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Abstract

Due to the tremendous neutrino luminosity generated during stellar collapse, the
detection of supernovae neutrinos would provide a unique scenario for extremely
long baseline measurements, allowing a vastly increased region of neutrino mixing
parameter space to be probed, and placing more stringent limits than can otherwise
be achieved on neutrino masses and mixing angles.

In this thesis I present my work on the development of a prototype detector for
the study of neutrino bursts from supernovae within our Galaxy. This involves the
use of gadolinium and scintillators to detect the neutrons produced by the neutrino
collisions. Large organic plastic scintillators have been tested for the possible use in
the OMNIS (Observatory for Multiflavour Neutrino Interactions from Supernovae)
experiment. The calibration of the detector is performed and the response of the
scintillators to gammas emitted following the neutron capture on Gd is analysed in

some detail.

performed to investigate the optimum configurations for the detector with respect

to neutron detection efficiency.
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Chapter 1

Introduction

The optically visible Universe is made of stars and galaxies of all shapes and sizes.
What it can not be seen, however, it is that it is filled with low mass, charge-less
particles called neutrinos. These particles were created less than one second after the
Big Bang, and large numbers of these primordial particles remain in the Universe
today because they interact only very weakly with matter. Indeed, every cubic
centimetre of space contains about 300 of these relics [1]. These neutrinos are very
low energy; they are so low in fact, that they can not be detected. These neutrinos,
along with microwave radiation, are believed to constitute the cosmic background

radiation that permeates the entire Universe.

Neutrinos come also from other several sources. They are produced during the stel-
lar evolution of stars such as our own Sun, where four protons combine with two
electrons to form a helium nucleus and two electron neutrinos. In addition there are
the so-called man-made sources, such as particle accelerators used to smash high

energy particles into fixed or moving targets.

Neutrinos are arguably the least understood particles in the standard model of
particle physics, with a potential to show evidence for new physics beyond the
Standard Model. They are a fundamental part of nature and relatively little is

known about them.

17
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1.1 Birth of Neutrinos

Neutrinos have been shrouded in mystery since they were first suggested by Wolfgang
Pauli, as a “desperate remedy” to save the law of energy conservation, which was
under threat from observations of beta decay in radioactive materials. The beta
radiation (electron), the presumed only particle emitted, should have a well fixed
energy. Instead, following studies performed by Lise Meitner, Otto Hahn, Wilson
and von Baeyer, James Chadwick showed in 1914 that this was not the case: the
electron had a continuous energy spectrum. This finding even led Niels Bohr to
speculate that the energy may not be conserved in these processes. The solution to
this problem is due to Pauli who proposed in 1930 the existence of a new neutral
particle with intrinsic angular momentum (spin) of /2, where h is Planck’s constant
divided by 27. Initially Pauli dubbed this particle the “neutron”. It was not until
three years later, after James Chadwick discovered the neutron in 1932, that Pauli
admitted the possibility of a zero mass neutral particle. Fermi re-named the particle

and he called it neutrino.

1.2 The Standard Model of Particle Physics

Within the Standard Model of particle physics all the elementary particles are
grouped into three families or generations - six quarks and six leptons (see Fig.
1.1).

Matter is built from members of the lightest generation: the up and down quarks
that make up protons and neutrons, the electron and the electron neutrino, v,,
involved in beta decay. Heavier versions of these particles, but with equal quantum
numbers, are observed in decay processes and are comprised by the second and third
generations. Each of this particle has a correspondent antiparticle with opposite
electric charge.

Within the Standard Model there are also particles that transmit the interactions
between these elementary particles. There are four known fundamental interactions

between these particles: the strong interaction (mediated by eight gluons), the elec-
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| %)

Figure 1.1: Elementary particles within the Standard Model [2]

tromagnetic interaction (carried by photons) and the weak interaction (mediated by
the massive W', W~ and Z° particles). The gravitational interaction was not in-
cluded in the Standard Model. The neutrinos interact only via the weak interaction
and this allows them to pass through Earth without any deviation or so and makes

them difficult to detect.

Although the Standard Model cannot predict the mass of these particles, it does
provide a mechanism whereby they can acquire mass. This was done by introducing
a new particle called the Higgs boson that fills the “vacuum”. The interaction
between a particle and the Higgs boson is considered to be the explanation for the
particle mass. For example an electron cannot travel through vacuum at the speed
of light, it has to become massive and the mass of a particle is proportional to the
interaction rate between that particle and the Higgs boson.

The study of the neutrinos from inverse beta decay of '»Eu has proved that the
neutrino is a left-handed particle, i.e. its spin always points in the opposite direction
of its momentum. But in the Standard Model the handedness of a particle changes
each time it interacts with the Higgs boson which implies that the neutrino has to

be massless if the Standard Model is a complete theory.

The Standard Model describes extremely well all known particle physics phenomena

and, at present, it provides the most elegant theoretical framework. However the
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Standard Model is far from being a complete theory. Detectors at LHC at CERN
and Fermilab are searching for the Higgs particle, which, if found, will either ex-
plain the Standard Model or force us to readjust our conception of matter. Also the
Standard Model does not include gravity, which does not play a significant part in

atomic and subatomic processes because it is too weak on those scales.

On 5th of June 1998, the SuperKamiokande collaboration announced the first evi-
dence for neutrino mass [3]. The observation of neutrino masses and lepton mixing

constitutes the first confirmed evidence for physics beyond the Standard Model.

1.3 The Solar Neutrino Problem

The neutrinos produced in the fusion reactions in the core of the Sun can also be
detected using large underground detectors on Earth. The measured neutrino flux
can be compared with the theoretical predictions based on our understanding of how
the Sun works and the the Standard Model (SM) of particle physics. Solar neutrino
experiments such as Homestake [28], Kamiokande [29], GALLEX [30], SAGE [34]
and Super-Kamiokande [35] suggest a flux of v/s inconsistent with the Bahcall-
Pinsonneault standard solar model [50]. The measured flux is roughly one half of
the flux expected from theory. Every experiment has measured only between one
and two thirds of the expected neutrino flux and this represents the so-called “solar
neutrino problem”. This implied that either our theoretical model of particle physics

is wrong or the model describing the interior of the Sun is incorrect (see Fig. 1.2).
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Total Rates: Standard Model vs. Experiment
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Figure 1.2: Discrepancies between the Standard Model predictions and the experi-

mental data for solar neutrinos [26]

The most favoured solution to these discrepancies is an extension of the standard
model of particle physics to one in which the neutrinos have mass and are allowed to
oscillate between flavours via the vacuum and/or the Mikheyev-Smirnov-Wolfenstein
(MSW-) oscillation mechanism [50]. The favoured MSW solution implies that the
v.'s emitted by the Sun converted or “oscillated” to v,’s or v;’s before arriving to
the detector. This implies that there is a finite mass difference between the mass
eigenstates of the three neutrino flavours and therefore the neutrinos must have a

nonzero mass.

Atmospheric neutrino experiments at Super-Kamiokande [22], IMB [23], Soudan2 [24]

and Kamiokande [25] also exhibit a disappearance of v, [27].

Although the neutrino oscillation experiments proved that the neutrinos are massive

particles, to date, no experiment has measured an absolute, non-zero neutrino mass.
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1.4 The Need for a Neutral-Current Based Neu-
trino Detector

Many experiments have been designed to determine the mass of the neutrino. The
direct measurements of the neutrino masses [4] provide only upper limits on the

masses of all three neutrino flavours.

Neutrino flavour | Upper mass limit | Confidence level
Ve m < 3 eV 90%
vy m < 170 keV 90%
vy m < 18.2 MeV 95%

Table 1.1: Upper Limits on Neutrino Masses

This lack of a definite neutrino mass measurement has led to the proposal made
by Zatsepin [5] in 1968 to use the neutrino flux from a supernova to determine the
neutrino mass. During the final stages of stellar evolution, the core of a massive star
undergoes a catastrophic implosion, in which only about 1% of the gravitational
binding energy of the neutron star goes into the shock wave that explodes the star,
and about 0.01% into visible light. The remaining 98.99% is carried out into space
by the neutrino flux.

The characteristics of a SN explosion can be predicted and modelled so that predic-
tions about the nature of the neutrino flux can be made. The standard model [6] of

this process suggests that the resulting neutrinos have the mean energies given in

Table 1.2.

According to conventional supernova theory [7], the recently observed supernova
explosion [8] (SN19897A) in the nearby Large Magellanic Cloud should have released
approximately 3 x 10%.J of gravitational binding energy in a burst consisting of
~ 10°® neutrinos over a time interval of a few seconds. The 7y observed by the

Kamiokande [20] and IMB [19] from supernova 1987-A confirmed that neutrinos play
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Neutrino flavour | Mean Energy Value
Ve E =11 MeV
U, E =16 MeV
Vs Ve, Uy, Uy E = 25 MeV

Table 1.2: The Mean Values of the Neutrino Energies

an important role in core collapse supernovae. The observed neutrinos were detected
over a few seconds, much longer than the weak interactions time-scales which are
thought to be required to produce them. This confirmed the main features of the
standard model of core-collapse supernovae and suggests that the behaviour of the

neutrino opacity in matter beyond nuclear densities is understood [50].

Most of the current neutrino detectors are primarily sensitive to charged-current

interactions of 7, with protons in water or mineral oil.

OMNIS, the proposed supernova observatory, will detect neutrinos originating from
a core collapse supernova by the detection of spalled neutrons from Pb- or Fe-nuclei.
OMNIS is being designed to provide a much larger sample of y— and 7— neutrino
events than would be provided by other detectors, allowing a significantly more
detailed measurement of the neutrino spectra for different flavours, resolved in time,
and the stellar conditions that produced them [50].

An observation of the fluxes of different neutrino flavours is also vital for the under-
standing of core-collapse supernovae and helpful for the investigation of new physics
beyond the Standard Model. In this context, the need for a large neutral-current

neutrino detector has become increasingly pressing in recent years [36].

It is the goal of this thesis to describe the developments leading to the design and
construction of a neutron detector suitable for use in the OMNIS experiment. To

begin with, chapter 2 will describe the properties of OMNIS, a proposed neutrino

Chapter three gives an outline of the theory of particle interaction processes inside
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the detector. Chapter four describes the experimental set up of the OMNIS detector
and describes the selection of large plastic scintillator blocks to build and test a
prototype detector which can be used in the OMNIS project for neutron detection.
Chapter five describes the analysis of the experimental data and shows that the
prototype detector can be used in the OMNIS project. Chapter six shows the results
of the simulation of particle interactions inside the detector using GEANT4 and gives
the more specific analysis of the experimental and simulated data. Chapter seven
presents the results for the optimum configuration for the detector with respect to

neutron detection efficiency. Chapter eight summarises the results.



Chapter 2

Motivation and Properties of

OMNIS

2.1 Stellar Evolution until Collapse

The only large fluxes of neutrinos from outside our solar system that could be
detected on Earth are those from supernovae produced by the collapse of massive
stars. It is believed that core-collapse supernovae are the final stage of the evolution
of stars with masses between 8 and 60 solar masses. Lighter stars end their life as
white dwarfs, whereas heavier stars are unstable and probably collapse into black
holes without a supernova explosion.

A star is born when a cloud of gas (mainly hydrogen) contracts due to the gravita-
tional force and to the radiative losses. As a consequence, the central temperature
increases until thermonuclear fusion begins, when four hydrogen nuclei form a he-

lium nucleus:

'"H+'H — ?H + e' + v, (2.1)
H + 'H — *He + v (2.2)
SHe + *He — *He + 2'H + v (2.3)

25
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So overall,

6'H — "He + 2e" + 21, + 37+ 2'H (2.4)

which can also be written as

4™ — "He + 2e" + 2v, + 37 (2.5)

This cycle is called the pp chain and describes the evolution of a star of mass
comparable to the mass of our Sun. The star will reach the main stage of its evolution
when the nuclear fusion of the hydrogen in the centre of the newly formed star
compensates the radiative losses at the surface. In the centre the *He is developing;
however, at this early stage in the stellar evolution, elements with higher Z can’t
be produced because the energies of the nuclei which could undergo this process are

not high enough to exceed the Coulomb potential.

For heavier stars the main sequence phase is the burning of H to He in core via
the CNO cycle. The first collapse takes place when the helium core can no longer
sustain the pressure caused by the gravitational field. This happens at less than 108
years from the birth of the star if its mass is greater than 8 My (Mg being the solar
mass). The collapse temperature of the helium core will suddenly increase allowing

the fusion of He nuclei and the formation of C.

The burning of He will take place for less than 10° years. During this period several
collapses will take place, followed by the fusion of C, N, O and at the end Si, in
alternating layers forming an onion-like interior structure (Fig. 2.1). The Fe nucleus
has the highest binding energy and therefore there is no more thermonuclear fuel
to burn: the iron core is endothermic; it can only absorb energy by breaking into
lighter nuclei or creating heavier elements [15]. It will be the last to form in this

sequence of fusion processes and it will form the inner core of the star.
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Figure 2.1: Onion-like interior structure of a star just before the onset of collapse

Before the final collapse the iron core density is p ~ 4 x 10° g/cm?® and the radius
of the star is R &~ 500 km.

Stars with mass in excess of 12 solar masses are thought to undergo all the stages
of nuclear fusion of hydrogen, helium, carbon, neon, oxygen, silicon (see Table 2.1),
until the star has the structure shown in Fig. 2.1, with an iron core surrounded by

shells composed of elements with decreasing atomic mass [15].

The iron formed in the core of the star will cause the final collapse of the star, when
the pressure of the degenerate electrons gas can no longer sustain the gravitational
pressure. This happens when the core has reached the so-called Chandrasekhar
mass limit of about 1.4 solar masses, when the core contracts and the increased

temperature causes photodissociation of iron through the process [15]

v+ Fe — 13+ 4n (2.6)

This reaction absorbs about 124 MeV of energy and reduces the kinetic energy
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1M 25M
phase T, Pe At T, Pe At
(keV) | (gfem®) | () | (keV) | (gfem®) | (1)
H burning 1.3 153 1.1 x 10| 3.3 3.8 6.7 x 108
He burning 11 2.0 x 10* | 1.1 x 108 17 762 8.4 x 10°
C burning 72 1.3 x 10° 522
Ne burning 135 | 4.0 x 10° 0.89
O burning 180 | 3.6 x 108 0.40
Si burning 314 | 3.0x 107 | 2.0x 1073

Table 2.1: Central temperature 7T,, central density p. and time scale At of the
evolutionary phases of stars with initial masses 1M, and 25M, (values taken from

Ret. [15)).

and pressure of electrons [15]. As the iron core starts to collapse, the density and
temperature increase and a new process begins: the electron capture inside the iron

core:

e +Fe—Co+r, (2.7)

or at the nuclear level,

e +p—=n+v, (2.8)

This process produces a sudden decrease in the pressure of the electrons.

Anti-electron neutrinos are produced via the URCA process:

n+et = p+7;, (2.9)
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At the onset of the collapse, when the density of the iron core is not too high, the
electron neutrinos produced by electron capture leave the core carrying away most
of the kinetic energy of the capture electrons. At this moment the pressure of the
degenerate relativistic electrons can no longer sustain the weight of the core any

more and collapse of the iron core commences forming a neutron star [15].
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2.2 Time Profile of Neutrino Burst

Core collapse supernovae occur when the iron core of a massive star collapses due
to the force of gravity. Once the density in the core exceeds that of nuclear mat-
ter, the core rebounds generating pressure waves that propagate outward. At the
sonic point, i.e. the point at which the velocity of the infalling material exceeds
the velocity of sound in the stellar matter, the pressure wave becomes a shock wave
that propagates toward the surface of the iron core. As the shock wave propagates
outward through the outer iron core, which is still collapsing, its energy is dissipated
by the photodissociation of nuclei into protons and neutrons. Thus, the material be-
hind the shock wave is mainly composed of free nucleons. Free protons have a high
electron capture rate, leading to the transformation of most protons in neutrons,
with the huge production of electron neutrinos (see equation 2.8). These neutrinos
pile up behind the shock, which is dense and opaque to them, until the shock reaches
a zone where the density has fallen to about 10" gem =3 (“shock breakout”) and the
electron neutrinos behind the shock are released in a few milliseconds. This neutrino
emission is usually called the “prompt electron neutrino burst” or “neutronization

burst”, to be distinguished from the thermal production of all neutrino flavors [15].

The energy lost by photodissociation of nuclei and neutrino emission weakens the
shock. In the so-called “prompt” supernova explosion scenario, the shock, although
somewhat weakened, is able to expel the envelope of the star generating the su-
pernova explosion on a time scale of the order of 100 ms. If the star weighs more
than about 10 solar masses, the shock is weakened and stalls about 100 ms after
bounce, at a radius of about 200-300 km, with insufficient energy to reach the outer
layers of the star. It is widely believed that in order to obtain a supernova explosion
if the shock stalls, the shock must be revived by some mechanism that is able to
renew its energy. The mechanism which is currently thought to be able to revive
the shock is the energy deposition by the huge neutrino flux produced thermally in

the proto-neutron star [15].
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Infalling Stellar Gas

Shock Neutron Star
(Radius ~200 km) {Radius ~50 km)

Figure 2.2: Competing processes that determine the destiny of the supernova shock:
Gas infall from the collapsing star damps shock expansion. The gas between the
neutron star and the shock is cooled and heated by neutrinos. Only when the neutrino

heating 1s strong enough, an explosion can be triggered.

