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APPLICATIONS OF SCINTILLATION COUNTERS TO
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PREFACE.

This thesis contains an account of work performed during the
period October 1950 to July 1954 on the development and applica-
tion of scintillation counters to measurements of neutrons in the
renge of energy 1 to 20 Mev.

The first part of the thesis consists mainly of a review of
the experiments in which useful information may be obtained from
measurements of neutrons in the approximete energy resnge 1 to
20 Mev. Discussions of these experiments lead to an evaluation
of the properties of sn ideal fast neutron spectrometer suitable
for obtaining new information. ®inelly, the possible approaches
to the problem of measuring the energies of fast neutrons are
discussed. References to material drawn from the literature for
this part are cited throughout.

In Part II some of the properties of orgesnic scintillators
and the related apparatus are discussed briefly. Preliminary
experiments which were conducted in order to improve the perform-
ance of the scintillators when used to detect fast neutrons are
described. The results are given of later experiments in which
new information was acquired asbout the response of organic
seintillators to protons and electrons. The work described in
this Part of the thesis was my own apart from general collabor-
ation in the later experiments with Mr.J. Shields.

In Part III various attempts to use single seintillation
counters as neutron spectrometers are desecribed. The anslysis
of the expected performance of both the Single Scattering Spect-
rometer and the Edge Effect Spectrometer was carried out by me,
as was the asnalysis of the results. The early experimental work
on the Single Scattering Spectrometer was performed by me but the
results quoted were obtained laster in collaboretion with Mr. 7.
Shields. The leading idea of the Edge Effect Spectrometer is due
to Mr. R. Giles; I performed the preliminary experiments with it
end assisted Mr. J. Shields in taking later measurements.



In Part IV some possible approaches to the use of two scint-
illstion counters simultaneously for the measurement of neutron
energies are discussed. ' The experimental work on the Double
Scattering Pulse Height Spectrometer was performed in collabora-
tion with Mr. J. Shields; the idea, the snelysis and the discus-
sion of the results of this were my own. The basie‘idea of the
Time-of-Flight Spectrometer, which has proved to be the most
successful of the scintillation counter arrancements for measur-
ing neutron energies, is my own; the final design of this
spectrometer and the testing of it were also carried out alone;
Mr. J. Shields assisted me in teking the final measurements.

In Part V the conclusions reached throughout the thesis are
summarised and the relative merits of the various spectrometers
assessed with particular reference as to what extent they may
prove suitable for experiments which had previously been outwith
the scope of existing techniques.

Appendix A consists of a critical review of the previous
techniques used to perform the experiments discussed in Part I.

In Appendix B the 50 kv H.T. Set used to supply a source of
D=-D and D-T neutrons for test purposes is described. This Set
was constructed by me at the beginning of the research programme
from g temporary arrsngement used by Dr. J.G. Rutherglen for
testing ion sources. In this work I was advised by Mr. R.Giles.

In Appendix C some of the electronic equipment whieh I built
and tested for use with the scintillation counters is described.
Mr. R. Gliles designed the units for use in pulse height work
whilst the fast coincidence units were my own adaptations of
published circuits.
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I. THE FIELD OF STUDY.

1. INTRODUCTION.

This part of the thesis consists essentially of a review
of the experiments in which useful information may be obtained
from measurements of fast neutrons in the approximate range of
energies 1 to 20 Mev. Such experiments fall into two mein groups.

Fast neutrons arise as products of artificisl nuclear
recctions. They may be produced in the bombardment of nuclei
by charged particles or by gr-rays. (Past neutrons which occur
as the result of fission of very heavy nucleil are beyond the
scope of the present work.) Measurements of the neutrons emitted
in these reactions make up the first group of experiments which
is condidered. The second group of experiments which is considered
is that in which fast neutrons interact with matter. The
scattered neutrons are frequently in the same energy range and
measurements of these neutrons are of great theoretical
significance.

In both the ceses in which neutrons are the emitted and the
incident particles, the possible experiments and the extent to
which they heve been performed are discussed. (The technigues
which have been used to obtain these results are mentioned but
description of these techniques is confined to Appendix A.) The
theoretical significence of the results is given for each type of
experiment and conclusions are drawn as to what further experiments
are required and ss to the extent to which the obtaining of such
informetion has previously been precluded by the lack of suitable
techniques. References are given to typical work in each type of
experiment; references are also given to relevent review
erticles, which are extremely limited in number, where further
references to the work may be found.

Conclusions common to the various types of experiment are
then summarised snd the properties of a fast neutron spectrometer
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capable of obteining all the required information are deduced.
A brief discussion of possible epproaches to the problem of
measuring the energies of fast neutrons concludes this part of
the thesis.

2e NEUTRONS AS EMITTED PARTICLES.
(i). The neutrons emitted in the bombardment of light nuclei by

charged particles.

(a); Genereal.

The general purpose of measurements of the
neutrons emitted in the bombardment of light nuclei is to establish
the positions and other properties of the excited states of the
nuclei concerned. Such information is reguired for checking
theoretical models of nuclei and finding relationships in the
level structures of related nuclei. In the particular case of
deuteron-induced reactions, knowledge may be gained of the
stripping process which in turn may lead to a better understanding
of the nesture of the force between neutrons and protons.

(b). Methods end Results.
The observations which mey usefully be made in

such reasctions are as follows:

(A)., The total yield of neutrons as a function of the
energy of the incident radiation.

(B). The distribution in energy of the emitted neutrons
when the energy of the incident radiation is kept constant.

(C). The angular distribution of neutrons of a given
energy relative to a fixed direction.

(D). The correlation of the energies of the neutrons with
the energies of @ —reys or charged particles emitted simulteneously.
(Decay schemes)

(E). The engular corglation of the neutrons and their
associated @ —rays or charged particles.

The sbove list is in order of logical consideration; it is
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also in order of increasing experimental difficulty. Consequently
progress hes been uneven, renging from virtually complete
knowledge for type (A) to no date of significence for type (E).
Exhaustive references to all work in this field prior to 1951

may be found in the review article by HORNYAK et al (1951).
References to subsequent work which is typicel of recent develop-
ments are cited below.

(A). The measurement of excitation functions requires simple
detection devices which are insensitive to, or can discriminate
against, % -rays and which need not be able to distinguish
between neutrons of different energies. B and BF3 counters eand
the raedioasctive foll technique have been extensively used for
such measurements and are adequate for the task.

In general, the excitation curves are found not to be
constant functions of the incident energy end, in some cases,
resonances in the yield are observed at certain bomberding
energies.

(B). Straightforward measurements of the energies of the
emitted neutrons have slso been extensively made. Early measure=-
ments were made meinly with cloud chambers (See LIVINGSTON and
BETHE 1937). The most accurate results have been obtained with
photographic plates. A complete bibliography of all experiments
up till 1953 on the determination of neutron spectra using
photographic plates hes been given by ROSEN (1953). Ionization
chembers (HOLT, 1954) and proportionael counters (WORTH, 1950;
GILES, 1953) have also been used. The most significant ommissions
in such data are in the measurement of neutron groups of low
intensity: this has been due to the low detection efficiencies
of the aveilable spectrometers.

(C). Some studies have been made of angular distributions,
mainly with photographic plates, but much useful informetion has
still to be obtsined.
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(D) and (E). Until now it hes been impossible to examine
either decay schemes or angular correlations between neutrons and
Zy-rays since the available techniques heve suffered not only
from the disadventage of a low detection efficiency but also from
a slow (or even infinitely long) resolving time.

(e¢)s Interpretation end Conclusions.

Compound nucleus theory.

The well-known hypothesis of the compound nucleus (BOHR,
19%6) has served to explain much of the information obtained from
measurements of the type (A) to (E) sbove. The compound nucleus
theory leads to particularly simple interpretations of such
information. |

(A). The totel yield of neutrons is related to the formation
of excited states of the compound nucleus consisting of the target
nucleus + bombarding particle. For high excitation energies where
the compound nucleus has closely spaced levels the yield is
releted to the level density; for low excitation energies the
yield 1is related to the probability of forming individuasl levels
of the compound nucleus: resonences in the yield are observed
when the sum of the kinetic energy of the incident particle end
its binding energy in the compound nucleus is equal to the excit-
ation energy levels of the compound nucleus. Conversely, the
observation of resonances and their widths leads to the establish-
ment of the positions and partial widths of the levels of the
compound nucleus.

(B)s The energies of the emitted neutrons are related to the
formation of the residusl nucleus in its ground state or one of
1ts excited states. Measurement of the energies of the neutrons

thus leads to the establishment of the positions of the levels of
the residusl nucleus. The intensity of each neutron group leads
to a knowledge of the partial width of each level of the residual

nucleuse.
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(C)s The engular distribution of the neutrons is detefmined
by the quantum numbers of angular momentum and parity associsted
with the levels of the nuclei involved. In genersl, knowledge
of the engular distribution leads to possible sets of values for
these quentum numbers; absolute velues may be determined by
combination with meesurements of the type (D) to (E).

(D) and (E). The possible modes of decay of the excited
states of the residual nucleus and the angular correlation of the
neutrons with their associsted radiations are also determined by
the quantum numbers of angular momentum, spin and perity of the
nuclear levels which are involved. Conversely, a knowledge of
the decay scheme and of the angular correlations may be inter-
preted in terms of these gquantum numbers.

From the measurements on neutrons (outlined above) that have
been made, and with a knowledge of similar measurements on other
radiations emitted in the bombardment of light nuclei, it has been
possible to build up en extensive knowledge of the positions of
most of the bound levels in light nuclei. The other properties of
relatively few of these levels ere known. It follows from this
discussion that the knowledge of angular distributions must be
extended and that decesy schemes and asngular correlations must be
examined. Such meassurements have been beyond the scoﬁe of the
avellable techniques but ere atteinable using techniques
developed in the course of the present work. With the knowledge
obtained it may be hoped to gein a complete picture of the
positions end other properties of all the bound levels of light
nuclei.

Deuteron-induced reasctions - stripping.

Bombardment of light nuclei by deuterons is a partlcular case
of the reactions discussed above. Precisely the same observations
mey be made and, for many reactions, the interpretation of these
observations is the seme. However, results have been obteined
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which are not explicable on the assumption thet the deuteron as an
entity forms a compound nucleus with the target nucleus. The
possibility that the interaction of the deuteron with the target
nucleus can teke other forms follows from its low binding energy,
unsymme trical charge distribution and finite size.

It is possible for the deuteron to be disintegreted by the
Coulomb field of the terget nucleus. (OPPENHEIMER, 1935). This
process is not of interest in the present context since the cross-
section for its occurrence is only comparable with those for the
other possible processes for deuterons of energy greater than
10 Mev and for nuclei of high Z. The other possible processes
are the formation of a compound nucleus by the absorption of one
or other constituent of the deuteron whilst its partner misses the
target nucleus altogether. This is known as the stripping process
(OPPENHEIMER, 19359. This process leads to different energies
end engular distributions and correlations of the outgoing
neutrons from those to be expected on the basis of normal com=-
pound nucleus theory.

At high deuteron energies, where the effect of the Coulomb
repulsion between the nucleus and the deuteron may be neglected
the theory of deuteron-stripping developed by SERBER (1947) gives
en explanation of the anomalous enguler distributions and high
energies of the neutrons found by ROBERTS (1947) in the bombard-
ment of nuclei by deuterons of 15 Mev.

At low deuteron energies normsl compound nucleus formation
would be expected to predominate; stripping, if it tekes place at
all, would be expected to favour neutron absorption snd repulsion
of the proton by the Coulomb field. However, angular distributions
of neutrons obteined using deuterons of the order of 1 Mev (SWARZ,
19523 HOLT, 1954; WARD and GRANT, 1954) cennot be explained sole-
ly on the basis of one theory or the other. Several attempts have
been made to predict the mechenism of the resction at low deuteron

enercies using mixtures of compound nucleus formetion and
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stripping theory (PEASLEE, 1948; BUTLER, 1950; HUBY, 1952).
However, there is insufficient experimental evidence at present
to determine how these reactions do proceed. Knowledge of this
process will help in understending the nature of the force between
protons and neutrons. RFurther measurements of angular distribu-
tions are required and decisive information would be obteined
from angular correlations between neutrons and their associsted
7 -rays. The sesme technical difficulties arise here as those
discussed sbove: it is expected that the spectrometers deseribed
later will prove capable of measuring the ) - @ angular
correlations.

(ii) (g =m ) resctions.

(a). General.

The main object of neutron measurements in (7 -7)
resctions is to provide sufficient information to check the
validity of the many different theoretical models whieh have been
oroposed to explain the mechanism of the photodisintegration
process. Measurements of the products of the photodisintegration
of the deuteron, in particuler, are helpful in understending the
nature of the fbrce between protons and neutrons.

At present the only point firmly agreed by both experiment
and theory is the predominance of electric dipole absorption in
the medium energy region. Whilst the charscteristic 'giant
resonances' of photodisintegration processes have now been found
with elements throughout the periodic table, other results are
limited and clouded by the continuous energy distribution of the
7 —ray sources used in meny investigations. The wide variety of
theoretical models proposed can nearly all be made to fit the
experimental informetion that exists slthough they differ widely
in fundemental assumptions. Much more experimental data are
required before discrimination between these models can be made

end the photodisintesration process be put on a sound theoreticeal
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(b)., Methods snd Results.

The measurements which are of interest in (2 -n)

reactions are;
(A). The resction threshold end the neutron yield as a

function of 2 -energy.
(B)s The energies of the emitted neutrons at fixed 2 -

energies.

(C)e The angular distributions of the total neutron yield
eand of neutrons of given energies.

The experimental work has been extremely difficult due to
the lack of mono-energetic g -sources of continuously variable
energy. For the (M - 7 ) reaction to proceed it is necessary
for the @ -energy to be equal to or greater then the binding
energy of the neutron in the nucleus. PFor all nuclei, except
deuterium and beryllium this energy is about 6 or 8 Mev; for
deuterium it is 2.2 Mev and for beryllium it is 1.6 Mev. The
available Z -sources are the natural 7 -emitters, some 7 -
emitting ertificially produced isotopes, the 17 Mev 2 -rays from
the reaction Li7(p,a 2% end synchrotrons. The first two types
of sources are all of low energy end limited in their applica-
bility to deuterium and beryllium; the lithium P -rays ere
obviously of limited use and the % -rasys from synchrotrons,
although verisble in energy, have a continuous distribution of
energies. This latter difficulty has been overcome to some
extent by ingenious veriations but nevertheless it has made the
assessment of results extremely difficult.

References to some typical work are given below;

(A). Measurements of the (g -7 ) threshold for meny
elements have been made by observing the 7 -ray energy when,'as
is frequently the case, the target nucleus becomes unstable
against /g"or A" emission following the emission of & neutron.

This technique hes been extended by KATZ (1950; 51) to obtasin

-
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excitation functions by measuring the variation in the asctivity
of the target nucleus as a function of incident g -ray energy.
Such methods which do not involve direct observation of the
neutrons are not of present interest.

For ell nuclei investigaeted the neutron yield has been found
to increase rapidly between 10 and 20 Mev 2 -ray energy eand to
have a broad 'gisnt resonance' at about 20 Mev. (BALDWIN, 1948;
McELHINNEY, 1949) It eppears that the 2 -ray energy at which the
maximun cross-section occurs increases as the mass of the target
nucleus decreases (PERLMAN, 1948; STRAUCH, 1951). Meny measure-
ments have been made of the absolute ( 2 - 7 ) cross-section
using 17 Mev % -rays from the Li(p, ) resction (WALKER,1950).

Direct observation of thresholds and yields may be made
using counters which do not measure the neutron energies: a
B, counter encased in paraffin is suitable for this purpose.

(B)s Measurements of neutron energies have been made using
cloud chambers end photographic plates. The reactions D( 7,7 )p
and Be9( FE n)Be8 have been extensively studied using natural

3

7 -rays: these range from the earliest measurements by CHADWICK
and GOLDHABER (1935) and by FEATHER (1935) to typical recent work
by RUSSELL et al (1948). Measurements on other elements are
nearly all of doubtful accuracy (due to the @ -ray source) but
it hes been established thet, in genersl, most of the neutrons
emitted have a continuous energy distribution whilst a small
percentage of the neutrons are grouped together at a much higher
energy (POSS, 1950)

(¢). The angular distribution of the products of the

D(3 » M )P reaction have been measured, but with low accuracy, by
FULLER (1949; 3950) for 7 =-ray energies between 4 end 20 Mev.
Meesurements of the snguler distributions of the total neutron
yield in other elements have shown that the distribution is iso-
tropic for most of the neutrons (PRICE, 1950) though there are

indications thet the high energy group has an anisotropic
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distribution.

Wnilst there are certain adventages in using a radiosctive
foil technique for measurements of yield, end photographic plates
end cloud chambers for the measurement of neutron energies and
engular distributions when the observations must, necessarily, be
made with an intense % -rsy background, these methods are extreme-
ly tedious. Adaptations of the scintillation methods described
later might prove useful for all such measurements.

(¢). Interpretation and Conclusions.

Theoretical studies of the photodisintegration
effect have been mainly concerned with explaining the mechanisgm
of the reasction. All the original work on the subject was based
on the assumption that the reaction proceeded by the formation
of 2 normel Bohr compound nucleus which wes in a highly execited
state following the absorption of a 7 —ray.

Considerstions of the contributions of the eleectric dipole,
macnetic dipole end electric quadrupole radiation to the cross-
section for the formation of the compound nucleus led to the
expectation of a strong maximum at about 20 Mev 2 -ray energy,
the major effect at this energy being due to electric dipole
absorption. This was in good agreement with the experimental
results. However, consideration of the 'evaporation' of particles
from such an excited compound nucleus did not lead to complete
predictioﬁ of the observed data. In particular, the compound
nucleus model predicts that neutrons will be much more likely to
be emitted than protons (due to the Coulomb berrier) whereas this
is not in agreement with the experimental resul ts(HIRZEL end
WARFTLER, 1947). |

HIRZEL end WAFFLER (1947) end COURANT (1948) sugcested an
alternative mechenism for the process in which the incident
ouantum interacts directly with a nucleon at the nuclear surface.
A recent development of this idea by WILKINSON (1954) success-



-1]-=

fully predicts all the data obteined so far: the gient resonances,
the relative megnitudes of the (g ,mn ) and ( 2 ,‘p ) cross-
sections end the emission of small groups of protons and neutrons
of high energy. However, there are not sufficient experimental
date to check his predictions on the angular distributions.

The particular case of the photodisintegration of the
deuteron is of great importence in view of the possibility that
a knowledge of this process may lead to a better understsnding
of the nature of the 7 -P force. Again, it is the angular
distribution of the products of the resction which is of most
interest: RARIBTA (1941, a, b) has pointed out thet the angular
distribution of the products of the reaction D(%,n )p is more
sensitive to the force law then the total cross-section for the
reaction.

The theoretical studies of the photodisintegration process
are much more prolific than the experimental work. It is hoped
that the spectrometers described later mey help in reducing this
lack of belance by allowing further experiments to be performed

more easily.

3« NEUTRONS AS INCIDENT PARTICLES.

(i) The interaction of neutrons with matter.

(a)s The possible intersctions.

If a thin sheet of material is plasced in the path of a beam
of neutrons, then some of the neutrons are removed from, or
scattered out of, the beam. The attenuation of the beam of
neutrons is attributed to a variety of causes: the relative
importance of each cause is found to depend on the energy of the
neutrons end on the atomic number of the scatterer or sbsorber.

The possible processes which lead to an attenuation of the
neutron flux are radistive capture of the neutrons, (47,3'), and
elastic secattering of the neutrons, (m,n ), both of which are
possible for neutrons of all energies and for all absorbers, and

inelestic scattering, (# ,n’), (m ,2n), etc, and neutron-induced
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resctions such as (n ,P ) end (n ,X ) resctions. Mnother possib-
ility which is, as yet, not of great enterest for neutrons in the
range of energies 1 to 20 Mev is polarization scattering of the
neutrons.

This review is concerned with experiments in which useful
information may be obtained from measurements of neutrons with
energlies between 1 end 20 Mev and, accordingly, the discussion is
limited to elastic and inelastic scattering experiments. Many"
measurements of neutrons in this energy renge may be msde in these
experiments and useful information mey be acquired sbout sizes of
nuclei, positions and properties of energy levels of nuclei not
otherwise accessible and the general theory of nuclear reactions.
Purther, the elastic scettering of neutrons by protoﬁs is of
interest in the development of techniques for the measurement of
fest neutrons. '

(b)s Neutron sources.

One of the major difficulties in the past in the performance
of neutron scattering experiments hss been the lack of suitable
sources of monoenergetic neutrons of continuously variable energy.
Recently this difficulty has been largely overcome end large
fluxes of neutrons over most of the range 1 to 20 Mev can now be
obtained, meny of them with a 1 Mev HT Set, slthough the complete
rence can only be obtsined with a Ven der Gresaf Set of about
8 Mev.

A comprehensive'review of the possible sources of neutrons
end their charscteristics has been given by HANSON, TASCHEK and
WILLIAMS (1949). McKIBBEN (1946) hes given momogrems for the
relationship between the energy of the bombarding particle and
the energy end sngle of emission of the emitted neutrons.

The most useful exothermic reactions are D(d,n)He3 (the D-D
resction) and H3(d,n)He4 (the D-T resction), both of which give
large yields st es little as 50 Kev bombarding energy. The D-D
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reaction gives neutrons from 2.5 to 3.0 Mev at low bomberding
energies when advantage is teken of the variation of energy with
engle of emission. The D-T reasction gives neutrons of 13 to 20
Mev.

The lower end Of the energy renge may be obtaesined using the
endothermic resctions H3(p,n)He3, threshold = =1.019 Mev., and
Li7(p,n)Be7, threshold = -1.8882 Mev, although the latter reaction
is not truly monoenergetic for neutrons of more than 700 Kev as
the Be7 may be formed in its first excited state, 430 Kev, which
leads to the emission of lower energy neutrons.

(ii). Elastic scaettering.

(a)e. General.

When neutrons are scattered elastically by a nucleus the
total kinetic energy of the incident neutron and the target
nucleus is conserved. It follows thet, except for the very light-
est nuclei, the energies of the scattered neutrons will differ
very little from the incident energy and will be substentially
independent of the angle of scattering. The main interest in
elestic scattering lies in measurements of the angular distrib-
utions of the scattered neutrons and their relation to nuclear
sizes.

(b). Methods end Results.

In most of the work on elastic scattering of fast neutrons
the detection device hss been required only to distinguish the
elastically scattered neutrons from the less energetic inelastic-
elly scettered neutrons snd to record their intensity. Threshold
detectors have proved suitable for this purpose in a limited
number of ceses. AMALDI snd his collaborators (1947) used this
technique in their investigation of the sngular distribution of
14 Mev neutrons from the D-T reaction scattered by lead. They
observed distinct maxima and minime in the differential cross—-
section at smsll scattering angles. The theoretical importence
of these results is congidered below.
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Other workers have examined similar sngular distributions
using 14 Mev neutrons (ELLIOT, 19553 COON, 1955) end D-D neutrons
have also been used (REDMOND and RICAMO, 19523 WHITEHEAD and
SNOWDON, 1953, 1954). Photographic plates have also been used in
these experiments.

WALT end BARSCHALL (1954) have used a proportional counter
which was suitably biasssed to exclude inelastically scattered
neutrons, to measure the angular distribution of 1 Mev neutrons
scettered by 28 intermediate and heavy nuclei.

The results of many experiments on (n-p) scattering using
neutrons in the energy renge 1 to 20 Mev are summarised here for
use in the later discussion of techniques:

(A). The n-p scattering cross-section is
lerge (See Fig.II.12.1.).

(B). MThere are no competing reasctions.

(C). There are no resonences in the cross-section.

(D). The scattering is spherically symmetricel in centre-
of-mass coordinstes.

Although the techniques already used in elastic scattering
measurements could be usefully employed in the further measure-
ments required, the scintillation counters described later are
capable of performing these measurements more easily.

(c)s Interpretation and Conclusions.

The major point that calls for explaenation in elastic
scattering is the appearance of maxime end minima in the differ-
ential scettering cross-section at small scattering angles.

This arises when the quantum mechanicel weavelength associated
with the incident neutrons is small compared with the nuclea¥
redius. The situstion is then analogous to optical diffraction
by a black object.

The diffraction pattern obtasined may be related quantitat-
ively to }\ , the neutron wavelength and R, the radius of the



nucleus. From the value of R obtained the constant, K, in the

equation R = KA43 which relates the nuclear radius and mass
number, may be determined. The equation R =1KA47 arises in
various nuclear models, the vaelue of the constant depending upon
which model is used. Such measurements are useful therefore in
checking the validity of the models. The results of AMALDI (1947)
referred to above were in excellent sgreement with a theoretical
calculation of the differential cross-section computed in this
way (HAUSER,end FESHBACH, 1952 ). It should be noted that this
diffraction scattering is confined to very small sngles, of the
order of }\/R'

More measurements of this type are required: in order to
perform all such experiemtns well it would be necessary to have
a neutron detector which is capable of examining the intensity
of neutrons of a given energy in a background of neutrons of
different energies., Purther, the detector must be capable of
fine esnpgular variation. Until the development of the techniques
described later, detectors capable of performing these functions
over a wide range of energies have not existed.

(iii). Inelastic scattering.

(a)s General.

In the inelastic scattering of a fast neutron, the
neutron is absorbed by a target nucleus and re-emitted with less
than its original energy. The energy acquired by the (original)
terget nucleus is then usually emitted as g -radistion. Thus,
in contrast with elastic scattering, kinetic energy is not
conserved.

The reaction can proceed only if the incident neutron hss
sufficient energy to raise the target nucleus to its first
excited state. If the energy of the incident neutron is increased
so that there is sufficient energy available for the target
nucleus to be in its first excited state and also to supply the
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binding energy of a neutron in the target nucleus then the
(n, 2n)resction becomes possible. Very approximately, over
most of the periodiec table, the (n, n’) reaction tskes place
with neutrons of up to 10 Mev and the (n, 2n) reasction with
neutrons of up to 18 Mev. As the neutron energy is increased
further the (n, 3n) reaction becomes possible.

Levels in light nuclei may be exemined in this way but
probably the main interest of the process is in intermediate and
heavy nuclei where several of the lowest lying levels are usually
contained within a few Mev and cennot, in general, betexcitéd in
eny other way. Thus observaetion of inelastically scattered
neutrons can lead to an extension of the number of the nuclei
for which the position and properties of some of the excited
states are known.

(b). Methods end Results.

The measurements which are of interest in the inelastic
scattering of neutrons are almost identical with those enumer-
2ted in the section deasling with the emission of neutrons in the
bombardment of light nuclel by charged particles. The same
measuring devices have been used and much the same difficulties
end limitations encountered. The measurements which may be made
ares
(A)e The yield of inelastically scattered neutrons as a
function of neutron energy.

(B). The energies of the emitted neutrons for a given incident
neutron energy.

(C). The sngular distribution of the emitted neutrons.

(D). The energy end angular correlations of the neutrons and
their associated 7 —reys.

