on perspex

(F ig .3 .3 ) .

( c )  . Sodium io d id e  c ry s ta l  l / 4 ” x l / 4 ” x 0 .038” mounted on perspex

( F ig .3 .4 ) .

( d )  . Sodium io d id e  c r y s ta l  l / 8 ,f x l / 8 ” x 0 .024” mounted on perspex

( F ig .3 .5 ) .

Spectrum (c )  was in tended  to  cover th e  reg io n  above 7 Mev.

The range o f  a 7 .2  Mev p ro to n  in  sodium io d id e  i s  approx im ately  0 .016" 

(C hapter I I ,  S ection  6) and a la rg e  p ro p o rtio n  o f  pho topro tons w ith  ener

g ie s  in  excess o f 7 Mev w i l l  escape from a c r y s ta l  0 .020’1 th ic k .  The 

o th e r  sp e c tra  were m ainly concerned w ith  th e  reg io n  below 7 Mev.

‘'The a c tu a l  c r y s ta l  th ic k n e ss  was 0 .018M. The dim ensions given w ith  
F ig .3*1 in c lu d e  a r a ld i t e  th ic k n e s s .
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PROTON ENERGY M l.V .

Pig. 3» « Spectrum showing detail above 6 Mev. Crystal size l/Uu x 1/Uu x
0.038", and running time was 2 hours. Most of the protons beyond the

1278.4 Mev group are attributed to the I (y>p) reaction.



CRYSTAL SIZE:

RUNNING TIME : IO HOURS

PROTON ENERGY -  MEV

F ig . 3*5« Spectrum showing d e t a i l  between 2 .5  and 5«5 Mev. C ry s ta l

s iz e  l/Su x 1 /8 "  x 0 .0 2 6 " , and running  tim e 10 hours
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The observed sp e c tra  co n ta in  photoprotons from both th e  sharp  

17 .6  Mev l i n e  and th e  broad 14*8 Mev l in e  o f th e  L i '(p ,Y )  spectrum . To 

a s s i s t  in  th e  id e n t i f i c a t io n  o f photoproton  groups due to  th e  17*6 Mev 

component, a spectrum  produced w ith  non-resonance r a d ia t io n  a t  a p ro ton  

bombarding energy o f  350 Kev w ith  a  th in  (~ 1 0 0  Kev) l i th iu m  ta rg e t* ' was 

o b ta in ed  a long  w ith  a spectrum  recorded  under id e n t ic a l  co n d itio n s  w ith  

resonance ra d ia t io n  (see  C hapter I I ,  S ec tio n  3 ) .  The two s p e c tra  a re  

shown in  F ig .3 .6 .

Comparison o f  th e  sp e c tra  o f  F ig .3 .6  enab les assignm ents to  

be made as fo l lo w s :-  The 3.4» 7*2 and 5*2 Mev groups a re  due to  17*6

Mev gamma ra y s . Between 3 and 5 Mev th e  p o s i t io n  i s  not so c l e a r .  The 

spectrum  o f  F ig .3#3 shows peaks a t  4*1^> 3*8, 3*2^ and 3*0 Mev, w ith  a

f u r th e r  p robab le  peak a t  2 .5  Mev, whereas th e  s p e c tra  o f F ig .3*6 show no 

d i r e c t  ev idence fo r  th e  3*8 Mev peak o r f o r  th e  doub le t s t r u c tu r e  a t  

approx im ate ly  3 Mev (see  a lso  F ig .3 * l ( c ) ) .  This d if fe re n c e  could  be due 

to  th e  poor s t a t i s t i c s  o f  th e  spectrum  of F ig .3*3 o r  to  th e  s l ig h t ly  in 

f e r i o r  re s o lu t io n  o f  th e  spectrum  o f  F ig *3*6 and th e  f a c t  t h a t  i t  occup ies 

fewer ch an n e ls . The e f f e c t  o f  th e  l a t t e r  can be a p p re c ia te d  from th e  

in s e t  o f F ig .3*3 where th e  spectrum  i s  r e p lo t te d  w ith  th e  a d ja c e n t channels 

added to g e th e r .

F ig .3*5» in  which th e  energy reg io n  2 .6  -  5*5 Mev covers th e  

f u l l  30 ch an n e ls , shows th a t  th e re  i s  no peak a t  3*8 Mev and th a t  th e re

'*'The t a r g e t  th ic k n e ss  was i n i t i a l l y  measured by determ in ing  th e  w idth  o f 
th e  V|1 Kev resonance. The t a r g e t  was h ea ted  to  60°C w ith  h o t w a ter and 
a l iq u id  a i r  t r a p  in s e r te d  in  th e  beam tu b e  to  minimise c a rb o n ^ d ep o s itio n . 
Check measurements o f th e  resonance w idth and th e  y ie ld  v a r ia t io n  w ith  
tim e were made d u rin g  th e  runs to  ensure t h a t  th e  carbon d e p o s it  d id  not 
become e x ce ss iv e ly  th ic k .



SPECTRA OBTAINED U S /N G :-

RESCNANCE RADIATION ............ -••••

NON RESONANCE RADIATION ---------------

PROTON ENERGY (M e v )

F ig . 3*6. Spectrum ob tained  u sin g  resonance and non-resonance r a d ia t io n .  

The gamma-ray f lu x  was approxim ately  th e  same fo r  b o th . C ry s ta l s iz e  

l / 4 n x l / V 1 x 0 .018,f, and non-resonance running tim e was 11 hours.
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a re  se p a ra te  peaks a t  3*2 and 2 .9  Mev. In comparing th e  two s p e c tra  o f 

F ig .3 * 6 , i t  appears t h a t  th e  number o f  counts in  th e  groups a t  4*2 and 

3 Mev has been reduced and th a t  th e  peaks have been l i f t e d  by an in c re a se  

in  an u n d e rly in g  group a t  about 4 Mev. The p ro to n s  in  th e  peaks a t  4*1^, 

3*2 and 2 .9  Mev a re  th e re fo re  a t t r ib u te d  to  17 .6  Mev r a d ia t io n .  The upward 

energy d isp lacem ent o f th e  peaks r e l a t iv e  to  th e  resonance spectrum  i s  

f u r th e r  evidence fo r  t h i s  id e n t i f i c a t io n  s in ce  th e  energy o f  th e  peaks p ro

duced by th e  17*6 Mev r a d ia t io n  w i l l  be in c reased  by an amount correspond

in g  to  th e  in c re a se  in  th e  gamma-ray energy a t  th e  h ig h e r pro ton  bombard

in g  energy . On th e  o th e r  hand, th e  en erg ies  o f th e  r e s u l t in g  p ro ton  

groups would be u n a lte re d  by an energy disp lacem ent o f th e  14»8 Mev l in e

because t h i s  broad component can on ly  produce sharp peaks by s e le c t iv e

23ab so rp tio n  in to  narrow  le v e ls  o f  Na .

The above d a ta  a re  summarised in  Table 3*1> which a lso  l i s t s
22th e  co rresponding  e x c i ta t io n  e n e rg ie s  o f th e  r e s id u a l  Ne nucleus fo r  

th e s e  t r a n s i t i o n s .

3 .2 .  Spectrum due to  th e  14*8 Mev component. Using th e  r a t io  o f  th e  

number o f counts in  th e  7 «2 Mev group o f  th e  s p e c tra  o f  Fig.3«& as a 

measure o f th e  r e l a t i v e  i n t e n s i t i e s  o f  th e  two gamma-ray components a t  

th e  Z|41 Kev resonance and a t  700 Kev (assumed as th e  e f f e c t iv e  pro ton  

energy to  compensate f o r  th e  th ic k n e s s  o f th e  l i th iu m  ta r g e t  and th e  c a r

bon d e p o s it  on th e  t a r g e t ) ,  th e  s p e c tra  o f  Fig*3»6 were d iffe re n c e d  to  

y ie ld  th e  spectrum  o f  pho topro tons due to  th e  14*8 Mev component. The 

r e s u l t in g  spectrum  i s  shown in  Fig*3*7 and a broad group a t  approxim ately



PROTON SPECTRUM DUE 
TO 14.8 MEV COMPONENT.

PROTON ENERGY-MEV

Fis:. 3.7 Proton spectrum due to  th e 14*8 Mev component (see te x t )



TABLE 3*1

Proton energy (Mev) 8 . A 7 .2 5 .2 5 4 .1
5

3 .2 2 .9

E x c ita tio n  energy o f
Ne22 (j/Tev ) 0 1 .3 3 .3 4 .4 5 .4 5 .7

C ro ss-se c tio n  (mb) 0 .31 2 .5 0 .6 0 .9
0 *

ap p ro x .2

* Our b e s t  e s tim a te  o f th e  r a t i o  o f th e  c ro s s -s e c t io n s  fo r  
th e  3 .2  and 2 .9  Mev peaks i s  3 :2 .

TABLE 3*2.

Run C ry s ta l dim ensions
No. o f 

p ro tons
*0L/

'  4tc r *
C ross-
sec tio n

1 6 /3 /5 7 0.510»» x 0.521»» x 0 .0 4 5 ” 1816 0.025 0 .82 2.49

1 9 /3 /5 7 0.508»» x 0.506»» x 0 .037" 3465 0.031 0 .79 2.46

20 /3 /57 0 .503" x 0 .505" x 0 .021" 2226 0.026 0 .6 4 2.57

21 /3 /57 0 .507" x 0 .503" x 0.028»» 2228 0.027 0.73 2 .68

*‘f  i s  th e  f r a c t io n  o f p ro to n s  stopped in  th e  c r y s ta l .



4 Mev, which could correspond to the transition through the 1.28 Mev level 
22of Ne for 14*8 Mev radiation, is evident. The apparent structure of the 

group is not real since the valleys occur at the energies at which the 

comparatively large 17*6 Mev peaks have been subtracted. However, in the 

course of non-resonance measurements made at a later date with KI (Chapter 

V), it was found that contamination of the crystal with (ThC + ThCf) from 

the source could occur. Since this background, which only becomes impor

tant for long runs, would have been evident at 4 Mev in the Na^(y>p) 

spectrum, no definite identification of the group can be made.

For subsequent measurements, contamination of crystals was pre

vented by placing a thin aluminium foil between the polythene slide and 

the alpha source.

52.

3-3» Cross-section measurements. The cross-section of the 7*2 Mev group 

was established by four independent measurements with well-defined geome

tries using crystals of approximately J” x g” and of thickness 0.043,f> 

0.037*% 0.028” and 0.021”. Cross-sections for the other groups were

estimated from all of the appropriate spectra available.

A major source of error in such an estimation is the uncertainty 

of the background. Electron pulses and photoprotons from iodine and

aluminium (Chapter IV) contribute in part to the background, and between
233 and 6 Mev a portion of it will comprise photoprotons from the Na (y>p)

sjcreaction induced by 14*8 Mev gamma rays. Since the contributions of all

'’'Other, but smaller, contributions to the background will result from (i) 
knock-on protons produced in the polythene by neutrons associated with the 
operation of the H.T. set (d-d reaction) and neutrons produced in materials 
around the crystal by the gamma rays; (ii) alpha particles from the 
Ql2(y^3a ) reaction in the polythene. This effect will be small since the 
cross-section for this reaction is an order of magnitude smaller than the 
Na(y*p) cross-section. ,p/
Activities induced in the crystals such as the decay of Na^ , I 0 and^ 
jl27 will not contribute since the maximum energy that can be expended in 
the crystal from any of these decay schemes does not exceed 2.5 Mev.
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th r e e  a re  unknown, a smooth background p ass in g  through th e  v a lle y s  was 

assumed (see  F ig s . 3*5 and 3 .9 )*  and, as a r e s u l t ,  th e  e s tim ated  c ro s s -  

s e c tio n s  may be co n sid e rab ly  in  e r r o r .  Loss c o rre c t io n s  were made assum

in g  i s o t r o p ic  an g u lar d is t r ib u t io n s  and th e  range-energy  curve fo r  p ro tons 

in  sodium io d id e  given in  F ig .2 .7» The accuracy o f  th e  c ro s s -s e c t io n  o f

th e  7*2 Mev group can be judged from th e  in te r n a l  co n sis ten cy  o f  th e  fo u r 

measurements which gave va lu es  o f 2 , 1+9, 2 .4 6 , 2 .68  and 2*57 mb. D e ta ils  

o f th e  fo u r  runs a re  summarised in  Table 3*2.

