LINEHR LIERHRY

\\\\\\\\\\\\\\\ i \\\\\

5

\\\\\\\\\

University of Cape Town
- Department of Physic

~ THE RESPONSE OF ORGANIC

SCINTILLATORS TO NEUTRONS
OF ENERGY 14-63 MeV

A. BUFFLER

A thesis submitted to the
University of Cape Town
for the degree of
Master of Science

December 1990
é“j‘!}}'ﬁ""",f"' .t PR T et furlocl "'1:
2 The Ut v od Down o ey gl T
Eghe vl tocn oo 0 st ela
e OF In ol 2 RS PR S PO |
E?’ZIZ.T:‘J"'} EETRAEN {pxcs < »:_\';E



The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



ABSTRACT

The response of a 5cm (ciiameter) by Scm cylindrical NE213 liquid
scintillator to neutrons has been measured as a function of neutron energy in
the range 15-63 MeV, using time-of-flight to select neutron energy. The
response function at each neutron energy was separated into components
associated with the emission of different charged particles, identified by pulse
‘shape discrimination to be protons, deuterons and alphas, respectively. The
response (light output) of NE213 to protons, deuterons and alphas was
measured as a function of energy. Furthermore, total cross sections for
neutron-induced proton, deuteron and alpha production from 2C were
determined from the charged particle yields. The simultaneous presence of
n-p elastic scattering in the scintillator provided a reference for establishing
an absolute cross section scale for the measurements. The results give
information about reaction mechanisms and provide an improved basis for
determining the neutron detection efficiency of the scintillator as a function

of energy over this range.
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CHAPTER 1
INTRODUCTION

-

The scintillation detector is one of the most extensively used particle
detection devices in both basic and applied nuclear and particle physics today.
Ionization and excitation produced by a charged particle slowing down in the
scintillator medium leads to the emission of a flash of light - a scintillation.
This scintillation may be translated into an amplified electronic pulse by a
photomultiplier tube -and the characteristics of this pulse (amplitude and
time-dependence) provide information about the charged particle such as its
energy and type (e.g. electron, proton, deuteron, etc.). If the photomultiplier
~output is integrated by using a time constant which is long compared with the
~ scintillation lifetime, the amplitude or ’height’ of the resulting pulse will be
proportional to the total light in the scintillation. This integrated or total light
is known as the response of the scintillator. The dependence of scintillator
- response on the type and energy of particle causing the light output is an
important characteristic of scintillators.

Organic detectors consisting predominantly or entirely of hydrocarbons
form an important class of scintillators. They are particularly suited for



neutron detection, the neutron being detected indirectly via the secondary
protons or other charged particles released in its interactions with the
hydrogen or carbon nuclei in the organic material. At low incident neutron
.energies, E, < 20 MeV, n-p elastic scattering is the dominant process. For
incident neutron energies, £, > 8 MeV, the neutron can break a 12C nucleus
- up into three alpha particles. As E,, increases further, the 2C nucleus can be
disintegrated into any one of a variety of allowed combinations of neutrons,
protons, deuterons, tritons, 3He ions, alphas, and lithium, beryllium and boron
jons. All in all, 65 reaction channels for 90 MeV neutrons on 12C have been
listed (see table I) by Kellogg (Ke53), each of which includes one or more
charged particles included in the products. |

In this work, carried out at the low-resolution neutron time-of-flight
spectrometer facility at the National Accelerator Centre (NAC), attention was
confined to the neutron energy range 15-63 MeV and focussed on the results
obtained using the liquid organic scintillator NE213. This scintillator is well-
known for its good pulse shape discrimination, which allows one to
distinguish the scintillations from different types of charged particle via
differences in their scintillation decay characteristics.

1.1 RESPONSE VERSUS ENERGY
CHARACTERISTICS OF ORGANIC
SCINTILLATORS.

One of the best known properties of the organic scintillators is the
non-linear dependence of their response on particle energy. A semi-empirical
model for the behaviour of the response of organic scintillators, proposed by
Birks (Bi51) in 1951 within four years of the first publication on organic
scintillator counters (Ka47), provides a good description of these
characteristics. Birks proposed that the non-linear response is caused by
- quenching effects in the scintillator governed by dE/dx, the specific energy
loss, or energy deposited per unit length in the track of the ic;nizing particle.
In organic scintillators the light output for a given energy loss is less when the