Each of these types of experiments is considered briefly

below:
(A). Measurement of the yields in inelastic scattering is not
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quite as straightforward as in the experiments described earlier.
It is necessary to count the neutrons in a background of the
primary end elasticsally scattered neutrons which ere of higher
energy. In practice, the yield has usually been measured by the
reverse procedure: that is, the number of neutrons observed by
e detector which does not respond to neutrons of energy less than
the primary energy, of the energy of the elastically scattered
neutrons, is recorded without, end with, the scatterer in position.
The difference is , in many cases, a good approximation to the
inelaestic yield. Radioactive threshold detectors have been
meinly used for this type of experiment (PHILIPS, DAVIS and
GRAVES,1952). |

The yield has slso been derived from measurements on the
totel scattering cross-section - which is relatively easy to
measure (HUGHES asnd HARVEY, 1955) - end the integral of the
differential elastic scattering cross-section described in the
previous section.
(B). Measurements of the energies of inelastically scattered
neutrons have been made using 211 of the available detection
devices. Such measurements have not been very extensive and a
creat deel of information is still required.

The earliest measurements were obtained using cloud chambers
( AUGER, 1933). This technique hes also been used more recently
to measure the scattering of D-D neutrons from magnesium and a
neutron group was resolved which corresponded to inelastic
scattering from a level at 1.30 Mev in magnesium (LITTLE, LONG
eand MANDEVILLE, 1946). One adventage of the technique is that
the scattering material may sometimes be contained in the chember:
and the energies of the scattered neutrons may be computed from
measurements of the energies of the recoiling target nuclei:
this has been done with the scattering of D=-T neutrons by oxygen

( CONNER, 1953).
Photographic plates have been most used in these studies:
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reference may again be made to the review article by ROSEN (1953).
Most of the work hes been performed with 14 Mev neutrons from the
D-T reaction: scattering from individueal levels would not ususlly
be expected with neutrons of this energy but degradation of the
energies of the neutrons scattered from the continuum of levels
hes been observed (GRAVES end ROSEN, 1953). Some work on the
inelastic scattering of lower energy neutrons from individusl
levels has also been performed:.in this way and the positions of
levels of intermediste nuclei estimated (STELSON and PRESTON,
1952; JENNINGS et al, 1955). The accuracy of the determination
of the positions of the levels has been increased by combination
with the results of SEPARATE observations of the 7 —rays emitted
(GRIFFITHS, 1955). Plates loaded with the scattering material
have slso been used (ALLAN, 1954). (The 'loading' of photo-
eraphic plates is discussed lster in the eppropriete section

of the appendix on techniques)

Measurements of the inelastic scattering of neutrons of the
order of 1 Mev by urenium have been made using a proportional
counter filled with He’(BATCHELOR, 1955).

Contemporary applications of scintillation counters to these
measurements (POOLE, 1952, 1953; ELIOT et al, 1954) are discussed
later in relstion to the developments described in the main body
of the thesis. ‘
(C)e Work on anguler distributions has been extremely limited:
in the measurements of neutron energies by STELSON and PRESTON
(1952) end JENNINGS et al (1955), cited above, the angular
distributions of the neutron groups found were also obtained.

(D). No correlstions between scattered neutrons and their
sssociated g -reys have been reported; this has (again) been
due to the lack of suitable techniques.

(¢)s Interpretation and Conclusions.

As in the section on the emission of neutrons in the bombard-

ment of light nuclei most of the experimental results can be
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explained on the assumption of the formstion of a compound nucleus.
The interpretations of results of the type (A) to (D) are exsctly
analogous to those given in that section except that in simple
inelastic scattering the target and residual nucleus sre the same.

The information obtained depends on the energy of the incident
neutrons and on the target nucleus. With light nuclei and.heavy
nuclei near a closed shell the properties of individual levels
may still be established provided that the neutron energy is not
too greaet. In inelastic scattering by heavy nuclei the inform-
ation obtained may be used in statistical approaches to the
oroperties of a continuum of overlapping levels.

The validity of the details of most of the theoretical
approaches to the problem msy only be checked with experimental
informstion sbout anguler distributions end correlations. The
technioues developed during this work should help to meke this
informetion available.

4, SUMMARY OF CONCLUSIONS: PROPERTIES OF AN IDEAL SPECTROMETER.

From the brief review of the state of the experimental data
eand the theoretical interpretation of those results certain
general conclusions may be drawn which apply to all the different
types of experiment.

The measurement of neutron fluxes, both relative and absolute
has been well covered and further results could be obtained using
the techniques used in previous work; improved techniques could
facilitate further results being obtained more quickly and more
easily. Determinations of neutron energies have slso been
extensively made, the major drawback has been the length of time
involved in getting results; agein, an electronic technique of
high detection efficiency would be useful for further work. The
same considerations apply to engular distributions, alﬁ?ggfh the
lebour involved in obtaining these with the techniqueg/in the past
is even greater than in straightforward determinetions of neutron

spectra; 1this accounts for the small emount of experimental
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evidence aveilable. Determinations of correlations between
neutrons end #4 -rays, or other associated particles, has been
beyond the capacity of the existing techniques; the validity of
meny theoreticasl considerations can only be checked by such
megsurements and, in many cases, progress in understanding the
processes involved remains impossible without them.
A spectrometer which would be cepable of meking all of the
required measurements would possess the following charscteristics:
(A). A high efficiency for the detection of neutrons.
(B)s (i). A response proportional to the energy of the
neutrons incident upon it.
(ii).The cepacity to resolve groups of neutrons whose
energies differ by 0.1l Mev.
(C)e A fast response to the passage of a neutron (short

resolving time).
(D). Insensitivity to ¢ -radiation (or, at least, the
capacity to distinguish between neutrons and g -rays).
It is of interest to obtain some particular values for the
performence characteristics outlined above. These may be obtained
to en order of megnitude by considering a typical (d-n) reaction

initieted with a 1 Mev H.T. Set:
A typical such reaction yields about 108 neutrons and 2 -rays

emitted simultaneously per second.
A good 7 —ray spectrometer has a total detection efficiency

- of the order of lgf3 per % -ray emitted by the source and a

8 second s.

resolving time of the order of 10
If the resolving time of the neutron spectrometer can also

be arranged to be of the order of ;Qfsseconds then the rendom

coincidence rate is of the order of 1 per second.
Hence the minimum resl coincidence rate sllowable (which is

of the order of the rendom rate) is 1 per secgnd.
Thus the newtraem spectrometer mast have a total detection

5
w
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efficiency of the order of 1072 per neutron emitted by the sov

5. PRINCIPLES OF THE SPECTROSCOPIC METHODS. %4

(i). General.

Since neutrons heve no charge they can be detected only nyﬁ-?“‘

the effects of the secondary radistions to which they give rié@i?@eé
\[‘ i

;?
B

ions of interest, of which the first is the most important, are g =)

For the measurement of the energies of fast neutrons the interact-

elastic collisions with nuclei (usually protons) and nuclesr
reactions in which charged perticles or @ -rays are produced.
(In this section the possible means of utilising these interagtij' e
are considered in general terms.)
(ii).Elastic Collisions.

(e). Reduction to thermsel velocities.

In principle, the energy of a neutron mey be determined by-,.
allowing it to be reduced to thermal velocities by successive ;_”
elastic collisions in a scettering medium. Theoretically this fﬁ”T;
might be done where the scattering medium is hydrogen contained‘Ha
an infinite ecloud chamber; the energies of ell the recoil protoqg;
could then be meamired end the sum would give the energy of tne-%{?
neutron. The method assumes practical possibilities with the usﬁ% '
of a dense scattering medium such as a scintillation counter. Ag5d£
difficulty which arises, however, is that it mey not be possible
to measure the energy of the recoiling protons directly, but only
a function of their energy. If the function is non-linear in .ﬂ
energy the resolution obtainable will depend upon the number of &
collisions required to reduce each neutron to thermel velocities. &i;

(b). Single scattering. | %,_’

The scattering material may be arrsnged so that neutrons e
which are scattered in it are scattered once end once only. It is
then necessary to consider the mechenies of individual collisions i;
eand find the distribution in energy of the recoiling nuclei. _ #fm
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nucleus R, of mass nnm%ﬁr L. Ir‘ihc nsatren haa energy E anﬁ )
R is scattered at an angle & to the originel line of flight ez‘f,?”
neutron, Pig.I.5.1, then the energy of R is given by 4

R" mz E ooszé (0‘94 90) Iv..S.l.

from considerations of momentum and energy. The recoil enerw”
a meximum for heed-on collision, thet is & = 0, and is given

ER(W) = ('/%)2 £° I.5.2.

The recoll energy increases as A decreases and thus the max
recoil energy available is when R is a proton, in which case

£A("‘4’Q= Eo I.5¢3.

That is, the proton acquires all the energy of the neutron.
Now consider a monoenergetic flux of neutrons, energy E_.

incident upon a hydrogenous materiasl. ILet f (E ) of these

neutrons be scattered once, and once only, in the medium.

cos.2 0, it may readily be shown thet the number of recoiling
protons (corresponding to single n-p scattering) with energies in
the range E, to Ep + dEp is given by :

,\/(Epdg = 747_9) Aefs I.5+4e
for B & By N(E )<11-:p O for B, > E .
This is simply the rectangular distribution of - PFig.I.5.2(a). .]_:.,
two groups of neutrons are present in the flux the distribution
has the form shown in Fig.I.5.2(b).

In principle, then, the energy of a monoenergetic flux of .
neutrons may be found by measuring the energies of a large number
of recoil protons; this might be done, for example, Dby measuringi‘
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the pulses from a (suitably shaped) hydrogen filled ionization
chamber irradisted by the neutron flux. The curve obtained by
differentiating the measured distribution would then be a line
corresponding to the energy of the neutrons. In practice, however,
in the example quoted the distribution will be seriously affected
by well and geometricai factors. - For a known geometry it may be
possible to correct for these factors; however, the resolution
obtained in this way may be inadequate for meny experiments.

(e¢). Selection of recoils at & given engle.

The above method of determining neutron energies from single
scattering by protons has the disadventege thet a monoenergetic
flux of neutrons gives rise to a continuous distribution of
proton energies. This disadventage may be overcome in a variety
of ways. Using photographic plates or cloud chambers, only
recoils within a definite angular intervel mey be measured; using
proportional or scintillation counters, mechanicel collimation may
be introduced. murther, the neutrons may be scattered from one
(seintillation) counter into another; the energy of a neutron may
be found by measuring the pulse size in the first counter only
when the neutron is scattered in the second counter. Evidently
the geometrical resolution obtainable in this way depends on the
sizes and orientation of the counters and the source of neutrons,
and may be increased indefinitely with a corresponding loss in
efficiency of detection. The practical 1limit to the energy
resolution is determined by statistical factors, which are
discussed later.

(d). Time-of-flight.

No measurement of the energy of the recoiling protons is
necessery in methods in which the time of flight of a pautron
between two elastic collisions is found. With a suitsble, known

geometry there is a unique relationship between the energy of the
neutrons and time. Low detection efficiencies made this approach
impracticable before the advent of the scintillation counter.
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Reported attempts to use this method utilizing scintillation
counters have also had low detection efficiencies: details of a
suitable arrangement which has high detection efficiency whilst
obtaining adequate energy resolution are given in Part IV.
In experiments with pulsed sources, or in resctions in which

9 ~—rays or charged particles are known to be emitted simultgn-
eously with neutrons, the time of flight of the neutrons to a
single scattering medium mey be found.
(iii). Nuclear Reactions.

(a). Measurement of the energies of the products of the reaction.

The energies of neutrons may be found by measuring the
energies of the (charged particle) products of a muclear disinte-
gration initiated by the neutrons. The energy of the neutron is
then given by

En = AE#EF 3 Q Ie5e56

where E_ 1s the energy of a product of the reaction and Q is the

energy zvolved in the reaction. An important special case of this
method is where the products of the reaction are a proton and =a
relativelyvmassive nucleus; provided that the reaction leads to
the ground state of the resultant heavier nucleus then the proton
carries away the major part of the energy available and a measure-
ment of its energy alone may be sufficient to determine the energy
of the neutron to high degree of accuracy. Suitable reactions

are extremely limited in number.

(b). Threshold Detectors.

It is possible to determine whether neutrons with energy
creater than Q are present in a neutron flux by measuring the yield
of product perticles (either instanteneous or delayed) from
neutron-induced reactions which have a negative Q value. A series
of such reactions with different Q values may be used to determine
a spectrum. The method is rather crude and suiteble reactions

asre, agein, limited in number.
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SCINTILLATION coumgng. .

1. NEUTRON-INDUCED SCINTILLATIONS: GENERAL. 5 o
The discovery that certain hydrogenous organic compounds ffiiu

AR

fluoresee under neutron bombardment (BELL, 1948; HOFSTADTER, f§3A

1948) at once led to the possibility that such materiels might be
applied to the problems of fast neutron spectroscopy. The 7';.
fluorescence process was attributed mainly to the scattering of"jlﬁ
the neutrons by protons in the scintillators. The translation t:o!““g

which no universally accepted explanation has been given. In :
practice, it is sufficient to know that a fraction of the kinetioﬁ?;
energy of the protons is converted into visible or ultra-violet ,{j
radiestion. The value of this fraction is the conversion effiouvgzim
iency of the scintillator; it depends on the constitution of tﬁjﬁ{l
scintillator end is a function of the proton energy. (It is sama:r
times also importent to know the form of this function.) The =8
radiation may be detected by a photomultiplier snd the integrated 3%
current pulses from the photomultiplier give a measure of the 1;
proton energies. :

There are two immediate adventages over previous technicues |
in the aspplication of fluorescent materials to the measurementAbtg
neutron energies. Firstly, the high detection efficiencies thd#f
can be stteined since large, almost translucent volumes of “
scintillator mey be placed in the path of thg neutrons. seoondly,
the very fast resolving times that cen be attained, which are a
consequence of the short duration of the light pulses that are
emitted. The main disadventages of scintillators for this work
are firstly, the non-linear response of orgenic scintillators to =
protons as a function of proton energy; secondly, the low i,,%}
conversion efficiency of organic seintillators for protons, whichigé
leads to intrinsically poor energy resolution st low energies;

end thirdly, the high sensitivity of orgenic scintillators to a;-f
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rays, which give rise t0 light pulsesithrough théxformation of
photo-, Compton and pair electrons in the scintilletors. This
last disadventage is aggravated by the fact that the conversion
efficiency of the scintillators for electrons is greater then it
is for protons.

In the remainder of this part of the thesis some of the
properties of orgenic scintilletors end the related apparatus are
discussed briefly. Preliminary experiments which were conducted
in order to improve the performance of the scintillators are
described. No systematic study of liquid scintillators in general
was carried out but these experiments were directed towards
reducing to & minimum the limitations which these seintillators
suffer for work on fast neutrons end to finding a suitable arrange-
ment for the counters as a whole.

The results of experiments to determine the response of |
liquid organic scintillators to bombardment by protons and by
electrons are given: no other measurements have been reported of
the functionel relationship between light output and incident
particle energy for this. type of seintillator. These results were
derived from later experiments which are described in Part IV
of the thesis. .
2e THE FINAL EXPERIMENTAT ARRANGEMENT FOR SCINTILLATION COUNTERS.

In the final arrangements of scintillation counters that were
used, the seintillators were packed end mounted on photomultipliers
in the manner which is shown in fig.II.2.1l. Details of the
packing and mounting ere illustrated in #ig.II.2.2. The choice of
meteriels and their arrangemént (desecribed immedistely below)
followed from the experiments end considerations discussed in the
following sections.

The scintillator used was a solution of 0.5 gm/1 terphenyl +
0.1 gm/1 anthranilic scid in purified xylene. (This is referred to
as terphenyl in xylene hereafter.) This was paured in through the



-2 7=

nerrow orifice of the welded quartz cell with e hypodermic syringe.
The cell was sealed with polythene. It weas then placed in a metel
container so that one (flat) face was exposed@ and the space between
the cell end the metel container was packed with dry magnesium
oxide powder. The exposed fece of the cell was placed on the
photocathode of a photomultiplier: optical contact between the
cell end the multiplier was made with silicone oil. The whole
arrangement of cell and multiplier was surrounded by a light-

tight metel box.

This type of arrangement was used to obtain &ll the results
given for work on neutrons. Where more complicated shapes of
counter were used, =s, for example, & portion of & spherical shell,
a plastic light-guide was machined to fit the cell and a flat
surface on the light-guide lay on the photocathode.

S LIQUID, CRYSTAL AND PL IC SCINTILLATORS.

Orgenic scintillators may be prepared in three forms: liguid,
erystal end plastic; all three types have similar properties.
However, there ere certain differences which led to the choice of
liquid secintillators for most of the work described here.

Plastic scintillators have only become available recently and
could not be used in any of the work described. However, the
properties of plastic scintillators that have been investigated
(SWANK end BUCK, 1953, 1955; HARRISON,1954) indicate that their
behaviour is in slmost all respects similar to that of liguid
secintillators and they may well replace liquid scintillators in
meny future applications.

The importent differences between liquid and crystal
scintillators are outlined now: :
(a). Conversion Efficiency: The most efficient crystel scintill-
ator is anthracene; the best readily obteinable ligquid scintill-
ator is a solution of terphenyl + enthranilic acid in xylene.
Their respective conversion efficiencies for protons are of the

order of 4% and 2%.




s — - ——]

(b). Response Time: The duration of a light pulse in anthracene
is of the order of 5 x 10~/
stilbene (which has a conversion efficiency of the seame order as
the best liquid scintillators) is of the order of 5 x lo-asecs;
the time for all liquid scintilletors is of the order of 10 2secs.
(e)s Geometrical Properties: Crystal volumes asre limited; it is

hard to grow anthracene crystels larger than about one cubic inch.

seecs, the corresponding time for

Also it is very difficult to work crystals into unusual shapes.
Liquid scintillators may be prepared in large volumes and used to
£111 tresnslucent conteiners which hsve previously been worked into
desired shapes.

Although liquid scintillstors have lower conversion efficien-
ciencies than crystel scintillators, their faster response and the
ease with which they may be prepared in large volumnes of slmost
any shepe make them more suitable for use in fast neutron spectr-
ometers. This will become evident when the design of the spectr-
ometers is discussed inidetail later.

4. PULSE HEIGHT MEASUREMENTS AND TIME MEASUREMENTS.

The properties required of a scintillation counter depend on
whether it is to be used for pulse height or time measurements.
Time measurements require only that the pulses from the counter be
fast and, to facilitate the associated electronic work, large.

The second of these requirements is axiomatic in pulse height
enalysis if good resolution is to be obteined; furthermore, in
meny pulse height spectrometers it is desirable to have'fast
pulses in order to be able to use & coincidence device, either as
en integral part of the spectrometer or as part of the arrangement
to perform additional experiments. Pulses from the counter must
also satisfy other requirements if pulse height enelysis is
employed.

The following discussion is primarily concerned with the
points to be observed in obtaining good pulse height resolution
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but the conclusions are also applicable to counters used for time
measurements. The special arrangements used for obtaining pulses
for use in the millimicrosecond range are discussed in the
description of the time-of-flight spectrometer in Part IV.
5. FACTORS AFRWFECTING PULSE HEIGHT RESOLUTION.

The energy resolution obtainable with scintillation counters
used with pulse height snelysis depends on several factors. Of
these factors the most important are statistical fluctuations,

non-uniform light collection and the variation of the conversion

efficiency of the scintillators as & function of the energy of
recoil nrotons. Discussion of the effect of the last of these

factors is delayed since the importance of the effect depends
strongly on the particular design of each spectrometer under
consideration.

(a) Statistical fluctuestions.

Ideally, ell recoil protons of a given energy in a scintill-
ator would cive rise to pulses of the same size at the multiplier
output. In practice, even under conditions of perfect light
collection, this does not occur. A pulse corresponding to a
proton of a given energy in the scintillator is affected by
statisticel fluctuations in the conversion efficiencies of the
seintillator and the photocathode and in the number of photo-
electrons collected and amplified by the dynode system of the
multiplier. Consequently, protons of a given energy in the
scintillator give rise to & distribution of pulses which are
spread sbout a mesn value. It has been shown experimenteally
(GARLICK and WRIGHT, 1952) that this distribution is epproximately
gaussian, where the full width, (Z y, at half maximum height of the
distribution is proportional to the square root of the mean pulse
height, L. |

The resolution of this gaussian curve may be defined to be R,

where

7 Q/L % L7
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Since the statistical fluctuations determine the ultimate
resolution that may be ogbtained under otherwise ideal conditions,
it is of interest to calculate velues of R for typical orgsnic
scintillators and typical photomultipliers. R may be calculated
easily to an order of magnitude if a simplifying assumption is
made. The assumption is that the resolution is given by twice the
fractional root meen square deviation on the number, N , of
photoelectrons collected on the first dynode of the multiplier.
That is,

R oy "2 L5 25
The assumption is reasonable since the number of particles
concerned in the scintilletion-multiplication process is s minimum
et this stage. The emission spectra of most organic scintillators
are in the region of 40000 A so that about 3 ev are required to
produce a photon. Thus for a proton of E Mev,

N = 5633&9 X 106 IT.5.3.

where CS and Cp are the conversion efficiencies of the scintillator
and the photocathode, and C £ is the frection of the photo-
electrons produced at the photocathode which are focussed on the
first dynode. For anthrscene, the best organic scintillator, CS
is 644%.. For most E.M.I. photomultipliers cp end C, are ~ 5%
end &~ 60% respectively. For 14 Mev and 2.5 Mev protons (which
arise as heasd-on recoils from collisions with neutrons of 14 Mev
end 2.5 Mev) R is calculated to be a 2.5% and ~ 6.5%. For
stilbene and the best liquid and plestic scintillators, with csﬁl
2%, the corresponding values of R are m 3.8% and - 9%.

These (ideal) values set the lowest limits attainable with

eny spectrometer employing pulse height analysis: <they compare
unfavourably with values obtained in practice using photographic

plates and, at the lower energy, are at the 1limit of usefulness
for acquiring new information. Provided that no other over-
riding consideration precludes the choice, it 1s slways desirable
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to choose to work with the scintillator with the largest Cs: this
led to the choice of terphenyl in xylene since asnthracene was
precluded for reasons outlined earlier. Again, cp should be as
large as possible. The possible values of Cp are restricted by
the photocathodes which cen be menufactured. However, the
effective value of c mey be increased by shifting the emission 'ﬁﬁ
spectra of the sclntillators (by edditionsl solutes) to the regian ;
in which the photocathodes are most sensitive. Experiments in
which it was sttempted to do this are described below.

A detailed account of statisticel fluctuations in scintill-
ation counters has recently been gjven by BREITENBERGER (1955).
(b) Non-uniform Light Collection.

The above considerations of statistical fluctuations have
assumed thet the light collection from all parts of the seintill-
stor is uniform. In fect, the optical path to the photocathode
of light originating at esny point in the scintillator will depend
on the position of the point of origin of the light. Absorption
of 1light tskes place all slong the opticel pathe since the
trensmission coefficient neither of the seintilletor nor of the
container wall nor the reflection coefficient of practical materials
is unity at the wavelength of the light emitted by the scintill-
ator. Thus further variation is introduced into the pulses
corresponding to protons of a given energy when the recoils sare
formed at all points in the scintillator. The effect is averaged
over the whole scintillator and increases the width of the
gaussien distribution of pulses corresponding to proton recoils

of the same energy.
Measurements of the transmission coefficients were mede and

the résults are given below. (The absorption lengths of toluene,
o-, m-, and p-Xylene to their own raedistions have also been

measured by HARRISON (1952): he gives the respective values as
40.9, 27.4, 18.5 end 1l1l.5 cm.) The megnitude of this effect

depends, of course, on the size and shape of the scintillation
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counter. #®or small counters'( 6?2033 naﬂczﬁithéfffff"J

the effect is negligible. From the velues of the transmissi{;f'yyﬂ%_
coefficients it follows that the resolution would be complet37fi':
destroyed in a large scintillator ( A1200m3) viewed in the ©

conventional menner with one photomultiplier. As a rough check a
cylindrieal scintillestor, 6" long end 1" in diemeter, viewed

ly a factor of two smaller than those from the end adjacent td~f
photocathode. u‘gu'

refined/magng a collimated beam of 7 ~reys. He contrived to £,
a fairly uniform - but reduced - response from a2ll parts of_nx 3
scintillator by using a poor reflector at one end of the cyiiii;}
end a good reflector at the other end. More elaborate arran,gt—z;??;_},j_''3
ments, in which it is attempted not to sacrifice sny light, haviff'
been used (HARRISON et 21, 1954). The scintillator was viewaﬂja.
several points by different multipliers and their outputs summedfﬁiﬁ'
This procedure is costly and it is difficult and laborious to .?
adjust ell the multipliers tc have the same effective gein. b f
CURRAN (1953) has suggested that the problem of light collection
from large scintillators may be more easily solved by meking large
ohotocathodes (possibly re-entrent in shepe) end having more
elaborate focussing arrengements for the collections of electranﬁ#:’$
He points out that the mejor difficulty would probably be to f??f#
achieve uniform sensitivity over large cathode areas. '
The experiments on spectral shifting mentioned earliér werQ;
also of interest in this connection: &all the trensmission coef 1'1
icients snd reflection coefficients (measured) were nearer unitg‘ :
for wavelengths in the region of meximum sensitivity of the o
photocathode. %
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KALIMANN end FURST(1950) have investigated tﬁefsointillatxﬁﬁh;”
properties of a large number of solutions. Many of the solutéé?liifj
that they tested are not available in this country. However,
terphenyl in xylene, which is available, has a conversion effiqé{i :
iency of 90% of the best solution listed. XALLMANN gives the ,-ﬁgf“
emission spectrum of terphenyl in xylene as lying in the regimﬁv
3250 2° - 4000 A°.

Te THE PHOTOCATHODE SENSITIVITY.

The spectral response curve of the photocathode of the i {;"Z. 
5311 photomultivlier is shown in Fig.II.7.l. Other types of
E.M.I. photomultipliers were also used in this work and their

same region (about 5000 2°). This regiom is well to the visiﬁi@i
side of the emission spectrum of the scintillator: this suggested
some of the later experiments. ook
8. ABSORPTION EXPERIMENTS.

(a). The Scintillstor.

The absorption spectrum of the séintillator over the regténfyii:
4000 - 5000 2° was measured with a Beckmann spectraphotometer.:‘ 1
scintillator was found to absorb strongly in the region of the* .
emission spectrum. Most of the absorption was attributed to v ae
chemicel impurities in the xylene. N

Subsequently the xylene was purified. This was done by g -
removing the sulphur with concentrated sulphuric acid, neutral- f;k‘“
ising, washing and finally distilling. The absorption spectra '
of the purified xylene and of opurified xylene + terphenyl were :
also measured. A marked improvement in transmission over the ;;f.}
region of the emission spectrum of the scintillator was found f-Qf*‘,
(Fig.II.8.1)s. Purther experiments on the response of the serntﬁ

illetor to o -rays showed large increases in pulse height(iner- ‘5;3
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xylene was used tnstéi&iafsw»w: I x u-nmt.*f. ;
(b)) The Conteiners. e - o .

