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ABSTRACT

A crystal of the carbon-rich phosphor, anthracene, has been
bombarded by monoenergetic fast neutrons. Alpha-particle decays
of carbon nuclei have been separated from other events by a
specialised application of the pulse shape discrimination.technique.
A numerical analysis of the data has yielded alpha-particle energy
spectra over a wide energy range.

A counter has been assembled to detect neutrons scattered
by carbon nuclei in the crystal, and the measurements repeated
in coincidence with these neutrons. The energy range of particle
resolving power has been extended. Structure in the resulting
alpha-particle and proton energy spectra is attributed to particle
decays of specific levels in carbon-12. It is shown how the ex-
periment may be modified and extended to measure decay parameters

in absolute terms.
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CHAPTER 1

INTRODUCTION



1.1 ALPHA DECAY STUDIES

Particle decays of excited states of the carbon-12 nucleus

have been studied by several experimenters in recent years.

Many different approaches have been adopted for populating. levels

in this nucleus. For a comprehensive survey the reader is referred
to the compilation of energy level data by Ajzenberg-Selove and
Lauritsen (1968}, -

Of particular relevance to the present study are experiments
utilising inelastic neutron scattering on the nucleus of interest
to provide the primary excitation. Muclear emilsion studies have
provided useful information on the channels used by the decays
of the first few states of carbon-12 ksee Perkin 1951, Frye et
al. 1955). Here neutron bombardment of a film of carbon-rich
emilsion was used to raise carbon-12 nuclei to excited levels.
Charged particle decays produced visible tfacks whose range and
direction permitted identification of the nuclear reactions in-
volved; Cases where the final state included three independent
alpha-particles were identified by the formation of three-pronged
"stars”.

Inelastic scattering of neutrons from graphite has been used
in conjunction with a neutron time of flight spectrometer by Barjon
et al. (1962) and others, to yield differential inelastic scattering
cross sections corresponding to individual final states of the
recoiling carbon nuclei. Barjon’s measurements were made for a

primary neutron energy of 15 MeV: an interesting contribution was
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found in the time of flight spectrum which could not be connected
with levels in carbon, and it was attributed to the reaction,

120 (n,)%Be* (n) ®Be , with the intermediate beryllium9 muclews
being excited to a level at 6.76 MeV.

A comprehensive study at 14.1 MeV has been undertaken by
Joseph et al. (1967) using the same technique; these experimenters
measured detailed angular distributions corresponding to the
carbon-12 levels at 4.43, 7.65 and 9.63 MeV, correcting their
results for multiple scattering in the sample by a Monte Carlo
calculation, and using maximum likelihood theory to estimate
errors due to background subtraction. Joseph et al. found a
broad neutron group which could not be explained by inelastic
scattering from carbon. It was suggested that this group was
due to inelastic scattering from a broad level in carbon at about
10.1 MeV, in addition to various sequential decays of which the
(n,¢) reaction was the first step.

The existence of this broad level was suggested by Peelle
(1957) on the strength of results from inelastic scattering of
16,7‘MéV protons from carbon. Confirmation of the excitation of
carbon nuclei to this level has been sought by Grin et al. (1965,
1966, 1969) and others, but its existence still seems to be in
doubt.

A new approach to particle decay studies of carbon-12 states
has become pbssible with the advent of pulse shape discrimination

systems used with organic scintillation detectors (Brooks 1956,
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Owen 1958). Johnson (1963) has used a single scintillation
counter to observe alpha-particles arising from the bombardment
of a stilbene crystal by 14.85 MeV neutrons.

Grin et al. (1965) have devised an ingenious experiment,
extending the neutron time-of-flight technique for use with organic
scintillators equipped with pulse shape discrimination circuitry.
The experiment involved neutron bombardment of a plastic scintillator,
and permitted recording of differential cross sections for inelastic
scattering from carbon nuclei for the first three excited states;
some idea could glso—bevgained of the branching. ratios for electro-
magnetic and alphaopafticle decays of these states by amplitude
discrimination. - Again, the neutron energy was 14.1 MeV.

The following section outlines the approach of Johnson (1963),
as extended for the requirements of the present investigation, and
briefly describes those properties of organic phosphors which make

the approach possible.

1.2 ORGANIC PHOSPHORS

Phosphors find application in nuclear physics'as charged
particle detectors and, indirectly, as detectors of other ionising
radiations which give rise to charged particles or ions, by reaction
or scattering processes within the phosphor. In particular, in
a study of properties of carbon nuclei, a carbon-rich phosphor
may be used as both target and detector. Fast neutrons incident

on a phosphor populate certain excited states of carbon nuclei
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by inelastic scattering; a decay proceeding by charged particle
emission produces a scintillation in the phosphor which may be
amplified by means of a photomultiplier tube.

In the present study a crystal of anthracene is irradiated
with monoenergetic fast neutrons; ideally it is desired to record
only those scintillations induced by alpha-particles. There
are two major sources of background signal to contend with.

Many incident neutrons do not interact with carbon nuclei but are
instead scattered by hydrogen nuclei within the phosphor, the

recoil protons producing scintillations. Also there is a high

flux of background gamma radiation produced by neutron interaction
with surrounding materials, as well as by electfomagnetic decays

of carbon states within the phosphor itself, giving rise to
electron-induced scintillations from gamma-ray-electron interactions.

It has been known for some time that in certain phosphors,

a particle-induced scintillation is composed of an intense fast
decaying and a slowly decaying component, so that the light output

may be approximated by

-t/x,

+ Beut/t’,

L = Be Ya» t‘

For the érystalline organic phosphor anthracene, Owen (see Birks,
1964) has determined 7T;= 33ns and )= 370ns. The importance of
this lies in the fact that the ratio B/A is dependent on the
energy loss of the ionising particle per unit distance, dE/dx,

which is in turn determined by the nature of the particle.
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In anthracene B/A for a proton is given by Birks (1964) as
approximately twice that for an electron. An alpha-particle
induces an even higher slow to fast component ratio. This
property has been taken advantage of by Brooks {19586, 1959),

Owen (1958) and others, who have operated a photomultiplier tube
with a iow potential difference between the last dynode and the
anode, so that an amplified pulse préduces space-charge saturation
in this region. In the Brooks circuit, a simple passive network
mixes the outputs from the last dynode and the anode. The mixed
output has greater amplitude if induced by a recoiling proton

than if atising from an electron recoil, for equivalent integrated
light outputs of the phosphor. Full details of the theory of
opera£ion of.this circuit have been described by Brooks (1959).

This pulse shape discrimination (PSD) technique has been
successfully applied to liquid scintillators too. For the liquid
scintillator NE213 Henchoz (1965) has found 7%, = 2.5ns and T,= 150ns,
with B/A & 0.7% for electrons and = 1.4% for protons.

There is an additional scintillation property, however,
applicable only to crystalline phosphors; it is an assymetry effect
associated with the crystal axes. For anthracene, stilbene and
certain other qrystals, Tsukada and Kikuchi (1962) and others have
shown that the height and shape of a scintillation pulse each
depend on the direction of the particle trajectory with respect to
the crystal axes. In the present study an anthracene crystal

was placed at the optimum orientation (found by experiment) with
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respect to a fast neutron beam.for pulse shape discrimination out-
puts deriving from proton- and alpha- induéed crystal excitations
to be as markedly separated as possible.

The Brooks and Owen PSD circuits have been criticised on two
accounts. Batchelor et al. (1960) have pointed out that the
circuits producing the pulse shape discrimination signal do not
remove the possible overshoot produced when the pulse returns to
zero voltage. Detection of ovefrshoots is obviated in the present
investigation by the use of a gating circuit, described in Chapter 2.

de Vries and Udo (1961) have found it nécessary to introduce
an interference network into the Owen circuit to reject pile-up
effects encountered in experiments involving high count rate.

As the highest detected scintillation rate was 9.4 kHz in the
present study, no such modification was required.

The initial energy of an electron in anthracene is proportion-
al to the response (lyminous intensity) produced in this phosphor.
This holds true over an appreciable energy range. For heavier
charged particles and ions, however, the relationship is not a
linear one: Brooks (see Birks, 1964) has obtained these relation-
ships for electrons, protons and alpha particles (see figure 1.2).
Gooding and Pugh (1960) have suggested a design for a linear
scintillation counter; no attempt has been made to construct
such a counter for this work, and the curves of figure 1.2 have
been used for quantitative calibrations.

Carbon nuclei were bombarded with neutrons of energy as great

as 22 MeV in this investigation: figure 1.1 shows those excited
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states which can be populated by neutrons of this energy (taken
from Ajzenberg-Selove and Lauritsen, 1968). |

While pulse shape discrimination may be applied to separate
alpha-particle events from proton and electron recoil contributions,
there will inevitably be a contaminating backyround of alpha-

12

particles from the reaction n,&)gBe(gusn), a process which

sheds no light on decay of carbpn-l2 states.

1.3 OBJECTS OF THE PRESENT INVESTIGATION

The primary aims of the present study are to use the compact
target-cum-detector approach to investigate the disintegration by
alphahpa{ticle emission of carbon-12 nuclei; also to study
reactions arising from fast neutron bombardment of the organic
hydrocarbon phosphor, anthracene. Furthermore it is intended to
seek indications of the existence of an energy level at 10.1 MeV
in carbon-12, searched for by Johnson (1963), Joseph (1967), Grin
(1969) and others, and peculiar in that the width of this level
appears to be some 2 MeV. It is also proposed to extend the
effective resolution. of proton and alpha-particle events in a
scintillation counter down to low energies. Finally, in order
to make comparisons with the results of previous authors, branch-
ing ratios for decay channels of individual states are to be
sought; this requires additional information specifying the rates
of population of states under fast neutron bombardment, for which
purpose differential inelast;c scattering cross-sections are to be
measured using & neutron time of flight'techniqueu
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CHAPTER 2

EXPERIMENTAL ARRANGEMENTS




Detailed descriptions of apparatus used in this project are
gifen in this Chapter for the three major experiments performed.
Much preliminary laboratory work was carried out to study the variables
in the Brooks PSD circuit and auxiliary electronic equipment, using
radioactive sources, so that optimum discrimination conditions
could be achieved: also timing resolution of a few nanoseconds
was sought after.

Altogether four detectors were used. It was judged that the
best pulse shape discrimination conditions for the present applic-
ation were obtained with an EMI 6097 photomultiplier tube, and
this was used where no timing measurements were necessary. A
timing resolution of 3ns was obtained for two RCA 6810A tubes (used
with a Chronetics model 151 “leading-edge” discriminator), one
equipped with a PSD circuit and the other arranged to give a fast
anode output and a linear S5th dynode output only. The fourth
detector used in this project was built by Jones (1967) and used
a Philips 58 AVP tube to provide 3ns timing resolution and ¥-n

discrimination.

2.1 NEUTRON PRODUCTION

In each of the experimental arrangements described below,
a source of monoenergetic fast neutrons was obtained from the
reaction 3H(d,n)4He, with the primary deuterons generated as a

collimated monoenergetic beam by the S.U.N.I. 5.5 MV Van der Graaff.
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accelerator. A tritium gas cell was used as the target for pre-
liminary work: a tfitium target consisting of one Curie of tritium
adsorbed onto titanium on a gold backing was subsequently obtained
and used for all measurements. This target was subjected to up
to 8 microamperes of deuteron current at 5 MeV, and it was accord-
ingly necessary to apply a cooling system to it.

| liquid nitrogen cold trap was coupled to the target by means
of a stainless steel cold finger. A thermocouple was situated
inside the cold trap at about half the maximum liquid nitrogen
level. Whenever its temperature rose appreciably above the boil-
ing point of nitrogen, this thermocouple activated a pumping
-mechanism which automatically refilled the trap. A chart recorder
situated in the control area was used to monitor the temperature
of this thermocouple. As a safg#y precaution, a second thermo-
couple was situated somewhat lower in the trap, and used.to trigger
an alarm bell.