(i) production of carbon isotopes

12C (n;n) 2C
12C (n;3n) 12C

(ii) production of boron isotopes

12C (n;p) B

12C (n;p,2n) 1B
12C (n;d) 1B

12C (n;p,d,3n) 8B
12C (n;t,2n) 8B

(iii) production of beryllium isotopes

12C (n;2p,n) 19Be
12C (n;2p,4n)"Be
12C (n;d,p,n) *Be
12C (n;2d) %Be
12C (n;t,p) *Be
12C (n;t,d,n) 'Be
12C (n;a,2n) 'Be

(iv) production of Be* ~+ 2a

2C (n;a,n) 2a
12C (n;2p,3n) 2a
12C (n;p,2d,n) 2a
12C (n;d,t) 2a

(v) production of lithium isotopes -

€ (n;3p,n) Li
12C (n;3p,3n) "Li
12C (n;p,*He) °Li
12C (n;p,’He,2n) Li
12C (n;p,a) 8Li

12C (n;p,a,2n) SLi
12C (n;d,*He,n) "Li
12C (n;2p,d) Li

12C (n;2p,d,2n) "Li
12C (m;p,2d) 8Li

12C (n;p,2d,2n) SLi
12C (n;d,a,n) °Li

12C (n;t,3He,n) SLi
12C (n;3d) "Li

12C (n;p,d,t,n) SLi
2C (n;6Li,n) "Li

2C (n;2d,t) SLi

12C (n;2n) 12C

12C (n;p,n) B
12C (n;p,4n) .B
12C (n;d,n) 1°B
lZCA(n;t) 1083

12C (n;2p,2n)°Be
12C (n;d,p) °Be
12C (n;d,p,3n) "Be
12C (n;2d,2n) Be
12C (n;t,p,2n) 'Be
12C (n;a) 'Be

12C (n;3He,2n) 2a
12C (n;p,d,2n) 2a
12C (n;p,t,n) 2a

12C (n;3p,2n) 8Li
12C (n;3p,4n) SLi
12C (n;p,*He,n) 8Li
2C (n;p,’He,3n) SLi

"12C (n;p,a,n) 'Li

12C (n;d,*He) 8Li
12C (n;d,3He,2n) ¢Li
12C (n;2p,d,n) 8Li
12C (n;2p,d,3n) SLi
12C (n;p,2d,n) ’Li
12C (n;d,a) "Li

12C (n;t,3He) "Li
12C (n;3d) "Li

2C (n;p,d,t) "Li
12C (n;6Li) "Li

12C (n;t,a) 6Li

Reaction channels for interactions of 90 MeV neutrons with 12C (Ke53).



density of ionization is high. Birks suggested a model relating the scintillation
photons emitted per unit length, dL/dx, to dE/dx, of the form:

dE/dx
(1 + BdE/dx)

dL/dx « (L1)

where B is the so-called 'Birks parameter, and B dE/dx is the quenching
- probability which depends on dE/dx produced by the particle. The Birks
parameter is usually found by fitting the Birks relation to experimental data.

The specific ionization density along the track of a charged particle rrioving
through the scintillator depends on the energy, mass and charge of the
particle as governed by the Bethe-Bloch relation. Therefore the scintillator
response at a particular energy will characteristically depend on the type of
ionizing particle and the light output is found to become more non-linear for
more heavily ionizing particles.

By way of illustration, figure 1.1 shows the calculated response of the
plastic scintillator NE102 to protons, deuterons, tritons and alphas presented
by Gooding and Pugh (Go60), based on their measurements of the response
of NE102 for protons from 28 to 147.5 MeV and for deuterons from 46 to
120 MeV. It can be seen, for example, that a 100 MeV alpha particle will have
the same light output as a 50 MeV proton.

As the different organic detectors vary mainly by the relative proportions
of hydrogen and carbon (although with different additives), their response to
charged particles (indicated by the value of B) does not differ to a great
extent between the various organics. Hence accurate knowledge of the .
response of one type of organic scintillator is valid to a good approximation
for the family of -hydrocarbon scintillators. By measuring, for example, the
ratio Ly/L,, , where Ly and L, are responses for deuterons and protons at a
fixed energy, a comparison may easily be made between different -

measurements or calculations.
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1.2 PULSE SHAPE DISCRIMINATION

The scintillation time-decay of many organics may be described as the sum
of a "fast" exponential component (lifetime typically less than 5ns) and a
"slow” non-exponential component (mean lifetime greater than 100 ns) as

illustrated schematically in figure 1.2 (VoB8). For certain organic scintillators

the relative intensities of these so-called "fast" and "slow" scintillation
components depends on the type of charged particle that caused the
scintillation. This offers the method of discriminating between different types
of ionizing particles by comparing these components. This forms the basis of
pulse shape discrimination. '