The absorption spectra of some of the readily obtainsble
glasses and plastics and of quartz were also measured. SQmé d@i'f
the results are shown in Fig.II.8.2. B

As quertz is very difficult to work cells were canstruefau
from some of the glasses and plestics which sbsorbed least in t
relevent wavebands. None of these cells was sstisfactory. The
plastic cells gave excellent results initially but deterioratmgﬁéf
rapidly: it was suspected that the plaestic weall was soluble t« '
smell extent in the xylene. (Very small traces of impurity are
sufficient to quench the fluorescence.) Later, a block of pl:ﬁ
material was immersed in the scintillator for several months a
a visible amount ofthe block was found to have dissolved. The
glass conteiners all gave a poor response. :

Cells were made from quartz tubing with flat quartz plat@g*' 
cemented on the ends. These, too, deteriorated with time, 00
presumebly by dissolving the cement. Finally, cells made by

)

remained constant over periods of the order of a year.
Pig.II.8.3. is a photograph of some of the cells used:

large cylindrical box, on which some smaller counters are ngi

contains a portion of a spericel shell of radius 25cm. ‘

(¢). Contect Fluids.

It was found necessary to maeke optical contact between'ﬁhé
bese of the scintillation counter and the gless well of the phe

gap between these two surfaces was filled with a suitable caijf

£luid. %
The sbsorption spectra of liquid paraffin, glycerine and
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silicone oil were measured, Pig.II.8.4. Silicone o0il was chosen
as 1t had the best transmission properties and the additional
adventages of low electrical conductivity and high viscosity.

9. REFLECTION EXPERIMENTS.

It was hoped that the difficulties associated with the ehoicé
of a suitable materiel for the container wall might have been
overcome by meking the container from an opagque but highly
reflecting materiel. Experiments using polished metal containers
and glazed white porcelain were, however, unsuccessful.

It was then necessary to find a suitable reflecting material
with which to surround the container. The best listed material
was magnesium oxide powder. Its reflection coefficient at
various wavelengths according to BENFORD (1938) is shown in

Table II.9.1.
A special white paint based on titanium oxide and prepared by

2 loceal manufsacturer was, however, claimed to be & more efficient
reflector then magnesium oxide. Experiments to compere the

powder and the paint showed that the clasims for the paint could
not be substentiated. This was probably due to the fact that the
binding materisel of the paint made good opticel contact with the
container. Consequently there wes a greater loss in the amount of
light reflected by total internal reflection than when masnesium
oxide was used.

It was found that the best results were obteined when the
magnesium oxide powder was used in a very dry snd very fine state.'
10. _EXPERIMENTS ON THE DISPLACEMENT OF THE EMISSION SPECTRUM

OF THE SCINTILLATOR.

It became clear from the data end the results of the preced-
ing sections that if the terphenyl radiation could be shifted into
the region 4500 2° to 5000 A° then 2
(i) The uniformity of light collection would be improved since
the transmission coefficients of the scintillstor, the container
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ok Table IT.10.1| Table II.10.2
B bk, e eV | mifaer
o BIAS setting | BIAS setting
VOLTS VOLTS
| 1 p’{-terphenyl : 40 40
| 1:2 vbenzenthracene 6 9
' 3Lhydroxyanthracene - 4
v-3 acetoxyanthracene 7 8
3 methoxyenthracene 12 11
-;-r "’Vﬁuoranthene ‘ 11 8
3 vf._"?fw'rehrysene 5 24
2 nitroanthene 0 0
i ;zflt?’dimethoxy 1:2 benzanthracene 11 10
5o aminochrysene 15 11
= |1 methoxyphenanthrene 16 30
’ 4 inéth-oxyphenanthrene 2 5 3 25
| enthrenalic acid 27 33
3 -nnphthalamine 32 27
'»}lg,-;ne,thoxyfluoranthene : 7 B 4
w 4 methoxyfluorsnthene 22 18
& 33‘,4 dimethylfluoranthene 16 14
~ 9 aphenylanthracene 24 5
’ 9 phenylanthracene 29 25
| pentaphene 5 9
| pyrene 5 15
: 'pérylene 19 i
*  |triphenelene 8 /

A
¥ |'\:_" v
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and the contact fluid snd the reflection coefficient of magnesium
oxide are nearer unity in this region than in the ultra-violet
region. 3
(ii) It might be possible to increase the effective energy trans-
fer of the scintillator since the photocathode is more sensitive
in this region, provided that the terphenyl radiation is not ;
quenched in the process of shifting the spectrum.

Orgenic materials soluble in xylene and known to absorb in
the ultra-violet region and to fluoresce in the visible sgpectrum
were supplied by s group engeged in fluorescence studies in the
Chemistry department in this University. These materials were
tested as intrinsic scintillators and then as additional solutes
in the memmer described belowe.

(a) Intrinsic scintillators.

sSolutions of 1 gm/l1 of the materiasls under test were made up
in xylene. 1 cc of the solﬁtion was put in a flat-bottomed
speciment bottle of 1" internal diameter which was placed on the
nhotocathode with optical contact fluid.’ No attempf was made to

collggt light by reflection. The specimens were irradis ted with
a Co 7--ray source held at a fixed distence. The voltage on

the photomultiplier snd the smplification of the pulses were kept
constant and .the counting rate was recorded after the pulses had
passed through a discriminator. The comparison was made by
adjusting the discriminator voltage level so that the counting
rate was the ssme for eech sample. A solution of 1 gm/l terphenyl
in xylene was included and the counting rate chosen so that the
discriminator level for this solution was 40. ]

It was found that none of the meterials tested was as
ef ficient a scintillator as terphenyl (Table II.10.l.) Since the

ton. .

A

P

emission spectra of all the materials tested except terphenyl were.

known to be in the region of maximum sensitivity of the photo-
eathode it followed that they were even poorer scintillators than



the results suggegg;»
(b). Additional solutes.

These tests were carried out in exactly the same way as naé?ﬂ’;
just described. In this case the materials were added in the
concentration of 0.2 gm/1 to a solution of 4 gm/1 terphenyl 1nﬂﬂ'
xylene. Comparison was made with a solution of 4 gm/l of terg
vyl in xylene again normelised at a discriminator setting of 'gﬁf"

These results are slso shown in Table IT.10.l. From them i
followed that sll the materials tested had a quenching effect on
the scintillator process in terphenyl in xylene. However, galth
less light was produced when these additional solutes were’pr_

it was reasonable to assume that the light which was produced as
in the region of 5000 A°. Thus, if light emitted in direction »1
other then towards the photocathode were also collected by reflec
tion, an overall gein might be achieved since there would be less
loss along the opticel path. \
Accordingly, solutions were made up of 5 gm/l terphenyl 13»
xylene and of 5 gm/l terphenyl in xylene plus varying concan- »,
tretions of enthrenilic acid. Anthrenjlic aecid hed been found tc
have the least quenching effect. These were put into cylindrieal
cells 1" in diameter end 23" long and surrounded by magneaiu&v-;
oxide in the menner deécribed in II.2. These were irradiatéd'ﬁi
60 g -reys end the meximum pulse heights measured. The Seat > w(’.
result was obtained with sn edditional concentration of 0.1 '~”
enthranilic acid: pulses from this solution were approximately
50% grester then from unadulterated terphenyl in xylene. Fﬁr‘{TT..
experiments, similer to those mentioned in II.5.b, on the veriati
of pulse height elong e long scintilletor showed thet the light
collection wes more uniform when the additional solute was prese
This solution, 5 gm/1 terphenyl + 0.1 gm/l enthrenilic secid 1n .
xylene was used in all the work described later. &
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In order to estimate the performaﬂéé'of many designs af
neutron spectrometers it is necessary to know the variation o
conversion efficiency of the scintilletor as a function of pro:
energy. Also, for test purposes, it is often convenient to u

ar-rays- this involves knowing the veriation of the conve:;
efficiency as a function of electron energy. g

The variation in the 1light output from snthracene cryatai-k‘
a function of the energy of electrons and protons incident upon
the crystels hes been investigated several times (FRANZEN et,aQJE
1950; FREY et al, 1951; TAYLOR et al, 1951). All the results
agree well end have been plotted, with their own results, by
TAYLOR et sl. They are shown in Figs.II.1l.1 and 2. The rela
is linear for electrons of more than 100 kev. For protons the
curves may be used directly. However, it is found, to a fair
approximstion that their results are fitted by y ;

E i iyghin | IT.11.1 o
where L is the light output and E the energy of the incident :
particle, for values of E up to about 14 Mev. Thereafter L ten§é5
to a linear function of E. A -4

There is little published data on the response of other
orgenic scintillators to lonizing particles. The response of
stilbene to protons (TAYLOR et al) is approximately of the same§ 1
form as anthracene. The response of terphenyl in xylene to f ;
particles hes been investigated by HARRISON (1952). He compareg.ff
his results with a theoretical expression due to BIRKS (1951). .
This expression states that

) A |
Al o Z_i" 2% 5 0
A / #

where A and B are constants and
AL = 1ight output per unit path length.

u
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end 0Q£ = logs of energy per unit path length. ,j,} 0
AT | B 5%
HARRISON found good agreement between his experimental
results snd BIRKS' calculated values of the constents. HARRISON
also celculated, using the eppropriate values of the constants,
that the non-linearity of the response to protons of terphenyl iq‘
xylene (2t the optimum concentration of 5 gm/1) would be approxi-
mately the same as for enthracene. i

(a). gxperimentalAgetermination of the Response of Terphenyl in
Xylene. %ﬁ
No data hagbreviously been published to verify these calcoul=
ations. However, the response of this liquid to protons was ]
investigated indirectly in experiments on the scattering of
neutrons which ere discussed later. It was found that by applying
a suitable normalising factor, to asllow for the different conver=
sion efficiencies, the results thus obtained for terphenyl in
xylene could be plotted as a good fit to the results of TAYLOR
et a1l for enthrecene. The results, plotted in this way, are
shown in Pig.II.1l.3.
The response of terphenyl in xylene to electrons wes also

W

measured indirectly in experiments on the secattering of 3’-rays. ii
The response was found to be linear over the region investigated
(0.5 Mev te6 3 Mev). These results are shown in Pig.IT.11.4.

The keys to Pigs.II.1l.3 and 4 refer to the experiments from
which each point was obteined: explanation of the nomenclature is
given in the lster description of the experiments (Section IV. 2(v)).4

12, DETECTION EFFICIENCY OF THE SCINTITLATOR.

(a) Neutrons.

If the neutrons of energy E fall upon a thickness 1 of g
seintillator, then the fraction of neutrons incident upon the .
scintillator which are scattered once by protons is readily found.
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If the n-p scattering cross-section corresponding to E is & , end
the number of hydrogen nuclei per unit volume of the secintillstor
is n, then the fraction scattered once is given by

e
-

S N v IT. 1251+

£ 1is the neutron detection efficiency of the scintillator. For a #
scintillator whose thickness is small compared with the neutron
mean free path A (= //ﬁ(ﬁ the efficiency is given by ;

£ = 4N’ XT. 10,2

The meen free path in xylene (which was calculated from the values
of o for protons given by ADAIR, 1950, FPig.II.1l2.1l.) as a fune- -
tion of neutron energy is shown in Fig.II.l12.2. Pig.II.1l2.3. 5
gives § as a function of scintillator thickness for several ‘

-A-c\.".'" R

values of neutron energy.

The velues of A\ end € shown are valid to within a few per
cent for most organic secintillators since the number of hydrogen
nuclei per unit volume is approximately constant for these mater-
iels. It follows that extremely high detection efficiencies, of
the order of 20% or 30% may be obtained over the range of neutron i;
energies 1 to 20 Mev with a few centimetres of organic scintillate%

(b) & —rays. ‘%

The detection efficiency of the scintillator for 2 -rays,ga,,-- §
defined in the same way as for neutrons, is slso of importence in ~

estimating the response of neutron spectrometers to % -rays. 1

where /b\{ is the total linear absorption coefficient in the
scintillator. Pig.II.12.4 shows the linear absorption eoefficientg

of xylene for Compton scattering and pair production for a'-rays i ‘

1 oo
up to 10 Mev: Compton scattering is the predominent effect at k.
these energies. The curves were derived from the data on lead *

given by HEITLER (1936). is plotted as a function of Z¥-ray
‘i“;ﬁu:'



100,

®
O

‘. \

-2 60,
- Es75MEY
g
w "w
I% s20MEV
w
w
é' 20|
&
-
8 g . A

o 5 10 15

20
SCINTILLATOR THICKNESS (cm)

FIG.II.12.3. DETECTION EFFICIENCY OF
TERPHENYL IN XYLENE FOR NEUTRONS.



O I 1 1

loowe &

oo §

40.008

40.004

o a 4 6 8 %
ENERGY OF 7-RAY (MeV)

POR XYLENE,

ION COEFFICIENTS

'3
8
3 86
E ’
S
3
&
5 20,
o
1 |
v
W 10
z
o
-
(8}
8
a

o 5 10

GAMMA-ENERGY (MEV)

PIG.II.12.5. DETECTION EFZI(

XYLENE FOR ?—RA‘(S.



)
|
[ | - RANGE - ENERGY OF PROTONS IN XYLENE
i

25 -
20 FIG.II013010

S =

IN  MILLIMETRES

RANGE

5 [ | et I I I
2 4 6 8 o 12 4 16

PROTON ENERGY (mev.)

FIG.II.1-302.
RANGE ENERGY OF
ELECTRONS IN
XYLENE.

4 + ¢ + . . - >
04 06 O8 10 12
R ELECTRON ENERGY (MeV)




4 L=-

energy for £ =1 cmin Fig.I1.12.5. Comparison of Figs. II.12.3
end 5 shows that the scintillastor detects a -rays and neutrons
with approximately the same efficiency.

15. RANGES OF PROTONS AND ELECTRONS IN THE SCINTILLATOR.

The finite ranges of recoil protons and electrons may have .
considerable effect on the performance of spectrometers exposed to
neutrons and to % -rays. The effects, as will be seen, may also
be turned to advantage. Accordingly, the ranges of protons and

electrons in xvlene were calculated.

The renge energy relationsnip for protons in xylene is shown
in Mig.II.13.1., and for electrons in Fig.ITI.1l3.2. The curve for
protons was caélculated from the stopping powers for carbon and
hydrogen given by LIVINAGSTON end BETHE (1937) and the curve for
electrons was derived from the renge-energy relationship for
electrons in eluminium given by the same authors.
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IIT. SINGLE SCINTILLATOR SPECTROMETERS.

1. INTRODUCTION.

If a volume of scintillator is exposed to a source of neutrons
then proton recoils will be formed in the seintillator. If the
scintillator is viewed by a photomultiplier, whose output is fed
into a2 pulse snalyser, then a distribution of pulses will be
obtained from the analyser.

M ideal scintillator would satisfy certain conditions:
recoil protons of a given energy in the scintillator would produce
pulses of a unique size at the multiplier output; the pulses
would be independent of the point of origin in the secintillator of
the recoils snd the recoils would have zero path length. If such
an ideal scintillator were exvosed to a neutron source then the
pulse height distribution obtained would depend on the neutron
energy spectrum and the size, shape and orientation with respect
to the neutron source of the scintillator. It should then be
possible to choose geometries for the scintillator in such a way
that particularly simple distributions would be obteined from
which the energies and intensities of the neutrons emitted by the
source could be deduced either at once or after very little
calculation.

Practicel seintillators fail to satisfy the ideasl conditions
specified: the failure is caused by a variety of factors which
have been discussed in Part II. When practical scintillators are
arrenged in geometries that would, ideally, lead to simple
distributions, these factors cause distortions to appear in the
observed distribution. In some arrengements the distortions are
so great as to make the distributions useless for the enalysis of
neutron spectra. In certain arrangements, however, the effect of
the distorting factors may be minimised end the distributions may
be snalysed, usuelly after considerable calculation.



sk e

Such simple arrangements are, of course, sensitive to g —rays.
This limits their utility although, by careful choice of the
scintillator dimensions, the pulses corresponding to g —reys cen,
in certain experiments, be sufficiently attenuated whilst the
distribution corresponding to neutrons is relatively unaffected.

No simple scintillator arrengement has yet been produced
which satisfies all the requirements for a fast neutron spectro-
meter. However, the simplicity of the experimentel arrangement
required has much to recommend it and, in certain experiments,
useful information can be acquired fairly quickly end easily using
a single seintillator. Accordingly in this part of the thesis
some possible choices of single scintillator geometry are discussed
and experiments which were performed with them are described;
similar experiments by other workers are also enalysed briefly.
Some of the discussion is rather more detailed than the utility
of this type of arrangement would appear to warrsnt. It has been
included, however, beceuse of its relevance to the more refined
techniques described later.

Another approach to the use of a single scintillator as a
spectrometer is described in Section 4. In that case it was
attempted, not to minimise the effects of the deviations from an
idesl scintillator of a practical scintillator, but to emphasise
and to turn to sdvantage the fact that the proton recoils have
finite ranges.

This part of the thesis concludes with a very brief desecrip-
tion of a single scintillator spectrometer which was constructed
by Shields after en idea by Muelheuse. In this arrangement a slow
neutron detector is introduced into the scintillator. This leeads,

in orinciple, to several advantages including good g -rey

It involves, however, more complicated electr-
The

diserimination.
onic suxilieries and was, in practice, not very successful.

deseription is included here in order to complete the survey of
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single seintillator devices and because, with the chenges in
design suggested here, it might be sufficiently improved to be
useful at higher neutron energies. That is the region where the
performance of the time-of-flight spectrometer described in
Part IV begins to decline.

2 A TOTAL ABSORPTION SPECTROMETER.
(2) The Principle.

The first logical choice for the geometry of a single counter
is to choose the counter to be so large that most of the neutrons
incident upon it are totelly absorbed. It follows from the high
detection efficiencies available that this is practicable. In
this case, the distribution obtained will approximate to the
distribution obtained from an infinite volume.

If an infinite volume of ideal scintillator were irradiated
with monoenergetic neutroms then the pulse height distribution
obtained would be an infinitely narrow line whose position and
height would lead to the energy and intensity of the neutrons.
Por a finite but large volume of scintillator the line would be
spread into a narrow pesk.

(b) Effect of Distorting Factors; Conclusions.

In practice, such a large volume of scintillator would lead
10 a very brosd pesk whose resolution would be well outside the
limits of usefulness.

Each pulse in the distribution is the sum of the pulses
corregsponding to 211 the recoils formed by one particular neutron
~in being reduced to thermal veélocities. Since the response of the
scintillator is non-linear a group of monoenergetic neutrons would
therefore lead to a distribution of pulses verying fvom zero up to

the meximum possible pulse. An approximste cslculation based on

a non-linear response, I & E1'3, shows that the distribution would

be & broad peak with mean pulse height slightly less then two-



-45-

thirds of the pulse corresponding to a head-on recoil. The
resolution of the peak would be approximately 50%.

The effect of non-uniform light collection would further
spread this peak and the arrangement would be extremely sensitive
to ¥ -rays.

3. A SINGLE SCATTERING SPECTROMETER.

(1) The Principle snd Theoreticsl Distribution.

The spectrometer which is deseribed now follows logically as
being the next in simplicity. The same difficulties that are
encountered in a2 total absorption spectrometer are inherently
present in this method but, under certain circumstances, may be
sufficiently mitigated to meke it & practicel and useful technigue.

The arrangement again consists of a simple scintillation
counter connected directly to a pulse analyser. In this case,
however, the dimensions of the scintillator are chosen so that,
ideally, neutrons which are scattered in the scintillator are
secattered once only and the energy of every recoil proton is
dissipated entirely within the scintillator. Also, ideslly, the
response of the scintillator to protons would be linear and
protons of a given energy would yield pulses of s unique size.

If neutrons of energy E and source intensity I fall upon this
(idealised) counter and cause N, (single-scatter) recoils then it
follows from the consideration of I.5 (ii) that the resulting pulse
height distribution will be given by

% = N°/L° kb %’g =0,y TIL.5.1

where Lo is the pulse resulting from a head-on recoil. The energy
of the neutrons is proportional to LO end the source intensity is

o [ gE AL

= w Nav III.3020

given by

I
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where (O is the solid sngle subtended at the source by the counter
end ¥ is the n-p scattering cross-section correspanding to E. In
practice, only oulses above a minimum value B are anaslysed. In

that case, if the number of pulses counted is NB, then

¥ g 00 Nate . TTT. 3.2
by 26

If the source contains several homogeneous groups of neutrons
of different energies then the pulse height distribution is the
sum of the individual distributions. That is, a series of steps.
The energies may be deduced from the edges of the steps and the
intensities from the extraspolated individual contributions.
(ii) Choice of Dimensions in Prgctice.

In practice it is not possible to choose the dimensions of
the seintillator to satisfy exactly thefirst two ideel conditions
specified above. This follows from consideration of the mean free
path of neutrons and of the renges of protons in xylene given in
Sections IT.12 and -13. However, choices can be made which give an
approximetion to these conditions. It is not profitable at this
point to discuss at length the possible choices but sn example is
given to illustrate the significant points which must be observed.

A suitable choice would be a scintillstor which was symmet-
rical sbout the line of flight of the neutrons from the source;
for example, a cylinder with exis pointing at the source. To
determine the diameter snd length of this eylinder en average
neutron-proton collision may be considered; +that is, -a collision
et the centre of the cylinder in which both the neutron asnd the
oroton are scattered at 45° Yo the incident beam.

If the diameter of the cylinder is D, the renge of the
scattered proton R45 end the mean free path of the scattered
neutron”)\45, then it follows from the values given in Sections
TI.12 end 13 that it is possible to choose D such that, for

neutrons over most of the range 1 to 20 Mev,
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Similarly, the length, L, of the cylinder may be chosen so that

’\°//c ' oy = 1 4~ IIT.3.5.

where )\° is the mean free path of an incident neutron and Ro the
range of a head-on recoil.

With I end D chosen within these limits it would be expected'
that the observed distribution would correspond predominantly to
the single-scattering desired. In practice, however, both edge-
effects and multiple-scattering still markedly affect the observed
distribution: these effects are considered below.

(1ii) Energy Resolution and Intensity Measurement.

In practice, departures from @ll the idesl conditions speci-
fied are ineviteble and csuse the observed distributions to
exhibit considerable deviations from the ideal distribution.

These deviations affect both the energy resolution and the sccuracy
of the intensity measurements obtainable with this spectrometer.

The resolution obtainable is determined by the sharpness with
which the leading edges of the steps are reproduced in practice.
The resolution of esch step may be related to the pesk obtasined by
differentiating each step with respvect to L. In this discussion
the resolution will be teken as the ratio of the full width at
half maximum height of this peak to the pulse size at the centre
of the pesk. For the distribution given by equation IT.3.1l. it is,
of course, zero.

The accuracy of the intensity measurement depends on the
extent to whieh the shape of each individusl distribution can be
caelculated so that it may be extrapolsted from the totgl distrib-
ution. This demands that the effects of the departures from the
ideal conditions be casleulable: these are considered now.



(iv) pistorting Effects. W E

(a) Statistical Fluctuations; Non-uniform light collection;

gleatronic fluctuations.

Statisticel fluctuations have been considered in Section I.I
Their effect in the present case is to make the observed ditri-—"-f‘ > %
bution the sum of all the geussian distributions corresponding to
all the proton recoils. An integral expression for the resulta&ﬁ- §
pulse height distribution may readily formulated; it may be

&rt
/ de( ) ;ivd-@ ITI.3.6.

where &4 is a constent, Q the full width at helf height of a
pulse ( and M is given by the ecallation IT.%3+1. That is

%ﬁﬁ /L°€ "i) d 4 IIT.3.7.

Eveluating the integral, the distribution is given, to a good
approximation by the ideal distribution of II.l.3.with the front»

edge spread over L velues from L = Lo - /HLO 0o L = L - ﬂ

expressed by

to L. To a good epproximation it is given by _
R = /Z/ III.3.8, LA
/o ol

That is, the resolution of the geussien distribution resultinga_
from the head-on recoils. In principle, therefore, no resolving et
power is lost by using this method in which a homogeneous group o
of neutrons gives rise to a continuous distribution of recoil
energies. Iimits for the resolution obtainable in practice have'i
elready been cslculated in Section II.5. ¥
Celeculation of the intensities of the groups of a complex g
neutron spectrum is unaffected by the statisticel fluctuations
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provided that they can still be resolved: if Nl pulses greater
then B are observed, then

N, =4°° ;Z/y, i ITI.3.9.

Then, provided B<L° -/Z y %o a good approximation,
-]

2 -8
N, = g Ne I1T.3.10.

Non-uniform light collection was also considered in 3Section
IT.5. With the seintillators employed in the experiments descr-
ibed below the effect on the resolution was negligible.

Drifts in the supply voltages for the electronic analyzing
equipment introduce a further decrease in the resolution. The
effect, with the well-stabilized equipment used, was sgein neg-
ligible. The effeet of the finite channel width of the anelyzer
was also smell compared with the other factors affecting the
resolution.

(b) Non-linear response of the scintillator.

If the response of the scintillator is given by
o= g (1) ITT.3.11.
then the pulse height distribution due to this effect is given by

Oa(_’z =£§f , Tor L Lo;gzh 0, for L)L  III.3.12.

where )B is a constent, since the distribution of recoil energies
is uniform in the centre-of-mass system. It wes seen in Section
II.12 that for the scintillator used

Ll E° IIT.3.13.
which leads to a distribution given, to a good approximation, by

%—’Za{ A IIT.3.14.

This distribution is shown is Fig.III.3.1l.
The effect of this distortion combined with the statisticel



_50-

fluctustions is obtained by substituting the value of N

given by equation ITI.3.12. in equation ITI.3.6. The resultant
distribution is aporoximetely that of equation ITI.3.14. with the
front edce soread over T, values from I’o - pLo to I‘o ks ﬂLo s

provided the g(L) is not a very rapidly varying function of L.
This is, in fact, the case in the present instence so that the
combination of these two distortions has little effect on the
resolution obtained in equation II.3.8.

In calculating the intensity of each group of a complex
spectrum, each group must be extrapolated using equation III.3.14.
For any group, if N2 pulses greater than B are observed, then

Ny = L) - g2(B) I3L. 3156

2(L,

(e) Multiple-scattering.

Some multiple-scattering of the neutrons in the scintillator
is inevitable however the dimensions are chosen. PFor any partic-
ular case it is always possible to calculate the expected
distribution allowing for this effect. However, in all cases the
caleculetion demends numerical integration. The integrations are
complicated by the non-linearities of the response of the scint-
i{llator snd the mean free pesth of the neutrons as a function of
neutron energy.

Since detailed caslculation of pesrticular geometries would be
of little utility, the discussion here is generasl and mainly
qualitative aﬁd is illustrated below by reference 1o observed
distributions.

In Section IIT.2.(ii) it was seen that a total absorption

1'3, would give a

spectrometer with non-linear response, L o E
broad peak with mean pulse height slightly less then two-thirds
of the pulse corresponding to head-on recoils. The same peaking

effect tends to occur in small scintillators where relatively
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little multiple-scattering tekes place. Pulses corresponding to
neutrons which have scattered more than once are displaced towards
the high energy end of the distribution. However, the width end
position of the pesk due to neutrons which heve scattered more
then once will vary with the geometry of the arrasngement. For
example, the geometry of the arrangement may be chosen so that
only neutrons which have initislly scattered through large angles
have sn sppreciable probability of being scattered agasin. This
would lead to a comperatively narrow peask with the maximum nearer
to pulses corresponding to head-on recoils.