The "solid” target had two distinct advantages over the gas
cell, in addition.to greater ease of handling. Firstly, the
location of the neutron source was now accurately defined.
Secondly, no window was required to separate the tritium.from the
‘high vacuum of the accelerator tube, and consequently a major source

of deuteron energy reduction and spread was remdved.
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2.2 NEUTRON DETECTION

A crystal of anthracene was optically coupled to the face
of a type EMI 6097 photomultiplier tube by a film of ligquid paraffin.
The size of this crystal was approximately 1.5 cm3, The crystal
surfaces not in contact with the photomultiplier were covered with
a thin, reflecting aluminium foil to improve the efficiency of
light-collection. This assembly was enclosed in an aluminium
‘housing, held by a support which, while keeping the crystal and
the axis of the photomultiplier tube in.the horizbntal plane
defined by the target, permitted rotations of the detector about
the vertical axis through the crystal (angle ©) and about the
axis of the photomultiplier tube (angle ¥). Provision was also
made for rotation of the whole combination about a vertical axis
through the tritium target (angleir)u These angles are represent-
ed in figure 2.1. The incident neutron energy could thus be
selected by appropriate choice of angle~T, while any axis through
the crystal could be aligned with the incident neutron direction
by variation of angles 6 and ¢n_ A boron “long-counter” which
viewed the neutron source diréctly was set up as a neutron monitor.
This counter comprised a BF3 detector surrounded by a cylindrical

paraffin wax modulator.
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2.3 PULSE SHAPE DISCRIMINATION SYSTEM

A pulse shape discrimination circuit of the type developed
by Brooks (1956, 1959) and described previously iﬁ«Section 1.2
was mounted within the aluminium detector housing (see figure 2.2).

The output pulses from the PSD amplifier for excitations due
to electrons, protons and alpha particles differ in amplitude most
significantly at some time t after the initial rise, and a circuit
was used to interrogate the PSD output at this time (see figure 2.1},
producing a “gated PSD” signal- The width of the gating signal
was limited to reject overshoots (Batchelor et al., 1960).

In thé present study the PSD technique of particle identific-
ation has found two distinct applications. The simpler of these
is the now conventional application, where an amplitude discrim-
inator is applied to the gated PSD signal and adjusted to produce
a logic pulse if a neutron was detected, but no pulse in.the case
of an incident gamma ray- This application is used to convert
a standard scintillation counter into a neutron counter, and is
employed in the present investigation as the detector in a neutron
.timé of flight spectrometer (see Section 2.5 and Chapter 4).

Pulse shape discrimination has been used here in anothér way.
The technique has been applied not only to eliminate gamma ray
background, but to distinguish alpha-particle events from proton
events.

The amplitude of the PSD signal from the photomultiplier tube

is dependent both on pulse height and pulse shape, and.therefore
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on the energy as well as the nature of‘th@ exciting particle.
We may therefore construct a plot of the amplitude of the gated. PSD
signal as a function of energy, and we will obtain one curve for
each type of particle considered. In the present experiment
this process has been carried out electroﬁically, in that the
linear and gated PSD signals were aligned in time using suitable
microsecond delays, and fed to the X and Y inputs of a Norther;
Scientific dual parameter analog to digital converter. (See
figure 2.1). The two parameter digital information generated
by each scintillation was recorded in a Nﬁrthern‘Scientific
12-bit Memory Unit, the 4096-channel capacity of this unit. being
‘utilized as 128 channels for linear pulse amplitude and 32 channels
for the gated PSD pulse amplitude. The contents of the Memory
Unit could be displayed by a built-in oscilloscope in contour and
isometric formats. Figure 2.2A has been traced from a photograph
of the contour mode oscilloscope readout, and demonstrates the
dependence of the gated PSD signal on both energy and particle
type. The data were also punched onto computer cards (automatic-
ally in some cases) and printed out by a parallel printer.

It was necessary to calibrate the energy axis of the 32.x 128
element matrix of channels, and this was performed as follows.
The detector was exposed to gamma-rays from a cobalt-60 source in
place of fast neutrons, and a 2-parameter spectrum was recorded
with the PSD amplifier gain boosted so that the electron-recoil

locus occupied a prominent region of the matrix. The gain of

(12)



PSD

/—\—\ ‘

PULSE HEIGHT

Fig.2.2A Pulse shape discrimination amplitude as a function of
energy and particle type.



the linear signal amplifier was then increased by a factor of 2.5
and a second spectrum superimposed on.the first. (See figure 2.3.)
Integrations over PSD channel number in.the region of the
first locus yielded the charaqteristic electron energy spectrum
induced by Co-60 gamma rays; the Compton "edge” of the highest
energy is attributed to 1.33 MeV gamma rays, and the position
-of this @dgé in the spectrum therefore corresponds to an electron
energy equal to the maximum recoil energy attained by a Compton recoil
electron from a 1.33 MeV gamma ray, viz. 1.12 MeV. A comparison
of the two loci indicates the channel of zero pulse height. The
axis is now calibrated in terms of electron energy, and hence
also proton and alpha energies, from.the response curves for an-
thracene (see figure 1.2).

Experiments carried out with this system, . together with the

results obtained, are described in Chapter 3.

2.4 COINCIDENCE SYSTEM

While the alpha and proton loci obtained with the dual
parameter system described above are well resolved at high energy,
the separation becomes less clearly defined in the region of low
light output (discussed in Chapter 3). In view of this an ex-
tension of the above experimental system was devised in order
to suppress the recording of n-p scattering data.

The EMI 6097 tube was replaced by an RCA 6810 A tube. The

wiring of these two tubes was essentially the same. A second
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- The circuit of figure 2.4 was used to generate a fast coincidence
signal when a scintillation occurred in the plastic phosphor within
approximately lOvns of a scintillation in the anthracene crystal.
Linear and gated PSD pulse heights originating in the crystal were
recorded only for those events in coincidence with this signal.

Data were accumulated in sets each consisting of three ex-
perimental runs. The first run used the coincidence arrangement
described above to record true coincidences. For the second run
the 10 ns acceptable range of neutron: flight times was deliberatéely
misaligned to record random coincidences. In.the third run .the
coincidence requirement was removed (switch-selectable on .the dual
ADC) and two parameter information was stored whether a coincidence
signal was present or not.

As before, a boron long-counter was used to monitor the neutron

flux leaving. the target.

2.48 CALIBRATION PROCEDURE

Calibration of the scattered-neutron coincidence system was
carried out in four stages as follows.

i) Fast bias setting - crystal

A Caesium-~-187 source was placed close to the anthracene
crystal, and the amplified linear signal was fed through a delay
unit to the Northern Scientific analyser, operated in single
parameter mode, to produce a pulse-height spectrum. A coincidence

signal was derived from the leading-edge fast discriminator output
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and fed to the analyser, and coincidence spectra were recorded for
various settings of the fast discriminator bias control until an
appropriate threshold was reached (see figure 2.5). A comparison
of the positions of the low energy cut-off and the high enerﬁy
falling edge of the Cs-137 electron-recoil spectrum (478 keV
electron energy) determine the bias level as 160 keV electron energy,
the channel of zero pulse height having been determined as -4 (due
to digital gates in the dual.ADC)u The protoﬁ detection. threshold
is therefore (figure 1.2) 640 keV, which is equivalent to an

effective alpha-particle energy of 1.9 MeV.

ii) Fast bias setting - piastic

A linear pulse was derived from the 5th dynode of the photo-
multiplier coupled to the plastic scintillator, and the procedure
outlined in.i) above was carried out for the second détector.
The detection threshold obtained corresponded to 120 keV electron
energy. The results of Batchelor et al. (1961) for scintillation
response in NE 102 have been used to give. the corresponding proton
energy as 520 keV. The neutron detection threshold is therefore
also 520 keV, considering n-p scattering as the sole detection

mode (at keV neutron energies this is a good approximation).

iii) Selection of coincidence resolving time

The two detectors, with fast signal bias levels now fixed,
were placed so that the phosphors were immediately on either side

of a Sodium-22 source. Annihilation gamma rays produced in pairs
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and leaving the source at 180° to one another gave rise to simult-~
aneous scintillations in the phosphors. The output of the time-
to-amplitude converter shown.in figure 2.4 was fed to the multi-
channel analyser to generate a time spectrum which was recorded
in coincidence with a signal derived from the window discriminator
driven by the time-to-amplitude converter output. The position
and width of the window were adjusted so as to accept scattered
neutron. flight times up to approximately 10ns . The window width
8s narrow as possible
was choseﬁAto enhance the signal to background ratio of recorded
spectra.

Peak A of figure 2.6 was accumulated with the "stop” signal
delay as used for recording true coincidence data,. while peak B
'was recorded with the calibrated "stop” signal delay decreased by
9. 85ns. It is seen from the rapid fall to gero on.the left of
- peak B that this peak is close to the lower level of the window.

As the flight path was 3.7 t 2.7 cm, all scattered neutron
velocities above about 0.64 cm/ns would be accepted by the window.
This velocity corresponds to an energy of 220 keV, which is well
below threshold.

The timing resolution of the two biased detectors is seen
from peaks A and B to be 5ns for 0.51 MeV ganma rays. This high
value is attributed to the fact that a considerable fraction of
recoil electrons have energies close to the respective detection
thresholds, a situation which, with leading-edge discrimination,

inevitably leads to significant jitter. It is expected that the

(17)
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resolution for neutrons of energy greater than about 2 MeV will
be better than this; nevertheless some loss of counts must occur
due to the choice of window width in relation to the resolution.

The "stop” signal delay was decreased by 39.18ns and a gated
spectrum recorded. No counts were accumulated. The coincidence
requirement was then removed to record peak C of figure 2.6.

This value of the "stop” signal delay was adopted as appropriate
for measurement of spectra due to random coincidences.
By selecting a different delay rather than adjusting the position

of the window, possible alteration of the window width was avoided.

iv) Determination of energy scale

The dual parameter system of Section 2.3 was assembled and
an energy scale calibration carried out using a Co-60 source in

the same manner as described in Section 2.3.

With the Na-22 source back in position between the phosphors,
the linear and gated. PSD pulses deriving from the anthracene
crystal, and the coincidence signal, were aligned in time using
'a twin-beam oscilloscope, and the three pulses were fed to the
appropriate inputs of the Northern Scientific dual parameter
analyser. The detectors were then arranged as in figure 2.4.

The experiments performed with this system and the results

obtained are described in Section 3.3.
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2.5 NEUTRON TIME OF FLIGHT SYSTEM

In an attempt to determine the cross sections fof.population
of individual excited states of the carbon-12 nucleus in the above
experiments, a neutron time of flight spectrometer was assembled.

A pulsed deuteron beam was allowed to impinge on the tritium target
described above, giving rise to short bursts of neutrons at 500ns
intervals. The pulsing was accomplished within the high voltage
Aterminal of the Van der Graaff accelerator. The low energy (few
‘hundred eV) deuteron beam leaving the ion source passed between
deflection plates connected to a 2 MHgz oscillator, arranged so
that the beam was swept in an ellipse. In executing one full
ellipse, the beam passed over a small aperture in a plate which
- otherwise blocked the beam. The transmitted deuteron pulse
entered a bunching unit designed by Ortec, whose operation was
synchronised to the arrival of the pulse. The bunched pulse was
then accelerated by the high voltage of the machine.

| A graphite cylinder of length 5.83cm and diameter 2.20cm was
suspended by long, fine steel.wires from a rigid aluminium support,
so that it was a few cm iqéront of the tritium target, in.the horizon-
tal plane defined by the target. A pivot assembly bolted to the
floor was positioned directly beneath the graphite cylinder, and
a heavily shielded neutron detector was mounted on a trolley and
constrained by a rigid steel arm to move in a circle with the
pivot as centre. The neutron detector was adjusted to be in the
horizontal plane of the target. The detector consisted of a

9.3cm diameter NE213 liquid scintillator mounted on a Philips 58AVP
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photomiltiplier tube. (See figure 2.7.) A PSD circuit identical
to that shown in figure 2.2 was mounted within the aluminium hous-
ing enclosing the detector.

A circuit was assembled to measure the energies of neutrons
scattered elastically and inelastically by the graphite, by
recording their time of flight from the tritium target via the
graphite to the liquid scintillator. This time interval was de-
termined by the instant of arrival of a deuteron pulse at the
target (detected by an inductive pick-off situated a few cm before
the target), and the instant at which a scintillaticen occurred.

A time-to-amplitude converter was used in order that a time of
flight spectrum could be recorded in a conventional multichannel
analyser. Flight times were recorded only in coincidence with
a neutron identification output generated by the pulse shape

discrimination circuitry employed. (See figure 2.8.)

