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Abstract

Quantum Electrodynamics (QED) is an example of success of Quantum Field theory. A
positronium atom is a bound state of an electron and positron, which decays to two, three or
higher multiplicity of the photons. Being a purely leptonic system, positronium provides
a very clean probe for testing the accuracy of QED calculations. Studying the photons
from the decay of positronium provides a possibility to search for physics beyond the Stan-
dard Model as well as plays a crucial role in medicine and biology also to diagnose the
healthiness of the tissue material.

In this thesis we have focused on studying some of the crucial aspects of detection of
the photons from the positronium decay using the GEANT4 simulation toolkit. Our studies
include the mechanisms by a which a sub MeV range photon deposit its energy in the
material, energy resolution and efficiency of the detectors and measuring the polarization

of a photon in an experimental setup.
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Chapter 1
Introduction

Quantum Electrodynamics (QED) is an example of the success of quantum field theory.
Precise measurements of many physical quantities such as anomalous electron and muon
magnetic moments, hyperfine splitting of hydrogen, Lamb shift, etc. have provided the
values matching with the theoretical predictions to a very high precision.

In addition to annihilation, the interaction between an electron (e~) and it’s antiparticle
positron (e™), can result into a bound state also, known as positronium. Such scenario can
happen only when the electron and positron are almost at rest, otherwise direct annihilation
takes place instead of forming a bound state. Positronium is a very light purely leptonic
system, where the only interaction possible between these charged leptons (e~ and e™) are
the electromagnetic and weak interactions. The absence of strong interactions (governed by
Quantum Chromodynamics) makes positronium a very clean probe for testing the accuracy
of QED calculations for bound states as well as the searches for new physics beyond the
standard model.

The positronium system is very unstable (ground state binding Energy 6.8 eV). Positro-
nium atom can decay into two or more photons. Different aspects of the positronium decay
such as lifetime, decay modes, spectroscopy, etc has attracted many studies. [15]. Positron-
ium, being a bound state of two fermions can be formed as a spin singlet state (*Sy) known
as para-positronium (p-Ps, lifetime 125 ps in vacuum) or as spin triplet state (3S;) known
as ortho-positronium (0-Ps, life time 142 ns in vacuum). The p-Ps has charge conjugation
(C) +1. therefore it decays to even number of photons (C = -1). On the other hand o-Ps has
charge conjugation -1 so it decays to odd number of photons.

Studies on o-Ps decay caught much attention because of its longer lifetime. At such

long time scale, QCD processes doesn’t play any role which makes the decay process much



cleaner to analyze. Of particular interest are the invisible decay and production of even
number of photons in the decay of o-Ps. Such phenomenons indicate towards some new
physics [15] like violation of some basic conservation laws (C,P,T), millicharged particles
[16], presence of axion like particles (ALPs) [17] etc. These decay modes also suggest
some disappearance mechanisms, such as mirror worlds [18] and extra dimensions [19, 20].

Apart from these exotic things, positronium finds its importance in some very important
real life applications also. The mean life time and the formation probability of positronium
depends significantly on the molecular environment where positronium is formed. This
finds its application in medicine and biology. The positrons emitted from the 5 decay of
some radioactive nuclei like Na-22 can be injected into some tissues to form a positronium
atom there. Studying the photons from the decay of that positronium can help to diagnose
the healthiness of the tissue material [21].

Looking at such a wide range of interesting aspects of positronium decay, [ was excited
to study the photons from decay of positronium in GEANT4 simulation. In this thesis,
we have presented our work on studying some of the crucial aspects of detection of the
photons (similar to the one from p-Ps decay) such as mechanisms by a which a sub MeV
range photon deposit its energy in the material, energy resolution and efficiency of the
detectors, measuring the polarization of a photon in an experimental setup.

In chapter 2 of this thesis, we have given an overview of workflow in GEANT4 sim-
ulation toolkit and have and explained some important aspects of a detector simulation
program. In chapter 3, first we briefly introduce the mechanisms by which a sub MeV en-
ergy range photon deposits its energy inside the material. Following that we have presented
our work to study how the probability of these mechanism depend on different factors such
as incident photon energy, detector material and material thickness. In the same chapter,
we have also presented our work on studying the energy resolution and efficiency of scintil-
lator detectors using the distribution of scintillation photons produced in the material. We
have also shown there that how resolution and efficiency of the detector gets affected by
the detector material, material thickness and the energy of the incident photons. In chapter
4, we discuss the polarization aspect of Compton scattering and using it as a tool to exper-
imentally measure the polarization of the incoming photons. There we have presented our
studies in a J-PET like detector geometry in the simulation for two different cases having

single and two photon events.



Chapter 2

GEANT4: A toolkit for detector

simulation

Over the past three decades, the success of international high-energy physics (HEP) ex-
perimental programs such as CMS [22] and ATLAS [23] at Large Hadron Collider [24],
CERN [25], Geneva, has depended heavily upon the precise simulation of particle-matter
interactions and the modeling of detector geometries. This is evident by the fact that they
produced physics results of exceptional quality more quickly than any previous hadron col-
lider experiment [2]. For an instance, simulations provided physicists with insights into the
signatures the Higgs boson might produce in the proton-proton collision data obtained by
these experiments, as well as the methods for identifying them within extensive datasets.
Modern nuclear and particle physics experiments frequently feature complex combina-
tions of detector technologies and their sizes. When the experiments are not feasible or
are not practicable due to their expense and complexity, simulation tools can be useful for

providing information on system design and for optimizing the system performance.

GEANT4: a detector simulation toolkit

GEANT4 (GEometry ANd Tracking) [26] is a detector simulation toolkit which was devel-
oped as a collaborative effort of the two groups led by CERN [25] and KEK [27] in 1990s.
In the past, outcome of detectors in experiments were modeled using simple analytic or
back-of-the-envelope calculations, toy simulations, or parametrization based on theoretical
predictions.

The development of GEANT can be traced back to the release of GEANTI in 1975. It



provided a user-defined output with histograms and it was driven by a very simple frame-
work. A more comprehensive collection of physics models, including multiple scattering,
particle decay, energy loss, and electromagnetic (EM) showers based on a subset of the
Electron Gamma Shower (EGS) package, were then included in GEANT2, which was re-
leased in 1976. In 1980 the breakthrough came with GEANT3, which was an upgrade of
the GEANT?2 program and included a data structure to describe the complicated geometries
at the level needed by the experiments at that time. Various experiments at Large Electron
Positron Collider (LEP) used GEANT3 for modelling their detectors. In 1993, following
the success of GEANT3, the two groups at CERN and KEK started a collaboration to use
different computing techniques available that time for improvements in the GEANT3 pro-

gram. Thus, the development of GEANT4 got started.

Status of GEANT4

GEANT4 i1s a collection of C++ class libraries, which extensively uses the object oriented
programming and MC simulation to model the tracing of particles through matter. Being a
toolkit, GEANT4 allows the experimenters to have a complete control over defining geom-
etry, material specifications, and external fields. Apart from this, GEANT4 gives the users
ways to track particles by means of well-defined physics list composed of a subset of many
available physics models in various combinations, to visualize the interactions and derive
the intended simulated data. The GEANT4 [28] simulation toolkit serves as the foundation
for detector simulation in the most recent experiments.

Applications of the GEANT4 toolkit span a broad spectrum of dimensions and energies,
ranging from nanometers to planetary scales in lengths and from eV to PeV in energies.
Apart from using GEANT4 as a tool for detector and background simulation in High Energy
Physics experiments (see an example in Fig. 2.1), the scope of application of GEANT4 has
been quickly widened to nuclear physics experiments, simulation of accelerator setups,
studies in medical imaging and treatment, simulation of space radiation and its effects on
spacecraft instruments.

Apart from GEANT4, there are other simulation tools also available, such as FLUKA
[29] and MARS [30]. FLUKA is a comprehensive particle physics modeling program with
numerous uses in shielding, HEP and engineering, dosimetry, medical physics, radiobiol-
ogy, cosmic ray research, detector and telescope design, and more. The MARS is a software

package, which is widely used to model enclosures having radiation shielding.



% 4000 — —e— 4GeV  (All events)
2 F —=— G410.0.p02 QGSP_FTFP_BERT_EML
[T —&— G410.2.p02 FTFP_BERT_EMM

CMS Preliminary
2006 Test Beam Data

[} 2 4 6 8 10
Energy (GeV)

(b)

Figure 2.1: (a) A visualization of the full detector geometry of the CMS detector in
GEANT4 simulation [1], (b) Plot showing the measurements of response function for 4
GeV pions incident onto a solid angle slice of the CMS Electromagnetic Calorimeter [2].
The plot compares the 2006 CMS test beam data measurements with GEANT4 simulation
with two different choices of physics lists.

2.1 Some key building blocks of a GEANT4 simulation
program

GEANT4 extensively utilizes the object oriented programming to create a structure of class
categories which are at the heart of simulation program. Using such an approach provides
a modular structure of various components in the simulation code, which gives user an
ease of adding new stuff without changing everything in the code. Fig. 2.2 shows the
different class categories in GEANT4 and the relationship among them. As shown in the
figure, a class category is represented by a box and its relation to another class category is
represented by a straight line. Each straight line contains a blob which means that the class

category which has this blob uses the category from where the straight line is drawn [26].



Figure 2.2: Hierarchy of different classes in GEANT4

Following is the description of some of the key class categories shown in class category

diagram shown in Fig. 2.2:

* Kernel: GEANT4 kernel initializes and manages the run configurations, handles par-
ticles, tracks and materials, and enables the simulation of the physics processes. Ker-
nel also enables the user to visualize the setup and the particle trajectories in events

using various graphical visualization systems[31].

* Run: The largest unit of simulation is a ‘Run’ which is represented by ‘G4Run’
class object. A run is a collection of events within which particle source, the detector
geometry and the set of physics processes etc are configured by the user [31] (See
Fig. 2.4a). Once a run is started these things cannot be changed in between by the

[IN 8

* Event: An ‘Event’ is the basic unit of simulation.‘G4Event’ class object represents

an event which contains all the inputs and outputs from the detector components (See

6



Fig. 2.4b). For example in our simulation, shooting one photon from the gun initiates
an event and the completion of tracking of primary photon and all the secondary

particles produced finishes that event.

Stacking mechanism in an event: Primary particles are generated at the beginning
of an event. After that these particles are kept in a ‘stack’ and gets popped up one by
one and traced through the detector volumes. If there are secondary tracks produced
while tracing of the primary particles, they are also pushed into the stack. Those
secondary tracks pops up from the stack one by one after the tracking of primary

particle gets completed. An event is processed until the stack becomes empty.

A stack in GEANT4 works in a simple “last-in-first-out” mode, i.e. the particle which
is produced later, pops up from the stack first. Fig 2.3 shows the tracking of a particle

where secondaries are produced at multiple steps. The order of tracking is as follows:

T1—>T3—>T5—)T7—)T4—>T6—>TQ.

