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PREFACE

This thesis presents the results of a programme of 
fast neutron research which was undertaken at the Australian 
National University. The main purpose of these investigat­
ions was to obtain more information about the relative im­
portance of direct and evaporative processes in fast neutron 
interactions with medium weight nuclei. In this work a low 
background counting system was developed to study neutron 
interactions and was used in a study of the protons and deut- 
erons from N i ^  bombarded by l4.9MeV neutrons. Complement­
ary measurements were made on the partial cross-sections for 
Ni-*® by induced activity experiments at l4.1MeV. Also re­
ported is a detailed study of the cross-section of Li^(n,H^)He^ 
within the energy range 2.0MeV to 2.65MeV.

Angular distribution measurements showed that the 
protons from Ni^® were emitted isotropically for energies 
below 6MeV with some forward peaking apparent at higher 
energies. The angular distributions suggest direct inter­
action contributions A1 = 0 and A1 - 2 transitions to unre- 
solved levels near the ground state of the residual Co^ .
A large fraction of the proton emission cross-section could 
be explained by an evaporative decay of a compound nucleus, 
the spectra giving nuclear temperatures of 1.35 * 0.03MeV and 
0.50 ±0.03MeV for the reactions (n,p) ♦ (n,pn) and (n,np), 
respectively. Total cross-section for proton emission was 
830£70rab. Partial cross-sections were: (n,p) +• (n,pn),
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490mb; (n,np), 340mb.
Direct observation of the emitted deuterons was

used to establish Ni^(n,d)Co-^, which was found to have an
integrated cross-section of 25t6mb. The deuteron spectrum
showed a prominent group to a level (or levels) close to the
ground state of Co^'. The angular distribution of this
group suggested unresolved transitions to the 7/2" ground 

57state of Co^' and to a new level at approximately 0.5MeV.
The intensity of the Al=l transition implied approximately 
13$ p-wave admixture in the N i ^  ground state configuration.

The final chapters discuss the possibility of using 
inorganic scintillators as target and detector when studying 
neutron induced reactions. The technique was employed with 
a Li^l(Eu) in a study of Id/* between 9.0MeV and 9.55MeV ex­
citation; a region where photodisintegration experiments 
have indicated the presence of levels. No level structure 
was found and possible reasons for its absence are discussed.

The major effort of this research was devoted to the 
development of the low-background counting system which is 
described in Chapter II. This system employed a counter 
telescope of novel design which could measure angular dis­
tributions in the range 0° - 150°. Additional circuitry 
distinguished between particles of different mass. To elim­
inate reactions from scattered neutrons and to further reduce 
the background, millimicrosecond coincidence techniques were 
also employed.
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The majority of the equipment described in Chapter II

was designed jointly with Dr R.N. Glover, who also collabor-

the particle identification system which was constructed by 

a fellow Research Scholar, Mr. E. Weigold, for use in an in­

dependent experiment.

No part of the work reported here has been submitted 

for a degree to any other University,

«58ated in the experiment on Ni . An important exception was

Kenneth H. Purser.
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CHAPTER I

INTRODUCTION

The models which have been used to explain the 
observed features of nuclear reactions have had a chequered 
history of waxing and waning popularity. Nearly three de­
cades ago it was suggested that single particle direct inter­
actions might prove a satisfactory basis for a model of 
nuclear reactions; however, the theory was discarded when 
the discovery of narrow resonance structure in reaction 
cross-sections forced the adoption of the compound nucleus 
model. Over the years, this compound nucleus model has played 
an important part in predicting the details of reactions 
going through discrete states and has been extended to in­
clude the cases where the compound nucleus has available a 
statistically large number of overlapping levels.

Notwithstanding the successes of the compound 
nucleus model, direct interaction theory had a revival 
early in the last decade when examinations of the details 
of many reactions showed features which were foreign to the 
decay of compound nuclei. These investigations, which gave 
widespread support to the theory of direct interactions, rais­
ed many doubts about the usefulness of the statistical model 
and caused extensive discrediting of this part of compound 
nucleus theory. Today, however, it appears likely that the 
two models are reconcilable and can exist side by side. It
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2
has been suggested that direct interactions and evaporation 
processes can be simultaneously present in many nuclear re­
actions and are extreme models for the fast and slow compon­
ents of nuclear interactions.

In order that details may be obtained about these 
important limiting cases, it is necessary to study reactions 
where one of the mechanisms is of considerably greater im­
portance than the other. In the past few years, direct re­
actions have been investigated more extensively than those 
reactions involving the evaporative decay of a compound nuc­
leus; in the literature there are comparatively few experi­
ments reporting the details of statistical evaporation. 
Because of this, the present experiments were designed to 
examine the evaporative processes induced by l4.9MeV neutron 
interactions with medium weight nuclei and to compare these 
results with theory.

The isotope studied for this thesis was proton rich 
N i ^  and the reactions investigated were Ni^(n,p)Co^^, 
Ni58(n,np)Co57, Ni58(n,d)Co57; all at l4.9MeV. In the 
next section the stage is set for the presentation of these 
experimental results by a brief summary of the relevant pre­
dictions of reaction theory. The following sections of this 
chapter review previous (n,p) investigations at l4MeV, the 
experimental techniques which have been employed by other 
investigators and the reasons which led to the choice of the 
present experimental arrangement.
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Section (l.l.): Some Results from the Theory of Nuclear
Reactions.

Compound Nuclear Reactions. According to the compound 
nucleus theory of reactions, (see B152), a bombarding part­
icle which penetrates the surface of a nucleus is absorbed 
immediately to form an excited compound nucleus. The theory 
further assumes that the kinetic and binding energies of the 
incident particle are rapidly distributed throughout the com­
pound nucleus causing it quickly to lose its identity amongst 
the other nucleons. After a life-time which is long,compar­
ed to a particular configuration of nucleons, the compound 
nucleus de-excites by emitting heavy particles or by inter­
actions with the radiation field.

When the incident energy is such that many over-lapp­
ing levels lie within the energy spread of the incident beam, 
the decay of the compound nucleus may be treated by the stat­
istical model of Weisskopf (We37). In this model it is ass­
umed that as so many states are formed, it is permissible to 
take statistical averages over all possible configurations 
of the same total energy. A condition for the correctness 
of the model is that the lifetime of the intermediate system 
should be of sufficient length that thermodynamic equilibrium 
can be established over all the available degrees of nuclear 
freedom. Under these circumstances the expected energy 
spectrum for each type of decay particle is close to a Max­
wellian distribution; a consequence of the rapid increase
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with energy of the level density of the residual nucleus.
Weisskopf has formulated the spectrum of particles 

evaporated from a compound nucleus as:

4

(i)
N (E)d E - carsst. El. ' V/(E*) • öl £L

where N(e)(1E is the number of particles emitted with 
kinetic energy between E and (E +dE)

or(£) is the cross-section for the inverse re­
action which forms the compound nucleus 
by a collision of the emitted particles, 
of energy E, with the excited residual 
nucleus.

Vy/(E>t) related to the density of states of the residual nucleus at the excitation energy, Ex.

All of the crc(f;) which have been calculated, to 
date, refer to the residual nucleus in its ground state.
This proceedure would be correct for a black-nucleus model 
but it is not necessarily so for a complex potential as the 
parameters might be expected to vary with nuclear excitation. 
Another point which must be considered is the diffuseness of 
the nuclear surface as this would allow of easier penetration 
than the conventional square well with sharp boundary.

W(E*) , the effective level density, is not necessar­
ily the total density at Ex . Rather, it is the density of 
states whose angular momentum is small enough to have been 
brought in by the incident particles. Bethe(Be37) has 
shown that for a Fermi gas of nucleons contained within a
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box, the level density will be given by:

I Z  f  öl• W(£*) “ o*Yxsi .
If the maximum excitation, E^x, is considerably greater than 

the average energy of the particles the exponential may be ex­

panded as a series and equation (l) reduces to:

This is a Maxwellian distribution with a temperature

Experimentally, the temperature can be found from

x  - ~<L »(£>) (3)7-  ^  e.o^l

A number of experiments have indicated that T only varies 

slowly with excitation energy, instead of

£ aT

Indeed, some experimental data reviewed by Peaslee (Pe55) 

suggested that in some reactions the nuclear temperature 

decreased, rather than increased, with greater excitation.
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Using statistical theory, Le Couteur and Lang (Le59) 

have recently analyzed a number of experimental results for 
the evaporative decay of compound nuclei excited from a few 
MeV to lOOMeV. These workers plotted "a" as a function of 
mass number and their conclusions were that, while shell 
effects are apparent, the overall level density suggested 
by the Fermi-gas model is a reasonable approximation to that 
of actual nuclei.

Angular Distribution of Products. A fundamental postulate 
of the statistical model is that a sufficiently large number 
of states are involved so that all interferences average to 
zero. Because the orbital angular momentum brought in by 
the incident particles lies in the plane normal to the incid­
ent beam and because the angular momentum vector precesses 
negligibly during the lifetime of the compound nucleus, the 
emitted particles are symmetrically distributed about 9 = 90° 
(see Wo51; Ch57). If* however, the statistical assumptions 
are not fulfilled and the number of states is not sufficiently 
great to cancel all interference, fore and aft assymetries can 
be present even in the compound nucleus model.

It has become fashionable to ascribe to non-compound 
nucleus modes the forward peaking which is aften found in 
angular distributions. While this is undoubtedly correct 
in most cases, forward anisotropy is still possible, within 
the framework of the statistical model, if there is an incom­
plete cancellation of phases. It would be expected, however,
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if this were the sole explanation for the observed anisotrop­
ies, that there would be a comparable number of instances 
where maxima in the backward hemisphere are observed. This 
does not appear to be the case, although practical problems 
make it difficult to observe many reactions near to ^ = l80°.

It has sometimes been stated that the random phase 
assumption of the statistical model implied isotropy. Re­
cently, Douglas and MacDonald (Do59) have examined this point 
using a level-density of the form:

X

W(£\T6) = WfeVa-I^ + l W p  U  ^
^<rx is a nuclear constant which has the effect of limit­
ing the maximum angular momentum available to the compound 
nucleus.

Their calculated angular distributions were symmetric about 
6 ~ 90° for Cu^(n,p) and Fe^(n,p) at l4MeV but showed anis­
otropies as great as 1.9 between 9 - 0 °  and 0 - 90°.

In the years since the statistical theory was suggest­
ed, various experiments have been performed to check the app­
licability of the model (see Ki57a; Le59a). The available 
evidence indicates that when a compound nucleus is formed in 
the region of overlapping states the decay is indeed independ­
ent of the mode of formation. However, there is also consid­
erable evidence that many reactions go by other routes than 
through a compound nucleus (see, for some examples: Bu51;
Pa53; Ba54; Co54; Ei54; Gu54; Co57a; Co57b; Fu58; Au60).
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Direct Interactions. Over the last decade, the alternative 
direct interaction model has been used, successfully, to ex­
plain many features of reactions which cannot be understood 
on the basis of a compound nucleus model. In contrast to 
the statistical theory, where the intermediate nucleus is 
assumed to be long-lived and to have available a large num­
ber of degrees of nuclear freedom, direct interactions are 
thought to be of short duration and to connect the initial 
and final states by comparatively simple transitions without 
the intervention of a compound nucleus. In its extreme 
form, the model views a reaction as a direct transference of 
the bombarding particle and the struck nucleon to their final 
states, with the remaining particles of the target nucleus 
playing the role of passive spectators. While direct inter­
actions have provided explanations for several problems of 
the compound nucleus theory, (Pa53; Co^k; Co57c; G159; 
AuoO), the most widespread application of direct processes 
has been toward understanding the persistent forward peaking 
of many angular distributions.

ler (Bu58) to explain the lack of symmetry in angular dis­
tributions from direct interactions. When a reaction takes 
place the change in momentum, Ap,is given by:

A semi-classical arguement has been advanced by But­

where and are the wave vectors of the initial 
and final particles.
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If a definite impact parameter, r0, can be assigned to the 
reaction the change in orbital angular momentum, AL , be­
tween the incoming and outgoing particles will be

momentum and parity so that there are available even fewer 
angles for which the angular distribution is a maximum.

The earliest evidence for the importance of direct 
interactions came from the deuteron stripping reactions,(d,p) 
and (d,n). In these reactions it is thought that a nucleon 
is torn from the incident deuteron and absorbed into the tar­
get nucleus leaving the remaining component of the deuteron 
relatively unaffected. Butler (Bu5l) has shown that, if a 
definite radius can be assigned to such reactions, momentum

orX* iQI-t;
^  — ►

where Q ~ ^

and JL. =

k O  is the momentum transferred to the 
final nucleus.

As Z may only be an integer, the angular distribution is 
only expected to have maxima when | Q L ^ h a s  integral values. 
Furthermore, L is limited by the selection rules of angular
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Conservation causes a correlation between the angular dis­
tribution pattern and the changes in parity and angular mo­
mentum between the initial and the final states. As a re­
sult of this,, the deuteron reactions have proved valuable in 
the study of nuclear spectroscopy (AJ59).

Recently, J.B. French has pointed out that important 
information can be obtained about nuclear states by making 
comparisons between the measured deuteron stripping intens­
ities and the reduced widths which have been calculated on 
the basis of particular nuclear models(Mc6o). These compar­
isons depend upon the stripping reduced width being factored 
into a product of two probabilities: one, that the nuclear
wave-function will be found in the same configuration as the 
final state; the other, that when this happens, the two com­
ponents will actually separate. A knowledge of these prob­
abilities will allow comparisons to be made between calculat­
ed wave-functions and actual nuclei. Unfortunately, simple 
stripping transforms usually predict excessive cross-sections 
and do not always determine correctly the angular momentum 
transfer. For this reason, comparisons cannot yet be made 
between reactions that do not involve closely related states; 
however, considerable successes have been achieved in compar­
isons between similar configurations calculated according to 
the shell model. Preliminary calculations of stripping 
cross-sections, using distorted waves rather than the plane- 
wave approximation of Butler, indicate that significant im-
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provements in the theory are likely and that more general 
use of the reduced width formalism may he possible. Be­
cause of this it would appear to be important to measure ab­
solute differential cross-sections for stripping and pickup, 
throughout the periodic table.

nucleon-nucleon reactions might be expected to occur predom­
inantly in the nuclear surface in the same manner as deuter- 
on reactions. It is pointed out that, because of the Pauli 
principle, a nucleon entering a nucleus cannot interact with 
a bound nucleon unless both can be scattered into unoccupied 
states. This is most easily achieved for loosely bound nuc­
leons which are thought to exist near the nuclear surface.
A consequence of this surface effect (Au53; Bu57b; Hafj7a; 
Au60) is that when transitions take place to definite states 
of the residual nucleus, the angular distributions should be 
of the form:

Glendenning (G159) has pointed out that direct

I  is Ievenodd no parity change occurs
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As the mean free path of a nucleon within nuclear matter is 
preater than that of deuterons of the same energy (Au6o ), 
the interaction radius for nucleon-nucleon reactions is less 
well defined than for deuteron reactions. While this in­
crease in diffuseness of the interaction radius does not 
eliminate forward peaking* it does blurr the details of the 
angular distributions so that the patterns are less charact­
eristic of the angular momentum transferred than are the 
stripping distributions for deuteron interactions.