In generel, if the linear dimensions of the scintillator are
all of the seme order of magnitude, then neutroms which have
initially scattered at all angles have an appreciable probability
of being scattered again. Of course, neutrons which have init-
ially scattered through large angles are preferred for secondary
scattering to some extent owing to their reduced mean f ree path.

Thus, in general some multiple scattering tends to cancel the
distortion due to non-linear response. As the proportion of
neutrons which are scattered more than once rises, a noticeable
peak occurs near, but not at, the leading edge of the single-
scattering distribution. In all cases, however, the net effect is
to decrease the resolution of the leading edge, since the edge
tends to rise towards the meximum of the broad peak (concealed or
evident) which corresponds to those neutrons which have been
scattered more than once. The decreasse in resolution will depend
on the proportion of nentrons which are scattered more than once
and, of those neutrons, the proportion initially scattered through
large angles.

(d) Edge effects.

Some of the recoil protons which acquire energy in collisions
near a wall of the scintillator may dissipate part of their energy
in the wall and give reduced pulses. The calculation of this

effect involves the same sort of difficulties that are encountered
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with multiple-scattering. A general picture of the effect of this
distortion on the observed distribution may be gained as follows.
The effect is limited to small volumes at the surfaces of the
seintillator. The expected distribution from these small voluméi?b
(ellowing for the edge-effects) may be celculated and added to thed'

distribution from the remsinder of the scintillator in proportion' =
to the relative volumes. }%?

Some approximate calculations have been made of the pulse ":~
height distribution at two typical boundaries. The range of a ,,%%
proton, R, , is given approximately by Re = R 0032'69, where & =

= 0 U
is the sngle through which the proton recoils relative to the v

direction of motion of the neutron which strikes it. It follows
that, at faces parallel to the direction of incidence of the 8

neutrons, protons which recoil at very large and very small angies“'
are little affected. Very approximately, for all orgsnic scint- <
illators, the pulse height distribution at such a face is given .

by

T

aN : §
aT ol 2 ITT.3.16.

for all L except in the region L = LO, where the distribution

rises slightly. At a face perpendicular to the direction of |
incidence of the neutrons, head-on recoils are most affected. vnrj
approximetely, the distribution is given by .

an '3
iz % I IIT.3417.

If follows from the form of equations III.3.16 end 17 that
edge-effects do not have a deleterious effect on the resolution of
the leading edge of the single scattering distribution.

(v) Response to g -rays.
(a) Theoreticel Distribution.

"3*
Fi
¢

If the scintillator is exposed to a source of @ -rays (whosg;'

energies are in the range 1 to 10 Mev) then the observed pulse
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height distribution will correspond to electrons which have
scquired their energies as the i'pmi’b of Compton secatterings of
the %y-rays. For single-scattering events only, the distri‘m’;
in energies of the recoiling electrons is given by the Klein- ;ii’ <
Nishina formula (See HEITLER, 1936). Since the response of th&
seintillator is linesr fox;électrons of more than 100 kev, the E; J
pulse distribution should slso have the seme form: this distrt-t'
bution is shown in Fig.III.3.2.

(b) Distorting effects: Resolution.

The same distorting factors affect the distribution obtained
in practice with @ -rays as affect that obtained with neutronsu T

response is linear as opposed to the non-linear response to A
protons; the dependence of the energies of scattered d —rays e

e
(end their intensities) on engle of scattering is different from

:
longer ranges of the recoil electrons leads to more edge-effeet‘s,
though this effect is slightly compensated for by the fact that
the tracks of the recoil electrons are not straight.

In practice the leading edge of the distribution (which
corresponds to head-on recoils) observed is not verticsl: the

energy of the ¢ -rays mey be found by differentiating the distre

that for neutrons which leads to less double-scattering; the

pesk obteined in this menner. The resolution -is then agsin defi
as the ratio of the full width et half meximum height of this pe
to the mesn pulse size. '

(vi) Experimental Arrengement and Resul ts.

Seintillators of verious sizes end shapes were exposed to t
neutrons from the D-D and D-T reactions, g ~rays from rmatural
artificially-produoed 7—enittinn isotopes, and to the products ¢
the reaction B (d n)C The D-D and D-T reactions were induced
with the 50 kev H.T. Set (See Appendix B) end the Bll(d n)012 rL
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reaction was induced with the Departmental 1 Mev H.T. Set.

The experimental arrangement of the scintillation counter was
in all cases thet shown in Fig.II.2.1. Various methods of pulse
enalysis after smplificetion were used. Firstly, the pulses were
lengthened and brightened (a2t maximum height) and displeyed on a
C.R.0. screen: they were photographed and counted after re-=
projection. (The lengthening and brightening units are described
in Appendix €) Secondly, & single-channel pulse anaslyser was used.
All the results given here were obtained using a 100 chennel,
HUTCHINSON and SCARROT (1951), pulse analyser of which the channel
width was stable to the order of 1 in 1000. All electronic
supplies were also stable to this order. The distributions shown
here were obtained with a cylindrical counter 1" in diameter and L
long: in each case the axis of the cylinder was arranged to
point at the source.

(a) D=D neutrons.

The distribution obtained when the scintilletor was exposed
to 2.6 Mev neutrons from the D-D reaction is shown in Pig.III.3.3.

At this energy the scintillator had a detection efficiency _
of spproximately 30%. Pulses corresponding to protons which
entered the walls accounted for less than 3% of the total counts.
M spproximate calculastion showed that sbout 40% of the counts
corresponded to neutrons which had been scattered at least twice;
one third of these had initislly been scattered through at least
6o°. These pulses account for the pronounced peak near the
leading edge. They also account for the resolution obtained:
21% ss compared with the eslcule ted minimum value (allowing only
for statistical fluectuations) of 9%.
(b) D-T neutrons.

The distribution obtained when the scintillator was exposed
to 14 Mev neutrons from the D-T reaction is shown in Pig.III.3.4.
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Before the response of the scintillator to protons was messured
it was tempting to assume that the flat portion of the distrik =)
tion obtained corresponded to the response becoming linear. -
et al, 1952, suggested that similar results which they obtai
using a stilbene crystal under comparable geometrical conditioc

might indicate a linear response in stilbene.) However, caleu
ation showed that the distribution mey be explained by a com
ation of the other distorting factors with a non-linear respor
given approximetely by L o El'3. :
The secintillator had a detection efficiency of approximaf ’
7% at 14 Mev. Of those neutrons detected approximately 10% we 7¢”
scattered agein. 10% of the protons scettered suffered edge-=
effects at the wall parsllel to the direction of incidence o;?
neutrons snd another 10% at the wall perpendicular to the dire
ion of the neutrons. The net result of these distortions was
to give the flat portion of the distribution: neither a gradual
fall, due to the non-linear response nor a pesk, from multiplf.‘
scattering, is visible. However, the effect is shown in the ‘
observed resolution of the leading edge, asbout 9%, which 15‘
poorer then the caslculated minimum value by a factor of more f

two.
60

(e) Co Z -reys.
The distribution obtained when the seintillator was expé'_”
60 gsource is shown in Pig.III«3.5.

to the J —rays from a Co |
These g -rays are known 10 have energies of 1.17 Mev and 1.3¥'
Mev. The scintillator failed to resolve the two @ —rays. I"‘ﬁ, s
of interest to compsre this result with that obtsined using a ;
double-seintillator counter arrengement (See Pig.IV.2.7.) wheri
the two g -rays are clearly resolved: +this shows elearly tha%
the scintillator hes sufficient intrinsic resolving power. - The

single~-scattering arrengement. The sherp rise at the 1ow



FIG.III.3.6.

DISTRIBUTION FROM PRODUCTS OF

Bll(d,n)C12 ON SINGLE COUNTER.
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end of the distributi@n,Jf‘3>flp b e fif;‘thperetically pre—:f?€} 
dicted feall, is accounted for by the edge-effecﬂt |

Distributions obteined from this end other ¥ -sources
used to establish sn energy scale.

(d) Products of the reaetiog;g;l(d,nlg;z.

The distribution obtained when the scintillator was expo
to the products of the reaction B (d n)c is shown in
Pig.IIT.3.6. The energy of the deuterons was 500 kev. The .
highest energy neutron groups that were known to be emitted hmgg
enercies of approximately 13.6, 9.3 and 4.7 Mev, @ -rays of
4.4 Mev were known to be emitted also.

The results do not show the steps that might have been
expected. Consideration of the relative conversion efficiencﬁ‘i
of the geintillator for protons and electrons leads to the exp
ation that pulses corresponding to the 4.4 Mev g -rays would
overlap those corresponding to 9.3 Mev neutrons and obscure th;‘;
they would also obscure pulses from all neutrons of lesser ene:
The non-appearsnce of a step.corresponding to the most energﬁﬁ '
neutrons was dissppointing. It was assumed that that was als@;i”
obscured by the high-energy tail of the @ -distribution. L3

a high detection efficiency whilst recording predominantly aﬁn
scattering events, could not be used when g -rays of the admé;,-
order of energy as the neutrons, and emitted with comparable
intensity, were present. :
(vii)Discussion of similar work.

(a) Monoenergetic Neutrons.

Single scattering distributions obteined by other workera ‘_Q
(POOLE, 1952, 1953; ALLEN et al, 1952; CROSS, 1951, 1952
SEGAL et al, 1954) using monoenergetic neutrons on single
seintillators all show the effect of the distorting factors



— p—p——
CALCULATED PROTON RECOIL

DISTRIBUTION TO INCLUDE

DOUBLE SCATTERING

ICMX 2CM X 2CM CRYSTAL

2.5 Mev NEUTRONS -
’.

©
|
|
|
I
|
I
|
I
i
|
I
|
1
I
1
I
!
!
1

\!
)
1
|

RELATIVE NUMBE; PER PULSE HEIGHT INTERVAL
»
I Ll

(=]

L " 1 A

n n ) NN Ao
0 0.5 1.0 H,/H
RELATIVE PULSE HEIGHT 9

. C:alculated energy distribution of recoil protons due to
2.5-Mev neutrons, in a stilbene crystal 2 cmX2 cmX1 cm,
including the effects of double scattering.

R

COUNTS PER CHANNEL PER UNIT TIME

I16.IIT.3.7. (After SEGEL et al)

300 ; ! | I
[ 2.5/Mev D-D Neutrons :
i | single countér distribytion l
! | Sta | |
S . B 3
} ‘ | i ‘ !
200}——— ; | : -
| ' i
x‘: \ ! o
i o o f ! i
\ | ! ! !
N <75 | | |
P | \ : !
) I e P .. } !
e | \ |
| IR
O T O |
i i L ! Y
‘ i 2, e
7 2 | | o
(o} 20 40 60

PULSE HEIGHT IN VOLTS

. Pulse-height spectrum due to D— D neutrons from a thin

target, using the composite collimator of Fig. 3D. The spectrum
due to annihilation radiation from Na® is shown for comparison.

PIG.III.3.8. (After SEGEL et al)



A8~

discussed. Some approximate calculations have been nerformed on
the results given by these authors. It was found that the
resolution of the leading edges of the distributions obtained
(which was in all cases poorer than. the possible minimum values
calculated earlier) could be explained by the effect of multiple-
scattering combined with s non-linear response.

SEGAL et al have calculated the expected distribution from a
stilbene crystal, 2cm x 2em x lem, allowing for varying smounts
of double-seattering in the erystal (Pig.III«3.7). They compare
this with their results using D-D neutrons (Fig.III.3.8) in order
to estimate the source intensity. Unfortunately, they do not
ellow for the non-linear response of the scintillator.

CROSS has reported that he has examined the single-scattering
distribution in & stilbene crystal using 14 Mev neutrons from the
D-T reaction. Different stilbene crystals were tried to over-
come the distortions due to multiple-scattering and edge-effects.
He verified that neutron-proton scettering was isotropic in the
centre of mass system up to 14 Mev. Unfortunetely, no velues
for the dimensions of the crystel used were given.

CROSS has aléo considered the problem of pulses corresp-
onding to elastic and inelastic collisions between neutrons and
caerbon nuclei in the scintillator. In both cases the reduced
conversgsion efficiency for heavy ionized perticles lead to the
conclusion that the effect is negligible except at the low energy
end of the distribution end may be evoided by recording the
distribution above a suitable bias level.

(b) Ccomplex Spectra.

POOLE (1953) hes used an anthracene crystal lem in diameter
and 5@ thick to measure D-D neutrons scattered inelasticeally
from Bi,Al, Fe, Ni, Wand Au. He obtained two distributions of
the scattered neutrons and their associated 2 -rays using first
a polythene and then a lead absorber between the scatterer and
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the scintillation counter. (The absorbers had equivalent stopping
powers for the ;»-rays.) The pulses corresponding to o —rays
were then subtracted from the total distribution end clear steps
corresponding to neutron groups were found. The resolution was
sufficient to identify the positions of several low lying levels
in the elements studied.

WARD and GRANT (1955) heve used a cylindrical plastiec
scintillator, 4cm in diameter and 7mm thick, to measure the
anguler distributions of the neutron. groups leading to the ground
end first excited states of 012 in the reaction Bll(d,n)clz.

The eylinder was irradiated axially.

With this thin scintillator the tracks of the recoil
electrons were sttenuated and gave maximum pulse sizes corresp-
onding to a proton energy of about 4 Mev. (Obscuring of the
neutron spectrum by these 3 -rays as in the results given
earlier, MMg.II1I.3.6, was thus avoided.) Two steps were visible.
Extrapolation of the individuel distributions would have been
extremely difficult if they had been calculated allowing for the
distorting factors discussed earlier. However, at the low
bombarding energy used (600 kev) the emitted neutrons did not
have a large veriation in energy with angle of emission: con=-
sequently it was reasonable to assume that the shapes of the
distributions for each group were gpproximately independent of the
angle of emission. The distribution for neutrons from the D-T
reaction had been obtsined previously with this scintillsastor.
Since these neutrons had approximstely the same energy as the
neutrons leading to the ground state of 012 in the reaction
Bll(d,n)clz, it wes possible to use this distribution to extra-
polete the component corresponding to the first excited state
from the complex spectra obtained. WARD and GRANT stete that
the resul ts obteined are comparable in asccuracy with those
obteined in work on the angular distributions of g —reys.
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(viii) coneclusions. : , ey

Prom the foregoing discussion it follows that a single -?ﬂ{
scintillator chosen to record predominently single sceattering q%-
events can provide rough meassurements of neutron energies. ;w
Considerable calculation may be involved if accurate values ogy;;;'
absolute or relstive measuresé8§ QEShiﬂéﬁggsﬁygroup in a compl&iﬁ?;

spectrum are desired, unless tae scintillator is calibrated with

monoenergetic neutrons over the totsl range of energies for
which it is to be used. PFurthermore, for many experiments the
use of this arrsngement is precluded by the presence of 2’-ray'
background. The work of POOLE and of WARD and GRANT, however,
illustrates admirebly both the adventages and limitations of
this simple technique: by its use new information may be

W, VTR aer

e,

i

obtained, in certain experiments, fairly quickly and easily;
these experiments are limited in number and many important ‘g
experiments discussed in Part I cemnot be coped with in this
manner. : ‘ﬂg
It appeared, therefore, that some arrangement whereby
monoenergetic néutrons give rise, in principle at least, to
pulses of & unique size and discrimination sgeainst g ~reys is,,“
or mey be, incorporated might lead to a better spectrome ter. s
The first of the sttempts to do this is deseribed next: in
principle this is 2lso a single scintillation counter arrange-
ment as is the arrangement used by SHIEIDS (1954) which is
then described. More refined double scintillation counter
arrangements which achieve these objectives more effectively
are described in Part IV.
4. AN EDGE EFFECT SPECTROMETER.

(1) THE PRINCIPLE. v ol
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irrasdiated with neutrons the resultant pulse height distribution
depends meinly on the edge effects. Many sizes and shapes of
scintillator will satisfy this condition but in the choice which
is described here unattenuated head-on recoils are effectively
isolated. In prineciple, this design could be made so that only
head-on recoils would be recorded but this would lead to zero
detection efficiency. It is en intrinsic property of this
arrangement that g ~Trey background is lergely attenuated.

The scintillator is'chosen to be in the form of s narrow
ecylinder: the axis of the eylinder is pointed at the source of
neutrons. The tracks of aporoximately head-on recoils are
conteined entirely within the secintillstor and give pulses
corresponding to the total recoil energy. However, if the dias-
meter of the cylinder is chosen sufficiently small, recoils
which sre not head-on expend part of their energy outside the
seintillator (Pig.ITT.4.:1l.) end give reduced pulses. (Except
recoils at very large angles)' Mg.TTI.4.1. shows a cylinder,
internal snd externel radii, p, end Tsy of non-scintillating
material (shaded portion) c¢ontaining the liquid seintillator.

A celculation of the expected pulse height distribution
from such s evliinder irradisted with monoenergetic neutrons is
outlined below for the condition

1 :
1 1.3 18 %o ririas1;

where R, = renge of a head-on reeoil. (The choice of the ratio'bk;

A

follows from the consideration below of resolution and detection
efficiency.) This distribution is shown in Fig.III.4.2. Such
a distribution is of greater utility then the rectangular
distributions considered in Section III.3.

Consideration of the rsnges of protons in the seintillator
(fMg.IT.13.1.) shows that it is & practicel proposition to
construct a spectrometer in this menner: cylinders of the order

of lmm in dismeter end 25mm in length are required.



S -

(ii) Expected distribution: Resolution and Efficiency;
Choice of rl/ho end the neutron energy range.

Comparison of the pulse height - energy relastionship
(MigeII.1l.3.) and the corresponding range - energy relation-
ship (Fié§13.1.) for protons in the scintillator shows that the
pulse height - range relationship is approximately linear. Thus

the distribution of pulses from this spectrometer may be csl-
culated by finding the distribution of effective ranges of the
recoils in the seintillator. (The implicit assumption that the
specific light outout per unit path length of the recoils is

constant is not striectly true; however, the genersl form of the
distribution obtained in this menner is approximately correct.)

In the simple case where the recoils ofiginate along the
axis of the cylinder the distribution of renges may be found
snalytically. To show how the general shape of the distribution
arises this is done now. A complete calculation must include the
effeet on the distribution of protons wnich originate off the
axis of the cylinder: +this involves graphicel integration end is
omitted here for reasons of brevity snd only the finsl result is
shown in Fig.III.4.2.

If the scintillator is irradisted sxially with monoenergetic
neutrons, energy Eo’ which causge No recoils, then the distribution
in energies of recoils originating elong the axis is given by

‘xh/ = O(E' s for Eé;Eb; %%y= 0, for E > EO; III.4.2.

° o
Protons which f%coil at an angle © to the line of flight of the

neutrons have energy E, where

E = E000529 ; III.4030
Hence QQS = sin 20 de II11.4.4.

0
Equetion III.4.4 gives the fraction of the protons which recoil
between the sngles © and 6 + d6.
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The renge, R, of a proton of energy E in the scintilletor,
provided it does not strike the wall, is given to a good ﬂ
approximation, by

R = KEl.3 ITI.4.5. ?Qj
where K is a constant (See PigeII.1l3.1.). iXQ
Hence, from equation III.4.3., jﬁ

R = R, eos>"* %% III.4.6. 3 jr'

where R, is the range of a head-on recoil (& = 0), and R is the |
renge of a proton recolil at angle © (See Pig.III.4.1l.).

Protons scattered between the angles 8, and 85 shown in
PFigeIITe4.1l., do, however, strike the wall. Thus a proton
scattered at an angle © (61< - (92) will heve a range R/ |
the liquid, where !

in

R/ = r, cosec ® 66 05 T

-

Protons scattered at angle o, (O( - <el, 85 < 9(752) will have
range R in the liquid given by equation III.4.6. 8, end 8, are
the velues of © which satisfy the equation

2.6

r1 = RO cos e sine. ITI.4.8.

The light output from a proton scattered in the liquid is
proportional to its range in the liquid and therefore the final
measured pulse is also proportional to this range. If L is a
measure of the pulse resulting from & oroton scattered at an
engle  and there is a total of N, recoils, then, for 0 @ & e,
end 6,4 ¢ My » 2

2.6 Tl
L = Ro cos e IITI.4.9. |
Hence dL = 2.6 RO cosl°69 sine de ITI.4.10.

and by combining equations III.4.4 and 10

AN - N / | III.4.11.

227: JﬁgégﬁWR L3
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for 8, £ & £ o,

L = r, cosec ~ ITI.4.12. Wffif3:
Hence dL = r, cog 6 de IIT.4.13. oy
3:ss:i.nie
end by combining equations ITI.4.3 and 13
an o DNt TEEctokite
al /3

The expected pulse height distribution is given by equation
IITI.4.11 and 13. PFor the spectrometer to work in the desired
manner it is necessary that 6, be small. From equation IIT.4.8
this lead to

91 .=' r//ko III-40150

This leads t0 the theoretical distribution shown in Pig.ITT.4.3«
The expected resolution and efficiency may now be calculated. !
Detection Efficiency.

The pulses in the 'peak' of Fig.III.4.3 are useful couﬁta. ,
If the ratio of useful counts to total counts is chosen to be 1 .28
100 then the fraction of useful counts is given by 2

7 f ) &l I1I.4.16.

= / I/“ Sin 20 de for @ small

72,) IIT.4.17.

Y = 4
For P to be equal to,‘,"% ) ’RO‘/a

The overall detection efficiency (ratioc of counts in peak to}fw
source strength) is limited by the distence between the scint- Ky
illator and the source. This must be chosen large enough to
preserve the geometrical conditions affecting the resolution.
Typical velues would be, length of cylinder ~ 2.5em, r; A~ 0.025@@
and distance from (point) source ~ _lem; this would give an 3
overall detection efficiency A 10 ~ for 14 Mev neutrons.
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However, the overall detection efficiency can, in principle at
least; be inereased by using several (A 100-) cylindricel

scintillators viewed by one multiplier. : T,,,
Resolution. '

The resolution is given by the ratio of the peak width to
the pulse height at the centre of the peak. To a good approxi=-
mation this is given Dby

/
P = 3 (R, = 7 cosec ) ITI.4.18.
/ = 089
= 1%-
when equation I1I.4.18 is solved for y"./E°= ,‘é

When account is teken of recoils off the axis the celculated
resolution is reduced to approximately 4%.

r
Choigce of ’/gg end the neutron energy range.

The choice of.’;/gois limited. For t/ko>> 7% the peeking
effect disappears. For ./;/R°<( 7é , the resolution imposed by
the geometry improves. However, little is geined by choosing
t/ko << ;é since the observed resolution is limited by the sta‘b-f_‘l-
istical fluctustions in the scintillstor-multiplier system (to -
4% at 14 Mev). Moreover, as ﬂ/,eo decreases the detection effic-

iency of the arrangement falls off rapidly.

These considerations also lead to the conclusion that a
cylinder of given dismeter is suitable only for the resolution
of groups of neutrons whose energies differ by the order of 20%.
Mg.IITI.4.4 shows the variation in tube diameter as a function
of neutron energy to give a geometrical resolution of 4%.

(i1i) Expected Response to o -rays.

gv—rays are detected in the scintillator by collisions
with electrons. The tracks of the recoil electrons are not
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straight but suffer multiple atomic deflections. Since thege
tracks are of the order of a few centimetres in length for 7
-rays of a few Mev, it follows that for most recoil electroba[
most of the energy will be dissipated outside the scintill_;_
For asrrangements employing several cylindrical scintillatorég
arated by non-scintillatins material (the separation distance i
being approximately equel to the radius of the cylinders) at
least helf of the energy of each recoil would be dissipated
outside the scintillator. :

(iv) Experimental Arrengements.

(a) Construction of the scintillation counters. i

Several apoproaches were made to the problem of meking a
narrow cylinder (and nerrow cylinders) of seintillator surrounded)
by trenslucent non-scintillating material. ;_ iV
(A) Fine bore quartz tubes (r; = 0.3mm, r, = 0.5mm) were packed ;;@
axially into a cylindrical guartz cell, 1" long by 1" in»diameterﬁ.
The cell was evacuated and then filled with scintillato? s?t '
was surrounded’with magnesium oxide im the usuel manner 8T
(B) It was attempted to drill holes of the appropriate dismeter
in a plastic block; these were to be filled with scintillator.
Unfortunately, it was found impossible to drill accurately '

i"
i S~
; g t

orientated holes of legs then 1lmm in dismeter in plastic.

(¢) It was sttempted to mould holes by clamping sheets of
xylonite about thin wires, This was salso unsuccessful.

(D) A fine bore quartz tube was embedded in a plastic light-
guide surrounded by magnesium oxide. This was extended by mak
a nest of quertz tubes in a2 plastic light-guide in the manner .
shown in Pig.II%4.5. (The axes of the tubes all intersected at'ff
a point outside the counter.) Nests with 8 and 60 tubes were mades
(b) Pulse analysis. Vi J;

experiments was mede by the photographic method mentioned §:§ﬁ

Mealysis of the pulse distributions in the preliminary



CHANMNEL WIDTH = Iv.

1 PROBABLE ERROR

>

3.00q EXPECTED NEUTRON GROUP

ENERGY 14 MEV.

N

LO0Q)

RELATIVE COUNTS PERUNITCHANNEL.

20 24 28 32 36
CHANNEL SETTING {,voursl

RFIG.IIT.4.6. DISTRIBUTION FROM PRODUCTS OF
gt (a,n)ct® ON COUNTER TYPE (4).



~ 66—

The 100 channel Hutchison-Scarrot pulse snalyser waes used for
the later work. 7

(v) Experimental results snd discussion.
(a) Preliminsry experiments: : ,x%f

Preliminary experiments were maede with a counter of the t&bfi

(A) described in the preceding sub-section.
g2 -rays. |

The counter was irradiated with g -rays from a 0060 source‘y‘
end from the reaction,,Li7(p, ? )Be8. The maximum pulses obtained
were in each case less than half the size of those obtained when
a similer (steandard) counter without the quartz tubing was
irradieted with the same % -rays. (The results with the
"stendard" counter were used to establish esn energy scale.)
The reaction g;l(g,n)g;z.

No tritium was aveilable when these experiments were perf-
ormed and it was impossible to test the spectrometer with mono-
energetic 14 Mev neutrons. The results obtained when the
spectrometer was exposed to the products of the reasction
Bll(d,n)c12 are shown in Fig.III«4.6. -

Consideration of these suggests that the expected sharp pesk

corresponding to the most energetic neuntrons (A 14 Mev) emitted,ﬁ%ﬂ
in this reaction has been spread over a large range of smaller |
pulses. This was attributed to two causes. PRFirst, the quartz :
tubes used in this preliminsry work were selected to be approxi- ffﬂ
mately of the same bore. Accurate measurement showed that the bo :
varied by aporoximately + 30% sbout a mesn value of 0.7mm.
Secondly, although both the quartz tubing end the scintillator
were effectively completely transparent to the emission spectra o
of the scintillator, they did not have the seme refractive index =
at this wavelength. The uniformity of light-collection mey have
been reduced by liesht being internally reflected at the tube= 23
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both of the difficulties mentioned. j?ﬂ
(b) Leter Experiments. ﬁ:;

scintillator bounderies. This would result in quenta from

different points in the scintillator heving varying lengths of ;;ﬁ

it

optical peth to the photocathode, with consequently varying
light losses at the outside reflector. 4

These results, althousgh poor, did suggest that it would be ::“
worthwhile to continue work on this spectrometer by counteraotiné!