T2 Secondary particles

ParentID=1

TI

Primary particle
ParentlD=0

Figure 2.3: An image showing the production of secondary particles at different stages of
the trajectory of the particle. GEANT4 manages them all by a stacking mechanism [3].
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Figure 2.4: Schematic diagram of the workflow in GEANT4: (a) initialization of a simula-
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tion program, (b) workflow of tracing the particles in an event

* Track: In GEANT4, a particle at any instance is referred as a ’track’. It is managed
by G4Track class. An object of this class has physical quantities of the particle at the
current instance only. It does not contain any record of the previous instance. As an
example any physical information such as position, kinetic energy, current volume
etc. about the primary photon or an electron can be accessed using the methods in a

track object.

Step: A ‘step’ contains the “delta” information of a particle while being traced in
the simulation. The energy deposition between two points, time of flight etc. of a
particle can be accessed using the step information. Here it should be noted that a
track is not a collection of the steps. Instead, a track gets updated by a step. A step
in GEANT4 is composed of two ‘step points’:

1. Pre-step point: It contains the information about the track at an instance just
before.

2. Post-step point: It contains the information about the track at the current in-

stance.

Information from a pre-step point and a post-step point can be used to get some key
information about any particle. For example, in Compton scattering of a photon,
the scattering angle can be determined by calculating the angle between the photon
momentum directions at pre- and post-step points (see Fig. 2.5a). Information from
the step can also be used to tell whether a particle crossed the boundary between

two volumes (see Fig. 2.5b). The volumes containing the pre- and post-step points



can also be accessed to check whether a particle crossed the boundary between the

volumes from a specific direction.

* Process: In GEANT4, there is a list of applicable processes which a particle can un-
dergo while traversing a material. At each step, all physics processes involved pro-
poses their physical interaction lengths. Among these processes a step is decided by
the process which has the smallest value of the interaction length. In GEANT4, parti-
cle ‘transportation’ by which a particle interacts with geometrical volume bound-

aries and fields of any kind, is also considered as a process.

Boundary
Step
O Post-step point
Pre-step point
(b)

Figure 2.5: Use cases of step points in GEANT4 simulation: (a) calculating scattering
angle from the photon momenta at pre- and post-step points, (b) determining if a particle is
crossing the boundary between the two volumes

2.2 Some key aspects of creating a simulation program in

GEANT4

There are multiple aspects of defining a simulation program in GEANT4. In this section, we

will give an overview of some important aspects used in the work presented in this thesis.

Defining the geometry

Any detector geometry is composed of a number of volumes. The largest volume, in which
all the others volumes reside is called ‘World Volume’. A user needs to define three types
of “volumes” to create any volume in the geometry: (1) solid volume, which represents the
physical dimensions of a volume, (2) logical volume, which contains the information about
the material of the volume, sensitive detector behaviour and some other attributes like color,

opacity etc in the visualization and (3) physical volume, which contains information about



the position and rotations of a logical volume in the geometry. It also contains the hierarchy

of different detector volumes that if a volume is contained inside any other volume.

Generating primary particles

GEANT4 provides a set of particles which can be used in the simulation. A particle can
be identified from its characterizing properties such as mass, charge, spin, decays, etc. In
GEANT4, each particle is represented by its own class derived from G4ParticleDefinition,
which contains values of all its characterizing properties. GEANT4 gives flexibility to a user
to define a custom particle also by providing the values of the characterizing properties of
the particle.

In GEANT4 simulation, generation of primary particles is handled by ‘PrimaryGenera-
torAction’ class. A ‘G4ParticleGun’ object is defined there to use it as an actual primary
particle generator. A user provides the values of different attributes required (e.g. momen-
tum, point of origin, polarization etc.) to generate a primary particle. These attributes can
have a value, which is fixed over all the events or can be sampled using GEANT4’s ran-
dom value generator or can be read from an external ROOT tree generated from any event
generator like Pythia [32] and MadGraph [33] etc.

Defining the physics process and cuts

In GEANT4 there are different modules of physics processes, known as ‘physics list” to
handle the interaction of particles with the material. In GEANT4, there are seven major
categories of physics processes : electromagnetic, hadronic, transportation, decay, optical,
photolepton-hadron, and parameterisation [34]. A user can can make a choice on what
modules to include in the program among the above seven modules. GEANT4 enables
a user to choose the cross section of a process from different physics models also. For
example, cross section for photoelectric effect can be chosen from Penelope model [35] or
Livermore model [36].

To save the computational resources, a user can define some threshold for production
of secondary particles also known as production cuts. These production cuts are particle

specific i.e. can have different values for different particles.
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Extracting the useful information from the detectors

1. Hit: A ‘hit’ is a snapshot of the physical interaction of a track in a sensitive detector.
In a hit object, user can store information associated with a G4Step object (e.g. posi-
tion, time, energy etc). GEANT4 provides a ‘G4VHit’ abstract class based on which
a user writes a customized class for hit. Methods for filling the information and ac-
cessing those filled information are defined in the custom hit class, which enables the

user to decide which information of the interaction to store in a hit object.

2. Sensitive detector: The main purpose of a sensitive detector is to construct the "hit’
objects when a track comes into its physical volume. User can write a custom class
for sensitive detectors to process the hits produced. The ‘ProcessHits()’ method of
‘G4VSensitiveDetector’ class performs this task using the ‘G4Step’ objects as an
input. ‘G4VSensitiveDetector’ is an abstract base class which represents a sensitive
detector. Conditions to register a hit are defined in that custom class and information
in the hits are filled. All hits of an event can be stored in an vector, which can be

accessed further in an event by the user.

Visualization and parallelization

GEANT4 enables the user to graphically visualize the simulation program by visualizing
the detector components, particle trajectories etc. The visualization in GEANT4 supports a
diverse family of graphical systems such as QpenGL and Qt.

To save the time to run a simulation program, GEANT4 enables a user to take the ad-
vantage of parallelism by the means of ‘mutithreading’. A user can run the simulation in
the multiple CPU threads available in the machine. The events in a run can be distributed
among all these threads, which make the whole simulation program to run significantly

faster compared to running the program in a single CPU thread.

11
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Chapter 3

Energy resolution and efficiency of

scintillation detectors

Energy resolution and efficiency of a particle detector plays a crucial rote in characterizing
its performance. These two parameters critically determines the suitability of a detector
material and dimension for a given experimental application. A comprehensive study of
these characteristics is essential for optimizing the detector design as well as accurate in-

terpretation of the measured data.

3.1 Particle interactions with matter and their simulation

To measure the energy of the incoming particle in the detector, we need to understand the
processes by which a particle (specifically photons in our case) interacts with the detector

material. Photons can deposit their energy mainly via the following three processes:

1. Photoelectric absorption: This process involves a complete absorption of a photon
by an atom of a material with the subsequent ejection of the bound electron from
the atom with nucleus absorbing the recoil momentum. Dependence of photoelectric
absorption cross section on incident photon energy (F,) and atomic number (2) is

popularly approximated as:

n

3.5
E"/

6]

Ophoto = constant X

Here n can vary between 4 and 5 depending on the energy of the incident photon.
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This strong dependence of photoelectric absorption probability on Z indicates that

higher Z (atomic number) materials are most favored for photoelectric absorption.

2. Compton scattering: This process refers to scattering of photons by free electrons
of atoms in the material. The electrons in the material are bound to the atom but if
the photons energy is high with respect to the binding energy of an electron, then
electrons can be treated as essentially free. The cross section of Compton scattering

in a material goes as

Ink,

2

O compton = constant X Z

o

Compton scattering can be used as a tool to experimentally measure the polarization

of photons, which is discussed in Chapter 4.

3. Pair production of electron and positron: If energy of an incident photon exceeds
twice of the rest mass energy of an electron (1.022 MeV'), the photon can produce
a pair of electron and positron. In our case the photons coming from the decay of
para-positronium (at rest) will carry 511 keV energy at the most. Therefore pair

production process is not relevant for studies presented in this thesis.

Fig. 3.1 shows the comparison of cross section of Compton scattering and photoelec-
tric effect as a function of incident photon energies for lead (left) and carbon (right). It
shows that for £/,=511 keV Compton and photoelectric cross section are similar for high Z

materials while Compton cross section dominates for low Z materials.
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Figure 3.1: Comparing the cross section for Compton scattering and photoelectric absorp-
tion of the photons as a function of incident energy: (a) in a high Z material [4], (b) in a
low Z material [5].

Scintillators

Scintillation detectors are commonly employed in nuclear and particle physics experiments
as particle detection devices. These materials emit photons, called scintillation photons,
when radiation or particles loose energy interacting with them. These scintillation photons
are also referred as optical photons in the thesis. Energy deposited by the interacting radia-
tion in the scintillators excites molecules of the material. These molecules de-excite to the
ground states by emitting photons [7]. These scintillation photons can be converted into an
electrical pulse by coupling them to an amplifying device such as a photomultiplier tube
(see Fig 3.2). These electrical pulses can be further analyzed to get various information

about the incident radiation.

Photocathode
Focusing electrode  Photomultiplier Tube (PMT)
lonization track /

High energy |
photon

LN =

T .
Scintillator Primary  Secondary Dynode Anode pins
electron electrons

Figure 3.2: An schematic diagram of a scintillation detector coupled to a photomultiplier
tube (PMT). [6]
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3.2 Modeling of scintillation in GEANT4 simulation

GEANT4 does not simulate molecular excitation and de-excitations to produce the scintilla-
tion photons. Instead, it statistically models the number of optical photons produced using
scintillation parameters of the material provided by the user [37]. Number of scintillation
photons produced, the energy spectrum of the scintillation photons and the distribution of

emission times are the characterizing properties of any scintillator material.

3.2.1 Number of scintillation photons

Number of scintillation photon produced per MeV of energy deposit (termed as Scintilla-
tion Yield) for a given material is experimentally measured and is provided to the GEANT4
by the user. However, the production of scintillation photons is a stochastic process and
there is a variation in the scintillation yield for a given value of incident energy of a parti-
cle. In GEANT4, this event-by-event scintillation yield is sampled from a distribution with
a mean close to the scintillation yield provided by the user [37]. In GEANT4, the number

of optical photons to be produced at every step is calculated as follows:

* The mean number of optical photons to be produced in a step is calculated as product
of the Scintillation Yield, yield factor defined as the ratio of fast component yield to
the total yield, and total energy deposit.

* If the calculated mean is less than or equal to 10, the actual number of scintillation
photons is sampled from a Poisson distribution with that mean, then converted to an

integer.

* The number of scintillation photons is sampled from a Gaussian distribution with
calculated mean, if the computed mean is larger than 10. The standard deviation
of that Gaussian distribution is computed as the square root of the calculated mean

times a user supplied factor known as the ‘Resolution Scale’ [38].