Although the neutrinos interact only very weakly with the stellar gas around the
neutron star, they can deposit enough energy within the innermost few hundred
kilometres to power the explosion of the star. The involved complex processes are
not properly understood. Contemporary approaches to the reheating mechanism are
based on the idea that neutrinos produced in the core transfer gravitational energy
released by core collapse to the cooler outer regions of the star. During the reheat-
ing process, core electron neutrinos and antineutrinos radiate from their respective
neutrinospheres (the sphere within the core of the star defined by the radius where
the stellar material becomes optically thin to neutrinos), and a fraction of these neu-
trinos are absorbed by the material immediately behind the shock, thereby adding

energy to the shock.

Neutrinos of all flavors are produced in the hot core of the proto-neutron star, which

has a temperature of about 40 MeV [15], through electron-positron pair annihilation,
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et te v+ (2.10)

electron-nucleon bremsstrahlung,

eF+ N >set+ N+, +7, (2.11)

nucleon-nucleon bremsstrahlung,

N+N-SN+N+vy, +7; (2.12)

and photoannihilation

y+et s et 4+, +7, (2.13)

These neutrinos are emitted with a broad time distributions of a few seconds.

Models differ in detail and are still the subject of theoretical study. However the
basic mechanism of stellar collapse and supernova explosions has been reviewed and
summarised by Raffelt [18] and the generic form of the neutrino burst is generally
agreed to be as illustrated in figure 2.3 which shows luminosity versus time for the

three neutrino flavours and their antiparticles.

The mean energies of the resulting neutrinos are shown in Table 1.2. The neutrinos
will be trapped inside the ‘neutrino sphere’ due to the high core density. The electron
neutrinos which undergo both charged-current and neutral-current reactions and are
therefore trapped further from the core. However the neutrinos can escape due to
the increasing pressure gradient.

The surface temperature of the resulting ‘neutrino sphere’ decreases with the dis-
tance from the core and the electron neutrinos emerge at lower energies than those
of the muon and tau neutrinos. The 19 neutrino events recorded in the IMB [19]
and Kamiokande [20] detectors from supernova SN1987A confirmed that ~70% of

the neutrinos are released in the first 2 seconds.
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Figure 2.3: Expected neutrino luminosity as a function of time for a Type I1 Super-

nova event [16]

The emission time profile shown in figure 2.3 provides a unique opportunity to
discover neutrino properties which are difficult or impossible to determine using
terrestrial neutrino sources. The existence of a ‘cosmological significant’ mass (eg
10 - 100 eV) for one flavour (such as v,) would produce an observable time-of-flight
delay in the arrival time profile of that flavour, relative to the arrival time profile of
the lower mass flavours. If v, has a larger mass compared to the others, its arrival

time will be delayed by:

s =0 ) () () e

For masses greater than ~ 20eV this would be directly observable as a delayed com-
ponent of the time profile in figure 2.3, allowing direct time-of-flight measurement
of the mass of at least one neutrino type. The range of ~ 2-20 kpc for Galactic

supernovae is ideal for time-of-flight measurements of the neutrino mass. Therefore,



CHAPTER 2. MOTIVATION AND PROPERTIES OF OMNIS 34

information on the profile shape of all three neutrino types would be of considerable
astrophysical interest, providing the first direct observation of a ‘cosmologically sig-
nificant” neutrino mass, for which it would form a major component of the mass of

the matter in the universe and could be a candidate for the Galactic dark matter.
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2.3 Galactic Supernova Types and Rates

For historical reasons, supernovae are divided in the four different types listed in
Table 2.2, characterised by their spectroscopic characteristics near maximum lumi-
nosity, which depend on the composition of the envelope of the supernova progenitor
star. The two wide categories called Type I and Type II are characterised by the
absence or presence of hydrogen. However, the most important physical character-
istic is the mechanism that generates the supernova, that distinguishes supernovae
of Type Ia from supernovae of Type Ib, Ic and II, as shown in Table 2.2. This dif-
ference becomes noticeable from the electromagnetic spectrum some months after
maximum luminosity, when the innermost regions become visible. From the point
of view of neutrino physics, Type Ib, Ic and II are much more interesting than Type

Ta supernovae, because they produce a huge flux of neutrinos of all types [15].

near maximum | months later
Type | H | He | Si | Fe | O and C | Mechanism | Remnant
Ia No | No | Yes | Yes No Mass None
Accretion Star
Ib No | Yes | No | No Yes Core Neutron
Collapse Star
Ic No | No | No | No Yes Core Neutron
Collapse Star
IT | Yes| 7 ? | No Yes Core Neutron
Collapse Star

Table 2.2: Main characteristics of supernova types [15]

The majority of optically visible recorded supernovae lie within 4-5 kpc of the sun;
those at larger distances (in the Galactic plane) being obscured by intervening dust.
This observable region contains 5-6% of the relevant Galactic star population (see

Fig. 2.4), so that the total supernova rate should be ~ 16-20 times the rate recorded
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optically. Tt should be mentioned that some people [9] argue that our region of the
Galaxy may be favoured for supernovae production and therefore a simple scaling
is incorrect. No plausible reasons are given for this point of view.

Although 200 supernova remnants have been recorded in our Galaxy, only the last
two millennia provide a sufficiently complete record to estimate the rate [10]. Adding
to those listed in [10] the recently-discovered remnant dated 1320 [11], there are 8+1
type I1/Ib supernovae recorded in 2200 years in the local 5-6% sample of our Galaxy
(figure 2.4). This indicates a most probable total rate of 6-8 per century, within our

Galaxy.

SUPERNOVAE fn our GALAXY
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Figure 2.4: Supernovae Rate in our Galaxy [17]

However, reviews of rate estimates based on a variety of astrophysical methods [13,
14] show that these can range from 3-10 per century, consistent with the historical

record [17].
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2.4 The Detection Concept

The recently proposed neutrino observatory would provide a means to study, in
detail, the neutrino emissions of the supernovae explosions throughout the Galaxy.
Data from such a facility would result in major advances in the understanding of
both the astrophysical mechanism causing supernovae, and fundamental neutrino
physics. This new proposal is based on the detection of neutrons emitted following
supernova neutrino induced excitation of nuclei in any target via neutral current
interactions, which would allow the observation of all three neutrino flavours and
hence provide tight mass limits for neutrinos to be determined. Presented here
are details of a prototype neutron detector which is under study at Manchester
University. Tests have been performed to determine whether the proposed design

satisfies the special requirements of the new observatory.

OMNIS is a proposed project which is designed to detect neutrinos from supernovae
and to determine their masses and the presence of oscillations between different
flavours. High Z (lead and iron) targets are primarily sensitive to the high energy
component of the supernova neutrino flux. The neutrino detection mechanism is
based on the observation of neutrons emitted from the following neutral current
(NC) reaction

Ve 43 X =2 ' X+ n4 v, (2.15)

for all neutrino flavours emitted by supernova.

In addition, neutrons can arise from charged current (CC) neutrino interactions
A A-1 -
Ve+z X =50 Y+e +n (2.16)

Ve +3 X =52 Y +e +2n (2.17)

The cross section for these processes increases with neutrino energy; therefore the
neutrino flavours detected are expected to be mostly muon and tau (which are
emitted with higher temperatures, hence energies, than electron type neutrinos).

The energy dependence of the flux averaged cross section is given by [32]:

0o fooo Fu(Eu)dEu f[) Y dEII/E;Qﬁ(EV - El’/)
I F,(E,)dE,

orp(T,) = (2.18)
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where F,(E,) is the neutrino flux at energy E,, 09 = 2.583 x 10 "em?MeV 2, E,
and E,, are the incident and scattered neutrino energies, respectively, and 3(F,—FE,,)

is the weak nuclear strength function.

By itself, the observation of a neutron in OMNIS provides no information on the type
of neutrino initiating the reaction. The use of multiple nuclear targets with different
sensitivies to v, and neutral current reactions would enhance flavour sensitivity.

Lead is a particularly efficient converter of neutrinos to neutrons, as its threshold

for neutron emission via neutral current interactions is 7.37 MeV [50].

Iron has a higher threshold of 11.20 MeV [50] for neutron emission processes. This
will result in a lower efficiency, but all the events will be virtually coming from v),’s,
v,’s and their antiparticles.

The threshold for double neutron events from charged current processes in iron

targets is sufficiently high that such production will be negligible.

The charged current processes in lead targets have a threshold of 14.98 MeV [50].
These processes are extremely dependent on the energy of the v.s and 7s. The
conversion of v, and v, to v, would produce much more energetic v,s than would be
expected from the supernova. The maximal mixing increases the number of neutron
events by a factor of four, while the rate of double neutron events is enhanced by a
factor of 40 [31]. Thus a clear signature of oscillations of this type would be provided

by the ratio of one- to two-neutron events from lead.

The proposed neutron detection process involves the possible use of gadolinium
which has the largest thermal neutron capture cross section of all practical nuclei.
The neutron capture on Gd is usually followed by the emission on average of 3-4
gammas. The mean value of the total energy of these gammas is ~ 8 MeV (8 MeV
being the mean value of the neutron binding energy of the GGd isotopes plus the

energy of the captured neutron).

mechanism are described in chapter 3.
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2.5 OMNIS in Conjunction with Other Experi-

ments

A number of existing world detectors are sensitive to supernova neutrinos, in par-
ticular Super-Kamiokande, Macro, LVD and SNO. However, the existing neutrino
detectors are predominantly charged current based and therefore insensitive to v,,’s
and v,’s or the flavour of the incident neutrino [33]. OMNIS would provide a large
signal for v,’s and v,’s (see figure 2.5) complementing in this way the sensitivity of

the existing detectors to v,’s.
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Figure 2.5: Comparison of detected neutrino events from OMNIS and other major
world detectors from an 8 kpc supernova (4000 tons of Pb and Fe targets assumed

for the OMNIS detector)

The measurements made by Kamiokande and IMB at the time of SN1987A were
considered to provide a limit on the 7; mass. The analyses were limited by the small

number of detected neutrino events and by uncertainties in modeling the supernova
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mechanism and associated neutrino emission [31]. Even though these uncertainties
will affect the time-of-flight neutrino mass limits derived from neutrino detector,
OMNIS has two important advantages. First, the large number of events from a
Galactic supernova (see Fig. 2.5) will provide a detailed time history of neutrino
emission associated with the supernova. Second, complementary information from
others detectors, such as Super-Kamiokande, will reduce the degree to which anal-

yses must depend on poorly understood aspects of supernova models [31].



Chapter 3

Theory of Neutron and Gamma

Interactions

3.1 Neutron Detection Process

Since neutrons are uncharged they can be detected either by scattering from charged
or uncharged particles and recording the recoils, or by generating nuclear reactions
whose products are detected. Since the cross section for neutron interactions in
most materials is a strong function of neutron energy, the neutrons can be classified

according to their energy:

Type Neutron Energy
Cold neutrons < 1 meV
Slow (thermal) <0.5eV

Epi-thermal | 0.5 eV - 50 keV

Thermal 0.025 eV
Fast > 50 keV
High energy > 1 MeV

Table 3.1: Regimes of Neutron Energies

41
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In order to design a suitable neutron detector it is necessary to have a proper under-
standing of the neutron thermalization process, since the methods used in neutron
detection are dependent on the energy of the neutrons. Neutron detection in OMNIS

is based on two processes :

e Neutron capture on protons inside organic scintillation detectors, which is
followed by the emission of a single 2.2 MeV gamma ray. The cross section of

thermal neutron capture on hydrogen is ¢ = 0.33 barns.

e Neutron capture on Gd, which is followed by the emission on average of 3-4
gammas with a summed energy of ~ 8 MeV i.e. the neutron binding energy
of the formed Gd isotope. The cross section for thermal neutron capture on

natural gadolinium is o = 49, 700 barns (see Section 3.1.2).

In both processes the neutron capture cross section dependence on the neutron ve-
locity is described by the “1/v law”, so the smaller the neutron velocity v is, the
higher the capture cross section. If the neutron energy is high, a moderator is re-

quired to thermalize the neutrons.

The neutron thermalization process depends on the elastic scattering of the neutrons
on light nuclei.
In such collisions the incident neutron transfers a fraction of its kinetic energy to the
scattering nucleus. This process can be used for the detection of fast neutrons. The
elastic scattering gives rise to a recoil nucleus (see Fig. 3.1) which can be detected
directly for neutrons with energies above the keV range.
Elementary application of the laws of conservation of energy and momentum for
an elastic collision between a neutron with initial energy F and a target nucleus of
mass A initially at rest gives the ratio between the scattered neutron energy £ and
the initial energy:

E' A4+ 1+ 2Acosf

E (A+1)2 (8:1)




CHAPTER 3. THEORY OF NEUTRON AND GAMMA INTERACTIONS 43

Elastic Neutron
Scattering

Figure 3.1: Elastic Neutron Scattering [37]

where 0 is the scattering angle in the centre-of-mass system. The energies F and
F' are the energies measured in the laboratory system. For no scattering 6 =0),
Equation 3.1 gives F'/E = 1, as it should. The maximum energy loss occurs for a

head-on collision (f = 180°):
E B (A — 1)2 (3.2)
E) . \A+1 '

For scattering on hydrogen (A = 1), the neutron can give all its energy to the struck
proton in one collision. Therefore hydrogenous materials are chosen for neutron
thermalization. For the prototype neutron detector tested at Manchester Univer-
sity, paraffin wax (Cos5Hjso) or light water (HoO) were chosen as possible neutron
moderators to thermalize the neutrons emitted by a source. The experiment is

described in chapter 4.

For neutron energies < 10 MeV the scattering is mostly s wave and thus (in the
centre-of-mass system) independent of # [51]. The values of E'/E are uniformly

distributed between E'/E = 1 and the minimum value given by Equation 3.2.
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3.1.1 Neutron Thermalization Process

The analysis of the neutron thermalization is based on the random walk process.
For one neutron travelling inside a moderator, the probability density p(r) for the

neutron to travel a distance r before interacting is given by :

1
p(r)dr = X e xdr, for0<r <o (3.3)

where A is the mean free path between two collisions (mean distance between two
successive collisions).

The mean squared distance travelled between two collisions is given by:

<r’>= /oop(r) rPdr = 2\ (3.4)
Jo

If the neutron is created at + = y = z = t = 0 and it suffers isotropic collisions

with the mean free path )\, then after n collisions its spatial coordinates will be

T, = Y A (3.5)
i=0
=0

Zn = Z Az; (3.7)
=0

Since the collisions are isotropic, Ax;, Ay; and Az; are positive or negative with

equal probabilities, and therefore the mean coordinate values after n collisions are:

<Ep>=<Y,>=<2z,>=0 (3.8)

From equation 3.4 it follows that the mean distance travelled between two collisions
is

22X =< Az? + Ay® + A2 > (3.9)
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The collisions are isotropic so the problem has spherical symmetry. Therefore after

n collisions the probability density to find the neutron at position x is given by:

p(n,z) = a(n)e PM oo <2 < o0; (3.10)

where a(n) and f(n) are two variables which have to be determined using the value

of the mean squared distance travelled along = axis after n collisions i.e.:

o0 2n
<l >= / 2 p(n,z)de = ?n)\Q (3.11)
and the normalization condition:
/ p(n,z)dx =1 (3.12)

The values of the coefficients a and  can be determined by substituting p(n, x)
(equation 3.10) into equations (3.11-3.12):
1 32

pn,r) = —— e 3?7, —oo <1z < 00; 3.13
19) = Sz (313

The probability density to find the neutron at a distance r after n collisions is given

by the product:

p(n,r) = p(n,z) p(n,y) p(n, 2) (3.14)

and because the collisions are isotropic it can be obtained:

p(n,r) = ———5 e i, 0 <7< oo (3.15)

Introduce the parameter &, defined as the ratio between the neutron energy decrease

following each collision AF and the neutron energy E before the collision:

_ AP

= F

— A(InE) (3.16)
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Hence if after each collision the relative energy decrease is A(InFE), the number of

collisions required to decrease the neutron energy from FE, to F is:

1. FE
n = Elnfo (3.17)
The spatial distribution becomes:
1 T A23:2 L2
p(E,r) = - ——e T, 0<r<oo (3.18)
2

A (T % InZ2)
The values of the £ parameter for different neutron moderators are given in [47].
Its value in light water is £ = 0.92.

For paraffin wax £ can be calculated as in the case of a composition of several

isotopes using [48]:

_ X ETE)

5.B) (3.19)

&(E)

where YJ(E) and X,(E) have the same energy dependence, and therefore £(E) is a

constant.

The values of € and A which were used to calculate the probability density (Equation

3.18) are given in the following table:

The £ parameter The mean free path

paraffin wax | light water | paraffin wax | light water

0.92 0.92 17.8 mm 22 mm

Table 3.2: Values used to calculate the probability to thermalize the neutrons

Therefore approximately 19 collisions are required to thermalize a 1 MeV neutron

in paraffin wax or light water.
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3.1.2 Principle of Neutron Detection

Once the neutrons are thermalized, there will be a high probability for them to
be captured on the Gd or H nuclei causing a nuclear reaction in which secondary

radiation (gamma rays) will be emitted and detected.