These experiments were made with counters of the type (D) p
]
sbove. ]

Attempts to alter the refractive index of the scintillata?v‘jj
(by mixing with additional solvents) to mateh that of quartz &
proved unsuccessful. It was decided, therefore, to set a quaf%gj@ﬁ
tube in & plastic light-guide and accept reduced, but more £ i
uniform, oulses. The results obteined with this arrangement we §::

Y 3

better than the earlier results and a counter with 8 tubes f{?_

(Fig.IT.4.5) was constructed. The tubes were chosen to be ?J;:
accurately O.6mm in diemeter. | ;@;yn

D-T neutrons end & -rays. ‘." g

An energy scale wes again established with & simple scinté;f :
illation counter. The 8-tube arrangement was then irradiasted .g“f
with 14 Mev neutrons from the D-T reaction and 2.64 Mev a'-raysﬁrf
from a ThC " source. 'l;

The results are shown in Fig.IT.4.7. With the neutrons a
clear peek (resolution ~ 16%) is visible. The pulses obtained 3;;
were reduced in size to asbout 60% of those obtained with a %
standard cell. When asllowance was made for this reduction, the
expected resolution, taking account of both statistical fluct- Jﬁ
vations and the geometry, was celculated t0 be sbout 10%. The {QM

b
A

v.‘—
e
.‘.:

|

difference between the observed and calculsted resolution was

5 A

attributed to non-uniform light collection. A

The overall detection efficiency of the arrangement was
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salowdated o haadvanss per neutron emitted by the source.

The results shown illustrate the high discrimination of the
arrangement against 7 —reys. Pulses from the gr—rays were
reduced to about one fifth of those obtained with a standard
cell; . about one third of the reduction was due to the light

guide.
The reactiongllgLn)glzand 2 -reys from Bll(p, 3)C12-

The reaction Bll(d,_n)c12 hes & mich smeller yield of neutrons
than the D-T reaction. A 60 tube arrangement wes used to invest-
igate this reaction in order to increase the detection effic-
iency. The internal dismeter of the tubes was chosen to be
O.5mm: this should have: been capable of resolving the two groups
of neutrons of highest energy, 13 Mev and 9 Mev. The results
of this experiment are shown in Pig.III.4.83.

The curve msrked 'neutrons end-on position' is the result
obteined when the counter was used as designed with all tubes
pointing radiaily at the source. The meximum pulses from the
neutrons were further reduced and no pesks were visible. The
loss of resolution was attributed to the increase in non-
uniformity of light-collection when the number of tubes was
inereased. .

The distribution obtained when the counter was rotated
through 90o (side-on position) is also shown. The results when
the counter was exposed to 7-rays from the reaction Bll(p,a)c12
show that the discrimination agasinst g ~rays remained high.

(vi) Conclusions and FPurther Developments.

The results of Fig.III.4.7 show that this spectrometer works
in principke. If it is to be used in a form with high detection
efficiency the difficulties of non-uniform light collection
will have to be overcome. This should be possible if further
work leads to better matching of the refractive indices of the

scintillator, quartz and light-guide.
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In its present form the counter may be used as a detector
of fest neutrons in the prescence of energetic 7 —reys. It
could slso be used for investigating the angular distributions of
individual neutron groups provided the veriastion of neutron energy
with angle is not too great. N

In theory it should be possible to make this arrangement
almost exactly anslogous to the proportional counter arrange-
ment due to Giles which is described in Appendix A. The cylinder
could be coated with a thin film ( ~ few wavelengths of the
1light emitted by the scintillator) of Aluminium. This could be
surrounded by snother scintillating medlium, preferably liguid.
Pulses from the inner eylinder which were in enti-coinecidence
with the outer c¢ylinder would then be recorded. This would
eliminate most of the unwented pulses which appear below the pesk.
The renge of energies for which a given cylinder would be useful
would thus be increassed and 7 —ray background would be almost
100% eliminated. However, the very small radii of the cylinders
necessary for neutrons in the energy range under considerstion
would make this procedure extremely difficult in practice. Some
improvement might be effected by meking the seintillator in the
form of a disc of thickness of the order of one tenth of the
meximum recoil range. The dise would be irradiated edgewise.
With 2 similar snti-coincidence arrangement the distribution for
monoenergetic neutrons would be approximately that of the idesl
single-scattering distribution with the distortion due to a non-
linear response plus a sherp peak superimposed on the leading
edge. This arrsngement would be relstively simple to mske.

o -rey background would still be eliminated and the overall

efficiency could be increased by meking a multi-deck sandwich
of slternate layers of recording and enti-coincidence discs.
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Se A MULTIPLE SCATTERING SPECTROMETER.

(1) The Principle.

It hes been noted earlier that there are two major diffic- -
ulties in the use as a spectrometer of a single scintillator lai
enough to sbsorb completely most of the neutrons incident upon =
ite Pirstly, non-linear response and imperfect light trans-
mission, which leads to a pulse height distribution which con- :
sists of = broad pesk with intolersble resolution. gSecondly, ﬁ?e? i

A
high sensitivity of a large volume of scintillator to P-rsys,

o -

eddition of a suitable slow neutron detector to a relatively =
small scintillator it should be possible to utilise the multiple-
scattering effect to give a peak of good resolution and, at the e

which would obscure the neutron-induced pulses. However, by thél

same time, largely eliminate the g -ray background. e
If the dimensions of the scintillator are chosen to be
reletively smell then only neutrons which suffer en initial | ,.‘.{
collision which is spproximstely head-on are reduced to thermél;
velocities (by further collisions) in the secintillator; this
ensures good resolution. The slow neutron detector announces

the capture of the slowed down neutrons by emitting g -rays or
8

L
A i

-particles. The slowing down process tekes A 10 -~ secs

and the lifetime for capture can be made considerably longer

since it depends on the concentration of slow-neutron detecté‘r

in the seintillstor. Thus the neutrone induced pulses can bé

differentiated from a-induced pulses by recording and analyfsing

only pulses which sre in delayed coincidence with a subsidiai?y
2 or ¢ -pulse.

(ii) The sloweneutron detector.

Compounds of cadmium and boron, which have a high cross- i
gection for slow neutron caepture, would seem to be well suited :
for introduction into a scintillating medium for this purposé.
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MUELHAUSE (1952, 1953) has described a very efficient slow-
neutron detector made by adding methyl borate to terphenyl in
xylene. TUnfortunately, the addition of this solute has a con-
siderable quenching effect on the conversion efficiency of the
seintilletor. SHIELIDS (1954) hes examined several Boron compounds
end hes found that least quenching occurred with tri-hexylene
olycol biborate in = solution of 5 gm/l terphenyl + 0.1 gm/1

-~
-

phenyl slpha-naphthelamine in xylene from which the oxygen has
been removed by bubbling. The ratio of biborate to xylene
solution was 1:4.

(iii) Experimental Arrasngcement end Result.

This solution was used in a preliminary investigation into
the possibilities of this type of spectrometer. From the concen-
tration of biborate used it was estimated that the life-time for
slow neutron cspture was a J.}L sec. Pulses were recorded which
were followed by delayed coincidences within %}& sec to 2%}& sec.
This ensured that A 60% of the neutrons which were captured
were recorded.

PigeIII.5.1 (curve A) shows the results obtained when a
cylinder 1" in dismeter and 3" long was irradiasted with 14 Mev
neutrons from the D-T reaction. The contribution to the distrib-
ution from random coincidences (curve B) was found by inserting
a delay of BLL sece Curve C is the difference of curves A and
B and shows the noticeable peaking effect that was to be expected.
The breedth of the pesk is due to the large dimensions of the
scintillator used which allowed neutrons which hed initially
been scattered through smell sngles to be recorded. The fact
that the distribution does not fall awasy to zero may possibly be
due to neutrons which were ceptured before being reduced to
thermal velocities. This effect would be expected to increase
with increasing concentration of biborate.
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(iv) Conclusions.

The results, though rather disappointing, indicate that
further development of this type of spectrometer would be worth-
while. Considersblle improvement should be possible by meking the
scintillator in the form of a large flat disec of thickness of the
order of 2% of the mean free path of the incident neutrons. The
direction of incidence of the neutrons would be perpendicular to
the plene of the disc. In this manner only neutrons which had
initially scattered throush - 80° at least would have an
apprecieble probsbility of being scattered agein. This scint-
illator would record of the order of 1 in 104
incident upon it. However, it could subtend a large solid angle

of the neutrons

at the source since the geometry is not eritiecal unless the
neutrons emitted by the source exhibit a very large varistion in
energy as a function of direction of emission.
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IV. DOUBLE SCINTILLATION COUNTER SPECTROMETERS.

1. INTRODUCTION.

The high detection efficiencies availeble with scintillation
counters sugeest the possibility of developing fas?t neutron
spectrometers based on the successive detection of neutrons which
have scattered in two separate scintillators. Considerable
success has been achieved with similer arrengements in the ansal-
ogous problem.of the measurement of 7 —rey energies (HOPSTADTER
and MeINTYRE, 1951) end it might be hoped to overcome in this way
some of the difficulties encountered in the application of single-
scintillator systems to the measurement of neutron energies. In
particular, the elimination of g -rey background is resdily accom=-
plished in double-scintillator arrangements by, for example,
taking adventage of the difference in veloeity of neutrons
and g -rays.

The use of two scintillators permits methods in which the time
of flight of neutrons between the scintillators is measured eas
well as methods in which anelysis of the pulse height distribution
in either or both of the scintillators is employed. The resolution
obtainable with any method émploying pulse height analysis is
limited by statisticel fluctuations in the conversion efficiencies
of the scintillator-multiplier system to, at best, the values
calculated in II.5. At low neutron energies this is rather poor.

In time-of-flight methods the resolution depends effectively
on the resolving time available with current coincidence units and
the distance between the scintillators. Considerations of effic-
iency and the practical difficeculties involved in separating the
two scintillators by a large distance set a (much better) limit
to the useful resolution that can be obtained in this way.

However, these difficulties are evidently more apparent at high
neutron energies where pulse height enelysis would be expected to
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yield the best results.

In this part of the thesis pulse height spectrometers are
considered first snd then time-of-flight spectrometers. A
detailed discussion is given of a pulse height spectrometer in
which analysis is made of pulses in one seintillator selected inf-—
the most strsightforward menner by the second seintillator. Some
of the results obtained with this spectrometer are gquoted and i
results obtained by other workers with similer arresngements are '?ﬂ
elso given. Conclusions are then drawn as to the limitations and
usefulness of this instrument. (The apolication of this spectro-gz
meter to the establishment of the response of the scintillator is:i
also explained.)

A brief discussion is then given of another pulse height
spectrometer. In this spectrometer, due to BEGHIAN et al (1952),
anelysis is agein made of pulses in one scintillator selected, in
this case, in a more subtle manner by the second scintillatore.

PFinally, time-of-flight methods are considered. A detailed
deseription is given of a novel time-of-flight spectrometer of
high detection efficiency and capable of good energy resolution.
The experiments performed with it are described snd conclusions
drawn as to the possibility of its spplication to most of the
experiments outlined in Part I.

2. A DOUBLE SCATTERING PULSE HEIGHT SPECTROMETER

(GEOMETRICAL SELECTION). B

(1) The Principle. 3

The principle of this method may best be explained by
considering the source and both the scintillators used as having

zero dimensions. Neutrons from the source mey scatter from one
3
scintillator into the other. Pulses from recoils in the first 3
2

scintillator ere recorded only when the neutrons which cause these
.“ B

recoils scatter sgain in the second scintillator. For such

;; =1
Vg;

- L
4 L k
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coincident events, the energy of the recoils in the first scint-
illator depends on the'energy of the incident neutrons and, for a
given neutron energy, has a unique velue defined by the relative
orientation of the source snd the scintillators.

The situation is illustrated in the 'simple geometry' of
Pig.IV.2.1. If the incident neutrons have energy, E , and the
scattering angle is @, then the energy of the proton recoil in the
first scintillator (Sl) is given by

EP = EO Sin2eo IV‘201.

Measurement of the pulse height in Sq end, hence, of EP leads
immedistely to E
(a) Resolution.

O.

In principle, the geometry of this arrangement cen be chosen
to give perfect resolution. (This would lead to zero detection
efficiency.)

In practice, the pulse height distribution from 8y is
observed (for coincident events) and the usual statistical fluect-
uations in the scintillator-multiplier system and in the
associated electronic equipment will limit the resolution obtain-
able.

In addition, the finite dimensions of the scintillators and
of the source in a practicel arrangement will always introduce =
spread in the definition of the scattering sngle.

Also, neutrons whieh have scattered more than once in S, may
scatter again in the second scintillator (32)3 pulses corresp-
onding to such neutrons will be recorded and will further
decrease the resolution.

(b) The Detection Efficiency.

The overall detection efficiency of this system is evidently
less then that of a single scintillator arrengement. However, it
may be inereased by enlarging one of the scintillators in such a
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manner that the geometrical condition for scattering in both
scintillators still leads to the production of monoenergetic
recoils in sl.

This may be schieved by maktng'sz in the form of an ennuler r
ring or bi-conicel shell whose axis lies along the line joining th
the source to S, - In the latter case it is theoretically possible
to detect all neutrons which are scattered at the chosen sngle in
S (See Pig.IV.2.1.)

Alternatively, 8, could be chosen as part of the surface of
revolution formed by rotating en arc of a circle which passes

1.

through the source and Soe This arrangement is only of academic
interest since poor resolution would result from difficulties
of light collection end from the amount of multiple-scattering
which would occur in this large volume.

(e) 2 -rays.

If no discriminetion against ay-rays is specificelly built
into the spectrometer then it will detect P'-rays in an exactly
similar way to that in which neutrons are detected. With 7 -reys
of up to 10 Mev, Compton scettering will teke place in both
scintillators. The'energy of a recoil electron in 81 is given by

- AY IV.2.1
fe /% Mo /AP (/=5 6) 3
where Ay = energy of the incident quentum and & is the

scattering angle.

sinee the variation of the energy of recoil electrons with
the scattering angle is different from the variation of the energy
of recoil protons with scattering engle, the resolution imposed by
the geometry will be different for neutrons and ?-rays; with
7 -rays the geometricasl resolution depends strongly on the P
energy. ~Similerly, the detection efficiencies will differ in/two
ceses and the amounts of double-scattering in the first scintill-
ator will be different.
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(ii) Resolution end Detection Efficiency.

(a) Resolution.

The resolution of the spectrometer depends on several
fectors. These may be considered in two groups. Firstly, RS’
which arises from statisticsel fluctuations in the scintillator-
multiplier system, drifts in the supply voltages, and the channel

width of the analyser. Secondly, R,., which arises from the mean

()
error, 8, introduced in the scattering angle, 8, by the finite
dimensions of the source and the sqintillators.

The overall resolution of the spectrometer is given by
2 2% "
R = [FS + Re ] _ IV.2.2.

The only factor of importance contributing to RS is the
statistical fluctustions in the scintillator-multiplier system.
This determines the ultimate resolution obtainsble since the other
factors may always be made small compared with it. Prom the
considerations of Section II.5 and equation IV.2.1 it follows

that

R, = A/ sine TYs2a 3y

S
where A is a constant for a given EO.
Re is given, to a good approximation, by twice the mean

fractional deviation,ALp, in the pulse height, Lp, corresponding

to a proton recoil of energy, Ep' For the seintillator used,

L = KEl'B, so that, from equation IV.Z2.1,

P E. P
o o
= 5.2 cote Ae IV.2.4.

A6 depends on the sizes and orientation of the source and
the scintillstors end derivetion of a general expression for it is
complicated. When the experiments described here were performed
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a very approximate method of calculating Ae was used. Sub-
sequently, a deteiled anslysis of the factors contributing to

AG was given by OWEN, NEILER et al (1951) for the case where

S, was a rectsngular block and S, was in the form of en annular
ring. A shortened version of this calculation was made available
by CHAGNON et a1 (1953). The expression they give has been
edepted to allow for a cylindrical primsry scintillstor and hss
been used to obtain values given later. It was found that

Bo - Lhl)4 %)) () TH v

where By = radius of source.
ry = radius of Sl‘
¥y = radius of 32.
dl = mean distance from source to Sy
d2 = mean distance from S1 to Sy
d3 = extension of s1 in direction of neutron beam.

(b) Detection Efficiency.

The number of neutrons which are scattered in S, after being
scaettered in sl is readily found.

5 3 Nog .= number of neutrons emitted by the source.
Nl = number of neutrons scattered in Sl’
N, = number of neutrons scattered again in Sy, then
Ny =2%.[N°.ﬂ, KG'(Eo)djj IV.2.6.
where,
JLI = solid angle subtended at source by S,.
X = number of protons per em-barn of scintillstor.

n-p scattering cross-section in barns for neutrons

a
e

of energy EO.
Also,

N, = N,Sin 26 d@AG'(EOCOSZQ)Z‘fg 1¥i2. 7y

That is

S 77'1-"/:/\// ~Q7_ COSGKG'(ZOCOSZQ)Z‘}';J IV.2.8.
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where

A,
dla

solid angle subtended by S5 at S, since

27 5w €46 IV.2.9.

Hence

"3 j# [/\’QJZ,Q.Z K'eoS @ (£, ) (£, c0s%9) 7% AJ IV.2.10.

The overasll detection efficiency is given by

o/ Bl Nz/,\/o X IV.2.11.

where B = the number of neutrons which are scattered in 32
which operate the coincidence unit.

That is

Yor 477-% Z-'ﬂ Ay K ZCQSQG'(EO)G-(Eocoszg)zyﬁZV. 2,32
(In order to csleculate good epproximations to numerical

values of‘7 for given geometrical sasrrangements equation IV.2.12
may be rewritten in the form

-l /S
il 7]7 2 7'3/2 E/ :

This expression for”? was derived from equation IV.2.12 using the
accurate relations = EG(E.) endt™ = KT (E cosze), and the

) 0975 2 /0%
approximate relations )\ = 4E (Seé Pig.II.12.2.), _Q/ = 777 /o{/
and.ﬂ.zr. 2Xr2/d22, where X, is the length of the annular segment.)
(iii) Choice of scattering sncgle snd the dimensions.

(a) Limitation of A .

The choice of the scattering angle and of the dimensions of
the scintillators affects both the resolution and the detection
efiiciency obtaineble.

For a given scattering angle the resolution can never be
better than RS end from equation IV.2.3 it follows that the best
value will be obtained when © =e%. The detection efficiency

depends on the geometrical resolution, Re, introduced which may be
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chosen arbitrarily. In order to determine the optimum conditions
for both resolution end efficiency it is necessary to impose some

limitsetion on the allowable values of Ae. This may reasonably be
done by choosing

R AORS : IV.2.13.

e
where A, is a constant. (In the following argument Aspseeecesps
are 81l constents.) Combining this with equations IV.2.3 and 4
it follows that the allowable variation :LnAe is given by

e = Al/ cos © IV:2514%
The final resolution is now given by
R = A2RS IV. 2.150

which has its best value when © =»]2.
The detection efficiency (equation IV.2.12) may be rewritten
in the form

Por an ideal coincidence unit (P = 1) and scintillators of fixed
size this becomes

M = Ayl L, COSQG'(EOOOSZG) IV.2.17.

So that, if the meximum linear angles subtended by Sl at the
source and by S, at S, are ol and /g , then

T A,ocﬂe $in Zecr(EooosZQ) IV.2.18.
ol endls ere related to A6 by the epproximste relation
206 = /{ocz,&/sf] IV.2.19.

However, Ae is given by equation IV.2.14. Since X andlg mast
both remain finite it follows that they both wvery, very approxi-
mately, inversely as cos®. That is, approximately,

N = A, Sih B (£, 0s’)/ccs*E TS,
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cr(EOcosze) inereases with 6, so that this calculastion leads
to‘? being infinite when © =»§72. This is obviously fallacious
but the calculation is veli@ésﬁowing that47 tends to a maximum at
e =7r/1, for finite seintillators and for a finite renge of 8.

It follows from the above argument that the optimum values for
both resolution and efficiency are obtained when 6 = 7’; « This
choice must be modified in view of the limitations of practical
coincidence units (P # 1) end the effects of multiple-scattering,
both of which asre considered now. The scele of the arrangement is
also determined by the multiple-scattering.

(b) The coincidence unit.

The coincidence unit requires pulses of a minimum size to
operste. Usually the pulse reguired corresponds to protons with
energy of about 0.5 Mev. That is, if the scattered neutrons have
energy for exsmple of 1 Mev, aporoximately 50% of these neutrons
will trigger the coincidence unit. The energy range for which
the spectrometer is to be used thus determines the minimum scatt-
ering engle if the efficiency is to. epproach its theoreticsl
maximum. PFor neutrons of 2.5 Mev, a suitable choice is & /V‘45°;
the resolution is then decreased by a factor of the order of 1l.5.
For higher energies, a larger engle may be used, with a corresp-
onding improvement in the resolution.

(e) Multiple-scattering.

The effeect of multiple-scattering in the first scintillator
is primerily to decresse the resolution, although eny sttempt to
minimise this effeet results in a decrease in efficiency. The
effect is difficult to eslculate quantitatively. However, some
qualitative considerations help to determine when it is signifi-
cant and how it may be minimised.

A good indication is given by the fraction of the neutrons
which are scattered in s1 in the direction of Sy which are
scattered again before esceping from Sq- (Most of the neutrons
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which suffer such a secondary collision will not enter Sz; from
considerations of the incoherent motion of neutrons which are
reduced to thermsal velocities in a seintillator, it is reasonsable
to assume that, to an order of megnitude, the seme number of | =%
neutrons enter S, after more than one collision in Sl‘) This S
fraction is readily evaluated to an order of megnitude. It |
increases as the volume of Sl is increased. Also, for a fixed
size of scintillator the fraction increasses with the scattering
engle since the mean free path of the scattered neutrons deoreases1g¥

with inereasing scattering angle. ;z%

Y i ;

The effect of multiple-scattering may be reduced by reducing
the sige of Sq The scele of the earrangement may then be reduced :?:
proportionately; +this leaves Ae unaltered and the overall
efficiency is then reduced by the squere of the scale factor.

Unless Sy is reduced to zero dimensions (thus leading to zero

j&#&#ﬁﬁ* &4
= .-M&h‘. . ]

efficiency) it is necessary to choose the scattering sngle to be
much less than ”/2, to avoid multiple-scattering since the mean _
free nath of the scattered neutrons falls repidly to zero, as & =
approaches 77;2. Approximately, AO ol COS/'sQ A _
FPurther insight into the lack of resolution produced by this

I

effect may be gained from sn examination of the results obtained
using several scattering angles and scintillators of different
gizes. It is further illustrated by the results of other workers

i

which are discussed later.
(d) Conclusions.

From the above considerations it follows that the choice of
the scattering sngle, &, is limited to values such that 4505 95750.‘

The dimensions of the first scintillator are determined *
meinly by the effect of multiple-scattering: +the importance of
this effect is most easily found by experiment but as a prelim-
inary guide it would be reasonable to choose the dimension of the
first scintillstor in the direction of scattering, de, to be much
less than the mean free path,)\g, of the scsttered neutrons.
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(iv) Electronic Arrangement. ‘1;

wi

A block diagram of the electronic arrsngement used is shown
in Pig.IV.2.2. Pulses from the photomultiplier outputs were fed
into cathode followers, amplified and mixed in the coincidence
unit. The pulses from the primary emplifier were glso fed into
e linear gate which was opened by the coincidence unit; these
primary pulses were then analysed. The secondery amplifier was -
operated at high gain in order to eschieve the maximum coincidence
rate; most of the output pulses from this amplifier were satur-
ated snd the corresponding discriminator in the coincidence unit
was set just sabove the smplified photomultiplier noise level.

The amplifiers were standerd Harwell 1008 two ring-of-three
units. The coincidence unit used in the preliminary experiments -
had a resolving time of 1fksec; the coincidence unit used in the
later experiments had a resolving time of 5 x 10”7 see: it is
desecribed in Appendix C. All the results were obtained using
direct coincidences and no attempt was mede in this particular set
of experiments to discriminate against av-rays by teking delayed
coincidences.

(v) Experimental Arrsngements and Results: Discussion.

(a) Preliminary Experiments: Simple Geometry.

(A) Arrencement, 3

The counters and their arrsngement for the preliminary

experiments were chosen to be simple snd to give a high detection if
efficiency at the expense of poor geometrical resolution. The
arrangement is shown disgramaticelly in the 'simple geometry' of i
Pig.IV.2.1l. Both founters were cylinders 5 cm in length end 1.2 em

in dismeter. The axis of Sl pointed 2t the source snd the axis of
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S, pointed at the centre of S,+ Using the nomenclature of
IV.2:(1ii)(a)s the-dimensiaﬁs~for 459 seattef&ng were:

ol 0.6 em, r, = 1.0 cm, r, = lyaﬂqm, .'#fél
a, = T2¢em, 4, = 12 om d; = 5 cm. o

3 N
(B) Results for 14 Mev neutrons. %%;

The results obtained when D-T neutrons from the 50 kv H.T. seiﬁﬁf
were scettered at 45° and 600 are shown in Pig.IV.2.3. PFigs. -.§J
IV.2.4 (A), (B) and (C) show respectively the distribution for A
45° scattering again, the distribution due to random coincidences  _
end the deduced distribution of real coincidences. -i

For 450 scattering the ratio of resl to random coincidences
was approximetely 1 ¢ 3 and the ratio of real coincidences to
source strength ;;s approximetely 2 : 106. The observed resolution

was Ay 85%. 23

(c) Discussion. 'f

The calculated geometrical resolution, R in the case of

e’ B
450 scatterine was 86%. The other factors influencing the ‘4:{
resolution were small compared with this; thus, although good

agreement was obteined between the calculated end observed vslues

of resolution nothing further could be deduced about the effects

of the other factors. (It was estimeted that A 8% of the scatter- [?@
ed neutrons suffered a second collision on their way towards the s
second counter.)

The detection efficiency celculated sccording to equation
IVe2.12 was 1.7 x 10"6 which was in good agreement with the
efficiency csleulated from the source strength and the coincidence
counting rate.

The ratios of the mesn opulse height Lyss Lgo @04 Loy, éff"
corresponding to scattering at 45°, 60° end head-on collision FRR
(from the leadiing edge of the single scatterinv distribution) werc§:
found to be glven by L,z Lgg ¢ Lyg = (sin 45%; sin 60 : sin 90 ) ¥4'

Thet is, pulse height as a function of proton energy is given by~- :
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I E1.3.