Weisskopf and his co-workers (Fr55; We57) have sugg­
ested that all reactions have some direct features; even 
when a compound nucleus is formed* the incoming particle 
moves* initially* in the optical potential of the target 
nucleus and, upon entering the nuclear field* does not immed­
iately establish a compound system. In the primary stage of 
such reactions it is thought that direct interactions take 
place* within the limitations of the Pauli Principle* and 
that these collisions become progressively more complex 
until a classical compound nucleus is established. Accord­
ing to this view* compound nuclear reactions should be 
thought of as a three-stage process* with the first stage a 
formation period* rather than according to the two-stage 
model of Bohr where a compound nucleus is established immed­
iately. An important difference between the models is that* 
while the compound states of both can decay according to the
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rules of the classical compound nucleus theory, de-excitat­
ion can also take place during the formation period of a 
three-stage reaction giving rise to direct components in the 
cross-section.

To date, investigations aimed at predicting the de­
tails of direct nucleon-nucleon interactions have assumed th 
that the levels of the residual nucleus are discrete and that 
they have a definite spin and parity. Little work has been 
done to predict the details of interactions where the final 
states are ill-defined or overlapping. One calculation by 
Brown and Muirhead (Br57a) for such interactions used a 
Monte-Carlo routine to follow particle collisions throughout 
a Fermi-model nucleus. It was assumed that the incoming 
nucleon made collisions with the nucleons of the target ex­
citing these to unoccupied states. The excited nucleons, 
in turn, were assumed to give rise to interaction cascades 
which become progressively more complex until the total en­
ergy w»$ distributed over many degrees of nuclear freedom to 
establish thermodynamic equilibrium. The results of the 
calculations were found to be in reasonable agreement with 
some experimental (n,p) data at l4MeV if the assumtion was 
made that particle de-excitation of the system could take 
place at any time throughout the reaction, both before and 
after formation of the compound nucleus. This work gives 
support to the three-stage model of reactions and also gives
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evidence that the compound nuclear and direct interaction mo 
models are merely limiting examples of the fast and slow com­
ponents of any nuclear reaction.

(l) See further remarks and experiments on this point which 
are reported in International Conference on Nuclear Structure 
(Kingston, i960)'! Editors, Bromley, D.A. and Vogt, E.W.
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Section (l.2.): Previous Charged Particle Investigations

at l4MeV.

Because of experimental difficulties, extensive 
studies have not yet been made on the charged particles from 
l4MeV neutron interactions. However, the relatively high 
excitations available and the relative ease of generating 
intense fluxes of these monoenergetic neutrons make the in­
vestigations attractive.

The detection of charged particles from fast neutron 
reactions poses special problems for the experimenter.
First, the intensity of the particles is low and the range 
of energies is broad. Secondly, because of the high pene­
trability of neutrons, an intense flux usually passes through 
the detector elements inducing background reactions which 
obscure the desired events. These technical difficulties 
have allowed only two techniques of charged particle spec­
troscopy to be widely employed for recording (n,p) spectra:
(i) Nuclear Emulsions; (ii) Counter Telescopes.

1̂. Nuclear Emulsion Experiments. The methods used in emul­
sion experiments with fast neutrons have been well described 
in the literature (A157; AI58; Ku60). A major disadvantage
of the technique is the necessity for scanning the exposed 
plates with a high-power microscope to identify individual 
events and to separate them from the background of recoil 
proton tracks which originate throughout the volume of the 
emulsion. This tedium of analysis has often been apparent
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from the poor statistical accuracy which has been achieved.
A further criticism of the technique is the infeasibility of 
using grain counting methods to distinguish between low 
energy proton tracks and low energy deuteron tracks (A157).
Such particle identification is important as it was shown in 
this work, and also by Colli et al. (Co59a; Co59c), that a 
significant number of deuterons are emitted, with protons, 
from l4MeV neutron interactions.

The first work on the protons from neutron interactions 
was reported by Allan who has used emulsions in a series of 
experiments on Al2 ;̂ Fe^; Fe-^. Ni-*®; Ni^°; Cu°^ (A155;
A1573 AI58; A159). The experiments with Fe^° and Cu^ are
particularly praise-worthy as approximately 20,000 events were 
measured for each isotope and good statistical accuracy was 
obtained. It was found that many of the proton energy dis­
tributions had the shape of evaporation spectra but a maximum 
in the distribution which was often well below the accepted 
height of the Coulomb Barrier. This apparent lowering of 
the barrier was most noticeable for neutron deficient isotopes, 
where the binding energy of the final neutron may be several 
MeV greater than that of the final proton, and Allan suggested 
that many of the low energy protons were contributed by (n,np) 
processes. Although the greater part of the proton emission 
cross-sections appeared to be a consequence of evaporative 
de-excitation of a compound nucleus, the results indicated 
some direct interactions: the spectra which were recorded
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In the forward direction from some nuclei showed evidence of 
discrete groups; and gross angular distributions, obtained 
for each 2MeV interval, showed forward peaking above 6MeV.

The Glascow group, (Br57; Ma58a; Ma58b; Ma58c)
have measured the protons from 13.9MeV neutron interactions
with Al2 ;̂ Fe^; Fe^; Rh10 .̂ Good evidence for discrete
energy groups was presented for Al2^(n,p)Mg2 ,̂ the peaks in
the proton spectra corresponding to known levels of the re-

27sidual nucleus, Mg . Although the results from the medium 
weight nuclei bore a strong resemblance to those reported by 
Allan, the presence or absence of structure could not be con­
firmed as only 1,500 tracks were analyzed for each of the 
isotopes.

Overseth and Peck (Ov59) used emulsions within heavy 
shielding to record protons from Al2^(n,p)Mg2^ and to measure 
the angular distribution of the resolvable groups. While

27their results suggested transitions to several levels of Mg ', 
their data and its interpretation is questionable for two 
reasons: first, the collimated neutron spectrum at the target
foil appears to have been contaminated by elastic and inelast­
ic neutrons from the massive shielding so that the flux was no 
longer monoenergetic (see Pe57); secondly, the recorded in­
tensity of protons from the target foil increased with proton 
energy in the energy region forbidden to proton emission by 
the Q-value for the reaction; a possible explanation for this 
curious behaviour could be contamination of the recorded
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spectra by recoiling protons from the hydrogen content of 
the emulsion.

Since the completion of the present work Kumabe and 
Fink (Ku60) have published the spectrum of protons from 
Ni^(n,p)Co^ at l4MeV. Some forward peaking was observed 
but this was almost entirely at proton energies below 7MeV 
making identification with a direct process doubtful. The 
angular distributions below 4MeV were found to show a minimum 
at 0 ~90°. However, as only 1,500 events were analyzed at 
all angles of observation, the statistical accuracy of the 
experiment was poor and the results must be treated with 
reserve.

II. Coincidence Telescope Experiments. The counter tech­
nique which has met with the widest success in (n,p) studies 
utilizes the coincidence telescope. Telescopes eliminate 
the neutron induced background by recording events only when 
a specified combination of coincidence/anticoincidence cond­
itions are fulfilled by several independent detectors arrang­
ed along the trajectory of the emitted particles. A common 
construction consists of two proportional counters for dE/dx 
measurements and an inorganic scintillation detector for 
kinetic energy measurements (see Ri54). Energy pulses are 
not recorded unless all the detector channels provide coin­
cidence signals within ST'vljuS. Design considerations and 
the detailed operation of these instruments have been well 
described by Johnson and Trail (J056) and Bame et al. (Ba57).



19

The Milan group, Colli, Facchini and others, have 
reported the details of three coincidence telescopes, each 
being an improvement on its predecessor. The most recent 
instrument(Ma^Bc) included an ingeneous anti-coincidence 
counter for eliminating events originating in the target 
backing and the walls of the telescope. However, the in­
strument had poor angular resolution and also had a high 
background counting rate for protons of energy below 4MeV. 
Equally important was that when 6 - 90° the neutron flux to 
the target had to enfilade a massive vacuum flange. It is 
possible that absorption and scattering of the incident flux 
by this flange could explain the minima in the angular dis­
tributions which were reported for Cu, Ni, Mo, Ag, (Co59). 
Much of the work of this group has been measurements of 
energy spectra at forward angles, using targets of natural 
isotopic abundance. The elements studied include Mg, Al,
Si, S, Sn, Fe, Ni, Cu, Zn, Mo, Ti, Rh, Ag, Ta and Au (Ba56; 
C056 - Co59; Fa60). Within the limitations of the experi­
ments the distributions were found to be similar to those 
reported from emulsion work. However, background difficult­
ies prevented measurements below 4MeV and some evaporation 
maxima from medium weight nuclei could not be seen. An 
important contribution from this group has been the recent 
observation of prominent peaks in the energy spectra from 
Mg, Al, Si and S which they attributed to deuteron emission 
(Co59a; Co59b; Co59c).
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Eubank and Peck have published angular distribution 

measurements for S^2(n,p)P^2 and Sb(n,p)Sn; (Eu58; Pe59).
Unfortunately, insufficient details have been presented to 
allow of a critical evaluation of the experimental tech­
niques. However, a thick target of sulphur gave a source 
to background ratio of unity or less (Pe58) which suggested 
that the counter telescope and its associated electronics 
had poor sensitivity.

Deuteron Emission from l4MeV Neutron Interactions with 
Medium Weight Nuclei. As stated earlier in this chapter,
pickup reactions are of interest as they provide information 
about residual nuclear states. However, technical diffi­
culties have prevented the detection of deuterons from l4MeV 
interactions until recently and it was only after the incept­
ion of the present experiments that deuteron emission was re­
ported from medium weight nuclei; Colli et al. (Co59a;
Co59c) and Velyukov (Ve6o).

Section (1.3. ): Experimental Arrangement of the Present
(n,p) Experiments.

From the survey of (n,p) studies it can be seen that 
the present knowledge of these interactions is scanty. In 
the past, the major effort has been devoted to the measure­
ment of energy spectra at forward angles and to obtaining 
crude angular distributions, often with targets of natural 
isotopic abundance, and few detailed investigations have been 
made. However, previous work has shown that it is possible
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to obtain information about
(i) The evaporative decay of excited compound nuclei
(ii) Direct interactions to overlapping as well as dis­

crete levels of the residual nucleus
(iii) Partial cross-sections for the contributing react­

ions .
Clearly, to obtain the maximum amount of information 

it is essential that the experimental equipment be capable of 
measuring energy spectra and angular distributions with good 
resolution. Separation of deuteron producing reactions from 
proton reactions is desirable, not only to obtain informat­
ion about the (n,d) interaction, but also to avoid confusion 
between discrete deuteron groups and (n,p) direct interact­
ion effects.

An aim of the present work was to develop a counting 
technique which would allow the detailed study of (n,p) in­
teractions for many isotopes.

Scintillating Crystals as Target and Detectors. One poss­
ibility which was considered was that of using inorganic 
scintillators as target and detector for neutron induced 
reactions. A similar technique had met with some success 
at Canberra where investigations on the photodisintegration 
of lithium, sodium and caesium by Li^(p,^ ) gamma rays had 
been made using inorganic scintillators as target and detect­
ors (Ma57; Op58a). Such a system has several advantages
over the more conventional arrangement of a target foil and
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external detector:

(l) As the particles do not escape from the target, 
thick crystals may be used giving high counting 
rates for low cross-section reactions.

(ii) The detector has 4 IT* geometry.
(iii) The electronic circuitry is trivial.

Chapter V discusses this technique in more detail 
and explains why, for the l4MeV neutron measurements, it was 
discarded in favour of a more complicated coincidence tele­
scope .

Coincidence Telescope. Figure 1 shows the first satisfact­
ory telescope constructed for this work. Charged particles, 
passing through both proportional counters and stopping with­
in the Csl(Tl) scintillator, resulted in coincident signals 
from each of the channel amplifiers. Energy pulses from 
the scintillator were not recorded unless this coincidence 
condition was fulfilled.

The characteristics of this telescope were such that 
typical channel counting rates were many thousands per second, 
making chance coincidences a serious problem. It was found 
that a major portion of the random events arose from the 
background of charged particles which passed through two of 
the detectors, diagonally. Under these circumstances, two 
of the counters were automatically in coincidence and the 
random rejection was, essentially, only that of a two-fold 
system.
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FIGURE Is COUNTER TELESCOPE, Mkl.

E Target Foil Holder (four positions)
D Non-defining Aperture
K Cathode Wires
C Anode Collection Wires
A Defining Aperture
S Csl(Tl) Scintillator
L Perspex Light Pipe
P Photomultiplier
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For protons having an energy below 5MeV, the back­
ground rate was found to be significantly higher than that 
estimated by assuming reasonable interaction cross-sections 
for the telescope liners and for the target backing. Tant­
alum, platinum, carbon and lead were all tested for this 
duty but, after chance coincidences were eliminated, only 
slight changes were effected in the telescope background 
from one material to another. The conclusions reached were 
that the unexplained residual counts arose from loth the 
charged particle reactions within the gas of the first pro­
portional counter and also from reactions in the volume of 
the inorganic scintillator. Particles from both sources 
could travel through all detectors of the telescope giving 
rise to spurious coincidences.