3.2.2 Time evolution of scintillation photons

In a scintillator material, after a molecule is excited, the de excitation process can occur
immediately after excitation (within 1078 ns) termed as fluorescence or can occur after a
long time (ranging from a few microseconds to hours depending on the material) termed as

phosphorescence [7].
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One can describe the time evolution of the re-emission process roughly as a simple
exponential decay [7]. However, the time evolution of scintillation is more complex in

some materials, which can be approximated by a two component exponential:

N = A exp (;—;) + B exp (;—t) 3)

where, A and B are constants , 7; and 7, are the decay constants of the fast and slow
components, respectively. User needs to provide the value of these decay constants and the
scintillation yield of these fast and slow components to model the scintillation in GEANT4
simulation framework.

Distribution of time of scintillation photons produced by incident photons of 511 keV
energy in a 5 cm thickness of the PbWO, tile is shown in Fig 3.3. Details of the detector
geometry etc. is given in Section 3.4. The distribution presented here corresponds to 10000
incident photons. To verify the model used for the time evolution of scintillation photons,
we fitted the distribution with the two component exponential function as mentioned in the
eq. Eq. (3) with time constants as the free parameters. After fitting we got back the fast
and slow component of the decay approximately equal to the values which we provided,

namely 1 ns and 10 ns, respectively.
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Figure 3.3: Time response of the scintillator in simulation

3.2.3 Energy of the scintillation photons (emission spectra)

Energies of all the scintillation photons emitted are not identical. To model this feature

of the scintillation photons, the energy of an optical photon is sampled from a probability
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distribution called emission spectrum. This emission spectra is a list of relative intensities,
corresponding to different photon energies. In GEANT4, a user has to define the emission
spectra for the fast and slow component of the scintillation. When scintillation photons
are produced, their energies are sampled from this list randomly, with a higher chance of

picking an energy with higher relative intensity.

3.3 Energy resolution and efficiency of a detector

Energy resolution of a detector

The energy resolution of detector is a measure of its capability to distinguish between two
closely spaced energies of the incoming particles (see Fig. 3.4). A possible way to measure
the energy resolution of a detector is to send a beam of radiation with fixed energy into the
detector and observe the distribution of measured energy. Instead of a delta function at the
incident energy, the distribution of measured energies has a finite width. It is usually Gaus-
sian in shape peaking at the incident energy. This width arises because of stochastic nature
of the process involved in dissipation of energy by the particles. It results in variation in the
recorded signals e.g. fluctuation in number of scintillation photons produces, fluctuations

in the secondary electron production in the PMTs etc.

Figure 3.4: An image the showing the meaning of resolution: two closely spaced incident
energy are distinguished by a detector only if there distance is larger than the energy reso-
lution of the detector [7].

Usually resolution is given in terms of the full width at half maximum of the peak

(FWHM). In high energy physics, it is common to use the standard deviation ((¢)) instead
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of FWHM for the purpose. The relative resolution at energy £ is given by the expression:

AFE
Resolution = = 4)

where AF is the width of the gaussian with mean FE.

In this thesis, we have defined this width in terms of the standard deviation (o) of a
gaussian function with mean . Thus, we have quantified the resolution of the detector as
o /. This is discussed in detail later in this chapter in Section 3.5.4.

As we see in Eq. (4), the resolution of a detector varies with the incident energy. Here
the Poisson or Poisson like statistics of ionization and excitation plays a role. The number
of ionization events rises with energy, which causes the relative fluctuations to decrease
[7]. Using the expressions of mean and FWHM (in our case o) of the Poisson distribution,

we get the dependence of resolution on energy deposited as

1
E -
“VE ®

This illustrates that the relative energy resolution improves with the energy deposited,

hence the incident energy of photons (or charged particles).

Efficiency of a detector

Depending on the detector material and its geometry, an incoming photon can deposit all
of its energy in the detector or it can leave the detector with partial or no energy deposit. In
our case, by efficiency we mean the fraction of events where incoming photons completely
deposit their energy in the detector.

number of events with full energy deposited by photons

Efficiency = (6)

total number of events

3.4 Simulation setup

3.4.1 Detector geometry

For our studies presented in this thesis, we aim to create a 47 hermitic detector around a

radioactive source. For the preliminary studies to understand the various ingredients of the
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GEANT4 simulation framework, we added the elements shown in Fig. 3.5 for our detector

geometry:

1. World volume: A cube of dimension 1 m x 1 m x 1 m filled with air placed at
(0,0,0).

2. Photon source: A photon gun placed at the center of the world volume (0,0,0),
which shoots photons of certain predefined energy in +z direction. See Fig. 3.5b for

the choice of co-ordinate system.

3. Detector tiles: We make an cubical enclosure made from 6 trapezoidal scintillator
tiles. We test a few scintillator materials using this geometrical setup and a few
detector dimensions. The inner dimension of the enclosure is fixed 20 cm x 20 cm X

20 cm and we vary the thickness of tiles between 1 cm to 10 cm.

For the studies presented in the following sections, out of the 6 detector tiles in the
enclosure, we take energy deposits and optical photon produced in one tile only,
where the primary photon is incident. We kill any particle (both primary and sec-
ondary particles) if it leaves the detector tile. Also, we are not tracing the optical

photons through the detector volume for these studies, we kill an optical photon once

it reaches the detector boundary.

(b)

Figure 3.5: Detector setup in simulation: (a) visualization of the primary photon incident
on a detector tile, (b) coordinate axes used in simulation setup

Following give scintillator materials have been used in our studies presented here:
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(a) Lead Tungstate (PbWO,)
(b) Bismuth Germanate (Bi,Ge30;12) termed as BGO

(c) Certum doped Lutetium—yttrium oxyorthosilicate (general composition:
Luy(1-4) Y2,Si05, used: LugY(SiOs)5) termed as LYSO(Ce)

(d) Cerium doped Gadolinium Aluminum Gallium Garnet (Gd3Al,GazO45) termed
as GAGG(Ce).

(e) Cerium doped Lanthanum Bromide (LaBrs(Ce))

4. Physics list: For our studies in this chapter, we are using the two models of physics
list relevant for our case: (1) ’G4EmStandardPhysics_option4’ (handles the elec-
tromagnetic interactions in the lower energy levels) and (2) *G4OpticalPhysics’ (to

handle the optical photons).

Fig. 3.6 illustrates the energy deposited by 511 keV photons inside a 5 cm thick PbWO,
material via different processes for 10000 simulated events. Energy deposited via Compton
scattering and photoelectric absorption is calculated as the difference of kinetic energies of
a primary photon after and before the interaction happens. As visible in Fig. 3.6a, Compton
edge is observed at the energy less than the incoming photon energy. It means that in
Compton scattering, a photon does not transfer all of its energy to the free electron of the
atom. Full energy deposit can happen only via photoelectric absorption (see Fig. 3.6b).

The total energy deposited shown in Fig. 3.6¢ is calculated as the sum of energy de-
posited by all the particles (both primary and secondary particles) in the event. There we
see a sharp spike at the 511 keV, because energy deposited is calculated using the "truth” in-
formation extracted from the ‘steps’ in the simulation. As mentioned earlier in this chapter,
total energy measured in the detector will have some fluctuations around 511 keV. In sim-
ulation, we determine the energy deposited in a realistic way by analyzing the distribution

of number of scintillation (optical) photons produced in the detector.
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Figure 3.6: Energy deposited by 511 keV photons in 5 cm thick PbWO, material: (a)
energy deposited by Compton scattering, (b) by photoelectric absorption, (c) total energy

deposited.

Fig. 3.7 compares the energy deposited by 511 keV photons in three different thick-
ness of PbWQO, :(1) 2.5 cm, (2) 5 cm, (3) 10 cm. It shows that 2.5 cm thickness of
PbWO, material is sufficient to stop the 511 keV photons.
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Figure 3.7: Comparing the energy deposited by 511 keV photon in three thicknesses of
PbWOy, : Scm, 2.5cm, 10cm: (a) via Compton scattering, (b) via photo-electric absorption,

(c) total energy deposited

Fig. 3.8 compares the energy deposited in 5 cm thick PboWO, by the photons having
different incident energies. We see that for higher values of incident photon energies, there

are more events in the partial energy deposits because photoelectric cross section decreases

with higher values of incident photon energies.
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Figure 3.8: Comparing the energy deposited in 5 cm thick PbWO, by 100keV, 300keV,
511keV, 100keV photons: (a) via Compton scattering, (b) via photo-electric absorption, (c)
total energy deposited

Fig. 3.9 compares the energy deposited by 511 keV photons in 5 cm thickness of the
different materials. Since PbWOQO, has the highest Z among all them, it has the most event
fraction with complete energy deposits. To see the energy deposited by different energies
of incident photons in other materials also refer to Appendix Section A.1 & Appendix
Section A.2.
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Figure 3.9: Comparing the energy deposited by 511 keV photons in Scm thicknesses of
PbWO, , BGO, LYSO, GAGG, LaBr; : (a) via Compton scattering, (b) via photo-electric
absorption, (c) total energy deposited

3.4.2 User defined scintillation parameters for different materials
Scintillation parameters

The scintillation parameters used in the simulation are tabulated in the Section 3.4.2 for the
five materials described in Section 3.4. Fig. 3.10 shows the emission spectrum for these

materials. In simulation, we provide the discrete values of relative intensity for different
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Figure 3.10: Emission spectra of different materials got from simulation

wavelengths. GEANT4 interpolates the value of relative intensity between any two wave-

lengths.
Material

Parameter

PbW0O4 | BGO | LYSO GAGG LaBr3
Density (g/cm?) 8.28 7.13 7.1 6.63 5.29
SY (pho/MeV) 200 8200 | 30000 28244 61000
Rise time 10 ps 30ps | 70 ps 8 ns 5.7 ns
SY1 0.8 0.1 1 0.392 0.9
71 (ns) 5 60 40 50.1 30
SY2 0.2 0.9 0 0.608 0.1
Ty (DS) 30 300 — 321.5 300
Peak emission A\(nm) | 420 & 520 | 480 410 | 380 (weak) & 520 | 380
Birks Constant 0 (assuming)

Table 3.1: Table summarizing the scintillation parameters for different scintillator materials

Birks constant introduces some non linearity in the scintillator response. We have spec-
ified the Birks constant to be O for all the materials for these preliminary studies (to avoid

additional complexity).
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We have not defined the absorption length and the boundary interaction because for our
studies we are only interested in the number of scintillation photon produced for different

values of incident photon energy in a given material.

3.5 Analyzing distributions of the number of optical pho-

tons

Instead of getting the energy deposits at the truth level, here we determine the value of
energy deposited in the detector by analyzing the distribution of number of optical or scin-
tillation photons produced in the detector. By analyzing the optical photon yields, we also
determine the energy resolution and efficiencies of different detector materials and with
different thicknesses.

