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ABSTRACT 14

Abstra
t
Due to the tremendous neutrino luminosity generated during stellar 
ollapse, thedete
tion of supernovae neutrinos would provide a unique s
enario for extremelylong baseline measurements, allowing a vastly in
reased region of neutrino mixingparameter spa
e to be probed, and pla
ing more stringent limits than 
an otherwisebe a
hieved on neutrino masses and mixing angles.In this thesis I present my work on the development of a prototype dete
tor forthe study of neutrino bursts from supernovae within our Galaxy. This involves theuse of gadolinium and s
intillators to dete
t the neutrons produ
ed by the neutrino
ollisions. Large organi
 plasti
 s
intillators have been tested for the possible use inthe OMNIS (Observatory for Multi
avour Neutrino Intera
tions from Supernovae)experiment. The 
alibration of the dete
tor is performed and the response of thes
intillators to gammas emitted following the neutron 
apture on Gd is analysed insome detail.Simulations using GEANT4 of the parti
le intera
tions inside the dete
tor wereperformed to investigate the optimum 
on�gurations for the dete
tor with respe
tto neutron dete
tion eÆ
ien
y.
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Chapter 1
Introdu
tion
The opti
ally visible Universe is made of stars and galaxies of all shapes and sizes.What it 
an not be seen, however, it is that it is �lled with low mass, 
harge-lessparti
les 
alled neutrinos. These parti
les were 
reated less than one se
ond after theBig Bang, and large numbers of these primordial parti
les remain in the Universetoday be
ause they intera
t only very weakly with matter. Indeed, every 
ubi

entimetre of spa
e 
ontains about 300 of these reli
s [1℄. These neutrinos are verylow energy; they are so low in fa
t, that they 
an not be dete
ted. These neutrinos,along with mi
rowave radiation, are believed to 
onstitute the 
osmi
 ba
kgroundradiation that permeates the entire Universe.Neutrinos 
ome also from other several sour
es. They are produ
ed during the stel-lar evolution of stars su
h as our own Sun, where four protons 
ombine with twoele
trons to form a helium nu
leus and two ele
tron neutrinos. In addition there arethe so-
alled man-made sour
es, su
h as parti
le a

elerators used to smash highenergy parti
les into �xed or moving targets.Neutrinos are arguably the least understood parti
les in the standard model ofparti
le physi
s, with a potential to show eviden
e for new physi
s beyond theStandard Model. They are a fundamental part of nature and relatively little isknown about them. 17



CHAPTER 1. INTRODUCTION 181.1 Birth of NeutrinosNeutrinos have been shrouded in mystery sin
e they were �rst suggested by WolfgangPauli, as a \desperate remedy" to save the law of energy 
onservation, whi
h wasunder threat from observations of beta de
ay in radioa
tive materials. The betaradiation (ele
tron), the presumed only parti
le emitted, should have a well �xedenergy. Instead, following studies performed by Lise Meitner, Otto Hahn, Wilsonand von Baeyer, James Chadwi
k showed in 1914 that this was not the 
ase: theele
tron had a 
ontinuous energy spe
trum. This �nding even led Niels Bohr tospe
ulate that the energy may not be 
onserved in these pro
esses. The solution tothis problem is due to Pauli who proposed in 1930 the existen
e of a new neutralparti
le with intrinsi
 angular momentum (spin) of �h=2, where �h is Plan
k's 
onstantdivided by 2�. Initially Pauli dubbed this parti
le the \neutron". It was not untilthree years later, after James Chadwi
k dis
overed the neutron in 1932, that Pauliadmitted the possibility of a zero mass neutral parti
le. Fermi re-named the parti
leand he 
alled it neutrino.1.2 The Standard Model of Parti
le Physi
sWithin the Standard Model of parti
le physi
s all the elementary parti
les aregrouped 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 quarksthat make up protons and neutrons, the ele
tron and the ele
tron neutrino, �e,involved in beta de
ay. Heavier versions of these parti
les, but with equal quantumnumbers, are observed in de
ay pro
esses and are 
omprised by the se
ond and thirdgenerations. Ea
h of this parti
le has a 
orrespondent antiparti
le with oppositeele
tri
 
harge.Within the Standard Model there are also parti
les that transmit the intera
tionsbetween these elementary parti
les. There are four known fundamental intera
tionsbetween these parti
les: the strong intera
tion (mediated by eight gluons), the ele
-
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Figure 1.1: Elementary parti
les within the Standard Model [2℄tromagneti
 intera
tion (
arried by photons) and the weak intera
tion (mediated bythe massive W+, W� and Z0 parti
les). The gravitational intera
tion was not in-
luded in the Standard Model. The neutrinos intera
t only via the weak intera
tionand this allows them to pass through Earth without any deviation or so and makesthem diÆ
ult to dete
t.Although the Standard Model 
annot predi
t the mass of these parti
les, it doesprovide a me
hanism whereby they 
an a
quire mass. This was done by introdu
inga new parti
le 
alled the Higgs boson that �lls the \va
uum". The intera
tionbetween a parti
le and the Higgs boson is 
onsidered to be the explanation for theparti
le mass. For example an ele
tron 
annot travel through va
uum at the speedof light, it has to be
ome massive and the mass of a parti
le is proportional to theintera
tion rate between that parti
le and the Higgs boson.The study of the neutrinos from inverse beta de
ay of 152Eu has proved that theneutrino is a left-handed parti
le, i.e. its spin always points in the opposite dire
tionof its momentum. But in the Standard Model the handedness of a parti
le 
hangesea
h time it intera
ts with the Higgs boson whi
h implies that the neutrino has tobe massless if the Standard Model is a 
omplete theory.The Standard Model des
ribes extremely well all known parti
le physi
s phenomenaand, at present, it provides the most elegant theoreti
al framework. However the



CHAPTER 1. INTRODUCTION 20Standard Model is far from being a 
omplete theory. Dete
tors at LHC at CERNand Fermilab are sear
hing for the Higgs parti
le, whi
h, if found, will either ex-plain the Standard Model or for
e us to readjust our 
on
eption of matter. Also theStandard Model does not in
lude gravity, whi
h does not play a signi�
ant part inatomi
 and subatomi
 pro
esses be
ause it is too weak on those s
ales.On 5th of June 1998, the SuperKamiokande 
ollaboration announ
ed the �rst evi-den
e for neutrino mass [3℄. The observation of neutrino masses and lepton mixing
onstitutes the �rst 
on�rmed eviden
e for physi
s beyond the Standard Model.1.3 The Solar Neutrino ProblemThe neutrinos produ
ed in the fusion rea
tions in the 
ore of the Sun 
an also bedete
ted using large underground dete
tors on Earth. The measured neutrino 
ux
an be 
ompared with the theoreti
al predi
tions based on our understanding of howthe Sun works and the the Standard Model (SM) of parti
le physi
s. Solar neutrinoexperiments su
h as Homestake [28℄, Kamiokande [29℄, GALLEX [30℄, SAGE [34℄and Super-Kamiokande [35℄ suggest a 
ux of � 0es in
onsistent with the Bah
all-Pinsonneault standard solar model [50℄. The measured 
ux is roughly one half ofthe 
ux expe
ted from theory. Every experiment has measured only between oneand two thirds of the expe
ted neutrino 
ux and this represents the so-
alled \solarneutrino problem". This implied that either our theoreti
al model of parti
le physi
sis wrong or the model des
ribing the interior of the Sun is in
orre
t (see Fig. 1.2).
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Figure 1.2: Dis
repan
ies between the Standard Model predi
tions and the experi-mental data for solar neutrinos [26℄
The most favoured solution to these dis
repan
ies is an extension of the standardmodel of parti
le physi
s to one in whi
h the neutrinos have mass and are allowed toos
illate between 
avours via the va
uum and/or the Mikheyev-Smirnov-Wolfenstein(MSW-) os
illation me
hanism [50℄. The favoured MSW solution implies that the�e's emitted by the Sun 
onverted or \os
illated" to ��'s or �� 's before arriving tothe dete
tor. This implies that there is a �nite mass di�eren
e between the masseigenstates of the three neutrino 
avours and therefore the neutrinos must have anonzero mass.Atmospheri
 neutrino experiments at Super-Kamiokande [22℄, IMB [23℄, Soudan2 [24℄and Kamiokande [25℄ also exhibit a disappearan
e of �� [27℄.Although the neutrino os
illation experiments proved that the neutrinos are massiveparti
les, to date, no experiment has measured an absolute, non-zero neutrino mass.



CHAPTER 1. INTRODUCTION 221.4 The Need for a Neutral-Current Based Neu-trino Dete
torMany experiments have been designed to determine the mass of the neutrino. Thedire
t measurements of the neutrino masses [4℄ provide only upper limits on themasses of all three neutrino 
avours.Neutrino 
avour Upper mass limit Con�den
e level�e m � 3 eV 90%�� m � 170 keV 90%�� m � 18.2 MeV 95%Table 1.1: Upper Limits on Neutrino MassesThis la
k of a de�nite neutrino mass measurement has led to the proposal madeby Zatsepin [5℄ in 1968 to use the neutrino 
ux from a supernova to determine theneutrino mass. During the �nal stages of stellar evolution, the 
ore of a massive starundergoes a 
atastrophi
 implosion, in whi
h only about 1% of the gravitationalbinding energy of the neutron star goes into the sho
k wave that explodes the star,and about 0.01% into visible light. The remaining 98.99% is 
arried out into spa
eby the neutrino 
ux.The 
hara
teristi
s of a SN explosion 
an be predi
ted and modelled so that predi
-tions about the nature of the neutrino 
ux 
an be made. The standard model [6℄ ofthis pro
ess suggests that the resulting neutrinos have the mean energies given inTable 1.2.A

ording to 
onventional supernova theory [7℄, the re
ently observed supernovaexplosion [8℄ (SN19897A) in the nearby Large Magellani
 Cloud should have releasedapproximately 3 � 1046 J of gravitational binding energy in a burst 
onsisting of� 1058 neutrinos over a time interval of a few se
onds. The �e observed by theKamiokande [20℄ and IMB [19℄ from supernova 1987-A 
on�rmed that neutrinos play
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avour Mean Energy Value�e E = 11 MeV�e E = 16 MeV��; �� ; ��; �� E = 25 MeVTable 1.2: The Mean Values of the Neutrino Energiesan important role in 
ore 
ollapse supernovae. The observed neutrinos were dete
tedover a few se
onds, mu
h longer than the weak intera
tions time-s
ales whi
h arethought to be required to produ
e them. This 
on�rmed the main features of thestandard model of 
ore-
ollapse supernovae and suggests that the behaviour of theneutrino opa
ity in matter beyond nu
lear densities is understood [50℄.Most of the 
urrent neutrino dete
tors are primarily sensitive to 
harged-
urrentintera
tions of �e with protons in water or mineral oil.OMNIS, the proposed supernova observatory, will dete
t neutrinos originating froma 
ore 
ollapse supernova by the dete
tion of spalled neutrons from Pb- or Fe-nu
lei.OMNIS is being designed to provide a mu
h larger sample of �� and �� neutrinoevents than would be provided by other dete
tors, allowing a signi�
antly moredetailed measurement of the neutrino spe
tra for di�erent 
avours, resolved in time,and the stellar 
onditions that produ
ed them [50℄.An observation of the 
uxes of di�erent neutrino 
avours is also vital for the under-standing of 
ore-
ollapse supernovae and helpful for the investigation of new physi
sbeyond the Standard Model. In this 
ontext, the need for a large neutral-
urrentneutrino dete
tor has be
ome in
reasingly pressing in re
ent years [36℄.It is the goal of this thesis to des
ribe the developments leading to the design and
onstru
tion of a neutron dete
tor suitable for use in the OMNIS experiment. Tobegin with, 
hapter 2 will des
ribe the properties of OMNIS, a proposed neutrinoobservatory. Here the neutrino dete
tion me
hanism will be dis
ussed in some detail.Chapter three gives an outline of the theory of parti
le intera
tion pro
esses inside
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tor. Chapter four des
ribes the experimental set up of the OMNIS dete
torand des
ribes the sele
tion of large plasti
 s
intillator blo
ks to build and test aprototype dete
tor whi
h 
an be used in the OMNIS proje
t for neutron dete
tion.Chapter �ve des
ribes the analysis of the experimental data and shows that theprototype dete
tor 
an be used in the OMNIS proje
t. Chapter six shows the resultsof the simulation of parti
le intera
tions inside the dete
tor using GEANT4 and givesthe more spe
i�
 analysis of the experimental and simulated data. Chapter sevenpresents the results for the optimum 
on�guration for the dete
tor with respe
t toneutron dete
tion eÆ
ien
y. Chapter eight summarises the results.



Chapter 2
Motivation and Properties ofOMNIS
2.1 Stellar Evolution until CollapseThe only large 
uxes of neutrinos from outside our solar system that 
ould bedete
ted on Earth are those from supernovae produ
ed by the 
ollapse of massivestars. It is believed that 
ore-
ollapse supernovae are the �nal stage of the evolutionof stars with masses between 8 and 60 solar masses. Lighter stars end their life aswhite dwarfs, whereas heavier stars are unstable and probably 
ollapse into bla
kholes without a supernova explosion.A star is born when a 
loud of gas (mainly hydrogen) 
ontra
ts due to the gravita-tional for
e and to the radiative losses. As a 
onsequen
e, the 
entral temperaturein
reases until thermonu
lear fusion begins, when four hydrogen nu
lei form a he-lium nu
leus: 1H + 1H ! 2H + e+ + �e (2.1)2H + 1H ! 3He + 
 (2.2)3He + 3He ! 4He + 2 1H + 
 (2.3)25
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 + 2 1H (2.4)whi
h 
an also be written as4 1H ! 4He + 2 e+ + 2 �e + 3 
 (2.5)This 
y
le is 
alled the pp 
hain and des
ribes the evolution of a star of mass
omparable to the mass of our Sun. The star will rea
h the main stage of its evolutionwhen the nu
lear fusion of the hydrogen in the 
entre of the newly formed star
ompensates the radiative losses at the surfa
e. In the 
entre the 4He is developing;however, at this early stage in the stellar evolution, elements with higher Z 
an'tbe produ
ed be
ause the energies of the nu
lei whi
h 
ould undergo this pro
ess arenot high enough to ex
eed the Coulomb potential.For heavier stars the main sequen
e phase is the burning of H to He in 
ore viathe CNO 
y
le. The �rst 
ollapse takes pla
e when the helium 
ore 
an no longersustain the pressure 
aused by the gravitational �eld. This happens at less than 108years from the birth of the star if its mass is greater than 8 M� (M� being the solarmass). The 
ollapse temperature of the helium 
ore will suddenly in
rease allowingthe fusion of He nu
lei and the formation of C.The burning of He will take pla
e for less than 106 years. During this period several
ollapses will take pla
e, followed by the fusion of C, N, O and at the end Si, inalternating layers forming an onion-like interior stru
ture (Fig. 2.1). The Fe nu
leushas the highest binding energy and therefore there is no more thermonu
lear fuelto burn: the iron 
ore is endothermi
; it 
an only absorb energy by breaking intolighter nu
lei or 
reating heavier elements [15℄. It will be the last to form in thissequen
e of fusion pro
esses and it will form the inner 
ore of the star.
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Figure 2.1: Onion-like interior stru
ture of a star just before the onset of 
ollapseBefore the �nal 
ollapse the iron 
ore density is � � 4 � 109 g=
m3 and the radiusof the star is R � 500 km.Stars with mass in ex
ess of 12 solar masses are thought to undergo all the stagesof nu
lear fusion of hydrogen, helium, 
arbon, neon, oxygen, sili
on (see Table 2.1),until the star has the stru
ture shown in Fig. 2.1, with an iron 
ore surrounded byshells 
omposed of elements with de
reasing atomi
 mass [15℄.The iron formed in the 
ore of the star will 
ause the �nal 
ollapse of the star, whenthe pressure of the degenerate ele
trons gas 
an no longer sustain the gravitationalpressure. This happens when the 
ore has rea
hed the so-
alled Chandrasekharmass limit of about 1.4 solar masses, when the 
ore 
ontra
ts and the in
reasedtemperature 
auses photodisso
iation of iron through the pro
ess [15℄
 +56 Fe! 13�+ 4n (2.6)This rea
tion absorbs about 124 MeV of energy and redu
es the kineti
 energy
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 �
 �t T
 �
 �t(keV) (g=
m3) (yr) (keV) (g=
m3) (yr)H burning 1.3 153 1:1� 1010 3.3 3.8 6:7� 106He burning 11 2:0� 104 1:1� 108 17 762 8:4� 105C burning 72 1:3� 105 522Ne burning 135 4:0� 106 0.89O burning 180 3:6� 106 0.40Si burning 314 3:0� 107 2:0� 10�3Table 2.1: Central temperature T
, 
entral density �
 and time s
ale �t of theevolutionary phases of stars with initial masses 1M� and 25M� (values taken fromRef. [15℄).and pressure of ele
trons [15℄. As the iron 
ore starts to 
ollapse, the density andtemperature in
rease and a new pro
ess begins: the ele
tron 
apture inside the iron
ore: e� + Fe! Co+ �e (2.7)or at the nu
lear level, e� + p! n + �e (2.8)This pro
ess produ
es a sudden de
rease in the pressure of the ele
trons.Anti-ele
tron neutrinos are produ
ed via the URCA pro
ess:n+ e+ ! p+ �e (2.9)
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ollapse, when the density of the iron 
ore is not too high, theele
tron neutrinos produ
ed by ele
tron 
apture leave the 
ore 
arrying away mostof the kineti
 energy of the 
apture ele
trons. At this moment the pressure of thedegenerate relativisti
 ele
trons 
an no longer sustain the weight of the 
ore anymore and 
ollapse of the iron 
ore 
ommen
es forming a neutron star [15℄.