Initially, it was thought that the backward-going 
protons from the scintillation detector set a fundamental 
limit on the smallest reaction yields which could be satis­
factorily investigated. Later, however, it was realised 
that additional coincidence requirements could distinguish 
between the situation where a particle travelled towards 
the scintillation detector and that where a particle moved 
in the reverse direction. The experiments reported here 
satisfied these requirements by demanding that simultaneously 
with the detection of the reaction products, a neutron 
arrived at the target foil,* this condition ensured that 
the reaction products which were recorded arose from inter­
actions within the target foil.
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Each neutron from a t(d,n)He^ source is in time coin­

cidence with an energetic alpha particle which is emitted 
within the conjugate solid angle. In this work, these alpha 
particles were employed to yield the instants of time during 
which neutrons could interact with the target foil and so per­
mit discrimination against backward travelling protons. The 
manner in which the standard circuitry of a coincidence tele­
scope was ammended to include this extra condition is shown 
in Figure 2. As the neutron flux into 4tc was commonly of 
the order of 5.10 neutrons/second, millimicrosecond require­
ments were essential for the double coincidence arm; further­
more, it was necessary that the fast circuitry be capable of 
accepting alpha particle pulses at rates in excess of 5.10° 
counts/second.

An important supplementary function of the fast coin­
cidence conditions was the automatic elimination of background 
reactions induced by scattered neutrons and by neutrons from

O TOsources such as dCdjnjHe3 and C 3(d,n)N . This rejection
resulted as recoil particles from the neutron source, with 
the momentum necessary to satisfy the coincidence require­
ments, were not produced simultaneously with the background 
reactions.

Particle Identification. The previous sections of this 
chapter have stressed the desirability of recording, separ­
ately, the proton and deuteron spectra from l4MeV interactions.
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To calculate the mass of a particle it is necessary 

to measure, together with the energy, some other related 

parameter of the motion such as the velocity or the momentum. 

With a counter telescope the auxiliary quantity most readily 

available is the specific ionization, dE/dx. This measure­

ment is useful as it is well known that the mass of a part­

icle of given charge is approximately proportional to the 

product E.dE/dx. In the present work a photographic tech­

nique was used to record the energy and the specific ioniz­

ation for each event; these records were later analyzed to 

supply proton and deuteron spectra.

As only small losses can be tolerated in a counter 

telescope for the dE/dx measurements, mass discrimination 

becomes unreliable with the E.dE/dx technique. This is due 

to Landau-Symon scattering of individual electrons within 

the gas of the proportional counters giving a high energy 

tail to the dE/dx spectrum (Ro52; Ig54). These high energy

contributions may be largely removed if the outputs from the 

individual gas counters are passed through a least-pulse 

selecting circuit which transmits only the smallest pulse of 

those arriving simultaneously, at its input terminals (lg54). 

The signal obtained by this technique is a better represent­

ation of the specific ionization than that from a single 

counter and such a system was used here to improve the separ­

ation between proton and deuteron events.
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By its very nature, the mass identification system 

permitted strong discrimination against the random coincid­
ences occuring between the various channels. This resulted, 
because the ungated spectrum of pulses from each of the three 
telescope detectors had a maximum intensity at zero energy 
making the most probable random event a small dE/dx pulse 
with a small E pulse. This combination is contrary to that 
expected from real charged particles where low energy is 
associated with large specific ionization and vice versa.
This effect permitted a confident identification of random 
coincidences to be achieved and allowed the intensity of the 
neutron fluxes to be several times greater than would have 
been possible without random event identification. Further­
more, the virtual elimination of random coincidence at low 
energies allowed data to be collected in the energy range 
IMeV to 4MeV; a region which has been inaccessible to prev­
ious counting experiments.

Chapter II is devoted to a detailed description of 
the design parameters of the equipment used and of the test­
ing proceedures which checked its operation. Chapters III 
and IV describe the experimental data obtained and the anal­
ysis which was used to handle these results.
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CHAPTER II

A DETECTION SYSTEM FOR CHARGED PARTICLES FROM REACTIONS 
INDUCED BY l4.9MeV NEUTRONS

Section (2.1.): A Survey of the Techniques used in the
Present Experiments.

The arrangement of the experimental equipment used 

in these experiments is shown in the block diagram of Figure 

2. A target foil of the isotope under study, having a
pthickness ~10mg/cm , was placed with one diameter along the 

vertical axis of an angular distribution table and within a 

cone of neutrons defined in space by detecting, in the conju­

gate solid angle, the associated alpha particles from the 

t(d,n)He^ neutron source (see 0*N54 and 0k50). Coincidences 

between the three channels of the counter telescope were not 

recorded unless, simultaneously, a recoiling alpha particle 

was detected.

To avoid unnecessary scattering of the tagged neut­

rons, the walls of the telescope through which the beam pass­

ed were of minimum thickness (0.015") consistent with resist­
ing implosion by atmospheric pressure. The geometry of the 

walls of the telescope was such that the amount of neutron 

scattering varied only slightly with the angular position of 

the axis of the telescope and at all angles was less than 2%. 

In order that angular distributions could be measured in the 

backward hemisphere at large positive and negative angles,
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transverse extensions to the counter were minimized by the 
use of a vertical holder for the target foil and test radia­
tors. While this design presented greater mechanical diff­
iculties than the conventional target wheel, its use here 
allowed angular distributions to be obtained to 150° in one 
direction and to 125° in the other.

The shortest time resolution which could be employed 
in the fast circuitry was set by the variations in the times 
of flight of particles along the telescope axis. It was de­
sirable to be able to record proton events having energies 
ranging from IMeV to l6MeV corresponding to times of flight 
along the telescope of l6mjiS and 4mpS; thus, the resolving 
time could not be shorter than 12m^S. Fluctuations in the 
electron collection times within the gas of the proportional 
counters introduced time jitter to the slow circuits so that 
the minimum time resolution of the slow circuitry was 1.2pS.

Electronic circuits which will provide an output pro­
portional to the product E.dE/dx have been discussed by sever­
al authors(Ch49; Br58; St58). However, either these circ­
uits provide inadequate accuracy or they appear to be of such 
complexity that they were not suitable. Furthermore, once 
an event has been analyzed on the basis of the output from 
such a device, it is usually not possible to reanalyze the 
data with different values of the product E.dE/dx. For long 
experiments involving low counting rates this loss of inform­
ation is undesirable and it would seem more useful to record
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the actual coincidence spectrum of E and dE/dx pulses. Two 
channel magnetic tape might be used for this purpose or alt­
ernatively , a two dimensional photographic technique (As55).
The analysis of data recorded on photographic film tends to 
be slow, making it unsuitable for many experiments. How­
ever, in the present experiments this objection was not rel­
evant as data taking extended over several hundreds of hours 
and allowed many opportunities for film analysis. An attract­
ive feature of photography is its simplicity and reliability, 
compared with the alternative electronic circuitry.

Considerable care was taken when determining the 
neutron fluxes through the target foil to be sure that no 
systematic errors were affecting these measurements. Three 
completely independent monitoring systems were used. Two of 
these were absolute counters and the third, a BF3 long count­
er, was used for consistency checks. One of the absolute 
counters detected, in known geometry, the recoil alpha part­
icles from the t(d,n)He^ source. The other employed the 
coincidence telescope itself, to count the number of recoil 
protons from a hydrogenous radiator of known mass at the 
target position. The parameters of both absolute monitors 
could be measured to an accuracy better than 1 3% and when 
comparisons were made between flux determinations achieved 
by these two independent techniques, it was found that they 
agreed to better than 1$.
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Section (2 .2 ): Coincidence Telescope.

The important features of the telescope which was 
evolved for the present measurements are shown in Figure 3. 
Much of the counter was fabricated from 0.030" stainless 
steel tubing which has sufficient strength to withstand the 
forces from atmospheric pressure when it is evacuated but 
does not scatter neutrons significantly. To further reduce 
neutron scattering, the thickness of the walls, where the 
defined beam passed, was reduced to 0 .015n and no vacuum 
flange was allowed to intercept the tagged neutron flux.
Also, the foil holder and its vertical guides were pressed 
from tantalum sheeting having a thickness of 0 .008".

It was necessary to have available a number of test 
radiators as well as the target foil for use in the prelim­
inary setting up proceedures and in the tests which were 
made on the operation of the counting system during data 
taking. A typical complement of radiators which were sealed 
into the telescope included:

(i) Target foil plated onto 0.005" platinum.
(ii) Platinum blank for background measurements.
(iii) Polythene radiator for flux measurements and for 

energy calibrations.
(iv) Thick deuterated polythene radiator for checking 

the discrimination between proton events and deut- 
eron events.

210(v) Weak Po “ alpha particle source for measuring the 
gains of the proportional counters.
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FIGURE TRIPLE COINCIDENCE TELESCOPE, Mkll.

A Target Foil (lOmg/cm2 )
B 0.015" Wall Section
C Platinum Liner
D Proportional Counter I
E Target Strip Drive
F Intermediate Aperture
G Nal(Tl) Scintillator

H Photomultiplier 
I White Cathode Follower 
J Reflecting Cone 
K 15Qug/cm2 Gold Foil 
L Defining Aperture 
M Proportional Counter II 
N Head Amplifier
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A s p r o c k e t  which engaged w i th  th e  t a r g e t  s t r i p  a l lo w e d  t h e  

r a d i a t o r s  t o  be changed .  The d r i v e  f o r  t h i s  s p r o c k e t  was 

t r a n s m i t t e d  t h r o u g h  t h e  w a l l s  by a doub le  O - r in g  s e a l  ( s e e  

F ig u r e  4) which was used  t o  avo id  small  gas  l e a k s  o f  t h e  

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

a m ag n e t ic  c o u p l i n g  was used making 0 - r i n g s  u n n e c e s s a r y .  

However, t h i s  d e s i g n  was d i s c a r d e d  when g a i n  s h i f t s  i n  th e  

p h o t o m u l t i p l i e r  c h an n e l  were t r a c e d  to  v a r y i n g  r e s i d u a l  

m ag n e t ic  f i e l d s  from th e  i r o n  a rm a tu re .

The number o f  chance c o in c id e n c e s  where c h a rg ed  

p a r t i c l e s  t r a v e l l e d  d i a g o n a l l y  th ro u g h  b o th  p r o p o r t i o n a l  

c o u n t e r s  b u t  n o t  t h r o u g h  th e  s c i n t i l l a t o r  was r e d u c ed  by 

th e  dead space  b e tw ee n  th e  two i n t e r m e d i a t e  a p e r t u r e s .

T h is  sp a ce  r e d u c e d  th e  s o l i d  a n g le  su b ten d ed  by e a c h  p r o p o r t ­

i o n a l  c o u n t e r  at, t h e  o t h e r .

G eom etry . The e s s e n t i a l  d e f i n i n g  a p e r t u r e s  o f  t h e  p r e s e n t  

e x p e r im e n t  a r e  shown i n  F ig u re  5 .  A n e u t r o n  from t h e  s o u rc e  

a t  (x0 , y 0 jZo)  may s t r i k e  th e  t a r g e t  f o i l  a t  any p o i n t  

(xl , y ] , z i )  and ,  i f  t h e  r e a c t i o n  i s  to  be d e t e c t e d ,  t h e  r e a c t ­

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

(x 2^y2^z 2)* Because  t h e  incoming n e u t r o n  may i n t e r a c t  a t  

any p o i n t  w i t h i n  th e  t a r g e t  f o i l  and t h e  e m i t t e d  p a r t i c l e  

may p a s s  anywhere t h r o u g h  th e  f i n a l  a p e r t u r e ,  t h e  a n g l e  0  , 

be tw een  th e  incom ing n e u t r o n  and the  e m i t t e d  p r o t o n  i s ,  i n
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not

general,Aequal to the angle 0 between the line joining the 
centre of the radiator to the neutron source and the axis of

_ I
the counter. The spread in Ö fixes the angular resolut­
ion of the telescope and while this may be improved by reduc­
ing the diameter of the defining apertures, the ever-present 
demands of a workable counting-rate establish a practical 
lower limit below which the aperture cannot be reduced.

In the present telescope the following dimensions
were used :

(i) Target diameter................ 1.12"
(ii) Neutron Source to Target Foil . . 5.25 ± .05"
(iii) Final Defining Aperture........  1.000 4.003"
(iv) Target Foil to Final Aperture . . 5.95* .1"

An analytical calculation of the angular resolution 
as a function of 6 involves considerable mathematical diff­
iculty due to the necessity to evaluate a complicated integral. 
This difficulty was avoided here by programming the high­
speed digital computer SILLIAC to make a Monte Carlo calcu­
lation for the system. In this calculation a large number 
of randomly selected events were traced through the counting 
system from neutron source to final detector to give the 
angle of scattering.

At every stage of the calculation, the model used 
exactly resembled the physical arrangement of the counting
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system. For example, experimentally, the coordinates of a 
detected particle were undetermined within the limits of the 
final aperture; in the calculation the corresponding situat­
ion was represented by randomly selecting the coordinates 
(x2,y2^z2) for e^ch of the events.

Three sets of position coordinates (xc,y0,z0),
(x,3j,z) and (x2,y2^z2) defined the trajectory of each event 
through the counter. (x0,y0,z0), the coordinates of the 
neutron source with respect to the origin, 0, was determined 
from the distance OA and the angle 6 . The coordinates of 
the position of the reacting nucleus, (x,y ), within the tar­
get foil, were chosen randomly and in such a manner that any 
elementary area of the target foil had a constant probability 
of being used. (x2,y2 ), the point where the particle passed 
through the detector aperture, was chosen in the same way.
The random numbers used in the calculation were generated by 
a sub-routine based on the mid-square method of Von Neumann 
(Me54). Because the neutron flux was not constant over the 
whole radiator, ( '/q* attenuation), a correction term was in­
troduced. A further small correction was necessary as the 
distance a neutron travels within a target varies with its 
angle of incidence.

The angle between the neutron and proton momentum 
vectors (n and p) was calculated from the well-known identity:

cos 6 = •+ tnm' f Tin'
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where >L, yn,yn > * were the direction cosines of the vect­
ors n and p. After 1,000 events had been followed through 
the system, the number falling within each half degree of 
was printed out. Figure 6 shows the smoothed results of 
this calculation after it has been multiplied by the appro­
priate constants to give a solid angle of acceptance.