Figure 1.3(a) shows measurements by Lynch. (Ly75) of the average
scintillation decay shapes of NE213 when excited by incident neutrons and
gamma rays reSpéctively. The two measurements have been normalized at the
scintillation peaks to best illustrate the different proportions of fast and slow
components in the scintillation decays. Figure 1.3(b) shows the integrals of
the measured curves of figure 1.3(a) normalized at¢ = 500 ns. The "fast" pulse
integral, measured from the start (¢ = 0) up to a certain fixed time value, say
50 ns, is a smaller fraction of the total integral for neutrons (72%) than for
gammas (92%) due to the different shapes of their pulses. Therefore the light
output pulses from neutrons and gammas may be distinguished from one
other by comparing “fast" and "slow" integrals. To this end, a variety of
electronic methods have been devised, for example see (Br79).

The detection of neutrons in organics relies on detecting the recoil
particles (p, d, etc.) from neutron-induced events in the detector. The
difference in response of organics to different charged particles allows a
further discrimination between the pulses from neutron-induced events
releasing these different particles. For example, the shape of the light output
pulses for protons, will differ from those for deuterons, and the type of
charged particle released in the event may be identified.
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Figure 1.3 (a) (above) Measured light intensity versus time t (Ly75) for
scintillations produced by gamma rays and neutrons in an NE213 liquid
scintillator

(b) (below)  Integrals of measured curves in (a), normalised at
t = 500 ns.



AFigure 1.4 (St75) is an example of the detail that can be resolved by pulse
shape analysis of scintillation events caused by fast neutrons. Shown is an
isometric spectrum of counts versus pulse height (particle energy) and pulse
shape (type of particle) for events in NE213 liquid scintillator which was
exposed to nearly monoenergetic 37.5 MeV neutrons.

1.3 THE RESPONSE FUNCTION OF NE213

The response function - or lineshape - of a scintillator to a particular type
of incident particle or radiation of specific enérgy, is defined as the
scintillation pulse height spectrum resulting from all interactions of that
particle or radiation in the scintillator. The lineshape will thus be depend on:

(i) the energy of the incident radiation, _
(ii) the types of interaction induced by the incident particles or radiation
in the scintillator, and their cross sections, and
(iii) the type, size, shape and geometry of the detector.

The response function for neutrons incident on NE213 may be understood
as having two sources of contribution from ionizing particles, namely:
(i) recoiling protons from n-p elastic scatterings and (ii) outgoing charged
particles produced from neutron-induced interactions with 12C nuclei. These
components differ in relative proportion at different incident neutron
energies, depending on the cross sections of the competing nuclear reactions.

(a) THE RESPONSE FUNCTION TO LOW ENERGY
MONOENERGETIC NEUTRONS ( < 10 MeV)

Although outside the scope of this work the scintillator response function
to low energy neutrons serves to illustrate features which remain important in
the high energy domain which is our concern. At these low energies the major
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contritribution to the response function is from protons recoiling from n-p
elastic scattering events.

Figure 1.5 (Ga70) shows fits of 2nd order Legendre polynomials to
measurements of do/dQ for the 'H(n,n)'H process. At low incident neutron
energies, the angular distribution for n-p elastic scattering may be regarded,
to a good approximation, as being isotropic in the centre-of-mass system. This
yields a nearly flat proton energy distribution from zero up the the maximum
kinematically allowed energy which is equal to the incident neutron energy.

(b) RESPONSE FUNCTION TO 14-63 MeV NEUTRONS

There have not been many measurements of the response function of the
liquid organic scintillator NE213 to high energy neutrons. Lockwood et al
(Lo76) measured lineshapes of NE213 to incident neutrons in the range
2-75 MeV. Pulse shape discrimination was used to extract proton pulse height
spectra from a matrix of pulse shape versus pulse height signals. The authors
stressed the importance of measuring these response functions at high
energies, particularly because of the contributions from neutron-induced
reactions on carbon which become competitive at E, > 20 MeV. The
suggestion is made by Lockwood that with better pulse shape resolution and
hence better particle separation, cross sections for neutron-induced charged
particle production from carbon could be accurately determined from pulse

height spectra measured in this way.
The two competing processes are now discussed separately:

(i) n-p elastic scattering:  With increasing incident neutron energy, p-wave
and higher order scattering begins to contribute significantly, and the
TH(n,n)'H differential cross section becomes more forward-backward peaked
in the centre-of-mass system (see figure 1.5) . This will affect the response
function measured at higher incident neutron energies. Figure 1.6 shows the

1
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numerous measurements of the 'H(n,n)'H total cross section, together with a
theoretically predicted curve (St64).