CHAPTER 2. MOTIVATION AND PROPERTIES OF OMNIS 302.2 Time Pro�le of Neutrino BurstCore 
ollapse supernovae o

ur when the iron 
ore of a massive star 
ollapses dueto the for
e of gravity. On
e the density in the 
ore ex
eeds that of nu
lear mat-ter, the 
ore rebounds generating pressure waves that propagate outward. At thesoni
 point, i.e. the point at whi
h the velo
ity of the infalling material ex
eedsthe velo
ity of sound in the stellar matter, the pressure wave be
omes a sho
k wavethat propagates toward the surfa
e of the iron 
ore. As the sho
k wave propagatesoutward through the outer iron 
ore, whi
h is still 
ollapsing, its energy is dissipatedby the photodisso
iation of nu
lei into protons and neutrons. Thus, the material be-hind the sho
k wave is mainly 
omposed of free nu
leons. Free protons have a highele
tron 
apture rate, leading to the transformation of most protons in neutrons,with the huge produ
tion of ele
tron neutrinos (see equation 2.8). These neutrinospile up behind the sho
k, whi
h is dense and opaque to them, until the sho
k rea
hesa zone where the density has fallen to about 1011 g
m�3 (\sho
k breakout") and theele
tron neutrinos behind the sho
k are released in a few millise
onds. This neutrinoemission is usually 
alled the \prompt ele
tron neutrino burst" or \neutronizationburst", to be distinguished from the thermal produ
tion of all neutrino 
avors [15℄.The energy lost by photodisso
iation of nu
lei and neutrino emission weakens thesho
k. In the so-
alled \prompt" supernova explosion s
enario, the sho
k, althoughsomewhat weakened, is able to expel the envelope of the star generating the su-pernova explosion on a time s
ale of the order of 100 ms. If the star weighs morethan about 10 solar masses, the sho
k is weakened and stalls about 100 ms afterboun
e, at a radius of about 200-300 km, with insuÆ
ient energy to rea
h the outerlayers of the star. It is widely believed that in order to obtain a supernova explosionif the sho
k stalls, the sho
k must be revived by some me
hanism that is able torenew its energy. The me
hanism whi
h is 
urrently thought to be able to revivethe sho
k is the energy deposition by the huge neutrino 
ux produ
ed thermally inthe proto-neutron star [15℄.
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Figure 2.2: Competing pro
esses that determine the destiny of the supernova sho
k:Gas infall from the 
ollapsing star damps sho
k expansion. The gas between theneutron star and the sho
k is 
ooled and heated by neutrinos. Only when the neutrinoheating is strong enough, an explosion 
an be triggered.
Although the neutrinos intera
t only very weakly with the stellar gas around theneutron star, they 
an deposit enough energy within the innermost few hundredkilometres to power the explosion of the star. The involved 
omplex pro
esses arenot properly understood. Contemporary approa
hes to the reheating me
hanism arebased on the idea that neutrinos produ
ed in the 
ore transfer gravitational energyreleased by 
ore 
ollapse to the 
ooler outer regions of the star. During the reheat-ing pro
ess, 
ore ele
tron neutrinos and antineutrinos radiate from their respe
tiveneutrinospheres (the sphere within the 
ore of the star de�ned by the radius wherethe stellar material be
omes opti
ally thin to neutrinos), and a fra
tion of these neu-trinos are absorbed by the material immediately behind the sho
k, thereby addingenergy to the sho
k.Neutrinos of all 
avors are produ
ed in the hot 
ore of the proto-neutron star, whi
hhas a temperature of about 40 MeV [15℄, through ele
tron-positron pair annihilation,
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tron-nu
leon bremsstrahlung,e� +N ! e� +N + �x + �x (2.11)nu
leon-nu
leon bremsstrahlung,N +N ! N +N + �x + �x (2.12)and photoannihilation 
 + e� ! e� + �x + �x (2.13)These neutrinos are emitted with a broad time distributions of a few se
onds.Models di�er in detail and are still the subje
t of theoreti
al study. However thebasi
 me
hanism of stellar 
ollapse and supernova explosions has been reviewed andsummarised by Ra�elt [18℄ and the generi
 form of the neutrino burst is generallyagreed to be as illustrated in �gure 2.3 whi
h shows luminosity versus time for thethree neutrino 
avours and their antiparti
les.The mean energies of the resulting neutrinos are shown in Table 1.2. The neutrinoswill be trapped inside the `neutrino sphere' due to the high 
ore density. The ele
tronneutrinos whi
h undergo both 
harged-
urrent and neutral-
urrent rea
tions and aretherefore trapped further from the 
ore. However the neutrinos 
an es
ape due tothe in
reasing pressure gradient.The surfa
e temperature of the resulting `neutrino sphere' de
reases with the dis-tan
e from the 
ore and the ele
tron neutrinos emerge at lower energies than thoseof the muon and tau neutrinos. The 19 neutrino events re
orded in the IMB [19℄and Kamiokande [20℄ dete
tors from supernova SN1987A 
on�rmed that �70% ofthe neutrinos are released in the �rst 2 se
onds.
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Figure 2.3: Expe
ted neutrino luminosity as a fun
tion of time for a Type II Super-nova event [16℄The emission time pro�le shown in �gure 2.3 provides a unique opportunity todis
over neutrino properties whi
h are diÆ
ult or impossible to determine usingterrestrial neutrino sour
es. The existen
e of a `
osmologi
al signi�
ant' mass (eg10 - 100 eV) for one 
avour (su
h as �� ) would produ
e an observable time-of-
ightdelay in the arrival time pro�le of that 
avour, relative to the arrival time pro�le ofthe lower mass 
avours. If �� has a larger mass 
ompared to the others, its arrivaltime will be delayed by:�t(s) = 0:5  R10kp
!  m(�� )20eV=
2!2  20MeVE(�� ) !2 (2.14)
For masses greater than � 20eV this would be dire
tly observable as a delayed 
om-ponent of the time pro�le in �gure 2.3, allowing dire
t time-of-
ight measurementof the mass of at least one neutrino type. The range of � 2-20 kp
 for Gala
ti
supernovae is ideal for time-of-
ight measurements of the neutrino mass. Therefore,
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onsiderableastrophysi
al interest, providing the �rst dire
t observation of a `
osmologi
ally sig-ni�
ant' neutrino mass, for whi
h it would form a major 
omponent of the mass ofthe matter in the universe and 
ould be a 
andidate for the Gala
ti
 dark matter.
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ti
 Supernova Types and RatesFor histori
al reasons, supernovae are divided in the four di�erent types listed inTable 2.2, 
hara
terised by their spe
tros
opi
 
hara
teristi
s near maximum lumi-nosity, whi
h depend on the 
omposition of the envelope of the supernova progenitorstar. The two wide 
ategories 
alled Type I and Type II are 
hara
terised by theabsen
e or presen
e of hydrogen. However, the most important physi
al 
hara
ter-isti
 is the me
hanism that generates the supernova, that distinguishes supernovaeof Type Ia from supernovae of Type Ib, I
 and II, as shown in Table 2.2. This dif-feren
e be
omes noti
eable from the ele
tromagneti
 spe
trum some months aftermaximum luminosity, when the innermost regions be
ome visible. From the pointof view of neutrino physi
s, Type Ib, I
 and II are mu
h more interesting than TypeIa supernovae, be
ause they produ
e a huge 
ux of neutrinos of all types [15℄.near maximum months laterType H He Si Fe O and C Me
hanism RemnantIa No No Yes Yes No Mass NoneA

retion StarIb No Yes No No Yes Core NeutronCollapse StarI
 No No No No Yes Core NeutronCollapse StarII Yes ? ? No Yes Core NeutronCollapse StarTable 2.2: Main 
hara
teristi
s of supernova types [15℄
The majority of opti
ally visible re
orded supernovae lie within 4-5 kp
 of the sun;those at larger distan
es (in the Gala
ti
 plane) being obs
ured by intervening dust.This observable region 
ontains 5-6% of the relevant Gala
ti
 star population (seeFig. 2.4), so that the total supernova rate should be � 16-20 times the rate re
orded
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ally. It should be mentioned that some people [9℄ argue that our region of theGalaxy may be favoured for supernovae produ
tion and therefore a simple s
alingis in
orre
t. No plausible reasons are given for this point of view.Although 200 supernova remnants have been re
orded in our Galaxy, only the lasttwo millennia provide a suÆ
iently 
omplete re
ord to estimate the rate [10℄. Addingto those listed in [10℄ the re
ently-dis
overed remnant dated 1320 [11℄, there are 8�1type II/Ib supernovae re
orded in 2200 years in the lo
al 5-6% sample of our Galaxy(�gure 2.4). This indi
ates a most probable total rate of 6-8 per 
entury, within ourGalaxy.

Figure 2.4: Supernovae Rate in our Galaxy [17℄However, reviews of rate estimates based on a variety of astrophysi
al methods [13,14℄ show that these 
an range from 3-10 per 
entury, 
onsistent with the histori
alre
ord [17℄.
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tion Con
eptThe re
ently proposed neutrino observatory would provide a means to study, indetail, the neutrino emissions of the supernovae explosions throughout the Galaxy.Data from su
h a fa
ility would result in major advan
es in the understanding ofboth the astrophysi
al me
hanism 
ausing supernovae, and fundamental neutrinophysi
s. This new proposal is based on the dete
tion of neutrons emitted followingsupernova neutrino indu
ed ex
itation of nu
lei in any target via neutral 
urrentintera
tions, whi
h would allow the observation of all three neutrino 
avours andhen
e provide tight mass limits for neutrinos to be determined. Presented hereare details of a prototype neutron dete
tor whi
h is under study at Man
hesterUniversity. Tests have been performed to determine whether the proposed designsatis�es the spe
ial requirements of the new observatory.OMNIS is a proposed proje
t whi
h is designed to dete
t neutrinos from supernovaeand to determine their masses and the presen
e of os
illations between di�erent
avours. High Z (lead and iron) targets are primarily sensitive to the high energy
omponent of the supernova neutrino 
ux. The neutrino dete
tion me
hanism isbased on the observation of neutrons emitted from the following neutral 
urrent(NC) rea
tion �x +AZ X!A�1Z X + n+ �x (2.15)for all neutrino 
avours emitted by supernova.In addition, neutrons 
an arise from 
harged 
urrent (CC) neutrino intera
tions�e +AZ X!A�1Z+1 Y+ e� + n (2.16)�e +AZ X!A�2Z+1 Y + e� + 2n (2.17)The 
ross se
tion for these pro
esses in
reases with neutrino energy; therefore theneutrino 
avours dete
ted are expe
ted to be mostly muon and tau (whi
h areemitted with higher temperatures, hen
e energies, than ele
tron type neutrinos).The energy dependen
e of the 
ux averaged 
ross se
tion is given by [32℄:�FD(T�) = �0 R10 F�(E�)dE� R E�0 dE 0�E 02� �(E� � E 0�)R10 F�(E�)dE� (2.18)
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where F�(E�) is the neutrino 
ux at energy E�, �0 = 2:583� 10�44
m2MeV �2, E�and E 0� are the in
ident and s
attered neutrino energies, respe
tively, and �(E��E�0 )is the weak nu
lear strength fun
tion.By itself, the observation of a neutron in OMNIS provides no information on the typeof neutrino initiating the rea
tion. The use of multiple nu
lear targets with di�erentsensitivies to �e and neutral 
urrent rea
tions would enhan
e 
avour sensitivity.Lead is a parti
ularly eÆ
ient 
onverter of neutrinos to neutrons, as its thresholdfor neutron emission via neutral 
urrent intera
tions is 7.37 MeV [50℄.Iron has a higher threshold of 11.20 MeV [50℄ for neutron emission pro
esses. Thiswill result in a lower eÆ
ien
y, but all the events will be virtually 
oming from ��'s,�� 's and their antiparti
les.The threshold for double neutron events from 
harged 
urrent pro
esses in irontargets is suÆ
iently high that su
h produ
tion will be negligible.The 
harged 
urrent pro
esses in lead targets have a threshold of 14.98 MeV [50℄.These pro
esses are extremely dependent on the energy of the � 0es and � 0es. The
onversion of �� and �� to �e would produ
e mu
h more energeti
 � 0es than would beexpe
ted from the supernova. The maximal mixing in
reases the number of neutronevents by a fa
tor of four, while the rate of double neutron events is enhan
ed by afa
tor of 40 [31℄. Thus a 
lear signature of os
illations of this type would be providedby the ratio of one- to two-neutron events from lead.The proposed neutron dete
tion pro
ess involves the possible use of gadoliniumwhi
h has the largest thermal neutron 
apture 
ross se
tion of all pra
ti
al nu
lei.The neutron 
apture on Gd is usually followed by the emission on average of 3-4gammas. The mean value of the total energy of these gammas is � 8 MeV (8 MeVbeing the mean value of the neutron binding energy of the Gd isotopes plus theenergy of the 
aptured neutron).The theory of neutron and gamma intera
tions inside the dete
tor and the dete
tionme
hanism are des
ribed in 
hapter 3.
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tion with Other Experi-mentsA number of existing world dete
tors are sensitive to supernova neutrinos, in par-ti
ular Super-Kamiokande, Ma
ro, LVD and SNO. However, the existing neutrinodete
tors are predominantly 
harged 
urrent based and therefore insensitive to ��'sand �� 's or the 
avour of the in
ident neutrino [33℄. OMNIS would provide a largesignal for ��'s and �� 's (see �gure 2.5) 
omplementing in this way the sensitivity ofthe existing dete
tors to �e's.

Figure 2.5: Comparison of dete
ted neutrino events from OMNIS and other majorworld dete
tors from an 8 kp
 supernova (4000 tons of Pb and Fe targets assumedfor the OMNIS dete
tor)The measurements made by Kamiokande and IMB at the time of SN1987A were
onsidered to provide a limit on the �e mass. The analyses were limited by the smallnumber of dete
ted neutrino events and by un
ertainties in modeling the supernova
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hanism and asso
iated neutrino emission [31℄. Even though these un
ertaintieswill a�e
t the time-of-
ight neutrino mass limits derived from neutrino dete
tor,OMNIS has two important advantages. First, the large number of events from aGala
ti
 supernova (see Fig. 2.5) will provide a detailed time history of neutrinoemission asso
iated with the supernova. Se
ond, 
omplementary information fromothers dete
tors, su
h as Super-Kamiokande, will redu
e the degree to whi
h anal-yses must depend on poorly understood aspe
ts of supernova models [31℄.



Chapter 3
Theory of Neutron and GammaIntera
tions
3.1 Neutron Dete
tion Pro
essSin
e neutrons are un
harged they 
an be dete
ted either by s
attering from 
hargedor un
harged parti
les and re
ording the re
oils, or by generating nu
lear rea
tionswhose produ
ts are dete
ted. Sin
e the 
ross se
tion for neutron intera
tions inmost materials is a strong fun
tion of neutron energy, the neutrons 
an be 
lassi�eda

ording to their energy: Type Neutron EnergyCold neutrons � 1 meVSlow (thermal) � 0.5 eVEpi-thermal 0.5 eV - 50 keVThermal 0.025 eVFast � 50 keVHigh energy � 1 MeVTable 3.1: Regimes of Neutron Energies41
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tor it is ne
essary to have a proper under-standing of the neutron thermalization pro
ess, sin
e the methods used in neutrondete
tion are dependent on the energy of the neutrons. Neutron dete
tion in OMNISis based on two pro
esses :� Neutron 
apture on protons inside organi
 s
intillation dete
tors, whi
h isfollowed by the emission of a single 2.2 MeV gamma ray. The 
ross se
tion ofthermal neutron 
apture on hydrogen is � = 0:33 barns.� Neutron 
apture on Gd, whi
h is followed by the emission on average of 3-4gammas with a summed energy of � 8 MeV i.e. the neutron binding energyof the formed Gd isotope. The 
ross se
tion for thermal neutron 
apture onnatural gadolinium is � = 49; 700 barns (see Se
tion 3.1.2).In both pro
esses the neutron 
apture 
ross se
tion dependen
e on the neutron ve-lo
ity is des
ribed by the \1=v law", so the smaller the neutron velo
ity v is, thehigher the 
apture 
ross se
tion. If the neutron energy is high, a moderator is re-quired to thermalize the neutrons.The neutron thermalization pro
ess depends on the elasti
 s
attering of the neutronson light nu
lei.In su
h 
ollisions the in
ident neutron transfers a fra
tion of its kineti
 energy to thes
attering nu
leus. This pro
ess 
an be used for the dete
tion of fast neutrons. Theelasti
 s
attering gives rise to a re
oil nu
leus (see Fig. 3.1) whi
h 
an be dete
teddire
tly for neutrons with energies above the keV range.Elementary appli
ation of the laws of 
onservation of energy and momentum foran elasti
 
ollision between a neutron with initial energy E and a target nu
leus ofmass A initially at rest gives the ratio between the s
attered neutron energy E 0 andthe initial energy: E 0E = A2 + 1 + 2A
os�(A+ 1)2 (3.1)
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Figure 3.1: Elasti
 Neutron S
attering [37℄where � is the s
attering angle in the 
entre-of-mass system. The energies E andE 0 are the energies measured in the laboratory system. For no s
attering (� = 0),Equation 3.1 gives E 0=E = 1, as it should. The maximum energy loss o

urs for ahead-on 
ollision (� = 180Æ):  E 0E !min = �A� 1A+ 1�2 (3.2)
For s
attering on hydrogen (A = 1), the neutron 
an give all its energy to the stru
kproton in one 
ollision. Therefore hydrogenous materials are 
hosen for neutronthermalization. For the prototype neutron dete
tor tested at Man
hester Univer-sity, paraÆn wax (C25H52) or light water (H2O) were 
hosen as possible neutronmoderators to thermalize the neutrons emitted by a sour
e. The experiment isdes
ribed in 
hapter 4.For neutron energies � 10 MeV the s
attering is mostly s wave and thus (in the
entre-of-mass system) independent of � [51℄. The values of E 0=E are uniformlydistributed between E 0=E = 1 and the minimum value given by Equation 3.2.
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essThe analysis of the neutron thermalization is based on the random walk pro
ess.For one neutron travelling inside a moderator, the probability density �(r) for theneutron to travel a distan
e r before intera
ting is given by :�(r) dr = 1� e� r� dr; for 0 � r <1; (3.3)where � is the mean free path between two 
ollisions (mean distan
e between twosu

essive 
ollisions).The mean squared distan
e travelled between two 
ollisions is given by:< r2 >= Z 10 �(r) r2 dr = 2�2 (3.4)
If the neutron is 
reated at x = y = z = t = 0 and it su�ers isotropi
 
ollisionswith the mean free path �, then after n 
ollisions its spatial 
oordinates will bexn = nXi=0 �xi (3.5)yn = nXi=0 �yi (3.6)zn = nXi=0 �zi (3.7)Sin
e the 
ollisions are isotropi
, �xi, �yi and �zi are positive or negative withequal probabilities, and therefore the mean 
oordinate values after n 
ollisions are:< xn >=< yn >=< zn >= 0 (3.8)
From equation 3.4 it follows that the mean distan
e travelled between two 
ollisionsis 2�2 =< �x2 + �y2 + �z2 > (3.9)
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The 
ollisions are isotropi
 so the problem has spheri
al symmetry. Therefore aftern 
ollisions the probability density to �nd the neutron at position x is given by:�(n; x) = �(n) e��(n)x2 ; �1 < x <1; (3.10)where �(n) and �(n) are two variables whi
h have to be determined using the valueof the mean squared distan
e travelled along x axis after n 
ollisions i.e.:< x2n >= Z 1�1 x2 �(n; x) dx = 2n3 �2 (3.11)and the normalization 
ondition:Z 1�1 �(n; x) dx = 1 (3.12)The values of the 
oeÆ
ients � and � 
an be determined by substituting �(n; x)(equation 3.10) into equations (3.11-3.12):�(n; x) = 1� (4�3 n) 12 e� 3 x24n�2 ; �1 < x <1; (3.13)The probability density to �nd the neutron at a distan
e r after n 
ollisions is givenby the produ
t: �(n; r) = �(n; x) �(n; y) �(n; z) (3.14)and be
ause the 
ollisions are isotropi
 it 
an be obtained:�(n; r) = 1�3 (4�3 n) 32 e� 3 r24n�2 ; 0 < r <1; (3.15)Introdu
e the parameter �, de�ned as the ratio between the neutron energy de
reasefollowing ea
h 
ollision �E and the neutron energy E before the 
ollision:� = �EE = �(lnE) (3.16)
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e if after ea
h 
ollision the relative energy de
rease is �(lnE), the number of
ollisions required to de
rease the neutron energy from E0 to E is:n = 1� ln E0E (3.17)The spatial distribution be
omes:�(E; r) = 1�3 (4�3 1� ln E0E ) 32 e� 3 r24 �2� ln E0E ; 0 < r <1; (3.18)The values of the � parameter for di�erent neutron moderators are given in [47℄.Its value in light water is � = 0.92.For paraÆn wax � 
an be 
al
ulated as in the 
ase of a 
omposition of severalisotopes using [48℄: �(E) = Pj �j�js(E)�s(E) (3.19)where �js(E) and �s(E) have the same energy dependen
e, and therefore �(E) is a
onstant.The values of � and � whi
h were used to 
al
ulate the probability density (Equation3.18) are given in the following table:The � parameter The mean free pathparaÆn wax light water paraÆn wax light water0.92 0.92 17.8 mm 22 mmTable 3.2: Values used to 
al
ulate the probability to thermalize the neutronsTherefore approximately 19 
ollisions are required to thermalize a 1 MeV neutronin paraÆn wax or light water.
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iple of Neutron Dete
tionOn
e the neutrons are thermalized, there will be a high probability for them tobe 
aptured on the Gd or H nu
lei 
ausing a nu
lear rea
tion in whi
h se
ondaryradiation (gamma rays) will be emitted and dete
ted.