The experiments showed that this type ‘of arrangement would
function in practice. Accordingly, more refined experiments were 1}
made with better resolution whilst maintasining the detection g
efficiency. \lf
(b) Later experiments: ennuler ring geometry. ;;

(A) Arrengement. A ;-ﬂ

In these experiments it was attempted to obtain a much
improved resolution. The efficiency was meintained by extending |
S into & segment of en annular ring. That is, the annular ring =

& :f%

+

geometry of Fig.IV.2.1.
In the experiments with D-D neutrons the dimensions were:
r = 0.3 om, r, = 1.0 cm, r, = 0.6 cm, dl = 10 cn, d2 = 8.3 en,

)
d, = 2.5 em and sz‘had a mean radius of curvature = 7.5 em and

3
length = 15 cm.

In the experiments with Co
dimensions were: : 29

B - 0.3 cm, ry = 1.0 cm, r, = 1.0 cm, d1 = 12 om, d2 = 30 ecm,

60 g —rays end D-T neutrons the

d3 = 1.25 ecm and 82 had mean radius of curvature = 25 em and : 3

length = 25 cm. 2
(B) Results for 2.5 Mev end 14 Mev neutrons and for co® Y -reys.

The results obtained when D-D neutrons from the 50 Kv H.T.
Set were scattered at 64° and 77° are shown in Mig.IV.2.5. For
64° scettering the observed resolution is 60% and for 77° scatt-
ering is 40%. In both cases the ratio of reel coincidences to
source strength wes approximately 1;106 end the rasndom coincidence
rate was negligible.

The results obtained when D-T neutrons from the 1 Mev H.T.Set
were scattered at 56° are shown in Pig.IV.2.6. The observed

resolution is approximetely 29/%i. The ratio of reasl coincidences 2
to source strength was again 1:106 and the random coincidence rate);{

was agein negligible.
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The results obtained when Co60 g ~rays were scattered at

60° are shown in PMigsIV.2.7« The result of interest here is that
both af-rays are clearly resolved and the resolutionsof the two
peeks are approximately 12% end 15% respectively.

(C) Discussion.

For the scattering of the D-D neutrons at 64° and 77° the
calculated geometricel resolutions of the apparatus were 34.6%
end 16.8% end the resolutions introduced by statisticsl veriations
were 10% and 9.7% respectively. The calculated total resolutions
were thus 36.3% and 19.0% respectively. These have to be compared
with the experimental values of 60% and 40% respectively.

The explanstion of the discrepancies appeared to lie in the
multinle-scattering of neutrons in Sl' It was calculated that for
64o scattering, 41% of the scattered neutrons suffered a second
collision on their way towards S,; for o scattering the fraction
of neutrons scattered agasin was 67%e

The assumption that the discrepency between observed and
calculated resolution might be attributed to multiple-scattering
in the first scintillstor was verified by further experiments with
D-T neutrons and 0060 a{-rays. In the experiﬁents with D-T
neutrons the calculated geometrical resolution for 56° scattering
was 19.45% and the calculated statistical resolution was 4.6%,
leading to a calculated totel resolution of 20%, which has to be
compared with the observed 29%.

The frection of neutrons seattered on their way from s1 to 32
was in this case calculated to be 9.0%. It may be seen that as
the amount of double-scattering in the first scintillator decreases,
the ratio of observed to celculated resolution decreases.

In the experiments with the 0060 7 -reys, 1l.17 Mev and 1.34
Mev, the fractions of 7 -reys scattered sgain on their way towards
the second scintillator were smaller: 7.0% and 6.5% resvectively.
There was a corresponding improvement in the sgreement between
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observed resolutions, 10% end 8%, and calculated resolutions
9% end T.9%.

The calculated detection efficiencies of the apparatus for
the different experiments agreéd well with the values calculated
from source strengths snd real coincidence rates. ;
(vi) Response of the scintillator to protons snd to electrons. ;éfggm

The results given in the two preceding sub-sections, with ; L8
similar unquoted results were used to establish the response of '

the energies of recoil protons end electrons could be calculated
from equetions IV.2.1 and IV.2.1la. The corresponding measured

pulse heights were plotted agsinst the celculated energies: the
resulting curves have alreedy been given in Figs.IT.ll.3 and 4.
(vii)Discussion of similar work.

T

The performences of spectrometers similar to that which has \
just been described have been investigated by CHAGNON et al (1953)
end by DRAPER (1954). The selection of scattered neutrons was
made in exactly the sasme manner by the geometry of the scintill—Aﬁ?‘J
ators. The only significent difference in their arrangement was '
that faster coincidence units were used so that discriminationhr¥“{;;
against 9.-rnys might be effected. h'; e

Chegnon et al used a coincidence unit with resolving time, =
t=3x 10" %secs; in Dreper's experiments, L = 2.7 x 10 %secs. X
The diseriminstion wes accomplisghed by delaying the pulses from 3@7;
the first counter and measuring only those pulses which were ingg”
delayed coincidence with pulses in the second counter. The | iff:
distence between the primary snd secondary counter, the delay timqff
and the resolving time of the coincidence unit were adjusted so 3
that % -reys, with effectively zero time of flisht, failed to

register as coincidences whilst scattered neutrons with flight- %if

1

2. o !
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times in the approximate renge t - t?é to t + 1?é , where t weas
the delay inserted, triggered the coincidence unit.

(a) Experimental Arrengements and Results: discussion.

Chagnon et al used a stilbene crystal 1 cm x 2 em x 2 cm as

the first scatterer and an ennular ring, composed of 5 segments, aé??
terphenyl in xylene. The scattering angle was 45 and the i j
distence between the scatterers was 140 em. The geometrical _
resolution (for neutrons) was given as 5.6%. 'ﬁﬂ

Their results when the spectrometer was exposed to the 5
oroducts of the D-D reaction are shown in Fig.IV.2.8. The £
observed resolution of the final curve, with the background sub- 1\§i
tracted, is 22%.

They calculated that this 22% was accounted for by 5.6%
(geometrical) and 20% (statisticel). The figure of 20% wes o
derived from single-scattering work with the same crystal (SEGEL fi-f
et al, 1954) which was discussed in Part III. In fact, this 'i%
procedure ignores the multiple-scattering in the first secintill- f‘r
ator. A figsure of sbout 12% for the resolution due to statist-
ical fluctuations might have been more realistic. It may again

be seen that multiple-scattering in the first scintillator has a
marked effect on the resolution.

Their results for COGO ?-rays are shown in Pig.IV.2.9.
These results are very similar to those shown in Pig.IV.2.7, the =
rising background in this case is due to the pulse height g
sensitivity of the coincidence unit.

Chagnon et al also measured the coincidence rate as a e
function of the delay inserted for 0060 7 —rays (hence establish- ;
ing the resolving time of the unit) and for the prodﬁcts of the
D-D reasction. The results of these experiments are shown in
Fig.IV.2.10. Discussion of these results is given in the section
describing the time-of-flight spectrometer.

Draper used two cylindrical stilbene crystals 1.9 cm long

end 3.2 cm in diasmeter. The scattering engle was 45%; the
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distance from the source to the first counter wes 28 em and from
the first to the second counter was 50 em. The calculated
geometrical resolution was 19%.

His results for neutrons from the D-D reaction gave an
observed resolution of 28%. He noted that 70% of the neutrons _
scattered in the correct direction were scettered again in the i
first counter and he asttributed the discrepancy between the
observed and calculasted values to this.

(viii) Conclusions.

The conclusions which can be drawn from the results of the'f'
work described in IV.2.(v) are confirmed by the results of Chagn
et al and of Draper.

The resolution obtainsble with this type of spectrometer is i‘
severely limited by the inherently poor response of orgsnic
scintillators to protons. This is aggraveted by scattering at
an sngle less than 90° since the maximum possible energy transfe
to the protons is reduced. The spectrometer would not be of use,;
for neutrons with enefgies less then about 7 Mev. Above this y
energy its usefulness would increasse with increasing neutron eﬂé

The resolution is merkedly affected by multiple-scattering i »
in the first scintillator; (this effect is more pronounced at 1»;{ §
neutron energies). This can be overcome by reducing the size of§ f
the first scintillator with a consequent reduction in detection ff?if
efficiency. In order to achieve sn overall detection efficiency !
of 1:10° it would then be necessary to have the second scintill-. ;,
ator in the form of a cone. |

If the spectrometer is to be used when a'-rays are present
then some form of discrimination must be ineluded. If this is :
effected by delayed coincidences then fast scintillators must‘éf;f"
used. A alternative method might be to use anthracene far the
first seintillator (this would improve the resolution); if ;hﬁé.
scattering esngle were, say,\60° then the maximum possible engg v

of eny quentum scattered at 60 would be 1 Mev. The discriﬁf
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on the secondary line to the coincidence unit would then be set to
accept only pulses greater than those corresponding to 1 Mev
electrons. Suech en arrangement would be useful only for neutrons
of more then about 7 Mev end would have reduced efficiency.

If the spectrometer were improved by reducing the size of the
first end inereasing the size of the second scintillator end -
ray discriminstion were incorporated then it would orove extremely
useful for performing many of the experiments outlined in Part I, ‘
provided the neutrons hasve energy greater than sbout 7 Mev. ’
3 A DOUBLE-SCATTERING PULSE HEIGHT SPECTROMETER

(TIME-BAND SELECTION).

(1) Principle.

BEGHIAN, ALLEN, CALVERT and HALBAN (1952) have described a
double-scattering pulse height spectrometer in which only aporox-
imately head-on recoils in the first scintillator are recorded.
This is accomplished, not by arranging that32 subtends a smell
linear angle at Sy but by having en extended second scint;;lator_
"recording only those pulses in s1 which are in delayed coincidence
with 32, where the distance between the scintillators, the time-
delay inserted and the resolving time of the coincidence unit are
chosen so that only slow neutrons corresponding to head-on
collisions trigger the coincidence unit.

(ii) Experimentsl Arrencement snd Results.

Beghiean et al used a stilbene crystel (1.5 cm diameter x
0.5 em) as the primary scatterer. The slow neutron detector was a
Nal crystal surrounded by silver. The distance between the
scintillators was 6 cm, the resolving time of the coincidence unit
was 3 x 10”2 secs snd the delay inserted was 3.5 x 1075 Senl. This
fevoured neutrons with times of flight between 2 and 5 x 10“83ecs.
That is, 5 to 30 kev.

Their results when the spectrometer was exposed to the

products of the D-D reaction are shown in Fig.IV.3.l. The
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observed resolution is 20%.
(iii) Discussion and conclusions.

This arrangement should have resulted in good energy resolu-
tion end high detection efficiency. 1In practice, the time-
selection employed was too severe; 5 to 30 kev in 2.5 Mev is
equivelent to a resolution of 2%, whereas the 1limit imposed by
stetisticel fluctuations is A10%. Thus efficiency wes sacri-
ficed without a significent gain in resolution.

The method also suffers from the fact that the scattered
neutrons heve a very smell measn free path and many of them ere
consequently completely absorbed in Si or scattered away from 32.
The corresponding effect of neutrons which reach S5 after more
than one collision in s1 is shown well by the long tall at lower
energies in Pig.IV.3.1. (This follows from the non-linear
response of the seintillator.)

This spectrometer could be improved by reducing the dimen-
sions of Sl perpendicular to the incident neutrons, reducing the
restrictions imposed by the time-selection and using a better slow
neutron detector. Its performance would be comparable with a
spectrometer of the type described in Section IV.2, and it would
be useful for the same experiments particularly with neutrons of
more then 10 Mev.

4. A TIME-OF-FLIGHT SPECTROMETER.

(1) General.

The fast response of scintillation counters to the passage of
neutrons sugcests the possibility of their application to measure-
ments of the times-of-flight of neutrons between known points.
From such measurements the energies of the neutrons may immediate-
ly be deduced.

Neutrons in the range of energies 1 to 20 Mev have velocities

9

in the epproximate renge 1 to 5 x 10° cm/sec. At present the best
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resolving time that cen be obtained with coincidence units which
receive signels from orgenic scintillators is sbout 3 x lO-losecs
(POST and SCHIPF, 1950, and POST, 1952). (If the scintillators
used are so large that the transit times of the photons to the
photocethode are comparable with the resolving time desired, or if
the energy expended by the ionizing radistion in the seintillator
is smell, then such short resolving times can only be maintained
at the expense of the efficiency of the coincidence unit.) If
=10y ecs ‘are used, it follows thet if the

times of flight of neutrons in the energy renge 1 to 20 Mev are

resolving times A3 x 10

measured over distences of the order of a metre, then these times
mey be measured to a very high order of aécuracy, AN 1%, Alternat-
ively, if large scintillators are required and 1f the efficiency
of the coincidence unit must be kept high then a resolving time o/
2 x ].O-9 secs must be accepted. In practice this is ususelly the
case. Consequently, longer flight paths must be used, which in
practice, slthough not in theory, leads to reduced neutron
detection efficiencies; or poorer time resolution must be accepted.

The simplest paths over which neutrons may be timed are
between a small source and a small scintillator end between two
small scintillators. By increasing the distance between the
detectors (whilst the overall detection efficiency is kept constant)
the resolution of the time measurement may be reduced to neglig-
ible proportions. The resolution of the final energy measurement
will then depend only on the detection efriciency required end
may also be made negligible, with a corresponding loss in detection
efficiency. This is'in contradistinction to pulse height measure-
ments where no arrangement, however,{nefficient, can obtain energy
resolution better than that imposed by the statistiesl fluct-
uations in the scintillator-multiplier system.

The non-linear response of orgenic scintillators which is a
difficulty in pulse height spectrometers hes no effect in time-of=-
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flight methods since, provided pulses exceed & minimum slze, 1t s
is their occurence snd not their relative magnitude which is of
interest.

The inhomogeneous distribution of recoil energies which
results from a homogeneous group of neutrons is a difficulty
common to all proton recoll methods. In methods employing pulse
height anelysis the problem appears to have only one satisfactory
solution. The solution is to select a limited band of the recoil =
protons from the continuous distribution. The same solution may Q;
be adopted in time-of-flight methods. The most efficient arrange- &
ment would then be the annular ring geometry (Fig.IV.2.1l.) used in’%?
the double-scattering pulse height spectrometer described earlier.;ﬁ.
(The neutrons selected have equal energies and equal flight paths.):
The detection efficiency of this arrangement canhot be increased,
2s in the pulse height method, by extending the asnnular ring into
a cone and would be insufficient for many experiments. An slter=
native solution, which does not involve the selection of a
particular recoil energy hes, however, been found. This arrange-
ment leads to a detection efficiency which is an order of magnitude
better then any of the methods which have been described earlier,
whilst the resolution is essentially limited only by presently
available resolving times and by the size of spectrometer which it
is practiceble to construct. The remainder of section IV.4 is
devoted meinly to & discussion of this spectrometer and the
results obtained by its use.

All time-of-flight methods sutomatically incorporate
diserimination ageinst @ -rays. _
(1ii) The principle of the method end immediate considerations. o

In this method neutrons from an effective point source are
scettered from one scintillator, Sl’ into another, Sg‘ The time
of flight of the neutrons from Sy to S5 is measured.

S, may be considered as heving point dimensions. So is
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chosen to be an extended surface such that the time of flight of
all neutrons from 31 to 32 is the same and is independent of the
engle at which the neutrons were scattered in Sy The time of
flight of the neutrons then depends only on the energy of the
incident neutrons and the scale of the arrangement.

Surfaces which gsatisfy the conditions prescribed for S, ere
spherical shells which pass through S1 and have a dismeter which
is a continustion of the line joining the source to Sy (The
situation is illustrated in Fig.IV.4.1.A.) The derivation of the
form of Sy is streightforward end is given now:

If a neutron of energy En’ end corresponding velocity L iy
emitted by the source is scattered at an sngle 8 is Sl’ then the
energy of the scattered neutron is given by

2
Ee = Er’. cOs e IV04010

and its veloeity is

Vg = Vn COSG IV.4.20

Now if the distence from S, to S, along the line of flight of the
scattered neutron is S
S, to S, is

g tnen the time taken by the neutron from

1 v
t = se/’ve = Sg /(v cose) IV 4.5,

But this has to be the same for all ©, hence

SG = constant x cose IVede4.

Equation IV.4.4 is the polar equation of 32 referred to sl as
origin, with © measured from the axis through the source and Sy
end represents the system of spheres described above.

For a sphere, Sy of given redius r cm, the time of flight of

neutrons from Sy to S5 is given by

— v. - L ]
% = ZmNn IV.4.5

9 é' = IV. 40 60

SEeCSe.

or 1t = 1.44 x.10.° X'P.X E;
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The spectrometer is operated by observing the delayed coin-
cidence rate between sl and 32 as a function of an artificiasl time
delay between 8, end S,. If neutrons of energy Eys 0y 3peisie o
are incident on Sl’ then the delayed coincidence rete will have

maxime at delay times t1’2’3""" where E, and t

’2,3’ 1’2’3’

are relasted by equetion IV.4.6.
(iii) Resolution.

In practice S, has finite dimensions and S, has finite
thickness. Thus neutrons may be scattered from S to Sp in such
a wey that their time of flight is not given exsctly by t = 2r/vn.
Thus, in practice, the resolution is not determined solely by r
end © (the resolving time of the coincidence unit) but also by the
finite geometry of Sy and Sp. The overall time resolution of the

spectrometer is given by

I 2 2l%
R'b = [R + RG] IVe4daTe
where Re = resolution introduced by r and { ,
RG - resolution introduced by finite geometry of s1 and 32.

Bquation IV.2.6 relating the time of flight of scattered
neutrons across the spectrometer to the energy of the ineident

neutrons may be written in the form
2

R constant x t IV.4.6a.
It follows that the energy resolution of the spectrometer is
given by

RE = 2 AEn = th IV.4.Ta.

Bn

(a) Resolution introduced by r and ;5 ¢

If & time t is measured with a coincidence unit of resolving
time C then, from the definition of resolving time, the acduracy
of the measurement is z?t. Prom equation IV.4.6 relating the
flight times in the spectrometer with the radius of the sphere
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and the energy of the incident neutrons, if follows that,

5
r_ (G54} Trova T By ' IV.4.8.
1044 x 10 x -

(b) Resolution introduced by finite geometry of S, _end S,.

If the finite geometry of S, and S, introduces a mean
variation AT in the flight time t then

R, = AT/t _ IV.4.9.

AT may be calculated for any given set of dimensions but
the calculstion is slways complicated and demsnds numerical inte-
gration. In practice, the calculation is not worthwhile since, as
will be seen later, it is only necessary to ensure that Ry é %Rt.
It is reasonable to assume that, if S, end S, are extended in a
regular manner, this last condition may be fulfilled by choosing
the dimensions so that A't/t s Rys where At is the meximum spread
introduced by the finite geometry. AT’/ % may readily be found in
the manner shown below.

The relstion between the time, t, the scattering angle 6, and

the flight path, s, for a neutron with velocity, W scattered
from Sq to 82 is
A = S/(Vn cose) IV.4.10.

Provided the geometry introduces small variastions in s and e
then’by partisl differentistion,

At = ;—.; AS # %AQ | IV.4.11.
and hence
At/t = AS/S + Ae teane IV.4.12.

Now, if §, be chosen as a cylinder of length 2d,, end redius,
ryy pointing axially at the source then
(A) The maximum fractional spreed introduced by d, is

By = 24,c088/s # (24,50 6/1700s6) mn 8
- {/1,. (/,‘ MQQ) IV.4:13%
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(B) The meximum fractional soread introduced by ry is

(Aé/),. 17 sin@)s # (27 coSG/choSQ);‘anQ
= 2 (T/f) #an 6 IV.4.14.

Similarly, the maximum fractional spread introduced by the
redial thickmess, Tss of 32 is

(A%),. 77 /ZTCOS"’G IV.4.15.

In the above approximate calculations the error introduced
by the finitesize of %the source, radius r_, and its distence from
Sy do, heve been neglected. This is permissible provided
ro(< ry and do~ r.
(iv) Efficiency.

! % No neutrons are emitted by the source, N1 of these are
secattered in S, end N2 of those scattered in sl are scattered
again in So s then the detection efficiency of the spectrometer
is given by

07 = Ng/No IV.4.16.

‘0 may be evaluated in the manner shown below for the case where
Sy is a2 eylinder (rl, 2d) and S, hes radial thickness r,, as
before, and S5 is further defined to be thest portion of the
spherical shell between the scattering engles 6, and 850 (Por

reasons which are given later, in practice, 8, 20 and 62 70?)

N /\/02-% X Z/\%/ ~ IV.4.17.

where.ﬂb = the so0lid angle subtended at the source by Sy

and ‘A°-= mean free path of the incident neutrons,

and provided. 2d1<< )\o.

The number of neutrons scattered out of Sy between the sngles ©

and © + 4@ and subsequently scattered in S is given by

AN, = N, S 26 46 ’(/’3/40&9)/)\9 IV.4.18.
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where )\ meen free path of scattered neutrons,

and provided e is not 90 .

Hence Ny / AG;#X %S'X SMZGX/”/@QJ/AQ IV.4.19.

In order to make a numerical estimate of"7 the following

good espproximations may be mede

= ’72/402 , where 4 = distance from source

4T 1o 8y,
end )\e= /\ocos/'se Sve - 1 :

- 500'7%05/‘56 y provided © is not A 90°.

—% [aos'é‘Q/ % IV.4.20.

(v) Choice of r, scintillator diﬁensions and e, and 8,

practical limitations.
The resolution end efficiency that can be sttained with this

It follows that

spectrometer depend on T A ro’1’2’d0’1’2’ 91 and 92 in
particularly simple ways.

The choice of r, and do is not considered in detsil here and
it is assumed thet they are chosen so0 s not mesterially to affect
the resolution resulting from the choice of the other factors.

Prom equetion IV.4.8 it follows that the best velue of Rt is
attained by increasing r and decreasing z From equations
IV.4.13, 14 and 15 it follows that the larger the value of r used,
the larger are the values of ry909 snd dl that may be employed

G
d1 are inecreased, is increased. (For r, Ty9o and dl fixed, it

whilst R, remains less than R'E « At the same time, as ri1o and

also follows if RG is to remain less than R T that there is a
limiting velue for 62. However, the performaence of the coincidence
unit elso determines 85, and 84 in enother manner and this is

discussed below. )
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In principle, therefore, the choice is to have r, i95 end {
d, large end T small, while 8, 1s subject to certain restrictions. 4
There are, however, practical limitations as to the extent to
which the various dimensions may be increased and T decreased.
These limitations, snd the practicel limitations on 8, and 92
are discussed now.
(a) WMultiple-scattering in 8.

The size of S1 is limited by the occurence of multiple-
scattering. Neutrons which are scattered more then once in Sl
will not, of course, have the correct time-of-flight across
the spectrometer.

(b) Manufecture of large spheres.

There are technicael difficulties in the menufacture of large
soheres, or portions of large spheres, of suitable refleeting or
trenslucent materisls. At the time when the experiments were
performed the largest suitable surfaces that could be obtained
were Pyrex faces from light floods: these were spherical caps
with radius of curvature = 23 cm. This was the main limiting faec-
tor in the resolution obteined. Higher resolution could be
obtained if sphericsl surfaces with larger rsdii of curvature
were constructed. At the seme time the detection efficiency
could also be increased, if it were desired.

(e) Performence of the coincidence unit.

The resolving time of the coincidence unit also depends on
the magnitude of s,. If S, is sufficiently enlerged the transit
time of photons in S5 to the photocathode becomes comparsble with ;
the resolving time desired and it becomes impossible to obtein 2
this resolving time. For r = 23 cm this effect is negligible.

Farther, for a given resolving time, a minimum size of pulse 2
is required in each counter to operate the coincidence unit. If
S, 1s sufficiently large, pulses which originate far from the kigl

photocathode may be attenuated by self-absorption in the scint- ?f%,
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illator end f2il to operate the coincidence unit. This effect
wes, in fect, appreciable with r = 23 em but could be overcome
with & more elsborate viewing system than thet employed. (see
FMg.IV.4.1D.)

The requirement of a2 minimum pulse size in each counter
determines 91 and 92. For elé 20° pulses in Sl are too small to
operate the unit. A similar effect occurs for 6, 2 70° in §,.

If 52 is constructed outside these limits no gsin in efficiency
is achieved. (Limitation of 62 in this way allows greater values
of r,,, end d,, for RG< R'C , wWith a consequent gain in detection
efficiency.)

The velue of T could be adjusted as desired. However, the
efficiency of the unit fell off rapidly for T A 2.5 x 10" seos.
The fsll off was so rapid that, had a shorter resolving time been
used, the gein in resolution would not have been worth the con-
sequent loss in detection efficiency. This effect could be over-
come with a better coinecidence unit.

(d) Conclusions.

The above considerations led to the following choice of

values: r = 23 em., & = 2.5 X 10-9secs, ry=1lem., d; = & em.,

0y =207 ,1185=1 70 %

With these values RG<< Rt , except for 9~7o° when RG~R'C ~
To a good spproximation, then, Rt = Rf « Thus &s E,n incresses
from 1 Mev to 14 Mev, Rt 5
inereases from~ 14% toar50%, whilst ?(for the whole sphericsl
4 %0 6 x 10-5.

The above choice of values also leads 10 megligible multiple-
scattering in Sq -

increases froma~7% to~25%, or R

surface between 8, and 92) fells from~6 x 10

(vi) The electronic arrsngement.