3*4* H igh-energy p ro to n s . The pro ton  groups beyond 8 .5 Mev cannot be
23a t t r ib u te d  to  th e  Na ^ (y ,p )  r e a c t io n .  A d is c u ss io n  o f th e se  h igh-energy  

p ro to n s  i s  given in  C hapter IV.

3*5« S p ec tra  ob ta ined  w ith  very th in  c r y s t a l s . Some p re lim in a ry  sp e c tra  

were o b ta in ed  w ith  very  th in  (approx im ately  0 .005") c r y s ta ls  in  an a ttem pt 

to  id e n t i f y  pro ton  groups o f  energy le s s  than  2 .5  Mev. One such spectrum , 

in  which a p o ss ib le  group a t  1 .9  Mev appears as a shou lder on th e  r is in g  

edge o f th e  e le c tro n  background, i s  shown in  F ig .3 .8 .  Some evidence fo r  

a group a t  approxim ately  1 .5  Mev was a lso  o b ta ined  b u t, because o f th e  

long  runs necessa ry  to  e s ta b l is h  good s t a t i s t i c s  and th e  d i f f i c u l t y  in  

a s s ig n in g  a ccu ra te  energy c a l ib r a t io n s  w ith  th e  la rg e  escape lo s s e s  from 

th e  h ig h e r  energy groups, no f u r th e r  in v e s t ig a t io n s  were made.

3*6. Energy c a l ib r a t io n . The c a l ib r a t io n  sequence (C hapter I I ,  Section  5) 

c o n s is te d  o f two B (d ,p )  ru n s , which preceded and follow ed a Na ^ (y ,p )  

ru n . The gain  o f th e  system  was checked w ith  th e  (ThC + ThCT) a lpha  source 

b e fo re  and a f t e r  each in d iv id u a l  run fo r  both  th e  B ^ ( d ,p )  and th e  N a ^ (y ,p )



CRYSTAL SIZE 1/4X iMXjOC« SHOWING A 
POSSIBLE GROUP AT 1.9 MEV

PROTON EN ER G Y -M EV

Pig. 3*3. Spectrum obtained with crystal of dimensions l/4tT x l/V* x

0.005n showing a possible group at 1.9 Mev,



TABLE 3 »3

N orm alized r e s u l t s  o f c a l ib r a t io n  ru n s .

Run Photoproton peak e n e rg ie s  (Mev)

1 6 /1 2 /5 6

1 3 /1 2 /5 6

1 2 /1 2 /5 6

2 7 /1 1 /5 6

2 5 /1 1 /5 6

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

8 .4  7 -2  5 .2 q 4 -2 6

8 .4  7 .2  5 -2 4 4 .1 ,

8 .5  7 .2  5 .2 1 4 .1 2

3 .3  7 .2  5 .2 g
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measurements. An alpha source on the back of the lithium target served 
to check changes in photomultiplier response due to the large number of 
small pulses present when the crystal was irradiated with gamma rays. The 
alpha particle pulse height was generally increased very slightly when the 
beam was on but the change was never more than 0.5%, A correction was 
made for this shift.

The two B^'(d,p) runs were always in excellent agreement, the 

displacement between corresponding points being generally less than a few 

tenths of V%.

The calibration line and photoproton spectrum of a typical 

set of measurements are shown in Fig.3*9* Because of the increase in
the background of electron pulses consequent on the increase in crystal 
thickness, the lower energy peaks do not appear in the Na (y>P) spectrum 
but all peaks above 4 Mev are resolved. Altogether five sets of measure
ments were made, but the agreement between the five sets of values for the 
energies of the photoproton peaks is not as good as would be expected from 
the above consistency between the two calibrations in an individual set of 
measurements. Thus the results for the energy of the f7*2f Mev peak are 
7*4/^ 7*1q > ?*0g, 7*2^ and 7»6^ Mev. The cause of this scatter is
not known but is thought to be due to an unlocated source of gain varia
tion. If the results are normalised by adjusting all the above energies 
to the one value, then the results for the other peaks are in good agree
ment. The most natural assumption is that the T7*2f Mev proton group 

represents the transition to the first excited state in Ne at 1.28 Mev.
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Fis* 3 .9 . (y>p) spectrum  and pro ton  c a l ib r a t io n  curve ob tained  fo r

th e  spectrum .
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Therefore the energies have been normalised to 7*2 Mev - the photoproton

energy for this transition. Corresponding results are listed in Table 
3

from which we assign energies of 8.4, 7.2, 5.2^ and 4.1C Mev to
23the four Na (y,p) peaks. The calibration of the spectra in Fig.3*1 and 

Figs. 3 »3-3*9 was made by assuming a linear relationship between energy 

and channel number and using these four points to fix the straight line.

From the fit obtained, the experimental error in the calibration is esti

mated as less than + 0 . 1  Mev between 4 and 8*5 Mev.

4* Discussion.
224*1» Review of the energy levels of Me . Although a number of workers

22have investigated the Ne level scheme in some detail, inferior techniques,

coupled with experimental difficulties associated with reactions leading to 
22the Ne nucleus, have resulted in conflicting reports. Two reactions,

viz. F^(a,p) and Ne<'x(d,p), are suitable for study and the decay of Sfa^
21provides information concerning the first excited state. The Ne (d,p)

21reaction is difficult to observe since good targets (Ne absorbed in 

silver) cannot be prepared, so that almost all previous data have resulted 

from measurements made with the F^(a,p) reaction. Evidence for each re

ported level is discussed individually.

0.6 Mev. Although early measurements of the proton spectrum from the 

F^(a,p) reaction by Chadwick and Constable (Ch 32); Jolley and 

Champion (Jo 51) and Hjalmar and Slatis (Hj 52) indicated the exist

ence of a level in the region of 0.6 Mev, proton spectra, of superior 

statistics and resolution, obtained by May and Vaidyanathan (Ma 36),
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Foster, Stanford and Lee (Fo 54) and Fader (Fa 54) show no evidence 

for a level at this excitation.

The gamma-ray spectrum following proton emission has been ob

tained by Sherr, Li and Christy (Sh 54), Heydenberg and Temmer (He 

54) and Breen and Hertz (Br 55) but no transitions involving a level 

in the vicinity of 0.6 Mev were identified.

The existence of this level must therefore be discounted.

1.28 Mev. This level was established as being at 1.277 Mev by Alburger 

(A1 49) following a measurement of the ^ +-spectrum of Na^ with a 

magnetic spectrometer. A level has been reported at 1.51 (Speh - 

Sp 36), 1.5 (Ma 36), I.4I (Jo 51), 1.38 (Hj 52) from measurements
10

of the proton spectrum from the F^3 * * * 7(a,p) reaction and at 1.37 (Zucker

and Watson - Zu 50) and 1.39 Mev (Ambrosen and Bisgaard - Am 50) from
21measurements of the proton spectrum from the Ne (d,p) reaction.

There is no doubt, however, that in each experiment the level observed

was in fact the 1.28 Mev level.

Gamma-ray spectra from the F^^(a,p) reaction (Heydenberg and

Temmer; Foster et al., Sherr et al. and Breen and Hertz) and from 
22the Ne (p,pf) scattering experiments (Cox et al. - Co 54) confirm 

the existence of this level.

3 »35 Mev. May and Vaidyanathan reported a proton group from the F^(a,p)
22reaction corresponding to a Ne excitation of 3*5 Mev. Foster et al.

and Fader have determined the excitation energ7 as 3*35 Mev with more
accurate measurement of the energy of the proton group and Foster et
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a l .  id e n t i f i e d  a 3*35 Mev gamma-ray t r a n s i t i o n  in  co incidence  w ith  

th e  p ro ton  group* Both th e  g ro u n d -s ta te  t r a n s i t i o n  ( 3 »35 Mev) and 

a cascade gamma ray  th rough th e  f i r s t  e x c ited  s t a t e  (2 .1  Mev) were 

observed . I t  i s  l i k e ly  th a t  th e  1 .5  Mev gamma ray  rep o rte d  by 

Breen and H ertz  and e rroneously  a t t r ib u te d  to  a 1 .5  Mev le v e l  (on 

th e  b a s is  o f th e  l e v e l  rep o rte d  by Speh) i s  th e  escape peak of th e  

2 .1  Mev cascade gamma ra y .

Above 3 »35 Mev. Both May and V aidyanathan and F o s te r  e t  a l .  re p o r t a

h ig h e r l e v e l .  May and V aidyanathan found a le v e l  a t  4 .6  Mev w hile  

F o s te r  e t  a l . ,  from a gamma-ray spectrum  measured in  co incidence  w ith  

p ro to n s  o f energy le s s  th an  th o se  which proceed th rough  th e  3*35 Mev 

l e v e l ,  c laim  a le v e l  a t  4*9 Mev. Both r e s u l t s  a re  d iscu ssed  in  re 

l a t io n  to  th e  p re se n t experim ent in  th e  nex t s e c t io n .

4*2. Comparison o f p rev io u s  d a ta  w ith  th e  p re se n t le v e l  scheme. Of th e  

l e v e l s  l i s t e d  in  Table 3*1> th e  e n e rg ie s  o f  th e  low est two agree w e ll 

w ith  th e  e s ta b lis h e d  le v e l s  a t  1 .28  Mev and 3*35 Mev.

The le v e l  scheme o f May and V aidyanathan, v iz .  1.5> 3*5 and 

4*6 Mev, ag rees  w ith  th e  e s ta b lis h e d  s t a t e s  and th e  p re sen t r e s u l t  (4*4) 

i f  a  sy stem a tic  energy e r ro r  o f  0 .2  Mev i s  assumed. T heir r e s u l t s  have 

been re -a n a ly se d  u sin g  more a c c u ra te  range-energy  ta b le s  but no substan 

t i a l  d if f e re n c e  from th e  o r ig in a l  r e s u l t  was found. However, th e  

accuracy  o f  energy d e te rm in a tio n  i s  s ta te d  as  + 0 .2  Mev so th a t  a s y s te 

m atic  e r r o r  may be e x p lic a b le  in  term s o f t h i s  l im i ta t io n .
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Foster et al. measured the spectrum of protons from the
19

F (a,p) reaction and found that it contained low-energy protons corres- 

ponding to a state in Ne above 3*35 Mev but of indeterminate energy.

They then used a sodium iodide spectrometer to examine the gainma rays in 

coincidence with these low-energy protons and from this latter spectrum 

(Fig.3*10) assigned a value of 4*9 Mev to the excitation energy of the 

level. However, Foster et al. point out that the high-energy peaks of 

the gamma-ray spectrum do not fit exactly with those expected for a 4*9 

Mev gamma ray and in any case, since the spectrum falls off rapidly from 

50 counts/channel in the region above 3 »2 Mev, identification of the peaks 

in this region is doubtful. Also, the peaks at 3*1 and 2.6 Mev, which 

Foster et al. identify as the first and second escape peaks corresponding 

to the cascade transition from 4*9 Mev to 1.2Ö Mev, may equally well be 

the Tphoto-peakf and the first escape peak of the same transition from a 

4*4 Mev level. In view of this and the fact that the present experiment 

gives no evidence of a level at 4*9 Mev, it is likely that the level ob

served by Foster et al. was in fact the 4*4 Mev level identified in this 

experiment •

The levels observed at 5*4 and 5*7 Mev are in a region which 

has not been investigated previously.
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CHAPTER IV

THE PHOTODISINTEGRATION OF IODINE.
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1. Introduction. In Chapter III it was pointed out that photoproton 

spectra obtained by irradiating Nal crystals contained, in addition to a 

spectrum of protons from the Na*^(Y>p) reaction, protons of energy in ex

cess of 8.5 Mev, the energy of the ground-state transition of the
23 27Na (y>P) reaction. The A1 (y >p ) reaction, with a threshold of 8.26 Mev

(En 54 )> would yield protons of a maximum energy of 9*1 Mev, and from the

r^°(Y>n ) threshold (Sh 51) and the energy release in the decay of I ^ °

to Te*1"̂"' (Ko 55; Fe 54)» the expected energy of the ground-state protons 
127 126from the I '(Y>P)Te ' reaction for 17*6 Mev gamma rays is 11.4 + 0.2 Mev, 

corresponding to a Q-value of -6.1 + 0.2 Mev. Thus the observed protons 

were most likely to have originated from these reactions; in fact, any 

other possible reactions would be inadmissible on the basis of the ob

served cross-section.