Figure 3.2: Thermal Neutron Capture [37℄The relative isotopi
 abundan
es of the natural Gd isotopes and the thermal neutron
apture 
ross-se
tions for ea
h isotope are given in Table 3.3.The Gd isotopes have di�erent 
ross-se
tions for the 
apture of thermal neutrons.The most eÆ
ient is 15764 Gd whi
h has a 
ross-se
tion for thermal neutron 
apture� = 259; 000 barns, followed by 15564 Gd whi
h has � = 61; 100 barns. The otherGd isotopes have low 
ross-se
tions and may be negle
ted when the absorption ofthermal neutrons on natural Gd is 
onsidered. Natural Gd 
an be used with a
ross-se
tion for the (n, 
) rea
tion being still large � = 49; 700 barns.Due to their relative short half-life, the 15364 Gd and 15964 Gd isotopes are not present innatural Gadolinium. The 153Gd isotope has a half-life of 241.6 days, undergoing anEC de
ay mode to 153Eu, while the 159Gd has a half-life of 18.6 hours undergoing a
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e Thermal n 
apture 
ross-se
tion (barns)152Gd 0.20 735154Gd 2.18 85155Gd 14.80 61100156Gd 20.47 1.5157Gd 15.65 259000158Gd 24.84 2.2160Gd 21.86 0.77Table 3.3: Relative Isotopi
 Abundan
es of the Natural Gd [38℄�� de
ay to 159Tb.The absorption of thermal neutrons is des
ribed as follows155(157)Gd + n! Gd� !156(158) Gd + 
0s (3.20)where Gd� is the ex
ited state of a Gd nu
leus.When 
onsidering the dimensions of a dete
tor the following should be observed:� if a s
intillator is used as a dete
tor as well as a moderator, it must be largeenough to thermalize the neutrons whi
h enter it.� the dete
tor must be also large enough to dete
t the se
ondary radiation (gam-mas) produ
ed in the neutron 
apture event.� the s
intillation dete
tors should not be so large as to in
rease too mu
h thelight attenuation e�e
ts. Its length will be limited by the attenuation lengthfor s
intillation photons inside the s
intillator.On
e thermalized, the neutrons not 
aptured on Gd may be 
aptured on H insidethe s
intillator whi
h will give rise to se
ondary radiation (2.2 MeV gammas).The thermal neutron 
apture on the Gd isotopes 
ontained in natural Gd is expe
tedto be followed by the emission of a 
as
ade of 3 - 4 
's with a total energy of� 8 MeV,
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esses (see equation 3.20). A more exa
t 
onsiderationof the gamma signal 
an be made 
onsidering the Gd spe
trum measured by Groshevet al. [39℄ in 1959 using a NaI magneti
 spe
trometer, shown in �gure 3.3.

Figure 3.3: The gamma energy spe
trum for natural Gd [39℄The binding energies of both signi�
ant Gd isotopes are: Bn(156Gd) = 8:53MeVand Bn(158Gd) = 7:93MeV . Figure 3.4 shows the energy levels below the neutronbinding energy for both Gd isotopes.The transition from the 
apture state to the ground state are labelled with di�erentnumbers from 1 to 6 to distinguish between the di�erent energies of the gammasemitted in ea
h transitions.
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Figure 3.4: Energy levels for Gd isotopes [49℄The energy spe
trum of emitted gammas from natGd, as measured by Groshev et al.(Fig. 3.3) 
an be divided into two energy ranges: a dis
rete range and a 
ontinuum.� Below the energy threshold denoted E
ut (Fig. 3.4) are the dis
rete energylevels. The nu
leus 
an de-ex
ite from the 
apture state dire
tly to the groundstate (g.s.), in whi
h 
ase a gamma of energy equal to the neutron bindingenergy E
 � 8MeV is emitted.It 
an also de-ex
ite from the 
apture state to one of the dis
rete energy levels(transition 5) emitting a gamma of energy E
 � 4:5MeV , followed by thetransition to the ground state (transition 6), emitting a gamma of energyE
 � 1:5MeV .These two energy ranges will form the dis
rete part of the gamma energyspe
trum for natGd (Fig. 3.3).� Above the energy E
ut there is no detailed information about the energy levels.This region is the 
ontinuum range. Another possible way for the Gd nu
leusto de-ex
ite is to undergo �rst a transition from the 
apture state to one ofthe energy levels in the 
ontinuum range above E
ut (transition 1) followed bya transition to one dis
rete energy level (transition 3).
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ontinuum energy range of the measuredgammas energy spe
trum for natGd: 1:5 � E
(MeV ) � 4:5 (Fig. 3.3).The mean value of the gamma energy in the 
ontinuum energy range of thegamma energy spe
trum of natGd (Fig. 3.3) is � 2.7 MeV.Sin
e the gammas from Gd de
ay are emitted in di�erent transitions from the 
ap-ture state to the ground state, they are emitted eventually isotropi
ally.In the dete
tion of these gammas both the geometri
 and the intrinsi
 eÆ
ien
ies ofthe dete
tor have to be taken into a

ount.These gammas 
an be dete
ted using organi
 plasti
 s
intillators. A prototypedete
tor tested at Man
hester University is presented in 
hapter 4. The analysis ofthe size of s
intillator needed to dete
t the gammas from the Gd de
ay followingthe thermal neutron 
apture involves the 
omputation of the values of gamma meanfree paths inside the s
intillators for di�erent gamma energies.
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tions inside S
intillatorsIn order to 
al
ulate the penetration and energy deposited into the s
intillators bythe gammas emitted in Gd de
ay, two further parameters are needed:� the attenuation 
oeÆ
ient of the gamma rays inside the s
intillators [�(
m�1)℄;� the energy-absorption 
oeÆ
ient for the gamma rays by the s
intillators [�en(
m�1)℄;The ratios �=� and �en=�, where � (g=
m3) is the density of the s
intillator, rep-resent the mass attenuation 
oeÆ
ient and the mass energy-absorption 
oeÆ
ientrespe
tively.3.2.1 The Mass Attenuation CoeÆ
ient �=� (
m2=g)A narrow beam of monoenergeti
 gammas with an initial intensity I0 will have a�nal intensity I, after passing through a distan
e x inside the s
intillator given bythe following relation: I = I0 exp[�(�� )�x℄ (3.21)The values of �=� are related to the total 
ross-se
tion �tot a

ording to:�� = �totuA (3.22)where u is the atomi
 mass unit, A is the relative atomi
 mass of the s
atteringmaterial and �tot is the total 
ross-se
tion summing over all the 
ontributions fromthe main photon intera
tions:�tot = �pe + �
oh + �in
oh + �pair + �phn (3.23)
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tri
 
ross-se
tion, �
oh=in
oh are the 
oherent / in
oherent(Compton) 
ross se
tions respe
tively, �pair is the pair produ
tion 
ross se
tion and�phn is the photonu
lear 
ross-se
tion.For mixtures and 
ompounds the value of the mass attenuation 
oeÆ
ient is 
al
u-lated as follows: �� = Xi wi (�� )i (3.24)where wi is the fra
tion by weight of the ith atomi
 element.The mass attenuation 
oeÆ
ient gives the attenuation of the intensity, and thereforenumber of gammas inside the beam passing through the s
intillator. The energy de-posited by the gamma rays inside the s
intillator 
an be 
al
ulated using a se
ond
oeÆ
ient, 
alled the energy-absorption 
oeÆ
ient �en.
3.2.2 The Mass Energy-Absorption CoeÆ
ient �en=� (
m2=g)The gammas may undergo a variety of di�erent intera
tions inside the s
intillator.The energy range for the gammas entering the s
intillators is E
 � 8 MeV (�gure3.3).The energy dependen
e of the mass attenuation 
oeÆ
ient inside s
intillators forgamma energies below 10 MeV is shown in Figure 3.5:
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Figure 3.5: The mass attenuation 
oeÆ
ient �=� (
m2=g) [40℄For these gamma energies the main intera
tions are the photoele
tri
 pro
ess whi
his the dominant intera
tion for E
 � 10 keV (�gure 3.5) and the in
oherent (Comp-ton) s
attering whi
h is the dominant intera
tion for 50 keV � E
 � 8 MeV (�gure3.5).In the in
oherent (Compton) s
attering pro
ess the in
ident gamma will s
attero� the nearly free ele
trons inside the s
intillator at some angle to their originaltraje
tory (see Fig. 3.6):

Figure 3.6: Compton s
attering pro
ess [41℄
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t o

urs primarily in the s
atter of high X-ray energy / gamma-rays and low atomi
 numbers. Both the s
attered gamma and the ele
tron maybe de
e
ted at an angle to the dire
tion of the path of the in
ident gamma. Thein
ident gamma having delivered part of its energy to the ele
tron emerges at alower energy.The dependen
e of the s
attered gamma's energy on the s
attering angle � is givenby the Compton formula: E 0 = E1 + ( Eme
2 )(1� 
os�) (3.25)where E 0 is the s
attered gamma's energy, E is its initial energy, me
2 is the ele
tronrest energy and � is the s
attering angle.The angular distribution of the s
attered 
-ray is des
ribed by the Klein-Nishina
ross-se
tion:d�d
 = Zre20� 11 + h�me
2 (1� 
os �)1A2  1 + 
os2 �2 !0�1 + ( h�me
2 )2(1� 
os �)2(1 + 
os2 �)[1 + �(1� 
os�)℄1A(3.26)where re is the 
lassi
al ele
tron radius.These possible gamma intera
tions result in an energy transfer from the gammas tothe ele
trons inside the s
intillator. The sum of the kineti
 energies of these ele
tronsreleased by the gamma intera
tions per unit mass is the dosimetri
 quantity kerma.The most natural way to de�ne the mass energy-absorption 
oeÆ
ient is to intro-du
e a third 
oeÆ
ient 
alled the mass energy-transfer 
oeÆ
ient �tr=� de�ned fromthe dosimetri
 quantity kerma K. Kerma is an a
ronym for the sum of the kineti
energies of all the primary 
harged parti
les released by gammas per unit mass.K = (�tr� )� (�E) (3.27)where � is the gamma 
uen
e (number of gammas in
ident per unit area) and E istheir energy.
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e (�tr=�) is de�ned as:�tr� = (fpe�pe + fin
oh�in
oh + fpair�pair)=uA (3.28)where f is a fa
tor representing the average fra
tion of the gamma energy that islost through the 
orresponding pro
ess (photoele
tri
 for fpe, et
). The 
oherents
attering has been omitted be
ause of its negligible energy transfer asso
iated withit.The mass energy-transfer 
oeÆ
ient for homogeneous mixtures and 
ompounds 
anbe 
al
ulated analogously to the 
ase of the (�=�) 
oeÆ
ient:�tr� = Xi wi (�tr� )i (3.29)We are interested in the total amount of energy deposited inside the s
intillatorby the gamma rays. The energy loss pro
ess 
onsists of the transfer of energy bythe in
ident gammas to the ele
trons inside the s
intillator. The energy transferredfrom the gamma to the dete
tor is given by the sum of the kineti
 energies of thes
attered ele
trons, whi
h is just the kerma K. So the energy lost by the in
identgammas 
an be 
al
ulated using the mass energy-transfer 
oeÆ
ient �tr=�. But thisis not always the a
tual energy deposited inside the s
intillator be
ause the s
atteredele
trons may lose part of their kineti
 energy through radiative pro
esses and thisradiation may be lost.In this way the energy deposited by the gammas inside the s
intillator is only thefra
tion of the kineti
 energy of the s
attered ele
tron whi
h is lost in ionisingpro
esses, as these are 
ausing the s
intillations inside the dete
tor.This is given by the mass energy-absorption 
oeÆ
ient, de�ned as:�en� = (1� g) (�tr� ) (3.30)where g represents the fra
tion of the kineti
 energy of the s
attered ele
trons whi
his lost in radiative energy-loss pro
esses.
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oeÆ
ients have been 
al
ulated for plasti
 s
intillatorsfor di�erent gamma energies (�gure 3.7).

Figure 3.7: The mass attenuation and mass energy-absorption 
oeÆ
ients [42℄For the 
alibration of the dete
tor one needs to know the energies deposited by thegamma rays inside the dete
tor.The deposited energies 
an be 
al
ulated using the mass energy-absorption 
oeÆ-
ients. The average energy of the gamma rays after passing through a distan
e xinside the s
intillator is given by:< E > = E0 exp[�(�en� )�x℄ (3.31)where E0 is the initial energy.The values of the mass energy-absorption 
oeÆ
ient, �en=�, will be used to 
al
ulatethe fra
tion of energy deposited by the gamma rays inside the organi
 plasti
 s
in-
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h. This information is needed for a better understandingof the energy 
alibration of the dete
tor, whi
h is performed using gamma sour
esof known energies in the range 0.6 - 4.4 MeV. The methods used are dis
ussed in
hapter 4.



Chapter 4
Tests of a Prototype Dete
tor
4.1 Ba
kground Information on Operation of S
in-tillation Dete
torsDue to their high dete
tion eÆ
ien
y s
intillation dete
tors 
an be used to identifythe presen
e of gamma rays [43℄.The gamma intera
tions inside the s
intillators result in an energy transfer to theele
trons inside the s
intillator. The possible gamma intera
tions inside the organi
plasti
 s
intillators have been des
ribed in se
tion 3.2. An ele
tron passing throughthe s
intillator material will lose energy in ionisation pro
esses, followed by the emis-sion of visible light (s
intillation photons). The dete
tion me
hanism is based on the
olle
tion of these photons by photomultiplier tubes and the eÆ
ien
y of the dete
tordepends on the fra
tion of photons rea
hing the photomultipliers that 
onvert thelight into a weak 
urrent of photoele
trons. The simpli�ed stru
ture of a photomul-tiplier is illustrated in Fig. 4.1. It 
onsists of two major elements: a photo
athodefollowed by an assembly of dynodes. The s
intillation photon intera
ts within thephoto
athode, and it is this pro
ess whi
h results in an eje
tion of a photoele
tronvia the photoele
tri
 e�e
t. An important parameter in s
intillation 
ounting is thequantum eÆ
ien
y (QE) of the photo
athode. The quantum eÆ
ien
y is de�ned as:59
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trons emittednumber of in
ident photons (4.1)For an ideal dete
tor the quantum eÆ
ien
y would be 100%. However pra
ti
alphotomultiplier tubes have typi
ally quantum eÆ
ien
ies of � 20 - 30% [53℄.Be
ause the total ele
tri
 
harge produ
ed is too small (only a few hundred pho-toele
trons may be involved in a typi
al pulse [53℄), it does not provide a usableele
tri
al signal.The ele
tron multiplier portion of a photomultiplier relies on the emission of se
-ondary ele
trons as the ele
trons from the photo
atode are a

elerated and fo
ussedto strike the surfa
e of an ele
trode, 
alled a dynode. The energy deposited by thein
ident photoele
tron inside a dynode results in the emission of se
ondary ele
tronsfrom that dynode surfa
e.The se
ondary ele
tron yield from a dynode depends on the in
ident ele
tron energy.A positive voltage of several hundred volts is applied to the �rst dynode, whi
h willdetermine almost entirely the kineti
 energy of the ele
trons on arrival at the �rstdynode, be
ause this ele
trons leave the photo
athode with a kineti
 energy on theorder of 1 eV or less [54℄.The se
ondary ele
trons produ
ed are then a

elerated and fo
ussed to further dyn-odes produ
ing an avalan
he of se
ondary ele
trons at the anode of the photomul-tiplier tube.
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Figure 4.1: S
hemati
 of a photomultiplier tube with su

ession of dynodes [44℄The overall multipli
ation fa
tor Æ for a single dynode is de�ned as:Æ = number of se
ondary ele
trons emittedprimary in
ident ele
tron (4.2)For interdynode voltages of a few hundred volts the overall multipli
ation fa
tor is oforder 4 - 6 per dynode [54℄. First the ele
trons emitted from the photo
athode strikethe �rst dynode and produ
e Æ ele
trons for ea
h in
ident photoele
tron, whi
h againwill have very low energies, typi
ally a few eV [55℄. The ele
trostati
 �eld establishedbetween the �rst and the se
ond dynode will guide these se
ondary ele
trons, whi
hwill strike the se
ond dynode. Se
ondary ele
trons from ea
h dynode are a

eleratedtoward the following dynode, su
h thatN stages in the multiplier se
tion will providean overall gain: overall gain = �ÆN (4.3)
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where � is the fra
tion of photoele
trons 
olle
ted by the multiplier stru
ture.For well designed tubes � � 1 and 
onventional dynodes are 
hara
terised by atypi
al value Æ = 5, whi
h gives an overall tube gain of 510, i.e. about 107 [55℄.The overall gain of a photomultiplier is a sensitive fun
tion of applied voltage V,being typi
ally proportional to [55℄:overall gain � V 6 to V 9 (4.4)This means that a small 
hange in V will produ
e a large 
hange in gain. Thereforevoltage stability is 
ru
ial.The ele
trons are 
olle
ted at the anode, 
reating a pulse with an amplitude linearlyrelated to the number of photoele
trons and 
onsequently to the intensity of thes
intillation light. The pulse is then analyzed by an ele
troni
 system as shown inFigure 4.2:

Figure 4.2: S
hemati
 diagram of a s
intillation dete
tor
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 plasti
 s
intillators were used and tested in this experiment(see Fig. 4.2) to see if they 
an be used for neutron dete
tion in the OMNIS proje
t.The neutron dete
tion me
hanism involves the use of Gd, due to the extremely high
apture 
ross-se
tion for thermal neutrons [56℄. The neutron 
apture events mustthen be 
onverted into a signal, and distinguished from ba
kground, and this will re-quire relatively long time measurements (up to 50,000 se
onds) of the gamma energyspe
trum whi
h is emitted following these events, in order to improve the statisti
sof the measurement. Therefore, it is very important to establish 
onditions underwhi
h the drifts in the voltage would have minimal in
uen
e on the measured 
ounts.The dete
tors were tested using both gamma sour
es of known enrgies and theba
kground radiation. The number of s
intillation photons produ
ed in the dete
-tion pro
ess and hen
e the 
harge pulse from the photomultiplier tubes (PMT's) isproportional to the energy deposited.The preampli�er 
onverts the 
harge pulse from the PMT to a voltage pulse. If thevoltage pulse is above the 
hosen threshold, it is then 
onverted by the dis
riminatorinto a fast logi
 pulse, with a pulse width set to 20 ns. The 
oin
iden
e unit willprodu
e a logi
 output pulse if two input pulses o

ur within a time interval lessthan 40 ns.When radiation dete
tors are operated in pulse mode, the signal pulses must ex
eeda given level Hd, 
alled the dis
riminator level (threshold), in order to be registeredby the 
ounting 
ir
uit.An operating point must be established that will provide maximum stability overlong periods of time, be
ause the gain of the photomultiplier is a sensitive fun
tionof the applied voltage (see Equation 4.4).The region of minimum slope on the 
ount rate as a fun
tion of voltage is 
alled
ounting plateau and represents the region of operation in whi
h the minimumsensitivity to drifts in voltage is a
hieved. Figure 4.3 shows a typi
al plot of the
oin
iden
e rate due to 
osmi
 ray muons, measured as a fun
tion of voltage.
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Figure 4.3: Coin
iden
e Counting Rate as a fun
tion of PMT VoltageA plateau region was found to be between 920 and 960V. Voltages in this range wereapplied to the PMT's in all measurements.The neutron dete
tion involves the measurement of the energy spe
trum of thegammas emitted following the neutron 
apture on Gd. The response of the dete
torto gamma rays is analysed in Se
tion 4.2.
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tor Gamma ResponseIn order to test the linearity of the multi
hannel analyser (MCA), and to dete
tthe gammas emitted in the neutron 
apture rea
tions, the following experimentalarrangement has been used:

Figure 4.4: Experimental arrangement for the pro
essing of the signal from PMTsThe signals from up to ten photomultiplier tubes atta
hed to up to �ve blo
ks ofplasti
 s
intillators (two per blo
k, one at ea
h end) are added together using asumming unit.The Compton ele
trons whi
h are produ
ed following the gamma intera
tions insidethe s
intillators will lose energy by ionisation in the s
intillator and produ
e s
intil-lation photons whi
h provide the signal whi
h is dete
ted by the PMT's. The rangeof a 1 MeV ele
tron inside the organi
 plasti
 s
intillator is R = 4mm. The signalfrom the PMT's is analysed with a multi
hannel analyser (MCA). The pulse heightgiven by the MCA is proportional to the energy deposited inside the s
intillator bythe in
ident gamma i.e. the s
attered ele
tron energies.
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apture have energies inthe range 50 keV � E
 � 8 MeV (Fig. 3.3). For these gamma energies the mainintera
tions inside the organi
 plasti
 s
intillators are the Compton (in
oherent)s
attering pro
esses (see Fig. 3.5).The energy deposited by the gamma rays inside the s
intillator in one Comptons
attering pro
ess is given by the energy of the re
oiling ele
tron:Ee = E � E 0 = E � E1 + ( Eme
2 )(1� 
os�) (4.5)where E 0 is the s
attered gamma's energy, E is its initial energy, me
2 is the ele
tronrest energy and � is the s
attering angle.The maximum and minimum values of the ele
tron energy 
orrespond to � = � and� = 0 respe
tively. The maximum value is 
alled the Compton edge energy. For aCompton s
attering event generated by a gamma 
oming from 137Cs sour
e with aninitial energy E
 = 662 keV , the re
oil ele
tron will lie within the energy region:0 � E
 � 478 keV :

Figure 4.5: Compton 
ontinuum energy spe
trum: theoreti
al (the 
ontinuous line)and realisti
 (the dot line)Be
ause the s
attered ele
trons inside the s
intillator are not truly free ele
trons andalso be
ause of the �nite energy resolution of the s
intillator, the Compton edge willhave a slope \tail" (Fig. 4.5) rather than a step fun
tion drop to zero.



CHAPTER 4. TESTS OF A PROTOTYPE DETECTOR 674.3 Energy Resolution of the Dete
tor4.3.1 De�nition of the Energy ResolutionThe dete
tor gamma response 
an be examined by noting the dete
tor response toa monoenergeti
 sour
e.The energy resolution of the dete
tor 
an be de�ned as:Rq = q2 � q2q2 (4.6)where q is the 
olle
ted ele
tri
 
harge at the photomultipliers following a s
intilla-tion event.The advantage in using monoenergeti
 gamma sour
es is that the energy depositioninside the dete
tor is better understood. However, due to statisti
al 
u
tuationsthere will be random 
u
tuations in the 
harge q whi
h is generated in one event.These 
u
tuations will always be present in the dete
tor signal even if exa
tly thesame amount of energy is deposited in the dete
tor for ea
h event .In the previous se
tion it has been shown that the pulse amplitudeH0 is proportionalto the number of 
olle
ted ele
tri
 
harges H0 = kN , where k is a proportionality
onstant.Assuming that a total number N of 
harge 
arriers is generated on average andthat the formation of ea
h 
harge 
arrier is a Poisson pro
ess, one would expe
t astandard deviation pN to 
hara
terize the inherent statisti
al 
u
tuations in thesignal. The standard deviation � of the peak in the pulse height spe
trum (Fig. 4.6)is then � = kpN . The response fun
tion of the dete
tor should have a gaussianshape sin
e N is typi
ally a large number.The FWHM (Full Width at Half Maximum) for a gaussian is given byFWHM = 2:35� (4.7)so that the FWHM = 2:35kpN .
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tor energy resolution is shown in (Fig. 4.6) with theassumption that only monoenergeti
 radiation is being re
orded.

Figure 4.6: De�nition of dete
tor resolution for peaks whose shape is a Gaussianwith standard deviation �, the FWHM is given by 2:35�
The energy resolution of the dete
tor is de�ned as the FWHM divided by thelo
ation of the peak 
entroid H0. The energy resolution is thus a dimensionlessfra
tion 
onventionally expressed as a per
entage.RN = FWHMH0 = 2:35kpNkN = 2:35pN (4.8)Sin
e the number of 
harges 
olle
ted after a dete
tion event N is proportional to theenergy deposited inside the s
intillator the energy resolution 
an be also expressedas: RE = 2:35kpE (4.9)
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an be 
al
ulated using the assumption that the dete
torresponse to a single energy 
an be approximated to a gaussian (Fig. 4.6).For a gaussian, f(x) = 1p2�2�e� (x�x0)22�2 (4.10)The maximum value, f(x0), o

urs for x = x0 and it is equal tof(x0) = 1p2�2� (4.11)and the 90% of the maximum value is:f(
90) = 90%f(x0) = 90100 1p2�2� (4.12)The 50% and the 10% values are at x = 
50 and x = 
10 respe
tively:f(
50) = 50%f(x0) = 50100 1p2�2� (4.13)f(
10) = 10%f(x0) = 10100 1p2�2� (4.14)From equations (4.11 - 4.14) one 
an 
al
ulate the x values at the 90%, 50%, and10% respe
tively of the gaussian maximum:
90 = x0 + 0:459� (4.15)
50 = x0 + 1:1774� (4.16)
10 = x0 + 2:146� (4.17)
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ontinuum as shown in Figure 4.7,

Figure 4.7: Compton 
ontinuum spe
trum with a �nite resolutionthen the energy resolution of the dete
tor 
an be de�ned as [57℄:R = �
50 (4.18)Using the values of the 
hannel numbers for whi
h the number of 
ounts is 90%,50% and 10% respe
tively of the maximum value (see Figures 4.8 - 4.11) one 
an
ompute the value of the energy resolution, using the Equation 4.18.The pro
edure is not exa
t sin
e the Compton edge is not exa
tly a Gaussian. Butexperien
e has shown that the approximation is a good one and this pro
edure gives
onsistent and reliable results.
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Figure 4.8: The 
hannel number 
orresponding to the maximum no. of 
ounts inthe Compton 
ontinuum of the 137Cs sour
e measured with only one PMT

Figure 4.9: The 
hannel number 
orresponding to the 90% of the maximum no. of
ounts in the Compton 
ontinuum of the 137Cs sour
e measured with only one PMT
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Figure 4.10: The 
hannel number 
orresponding to the 50% of the maximum no. of
ounts in the Compton 
ontinuum of the 137Cs sour
e measured with only one PMT

Figure 4.11: The 
hannel number 
orresponding to the 10% of the maximum no. of
ounts in the Compton 
ontinuum of the 137Cs sour
e measured with only one PMT
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ase of the spe
trum measured with only one photomultiplier from one s
intil-lator with the sour
e being 
entrally on top of the s
intillator, the energy resolutionis R1PMT = 30:7� 2:6%.When the 137-Cs sour
e spe
trum is measured with both PMT's from one s
intillatorblo
k, with the sour
e in the same position, the average number of 
harges 
olle
tedin one dete
tion event doubles, su
h that the expe
ted resolution be
omes (seeequation 4.8): R1s
int = R1PMTp2 = 21:7% (4.19)The experimental value whi
h was a
tually measured with both PMT's isRexp1s
int = 23:2� 1:6% (4.20)The two resolutions, one obtained with a single PMT at one end and the other witha PMT at ea
h end, are therefore 
onsistent with ea
h other. The numbers providesome 
on�den
e that the resolution 
an be understood.



CHAPTER 4. TESTS OF A PROTOTYPE DETECTOR 744.4 Light Attenuation MeasurementAn important 
riterion in sele
ting the s
intillators (espe
ially long s
intillators) isthe light attenuation length inside the s
intillator.The attenuation of light inside a s
intillator is des
ribed by the exponential law :I = I0 e��x (4.21)where I is the light intensity after travelling through a distan
e x inside the s
intil-lator, I0 is the initial intensity and � is the attenuation 
oeÆ
ient.In order to determine the attenuation 
oeÆ
ient �, a radioa
tive sour
e was pla
edat di�erent points along the plasti
 s
intillator thus produ
ing events within thes
intillator at known distan
es from the photomultiplier tubes. The signal fromthe photomultiplier tube, whi
h is proportional to the number of photons rea
hingthe photomultiplier, was measured for ea
h point. It is advantageous to 
hoosemonoenergeti
 gamma sour
es so that the amount of energy whi
h is deposited isbetter understood. A 137Cs sour
e whi
h produ
es 662 keV gamma rays was 
hosen.These gammas will deposit inside the s
intillator an amount of energy whi
h is
onverted into visible light, the number of the s
intillation photons produ
ed beingproportional to the deposited energy. The number of s
intillation photons whi
hwill rea
h the photomultipliers depends on the position of the sour
e along thes
intillator (see equation 4.21) and the light attenuation length � whi
h is de�nedas the inverse of the attenuation 
oeÆ
ient :� = 1� (4.22)The light attenuation length was measured by pla
ing the 137Cs sour
e at di�erentdistan
es xmiddle (mm) from the middle of the s
intillator as illustrated in Figure 4.12and by measuring the shift in the 
hannel number asso
iated with the Compton edgeenergy.
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Figure 4.12: Light Attenuation MeasurementThe �gures (4.13 - 4.15) show the dependen
e of the signal measured with left andright photomultiplier respe
tively on the position of the sour
e along the s
intillator(the distan
es to the left with respe
t to the 
entre of the s
intillators are 
hosento be negative). Be
ause the s
intillation light su�ers an exponential attenuationinside the s
intillator, on a logarithmi
 s
ale the dependen
e of the signal on thedistan
e should be linear :
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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'sThe attenuation 
oeÆ
ient � is given by the average slope of the lines in �gures 4.13and 4.14, � = 0:000472mm�1, whi
h implies that the attenuation length inside thiss
intillator is � = 1� = 2119 mm. Sin
e the length of this s
intillator is 2000 mm, itis suitable for use in the OMNIS proje
t.Figure 4.16 shows the position of the Compton edge of 137Cs (in 
hannel numbers)measured with both photomultiplier tubes as a fun
tion of the sour
e position along
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intillator. From the �gure, there is a fa
tor of only 1.066 variation in the energys
ale between the 
entre and ends of the s
intillator blo
k. Therefore a re
tangulardistribution may be 
onsidered for the Compton edge position (with ymean = 125 and� = ymax�yminp12 ), where y represents the ADC 
hannel asso
iated with the ComptonEdge:

Figure 4.16: Light Attenuation Measurement with both PMT's
For one s
intillator blo
k the attenuation 
oeÆ
ient was measured to be � = 0.001mm �1 whi
h 
orresponds to an attenuation length of � = 1000mm. Thus forthis s
intillator the light attenuation length is half of its length and therefore ithas been reje
ted. This di�eren
e in performan
e is probably due to history. Thes
intillators were used for a few years for an experiment at Daresbury Laboratoryfrom 1967 onward. They were then used for 
osmi
 ray studies by Leeds Universitybefore they were returned to The University of Man
hester for this purpose. Ones
intillator had been unwrapped at the end for several years and this was the onewith the short attenuation length. All the other blo
ks whi
h remained wrappedhave a longer attenuation length.
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t of Light Attenuation on the Energy Reso-lutionThe light attenuation inside the s
intillator will a�e
t the number of s
intillationphotons rea
hing the PMT's. Therefore the number of s
intillation photons rea
h-ing the PMT's will de
rease exponentially with in
reasing distan
e and so will theaverage number of photoele
trons produ
ed in one dete
tion event. This will a�e
tthe value of the energy resolution of the dete
tor (see equation 4.8).The average value of the light attenuation 
oeÆ
ient for the four NE110 organi
plasti
 s
intillator blo
k has been measured in the previous se
tion to be � =0:0005mm�1.Hen
e, sin
e the average number of 
harges 
olle
ted at the PMT's 
an be expressedas N(x) = N(0) e��x (4.23)and using equation 4.8 for the energy resolution of the dete
tor, the dependen
e ofthe resolution on the distan
e the light travels inside the s
intillator 
an be writtenas: R(x) = R(0) e+�x2 (4.24)where R(0) is the energy resolution if there was no light attenuation inside thes
intillator, and R(x) is the real energy resolution whi
h takes into a

ount the lightattenuation e�e
ts when the light travels the distan
e x inside the dete
tor.The energy resolution measured with the sour
e in the middle isR1PMT = R(L=2) = 30:7� 2:6% (4.25)where L = 2000 mm is the length of the s
intillator.The energy resolution 
an be also expressed in terms the distan
e xmiddle from themiddle of the s
intillator to the sour
e (see Fig. 4.12):R(xmiddle) = R(L=2) e��xmiddle(mm)2 (4.26)
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an predi
t the values of the energy resolution for di�erentdistan
es between the sour
e and the middle of the dete
tor:xmiddle(mm) -600 -400 -200 0 200 400 600R 35.0% 33.5% 32.1% 30.7% 29.4% 28.1% 26.9%Table 4.1: Energy resolution 
al
ulated using the equation 4.26The energy resolution values measured experimentally with the `Right' PMT areshown in the following table:xmiddle(mm) -600 -400 -200 0 200 400 600R 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 s
intillator measured experimentallyThe dis
repan
y whi
h appears for the data measured with sour
e pla
ed at the `far'end with respe
t to the photomultiplier is due to the fa
t that the standard assign-ment in Equation 4.18 of the 50% maximum point of the Compton 
ontinuum (Fig.4.5) to the Compton edge is not 
orre
t. Previous Monte Carlo 
al
ulations [52℄show that be
ause of multiple Compton s
attering, gammas frequently deposit en-ergy beyond the Compton edge. This will �ll in the region below the Comptonedge, whi
h results in the identi�
ation of the 90% maximum point of the Compton
ontinuum with the ba
ks
atter energy.A more a

urate method of measuring the energy resolution of the dete
tor is pre-sented in 
hapter 6, using the 
omparison between the GEANT4 simulation of thedete
tor response to the gamma intera
tions and the measured data.
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torAn ideal MCA would perform a perfe
tly linear 
onversion of pulse height to 
hannelnumber:

Figure 4.17: A typi
al MCA 
alibration plotA nonzero amplitude required for storage in the �rst 
hannel will introdu
e somezero o�set shift to the origin.Assuming the multi
hannel analyser is suÆ
iently linear, it is enough to determinethe slope and the inter
ept of the 
alibration line (Fig. 4.17). However more gammasour
es should be used to provide additional tests of the linearity of the MCA.The �rst step of the 
alibration experiment was to mat
h the gain of the PMT'sat the two ends of ea
h s
intillator, by adjusting the high voltages independentlyusing the Compton edge of a 137Cs sour
e (0.478 MeV) pla
ed at the middle of thes
intillator as a referen
e.The easiest way to test the linearity of the MCA is to pla
e sour
es of known energyon the dete
tor and to measure the 
hannel number into whi
h the Compton edge ofthe spe
trum falls. Three di�erent well-known sour
es have been used: 137Cs, 60Coand 241Am/Be.The 60Co sour
e emits two gammas with 1.173 and 1.333 MeV whi
h 
ombine toprodu
e a broad peak 
orresponding to an average energy of 1.25 MeV gammasignal.
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e emits 4.4 MeV gammas, as well as neutrons with energiesbetween 2 and 10 MeV. The s
intillator a
ts also as a neutron moderator, and theneutrons are thermalized and 
aptured on hydrogen inside the dete
tor. This pro-
ess will give rise to a 2.2 MeV gamma.The 
hannel numbers 
orresponding to the Compton edges for the gammas emittedby these sour
es (see Fig. 4.18 - 4.21) are given in Table 4.3.Sour
e Gamma Energy Compton Edge Channel No.(MeV) (MeV)137Cs 0.662 0.478 5960Co 1.25 1.038 137241Am/Be 2.2 1.971 274241Am/Be 4.4 4.159 578Table 4.3: The Compton edge energies and 
hannel numbers for the gamma sour
es
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Figure 4.18: Energy spe
trum of the 137Cs sour
e

Figure 4.19: The energy spe
trum of the 60Co sour
eThe se
ond peak in Fig. 4.19 is 
aused by the 
oin
iden
e of the two gammasemitted by the 60Co sour
e whi
h leads to a deposited energy equal to the sum ofthe two deposited energies.
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Figure 4.20: Energy spe
trum of the 241Am/Be sour
e - the Compton Edge of the2.2 MeV gammas from neutron 
apture on H inside the s
intillators

Figure 4.21: Energy spe
trum of the 241Am/Be sour
e - the Compton Edge of the4.4 MeV gammas emitted by the sour
e



CHAPTER 4. TESTS OF A PROTOTYPE DETECTOR 84The values given in Table 4.3 were used for plotting the dependen
e of the ADC
hannel number on the energy deposited inside the dete
tor. The following MCA
alibration plot shows that there is a linear dependen
e between the energy depositedinside the dete
tor and the 
hannel number, over the energy range 500 - 4500 keV.