2.5A  CALIBRATION PROCEDURE

The preliminary steps carried out to convert this system

into a quantitative measuring device were as follows.

i) Fast bias setting

The beam pulse repetition time was only 500ns. It was there-
fore essential to set the overall neutron detection threshold high
enough to reject pulses arising from neutrons whose total time of
flight was in excess of about 400ns. Consideration of the flight
paths from the target to the graphite cylinder, and from there

to the detector suggested a desirable threshold of 300 keV.
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The bias level of the fast discriminator was set and recorded
using a Cs-137 source. Gated and ungated pulse-height spectra were
recorded by a procedure equivalent to that described in Section 2.44 (i).
The result is. presented in figure 2.9. As the neutron detection
efficiency is a sensitive fu£ction of the detection threshold in
the vicinity of threshold, a correction must be made in the low

energy region. This matter is treated in Appendix 2.

ii) Gamma ray discrimination

The pulse shape discrimination part of the system was set up
to show electron and proton loci due to an Am-Be neutron source,
using a dual pulse-stretcher and X-Y oscilloscope (the Northern
Scientific analyser described previously being unavailable).

" The output of the gated PSD lower-level discriminator (figure 2.8)
was used to provide an extermal "bright-up” signal, and the dis-
crimination level was adjusted so that the entire electron locus
was not brightened. After this visual setting-up, pulse-height
speétra of a Co-60 gamma ray source were accumulated in a Nuclear
Data multichannel analyser, ungated and also gated by the output
of the PSD discriminator, and final adjustments were made to the
discrimination level so that a gated Co-60 spectrum was just
indistinguishable from (gated) background.

The effective neutron detection threshold introduced was
calculated from gated and ungated Am-Be pulse height spectra,

by comparison with the Am-Be energy spectrum measured by Notarrigo

(21)



300 —

ns
®

INTERVAL,
N
[—~3
(=]
|

TIME

1001~

" -
H . * - L4 1 . - . Y . . . ’- N . g
o
. . e l\\'vv-" A e g d'..] Vad R

. - .
AN PP NI o’ NS 5 Saa b pP P

100 200
_ CHANNEL NO.
Fig. 2.10 Time scale calibration




100001
8000t
-]
-]
6000}- Neutrons Prompt
» direct « elastic gamma °
- o
§ rays
o .
4000
Q
o / !
° .
m -“'.- v o . \ -
a, Sese o oo . N . ° . / . l.
- » L
%%, o KX [LIREEN 40 . i \
cf’° Oo o o mo /
00000 oaommcnmwwm o " < x 1/10°
1 BTy
300 ! ' 350 CHANNEL NUMBER

i - ,.
Fig.211 Time of flight spectra. Upper curve, PSD off. Lower curve, PSD on.




the case of 14 MeV neutrons incident on a graphite block of volume
more than four times that of the present scatterer. This group
found that multiple scattering accounted for less than 207 of. the
total counts. Comparing the scatterer sizes, it is reasonable
to assume that the contributiorn. from muiltiple scattering in. the
present case was well below 5%.of the number of singly scattered
neutrons.

Details of the experiments carried out with this neutron time

of flight system are presented in Chapter 4.
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CHAPTER 3

MEASUREMENT OF ALPHA SPECTRA




Descriptions are given in this Chapter of the various techniques
that were used to obtain. pulse height spectra for alpha-particles
alone, from data accumulated in fast neutron bombardments of a
1,5cm3'anthracene crystal. Within.the limits imposed by the particle
resolution. that was obtained using pulse shape discrimination, an

analysis of the results is carried out.

3.1 THE DUAL PARAMETER EXPERIMENT

The experimental system described above in Section 2.3 was
assembled to record two parameter spectra arising from fast neutron
bombardment of anthracene. The photomultiplier tube was of the
type EML 6097.

Extensive preliminary experimentation was carried out at 22 MeV
in order to examine the dependence of the linear and PSD pulse=-
heights on the crystal orientation with respect to the cone of
neutrons incident on it. Two parameter spectra were displayed
on the oscilloscope of the 128 x 32 channel analyser. The results
agree qualitatively with the findings of Tsukada and Kikuchi (1962)
for 8.7 MeV neutrons. The assymetry properties of anthracene
were found to affect the alpha=-particle locus but little, while
the proton recoil locus was seen to undergo significant shifts.

The orientation © = O was adopted as that giving the best sep-
aration of these two loci.

Energy resolution was limited by the few (128) channels
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allocated to its analysis, while only 32 channels were available
to accommodate the variation of PSD amplitude. Accordingly,
amplifier gain settings and digital gates on the dual parameter
multichannél analyser were adjusted to give great prominence to
the alpha-particle locus. At this stage the energy scale calibration
procedure described in Section 2.2 was carried out.
.The energy of the deuteron beam was set at 5.000 MeV, corresp-
onding to a nuclear magnetic resonance frequency of 29.162 Mgz in
the field monitor of the Van der Graaff’s 90° analysing magnet, and
was estimated to vary by less than 5 keV throughout the experiment.
The beam current was maintained at approximately 1.5 microamperes.
Data were recorded for bombardments at angles j?= Oo, 45°
and 605, In.each case the crystal was 18cm distant from the tritium
target. The beam current was integrated electronically to yield
the total charge reaching the target; the first of these runs was
terminated when.lO4 microcoulombs had been counted (taking approx-
imately two hours), while for the second and third runs twice this
charge was recorded. The angles given correspond to neutron
energies at the phosphor of 22.00, 20.05 and 18.78 MeV respectively,
as calculated with the aid of the University’s ICT 1301 computer,
taking the Q-value for the 3H(d,n)4H2r@action to be 17.58 MeV and
using the non-relativistic formula. The values were checked against-
curves calculated by Goldberg (1963) and found to be in exact
agreement -

The contour plot of figure 3.1, derived from the output of
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proton spectrum. (calculated in Appendix 1) is monotonic. Structure
obtained by Johnson was attributed to alpha decays of the C-12
states at 7.65 and 9.63 MeV, and to the 12C(n,d)gBe reaction.

In order to remove the proton contribution from the combined
proton plus alpha-particle.spectrum, two independent approaches
were adopted. One was purely numerical, while the other involved
subtraction of the calculated theoretical n-p scattering contrib-
utions The numerical approach will be considered here, and the
results of both methods discussed in Section 3.3.

It appears (figure 3.2) that towards the low energy region,
the proton contribution at each energy channel takes the form of a
PSD distribution that is a symmetrical peak. Then the proton
contribution may be estiméted by calculating the integral of proton
counts from the electron-proton minimum up to the proton peak, and
multiplying by a factor of 2. The validity of this technique rests
heavily on the assumption that the proton contribution at each energy

channel is large compared to the respective alpha-particle contribution,
an assumption which is seen from figure 3.2 to be well-founded. In
)

-the presence of a large number of counts per channel in the region
of a peak only a few channels wide, it was essential to determine
accurately the position of the peak as a fractional channel value.

A computer program was developed for the University’s IBM 1130
computer to implement this technique as follows (program ALPHA,
listed in Appendix 4). » The stages i) to v) were carried out for

the PSD spectrum at each energy channel.
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Alpha spectra alone are shown in.figure 3.4 for the three runs
at 22.00, 20.05 and 18.78 MeV respectively. The derivation of the

energy calibrations has been described in Section 2.2.

3.3 DISCUSSION OF RESULTS

Figure 3.5 shows a comparison between the proton spectrum as
derived numerically from the data and that expected (see Appendix 1)
from the n-p differential scattering cross section and the non-
linear fesponsé of anthracene (figure 1.2), for the 22 MeV case.
This discrepency may be due in part to the reaction 12C(n,p)lzB-

The transition to the ground state of boron-~l2 has a Q-value of
-12.6 MeV and gives rise to protons of energy between 5.3 and

9.2 MeV in the laboratory frame, while excited final states
correspond to protons- of lower énergy, in the region of the
observed high count-rate; the chss section for this reaction,
however, decreases from 29mb at 17.5 MeV to 13mb at 19.8 MeV
(Jessen et al., 1966), and comparison of these values with the n-p
scattering cross-section at 22 MeV suggests that there must be a
further source of intermediate energy protons. The &, p) reaction
on carbon-12 (Q = -15,96 MeV) may play a part, the highly energetic
gamma rays required arising from electromagnetic C-12 de-excitations
as well as from a general gamma ray background. It is likely that
an important contribution stems from lZC(n,n’)lZC"l(p)llB reactions.
Ten of the known carbon-12 states (Ajzenberg-Selove and Lauritsen,

1968) that can be populated by inelastic scattering at 22 MeV
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have sufficient energy to decay by proton emission, and according
to Segel et al. (1965) eight of these have an appreciable proton
decay width compared to total width. This reaction mode may
produce protons of energy up to 5.57 MeV. It is possible, too,
‘that the beam of neutrons striking the phosphor is contaminated by

a low-energy component for which the cross section for scattering
from hydrogen nuclei is large (for the energy éepéndence of this
scattering cross section see e.g. Enge, 1966). Such slower neutrons
could be due to imperfect focussing of the primary deuteron beam,
giving rise to neutron-producing interactions at the tantallum
collimators or at one of the magnets on.the deuteron line. Because
of the uncertainty of the origin and significance of the high
proton count-rate at low energy, it was decided to alsndon. the

idea of using alpha-particle spectra obtained from subtraction of
the theoretical uncontaminated n-p proton spectrum, and to consider
only the numerically generated spectra.

The alpha-particle spectra of figure 3.4 each exhibit complex
structure. In order to trace the origin.of individual contribut-
ions, calculations have been performed for the 3d-disintegration
process of each known state in carbon-12, to determine the positions
on the spectra at which respective contributions might be expected.
For inelastic neutron scattering leading to a particular state of
the target nucleus, kinematical considerations indicate the min-
imum and maximum energies the scattered neutron may have, and hence

the maximum and minimum recoil energies, T, of the target. In
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the event of the nucleus disintegrating in flight, this recoil
energy is added to the characteristic energy of the decay, the whole
being distributed as kinetic energy among the three alpha-particles.
~ The form of the energy distribution may be estimated from the
results of phase space arguments. Making the assumption that the

120*-> 3¢t does not involve the intermediate nucleus

disintegration
8
Be, Frye et al. (1955) have obtained the energy distribution of

any one alpha-particle in the carbon-12 centre of mass frame as
= 1/2
P(EyldE, = const . E (Ep,. - (3/2)E)1/ 2k,

where E .= Eex(;zc) - 7.28 Mev, arising from the -7.28 MeV Q-
value for the ground state decay. As this expression is symmet-
rical about its maximum at (1/8)E; ., the most probable value of
E, and the mean value coincide at (l/s)Emax'
Considering only those alpha-particles having this most
probable energy, and assuming an isotropic angular distribution
in. the carbon-12 centre of mass frame, a transformation to the

laboratory frame of reference leads to an energy distribution:whose

maximum is at
Efiab = (Emax +T)/8,

where T is the recoil energy of the excited carbon-12 nucleus. It
is therefore reasonable to suppose that the full energy distribution
corresponding to each small T interval will be centred at the value

given by this expression. (This is to be expected as a direct
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result of the principle of conserﬁation of energy and the assump-
tion that the decay mechanism does not differentiate between the
three alpha-particles).

With an accurate knowledge of the angular distribution of
scattered neutrons leading to a particular energy level in.the
target wnucleus, one could célculate the angular and hence energy
distributions for the recoil. The latter would then determine the
overall alpha-particle energy distribution. In the absence of
such knowledge, the approximation used by Johmson (1963) has been
adopted, in tHat the maximum and minimum values of T have been
computed for each state, and the arithmetic mean taken as an
estimate of the most probable recoil energy. This approximation
gives the maximum of the single alpha-particle energy distribution

at

12 1
(E,0C°C) - 7.28 + (T, +T . ))/3

Eélab 2 ‘Tmin

To arrive at the expected response of the anthracene crystal
to thrée alpha-particles each having this energy, the non-linear
response curve (figure 1.2) was used to determine the light out-
put for one particle of this energy, the result obtained being then

-miltiplied by a factor three.
- Table 3.1 gives the results of this procedure for the 22 MeV
Ccase.
The locations of contributions predicted in.this manner have

been included in figure 3.4. One additional prediction has been
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Energies

of particles

arising from the

TABLE 3.1

12 12
C{n,n’)""C* reaction at 22 MeV.