Thermal Meutron Absorption

Figure 3.2: Thermal Neutron Capture [37]

The relative isotopic abundances of the natural Gd isotopes and the thermal neutron

capture cross-sections for each isotope are given in Table 3.3.

The Gd isotopes have different cross-sections for the capture of thermal neutrons.
The most efficient is §;'Gd which has a cross-section for thermal neutron capture
o = 259,000 barns, followed by §3°Gd which has ¢ = 61,100 barns. The other
Gd isotopes have low cross-sections and may be neglected when the absorption of
thermal neutrons on natural Gd is considered. Natural Gd can be used with a
cross-section for the (n, ) reaction being still large o = 49, 700 barns.

Due to their relative short half-life, the (3*Gd and §3°Gd isotopes are not present in
natural Gadolinium. The %3Gd isotope has a half-life of 241.6 days, undergoing an
EC decay mode to *Eu, while the '**Gd has a half-life of 18.6 hours undergoing a
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Isotope | % Abundance | Thermal n capture cross-section (barns)
192Gd 0.20 735

1%Gd 2.18 85

1%5Gd 14.80 61100

1%6Gd 20.47 1.5

17Gd 15.65 259000

1%8Gd 24.84 2.2

160Gd 21.86 0.77

Table 3.3: Relative Isotopic Abundances of the Natural Gd [38]

B~ decay to ¥9Th.

The absorption of thermal neutrons is described as follows
PG 4+ n — Gd* =10 Gd +4's (3.20)

where Gd* is the excited state of a Gd nucleus.

When considering the dimensions of a detector the following should be observed:

e if a scintillator is used as a detector as well as a moderator, it must be large

enough to thermalize the neutrons which enter it.

e the detector must be also large enough to detect the secondary radiation (gam-

mas) produced in the neutron capture event.

e the scintillation detectors should not be so large as to increase too much the
light attenuation effects. Its length will be limited by the attenuation length

for scintillation photons inside the scintillator.

Once thermalized, the neutrons not captured on Gd may be captured on H inside
the scintillator which will give rise to secondary radiation (2.2 MeV gammas).
The thermal neutron capture on the Gd isotopes contained in natural Gd is expected

to be followed by the emission of a cascade of 3 - 4 7’s with a total energy of ~ 8 MeV,
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the mean (Q value for these processes (see equation 3.20). A more exact consideration
of the gamma signal can be made considering the Gd spectrum measured by Groshev

et al. [39] in 1959 using a Nal magnetic spectrometer, shown in figure 3.3.
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Figure 3.3: The gamma energy spectrum for natural Gd [39]

The binding energies of both significant Gd isotopes are: B, ('*°Gd) = 8.53 MeV

and B,('"Gd) = 7.93 MeV. Figure 3.4 shows the energy levels below the neutron
binding energy for both Gd isotopes.

The transition from the capture state to the ground state are labelled with different

numbers from 1 to 6 to distinguish between the different energies of the gammas

emitted in each transitions.
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156, HEGd

Figure 3.4: Energy levels for Gd isotopes [49]

The energy spectrum of emitted gammas from "*Gd, as measured by Groshev et al.

(Fig. 3.3) can be divided into two energy ranges: a discrete range and a continuum.

e Below the energy threshold denoted E., (Fig. 3.4) are the discrete energy
levels. The nucleus can de-excite from the capture state directly to the ground
state (g.s.), in which case a gamma of energy equal to the neutron binding

energy F, ~ 8 MeV is emitted.

It can also de-excite from the capture state to one of the discrete energy levels
(transition 5) emitting a gamma of energy E, > 4.5 MeV, followed by the
transition to the ground state (transition 6), emitting a gamma of energy

E, < 15MeV.

These two energy ranges will form the discrete part of the gamma energy

spectrum for "*Gd (Fig. 3.3).

Above the energy E.,; there is no detailed information about the energy levels.
This region is the continuum range. Another possible way for the Gd nucleus
to de-excite is to undergo first a transition from the capture state to one of
the energy levels in the continuum range above E.,; (transition 1) followed by

a transition to one discrete energy level (transition 3).
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These gamma energies will form the continuum energy range of the measured

gammas energy spectrum for "*Gd: 1.5 < E,(MeV) < 4.5 (Fig. 3.3).

The mean value of the gamma energy in the continuum energy range of the

gamma energy spectrum of "*Gd (Fig. 3.3) is ~ 2.7 MeV.

Since the gammas from Gd decay are emitted in different transitions from the cap-
ture state to the ground state, they are emitted eventually isotropically.

In the detection of these gammas both the geometric and the intrinsic efficiencies of
the detector have to be taken into account.

These gammas can be detected using organic plastic scintillators. A prototype
detector tested at Manchester University is presented in chapter 4. The analysis of
the size of scintillator needed to detect the gammas from the Gd decay following
the thermal neutron capture involves the computation of the values of gamma mean

free paths inside the scintillators for different gamma energies.
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3.2 Gamma Interactions inside Scintillators

In order to calculate the penetration and energy deposited into the scintillators by

the gammas emitted in Gd decay, two further parameters are needed:

e the attenuation coefficient of the gamma rays inside the scintillators [u(cm™")];

e the energy-absorption coefficient for the gamma rays by the scintillators [jie, (cm™")];

The ratios p/p and pie,/p, where p(g/cm?) is the density of the scintillator, rep-
resent the mass attenuation coefficient and the mass energy-absorption coefficient

respectively.

3.2.1 The Mass Attenuation Coefficient u/p(cm?/g)

A narrow beam of monoenergetic gammas with an initial intensity I, will have a
final intensity I, after passing through a distance x inside the scintillator given by

the following relation:

=1 emp[(gme] (3.21)

The values of u/p are related to the total cross-section oy, according to:

Otot
— 3.22
uA ( )

=

where u is the atomic mass unit, A is the relative atomic mass of the scattering
material and oy, is the total cross-section summing over all the contributions from

the main photon interactions:

Otot = Ope + Ocoh + Oincoh + Opair + Ophn (323)
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where o0y, is the photoelectric cross-section, ocop/incon are the coherent / incoherent
Compton) cross sections respectively, 0,,:, 1S the pair production cross section and
Yy Up

Ophn 18 the photonuclear cross-section.

For mixtures and compounds the value of the mass attenuation coefficient is calcu-

lated as follows:
B o s u by, (3.24)
P ;

where w; is the fraction by weight of the ¥ atomic element.

The mass attenuation coefficient gives the attenuation of the intensity, and therefore
number of gammas inside the beam passing through the scintillator. The energy de-
posited by the gamma rays inside the scintillator can be calculated using a second

coefficient, called the energy-absorption coefficient pie,,.

3.2.2 The Mass Energy-Absorption Coefficient p.,/p (cm?/g)

The gammas may undergo a variety of different interactions inside the scintillator.
The energy range for the gammas entering the scintillators is £, < 8 MeV (figure
3.3).

The energy dependence of the mass attenuation coefficient inside scintillators for

gamma energies below 10 MeV is shown in Figure 3.5:
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Figure 3.5: The mass attenuation coefficient p/p (em?/g) [40]

For these gamma energies the main interactions are the photoelectric process which
is the dominant interaction for £, < 10 keV (figure 3.5) and the incoherent (Comp-
ton) scattering which is the dominant interaction for 50 keV < E. < 8 MeV (figure
3.5).

In the incoherent (Compton) scattering process the incident gamma will scatter
off the nearly free electrons inside the scintillator at some angle to their original

trajectory (see Fig. 3.6):

alactron

Compton scattering Recoil /

) Target .
Incident clectron -
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Figure 3.6: Compton scattering process [41]
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The Compton effect occurs primarily in the scatter of high X-ray energy / gamma-
rays and low atomic numbers. Both the scattered gamma and the electron may
be deflected at an angle to the direction of the path of the incident gamma. The
incident gamma having delivered part of its energy to the electron emerges at a

lower energy.

The dependence of the scattered gamma’s energy on the scattering angle 6 is given

by the Compton formula:

E' = £ 3.25
14 (ZE5) (1 - cosh) (3.25)

MeC

where F’ is the scattered gamma’s energy, F is its initial energy, m.c? is the electron
rest energy and 6 is the scattering angle.
The angular distribution of the scattered ~-ray is described by the Klein-Nishina

cross-section:

2
do _ g2 1 1+ cos?0 - (%)2(1—(3%9)2
ds? = 4T 1+ mhl:@ (1 — COS 0) 2 (]_ + cos2 9)[1 4 0/(1 B (3039)]
(3.26)

where r, is the classical electron radius.

These possible gamma interactions result in an energy transfer from the gammas to
the electrons inside the scintillator. The sum of the kinetic energies of these electrons
released by the gamma interactions per unit mass is the dosimetric quantity kerma.
The most natural way to define the mass energy-absorption coefficient is to intro-
duce a third coefficient called the mass energy-transfer coefficient yu, /p defined from
the dosimetric quantity kerma K. Kerma is an acronym for the sum of the kinetic

energies of all the primary charged particles released by gammas per unit mass.

K = (") < (@) (3.27)

P

where @ is the gamma fluence (number of gammas incident per unit area) and F is

their energy.
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Hence (p4,/p) is defined as:

Htr
_t - (fpeape + fincohaincoh + fpairo—pair)/“A (328)

where f is a factor representing the average fraction of the gamma energy that is
lost through the corresponding process (photoelectric for f,., etc). The coherent
scattering has been omitted because of its negligible energy transfer associated with

it.

The mass energy-transfer coefficient for homogeneous mixtures and compounds can

be calculated analogously to the case of the (u/p) coefficient:

Htr Htr
— = E W; \—); 3.29

We are interested in the total amount of energy deposited inside the scintillator
by the gamma rays. The energy loss process consists of the transfer of energy by
the incident gammas to the electrons inside the scintillator. The energy transferred
from the gamma to the detector is given by the sum of the kinetic energies of the
scattered electrons, which is just the kerma K. So the energy lost by the incident
gammas can be calculated using the mass energy-transfer coefficient p, /p. But this
is not always the actual energy deposited inside the scintillator because the scattered
electrons may lose part of their kinetic energy through radiative processes and this

radiation may be lost.

In this way the energy deposited by the gammas inside the scintillator is only the
fraction of the kinetic energy of the scattered electron which is lost in ionising
processes, as these are causing the scintillations inside the detector.

This is given by the mass energy-absorption coefficient, defined as:

“;” — (1-g) (%) (3.30)

where g represents the fraction of the kinetic energy of the scattered electrons which

is lost in radiative energy-loss processes.
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The mass energy-absorption coefficients have been calculated for plastic scintillators

for different gamma energies (figure 3.7).
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Figure 3.7: The mass attenuation and mass energy-absorption coefficients [42]

For the calibration of the detector one needs to know the energies deposited by the
gamma rays inside the detector.

The deposited energies can be calculated using the mass energy-absorption coeffi-
cients. The average energy of the gamma rays after passing through a distance x

inside the scintillator is given by:
_ /’I‘ETL
< E > = Eyexp|—(—)px] (3.31)
p

where Fj is the initial energy.

The values of the mass energy-absorption coefficient, pi,/p, will be used to calculate

the fraction of energy deposited by the gamma rays inside the organic plastic scin-
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tillators used in this research. This information is needed for a better understanding
of the energy calibration of the detector, which is performed using gamma sources
of known energies in the range 0.6 - 4.4 MeV. The methods used are discussed in

chapter 4.



Chapter 4

Tests of a Prototype Detector

4.1 Background Information on Operation of Scin-

tillation Detectors

Due to their high detection efficiency scintillation detectors can be used to identify

the presence of gamma rays [43].

The gamma interactions inside the scintillators result in an energy transfer to the
electrons inside the scintillator. The possible gamma interactions inside the organic
plastic scintillators have been described in section 3.2. An electron passing through
the scintillator material will lose energy in ionisation processes, followed by the emis-

sion of visible light (scintillation photons). The detection mechanism is based on the

depends on the fraction of photons reaching the photomultipliers that convert the
light into a weak current of photoelectrons. The simplified structure of a photomul-
tiplier is illustrated in Fig. 4.1. It consists of two major elements: a photocathode
followed by an assembly of dynodes. The scintillation photon interacts within the
photocathode, and it is this process which results in an ejection of a photoelectron
via the photoelectric effect. An important parameter in scintillation counting is the

quantum efficiency (QE) of the photocathode. The quantum efficiency is defined as:

29
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number of photoelectrons emitted

QF = (4.1)

number of incident photons

For an ideal detector the quantum efficiency would be 100%. However practical

photomultiplier tubes have typically quantum efficiencies of ~ 20 - 30% [53].

Because the total electric charge produced is too small (only a few hundred pho-
toelectrons may be involved in a typical pulse [53]), it does not provide a usable
electrical signal.

The electron multiplier portion of a photomultiplier relies on the emission of sec-
ondary electrons as the electrons from the photocatode are accelerated and focussed
to strike the surface of an electrode, called a dynode. The energy deposited by the
incident photoelectron inside a dynode results in the emission of secondary electrons
from that dynode surface.

The secondary electron yield from a dynode depends on the incident electron energy.
A positive voltage of several hundred volts is applied to the first dynode, which will
determine almost entirely the kinetic energy of the electrons on arrival at the first
dynode, because this electrons leave the photocathode with a kinetic energy on the

order of 1 eV or less [54].

The secondary electrons produced are then accelerated and focussed to further dyn-
odes producing an avalanche of secondary electrons at the anode of the photomul-

tiplier tube.
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Figure 4.1: Schematic of a photomultiplier tube with succession of dynodes [44]

The overall multiplication factor ¢ for a single dynode is defined as:

number of secondary electrons emitted (4.2)

5 —

primary incident electron

For interdynode voltages of a few hundred volts the overall multiplication factor is of
order 4 - 6 per dynode [54]. First the electrons emitted from the photocathode strike
the first dynode and produce ¢ electrons for each incident photoelectron, which again
will have very low energies, typically a few eV [55]. The electrostatic field established
between the first and the second dynode will guide these secondary electrons, which
will strike the second dynode. Secondary electrons from each dynode are accelerated

toward the following dynode, such that N stages in the multiplier section will provide

an overall gain:

overall gain = ad™ (4.3)
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where « is the fraction of photoelectrons collected by the multiplier structure.
For well designed tubes @ ~ 1 and conventional dynodes are characterised by a

typical value § = 5, which gives an overall tube gain of 51°, i.e. about 107 [55].

The overall gain of a photomultiplier is a sensitive function of applied voltage V,

being typically proportional to [55]:

overall gain ~ VotoV? (4.4)

This means that a small change in V will produce a large change in gain. Therefore

voltage stability is crucial.

The electrons are collected at the anode, creating a pulse with an amplitude linearly
related to the number of photoelectrons and consequently to the intensity of the
scintillation light. The pulse is then analyzed by an electronic system as shown in

Figure 4.2:
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Figure 4.2: Schematic diagram of a scintillation detector
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Several NE110 organic plastic scintillators were used and tested in this experiment
(see Fig. 4.2) to see if they can be used for neutron detection in the OMNIS project.
The neutron detection mechanism involves the use of Gd, due to the extremely high
capture cross-section for thermal neutrons [56]. The neutron capture events must
then be converted into a signal, and distinguished from background, and this will re-
quire relatively long time measurements (up to 50,000 seconds) of the gamma energy
spectrum which is emitted following these events, in order to improve the statistics
of the measurement. Therefore, it is very important to establish conditions under

which the drifts in the voltage would have minimal influence on the measured counts.

The detectors were tested using both gamma sources of known enrgies and the
background radiation. The number of scintillation photons produced in the detec-
tion process and hence the charge pulse from the photomultiplier tubes (PMT’s) is
proportional to the energy deposited.

The preamplifier converts the charge pulse from the PMT to a voltage pulse. If the
voltage pulse is above the chosen threshold, it is then converted by the discriminator
into a fast logic pulse, with a pulse width set to 20 ns. The coincidence unit will
produce a logic output pulse if two input pulses occur within a time interval less

than 40 ns.

When radiation detectors are operated in pulse mode, the signal pulses must exceed
a given level Hy, called the discriminator level (threshold), in order to be registered
by the counting circuit.

An operating point must be established that will provide maximum stability over
long periods of time, because the gain of the photomultiplier is a sensitive function
of the applied voltage (see Equation 4.4).

The region of minimum slope on the count rate as a function of voltage is called
counting plateau and represents the region of operation in which the minimum
sensitivity to drifts in voltage is achieved. Figure 4.3 shows a typical plot of the

coincidence rate due to cosmic ray muons, measured as a function of voltage.
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Figure 4.3: Coincidence Counting Rate as a function of PMT Voltage

A plateau region was found to be between 920 and 960V. Voltages in this range were

applied to the PMT’s in all measurements.

The neutron detection involves the measurement of the energy spectrum of the
gammas emitted following the neutron capture on Gd. The response of the detector

to gamma rays is analysed in Section 4.2.
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4.2 The Detector Gamma Response

65

In order to test the linearity of the multichannel analyser (MCA), and to detect

the gammas emitted in the neutron capture reactions, the following experimental

arrangement has been used:

¥

Summing Unit

PMT [—* Preamp
PMT [—* Preamp
PMT [—* Preamp
PMT [ Preamp
PMT [—* Preamp
PMT [ Preamp
PMT [ Preamp
PMT " Preamp
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PMT [* Preamp

v

Linear Amp

MCA

Figure 4.4: Experimental arrangement for the processing of the signal from PMTs

The signals from up to ten photomultiplier tubes attached to up to five blocks of

plastic scintillators (two per block, one at each end) are added together using a

summing unit.