23Data obtained from proton spectra of the Na "Ay *p ) reaction 

are considered, and further spectra which were designed to allow some 

discrimination between the above two reactions are discussed.

2. Identification of groups. Fig.3»4 shows that there are groups in

the region beyond 8.5 Mev at 10.9* 10*3 and 9.6 Mev and in the vicinity

of 9 Mev. The three highest-energy groups must clearly be attributed to

the I (y >p ) reaction since no other reaction in the crystal or its

immediate environment will produce such energetic protons. However, in

this energy scale, 7*2 Mev actually means 7*2 Mev proton energy plus an
22energy contribution from the recoil of the Ne nucleus in the crystal.

In determining the energies (and the corresponding excitation energies)
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o f groups a ttr ib u ted  to  the Na (y>P) reaction , t h is  energy sc a le , which 

a r ise s  from the norm alisation o f the ca lib ra tio n  (Chapter I I I ,  Section  

3 .6 ) ,  i s  sa t is fa c to r y  s in ce  the contribution  from the r e c o il  nucleus as

socia ted  with each group i s  very nearly proportional to  th e  group energy. 

The response o f N al(T l) to  p a r t ic le s  of/fgreater than 1 i s  not l in e a r , but 

in  the energy region considered here, v iz .  0-500 Kev, the departure from 

l in e a r ity  i s  small (Chapter I I ,  Section 2 .1 ( c ) ) .  The data o f  A llison
pp

and Casson (Al 53) fo r  the response o f N al(T l) to  doubly-charged Ne 

ions r e la t iv e  to  the proton response were used to  ca lcu la te  th e true
V

energ ies o f the groups. The values so obtained were 1 1 .3 » 10 .7  and 

10 .0  Mev, w ith an estim ated error o f  at le a s t  + 0 .2  Mev fo r  each group 

energy s in ce  other spectra  s im ilar  to  F ig .3*4 ind icated  th at the nominal 

energy was as large  as 11 .1  Mev. I t  was supposed th a t satu ration  was 

resp on sib le  fo r  th is  d ifferen ce  because the primary purpose o f th ese  

sp ectra  was to  obtain the Na (y>P) spectrum and, as a r e s u lt ,  the pulse  

height corresponding to  energ ies in  excess o f  10 Mev considerably excee

ded the rated maximum o f th e  am p lifier  used (50 v o l t s ) .  Further spectra  

were obtained in  order to  e s ta b lish  the group energies as accurately  as

p o ss ib le  and, at the same tim e, an attempt was made to  fin d  the extent to  
27which th e Al (y>p) reaction  contributed protons o f energies beyond 8 .5  

Mev.

273» Contribution from th e Al ' (y ,p )  r ea c tio n . The spectra obtained in  

Chapter I I I  and d iscu ssed  here contain photoprotons from the Al '(y>p) 

reaction  by reason o f the th in  aluminium f o i l  over the c r y s ta l which

s 1/

'■'It^w^s assumed th a t th e  energy contribu tion  o f the r e c o il  nucleus 
Te126 j_s n e g l ig ib le .

23
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serves as a moisture-proof seal. The energy of the ground-state group
from this reaction is 9*1 Mev and the group should appear at very nearly
9 Mev on the normalised energy scale. There is a group of this energy

in the spectrum of Fig.3*4 but it is possible that this group could arise
from the I (y>P) reaction as a transition through a hitherto unreported 

126level of Te . To distinguish between the two possible origins of the 
group, a spectrum obtained with a total of 9 mgm/cirr of aluminium foil 
over the crystal was compared with a spectrum recorded under identical 

conditions with the normal 1.5 mgm/cm of aluminium.

The two spectra (Fig.4*1) were of equally good statistics and
were normalised (only a small correction was necessary to compensate for
a difference in the total gamma-ray flux for the two runs) by means of
the number of counts (over 5>000 counts in each spectrum) in the 7.2 Mev 

23group of the Na (y>p) spectrum. The energy calibration of the spectra
23was made using the normalised energies of the groups of the Na (y>p) re

action. Comparison of the spectra indicates no significant difference 
above the nominal energy of 9*3 Mev and an increase in the number of 
counts betwen 8.8 Mev and 9*0 Mev. This increase, for a six-fold in
crease in the amount of aluminium present, is sufficiently small to 
warrant the conclusion that the 1.5 mgm/cm^ foil contributes few 9-Mev 
protons. In addition, the spectra of Fig.4»l cast doubt on the exist
ence of a group at 9.0 Mev.

1264« Discussion of the group energies and the level scheme of Te 

nominal and corrected energies of the groups as obtained from the two

'Crystal dimensions l/4ff x l/4n x 0.052tr.

The
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127•Fif̂«4*l» I (y#p) spectra, 

aluminium foil and spectrum II

Spectrum I was recorded with 1.5 mgm/cm 
2

with 9*0 mgm/cm •

2
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spectra of Fig#4*1 are listed in Table 4*1 along with the corresponding
126excitation energies of Te • Levels at 0, 0.65 and 1.4 Mev, reported

by Koerts et al. (Ko 55) and Perlman and Welker (Pe 54) from a study of
126the beta decay of I ^ , are in good agreement with the present scheme. 

Levels above 1.4 Mev are not excited in the decay of and, largely

because of this reason, have not been investigated previously. Thus the 

level found at an excitation energy of 1.77 Mev is new.

5* Cross-section estimations. The cross-sections of the four groups

attributed to the IJ'^^(y,p) reaction were estimated by a comparison with

the 7*2 Mev group of the Na ^(y*p) reaction using the previous data for

proton ranges in sodium iodide and assuming isotropic distributions. The

cross-sections of the groups are tabulated in Table 4*2. Measurements

more closely approximating the total I a y >p ) cross-section have been
133made by Wright (Wr 58) using Csl. The thresholds of the Cs - vY jP) and

I12'(Y,P) reactions are very nearly the same, as also are the level 

schemes (up to 1.5 Mev) in the residual nuclei Xe and Te . The 

spectrum obtained showed group structure beyond a proton energy of 7 Mev 

and a broad distribution between 3 and 7 Mev in which no groups were well- 

defined. The Cs ^ ( y >p ) and I (y >p ) cross-sections above 8.5 Mev can 

be identified by means of a comparison of the photoproton spectra recorded 

with sodium iodide and cesium iodide and preliminary measurements have 

been made. The cross-section for all of the protons observed beyond an 

energy of 3 Mev was 4 nib« or 3 mb. if averaged over both the 14*8 and 

17.6 Mev gamma-ray components. It can therefore be inferred that the 

total P ^ ^ Y f p )  cross-section is of the order of 2 mb.



TABLE 4.1

Nominal 
group energies

Corrected 
group energies

Mean
energy

Excitation 
of Te126

I II I II

11,22 n.20 11.6/6 11.6„ 3 11.6,4 0

10. o1 10.6q n.o2 11.0 11. o1 0.6

9.84 9.83 1°.22 10.21 10,21

-cP•
rH

9.4g 9*52 9.85 9.90 9.8?

TABLE /). 2»

Group energy (Mev) 11.6 11.0 10.2 9.9

Cross-section (mb) 0.3 0.2 0.1 0.2



CHAPTER V

PHOTODISINTEGRATION OF POTASSIUM
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1. Experimental method. The apparatus and experimental procedure were 

essentially the same as those described in Chapter III and, as such, re
quire no further description. Likewise, the preparation and properties 
of potassium iodide, the scintillator used to investigate the Kr /(yfp) 
reaction, are given in Chapter II, Section 2.2.

The calibration chamber was modified slightly to obviate a 
gain monitoring difficulty which was encountered with the calibration of 

the Na^(y>p) spectra. During this previous work, it was not possible 
to make gain checks of the alpha pulse height simultaneously with the 
bombardment of the lithium target unless an alpha particle source was 
also deposited on the backing of the lithium target. Apart from the 
inconvenience associated with the deposition of this source, the inevit
able contamination of the calibration chamber was undesirable.

The problem was overcome by mounting an alpha source on the 
polythene shutter (Fig.5«l)> thus introducing a third shutter position 
for gain checks; the previous two positions being retained to surround 
the crystal with polythene for the (y>p) runs and allow entry of the 
B ^(d,p) protons.

Aluminium absorber thicknesses of 5 2 0 . 0 ,  4&.A and
91.3 mgm/cm^ were used for the calibration.

2. Results.
2.1. Identification of transitions. The spectra (each representing a
summation of a number of individual runs of approximately 30 minutesT



/I. PROTON ENTRY

•Fig. 5*1» Schematic diagram of modified polythene shutter arrangement of 

the calibration chamber.
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duration) listed in Table 5»1 were recorded with resonance radiation.

The energy calibration of the spectra in Figs. 5*2 - 5*7 was 
obtained from two calibration runs, one of which is shown in Fig.5*5*
The energies of the groups as determined from the two calibrations are 
listed in Table 5*2, the experimental error being estimated as less than 

+0.1 Mev between 3 and 8.8 Mev. Since the two calibration runs were in 
good agreement, normalisation of the group energies was not necessary (see 

Chapter III, Section 3*6). The calibration of the spectra shown in 

Figs.5*2 - 5*7 was made by assuming a linear relationship between energy 
and channel number and using the measured energies of the appropriate 
groups to fix the straight line.

All of the groups listed in Table 5*2 are clearly identifi
able with the exception of the group at 6.06 Mev (Figs.5*3 and 5*5)> but 
the expanded spectrum of Fig.5«4 supports the existence of a group at 
this energy.

The spectra listed in Table 5*1 will contain photoprotons 
from both the narrow 17*6 Mev line and the broad 14*8 Mev Line. Thus the 
observed sharp groups can be attributed to either absorption of the 17*6 
Mev line or selective absorption of the 1.48 Mev component into narrow 

levels of K-^. Two spectra (Figs.5«6 and 5*7) were recorded using non
resonance radiation in order to distinguish between the possible origins 

of the groups (Chapter II, Section 3*1 and Chapter III, Section 3)* 

Fig.5*6 was obtained at a proton bombarding energy of 850 Kev with a



TABLE 5*1

F igure  No. C ry s ta l dim ensions
Energy reg ion  

examined

5.2 1 /4 "  x 1 /4 "  x 0 . 060" 6 .0  -  12 Mev

In s e t 5 .2 1 /4 "  X 1 /4 "  x C.060" 8 . 5 - 1 2  Mev

5.3 1 /4 "  x 1 /4 "  x 0 .030" 3 .5  -  12 Mev

5 .4 1 /4 "  x i / 4 "  x 0 .030" 5.0 -  8 .5  Mev

5.5 1 /4 "  x 1 /4 "  x 0 .030" 2 . 5 - 1 2  Mev



PROTON ENERGY— MEV

F ig . 5»2. ^(y jP) spectrum  fo r  c r y s ta l  l/V* x l / 4 n x O.CoO” . In se t

shows d e t a i l  between 8 .5 and 12 Mev.

r  L I B R A R Y  ü



ENERGY —  MEV

F ig . 5.3» Spectrum fo r  c r y s t a l  l/V *  x l / 4 u x O.C^O".