The Fig. 3.11 shows the distribution of number of optical photons produced in 2.5 cm
thickness of GAGG from the energy deposited by the incident photons of energy 511 keV.
The events lying in the tail of the distribution (before the gaussian peak) corresponds to
the events where incoming photon deposits some of its energy via Compton scattering and
leaves the detector. The events under the gaussian like peak corresponds to the events where
incoming photon completely deposits its energy in the material by photoelectric effect after
undergoing some Compton scatterings. In the work presented here, we have determined the
resolution and response of the detector, using the information got from the fitted gaussian
and also have defined the efficiency to be the fraction of events coming under the gaussian.

These are discussed in details in the following sections.
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Figure 3.11: Full range distribution of number of optical photon produced in 2.5 cm thick-
ness of GAGG

In GEANT4, we varied the energy of photon gun between 100 keV to 1000 keV and
simulated 10000 events (shooting 10000 photons). We recorded the number of optical
photons generated for each event. Fig. 3.12a compares the distribution of optical photon
yields produced in 5 cm of PbWO, by the incident photons of different energies. These
results are further used to establish the linearity of the detector as explained in the next
section.

Fig. 3.12b compares the distribution of number of optical photons produced in 3 differ-
ent thickness of PboWO, (2.5 cm, 5 cm and 10 cm) produced by energy 511 keV photons.
There we observe that height of the peak decreases slightly with decreasing the material
thickness, because in less thickness less number of incoming photons fully deposit their
energy in the material. To compare the distribution with varying material thickness and

incident photon energies in the materials see the plots in Appendix Section A.6.
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Figure 3.12: ((a) Distribution of number of optical photons produced in 5 cm thick
PbWO, at different incident photon energies: 100 keV, 150 keV, 300 keV, 450 keV, 511
keV, 600 keV, 800 keV, 1MeV. (b) Distribution of number of optical photons produced by
511 keV photons in 3 different thickness of PbWQy : 2.5¢cm, Scm, 10cm

3.5.1 Mean and standard deviation of scintillation photon yield

For the total energy deposit, we only have to consider the events in which photon is fully
absorbed in the detector, that is those with total energy deposited under the photo peak. We
iteratively fit the distribution of number of optical photons with a Gaussian function in the
range from —2 std. dev. to +2std. dev. around the photo peak. Then we take the mean (u)
and standard deviation (o) of the fitted Gaussian function as the average photon yield and
its spread. Fig. 3.13 shows the iterative fits of some incident photon energies for 5 cm thick
PbWO, material. For iterative fits of other photon energies in different thicknesses of the

materials refer to Appendix Section A.S.
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Figure 3.13: Iterative fitting of number of optical photons with a Gaussian function around
the photo peak for E.: (a) 100 keV, (b) 300 keV, (c) 511 keV, (d) 1000 keV

Table 3.2 summarizes the fitted mean and standard deviation for 100 keV, 150 keV, 300
keV, 450 keV, 511 keV, 600 keV, 800 keV photons for 5 cm thickness of PboWO, material.
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Einc (keV) | mean number of optical photons produced (IV,) | o,
511 91.714 9.73
100 15.357 4.78
150 24.38 5.26
300 52.396 7.04
450 80.36 9.19
600 108.32 10.73
800 145.74 12.64
1000 183.37 13.90

Table 3.2: Table for fitted mean and standard deviation at different Energies

3.5.2 Calibrating scintillation photon yield to measure the incident
photon energy
We take the mean of scintillations produced at 511 keV (91.714) as a calibration point and

get a measured value of energy for other value of incident energies. In simulation, we have

calculated the measured value of energy Fj/cqsureq USing the relation:

511 keV

E easured — “na =14 N 7
Measured = g1y < V7 M

where N+ is the mean of number of scintillation photons generated from incident photons
of energy Erncident- Fig. 3.14 shows the distribution of Ej/eqsureq in 5 cm thickness of
PbWO, and GAGG by 511 keV photons. There in the distribution of Epscqsured, We Ob-
serve that the width of gaussian peak is more in PbWO, as compared to GAGG, because
scintillation yield of GAGG is much higher than that of PbWO, (see Section 3.4.2). To
see the comparison of distribution of Ej/eqsureq 10 different material thicknesses and for

different incident photon energies, refer to Appendix Section A.4.
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Figure 3.14: Distribution of measured value of energy deposited in 5 cm thick material: (a)
in PbWO, , (b) in GAGG

3.5.3 Light output Response of the Scintillator

Light output of a scintillator describes how well it converts energy deposited into the optical
photons. It is also desirable from the scintillators that the light output varies linearly with
the incident energy so that the measured optical photon yield can be use to extract incident
energy of the particles. As shown in Fig. 3.15a, we get a linear relationship between the
mean number of optical photons produced and the incident photon energy. We would like
to remind here that we have specified the Birk’s constant [7] for the detector material to be
zero. In reality Birk’s constant is non zero and it may introduce some non-linearity in the
detector response. Also, the y-intercept of the curve is negative which is not possible in the
realistic situation. Fig. 3.15c shows the response of the detector, which shows that at higher
values of incident photon energies ' cqsureq g€ts closer to the actual value of energy of the
incident photons. To see the variation of number of optical photons, E)jjcqsured, detector
response with the incident photons in the different thicknesses of the different materials,

see Appendix Section A.7.

30



o 200 S F
180 y = 0.19x + -3.58 2 ol y = 1.04X + -19.96
C T
160— 3 [
L g
C < 800—
140: ui F
120 L
= 600—
100 L
80— r
L 400(—
60— L
4o0p 2001
o AT Bl Lo L L e L
200 400 600 800 1000 200 400 600 800 1000
Eincidem(kev) Eincidenl(kev)
(a) (b)
§ 51.2: 5 5 F
8% F sl y = 44.94x%+ 0.07
R F
LY E L X%NDF :1.800912¢ - 05
1H 025
0.9 [
C 02—
08— [
F 015
07 r
o.s; 0-’}
osb o S T R RS BRI
- 200 400 600 800 1000 200 400 600 800 1000
Eincwden!(kev) Eincidem(kev)
(© (d)

Figure 3.15: Results from the iterative fitting and calibration in 5 cm of PbWO, : (a) mean
value of number of optical photons produced as function of incident photon energies. (b)
comparison between the measured and truth value with increasing incident photon energy.
(c), (d) response and resolution as a function of incident photon energies

3.5.4 Determining energy resolution of the detector from the number

of optical photon distribution

As mentioned in the previous Section 3.5.3, The number of optical photons produced is pro-
portional to energy deposited in the material, therefore we can infer the energy resolution
of the detector from the distribution of number of optical photons. We define the resolution
of a material to be the ratio of mean of the fitted Gaussian function to the standard deviation

of the same. Hence the expression of energy resolution is given as

Resolution = Iy (8)
HN~

Fig. 3.15d, shows the variation in resolution of 5 cm PbWQ, with increasing the inci-
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dent photon energy. The resolution improves with increasing incident energy. Because as
the incident photon energy increases, more number of optical photons get produced, which
results in the decrement of the relative fluctuations around the mean, as expected from Pois-
son statistics. Fig. 3.16a shows the effect of material thickness in the energy resolution of
PbWO, . The energy resolution does not change significantly with changing the material
thickness. Because changing the material thickness does not affect the mean and variance
(0?) of the distribution of number of optical photons for the cases in which incident pho-
tons are fully absorbed. To see the effect of material thickness in energy resolution for

other materials also, please refer to Appendix Section A.8.

CZ o A 10cm

¥ 5cm

Las R

0.22

PP

O 2.5cm

A o.

Efficiency

©

o

\ 0.
Ny

o
IS

0.4

A 2.5cm

¥

{
o
~

¥ 5cm
O 10cm

o b by PRI N T e o by o
200 400 600 800 1000 200 400 600 800 1000
E, o (keV) E, . (keV)

incident incident

(a) (b)

Figure 3.16: Comparing the energy resolution (left plot) and efficiency (right plot) of
PbWOQy, in three different thicknesses: 2.5 cm, 5 cm and 10 cm.

3.5.5 Determining the efficiency of the detector

In this thesis, we define the detector efficiency as the fraction of events in which photons
are fully absorbed in the material. From the distribution of scintillator photon yield, this is
defined as the ratio of integral of the distribution from —30 to 30 around the mean to the
integral of the whole distribution.

We can see in Fig. 3.16b, efficiency of the material decreases, with increasing the in-
cident photon energy. Because photon with higher energy are less likely to deposit their
full energy in a given thickness of the material. Also it is visible from the same figure that
this decrease in efficiency is more rapid as we decrease the material thickness. To see the

variation in efficiency in other materials also, please refer to Appendix Section A.8.
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3.6 Energy resolution and efficiency in different materials

and in different transverse sizes

3.6.1 Comparison of energy resolution and efficiency in different ma-

terials

Fig. 3.17 shows the comparison of energy resolution and efficiency in different materials.
As we can see in the figure, energy resolution is worst for PboWO, out of the materials
we have chosen. Because scintillation yield of the PboWO, material is very less compared
to the other materials (see Section 3.4.2). But the efficiency of PbWOQO, is best among
the materials, because of its higher material density (see Section 3.4.2) incident photons
deposits it full energy in the material. Therefore, PboWO, can be chosen as a detector
material for detecting the very high energy particles. To see the explicit values of energy
resolution and efficiencies in the different thicknesses of different materials, please refer to
the tables in Appendix Section A.9.

33



= >

Zol * o :
Lo v Lyso Q1
1S ©

S 016 0O cAGG =

5 % LaBa o o9
<}

0.14

3 A 08
o

°
0
»
°
2

1=}

\\\‘\\\‘\H‘H\‘\HTH\‘\H‘H\‘H\‘H\
»

AN RN RN A RAR AR RARAR AR RARRRRARY

.-, 0.6
0.08 A . - .
A A PbWO4 S o,
0.5 x
0.06 O 8BGO
¥ Lyso % O
0.04 [eX 0457 O eace "% g
‘o.
% LaBra -
0.3 I
0.02 ?:;:
ob i P P RN ERRR N BRI
1000 : 200 400 600 800 1000
E. (keV) Ec (keV)
(a) (b)

=z 02 I\ A POWO4 z
A
B o1s O Beo S
< v Lyso 2
S o1 O 6AGG =
57 % LaBr3 I 09
o

0.14
3 A 0.8
T 012

»
=)
~

=]

H\‘\\\‘\\\‘\H‘H\T\H‘H\‘\H‘H\‘\H
»

(RN RN N AR AR N ARAR AN RARRR RN

. 0.6 -~
0.08 [ SERISUS N k2N
05 A PbWO4 BREE'3
0.06 O BGO
¥ Lyso
004 Q. 04E°| O eace
% LaBr3
0.02 0.3
0 P T N N M
: 200 400 600 800 1000
E\HC (kev)

= 02 - 2 Fowor > 1.1
B A. O BGO c
= 018 B ¥V LYso (7} 1
c S
i) [0 GAGG =
§ 016 5 % LaBr3 E 0.9
[e) ,