Scattered néutron

'QC energy Total energy of 3 alphas Most probable energy Response Effective energy
level min max max min mean for each alpha to {7) . for 3x.(8)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

7.65 9.30 14.27 5.42 0.45 2.94 0.98 74 2.5

9.638 7.67 -12.28 7.05 2.49 4,77 1.59 128 3.8
10.1 7.38 11.77 7.34 2,95 5.15 1.72 141 4.1
10.844 6.70 10.99 8.02 3.73 5.88 1.96 165 4.6
11.828 5.90 - 9.97 8.82 4.75 6.79 2.26 200 5.3
12.713 5.20 9.04 9.52 5.67 7.60 2.53 230 5.8
13.352 4.69 8.37 10.03 6.35 8.19 2.73 253 6.3
14.083 4.11 7.59 10.61 7.13 8. 86 2.96 280 6.7
14.710 3.63 .6.92 11.09 7.80 9.45 3.15 305 7.2
15.109 3.32 6 .50 11.40 8.22 9.81 3.27 320 7.4
16.106 2.56 5.42 12.16 9.30 10.73 3.58 360 8.1
16.677 2.21 4.90 12.51 9.82 11.17 3.72 375 8.3
17.23 1.73 4,17 12.99 10.55 11.77 -3.92 410 8.8
17.77 1.34 3.56 13.38 11.16 12.27 4.09 420 9.0
18.36 0.94 2,88 13.78 11.84 12.81 4.27 440 9.3
18.39 0.92 2.84 13.80 11.88 12.84 4.28 440 9.8

(continued)



(1)

18.71
18.84
19.2

19.39
19.88
20.24

(2)

0.71
0.63
0.41
0.30
0.06
0.00

(3)

2.46
2.31
1.86
1.62
0.95
0.03

(4)

14.01
14.09
14.31
14.42
14.66
14.72

(continued)

(5)

12.
12.
12.
13.
13.
14.

TABLE 3.1
(6)
26 -13.14
41 13.25
86 13.59
10 13.76
77 14.22
69 14.71
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included, namely the expected location of the falling edge arising
from the reaction lZC(n,d)gBeu (The contribution. of the 9Be
scintillation is neglected. This is justified by an extrapolation
of the succession of curves in figure 1.2 to heavier ions). Fof
the 22 MeV case, this energy has been calculated as. 15.24 MeV:
all three predictions are included in the figure, and are labelled
E. These: positionis provide ‘useful calibration.pointsi. a slight
adjustment of the energy scale 'has been m;dg "
It is seen from the carbon-12 level density above the level
at 9.63 MeV that contributions to the alpha spectra cannot be
attributed to the decay of specific individual states. The states
may be grouped, however, and regions of each spectrum associated
with a group of states. Thus at 22 MeV bombarding energy, for
example, two strong contributions are seen to be peaked at approx-
imately 8 and 9 MeV effective alpha-particle energy, and it is
reasonable to associate these with the states at 16.106 and
16.577 MeV, and with those from 17.23 to 18.71 MeV, respectively.
Such allocations are, of course, dependent on the validity
of the assumption of symmetry for the three alpha-particles emitted
in a disintegration, the assumption upon which the energies of
.Table 3.1 are based. The results of Frye, Rosen and Stewart (1955},
obtained from analysis of three-pronged stars produced in a nuélear
emulsion irradiated by fast neutrons, have shown that as the bomb-
arding energy increases from 13 to 20 MeV, this assumption approach-
es the true situation more and mofe closely. In other words, for
high bombarding energies, the role of an intermediate nucleus
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'(sBe) becomes unimportant to the decav-process.

A consideration. of the small, positive Q-value.for the decay
®Belg.s.)> 20 (40.08 MeV, ses figure 1.1) shows that if a state
in. carbon-12 decays sequentially via the ground stafe of beryllium-8
‘to alpha-particles, nearly all the kinetic energy associated with
the decay will be taken.by the alpha-particle emitted first-

The non-linear response of anthracene to alpha-particle energy
(figure 1.2) ensures that the total light output of the phosphor
Will be greater in this case than if the energy were distributid
equally among the three alpha-particles produced.

It is suggested that this phenomenon, due to a corresponding
non-linear response for stilbene, can be used to explain. why
alpha-particle groups, detected by Johnson (1963) in pulse-height
spectra derived from a stilbene crystal under 14.85 MeV neutron
-bombardment, were found at pulse-heights about 30% greater than
those predicted from calculations equivalent to those of Table 3.1,
but neglecting the effects of non-linear response. Had Johnson
-taken response curves for stilbene into account, the margin of
apparent error would have been greater. Comparing the bombard-
ing energy in the stilbene experiment with the 13 to 20 MeV range
investigated by Frye et al, it indeed seems likely that the part
- played by the beryllium-8 nucleus accounts for the observed dis-
crepancy.

In the present experiment it is seen that there is a trend

towards population of more highly excited. levels as the bombarding
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energy is increased. Considered in conjunction with the results of
Frye et al. discussed above, this suggests that it is the lower-lying
states that decay sequentially via the beryllium-8 nucleus, and that
for the disintegration of carbon-12 nuclei in states of high excita-
tion, a single process is preferred.

The cross section for the reaction 12C(n,n’)12C*(3d), for a
broad range of states considered together, may be calculated from the
spectra of figure 8.4, by compariéon,with the proton spectrum due to
n-p scattering, the cross section for the latter process being well-
known (Gammel, 1963). This has been done for the 22 MeV case. The
theoretical curve of figure 3.5 was integrated over a 1 MeV range, and
the fact.that the proton energy spectrum is a rectangular distribution
was used. (see Appendix 1). The formula- G, H,y for anthracene was
taken from Birks (1964). As the crystal was only a few mm. thick
(and of non-uniform thickness), no attempt was made to correct for
neutron flux attenuation.

It was assumed (Johnson, 1963) that the distribution of alpha-
particle energies from the (n,¢) reaction was rectangular, and accord-
ingly this contribution, extending from 6.02 to 15.24 MeV, was sub-
tracted as a slowly rising function. - The remaining number of events
producing apparent alpha-particle energies above 6 MeV gave an estimate
for the 12C(n,n?)12C*(8«) cross section proceeding via the states
from 13.352 to 20.24 MeV excitation energy, of 34 mb. The cross sec-
tion for the 12C(n,«)%e reaction was obtained as 15 mb.

In calculating the latter value, the alpha-particle contribution
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from 6.02 to 15.24 MeV referred to above was used. - Thus the assump-
tion was made that beryllium-9 nuclei were always formed in the ground
state. This assumption is based on.the findings of Frye et al. (1955)
for 20 MeV neutrons, although Barjon. (1962) reports evidence of excita
tions of this nucleus to a level at 6.76 MeV when.carbon is irradiated
-with 15-MeV neutrons.

In. the following sectionvit is seen how alpha-particle contribu-
tions detecied in anthracene under 22 MeV neutron bombardment may be

associated with specific levels of the carbon-12 nucleus.

3.4 THE COINCIDENCE EXPERIMENT

When. the coincidence modification was first devised for the dual
parameter system, the motive was to inhibit. the storage of n-p scatter
ing data. This modification. possesses two major additional features

-which facilitate the recording of well-defined spectra due to alpha-
disintegration of carbon-12 levels only.

The structure of the alpha spectra presented in.the previous
sections was masked by a broad background due to the (n,d) reaction on
carbon-12. Events in the anthracene crystal are now to be recorded
only in coincidence with radiations scattered or emitted by the crystal;

. the recording of (n,«) events leading to the ground state of beryllium-9
-will thus be suppressed.

A close analysis of the spectra recorded without the coincidence

circuitry was made difficult for a second reason. ' This.was. the con-

siderable breadth of individual alpha-particle groups. This:breadth
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was contributed-to by several factors.

Firstly, the non-linear response of anthracene led to the genera-
tibn of different pulse-heights for different decay channels leading
to the same final state. It has been shown in the previous section
-that. this property could in a special case be applied. to draw conclu-
sions relating to the channel used. ' In the present case, however,’
the non-linearity is responsible for a loss of energy resolution, as
a range of distributions of a given energy between,three alpha-
particles gives rise to a range of pulse-heights.

Secondly, the total kinetic energy of the three alpha-particles
emitted in a disintegration of a carbon nucleus at a particular
excitation.energy, depended on the qﬁantity of kinetic energy imparted
to the nucleus by the primary inelastically-scattered neutron. This
recoil energy depended on:the recoil direction or, equivalently, on
the neutron scattering angle.

A third factor introducing a spread of obser&ed pulse-heights is
the presence of the inelastically scattered neutron in.the crystal.
If this neutron undergoes a second collision in.the crystal, a signi-
ficant modification to the pulse height produced could occur. In
view.qf the low detection efficiency of the crystal, however, (the
crystal volume was only 1.5 cﬁ3), this third factor may be expected
- to have the least serious effect of the three.

The coincidence system described fully in Chapter 2 virtually
eliminated the effect of the second of these factors. Only those

neutrons whose scattering angle lay in a range of approximately 45°
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about a mean value of approximately 185° reached the shieided detector
of figure 2.4.

It is probable that the-third reason for broadening of alpha
peaks described above is affected by the coincidence requirement.

For a thicker scatterer this aspect might. become significant; it
could perhaps- be taken-into account by using a Monte Carlo calcu-
lation approach.

The effects of. the phosphor’s non-linear response remain
unaffected.

The systém of Section 2.4 was assembled. for the recording of dual
parameter data arising from neutron-carbon interactions in the anthra-
cene cr&stal, and calibrated according to the procedure outlined in

:Section 2.4A. Two sets of runs were carried out, one with 11 cm of
the dense lead alloy described in Section. 2.4 interposed between.the
target and the plastic phosphor, and one with twice this length of
shield. The anthracene was positioned directly in front of the target
and as close to it as possible within:.the limits allowed by the geo-
metry in each case. The deuteron beam energy was set at 5 MeV, thus
selecting a neutron energy of 22 MeV at the crystal.

Each set.consisted of one run with the time-of-flight window (see
Section 2.4A) selected to record true coincidences, one run’ for record
ing random coincidences only, and a short third run to record data
with no coincidence requirement. The duration of the first two runs
in each case was approximately three hours.

. As the counts -accumlated in the background runs were considerablk
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in each case, it was desirable to introduce some form of numeric;l
smoothing to the data before subtraction of the two-parameter back-
ground spectra. The approach adopted for each 32 x 128 channel
array was to smooth each 32-element PSD spectrum by the method
of fourth differences (see Appendix 8). - The method required the
fitting of several thousand least-sguares parabolas per run, and
it was decided to write a computer program to carry out the
numerical procedures involved (see program MDIFF, Appendix 4).
Both the true coincidence and random coincidence runs were smoothed
-before subtraction. The number of counts recorded by the boron
long counter for each run wasiwsed to normalise the random coinci-
dence spectrum to the real coincidence spectrum. in each case.

For the case where the greater length of shield was used to
screen the plastic from the neutron source, it was found that
the signal to background ratio in the region of interest. was. low.
The result was that in the region of interest of the net matrix,
obtained by subtraction after smoothing, the statistical errors
were similar in magnitude to the respective counts. This was
not so for the case in which the thinner shield was used. The
interpretation is that there was a high flux of background
radiation in.the general vicinity of the neutron source, whose
dependence on distance from the source was much less sensitive
than>inverse square dependence. This would arise from neutron
scattering ‘at the bulky liquid nitrogen tank and cold trap assembly,

and at the ceiling, floor and walls of the neutron area (the nearest
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wall was of concrete, 2 metres from the target) and from gamma ray
production at the deuteron beam collimators and elsewhere.

It was found that due to a relatively low ratio of proton counts
to alpha-particle counts in the matrix generated by the program MDIFF,
the loci for these two groups were readily separable, without resort-
ing to the techniques used in.the computer program ALPHA, to an
alphgeparticle energy as low as 4 MeV. In figure 3.6, the pulse
height: distribution of counts recorded in thei plpha-particle locus
of this matrix is presented, for the data set recorded at the closer
distance from the target. The errors given represent the sum of
counting errors for the two runs.

The data accumulated with the coincidence switched off were used
to provide the 15.24 MeV alpha-particle energy calibration point re-
ferred to in Section 38.3. The energy scale calibration calculated
from a Co-60 spectrum measurement, was confirmed.

: The'positions marked above the experimental points in figure 3.6
refer to the expected positions of alpha groups. They have been
calculated using the technique of Section 3.3, but for the range of
n-C scattering angles appropriate to the geometry of the coincidence
experiment. This angular range.was-taken to be 135 T 23 . A shift
in éxpected peék location of up to 1.4 MeV results from this restric-
tion of the scatteriné angle. Table 3.2 shows how the results were
obtained.

It appears from figure 3.6 that the carbon-12 states of excita-

tion energy from 7.65 to 13.352 MeV all play a significant part in
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-TABLE 8.2

"Energies of particles

arising from the 12C(n,n’)lch reaction at 22 MeV.