Fig. 5.4 Spectrum showing detail between 5 and 8 Mev



C H A N N E L NUMBER

Fig. 5.5. (y >p ) spectrum and proton calibration curve obtained for

the spectrum.
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t a r g e t  approx im ate ly  100 Kev th ic k ,  and th e  l a t t e r  spectrum  a t  760 Kev 

w ith  a 150 Kev th ic k  t a r g e t .  The corresponding  resonance spectrum  fo r  

each i s  a lso  g iven ; in  F ig .5*7 th e  two sp e c tra  were produced by th e  same 

t o t a l  gamma-ray f lu x ,  bu t in  th e  case o f F ig .5*6, a m o n ito ring  f a i lu r e  

p reven ted  a s im ila r  com parison. Both non-resonance s p e c tra ,  in  p a r t ic u 

l a r  th a t  o f  Fig*5*6 which was expanded more ( i . e .  a g r e a te r  p u lse  h e ig h t/  

energy i n t e r v a l ) ,  d isp la y  an upward energy displacem ent o f  a l l  th e  pro ton  

groups r e l a t iv e  to  th e  re le v a n t resonance spectrum . In  Fig.5»7> th e re  

i s  an o v e ra l l  d ec rea se  in  th e  number o f counts in  th e  non-resonance 

spectrum  a s  compared to  th e  resonance spectrum . C onsequently , a l l  groups 

a re  a t t r ib u te d  to  t r a n s i t i o n s  induced by 17*6 Mev r a d ia t io n .  The c o rre s 

ponding e x c i ta t io n  e n e rg ie s  o f th e  r e s id u a l  P?b nuc leus f o r  th e se  t r a n s i 

t io n s  a re  l i s t e d  in  Table 5*2 (see  S ec tio n  3)*

For a g iven  gamma-ray f lu x ,  th e  in te n s i ty  r a t i o  o f  th e  17*6

Mev gamma rays a t  th e  two pro ton  bombarding en erg ies  i s  approxim ately

1 .3  (C hapter I I ,  S ec tio n  3*1)» The r a t i o s  o f th e  numbers o f p ro tons in

groups a t t r ib u te d  to  17*6 Mev gamma ray s  by means o f  n o n -reso n an ce /

resonance com parisons o f th e  N a^ (y > p ) and Cs^ -^ (y*p ) r e a c t io n s  (C hapter

I I I  and Wr 58) were in  f a i r  agreement w ith  th e  above f ig u r e ,  whereas th e

r a t i o  o f th e  number o f  p ro tons d e te c te d  in  th e  8 .8  Mev group o f th e  two

s p e c tra  o f  F ig .5*7 i s  2 .6 . I t  i s  p o s s ib le  th a t  th e  c ro s s - s e c t io n  f a l l s

ra p id ly  between 17*6 and 17*8 Mev but th e  p re se n t d a ta , a lthough  s e i f 
st

c o n s is te n t ,  i s  n o t regarded  as s u f f ic ie n t  evidence f o r  such an i n t e r 

p r e ta t io n .

'■'The e le c tro n  edge i s  th e  same f o r  both  s p e c tra  o f F ig .5 *7 and , f u r th e r 
more, th e  two g e ig e r  c o u n te rs , which independen tly  m onitored th e  gamma- 
ray  f lu x ,  were in  good agreem ent.



---------  NON-RESONANCE
---------- RESONANCE

Z  2 0 0

PROTON ENERGY MEV

F ig . 5»&* Spectrum o b ta in ed  u s in g  non-resonance and resonance r a d ia t io n .

R e la tiv e  m agnitudes o f th e  s p e c tra  a re  a r b i t r a r y .  C ry s ta l dimensions 

l / V 1 x ]./4"  x 0 .0 3 0 ” and non-resonance running tim e was 13 hou rs .



400

------  RESONANCE
— • NON-RESONANCE

^  2 0 0

PROTON ENERGY —  MEV

F ig . r: *1 • Spectrum ob ta ined  u sing  resonance and non-resonance r a d ia t io n .  

The gamma-ray f lu x  was th e  same f o r  b o th . C ry s ta l  s iz e  l / V r x l / 4 ” x 

0 .030n, and non-resonance running tim e was 9*5 h o u rs .
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2.2. Gross-section measurements» The cross-section of the 8.8 Mev 

group was established with a well-defined geometry using a crystal of 

dimensions 0.5l6n x 0.531” x 0.048”* Gross-sections for the other 

groups were estimated using all the appropriate spectra available and 

the results are tabulated in Table 5*2. As before (Chapter III, Section 

3*3)> a major source of error in the determination is the uncertainty of 

the nature of the background and the discussion given in Chapter III 

applies equally well in the present instance.

Loss corrections were made assuming isotropic angular dis

tributions and the range-energy relation for protons in potassium iodide 

given in Chapter II, Section 2.2(d). A correction was also made for 

the isotopic composition of natural potassium (Wh 56). The error in 

determining the cross-section of the 8.8 Mev group is estimated at 20$, 

giving a result of 2.4 + 0.5 mb.

2.3* Other reactions in the crystal. Small, but statistically signifi

cant, groups are evident at approximately 11.3 Mev (Inset Fig.5*2), 8.3 

and 8.0 Mev (Figs.5*3 and 5*5) and a shoulder on the higher energy side 

of the 8.8 Mev group indicates a possible peak at approximately 9*6 Mev 

(Inset Fig.5*2 and Fig.5*5)*

127The group at 11.3 Mev is attributed to the I (y>p) reaction 

(Chapter IV) while the doubtful group at 9*6 Mev and the 8.3 Mev group 

could correspond to transitions to the ground state and first excited 

state from the K^(y>p) reaction (En 57)* The relative abundance of 

K41 is 6.5$.



TA3LS 5 .21

Group energy 10.5 8.81 7-33 6.75 6 .0 6  5.7 4*78

E x c ita t io n  o f i f 0 0 2 .16 3-74 4.3 5.0 5-4
V

j 6 . 3

C ro ss -se c tio n  (mb.) 0 .9 2 .4 1 .0 1 .4 2^4 1 .2

Group energy 4-55 3 .8 3-3

E x c ita t io n  o f 6 .6 7-3 LTA
to.

C ro ss -se c tio n  (mb.) 0 .5 1 .3 0 .3

■*The group a t  2 .5  Mev (see  t e x t )  corresponding  to  a le v e l  a t 
8 .6  Mev i s  no t included  in  Table 5»2.



CHAPTER V I

DISCUSSION.
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2 . 4» S p ec tra  o b ta in ed  w ith  very th in  c r y s t a l s . Some sp e c tra  (no t shown) 

were recorded  w ith  c r y s ta ls  o f dim ensions 1 /16” x l / l 6 ” x 0 .010” and l / 8 ” 

x 1 /8 ” x 0 .010” , and though in te r p r e ta t io n  o f th e se  sp e c tra  i s  d o u b tfu l be

cause o f  th e  s t a t i s t i c a l  e r ro rs  and th e  la rg e  escape lo s s e s  from th e  h ig h e r 

energy groups (which serve  as energy c a l ib ra t io n  p o in ts ) ,  th ey  tend  to  con

firm  th e  p o s s ib le  group a t  2 .5  Mev which appears as a shou lder on th e  

e le c tro n  edge in  F ig .5*5 and in d ic a te  fu r th e r  pro ton  groups o f  en erg ies  

down to  and even below 2 Mev.

3 . D iscu ssio n .

3 .1 .  Comparison o f p re se n t d a ta  w ith  th e  p rev ious le v e l  scheme. Endt and

39Braams (En 57) g ive a Q-value o f -6 .3 8 9  Mev fo r  th e  Iv (y ,p )  re a c tio n  on
39th e  b a s is  o f th e  observed  Yr (y ,n )  th re sh o ld  and th e  energy re le a s e  in

K"v (ß+ )A  ̂ E xcited  s t a t e s  have been e s ta b lis h e d  a t  2 .16  and 3*75 Mev

(En 57)* T h ere fo re , p ro ton  groups would be a n tic ip a te d  a t  10.95> 8.85

and 7 .3  Mev and th e se  correspond to  th e  observed groups a t  1 0 .5 , 8.81 and

7*33 Mev. The e n e rg ie s  o f  th e  low est groups a re  in  good agreem ent; th e

d iscrep an cy  in  th e  g ro u n d -s ta te  t r a n s i t i o n  energy probably  a r i s e s  from th e

e x tra p o la t io n  o f th e  p ro ton  c a l ib r a t io n  l in e  alm ost 2 Mev beyond th e  h ig h -
38e s t  c a l ib r a t io n  p o in t .  The e x c i ta t io n  le v e ls  in  k  which correspond to  

th e  low er groups a re  given in  Table 5»2.

L evels  a t  approx im ate ly  5 Mev and 6.7  Mev have been re p o rte d  by 

Towle e t  a l .  (To 57)* They o b ta in ed  th e  gamma-ray sp e c tra  o f  th e  

C l ^ ( p ,y )  re a c t io n  a t  th e  1070, 1135> 1533 and 1725 Kev resonances and 

id e n t i f i e d  gamma-ray t r a n s i t i o n s  corresponding  to  le v e l s  a t  5*0 and 6.7 Mev. 

These two le v e l s  a re  presum ably th e  le v e ls  a t  5*0 and 6 .6  Mev e s ta b lis h e d  

by th e  p re se n t experim ent.
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1. Introduction» Before discussing the present results, a brief sum

mary is given of the statistical model of nuclear reactions as applied to 

photodisintegration and of the direct processes which have been proposed 

to supplement or replace the statistical model.

sThis iü done in order to assess the value of our measurements

in so far as they have been made and, where possible, as a means of indi

cating complementary measurements which should ultimately allow an exami

nation of the emission process in some detail.

2. The statistical model. The statistical model supposes that an ex

cited compound nucleus is produced by the absorption of incident radiation 

and nucleons are "boiled off” from this nucleus. Following the statisti

cal theory of nuclear reactions proposed by Weisskopf and Ewing (We 40),

the energy distribution of the emitted particles will depend on the level

distribution in the residual nucleus. Low-energy emission would be most 

probable since the level density increases rapidly with energy and, in 

consequence, the coulomb barrier will inhibit proton evaporation (except 

for the light nuclei). Thus for reactions in the middle-weight nuclei 

(A^lOO), the ratio of proton to neutron emission is estimated to be be

tween 10“3 and lCf5 (Co 51). Normally, the angular distribution of 

evaporated nucleons would be isotropic.

These predictions are not always confirmed experimentally.

2.1. Measurements of photoproton spectra and angular distributions. In
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the main, photoproton spectra have been measured by irradiating foils 

with brems Strahlung of about 23 Mev (Chapter I). The photoproton

spectra from reactions in light nuclei such as Mg'c5(y>P) “ 1° 51» 

A1^ ( Y,p ) - Di 50; A^£>(y »p ) - Sp 55; Co '?9(y »p ) - To 54 and
Zo L r

Cu ;,w ’(y >p ) “ By 51; were in fair agreement with distributions predic

ted from the statistical theory (with a suitable choice of level density 

and coulomb barrier and normalisation), and the angular distributions of 

the protons were very nearly isotropic. However, for the heavier of 

these nuclei (A^ü, Cu), there were more high-energy protons (10$) than 

the statistical model predicts and these high-energy protons were pro

duced preferentially at 90°.