(i) n-12C interactions: As the energy of the incident neutron increases
beyond 14 MeV, an increasing number of reactions releasing protons,
deuterons, tritons and 3He become energetically feasible. Extensive data have
been reported for neutron induced complex charged particle production
around 20 MeV (De65, Ri68, Kr59). Figure 1.7 shows the recommended cross
sections proposed by Lachkar ef al (La75) for the 12C(n,p)i2B, 2C(n,d)!B,
12C(n,a)’Be and 12C(n,n’)3a reactions at E,, < 20 MeV

Del Guerra (De76) presented an extensive compilation of the neutron
inelastic cross sections on carbon for neutrons in the energy range
1-300 MeV. These cross sections are shown in figure 1.8 together with the
recommended cross sections (curves) which were used in a Monte Carlo code
by Del Guerra to calculate neutron detection efficiencies of organic
scintillators. It has been pointed out (Ce79) that the 12C(n,np)!'B channel is
the most important reaction channel at these higher energies where its cross
section exceeds the 'H(n,n)'H elastic cross section. However, it can be seen
that there is a deficiency of measurements at E, > 20 MeV of the cross
sections for the different n-12C reaction channels.

Alpha-producing carbon reactions have been studied for E, < 20 MeV
(An75) and a critical evaluation of the n-12C interaction cross sections up to
20 MeV has bee_n‘ performed (La75). The sequential breakup reaction
12C(n,n’)3a induced by neutrons in the energy range 10 to 35 MeV has been
studied (An83) and the different reaction channels have been identified.

It can be seen that the lineshapes of organic scintillators to neutrons of
energy greater than 20MeV will be complicated and will include
contributions from all interactions releasing charged particles in their
products. Figure 1.9 shows the measured and calculated response function of
a cylinder (2.54 cm x 7.62 cm) of NE218 to 40.1 MeV neutrons (An79). The
hatched area schematically shows the contribution to the lineshape from
recoiling n-p scattered protons as compared to the n-2C componant. The
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upper energy limit for protons released from the 2C(n,p)!2B reaction is also
indicated in the figure.

1.4 NEUTRON DETECTION EFFICIENCY

Accurate knowledge of the efficiency of hydrocarbon scintillation neutron
detectors is important in many experiments involving measurements of fast
neutron spectra. However, this has become one of the persistent problems in
work using organic detectors due to the complexity of the neutron response
function. To this end there has been a steady development over the years in
sophistication in both experimental techniques and in Monte Carlo codes
which are used to estimate detection efficiencies.

Early work in the field (Ku64, Te68, Ve68, St71, Th71, Ed72, EI74) led to
a variety of methods for calculating neutron detection efficiencies but the
~results that were predicted were firstly at variance with each other and were
not able to reproduce the experimentally determined values, being as much as
30% in disagreement at energies above 40 MeV.

As a first approximation the efficiency was calculated assuming only n-p
scattering events in the detector. As a result, early codes were able to emulate
the measured scintillator response functions well for neutron energies less
than 20 MeV but were not as successful with increasing E,. Montgomery
(Mo73) pointed out the important contribution from neutron-carbon
reactions in hydrocarbon neutron detectors. McNaughton and Brady (Mc74)
reported on work done on the neutron detection efficiency of NE102A plastic
scintillator in the energy range 6 to 41 MeV. They subsequently improved
their predictions by using measurements of the differential cross sections for
the 2C(n,p)!2B and ?C(n,d)!!B reactions at 56 MeV (Mc75).

Cecil (Ce79) was able to make improvements to the code of McNaughton

by incorporating new measurements of scintillator light response to protons
introduced by Madey et al (Ma78) and thought was given to effects due to
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escaping charged particles. Shown in figure 1.10 is the calculated neutron
detection efficiency for a 13 cm x 13 cm cylindrical cell of NE213 as predicted
by the Cecil code. '

The new measurements of the n-'2C cross sections (De76) largely resolved
previously reported discrepancies between efficiency data and the predictions
of the Kurz (Ku64), Stanton (St71) and O5S (Te68) codes. Both measured
and predicted efficiencies were now found to rise rapidly at threshold to a low
energy peak around 10 MeV (dominated by n-p elastic scattering in the
detector); with increasing energy the efficiency falls as the n-p cross section
falls, and then rises again as interactions with carbon begin to contribute
significantly, and finally at high energies the efficiency falls steadily as all
contributing cross sections fall.