0.14 p
2 A 0.8
o

»
o
3

=)
T T T T T [ T [T T T T I [ T 7T
R R A

R 06
0.08 A . '
0.5 A PbWO4
0.06 O BGO
¥ LYSO
004 Q. 04E| O eace
% LaBr3
002 03
o opb L 1
- 200 400 600 800 1000
E, (keV)

()

Figure 3.17: Comparisons of the energy resolution (left column) and efficiency (right col-
umn) of different materials (PbWO, , BGO, LYSO, GAGG, LaBr; ). Comparison is shown
for 3 different material thicknesses: 2.5 cm (upper row), 5 cm (middle row), 10 cm (bottom
Irow)
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3.6.2 Effect of the transverse size of the material in energy resolution

and efficiency

To study the effect of transverse size of the material on the energy resolution and the effi-
ciency, we compare results for tiles of two different transverse sizes: (a) 2.5 cm X 2.5 cm
and 20 ¢m x 20 cm. In Fig. 3.18, we have shown the results for LaBrs where the effect
is most visible. There we observe that resolution is almost unchanged (as expected from
the definition) while the efficiency of the material decreases, decreasing the transverse size
of the material. To see the effect in different material for different thicknesses, refer to

Appendix Section A.10.
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Figure 3.18: Comparing the energy resolution (left column) and efficiency (right column)
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Summary

In this chapter, we presented studies of the two major processes via which a sub MeV range
deposits its energy in the material: (1) Compton scattering, (2) photoelectric absorption.
We also saw how the probability of these processes and the total energy deposited by a
photon in the material depend on the different factors. Following this, we presented our
studies on experimental measurements of the energy deposited by photons in material by
analyzing the distribution of number of scintillation photons produced in a material. We
used these distributions to make a comparative study of energy resolution and efficiency of
photons of different incident energies and in the detectors of different material as well as

sizes.
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Chapter 4

Studying photon polarization in
GEANT4 simulation

4.1 Photon polarization

Polarization is a fundamental physics property associated with photons and other particles
with a nonzero spin. In the electromagnetic wave description of light, the electric and mag-
netic field vectors oscillate perpendicular to the direction of propagation. The polarization
specifies the orientation of the oscillating electric field vector in space. In its particle de-
scription i.e. photon as a quanta of the EM field, polarization refers to the orientation of its
intrinsic angular momentum or spin. The most general expression of a homogeneous plane

wave propagating in the direction of k can be written as:

E(x,t) = (6, E) + éBy)e™ ™! (1)

where €, and €, represents the two orthogonal directions (for example x and y axis).
The amplitudes of the orthogonal components, /4y & 5, of the electric field are complex

numbers and can accommodate the phase difference between them.

Types of polarization

Depending on the magnitude and the phase difference between E; and Es of a planar EM

wave, we can classify the polarized light into three types:

1. Linear polarization: The £; and E; with the same phase represents a linearly po-

larized wave. The resultant electric field of light is confined to a single direction in a
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Linear \'\Circular + Elliptical

Figure 4.1: Illustration of linear (left), circular (middle) and elliptical (right) polarizations
of EM waves [8]

plane perpendicular to the direction of propagation of wave (See Fig. 4.1 (left)).

2. Circular polarization: If the magnitudes of F; and F, are equal, but there is 90°
phase difference between them then the resultant electric field rotates in a circle in
a plane perpendicular the of propagation and, depending on the rotation direction, is

called left- or right-hand circularly polarized light (see Fig. 4.1 (middle))

3. Elliptical polarization: This is the most general description of a polarized light.
When neither the magnitudes of E; and £ are equal nor their phase difference is
90°. In this case, direction of the resultant electric field of light inscribes an ellipse

with time on a plane perpendicular to the propagation direction of light. (see Fig. 4.1
(right))

4.2 Stokes vector as a representation of polarization

In 1852, G. G. Stokes introduced a new way to represent the polarization of light. He
introduced four quantities called as ‘Stokes Parameters’, which were the functions of ob-
servables of an EM wave. Unpolarized, partial or totally polarized states of light can be
described in terms of these quantities termed as ‘Stokes vectors’. This representation is
widely used in modern days to give a mathematical description of polarization of light.
Apart from light, this representation of polarization is also applicable to describe the polar-

ization of particles [39].
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Stokes vector consists 4 Stokes parameters Sy, S1, So and S3. There Sy represents the
irradiance of the light, S; and S, represents the linear polarization of light. For the light
polarized along horizontal axis in the plane &7 > 0 and for the light polarized along vertical
axis S; < 0. Light can also have a polarization which is oriented in a direction, giving no
preference to any of the orthogonal axes in the plane (S; = 0). There S, represents the
polarization state oriented in a direction, which makes +45° angle with the horizontal axis
(S > 0 for +45° and vice versa). Ss represents the circular polarization of light. For right
handedness of circularly polarized light S35 > 0 and for left handedness S5 < 0 [40].

In general, the Stokes vector (Sp, S1, S and S3) is written considering the irradiance
of light to be unity. For example, natural light (unpolarized light) is expressed as (1, 0, 0,
0) and horizontal polarized light as (1, 1, 0, 0). Similarly, left circular polarized light as (1,
0, 0, -1). A few examples of representing the other polarization states as Stokes vector are
presented in Table 4.1.

The GEANT4 handles both linear and circular polarizations of particles using the Stokes
vectors [41] managed by ‘G4StokesVector’ class. However, instead of four, it uses three
component Stokes vector. It considers the irradiance of the light to be 1, therefore it does
not include irradiance component in the Stokes vector [41]. A user can provide the polar-
ization of the primary particles (direction of oscillation of electric field) using the ‘SetPo-

larization()’ method of ‘G4ParticleGun’ class object.

Light polarization Stokes vector
Linearly polarized along horizontal axis (1,1,0,0)
Linearly polarized along vertical axis (1,-1,0,0)

Linearly polarized at +45° to horizontal axis (1,0, 1,0)

Linearly polarized at —45° to horizontal axis (1,0,-1,0)

Right handed circularly polarized (1,0,0, 1)

Left handed circularly polarized (1,0,0,-1)

Table 4.1: Stokes vector representation of different polarization states of light
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4.3 Compton Scattering as a tool for polarization mea-

surement

Polarization of a visible range photons can be measured experimentally using some optical
methods involving the polarizers, birefringent crystals [40] etc. However, the measurement
of polarization of high energy (keV range) photons can not be done by such optical meth-
ods. Because for higher energies of incident photon, refractive index of material reaches
close to 1, therefore optical phenomenons like refraction, reflection etc. become insignif-
icant in such circumstances[42]. Consequently a different approach is needed to measure
the polarizations of high energy photons.

Compton scattering of photons provides a tool for experimentally exploring their polar-

ization aspects. The Klein-Nishina formula for Compton cross section [43] is given as:

d B (BN (E E
d_Q[U(Eﬁ:W)}:?O- (E) -(E—FE—Qst@.coszn) )

As visible from Eq. (2), Compton scattering cross section is maximum for n = 90°,
which means that Compton scattering occurs most likely in a plane which is perpendicular
to the polarization vector of the photon (see Fig. 4.2a). In other words, the plane made
by the directions of incident and scattered photons is perpendicular to that made by the
direction of incident photon and its polarization vector. Also, as we can see in Fig. 4.2b,
this effect is more visible for a specific range of 6 (around 82° for 511 keV photons [9]).
Using these observations, we can statistically estimate the direction of photons initial linear
polarization € by taking a cross-product of photon momentum vectors before and after the
Compton scattering.

e=kxk 3)
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Incident Photon Energy = 511 keV
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Figure 4.2: (a) Definition of # and 7 in Compton scattering [9]. 2D plot showing the
variation in 7 at different fs for scattering of a 511 keV photon (image generated from a
python script taking the help from [10])

In the following sections, we make a case study using the detector geometry similar to

that of ongoing J-PET Experiment [21] as a reference.

4.4 J-PET detector as a tool to precisely study the positro-

nium decay

The J-PET detector [21], Jagiellonian Positron Emission Tomograph is developed in Cra-
cow (Poland). The J-PET detector is a novel PET device based on plastic scintillators which
is designed for both the fundamental physics research with precision studies of positronium

decays as well as the medical research with total body scannings.

Some key features

In J-PET detector to create positronium atoms, there is a radioactive source (*?Na isotope)
of activity 1 MBq which emits positrons via 5 decay. The source is placed inside a porous
polymer XAD-4 [44] which is present inside an annihilation chamber placed at the center
of the detector. The positrons from the source first gets slowed down in the surrounding
medium and forms a positronium atom in the pores of the medium as it interacts with the
electrons of the medium [21]. Depending on its spin, the positronium subsequently decays

to final states constaining two (para-positronium) or three photons (ortho-positronium) as
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explained in Chapter 1.

The detector tiles in J-PET are made from Polyvinyl Toluene based EJ-230 plastic scin-
tillator [45] tiles with dimensions 7 x 19 x 500 mm? placed in three concentric layers
having radius 42.5 cm, 46.75 cm and 57.5 cm [21](see Fig. 4.3a) and in a newly added
modular layer [46] (see the schematic diagram in Fig. 4.3c). The scintillator tiles are cou-
pled with R9800 photomultiplier tubes (PMT) [47] at both the ends along the cylinder axis.
It allows one to reconstruct the photon hit position along the scintillator tile based on the
time difference between the pulses coming from the two PMTs at both the ends of a tile.
In the plastic scintillators, photons below 10 MeV energy interact predominantly via the
Compton effect, as is the case for photons of interest in this thesis. Time and position of
the photon hits and the energy deposited in the tile is extensively used for analyzing events
to infer the information about polarization.

Time and position resolutions of the J-PET detector are approximately 380 ps and 4.6
cm (in FWHM), respectively. This position resolution corresponds to 2.4 degree resolution
(in FWHM) in scattering angle measurement. The readout in J-PET is equipped with the
dedicated field programmable gate array platform (FPGA) and trigger-less data acquisition
system, due to which the detector is capable to avoid the pileup events coming from the
higher rates of the positronium production which is necessary to have enough statistics for

analyzing the data.
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Figure 4.3: (a) J-PET detector with three layers of scintillators [11], (b) annihilation cham-
ber at the center [11] (¢) schematic of transverse view of JPET [12]

4.5 Creating a setup to study the photon polarization in

simulation

4.5.1 Simulation setup

In our simulation, we created a detector geometry which is similar to the actual J-PET
setup except that we use a different material in the outermost layer to get enough hits for

analyzing the events. Following are some key components of our detector geometry:

1. World volume: In our setup, we have defined a cube shaped world volume of di-
mension 1.5 m x 1.5 m x 1.5 m. We have put vacuum inside the world volume using

‘G4_Galactic’ material, which is available in GEANT4’s internal material database
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[48] through ‘NIST’ library [49]. We chose vacuum instead of air to avoid the Comp-

ton scattering of the incoming photons from the air molecules.