Subsequently measurements of the photoproton spectra from
92 100(y»p) reactions in heavier nuclei, e.g. Mo * (y»p) “ 3u 53;

Rh103(Y ,p) - Cu 50; In115(Y ,p) - To 53; CeUC,142(Y ,p) - To 53;
l^l 208 209Ta (y >p ) “ Ho 53; Pb^ (y»p) “ To 55 and 3i (y»p) “ To 53» found

increasing numbers of photoprotons with energies exceeding the calculated

evaporation spectra and, in each instance, the angular distribution was

anisotropic and peaked at 90° (with the exception of Ce (y >p ))*

2.2. Measurements of (v»p)/(v»n) ratios. Kirzel and Waffler (Hi 47) 

found that the (Y>P)/(Y>n ) ratios in nuclei with A in the region of 100 

were as much as 1,000 times greater than predicted by statistical theory, 

and later measurements have shown similar discrepancies (To 53; 3u 53)* 

Hirzel and Waffler actually obtained the (y»p) and (y*n ) cross-sections 

in different nuclei and compared the data as though the cross-sections
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a p p lie d  to  th e  same n u c le u s . Although t h i s  fe a tu re  o f  th e  method has 

been c r i t i c i s e d ,  th e  f a c t  rem ains th a t  (y>p) c ro s s -s e c t io n s  fo r  heavy 

n u c le i  a re  co n sid e rab ly  in  excess o f th e  c ro s s -s e c t io n s  p re d ic te d  by th e  

s t a t i s t i c a l  th e o ry .

3• D ire c t p h o to d is in te g ra tio n  p ro c e sse s .

In  view o f  th e  d isc re p a n c ie s  from s t a t i s t i c a l  th e o ry , Courant 

(Co 51) and l a t e r  W ilkinson (Wi 5 6 ) ,  have proposed " d i r e c t"  models whereby 

in d iv id u a l  nucleons absorb  quan ta  and escape from th e  n u c leus w ithout th e  

in te rm e d ia te  fo rm ation  o f a compound n u c leu s . The c ro s s -s e c t io n  fo r  such 

a p ro cess  need on ly  be sm all r e l a t iv e  to  compound nuc leus fo rm ation  to  ex

p la in  th e  (y>p) c ro s s - s e c t io n s  in  heavy n u c le i  s in c e , in  l i g h t  n u c le i ,  

where th e  coulomb b a r r i e r  i s  sm a lle r , th e  evaporation  o f p ro to n s  could 

p redom inate . C a lc u la tio n s  by Courant fo r  (y>p) re a c tio n s  in  th e  m iddle

w eight n u c le i  a r e ,  though s t i l l  to o sm a ll, in  much c lo s e r  agreem ent w ith  

th e  observed c ro s s -s e c t io n s  th an  a re  s im ila r  e s tim a tio n s  on th e  b a s is  o f 

th e  s t a t i s t i c a l  model, and th e  an g u la r d is t r ib u t io n s  o f  d i r e c t  nucleons
p

would be o f th e  form A + Bsin 0 where B/a i s  determ ined by th e  o r b i t a l  

momentum o f th e  nucleon w ith in  th e  n u c leu s . Thus Courant was ab le  to  

e x p la in , in  g en e ra l term s a t  l e a s t ,  th e  f e a tu re s  o f photoproton  em ission 

from th e  h e a v ie r  n u c le i .

W ilkinson proposes a "resonance d i r e c t  e f f e c t"  based on th e  

s h e l l  model. In t h i s  th e o ry , gamma-ray a b so rp tio n  ta k e s  p la ce  by means 

o f  t r a n s i t i o n s  from  c lo sed  s h e l l s  o f th e  n u c le a r  c o re . The s tre n g th s  o f
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the possible transitions were calculated as a function of gamma-ray energy 

and Wilkinson was able to show that the most probable transitions were 

grouped about a resonance energy which presumably corresponds to the giant 

resonance although there is a discrepancy between the theoretical and ex

perimental values for which the resonance occurs. The (y>p) cross- 

sections calculated by this method are in fair agreement with experiment.

4» The present measurements.

All of the experimental evidence for one or other of the pro

cesses has been obtained with brems Strahlung measurements. The compari

sons with statistical theory and, to a lesser extent, with direct effects 

rely upon the bremsstrahlung spectrum to smear the effects of low-level 

densities, and the value of such measurements as a means of discriminating 

between the various proposed mechanisms is uncertain. Though the present 

data are much more detailed and are free from the complications which en

tailed in the use of a complex gamma-ray spectrum, current theory is not 

sufficiently adequate to enable a calculation of the consequences of par

ticular models so far as energy distributions involving individual levels 

are concerned.

Even so, it is of value to consider the energy spectra which 

have been obtained in relation to the models discussed in Sections 2 and 3«

234*1* Na (y,p) reaction. The energy spectra given in Chapter III indi

cate that, at the excitation energies attained with 17*6 Mev radiation, 
the level density in Ne is too low to be able to attach any significance
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to  th e  r e l a t iv e  m agnitudes o f th e  g roups. The c ro s s -s e c t io n  i s  d i s t r ib u 

te d  f a i r l y  uniform ly  over th e  a v a i la b le  le v e ls  down to  a p ro ton  energy o f 

2L.9 Mev and th e  f lu c tu a t io n s  from le v e l  to  le v e l  a re  no more th an  one 

would expect fo r  t r a n s i t io n s  in  a n u c leus o f so few l e v e l s .  Thus th e  

r e s u l t  would appear to  be c o n s is te n t w ith  th e  s t a t i s t i c a l  model.

39 23
4*2. K (v j p ) r e a c t io n . As in  th e  case o f th e  Na (y ,p )  re a c t io n ,  th e

c ro s s -s e c t io n  i s  d is t r ib u te d  un ifo rm ly  over th e  a v a ila b le  l e v e l s  fo r  pro

to n  e n e rg ie s  rang ing  from 11 Mev to  a t  l e a s t  2 .5  Mev. There i s  no in d i

c a tio n  o f h igh-energy  p ro to n  em ission being  more favou red .

At 17*6 Mev, th e  (y ,p )  c ro s s -s e c tio n  i s  in  excess o f  11 mb., 

w hile  th e  (y ,n )  c ro s s -s e c tio n  i s  approxim ately  9 mb. (Wa 48» Me 50,

Bo 55 ). This d if fe re n c e  i s  probably  th e  r e s u l t  o f th e  p ro ton  th re sh o ld  

b e in g .7 Mev low er than  th e  n eu tro n  th re s h o ld .

38The lo w -lev e l d e n s ity  o f  k ~  c a s ts  doubt on th e  in te r p r e ta t io n

made by W ilkinson and C arver (Wi 53) o f th e  pho tp ro ton  spectrum  o f th e

A ^ (y ,p )  re a c t io n  which th e y  o b ta ined  u sin g  monochromatic gamma ray s  (17*8

Mev). They id e n t i f i e d ' t r a n s i t io n s  to  th e  ground s ta t e  and th e  f i r s t  ex- 

39c i te d  s t a t e  o f  Cl and in te rp re te d  a la rg e  group a t  2 .5  Mev as a s t a t i s -
38t i c a l  peak . In  view o f th e  le v e l  d e n s ity  o f k  , i t  would be more reason 

a b le  to  suppose th a t  t h i s  group i s  only  one o r perhaps two t r a n s i t i o n s

39through le v e l s  o f Cl r a th e r  th an  th e  agg reg ate  o f  a much l a r g e r  number 

o f  t r a n s i t i o n s .

sjc
There i s  some u n c e r ta in ty  o f t h i s  id e n t i f i c a t io n  s in ce  th e  mass value  fo r  
Cl39 d eriv ed  from t h i s  experim ent d i f f e r s  co n sid e rab ly  from o th e r ,  and 
a p p a ren tly  r e l i a b l e ,  mass d a ta .
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4*3* I1 2 , (y , p ) r e a c t io n * The I ^ 2 (y >p ) spectrum  has not been e s ta b 

l is h e d  below a p ro ton  energy o f  8 .5  Mev, bu t i t  i s  s ig n if ic a n t  t h a t  a

la rg e  p a r t  o f th e  estim ated  2 mb. t o t a l  c ro s s - s e c t io n  i s  in  th e  h ig h e r

133energy t r a n s i t i o n s .  The p re lim in a ry  r e s u l t s  fo r  th e  Cs ^ " vy>p ) re a c tio n  

in d ic a te  a s im ila r  predominance o f  th e  h ig h e r  energy  t r a n s i t i o n s .  I t  can 

be in fe r r e d  th a t  th e se  p ro to n s  a r i s e  from a d i r e c t  e f f e c t .

Measurements fo r  th e  (y>n) c ro s s - s e c t io n  a t  17*6 Mev range 

from 180 mb. to  n e a rly  400 mb. (Me 50; Mo 53 and Na 54a). Thus, th e  

(Y >P)/(r>n ) r a t i o  o f  between 0*5 and 1% i s  in  b e t t e r  agreem ent w ith  th e  

W ilkinson model than  s t a t i s t i c a l  th e o ry .

5 • Complementary d a ta  to  th e  pho topro ton  energy s p e c t r a .

The d iscu ss io n  o f each re a c tio n  in  S e c tio n  4 i s  extrem ely 

l im ite d  in  scope b u t, in  th e  absence o f a  t h e o r e t i c a l  tre a tm e n t, a compre

hensive  d is c u ss io n  must aw ait complementary ex p erim en ta l d a ta . The purpose 

o f  t h i s  s e c tio n  i s  to  suggest th e  n a tu re  o f such d a ta  and co n sid e r th e  

means by which i t  could be o b ta in e d .

5*1. A ngular d i s t r ib u t io n s . U nlike th e  energy s p e c tra  o f  pho to p ro to n s, 

an g u lar d i s t r ib u t io n s  a re  amenable to  t h e o r e t i c a l  p re d ic t io n  and, fo r  t h i s  

reaso n , measurement o f th e  a n g u la r  d i s t r ib u t io n s  o f  each o f th e  t r a n s i t io n s ,  

which have been id e n t i f ie d  in  th e  v a rio u s  (y>p) r e a c t io n s ,  would be d e s i r 

a b le . Now th a t  th e  energy d is t r ib u t io n s  f o r  a  number o f  re a c tio n s  have 

been e s ta b l is h e d , th e  Canberra group proposes to  a ttem p t th e se  m easurem ents.

*As in d ic a te d  in  C hapter IV, t h i s  i s  a p re lim in a ry  v a lu e .
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The number of protons which escape from a crystal depends on 

the crystal thickness, the proton range and the angular distribution of 

the proton emission (Chapter II, Section 6). Thus, for an 11.5 Mev photo

proton produced in a crystal 0.050" thick, the fraction of protons wholly

stopped within the crystal is 66% for an isotropic distribution and 76%
2for a pure sin Ö distribution. By a careful comparison of proton spectra 

obtained with crystals of various thicknesses, it should be possible to 

decide between an isotropic and an anisotropic distribution. In the ab

sence of any preliminary measurements, the accuracy to which the anisotropy 

can be determined is uncertain.

5.2. Proton spectra from the break-up of nuclei excited by alternative 

modes of formation. Particle reactions (apart from stripping reactions), 

like photonuclear reactions, might be expected to proceed either by a 

direct process or via a C.N., and evidence has been found to support this 

view. It would be of considerable interest to compare the proton spectra 

from a series of reactions which lead to proton transitions in the same 

residual nucleus, especially in the instance where the maximum energy 

available to the protons is the same. A quantitative comparison of the 

reaction mechanisms would require a knowledge of the energy spectra, prefer

ably at a number of incident particle energies, and angular distributions 

of each transition.