The Compton electrons which are produced following the gamma interactions inside

the scintillators will lose energy by ionisation in the scintillator and produce scintil-

lation photons which provide the signal which is detected by the PMT’s. The range

of a 1 MeV electron inside the organic plastic scintillator is R = 4 mm. The signal

from the PMT’s is analysed with a multichannel analyser (MCA). The pulse height

given by the MCA is proportional to the energy deposited inside the scintillator by

the incident gamma i.e. the scattered electron energies.
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The radiative gammas emitted by Gd following neutron capture have energies in
the range 50 keV < E, < 8 MeV (Fig. 3.3). For these gamma energies the main
interactions inside the organic plastic scintillators are the Compton (incoherent)

scattering processes (see Fig. 3.5).

The energy deposited by the gamma rays inside the scintillator in one Compton

scattering process is given by the energy of the recoiling electron:

E
14 (=25)(1 — cost)

me

E.=E-FE =E— (4.5)

where F’ is the scattered gamma’s energy, F is its initial energy, m,c? is the electron

rest energy and 6 is the scattering angle.

The maximum and minimum values of the electron energy correspond to § = 7 and
6 = 0 respectively. The maximum value is called the Compton edge energy. For a
Compton scattering event generated by a gamma coming from 3"Cs source with an
initial energy F, = 662 keV, the recoil electron will lie within the energy region:

0 < E, < 478keV:

Compton Edge

Relative intensity

478 keV deposited energy

Figure 4.5: Compton continuum energy spectrum: theoretical (the continuous line)

and realistic (the dot line)

Because the scattered electrons inside the scintillator are not truly free electrons and
also because of the finite energy resolution of the scintillator, the Compton edge will

have a slope “tail” (Fig. 4.5) rather than a step function drop to zero.
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4.3 Energy Resolution of the Detector

4.3.1 Definition of the Energy Resolution

The detector gamma response can be examined by noting the detector response to

a monoenergetic source.

The energy resolution of the detector can be defined as:

(4.6)

where ¢ is the collected electric charge at the photomultipliers following a scintilla-
tion event.

The advantage in using monoenergetic gamma sources is that the energy deposition
inside the detector is better understood. However, due to statistical fluctuations
there will be random fluctuations in the charge ¢ which is generated in one event.
These fluctuations will always be present in the detector signal even if exactly the

same amount of energy is deposited in the detector for each event .

In the previous section it has been shown that the pulse amplitude Hj is proportional
to the number of collected electric charges Hy = kN, where k is a proportionality
constant.

Assuming that a total number N of charge carriers is generated on average and
that the formation of each charge carrier is a Poisson process, one would expect a
standard deviation v/N to characterize the inherent statistical fluctuations in the
signal. The standard deviation o of the peak in the pulse height spectrum (Fig. 4.6)
is then o = kv/N . The response function of the detector should have a gaussian
shape since N is typically a large number.

The FWHM (Full Width at Half Maximum) for a gaussian is given by

FWHM = 2.350 (4.7)

so that the FWHM = 2.35k/N.
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A formal definition of detector energy resolution is shown in (Fig. 4.6) with the

assumption that only monoenergetic radiation is being recorded.

an
il FWHM
dfif Resolution & =
Hy
Y
Y2
[

Figure 4.6: Definition of detector resolution for peaks whose shape is a Gaussian

with standard deviation o, the FWHM is given by 2.350

The energy resolution of the detector is defined as the FWHM divided by the
location of the peak centroid Hy. The energy resolution is thus a dimensionless

fraction conventionally expressed as a percentage.

Re_ FPWHM _ 2.35kvV/N 235
NY""Hy kN N

Since the number of charges collected after a detection event N is proportional to the

(4.8)

energy deposited inside the scintillator the energy resolution can be also expressed

as:

2.35k

2
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4.3.2 Energy Resolution Measurements

response to a single energy can be approximated to a gaussian (Fig. 4.6).

For a gaussian,

f(z) = o it (4.10)

The maximum value, f(zy), occurs for x = xy and it is equal to

Tg) = 4.11
E—— (411
and the 90% of the maximum value is:
90 1
=90 = — 4.12
f(co0) % f (0) 100 V2021 ( )
The 50% and the 10% values are at = ¢59 and o = ¢y respectively:
50 1
*50) = 50 Ty) = — 4.13
f(()50) %f(TO) 100 \/m ( )
10 1

- 100 V202

From equations (4.11 - 4.14) one can calculate the x values at the 90%, 50%, and

10% respectively of the gaussian maximum:

g0 = To + 0.4590 (4.15)
Cs0 = Tg + 1.17740 (416)

Cip = Ty + 2.1460 (417)
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If the peak (Fig. 4.6) is superimposed with a continuum as shown in Figure 4.7,
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Figure 4.7: Compton continuum spectrum with a finite resolution

then the energy resolution of the detector can be defined as [57]:

R=— (4.18)

€50
Using the values of the channel numbers for which the number of counts is 90%,
50% and 10% respectively of the maximum value (see Figures 4.8 - 4.11) one can

compute the value of the energy resolution, using the Equation 4.18.

The procedure is not exact since the Compton edge is not exactly a Gaussian. But
experience has shown that the approximation is a good one and this procedure gives

consistent and reliable results.
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In the case of the spectrum measured with only one photomultiplier from one scintil-
lator with the source being centrally on top of the scintillator, the energy resolution
is Riypyr = 30.7 + 2.6%.

When the 137-Cs source spectrum is measured with both PMT’s from one scintillator
block, with the source in the same position, the average number of charges collected
in one detection event doubles, such that the expected resolution becomes (see

equation 4.8):

R]PMT

Rlscint = \/5

The experimental value which was actually measured with both PMT’s is

=21.7% (4.19)

RSP =232+ 1.6% (4.20)

1scint —

The two resolutions, one obtained with a single PMT at one end and the other with
a PMT at each end, are therefore consistent with each other. The numbers provide

some confidence that the resolution can be understood.
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4.4 Light Attenuation Measurement

An important criterion in selecting the scintillators (especially long scintillators) is
the light attenuation length inside the scintillator.

The attenuation of light inside a scintillator is described by the exponential law :

=TI (4.21)

where [ is the light intensity after travelling through a distance x inside the scintil-

lator, I is the initial intensity and g is the attenuation coefficient.

In order to determine the attenuation coefficient u, a radioactive source was placed
at different points along the plastic scintillator thus producing events within the
scintillator at known distances from the photomultiplier tubes. The signal from
the photomultiplier tube, which is proportional to the number of photons reaching
the photomultiplier, was measured for each point. It is advantageous to choose
monoenergetic gamma sources so that the amount of energy which is deposited is
better understood. A '37Cs source which produces 662 keV gamma rays was chosen.
These gammas will deposit inside the scintillator an amount of energy which is
converted into visible light, the number of the scintillation photons produced being
proportional to the deposited energy. The number of scintillation photons which
will reach the photomultipliers depends on the position of the source along the
scintillator (see equation 4.21) and the light attenuation length A which is defined
as the inverse of the attenuation coefficient :

A= (4.22)

1
7
The light attenuation length was measured by placing the '¥7Cs source at different
distances T4 (mm) from the middle of the scintillator as illustrated in Figure 4.12

and by measuring the shift in the channel number associated with the Compton edge

energy.
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Figure 4.12: Light Attenuation Measurement

The figures (4.13 - 4.15) show the dependence of the signal measured with left and
right photomultiplier respectively on the position of the source along the scintillator
(the distances to the left with respect to the centre of the scintillators are chosen
to be negative). Because the scintillation light suffers an exponential attenuation
inside the scintillator, on a logarithmic scale the dependence of the signal on the

distance should be linear :

- 43
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Figure 4.13: Light Attenuation Measurement with the ‘Right’ PMT
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Figure 4.14: Light Attenuation Measurement with the ‘Left” PMT
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Figure 4.15: Light Attenuation Measurement with both PMT’s

The attenuation coefficient u is given by the average slope of the lines in figures 4.13
and 4.14, ;1 = 0.000472 mm ', which implies that the attenuation length inside this
scintillator is A = i = 2119 mm. Since the length of this scintillator is 2000 mm, it
is suitable for use in the OMNIS project.

Figure 4.16 shows the position of the Compton edge of *"Cs (in channel numbers)

measured with both photomultiplier tubes as a function of the source position along
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the scintillator. From the figure, there is a factor of only 1.066 variation in the energy
scale between the centre and ends of the scintillator block. Therefore a rectangular
distribution may be considered for the Compton edge position (with 9,,eqn, = 125 and
o = %), where y represents the ADC channel associated with the Compton
Edge:

Ymax = 129 140 4

/ %1 ¥mean =125
130 4 j

y = channel no.

15 4 Ymin = 121

110 4

-&00 -400 -200 0 200 400 &00

distance from middle [mm)

Figure 4.16: Light Attenuation Measurement with both PMT’s

For one scintillator block the attenuation coefficient was measured to be p = 0.001
mm ! which corresponds to an attenuation length of A = 1000mm. Thus for
this scintillator the light attenuation length is half of its length and therefore it
has been rejected. This difference in performance is probably due to history. The
scintillators were used for a few years for an experiment at Daresbury Laboratory
from 1967 onward. They were then used for cosmic ray studies by Leeds University
before they were returned to The University of Manchester for this purpose. One
scintillator had been unwrapped at the end for several years and this was the one
with the short attenuation length. All the other blocks which remained wrapped

have a longer attenuation length.
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4.4.1 The Effect of Light Attenuation on the Energy Reso-

lution

The light attenuation inside the scintillator will affect the number of scintillation
photons reaching the PMT’s. Therefore the number of scintillation photons reach-
ing the PMT’s will decrease exponentially with increasing distance and so will the
average number of photoelectrons produced in one detection event. This will affect
the value of the energy resolution of the detector (see equation 4.8).

The average value of the light attenuation coefficient for the four NE110 organic
plastic scintillator block has been measured in the previous section to be 77 =
0.0005 mm .

Hence, since the average number of charges collected at the PMT’s can be expressed
as

N(z) = N(0) e he (4.23)

and using equation 4.8 for the energy resolution of the detector, the dependence of
the resolution on the distance the light travels inside the scintillator can be written
as:

R(z) = R(0) et (4.24)

where R(0) is the energy resolution if there was no light attenuation inside the
scintillator, and R(z) is the real energy resolution which takes into account the light
attenuation effects when the light travels the distance z inside the detector.

The energy resolution measured with the source in the middle is

where [, = 2000 mm is the length of the scintillator.

The energy resolution can be also expressed in terms the distance x,,;44. from the

middle of the scintillator to the source (see Fig. 4.12):

Tmiddle (Mm)
2

R(Tmiqae) = R(L/2) e (4.26)
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Using equation 4.26 one can predict the values of the energy resolution for different

distances between the source and the middle of the detector:

Tmiddie(mm) | -600 -400 -200 0 200 400 600
R 35.0% | 33.5% | 32.1% | 30.7% | 29.4% | 28.1% | 26.9%

Table 4.1: Energy resolution calculated using the equation 4.26

The energy resolution values measured experimentally with the ‘Right” PMT are

shown in the following table:

Tmiddie (M) -600 -400 -200 0 200 400 600

R 30.3% | 30.6% | 30.9% | 30.7% | 28.3% | 27.8% | 27.1%
(Experimental Error) | £3.4% | £3.1% | £2.9% | £2.6% | £2.4% | £2.2% | £2.0%

Table 4.2: Energy resolution for one scintillator measured experimentally

The discrepancy which appears for the data measured with source placed at the ‘far’
end with respect to the photomultiplier is due to the fact that the standard assign-
ment in Equation 4.18 of the 50% maximum point of the Compton continuum (Fig.
4.5) to the Compton edge is not correct. Previous Monte Carlo calculations [52]
show that because of multiple Compton scattering, gammas frequently deposit en-
ergy beyond the Compton edge. This will fill in the region below the Compton
edge, which results in the identification of the 90% maximum point of the Compton
continuum with the backscatter energy.

A more accurate method of measuring the energy resolution of the detector is pre-
sented in chapter 6, using the comparison between the GEANT4 simulation of the

detector response to the gamma interactions and the measured data.
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4.5 The Energy Calibration of the Detector

An ideal MCA would perform a perfectly linear conversion of pulse height to channel

number:
Eniergy
deposited
Mo zero offzet
[—— =
Zero Chatinel fo.
COffset

Figure 4.17: A typical MCA calibration plot

A nonzero amplitude required for storage in the first channel will introduce some
zero offset shift to the origin.

Assuming the multichannel analyser is sufficiently linear, it is enough to determine
the slope and the intercept of the calibration line (Fig. 4.17). However more gamma

sources should be used to provide additional tests of the linearity of the MCA.

The first step of the calibration experiment was to match the gain of the PMT’s
at the two ends of each scintillator, by adjusting the high voltages independently
using the Compton edge of a '*"Cs source (0.478 MeV) placed at the middle of the
scintillator as a reference.

The easiest way to test the linearity of the MCA is to place sources of known energy
on the detector and to measure the channel number into which the Compton edge of
the spectrum falls. Three different well-known sources have been used: '*"Cs, °°Co

and ' Am/Be.

The %°Co source emits two gammas with 1.173 and 1.333 MeV which combine to
produce a broad peak corresponding to an average energy of 1.25 MeV gamma

signal.
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The ?"'Am/Be source emits 4.4 MeV gammas, as well as neutrons with energies
between 2 and 10 MeV. The scintillator acts also as a neutron moderator, and the
neutrons are thermalized and captured on hydrogen inside the detector. This pro-

cess will give rise to a 2.2 MeV gamma.

The channel numbers corresponding to the Compton edges for the gammas emitted

by these sources (see Fig. 4.18 - 4.21) are given in Table 4.3.

Source Gamma Energy | Compton Edge | Channel No.
(MeV) (MeV)
137Cs 0.662 0.478 59
0Co 1.25 1.038 137
241 Am/Be 2.2 1.971 274
21 Am/Be 4.4 4.159 578

Table 4.3: The Compton edge energies and channel numbers for the gamma sources
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Figure 4.18: Energy spectrum of the 37Cs source
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Figure 4.19: The energy spectrum of the %°Co source

The second peak in Fig. 4.19 is caused by the coincidence of the two gammas
emitted by the %°Co source which leads to a deposited energy equal to the sum of

the two deposited energies.
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Figure 4.20: Energy spectrum of the 2! Am/Be source - the Compton Edge of the

2.2 MeV gammas from neutron capture on H inside the scintillators
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The values given in Table 4.3 were used for plotting the dependence of the ADC
channel number on the energy deposited inside the detector. The following MCA
calibration plot shows that there is a linear dependence between the energy deposited

inside the detector and the channel number, over the energy range 500 - 4500 keV.

4 Energy [Mey] = 0.0071 " channel no, « 00552

Erergy [Mei]

0 100 200 00 400 500 E00 Tao
channel nio.

Figure 4.22: Energy Calibration of the MCA

This plot can be used to determine the energies of the gammas emitted in the neu-

tron capture process.

The absorption length of the gammas inside the scintillator can be calculated using
the mass energy-absorption coefficients introduced in section 3.2.2.
The values of the mass energy-absorption coefficient for the gamma energies used

to perform the energy calibration of the plastic scintillators are given in table 4.4.
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Source | Energy (MeV) | Mass Energy-Absorption
Coefficient (cm?/g)
13705 0.662 3.175 x 102
0Co 1.173 2.94 x 1072
0Co 1.332 2.85 x 1072
20 Am /Be 2.2 2.45 x 102
241 A /Be 4.4 1.91 x 102

Table 4.4: The mass energy-absorption coefficients inside the NE110 plastic scintil-

lators

Using these values one can compute the “mean free path” for energy loss (the ab-
sorption length), which represents the distance travelled inside the scintillator after
which the gammas will have an average energy equal to 1/e (i.e. & 36.8%) of their

initial energy. These distances are shown in table 4.5.

Source | Energy (MeV) | Mean free path (mm)
137Cs 0.662 305
%0Co 1.173 330
%0Co 1.332 340
241 A /Be 2.2 396
241 A /Be 4.4 507

Table 4.5: The energy loss process mean free path

Using the values of the mean free path for the energy loss process, it is possible to
compute the fraction of the energy which is deposited inside the scintillator by these

gammas.
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The fractions of energy deposited by the gammas inside the scintillator described in

Fig. 4.12 are shown in table 4.6.

Source | Energy (MeV) | Fraction of energy loss inside a 180 x 180 x 2000 mm?
plastic scintillator (Fig. 4.12)
97Cs 0.662 45%
0Co 1.173 42%
0Co 1.332 41%
211 Am /Be 2.2 37%
241 At /Be 4.4 30%

Table 4.6: Fraction of energy deposited inside the scintillator

These values show that one scintillator block is not large enough for all the gammas

to deposit their entire energy inside the detector and moreover, the fraction deposited

is a strong function of energy.

The values of the fraction of energy deposited by the gamma-rays inside the detector

can be computed in a similar way also for more blocks of scintillators.