Figure 4.22: Energy Calibration of the MCAThis plot 
an be used to determine the energies of the gammas emitted in the neu-tron 
apture pro
ess.The absorption length of the gammas inside the s
intillator 
an be 
al
ulated usingthe mass energy-absorption 
oeÆ
ients introdu
ed in se
tion 3.2.2.The values of the mass energy-absorption 
oeÆ
ient for the gamma energies usedto perform the energy 
alibration of the plasti
 s
intillators are given in table 4.4.
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e Energy (MeV) Mass Energy-AbsorptionCoeÆ
ient (
m2=g)137Cs 0.662 3:175� 10�260Co 1.173 2:94� 10�260Co 1.332 2:85� 10�2241Am/Be 2.2 2:45� 10�2241Am/Be 4.4 1:91� 10�2Table 4.4: The mass energy-absorption 
oeÆ
ients inside the NE110 plasti
 s
intil-latorsUsing these values one 
an 
ompute the \mean free path" for energy loss (the ab-sorption length), whi
h represents the distan
e travelled inside the s
intillator afterwhi
h the gammas will have an average energy equal to 1/e (i.e. � 36.8%) of theirinitial energy. These distan
es are shown in table 4.5.Sour
e Energy (MeV) Mean free path (mm)137Cs 0.662 30560Co 1.173 33060Co 1.332 340241Am/Be 2.2 396241Am/Be 4.4 507Table 4.5: The energy loss pro
ess mean free pathUsing the values of the mean free path for the energy loss pro
ess, it is possible to
ompute the fra
tion of the energy whi
h is deposited inside the s
intillator by thesegammas.
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tions of energy deposited by the gammas inside the s
intillator des
ribed inFig. 4.12 are shown in table 4.6.Sour
e Energy (MeV) Fra
tion of energy loss inside a 180� 180� 2000mm3plasti
 s
intillator (Fig. 4.12)137Cs 0.662 45%60Co 1.173 42%60Co 1.332 41%241Am/Be 2.2 37%241Am/Be 4.4 30%Table 4.6: Fra
tion of energy deposited inside the s
intillatorThese values show that one s
intillator blo
k is not large enough for all the gammasto deposit their entire energy inside the dete
tor and moreover, the fra
tion depositedis a strong fun
tion of energy.The values of the fra
tion of energy deposited by the gamma-rays inside the dete
tor
an be 
omputed in a similar way also for more blo
ks of s
intillators.Sour
e Energy (MeV) Fra
tion of energy loss inside four 180� 180� 2000mm3plasti
 s
intillators137Cs 0.662 69%60Co 1.173 66%60Co 1.332 65%241Am/Be 2.2 60%241Am/Be 4.4 51%Table 4.7: Fra
tion of energy deposited inside four s
intillator blo
ks (360� 360�2000mm3)As it 
an be seen in Table 4.7, for four blo
ks of s
intillators, the average energydeposition inside the dete
tor is higher than 50% for all the gamma energies in the
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h were used in the 
alibration pro
ess. The dete
tor musthave more than one s
intillator blo
k in order to in
rease the fra
tion of energydeposited and thus to work better.



Chapter 5
Dete
tion of Gammas fromNeutron Capture
5.1 Con�guration of the Dete
torFive of the organi
 plasti
 s
intillator blo
ks (NE 110) were sele
ted on the basisof light attenuation length whi
h had been measured to be in the range 2000 -2500 mm. The s
intillators have been tested for use in OMNIS proje
t, ea
h onebeing 180 � 180 � 2000mm3 in dimension. A table of their properties is given inthe Appendix. Light guides were atta
hed to ea
h s
intillator end and the wholethen wrapped in PTFE tape. One (�ve in
h) Hamamatsu type PMT was atta
hedto the light guide at ea
h end of the s
intillator blo
k, using opti
al grease. Thes
intillators and the light guides were wrapped in two layers of Al foil and bla
kPVC tape in order to prevent external light entering the s
intillators.5.1.1 Gd paper on top of the �ve blo
ks of s
intillatorsTo better understand neutron dete
tion using Gd, the arrangement shown in �gure5.1 was set up in the lab. Di�erent experimental arrangements 
an be used inorder to thermalize the neutrons. As a neutron sour
e an 241Am/Be sour
e with ana
tivity � = 100 mCi was used. This sour
e emits 2:2 � 105 neutrons per se
ond,with energies from 2 MeV to 10 MeV, as shown in �gure 5.2.88



CHAPTER 5. DETECTION OF GAMMAS FROM NEUTRON CAPTURE 89The 
-ray emission rate per neutron is 0.7 at 4.43 MeV. For ea
h experimentalarrangement lead was used to redu
e the intensity of the 4.43 MeV gammas emittedby the sour
e.

Figure 5.1: Gd paper on top of the 5 blo
ks of s
intillatorThe neutron dete
tion pro
ess pro
eeds via the following stages [49℄:(i)Neutron slowing down is due to the neutron 
ollisions with the hydrogen and
arbon nu
lei inside a hydrogenous moderator (e.g. water, paraÆn wax or thes
intillator itself).These 
ollisions in
lude elasti
 
ollisions with the 1H and 12C and inelasti
 s
atteringwith 12C whi
h are a

ompanied by the emission of at least one neutron in the �nalstate. Below the threshold energy, En = 4.813 MeV, for the inelasti
 s
attering tothe �rst ex
ited 4.443 MeV state in 12C, only the elasti
 s
attering 
ontributes tothe neutron slowing-down.(ii) Radiative 
apture on 1H followed by the emission of a single 2.224 MeV 
-rayor on 155Gd (157Gd) a

ompanied by the emission of a 
as
ade of 
-rays with thesummed energies of 8.536 (7.937 MeV, respe
tively). These 
's 
an be dete
ted bylarge organi
 plasti
 s
intillators.



CHAPTER 5. DETECTION OF GAMMAS FROM NEUTRON CAPTURE 90(iii) Gamma-ray energy degradation due to 
onse
utive Compton s
attering fromthe ele
trons of H and C atoms of the s
intillators. Ultimately, if the dete
tor islarge enough, the 
-ray energy is de
reased to the level at whi
h the photoele
tri
absorption in C terminates its history. Thereby nearly the entire energy (K-shellbinding energy ex
luded) of the 
-ray 
as
ade is 
onverted into ele
tron energy.(iv) Ele
tron energy loss by the ex
itation and ionisation of the medium mole
ules.Part of this energy (determined by the s
intillation eÆ
ien
y) is 
onverted intovisible light.(v) Light transport to the photo
athodes of the photomultipliers (PMTs) in opti
al
onta
t with the plasti
 s
intillators via multiple re
e
tions on the di�usely re
e
tingsurfa
e of the s
intillators.The lab experimental arrangement 
hosen for neutron dete
tion (Figure 5.1) 
onsistsof �ve NE110 plasti
 organi
 s
intillators (ea
h s
intillator blo
k is 180 � 180 �2000 mm3) and paraÆn wax (C25H52) or light water (H2O) between the Am/Besour
e and the s
intillators to thermalize the neutrons before rea
hing the Gd paper.

Figure 5.2: The neutron energy spe
trum for the 241Am/Be and the 252Cf sour
es [60℄
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ks of paraÆn wax were used with the average thi
kness of ea
h blo
k being14 mm.

Figure 5.3: The size of the paraÆn wax blo
k and of the Gd paperWhite paint was used in order to apply a uniform 
on
entration of natural Gdon the paper. Di�erent amounts of gadolinium oxide Gd2O3 have been 
arefullyand thoroughly stirred into the paint; the amounts of gadolinium were 
hosen asper
entages by weight of the total weight of ten blo
ks of moderator (7000g). Theper
entages 
hosen are given in table 5.1.1.Gd 
on
entration by weight (%) Referen
e mass (g)0.005 70000.01 70000.015 70000.02 70000.04 70000.1 7000Table 5.1: Gd weight measured as per
entage of the total weight of moderator



CHAPTER 5. DETECTION OF GAMMAS FROM NEUTRON CAPTURE 925.1.2 Gd paper between the top and bottom blo
ks of s
in-tillatorIn order to have a maximum dete
tion eÆ
ien
y, a \4� solid angle dete
tor" 
anbe approximated by surrounding the Gd paper with the �ve s
intillator blo
ks asshown in �gure 5.4.

Figure 5.4: Gd paper surrounded by s
intillator blo
ksFor this experimental arrangement the top s
intillators 
an be used as neutronmoderators, so there is no need for additional blo
ks of moderator to thermalizethe neutrons emitted by the sour
e before they will rea
h the Gd paper.



CHAPTER 5. DETECTION OF GAMMAS FROM NEUTRON CAPTURE 935.2 Analysis of the Depth of Moderator Neededto Thermalize the NeutronsThe neutrons produ
ed by the neutrino intera
tions are expe
ted to have initialenergies of � 1-2 MeV [21℄, hen
e moderation will primarily o

ur through elasti
s
attering o� the protons inside the moderator. The amount of energy given up bythe neutrons at ea
h s
attering site depends on the atomi
 number of the s
atteringnu
leus. The energy absorbed by the re
oil nu
lei in
reases as the atomi
 numberde
reases. Hydrogenous (low Z), materials su
h as water and paraÆn wax (C25H52)are therefore eÆ
ient as neutron moderators.For the experimental arrangement in �gure 5.1, the solid angle from the neutronsour
e to the Gd paper is 
 = 0.36 �:

Figure 5.5: The solid angle from the Am/Be sour
e to the Gd paperThe Am/Be sour
e emits 2:2� 106 neutrons/se
 per 1 Ci a
tivity. Sin
e the sour
ehas an a
tivity � = 100 mCi it will emit N = 2:2� 105 neutrons/se
. Taking intoa

ount the solid angle 
 = 0:36� from the sour
e to the Gd paper and assumingthat the neutrons are emitted isotropi
ally, the total number of neutrons rea
hingthe Gd paper in the absen
e of the neutron moderator isN = (0:36�=4�)� 2:2� 105 n=se
 = 1:98� 104 neutrons=se
 (5.1)
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trum for the 241Am/Be sour
e shows that the neutronenergies are in the range 2 - 10 MeV, with a mean neutron energy of 4.5 MeV(�gure 5.2). The probabilities for the sour
e to emit neutrons of a given energyEn(MeV) are given by the relative intensities obtained after the normalisation ofthe neutron energy spe
trum. The number of neutrons rea
hing the Gd paper perse
ond with an energy En(MeV) within the energy spe
trum of the sour
e, in theabsen
e of the neutron moderator, is 
omputed by multiplying these probabilitieswith the total number of neutrons rea
hing the Gd paper per se
ond (equation 5.1).These values are given in table 5.2:Neutron Energy Probability to emit a Number of neutronsEn(MeV) neutron with En(MeV) rea
hing the Gd paper2.000 0.0521 10322.956 0.0480 9513.912 0.0453 8974.868 0.0333 6605.824 0.0275 5447.258 0.0315 6248.214 0.0089 1769.170 0.0072 14310.126 0.0010 20Table 5.2: The number of neutrons rea
hing the Gd paper per se
ond, with theenergy En (MeV)The neutron s
attering and 
apture 
ross-se
tions for the 157Gd are shown in Figure5.6. It 
an be seen that the radiative 
apture on Gd pro
esses set in after the neutronhas slowed down into the Gd resonan
e region (En � 300 eV ). The followinganalysis 
omputes the number of neutrons slowed down to energies below this energy,be
ause these are the neutrons that will be 
aptured on Gd. These neutrons will bereferred to as slow neutrons.
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Figure 5.6: The neutron 
ross-se
tions for the radiative 
apture (green line) ands
attering (blue line) pro
esses on 157Gd [59℄The probability for a neutron of a given initial energy En(MeV) to be moderatedbefore rea
hing the Gd paper 
an be 
al
ulated using Equation 3.18 and the valuesof the 
oeÆ
ients given in Table 3.2.The number of slow neutrons rea
hing the Gd paper per se
ond 
an be 
al
ulatedby multiplying this probability with the number of neutrons rea
hing the Gd paperin the absen
e of the moderator, having di�erent initial energies in the range 2 - 10MeV (table 5.2).The numbers of slow neutrons rea
hing the Gd paper per se
ond are shown in Figure5.7 for di�erent initial energies.
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Figure 5.7: Number of slow neutrons rea
hing the Gd paper per se
ondIt 
an be seen that the optimum depth of moderator is � 60-70 mm.Similarly, the probability to moderate the neutrons after passing through di�erentdepths of paraÆn wax (equation 3.18) 
an be 
omputed for ea
h initial energy. Thetotal number of slow neutrons rea
hing the Gd paper per se
ond 
an be obtainedintegrating over the whole neutron sour
e energy spe
trum (�gure 5.2). Fig. 5.8shows the total number of slow neutrons rea
hing the Gd paper per se
ond fordi�erent depths of the moderator (paraÆn wax).
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Figure 5.8: Total number of slow neutrons rea
hing the Gd paper per se
ond forparaÆn wax as neutron moderatorFor 70 mm of paraÆn wax N = 2,462 slow neutrons/se
.A similar 
omputation 
an be done for light water as a neutron moderator. Fig.5.9 shows the total number of slow neutrons rea
hing the Gd paper per se
ond as afun
tion of the depth of the moderator (light water).

Figure 5.9: Total number of slow neutrons rea
hing the Gd paper per se
ond forlight water as neutron moderatorThe optimum depth of light water is� 80 mm, for whi
h the number of slow neutronsrea
hing the Gd paper per se
ond is equal toN = 1,993 n/se
. Therefore the paraÆnwax proves to be a more eÆ
ient neutron moderator than the light water.
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aptured on Gd, whi
h results in the emission ofa gamma 
as
ade having the energy spe
trum shown in Fig. 3.3.
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-trum from Neutron Capture on GdIn the previous se
tion the physi
al pro
ess whi
h takes pla
e in the thermaliza-tion of the neutrons has been 
onsidered and theoreti
al studies have been done todetermine the optimum depth of moderator needed to thermalize the neutrons.In Se
tion 3.1.2 the analysis of the energy spe
trum of the gammas emitted in theGd de
ay showed that a � 1 MeV gamma (transition 4 or 6) from the Gd de
ayis always pre
eded by a � 2.7 MeV from the 
ontinuum (transition 3) or by a � 5MeV gamma (transition 5) respe
tively.Two di�erent experimental arrangements were presented in se
tion 5.1 :1. The Gd paper on top of the s
intillators (Fig. 5.1)The geometri
 eÆ
ien
y for the dete
tion whi
h takes pla
e only in half of the totalsolid angle (sin
e any gammas emitted opposite to the dire
tion of s
intillators arenot dete
ted) is �geom = 12 . So the probability to dete
t two gammas from the sameGd de
ay is the produ
t of probabilities, P = 14 , assuming an intrinsi
 dete
tioneÆ
ien
y � = 1.The probability to dete
t both the � 1 MeV and the � 5 MeV gammas from the Gdde
ay is further redu
ed by the intrinsi
 eÆ
ien
y of the s
intillator to dete
t thehigh energy gammas whi
h have a higher mean free path and 
an es
ape undete
ted.Theoreti
al studies have been done to 
al
ulate the mean free path for gammas withdi�erent energies (see Table 4.5) and to determine the size of the s
intillator blo
ksneeded to dete
t a signi�
ant fra
tion of the total energy (� 8 MeV) of the gammasfrom neutron 
apture on Gd.So in the 
ase of this experimental set up it is less likely to dete
t two or moregammas from the same neutron 
apture event. Both the 1 MeV gamma and the 2.7MeV, or 5 MeV gamma respe
tively will be seen as two distin
t events:
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Figure 5.10: Gammas emitted in dis
rete levels - dis
rete levels transitions [72℄The spe
trum should 
onsist of two peaks: one due to the � 1 MeV gammas and these
ond peak 
orresponding to a gamma energy of 2.7 MeV. The high energy peak(� 5 MeV) is not seen be
ause the dete
tor is not large enough for these gammasto deposit all their energy inside it (see subse
tion 3.2.2). These gammas es
apeundete
ted or Compton s
atter few times thus adding to the 
ontinuum.This is a very unsatisfa
tory situation.The gamma energy spe
trum emitted following neutron 
apture on Gd nu
lei isobtained by subtra
ting the spe
trum measured with the 241Am/Be sour
e withoutGd (Fig. 4.20) from the spe
trum measured with the 241Am/Be sour
e togetherwith the Gd paper (experimental set up shown in Fig. 5.1). The thermal neutron
apture spe
trum on Gd thus obtained is shown in Fig. 5.11.The gap between the two peaks, i.e. the dip, (Fig. 5.11) is 
entred around 1.971MeV, the Compton edge 
orresponding to the 2.2 MeV gammas from neutron 
ap-ture on hydrogen inside the s
intillator. The presen
e of the gap is due to the fa
tthat when Gd paper is used in the experiment, some of the neutrons are 
aptured onGd so fewer neutrons will enter the s
intillator before being 
aptured on hydrogen.
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Figure 5.11: Neutron 
apture gamma spe
trum measured with the Gd paper on topof the s
intillator blo
ksHen
e when Gd paper is used there are fewer 2.2 MeV gammas than in the 
asewhen the spe
trum is measured without Gd, and this will 
reate, after the spe
trumsubtra
tion, a gap at the Compton edge of these 2.2 MeV gammas.Di�erent Gd papers were used for this experimental arrangement (Fig. 5.1). TheGd 
on
entration varies from 0.005% to 0.1% by weight from 1400g (the averageweight of two blo
ks on paraÆn wax). The number of 
apture events in
reases withGd 
on
entration until a saturation point is rea
hed around 0.1% (Fig. 5.12).
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Figure 5.12: Gd 
apture events for di�erent Gd 
on
entrationsThe statisti
al errors are negligible 
ompared to the systemati
 errors in distributingthe mass of the Gd into the paint and applying it to the paper. In order to determinethe errors, 
ounts were repeated using di�erent sheets of the same Gd 
on
entration.Tests have also been done to determine from the experiment the optimum depth ofmoderator required to thermalize the neutrons. The results are shown in Fig. 5.13for di�erent depths of paraÆn wax as neutron moderator.