23For instance, the Na (y>P) spectrum could be compared with 

F^(a,p) and Ne*^*(d,p) spectra and the (y>p) spectrum with the proton 

spectrum of the Cl^(a,p) reaction. A few measurements of the proton
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sp e c tra  o f th e  above p a r t i c l e  re a c t io n s  a re  to  be found in  th e  l i t e r a t u r e ,  

but th e se  s tu d ie s  have n e i th e r  been com prehensive enough n o r have th e  

bombarding en erg ies  used corresponded to  th e  e x c ita t io n  provided  by absorp

t io n  o f  17 .6  Mev gamma ra y s  by Na23 o r  K3 v . F ig s .6 .1  and 6 .2  show th e

r e s u l t s  o b ta in ed  by F o s te r e t  a l .  (Fo 54) and Kranz and Watson (Kr 53)

fo r  th e  F ^ cLj P) and C l" " (a ,p )  r e a c t io n s .  C le a r ly , th e  r a t io s  o f th e

ground—s ta t e  and f i r s t  e x c ited  s t a t e  t r a n s i t io n s  a re  s im ila r  in  each case

to  th o se  o b ta ined  fo r  th e  co rrespond ing  photoproton s p e c tra  b u t, fo r  each 

spectrum , th e  magnitude o f  th e  low er energy t r a n s i t io n s  i s  markedly d i f f e r 

e n t .  The a lp h a  bombarding e n e rg ie s  used were 7*6 and 7 .45 Mev re s p e c tiv e 

ly ,  whereas e n e rg ie s  o f 8 .8  and 11.5  Mev a re  needed to  g ive  the  req u ired  

e x c i ta t io n s .

21No r e l i a b le  pro ton  s p e c tra  o f  th e  Ne (d ,p )  re a c tio n  have been 

made to  th e  p re se n t tim e (C hapter I I I ) .  P re lim inary  o b serv a tio n s  o f  t h i s  

ie a c t io n  have been attem pted  in  t h i s  la b o ra to ry  a t  a deu teron  bombarding

energy o f 700 Kev. Contaminant r e a c t io n s  ( N ^ ( d ,p ) ;  C^2 (d ,p ) ;
20 2

Ne (d ,p )  and H ( d ,p ) )  were troub lesom e, and th e  p ro ton  y ie ld  was to o  low 

to  make any measurements s in ce  th e  t a r g e t  th ic k n e ss  was l e s s  than  1 jj,gm/cm^. 

ih i s  work w i l l  be con tinued  i f  th ic k e r  ( 10 |j,gm/cm^) t a r g e t s  become a v a i l 

a b le .

5*3* E x c ita tio n  fu n c tio n s . A com plete d iscu ss io n  o f th e  p ro cesses  in 

volved in  any (Y,p )  re a c t io n  w i l l  re q u ire  some knowledge o f th e  e x c i ta t io n  

fu n c tio n ; in  p a r t i c u la r  th e  p o s it io n  and th e  w idth o f th e  g ia n t resonance .

1111 1 1 I. ..................

There i s  reason  to  b e lie v e  th a t  th e  Y ale cy c lo tro n  group w i l l  re 
in v e s t ig a te  th e  f3-?(<x, p ) re a c tio n  in  more d e t a i l  up to  an a lpha  bombarding 
energy o f 8 .1  Mev (Br 5&).
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F ig . 6 .1 . P roton spectrum  of th e  F ^ ( a ,p )  re a c t io n  o b ta in ed  by F o s te r

e t  a l .
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Fig« 6«2« Proton spectrum of the Cl35 (a,p) reaction obtained by Kranz

and Watson
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Excitation functions of the (y,p) reactions under study have not been 

measured since the end nuclei are stable. However, it should be possible 

to obtain a yield curve of the number of protons produced with a crystal 

by bremsstrahlung of increasing end energies and so obtain the excitation 

function. The eventuality of pulse pile-up would have to be avoided.

5*4* (v»p)/(v>n) ratios. Direct comparisons of the cross-sections of

the (y,p) and (y,n) reactions in the same nucleus have been made for only

a few nuclei (Ca 58) and, in general, such determinations are only possible

when the residual nuclei from both reactions are unstable. A scintillator

can be used to detect protons from the (y,p) reaction and the residual-

activity produced within it at the same time by the (y,n) reaction - i.e.,

it is only necessary that the residual nucleus from the (y,n) reaction is

unstable and that the half-life and the decay scheme are suitable for
23measurement by a small crystal. Such is the case for both the Na (y,n)

39and k  (y,n) reactions. No measurements have been attempted as yet, but 

a sodium iodide crystal of dimensions l/4” x l/4” x 0.040” showed consider- 

able activity after 3 hoursT bombardment with Li (p,y) radiation. A 

spectrum, recorded immediately after the irradiation ceased (Fig.6.3) 

showed gamma-ray lines at 500 and 700 Kev; the 700 Kev line had a half- 

life of much less than 10 minutes and was not identified, while the 500 Kev 

line, arising presumably from positron capture, had a half-life of approxi

mately 14 minutes and is attributed to the decay of residual nuclei produced

by (y*n) reactions in materials around the counter. A much longer-lived
22activity, probably Na , was present. A spectrum was not recorded since
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Loj
F ig . 8S?. Spectra of the residual a c tiv ity  in Nal (and surroundings)

recorded immediately irradiation ceased and 14 minutes la te r
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th e  co u n tin g  r a te  was ex trem ely  low .

T his method, in  common w ith  double a c t iv a t io n  m ethods, e lim i

n a te s  a b so lu te  f lu x  d e te rm in a tio n s  bu t s u f f e r s  in  th a t  th e  t o t a l  (y>p) 

c ro s s - s e c t io n  cannot be o b ta in ed  (C hapter I I I ,  S ection  3 * 3 ). N e v e rth e le ss , 

i t  could  extend p re sen t d a ta  c o n s id e ra b ly .



CHAPTER VII

A PRELIMINARY SURVEY OF

PHOTONÜCLEAR REACTIONS IN Lil AND Li°I
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1 . In tro d u c tio n »
6 7R eactions in  such l i g h t  n u c le i  a s  Li'" and L i ' could n o t be 

expected to  y ie ld  much in fo rm atio n  on th e  sy s tem a tic s  o f photoproton em is-
n

s io n . However, p rev ious measurements o f th e  L i '(y > p ) e x c ita t io n  fu n c tio n  

have shown l i t t l e  agreement and th e  L i°(y> p) re a c tio n  has n o t been observed 

in  any d e t a i l .

7
E x c ita tio n  fu n c tio n s  o f  th e  L i (y>p) re a c tio n  have been ob

ta in e d  by Katz e t a l .  (Ka 53); T i t te r to n  and B rink ley  (T i 53); Rubin and 

W alter (Ru 54) and Tucker and Gregg (Tu 54)» With th e  excep tion  o f T i t t e r -  

ton  a id  B rin k ley , who used lith iu m -lo a d ed  em ulsions, th e  e x c i ta t io n  

fu n c tio n s  were determ ined by examining th e  He° a c t i v i t y  as a fu n c tio n  o f 

maximum b rem sstrah lung  energy . Tucker and Gregg o b ta ined  a slow ly in c re a s 

in g  v a r ia t io n  o f c ro s s -s e c tio n  in  th e  reg ion  between 10 and 20 Mev, w hile  

each of th e  o th e rs  found a broad resonance c en tred  about 15 Mev a lthough 

th e re  was no g en era l agreement f o r  th e  value o f  th e  c ro s s -s e c t io n  o r  fo r  

th e  w idth  o f th e  resonance . The d if fe re n c e  in  th e  w idths o f th e  resonance 

as found by Katz e t  a l .  and T i t te r to n  and B rink ley  was considered  by T i t t e r -  

ton  and B rink ley  (T i 54) to  be evidence th a t  an e x c ited  s ta t e  o f  He , 

which d e -e x c ite d  by gamma-ray em ission , was invo lved  in  th e  r e a c t io n .

F u rth e r evidence fo r  such a le v e l  was re p o rte d  by T i t te r to n  and B rin k ley ,

v/ho o b ta in ed  th e  p ro ton  spectrum  o f  th e  re a c t io n  a t  gamma-ray e n e rg ie s  o f
7

14*8 and 17*6 Mev w ith  r a d ia t io n  from th e  L i (p ,y )  re a c tio n  and id e n t i f i e d
z

a p ro ton  group correspond ing  to  a le v e l  in  He a t  approxim ately  1 .6  Mev. 

T h is l a t t e r  r e s u l t  may a lso  be in te r p r e te d  as a  resonance in  th e  e x c i ta t io n
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function at a gamma-ray energy of 16 Mev, and subsequent measurements by

Titterton and Brinkley (Ti 58)t which demonstrated a similar resonance
7 7at 16 Mev in the spectrum of the Li'(y#t) reaction obtained with Li (p,y) 

radiation, support this latter interpretation. Thus the discrepancy be

tween the two results with regard to the width remains.

The Li ^(y >p ) reaction was observed by Titterton and Brinkley
n

(Ti 54a) in lithium-loaded emulsions which had been exposed to Li (p,y) 

radiation. The high proton energy resulted in large escape losses from 

the emulsion and insufficient statistics were obtained for a detailed dis

cussion of the reaction.

Thus, a study of these reactions in Lil and Li I might indicate

which of the excitation functions is the most correct and also allow an
5 7examination of the states of He • Other reactions such as Li (y>t),r, 6 r

Li (Y>n)Li°-^ a + d and Li (Y>n)Li^-»a + n could be observed.

1.1. Difficulties introduced by the use of scintillators.

Natural lithium iodide* contains 92.5$ Li^ and 7*5$ Li°, and a 

spectrum obtained by irradiating Lil will contain contributions from a

number of photonuclear reactions involving each nucleus. In view of the
6 6small amount of Li , it would be supposed that reactions involving Li will

be responsible for only a small portion of the total spectrum so that mis- 

interpretation of groups should not occur. On the other hand, the Li (n,t) 

reaction is troublesome. Neutrons will be produced from (y^n) reactions in 

materials around the crystal and in the target which acts as the gamma-ray

Natural lithium iodide will be referred to as Lil in the text.
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7 7source from th e  L i '( p , a )  and L i '( a ,n )  r e a c t io n s .  The la r g e s t  c o n tr ib u tio n
z

from th e  L i ( n , t )  re a c t io n  w i l l  be a t  th erm al en erg ies  where th e  energy of 

th e  ( t r i t o n  p lu s  a lp h a) group i s  3*25 Mev (C hapter I I ,  S ec tion  2*3)» but 

th e  c ro s s -s e c t io n  o f th e  re a c tio n  i s  s t i l l  co n sid e rab le  a t  h ig h e r neu tron  

en e rg ie s  and a con tinuous background due to  th e  re a c tio n  can be expected to  

extend to  h ig h e r e n e rg ie s . N e v e rth e le s s , t h i s  h ig h e r energy background 

should be sm all and can be e stim ated  from measurements made w ith L i^ I .

More im portan t in  an in v e s t ig a t io n  o f th e  above r e a c t io n s  a re

th e  r e l a t i v e  responses o f th e  s c i n t i l l a t o r s  to  th e  v a rio u s  re a c tio n  p ro d u c ts .

Whereas fo r  th e  re a c tio n s  p re v io u s ly  s tu d ied  (C hapters I I I ,  IV, V) only  a

sm all c o n tr ib u tio n  a ro se  from th e  r e c o i l  o f th e  heavy re s id u a l  nuc leus a f t e r

6 7p ro ton  em ission , re a c tio n s  in  b o th  L i and L i ' g ive  r i s e  to  t r i t o n s ,  a lpha  

p a r t i c l e s ,  deu terons and He^ io n s , in  a d d itio n  to  e i th e r  n eu tro n s  o r  p ro to n s , 

and a co n sid e ra b le  p o rtio n  o f th e  energy l ib e r a te d  in  any p a r t i c u la r  event 

i s  c a r r ie d  by th e se  h e a v ie r  p a r t i c l e s .  Some measurements o f  th e  p ro to n , 

t r i t o n  and a lp h a  responses o f b o th  L i l  and L i^ I  have been made (C hapter I I ,  

S ec tion  2 .3 )  and i t  i s  to  be in f e r r e d  th a t  th e  p ro to n  and deu teron  responses 

a re  very  n e a r ly  eq u iv a len t (Ta 51)* No d a ta  fo r  th e  response o f  He ions 

in  any m a te r ia l  a re  known a lthough  th e  response w i l l  presumably be no t 

g r e a t ly  d i f f e r e n t  from th a t  o f  a lp h a  p a r t i c l e s .