. Detector tiles: We created an arrangement of plastic scintillator tiles as shown in
Fig. 4.4. To create that geometry, first we create a solid volume of box shape. Then
we rotate it at a suitable angle and place it in one of the four circular layers and repeat

it form the other circular layers of the detector.

(a) 1°' layer: The first (innermost layer) has a radius of 362 mm. It contains 312

strips of plastic scintillators of dimensions 6 mm x 24 mm x 500 mm.

(b) 2" and 3" layer: The second and third layers have radius 425 mm and 467
mm respectively. Both the layers contain 48 strips of plastic scintillators of

dimension 7mm x 19 mm x 500 mm.

(c) 4 layer: The fourth (outermost) layer has a radius of 575 mm. It contains 96
strips of BGO (Bismuth germanate) scintillator of dimension 7 mm x 19 mm x
500 mm. In actual J-PET setup there are plastic scintillators in the outermost
layer instead of BGO.

Note: Here we acknowledge the help from ChatGPT (OpenAl) [10] for generating a

code to create a basic geometry of the J-PET detector, which we fine tuned further.

. Physics list: We have used ’G4EmLivermorePolarizedPhysics’ module of GEANT4
physics list [36]. This module can handle the electromagnetic interaction of the par-

ticles at low energies along with the polarization of the particles.

Note: In our current simulation, we are not invoking the scintillation photons within
the detector tile. We have used the truth information to get the relevant information of
particles from the detector tiles as our focus is to study the polarization measurement

conceptually.

. Photon source: In our simulation, we have used a photon gun as a photon source,
which shoots photons of known energies. In the actual J-PET setup, photons originate

from the positronium decay or annihilation.
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(b)

Figure 4.4: (a) Detector geometry in x-y plane in simulation, (b) Detector geometry with
coordinate axes shown

4.5.2 Extracting information of photon interactions with the detectors

In the simulation, we are extracting the data from the detectors in the form of a ’hit* (a
packet of information) generated by the sensitive detectors. We created a custom class for
sensitive detectors (inherited from ‘G4VSensitiveDetector’ class) to define the conditions
to process and store the hits. We created a custom class for a hit also (inherited from

‘G4VHit’ class) to define the methods to store the relevant information in a hit.

Information stored in a hit

In our simulation, we have defined every scintillator tile to be a sensitive detector so that
they can generate and process the hits. Following are some key information we store in a
hit:

* Position of the interaction point

Time of the interaction (t = 0, when gun shoots a photon)

» Physics process via which the interaction takes place

Detector ID of the tile where interaction happens

Gun ID of the particles.
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» Compton scattering angle (6).
* Angle between the scattering plane and the polarization plane (7))

* Photon momentum direction at post step point.

Conditions to store a hit:

In a detector, there happens a lot of interactions before the particle is completely absorbed
in the material or leaves the detector such as multiple scattering, ionization processes etc.
For our study only few of these interactions are relevant and we store only those as a hit. In

our simulation, we defined the following conditions on an interaction to be qualify as a hit:

1. In an event, we are storing the information of the interaction of primary photon (orig-

inating directly from gun) only.
2. The process by which interaction takes place, should be any one of the following:

(a) Compton scattering
(b) Rayleigh scattering

(c) Photoelectric absorption

3. Except for Rayleigh scattering, energy deposited in a step and the step-length should

be greater than zero.

4.6 Studying the events with single photon

By studying the single photon events, we want to verify some of the results predicted by

the Klein-Nishina Compton cross section as mentioned in Eq. (2)

4.6.1 Gun parameters

1. Gun position: We have put the photon gun at the center of the cylinder (formed by
the scintillator tiles) at (0,0,0).

2. Energy of the photons: We want to mimic the energy of a photon coming from the
ete™ annihilation or the para positronium decay. Therefore, we fix the energy of

photons at 511 keV for all events.
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3. Direction of the photons: Randomized uniformly in x-y plane and across the de-
tector tile length (z direction, see Fig. 4.4b for coordinate system in the geometry).
To randomize the momentum direction, first we define a unit vector along y axis and
rotate this vector about x-axis, by an angle, which is randomized in the range -0.0644
radians to +0.0644 radians. This way momentum direction remains within the z ac-
ceptance of the tiles. Then we again rotate this vector about z-axis by an angle, which
is randomized uniformly in range —27 radians to 427 radians to cover the whole x-y

plane. This way final momentum direction is randomized in 3D.

As we see in Fig. 4.6a, plotting the x vs y coordinate of the hits, the detector geometry
in transverse (x-y) plane gets reconstructed. The sharp cut visible in the distribution
of z position (Fig. 4.6b) at £250 mm is due to restricting the incoming photons

within the length of the scintillator tiles.

4. Polarization directions of the photons: Polarization direction of a photon is always
perpendicular to the propagation direction of the photon. Therefore, we define the

polarization direction of the photon as a unit vector which is randomized in a plane

perpendicular to the photon momentum direction. (see the distributions in Fig. 4.6¢
and Fig. 4.6d)

(b)

Figure 4.5: Event display of a event with single photon shoot from center, where photon
undergoes Compton scattering followed by a photoelectric absorption: (a) in transverse (x-
y) plane, (b) in 3D.
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4.6.2 Calculating the number of hits (nHits) in an event:

* We count any hit which arises from Compton scattering or photoelectric absorption
of the primary photon in the material. We do not count the hit which arises from the
Rayleigh scattering as energy deposited via this process is zero. It does not produce

any detectable signal in a real experimental setup.

* If a photon undergoes multiple interactions within a single detector tile before it is
fully absorbed or scattered out of detector, we count all those interactions as separate
hits. However, such distinction between the hits in a single tile will not be possible

in a realistic setup.

* For analysis, we take only those events where the first hit arises from Compton scat-
tering. We primarily analyze that first Compton hit only in an event as we are inter-
ested in studying the Compton scattering of a photon which comes directly from the

source.

Fig. 4.6e shows the distribution of no. of hits (nHits) in the event for 100000 events.
There number of events decreases exponentially as we ask for more number of hits.
Fig. 4.6f shows the registration time of the first Compton hit. The four peaks there cor-

respond to hits in the four different layers in the detector.
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Figure 4.6: Distribution of some information of the 1st Compton hit in the event: (a) 2D
plot of x and y coordinate of the hit, (b) distribution of z coordinate of the hit, (c) 2D
distribution of x and y component of the photon polarization direction, (d) distribution of z
component of the polarization direction, (e) distribution of number of hits produced in an
event, (f) distribution of registration time of hit,
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4.6.3 Calculation of Compton scattering angle

There are two ways to calculate the Compton scattering angle (6):

1. Using the momenta directions (truth information): In simulation the Compton
scattering angle ¢ can be calculated by taking the scaler product between the photon
momentum directions at ‘pre-step point’ (momentum direction before scattering)

and the ‘post-step point’ (momentum direction after scattering) as:
cost) = ﬁpre : ﬁpost (4)

2. Using the hit positions (closer to reality): For this method, we require at least two
hits in an event (for single photon case). First we sort the hits of an event in the
ascending order of their registration time. Then, using the position of the hits we re-
construct the incoming and scattered photon momenta directions (k and &’). Then we
calculate the scattering angle 6 by taking the dot product of those two reconstructed

photon momentum directions.

— —
Lin * Tscat

|fm| ’fscat‘

cosf = )
where

Tin = Thitl — Lgun
Lscat = Thit2 — Lhitl

Fig. 4.7a shows the distribution of scattering angle . The distribution has a maxima
around 40 degrees, which is consistent with the expected value for the Compton scattering
of 511 keV photons.

4.6.4 Calculation of n:

The angle between the scattering plane and the polarization plane, denoted as 7, cannot
be determined in a realistic way event by event but has to be inferred statistically from a
sample of events of positronium decays. For our studies, we have calculated the 7 using
the truth level information from the steps. Now, 7 can also be interpreted as the azimuthal
angle between the incoming photon polarization direction (€) and the scattered photon mo-

mentum vector (k') with reference to the direction of the incoming photon momentum(k)
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direction. In GEANT4 simulation, such thing can be done using the ‘azimAngle()’ method
of CLHEP::Hep3Vector class. As shown in Fig. 4.7b, the distribution of 7 has maxima
at £90° as described in Section 4.3. In Fig. 4.7c, we have shown the unnormalized 2D
distribution of # vs 1 which is consistent as expected from the Klein-Nishina Compton
cross section formula. Also Fig. 4.7d shows that a Compton scattered photon carries more
energy if it is scattered in a lower scattering angle, which is consistent with the expectation

from the relation of scattered photon energy with the scattering angle [43].
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Figure 4.7: 1D distribution of Compton scattering angle (top left plot) and 7 (top right plot).
2D plots for comparing 6 vs 1 (bottom left plot) and scattered photon energy vs 6 (bottom
right plot)

4.7 Studying the events with two photons in the simulation

We make use of the observation from the studies with single photon events that polarization

direction of an incoming photon of given energy is more preferably perpendicular to the

53



"Toggont

(b)

Figure 4.8: Display of an event with two back to back 511 keV photons, where both the
photons leaves the detector after the first Compton scattering: (a) in transverse (X-y) plane,
(b)in 3D

Compton scattering plane for a certain range of §. We exploit this observation for the case of
the two photons resulting from annihilation or para-positronium decay and are maximally
entangled, to estimate the relative angle between the polarization vector of two photons.

We do not explicitly simulate the positronium for our studies. Instead, we mimic the
annihilation photons by simulating back to back two photons having energy 511 keV. We
also mimic the maximal entanglement of photons by manually setting their polarizations
orthogonal to each other in each event [50].

Changes in the photon gun parameters: In the simulation we add one more photon
gun at the center which shoots the photons with the same 511 keV energy but in the opposite
direction to the first photon momentum direction (see Fig. 4.8). In this scenario, an event
starts with shooting the two photons one after the other from the guns (simultaneously)
and the event ends with complete tracing of all the particles involved (both primary and
secondary) through the detector volume.

Same as before, the polarization of first photon is randomized in a plane perpendicular
to the momentum direction, but now we set the polarization of the second photon in a
direction perpendicular to the polarization direction of the 15! photon to mimic the maximal

entanglement between the photons.
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4.7.1 Methods and event selection

Identifying hits from incoming annihilation or decay photons and photons scattered
in the detector: Using truth information in simulation, we identify the hits which orig-
inated from the interaction of the photon coming directly from the gun and refer them
as ‘annihilation photon hit’ (consistent with the terminology of e*e™ annihilation). We
identify the annihilation photon hits by putting a condition on a hit that it should have been
originated from Compton scattering of the primary photon and the kinetic energy of that
photon before the scattering should be equal to 511 keV.

In a similar manner, we identify the hits from the scattered photon by putting a condition
that the hit should have been originated from either Compton scattering or photoelectric
absorption of the scattered primary photon, and the kinetic energy before interaction should
be less than 511 keV.