Neutron scattering angle 185°

12 Scattered Total energy -Most probable Response Effective
C neutron of energy to energy
level energy 3 alphas for each alpha (4) for 38x (5)
(1) (2) . (8) (4) (5) (6)
7.65 9.73 4.99 1.66 135 3.9
9.638 8.06 6.66 2.22 195 5.2
-10.1 7.67 7.05 2.85 210 5.5
10.844 7.06 - 7.66 2.55 232 5.8
11.828 6.24 8.48 2.83 264 6.5
12.713 5.51 9.21 3.07 295 7.0
13.352 4,99 9.73 3.24 315 7.3
14.083 4.39 10.33 . 3.44 . 344 7.8
14.710 3.88 10. 84 3.61 360 8.1
15.109  8.56 11.16 3.72 375 8.3
16.106 2.77 "11.95 3.98 414 8.9
16.577 -2.40 12.32 4.11 422 9.0
17.23 1.90 12.82 4.27 440 9.3
17.77 ©1.49 .13:28 4.41 455 9.6
18.36 1.06 13.66 4.55 472 9.7
18.39 1.04 13.68 4.56 473 9.7
18.71 .81 13.91 4.64 490 10.0
18.84 .72 14.00 4.67 494 10.0
19.2 .48 14.24 4.75 -911 10.2
19.39 .36 14.36 4.79 520 10.4
19.88 .08 14.64 4.88 540 10.7

20.24 - - - -
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the reaction 12C{n,n’)3« at 22 MeV. The presence of a broad band of
alpha-particle energies corrseponding to a level in the vicinity of
10.1 MeV excitation can not be isolated with certainty, although the
single high count in channel 15 does appear to reside on a broad group
extending from 6 MeV apparent alpha-particle energy down towards lower
energies.

Many states of excitation energy greater than 13.352 MeV appear
to contribute to the spectrum at higher energies. In particular the
pair of levels at 16.106 and 16.577 MeV may be associated with the
peak at channels 35 and 36. For still higher-lying levels it is
difficult to make specific allocations: for levels of excitation
.greater than about 18.5 MeV, it is.important to note that the scattéred
neutrons -have energy near the detection threshold of the plastic phos-
phor, resulting in a loss of detection efficiency. The efficiency of
this biased detector has not been investigated in detail (cf. Appendix
2), as the geometry calls for a highly sophisticated treatment. A
Monte Carlo calculation approach similar to that of Batchelor et al.
(1961) or Joseph et al. (1967) would provide an appropriate method.

As a check on the data smoothing and alpha-proton separation pro-
cesses, the proton pulse-height spectrum of the net matrix has been
examined. Marked structure is seeni for protonwénexgies.béIOanbout
7 MeV (figure 3.7).

Much of this structure has been accounted: for: by consideration of
the reaction l2C(n,n’)lzc*(p)llB(g.,s,). The calculation of expected

proton group locations, in terms of proton energy, is outlined below.
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previous section.

It must be pointed out that the results obtained with the system
used in the coincidence experiment are subject to one source of ambi-
guity. Gamma rays produced by fast neutron. interactions in.the
anfhracene crystal, if detected in the plastic, can:produce a “real”
coincidence signal. Thus some alpha-particles. from.the reaction
12C(n,u)9Be™ (¥)%Be, if it occurs (Frye et al. 1955, Barjon et al.
1962), could be included in the spectrum of figure 3.6. Or, if a
decay such a5'12C*(E,3&) occurred, fhe coincidence signal corresponding
to the process would be generated with exaggerated efficiency.

Two extensions of the system used in.the present case could be
employed:to discriminate against such gamma rays. A longer scattered-
neutron flight path could be used in conjunction with a time-of-flight
discriminator; or pulse shape discrimination could be épplied to the
scattered-neutron detector. At an early stage of the present investir
gation, a system incorporating both of these features was designed and
assembled; 1its full operation, however, required a triple parameter
data storage system, to accumulate information relating to pulse height,
pulse shape, and scattered-neutron.time of'flight for each scintilla-
tion in the scatterer fulfilling an appropriate fast coincidence
requirement. A four parameter digital data storage system . has since
béen constructed and is to be used in the three parameter experiment
described above. Due to pressure of time, this experiment: has had

to fall outside the scopé of this thesis.
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CHAPTER 4.

MEASUREMENT O F NEUTRON

SCATTERING CROSS SECTIONS




A unique interpretation of the alpha-particle épectra obtained by
the methods of Chapter 3 was hampé?ed by the close spacing of the
carbon-12 levels involved. The aim of this neutron time-of-flight
experiment was to attempt to determine angular distributions for
inelastic scattering on individual highly excited states of the
carbon-12 nucleus, leading to cross sections for the respective
processes. It would appsar (BNL 400, 1970) that no such data exist
for neutron energies.near 22 MeV. It was expected that this knéw-
ledge would define more closely the states whose alpha-decays were
observed in previous experiments, and lead to an estimation of branch-
ing ratios for alpha-particle,. proton, and hence also gamma ray decays
of excited states of the nucleus of interest.

In point of fact thebresultsvwere'somewhat inconclusive. - Section
4.3 is devoted to a discussion of why this was so, and of possible ways
in which the experiment could be improved. A proposed
multiparaméter time-of-flight' experiment is discussed. First of

all, however, the experiment is described as it was performed.

4.1 THE NEUTRON TIME OF FLIGHT EXPERIMENT

Using the system described in Sectioﬁs‘zus and 2.54, time of
flight spectra were rgcorded for monoenergetic neutrons scattered by
carbon. Spectra were accumulated in pairs. for five values of the
laboratory scattering angle, ranging from 37° to 142°, one with the
graphite cylinder in position, and one with it removed to record the
neutron background, at each angle. The flight path was 2.47m in

.each case. Sets of ten spectra were recorded for two values of the

(45)



incident neutron energy, namely 22.C0 and 20.05 MeV.

For the first set of spectra, the deuteron ion source used in the
Van der Gréaff accelerator was of the radio-frequency plasma-generatim -
type, and the timing resolution was 3ns as already shown. At the time
of lowering the deuteron energy for the second set of ten spectra, an
Ortec duoplasmatron ion source was substituted for the RF source. The
time scale was recalibrated from .delayed prompt gamma ray peaks, re-
corded with the PSD switched off, and the timing resolution was now
found to be 5ns- The effect of this deterioration was compensated far
to some extent. by the fact that flight times of slower neutrons were
now being recorded. A recalibration of the time scale was necessary
as slower deuterons were to traverse the finite distance between the
inductive pulse pick-off and the tritium target.

A typical pair of spectra obtained from scattering of 22 MeV
neutrons is shown in figure 4.1. The counts from channel number 400
to 500 were summed for each spectrum, and. the entire background spect-
yum multiplied by the normalising factor required to make the 100-chdnnel
sums equal.

In spite of the very poor signal-to-background ratio reflected in
figure 4.1, an attempt was made to subtract the background spectrum,
to obtain. the contribution of n-C scattering to the whole. ~ It was
essential to apply some form of numerical smoothing to the data before
subtraction; on the other hand there is clearly a good deal of struc-
ture in the background spectrum which prohibits the use of "global”

smoothing techniques. The local smoothing technique known as the
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method of fourth differences (see Lanczos, 1957) was adopted, and is
described in Appendix 3. Fach spectrum of each pair was smoothed
tefore subtraction. The difference between the spectra of figure
4.1 is shown in figure 4.2. Computer subroutines SMOOV and GRAPH
(see Appendix 4.3) were written for the University’s IBM 1130 compu-
ter to implement the smoothing and to give a visual presentation of
the-various‘;p@ctran
As a check on the possibility of the time scale altering due to

drifts in-the electronic circuits, each run.was immediately followed
by 1a short. run with the PSD switched off, to record the position. of
tﬂe prompt gamma ray peak. In no case was the error determined in
.this fashion greater than one channel. The expected position of the
peak due to neutrons proceeding directly from the tritium target
through the shield to. the neutron detector was also calculated for
every spectrum. A peak was found within one channel of the expected
-position in every case. This result indicates that the neutron shield

-provided inadequate screening of the liquid scintillator.

4.2 DISCUSSION OF RESULTS

A calculation. was performed with the aid of the University’s
ICT 1301 computer to determine the expected positions on.each of the
time of flight spectra of neutron groups corresponding to the levels
of carbon-12 that may be excited in. the scattering sample. - Calculated
positions are shown.for the spectrum of figure 4.2.

It is seen from the magnitude of the counting errors in this

figure that no meaningful results for the number of counts corres-
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to provide a neutron flux able to compete with .the background

flux.

3. - The shield was inadequate for screening fast neutrons. This is
seen from the presence of a peak due to direct neutrons in every
spectrum.

4, The neutron spectrum leaving the target vicinity was not entirely
mbnochromatic, as seen from.the run intended for permitting
normalisation of data to absolute cross sections (Section 2.5A)

5. Too long a flight path was chosen in relation.to the scatterer
size: equivalently, the timing resolution (8ns) was too poor.
This was due to:

i) The deuteron pulses being too broad.

ii)} As the fast anode pulse from the photomultiplier was
required for pulse shape discrimination purposes, a
slower dynode pulse was used to trigger the fast
discriminator.

iii), Discriminators operating on:the amplitude of the leading
edge of a pulse (as used here) cannot provide a high
order of resolution in the preéence‘of a broad spectrum
of pulse heights.

Methods are in fact available for avoiding most of the above unde-
sirable phenomena. Firstly, of course, the neutron scattering area
should be large, and ideally of light construction.

A shield of intermediate screening properties is most undesirable.

That used in the present experiehent could be exchanged for a more
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effective shield, or alternatively, if the neutron area were sufficient-
ly large, an open geometry could be used.

The method of defining the starting time of a neutron’s flight
from the tritium target via the scatterer to the detector used here
(i.e. inductive beam pick-off) has been improved upon by Barjon.et al.
(1962), Grin et al. (1965) and others, who have employed a counter
situated in the accelerator vacuum to detect the production of alpha-
particles in the SH(d,n)4He reaction.

The timing resolution may be further improved by using a detector
consisting of two photomultipliers viewing the same scintillator, one
equipped with a PSD circuit, while the anode of the second tube is
available for fast timing purposes. The tubes may Qe operated in
coincidence and biased into the noise region to improve leading-edge
discrimination (Batchelor et al. 1961) or better, a cross-over timing
discriminator may be used instead.

A significant modification to neutron time of flight studies in
the case of a carbon scatterer was introduced by Grin et al. (1965).

- The technique was to use two organic plastic scintillators, one as

the neutron scatterer and the_other to detect the scattered neutrons.
Grin et al. estimated that as little as 10% of background radiation

was recorded when this technique was used. This Lausanne group applied
pulse shape discrimination to the neutfon detector to eliminate gamma
ray background, while amplitude discrimination was applied to the
scatterer in order to select either those events producing low pulse-

height carbon recoil scintillations, or those giving rise to alpha-
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"particles. producing a somewhat higher range of pulse-heights. The
bombarding energy was 14 MeV. - Similar spectra were obtained for the
two cases; except that the 9.63 MeV level was always seen to decay
by alpha-particle emission.

- As mentioned: briefly at the close of Chapter 3, an experiment
similar to that last mentioned is-to be performed at S.U.N.I. The
emphasis will be somewhat different, however. Pulse shape dis-
crimination will be applied to the scatterer, to distinguish alpha-
particle disintegrations from processes that give rise to protons.

PSD applied to the second counter will serve to discriminate against
gamma ray induced scintillations. Scattered neutron energies will be
recorded by measurement of the true time of flight between the scin-
tillators. The recording of three numbers per event, generated from
the. linear and gated PSD signals of the scatterer, and the neutron
.flight time, is envisaged. =~ The magnetic tape multiparameter data
storage system constructed at U.C.T. is to be used.to accumulate the
data. - Successive replays of the magnetic tape should permit a two
Abaramet@r,pulse«heightuPSD display to be generated for each excited
state of carbon-12 populated, for le&el densities where timing resolu-
tion:permits. this.

On thg basis of the excellént background suppression results of
Grin et al. (1965, 1966, 1969), it is confidently hoped that the multi-
parameter neutron time-of-flight spectrometer to be used at 22 MeV
. will provide effective reduction of the background count rate; although
background radiation effects may be expected to be more serious at the
higher bombarding energy-
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The pulse shape discrimination technique of particle iden-
tification in an organic phosphor has been effectively exténded
to distinguish reactions involving alpha-particles from other events
in anthracene.