More recently a code, SCINFUL, has been developed by Dickens (Di88) to
provide full scintillator response to neutron detection for E, between 0.1 and
80 MeV. The breakup of 2C into final reaction channels having two, three or
four outgoing charged particles has been simulated. Measurements of double
differential cross sections for the neutron induced production of p, d, t, 3He
and alpha particles from carbon have been made by Subramanian et al
(SuB3). These data were combined to provide angle-integrated differential
cross sections for measured outgoing particle energy. Figure 1.11 shows a
comparison (Di89) between the measurements of Subramanian et a/ and the
predictions of the Dickens code. It can be seen that the program provides
quantitative differential results that are generally agree within = 25 % of the

measurements. .
1.5 SCOPE AND AIMS OF THIS WORK

This experiment was performed as part of a project in which the
differential cross section for n-p radiative capture is being measured at
E, = 63 MeV (see Appendix C). In the n-p capture experiment, an NE213
liquid scintillator is used as an active target, i.e. used to provide the target
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protons, as well as detecting the deuterons formed in capture events. The
simultaneous monitoring of n-p elastic scattering in the scintillator allows the
'H(n,7)?H measurements to be transformed to an absolute cross section scale.
The ratio of n-p elastic scatters to n-p radiative captures may be related to the
1H(n,y)?H total cross section by the well known H(n,n)'H total cross section
in the literature. To this end, a careful evaluation of the neutron-induced
interactions in the scintillator was required to separate the n-p elastic
scattering component from the n-12C component of the detector lineshape
measured at E,, = 63 MeV. For the n-p capture measurements, neutron time
of flight was used to select neutron energies of 63 MeV.

The measurements which are the subject of the present work, formed part
of the calibration runs of the n-p capture experiment. Time of flight was used
to study the wider incident neutron energy range of 15-63 MeV. These data
provided detailed information on a range of related topics related to the
neutron induced interactions in the NE213 scintillator as outlined below.

(i) The response functions (lineshapes) of the NE213 detector were
measured for monoenergetic neutrons in the energy range 15-63 MeV. These
lineshapes were separated offline into components for events releasing
charged particles, identified by pulse shape discrimination, to be protons,
deuterons and alphas, respectively. Particular attention was given to analysing
the lineshape measured at £,, = 63 MeV, the neutron energy for the radiative
capture measurements.

- (ii) The charged particle components of the lineshapes, displayed features
which could be identified with particular energy for the charged particle
concerned. This allowed the response (light output) of the scintillator to be
determined simulténeously for protons, deuterons and alphas as a function of
charged particle energy, from the data obtained under the same experimental

conditions.
(iii) Total cross sections for neutron induced proton, deuteron and alpha

production from 12C were measured as a function of incident neutron energy,
by comparing the yields for each type of charged particle with the yield for

22



protons recoiling from n-p elastic scatters. The simultaneous presence of
‘these 1H(n,n)1H events in the scintillator provided a reference for establishing
an absolute scale for the n-12C reaction cross section measurements. A Monte
Carlo code was used to correct the measurements for the effect of protons
escaping from the detector.

(iv) The efficiency of the scintillator for detection via n-p elastic scattering
only, was calculated assuming the H(n,n)'H total cross section in the
literature. The ratio of the number of n-p elastic scattering events to the
number of n-12C interaction events detected above the low detection
threshold, was measured as a function of neutron energy. The efficiency of the
scintillator for detecting n-12C interactions, and thus the efficiency for
detecting all neutron induced interactions, was determined with reference to
the calculated efficiency for n-p elastic scattering.

The following chapter describes the experimental details and the method
of data acquisition of this work.

23



CHAPTER 2
THE EXPERIMENT

A neutron beam obtained via the 7Li(p,n)’Be reaction was collimated onto
an NE213 cell which provided 4n detection of the neutron-induced charged
particle products from the interactions in the scintillator. The signals of the
different charged particles arising from neutron induced events in the
scintillator were separatedvby pulse shape discrimination. Neutron time-of-
flight was used to investigate an incident energy range of 15-63 MeV in a
single run, with a”timing resolution (FWHM) of better than 2 ns.

2.1 EXPERIMENTAL DETAILS
(a) NEUTRON PRODUCTION

Figure 2.1 shows the experimental configuration for the measurements. A
pulsed 66 MeV proton beam from the separated-sector cyclotron at the
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National Accelerator Centre (NAC) was directed through a 4.5 mm thick
metallic lithium target. Neutrons were produced via the 7Li(p,n)’Be reaction
and the neutron energies were measured and selected by neutron time-of-
flight. The neutron flight path was 5.9 m. Every fifth proton beam pulse from
the injector cyclotron (period 61.07 ns) was selected to give the desired period
of 305.35 ns between each burst of neutrons. ’