-

A block diagrem of the electronic arrengement is shown in
Pig.IVe4s2. The circult is a modification of the one described
by BELL et 21 (1952). The major modifications are comprised in
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the cathode follower-mixing unit =snd in the discriminator and s
these are described in detail in Appendix C. The general principle?_
of the operation of the circuit and some of the importent opera- 5
tional details are summarised here. W
Pulses from the photomultipliers are fed into the limiting f;j
valves which, in prineciple, produce pulses of zero rise time, :
constant height and slow decay. These pulses are passed along %
(verisble) lengths of 100JLcable to the mixing point where a k
shorted line converts them into square pulses whose width is deter-:k
mined by the length of the shorted line. The square pulses pass :
through a point contact diode which is a non-linear element: this ¥¥
favours the smplification of overlapping (coincident) pulses. The
diode also lengthens the square pulses which pass through the
cathode follower and cen then be amplified by a 1lMc/s amplifier.
Coincident pulses are then selected from single pulses by the
diseriminstor snd recorded by the scaling unit. In principle, the
resolving time is determined by the length of shorted line used.
The photomultivliers were EMI Type 6262 and were operated at
2000 v in order to cut off the limiting valves as quickly as
possible. The limiting valves were built into the multiplier
assembly in order to improve the high frequency response. The
rise times of the pulses from the limiting velves were, in practice,é
not zero and depended on the energy expended in the scintillator. '%
This affected the efficiency of the coineidence unit at small |
resolving times. This may be seen as follows. _
The shorted line cannot produce pulses shorter than the rise |
time of the pulse which it receives. Its effect on such a pulse
is to produce an approximstely triangular pulse of reduced !
meegnitude. Thus, if the discriminator is set to allow (approxi-
metely) square coincident pulse$ through, slower pulses are k
rejected, with a consequent loss in efficiency. (Alternatively, =
if the discriminator level is lowered the resolving time is el

"2
- '1‘
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increased.) In practice the effect became marked only for resol-

ving times less than 2.5 x 10™2 secs when the energy expended in

each scintillstor was that of an electron of about 0.5 Mev. ﬁ;_j“
Coincidence resolution curves were measured by inducing ;ff'

sy &
LITN
o5
¥

prompt coincidences in both counters and observing the coincidence
rate as a function of the delay time (veriable length of cable)

inserted in each input.to the coincidence unit. PFig.IV.4.3 showsy
a typical resolution curve obtained in this way: the °°1ncidengggﬁfﬂ
were the result of scettering 0060 g —reys at 60° between two g
cylindrical counters (2.5 cm dismeter, 5 em long) which were 30 ,{Q;;
apart. It was estimated that under these conditions the unit b

detected 50% of the coincidences. . S

¢‘;‘ A

ved simulteneously. It is shown in detall in Aopendix C. This
arrengement not only allows results to be obtained ten times more
cuickly but reduces the difficulties, which are always present bl
millimicrosecond pulse technigue, due to the fluctuations of the
bies voltages at different delay settings. A fast amplifier is
incorporated in this design which would enable shorter resolving
times to be obtsined without a loss in efficiency. That is, the 3*'?
resolving time would be less dependent on the energy dissipated
in the counters. This anslyser was successfully operated over
three channels but, unfortunately, wes not completed in time to ;
be used in the neutron experiments. ;ﬁ

(vii) Experimentel Arrencements. 14
. » c :i

Experiménts were performed using the three geometrical ‘;J
arrengements for So shown in Pig.IV.1lB,C and De In the present- '
ation of the results the situations are referred to as Arrange- 'S
ments B, C snd D. The dimensions for each arrengement sre shown

‘ &
g
\

‘4

on the figure.
Both the resctions investigated were induced on the
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Departmental 1 Mev H.T.Set. For the reaction T(d,n)He4 the

deuterons had energy 350 kev and for the reacfion Bll(d n)c12 the
deuterons had energy 550 kev. In 8ll the experiments the spectro=-
meter wes set to observe the neutrons emitted at 45 to the g
incident neutron beam. j

R A TR N 11

The neutron flux was monitored by a small liquid seintillation™
counter placed 100 cm from the source. The number of coincid-
ences at & given delay was measured for a fixed number of counts
on the monitor.

In Arrangements B end C, S, was viewed by a photomultiplier
pleced in contsct with one end. In Arrsngement D, 82 was con=
structed by spacing two pyrex floodlight glasses with & strip of
polished sluminium 1 cm wide. The joint was sesled with Araldite ?;
cement. A perspex light-guidewas machined to fit the spherical
surface (See Pig.IV.4.1D) end was placed at the centre on the 3
convex side of 32. A photograph of the actual situation is shown»n

in Ms.IV.4.4: the sphericel cap was enclosed in & cylindrical

metsl container snd the space between the metal contsiner snd B

the cap wes packed with megnesium oxide. ,:ﬁ

(viii) Experimental Results and Discussion. :ii
%

(a) The resction T(d,n)He .

The results obtsined when Arrangement B weas exposed to D-=T

neutrons are shown in Fig.IV.4.5.

The results were entirely satisfactory and showed that the
spectrometer was functioning exactly as snticipated. The mean
time of flight was 9.3 m’lsec which was in good agreement with the
time celouls.ted from the known energy of the neutrons. The time
resolution wes 25% as estimated. The detection efficiency was:noﬁé
measured sbsolutely but a rough comparison of the source strength ;'
end the coincidence rates indicated that nearly all the coinci=- iit
dences were registered. The time teken to obtsin each point om

the curve was sporoximately four minutes.
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PIG.IV.4.5. NUMBER OF COINCIDENCES v DELAY INSERTED
®OR D-T NEUTRONS ON ARRANGEMENT B.
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Exectly similar results to Pig.IV.4.5 were obtained with
Arrenzement C. It was also attempted to use Arrancement C as a
pulse height spectrometer by teking a linear output from Sy end
using & longer resolving time. This was unsuccessful due to
(en unéxplained) failure to obtain a linear output from an inter-
mediate dynode in the primary photomultiplier. The czuse of ,
failure wes probably feedback from the saturated finel dynode %o
the intermediste.dynode.

The results obtaeined when Arrangement D was exposed to D=-T
neutrons are shown in Pig.IV.4.6 (curve A). Curve C shows the
distribution of random coincidences inferred from the coincidence
rates at very large positive and negstive delays. Curve B is the
difference of curves A end C. The time of flight wes agein in
good agreement with the calculated value end the resolution was
not impeired by the increase in the size of S,. The ratio of the
detection efficiency of this arrangement to thet of Arresngement B
was 4, which was a factor of 3 less than anticipated. This was
attributed to the poor light collection in S5 in Arrengement D.
This could be improved by using a better container for the secint-
illator or by viewing with either a more elesborate light-guide
or more photomultipliers.

(b). The resction B l(d,n)c .

The neutrons from the reaction Bll(d,n)c12 were measured with
both Arrencements B and D. The results were extremely similar
but better statistics were obtasined using Arrasngement D. The
results for that cese are shown in Pig.IV.4.7. Each point was
observed in 4 minutes. i

The results show the ability of this spectrometer to resolve
the components of a2 complex neutron spectrum in the presence of

2,-rays end with a high detection efficiency.
Prom the times of flight the energies of the neutrons were

calculsted to be 13.5, 9.3, 4.7 (not clearly resolved), 3.2 and
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2.1 Mev. These correspond to the reaction proceeding to levelsujjf
in 012 et 0, 4.4, 9.3, 10.7 and 11l.9 Mev. Alternatively the _ 2
group with energy 3.2 Mev could be the result of the reaction vﬁ;ﬁ?
D(d,n)He3 which arises from contamination of the target by ba%
denterium. The relative intensities of the groups could not be
deduced from these results due to the energy sensitivity of the

coincidence unit used. This is discussed further below. The tim€§

s

',

oIy

Th

chitisg

resolution of each group is in excellent agreement with the !
calculated velues, decreasing from 25% at 14 Mev to 10% at 2 Mev.gf

The energies and intensities of the neutrons emitted in the =
reaction B (d n)c had previously been measured, using photo—l;;ﬁ
grephic pletes, by GIBSON et al (1948) end by JOHNSON (1952)s
The Q values, and corresponding energy levels of 012, found by
Johnson are shown in Pig.IV.4.8. 4 level of low intensity at &
7.67 Mev which had been tenta tively suggested by Gibson was not

found by Johnson. (An energy level diasgram of 012 is shown in g

PMig.4.9.) o

Comparison of the values found for the energy levels of cl???;
in the present experiments with those found by Johnson shows gdéiﬁ?
agreement. It was expected that the energy sensitivity of the o
coincidence unit would distort the observed intensities of the

\
-
".‘.

1
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neutron groups and emphasise the high energy groups. This is 5%
borne out by comperison of the relative intensities deduced from .f

Pig.IV.4.7 with the resilts of Gibson. In the present experiments
the 13.5 Mev group is more intense than the group at 9.3 lev; ”¥~
correction for the n-p scattering cross-section would increase 'tl&"ev‘(?]f‘|
ratio of these intensities whereas Gibson found that the group

at 9.3 Mev was more intense then the group at 13.5 Mev. This
deficiency in the present experimental arrangement is due to the 'F
coincidence unit and can be overcome by improvements in the
circuitry which are known to be possible with existing tgohniquea

Possible methods of achieving this are suggested in Apoendix C.




Neutron groups from B'(d n)C (Jo 52a).

Q Cre*
(13.7404:0.014)* 0
(9.30 =+0.02)* 4.44
4.1 0.1 9.6
29 %01 10.8
26 =+0.1 11.1
2.00 +0.08 11.74
0.98 +0.08 12.76
0.53 +-0.05> 13.21°
0.38 =+0.05® 13.36°
—0.42 +0.05(?) 14.16(?)
—1.35 +0.03 15.09
—1.78 +0.03(?) 15.52(?)
—2.33 +0.03 16.07

s Q values from other disintegration data.
b May be one level at 13.3 Mev.

é///////////////////////

~
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FIG‘. IV. 4'.8'

(After HORNYAK et al)

FIG.IV.4.9.
(After HORNYAK et al)
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In doing this the resolving time of the coincidence unit might
also be improved, thus leading to better energy resolution.
(ix) Discussion of similer work.

No work hass been published on the measurement of the time of
flight of fast neutrons using the spherical geometry which was
‘developed in the course of the present work. Only one time-
messurement of neutrons scattered between two scintillators has
been published: +this was the work of CHAGNON et al (1953) whose
results for D-D neutrons were shown earlier in Fig.IV.2.10. They
used the straishtforward annmuler-ring geometry (azimuthel position):
the resolving time of their coincidence unit was a factor of ten
greater than that of the unit described above; the flight path was
aporoximately five times greater and there was a corresponding
decrease in resolution. The detection efficiency of their
arrengement was also correspondingly small. '

JAMES and TREACY (1951) and WARD (1954) have measured the
time of flight of neutrons from neutron sources to a»singie scint-
illation counter. The time orizin was established by the detection
near the source of p - or R -particles known to be emitted in
prompt coincidence with the neutrons. This method is evidently
of 1limited applicebility esnd the above asuthors found, as would be
expected, thet the detection efficiency of such an arrangement ig
very poor when the geometricael situation leads to good resolution.
(x) Conclusions.

The sphericsl spectrometer described here has been the most
successful of the techniques developed during the present work on
the measurement of neutron energies. Even in its present form it
1s cepable of performing many of the experiments discussed in
Part I: it hes a sufficiently high detection efficiency and
adequate resolution, for neutron energies up to about 7 Mev, to
examine neutron spectra, angulsr distributions snd some of the

angular correlstions required.
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Improvement in it performence could be effected by the
application of presently existing technical knowledge. The most
immediate improvement necessary is to have sn improved coinecidence
wnit: reduction of T to ~13° secs would improve the energy
resolution by a feetor of asbout 2.5, thus extending the range of
neutron energies to which it may usefully be applied. At the same
time, not only would the dependence of the detection efficiency on
the neutron energy (due to the coincidence unit) be removed but
the absolute veslue of the detection efficiency would be increased.
Also, both the resolution and detection efficiency would be
improved by meking a spherical shell of rasdius 50 em. Such en
increase is feasible with presently existing techniques and by
using a more elagborate method of light-collection a shell of this
radius could be used without appreciasble losses due to self-
absorption. Increases in the size of the primeary scatterer,
whilst they would increase the detection eflficiency and not affect
the time resolution introduced by the geometry, would be prohibi-
ted by the onset of multiple scatteringe.

If the two suggested improvements were carried out success-
fully then, for neutrons with energies 1l Mev end 14 Mev respect-
ively, the resolution of the spectrometer wouldbe~3% and -~ 10%
respectively, whilst the detection'efficiency would beavlo*sandﬂf
10-4 respectively. These values would be more than adequate for
the performance of all the experiments outlined in Part I except
possibly for the examination of photoneutrons from synchrotons:
in sach experiments the high intensity of @ -ray background combined
with the large volume of the spherical shell might lead to an
unacceptable rendom coineidence rate.

It is of interest to note that the spherical shell geometry
holds equally well for the proton recoils in the first scintill-
ator. That is, if Sl were made sufficiently thin for the proton
recoils to be emitted from it with negligible energy loss, and if

the space between Sl end 82 were evacuated, then the time of
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flight from@s1 to §, of all recoils from neutrons of a given energy
would be constant. This arrangement would lead to the same energy
resolution and, while the detection efficiency of Sy would be gregt-
1y reduced, the detection efficiency of Ss could be mede 100% if
it were chosen a few millimetres. thick. Such an arresngement would
be largely-insensitive to background and would be suitable for
photodisintegretion experiments. ; :

Mnother possibility exists if it is declded to use a very
thin scintillator as the primery scatterer snd measure the time of
flight of the recoil protons across an evacuated space. The simple
relations between the energies snd velocities of the protons and
the engles at which they ere emitted suggest that it may be
possible to impose mmsgnetic and electric fields on the protons in
such a. way that they have long flight paths in e small volume of
spece end ere brought to & focus at a point or on a line. Such
en arrsncgement would heve long (easily meesured) flight times
aﬁd would not heve the difficulties associsted with a large
secondary scatterer. A suitable arrengement of mesnetic and
electric fields has not yet been found and this problem remains
en intriguing possibility for the future.
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Ve GENERAL CONCLUSIONS.

Some of the possibilities of applying scintillation counters
to the rapid measurement of neutrons in the renge of enersgies 1 to
20 Mev, which followed from the discovery of neutron-induced
scintillations, have been realised in the work described in this
thesis. It should now be possible to perform meny experiments
which had previously been precluded by either the low detection
efficiencies or long resolving times of the available soectro-
meters, while other experiments, which would require extremely
long times to complete if performed with earlier techniques, may
now be comnleted in a few hours.

It has been seen thet no singleecounter arrsngement is
suitable for general applicetion. The analysis of the distorting
factors asnd the results for the Single Scattering Spectrometer
given in Part IIT show that this technique can provide rough
messurements of neutron energies extremely quickly and easilye.

In general, though, accurate determinations of intensities are
precluded by the difficulties of caleulstion, snd, if high energy
av-rays are present, this arrengement cemnot be used. The work
of WARD snd GRANT (1955) showed that some sncular distributions

may be exsmined in this way orovided the seintillator can be
calibrated beforehand with neutrons of the same energy. The
results obteined using this simple deviece are not, however, of
high accuracy and their interpretation is ecomplicated by the
various distorting factors.

The Edge Effect Spectrometer described in Part III might be
worth further development in the manner suggested earlier espec-

ially es it is compact and has very low 7—sensitivity. It
would then be useful for work with photoneutron sources where the

av-background is very intense. (The application of the more
accurste teehniques would be difficult under such eircumstances.)
In its present form it is adnmirably suited to experiments where
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the repid detection, but not the energy measurement, of neutrons
in sn intense 7-rey background is required. |

The Multiple Scattering Spectrometer constructed by SHIELDS
(1954) is also best suited for detection measurements. Its
inability to measure neutron energies is due primarily to the non-
linear response of orgenic scintillators. Should any of the new
(plastic) scintillators be found to have a more nearly linear
response then this technique could be used satisfactorily if the
changes in dimensions suggested earlier were adopted. gshould a
scintillator which has a completely linear response be found then
this technique would be the best of the pulse height methods and
would only be replaced by the Time-of-Flight Spectrometer for work
on neutrons below a certain energy. That energy would be where
the timing technigque could achieve better resolution than that
imposed by the statistical fluctuations in the scintillator-
multiplier system.

With presently existing scintillators, sny spectrometer
which is to be capable of general application mist be a double-
counter device.

The Double-scettering Pulse Height Spectrometer which was
described in detail in Pert IV has a grester detection efficiency
then the spectrometer designed by BEGHIAN et el (1952) and is to
be preferred for that reason. All pulse height methods are,
however, limited by the statistical fluctuations in the scintill-
ator-maltiplier system and, for accurate work, are not useful with
neutrons of less than about 7 Mev. :

If the chenges in design suggested (smeller primary and cone-
shaped secondary scintillator) were sdopted, the Double-scattering
Spectrometer should have adequete resolution end detection effic-
iency (AilO-S) to measure spectra, snguler distributions and
angular correlstions of neutrons of more than 7 Mev ( ;—-ray
diseriminetion, of the type used by CHAGNON et al (1953), would be

required)., TIts most useful field of application, howe¥er, would
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be in the energy range 14 Mev to 20 Mev. Above 14 Mev the Time-
of-flight Spectrometer is unlikely, even with the improvements
suggested, to have sdequete resolution for meny experiments. The
disadventages of the pulse height methods, on the other hand,
become less serious sbove that energy.;. There sre four masin
reasons for this.

First, although the response of liquid orgsnic scintillstors
to protons of more than 14 Mev is not known, it is extremely
probable from theoretical considerations and from the experimental
results for anthracene, that the response tends to become linear
above this energy.n Secondly, the limit on resolution becomes
progressively less as the neutron energy rises. Thirdly, the size
of the primery scatterer may be maintained, thus retaining useful
detection efficiency, with less multiple-scattering in the primary
scatterer since this effect decreases with inereasing neutron
energy. Lastly, for neutrons in the range 14 Mev to 20 Mev,
discrimination ageinst ;y-rays could be accomplished by the simple
method of biassing the secondsry output agsinst the most energetic

a-rays, as suggested earlier, without great loss in detection
efficiency.

In its present form, the Spherical Time-of Flight Spectrometer
has proved the most succegsful technique for the rapid measurement
of neutron energies up to 7 Mev. The energy levels found in 012,
whilst not new, sre in good agreement with other published work
and they were obtained in a very short spage of time. Al though
other complex neutron snectra have been meésured in the presence
of ?-rays using secintillation counters, this is the only experi-
ment in which the whole spectrum has been examined whilst the 7-
rays have been completely eliminated. Without further improvement
this spectrometer has sdequete resolution and detection efficiency
to measure spectrs, angular distributions snd correlations of

neutrons up to 7 Mev.



=112~

With en improved coincidence unit and larger secondary
scatterer these experiménts could be Performéd dn ﬁeutrohé ﬁp 1o
about 14 Mev. While an improved version of the Double-scattering
Pulse Height Spectrometer would also be adequate for these experi-
ments over the renge 7 to 14 Mev the Time-of-FPlight Spectrometer
would be preferable by virtue of its much grester detection effic-
iency (10“3 t0 10™% over the renge 1 Mev to 14 Mev).

In‘conclusion, it appears that by the use of the techniques
developed here, or by improvements in these techniques which ere
known to be possible, much new data may be acquired. 1In particular,
messurements of enculer correlations, which have previously been
completely outwith the scope of the available techniques, should
yield much needed information about the sngular momenta and
parities of levels which can only be investigated by measurements

on fast neutrons.
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APPENDIX A, TECHNIQUES FOR THE DETECTION AND ENERGY MEASUREMENT

OF FAST NEUTRONS.

1. GENERAL.

In this sppendix some details of the techniques which have
been used to obtesin the results reviewed in Part I are discussed.
Iittle work has been performed using scintilletion counters and
discussion of their use by other workers is contained in the main
body of the thesis where it is compared with the oresent work.

The techniques considered first are best suited for flux
measurements slthough, in prineiple, they cen be asdapted for
energy messurements. They are not considered in detail es they
are of much less interest than the techniques which are described
next and which are designed to measure the energies ss well as the
intensities of neutron fluxes.

2. TECHNIQUES FOR FLUX MEASUREMENTS.

(a) Detection after moderation.

B and BF3 counters.

The cross-sections for the interactions of slow neutrons with
metter are, in general, much larger then those for fast neutrons.
Adventage may be teken of this in the measurement of fast neutron
fluxes by first slowing down the fast neutrons end then detecting
the slowed-down neutrons by observing charged psarticle products of
nuclesr reactions which they initiate in an ionization chember.

The most commonly used moderators are paraffin and grsasphite.
The slow neutrons are ususlly ellowed to interact with boron giving
rise to the resction Blo(n,ac)Li7. The boron may be present as a
gas, in the form boron trifluoride, or as a solid lining in the
ionization chamber. One difficulty of the technique is obtaining
a response which is independent of the original Neutron energy.
HANSON end MeKIBBEN (1947) have described a "long counter" which
hes a response which is flat to within 5% for neutrons with
energies up to 2 Mev. Detection efficiencies of up to about 80%
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may be obtained in this way. Such srrengements are not sas
sensitive to @g-rays as to neutrons: however, they are not very
suitable for measurements in intense awq@y backgrounds as the
pulses due to a-rays may then overlap and give large pulses,
which esre indistinguisheble from, end obscure the neutron-
induced pulses.

PMission Chambers.

Similar chambers, surrounded by a moderstor which employ U235

instead of boron may be used: with ursnium instead of boron the

detection efficiency is reduced but better discrimination against
g -rays may be obtained.

Extension to energy measurements.

The above counters, used without moderators, may be used to
measure neutron energies. The reaction‘Blo(n,a()Id7’reaction hes
en apopreciable cross—-section for fast neutrons and, with knowledge
of the Q value, the neutron energies may be calculated in the
manner desceribed in I.5. If & fission chember is used then U

mist be used instesd of U235. The major difficulty arises from

238

the facts that the cross-sections for the reactions are not
smoothly varyine functions of neutron energy end sre inadequately
known.

Conclusions.

These arrengements are suitable for the measurement of totel
neutron yields. They sre not suiteble for meesuring veriastions in
the intensity of a given neutron group, nor for use in intense

7 —rey backgrounds. '

Their usefulness in messuring neutron energies is limited for
the ressons given above.

mull descriptions of the precautions that must be taken and
the corrections that must be applied in the use of these counters

have been eiven by ROSSI and STAUB (1949) and WIIKINSON (1949).
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(b) Induced-radioactivity techniques.

Certain elements, such as Ag, In and Rh, become radioactive
under fast nentron bomberdment. The eross-sections for the process
are lerge, the redioactive half-lives are of the order of a few
minutes and the decay leads to the emission of; * and ; T

Such elements can be exposed to & fast neutron flux and the
resultant activity meassured using well-established techniques for.
counting charged particles. The method has been widely applied
and hes the greast adventsge of complete insensitivity to a--ray
background.

Extension to energy messurement: threshold detectors.

All the reactions which may be used have negative, and
different, Q values. A series of elements may thus be used to
establish a rough neutron energy scasle in the menner deseribed
in I.5.

Conclusions.

This technigue is excellent, although laborious, for measur-
ing fluxes.  There are many disadvantages in its use for energy
measurements: for sll the/possible reactions the increase in
yield asbove threshold is graduel so that the threshold is ill-
defined; the cross-seétions for the reactions are not well-known
end asre often sharply vaerying; there sre not enough suitasble
reactions to cover the rence of neutron energies 1 to 20 Mev.
suitable reasctions for this technique and their spolication have
been discussed by COHEN (1951) and by BARSCHALL, ROSEN, TASCHEK
end WILLIAMS (1952).

3. ‘TECHNIQUES FOR THE MEASUREMENT OF NEUTRON ENERGIES.

(a) Photographic Plates.

At the present time the photographic plate technique is still
the most sceurate method for the measurement of the energies of

neutrons from effective point sources. The plates have been most
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widely used as detectors of recoil protons; to 2 limited extent
they have been used to measure the energies of the products of
neutron-induced nuclear reasctions. Proton detectors are
discussed first.
Plates as Rediator snd Detector.

Plates mey be used as detectors of recoil protons from a thin

hydrogeneous radistor or, since they contain hydrogen, both as a
source end detector of recoil protons. The latter method is more
direct but has leéa resolving power. In this case the plate is
exposed edge-on to the neutron beam: measurement of the range -
and hence the energy - and orientation with respect to the neutron
beam of an individusel proton track is sufficient to determine the
energy of the neutron from which the proton recoiled. In practice
it is ususlly simpler to measure only tracks et small engles (¥10°)
to the neutron beem and ignore the correction for the angle of
scattering. With very weak sources it mey be necessary to measure
tracks at all sngles in order to obtain good statistics-but it is
difficult to measure the orientation of very small tracks from
scattering at large angles. Also, since the neutron energy is
given by

En Ep se029

where E_ is the proton energy and € is the scattering angle, the

error in the calculated neutron energy increases with 6 for a
given error in o.
Plate as Detector.

By using the plate solely as a detector increased resolution
may be obtained at the expense of detection efficiency. In this
method the plate, which must be shielded from the neutron source,
is placed in a vecuum at & distance from a small, thin radistor.

With neutron sources of high intensity a good geometry may be
used in which the dimensions ofithe radiator are small compared
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with its distance from the plate. The direction of the recoil
protons is well-defined and it is only necessary to measure the
lengths of the projections of the tracks on the surface of the
plate. (Spurious tracks of protons which do not originate in the
rediator may eassily be avoided since they do not proceed in the
geometrically allowed direction.) This is a great seving in time
end lasbour which more then compensates for the increased exposure
time necessery. With low intensity gourées a poor geometry (large
rediator) has to be used, but it is then necessary to measure the
orientation in space of the recoil tracks.

Energy Resolution and Intensity Measurement.

ROSEN (1953) has reviewed very thoroughly the apnlications of
photogrephic pletes to the measurement of neutron soectra. A
summery is given of the technical deteils peculiar to the process-
ing of plates in such experiments end en evelustion is masde of the
optical equipment necessary. A4 complete bibliography of all expex
iments up till 1953 on neutron spectrs using plates is ineluded.
Values are given for the resolution AR /E obteined using a plate
with and without en external radiator. (AEn equels the full
width & helf meximum height of a neutron pesk of energy En.) For
E, = 14 Mev, z&En/En = 2%, using an external redistor and stn/En

3% using the plate alone. For neutrons with energy less than

2 Mev, intensity considerations preclude the use of en external
radiator (the useful thickness of the radiator decreases with
decressing neutron energy); .using the plate alone AE /E = 20%,
for E = l.5 Mev and QE /B = 40% for E = 0.4 Mev. The relative
efficiencies of detection of the two methods for 14 Mev neutrons
may be judged by the following figures given by Rosen. . A flux of
2% lO8 neutrons ver cmzrgives 25 usable proton tracks per mm2 in
an emulsion layer 200fJ~thiok, if the plate is irradiated directlw
If en externsl radiator is used in such a manner as to give
comparable resolution then the flux must be increased by a factor

of ebout 15 to give the same track density per mm?2,
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Rosen slso shows how to calculate the absolute intensities of
the components of a neutron spectrum making allowance for tae
variation with energy of the neutron-proton scattering cross-
section, plate shrinkage, losses by wall effects, ete. For the
range of neutron energies, 2 to 14 Mev, the absolute intensities
may be measured t6 +7% using an externsl rsdistor snd to & 15%
using a plate alone. The corresponding values for the measurement
of relestive intensities are £ 5% end I 10%. '

Loaded Plates.

Plates loaded with L16 have been used by KEEPIN and ROBERTS

(1950) to measure neutron energies up to 5 Mev. Measurement of
the renges in the plate (and hence the energies) of the residusl
perticles in each disintegration Li6(n,¢c,)He3 allows the energy of
the neutron which csused the digintegration to be deduced. Keepin
end Roberts have obtained AR velues of the order of 0.1 Mev for
En values up to 5 Mev. The method suffers from the disadvantage
that the variation with energy of the disintesgration cross-section
for the reaction Li6(n,ot)He3 is not known very sccurately. This
renders measurements of the intensities of the components of
neutron spectfa obtaiﬁed in this way unrelisble. Measurements of
the emergies of neutrons from extended sources may also be made
using this technique..

Conclusions.

Provided the time is sveilable snd source strengths are not
prohibitively low photographic plates offer the most accurate
method of determining neutron spectra snd aengulsr distributions.

It is of interest to note that an order of magnitude calculation
shows ‘thet ‘s plate 1 om> &nd with en emilsion layer 200 A tnick,
exposed edge-on at 14 em from a 14 Mev neutron source for 1000
hours requires a total strength of 2 x 105 neutrons per second to
give 25 tracks per mm2 in a cone of half angle loo whose axis lies

along the neutron beam. (The scanning of such a plate would
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constitute several months work for one person.) Coincidence
experiments are, of course, impossible using the plate technique.
(b) Cloud Chambers.