Source Energy (MeV) | Fraction of energy loss inside four 180 x 180 x 2000 mm?
plastic scintillators
137Cs 0.662 69%
0Co 1.173 66%
0Co 1.332 65%
241Am/Be 2.2 60%
241Am/Be 4.4 51%

Table 4.7: Fraction of energy deposited inside four scintillator blocks (360 x 360 x

2000 mm?)

As it can be seen in Table 4.7, for four blocks of scintillators, the average energy

deposition inside the detector is higher than 50% for all the gamma energies in the
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range 0.6 - 4.4 MeV, which were used in the calibration process. The detector must
have more than one scintillator block in order to increase the fraction of energy

deposited and thus to work better.



Chapter 5

Detection of Gammas from

Neutron Capture

5.1 Configuration of the Detector

Five of the organic plastic scintillator blocks (NE 110) were selected on the basis
of light attenuation length which had been measured to be in the range 2000 -
2500 mm. The scintillators have been tested for use in OMNIS project, each one
being 180 x 180 x 2000 mm? in dimension. A table of their properties is given in
the Appendix. Light guides were attached to each scintillator end and the whole
then wrapped in PTFE tape. One (five inch) Hamamatsu type PMT was attached
to the light guide at each end of the scintillator block, using optical grease. The
scintillators and the light guides were wrapped in two layers of Al foil and black

PVC tape in order to prevent external light entering the scintillators.

5.1.1 Gd paper on top of the five blocks of scintillators

To better understand neutron detection using Gd, the arrangement shown in figure
5.1 was set up in the lab. Different experimental arrangements can be used in
order to thermalize the neutrons. As a neutron source an ' Am/Be source with an
activity A = 100 mCi was used. This source emits 2.2 x 10% neutrons per second,

with energies from 2 MeV to 10 MeV, as shown in figure 5.2.

88
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The ~-ray emission rate per neutron is 0.7 at 4.43 MeV. For each experimental
arrangement lead was used to reduce the intensity of the 4.43 MeV gammas emitted

by the source.

Am/Be source

1 Moderator Am/Be source
cd %f/ﬁlarafﬁn wax / water)
]]ﬂl]El"\ gl] od
‘ | paper
I [ I.If
y_|/, ] 2000 mm \y_‘
!_\’// NE110 scintillator || Ilsu mm
-+
180 mm

Figure 5.1: Gd paper on top of the 5 blocks of scintillator

The neutron detection process proceeds via the following stages [49]:

(i)Neutron slowing down is due to the neutron collisions with the hydrogen and
carbon nuclei inside a hydrogenous moderator (e.g. water, paraffin wax or the

scintillator itself).

These collisions include elastic collisions with the 'H and 2C and inelastic scattering
with '2C which are accompanied by the emission of at least one neutron in the final
state. Below the threshold energy, F, = 4.813 MeV, for the inelastic scattering to
the first excited 4.443 MeV state in '2C, only the elastic scattering contributes to

the neutron slowing-down.

(ii) Radiative capture on 'H followed by the emission of a single 2.224 MeV ~v-ray
or on "°Gd ('"Gd) accompanied by the emission of a cascade of y-rays with the
summed energies of 8.536 (7.937 MeV, respectively). These v’s can be detected by

large organic plastic scintillators.
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(iii)) Gamma-ray energy degradation due to consecutive Compton scattering from
the electrons of H and C atoms of the scintillators. Ultimately, if the detector is
large enough, the ~v-ray energy is decreased to the level at which the photoelectric
absorption in C terminates its history. Thereby nearly the entire energy (K-shell

binding energy excluded) of the -ray cascade is converted into electron energy.

(iv) Electron energy loss by the excitation and ionisation of the medium molecules.
Part of this energy (determined by the scintillation efficiency) is converted into

visible light.

(v) Light transport to the photocathodes of the photomultipliers (PMTs) in optical
contact with the plastic scintillators via multiple reflections on the diffusely reflecting

surface of the scintillators.

The lab experimental arrangement chosen for neutron detection (Figure 5.1) consists
of five NE110 plastic organic scintillators (each scintillator block is 180 x 180 x
2000 mm?) and paraffin wax (CysHss) or light water (H,O) between the Am/Be

source and the scintillators to thermalize the neutrons before reaching the Gd paper.
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Figure 5.2: The neutron energy spectrum for the ?*! Am/Be and the *>?Cf sources [60]
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Ten blocks of paraffin wax were used with the average thickness of each block being

14 mm.

Pl
(Wasblok |~

300 mm

Gd paper %lOmm

430 T

30 mm

Figure 5.3: The size of the paraffin wax block and of the Gd paper

White paint was used in order to apply a uniform concentration of natural Gd
on the paper. Different amounts of gadolinium oxide Gdy(O3 have been carefully
and thoroughly stirred into the paint; the amounts of gadolinium were chosen as
percentages by weight of the total weight of ten blocks of moderator (7000g). The

percentages chosen are given in table 5.1.1.

Gd concentration by weight (%) | Reference mass (g)
0.005 7000
0.01 7000
0.015 7000
0.02 7000
0.04 7000
0.1 7000

Table 5.1: Gd weight measured as percentage of the total weight of moderator
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5.1.2 Gd paper between the top and bottom blocks of scin-

tillator

In order to have a maximum detection efficiency, a “47 solid angle detector” can
be approximated by surrounding the Gd paper with the five scintillator blocks as

shown in figure 5.4.

Am/Be sowrce

Ph Am/Be source

Gd paper

Con)
) 2000 mm /J_[ ‘_‘ \

—

y—i// NE110 scintillator ﬁ_\ Ilﬂl]m.m

-

180 mm

Figure 5.4: Gd paper surrounded by scintillator blocks

For this experimental arrangement the top scintillators can be used as neutron
moderators, so there is no need for additional blocks of moderator to thermalize

the neutrons emitted by the source before they will reach the Gd paper.
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5.2 Analysis of the Depth of Moderator Needed

to Thermalize the Neutrons

The neutrons produced by the neutrino interactions are expected to have initial
energies of ~ 1-2 MeV [21], hence moderation will primarily occur through elastic
scattering off the protons inside the moderator. The amount of energy given up by
the neutrons at each scattering site depends on the atomic number of the scattering
nucleus. The energy absorbed by the recoil nuclei increases as the atomic number
decreases. Hydrogenous (low Z), materials such as water and paraffin wax (CosHso)
are therefore efficient as neutron moderators.

For the experimental arrangement in figure 5.1, the solid angle from the neutron

source to the Gd paper is 2 = 0.36 7

Am/Be source
[]
B = 35°
Gd paper 310 mm
480 mm

Figure 5.5: The solid angle from the Am/Be source to the Gd paper

The Am/Be source emits 2.2 x 10° neutrons/sec per 1 Ci activity. Since the source
has an activity A = 100 mCi it will emit N = 2.2 x 10° neutrons/sec. Taking into
account the solid angle Q2 = 0.367 from the source to the Gd paper and assuming
that the neutrons are emitted isotropically, the total number of neutrons reaching

the Gd paper in the absence of the neutron moderator is

N = (0.367/47) x 2.2 x 10° n/sec = 1.98 x 10" neutrons/sec (5.1)
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The neutron energy spectrum for the ?*'Am/Be source shows that the neutron
energies are in the range 2 - 10 MeV, with a mean neutron energy of 4.5 MeV
(figure 5.2). The probabilities for the source to emit neutrons of a given energy
E,(MeV) are given by the relative intensities obtained after the normalisation of
the neutron energy spectrum. The number of neutrons reaching the GGd paper per
second with an energy E,(MeV) within the energy spectrum of the source, in the
absence of the neutron moderator, is computed by multiplying these probabilities
with the total number of neutrons reaching the Gd paper per second (equation 5.1).

These values are given in table 5.2:

Neutron Energy | Probability to emit a Number of neutrons

E,(MeV) neutron with F, (MeV) | reaching the Gd paper
2.000 0.0521 1032
2.956 0.0480 951
3.912 0.0453 897
4.868 0.0333 660
0.824 0.0275 044
7.258 0.0315 624
8.214 0.0089 176
9.170 0.0072 143
10.126 0.0010 20

Table 5.2: The number of neutrons reaching the Gd paper per second, with the
energy E, (MeV)

The neutron scattering and capture cross-sections for the ’Gd are shown in Figure
5.6. It can be seen that the radiative capture on Gd processes set in after the neutron
has slowed down into the Gd resonance region (E, < 300eV). The following
analysis computes the number of neutrons slowed down to energies below this energy,
because these are the neutrons that will be captured on Gd. These neutrons will be

referred to as slow neutrons.
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Figure 5.6: The neutron cross-sections for the radiative capture (green line) and

scattering (blue line) processes on '*"Gd [59]

The probability for a neutron of a given initial energy E,(MeV) to be moderated
before reaching the Gd paper can be calculated using Equation 3.18 and the values
of the coefficients given in Table 3.2.

The number of slow neutrons reaching the GGd paper per second can be calculated
by multiplying this probability with the number of neutrons reaching the Gd paper
in the absence of the moderator, having different initial energies in the range 2 - 10
MeV (table 5.2).

The numbers of slow neutrons reaching the Gd paper per second are shown in Figure

5.7 for different initial energies.
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Figure 5.7: Number of slow neutrons reaching the Gd paper per second

It can be seen that the optimum depth of moderator is ~ 60-70 mm.

Similarly, the probability to moderate the neutrons after passing through different
depths of paraffin wax (equation 3.18) can be computed for each initial energy. The
total number of slow neutrons reaching the Gd paper per second can be obtained
integrating over the whole neutron source energy spectrum (figure 5.2). Fig. 5.8
shows the total number of slow neutrons reaching the Gd paper per second for

different depths of the moderator (paraffin wax).
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Figure 5.8: Total number of slow neutrons reaching the Gd paper per second for

paraffin wax as neutron moderator

For 70 mm of paraffin wax N = 2,462 slow neutrons/sec.

A similar computation can be done for light water as a neutron moderator. Fig.
5.9 shows the total number of slow neutrons reaching the Gd paper per second as a

function of the depth of the moderator (light water).
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Figure 5.9: Total number of slow neutrons reaching the Gd paper per second for

light water as neutron moderator

The optimum depth of light water is ~ 80 mm, for which the number of slow neutrons
reaching the Gd paper per second is equal to N = 1,993 n/sec. Therefore the paraffin

wax proves to be a more efficient neutron moderator than the light water.
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Some of the slow neutrons will be captured on Gd, which results in the emission of

a gamma cascade having the energy spectrum shown in Fig. 3.3.



CHAPTER 5. DETECTION OF GAMMAS FROM NEUTRON CAPTURE 99

5.3 Measurements of the Gamma Energy Spec-
trum from Neutron Capture on Gd

In the previous section the physical process which takes place in the thermaliza-
tion of the neutrons has been considered and theoretical studies have been done to

determine the optimum depth of moderator needed to thermalize the neutrons.

In Section 3.1.2 the analysis of the energy spectrum of the gammas emitted in the
Gd decay showed that a ~ 1 MeV gamma (transition 4 or 6) from the Gd decay
is always preceded by a ~ 2.7 MeV from the continuum (transition 3) or by a ~ 5
MeV gamma (transition 5) respectively.

Two different experimental arrangements were presented in section 5.1 :

1. The Gd paper on top of the scintillators (Fig. 5.1)

The geometric efficiency for the detection which takes place only in half of the total
solid angle (since any gammas emitted opposite to the direction of scintillators are
not detected) is €geom = % So the probability to detect two gammas from the same

Gd decay is the product of probabilities, P = assuming an intrinsic detection

I
efficiency e = 1.

The probability to detect both the ~ 1 MeV and the ~ 5 MeV gammas from the Gd
decay is further reduced by the intrinsic efficiency of the scintillator to detect the
high energy gammas which have a higher mean free path and can escape undetected.
Theoretical studies have been done to calculate the mean free path for gammas with
different energies (see Table 4.5) and to determine the size of the scintillator blocks
needed to detect a significant fraction of the total energy (~ 8 MeV) of the gammas

from neutron capture on Gd.

So in the case of this experimental set up it is less likely to detect two or more
gammas from the same neutron capture event. Both the 1 MeV gamma and the 2.7

MeV, or 5 MeV gamma respectively will be seen as two distinct events:
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Figure 5.10: Gammas emitted in discrete levels - discrete levels transitions [72]

The spectrum should consist of two peaks: one due to the ~ 1 MeV gammas and the
second peak corresponding to a gamma energy of 2.7 MeV. The high energy peak
(~ 5 MeV) is not seen because the detector is not large enough for these gammas
to deposit all their energy inside it (see subsection 3.2.2). These gammas escape
undetected or Compton scatter few times thus adding to the continuum.

This is a very unsatisfactory situation.

The gamma energy spectrum emitted following neutron capture on Gd nuclei is
obtained by subtracting the spectrum measured with the ?*' Am/Be source without
Gd (Fig. 4.20) from the spectrum measured with the 2" Am/Be source together
with the Gd paper (experimental set up shown in Fig. 5.1). The thermal neutron

capture spectrum on Gd thus obtained is shown in Fig. 5.11.

The gap between the two peaks, i.e. the dip, (Fig. 5.11) is centred around 1.971
MeV, the Compton edge corresponding to the 2.2 MeV gammas from neutron cap-
ture on hydrogen inside the scintillator. The presence of the gap is due to the fact
that when Gd paper is used in the experiment, some of the neutrons are captured on

GGd so fewer neutrons will enter the scintillator before being captured on hydrogen.
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Figure 5.11: Neutron capture gamma spectrum measured with the Gd paper on top

of the scintillator blocks

Hence when Gd paper is used there are fewer 2.2 MeV gammas than in the case
when the spectrum is measured without Gd, and this will create, after the spectrum

subtraction, a gap at the Compton edge of these 2.2 MeV gammas.

Different Gd papers were used for this experimental arrangement (Fig. 5.1). The
Gd concentration varies from 0.005% to 0.1% by weight from 1400g (the average
weight of two blocks on paraffin wax). The number of capture events increases with

Gd concentration until a saturation point is reached around 0.1% (Fig. 5.12).
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Figure 5.12: Gd capture events for different Gd concentrations

The statistical errors are negligible compared to the systematic errors in distributing
the mass of the Gd into the paint and applying it to the paper. In order to determine

the errors, counts were repeated using different sheets of the same Gd concentration.

Tests have also been done to determine from the experiment the optimum depth of
moderator required to thermalize the neutrons. The results are shown in Fig. 5.13

for different depths of paraffin wax as neutron moderator.
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Figure 5.13: Gd capture events for different depths of paraffin wax as neutron mod-

erator
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The optimum depth of paraffin wax has been measured to be ~ 60 mm, in good

agreement with the calculated value of 60-70 mm (see Fig. 5.8).

Similar measurements were done for light water, showing that a depth of ~ 70-80
mm is the optimum configuration for this moderator. The results are shown in

Figure 5.14:
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Figure 5.14: Gd capture events for different depths of light water as neutron mod-

erator

2. The Gd paper surrounded by scintillator blocks (Fig. 5.4)

For this experimental arrangement when the Gd paper is completely surrounded by
scintillators, the detection takes place in almost the whole solid angle 2 = 4m, so
the geometric efficiency is €geom = 1. The probability to detect all the gammas
emitted in the same Gd decay is P = 1, assuming an intrinsic efficiency for the
detector ¢ = 1, and they will be 'seen’ by the detector as one ~ 8 MeV gamma (the

sum of all the energies).
In reality, for this experiment the intrinsic efficiency for the scintillator blocks is less

than one, and it will decrease with increasing gamma energy. This is because there

is a finite probability for gamma to escape without detection.
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However, the probability to detect the £ ~ 1 MeV gamma simultaneously with the

e ~ 2.7 MeV gamma (transitions 3 and 4 from Fig. 3.4),

or the

e ~ 5 MeV gamma (transitions 5 and 6 from Fig. 3.4);

is four times higher than in the previous experimental arrangement and both gam-
mas will be 'seen’ by the detector as one higher energy gamma.

This is a much more satisfactory situation.

Therefore for this experimental arrangement the peak due to the 1 MeV gammas

from Gd decay is reduced considerably.

Figure 5.15 shows the neutron capture spectrum measured with the experimental
arrangement described in Fig. 5.4. The spectrum is obtained using the same proce-
dure as before, namely by subtracting the spectrum measured with the ?*' Am/Be
source without Gd from the spectrum measured with the ' Am/Be together with

the Gd paper.
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Figure 5.15: Neutron capture gamma spectrum measured with the Gd paper sur-

rounded by the scintillator blocks
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This gamma energy spectrum (Fig. 5.15), consists in a continuum from 2.4 MeV to
4.6 MeV, which is due to the gammas inside the continuum region of the spectrum
measured by Groshev (Fig. 3.3) which are detected simultaneously with the ~ 1
MeV gammas from Gd.

A second continuum from 5 MeV to 8 MeV is due to the detection in coincidence of

the ~ 5 MeV and the ~ 1 MeV gammas from Gd decay.

The two small peaks at ~ 1 MeV and ~ 1.6 MeV are due to the fact that even
though the probability of detecting the E' ~ 1 MeV gamma simultaneously with the
~ 2.7 or 5 MeV gamma is four times higher for this configuration of the detector,
there is still a finite probability for the higher energy gamma to escape undetected

and therefore only the ~ 1 MeV gamma to be observed in the Gd decay event.