Resolution of particle type was found to be a sensitive
function of the particle energies. Proton-gamma-ray resolution
at a fraction of 1 MeV proton energy has been attainable for
some time (Brooks, Pringle and Funt, 1960). The proton-alpha-
particle resolutioh has been extended down to a proton erergy of
approximately 2 MeV, or 5 MeV apparent alpha-particle energy,

by a numerical technique.

At the high neutron bombarding energies used, the accuracy
of numerical methods for analysis of the low-energy data region
was jeopardised by an excessive proton event count-rate. More
than a general interpretation of the alpha spectra was further
inhibited by recoil energy spread of decaying nuclei, and the pre-
sence of the (n;d) background contribution.

These undesirable effects were annulled by the introduction
of a second detector, alpha-particle and proton energy spectra
being then readily obtained. Particle resolution was now un-
ambiguously extended down to 1.5 MeV proton energy (4 MeV apparent
alpha-particle energy).

The results of phase-space symmetry arguments, and kine-
matical considerations, combined with a knowledge of the anthracene

light output as a function of particle type and erergy, were
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sufficient to attribute structure in the spectra obtained to
particle decays of individual carbon-12 states proceeding via
alpha-particle and proton emission respectively. Some indicat-
ion has been found of a broad level near 10 MeV excitation energy.
For the structure of such spectra to be well defined, it is
desirable that the-second (coincidence) detector subtend a small
range of the scattering angle at the scatterer. Effective
background suppression, however, requires the solid angle sub-
tended by this detector to be large. It is therefore suggested
that the geometry of this experiment could be improved by sub-
stituting a symhetrical annular scintillator for the present
cylindrical shape. For adequate light collection, the second
detector should then comprise two photomultipliers. One of
these could be used to provide pulse shape discrimination, to
discriminate against possible contaminating reactions. and to
reduce the background contribution still further. The anode
signal from the remaining tube would then be available for fast
coincidence purposes- The experience of the time-of-flight ex-
periment suggests that an open geometry should be maintained,
a single conical shield being used for screening from the neutron
" source. The annular scintillator could be a plastic, appropriate-
ly machined to facilitate a straightforward efficiency calculation.
The causes of an excessive background contribution bave

been discussed for a neutron time of flight experiment. A revised
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approach has been suggested, incorporating a many-parameter analyser,

of a type described in detail by Egelstaff and Rae (1964).
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APPENDIX 1

PROTON RECOIL SPECTRUM

DU.E TO

N-P SCATTERTING I N ANTHRACENE




The differential cross section for n-p scattering may be described

a
by the result o%\partial wave analysis of the elastic scattering

process. The scattering amplitude obtained is
£() = (1/k) )_ (2£4+1) ¢ ® sind P, (cos®)
~ )

and the differential scattering cross section is given by
dojan,, = |e@)|% .
‘em

(See e.g. Messiah; 1961). Here k is the wave number of the incident
neutron and £ is its orbital angular momentum state, the §2 are

the phase shifts experienced by the neutron waves due to the scatter-
ing potential, and FZ are Legendre polynomials whose argument is

the cosine of tﬁe centre of mass scattering angle.

For n-p scattering at En = 22 MeV, all the phase shifts are
small except 5% and 81 : and as interactions are much weaker in odd
f-states than in even /-states (see e.g. Enge, 1966), we have
almost pure s-wave scattering, leading to an angular distribution
in the centre of mass frame which is nearly isotropic.

Angular distribution measurements at En = 22n5 MeV, compiled
by Wilson (1963) and presented in figure Al.l, support this. On
the strength of this experimental result, an isotropic angular
distribution in the centre of mass frame has been assumed in what
follows.

Let us denote the total cross-section for s-wave scattering by -

Then the differential scattering cross-section in the centre of
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mass frame is
dO'O/d.Q- = 60/4Tr I

and a (non-relativistic) transformation to laboratory coordinates

yvields
— <
dop/dRy o, = (op/wMcosd, (0<86,, <T2) ceoas(l)
for either the neutron or proton distribution. {The mass of a

22 MeV neutron differs from its rest mass by only 2.4%).
Taking elab as the angle of the proton recoil relative to

the incident neutron direction, kinematical considerations show

that the proton energy is given by

E = E cosze .. (2)

p n lab

where En is the incident neutron energy.
An examination of the reported response curves for anthracene
(see figure 1.2) shows that the proton curve may be approximated by

the expression

over the energy range 1.5 to 7.5 MeV, which includes the proton
energies encountered in the spectra of Chapter 3. Here L is the
light output expressed in the units of figure 1.2, and the constants

have the values

c = 0.0136, b =0.770 .



Assuming the graph to be precise, the maximum relative error

incurred by this approximation is 4%.

Equations (2) and (3) together give the relation
2 _ b
cos elab = (l/En)cL

which on differentiation, becomes

. _ b-1
2088, 5 sim®) ) A0, 4 = (1/E)ebL°T"dL.  .....(4)

(Strictly, a negative sign should appear here because cos® is a

b
decreasing function while L~ is an increasing function. It is

discarded). The axial symmetry of the system may be expressed by

writing the element of solid angle at elab as

A%, = 2mWsind O . .. (5)

Equations (1), (4) and (5) may be combined to show that the number

of protons yielding light outputs between L and L + AL is pro-

portional to

(doroldnlab) . (dnlab/dL) AL

1

= (0p/E_)ebl® taL . ceeen(6)

For a linear photomultiplier and amplifier combination such
as that used for measurement of alpha-particle spectra, the number

of counts per pulse height channel is therefore proportional to

(pulse height)b'l, where b-1 = -0.23 for the energy range considered.



APPENDIX 2

NEUTRON DETECTION EFFICIENCY

OF A

BIASED SCINTILLATTION COUNTER




The purpose of this section is to determine the neutron detection
efficiency, as a function of.neutron energy, of the 9.3 cm x 4.0 cm
NE218 liquid scintillator cell used for the neutron time-of-flight
experiment, and to correct the result for the effects of the ex-
ternally imposed detection threshold (in this case the bias level
of the fast discriminator).

If the scintillator, of thickness x, has n effectual scatter-
ing centres per unit volume, the uncorrected detection efficiency

is given by the standard result (see e.g. Enge, 1966)
efficiency = 1 -e€ °% ... (1)

where & is the n-p scattering cross sectiCW1&ollowing Swartz and
Owen (1960), who have shown that consideration of interactions with
carbon makes a negligible difference to the efficiency). In the
present case, x = 4cm. The number of protons per cm3 may be cal-
culated from the composition and density of NE213. Batchelor et
al.{1961) report that the density of this liquid is O.86gm cm™>, and
that the ratio of hydrogen atoms to carbon atoms is 1.21. Combin-
ing these quantities gives the result n = 4.85 x 1022cm’3n

Substitution of the values for n and x into equation (1) yields

the equation

efficiency = 1 - e=on1940’

.where o is now expressed in barns. Values of o for various energies

‘have been taken from the tables of Gammel (1963), and are listed in



Table A2.1. Substitution of these values into eguation (2) yields
the uncorrected efficiency values in column 3 of the table.

The fast bias level calibration presented in figure 2.9
shows that the cut-off introduced by the bias is not sharp, but
extends over about 20 channels. Smooth curves were drawn through
the points of spectra {a) and (b) of figure 2.9 and used to cal-
culate the efficiency correction introduced by the bias level at
various channels. The result is shown in figure A2.1. The
straight line drawn through the points approximates the data well,
and it was accepted that the bias level introduces a correction
factor which is zero below channel 9, unity above channel 26,
and which varies. linearly as the pulse-height excess over the
channel-9 pulse-height between. these values. The response
curves for NE213 due to Batchelor st al. (1961) indicate that the
light output depends linearly on electron energy for this scintillat-
or, and appioximately linearly on proton energy over not too
lérge ranges- In what follows it is assumed that the dependence
is 1in§aru

Let us denote the proton energy at channel 9 byrEOfand that
at ghannel 26 by El , where the subscripts refer to the efficiéncy
correction factors introduced by the bias level.

The assumption that NE213 has a linear response to proton
energy is equivalent to assuming that a recorded recoil proton
spectrum will be a rectangular distribution (seen by sétting

b =1 in equation (6) of Appendix 1). In this special case, the
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TABLE A2.1

cell.

Neutron detection efficiency‘ of .NE213

w

barn

8.852
8.003
6.919
6.161
5.596
5.156
4,801
4,507
4.259
3.858
3.414
2.908
2.279
1.893
1.623
1.421
1.262
1.135
1.029
0.941
0.800
0.693
0.609
0.541
0.485
0-.488

0.820
0.788
0.739
0.697
0.662
0.632
0.606
0.583
0.562
0.527
0.484
0.431
0.357
0.3807
0.270
0.241
0.217
0.197
0.181
0.167
0.144
0.125
0.111
0.100
0.090
0.082

oNeNeoNoNoNoNoNoNoNoNoNoNoNoNoNoNeoNoNoNeNoNoNoNoNeoNe)

.000
.009
.064
.143
.234
»332
.416
.481
.532
.610
.688
. 766
. 844
- 883
- 906
<922
.933
« 942
-948
=958
-961
.967
. 971
- 974
«877
- 979

eReoNoNeoNoNoReoNoNeoNoNoNoNoNoNoNeoNoNoNoNoNoNeoNeNoNoNe)

.000
.007-
.047
.100
«155
.210
.252
.280
.299
.321
.338
»330
.302
»271
»245
2222
.208
-186
171
=159
-138
=121
.108
.097
.088
.080



effect of the gradual cut-off on the detection efficiency may be
evaluated as follows.

Suppose that in the absence of a detector bias level, a given
-number of monoenergetic neutrons of energy E incident at the
detector give rise to a rectangular distribution having N counts
per unit proton energy interval at each proton energy Ep ” whereb

Ep:s,Eq Then the number of proton counts recorded is

E
f NdEp = NE. ... (3)
0

We now introduce the bias level described above. For the case

E2 E1 , the number of recorded proton events is

g N (B, - Bo)/(Ey - Bg) dEy + S NaE,
Eo )
= N(E - (Ey +E)/2) . .., (4)

Dividing the result (4) by (3), we obtain the detection efficiency

correction factor
F = 1l - (EO +E1)/2E ,(E>El)- ..... (5)

This is the standard result for a detector having a sharply-
defined bias level at (Ej + E;)/2 (see e.g. Owen, 1960).
This result does not apply, however, if the incident neutron

energy lies below E;.  For this case where E lies between Eg and .

El we see that the number of recorded proton events is



E
g N (Ep - Eo)/(El - Eo) dEp
JEg :

) _
= N(E - Eg) /2(E{ - Eg). ... (6)

‘Dividing this result by (3)_yields the detection efficiency correction

- factor

F

i

(E - Ey)?/(2E(E |- Ey)) (Eg< E<E) ..., (7)

For the third possibility, namely that E is less than Ey , we have
of course

F =0 (E £0) seosa(8)

Batchelor et al. (1961) have reduced their data for NE213 to

the equations

L = 0.215E +0.028 (E < 8 MeV)

where the electron energy Ee and the proton energy Ep are in MeV,
and Le and Lp are the corresponding pulse-heights (normalised to
electron energy units). For the fast bias calibration of figures

2.9 and A2.1, these equations show that

E, = 0.252 MeV, E, = 0.683 MeV.

These values are used to calculate the efficiency correction F

from equations (5), (7) and (8), and the results are given in column
(4) of Table A2.1. The overall neutron detection efficiency &

is presented as a function of energy in column. (5) of the Table,

and also in figure A2.2.
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APPENDIX 3

DATA SMOOTHING

BY FOURTH DIFFERENCES




This local data smoothing techﬁique is applicable to a spectrum
of discrete data points (xi , y(xi)) where the x; are equally
spaced (see Lanczos, 1957). The procedure for each given data
point (xk ) y(xk)) is to fit the best parabola in the least squares

" sense to the five consecutive data points whose abscissae are
x'k_z ’ xk'l [; xk ’ xk_‘_l ’ Xk+2 a The Yalue of the pa;abola'a_t Xk
is regarded as the smoothed value of the centre point y(xy).

We wish to fit the parabola
y(x) = ag ta;x + azxz ..... (1)

to the five points y(xk) where X = -2, -1, 0, 1, 2. 'In order to

miniﬁﬁse thé! mean square error. ...
E = Z [ao + a Xy + alezc - y(xk)] 2
E :
We require

0,1, 2.

o
i

This set of equations reduces to

Sag F lOa2 = % y(xk)

lOal = Xy y(xk) ..... (2)

k
_ 2
lan + 34a2 = :é: X y(xk),

The ordinate of the parabola y(x) at x = O is given simply by the

constant ag - We therefore solve the equations (2) for ag to



obtain

ag = vy(0) - (3/85)(y(-2) - 4y(-1) + 6y(0) - 4y(1) +y(2)) «u.u.

or, in terms of the central difference operator &,
ag = y(0) - (3/35)8%y(0).