Most of the considerations of photographic plates spoly
equally to cloud chambers. The order of resolution obtainable is
the seme snd the difference in the stopping power of a gas as
compared with a solid is compensated for by the greater volume that
may be employed.

It is usual for the cloud chamber to be used as both source
and detector of recoil protons by filling it with hydrogen or
metheane. The chamber may also be used in this way when filled
with helium: there are certain sdventaeges to this in the measure-
ment of very energetic neutrons. Alternsatively, a thin solid
radiator mey be employed inside the chamber.

The technique suffers from the ssme disadventages as photo-
graphic plates in that it is leborious and time-e¢onsuming asnd that
its long resolving time (of the order of lo—lsecond) precludes its
use in coincidence work. It is no longer much used for the measure-
ment of the energies of fast neutrons and it is frequently férgot-
ten that most of the now classic measurements of neutrons were
made in this way. Extensive references to these may be found in
the well-known review asrticle by LIVINGSTON eand BETHE (1937).

One great sdventage of the technique is that the reactions
being studied cen often be initiated in the chamber itself thus
allowing a complete pieture of all the products. Expgriments'of

this type range from measurements of the recoiling He” nueclei in

the reaction D(d,n)He3 (DEE end GILBERT, 1935) to measurements of
the recoiling oxygen nuclei in the inelastic scatterings of 14 Mew
neutrons by oxygen (CONNELL, 1953).

(e) Ionizetion Chembers and Proportional Counters.

RBefore the advent of scintillation counters, proportional

chambers offered the only possibility of rspid, electronic measuee -
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ment of neutron energies. Such devices which denend upon the
direct collection of ionized particles are intrinsicaslly cepable
of better energy resolution than existing scintillator-photo-

mul tiplier combinstions ( BREITENBERGER, 19553 eand Part II). 1In
prectice, existing proportional chamber arrsngeméhts do give
better energy resolution than existing scintillation counter
arrengements. Also, they do not suffer from the disadvantage of
non-lineerity of energy response which is characteristic of
orgenic scintillators irradisted by heavily ionizing particles.
These two adventages of the proportional chamber over the scintil-
lation counter are, of course, not apparent when scintillators
are used solely as detecting devices for timing the flight of
heutrons between two successive elastic collisions. Also,
satisfactory oroportionsl chamber spectrometers for neutrons have
a lower detection efriciency than existing scintillation techni-
ques or logical developments of these techniques.

Single Scatteringe.

Ionization chembers (with or without ges multiplicetion) to
be used in the measurement of neutron energies may either be filled
with a hydrogeneous gas or have a solid hydrogeneous lining on
one of the walls. Recoil protbns are then formed either in the
gaseous or the solid radiator. With either radiator, in prineciple,
if the chamber is chosen so that neutrons which scetter in it are
scattered once and once only, end if it is irradiated with mono-
energetic neutrons then the pulse height distribution obtained
from the recoil protons should have the shape of the ideal -
distribution of PigeI.5.2. In practice the distribution obtained
is dependent on several distorting factors: well and edge effects,
positive ion collection ete. By suitable design these factors
mey be minimised. ROSSI and STAUB (1949) have given en enalysis
of these distortions and have shown how the energy spectrum of

the protons (eand hence of the neutrons) mey be deduced from the
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observed pulse height distribution for several arrangements in
which the counter geometry is simple enough to enasble calculation
Y0 be made. Mair resolution may be obtained by such methods but
the chamber pressures required in the measurement of neutron
energies of a few Mev make g —-ray background a serious problem.
Collimation.

To avoid the complications of wall effects it is usually
simpler to incorporate some additionsl device into the chamber to
select recoils which sare gpproximately head-on in direction. This
reduces the apparent detection efficiency of the chamber. Howevexn
in addition to removing those recoils protons which enter or
emerge from the chamber wall, such a method elso avoids the inhom=-
ogeneity of the energy distribution of the recoils erising from
homogeneous neutrons. Such arrangements have been described by
ROSSI and STAUB (1949) and by WILKINSON (1949).

Thin Geseous Radiator.

WORTH (1951) has used such a scheme t0o measure the energy
spectrum of the neutrons for the resction A127(d,n)8128. In his
arrangement the recoils originsted in the hydrogen gas filling of
a proprtional counter. Those recoils which were aporoximately
hesd-on pessed through an sluminium absorber and were detected
again in asnother proportionel counter. The coinecidence rate
between the two proportionel counters as a function of the alumin-
ium absorber thickness was measured. Hence the rsnge in sluminium
of the recoils was obteined. Smell corrections were made for the
finite thickness of the radiator: the counter was 8 cm long and
the pressure of the hydrogen filling was 30 cms Hg. The major
drawback to this arrangement is the low efficiency of detection of
neutrons in the first counter compatible with small loss of energy
of the reecoils in that counter. This reduces the number of

neutrons detected to the order of 1 in 105 at En = 1 Mev and 1 in

106 at B 10 Mev of those incident upon the radiator.
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Thin Solid Radistor.

The last-mentioned drawbeck is common slso to the more subtle,
and probably more reliable, arrangement adopted by HOLT and
LITHERLAND (1953) to measure the rasnges of the recoil protons.
They used a thin solid radiastor. Approximately head-on recoils
passed through two ionization chambers and stopped in a third
chamber. Coincidences between the first two chambers actuated the
time base of an oscilloscope. Pulses from the positive electrode
of the third chamber were applied to the deflector plates of the
oscilloscope. The time delay between the commencement of a sweep
end the stert of a pulse from the third chember ensbled the depth
of penetration of a proton into the finel chamber (and hence its
range) to be deduced, since the start of a pulse from the third
chamber corresponded to the arrivel of electrons from the end of
the track of the proton which triggered the time-base. The pulses
were photographed and useful pulses were essily distinguished
visuelly from spurious background pulses by their characteristic
shepes PFrom considerations of the time taken to obtain their
results Holt and Litherlend stete that the detection efficiency
of their spectrometer was such as to meske it suitable for measure-
ments of angulsr distributions. (The detection efficiency was of
the same order of masnitude as the arrangement of Worth.) With
15.5 Mev neutrons from Al27(d,n)8128, Holt and Litherland obtained
a resolution AEn/En ‘=, 5%. The spectrometer was suiteble for the
measurement of neutron energies in the resnge 5 Mev to 25 Mev.
Thick Gaseous Radiator.

GITES (1953) has used a proprtionsl counter arrangement which
utilises a thick geseous radiastor. A corresponding increase in
detection efficiency over the last two methods described (a thick
as compared with & thin radiator) was achieved. TUnfortunately,
for a given counter filling the range of neutron energies which

could be measured was limited.
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Essentially the arransement consisted of one proportionsal
counter, 1" in dismeter and 2' long, inside another counter, 3" in
diameter and 2' long. The counters were filled with hydrogen and
separated by & transparent screen: this was achieved by meiking
the 'wall' of the inner counter in the form of a eylindricsl grid.
The neutrons were incident along the exis of the counters. Pulses
from recoils in the inner counter which were in snti-coincidence
with the outer counter were recorded. For monoenergetic neutrons
the pulse height distribution then observed corresponded to appro=-
ximately heed-on recoils and recoils through large ;hgles, provid-
ed the range of the head-on recoils was about three timeé the
dismeter of the inner counter. With the same counter-filling
neutrons of hisgher energy gave better resolution but the detection
efficiency fell very rapidly. = The useful range of neutron energies
that could be measured simulteneously with & given counter filling
was En to ZEn, where E was the minimum energy for which the
counter selected hesd-on recoils.

With 2.6 Mev neutrons from the D-D reaction the counter was
filled with 1 stmosphere of methane and Giles obtained a(&En/En
value of about 8%. The detection efficiency, defined ss the ratio
of the number of recoils observed in the peak to the total number
of neutrons traversing the central counter, was about 4 x 10-4.
The counter was filled with Helium (shorter range recoils) to
measuré neutrons of higher energy (13.1 Mev and 9.1 Mev) from the
reaction Bll(d,n)cl2. Poorer resolution was obtained.n The resol-
ution with this arrencement at any energy could be increased indef=-
initely, with a corresponding loss in detection efficiency, by a
suitable choice of the filling pressure. The counter was 99%
insensitive to g Tey background.

Measurement of Reaction Products.

The most successful attempt to estimate neutron energies from
the measurement of the oroducts of neutron-induced reasctions in a
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propertianal ceuntar has been made by.BAscnum.R (1952). He haa
used the reaction HeB(n.P)H . The reaction is exothermic by 759
kev and is limited in its application to neutrons with energy 1
grester than 1 Mev; with neutrons of more than this energy con-
fusion arises with pulses due to elastic collisions between neut
Bt nvell Sit The resolution obtained was 3%.
Conclusions.

The methods described in this sub-section are useful for °
feirly repid determination of neutron spectras (Withstn/En’" 5%)
and for sngular distributions. However, they sll have rQSGI?iFQEQ,
times of the order of 1 })\.seo. This fact, combined with their low
detection efficiencies, would meke the performence of coineide
experiments, if possible, extremely long if the random backgfﬁf
rates were not to become intolerable.
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APPENDIX B: THE 50 KV H.T. SET.
1. GENERAL. '

The bombardment of deuterium and of tritium by deuterons givé“ru
high yields of monoenergetic neutrons at bombarding energies as f}f-
low as 50 kev. At this bombarding energy the neutrons emitted in ..U
the forwerd direction in the D-D resction have energy approximatelytl
2.5 Mev and those from the D-T reaction have energy approxima‘l;ely-t"__':_;'--“jg
14 Mev. NoO zr-rays have been reported to occur in either reaction.

sources of neutrons of these energies and free from }-ray;s

()

are particularly suited for testing the performence of the spectréff
ometers described in this thesis. Also since these reactions have ;f
high yields at 50 kev, vsluable running could be saved on the g
Departmental 1 Mev H.T. Set if they were induced on a separste
small installation. .

Prom these considerations it wes decided that a rather make=-

s 1 ) U
’:M\ﬁ..uk!‘:-;

shift apparatus, which hed been constructed in connection with the

-

| B

development of & new type of radio-frequency ion-source by Dr.J.G. -

Rutherglen of this department, should be dismentled snd re-erectedf;;

in a form which was suitable and safe for inducing the above two

’
Y ¥
-
.
L RRRE.

b |

resctionse.

Accordinely, the apparstus was dismentled and the H.T. Set
erected in its oresent form which is shown in the photograph of
Fig.B.1l.

The Set operstes as follows: :
Deuterium gss is fed into the ion-source (through e palladium—ledk)f

DT L A I W 1\ AL

where it is ionised. The ions are drawn out of the source snd gre

el

then focused by asnelectrostatic lens, which operates at a voltage
of the order of 3 KV, into a fine beam which is led into the main
high-vacuum tube where the ions are accelerated by 50 KV. ‘Mohat@hi@ﬁ

e

deuterium ions are then selected by psssing the beam between the f%%g
poles of an electromacgnetic and this resolved beam strikes a :}3’“5

target of deuterium or tritium.
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2. THE 50 KV ELECTROSTATIC VOLTAGE GENERATOR.

The voltage generstor is not visible in Pig.B.1l. It is of 2_'}
conventional Cockeroft-Welton design consisting of a two-stage 5 «?
voltage-doubling circuit and was constructed mainly from ex- :'
Admiralty equipment. The essentisl details of the operstion of ??
the generator may be seen from the schematic circuit disgrem of %

PMig.B.2(a) and the voltage waveforms which are shown at various
points in the circuit in FPig.B.2(b). The transformer T, is
supplied with a controlled variable A.C. voltage from the 250 v,,

loc—. L
50 eycles/sec. mains. This voltage may be varied by mesns of a 5@;3

varisc. The secondary of Tl develops a voltasge with 2 pesk ampli:f@

tude of up to 12.5 XV. The condenser G and the rectifying valve ﬁ

Vl act as a simple helf-wave rectifier circuit so that C1 becomes

muéﬂg

charged to the peak voltage of the trensformer. The condenser C

3
is then charged to the pesk voltage 2Vo reached by the point B, . @
through the rectifier Vé. By en exasctly similer process the 3 ;

B3
condenser C4 is also charged to a voltage 2V sy end since 03 and cl
are connected in series the high-potential terminal E reaches a
voltege 4V, with respect to ground. Thus, a voltage of 50KV is {

obtained with a pesk voltage of 12.5 KV, from the secondary of %
the transformer Tl’

The voltage is measured by drawing a smell lesksge current
through a large, known resistance-chain end an ammeter.

The filaments of the rectifier valves sre heated by current
from transformers whose secondaries are tied &t appropriate volt-
azes. (These sre not sll shown in the diagram.) Two baok-to-bq¢k"
trensformers capable of withstanding 25 XKV between their windinég Y53
are used to supply power for the equipment associated with the *?
ion-source, 211 of which must be tied to H.T. :

As stated sbove, the components used in the construction of
this high-voltage generstor were not new and considerable diffi- "

305

culty wes experienced from time to time in eliminating sparking =
from the high voltage. - TR
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3. THE RADIO-FREQUENCY ION=SOURCE.

A schematic disgrem of the ion-source is shown in Fig.B.3.
No ettempt will be made to follow the considerations which led to
the development of the ion-source to its present (and best) form
by RUTHERGLEN (1951). A brief deseription, however, of the ion-
source and of its operation will be given.

The discherge tekes place in the 6" long pyrex cylinder 4.
Deuterium enters through a small tube, let in through the pleste D,
which leads into the space between D end C. For simplicity, this
tube is not shown in Pig.B.3. The system is continuously puﬁped
through the csnal E into the mein vecuum system and the best oper-
ating conditions are obtained when the pressure in the ion-source
is about 10 microns. A constent magnetic field of about 3000
geauss parallel to the axis of tae discharge tube is provided by
the Helmholtz coils B. The formers of these coils asre insulated
from easch other and from ground snd act as electrodes for the
R.F. voltage which meintains the discherge. The R.F. voltace is
supplied at 2000 mes/sec. by an ex-Admiralty R.F. generstor
designed for pulse opersation as a radar transmitter and modified
to =zive & continuous output of about 30 watts. D.C. extrsetion
voltages of up to 2 XV are applied between the platel C and the
cangl E which are insulated from each other by a rubber O-ring.

Because of the high mobility of the electrons as compared
with the positive ions, when the extraction voltage is applied,
the main plasma of the discharge tskes up the same potentisl as
the positive electrode and leaves & sharp 'dark space' above the
negative electrode scross which almost ell the D.C. potential 1is
develoned. The boundary of this 'dark space'! is sharply defined
by the projecting lip on the plate C and is aporoximately hemi-
spherical in shape. Thus, positive ions+«winich diffuse across it
from the main plesma are accelerated by the potential gradient
and focused into a nsrrow beam which pssses through the esnal E.
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It may be shown that elmost a2ll the ionisation oroduced in
the discharge will be due to electrons which have gained energy
from the R.F. field since the large mass of the positive ions
only allows them to acquire a small smount of energy. Furthermore,
the factors conducive to a high proportion of monatomic deuterons
in the ion current which issues from the canel E ere:

(a) A high rate of ignisation

(b) A low rete of reeombinatiqn on the walls.

The purpose of the axial magnetie field 1s to help to maintain
conditions (a) snd (b). MAn electron which is oseillating in an
R.®. field hes, in generesl, s small drift velocity superimposed
on its motion which will ceuse it to collide with the walls if it
does not collide with a gas molecule first. If there is an axial
masnetic field the component of the drift velocity perpendicular
to the field will ceuse the electron to move in a circulsr path
about the field. The component of velocity parallel to the field

is unaffected and the electron spirasls along the lines of force.
This means that the eleetron will spend a longer time in the ges
before it is lost by collision with the wells and hence a larger
frection of the R.F. power will be expended in ionising the gas
relative to thet expended in collisions with the wall.

4, THE HIGH VACUUM SYSTEM.

The high veacuum which must be maintained in the accélerating
tube is achieved by two oil diffusion pumps (8" and 2" Metro-Vick)
in series backed by a mechanical rotary pump. The absolute
pressure in the main system is measured with an ionisstion gsuge
and the backing pressure with a thermocouple gsuge. Much diffi-
culty wes encountered in getting this system (A 600 litres)
vecuum-ticht. However, normal pressure in ;he main system is now
107° %

source is running.

ma Hg. This pressure rises to 5 x 10 mm Hg when the ione=

A simple high-vacuum velve was designed and incorporated in

the system to fscilitate the changing of targets.



=17
5. THE RESOLVING MAGNET.

After the deuteron beem has been accelerated through the main
high voltage it passes between the poles of an electro-magnet
which causes a field which is a right angles to the beam and
deflects it. By edjusting the magnet current the strength of the
field is arrenged so that only the monatomic deuterium ions strike
the target. The electro-magnet which is used is one that had been
constructed previously as a model for a large electro-megnet which
is used in this department for } -ray spectiroscopy.

Resolved currents of up to loofA-amps have, on occasion, been
obteined. This quentity is difficult to obtain resularly and the
set cen only be relied upon to produce about Sofj.amps constently.
6. THE TARGETS.

(a) Deuterium target.

A layer of heavy ice deposited on a copper tube was used as a
deuterium target. This was achieved in the following manner.

A small glass sphere conteining heavy-wster is sealed off
from the mein system by a vecuum tep. The tap is opened and
closed immedistely. Heavy-water vspour evaporates into the main
system and condenses on a copper tube let into the system and
cooled by liquid oxygen. This forms a hesvy-ice terget which
lasts for sbout 15 minutes before evaporating under deuterium
bombardment.

with 50 coulombs of incident deuterons this target was
estimated, from measurement of counting retes in scintillation

counters, to yield about 107

neutrons/sec. This was in good
agreement with the expected yield calculated from published data
on the yield of thick deuterium targets.

(b) Tritium target.

Pritium tergets were obtained from Harwell in the form of
tritium absorbed on a layer of zirconium backed by molybdenum.
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For deuterons of 50 kev this is a thick terget.
With Scf"h?aulumbs of incident neutrons this target wes

estimated to yleld about 5 x 1o%mtemm This figure

also in good agg
published date o
Initielly,

the neutron yieldf‘

-
T~

decrease was traced to
- -

e liquid-sir jaelﬁgﬁ a&m@ me bean ¢
itself was held a$~a%6ut 30° EF
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APPENDIX C: SOME ELECTRONIC EQUIPMENT.

1. LENGTHENING AND BRIGHTENING CIRCUITS FOR PHOTOGRAPHIC
PULSE ANALYSIS.

Some of the snalyses of pulse distributions in the work
described in this thesis were performed using a photogrephic
method. The method is simple and accuréte but rather laborious.
It was later replaced by & single-chammel electronic pulse snalyser
and all the later results were obtained using a 100 channel
HUTCHISON and SCARROT (1951) pulse analyser.

The principle of the photographic method is straightforward.
Pulses to be analysed are applied to the Y -plates of an oscillo=
seope while the X-plates are deflected by a slow (50 eycle) time-
base. The pulses are lengthened at their meximum value whilst,
during this lengthenines period, the scope brightness which is
normally effectively zero, is increased to a high value. The
pulses then appear as small spots on the scope screen: the height
of the spots above the base line being proportional to the pulse
size. The spots are photogrephed and subsequently re-projected
end snalysed.

The circuits which achieve the lengthening and brightening
are shown in Pigs.C.1l and 2 respectively end ere described below.
(a) Lengthening Circuit.

The pulse lengthening unit consists essentielly of a cathode-
follower input valve (Vi) and a phase-splitting valve (V4) which
provides a push=-pull outout via the two csthode-followers V5 and
Vee The zrid of the velve V, is connected to the H.T. line
through the pentode V3

negstive pulse is aponlied to the grid of V3, immediately efter the

4
which is normelly just running. If now a

arrivel of 2 positive signal pulse on the grid of V4, V3 is cut

off end because of the diode V2 the grid of V4 becomes completely
isolated. The grid of V4 :
signel pulse just as long as the negative signal is spplied %0

remains at the maximum potentisl of the
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v3. The output pulses are, therefore, lengthened at their '/2éf€£
maximum value and the duration of the pulse is controlled by thé
length of the signal applied to the grid of V3 _‘$$_
(b) Brishtenincs Circuit. itﬁ‘f;

In the pulse brightening unit a positive pulse of fixed

height and variable length is produced by the valves Li to V4.
The duration of this pulse is determined by the time constant

R2C2 end the pulse length control is provided by the SM notentio--gBﬂ
meter meking up Rye The 400 K fixed resistor Ry is used to safe~
guard the two valves V3 and V4. The negative lengthening signal
applied to the grid of V3

in the pulse lengthening unit is teken
from the common snode load of V 3

1 and V2. The output from the
enode of V4 is fed through the cathode-coupled valves Ve end V7
onto the grid of the C.R.0. A square positive pulse is provided
with & variable delay on the front-edge provided by RB’ and

4" The delay is
incorporsted to ensure that the signal pulse has resched its ;
maximum value before the brightening pulse is applied. PFrom the jﬁﬂ

variable amplitude provided by the control R

above description it mey be seen thet the control R, varies the 'iif
length of both the brightening end the signal pulses. The circuit

is designed to cut off the brightening pulse at a fixed time inter-
vael before the back-edge of the signal pulse. i
2. COINCIDENCE CTRCUIT. (T A/10” ' SEGS.) |

The double~scattering pulse height spectrometer requires 8 3;;ﬂ
coincidence unit with short resolving time. Unless time discrihrf;l
ination againét a-rays is desired, a resolving time & 10""7 seé:s ‘3
is sufficient to reduce the rendom coincidence rate, in most °
experiments, to negligible proportions. At the ssme time, such a

resolving time mey be obtained by careful application of convenij'

tional electronic circuitry, thus avoiding the manifold diffi-

culties associated with units which achieve resolving tlmes <10 8”
-

secs. The circuit which was used to obtein a resolving time df iU







o

"

].O-7 sees. consisted of two identicel chennels: a diagram of one Jﬁ
=

w

channel is shown in Pig.C.3. Its operation is described below. =
Pulses are applied to the grid of vslve Vi. Valves Vl and f:f%
2 produce square pulses of constent amplitude but whose 1eng1‘;l:1‘g_‘,'iﬁ
depend on the lengths of the input pulses. These pulses are 4gﬂm
subsequently differentiated and pulses of congtant amplitude anﬁ?
length are fed in to the grid of V4
is determined by the value given to the varisble resistence RZ'
V4 and V5 AS
pulses of constant amplitude and length. (The length is deter=
mined by the length of the input pulse to V4, that is, by Rz;gy s
The arrival of two overlapping pulses at A leads to a double si; da

The length of these pulses

are an A.C. coupled flip-flop which produce at point &“%ﬁ:

pulse at the output which may essily be distinguished from aingi)gﬁ?
pulses.

The resolving time of the cirecuit is evidently determined by
the lengths of the pulses arriving at A end may be varied by meana _
of the resistences R, in each chammel. A resolving time not léssv;;
than 10-7 secsowas obteined in this way. T 
3., FAST COINCTDENCE UNIT (T = 2.5 x 1072 SECS).

=%

The Time-of-Flight spectrometer requires a coincidence unit,fb:
of the minimum possible resolving time. Various circuits have

been proposed in the past few years to achieve resolving times
between Aclo-s end 5 x 10 8secs, notably by BAY (1951) end by
BELL et al (1952). Of these the basic design used by Bell et al
seemed the most likely to give the shortest resolving time in thg 53

i bl T

“t‘ ‘u‘, L

most straightforward mammer. Accordingly en adsptation of theirg”:'

She

circuit was built end tested. R

In principle, the circuit is simple in operation. The bléc‘éf;
diagram is shown earlier in Pig.IV.3.2 end a brief description té;?<
given in the accompanying text. 1In practice, stable resolving ‘2:?

times of less then A5 x Yoot ases  oRA only be ettsined with

diffieulty end the utmost care. The problems of this type of ?fyk

Wiieadrrems L
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R L
circuit are not treated in detail here. (A detailed discussion

has been given by Bell et al.) Emphasis must be leid, however,i.k :
A
on the basic necegsity of asbsolute stability of all components “3‘~.

u‘,
and especiaslly of the H.T. and hester voltages of the units befagg,;'

the me/s amplifier. The resolving time (snd the efficiency) aﬁ'
short resolvine times depends essentially on trne rise time of thg;;

pulses et the esnode of the limiter. sSlight variation in the 'jg;i

of these pulses seriously. It was eventually found necessary te
run the heaters of the limiters from two 6v 144 ampere hr batt&ru
ies in perallel largely to achieve stable short resolving timesv
This difficulty should be largely removed by incornoratina a ?_
100 me/s amplifier between the photomultiplier outouts and thezgf“
limiting vaelves. In this wsy all pulses from the ohotomultiplier
should sppear to the limiter to be faster than the resolving time
required (1 x 10 9secs) :
Details of the cathode-follower mixer and the discriminaﬁar
are shown in Pigs.C.4 end 5. The discriminator is straight- ;j;"*

forward in operation and was found to be extremely stable. Tﬁ%f
cethode-follower mixer is desecribed below. : 2
(a) Cathode-Follower Mixer. =

Pulses from the limiting valves are sent to the point &.aleng
cebles of charscteristic impedence 100«l. These pulses are of g
equal size, effectively zero rise time and long decay time. A% i’ih
the 50J4k matching cable converts these into square pulses of equal'}
height and length.

The sction of the specially selected crystel diode vy is two-
fold. mirstly, it lengthens the duration of the pulses from A to
a time determined by its stray capacitence and the 100K resistor *
to earth. Secondly, owing to its non-linear characteristie, i%
effectively amplifies coincident pulses at A as compared with:i

single pulses. -
The pulses are further lengthened by the cathode follower V’;a;
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erystal V3 and differentisting circuits so that they may be
emplified by the conventional 1 Mc/s amplifier.
4. MULTICHANNEL TIME ANALYSER,

In the experiment performed with the Time-of-Flight spectro-
meter diffefent delays had to be inserted in the lines from Sl to
82 $0 obtein the coincidence rate corresponding to each delay.
This procedure is time wasting snd may be avoided by using a time
analyser which records the coincidence rates corresponding to
several (in this case 10) delays simulteneously. Such a device
also prevents insccuracies which may arise from the resolving time
and efficiency of the co%%i%%gnce unit varying with time. The
block diasgram of a unitves designed (with the aessistence of Mr.
7. shields) to do this is shown in Pis.C.6. Tt was operated
successfully (without the 100 mec/s amplifiers) over 3 channels.
The operation is described below. ,

Effectively, the snalyser consists of 10 cathode-follower
mixer circuits (Figs.C.4) spaced at %nfgsec intervals along a .
delay line connecting the two limiting valves.

Pulses from each photomultiplier are fed through 100 me/s
amplifiers and limiters to separaste shaping circuits. The_‘

9secs) epproasch the 10

resultant squere pulses (durstion 10~
mixing units from opposite directions emd will record on one of
the units if there is the sppropriate difference between their 4
times of origin. In this wey delay times over an intervel of

2 x10 x & x 1077 see (= 10™°
et 1 m{\sec intervals. Delay lines of the order of 100 mf&sep

are inserted in esch channel to ensure that pulses from one

sec) may be measured simultaneously

channel do not return efter reflection in the shorted line of the
other ehannel in time to interfere with the original pulses.
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