Concrete and iron shielding surrounded the natural lithium target in the
neutron production area. A 5 cm by 5 cm aperture collimated the neutrons
from the 7Li(p,n)’Be reaction in the forward direction. The transmitted
protons were swept away by a system of magnets into a beam dump including
a Faraday cup. The proton beam current was confined to a range 270-300 nA
during running to avoid dead time and pileup in the electronics. '

(b) NEUTRON DETECTION

_ Neutrons were detected by a cylindrical (5 cm high x 5 cm diameter) single-

window BA1 cell of NE213 liquid scintillator. The BA1 cell consists of a thin
aluminium casing surrounding a capsule (with a single glass wondow) around
which is wound a thin polythene expansion tube. The primary component of
NE213 liquid scintillator is xylene (C,H,(CH,),), to which naplhthalene
(C,oHy) is added to reduce quenching effects in the scintillator and to enhance
the slow component of light emission to improve the pulse shape
discrimination .capability (Bu69). See tablell for a list of physical
characteristics of this scintillator..

The window of the BA1 cell was optically coupled to an RCA 8850
photomultiplier (RCA) using silicon jelly. The detector was mounted vertically
on with its axis perpendicular to the incident neutron beam. This orientation
of the detector was dictated by the requirements for the n-p capture
measurements. Subsequent measurements, still awaiting analysis,' have been
made with the detector aligned with its axis facing the beam. The distance
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Light output (relative to anthracene) 78%

Density | , 0.874 g/cm3
H,/C (atomic ratio) 1212

No. of H atoms per cm3 4.82 x 1022
No. of C atoms per cm3 ' 3.98 x 1022
Electron density (electrons per cm3) 2.87 x 1023
Wavelength of maximum emission 425 nm
Refractive index, n, 1.505
Refractive index at 425 nm | 1.530

Decay timé (fast component) 3.2ns

Table I Physical characteristics of NE213 liquid scintillator (NE).

from the centre of the lithium target to the centre of the scintillator was
measured to be 5.940 £ 0.005 m. ‘

(c) BEAM PROFILE MEASUREMENTS

The neutron beam profile was measured at the detector site using a small
(10 mm diameter x 21 mm) cylindrical organic crystal with its axis aligned
parallel to the beam. A horizontal scan was made across the neutron beam,
recording the number of detected events detected in the crystal for a fixed
integrated proton charge. Figure 2.2 shows the measured horizontal beam
profile as a function of distance from the position at which the NE213
detector was afterwards centred. As the beam width (~7 cm) was found to be
greater than the diameter of the NE213 cell, it could be deduced that the
whole of the scintillator was being uniformly illuminated by the beam.

27



25000 I N N L1
20000 —

15000 - . B

COUNTS

100004 =+ -

5000 - L

9 T T T T T T

8-6-4-20 2 4 6 8

DISTANCE FROM CENTRE POSWKNJ
OF NE213 DETECTOR: _(Cm>

Figure 2.2 Neutron beam profile measured at the position of the NE213
detector by scanning a 1.0 cm (diameter) by 2.1 cm cylindrical organic crystal
horizontally across the beam diameter. Shown are counts measured for a fixed
number of protons incident on the lithium target as a function of distance from
the position at which the centre of the NE213 detector was afterwards situated.

28



2.2 ELECTRONICS
(a) DATA ACQUISITION SYSTEM

Three parameters were recorded for each event, namely L, the scintillation
~ pulse height, F, the integral over the fast component of the scintillation pulse,
and T,,, the neutron time of flight, which was measured relative to a fixed
phase point in the cyclotron r.f. cycle. Figure 2.3 shows a schematic diagram
of the main components of the electronic configuration. A more detailed

circuit diagram is included in figure 2.4.

The output pulse from the anode of the photomultiplier tube was fed into a
LINK Model 5010 pulse shape discrimination unit which generated the L and
F signals. The pulse height, L, was generated in the LINK by integrating the
scintillation pulse over a period of 500 ns, while the F signal was generated by
integrating over a period of 30 ns. In order to produce the F output, the LINK
circuitry was modified as described by Smit (Sm86).

The LINK also generated a timing pulse, T, which was used to start the
‘time-to-amplitude converter (TAC) for measuring the neutron time of flight,
T,,. The stop pulse for the TAC was provided by the beam pulse. An event
was passed by the coincidence unit whenever there was simultaneously a pulse
on the TAC output and the PSD gate from the LINK, as shown in figure 2.3.
The three parameters L, F and T,, were fed through the ADCs into a VAX
computer where they were recorded as an event on magnetic tape using the
data acquisition code, XSYS. All phases of the data acquisition were
monitored on a system of displays to detect any electronic drifts.