Each value y(xi) of the original spectrum may thus be replaced by

the smoothed value
4
y(xi) - (3/385)8 vix,)

except for the last two points at either end of the spectrum.

Equation (4) gives the technique its name. For computation,
however, it is sometimes simpler to use equation (3) than to
compile a table of differences to the fou}th order. Equation (3)
forms the basis for the computer subroutine SMOOV (see Appendix 4).
It should be noted that the form of equation (3) does not permit
any.net gain or loss of counts (y) in smoothing a large number of
consecutive elements.

A modification of this technique makes it applicable to the
special requirements of the analysis described in Chapter 3 for
reduction of a two-parameter data matrix to component spectra.

It is required to determine the turning point of the least
squares parabola described above. The turning point of “the

parabola of equation (1) is at

Xf = -(a1/2a2).. uuuuu

(3)

(4)



Equations (2) are therefore solved completely to give

o
(]

1 (1/10) (-2y(-2) = y(-1) + y(1) + 2y(2)),

o
i

2 (1/14) (2y(-2) -y(-1) - 2y(0) -y(1) + 2y(2)).

These expressions are substituted into equation (5). The result
is that the least squares parabola fitted at five consecutive

abscissae: x = m-2, m-1l, m, mtl, m+2, has its turning point
k

at



APPENDIX 4

COMPUTER PROGRAMS DEVELOPED

FOR THE PRESENT INVESTIGATION




The three computer programs listed on. the following pages. were
developed for the analysis of data recorded in experiments that are
described in this thesis. These programs were written with the
capabilities of the University’s IBM 1130 computer in mind: all
three have at some time also been run on an ICL 19034 computer.

The language used was Fortran IV, as modified for the 1130
machine. The flow of control for the first two programs, ALPHA
and MDIFF, is fully described by the several “comment lines”
interspersed among the Fortranlstatements. - Such comments are
distinguished by the appearance of the letter C in. the first column,
and are included purely for explanation. ' The third program,.  BACKS,
is used mainly for data input and presentation, involving no major
computation apart from data smoothing, already described in program

MDIFF.



A4.1 PROGRAM ALPHA




aNealel

-— PRCGRAM  ALPHA '
-~ GENERATES PRCTCN AND ALPHA SPECTRA FRCOM 2-PARAMETER PH-PSD DATA
-— DEVELGPEC FOR EXPERIMENTAL SERIES 40C4 AT SUNI
DIMENSICN TITLE(40), MAT(41C0), PSD(32)
14 REAC (2, 100) TITLE,NRUNS,FNCRM
1C0 FORMAT (40A2 / 15, F10.0)
IF{NRUNS)G9,99,10
10 WRITE (5, 2C0) TITLE, NRUNS,FNCRM -
200 FORMAT (1K1, 17X, 4CA2 // 26X, "NO. OF RUNS =1, 15, ¢

1 NCRMALISING FACTOR = 'y F1C.4 //// 4X, 'PE-CEAN E-P-CFAN
2 P-PK~-CHAN TOTAL ELECTRONS TOT-LESS-EL
36TONS ALPHAS* /) '

-- READ. IN MATRIX
0O 12 K= 11,4100
12 MAT(K) = 0
BC 60 I=1,NRUNS ,
REAC (2, LOE) NFIRS, NLAST
108 FCRMAT (215) ‘
REAC (2, 101) (MAT(K), K=NFIRS,NLAST)
60 CCONTINUE
1C1 FCRMAT (7X,16, 917)
MIN = 1 :
DC 13 JCCL=2,128
== SET UP PSD SPECTRUM AT PH CHANNEL JCOL AND NORMALISE
DC 11 JROW=1,32 -
JAGDR = 128#%(JRCW-1): + JCGL
PSD(JROW) = MAT(JACCR)
11 PSC(JROW) = FNORM #* PSD(JROW)
-— FIND CHANNEL OF LEAST COUNTS BETWEEN E AND P LCCI
== LIMIT CHANGE IN 'MIN® TO ONE PER UNIT CHANGE IN JCOL
IF (MIN - 2) 42,43,43 '
43 IF (PSD(MIN) - PSC(MIN-1)) 42,45,45
45 IF (PSD(MIN-1) ~ PSCIMIN#1)) 46,47,47
46 MIN = MIN - 1
GC TC S0 _
42 IF (PSD{MIN) -= PSCIMIN+1)) 50,50,47
47 MIN = MIN + 1 ‘
50 KMIN = MIN

ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPEA
ALPRA
ALPERA
AL PHA
PRALPEA
ALPHA
ALPEA
ALPHA
ALPEA

01
02
03
04
05
06
07
o8
o)

16
11

ALPHAC12
ALPHAL112
ALPRA212
ALPHA312
ALPHA412

ALPHA
ALPEA
ALPHA
ALPEA
ALPEA
ALPEA
ALPERA
ALPEA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPEA
ALPHA

13
14
15

1€
17
18
19

20
21
22
23
24
25
2¢
217



== FIND BEST FRACTIONAL VALUE OF MIN CHAN AND INTEGRATE TO THIS CFEAN
== BUT FIRST ENSURE *KMIN® IN RANGE 3 TC 30
IF {KMIN - 30) 15,15,16
15 IF (KMIN - 3) 18,17,17
16 KMIN = 30
GG 10 17
18 KMIN = 3
17 CALL MMINT(PSD,32,KMIN,CHMIN,SUMIN, INVAL)
GO TC (1952434445),INVAL
-- FIND CHAN CF MAX COUNTS AFTER 'MIN*, IE PROTON PEAK CHANNEL
19 MIN1 = MIN + 1 '
MAX = MIN
DC 20 JROW = MIN1,32
IF (PSD{JROW) - PSDI(MAX)) 20,20,21
21 MAX = JROW
20 CCONTINUE
-— FIND BEST FRACTICNAL VALUE CF MAX CEAN AND INTEGRATE TC THEIS CHAN
—=— BUT FIRST ENSURE "MAX' IN RANGE 3 TG 30
IF (MAX -~ 30) 25,25%,2¢
25 IF (MAX - 3) 28,27,27
26 MAX = 30
GG T0 27
28 MAX = 3
27 CALL MMINT{PSD,32,MAX,CHMAX,SUMAX, INVAL)
GO TCO (29,2135495), INVAL

ALPHA
ALPHA
ALPEA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPEA
ALPHA
ALPKA
ALPHA
ALPEA
ALPEA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA
ALPHA

—— SUBTRACT INTEGRALS TG CBTAIN HALF PRGTCN PEAK AND CALCULATE ALPHA COUNTS

29 IF (JCOL - 50) 65,65,66
65 CRF = 2.0
GO TC 67
66 C50 = JCcoL - 50
CRF = 2.0 + (0.010286 * CS0)
67 PRCTS = CRF * (SUMAX - SUMIN)
TCT = 0.0
DG 30 JRCW=1,32
30 TCT = TOT + PSD(JROW)
ALPHS = TCGT - SUMIN - PROTS
—= PRINT TOTAL, ELECTRONS, TOTAL MINUS ELECTRONS, PROTONS, ALPHAS
TMINE = TCT - SUMIN

ALPHA

21

28
29
30
31
32
33
34

35
3¢
37
38
33
40

41
42
43
44

45
46
47

48

ALPHAL148
ALPHA248
ALPEA34E
ALPHA448
ALPHAS48

ALPHA
ALPHA
ALPHA
ALPHA

- ALPHA

ALPHA

49
5C
51
52

53



WRITE (5, 202) JCOL, CHMIN, CHMAX, TOT, SUMIN, TMINE, PROTS, ALPHSALPHA 54

202 FORMAT (1H 5 4Xy L4, 2(8X,F642)y 5(8X,F7.0)) ALPHA 55
GO TO 13 : ALPHA 56
2 WRITE (5, 302) JCCL ' ALPHA 57
302 FCRMAT (1H o 4X, I4, * INPUT 7O MMINT OUTSIDE RANGE®) ALPHA 58
GO 7C 13 ALPHA 589
3 WRITE (5, 3C3) JCCL ALPHA 60
303 FCRMAT (1K » 4Xy l4, ' STRAIGHT LINE FITTED NCT PARABCLA') ALPHA 61
GC 70 13 ALPHA €2
4 WRITE (5, 304) JCOL ALPHA 63
304 FCRMAT (1H 4 44X, l4, ' TURNING POINT BELCW RANGE®) ALPHA 64
GG TC 13 ALPHA 65
5 WRITE (5, 305) JCCL , ALPHA 66
305 FORMAT (1H o 4X, 14, * TURNING POINT ABOVE RANGE') ALPHA 67
13 CONTINUE ALPHA 68
C —- PLOT VISUAL REPRESENTATICN CF CATA ALPHA
70 6 = 50.0 ALPHAL6S
CALL PHPSC(MAT,G,TITLE) ' ALPHA268
C ~- PREPARE FOR NEXT DATA SET ALPEA
GC T0 14 ‘ ALPHA €9
99 CALL EXIT ALPKA 70
END ALPEA 171
SUBROUTINE MMINT(A,IDIM,J,CHAN,SUM,INVAL) MMINT
CIMENSION A(32) MMINT
INVAL = 1 MMINT
IF (J-IDIM+2) 20,20,2 MMINT
20 IF (J=3) 247,47 MMINT
C —- LEAST SQRS PARABGLA FITTED AT 5 CHANS CENTRE J AND TURNING PT FOUNDMMINT
7 TOP = 0.7%( A(J+1)-A1J-1) + 2.0%(A(J+2)-A(3-2)) ) MMINT
BOT = A(J+1)+A(J-1) — 2.0*%(A(J+2)-A(J)+A(J=2)) MMINT
IF (ABS(BCT)-0.001) 3,8,8 MMINT
8 R = J MMINT
CHAN = R + TCOP/BOT MMINT
IF (CEAN-0.5) 4,15,23 MMINT
23 INTPT = CHAN MMINT
WHCLE = INTPT MMINT

s @ asw



FRACT = CHAN - WHCLE MMINT

POS = ABS(FRACT-0.5) MMINT
IF (PGS-0.001) 14,1424 MMINT

24 CHAN = CHAN + 0.02959%SIN(6.2832%FRACT)/SQRT(POS) MMINT

IF (CHAN=0.5) 4,15,414 MMINT

14 IF (CHAN-32.5) 15,55 . MMINT

15 LAST = CFAN - 0.5 MMINT

R = LAST MMINT

C —- INTEGRATE *A® UP TO CHANNEL *CHAN' INCLUDING FRACTICNAL PART MMINT
SUM = 0.0 MMINT

TE (LAST) 4512413 , MMINT

13 DO 10 K=1,LAST MMINT

10 SUM = SUM + A(K) MMINT

12 SUM = SUM + (CHAN-R=0.5)%A(LAST+1) MMINT
RETURN MMINT

2 INVAL = 2 : MMINT
RETURN MMINT

3 INVAL = 3 MMINT
RETURN MMINT

4 INVAL = 4 | MMINT
RETURN MMINT

5 INVAL = 5 | MMINT
RETURN MMINT

END ' MMINT
SUBROUTINE PHPSC(MAT1,GCIFF,TITLE) PHPSE

C VISUAL PRESENTATION OF 2-PARAMETER CATA. PEPSD
CIMENSION PCINT(34), REC{115), MAT1(4100), TITLE(40) PHPSC

DATA BLANK,AXIS,POINT/Y 1,01 ,12%, 938,047,958 061 ,071,981,1G8, 040 ,PHPSD

1 |B"'C"|D".E.’|GI'OHQ'lJ.’lK|’|Ll’lM"lN."PO'IQI"Rl’lSO’ PHPSD

2 'T.,'U.,.H!,‘X','Y".Zl’|+.’|*.’!O|’|l'/ p’JPSC

C CONVERT COUNTS-PER-STEP TQ STEPS-PER-COUNT. PHPSD
CONST = 1.0/GDIFF PHPSE

C DIVIDE 128 ENERGY CHANNELS INTGC 4 SECTIONS, CNE PLOTTED PER PAGE. PRPSD
DO 55 JBLOC=1,4 PEPSD

J32CH = 32%JBLOC - PHPSD

JO1CH = J32CH-31 PHPSC

c1

02
03
04
05

06
01

08
09



. WRITE (5, 1CO) TITLE, JBLCC, J32CH, JOICH PHPSC
100 FCRMAT (1H1l, 8X, 40A2, °* PAGE NUMBER', 12 /// 43X, 'ENERGY CHPHPSC
1ANNELSYy I5, * TO0%'y 15 7/7/7) PHPSC
SET UP CNE RECGCRC AT EACH OF THE 32 PSC CHANNELS. PHPSC
DC 55 JRCW = 1,432 PHPSD
FILL RECCRD WITH BLANKS AND PUT IN ONE AXIS ELEMENT PER ENERGY. PHPSD
DC 56 J = 1,115 S PHPSC

56 REC(J) = BLANK PHPSD
DG 57 J = 1,32 PEPSE

JJ = 2%J + 1 PHPSD

57 REC(JJ) = AXIS PEPSD
LABEL PSC AXIS IF CURRENTLY AT 1C, 20 GR 30Q. PHPSD
IF(JRCW-10) 6C,61,6C PHEPSD

61 REC(1) = POINTI(34) PHPSD
GC TO 66 PHPSC

60 IF(JROW-20) 62,63,62 PEPSE
63 REC(1) = POINT(1) PHPSD
GO TC 66 PHPSD

62 IF(JRCW-30) 64,65,64 PHPSD
65 REC(1) = POINT(2) PHPSD
66 REC(2) = POINT(33) PHPSC

CCMPUTE NO.