Gas Counters. Basically, standard techniques were used 
when designing the proportional counters which were operated 
with a gas gain of approximately 10. The cathodes were cyl­
inders of diameter, 2^/g", defined by a ring of earthed wires. 
The central collection wire in each counter had a diameter of 
0.008" and was maintained at a potential of approximately 
1,000 volts. The sensitive length of the wires was limited 
to l^/g" by 0.030" sleeves which were threaded over the wire. 
These sleeves prevented gas multiplication where it was not 
required and minimized the singles counting rate from argon 
recoils and the stopping of slow electrons. The large dia­
meter of the collector wires, compared to the diameter con­
ventionally employed, allowed a more intense electric field 
within the gas and an improvement in electron collection 
time.

The gas used in the proportional counters consisted 
of a mixture of 90$ argon and 10$ carbon dioxide at a press­
ure of ll.Ocm.Hg. This composition was chosen after a



H
A

p
m

u
s

 /
 D

C
G

fH
e

e

40

dn d0 -  0 -2.09 STD .

FIGURE 6: TELESCOPE ACCEPTANCE ANGLE.
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series of measurements had been made on the collection speed
and resolution of various argon/COg combinations. For the
mixture used here, an energy resolution was obtained of 9$
full width at half height for the specific ionization pulses 

210from Po alpha particles. The measured collection time 
was ^1.3jiS, in agreement with the results of English and 
Hannah(En53). Water vapour and oxygen impurities were re­
moved from the argon by bubbling the gas through NaK, an 
alloy of sodium and potassium which is liquid at room temp­
eratures. The carbon dioxide was purified by careful sub­
limation from solid CO2 from which gaseous impurities had 
been removed by vacuum pumping.

As a precaution, lead gaskets were used wherever 
possible to reduce counter poisoning, rather than rubber 
0-rings. However, even with this precaution, persistent 
gain drifts were traced to outgassing from the counter walls. 
Unfortunately, baking the counter under vacuum was not poss­
ible and calcium purifiers (Ro49) had to be dismissed because 
of reactions with the CO2 in the gas mixture. The solution 
which was adopted was the installation of a 201itre gas re­
servoir through which the counter gas was circulated contin­
uously by a thermal pump. After the installation of this 
reservoir gain variations in dE/dx were observed to be less 
than per day.
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Scintillation Detector. The energy detector in which the 
particles stopped was a Nal(Tl) disc, having a diameter of 
1^M and a thickness of O.O65'1. The crystal blank was rough­
ly sawn in air and then lapped and polished to size in a dry- 
box maintained at less than 5$R.H. Before mounting,the sur­
face layers were removed by submerging the crystal for a few 
seconds in dry ethyl alcohol and finally in dry chloroform. 
The Nal(Tl) was mounted directly on the photocathode surface 
of a DuMont 6292 photomultiplier with no oil or cement as an 
optical coupling. In an effort to improve light collection 
both oil and epoxy resin were tested; however, at the vert­
ical interface, even the most viscous oil failed to provide 
a stable coupling under vacuum and cement proved to be unsat­
isfactory because of slight opacity.

The light flashes from the scintillator were spread 
uniformly over the surface of the photocathode by a light- 
collection system similar, in principle, to that of Souch 
and Sweetman (S058). The system incorporated a truncated 
cone, coated with MgO on its inner surface, which sat over 
the crystal and the photomultiplier face. This technique 
consistently gave resolutions better than 5.5$ for recoil 
protons from a thin hydrogenous radiator.
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Section (2.3« ) Electronic Circuitry.

The electronic equipment provided gating signals for 
the analyzers and allowed events to be recorded when specif­
ied coincidence conditions were fulfilled. Figure 7 is a 
block diagram of the interconnections between the individual 
circuits. Figure 8 shows the waveforms within the slow cir­
cuitry .

Amplifiers. Each of the telescope channels was pre-amplified 
at the target area and fed to a Fairstein DD2 amplifier (Fa56) 
in the counting room. The characteristics of the DD2 ampli­
fiers included a high gain variable over a wide range, low 
noise, good stability and excellent overload characteristics. 
Their non-blocking feature was essential in the proportional 
counter channels as argon recoils provided pulses up to fifty 
times as great as the specific ionization pulses from a 15MeV 
proton.

The linearity of the electronic circuitry was checked 
by feeding the output from a precision pulse generator to the 
inputs of the channel amplifiers. The results of these meas­
urements showed that any non-linearity in the scintillation 
channel amplifier was less than 1%, A more comprehensive 
check on the energy measurements was made by mounting a 
2 M x lJ"Nal(Tl) detector on the photomultiplier and measur­
ing the position of the photpeaks from several gamma rays.
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FIGURE 2.

TARGET AREA.

CONTROL ROOM.

BLOCK DIAGRAM SHOWING THE ARRANGEMENT OF THE 
ELECI’RONTTT

P.M. Photomultiplier
C.F. White Cathode Follower
H.A. Proportional Counter Head Amplifier
N.B. Non-Blocking Amplifier
L.P.S. Least Pulse Selector
S .T. Stretcher Circuits
ti - t3 Time Delays
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Mains noise proved to be an exasperating problem 
because of its very triviality. Unwanted coincidences from 
this source were finally eliminated by introducing line filt­
ers at each amplifier, D.C. heating on all circuitry and ex­
tensive shielding of the amplifiers and their first clipping 
line. Pickup, between the target room and counting area, 
was reduced by double shielding of the connecting cables.
When these precautions were complete spurious counts were 
reduced to less than one count every two hours.

Fast Coincidence. The timing signals which were used to 
tag the neutrons in the defined beam originated as current 
pulses from the final dynode of F.M.II. These signals were 
amplified* and fed to one input of a gated beam type coincid­
ence circuit having a resolving time of 2Tft$24muS. The oth­
er input was the amplified signals from the final dynode of 
P.M.I.

The fast circuit used here was an adaption of that 
reported by Fisher and Marshall (Fi52). Conventional limit­
ers (Le54) were used to shape the signals from the distrib­
uted amplifiers and apply narrow ( »12mpS) positive pulses to 
the grids of a 6BN6 gated beam tube. 6BN6 operates as a 
series coincidence element (Bo29) and circuits employing this

*Hewlett Packard Co.'s Distributed Amplifiers 460A and 460B 
in tandem.
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tube are superior to many other arrangements as they are very 
reliable, have a high coincidence/singles output and can be 
made capable of handling extremely large counting rates in
one channel. In the present circuit the coincidence/singles

Ihe circuitratio was and K; ̂ operated satisfactorily with alpha part- 
icle counting rates in excess of 5 x 10 c/sec.

Slow Coincidence. The function of the triple coincidence
was to supply intensifying pulses to the coincidence analyzer 
and gating pulses to the kicksorter which would allow select­
ed events to be recorded. The circuit of the arrangement 
used is shown in Figure 9. Three fast pentodes (E1Ö0F) 
were arranged as limiters with their grids 5volts or more 
negative. A positive signal arriving at a grid resulted in 
a negative signal from the anode with a width determined by 
the anode clipping line. The triple coincidence section is 
a modification of a coincidence arrangement suggested by 
Garwin(Ga50; Ga53). The circuit has a very high rejection 
ratio of singles to coincidence events and is similar to the 
familiar Rossi parallel circuit except that the non-coincident 
signals are eliminated by the clamping action of the diode in 
the plate circuit.
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Section (2.4.): Coincidence Display.

The amplified E and dE/dx pulses were stretched in
*time for a few microseconds and fed to the vertical and hor­

izontal deflector plates of a cathode-ray tube. When the 
coincidence conditions were fulfilled, an intensifier pulse 
caused a bright spot to appear on the screen. The horizon­
tal deflection was proportional to the specific ionization 
and the vertical deflection was proportional to the energy. 
These spots were photographed with a Cosser Oscillograph 
Camera on Kodak R55 film, the number of coincidence pulses 
per frame being regulated so that no significant overlapp­
ing occured. Figure lo is an example of a record obtained 
when a thick piece of deuterated polythene with a deuterium/ 
hydrogen ratio of about 1:1 was irradiated. In the fast 
neutron flux, the radiator produced both protons and deuter- 
ons each having a continuous energy distribution extending 
from zero to the maximum recoil energy. As (E-t-l)dE/dx is 
approximately constant for each species of nuclear particle, 
the coincidence photograph shows a pair of hyperbolae corres­
ponding to protons and deuterons.

Section (2.5.)• The Neutron Source.

A magnetic quadrupole lens was used to focus a few 
microamperes of deuterons, accelerated to 250keV, onto a
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FIGURE 10: COINCIDENCE OSCILLOGRAM.

A thick radiator of deuterated polythene was used as a 
source of recoil deuterons and protons. The ratio of 
deuterium to hydrogen was approximately 1/1 and gave equal 
numbers of protons and deuterons. It should be noted that 
many more coincidences were recorded here than was normal 
practice; this was done to emphasize the shape of the 
hyperbolae.
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tritium target adsorbed in titanium. A defining aperture, 
of diameter 0.080n, was placed sufficiently close to the tar­
get that small shifts in beam direction gave negligible move­
ments of the neutron source. Initially, the necessity for 
this precaution was not realized and large fluctuations in 
the reaction yields were traced to small movements of the 
defined neutron beam across the target foil.

The neutrons used in these experiments left the trit­
ium target in a cone of included angle 12° with its axis 30° 
away from the deuteron beam. The energy of this group was 
calculated by the proceedure of Benveniste and Zenger^and 
was l4.9MeV with a width at half intensity of +* 250keV.

The recoiling alpha particles, which established the 
time of emission of each neutron in the tagged beam, were 
defined by a circular stop in front of a plastic scintillator. 
This detector was 0.002l! thick and was formed by dissolving 
NE860 phosphor in toluene and painting this solution onto 
the photocathode surface of an RCA-6655A photomultiplier. 
Although poor, the energy resolution from this detector was 
adequate(see Figure 11), as it was only necessary to estab­
lish the time of emission of each neutron.
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Section (2.6.): Setting Up and Testing Proceedures.

Location of Telescope in Defined Neutron Beam. Before ex­
perimental data could be obtained it was necessary to locate 
the target foil completely within the cone of the defined 
neutron beam. This was achieved, approximately, by geomet­
rical measurements and, finally, with precision, by moving 
the counter across and along the neutron beam to find a max­
imum in coincidence counting rate. The accuracy and speed 
with which these measurements could be made was improved con­
siderably by placing the mask, shown in Figure 12, over a 
thick polythene radiator. This device provided a ring of 
recoil protons whose coincidence counting rate, was a maxi­
mum when the defined beam just exceeded the maximum diameter. 
Because of the geometry, a transverse movement of the tele­
scope of about ^/g" from the optimum position reduced the 
coincidence counting rate by a factor of two. A maximum was 
also observed when the counter was moved longtitudinally 
along the neutron beam through the point where the defined 
neutron cone had the diameter nD".

Adjustment of the Electronic Circuits. To ensure absolute 
counting it was necessary to adjust the proportional counter 
gains and the time delays t]_, t2* tg, shown in Figure 7* to 
optimum values. It was also necessary to have the minimum
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voltage on the photomultiplier P.M.I, consistent with record­
ing events of all energies, so that noise would not operate 
the limiters of the fast coincidence circuit unnecessarily. 
Johnson and Trail (J056) have published details for optimiz­
ing the parameters of a coincidence telescope. Where appli­
cable, their proceedure was used.

Initially, Tektronix 517 and 555 oscilloscopes were 
used to adjust the gains and time delays to give some triple 
coincidences. A gated dE/dx spectrum, for a monoenergetic 
group of protons, was then displayed on the kicksorter and 
accurate adjustment was made to the gains of both gas count­
ers to set them to the correct level, and to equality. 
Equality of gains was necessary if the least pulse selector 
circuit was to operate correctly. Figure 13 shows the im­
provement in dE/dx measurements which was achieved when 
these circuits were correctly adjusted.

The output from the fast coincidence circuit was pro­
portional to the time overlap between the pulses arriving at 
the grids of the 6BN6 coincidence tube. Because of this, 
the time delays in the recoil alpha particle detector and 
the proton counter, t-j_ and t2> were most readily adjusted by 
displaying the gated output from the fast coincidence circuit 
on a pulse height analyzer. With complete overlap the amp­
lified signal was approximately 50volts high; with zero
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overlap less than lOvolts. Displaying the fast coincidence 
output in this fashion made it possible to detect a fraction 
of a millimicrosecond change in the fast timing and to optim­
ize the delays. The final adjustment to the circuits was of 
the slow delay, t^. This was chosen by the time-honoured 
method of plotting, for a variety of proton energies, the 
count-rate versus the inserted delay.

Choice of Photomultiplier. The lowest energy of proton 
which could be recorded was limited by photomultiplier noise. 
Using a DuMont 6292, noise became the limiting factor when 
the circuit parameters were adjusted to record protons having 
an energy rather less than IMeV. R.C.A.6655A allowed this 
lower limit to be reduced somewhat but the resolution obtain­
ed using these detectors was almost a factor of two worse 
than that available from DuMont photomultipliers. With 
6292, the lowest energy which could be recorded at the scin­
tillator, was below 0.95MeV. This is almost 3MeV lower 
than other workers have achieved with coincidence telescopes.

Separation of Protons and Deuterons and Random Events. Co­
incidence oscillograms, such as that shown in Figure 10, 
allowed the separation between proton and deuteron events to 
be convincingly demonstrated. This was done by taking the 
product (E+l).dE/dx over energy intervals of a few MeV and 
plotting the results as shown in Figure 14. Using such
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curves, each oscillogram could be divided into regions cores- 
ponüng to proton events, deuteron events and random coincid­
ences. Figure 15 is a copy of a chart which was developed 
to analyze quickly the mass of particles associated with each 
event.

A typical oscillogram, taken during one run of the 
Ni^ experiment is shown in Figure 16. The points enclosed 
by circles are certain deuterons. Those lying on the hyper­
bola, below, protons. Because the counting rates in each 
detector channel were greatest at low energies the random 
coincidences in the system tended to congregate in the lower 
left hand corner.

Angular Distribution Measurements. An important series of 
experiments was made with the telescope and its circuitry to 
ensure that instrumental effects were not distorting the ang­
ular distributions. The basis of these tests were measure­
ments on the differential (n,p) scattering cross-section at 
l4.9MeV; this cross-section is known to be close to isotrop­
ic in the centre-of-mass frame of reference. When this 
cross-section is transferred to laboratory coordinates

Slid) - 4# cos 0

where jfL(0)is the differential cross-section in lab­
oratory coordinates for detection of recoil 
protons.
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FIGURE 16: A TYPICAL OSCILLOGRAM OF DATA OBTAINED DURING
ONE RUN ON Ni58.