Figure 5.13: Gd 
apture events for di�erent depths of paraÆn wax as neutron mod-erator
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al
ulated value of 60-70 mm (see Fig. 5.8).Similar measurements were done for light water, showing that a depth of � 70-80mm is the optimum 
on�guration for this moderator. The results are shown inFigure 5.14:

Figure 5.14: Gd 
apture events for di�erent depths of light water as neutron mod-erator
2. The Gd paper surrounded by s
intillator blo
ks (Fig. 5.4)For this experimental arrangement when the Gd paper is 
ompletely surrounded bys
intillators, the dete
tion takes pla
e in almost the whole solid angle 
 = 4�, sothe geometri
 eÆ
ien
y is �geom = 1. The probability to dete
t all the gammasemitted in the same Gd de
ay is P = 1, assuming an intrinsi
 eÆ
ien
y for thedete
tor � = 1, and they will be 'seen' by the dete
tor as one � 8 MeV gamma (thesum of all the energies).In reality, for this experiment the intrinsi
 eÆ
ien
y for the s
intillator blo
ks is lessthan one, and it will de
rease with in
reasing gamma energy. This is be
ause thereis a �nite probability for gamma to es
ape without dete
tion.
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t the E � 1 MeV gamma simultaneously with the� � 2.7 MeV gamma (transitions 3 and 4 from Fig. 3.4),or the� � 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 dete
tor as one higher energy gamma.This is a mu
h more satisfa
tory situation.Therefore for this experimental arrangement the peak due to the 1 MeV gammasfrom Gd de
ay is redu
ed 
onsiderably.Figure 5.15 shows the neutron 
apture spe
trum measured with the experimentalarrangement des
ribed in Fig. 5.4. The spe
trum is obtained using the same pro
e-dure as before, namely by subtra
ting the spe
trum measured with the 241Am/Besour
e without Gd from the spe
trum measured with the 241Am/Be together withthe Gd paper.

Figure 5.15: Neutron 
apture gamma spe
trum measured with the Gd paper sur-rounded by the s
intillator blo
ks
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trum (Fig. 5.15), 
onsists in a 
ontinuum from 2.4 MeV to4.6 MeV, whi
h is due to the gammas inside the 
ontinuum region of the spe
trummeasured by Groshev (Fig. 3.3) whi
h are dete
ted simultaneously with the � 1MeV gammas from Gd.A se
ond 
ontinuum from 5 MeV to 8 MeV is due to the dete
tion in 
oin
iden
e ofthe � 5 MeV and the � 1 MeV gammas from Gd de
ay.The two small peaks at � 1 MeV and � 1.6 MeV are due to the fa
t that eventhough the probability of dete
ting the E � 1 MeV gamma simultaneously with the� 2.7 or 5 MeV gamma is four times higher for this 
on�guration of the dete
tor,there is still a �nite probability for the higher energy gamma to es
ape undete
tedand therefore only the � 1 MeV gamma to be observed in the Gd de
ay event.Similarly, for a very large Gd loaded s
intillator blo
k the intrinsi
 eÆ
ien
y will bemaximum and the gammas will be all dete
ted simultaneously. If the dete
tor islarge enough the gammas will deposit all their energy inside it and the neutron 
ap-ture gamma spe
trum would be redu
ed in this 
ase to a photopeak 
orrespondingto an 8 MeV gamma signal.
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lusionLarge organi
 plasti
 s
intillators have been tested in order to determine if they aresuitable to be used in the OMNIS proje
t.Measurements of the light attenuation length have shown that the s
intillators aresuitable to be used in the OMNIS proje
t and also that there was no signi�
antdegradation in their performan
e over the last � 30 years.The energy 
alibration of the dete
tor showed that there is a linear relation betweenthe pulse height and the energy deposited inside the dete
tor over the energy range0.5 - 4.5 MeV.In order to determine the size of the dete
tor whi
h is needed to dete
t the totalgamma energy (� 8 MeV) from the neutron 
apture on gadolinium, a 
omputationof the \gamma mean free path" for energy loss pro
esses using the measured massenergy-absorption 
oeÆ
ient has been done. The 
on
lusion was that approximately600 mm of s
intillator are needed in order to dete
t a signi�
ant fra
tion of the energyfrom the Gd (n,
) rea
tion.The energy spe
trum of the gammas emitted following the neutron 
apture on Gd isanalysed in some detail, for di�erent 
on�gurations of the dete
tor. The result wasthat the best 
on�guration with respe
t to maximising the energy deposition insidethe dete
tor was the one having the Gd paper surrounded by s
intillator blo
ks.However for this experimental set up (Fig. 5.4) there are fewer neutron 
apture onGd events than in the 
on�guration with the Gd paper on top of the �ve s
intillatorblo
ks (Fig. 5.1). This is due to the fa
t that, in the �rst 
ase, most of the neutronsare 
aptured inside the top two blo
ks of s
intillators (180 mm thi
k) and thereforewill not rea
h the Gd paper.Theoreti
al 
omputations of the optimum size of the moderator needed to thermal-ize the neutrons are in good agreement with the experimental results whi
h showthat the optimum depth of moderator is � 60 mm. A 
ompromise between theoptimum thi
kness of moderator needed to thermalize the neutrons and the depth
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intillator required to dete
t the high energy gammas emitted in the Gd de
ayhas been found.To summarise, the s
intillators were tested and it has been shown that they aresuitable for use as neutron dete
tors in the OMNIS proje
t. Both the 2.2 MeVgammas from neutron 
apture on protons inside the s
intillators and the gammasemitted following the neutron 
apture on Gd are 
learly seen and provide a 
leansignature for neutrons.



Chapter 6
Full Dete
tor Simulation UsingGEANT4
6.1 Introdu
tionThe GEANT4 [61℄ simulation pa
kage was adapted to 
arry out a full simulation ofthe gamma and neutron intera
tions inside the dete
tor and to model the dete
torresponse to in
oming radiation.Although GEANT4 is normally 
onsidered to be a tool to simulate large dete
tors, itis also suitable for simulating more simple 
on�gurations like this dete
tor. Previousstudies within our group have modelled the produ
tion of supernova neutrinos, thetransport of neutrinos to Earth and the produ
tion of neutrons on various nu
leartargets. The aim is to use GEANT4 to model the remainder of the 
hain, right upto the pulses emerging from the photomultipliers. These have been ba
ked up whenpossible by measurement.The neutrons were tra
ked from the sour
e to the target 
ell s
intillator and in thedete
tor itself, for di�erent size and geometry of the dete
tor, in order to deter-mine the optimum 
on�guration of the dete
tor with respe
t to neutron dete
tioneÆ
ien
y. 108



CHAPTER 6. FULL DETECTOR SIMULATION USING GEANT4 1096.2 General Parameters of the Simulation6.2.1 The Dete
tor GeometryThe geometry of the neutron dete
tor has been modelled in detail. Five target 
ellsare individually pla
ed in order to reprodu
e the experimental arrangement shownin Fig. 5.1. The 
ells were then `�lled' with vinyltoluene (91.6% C and 8.4% H byweight), with a density � = 1:032 g=
m3 (see Appendix). The volume of ea
h 
ellwas de�ned to be 0:18� 0:18� 2m3, allowing a gap of 6 mm between the `top' twoand the `bottom' three 
ells.

Figure 6.1: The dete
tor geometry used in the simulation (the �gure is not to s
ale)
6.2.2 The Tra
kingGEANT4 performs the tra
king of 
harged parti
les and simulates the ele
tromag-neti
 intera
tions inside the dete
tor and the hadroni
 intera
tions and the tra
kingof neutrons.The 
ross-se
tion data for the hadroni
 pro
esses are 
ontained in a separate 
om-ponent, G4NDL3.7, whi
h is based on a number of Evaluated Nu
lear Data Li-braries. Intera
tion 
ross-se
tions are tabulated and 
al
ulated within GEANT4and G4NDL3.7 for the materials de�ned by the user. In GEANT4, several standardmaterials are de�ned. However the user 
an de�ne his/her own materials to beused in the simulation, by spe
ifying their 
hemi
al makeup, like, in this 
ase thes
intillator itself, water and paraÆn wax.
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king of gammas and 
harged parti
les down to a thresholdenergy of 10 keV, at whi
h point the parti
le is 
onsidered to have deposited all itsenergy inside the dete
tor and is then dis
arded. On the other hand, G4NDL3.7 al-lows the tra
king of neutrons from 20 MeV down to thermal, an obvious requirementsin
e these are neutrons in whi
h we are most interested.6.2.3 The Physi
s ListA novi
e example (number 3) is provided by GEANT4 to simulate the intera
tions ofany parti
le inside a simple 
alorimeter, by 
al
ulating the energy deposited by theparti
le inside the dete
tor. This 
ode was modi�ed in order to reprodu
e the dete
-tor in Fig. 5.1 and to simulate the intera
tions of gamma rays inside the s
intillator.The ele
tromagneti
 intera
tions of leptons, gammas, hadrons and ions are managedby GEANT4 ele
tromagneti
 pa
kage, organised as a set of 
lass 
ategories [62℄:� standard, handling basi
 pro
esses for ele
tron, positron, gamma and hadronintera
tions;� low energy, providing alternative models extended down to lower energies thanthe standard 
ategory;� muons, handling muon intera
tions;� X � rays, providing spe
i�
 
ode for x-ray physi
s;� opti
al, providing spe
i�
 
ode for opti
al photons;� utils, 
olle
ting utility 
lasses used by the other 
ategories.The only 
lass 
ategory whi
h was in
luded in the physi
s list of the simulation
ode is the 
lass of standard physi
s pro
esses, whi
h produ
es the energy loss dueto ele
tromagneti
 pro
esses for any parti
le inside any type of material. It alsohandles the hadroni
 pro
esses inside the dete
tor and the tra
king of the neutrons.
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tor6.3.1 The Deposited Energy inside the Dete
torIn all simulations, 105 gammas were tra
ked, measuring the energy deposited byea
h gamma inside the dete
tor. The gamma energies were 
hosen to mat
h thoseused to 
alibrate the dete
tor(see Table 4.3).The energy s
ale of the dete
tor response spe
trum was 
alibrated using the Comp-ton edges of di�erent known gamma sour
es.A detailed des
ription of this 
alibration method, in
luding the pro
edure of as-signing energy values to features of the Compton spe
trum, is des
ribed in Se
tion4.4.The dete
tor would normally be 
alibrated on
e or twi
e a month during the run-ning of the experiment, using the gamma sour
es des
ribed in Table 4.3. Sin
e thesegammas are relatively low energy and are not very penetrating (see Table 4.5), theywill often deposit all their energy inside the dete
tor.For the s
intillator blo
k des
ribed in Fig. 4.12 the gammas will frequently undergomultiple Compton s
attering, thus depositing a signi�
ant amount of energy beyondthe Compton edge of 0.478 MeV, as shown in Fig. 6.2.The �rst peak at 0.478 MeV represents the Compton edge of the gammas emittedby the 137Cs sour
e. The s
intillator blo
k is thi
k enough for the gammas to su�ermultiple Compton s
attering pro
esses, in whi
h 
ase the sum of the energy loss inea
h s
attering will produ
e the se
ond broader peak.Approximately 2% of the gammas entering the s
intillator will multiple s
atter untiltheir whole energy is deposited, pro
ess leading to the �nal photoabsorption. Theseevents will produ
e the photo-peak, at an energy equal to the gamma energy. Thisis the spike at 0.662 MeV in Figure 6.2.
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Figure 6.2: The energy deposited inside 1 s
intillator (Fig. 4.12) by the gammasfrom the 137Cs sour
e for a perfe
t energy resolution
However the energy spe
trum of the gammas emitted by the 137Cs sour
e has beenmeasured (see Fig. 4.18), and shows only one broad peak. This is due to the �niteenergy resolution of the dete
tor, 
aused by the statisti
al 
u
tuations in the numberof photoele
trons produ
ed following the deposition of energy inside the dete
tor.It was the aim of this investigation to simulate the resolution due to the statisti
s sothat the spe
trum in Fig. 6.2 resembled that shown in Fig. 4.18. If this 
an 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 hen
e dete
tioneÆ
ien
y for multiple gamma 
olle
tion.In Se
tion 4.5.2 the energy resolution for one s
intillator blo
k was measured to beRexp1s
int = 23:2 � 1:6% (see Equation 4.20), for a deposited energy 
orrespondingto the Compton edge of the gammas emitted by the 137Cs sour
e, i.e. Edeposit =0:478MeV .Therefore, using Equation 4.9, for a deposited energy equal to the energy of onegamma E
 = 0:662MeV , the energy resolution will be equal to:
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R(E
) � 19:7% (6.1)For ea
h deposited energy 
al
ulated in the simulation, Edeposit, 
u
tuations wereapplied, approximated by a Gaussian with standard deviation:� = R(E
)(%)235 qEdepositE
 (6.2)After the gaussian 
onvolution of the energy spe
trum in Fig. 6.2 has been per-formed, the result showed that the three peaks 
ombined to produ
e a single broadpeak (Fig. 6.3).
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Figure 6.3: The simulated energy spe
trum of the 137Cs sour
e
This result is signi�
ant. Without GEANT4, the measured peak in Fig. 6.3 wasalways asso
iated with a single Compton Edge. Instead, it 
orresponds to the 
om-plex stru
ture in Fig. 6.2. Furthermore, the 
omplexity of the spe
trum shown inFig. 6.2 depends strongly on the thi
kness of the s
intillator. GEANT4 is thereforea 
riti
al tool in the simulation pro
ess.
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tor Energy ResolutionAs the number the s
intillator blo
ks used is in
reased, the signal pulse amplitudewill depend on the position of the radiation intera
tion throughout the dete
tor dueto nonuniformities in the light 
olle
tion. These nonuniformities are 
aused by thefa
t that ea
h s
intillator has its own light yield for a given deposited energy. Thus,as the number the s
intillator blo
ks used is in
reased, the energy resolution of thedete
tor be
omes worse than 23.2%, the value that was obtained for one s
intillator(see Eq. 4.20).Be
ause of di�eren
es in the length of s
intillator traversed and the solid angle to thephototubes, the amount of light 
olle
ted by the PMT's for a given deposited energywill depend on the position of the intera
tion of the gamma ray in the 
ell. Thisposition dependen
e will result in an additional energy smearing when the energiesdeposited everywhere in the large dete
tor are integrated at the photomultipliertubes.The dependen
e of the Compton edge position on the distan
e from the 
entre ofthe dete
tor is shown in Fig. 4.15.The dete
tor geometries whi
h will be 
onsidered are �ve s
intillators - two blo
kson top of three (see Fig. 6.1) and four s
intillators - two blo
ks, as before, on topof another two. The reason for this 
hoi
e is that it was possible to 
onstru
t thesegeometries with the available number of s
intillator blo
ks. They are suÆ
ientlydi�erent that if the simulation agrees with the measurement for both 
ases, thenthis will give 
on�den
e that the simulation pa
kage 
an be used to predi
t more
omplex arrangements, rather than go to the e�ort and expense of making them.We shall then be able to 
onverge on a working dete
tor using GEANT4.
The Energy Resolution for Four S
intillatorsFor more s
intillator blo
ks one would expe
t an in
rease in the number of gammaswhi
h will deposit all their energy through multiple Compton s
attering, 
ompared
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ase of only one s
intillator (see Fig. 6.2).The energy deposited by the 0.662 MeV gammas inside four s
intillator blo
ks isshown in the histogram in Fig. 6.4.
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Figure 6.4: The energy deposited inside 4 s
intillators by the gammas from the 137Cssour
e for a perfe
t energy resolution
In this 
ase, the simulation showed that approximately 15.9% of the gammas en-tering the s
intillators deposit all their energy inside the dete
tor, i.e. the spike at0.662 MeV.The method used to determine the energy resolution of the dete
tor for four and�ve s
intillators respe
tively, was to 
ompare the experimental measurement of theenergy spe
tra of the gamma sour
es with the ones predi
ted by the simulation.Gaussian 
onvolutions of the simulated spe
tra were performed for di�erent valuesof standard deviations in order to determine what value results in the best �t.For four s
intillator blo
ks the best �t between simulated (Fig. 6.4) and experimentaldata was found (see Fig. 6.5) for an energy resolution of:R4s
int � 28% (6.3)
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Figure 6.5: Comparison between simulation and experimental measurement of theresponse of the four s
intillators to the 137Cs sour
e, for an energy resolution R =28%, with ba
kground in
ludedThe dis
repan
y at low energies is due to the fa
t that the gamma sour
es will
ause additional 
ontribution to spe
tra whi
h will not be subtra
ted during theba
kground subtra
tion. In order to analyse this e�e
t, the ba
kground measuredexperimentally (see Fig. 6.6) was split into two parts (Fig. 6.7): the signal from the40K 
ontained in the glass of the PMT's and the `ele
troni
 noise'.
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Figure 6.6: Ba
kground measurementThis signal due to the 40K is not a�e
ted by the presen
e of the external gammasour
e. It is only the `ele
troni
 noise' 
omponent of the ba
kground whi
h will behigher when the gamma sour
e is used.

Figure 6.7: Measured ba
kground split into 40K signal and `ele
troni
 noise'The peak due to the 40K is 
learly seen in Figure 6.7.For the 137Cs sour
e spe
trum measurement the MCA dead time (whi
h is 
omposedof the pro
essing 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 gammasour
e is used, the `ele
troni
 noise' 
omponent of the ba
kground is in
reased by a
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tor f given by following formula:f = 11� dt100 (6.4)where dt is the MCA dead time (per
entage). For the 137Cs spe
trum measurementf = 1:81.Therefore in all the simulations some additional ba
kground (noise) has been addedto reprodu
e the experimental data, proportional to the parameter f de�ned inEquation 6.4.The following �gure shows the 
omparison between the simulated and the experi-mentally measured 137Cs energy spe
trum, after the additional ba
kground (noise)has been added to the simulation.