The problem in tro d u ced  by th e  d i f f e r e n t  responses o f th e  v a rio u s  

p a r t i c l e s  i s  n o t e n t i r e ly  th e  q u e s tio n  o f group id e n t i f i c a t io n ;  a ls o ,  th e  

responses become im portan t fo r  th o se  re a c tio n s  in  which th e  r e s id u a l  nuc leus 

in  tu rn  d i s in te g r a te s ,  e .g .  L i —> a  + d, H e - ^ a  + n and L i - ^ a  + p . For
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such reactions, the energy of each of the disintegration products depends

on the direction of the break-up relative to the recoil of the unstable

nucleus. The dynamics of break-up present no problems to measurements

made using photographic emulsions or gas counters because, in the first

case, the track lengths and their relative orientation in the emulsion can

be obtained and, in the second, because the amount of ionisation in a gas

depends (with second order departures only) on the total energy of the

products (except for neutron emission). However, the scintillator will

record a different pulse height for each particular energy distribution of

the two particles and the widths of the groups are increased accordingly.
*{s n

The only reactions which will not be affected in this way are the Li (y,p); 
7 7Li (y>t) and Li (y>n) (in which case the reaction will not be observed).

127The I '(y>P) reaction will contribute protons to spectra ob

tained with Lil but the cross-section for protons of energies between 3 and 

8.5 Mev is small (Chapter 17).

2. Experimental method.

The apparatus and experimental procedure were identical with 

those described in Chapters III and V.

6 6Both Lil and Li I (95$ Li ) were used and details of the pre

paration and mounting of these scintillators have been given in Chapter II.

Detailed measurements were not attempted with Li°I. The emphasis was
7 6placed on reactions in Li , and Li I was only used for comparison runs to 

ensure that none of the groups observed in the spectra obtained with Lil
x*C

"‘'ignoring the gamma-ray momentum.
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were due to  n e u tro n s .

Energy c a l ib r a t io n  o f  th e  L i l  sp e c tra  was o b ta in ed  as p rev io u s

ly ,  u s in g  p ro to n s  from th e  B ^ ( d ,p )  r e a c t io n .  C ro ss -se c tio n s  were e s tim a- 

te d  in  two ways. The groups a t t r ib u te d  to  re a c tio n s  in  L i ' were compared 

to  th e  pro ton  groups from th e  I  (y>P) re a c tio n  u sin g  th e  d a ta  given in  

C hapter IV fo r  th e  c ro s s -s e c t io n s  o f th e se  groups and, a ls o ,  th e  c ro s s -  

s e c tio n s  were deduced from a com parison measurement o f th e  photpro ton  

s p e c tra  o b ta ined  under id e n t ic a l  c o n d itio n s  w ith Nal and L i l  c r y s ta l s  o f 

id e n t ic a l  d im ensions. C o rrec tio n s  were made fo r  th e  number o f  atoms p e r 

c . c .  in  each o f  th e  c r y s ta ls  and fo r  th e  lo s s  c o rre c t io n s  a p p ro p ria te  to  

each s c i n t i l l a t i n g  m a te r ia l .

3• R e s u lts .

3*1. I d e n t i f i c a t io n  of t r a n s i t i o n s . The fo llow ing  s p e c tra  (each  re p re 

se n tin g  a summation o f a  number o f  in d iv id u a l runs o f approx im ately  30 

m in u tes1 d u ra tio n )  were recorded  w ith  L i l  u sing  resonance r a d ia t io n : -

(a ) c r y s ta l  dim ensions l / 4 ” x l / 4 ” x 0 .0 5 0 ” (F ig . 7 .1 )

(b ) c r y s ta l  dim ensions l / 4 ” x l / 4 ” x 0 .030” (F ig . 7 .2 )

(c ) c r y s ta l  dim ensions l / 4 ” x l / 4 ” x 0 .0 1 4 '1 (F ig . 7 .3 )

(d ) c r y s ta l  dim ensions l / 4 ” x l / 4 ” x 0 .0 4 0 ” (c a l ib r a t io n  spectrum )

(F ig . 7 -4 ) .

D e f in ite  id e n t i f i c a t io n  can be made o f  groups a t  10 .2 , 

1 1 .0 , 1 1 .6  and 12 .2  Mev (F ig s . 7*1> 7*2 and 7*4)> and th e re  a re  p o ss ib le  

groups a t  5*5 (F ig s . 7«2, 7*3 and 7*4)> 8*6 (F ig s . 7*2 and 7*4) and



NATURAL LITHIUM IODIDE

PROTON ENERGY-MEV

F ig . 7 .1 « Spectrum o b ta in ed  w ith  a L i l  c r y s ta l  o f dim ensions l / V  x

1 /4 "  x 0 .050» .



600

LITHIUM IODIDE (NATURAL}

Z  4 ° o

Z  2 0 0  —

PROTON ENERGY— MEV

P ig . 7 .2 . Spectrum o b ta ined  w ith  a L i l  c r y s ta l  o f  dim ensions 1 /4»  x 

1 /4 "  x 0 .030» .
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PROTON ENERGY—MEV

Fig« 7*3« Spectrum recorded with a Lil crystal of dimensions l/4” x

l/4M x 0.014" in an attempt to identify the 14.8 Mev transition of the
7

Li (y>P) reaction« Running time 7 hours.
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NUMBERCHANNEL

Fig« 7»4* Spectra  o b ta ined  w ith  a  l / 4 "  x l / 4 ft x 0«040n c r y s ta l  and

th e  corresponding  c a l ib ra t io n  l in e



9*7 Mev (Fig* 7*2). The energies of the groups which would be expected 

from the Li'(y*p) and Lif(Y>t) reactions are listed in Table 7*1* The 

equivalent proton energies have been calculated using the relative proton- 

alpha response given in Chapter II, Section 2*3» assuming that the triton 

response is identical to the proton response and that the He^ response is 

the same as the alpha response. If the groups at 9*7> 10.2, 11.0 and

11.6 Mev are attributed to the I '(y>p) reaction (Chapter IV), then the 

prominent groups at 7*25 and 12.2 Mev remain unexplained by the reactions 

set out in Table 7*1* Furthermore, the comparison measurement of Lil and

Li I (Fig.7*5) demonstrates quite clearly that neither of the groups is due
6,to the Li (n,t) reaction.

(a). The 12.2 Mev group. The most natural assumption is that the group at
n

12.2 Mev is due to the Li (y>t) reaction (for 17*6 Mev gamma rays). 

Such an assumption would require the response of an 8.7 Mev triton to 

be equivalent to that of a 9*7 Mev proton. This result is not incon

sistent with the earlier measurement of the response of a 2.6 Mev 

triton since the difference between the responses at 2.6 Mev would be 

only 0.2 Mev (assuming a linear relationship). If the assumption is 

valid, then the energy of the 14*8 Mev transition would be 9*4 Mev 

rather than 8.6 Mev. As an experimental check, spectra were obtained 

with non-resonance radiation (Chapter III, Section 3) and the results 

are shown in Fig.7*6. Spectrum I was recorded with a 200 Kev thick 

target at 850 Kev and spectrum II with a 100 Kev thick target at 

800 Kev. Each non-resonance spectrum contains' more counts in the



TABLE 7.1

a .  L i7(y ,p )  

Ey Ee E 6 HeD

E qu iv alen t proton 
energy re le a se d  in  
th e  c r y s t a l .

17 .6 6.14 1 .1 6 .4  + 0*3 = 6 .7  Mev

16.0 5.14 0 .8 6 5.14 + 0 .2  = 5.34 Mev

14 .8 4 .0 0.65 4 .0  + 0 .1  = 4 .1  Kev

b . L i7 ( y , t ) 

Ex Et Ea

E quivalen t pro ton  
energy re le a se d  in  
th e  c r y s ta l .

17 .6 3.67 6.5 8.67 + 2 .5 = 11.2  Mev

14 .8 7.01 5.26 7.01 + 1 .6  = 8 .6  Mev
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APPROXIMATE PROTON ENERGY

Fig. 7«5» Lil - Li I comparison measurement. The spectra have been

normalised to the same gamma-ray flux



■ NOM M W I M C 1

PROTON ENERGY-MEV

PROTON ENERGY-MEV

F ig . 7»6» Non-resonance and resonance sp e c tra  measurements made w ith 

L i l .  C ry s ta l dim ensions l / 4 rt x l / 4 "  x 0 .040” , and non-resonance 

runn ing  tim e was 4 hours (Spectrum I )  and 7 hours (Spectrum I I ) .
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region from approximately 8 to 10.3 Mev than does the corresponding 
resonance spectrum. The I (y>p) ground-state transition for 

14*8 Mev gamma rays would have an energy of 8.5 Mev so that the in
crease of counts would appear to be due to the I^^(y »p ) reaction in 

the region 8-9 Mev and to the Li^(y>t) reaction beyond this energy.

(b). The 7»25 Mev group. The reactions remaining to which the 7»25 Mev
7 7 £*group can be attributed are L1'(y>p); Li' ( Y > n ) L i a  + d and 

7 5Li (Y>d)He’L^a + n. The latter reactions were examined but they 
could not account for the energy of the group nor, more importantly, 

for the width which, in both cases, would be considerably broader 
than the observed width.

n
On this basis, the group is assigned to the Li (y>p) reaction.

The group energy is higher than anticipated, which could be explained
/

by an anomalous response of He'' although there is no obvious reason 
why this should be so. Supposing that the group at 7«25 Mev is the 
ground-state transition, the energies of the groups produced by the 
16.0 and 14*8 Mev gamma rays should also be higher than the predicted 
energies of 5*3 and 4»1 Mev. The group at 5*5 Mev could therefore 
be the 16.0 Mev resonance group, but the position is not so clear 
with the 14*8 Mev transition. A spectrum recorded with a thin 
crystal (Fig. 7*3) showed an excess of counts in the energy region 
3-5 Mev above a background of the type normally assumed. However, 

the presence of a broad group centred at between 4 and 5 Mev could 
not be established because of a background of pulses from the Li (n,t) 
reaction. The group at 3 »25 Mev is due to thermal neutrons and there



85

appears to be a considerable contribution from higher energy 

neutrons.

Evidence which would tend to support the assignment of the
n

7*25 Mev group to the Li (y>p) reaction can be obtained from the

non-resonance/resonance comparisons which show that the group is 
A'probably due to 17*6 Mev gamma rays, and not resonance absorption, 

because there is an upward energy displacement of the group for the 

increase of gamma-ray energy.

3*2. Cross-section measurements.
127(a) . The 7>25 Mev group. The comparison with the I (y>P) groups gave

a value of 1.57 mb., and the comparison with the Na^(y>p) spectrum 

(Fig.7*7) a value of 1.73 mb. The cross-sections were calculated 

on the basis of loss corrections for a 6.4 Mev proton.

127(b) . The 12.2 Mev group. The comparison with the I '(y »p ) groups gave

a value of 0.31 mb. for the cross-section of 12.2 Mev group. Loss 

corrections were calculated using the range-energy relation for 

tritons in Lil given in Chapter II, Section 2.

3*3» Energy calibration. Two calibrations were recorded with Lil and 

the results for one of the measurements are shown in Fig.7*4* The two 

runs were in excellent agreement and the calibration error is considered 

to be less than 0.1 Mev.

'“The apparent increase in the magnitude of the group is difficult to ex
plain on this basis.



APPROXIMATE PROTON ENERGY

Fig. 7>7» Nal - Lil comparison measurement. The spectra have been 

normalised to the same gamma-ray flux and corrected for the number of 

atoms/cc.



86

4 . D iscu ss io n .