Certain deuterons are circled. The random coincidences can 
be seen clustered in the left-hand corner.



62

Q* is the differential cross-section in 
centre-of-mass coordinates for (n,p) scattering.

Q  is the angle of emission of the recoil 
protons in laboratory coordinates.

As the collimation was far from perfect in the pre­
sent telescope, (see Figure 6), protons having a range of 
scattering angles with the incident neutrons, could pass in­
to the detector. For this reason, it was not possible by a 
simple substitution into expression (l) to calculate the num­
ber of protons expected,for a given setting of the telescope 
axis.

To calculate the number of recoil protons expected 
at each angle the Monte Carlo routine described in Section 
(2.2.), was extended. As each neutron-proton trajectory 
was followed through the counter by SILLIAC, the proton 
energy was calculated from

Ep = cos*©.

and the relative probability of the event was found from the 
laboratory differential scattering cross-section. Correct­
ions were then made for the ionization losses in the radia­
tor and in the gas of the proportional counters. The re­
sults of this calculation are shown in Figure 17 where the
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ENERGY OF OBSERVED RECOIL PROTONS (MeV)

FIGURE 17: CALCULATED DISTRIBUTION OF RECOIL PROTONS
RECORDED BY THE SCINTILLATION DETECTOR OF 
THE COUNTER TELESCOPE.

('A* is the integrated area, above IMeV, under each of the 
curves which are normalized to unit area at 0*0°),
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area under the curves has been normalized to unity at 6 ä 0°. 
Comparisons between the shapes of these curves and the dis­
tributions obtained experimentally were excellent and gave 
confidence that the detection system was operating satis­
factorily.

Backgrounds. The smallest reaction cross-sections which 
can be studied with a counter telescope are set by the back­
ground counting rates. For the present system, the back­
grounds were found to be strongly dependent upon the angular 
position of the telescope axis, being most intense in the 
forward direction. Figure 18 shows the proton backgrounds 
plotted as a function of the angle of observation and of the 
particle energy. The cross-sections have been established 
by relating the observed backgrounds to a hypothetical 
nucleus, with A ̂ 60, assuming that this "background target 
material" has a thickness of ^10mg/cm and a diameter of 
l^/g". Use of these curves allows source/background ratios 
to be established for foils of any composition. The maxi­
mum at 0 ~  0° was thought to be a consequence of anisotropy 
in the Pt(np) cross-section and also backward-going protons. 
However, the relative importance of these possibilities was
not determined.
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FIGURE 18: PROTON BACKGROUND OF TELESCOPE AS A FUNCTION OF
THE ANGLE OF OBSERVATION AND OF THE PROTON ENERGY.
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Section (2.7. ): Flux Measurements.

The Associated Alpha Monitor. The associated alpha detect­
or subtended a solid angle of 8.26 ± .08x10“6 steradians at 
the neutron source and was placed at the laboratory angle of 
150° with respect to the incoming deuteron beam. Small 
angle scattering of alpha particles from the walls of the 
target chamber into the detection element was prevented by 
suitably placed non-limiting stops. The alpha particles 
passed through thin aluminium foil, to remove scattered deut- 
erons, and were then stopped by a thin Csl(Tl) scintillator 
(i" x i" x 0.0015"). The dimensions were small enough so 
that a negligible number of large background pulses were pro­
duced within the scintillator. The protons from d(d,p)H3 
passed right through, producing a smaller light pulse than 
that from the stopping of a 2.6MeV alpha particle (see Fig­
ure 19).

Because of the effects of centre-of-mass motion, it 
was necessary to apply a correction factor to convert the 
number of alpha particles per unit solid angle, at the recoil 
alpha particle detector, to the number of neutrons per unit 
solid angle in the direction of the target foil. Methods 
of calculating this correction factor, for targets of finite 
thickness, have been developed by Benveniste et al (Be59).
For the geometry used here, this correction factor, from al­
pha particles/unit solid angle to neutrons/unit solid angle, 
was calculated to be 1.21.
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FIGURE 19: SPECTRUM OF PULSES FROM RECOIL ALPHA COUNTER.

The crystal was sufficiently thin that protons from d(dJp)H::) 
passed right through giving the low energy peak at the 
bottom of the spectrum.
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Recoil Proton Monitor. The number of recoil protons detect 

ed by a coincidence telescope is dependent upon:

(i) The solid angle of acceptance of the telescope.

(ii) (n-p) differential scattering cross-section.

(iii) Number of hydrogen nuclei in the radiator.

(iv) Neutron flux at the radiator.

As the first three of these parameters were known with some 

accuracy, integrated neutron fluxes could be established 

from the number of protons under the peak of the recoil 

spectrum (see Figure 20).

The hydrogen content of the polythene was calculated 

from its mass, assuming the composition to be (CH2 )n ; chem­

ical measurements reported by Bame et al. (Ba57) have shown 

that several grades of commercial polythene were (CH2 )n to 
an accuracy of better than 1$.
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FIGURE 20: RECOIL PROTONS AT 0°.



CHAPTER III

THE PROTONS FROM l4.9MeV NEUTRON 
INTERACTIONS WITH Ni58

Section (3.1. ): Introduction.

Although the general features of the distribution of
cfiprotons from l4MeV neutron interactions with Ni^ were known 

before this investigation, the spectra and angular distrib­
utions available had poor statistical accuracy. Also, as 
nuclear emulsion techniques had been used for most experi­
ments, the importance of deuteron contamination in the spec­
tra had not been established. Other reasons which made 
Ni^ an attractive target for initial experiments with the 
coincidence telescope include:
(i) The cross-section for the emission of protons was 

known to be large, allowing good statistical accuracy 
to be achieved in a short counting period.

(ii) The results from previous experiments by other workers 
allowed broad comparisons with the present data from 
the coincidence telescope.

eg(iii) A suitable target of isotopically enriched Ni^ was 
readily available.

The first measurements to be reported on the protons 
from Ni^S(n,p)Co^° were made by Allan(A157). In this work, 
nuclear emulsions were employed to measure the kinetic energy 
distribution of the protons from an enriched Ni^ foil, in

70
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the angular range 34° £ 20° to the direction of the incident 
neutrons. The proton spectrum showed features expected 
from the statistical evaporation from a compound nucleus. 
However, the position of the intensity maximum was well 
below the height of the accepted Coulomb barrier for Ni and 
Allan suggested that protons from (n,np) reactions accounted 
for the low energy events. By invoking statistical model 
considerations the total cross-section for proton emission 
was separated into [(n,p) + (n,pn)] , 310mb; (n,np) , 220mb.
Approximately 1,600 tracks were analyzed for this work, but 
this number was insufficient to allow the details of any 
high energy structure to be resolved.

Verbinsky et al.(Ve57) used a coincidence technique 
and heavy shielding to collimate the incident neutrons, when 
examining the proton spectrum from foils of Mg, Ni, Cu, Rh,
Pd, of natural isotopic composition. Notwithstanding the 
use of thick targets (2.5MeV loss for 6MeV protons), the low 
fluxes at the target foils allowed only poor statistical acc­
uracy. Cross-sections and gross angular distributions were 
measured for Ep^ 6MeV giving a proton emission cross-section 
of 170mb. and a forward peaked angular distribution.

Several counter telescopes have been used by Colli et 
al. to investigate the charged particles from unenriched 
nickel foils (Co57d; Co50a; Co59). Experimental diffi­
culties did not allow proton events to be recorded when
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their energy was below 3oMeV and the maxima in the evapor­
ation spectra reported by Allan could not be reproduced. 
Cross-sections were measured relative to that of copper and 
gave the total cross-section for proton emission as 590mb.

Recently, Kumabe and Fink(Ku6o), using emulsion tech­
niques, have measured energy and angular distributions for 
Ni^. As only 1,500 events were analyzed, the statistical 
accuracy was poor and resulted in wide energy intervals for 
the summations necessary for the angular distribution meas­
urements. Although some small direct interaction contrib­
ution was suggested by these workers, examination of the ; 
angular distributions shows that forward peaking occurs al­
most entirely below 7MeV, making the direct interaction in­
terpretation doubtful.

In short, proton angular distributions have not been 
measured adequately and neither the presence of direct inter­
action effects nor deuteron emission have been established.

Section (3*2.): Experimental Details.

A metallic foil of nickel, enriched in N i ^  to 95*6$, 
was electroplated by A.E.R.E., Harwell, onto a 0.005"Pt back­
ing and used as a radiator in the telescope. This foil had
a thickness of ^lOmg/cm , a diameter of 1 and a total
mass of 6l.9mg. After deposition, water contamination was 
removed from the foil by vacuum dessication and care was
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taken during shipment and on receipt in Canberra that no hy­
drogenous contamination was added.

Kinetic energy spectra for protons and deuterons were 
measured at ten angles to the neutron beam. These angles, 
between the axis of the telescope and the line joining the 
centre of the target foil to the neutron source, were 0°,
20°, 40°, 50°, 60°, 80°, 100° and 140°. With the exception 
of the measurements at l40°, all the data was obtained equal­
ly from angles on both sides of zero in random order. With­
in the statistics, the angular distributions obtained on both 
sides of zero were identical, suggesting that no geometrical 
factor was affecting their quality.

A run of data taking at each angle lasted approximat­
ely one hour and consisted of an energy spectrum together 
with a background from a platinum blank identical to the tar­
get backing. After each run a series of checks was made on 
the operation of the equipment. The most important of 
these was a measurement of the spectrum of recoiling protons 
from the thin polythene radiator. This served three pur­
poses :
(i) to calibrate the recoil-alpha neutron monitor.
(ii) to establish whether gain shifts had occured in the 

scintillation channel.
(iii) to allow gain checks to be made on the proportional 

counters.
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Three times in each twenty-four hour period, the entire sys­
tem was tested: the resolution of the gas counters was est-

210ablished from the specific ionization pulses of Po alpha 
particles; the amplifiers were checked for drift; the co­
incidence circuitry was tested using a pulse generator.

Protons covering the whole range of energies display­
ed in the spectra were not recorded simultaneously in the 
Ni^ experiments. Rather, the circuitry dictated that the 
measurements for each spectrum be divided into sections 
which could later be normalized to a constant integrated 
flux and compounded to form a complete spectrum. One advan­
tage of this proceedure was that the range of proton energies 
accepted could be adjusted to omit the low energy end of the 
spectrum, and allow higher neutron fluxes to be used, with­
out introducing an excessive number of random events.

Initially, four sets of data were taken at each angle 
for the proton energies 5MeV to lbMeV. The statistical acc­
uracy of the high energy end of the spectrum was then improv­
ed by adjusting the system to count only within the region 
9MeV - löMeV, where a further set of four runs was made at 
each angle. The spectra were completed by making measure­
ments in the range IMeV to 9MeV. A final check was made on 
the long term stability by adjusting the system to record a 
further set of data under the original conditions. No sig-
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nificant differences were found between the spectra obtained 
at the beginning of the experiment and those recorded several 
weeks later. Furthermore, after normalization the various 
energy regions of the spectra were found to fit together well

Flux Measurements. As the polythene radiator, used for neut 
ron flux measurements, had the same diameter as the Ni"̂  foil 
the cross-sections could be related directly to the known 
(n,p) scattering cross-section. This proceedure eliminated 
counter geometry and other uncertainties such as gas scatter­
ing and the absorption of the counter wires. The cross- 
sections were related by:

R(6) -- <r(n,p50°).N-.Cj.N* CH
where fL(0) . . .is the required differential cross-

section in laboratory co-ordinates 
at the angle 9 .

o(n,p;0Ö),is the differential cross-section,
' in laboratory co-ordinates for (n,p) 

scattering at the mean angle of the 
counter when the axis is pointing at 
the neutron source.

. . . .total number of hydrogen nuclei in 
radiator.

. . .total number of target nuclei.
C„ . . . -counts from polythene radiator per 

unit flux.
C(* . . • .counts from target foil per unit 

flux.
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Data Reduction. After composite spectra had been formed 
for the whole energy range IMeV to löMeV, changes were made 
in the energy associated with each channel to allow for the 
ionization losses within the proportional counters and give 
the energy spectrum at the surface of the target foil. Be­
cause the protons originated anywhere throughout the volume 
of the foil, a simple change in scale was not capable of 
correcting for these ionization losses. In the present 
work, considerable effort was expended to develop a computer 
programme which would reduce the experimental data, obtained 
using a target foil of finite thickness, to that spectra 
which would be observed if the foil caused no ionization 
losses. A programme for this data reduction was designed 
for the computer SILLIAC. Also included was a routine to 
convert the results to centre-of-mass coordinates and to lin­
earize the energy scales of the observed spectra. A flow 
diagram for this programme is presented in the Appendix.

A first approximation to the thin target spectrum 
was found by assuming that each elementary layer of the tar­
get foil contributed an equal number of events to any partic­
ular channel of the observed spectrum. Thus, if the target 
was divided into ten layers,Vioth of the counts observed in 
each channel were assumed to originate in each layer of the 
target foil. By making this assumption it was possible to 
estimate the energy which had been lost by each group of
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VlOth of the particles of a given channel of the observed 
spectrum, replace this energy and form a new spectrum. The 
computer did this calculation, channel by channel for each 
layer of the target foil, until a complete spectrum was built 
up; a first approximation to that expected from a target of 
zero ionizing power.

The derived spectrum, itself, was then used as prim­
ary data in a similar calculation, in the reverse direction, 
to find the spectrum which would be observed at the surface 
of a real foil if, throughout its volume, reactions gave 
rise to protons having an energy distribution similar to 
that of the calculated zero approximation. The channel by 
channel differences between this spectrum and that which was 
observed experimentally, was a measure of the errors in the 
zero approximation and could be used to improve this spectrum 
The process was iterated until truncation errors were neglig­
ible; in practice, this required about three complete cycles

Section (3.3. ) : Proton Spectra.