Figure 6.8: Comparison between simulation and experimental measurement of the137Cs energy spe
trum, for an energy resolution R = 28%, with additional ba
k-ground (noise) in
luded in the simulated spe
trum
The simulation thus gives a good overall des
ription of the data when the 28% en-ergy resolution parameter is used.
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onsidered for the gaussian 
onvolution ofthe energy deposition spe
trum of the 60Co sour
e, whi
h emits 1.173 and 1.332MeV gammas (see Table 4.4).
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Figure 6.9: The energy deposited inside 4 s
intillators by the gammas from the 60Cosour
e for a perfe
t energy resolutionAfter the gaussian 
onvolution of the simulated predi
tion of the dete
tor responseto the 60Co sour
e, the result proved to be in good agreement with the experimentalmeasured spe
trum (see Fig. 6.10).
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Figure 6.10: Comparison between the simulated and experimental data for fours
intillators, of the dete
tor response to the 60Co sour
e, for an energy resolution R= 28%, with ba
kground in
ludedFollowing the same pro
edure as before additional ba
kground (noise) has to beadded to the simulated spe
trum. However due to the fa
t that for the 60Co sour
espe
trum measurement the MCA dead time was equal to only � 14% 
ompared to� 45% for the 137Cs sour
e spe
trum measurement, the fa
tor f de�ned in Equation6.4 is equal in this 
ase to 1.16.The following �gure shows the 
omparison between the simulated and the experi-mentally measured 60Co energy spe
trum, after the additional ba
kground (noise)has been added to the simulation.
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Figure 6.11: Comparison between the simulated and experimental data for fours
intillators, of the dete
tor response to the 60Co sour
e, for an energy resolution R= 28%, with additional ba
kground (noise) in
luded in the simulated spe
trumIt is worth mentioning here that due to the in
rease in the fra
tion of events inthe photo-peak for this number of blo
ks, the peak position in Figures 6.8 and 6.11has ex
eeded the Compton edge energy of 0.478 MeV and 1.038 MeV respe
tively.Therefore, the assignment of the Compton edge to the 90% of the maximum valuewhi
h used for the energy 
alibration of one s
intillator (see Fig. 4.18 - 4.21) is nolonger 
orre
t for more than one s
intillator. The GEANT4 simulation was used to
al
ulate the energy asso
iated with the maximum point of the Compton 
ontinuumfor ea
h gamma sour
e used in the 
alibration pro
ess, whi
h is needed for a 
orre
tre-
alibration of the dete
tor. This is a mu
h safer pro
edure.The following �gures (6.12 - 6.17) show the simulated and measured spe
tra for thethree gamma sour
es used for the 
alibration of the dete
tor.
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Figure 6.16: The energy spe
trum of the 241Am/Be sour
e simulated for 4 s
intilla-tors (maximum at 2.1 MeV and 4.25 MeV respe
tively)

Figure 6.17: The energy spe
trum of the 241Am/Be sour
e measured with the 4s
intillators
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intillatorsThe investigation was now extended to �ve s
intillators. The simulation of theintera
tions of the 0.662 MeV gammas inside the �ve s
intillator blo
ks resulted inthe energy spe
trum shown in Fig. 6.18.
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Figure 6.18: The energy deposited inside 5 s
intillators (Fig. 5.1) by the gammasfrom the 137Cs sour
e for a perfe
t energy resolution
In this 
ase approximately 20% of the gammas entering the s
intillator will depositall their energy inside the dete
tor.The best �t with the experimental data was obtained for an energy resolutionR5s
int � 35% (6.5)as shown in the following �gure:
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Figure 6.19: Comparison between simulation and experimental measurement of theresponse of the �ve s
intillators to the 137Cs sour
e, for an energy resolution R =35%, with ba
kground in
ludedThe 35% energy resolution 
orresponding to a deposited energy of 0.662 MeV ismu
h worse than the 28% value obtained for the four s
intillator blo
ks. As men-tioned before, this is due to the nonuniformities in the light 
olle
tion from di�erents
intillator blo
ks. These nonuniformities were 
aused by the di�eren
es betweenthe light output versus deposited energy for the di�erent s
intillators. Even thoughthe high voltage on ea
h photomultiplier tube was adjusted su
h that the measuredposition of the maximum of the Compton 
ontinuum in the 137Cs sour
e spe
trumwas the same when measured with ea
h s
intillator, the response of the di�erents
intillators will be the same only for this parti
ular 
hosen deposited energy. Forexample the maximum of the Compton 
ontinuum in the 60Co (or 241Am/Be) spe
-trum will still di�er from s
intillator to s
intillator.Therefore adding one more s
intillator blo
k will in
rease the fra
tion of depositedenergy but it will also a�e
t the energy resolution of the dete
tor. A 
ompromisebetween the dete
tor size, i.e. the number of s
intillator blo
ks, and the energyresolution is therefore required.The simulated spe
tra were independently normalised to the a
tivity of the gamma
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es. With this adjustment, the simulated response of the dete
tor to gammasand spe
tral shape agree well with the measured values.The gamma dete
tion eÆ
ien
y varied from 79.6% for one s
intillator to 93.9% for�ve s
intillators. Here the dete
tion eÆ
ien
y is de�ned as those gammas whi
h aredete
ted expressed as a fra
tion of all those entering the s
intillators.
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tion EÆ
ien
yThe GEANT4 simulation pa
kage [61℄ was also used to model the intera
tion ofneutrons in the proposed prototype dete
tor for the OMNIS experiment.When GEANT4 was �rst used, it was evident that when neutrons are sent intoGadolinium, a single gamma of about 8 MeV is produ
ed (see Fig. 6.20), whereasthere should be several gammas with a total energy equal to the neutron bindingenergy inside the resulting Gd isotope. In other words, the pa
kage did not 
ontainthe a
tual (extremely 
omplex) gadolinium de
ay s
heme.
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Figure 6.20: The simulation of deposited gamma energies from neutron 
apture onGd and H
The data whi
h are available in GEANT4 seem to be only 
ross-se
tion informa-tion [63℄, as the level s
heme of 158Gd, the isotope with the highest neutron 
apture
ross-se
tion, is not 
ompletely 
atalogued, and many of the emitted gamma raysare unresolved (see Fig. 3.4).Therefore, in order to gain experien
e only the 
apture on hydrogen was 
onsideredinitially in the simulation pro
ess. The neutron thermalizes inside the s
intillator
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apes the dete
tor volume or is 
aptured on hydrogen in the s
intillator.The 
apture on hydrogen results in the emission of a single 2.2 MeV gamma. Theprodu
tion and dete
tion of this single gamma should be easier to understand.The probability of neutron dete
tion, �n, 
an be expressed as a produ
t of twofa
tors: �n = �
 � �
 (6.6)where �
 is the neutron 
ontainment eÆ
ien
y, i.e. the probability that the neutronwill not leak out of the dete
tor volume, and �
 is the dete
tion probability of the2.2 MeV gamma.Di�erent numbers of target 
ells des
ribed in Fig. 4.12 and di�erent geometries were
onsidered in order to determine the optimum 
on�guration of the neutron dete
tor.The neutrons were tra
ked through the dete
tor and in the 
ase of neutron 
apture,the deposited energy of the 2.2 MeV gamma was measured.Figure 6.21 shows a s
hemati
 diagram of a proposed neutron dete
tor whi
h 
ouldbe installed at the Boulby Mine.
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Figure 6.21: S
hemati
 diagram of the proposed OMNIS dete
torIn the simulation program, the neutrons were generated towards the dete
tor froma sour
e positioned randomly on a sphere with a radius of 10 metres, with the de-te
tor at the 
entre of the sphere. Up to 16 s
intillator blo
ks were 
onsidered inthis simulation.The neutron dete
tion eÆ
ien
y in
reased with the number of 
ells in the dete
tor,from 7.5% for one s
intillator 
ell to 30.7% for 16 
ells, as shown in Fig. 6.22 and6.23. These �gures show the energy deposited in the s
intillators from a total of100,000 generated neutrons.
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Figure 6.22: Energy deposited by the 2.2 MeV gamma from neutron 
apture onhydrogen inside one s
intillatorFrom the 100,000 neutrons entering the s
intillator, only 7,504 will deposit energywhi
h will result in a dete
tion signal. When 16 s
intillators are simulated, thenumber of neutrons that are dete
ted in
reases from 7,504 (for 1 s
intillator) to30,687, as shown in Figure 6.23.
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Figure 6.23: Energy deposited by the 2.2 MeV gamma from neutron 
apture onhydrogen inside sixteen s
intillatorsThese plots have no dete
tor resolution built in and if one would normally measurewith an energy threshold, the 7.5% eÆ
ien
y will 
ertainly de
rease whereas the



CHAPTER 6. FULL DETECTOR SIMULATION USING GEANT4 13230.7% may well be una�e
ted.As expe
ted, the 2.2 MeV gammas whi
h are produ
ed following the neutron 
aptureon hydrogen also deposit more energy inside the bigger dete
tor, in
reasing from �1.3% gammas depositing all their energy inside one s
intillator to 30.9% events inthe photopeak for 16 s
intillators.The dependen
e of the neutron dete
tion eÆ
ien
y on the number of 
ells in thedete
tor and the 
orresponding geometries is shown in Fig. 6.24.

Figure 6.24: Neutron eÆ
ien
y as a fun
tion of geometry and number of 
ellsIt 
an be seen that there is a saturation point in the dete
tion eÆ
ien
y at � 28%,for a number of nine 
ells, whi
h proves to be the optimum 
on�guration of theneutron dete
tor.Even by removing the 
entral 
ell from the 9 s
intillators array, the neutron eÆ-
ien
y does not 
hange by more than 2% (Fig. 6.25), whi
h is due to the fa
t thatthe neutrons are thermalized and 
aptured in the �rst 60-80 mm of s
intillator(seeSe
tion 5.2), the s
intillator being also a neutron moderator with a neutron meanfree path � = 28 mm, whi
h was 
al
ulated using the ratio of the number of H atomsper 
m3 inside the s
intillator and another moderator, for whi
h the neutron mean



CHAPTER 6. FULL DETECTOR SIMULATION USING GEANT4 133free path is known (e.g. light water). This provides a means to make optimal useof the s
intillator blo
ks. With a 3� 3 array, 11% of the s
intillator is wasted.

0.5 1 1.5 2 2.5
0

500

1000

1500

2000

2500

3000

3500

4000
without ERes

Nent = 91610  
Mean  =  1.693
RMS   = 0.6237

Energy deposited inside 8 scintillators

without ERes

Nent = 91610  
Mean  =  1.693
RMS   = 0.6237

Energy (MeV)

co
u
n
ts

 /
 1

0
 k

e
V

Figure 6.25: The neutron dete
tion eÆ
ien
y for the optimum geometry 
on�gura-tion, without the 
entral 
ell: 26,077 neutrons dete
ted from 100,000 entering thes
intillator
The neutron dete
tion eÆ
ien
y was 
al
ulated for the 9 
ell dete
tor geometry, alsofor the 
ase where gadolinium is loaded into the s
intillators.The neutron 
apture probability depends on the 
apture 
ross-se
tion and the gadolin-ium and hydrogen number densities in the plasti
 s
intillator. The following tablesummarises the 
omposition of the Gd-loaded s
intillators used in the simulation.Element Atomi
 Weight Mass Fra
tion Number Density (
m�3)C 12.001 91.55% 4:74� 1022H 1.0079 8.35% 5:19� 1022Gd 157.25 0.1% 3:95� 1018Table 6.1: Composition of Gd-loaded S
intillatorThe thermal neutron 
apture 
ross-se
tion on gadolinium is 49,700 barns, on hy-
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arbon, a negligible 3 � 10�3 barns. Multiplying the
ross-se
tion with the number densities yields the ma
ros
opi
 
apture 
ross-se
tionsfor this Gd loaded s
intillator: for 
apture on Gd, �Gd = 0:196 
m�1, and on pro-tons, �H = 0:017 
m�1. This immediately gives the probability that the neutronto be 
aptured on gadolinum, rather than on a proton: �Gd = 92%.However, adding Gd to the s
intillator does not a�e
t the neutron dete
tion eÆ-
ien
y, as shown in the following �gure. Only the energies of the resulting gammas,following the neutron 
apture will di�er, the dete
tion eÆ
ien
y being equal to26.9%.
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Figure 6.26: The neutron dete
tion eÆ
ien
y for Gd-loaded s
intillators: 26,863neutrons dete
ted from 100,000 entering the s
intillator
When only organi
 plasti
 s
intillators without Gd are used, � 27% of the neutronsentering the s
intillators will be thermalized and 
aptured on protons. In the 
ase ofGd loaded s
intillators the same fra
tion of neutrons will be thermalized but then,from the 27% of thermalized neutrons, 92% will be 
aptured on Gd and only 8% onprotons.
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trum into the GEANT Simu-lationEven today the most useful measurement of the gamma energy spe
trum from nat-ural Gd is still the relatively old work of Groshev et al. [64℄, using a magneti
Compton spe
trometer. This is the only measurement that provides the relativeintensities of both the resolved gamma energy lines to the low-lying levels and tothe unresolved 
ontinuum of the �nal nu
lei (see Fig. 3.4). The measured energyspe
trum published by Groshev et al. is displayed in Fig. 3.3.In the more re
ent works, e.g. Refs. [65, 66, 67℄ for 156Gd and Refs. [68, 69℄ for158Gd, performed with Ge(Li) and/or 
rystal di�ra
tion spe
trometers, there is noinformation on transitions from 
apture state to 
ontinuum [49℄.Using the relative intensities of the 
-ray lines, Trz
inski et al. [49℄ have parametrisedthe transitions from the 
apture state dire
tly to the dis
rete states. Above the en-ergy denoted E
ut the data is partly or 
ompletely missing. Therefore the Gilbert-Cameron level-density formula [70℄ has been used by Trz
inski et al. to obtain the
ontinuous distribution of energy levels.EÆ
ien
y 
orre
tions to the measured data were required, taking into a

ount theenergy-dependent eÆ
ien
y of the Compton spe
trometer whi
h was used, whi
hmade the experiment less sensitive to the lower energy gammas.The eÆ
ien
y-
orre
ted gamma energy spe
trum from 158Gd, published by Trz
inskiet al., is shown in �gure 6.27. The 158Gd isotope was sele
ted be
ause this is theisotope that is produ
ed in the thermal radiative 
apture in 157Gd, the isotope withthe highest thermal neutron 
apture 
ross-se
tion (see Table 3.3).
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Figure 6.27: The eÆ
ien
y-
orre
ted 
al
ulated thermal neutron 
apture 
-ray spe
-trum from 158Gd [49℄This 
al
ulated energy spe
trum results in the following multipli
ity distribution for
-rays emitted by 158Gd:

Figure 6.28: The 
al
ulated 
-ray multipli
ity spe
trum from 158Gd [49℄The 
-ray multipli
ity distribution predi
ts an average multipli
ity of 4.5 quanta.This is an important 
hara
teristi
 of the 
apture spe
trum, sin
e the ratio of neu-tron binding energy to the most probable multipli
ity gives the average 
-ray energyintera
ting with the s
intillator.
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ted average multipli
ity of 4.5 gammas re
e
ts the fa
t that, in thisparametrisation of the Gd spe
trum, the transitions from the 
apture state to theunresolved 
ontinuum exhaust nearly the entire transition strength.In order to reprodu
e these de
ay 
hara
teristi
s and the experimental measuredspe
trum from Gd (Fig. 5.11) with the GEANT4 simulation, the geometry of thedete
tor used in the experiment, 
onsisting of �ve s
intillators (see Fig. 5.1), wasin
luded into the simulation 
ode (Fig. 6.1).The parametrisation of the Gd spe
trum in Fig. 6.27 was used to generate gam-mas, whi
h were pi
ked randomly from the above distribution until the sum energyrea
hed or ex
eeded the ex
itation energy. At this point the last gamma energywas trun
ated su
h that the total energy in the 
as
ade was 7.94 MeV. The resultsfrom the simulation of 100,000 Gd de
ays for this model of the gadolinium de
ayspe
trum are shown in Figure 6.29. In this �gure, the total energy deposited insidethe s
intillators in ea
h Gd de
ay by the gammas entering the dete
tor is shown,using an energy bin size of 10 keV.

Figure 6.29: Simulation of the energy deposited by the gammas from neutron 
aptureon gadolinium, using the parametrisation in Fig. 6.27.In the real Gd data, there is a gap in the spe
trum at � 2 MeV (see Fig. 5.11),
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ted from the one withGd. This is due to the fa
t that fewer neutrons will enter the s
intillator when Gdis used, and this means that fewer 2.2 MeV gammas will be dete
ted.For ea
h Gd de
ay a neutron is removed from the 
ux, whi
h otherwise would haveentered the s
intillator, intera
ted and possibly have been 
aptured on hydrogen.Therefore, an independent simulation was 
arried out, in whi
h 100,000 neutronswith energies of 100 keV were sent into the dete
tor. The energy deposited for ea
hevent was then re
orded to show the spe
trum in Figure 6.30:

Figure 6.30: Energy deposited by the neutrons whi
h were 
aptured on Gd if theyhad entered the dete
torIf the thermal neutrons are 
aptured by hydrogen nu
lei, they produ
e deuteriumby the rea
tion: n + p ! d + 
The binding energy of the deuteron is released in the form of a single 2.2 MeV 
ray. The energy deposited inside the dete
tor by these gammas is shown in Figure6.30. The energy spe
trum 
onsists of the photopeak, i.e. the spike at 2.2 MeV, anda bit of Compton Edge.Fig. 6.31 shows the energy spe
trum obtained after the signal produ
ed by the



CHAPTER 6. FULL DETECTOR SIMULATION USING GEANT4 139`surplus' of the 2.2 MeV gammas has been removed from the signal produ
ed by thegammas emitted in Gd de
ay.

Figure 6.31: Simulated gamma energy spe
trum from neutron 
apture 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, theresult of this being shown in Fig. 6.32. The gap is now smeared out.

Figure 6.32: Simulated gamma energy spe
trum from neutron 
apture on gadolin-ium, using the parametrisation in Fig. 6.27.
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trum from neutron 
apture on gadolinium agrees only tosome extent with the experimental measured spe
trum from Gd (Fig. 5.11). This isdue to the fa
t that this parametrisation is based on the gadolinium data measuredby Groshev [64℄ whi
h is 
hara
terised by a de
rease in the dete
tion eÆ
ien
y withde
reasing gamma energy, and this leads to eÆ
ien
y 
orre
tions applied for the 1MeV gammas whi
h 
an be as high as � 100%.This makes the relative intensities in Fig. 6.27 unreliable for gamma energies of theorder of 1 MeV.A se
ond parametrisation of the energy spe
trum from neutron 
apture on gadolin-ium was used. This is based on a statisti
al model that generates gamma energiesand multipli
ities based on the energy and spin of the ex
ited state (Fig. 3.4) [71℄.The simulation of 2,500 de
ays resulted in the gamma spe
trum tabulated below.158Gd de
ay from 7.94 MeV ex
ited stateGamma Energy (MeV) Population0 - 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 multipli
ities of gammas from neutron 
apture on gadolin-iumThis parametrisation of the Gd spe
trum results in an average 
as
ade multipli
ityof 5.1 gammas, whi
h indi
ates an average gamma energy of 1.56 MeV.Following the same pro
edure as before, gammas were pi
ked randomly from theabove population distribution until the total energy rea
hed or ex
eeded the neutron
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as
ade was trun
ated su
h that thesum energy was 7.94 MeV.The best �t between the simulation and the real data was obtained by 
hoosing thegamma energies to be equal to the maximum value in ea
h energy interval in Table6.2, allowing small random energy 
u
tuations around these values. This was doneusing a Gaussian distribution with standard deviation � = 0:2MeV .A simulation of 100,000 neutron 
aptures on 158Gd is performed, measuring theenergy deposit in ea
h event. The dete
tor spe
trum resulting from this 
as
ademodel is shown in Figure 6.33. This spe
trum 
an be 
ompared with Fig. 6.29whi
h was obtained using the Trz
inski parametrisation.

Figure 6.33: Simulation of the energy deposit by the gammas from neutron 
aptureon gadolinium, using the parametrisation in Table 6.2.The `surplus' in the 2.2 MeV gamma signal in the energy deposit spe
trum (seeFig. 6.30) was then subtra
ted as before, resulting in the energy spe
trum shown inFigure 6.34:
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Figure 6.34: Simulated gamma energy spe
trum from neutron 
apture on gadolin-ium, obtained using the parametrisation in Table 6.2To attempt to reprodu
e the experimental measured spe
trum, an energy resolutionof 35% at 0.662 MeV was also applied to ea
h of the energy bins in Fig. 6.34. This
an be 
ompared with the results of the smeared Trz
inski parametrisation of Fig.6.32 and our measurement of Fig. 5.11.

Figure 6.35: Simulation of the smeared energy deposit by the gammas from neutron
apture on gadolinium
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trum from thermal neutron 
apture on gadolin-ium, using the statisti
al model of Gavron [71℄, agrees well with the measuredspe
trum (see Fig. 5.11). It 
an be emphasised that the failure of the Trz
inskiparametrisation to reprodu
e the data 
an be as
ribed to the badly known eÆ
ien
y
orre
tions in the 1 MeV region.