Similarly, for a very large GGd loaded scintillator block the intrinsic efficiency will be
maximum and the gammas will be all detected simultaneously. If the detector is
large enough the gammas will deposit all their energy inside it and the neutron cap-
ture gamma spectrum would be reduced in this case to a photopeak corresponding

to an 8 MeV gamma signal.
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5.4 Conclusion

Large organic plastic scintillators have been tested in order to determine if they are

suitable to be used in the OMNIS project.

Measurements of the light attenuation length have shown that the scintillators are
suitable to be used in the OMNIS project and also that there was no significant

degradation in their performance over the last ~ 30 years.

The energy calibration of the detector showed that there is a linear relation between
the pulse height and the energy deposited inside the detector over the energy range
0.5 - 4.5 MeV.

In order to determine the size of the detector which is needed to detect the total
gamma energy (~ 8 MeV) from the neutron capture on gadolinium, a computation
of the “gamma mean free path” for energy loss processes using the measured mass
energy-absorption coefficient has been done. The conclusion was that approximately
600 mm of scintillator are needed in order to detect a significant fraction of the energy

from the Gd (n,y) reaction.

The energy spectrum of the gammas emitted following the neutron capture on Gd is
analysed in some detail, for different configurations of the detector. The result was
that the best configuration with respect to maximising the energy deposition inside

the detector was the one having the Gd paper surrounded by scintillator blocks.

However for this experimental set up (Fig. 5.4) there are fewer neutron capture on
Gd events than in the configuration with the Gd paper on top of the five scintillator
blocks (Fig. 5.1). This is due to the fact that, in the first case, most of the neutrons
are captured inside the top two blocks of scintillators (180 mm thick) and therefore

will not reach the Gd paper.

Theoretical computations of the optimum size of the moderator needed to thermal-
ize the neutrons are in good agreement with the experimental results which show
that the optimum depth of moderator is ~ 60 mm. A compromise between the

optimum thickness of moderator needed to thermalize the neutrons and the depth
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of scintillator required to detect the high energy gammas emitted in the Gd decay

has been found.

To summarise, the scintillators were tested and it has been shown that they are
suitable for use as neutron detectors in the OMNIS project. Both the 2.2 MeV
gammas from neutron capture on protons inside the scintillators and the gammas
emitted following the neutron capture on Gd are clearly seen and provide a clean

signature for neutrons.



Chapter 6

Full Detector Simulation Using

GEANTA4

6.1 Introduction

The GEANT4 [61] simulation package was adapted to carry out a full simulation of
the gamma and neutron interactions inside the detector and to model the detector

response to incoming radiation.

Although GEANT4 is normally considered to be a tool to simulate large detectors, it
is also suitable for simulating more simple configurations like this detector. Previous
studies within our group have modelled the production of supernova neutrinos, the
transport of neutrinos to Earth and the production of neutrons on various nuclear
targets. The aim is to use GEANT4 to model the remainder of the chain, right up
to the pulses emerging from the photomultipliers. These have been backed up when

possible by measurement.

The neutrons were tracked from the source to the target cell scintillator and in the
detector itself, for different size and geometry of the detector, in order to deter-
mine the optimum configuration of the detector with respect to neutron detection

efficiency.

108
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6.2 General Parameters of the Simulation

6.2.1 The Detector Geometry

The geometry of the neutron detector has been modelled in detail. Five target cells
are individually placed in order to reproduce the experimental arrangement shown
in Fig. 5.1. The cells were then ‘filled” with vinyltoluene (91.6% C and 8.4% H hy
weight), with a density p = 1.032 g/cm?® (see Appendix). The volume of each cell
was defined to be 0.18 x 0.18 x 2m3, allowing a gap of 6 mm between the ‘top’ two
and the ‘bottom’ three cells.

L] NE110 scintillator ]
fmm ] Irjmm

[C NE110 scintillator ]

3 rmin

Figure 6.1: The detector geometry used in the simulation (the figure is not to scale)

6.2.2 The Tracking

GEANT4 performs the tracking of charged particles and simulates the electromag-
netic interactions inside the detector and the hadronic interactions and the tracking

of neutrons.

The cross-section data for the hadronic processes are contained in a separate com-
ponent, G4NDL3.7, which is based on a number of Evaluated Nuclear Data Li-
braries. Interaction cross-sections are tabulated and calculated within GEANT4
and G4NDL3.7 for the materials defined by the user. In GEANT4, several standard
materials are defined. However the user can define his/her own materials to be
used in the simulation, by specifying their chemical makeup, like, in this case the

scintillator itself, water and paraffin wax.
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GEANT4 allows the tracking of gammas and charged particles down to a threshold
energy of 10 keV, at which point the particle is considered to have deposited all its
energy inside the detector and is then discarded. On the other hand, G4ANDL3.7 al-
lows the tracking of neutrons from 20 MeV down to thermal, an obvious requirement

since these are neutrons in which we are most interested.

6.2.3 The Physics List

A novice example (number 3) is provided by GEANT4 to simulate the interactions of
any particle inside a simple calorimeter, by calculating the energy deposited by the
particle inside the detector. This code was modified in order to reproduce the detec-

tor in Fig. 5.1 and to simulate the interactions of gamma rays inside the scintillator.

The electromagnetic interactions of leptons, gammas, hadrons and ions are managed

by GEANT4 electromagnetic package, organised as a set of class categories [62]:

standard, handling basic processes for electron, positron, gamma and hadron

interactions;

e [ow energy, providing alternative models extended down to lower energies than

the standard category;
e muons, handling muon interactions;
e X — rays, providing specific code for x-ray physics;
e optical, providing specific code for optical photons;

e utils, collecting utility classes used by the other categories.

The only class category which was included in the physics list of the simulation
code is the class of standard physics processes, which produces the energy loss due
to electromagnetic processes for any particle inside any type of material. It also

handles the hadronic processes inside the detector and the tracking of the neutrons.
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6.3 The Simulated Gamma Response of the De-

tector

6.3.1 The Deposited Energy inside the Detector

In all simulations, 10° gammas were tracked, measuring the energy deposited by
each gamma inside the detector. The gamma energies were chosen to match those

used to calibrate the detector(see Table 4.3).

The energy scale of the detector response spectrum was calibrated using the Comp-
ton edges of different known gamma sources.

A detailed description of this calibration method, including the procedure of as-
signing energy values to features of the Compton spectrum, is described in Section
4.4.

The detector would normally be calibrated once or twice a month during the run-
ning of the experiment, using the gamma sources described in Table 4.3. Since these
gammas are relatively low energy and are not very penetrating (see Table 4.5), they

will often deposit all their energy inside the detector.

For the scintillator block described in Fig. 4.12 the gammas will frequently undergo
multiple Compton scattering, thus depositing a significant amount of energy beyond

the Compton edge of 0.478 MeV, as shown in Fig. 6.2.

The first peak at 0.478 MeV represents the Compton edge of the gammas emitted
by the '37Cs source. The scintillator block is thick enough for the gammas to suffer
multiple Compton scattering processes, in which case the sum of the energy loss in
each scattering will produce the second broader peak.

Approximately 2% of the gammas entering the scintillator will multiple scatter until
their whole energy is deposited, process leading to the final photoabsorption. These
events will produce the photo-peak, at an energy equal to the gamma energy. This

is the spike at 0.662 MeV in Figure 6.2.
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Figure 6.2: The energy deposited inside 1 scintillator (Fig. 4.12) by the gammas

from the '37Cs source for a perfect energy resolution

However the energy spectrum of the gammas emitted by the '*"Cs source has been
measured (see Fig. 4.18), and shows only one broad peak. This is due to the finite
energy resolution of the detector, caused by the statistical fluctuations in the number

of photoelectrons produced following the deposition of energy inside the detector.

It was the aim of this investigation to simulate the resolution due to the statistics so
that the spectrum in Fig. 6.2 resembled that shown in Fig. 4.18. If this can be done,
then we will have demonstrated that the resolution for single gammas is understood.
This will allow us to understand and determine the resolution and hence detection

efficiency for multiple gamma collection.

In Section 4.5.2 the energy resolution for one scintillator block was measured to be
RUP. = 23.2 + 1.6% (see Equation 4.20), for a deposited energy corresponding
to the Compton edge of the gammas emitted by the ¥7Cs source, i.e. Eieposit =

0.478MeV .

Therefore, using Equation 4.9, for a deposited energy equal to the energy of one

gamma F, = 0.662MeV, the energy resolution will be equal to:
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R(E,) ~ 19.7% (6.1)

For each deposited energy calculated in the simulation, Egepesi, fluctuations were

applied, approximated by a Gaussian with standard deviation:

R(E,)) (%) o0
g = % Edeposit E’Y (62)

After the gaussian convolution of the energy spectrum in Fig. 6.2 has been per-

formed, the result showed that the three peaks combined to produce a single broad

peak (Fig. 6.3).

Cs energy spectrum simulated for 1 scintillator
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Figure 6.3: The simulated energy spectrum of the 37Cs source

This result is significant. Without GEANT4, the measured peak in Fig. 6.3 was
always associated with a single Compton Edge. Instead, it corresponds to the com-
plex structure in Fig. 6.2. Furthermore, the complexity of the spectrum shown in
Fig. 6.2 depends strongly on the thickness of the scintillator. GEANT4 is therefore

a critical tool in the simulation process.
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6.3.2 The Detector Energy Resolution

As the number the scintillator blocks used is increased, the signal pulse amplitude
will depend on the position of the radiation interaction throughout the detector due
to nonuniformities in the light collection. These nonuniformities are caused by the
fact that each scintillator has its own light yield for a given deposited energy. Thus,
as the number the scintillator blocks used is increased, the energy resolution of the
detector becomes worse than 23.2%, the value that was obtained for one scintillator
(see Eq. 4.20).

Because of differences in the length of scintillator traversed and the solid angle to the
phototubes, the amount of light collected by the PMT’s for a given deposited energy
will depend on the position of the interaction of the gamma ray in the cell. This
position dependence will result in an additional energy smearing when the energies
deposited everywhere in the large detector are integrated at the photomultiplier
tubes.

The dependence of the Compton edge position on the distance from the centre of

the detector is shown in Fig. 4.15.

The detector geometries which will be considered are five scintillators - two blocks
on top of three (see Fig. 6.1) and four scintillators - two blocks, as before, on top
of another two. The reason for this choice is that it was possible to construct these
geometries with the available number of scintillator blocks. They are sufficiently
different that if the simulation agrees with the measurement for both cases, then
this will give confidence that the simulation package can be used to predict more
complex arrangements, rather than go to the effort and expense of making them.

We shall then be able to converge on a working detector using GEANT4.

The Energy Resolution for Four Scintillators

For more scintillator blocks one would expect an increase in the number of gammas

which will deposit all their energy through multiple Compton scattering, compared
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with the value of 2% obtained in the case of only one scintillator (see Fig. 6.2).
The energy deposited by the 0.662 MeV gammas inside four scintillator blocks is

shown in the histogram in Fig. 6.4.

Caesium spectrum, 4 scintillators
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Figure 6.4: The energy deposited inside 4 scintillators by the gammas from the '37Cs

source for a perfect energy resolution

In this case, the simulation showed that approximately 15.9% of the gammas en-

tering the scintillators deposit all their energy inside the detector, i.e. the spike at

0.662 MeV.

The method used to determine the energy resolution of the detector for four and
five scintillators respectively, was to compare the experimental measurement of the
energy spectra of the gamma sources with the ones predicted by the simulation.
Gaussian convolutions of the simulated spectra were performed for different values

of standard deviations in order to determine what value results in the best fit.

For four scintillator blocks the best fit between simulated (Fig. 6.4) and experimental

data was found (see Fig. 6.5) for an energy resolution of:

Ruseint ~ 28% (6.3)
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for a deposited energy Eyeposit = 0.662MeV .
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Figure 6.5: Comparison between simulation and experimental measurement of the
response of the four scintillators to the 37Cs source, for an energy resolution R =

28%, with background included

The discrepancy at low energies is due to the fact that the gamma sources will
cause additional contribution to spectra which will not be subtracted during the
background subtraction. In order to analyse this effect, the background measured
experimentally (see Fig. 6.6) was split into two parts (Fig. 6.7): the signal from the

10K contained in the glass of the PMT’s and the ‘electronic noise’.
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Figure 6.6: Background measurement

This signal due to the *°K is not affected by the presence of the external gamma

source. It is only the ‘electronic noise’ component of the background which will be

higher when the gamma source is used.
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Figure 6.7: Measured background split into 1°K signal and ‘electronic noise’

The peak due to the 1°K is clearly seen in Figure 6.7.

For the '*7Cs source spectrum measurement the MCA dead time (which is composed
of the processing time of the ADC and the memory storage time [58]) is equal to
~45%. From the experimental data it was found that, when an external gamma

source is used, the ‘electronic noise’ component of the background is increased by a
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factor f given by following formula:

1

dt
1 100

f = (6-4)

where dt is the MCA dead time (percentage). For the '3"Cs spectrum measurement
f = 1.81.

Therefore in all the simulations some additional background (noise) has been added
to reproduce the experimental data, proportional to the parameter f defined in

Equation 6.4.

The following figure shows the comparison between the simulated and the experi-
mentally measured '*"Cs energy spectrum, after the additional background (noise)

has been added to the simulation.
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Figure 6.8: Comparison between simulation and experimental measurement of the
137Cs energy spectrum, for an energy resolution R = 28%, with additional back-

ground (noise) included in the simulated spectrum

The simulation thus gives a good overall description of the data when the 28% en-

ergy resolution parameter is used.
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The same energy resolution of 28% was considered for the gaussian convolution of
the energy deposition spectrum of the ®®Co source, which emits 1.173 and 1.332
MeV gammas (see Table 4.4).

| Cobalt spectrum, 4 scintillators I
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Figure 6.9: The energy deposited inside 4 scintillators by the gammas from the °Co

source for a perfect energy resolution

After the gaussian convolution of the simulated prediction of the detector response
to the ®°Co source, the result proved to be in good agreement with the experimental

measured spectrum (see Fig. 6.10).
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Figure 6.10: Comparison between the simulated and experimental data for four
scintillators, of the detector response to the ®*Co source, for an energy resolution R

= 28%, with background included

Following the same procedure as before additional background (noise) has to be
added to the simulated spectrum. However due to the fact that for the °Co source
spectrum measurement the MCA dead time was equal to only ~ 14% compared to
~ 45% for the ¥7Cs source spectrum measurement, the factor f defined in Equation
6.4 is equal in this case to 1.16.

The following figure shows the comparison between the simulated and the experi-
mentally measured °Co energy spectrum, after the additional background (noise)

has been added to the simulation.
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Figure 6.11: Comparison between the simulated and experimental data for four
scintillators, of the detector response to the ®*Co source, for an energy resolution R

= 28%, with additional background (noise) included in the simulated spectrum

It is worth mentioning here that due to the increase in the fraction of events in
the photo-peak for this number of blocks, the peak position in Figures 6.8 and 6.11
has exceeded the Compton edge energy of 0.478 MeV and 1.038 MeV respectively.
Therefore, the assignment of the Compton edge to the 90% of the maximum value
which used for the energy calibration of one scintillator (see Fig. 4.18 - 4.21) is no
longer correct for more than one scintillator. The GEANT4 simulation was used to
calculate the energy associated with the maximum point of the Compton continuum
for each gamma source used in the calibration process, which is needed for a correct
re-calibration of the detector. This is a much safer procedure.

The following figures (6.12 - 6.17) show the simulated and measured spectra for the

three gamma sources used for the calibration of the detector.
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Simulation of the Cs Energy Spectrum I

X

(Y

o
(N

4000

3500

3000

2500

2000

1500

1000

500

PR ISR S S R UR S S SRS |
1 1.2 1.4 1.6
Energy (MeV)

Figure 6.12: The energy spectrum of the ¥7Cs source simulated for 4 scintillators

(maximum at 0.588 MeV)
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Figure 6.13: Energy spectrum of the '37Cs source measured with the 4 scintillators
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Simulation of the Co Energy Spectrum I
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Figure 6.14: The energy spectrum of the **Co source simulated for 4 scintillators

(maximum at 1.139 MeV)
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Figure 6.15: The energy spectrum of the ®*Co source measured with the 4 scintilla-

tors
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’ Simulation of the Am/Be Energy Spectrum I
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Figure 6.16: The energy spectrum of the 2! Am /Be source simulated for 4 scintilla-

tors (maximum at 2.1 MeV and 4.25 MeV respectively)
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Figure 6.17: The energy spectrum of the ?!Am/Be source measured with the 4

scintillators
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The Energy Resolution for Five Scintillators

The investigation was now extended to five scintillators. The simulation of the

interactions of the 0.662 MeV gammas inside the five scintillator blocks resulted in

the energy spectrum shown in Fig. 6.18.
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Figure 6.18: The energy deposited inside 5 scintillators (Fig. 5.1) by the gammas

from the 37Cs source for a perfect energy resolution

In this case approximately 20% of the gammas entering the scintillator will deposit

11111

The best fit with the experimental data was obtained for an energy resolution

R5scint ~ 35% (65)

as shown in the following figure:
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Figure 6.19: Comparison between simulation and experimental measurement of the
response of the five scintillators to the '37Cs source, for an energy resolution R =

35%, with background included

The 35% energy resolution corresponding to a deposited energy of 0.662 MeV is
much worse than the 28% value obtained for the four scintillator blocks. As men-
tioned before, this is due to the nonuniformities in the light collection from different
scintillator blocks. These nonuniformities were caused by the differences between
the light output versus deposited energy for the different scintillators. Even though
the high voltage on each photomultiplier tube was adjusted such that the measured
position of the maximum of the Compton continuum in the ¥7Cs source spectrum
was the same when measured with each scintillator, the response of the different
scintillators will be the same only for this particular chosen deposited energy. For
example the maximum of the Compton continuum in the %°Co (or **' Am/Be) spec-

trum will still differ from scintillator to scintillator.