A histogram of the energy spectrum of protons at 8° 
in the centre-of-mass system is reproduced in Figure 22.
The background, which has been subtracted already, was found 
to be dependent upon the angle of observation as well as the 
energy of the proton group. The background:source ratio has 
been plotted in Figure 23. At all energies the background 
was greatest at 0* 0° and fell considerable when the scin­
tillation counter was moved from the tagged beam.
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FIGURE 23: BACKGROUND TO SOURCE RATIO AS A FUNCTION OF
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Figure 22 shows indications of structure; possibly
£“ O

from direct (n,p) transitions between the Ni^ nucleus and
eglow levels of Co^". It was not overlooked * however, that 

some of the high energy events at forward angles might be a 
consequence of hydrogenous contamination within the target.
To check this, comparisons were made between the angular var­
iation of the high energy protons and that expected from rec­
oil protons from (n,p) scattering. Figure 24 is the spectr­
um of the anistropic events at 6 * 0°; recoiling protons, 
from a water layer distributed through the nickel layer, 
could contribute events only to the dotted section of the 
plot. Furthermore, the intensity of the group would be ex­
pected to vary as cosine 6 being the angle of observation. 
No evidence of this nature was established and an upper 
limit of 20/i. g was placed on the total water contamination 
of the target foil. The presence of this amount of water 
would cause an error of « 2mb in the total proton cross- 
section (i.e. 0.3$).

Photomultiplier noise and large counting rates at 
low energies prevented the recording of events when the pro­
tons arrived at the scintillator with less than 0.95^eV; 
after ionization corrections had been made, this lower limit 
corresponded to protons of energy »l.ÖMeV at the site of t 
their parent reactions. This experimental cu^-off was suff­
iciently low that evaporation maxima could be seen clearly in 
the spectra recorded at all angles and permitted confirmation 
of the low energy features reported by emulsion workers.
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Mev(c.m)

FIGURE 24: SPECTRUM OF ANISOTROPIC EVENTS AT 9 = 0°.

Recoiling protons could give a contribution only under the 
dotted section of the curve.
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In addition,, because mass selection was used here, the short 
range events were definitely established as protons elimin­
ating, completely, the possibility suggested by Allan (A157) 
that they might be deuteron tracks which had been incorrectly 
identified.

Identification of Discrete Structure. Several independent 
sets of data were recorded at 0=0° to ensure that the part­
icle groups in the spectra reproduced in Figure 22 were not 
the result of statistical fluctuations. Although the group 
around Ep»l4.5MeV showed some indication of doublet struct­
ure, the widths of its components were still much greater 
than the known resolution of the system. This fact, togeth- 
er with Co^ being an odd-odd nucleus with high level density, 
was interpreted as the result of the groups being compounded
from a large number of single particle transitions to states

58of Co^ closely related according to the shell model picture 
of nuclear structure.

Shell model calculations (Ma55) indicate that the
58configuration of Ni^ consistes of a closed shell of lfy/2 

protons togther with two 2p^/2 neutrons which surround a 
core configuration. From the simple model, it is anticipat­
ed that captured meutrons would be absorbed most readily 
into 2p^/2> lf>5/2' 2pl/2 or ^69/2 states. Emitted protons 
would be expected to come from the lfrj/2 shell. The energy 
expected for particular single particle transitions can some-
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ance has been made for the pairing energies (see Eu50).

Such estimates were made for Ni-^(n,p )Co^ and it was found 

that, when neutrons are captured to ^-V^/2 and If 7/2 states, 
the If7/2 valency protons can be emitted in two groups sep­
arated by 2? 0.5MeV with a mean energy of 15MeV. These 

transitions were tentatively identified with the observed 

doublet structure at l4.5MeV. Further support for this in­

terpretation came; from the angular distribution data which 

is discussed in the next section.

Statistical Effects. The energy spectra for the angles 100°, 

120° and l40° were used to derive the statistical plots shown 

in Figures 25 and 26. As the Q-value of Ni*^(n,np)Co^ is 

-7.7MeV(As59)> protons of energy greater than 7MeV could only 

have come from (n,p J ) processes; below this energy, (n,pn) 

and (n,np) were also energetically possible. The straight 

line through the experimental points around ÖMeV was derived 

from a least-squares fit to the experimental data recorded in 

the backward hemisphere between 7MeV and 9MeV. This energy 

range was established, at the lower end, from the energetics 

of the (n,np) reaction and, at the upper, where the relative 

yield of protons deviated significantly from the level-density 

formula of Lang and LeCouteur(La5^)• The logarithmic slope 

of this plot provided a temperature of 1 .36 ± 0.06MeV, the er­

ror being found from the regression coefficients of the least 

squares fit(To55)« A temperature of 0.50 t .03MeV was found 
for (n,np), in agreement with the results of Kumabe and Fink 

(Ku60).



PROTON ENERGY (MeV).

FIGURE 25: STATISTICAL PLOT OF PROTON DATA FROM 6 » 120°
AND THE HIGH ENERGY DATA FROM 9 = 0°.
O'c was calculated from the tables of Shapiro 
(Sh53) using r0 = 1.3f.
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STATISTICAL PLOT . G . I40‘

PROTON ENERGY (MeV).
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Kumabe and Fink (Ku6o ) have found a temperature of 
IMeV for the reaction Ni-^(n,p)Co^. Their temperature mea- 
surementsjappear to have been influenced by (n,np) events and 
if their data is re-analyzed using only proton energies 
greater than 7MeV, the temperature increases to about 1.25MeV. 
Storey, et al.(St60) have reported 1.58MeV as the tempera­
ture for the reaction. Once again, a wide range of energies 
was used to establish the temperature but agreement could be 
reached if the range of energies was made smaller.

The convexity of the statistical plots to the energy 
axis, noticeable at all angles of observation, was particul­
arly pronounced in the data taken in the forward hemisphere 
(see Figure 25). This shape, rather than a concave curve 
predicted from the level density, was considered to be the 
result of protons from direct-interaction processes. Brown 
and Muirhead (Br57) have pointed out that, because of inter­
nal reflection at the front surface of a nucleus, particles 
from direct interactions can be emitted at backward angles. 
Inserting reasonable values into their expression gave a 
ratio of about 1 : 5 for the direct protons expected in the 
backward hemisphere to those expected in the forward. This 
prediction appeared to be confirmed by the present experi­
ment .
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Le Couteur and Lang(Le59) have derived a relationship 
between the constant 'a' used in the level density formula, 
the temperature Y , and the excitation of the residual nuc­
leus IT following the emission of a proton of mean energy:

a  ̂ U + ZjJ>r* T
Using the value of T obtained in these experiments gave

* 7 .ÖMeV-1
which is in agreement with the values gathered for this mass 
region by Le Couteur and Lang.

(n,np ) Contributions. An argument for the importance of 
(n,np) processes as the source of many of the low energy par- 
tides is based on the fact that in Ni^ the binding energies 
of the final neutron and the final proton make the threshold 
for Ni^(n,np )Co^ 4MeV lower than that for Ni"^(n,2n)Ni^. 
Thus, there are a number of states of Niv from which pro­
ton emission is energetically possible but where neutron 
emission is forbidden. Under these conditions quantum mech­
anical leakage of low energy protons through the Coulomb 
barrier can compete favourably with gamma emission and allow 
the escape of low energy particles.

Armstrong and Rosen (Ar60) have calculated the spect-
64rum of protons expected from Zn , when it is bombarded by 

l4MeV neutrons and have included the contributions expected
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from (n,np) processes. When the results of this calculation
88were modified for Ni"̂  the agreement with the present work 

was excellent and gave support to the contention that the 
low energy protons were from (n,np) interactions.

Cross-Sections. The cross-sections for compound nuclear 
processes were estimated from the ordinates of the lines de­
fining the nuclear temperature. In these calculations it 
was assumed that the straight lines of Figures 25 and 26 re­
presented, correctly, the compound nucleus effects and that 
the cross-sections were isotropic. Direct interaction eff­
ects were estimated from the anistropy in the angular dis­
tributions .

The ratio of the (n,p) to (n,np) cross-sections is 
dependent upon the Coulomb barrier transparency used; in 
this work Shapiro's tabulations (Sh53) were employed with 
rc » 1.3. Table 1 lists the cross-sections obtained by the 
use of these transparencies.
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TABLE 1

PROTON CROSS-SECTIONS FROM CHARGED 
PARTICLE MEASUREMENTS

Reaction Mechanism Cross-section(mb.)

(n,p) 4* (n,pn) 
(n,p) + (n,pn) 

(n,np)

Compound Nucleus 

Direct Interaction 

Compound Nucleus

430

60
340

Total 830 t 70

Section (3.4.): Proton Angular Distributions.

Because the energy resolution of the counting system 

and the close level spacing of the residual nucleus precluded 

observation of individual transitions, the spectra in the 

centre-of-mass frame were summed over IMeV intervals to dis­

play the gross features of the angular distributions. These 

distributions are reproduced in Figure 27 and it may be seen 

that the character of the distributions changes abruptly from 

energy to energy. However, these changes were not solely 

the result of the arbitrary choice of boundaries for these 

summations, as the limits could be shifted by as much as 

0.5MeV without changing the general pattern of the angular

distributions.
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9*9 - I0*9MeV

13*9-14-9 MeV

,— $—  §— 4— lo

CM. ANGLE OF OBSERVATION

FIGURE 27(continned)*
The dotted lines tolow the distriiutions show the amount of 
cross-section which was assumed to come from compound nuclear 
processes*
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The data In the interval 1.9MeV to 2.9MeV was correct­
ed for the forward peaking introduced to such angular distrib­
utions in the centre-of-mass system when the detection system 
has a low-energy cut-off. The manner in which this cut-off 
influences the angular distribution can best be illustrated
by considering an isotropic., monoenergetic group of protons

58from Ni^ having a centre-of-mass energy of 2.0MeV. This 
group would give rise to protons in the laboratory system 
whose energy would vary between 2.2MeV at # = 0° and 1.86MeV 
at l40°. Even after allowance for the ionization losses 
within the target and counter gas has been made, all the 0° 
events would be above the 0.95MeV limit of detection. This 
is not true for the events at backward angles; not only do 
the particles start with a lower energy but they also lose 
more on their passage to the scintillator. Thus, the great­
est number of events would be recorded at 0° and the smallest 
at l40°. In the present experiments the low energy cut-off 
introduced a 5$ forward peaking to the 1.9MeV to 2.9MeV dis­

using a nuclear radius of 5.6f the angular distrib­
utions were fitted by a linear sum of squared Bessel functions,

For the range 13.9MeV to l4.9MeV a combination of d l * 0 and 
Al« 2 distributions provided a reasonable fit. This is just

tribution.

simple theory (Au53; Bu57a).
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the combination which would be expected if the doublet group 
around l4.$WeV was from the transition discussed In the last
section.

At lower proton energies the angular distributions 
■ad A 1 - 1 contributions so that odd-parity levels of 

Co'JÖ appear above Eg" jsa&V. eh levels are expected and 
easy be explained by the addition of a I g n e u t r o n  with the 
subtractions of a 1*7 /% proton.

Below oMtV the angular distributions were isotropic 
within the limits of statistical accuracy. Thus it was not 
possible to make comparisons with the theory of Douglas and 
MacDonald In their calculations for (n#p) reactions (Dop9).

Section (3.j.)s Induced Activity Measurements on at
Xh.itteY~

is one of the few nuclei in the periodic table 
for which induced activity measurements may be made to ob­
tain both the (n,p) end the (n#np) cross-sections. If the 
(n,pn) contribution to the total cross-section is smallt a 
direct comparison m y  be made between the partial orcas-sect- 
sections obtained from the charged particle measurements and 
these obtained from induced activity experiments*
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Ni^(n,p)Co“̂ . Nickel foils were irradiated by l4.1MeV 
neutrons from the T(d,n)He^ reaction at 90° to the deuteron 
beam. Because the position of the deuteron beam at the sur­
face of the tritium target was known to only a few millimeters, 
the solid angle subtended by the target foil at the neutron 
source was uncertain. However, the effective solid angle 
was found by placing copper discs on both sides of the nickel 
foils, which in turn were placed 3-5cms from the neutron 
source. Copper foils were also placed 15cms from the source 
where the integrated flux was accurately known by counting
associated alpha particles. By comparing the induced 
öS/ \ 64Cu -^(n,2n)Cu ' activities, between the two sets of discs it 

was possible to estimate the integrated flux at the foil to 
better than ± 7$.

C o ^  is formed by Ni^(n, p )Co^^ in its ground state 
and also in a 9 hour isomeric state at 0.025MeV. CoJ^ de­
cays with a half life of 72 days to a level of F e ^  at 805keV, 
by emitting a positron or by the electron capture process.

£~ O

The number of C o ^  atoms produced during the neutron 
irradiation was estimated by counting the positron annihilat­
ion quanta with a Nal(Tl) scintillation spectrometer, allow­
ance being made for the self absorption which took place
within the nickel foil. The efficiency of the spectrometer

22was found by calibrating the system with a Na source whose 
strength was known to t 6°/>. When calibrating the system, 
the standard was placed in the same geometry to the Nal(Tl)
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detector as the irradiated foil. The K/ß* ratio for the 
decay has been measured accurately by Good et al. (Go46) and 
a value of 5*89 was used in this work. A consideration of 
the uncertainties of the measurements included: spectrometer
12$; neutron flux 10$; counting errors 1$; and the H/p* 
ratio 5$« Total error ± 20$.

Three independent measurements of the cross-section 
were made and the weighted mean of these gave 

Ni^(n,p)Co-°(l4.1MeV) = 560 1 llOmbn.
An endeavour was made to detect the fraction of C o ^  

nuclei which was left in the 9 hour isomeric state after 
neutron irradiation. This was done by following the 805keV

b8gamma ray from Fe^ for some hours after the irradiation to 
see if the intensity of this line increased with the half 
life of the isomeric transition, Although some small rises 
in intensity appeared to take place no certain effect was 
observed. A consideration of the sensitivity of the system 
suggested that the cross-section for populating the 9 hour 
rnetastable state of Co^® was less than 10$ of the total 
cross-section for the reaction.