Counting the number of hits in an event:

We count only those hits which are originated from Compton scattering or the photoelectric
absorption of the incoming photons. A photon can undergo multiple interactions before
getting absorbed or leaving a detector tile. In such scenario, out of the multiple interactions
within a single tile, we count only the Ist interaction there as a hit and use it’s information
such as position, time, etc for analysis. As mentioned earlier also such distinction between

the multiple hits within a single detector tile won’t be possible.

Selecting the 4 Hit events

We select only those events where exactly 4 hits are present, so that the Compton scattering
angle of both the annihilation photons could be calculated in a realistic way. In our study,

we select events having 4 hits by putting the following conditions:
* The event should be containing two annihilation photon hits.

e Other 2 hits should be originated from the interaction of scattered photons corre-

sponding to different annihilation photons.

¢ All four hits should be in four different tiles.
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(a) (b)

Figure 4.9: An schematic of 4 hits in an event: (a) at truth level, (b) in reality (before
connecting)

4.7.2 Analyzing the time difference between any two hits:

In simulation, we can know that a scattered hit correspond to which of the two annihilation
photon hits (see Fig. 4.9a). In the figure, A; and A, are the hits from the annihilation
photons and S; and S, are their corresponding scattered photon hits. To get an idea about
time separation between any two hits in an event, we see the distributions of time difference
between all combinations of two hits in the event (total *C5 combinations). There we
expect that both the annihilation photon hits should be time separated from their scattered
photon hits in a similar manner which is visible in Fig. 4.10. Similarly, we expect that the
annihilation photon hit should be time separated from scattered photon hit corresponding to
the other annihilation photon hit (for example time separation between S; and A,), which
is visible in Fig. 4.11.

In Fig. 4.12 we observe that the time difference between two scattered photon hits has
more spread than that of two annihilation photon hits. Because given A; on a layer, A, can
be in any of the four layers but only in the direction opposite to A;. While given S; on
a layer there is no such restriction on S;. The peaks in the distribution of time difference
between A; and A, at non zero values correspond to combinatorial ways of A; and A,

being in the different detector layers in the geometry.
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Figure 4.10: distribution of time difference between an annihilation photon hit and its
scattered photon hit
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Figure 4.11: Time difference between an annihilation photon hit and scattered photon hit
of other photon
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Figure 4.12: Time difference between two annihilation photon hits and two scattered pho-

ton hits

4.7.3 Connecting scattered photon hits to their parent annihilation

photon hits

We, in reality, do not know a scattered photon hit corresponds to which annihilation photon

(see Fig. 4.9b). To get that information, we have used the method as described in a paper

from J-PET [9] to connect a scattered photon hit to its corresponding annhilation photon hit

to reconstruct the compton scattering angle. First we make the following two hypotheses:

(i) S came from scattering of the first annihilation photon A; and S5 from the second

annihilation photon A,.

(i1) S; came from scattering of the second annihilation photon A, and S, from the first

annihilation photon A;.

To test a hypothesis that j* scattered photon is a result of scattering from the ‘" anni-

hilation photon, we define a “Scatter Test” value:

Sﬂ,j = Ati’j - ri,j/c

(6)

where At; ; is the difference between the registration time of the scattered and annihila-

tion photon hits (¢7/er — gAnmihilation) and r, ; is the distance between the hit positions of



the annihilation photon (r;) and scattered photon (7;). The ST; ; essentially signifies for the
time of flight for the light to travel from i the annihilation photon hit to the j** scattered
photon hit.

In simulation, we have the exact time and position of hits (truth information) whether
the j** photon is a scatter of the i*" photon, therefore S T;,; must be equal to zero other wise
non zero (see Fig. 4.13a, there points away from the horizontal and vertical and horizontal
lines corresponds to the events where Rayleigh scattering happened before the Compton
scattering of the photon). But for actual experimental measurements, the time and the po-
sition resolution comes into the picture. Therefore, instead of clear horizontal and vertical
lines in the ST} ; distribution, a spread is observed there (see Fig. 4.13b) [9].

To check j scattered photon is connected to which annihilation photon, we compare
STy ; with STy ;. If the STy ; < STy, then it implies that j' scatter photon is scattered
from the 1! annihilation photon A;. Otherwise it is scattered from 2"¢ annihilation photon
Ay with STy ; > ST, ;.
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Figure 4.13: Distribution of ST;; before connecting the hits: (a) in our simulation (idealistic
picture), (b) in actual J-PET setup [9]

4.7.4 Estimating the angle between the polarization direction of two

photons
The Bose-symmetry and the parity conservation imply that the resulting two photons from
the decay of para-positronium are maximally entangled and the photon polarizations are

orthogonal to each other [50].
As we have seen in Section 4.3 that polarization direction € of a photon is preferably
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perpendicular to the Compton scattering plane (this effect is more visible for a specific
range of scattering angle 6 and is close to 82° for 511 keV photons). So, the angle between
the polarization directions of the two photons can be estimated by angle between their
scattering planes (¢).(see Fig 4.14).

Figure 4.14: Illustration of # and 7 in back to back 2+ case [9]

As shown in the Fig. 4.15a, for 511 keV annihilation photons, the dependence of Comp-
ton cross section on 7 is strong near § = 82° and have very weak for (# = 0°) and
(0 = 180°). The dashed pink line shown in the same figure indicates the optimal range
of 6 for using Compton scattering as a polarimeter. For § = 82° 4 30°, the effect that scat-
tering plane is perpendicular to the incident photon polarization is more visible there [9].

To use the Compton scattering as a polarimeter, both the photons need to interact via
Compton scattering. The following expression describes the Compton scattering differ-
ential cross section in terms of their scattering angle (¢,, #5) and the angle between their

scattering planes (A¢)

dQJ(Ql ) 92; A¢)
ddS2

= [A(01,02) — B(6:,02) cos (2A¢)] )

where A and B describe the dependence of the differential cross section on the Compton
scattering angles #; and 6,. At given scattering angles (¢; and 6,), cross section for Comp-
ton scattering of both the photons is maximum for A¢ = 90° and minimum for A¢ = (°
or A¢ = 180°.

As shown in Fig. 4.15¢ and Fig. 4.15d, We have verified this in simulation for cases
with number of hits >= 2 condition for an event so that we can have more statistics to see
the effects. However, with this condition on number of hits, calculating # and A¢ from the
position of the hits will not be possible (atleast 4 hits will be required for that). Therefore,
we have calculated them using the truth information accessed from the ‘step points’ in
the simulation. Fig. 4.16 shows a comparison of the distribution of A¢ in high and low

visibility region.
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2D plot comparing the 7 of two photons, (c¢) distribution of A¢ in high visibility range of
0, (d) distribution of A¢ in low visibility range of ¢
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Figure 4.16: Comparing the A¢ distribution (after rebinning) in the high and low visibility
range of 6

Summary

In this chapter we have explored the polarization aspect of Compton scattering to mea-
sure the polarization of incoming photons. The whole approach is based on the fact that
Compton scattering happens preferably in a plane perpendicular to the polarization direc-
tion of the incoming photon. INnGEANT4 simulation, we have done our studies in a detector
geometry which similar to J-PET detector. We explored the techniques to reconstruct the
scattering angle using an algorithm followed by J-PET and demonstrated the feasibility of
methodologies.

62



Chapter 5
Summary & outlook

In this project, we have explored the different processes through which a sub-MeV range
photon deposits its energy in a material. We studied energy resolution and efficiency of dif-
ferent scintillator materials by analyzing number of scintillation photons produced by en-
ergy deposited by incident particles. We studied various aspects of detector configurations
on energy resolution and efficiency, namely the material type and thickness, scintillation
yield, incident photon energies, etc. Studies presented there can be helpful to optimize the
detector material choice and the detector geometry for studying the photons from the decay
of positronium in an experiment.

We explored the polarization aspect of the Compton scattering using it as a tool to
study the photon polarization experimentally. We simulated a J-PET like geometry and
reproduced some of the results from theory and the J-PET experimental results. These
studies on photon polarization could be helpful to suppress the background coming from
the other processes while studying the photons from the positronium decay. It can also be

helpful for photon entanglement studies in an experimental setup.

Future prospects

The polarization correlation between the photons can be measured experimentally via
Compton scattering, in which each photon undergoes scattering by angles 6, » and hav-
ing angle between polarization and scattering plane to be 7; 5. As we have seen earlier in
Section 4.3 that for 511 keV photons Compton scattering can be used as a polarimeter for
01 = 0y ~ 82°.

An attempt in direction was proposed in a study titled “Study of multi-pixel scintillator
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detector configurations for measuring polarized gamma radiation” [13]. There they simu-
lated a single-layer position-sensitive detector, which consisted of two detector modules,
with 64 scintillating crystals in each module. These modules were arranged in 8 X 8 ma-
trix of square shaped tiles and a photon source placed in between the two modules (see
Fig. 5.1a). They did their studies with two different configuration of the detectors: one
consisting LYSO (dimension: 3x3x20 mm?) and other with GAGG (dimension: 2x2x20
mm?) as a scintillator materials.

In this study, they measured of the polarization correlations of annihilation photons by
scintillator pixels read out on only one side by silicon photomultiplier. There they posed
a challenge to reconstruct the Compton scattering angle in a single-sided pixilated readout
detector. In simulation they have shown that Compton scattering of 511 keV gammas
resulted in an ambiguous detector response (see Fig. 5.1b) for § > 60° because matrices
of the detector could not provide the position information along the detector length. Here
one can use the concept device of “Color Calorimetry” instead of homogeneous material
along the length of a pixel to get the depth of the interaction which we have mentioned in
the following section. This way enhancement in the measurement can be done by taking

the readout from single face only without increasing the hardware complexities much.
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Figure 5.1: (a) Simulation setup with GAGG detector configuration and the gamma source
[13], (b) reconstructed vs. simulated # in a GAGG module for all event topologies [13]

Color Calorimetry

In particle physics experiments, understanding the longitudinal evolution of particle show-
ers plays crucial role to accurately identify and characterize the incident particles on the
detector and helps to study their interactions with matter as well. However in homoge-
neous calorimeters, it is difficult to get the longitudinal segmentation along the detector

length. Color calorimetry is an innovative approach which provides a way to enhance the
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precision and capabilities of the traditional homogeneous calorimeters. The idea here is
to use a detector module capable of discriminating different emission wavelength emitted
from different scintillators placed in the path of incident particle to reconstruct the shower
progression (See Fig. 5.2a). The proof of this concept device was verified in a test beam
experiment at CERN. [14], where various layers of inorganic scintillating materials having
different emission wavelengths were stacked together (see 5.2b). There scintillators were
arranged in a decreasing order of their emission wavelength which were read out by the
PMT at the end of the module.