Therefore adding one more scintillator block will increase the fraction of deposited
energy but it will also affect the energy resolution of the detector. A compromise
between the detector size, i.e. the number of scintillator blocks, and the energy

resolution is therefore required.

The simulated spectra were independently normalised to the activity of the gamma
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sources. With this adjustment, the simulated response of the detector to gammas
and spectral shape agree well with the measured values.

The gamma detection efficiency varied from 79.6% for one scintillator to 93.9% for
five scintillators. Here the detection efficiency is defined as those gammas which are

detected expressed as a fraction of all those entering the scintillators.
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6.4 Calibration of Neutron Detection Efficiency

The GEANT4 simulation package [61] was also used to model the interaction of

neutrons in the proposed prototype detector for the OMNIS experiment.

When GEANT4 was first used, it was evident that when neutrons are sent into
Gadolinium, a single gamma of about 8 MeV is produced (see Fig. 6.20), whereas
there should be several gammas with a total energy equal to the neutron binding
energy inside the resulting Gd isotope. In other words, the package did not contain

the actual (extremely complex) gadolinium decay scheme.

Gammas from n capture on Gd and H
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counts / 34 keV
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Energy (MeV)

Figure 6.20: The simulation of deposited gamma energies from neutron capture on

Gd and H

The data which are available in GEANT4 seem to be only cross-section informa-
tion [63], as the level scheme of '8Gd, the isotope with the highest neutron capture
cross-section, is not completely catalogued, and many of the emitted gamma rays
are unresolved (see Fig. 3.4).

Therefore, in order to gain experience only the capture on hydrogen was considered

initially in the simulation process. The neutron thermalizes inside the scintillator
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and either escapes the detector volume or is captured on hydrogen in the scintillator.
The capture on hydrogen results in the emission of a single 2.2 MeV gamma. The

production and detection of this single gamma should be easier to understand.

The probability of neutron detection, €,, can be expressed as a product of two

factors:

€n = €. € (6.6)

where €, is the neutron containment efficiency, i.e. the probability that the neutron
will not leak out of the detector volume, and e, is the detection probability of the

2.2 MeV gamma.

Different numbers of target cells described in Fig. 4.12 and different geometries were
considered in order to determine the optimum configuration of the neutron detector.
The neutrons were tracked through the detector and in the case of neutron capture,

the deposited energy of the 2.2 MeV gamma was measured.

Figure 6.21 shows a schematic diagram of a proposed neutron detector which could

be installed at the Boulby Mine.
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Figure 6.21: Schematic diagram of the proposed OMNIS detector

In the simulation program, the neutrons were generated towards the detector from
a source positioned randomly on a sphere with a radius of 10 metres, with the de-
tector at the centre of the sphere. Up to 16 scintillator blocks were considered in

this simulation.

The neutron detection efficiency increased with the number of cells in the detector,
from 7.5% for one scintillator cell to 30.7% for 16 cells, as shown in Fig. 6.22 and
6.23. These figures show the energy deposited in the scintillators from a total of

100,000 generated neutrons.
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Figure 6.22: Energy deposited by the 2.2 MeV gamma from neutron capture on

hydrogen inside one scintillator

From the 100,000 neutrons entering the scintillator, only 7,504 will deposit energy
which will result in a detection signal. When 16 scintillators are simulated, the
number of neutrons that are detected increases from 7,504 (for 1 scintillator) to

30,687, as shown in Figure 6.23.
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Figure 6.23: Energy deposited by the 2.2 MeV gamma from neutron capture on

hydrogen inside sixteen scintillators

These plots have no detector resolution built in and if one would normally measure

with an energy threshold, the 7.5% efficiency will certainly decrease whereas the
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30.7% may well be unaffected.

As expected, the 2.2 MeV gammas which are produced following the neutron capture
on hydrogen also deposit more energy inside the bigger detector, increasing from ~
1.3% gammas depositing all their energy inside one scintillator to 30.9% events in

the photopeak for 16 scintillators.

The dependence of the neutron detection efficiency on the number of cells in the

detector and the corresponding geometries is shown in Fig. 6.24.
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Figure 6.24: Neutron efficiency as a function of geometry and number of cells

It can be seen that there is a saturation point in the detection efficiency at ~ 28%,
for a number of nine cells, which proves to be the optimum configuration of the

neutron detector.

Even by removing the central cell from the 9 scintillators array, the neutron effi-
ciency does not change by more than 2% (Fig. 6.25), which is due to the fact that
the neutrons are thermalized and captured in the first 60-80 mm of scintillator(see
Section 5.2), the scintillator being also a neutron moderator with a neutron mean
free path A = 28 mm, which was calculated using the ratio of the number of H atoms

per em? inside the scintillator and another moderator, for which the neutron mean
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free path is known (e.g. light water). This provides a means to make optimal use

of the scintillator blocks. With a 3 x 3 array, 11% of the scintillator is wasted.
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Figure 6.25: The neutron detection efficiency for the optimum geometry configura-

tion, without the central cell: 26,077 neutrons detected from 100,000 entering the

scintillator

The neutron detection efficiency was calculated for the 9 cell detector geometry, also

for the case where gadolinium is loaded into the scintillators.

The neutron capture probability depends on the capture cross-section and the gadolin-

ium and hydrogen number densities in the plastic scintillator. The following table

summarises the composition of the (Gd-loaded scintillators used in the simulation.

Element | Atomic Weight | Mass Fraction | Number Density (cm™?)
C 12.001 91.55% 4.74 x 10%
H 1.0079 8.35% 5.19 x 10*
Gd 157.25 0.1% 3.95 x 10'®

Table 6.1: Composition of Gd-loaded Scintillator

The thermal neutron capture cross-section on gadolinium is 49,700 barns, on hy-
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drogen 0.328 barns, and on carbon, a negligible 3 x 1073 barns. Multiplying the
cross-section with the number densities yields the macroscopic capture cross-sections
for this Gd loaded scintillator: for capture on Gd, ¥y = 0.196 cm ™!, and on pro-
tons, ¥y = 0.017em~!. This immediately gives the probability that the neutron

to be captured on gadolinum, rather than on a proton: egq = 92%.

However, adding Gd to the scintillator does not affect the neutron detection effi-
ciency, as shown in the following figure. Only the energies of the resulting gammas,
following the neutron capture will differ, the detection efficiency being equal to

26.9%.
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Figure 6.26: The neutron detection efficiency for Gd-loaded scintillators: 26,863

neutrons detected from 100,000 entering the scintillator

When only organic plastic scintillators without Gd are used, ~ 27% of the neutrons
entering the scintillators will be thermalized and captured on protons. In the case of
Gd loaded scintillators the same fraction of neutrons will be thermalized but then,
from the 27% of thermalized neutrons, 92% will be captured on Gd and only 8% on

protons.
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6.5 Implementation of Previous Parametrisations
of the Gd Spectrum into the GEANT Simu-
lation

Even today the most useful measurement of the gamma energy spectrum from nat-
ural Gd is still the relatively old work of Groshev et al. [64], using a magnetic
Compton spectrometer. This is the only measurement that provides the relative
intensities of both the resolved gamma energy lines to the low-lying levels and to
the unresolved continuum of the final nuclei (see Fig. 3.4). The measured energy
spectrum published by Groshev et al. is displayed in Fig. 3.3.

In the more recent works, e.g. Refs. [65, 66, 67] for '"Gd and Refs. [68, 69] for
1%8Gd, performed with Ge(Li) and/or crystal diffraction spectrometers, there is no

information on transitions from capture state to continuum [49].

Using the relative intensities of the y-ray lines, Trzcinski et al. [49] have parametrised
the transitions from the capture state directly to the discrete states. Above the en-
ergy denoted E.,; the data is partly or completely missing. Therefore the Gilbert-
Cameron level-density formula [70] has been used by Trzcinski et al. to obtain the

continuous distribution of energy levels.

Efficiency corrections to the measured data were required, taking into account the
energy-dependent efficiency of the Compton spectrometer which was used, which
made the experiment less sensitive to the lower energy gammas.

The efficiency-corrected gamma energy spectrum from '"*Gd, published by Trzcinski
et al., is shown in figure 6.27. The '""Gd isotope was selected because this is the
isotope that is produced in the thermal radiative capture in '*’Gd, the isotope with

the highest thermal neutron capture cross-section (see Table 3.3).
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Figure 6.27: The efficiency-corrected calculated thermal neutron capture vy-ray spec-

trum from '"*Gd [49]

This calculated energy spectrum results in the following multiplicity distribution for

v-rays emitted by '®Gd:

35
a0
25
20
14
10

Yield (%)

Gamma-ray
fridltiplicity

Figure 6.28: The calculated ~-ray multiplicity spectrum from "#Gd [49]

The v-ray multiplicity distribution predicts an average multiplicity of 4.5 quanta.
This is an important characteristic of the capture spectrum, since the ratio of neu-

tron binding energy to the most probable multiplicity gives the average y-ray energy

interacting with the scintillator.
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The predicted average multiplicity of 4.5 gammas reflects the fact that, in this
parametrisation of the Gd spectrum, the transitions from the capture state to the

unresolved continuum exhaust nearly the entire transition strength.

In order to reproduce these decay characteristics and the experimental measured
spectrum from Gd (Fig. 5.11) with the GEANT4 simulation, the geometry of the
detector used in the experiment, consisting of five scintillators (see Fig. 5.1), was
included into the simulation code (Fig. 6.1).

The parametrisation of the Gd spectrum in Fig. 6.27 was used to generate gam-
mas, which were picked randomly from the above distribution until the sum energy
reached or exceeded the excitation energy. At this point the last gamma energy
was truncated such that the total energy in the cascade was 7.94 MeV. The results
from the simulation of 100,000 Gd decays for this model of the gadolinium decay
spectrum are shown in Figure 6.29. In this figure, the total energy deposited inside
the scintillators in each Gd decay by the gammas entering the detector is shown,

using an energy bin size of 10 keV.
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Figure 6.29: Simulation of the energy deposited by the gammas from neutron capture

on gadolinium, using the parametrisation in Fig. 6.27.

In the real Gd data, there is a gap in the spectrum at ~ 2 MeV (see Fig. 5.11),
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that appears after the measurement without Gd is subtracted from the one with
Gd. This is due to the fact that fewer neutrons will enter the scintillator when Gd
is used, and this means that fewer 2.2 MeV gammas will be detected.

For each Gd decay a neutron is removed from the flux, which otherwise would have

entered the scintillator, interacted and possibly have been captured on hydrogen.

Therefore, an independent simulation was carried out, in which 100,000 neutrons
with energies of 100 keV were sent into the detector. The energy deposited for each

event was then recorded to show the spectrum in Figure 6.30:
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Figure 6.30: Energy deposited by the neutrons which were captured on Gd if they
had entered the detector

If the thermal neutrons are captured by hydrogen nuclei, they produce deuterium

by the reaction:

n+p—d+vy

The binding energy of the deuteron is released in the form of a single 2.2 MeV v
ray. The energy deposited inside the detector by these gammas is shown in Figure
6.30. The energy spectrum consists of the photopeak, i.e. the spike at 2.2 MeV, and
a bit of Compton Edge.

Fig. 6.31 shows the energy spectrum obtained after the signal produced by the
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‘surplus’ of the 2.2 MeV gammas has been removed from the signal produced by the

gammas emitted in Gd decay.

330

300

230

200

130

counts© 10 ke

100
S0

a
0 1 2 3 4 3 G 7 d

Enerdgy (ke

Figure 6.31: Simulated gamma energy spectrum from neutron capture on gadolin-

ium, obtained using the parametrisation in Fig. 6.27.

An energy resolution of 35% at 0.662 MeV energy deposit was then applied, the

result of this being shown in Fig. 6.32. The gap is now smeared out.
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Figure 6.32: Simulated gamma energy spectrum from neutron capture on gadolin-

ium, using the parametrisation in Fig. 6.27.



CHAPTER 6. FULL DETECTOR SIMULATION USING GEANT4 140

The simulated energy spectrum from neutron capture on gadolinium agrees only to
some extent with the experimental measured spectrum from Gd (Fig. 5.11). This is
due to the fact that this parametrisation is based on the gadolinium data measured
by Groshev [64] which is characterised by a decrease in the detection efficiency with
decreasing gamma energy, and this leads to efficiency corrections applied for the 1
MeV gammas which can be as high as ~ 100%.

This makes the relative intensities in Fig. 6.27 unreliable for gamma energies of the

order of 1 MeV.

A second parametrisation of the energy spectrum from neutron capture on gadolin-
ium was used. This is based on a statistical model that generates gamma energies
and multiplicities based on the energy and spin of the excited state (Fig. 3.4) [71].

The simulation of 2,500 decays resulted in the gamma spectrum tabulated below.

1% Gd decay from 7.94 MeV excited state
Gamma Energy (MeV) Population

0-1 39%

1-2 28%

2-3 20%

3-4 8.1%

4-5 3.8%

5-6 1.1%

6-7 0.1%

Table 6.2: Energies and multiplicities of gammas from neutron capture on gadolin-

ium

This parametrisation of the Gd spectrum results in an average cascade multiplicity

of 5.1 gammas, which indicates an average gamma energy of 1.56 MeV.

Following the same procedure as before, gammas were picked randomly from the

above population distribution until the total energy reached or exceeded the neutron
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binding energy. The last gamma energy in the cascade was truncated such that the

sum energy was 7.94 MeV.

The best fit between the simulation and the real data was obtained by choosing the
gamma energies to be equal to the maximum value in each energy interval in Table
6.2, allowing small random energy fluctuations around these values. This was done

using a Gaussian distribution with standard deviation o = 0.2 MeV'.

A simulation of 100,000 neutron captures on '"®Gd is performed, measuring the
energy deposit in each event. The detector spectrum resulting from this cascade
model is shown in Figure 6.33. This spectrum can be compared with Fig. 6.29

which was obtained using the Trzcinski parametrisation.
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Figure 6.33: Simulation of the energy deposit by the gammas from neutron capture

on gadolinium, using the parametrisation in Table 6.2.

The ‘surplus’ in the 2.2 MeV gamma signal in the energy deposit spectrum (see

Fig. 6.30) was then subtracted as before, resulting in the energy spectrum shown in

Figure 6.34:
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Figure 6.34: Simulated gamma energy spectrum from neutron capture on gadolin-

ium, obtained using the parametrisation in Table 6.2

To attempt to reproduce the experimental measured spectrum, an energy resolution
of 35% at 0.662 MeV was also applied to each of the energy bins in Fig. 6.34. This
can be compared with the results of the smeared Trzcinski parametrisation of Fig.

6.32 and our measurement of Fig. 5.11.
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Figure 6.35: Simulation of the smeared energy deposit by the gammas from neutron

capture on gadolinium
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This simulated gamma energy spectrum from thermal neutron capture on gadolin-
ium, using the statistical model of Gavron [71], agrees well with the measured
spectrum (see Fig. 5.11). It can be emphasised that the failure of the Trzcinski
parametrisation to reproduce the data can be ascribed to the badly known efficiency

corrections in the 1 MeV region.



Chapter 7

Optimisation of Detector

Dimensions

In this chapter the experimental results from tests on the prototype detector and
the power of the simulation are compared to investigate possible realistic designs.
It has been demonstrated that the simulation can be trusted and so various designs

can be tried without having to build them and hence converge on the optimum.

7.1 Previous Design Proposals for the OMNIS

Detector

The parametrisation of the Gd decay spectrum can be used for the optimisation of
the design of the OMNIS detector with respect to neutron detection efficiency. A
background cut on the energy deposited in the detector might be required due to
the natural background in the Boulby mine in North Yorkshire, where it has been
proposed that the neutron detector could be installed [17]. A 2.614 MeV gamma
produced by thorium decay in the rock in the mine is the highest energy background
source. Therefore, if the background cut of 3 MeV is applied, only the events re-
sulting in an energy deposition above the background cut can be used for neutron
detection. Thus the 2.2 MeV gamma signal from neutron capture on hydrogen can-

not be used to identify the neutrons. This should be investigated further by making
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real background measurements down the mine since the background levels in the

mine are not easily simulated.

Initially it had been proposed [17] to use a configuration of the detector involving

separate moderator, absorber and scintillator detector, as shown in Figure 7.1.

CHp scint. Gd+CHz mod.
250 mm 30 mm

Figure 7.1: Proposed type of low energy neutron detector [17]

Separating the neutron moderator/absorber from scintillator, in place of Gd-loaded
scintillator, provides a more secure long-term optical stability. This is due to the
fact that in the case of GGd-loaded scintillators the uniformity of loading might not
have long term stability and this could give rise to a reduction in transparency over a
period of many years [73]. The use of Gd-loaded scintillators may also cause difficul-
ties with the material containing the scintillators, due to the chemical aggressiveness

of the Gd-loaded liquid scintillators.