Ni^(nj2n)Ni^ ̂ . Because Ni~^ emits a positron when it de­
cays to CoJ 1, the cross-section for Ni^(n,2n)Ni-^ can be 
determined by using the same technique as was employed for 
Ni^(n,p)Co^. Thes value found was 38-8mb., in good
agreement with the measurements of Paul and Clarke (Pa53).
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Ni-^(n,np )Ccr'; •+ Nl^°(nJpn)Co':)' . The ratio of the cross-
sections for NiJO(n,2n)Ni''1 and Ni^^(n,np)Co^^^ Ni^^(n,pn)Co^^ 
was estimated by a technique which depended upon the fact 
that the 36 hour Ni*^, from (n,2n), decayed to 270 day CcP^, 
the same nucleus as was produced directly by Ni^(n,np)Co^. 
Because the half life of Co^^ is 270 days, the number of these 
nuclei present after a short neutron irradiation was equal to 
the number formed by (n,np) reactions. After the Ni^ nuc­
lei have decayed, however, the number is greater and is re­
lated to the sum of the cross-sections (n,np) and (n,2n).
In practice, the contributions from these two cross-sections 
were separated chemically by "milking off" the cobalt nuclei 
present immediately after an irradiation and repeating the
separation on the sample after most of the Ni^ nuclei had 

57decayed to Co^ . This produced two cobalt samples: one
with a Co^ activity proportional to Ni^(n,np)Co^; the 
other with an activity proportional to Ni'^(n,2n)Ni';̂ .

After bombardment the nickel foils, which had prev­
iously been analyzed and found to have a negligible cobalt 
contamination, were dissolved in a little HC1 to which prog 
of Co(NO,)2 carrier had been added. A cobalt nitrite meth­
od was used to separate the cobalt atoms from the nickel sam­
ple. After a week the same separation technique was again
applied to remove the cobalt which had formed in the inter-

57vening period from the decay of Ni^‘. The chemical separ­
ation took about 45 minutes and better than 99$ of the carrier
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could be recovered.
Co^ has a half life of 270 days and decays by elect­

ron capture to the 136keV excited state of F e ^ . The 
rays from this state were detected to provide directly the 
ratio of the cross-sections Ni^(n,np)Co^' : Ni^(n,2n)Ni^.
The experimental ratio was 4.2 and was found to be reproduc- 
able to the order ± 10$. Combined with the known cross- 
section of Ni^°(n,2n)Ni^ this gave

Ni-^(n,np )Co^ ' . . . .160 - 40mb.

Comparison between Charged Particle and Activation Measurements. 
Although the total cross-sections for proton emission by the 
charged particle and activation measurements were in reason­
able agreement, the partial cross-sections were outside of 
assigned errors. Table 2 is a comparison between the two 
sets of measurements.
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TABLE 2
COMPARISON BETWEEN PROTON CROSS-SECTIONS 

OBTAINED BY CHARGED PARTICLE 
AND ACTIVATION MEASUREMENTS.*

Reaction Activation Charged Particle
Cross-Sections(mb.) Cross-Sections(mb.)

Total Protons Emitted 720 i 120 830 ± 70
(n,p) 560 t 110 490 ± 50
(n,np) 160 ± 40 340 — 40

*It should be remembered that slightly different neutron 
energy was used for the two sets of measurements.

The comparisons in Table 2 show that the charged par­
ticle cross-section for (n,p) is low relative to the activat­
ion measurements and that the opposite is true for o^n^np).
If these differences are not caused by inaccuracy in the act­
ivation measurements they can be explained by the use of a 
diffuse potential, in the calculation of the Coulomb barrier 
penetrabilities, rather than a square well with sharp edges. 
Kikuchi (Ki57) has investigated such a possibility and has 
calculated the transmission coefficients for protons through 
a potential of the form:

vfl = ze// - V°D +
where ct is the diffuseness of the nuclear surface( /*0.5f).

R i.s the classical radius.
V0 is of the order of 40MeV.
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The consequences of such a potential is that low energy 
events have a higher probability of emission. This allows 
the cross-section for (n,p) interactions to be increased at 
the expense of the (n,np) cross-section.

h8*Decay of Compound Nucleus Nl^ . One of the assumptions of 
zhe compound nucleus model is that, because the lifetime is 
long, the mode of decay of the intermediate nucleus is inde­
pendent of the way in which it was formed. Some evidence 
for the correctness of this assumption for the compound nuc­
leus Ni^* is presented in Table 3* Here, a comparison is 
made of the various ways in which Ni^ de-excites for a
variety of modes of formation. The ratio of reaction CrOSS- 

ŷ wisections to Co^1 and Ni^' are so similar for several bombard­
ing particles that it provides some evidence that the decay 
is indeed independent of the method of formation.

TABLE 3
RATIO OP CROSS-SECTIONS TO Co57 AND Np7 
GOING THROUGH THE COMPOUND NUCLEUS Ni^8*.

Reactions Ratio of Reference
Cross-Sections

Ni^(p, 2p )Co-^/Ni^(p,pn)Ni"^ 2.8 Co55
,<tp )Co^/Ni.5®(«i ,A.n)Hl8^ 5.0 Mi57

Fe5^(dL ,p)Co-^/Fe^(o<. ,n)Ni^ 4.0 Mi57
Ni53(l? , p)Co57/Ni5?Ol ,n)Ni5' 2.35 Ca59
Ni88(n3np)Co8Y/Nl58(n,2n)Ni57 4.5 Present

Work
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Section (3.6.) : Conclusions.

The results of this study of Ni^ö(n,p)Co^ at l4.9MeV 
have Indicated the following conclusions:
(1) The angular distributions suggest that compound nucleus 
formation is probably the dominant process for at least 90$ 
of the interactions.
(2) Many of the high energy protons, emitted in both the for­
ward and backward hemispheres are from direct (n^p) interact­
ions .
(3) The variation of level density with excitation energy 
indicates that the entropy varies as E* rather than Je * as 
predicted by the Fermi gas model.
(4) The differences between the activation cross-sections and 
those obtained from the charged particle measurements indi­
cate that the accepted penetrabilities for Coulomb barriers 
may be in error.



CHAPTER IV

THE DEUTERONS FROM Nl58(n,d)Cq57 

Section (4.1.): Experimental.

When analyzing the filmed record of the Ni-' experi­
ment, stringent precautions were adopted to ensure that a 
negligible number of proton events were included in the deut- 
eron spectra. This positive identification was achieved, at 
some cost to statistical accuracy, by only identifying an 
event with deuteron emission when its product, (E +1).dE/dx, 
was greater than the mean (E +1).dE/dx for the energy inter­
val. While this proceedure eliminated proton contamination, 
the analysis suffered as only 50% of the recorded deuteron 
events were included in the final spectra.

The energy scale for the deuteron spectra was estab­
lished by assuming that the scintillation response of Nal(Tl) 
was linear with energy and that its scintillation efficiency 
for protons and deuterons was as 1.04:1.00 (see Se55). Fur­
ther justification for the correctness of this ratio was pro-
vided from companion work in this laboratory on A± '(n,d)Mg ,

26where the position of known levels of Mg were found correct­
ly (Personal communication;Glover, R.N. and Weigold, E.).

A computer programme, similar to that described in 
the previous chapter, was devised to correct the raw deuteron

£>8
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data for ionization losses and to transfer the results to 
the centre-of-mass frame. The corrected spectra, from 
various angles in the forward hemisphere, are shown in Fig­
ure 28. While there was some evidence for a number of disc­
rete transitions, only the group centred around 8.4MeV could 
be positively identified at all angles. The high energy 
group is even more apparent in the sum spectrum shown in Fig­
ure 29. It may be seen that a small number of events were 
recorded with an energy greater than 8.6MeV, a region forbid­
den to deuteron emission by the energetics of the reaction 
(As59). Investigations showed that these events were really 
protons which had been incorrectly identified in the mass 
selection proceedure. The number of these spurious events 
was small and at lower energies, where the dE/dx separation 
between protons and deuterons became greater, it was expected 
that the number was negligible.

The total cross-section for deuteron production was 
found by integrating the total yield of deuterons over 4 
steradians. This measurement gave

Nl^8(n,d)Co57 = 25±5mb. at l4.9MeV.
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FIGURE 28: DEUTERON SPECTRA RECORDED IN THE FORWARDHEMISPHERE.
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Section (4.2.): High Energy Deuteron Group.

The angular distribution of the 8.4MeV deuteron group 
is shown in Figures 30 and 31. This data was fitted by But­
ler inverse stripping patterns using the numerical tables of 
Lubitz (Lu57). These tables contain the entire angular de­
pendence of the stripping differential cross-sections for a 
variety of angular momentum transfers and interaction radii. 
Before making comparisons with the experimental data the 
theoretical curves of Lubitz were corrected for the smearing 
effect of the finite aperture of the telescope (see Section 
2.2.). It was found that no reasonable combination of r0 
and A1 for a single angular momentum transfer gave a satis­
factory fit to the experimental points. It was necessary to 
use a mixture of Al-l-*-^* ln the ratio 1 : 6.5* or altern­
atively a mixture of Al=2+4, in the ratio 1 : 3.1 (see 
Figures 30 and 31). While the A1 = 2 + 4 fit agrees better 
with the large angle data than the Al= 1 + 3 fit, it is a 
factor of two low at the 8° point.

If this interpretation of the distribution pattern is 
correct, and it is indeed a mixture of two stripping trans­
itions, two separate Co^7 states must be involved, as Ni^ 
has spin zero. Further evidence on this point comes from 
the resolution obtained for the 8.4MeV deuteron group.
This width, compared to that obtained for an 8.15MeV deuteron
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THEORETICAL FIT

FOR A1» 1 + 3

C..M. ANGLE OF OBSERVATION

FIGURE 3 0 :  ANGULAR D ISTRIBUTION  OF HIGH-ENERGY PEAK.
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group from A l ^  (n, d )Mg2^ (Glover and Weigold; personal com­

munication), was consistent with two transitions /v0.5MeV

apart.

Decay studies of Ni-^ (K056; K058) have shown that

the levels of Co^  are at 0MeV(^/2~); 1 ,36MeV(^/2”);

1.49MeV(1/2~) anc  ̂ 1 .89MeV(^/2-). Because of the negative
58parity, pick up transitions to these levels from Ni^ could 

not involve even angular momentum transfer making Al - 2 + 4
unlikely. Also, on the simple shell model (E157)* the

£58final proton of Ni^ closes the f-shell and, if this is re­

moved by simple extraction, could give an angular momentum 

change of three units to a C o ^  core state.

The Q-value of Ni^(n,d )Co^ is quoted as -5.69MeV

(As59) so that the 8.4MeV deuteron group goes to an excited 
57level of Co^ at approximately 0.5MeV. It seemed reasonable

to identify the A l ~  3 component with the ground-state trans- 
57ition to Co-" and postulate an error of approximately 0.3MeV 

in the experimental energy scale or in the Q-value. The 

former is a possibility as it has been reported (Pe59a) that 

the proton/deuteron response for scintillators depends some­

what on the geometrical arrangements. The pulse height 

ratio at the analyzer may also depend on the time-constants 

of the photomultiplier circuitry as there is no evidence 

that deuteron and proton pulses are identical.
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To explain the possible presence of A l * 1 transit­
ions, it is necessary to invoke a new level of C o ^  at appr­

oximately 0.5MeV with a spin and parity of 1/2" or ^/g".
Such a level may be in conflict with the data of Koniju et al. 

(K058), who carried out a search for gamma rays of energy 

around 0.5MeV by coincidence techniques and placed an

upper limit of 1$ of the total gamma emission on the intensity 

of such transitions. However, allowed (3 transitions are 

most intense and the apparent absence from Koniju's work of 

states around 500keV may only indicate the presence of unfav­
oured ^  groups.

The implication of A l = l  transitions is that the
58Ni^ ground state contains p-wave admixture. The reduced 

widths, extracted according to the recipe of MacFarlane and 

French (McbO), for the AI - 1 and A 1 - 3 transitions were 
0.005 and 0.038, respectively, indicating 13$ admixture. 

Assuming JJ-coupling the spectroscopic factor, S, would have 

a value of 8, suggesting 0.005 for the single particle reduc­

ed width 6?'“(if). This seems to be not inconsistent with 

9 (if) - .012, in the range A 1 7 - 4 5  (Mc6o), if 0 de­

creases by a factor of the order 2-3 at the end of this 

shell as has been observed for the Id shell.



CHAPTER V

THE USE OF SCINTILLATING CRYSTALS AS TARGET 
AND DETECTOR FOR NEUTRON INDUCED 

REACTIONS AT l4MeV

Section (5.1.): Experimental Details.

Before the decision was made to construct the 
coincidence counting system described in Chapter II, the 
possibilities were investigated of using a single organic 
scintillator as target and detector for neutron induced 
reactions. In practice, a crystal scintillator would be 
placed within a fast neutron flux and the energy of the 
charged particles produced from neutron interactions within 
the crystal volume measured from the intensity of the scin­
tillations. Because the charged particles do not have to 
escape before detection, thick crystals could be used allowing 
reactions of small cross-section to be investigated. As an 
extensive variety of scintillating materials are available, 
measurements may be contemplated for a number of nuclei scat­
tered throughout the periodic table.

Preliminary measurements were made to determine the 
feasibility of the technique and the quality of the results 
which might be expected. Neutrons having an energy of l4MeV 
were used to bombard several pieces of Nal(Tl) which had di­
mensions between 0.025" and 0.300". The scintillations from 
these crystals were viewed by a Dumont 6292 photomultiplier

111



112

whose output was amplified and displayed on a Hutchison-
Scarrot 100-channel analyzer. The energy scale was cali- 

212brated by Bi alpha particles, after independent measure­
ments had established that the 8.05MeV group had the same 
scintillation response as 5.^MeV protons(personal communic­
ation, I.P. Wright).

Unfortunately, no pulse height spectra can be repro­
duced here as a serious laboratory fire destroyed the experi­
mental data. However, the spectra showed no structure which 
would be evidence for direct transitions to low levels of the 
final nucleus. The counting rates were found to vary smooth­
ly over the whole energy range, being greatest for low energy 
protons and least for those of high energy. The conclusion 
which was reached was that intense background counting rates 
fflUSt be anticipated when scintillators are submerged in a 
l4MeV flux. It is also possible that centre-of-mass effects 
broaden, significantly, the widths of discrete particle 
groups, causing these transitions to merge into the general 
background.

Section (5.2.): Background Pulses from a Scintillator
Within a Fast Neutron Flux.

Neutron Scattering. When fast neutrons are scattered, the 
recoiling nuclei acquire kinetic energy which is quickly 
transferred to the lattice and lost as heat and electro-
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magnetic radiation. Because the cross-section for elastic

-24 2scattering is of the order of 10 cm., and is much greater
than the cross-sections for most competing reactions, the
majority of the background scintillations arise from the
stopping of recoiling nuclei. If Nal is used as the target-
detector, scattering of l4MeV neutrons by Na2  ̂nuclei gives
a recoil spectrum with a maximum energy of 2.2MeV. While

23the scintillation response for Na ions is only 'v 0.35 of 
that for protons of the same energy(Sh59), this response is 
still sufficiently great that elastic scattering by Na2  ̂
nuclei provides an intense rectangular spectrum out to ^lMeV 
equivalent proton energy.