Chapter 7
Optimisation of Dete
torDimensions
In this 
hapter the experimental results from tests on the prototype dete
tor andthe power of the simulation are 
ompared to investigate possible realisti
 designs.It has been demonstrated that the simulation 
an be trusted and so various designs
an be tried without having to build them and hen
e 
onverge on the optimum.7.1 Previous Design Proposals for the OMNISDete
torThe parametrisation of the Gd de
ay spe
trum 
an be used for the optimisation ofthe design of the OMNIS dete
tor with respe
t to neutron dete
tion eÆ
ien
y. Aba
kground 
ut on the energy deposited in the dete
tor might be required due tothe natural ba
kground in the Boulby mine in North Yorkshire, where it has beenproposed that the neutron dete
tor 
ould be installed [17℄. A 2.614 MeV gammaprodu
ed by thorium de
ay in the ro
k in the mine is the highest energy ba
kgroundsour
e. Therefore, if the ba
kground 
ut of 3 MeV is applied, only the events re-sulting in an energy deposition above the ba
kground 
ut 
an be used for neutrondete
tion. Thus the 2.2 MeV gamma signal from neutron 
apture on hydrogen 
an-not be used to identify the neutrons. This should be investigated further by making144
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kground measurements down the mine sin
e the ba
kground levels in themine are not easily simulated.Initially it had been proposed [17℄ to use a 
on�guration of the dete
tor involvingseparate moderator, absorber and s
intillator dete
tor, as shown in Figure 7.1.

Figure 7.1: Proposed type of low energy neutron dete
tor [17℄Separating the neutron moderator/absorber from s
intillator, in pla
e of Gd-loadeds
intillator, provides a more se
ure long-term opti
al stability. This is due to thefa
t that in the 
ase of Gd-loaded s
intillators the uniformity of loading might nothave long term stability and this 
ould give rise to a redu
tion in transparen
y over aperiod of many years [73℄. The use of Gd-loaded s
intillators may also 
ause diÆ
ul-ties with the material 
ontaining the s
intillators, due to the 
hemi
al aggressivenessof the Gd-loaded liquid s
intillators.The neutrons emerging from lead and iron targets were 
onsidered to thermalizein about 30 mm of hydrogenous material. The thermalized neutrons will then be
aptured by either an H or Gd nu
leus. It was also believed that a thi
kness of� 250 mm of s
intillator would be required to 
onvert a suÆ
ient fra
tion of the
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attering to distinguish the event unambiguously fromthe gamma ba
kground.7.1.1 The proposed dete
tor geometry for OMNISFigure 7.2 shows the generi
 prin
iple whi
h has been adopted for the dete
tordesign. In this dete
tor design a bed of repro
essed lead is 
overed by a further15 
m layer of new low ba
kground lead. There follows a 3 
m thi
k sheet of solidhydro
arbon (e.g. paraÆn wax) loaded with 1% by weight Gd2O3 powder. Thegammas emitted following the neutron 
apture 
ould then be dete
ted in so-
alledMACRO tanks (from the Palo Verde experiment) �lled with liquid s
intillator.

Figure 7.2: Prin
iple of the proposed OMNIS module. Target formed from blo
ksof repro
essed lead shielding with gamma a
tivity attenuated by 15 
m of newlead. Signal neutrons from target are thermalized and 
aptured in 3 
m Gd-loadedmoderator sheet, releasing gammas dete
ted by s
intillator tanks [17℄Previous Monte Carlo simulations showed that the simple `one-dimensional' 
on�g-uration (Fig. 7.2) has a neutron 
olle
tion eÆ
ien
y of only � 20%. Simulationsbased on more eÆ
ient `sandwi
h' 
on�gurations led to the design shown in Fig.7.3 whi
h was 
al
ulated to have a neutron 
olle
tion eÆ
ien
y of approximately40% [17℄.
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Figure 7.3: Con�guration based on the prin
iples shown in Fig. 7.2 but reshapedto give higher overall neutron dete
tion eÆ
ien
y [17℄The improvement in the neutron dete
tion eÆ
ien
y from 20% to 40% is due to amu
h better geometry of the dete
tor.It has been shown in [17℄ that about half of the gamma energy following the neutron
apture events is lost from the s
intillator boundaries, still leaving an average of 3- 5 MeV deposited inside the dete
tor. This deposited energy is above the gammaba
kground (whi
h extends to � 2.6 MeV from Th) and therefore it 
an be used toidentify the neutron events.However this 
an now be investigated in more detail using the 
orre
t parametrisa-tion of the Gd de
ay spe
trum (see Se
tion 6.5), to see if the proposed design of thedete
tor (Fig. 7.3) 
an be used for neutron dete
tion.



CHAPTER 7. OPTIMISATION OF DETECTOR DIMENSIONS 1487.1.2 The Gd-gamma signal measured with the proposeddete
tor designThe dete
tor geometry des
ribed in Fig. 7.3 has been introdu
ed into the Geant4simulation and was used to simulate the neutron dete
tion eÆ
ien
y by generatingneutrons randomly inside the target (lead) volume. The previous estimation of40% neutron dete
tion eÆ
ien
y proved to be optimisti
. The neutron dete
tioneÆ
ien
y for this dete
tor arrangement (Fig. 7.3) has been simulated to be equalto only 22%. The energy spe
trum obtained by simulating 100,000 neutron signalevents is shown in Fig. 7.4.
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Figure 7.4: The signal produ
ed by the neutrons generated inside the proposeddete
tor (see Fig. 7.3)
From the 100,000 simulated events events 13.8% result in neutron 
apture on protonsinside the liquid s
intillators and only 8.2% result in neutron 
apture on gadolinium.As shown in Se
tion 6.4 the presen
e of Gd does not a�e
t the neutron 
ontainmenteÆ
ien
y and therefore this is not the reason why the neutron dete
tion eÆ
ien
yis equal to only 22%. The neutron dete
tion eÆ
ien
y is determined by the fra
tionof the neutrons whi
h are thermalized inside the moderator (paraÆn wax or s
in-
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e thermalized the neutrons may be 
aptured on Gd or protons, anddi�erent values of the Gd 
on
entration will only a�e
t the ratio of the number ofevents resulting in neutron 
apture on Gd and those resulting in neutron 
aptureon protons inside the s
intillators.So far, the e�e
t of the ba
kground 
ut on the neutron dete
tion eÆ
ien
y has beenignored. As mentioned above, only the Gd-de
ay gammas 
an be used for neutronidenti�
ation, if a ba
kground 
ut at 3 MeV is applied to the measured spe
tra.The same dete
tor geometry (Fig. 7.3) was used to simulate the response of thisdete
tor to the Gd-de
ay gammas. The gammas emitted in the Gd-de
ay weregenerated randomly at the dete
tor boundaries, using the same pro
edure as inSe
tion 6.5. The energy deposited inside the dete
tor was measured for ea
h event,resulting in the energy spe
trum shown in Figure 7.5.
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Figure 7.5: The energy deposited by the Gd gammas inside the proposed neutrondete
tor
From the 100,000 simulated events 8.2% resulted in neutron 
apture on Gd. Onlyapproximately 43.5% of these events result in an energy deposition above the ba
k-ground 
ut at 3 MeV.
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tion eÆ
ien
y for this dete
tor design (Fig. 7.3)is equal to only 3.6%.As most of the neutrons leave the dete
tor via the outer surfa
e of the lead layer,it has been also proposed [72℄ `to turn the dete
tor inside out', i.e. to use a lead
entred dete
tor.A 1.5 m thi
k s
intillator surrounding 1m3 of lead (see Fig. 7.6) has been 
onsideredin order to determine the neutron dete
tion eÆ
ien
y for this new proposal.

Figure 7.6: Lead 
entred s
intillator dete
tor
Again 100,000 neutrons were generated randomly inside the lead target, resultingin the following expe
ted energy spe
trum shown in Fig. 7.7.
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Figure 7.7: The signal produ
ed by the neutrons generated inside the lead 
entreddete
torAs mentioned above, the presen
e of Gd inside the s
intillator does not a�e
t theneutron 
ontainment eÆ
ien
y, but only the energies of the gamma rays emittedfollowing the neutron 
apture pro
esses. Therefore, for simpli
ity, the Gd was uni-formly distributed inside the s
intillator, with 0.1% Gd by weight.For this dete
tor geometry the neutron dete
tion eÆ
ien
y has in
reased to 57% (noba
kground 
ut being applied).However the disadvantage for this dete
tor design is that it requires up to 5.75 m3of s
intillator for 1 m3 of lead. As the number of events produ
ed by the neutrino-nu
leus intera
tions is proportional to the volume of lead target, the number ofneutron signal events is proportional to the produ
t between the neutron dete
tioneÆ
ien
y �n and the lead target volume Vt:Nevents / �n � Vt (7.1)Therefore this dete
tor arrangement (Fig. 7.6) would require at least three times
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intillator material than it was initially proposed (see Fig. 7.3), to dete
t thesame number of events as dete
ted with the initial dete
tor design.In the following se
tion the possibility of a better dete
tor design with respe
t tothe neutron dete
tion eÆ
ien
y is analysed taking into a

ount the ba
kground 
utat 3 MeV deposited energy.
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tor Size and GeometryDi�erent dete
tor dimensions have been 
onsidered in order to determine the opti-mum 
on�guration that would in
rease the fra
tion of energy from Gd-de
ay thatis deposited inside the dete
tor and therefore would allow the signal to be distin-guished unambiguously from the gamma ba
kground.The gammas from Gd de
ay were generated at the dete
tor boundaries, using thesame pro
edure as in Se
tion 6.5. The dete
tor size was modi�ed from 20 � 20 �600 
m3 to 100� 100� 600 
m3. The energy deposition spe
tra simulated for thesedete
tor sizes are shown in Fig. 7.8 - 7.12:
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Figure 7.8: Energy spe
trum produ
ed by gammas from Gd-de
ay, measured witha 20 
m thi
k s
intillator (average energy deposition = 2.5 MeV)
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Figure 7.9: Energy spe
trum produ
ed by gammas from Gd-de
ay, measured witha 40 
m thi
k s
intillator (average energy deposition = 3 MeV)
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Figure 7.10: Energy spe
trum produ
ed by gammas from Gd-de
ay, measured witha 60 
m thi
k s
intillator (average energy deposition = 3.3 MeV)
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Figure 7.11: Energy spe
trum produ
ed by gammas from Gd-de
ay, measured withan 80 
m thi
k s
intillator (average energy deposition = 3.4 MeV)
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Figure 7.12: Energy spe
trum produ
ed by gammas from Gd-de
ay, measured witha 1 m thi
k s
intillator (average energy deposition = 3.49 MeV)
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reases from 2.5 MeV (for a 20 
m thi
k s
intilla-tor) to �3.5 MeV (for a 100 
m thi
k s
intillator). However there is no signi�
antin
rease in the average energy deposition for a s
intillator thi
kness greater than 60
m.Again the same `Ma
ro tanks' �lled with liquid s
intillator des
ribed in Fig. 7.2 and7.3 were used to simulate a new dete
tor set up shown in Fig. 7.13.

Figure 7.13: The optimum dete
tor size and geometry as s
intillator blo
ks sur-rounded by lead target
The energy spe
trum obtained for this experimental set up is shown in Fig. 7.14.
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Figure 7.14: The energy spe
trum measured with the optimum 
on�guration of theneutron dete
torFor this 
on�guration of the dete
tor, the neutron dete
tion eÆ
ien
y is equal to25.8%.From the 100,000 simulated events events, 10% result in neutron 
apture on gadolin-ium.An independent simulation has been performed to measure the energy depositionspe
trum due to the Gd-de
ay gammas generated at the s
intillators boundaries inFig. 7.13. The result is shown in Fig. 7.15, for a ba
kground 
ut at 3 MeV.



CHAPTER 7. OPTIMISATION OF DETECTOR DIMENSIONS 158

1 2 3 4 5 6 7 8
0

50

100

150

200

250
without ERes
Nent = 95395  
Mean  =  3.362
RMS   =  1.917

 Optimum detector configuration response to Gd-decay gammas

without ERes
Nent = 95395  
Mean  =  3.362
RMS   =  1.917

Energy (MeV)

co
u

n
ts

 /
 1

0
 k

e
V

background cut

Figure 7.15: The energy spe
trum from Gd-de
ay gammas measured with the opti-mum 
on�guration of the neutron dete
torIt 
an be seen that a better signal-ba
kground dis
rimination 
an be a
hieved withthe latter dete
tor set up, as approximately 51.8% of the events result in an energydeposition above the ba
kground 
ut. Therefore the dete
tor arrangement shownin Fig. 7.13 proves to be a better 
on�guration 
ompared to the one whi
h wasinitially proposed (see Fig. 7.3).This implies that the overall neutron dete
tion eÆ
ien
y for a 3 MeV 
ut has in-
reased from 3.6% to 5.2%.It is 
lear from all these 
onsiderations that the relatively high threshold of the 3MeV 
ut is a signi�
antly dominant feature 
ontributing to the low eÆ
ien
y. It istherefore desirable to 
onsider ways in whi
h this threshold might be redu
ed.Neutrons and gamma ba
kgrounds in the Boulby Mine have been previously stud-ied in 
onsiderable detail for the design and interpretation of dark matter experi-ments [17℄. It was found that the mean gamma ba
kground is largely time inde-pendent and 
an therefore be subtra
ted reliably. This would allow the 2.2 MeVgamma signal to be used for neutron identi�
ation and would signi�
antly in
reasethe neutron dete
tion eÆ
ien
y.



CHAPTER 7. OPTIMISATION OF DETECTOR DIMENSIONS 159In order to illustrate this, the photo-peaks in Fig. 7.14 due to Gd-de
ay gammashave been repla
ed with the 
orre
t energy spe
trum shown in Fig. 7.15, resultingin the following energy spe
trum:

Figure 7.16: The simulated response of the dete
tor to neutrons
As mentioned above, only 10% of the event result in neutron 
apture on Gd, and15.8% result in neutron 
apture on protons inside the s
intillators. It 
an be seenthat the photo-peak due to the 2.2 MeV gammas from neutron 
apture on protonsis the dominant signal in the gamma energy spe
trum.For a ba
kground 
ut at 1 MeV, the neutron dete
tion eÆ
ien
y in
reases from 5.2%(for a 3 MeV 
ut) to 20.4%.
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intilla-torsIf the ba
kground 
ut at 3 MeV is applied to the measured spe
tra, the neutrondete
tion eÆ
ien
y is redu
ed for the optimum dete
tor 
on�guration from � 26%to only 5%. In this 
ase a possible solution would be to use Gd-loaded s
intillators.The use of Gd-loaded s
intillators has the basi
 merit that the dete
tor, the neutronmoderator and the absorber are uniformly mixed, giving the best 
onditions for highdete
tion eÆ
ien
y.This 
on�guration was investigated and the results are presented here.The energy spe
trum measured with Gd-loaded s
intillators, using the same dete
torgeometry as in Fig. 7.13, is shown in the following �gure:
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Figure 7.17: The energy spe
trum measured with gadolinium loaded s
intillators
The neutron dete
tion eÆ
ien
y for Gd-loaded s
intillators is now equal to 24.7%.From the 100,000 simulated events, 15.1% result in neutron 
apture on Gd, fromwhi
h 79.5% will result in an energy deposition above the 3 MeV 
ut, as shown in
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Figure 7.18: The energy spe
trum from Gd-de
ay gammas measured with the Gd-loaded s
intillators
If the 3 MeV 
ut is applied, the neutron dete
tion eÆ
ien
y of the Gd-loaded s
in-tillators is equal to 12%.As mentioned above, the mean gamma ba
kground is largely time independent anda ba
kground 
ut at 3 MeV may prove to be unne
essary. In this 
ase, the use ofGd-loaded s
intillators is no longer justi�ed. The experimental set up des
ribed inFig. 7.13 has a neutron dete
tion eÆ
ien
y of � 26% (20.4% for a ba
kground 
utat 1MeV) and proves to be the optimum 
on�guration of the neutron dete
tor.



Chapter 8
Summary and Con
lusions
A full self-
onsistent simulation of the neutron dete
tor was undertaken using theGEANT4 simulation 
ode. The deposition of energy by neutrons was 
al
ulated ona step-by-step basis as se
ondary parti
les were tra
ked.The neutron dete
tor was 
alibrated and its energy resolution measured to be equalto 28.5% for a 1 MeV energy deposition inside the dete
tor. A 
alibration exper-iment has been undertaken using several known gamma sour
es. Data from thisexperiment were 
ompared with a detailed simulation using GEANT and show ex-
ellent agreement.The GEANT simulation 
an be easily extended to any size and geometry of thedete
tor, and was used to analyse and 
alibrate the neutron dete
tion eÆ
ien
y forvarious dete
tor geometries.For the optimum 
on�guration of the dete
tor (Fig. 7.13), � 26% of the neutronsare 
aptured produ
ing gammas whi
h will intera
t through Compton s
attering.These events are then 
onverted into a signal leading to the dete
tion of the originalneutrino-nu
leus intera
tion.The parametrisation of the Gadolinium de
ay spe
trum has been improved, en-abling a more a

urate simulation of the neutron's dete
tion. The model shows very162
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orrelation with the measured spe
trum, and the energy sele
tion method is
onsistent with the genuine gamma de
ays. This allows the eÆ
ien
y for dete
tingneutrons to be determined absolutely.Di�erent geometries of the dete
tor were introdu
ed into the GEANT4 simulationto study the response to the neutrons produ
ed in the lead target and to determinethe optimum dete
tor 
on�guration with respe
t to the neutron dete
tion eÆ
ien
y.If a ba
kground 
ut of 3 MeV is applied then the neutron dete
tion eÆ
ien
y forthe optimum 
on�guration of the dete
tor is redu
ed from �26% to 5.2%, while forGd-loaded s
intillators it is equal to 12%.However, if the ba
kground 
ut 
an be redu
ed from 3 MeV to 1 MeV, this will resultin a neutron dete
tion eÆ
ien
y of 20.4% for the experimental set up des
ribed inFig. 7.13, whi
h was found to be the optimum 
on�guration of the neutron dete
tor.



Appendix
Property MeasurementPolymer Base PolyvinyltolueneDensity 1:032g=

Refra
tive Index 1.58Light Output At +60ÆC = 95% of that at +20ÆC ;Temperature Dependen
e independent of temperature from �60ÆCto + 20ÆCLight Output, % Anthra
ene 60Rise Time, ns 1.0De
ay Time, ns 3.3Pulse Width FWHM, ns 4.2Light Attenuation Length, 
m 400Wavelength of Max. Emission, nm 434No. of H Atoms per 
m3,(�1022) 5.23No. of C Atoms per 
m3,(�1022) 4.74Ratio H:C Atoms 1.104No. of Ele
trons per 
m3,(�1023) 3.37Prin
ipal uses=appli
ations general purposeTable 8.1: Properties of NE110 plasti
 s
intillators stated by the manufa
turer
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