The pulse height scale was calibrated by recording the pulse height

spectrum for the 4.44 MeV 7v-ray from an AmBe source (see figure 4.2(a))
under the same experimental conditions as the beam measurements.
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(b) PHOTOMULTIPLIER BASE CIRCUIT

The photomultiplier voltage divider circuit (figure 2.5(a) recommended in
the LINK manual (LINK) was used in this work. For reasons outlined below, it
has since been replaced by the circuit recommended in the RCA
photomultiplier catalogue (RCA), shown in figure 2.5(b).

The purpose of the 150V Zener diodes shown in figure 2.5(a) is twofold.
Firstly they maintain a constant electron collection efficiency between the
cathode and first dynode in the chain to provide good energy resolution of the
scintillation pulses, independent of the voltage across the circuit. The Zeners
at the lower end of the dynode chain maintain a constant potential difference
across the last three dynodes and the anode. The current, I; through the
potential divider must exceed 0.5 mA to ensure stable operation of the
Zeners. At this current the voltage across the dynodes connected by the 100K
resistors is 50 V, which is sufficient to avoid space charge non-linearities for
small pulses (e.g. for protons of energy < 15 MeV). In present work in which
charged particles of energies less than 66 MeV were detected, the
photomultiplier voltage was set at - 1770 V (I; = 0.6 mA). However, it was
recognised afterwards (see section 4.1(b)) that the photomultiplier had not
provided linear current amplification under these ‘operating conditions and it
may be concluded that this voltage divider circuit is only suitable for work at
E, < 15 MeV. : |

2.3 THE NEUTRON BEAM

Figure 2.6 shows the neutron time-of-flight spectrum measured in this
work. The time of flight channel scale was calibrated to a nanosecond scale by
the standard method of operating the TAC in self-stopped mode with two
different delays respectively between the start and stop pulses. The spectrum
shift produced by standard 100 and 150 ns delay boxes was measured. A time
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calibration of 8.39 = 0.01 channels/ns was then calculated for this work and
the linearity of the TAC was also verified. Also shown in figure 2.6 is a
neutron energy scale which runs in the opposite direction to the time of flight
scale, This transformation from neutron time of flight to neutron energy is
described in section 2.3(b).

(a) THE TIME OF FLIGHT SPECTRUM

It can be seen in figure 2.6 that the highest energy neutrons produced fall
within a sharp high energy peak in the time of flight spectrum. This peak
arises principally from the transitions to the unresolved ground and first
excited states of "Be in the 7Li(p,n)’Be reaction. The rest of the spectrum
consists of a broad, lower energy, Maxwellian-like tail. These neutrons arise
from excitation of higher states in 7Be or from breakup reactions leading to
three or more particles in the final state. Some neutrons also lose energy by
multiple scattering before leaving the lithium target.

In addition to the inherent timing resolution of the system, the width of the
"Li(p,n)"Be,s neutron peak may be attributed to the energy losses of the
incident protons in the lithium target prior to neutron production. This energy
loss ranges from zero up to some maximum value which depends on both the
thickness of the lithium target and the incident proton energy, with all -
intermediate values equally possible (Au72). The energy of the protons
emerging from the lithium target was calculated to be 64 MeV. A linear
proton energy loss was assumed across the lithium target. Then prior to
neutron production in the target, the incident protons were regarded as
having a mean energy of halfway between 66 MeV and 64 MeV, i.e. 65 MeV.
Using the Q-value for the 7Li(p,n)’Be reaction of -1.644 MeV (Aj84), the
mean energy of the 7Li(p,n)"Beys peak was then calculated from the standard
reaction kinematic equations (Appendix A) to be 63.4 = 1 MeV.

Figure 2.7(a) shows the high energy neutron peak fitted by a standard
Gaussian function. The full width at half maximum (FWHM) was measured
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to be 2.2ns which is a measure of the uncertainty in the energy of the

neutrons falling within this peak.

There is also a small gamma peak to the right of the neutron peak at
19.8 ns in figure 2.6. This peak arises from the detection of the low energy
gammas emitted in proton-induced reactions in the lithium target, and not
excluded by the pulse shape discrimination. This peak is small, as a low pulse
height threshold was set at about E,, = 5 MeV, which rejected the majority of
signals from these low energy gammas. However, those gamma rays which
were detected reached the NE213 detector at a time defined by the velocity of
light, c, and the flight path, d. Figure 2.7(b) shows this peak fitted with a
standard Gaussian distribution. The full width at half maximum of the peak of
1.7 ns is then a measure of the intrinsic timing resolution of the system. The
additional width of the neutron peak (figure 2.7(a)) is attributed to the spread
of the proton energy in the lithium target and a small contribution from the
‘unresolved first excited state of ’Be. These factors contribute of the order of
1.5 ns to the overall uncertainty in energy of the neutrons falling within the
’Li(p,n)"Beg, peak, as the quadratic summation of this uncertainty (1.5 ns)
with the measured intrinsic resolution measured from the gamma peak
(1.7 ns) yields the measured FWHM of the neutron peak (2.2 ns).