The r e s u l t s  which have been ob ta ined  cannot be regarded  as

c o n c lu s iv e , b u t a t  l e a s t  th e y  serv e  to  show th a t  some measurements o f  th e  
6 7re a c t io n s  in  L i and L i can be made u s in g  t h i s  method.

n
I d e n t i f i c a t io n  o f th e  L i (y * t)  re a c tio n  a t  17*6 Mev would appear

n
s a t i s f a c to r y ,  although th e  same cannot be sa id  fo r  th e  L i (y>p) r e a c t io n .

The id e n t i f i c a t io n  o f th e  g ro u n d -s ta te  t r a n s i t i o n  o f th e  l a t t e r  re a c tio n
6 6i s  based on an anomalous response  o f He ions and a measurement o f th e  He 

resp o n se , in  o rd e r to  confirm  th e  assignm ent, i s  d i f f i c u l t  to  en v isag e . A 

more s a t i s f a c to r y  check would be to  a c tu a l ly  observe th e  14*8 Mev t r a n s i 

t i o n .  The p re se n t measurements in d ic a te  t h a t ,  to  do t h i s ,  th e  neu tron  

background would have to  be e lim in a ted  -  i . e . ,  th e  measurement made w ith
n

sep a ra ted  L i ' I  (which i s  n o t a v a ila b le  a t  th e  p re se n t t im e ) .

The c ro s s -s e c t io n s  g iven  by T i t te r to n  (T i 58) f o r  th e  (y > t) and 

(y >p ) re a c t io n s  a t  17 .6  Mev a r e : -

cr  (Y, t )  * 0 .5 7  mb.

( y , p)  = 0 .8 6  mb.

The p re se n t v a lu e  fo r  th e  (y >0  c ro s s -s e c t io n  i s  in  reaso n ab le  agreem ent 

w ith  th e  above d a ta .  The ( y fp) c ro s s -s e c t io n  d i f f e r s  c o n sid e ra b ly , bu t 

i t  may be n ecessa ry  to  apply  a f u r th e r  c o rre c t io n  to  th e  value o f 1 .65  mb. 

The spectrum  o b ta in ed  w ith  L iuI  showed a sm all group a t  approxim ately  7*3 

Mev, as  d id  s p e c tra  o b ta in ed  w ith  C sl (Wr 58 ). I f  t h i s  group, which has 

a c ro s s -s e c t io n  o f 0 .4  mb. ( t h i s  va lue  was o b ta in ed  from  th e  C sl d a ta ; th e
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6 127Li I group is slightly larger), is attributed to the I (x>P) reaction,

then the cross-section for the 7*25 Mev group must be reduced accordingly*

The ground-state group of the L1°(y >p ) reaction would have an 

equivalent proton energy of approximately 11*2 Mev* Only one spectrum 

was obtained with LibI and the resolution achieved beyond 10 Mev was not

sufficiently good for any distinction to be made between the Li (y>p) and
127 6I AY>P) reactions. Measurements of the Li (y>p) reaction could be made

£
with Li I, but lithium fluoride would be a more suitable scintillator to 

use because the maximum photoproton energy from the F ^ ( y >p ) reaction is 

9*25 Mev. Similarly, measurements with LiF would enable identification
n

of the 14*8 Mev transition of the Li'Cy^t) reaction.



CHAPTER V I I I

FUTURE I MEASUREMENTS WITH SCINTILLATORS.



1• Introduction

In preceding chapters photonuclear reactions in four scintilla

tors, Nal, KI, Lil and Csl, have been discussed. Other scintillators, 

containing a variety of nuclei, lend themselves to similar experiments and, 

moreover, the general technique can be extended to study other aspects of 

nuclear reactions. Some of these, which concern photodisintegration, have 

been mentioned in Chapter VI. Further discussion of possible applications 

to photonuclear reactions is given here, along with a brief consideration 

of the means whereby scintillators might be employed in neutron studies.

2. Other scintillators.

Of the large number of substances known to be scintillators,

the most suitable ones with regard to decay time, light output and particle

response (excluding the above group) would appear to be Rbl, CaWO., CsBr
n n

and CaF2 * Separated isotope scintillators such as K ^ I  and Li I, and the 

alkali chlorides and fluorides, are also worthy of consideration. Little 

information on the properties of the above phosphors has been reported in 

the literature but a preliminary investigation of some of them (CaF^ and 

NaCl(Ag)) has been made in this laboratory.

A small chip of CaF^, cleaved from a piece of mineral fluorspar 

and polished, resolved the two (ThC + ThCf) alpha-particle groups with 

resolution better than 15% (Fig.8.1) even though there were a number of 

internal flaws in the chip.

Silver-activated sodium chloride was less promising The



C H A N N EL NUMBER

Fig. 8 .1 . (ThC + ThC ) alpha particle  spectrum obtained with a chip 

of mineral CaF .̂ The resolution i s  le s s  than 15%>
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light output was barely greater than phototube noise and the best resolu

tion obtained for the (ThC + ThCT) alpha groups at room temperature was 

20%• It may be possible to make a worthwhile study of the Cl(y#p) reac

tions by cooling the phototube with liquid air.

Organic scintillators would, in principle, allow a re

examination of the C^~(y >3c0, N ^ ( y *p ) and N^i4(Y>CL) reactions, but the

unfavourable proton and alpha responses relative to the electron response 

for organic scintillators (Ta 51) lead to prohibitively small phosphor 

dimensions which would be required to reduce the electron background 

sufficiently.

Another avenue of investigation could lie in the use of gas

eous scintillators (Mo 56) which could be used to study photonuclear reac

tions in the rare gases. However, a number of these reactions have already 

been observed in gas proportional counters (Chapter I, Section 2) and the 

use of proportional counters must be regarded as a superior technique at

the present time (even though the decay times of the gases are of the order
—Sof 10 ‘ sec.) in view of the contamination difficulties associated with gas 

scintillometry.

3• Alternative gamma-ray sources.

Although the ü ^(p ,y ) reaction is the most intense source of 

high-energy monochromatic gamma rays available, two other proton capture 

reactions, viz. H^(p,y) and B ^ ( p ,y )> could be employed to obtain photo

proton spectra at gamma-ray energies other than 17*6 Mev and so supplement 

the data obtained at that energy.
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*
The form er re a c tio n  has a very  low y ie ld  o f pure 20 Mev gamma 

ray s  and has not p re v io u s ly  been used f o r  p h o to d is in te g ra tio n  s tu d ie s .

The 3 '^"(p jy ) re a c tio n  g ives r i s e  to  two gamma rays w ith  e n erg ies  o f 12.3 

and 16*7 Mev, th e  in te n s i ty  r a t io  o f th e  gamma ray s  depending on th e  p ro 

to n  bombarding energy . P re lim in ary  measurements have shown th a t  th e  

r a d ia t io n  from a th ic k  boron m etal t a r g e t  a t  1 Mev i s  comparable in  in te n 

s i t y  w ith  non-resonance ra d ia t io n  from a 100 Kev li th iu m  ta r g e t  a t  800 Kev 

(C hapter I I ,  S ec tion  3)* Barnes e t  a l .  (Ba 52) o b ta ined  th e  proton
2 nspectrum  o f  th e  H (y>p) re a c tio n  produced by ra d ia t io n  from th e  3xx(p , y)

23re a c tio n , and th e re  i s  no reason why th e  sp e c tra  o f th e  Na (y>P)>

K39(y, p ) and r ^ 9(Y>p) re a c tio n s  should  not be o b ta ined  lik e w is e .

The use o f brem sStrahlung has been d iscu ssed  in  C hapter VI.

4» D etection  o f  e x te rn a lly  produced p h o tonuclear p a r t i c l e s .

Methods have been d iscu ssed  in  C hapter I  whereby pho top ro tons, 

produced in  t a r g e t  f o i l s  by brems S trah lu n g , can be d e te c te d  w ith  n u c lea r 

em ulsions o r s c i n t i l l a t i o n  c o u n te rs . Even w ith  th e  h igh  in te n s i ty  brem- 

s s tra h lu n g , th e  n ecessa ry  s h ie ld in g  o f  th e  d e te c to r  and th e  use o f th in  

f o i l s  fo r  good energy re s o lu t io n  r e s u l t  in  m arginal counting  r a t e s .  Using 

low in te n s i ty  L i^ (p ,y )  r a d ia t io n ,  any attem pt to  d e te c t  e x te rn a lly  p ro

duced pro tons can i l l  a f fo rd  to  s h ie ld  th e  d e te c to r  so th a t  a background 

spectrum  o f th e  d e te c to r  must be co n sid e red ; i f  a s c i n t i l l a t o r  i s  used , 

th e  background w i l l  be th e  p ro to n  spectrum  o f  th e  (y>p) re a c tio n s  w ith in  

th e  c r y s ta l .  The obvious cho ice o f s c i n t i l l a t o r  i s  cesium  io d id e  s in ce

^The h3 (p , y) r a d ia t io n  has a s in ^0  d i s t r ib u t io n  and measurements a t  0° 
w i l l  be extrem ely d i f f i c u l t .



the (y,p) cross-sections for each of the constituent nuclei is small.

Preliminary spectra of protons from 0.010M thick aluminium 
and nickel foils have been measured with a cesium iodide crystal. The

r\

crystal was covered with a 1.5 mgm/cim aluminium foil throughout to main
tain constant light collection and allow direct comparison of the spectra 
obtained with the foils and of the background of the crystal. Protons 
from the foils, particularly nickel, were evident, but no energy resolution 

was possible since the foils were placed directly on top of the crystal. 
However, counting rates comparable to synchrotron experiments could be ob
tained even with a foil-detector geometry that would allow good energy 

resolution (10$). The basic features of the apparatus envisaged for use 
in this fashion are shown in Fig.8.2.

5. Neutron studies.
The study of neutron-induced reactions has suffered the same 

limitations as photonuclear investigations in that residual activation 
methods have provided the major portion of the present data concerning 
these reactions. Measurement of the spectra of the emitted particles is 
difficult and few measurements have been attempted.

As with photonuclear reactions, scintillators could be used 
to measure the spectra of particles (particularly protons) produced within 
them by a flux of fast neutrons. However, the use of fast neutrons intro

duces a difficulty that is not encountered with gamma rays, viz. the momen
tum of the neutron will produce a considerable energy spread of the observed



C O UN TER CASING

PHOTOTUBE

POLYTHENEPERSPEX

2.

Fig» Proposed appara tu s to  d e te c t  photoprotons produced

f o i l s  w ith  a s c i n t i l l a t i o n  sp ec tro m e te r.
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pro to n  groups s in ce  th e  c r y s ta l  does n o t d e te c t  anywhere n ea r th e  f u l l  

energy o f  th e  r e c o i l  n u c le u s . I f  very th in  c r y s ta ls  (0 .0051’ o r  l e s s )  

were to  be used , sharp  groups could  be o b ta in ed  s in ce  only p ro to n s  (o r  

o th e r  p a r t i c l e s )  em itted  a t  90° to  th e  d i r e c t io n  o f th e  n eu tro n s  would be 

d e te c te d . In  view o f th e  h igh  neu tron  f lu x e s  a v a ila b le  from such re a c -  

t io n s  as th e  f r ( d ,n )  r e a c t io n ,  th e  use o f th in  c r y s ta ls  would not e n ta i l  

p ro h ib i t iv e ly  long  runn ing  t im e s .

P re lim in ary  measurements w ith  a th ic k  cesium io d id e  c r y s ta l  

(covered  w ith  p la tinum  to  exclude p ro to n s  produced e x te rn a lly )  have in d ic a 

te d  a broad spectrum  o f p u lse s  which a re  a t t r ib u te d  to  p ro to n s  from re a c 

t io n s  in  cesium and io d in e . Measurements have n o t y e t been made w ith  th in  

c r y s ta l s  to  confirm  th a t  th e  broad d i s t r ib u t io n  can be re so lv ed  in to  in 

d iv id u a l t r a n s i t i o n s .

These measurements were made by K. H. P u rse r .
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