OF STEPS FCR EACH ENERGY CHANNEL AT CURRENT PSC CHANNEL, PHPSO

ADD 0.5 FOR ROUNDING, LIMIT STEPS TO 50, OVERWRITE WHERE NECESSARY. PHPSD

64

51

52
50
55
101

102

DC 50 JPH = 1,32
JCCL = 32%(JBLOC-1) + JPH

JADCR = 128*%{(JROW-1) + JCCL
COUNT = MAT1(JACDR)
NSTEP = CCNST * COUNT + 0.5

IFINSTEP-50) 51+51,50
J = 671 - 2%JPH + NSTEP
IF(J) 50,450,52

REC(J) = PCINT{JPH)
CONTINUE

WRITE (5, 101) REC
FORMAT (1H , 115A1)
WRITE(S, 102)

FORMAT (1H1)

RETURN

END

PHPSD
PHPSD
PHPSC
PEPSC
PHPSD
PHPSC
PHPSD
PHPSD
PHPSD
PHPSD
PHPSC
PHPSD
PHPSD
PHPSD
PHPSD
PEPSD

10
11
12

13

14
15
16
17
18

138
20
21
22
23
24
25
2€
27

28
29
3C
31
32
33
34
35
36
37
38
39
40
41
42
43



A4.2 PROGRAM - MDIFF




c

-- PRCGRAM MDIFF : MCIFF
-~ NORMALISATION, SMOOTHING AND SUBTRACTICON OF TwWO 32X128 MATRICES MOIFF
CIMENSION ARR{(4100), JCoL{g)y CUT(16),TITLE(20) MCIFF CO
DEFINE FILE 1{(4100, 2, U, KK) MCIFF 01
READ CCNTROL CONSTANTS FOR FIRST MATRIX. MCIFF
20 READ(2,101)TITLEyN1,FACT1,KPRIN,GDIFF MOIFF 02
101 FORMAT(20A4/2(1I5,F10.0)) MCIFF 03
IF (N1) 99,99,10 ' MCIFF 04
READ, NCRMALISE, SMOOTH FIRSY MATRIX AND STORE CN DISKFILE. MCIFF 05
10 CALL INSMO(ARRyN1,FACT1) MCIFF Q6
KK = 1 MOIFF Q7
WRITE (1'KK) ARR MCIFF 08
READ CCONTROL CONSTANTS FOR BACKGROUND MATRIX. MCIFF 09
READ(2,102)N2,FACT2 MCIFF 10
102 FORMAT(IS5,F10.0) MCIFF 11
IF (N2) 99,99,19 MCIFF 12
READ, NORMALISE, SMOOTH BACKGRCOUND MATRIX. MCIFF
19 CALL INSMO(ARR,N2,FACT2) MDIFF 13
RECALL SMOOTHED MATRIX FROM DISKFILE + SUBTRACT SMOOTHED BACKGROUND. MLIFF
DO 25 J=1,4100 MDIFF 14
KK = J MCIFF 15
READ (1°*KK) ELM MDIFF 16
25 ARR(J) = ELM - ARR(J) MCIFF 17
WRITE(S5,103)TITLE,N1,FACT1,N2,FACT24KPRIN,GCIFF MCIFF 18
103 FORMAT(1H1,417X,20A4//12X,*NO. CHANNELS 1 FACTOR 1 NC. CHMDIFF 19
1ANNELS 2 FACTOR 2 PRINT DIFF. GRAPH® / 12X, MCIFF 2¢C
2 2{5Xs 149y TXsF10.39EX)915,6X4F10.2 MECIFF 21
3 //7/711X: *CCUNTS AND MCIFF 22
4 RUNNING TOTALS -- SUMMATICN OVER ROW NUMBER FCR EACH CCLMCIFF 23
5UMN?') : MOIFF 24
IF(KPRIN) 15,14,15 MCIFF 25
FOR EACH ENERGY CHAN, PRINT NET COUNTS PER PSD CHAN, AND RUN-TCTS. MDIFF
15 BC 7 JBLOC=1416 MODIFF 26
DO 8 [=1,8 MOCIFF 27
JCCL(I) = 8%(JBLOC-1) + I MCIFF 28
8 QuTi2*]) =0 : MDIfFFO29
WRITE(5,200)JC0OL MCIFF 30
200 FORMAT(1HO/1X,'COLUMN® ,6X,8( *("9I3,%)*y8X )/4X,'ROW") MOIFF 31
DO 7 JROW=1,32 MDIFF 32



DC 7 JROW=1,32 MCIFF

DO 6 I=1,8 MCIFF
JACDR = (JROW-1)%128 + JCCLI(I) MCIFF
CuT(2%1-1) = ARR(JAGDR) MCIFF

6 0UT(2%]) = QUT(2%]1) + CUT(2%[-1) MCIFF

7 WRITE(5,201)JROW,( CUT(I),I=1,16) MDIFF
201 FORMAT(1H ,2X,14,1X,8(FE.0,F7.0)) MCIFF
14 IF(GDIFF) 20,20,5 MCIFF
PLOT VISUAL REPRESENTATION OF NET MATRIX. MCIFF
S CALL PHP ( ARR,GDIFF,TITLE) MCIFF
PREPARE FOR NEXT CATA SET. v ' MCIFF
GO 10 20 MOIFF

S9 CALL EXIT MCIFF
END MCIFF
SUBROUTINE INSMO(ARRyNCH,FNCRM) INSMO
CIMENSION ARR(410C), PSD(32), SMPSD(32) INSMO
.SET PH PSD MATRIX, STOREC LINEARLY, TC ZERO AND READ IN NCH POINTS. [INSMO
DC 10 J=1,410C INSMO

10 ARR(J) = C.C INSMO
REAC (2, 100) (ARR{J)y J=1,NCH) INSMO
100 FCRMAT (77X, F6.0y 9F7.0) INSNMC
MULTIPLY BY FNORM TO NCRMALISE. INSMD
00 11 J=1,410C INSMO

11 ARR(J) = ARR(J) * FNORM ‘ INSMO
FOR EACH OF THE 128 ENERGY CKEANNELS, INSMO
DC 12 JCOoL=1,128 INSNMO
SET UP A 32 CHANNEL PSC SPECTRUM, SMOCTH, AND CVERWRITE. INSMGO
DC 13 JROW=1,32 INSMC
JACUR = 128*%(JROW-1) + JCCL . INSMO

13 PSC(JROW) = ARR({JADDR) INSMO
CALL SMOOV(32,PSD,SMPSD) _ . INSNC

CC 12 JRCWk=1,32 : INSMC
JACDR = 128%(JROW-1) + JCOL INSMO

12 ARR(JADDR) = SMPSD(JRCHW) ' INSMO
RETURN INSMO

END INSMC



OO

SMoov

SUBRCUTINE SMOGV (N,RAW,SMOC)
CIMENSION RAW( 32), SMOO( 32) ‘ SMCOV
SMCOTH 'RAW®' BY 4TH DIFFERENCES, EXCEPT 2 POINTS AT EACH ENC. SMOCV
SMOG(1) = RAW(1) SMOCV
SMCC(2) = RAW(2) SMOOV
 SMOO(N-1)= RAWIN-1) SMOOV
SMOG(N) = RAW(N) SMOCY
K = N-2 SMOCV
DO 40 I = 3,K SMOQV
40 SMOO(I) = RAW(I) - C.0857143%( RAW(I-2)+ RAW(I+2) SMOGV
9 4.0 *(RAW(I-1) + RAW(I+1) ) + 6.0 * RAW(I) ) SMOCV
RETURN SKCOV
END SMCGV
SUBROUTINE PHP(ARR,GDIFF,TITLE) PHP
VISUAL PRESENTATION COF 2-PARAMETER CATA. A PHP
DIMENSION POINT{34), REC(115), ARR(4100), TITLE(20) PHP
DATA BLANK,AXIS,POINT/® %, 00,020,930, 840,050,960, 070,088,1G0 441, PP
1 lB"|C|'IB|’1E!'|GI’|H"IJ|’QK"OLO’OMI’CNO'IPC’CQO’lRl'OS" php
2 OTI"UO,CWQ'IXI’QYI’OZI'I..."I*"UO”QIII PHP
CONVERT COUNTS-PER-STEP TO STEPS-PER-COUNT. - PHP
CONST = 1.0/GDIFF PHP
DIVIDE 128 ENERGY CHANNELS INTO 4 SECTIONS, ONE PLOTTED PER PAGE. PHP
DC 55 JBLOC=1,4 ' PHP
J32CH = 32¢JBLOC PHP
JO1CH = J32CH-31 PEP
WRITE (5, 1€0) TITLE, JBLOC, J32CH, JO1CH PHP
160 FORMAT {1H1, 8X, 20A4, ° PAGE NUMBER', 12 /// 43X, *ENERGY CHPEP
~ 1ANNELS®, 15, ' TO'y 15 7/7/) PHP
SET UP ONE RECORD AT EACH OF THE 32 PSC CHANNELS. PHP
DC 55 JROW = 1,32 PEP
FILL RECGRD WITH BLANKS AND PUT IN ONE AXIS ELEMENT PER ENERGY. PHP
DE 56 J = 1,115 - PLP
56 REC{J) = BLANK PHP
B0 57 J = 1,32 PHP
JJ = 2% + 1 PHP
57 REC(JJ) = AXIS PHP

01

02

03
04
05 -

Cé

c1?
o8
oS
10
11
12

13

14
15
1€
17
18



LABEL PSD AXIS IF CURRENTLY AT 10,

61

60
63

62
65
66

COMPUTE NO. OF STEPS FOR EACK ENERGY CHANNEL AT CURRENT PSC CHANNEL,
ACD 0.5 FOR ROUNDING, LIMIT STEPS TO 5C, OVERWRITE WHERE NECESSARY.

64

51

52
50
55
101

102

IF(JRCW-10) 6Cy61,60
REC(1) = POINT(34)
GO 10 66

IF(JRCW-20) 62463,62
REC(1) = POINTI(1)

GG TC 66

IF(JRCW=-30) 64,65,64
REC(1) = POINT(2)
REC(2) = PCQINT(33)

D0 50 JPH = 1,32

JCOL = 32%(JBLOC-1) + JPH
128% (JROW-1) + JCOL
CCNST * ARR(JADDR) + 0.5

JACDR
NSTEP
IF(NSTEP-50) 51,51,50

Hon

J = 671 — 2%JPH + NSTEP

IF(J) 50,50452
REC(J) = POINT(JPH)
CONTINUE

WRITE (5, 1Cl) REC
FORMAT (1K , 115A1)
WRITE(S, 102)
FORMAT (1H1)

RETURN

END

20

CR 30.

PHP
PHP
PHP
PHP
PHP

PHP

rry
PHP
PEP
PHP
PEP
PHP
PHP
PHP
PHP
PHP
PHP
PHP
PEP
PHP

PEP.

PEP
PHP
PHP
PHP
PHP
PHP

19
20
21
22
23

LY

25
26
27

28
29
30
31
32
33
34
35
36
37
38
39
4G
41
42



A4.3 PROGRAM BACKS
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