Interactions with Gamma Rays. Inelastic scattering and cap­
ture reactions, within the crystal and the surrounding mater­
ials, results in large numbers of gamma rays and electrons. 
These may interact with the scintillator causing scintillat­
ions of a size as great as that from protons having an energy 
of several MeV. These background events may be diminished 
in size, by decreasing the linear dimensions of the crystal, 
but escape corrections set a lower limit to the size of de­
tector which can be usefully employed. When studying (n,p) 
interactions from l4MeV neutrons the maximum range of the 
protons produced sets the smallest linear dimensions of cry­
stals at ^0.1,!.
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Charged Particle Backgrounds. Reactions in the walls of 

the chamber surrounding the crystal must be minimized by cov­

ering the crystal with materials having small cross-sections 

for charged particle emission. High Z materials are undesir­

able as they are more efficient gamma ray converters; pro-
12bably the most suitable material is C which has a large 

negative Q-value for (np) reactions. The glass of the 

photomultiplier is a strong source of charged particles and 

one problem of design of a satisfactory experiment is the 

necessity of arranging the detection system so that particles 

from the photomultiplier cannot enter the scintillation 

crystal.

Section (5.3.): Centre of Mass Effect.

The absence of discrete groups in the energy spectra 

from the scintillation detector can be understood if consid­

eration is given to the effects from centre-of-mass motion: 

The total energy released in an (n,p) transition between 

two definite states will be a constant, independent of 

the angle at which the reaction is observed:

Et = Ep(0) + E^(0‘)
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where E PC0) is the energy of the proton observed at
the angle 0 .

E^(0)is the energy of the recoiling nucleus at 
the conjugate angle 0' .

Because of centre-of-mass motion, both Ep@) and )
are functions of the angle of emission,being greatest in 
the forward direction and least in the backward.

The scintillation response, S(0), to an event of 
this type may be written:

sc©) = k.EpCe) + k'ER(e')

where k and K  are the scintillation response of the 
crystal to protons and Ne J ions. For Ne  ̂ions, the 
recoiling nucleus from Na2"’(n,p), Vc =ĵ k  and because of 
this, each discrete group is broadened significantly.

The magnitude of this effect is sufficiently great 
that a group of protons, having 15MeV in the centre-of-mass 
system, is broadened by the order of IMeV when detected with 
an inorganic scintillator having 4T geometry. Thus, a 
spectrum composed of a number of sharp groups would show
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little structure unless the separations are greater than IMeV.

Section (5.4.) : Conclusions and Suggestions for Future

Experiments.

While the technique appears to have a number of

attractive features* it also suffers from some disadvantages:

(i) When l4MeV neutrons are used the background counting 
rates are intense. However* it is possible that the 
technique may be valuable for obtaining data at lower 
energies.

(ii) Several elements are present in most inorganic scin­
tillators* making the interpretation of any spectra 
obtained ambiguous.

(iii) It is doubtful if proton and deuteron events can be 
distinguished. This remark may need revision* how­
ever* in the light of suggestions by Story et al.(St58a) 
for particle identification.

(iv) Angular distributions cannot be measured.

(v) Centre-of-rnass effects would be expected to broaden 
the width of discrete energy groups.

Possible Technique for Eliminating Backgrounds and Centre-of- 
Mass Effects.

Figure 32 is a schematic of a counting arrange­

ment which would eliminate centre-of-mass effects and the 

background of charged particles from the materials surround­

ing the scintillator. Two inorganic crystals* each of 

thickness somewhat less than the range of the particles to be 

counted* are viewed by separate photomultipliers. One of 

the crystals is placed within a cone of neutrons where the
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times of emission of each are known by detecting the assoc­
iated alpha particles from the T(d,n)He^ reaction. The 
other crystal is kept from this defined beam at all times. 
The outputs from the two photomultipliers A and B are fed to 
a summation circuit whose output is only recorded by an ana­
lyzer when a high speed triple coincidence is registered be­
tween the scintillation counters and the recoil alpha part­
icle detector. Under these conditions, neutron induced re­
actions could only be recorded when the interaction takes 
place within the scintillator A and travels in the correct 
direction to be stopped within the scintillator B. As 
thick targets could be employed good counting rates could be 
anticipated. Angular distributions could be measured if 
the counter B remained out of the defined beam.



CHAPTER VI

A SEARCH FOR LEVELS OF Li? BETWEEN 9.0MeV AND 9.55MeV 
EXCITATION

Section (6.1.): Introduction.

The success of the intermediate coupling shell model in 
predicting the properties of nuclei with unfilled lp-shell con­
figurations (El 57) has been the cause of great interest in 
the experimental details of nuclei in the He^ to O-^ region. 
Important gaps remain, however, which make a test of the theory 
difficult. A case in point is the nucleus Li? where a number 
of levels, suggested by the results from photodisintegration 
experiments, remain to be confirmed by other reactions. The 
experiment reported here sought to confirm the presence of the 
level thought to be at 9.3MeV and to find its charater by exam­
ining the structure of the yield curve for interference effects.

One feature of the Li^(n,H^)He^ reaction which has puz­
zled some workers is that, with the exception of the broad p- 
wave resonance at 255keV, no structure is apparent in the cross- 
section curve over the whole of the measured energy range (see 
Figure 33), (Fr54; We54; Hu55; Ri56; Ke5Ö; B058). The lack
of structure in this curve is surprising, as several levels of 
Li? are thought to be present in the corresponding range of ex­
citation (Aj59).
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FIGURE 33: ov AND <J“(n5t) CROSS-SECTIONS FOR Li6 (n,t)He4
FROM 20keV TO l8MeV.
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Dabrowski and Sawicki (Da55; Sa55a>b) have suggested

that the bulk of the reaction Li^(n,H3)He^ goes by a direct
7*process which does not involve the compound system Li* at all. 

Sawicki's calculations, which include coulomb corrections, are 
in reasonable agreement with measured cross-section and angular 
distribution data (Da53; Fr54; We54) and it seems likely that
part of the reaction, at least, does require such an explanation. 
However, while the direct transition matrix elements may be 
large, it is still difficult to understand the apparent ab­
sence of resonance structure in the yield curve.

Section (6.2.): Evidence for a level of Li|7 at 9 «3MeV
Excitation.

The existence of a level Li^ in the neighbourhood of 
9.3MeV was first demonstrated by Titterton and Brinkley (Ti53a) 
who used nuclear emulsions to measure the differential cross- 
section of the reaction Li^(Jf,H^)He\ The cross-section was 
found to have a peak at 9.3MeV with an experimental half-width 
of several hundred keV. By comparing these results with 
cross-section measurements carried out by Titterton (Ti53)> 
using 6.13, 14.8 and 17.6MeV gamma rays, an approximate inte- 
grated cross-section of 0.2 x 10 ^MeV.barns was associated 
with the reaction going through this level.

Other workers (St53; St54; Er54; Mi55a), using
similar techniques to Titterton, have also found resonance 
absorption of gamma rays between 9.0MeV and 9.5MeV. Goldem- 
berg and Katz (Go54) have measured an integral spectrum for 
the reaction Li^(/^n)Liu ; their results show a prominent
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break in the yield curve at 9*6MeV which they ascribe to a 

7level in Li with an integrated cross-section of approximately 
0.2 x 10 MeV.barns. Further evidence for the existence of 
the level has been suggested by the inelastic scattering data 
of Allan (A154) who used l4MeV neutrons on Li' and by Silver 
(Si57) who scattered 31.0MeV protons from Li^. Recently, 
Titterton (personal communication) has remeasured the differ­
ential cross-section using synchrotron bremsStrahlung of max­
imum energy 12MeV. His preliminary results confirm the ex­
istence of resonant absorption of gamma rays around 9.3MeV. 
Because of the low energy of the incident radiation, the
possibility is eliminated that the level which is present

7*is populated by gamma ray cascades from Li' levels at higher 
excitation. In this work it was assumed that the 9.3MeV lev­
el, excited by the Li^( t)He^ experiments, is the same level 
as that found at 9.6MeV by Goldemberg and Katz.

Section (6.3*): Experimental Details.

6 3 ij,In these experiments the cross-section for L i ^ n , ^  )HeH 
was measured with good energy resolution over the neutron ener­
gy range 2.0 - 2.65MeV. This energy range corresponds to an

7*excitation of the compound Li' system from 9.0MeV to 9.55MeV 
where a level is thought to be present (Ti53a). By inserting 
the neutron and triton partial widths, which have been estab­
lished for this level by gamma absorption experiments (Ti53; 
Go54), into the Breit-Wigner formula, it would appear that,



123
to an order of magnitude, the resonance cross-section of this 
level by neutron absorption in Li^ should be several hundred 
millibarns.

The experimental arrangement is shown in Figure 3̂ -
and consisted of a Li l(Eu) crystal as target and detector 

6/ 3v 4for Li (n,H )He reactions. This crystal was rotated about 
the neutron source to obtain energy variation. The technique 
was sufficiently sensitive that a 20mb change in cross-section 
of width 40keV should have been readily detected.

The scintillator was mounted on a thin glass plate, 
after being polished within a dry box to the dimensions

ß
0.252” x 0.534" x 0.090". The Li I(Eu) had a measured dens­
ity of 3.93g/cm^ and was protected from moisture by a thin 
layer of vaseline and aluminium foil. The crystal was mount­
ed l4.7t0.2cms from the neutron source. Figure 35 shows a 
scintillation spectrum from the detector using an incident 
neutron energy of 2.6MeV. The low energy peak was caused by 
the flux of thermal and epithermal neutrons present in the 
target area arising from scattering of the primary neutrons, 
and from contamination and deuterium build-up on the defin­
ing stops of the accelerator tube. The half-width of the 
thermal peak was about for a freshly mounted crystal and 
provided a useful calibration line for checking the gains 
and resolution of the circuitry.

ß 4The high energy peak arose from Li0 (n,t)He initiated 
by fast neutrons. The peak had full-width at half-height
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FIGURE 3 4 : SCHEMATIC DIAGRAM OF EXPERIMENTAL ARRANGEMENT.
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considerably greater than the resolution of the equipment. 
Several authors (Mu58; Op58; Ke58) have suggested that this
large width is due to the difference in scintillation res-

6ponse of Li I for tritons and alpha particles; this is effect­
ive because, for a given neutron energy, the centre of mass 
motion of the system gives the emitted triton and alpha part­
icles a range of energies in the laboratory system. The 
shape of the peak also depends upon the angular distribution 
for the reaction. Spectra taken at various neutron energies, 
showed little variation in the shape of the high energy peak 
indicating that the angular distribution for the reaction re­
mained constant over the energies studied. Cross-section 
measurements were made by setting a bias at a known point in 
the high energy peak and recording all events producing a 
pulse greater than this level. The bias level was set suff­
iciently high that no pulses from the thermal peak were 
counted. Simultaneously, pulse height spectra were recorded 
to permit correction for the events which were missed because 
of the high setting of the discriminator bias.

Neutron Source. The production of monoenergetic neutrons 
from the d(d,n)HeJ reaction was made difficult because of the 
large background of neutrons coming from collisions of the 
deuteron beam with the defining apertures and with the walls 
of the magnet vacuum chamber. While the flux of these un­
wanted neutrons was minimized by shielding and by locating 
the defining apertures well away from the neutron source, it
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was still necessary to use comparatively thick targets so 
that the yield was well above background. Background 
measurements were made by counting Li^(n,H^)He^ events, 
without a heavy-water target, for the same time-integrated 
beam current as was used in the experiments.

Unfortunately, thick targets reduce the range of the 
angle 9 (and neutron energy) which is available for a given 
energy resolution. Figure 36 shows the energy resolution of 
the neutrons obtained from a lOOkeV thick target for a deut- 
eron beam energy of 350keV as a function of the emitted neut­
ron energy and the angle 0 as calculated from the tables of 
Fowler and Brolley (F055).

Section (6.6.): Results.

Figure 37 shows the results of these cross-section 
measurements. The horizontal bars indicate the energy spread 
inherent in this type of neutron source; the vertical bars 
are the estimated errors in the measurements. The main sources 
of error at each point when determining the shape of the cross- 
section curve are the background subtractions, 3$; uncertain­
ties in the geometry, 5%; counting errors, 4$. The absolute 
determination of the cross-section is also dependent upon geo­
metry of the recoil-counter telescope and its location with 
respect to the heavy-ice target; this introduces a further 
uncertainty of 7$; the total error t 10$.
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FIGURE 37: EXPERIMENTAL CROSS-SECTION DATA
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Over the energy range of 2.0MeV to 2.7MeV the cross- 

section data shows no significant indication of resonance 
structure but falls smoothly with increasing neutron energy. 
This would seem to indicate that, either the level (or levels) 
found by gamma ray experiments are not present in the energy 
range covered by these experiments, or alternatively, that 
the triton partial width is very small (lOkeV or less).

According to the simple shell model (E157)* the ground 
state of the nucleus Li^ has a configuration of (ls)^(lp)2 and
has a spin and parity of 1*. Thus, a neutron entering the
6 7*Li configuration to form the same Li' systems as are formed

by the dipole absorption of gamma rays, would enter as s or d 
partial waves with the Liu nucleus providing the rest of the 
configuration. For neutron energies used in these experiments 
and assuming a radius for Li^ of 2.9 x ICT^cm. the transpar­
ency of the centrifugal barrier for d-wave neutrons is only 
10% of that for s-wave neutrons. This low transparency will 
have the effect of reducing the partial widths for d-wave 
neutrons.

7If the level of Li at 9.3MeV has a spin and parity 
of 5/2 , both neutron and triton partial waves in the react­
ion channels will be d-waves. The low transparency of the 
centrifugal barrier to these particles could give the narrow 
partial widths necessary to account for the experimental re­
sults and the apparent lack of compound nucleus formation.
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As there is uncertainty that the energy range has been 

adequately covered, further experimentation appears to be just­
ified using a neutron source capable of covering a wider range 
of energies.
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If accumulator negat­
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The address Q is in 
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Calculate
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