The neutrons emerging from lead and iron targets were considered to thermalize
in about 30 mm of hydrogenous material. The thermalized neutrons will then be
captured by either an H or Gd nucleus. It was also believed that a thickness of

~ 250 mm of scintillator would be required to convert a sufficient fraction of the
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gamma energy by Compton scattering to distinguish the event unambiguously from

the gamma background.

7.1.1 The proposed detector geometry for OMNIS

design. In this detector design a bed of reprocessed lead is covered by a further
15 c¢m layer of new low background lead. There follows a 3 cm thick sheet of solid
hydrocarbon (e.g. paraffin wax) loaded with 1% by weight GdyO3 powder. The
gammas emitted following the neutron capture could then be detected in so-called

MACRO tanks (from the Palo Verde experiment) filled with liquid scintillator.

0.5m

e N, PVC Macro tank
| with end oil buffers
| and PMT housings

12m

10cm steel shielding
/ PVC Macro tanks (0.5m x 0.2m)
Macro scintillator
Gd-loaded plastic moderator sheet
—— 15cm low-background lead

— Recycled lead

Figure 7.2: Principle of the proposed OMNIS module. Target formed from blocks
of reprocessed lead shielding with gamma activity attenuated by 15 cm of new
lead. Signal neutrons from target are thermalized and captured in 3 cm Gd-loaded

moderator sheet, releasing gammas detected by scintillator tanks [17]

Previous Monte Carlo simulations showed that the simple ‘one-dimensional’ config-
uration (Fig. 7.2) has a neutron collection efficiency of only ~ 20%. Simulations
based on more efficient ‘sandwich’ configurations led to the design shown in Fig.

7.3 which was calculated to have a neutron collection efficiency of approximately

40% [17).
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N \\\\\

S .

2.8m

3.6m

Figure 7.3: Configuration based on the principles shown in Fig. 7.2 but reshaped

to give higher overall neutron detection efficiency [17]

The improvement in the neutron detection efficiency from 20% to 40% is due to a

much better geometry of the detector.

It has been shown in [17] that about half of the gamma energy following the neutron
capture events is lost from the scintillator boundaries, still leaving an average of 3
- 5 MeV deposited inside the detector. This deposited energy is above the gamma
background (which extends to ~ 2.6 MeV from Th) and therefore it can be used to

identify the neutron events.

However this can now be investigated in more detail using the correct parametrisa-
tion of the Gd decay spectrum (see Section 6.5), to see if the proposed design of the

detector (Fig. 7.3) can be used for neutron detection.
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7.1.2 The Gd-gamma signal measured with the proposed

detector design

The detector geometry described in Fig. 7.3 has been introduced into the Geant4
simulation and was used to simulate the neutron detection efficiency by generating
neutrons randomly inside the target (lead) volume. The previous estimation of
40% neutron detection efficiency proved to be optimistic. The neutron detection
efficiency for this detector arrangement (Fig. 7.3) has been simulated to be equal
to only 22%. The energy spectrum obtained by simulating 100,000 neutron signal

events is shown in Fig. 7.4.

Signal from the Proposed Detector

1400
E - without ERes
2 1900 Nent = 32645
8 - Mean = 3.105
- - RMS = 2736
9 1000~
2 C
3 C
©  800[—
600—
400
200
O_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1 2 3 4 5 6 7 8
Energy (MeV)

Figure 7.4: The signal produced by the neutrons generated inside the proposed
detector (see Fig. 7.3)

From the 100,000 simulated events events 13.8% result in neutron capture on protons
inside the liquid scintillators and only 8.2% result in neutron capture on gadolinium.
As shown in Section 6.4 the presence of Gd does not affect the neutron containment
efficiency and therefore this is not the reason why the neutron detection efficiency
is equal to only 22%. The neutron detection efficiency is determined by the fraction

of the neutrons which are thermalized inside the moderator (paraffin wax or scin-
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tillator). Once thermalized the neutrons may be captured on Gd or protons, and
different values of the GGd concentration will only affect the ratio of the number of
events resulting in neutron capture on Gd and those resulting in neutron capture

on protons inside the scintillators.

So far, the effect of the background cut on the neutron detection efficiency has been
ignored. As mentioned above, only the Gd-decay gammas can be used for neutron
identification, if a background cut at 3 MeV is applied to the measured spectra.

The same detector geometry (Fig. 7.3) was used to simulate the response of this
detector to the Gd-decay gammas. The gammas emitted in the Gd-decay were
generated randomly at the detector boundaries, using the same procedure as in
Section 6.5. The energy deposited inside the detector was measured for each event,

resulting in the energy spectrum shown in Figure 7.5.

Proposed detector - Gd loaded moderator gamma signal

without ERes
background cut Nent = 90115
Mean = 3103
RMS = 1814

counts / 10 keV

““ i
‘ \‘ \“‘ ‘

7 8
Energy (MeV)

1 2 3 4 5 6

Figure 7.5: The energy deposited by the Gd gammas inside the proposed neutron

detector

From the 100,000 simulated events 8.2% resulted in neutron capture on Gd. Only
approximately 43.5% of these events result in an energy deposition above the back-

ground cut at 3 MeV.
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Therefore the overall neutron detection efficiency for this detector design (Fig. 7.3)

is equal to only 3.6%.

As most of the neutrons leave the detector via the outer surface of the lead layer,
it has been also proposed [72] ‘to turn the detector inside out’, i.e. to use a lead

centred detector.

A 1.5 m thick scintillator surrounding 1 m? of lead (see Fig. 7.6) has been considered

in order to determine the neutron detection efficiency for this new proposal.

Lead centred detector
1 m?* of Ph

/

I.Sm/" "

1.5

r
L

im

Figure 7.6: Lead centred scintillator detector

Again 100,000 neutrons were generated randomly inside the lead target, resulting

in the following expected energy spectrum shown in Fig. 7.7.
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Signal from the Lead Centred Detector

> 4000— i
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Figure 7.7: The signal produced by the neutrons generated inside the lead centred

detector

As mentioned above, the presence of Gd inside the scintillator does not affect the
neutron containment efficiency, but only the energies of the gamma rays emitted
following the neutron capture processes. Therefore, for simplicity, the Gd was uni-

formly distributed inside the scintillator, with 0.1% Gd by weight.

For this detector geometry the neutron detection efficiency has increased to 57% (no

background cut being applied).

However the disadvantage for this detector design is that it requires up to 5.75 m?
of scintillator for 1 m3 of lead. As the number of events produced by the neutrino-
nucleus interactions is proportional to the volume of lead target, the number of
neutron signal events is proportional to the product between the neutron detection

efficiency ¢, and the lead target volume V;:

Ne'uem‘,s X €, X V;‘ (71)

Therefore this detector arrangement (Fig. 7.6) would require at least three times
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more scintillator material than it was initially proposed (see Fig. 7.3), to detect the

same number of events as detected with the initial detector design.

In the following section the possibility of a better detector design with respect to
the neutron detection efficiency is analysed taking into account the background cut

at 3 MeV deposited energy.
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7.2 Optimisation of Detector Size and Geometry

Different detector dimensions have been considered in order to determine the opti-
mum configuration that would increase the fraction of energy from Gd-decay that
is deposited inside the detector and therefore would allow the signal to be distin-

guished unambiguously from the gamma background.

The gammas from Gd decay were generated at the detector boundaries, using the
same procedure as in Section 6.5. The detector size was modified from 20 x 20 x
600 cm? to 100 x 100 x 600 em?. The energy deposition spectra simulated for these

detector sizes are shown in Fig. 7.8 - 7.12:

Gd-decay gammas energy spectrum (20cm)

» without ERes
Average energy deposition = 2.5 MeV Nent = 86064

Mean = 2.503
RMS = 1635

250—

counts / 10 keV
T

Energy (MeV)

Figure 7.8: Energy spectrum produced by gammas from Gd-decay, measured with

a 20 cm thick scintillator (average energy deposition = 2.5 MeV)
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| Gd-decay gammas energy spectrum (40cm) I

Average energy deposition = 3 MeV without ERes
Nent = 89740
Mean = 3,086
RMS = 1813

counts / 10 keV

1 2 3 4 5 6 7 8
Energy (MeV)

Figure 7.9: Energy spectrum produced by gammas from Gd-decay, measured with

a 40 cm thick scintillator (average energy deposition = 3 MeV)

Gd-decay gammas energy spectrum (60cm)

Average energy deposition = 3.3 MeV

without ERes
Nent = 90741
Mean = 3331
RMS = 1883

counts / 10 keV

1 2 3 4 5 6 7 8
Energy (MeV)

Figure 7.10: Energy spectrum produced by gammas from Gd-decay, measured with

a 60 cm thick scintillator (average energy deposition = 3.3 MeV)
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| Gd-decay gammas energy spectrum (80cm) I

> 250— o = without ERes
2 Average energy deposition = 3.4 MeV Nert = 90996
P L Mean = 3447
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Figure 7.11: Energy spectrum produced by gammas from Gd-decay, measured with
an 80 cm thick scintillator (average energy deposition = 3.4 MeV)

| Gd-decay gammas energy spectrum (100cm)

350—
> - A
2 B Average energy deposition = 3.5 MeV LV:T?;E;
9 300— Mean = 3485
; = RMS = 1.931
€ 250—
3
o
o

Energy (MeV)

Figure 7.12: Energy spectrum produced by gammas from Gd-decay, measured with

a 1 m thick scintillator (average energy deposition = 3.49 MeV)
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The average energy deposition increases from 2.5 MeV (for a 20 c¢m thick scintilla-
tor) to ~3.5 MeV (for a 100 cm thick scintillator). However there is no significant
increase in the average energy deposition for a scintillator thickness greater than 60

cim.

Again the same ‘Macro tanks’ filled with liquid scintillator described in Fig. 7.2 and

7.3 were used to simulate a new detector set up shown in Fig. 7.13.

Ph target
Scintillator detectors

2.8m

. —
0.6 m

391

Figure 7.13: The optimum detector size and geometry as scintillator blocks sur-

rounded by lead target

The energy spectrum obtained for this experimental set up is shown in Fig. 7.14.
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| Energy Spectrum - optimum detector configuration I

%.» C
X | without ERes
9 2500 Nent = 37430
» - Mean = 3.304
§2000— RMS = 2.791
o
o L
1500—
1000—
500—
o LY NPT L SN EU I RN NSRRI SRR BT S I
1 2 3 4 5 6 7 8
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Figure 7.14: The energy spectrum measured with the optimum configuration of the

neutron detector

For this configuration of the detector, the neutron detection efficiency is equal to
25.8%.
From the 100,000 simulated events events, 10% result in neutron capture on gadolin-

ium.

An independent simulation has been performed to measure the energy deposition
spectrum due to the Gd-decay gammas generated at the scintillators boundaries in

Fig. 7.13. The result is shown in Fig. 7.15, for a background cut at 3 MeV.



CHAPTER 7. OPTIMISATION OF DETECTOR DIMENSIONS 158

Optimum detector configuration response to Gd-decay gammas

250—

without ERes

background cut | | Ve = 3302
| :

RMS = 1.917

counts / 10 keV
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1 2 3 4 5 6 8

7
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Figure 7.15: The energy spectrum from Gd-decay gammas measured with the opti-

mum configuration of the neutron detector

It can be seen that a better signal-background discrimination can be achieved with
the latter detector set up, as approximately 51.8% of the events result in an energy
deposition above the background cut. Therefore the detector arrangement shown
in Fig. 7.13 proves to be a better configuration compared to the one which was

initially proposed (see Fig. 7.3).

This implies that the overall neutron detection efficiency for a 3 MeV cut has in-

creased from 3.6% to 5.2%.

It is clear from all these considerations that the relatively high threshold of the 3
MeV cut is a significantly dominant feature contributing to the low efficiency. It is
therefore desirable to consider ways in which this threshold might be reduced.

Neutrons and gamma backgrounds in the Boulby Mine have been previously stud-
ied in considerable detail for the design and interpretation of dark matter experi-
ments [17]. It was found that the mean gamma background is largely time inde-
pendent and can therefore be subtracted reliably. This would allow the 2.2 MeV
gamma signal to be used for neutron identification and would significantly increase

the neutron detection efficiency.
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In order to illustrate this, the photo-peaks in Fig. 7.14 due to Gd-decay gammas
have been replaced with the correct energy spectrum shown in Fig. 7.15, resulting

in the following energy spectrum:

2000

background
2500 cut

np —w dy

a00

e

I 1 i 3 4 ] 3 7 g
Energy (MeV)

2000

1400

counts £ 10 ke

1000

Figure 7.16: The simulated response of the detector to neutrons

As mentioned above, only 10% of the event result in neutron capture on Gd, and
15.8% result in neutron capture on protons inside the scintillators. It can be seen
that the photo-peak due to the 2.2 MeV gammas from neutron capture on protons

is the dominant signal in the gamma energy spectrum.

For a background cut at 1 MeV, the neutron detection efficiency increases from 5.2%

(for a 3 MeV cut) to 20.4%.
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7.3 The Possibility of Using (Gd-loaded Scintilla-

tors

If the background cut at 3 MeV is applied to the measured spectra, the neutron
detection efficiency is reduced for the optimum detector configuration from ~ 26%
to only 5%. In this case a possible solution would be to use Gd-loaded scintillators.
The use of Gd-loaded scintillators has the basic merit that the detector, the neutron
moderator and the absorber are uniformly mixed, giving the best conditions for high

detection efficiency.

This configuration was investigated and the results are presented here.

geometry as in Fig. 7.13, is shown in the following figure:

| Gd-loaded scintillators energy spectrum I

2000
1800
1600
1400
1200
1000
800
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400

200
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1 2 3 4 5 6 7 8
Energy (MeV)

without ERes
Nent = 43935
Mean = 4.402
RMS = 2.928

counts / 10 keV

Figure 7.17: The energy spectrum measured with gadolinium loaded scintillators

The neutron detection efficiency for Gd-loaded scintillators is now equal to 24.7%.

From the 100,000 simulated events, 15.1% result in neutron capture on Gd, from

which 79.5% will result in an energy deposition above the 3 MeV cut, as shown in
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Fig. 7.18.
Gd spectrum measured with Gd-loaded scintillators I
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Figure 7.18: The energy spectrum from Gd-decay gammas measured with the Gd-

loaded scintillators

If the 3 MeV cut is applied, the neutron detection efficiency of the Gd-loaded scin-
tillators is equal to 12%.

As mentioned above, the mean gamma background is largely time independent and
a background cut at 3 MeV may prove to be unnecessary. In this case, the use of
Gd-loaded scintillators is no longer justified. The experimental set up described in

Fig. 7.13 has a neutron detection efficiency of ~ 26% (20.4% for a background cut



Chapter 8

Summary and Conclusions

A full self-consistent simulation of the neutron detector was undertaken using the
GEANT4 simulation code. The deposition of energy by neutrons was calculated on

a step-by-step basis as secondary particles were tracked.

The neutron detector was calibrated and its energy resolution measured to be equal
to 28.5% for a 1 MeV energy deposition inside the detector. A calibration exper-
iment has been undertaken using several known gamma sources. Data from this
experiment were compared with a detailed simulation using GEANT and show ex-

cellent agreement.

The GEANT simulation can be easily extended to any size and geometry of the
detector, and was used to analyse and calibrate the neutron detection efficiency for

various detector geometries.

For the optimum configuration of the detector (Fig. 7.13), ~ 26% of the neutrons
are captured producing gammas which will interact through Compton scattering.
These events are then converted into a signal leading to the detection of the original

neutrino-nucleus interaction.

The parametrisation of the Gadolinium decay spectrum has been improved, en-

abling a more accurate simulation of the neutron’s detection. The model shows very

162
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good correlation with the measured spectrum, and the energy selection method is
consistent with the genuine gamma decays. This allows the efficiency for detecting

neutrons to be determined absolutely.

Different geometries of the detector were introduced into the GEANT4 simulation
to study the response to the neutrons produced in the lead target and to determine

the optimum detector configuration with respect to the neutron detection efficiency.

If a background cut of 3 MeV is applied then the neutron detection efficiency for
the optimum configuration of the detector is reduced from ~26% to 5.2%, while for
Gd-loaded scintillators it is equal to 12%.

However, if the background cut can be reduced from 3 MeV to 1 MeV, this will result
in a neutron detection efficiency of 20.4% for the experimental set up described in

Fig. 7.13, which was found to be the optimum configuration of the neutron detector.



Appendix

Property Measurement
Polymer Base Polyvinyltoluene
Density 1.032¢g/cc
Refractive Index 1.58

Light Output

Temperature Dependence

At +60°C = 95% of that at +20°C ;
independent of temperature from —60°C'to 4+ 20°C'

Light Output, % Anthracene 60
Rise Time, ns 1.0
Decay Time, ns 3.3
Pulse Width FWHM, ns 4.2
Light Attenuation Length, cm 400
Wavelength of Max. Emission, nm | 434
No. of H Atoms per ¢m?,(x10%) | 5.23
No. of C Atoms per cm?,(x10%) | 4.74
Ratio H:C Atoms 1.104
No. of Electrons per em?,(x10%%) | 3.37

Principal uses/applications

general purpose

Table 8.1: Properties of NE110 plastic scintillators stated by the manufacturer
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