(b) TIME OF FLIGHT TO NEUTRON ENERGY
CALIBRATION | |

With reference to figure 2.6, there exists a "time zero" channel, T,
corresponding to the position of zero time-of-flight. The position of T, was
calculated to be at 7,,-channel = 2350 from:

T, = T,-(d/c)(1/F) (2.1)

where: T7 : ADC channel at the centre of the y-peak
(T,,-channel 2184)
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¢ : velocity of light = 0.300 m/ns

d : distance from the centre of the ’Li sample to the
- centre of the NE213 cell = 5.940 + 0.005 m

F : 839 £ 0.01 channels/ns

Then for any neutron time-of-flight, T, (expressed in channels), a
corresponding neutron energy, E,, , could be calculated using;:

723.d 2
E. = _ 2.2
where: T, : "time zero" ADC channel

T, : neutron time-of-flight ADC channel
E, : neutronenergy in MeV
d,F : asfor equation 2.1 above
- 723 : scaling factor

The uncertainty in the neutron energy measurement depends on the time
of flight resolution of the system, AT, and the uncertainty in the flight path,
Ad, as well as on the spread in the mean proton energy in the lithium sample.
The FWHM of the gamma peak, which is a measure of the intrinsic timing
resolution of the system, sets the minimum energy uncertainty obtainable for
neutrons selected by time of flight, i.e. at energies less than the 63 MeV peak.
For measurements at E,, = 63 MeV, selecting the 7Li(p,n)’Beg, peak which
heavily dominates the total neutron yield, the energy resolution is defined by
the proton energy spread in the lithium target. The FWHM of the
"Li(p,n)"Beg peak is a measure of this uncertainty, as discussed above.

Since AT,Y/T,, » Ad/d, the latter was taken as negligable and the
uncertainty, AE, , in any neutron energy less than the 63 MeV peak was
calculated in the standard way by: '

AE, = 0.028 (AT, /d) E, ¥ (2.3)
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where: AT
d : asfor equation 2.1, above

: width of gamma peak (1.7 ns)

E, : neutron energy in MeV
0.028 : scaling factor

Figure 2.8 shows AE,, as a function of E,, for the incident neutron energies
considered in this work, calculated from equation 2.3 for E,, < 63 MeV, and
determined from the measured width of the 7Li(p,n)’Beys peak at
E, = 63 MeV. Consequently, specific neutron energies could then selected
off-line by setting the appropriate time window on the neutron time of flight
spectrum. Time window widths of between 1.6 ns and 1.8 ns were chosen to be
of the order of the intrinsic timing resolution of the _systerri (1.7 ns).

The following chapter describes how the measured data were reduced to
produce response functions for this detector at different incident neutron
energies in the range 15-63 MeV, selected by time of flight. These lineshapes
were then unfoided into components associated with the emission of different
charged particles, identified by pulse shape discrimination to be protons,
deuterons and alphas. |
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Figure 2.8  Energy resolution, AE,,, as a function of the incident neutron
energies considered in this work. The values shown for E,, < 63 MeV (o) are
related to the width of the gamma peak and were calculated using equation 2.3;
while the value at E,, = 63 MeV (®) is determined from the width of the
’Li(p,n)’Begs peak. '
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CHAPTER 3
DATA REDUCTION

Chapter 2 described the experimental details of this work and the
recording onto magnetic tvape of three parameters, namely, L, F, and T,, for
each event. This chapter decribes how the data were reduced to produce
response functions of the NE213 detector to neutrons at different neutron
energies. Furthermore, two methods of separation of these lineshapes into
componehts associated with protons, deuterons and alphas are described.

3.1 PARTICLE DISCRIMINATION.

A pulse shape discrimination parameter, S, indicating the scintillation
pulse shape and hence the type of the charged particle causing the
scintillation, is determined from the fast and intregrated pulse parameters, F
and L respectively, by: '
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Figure 3.11  Counts versus pulse height (arbitrary) for the alpha events observed
at the different incident neutron energies considered in this work. Neutron energy
was selected by time of flight windows and alphas were selected by the L-S

corridor (cut) shown in figure 3.6.
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