CountS oO—

&Y, P,

(a)

Figure 5.2: (a) An image illustrating the concept of color calorimetry [14], (b) color
calorimeter module schematic [14]

We have verified the proof of the concept device of color calorimetry in our simula-
tion for sub-MeV range photons. We created a stack of GAGG and LYSO scintillators
in the decreasing order their emission wavelength (shown in Fig. 5.3) and shoot the 511
keV photons. There we analyzed the emission spectra of the scintillation photons which
reach to the rear surface of the detector and saw how does it depend on the z position of
the scintillation. To get the longitudinal information from readout at the end, the higher
wavelength scintillation photons should have been originated from GAGG (having lower
Z coordinate) and vice versa for lower wavelength optical photons from LYSO. As shown
in the 2D plot (Fig. 5.4), in the simulation we got the observation consistent with the ex-
pectation. Having a working simulation setup with us we look forward to use this concept
of colour calorimetry to get photon interaction position along the length of a scintillator
in the above mentioned experiment the multipixelated detector setup. With this additional
information about the depth of the interaction might help to better reconstruct Compton

scattering angle and improved discrimination against background events.
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Figure 5.3: (a) Detector geometry of stack of GAGG and LY SO scintillator, (b) co-ordinate
axes in the simulation
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Figure 5.4: Distribution of wavelength of optical photon vs z co-ordinate of point of origin
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Appendix A

Plots for 20 ¢ x 20 ¢m transverse Size

of the material
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A.1 Effect of material thickness in energy deposit
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Figure A.1: Effect of material thickness in energy deposited in PbWO, via different pro-
cesses (upper two rows Compton, middle two rows photoelectric, bottom two rows total
energy deposited) for different incident photon energies.
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Figure A.2: Effect of material thickness in energy deposited in BGO via different processes
(upper two rows Compton, middle two rows photoelectric, bottom two rows total energy
deposited) for different incident photon energies.
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Figure A.3: Effect of material thickness in energy deposited in LYSO via different pro-
cesses (upper two rows Compton, middle two rows photoelectric, bottom two rows total
energy deposited) for different incident photon energies.
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Figure A.4: Effect of material thickness in energy deposited in GAGG via different pro-
cesses (upper two rows Compton, middle two rows photoelectric, bottom two rows total
energy deposited) for different incident photon energies.
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Figure A.5: Effect of material thickness in energy deposited in LaBr; via different pro-
cesses (upper two rows Compton, middle two rows photoelectric, bottom two rows total
energy deposited) for different incident photon energies.
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A.2 Effect of incident photon energies in energy deposits
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Figure A.6: Effect of incident photon energy in energy deposited via different processes
(left column: Compton, middle: photoelectric, right: total energy deposited) in 3 different
thicknesses of PbWO, (upper row: 2.5 cm, middle row: 5 cm, bottom row: 10 cm)
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A2.2 BGO
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Figure A.7: Effect of incident photon energy in energy deposited via different processes
(left column: Compton, middle: photoelectric, right: total energy deposited) in 3 different
thicknesses of BGO (upper row: 2.5 cm, middle row: 5 cm, bottom row: 10 cm)
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A2.3 LYSO

0 E o E @
Q E [0 E (]

b= E LYSO, Depth=2.50m = E LYSO, Depth=2.5cm = LYSO, Depth=2.50m
c L — 100keV (10000.0) c £ 00} 0.0) c — 100keV (10000.0)
o 300k (100000) a Z s0okev (100000 i Z Sookev (100000)

10° — 511keV (10000.0)
10° 10
107 [T T
10?7 0
b s b

1 Hl 1 ! H
[ 4L I I I - L I I I

0.2 0.4

L R L T S|
0.8 1 0.2 0.4 0.6 0.8 1 0.6 0.8 1

Compt_Edep(MeV) Photo_Edep(MeV) Total_Edep(MeV)
@ o E @
2 LYS0, Depth=sem 2 F LYS0, Depth=sem 2 LYS0, Depth=som
€ r — 100keV (10000.0) € C — 100 0.0) k=3 — 100keV (10000.0)
w — 300KeV (10000.0) [im} 00 [im} — 300KeV (10000.0)
10‘; — SttkoV (100000) 10 10 — St1koV (10000.0)
10°E 10° 10°
1 T‘rﬁk/\ 100 10
£ 1 al
[ o
wﬁ 105~ 10
,7‘”\‘”\‘”\”‘\‘”\‘ ] PR TR B P PR
0.2 04 06 08 1 08 1 0.2 04 06 08 1
Compt_Edep(MeV) Photo_Edep(MeV) Total_Edep(MeV)
@ o F @
(] (o3 E (]
b= LYSO, Depth=10cm 2 F LYSO, Depth=10cm £ LYSO, Depth=10cm
k=4 — 0.0) € C - 0.0) k=1 L 00k
i - i - w
10* ? — 10 10t
10° 10° 10°
- ﬁL/L\\ e ek

10 [3 IOJ]
f M !
L L L - 1 L L L L L 1 Ll SR -
0.2 . . 0.2 0.4 0.6 0.8

I
0.4 06 0.8 1 08 1 1
Compt_Edep(MeV) Photo_Edep(MeV) Total_Edep(MeV)

Figure A.8: Effect of incident photon energy in energy deposited via different processes
(left column: Compton, middle: photoelectric, right: total energy deposited) in 3 different
thicknesses of LYSO (upper row: 2.5 cm, middle row: 5 cm, bottom row: 10 cm)
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A24 GAGG
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Figure A.9: Effect of incident photon energy in energy deposited via different processes
(left column: Compton, middle: photoelectric, right: total energy deposited) in 4 different
thicknesses of GAGG (1% row: 1 cm, 2"¢ row: 2.5 cm, 3"¢ row: 5 cm, 4" row: 10cm)
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A.2.5 LaBr3
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Figure A.10: Effect of incident photon energy in energy deposited via different processes
(left column: Compton, middle: photoelectric, right: total energy deposited) in 4 different
thicknesses of LaBr3 (1% row: 1 cm, 2"¢ row: 2.5 cm, 3" row: 5 cm, 4** row: 10cm)
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A.3 Energy deposited in different materials

A.3.1 At 2.5 cm thickness of materials
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Figure A.11: Comparison of energy deposited in 2.5 cm thickness of different materials via
different processes (upper two rows Compton, middle two rows photoelectric, bottom two
rows total energy deposited) for different incident photon energies.
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A.3.2 At 5 cm thickness of materials
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Figure A.12: Comparison of energy deposited in 5 cm thickness of different materials via
different processes (upper two rows Compton, middle two rows photoelectric, bottom two
rows total energy deposited) for different incident photon energies.
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A.3.3 At 10 cm thickness of materials
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Figure A.13: Comparison of energy deposited in 10 cm thickness of different materials via
different processes (upper two rows Compton, middle two rows photoelectric, bottom two
rows total energy deposited) for different incident photon energies.
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A.4 Effect of different parameters in the measured value

of energy deposited (£ /cosured)

A.4.1 Effect of material thickness
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Figure A.14: Effect of material thickness in the measured value of energy deposited in
PbWO,
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Figure A.15: Effect of material thickness in the measured value of energy deposited in
BGO
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Figure A.16: Effect of material thickness in the measured value of energy deposited in
LYSO
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Figure A.17: Effect of material thickness in the measured value of energy deposited in
GAGG
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Figure A.18: Effect of material thickness in the measured value of energy deposited in
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A.4.2 Effect of incident photon energies
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Figure A.19: Effect of energy of the incident photons on the measured value of the total
energy deposited in different materials. upper three rows: PbWO, , BGO, LYSO respec-
tively with increasing thickness in a row from left to right (2.5 cm, 5 cm, 10 cm). bottom
two rows: GAGG and LaBr; respectively with increasing thickness in a row from left to
right (1cm, 2.5 cm, 5 cm, 10 cm).
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A.5 Iterative fit plots of all the materials at different thick-

ness for different incident photon Energies
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Figure A.20: Iterative fits of number of optical photon distribution in PbWO, for different
thicknesses (upper two rows: 2.5 cm, middle two rows: 5 cm, bottom two rows: 10cm) for
incident photon energies of 100 keV, 150 keV, 300 keV, 450 keV, 511 keV, 600 keV, 800
keV, 1000 keV (put in increasing order in a row.)



Iterative fit plots of BGO

s F BGO_100keV_2.50m H BGO_150keV_2.5cm - BGO_300keV_2.50m H BGO_450keV_2.5cm
& 2s0f- & 200F & 140 i
E A 1910402 + 26931 1310402 < 18220 100
[ 180F i 1179519 = 04734 120 2075707 = 05927
200 1s0F- 39,0649 - 0.4706 57,6768 = 0.6834 73,0010 - 09150
F iOF: 09352 DR 0.8538 8o JNDF: 0.8027
F 140F- 100f-
L 1200
o[~
£ 100
L ol
100f sof-
L 60 40—
0~ ao0f o
r y 20
[ 20
o | | | | | | | IV ST T | | | | |
6~““8s0 700 750 800 850 . 500 860 ~"f050 1100 1150 1200 7250 ¥ 200 2100 2200 2300 2400 2500 2600 2700 2800 2900 5000 3400 300 8800 4000 4200 4400
nOpticalPhotons noplicalPhotons nOpticalPhotons nOptcalPhotons
$ 100 g % g g
E L BGO_511keV_250m & BGO_600keV_2.50m E BGO_800keV_2.5cm 2 sof- BGO_1000keV_2.5cm
r Ac0206401 2 12610 8o A: 4836401 2 08530
s0- 1 4065.855 =+ 1.0081 oE 6392761 = 14712
[ 77,4436 = 0.9818 :96.2801 = 14329 aof-
F JANDF: 1.2048 b JANDF: 1.1848 JENDF: 10418
60—
[ sof- %0
[ af
a0 20l
[ =
[ b
20~ 10
[ 10F-
| L L L L | P ||
0™"800 4000 4200 4400 ~ 4600 4800 5000 00 4B00 4700 4800 4900 5000 51 )0 6100 6200 6300 6400 6500 800 6700 5800 8900 7000 400 7600 7700 7800 700 8000 5100 8200 8300 5400 B
nOpticalPhotons nOpticalPhotons nOpticalPhotons nOpicalPhotons
8 F 8 2208 8 8
& 250 BGO_100keV_5cm & ol BGO_150keV_50m E ol BGO_300keV_5cm £ 120p BGO_450keV_50m
L A:2:39402 = 33507 A: 1340402 = 18550 A:1.060402 + 14786
r 14:707.206 0,375 180F- 12ob 14:2078.908 = 05787 ‘ool 1 3577.663 0,854
200 :30.7986 +0.3646 160 564258 10,6583 :70.9483 08348
DR 0,823 JNDF: 12384 JNDF: 1.0303
140F-
150F 120
L 100
100 8o
[ soF
0~ af
L 20
[ (IR SR TS T T T Ll L |
0 700 800 800 1000 1100 1200 1300 1400 1500 0 700 800 800 1000 1100 1200 1300 1400 1 o0 7800 2000 2200 2400 5500 2800 3000 60 5200”2400 3600 3800 4000 4200 4400
nOpticalPhotons nOpticalPhotons, nOpticalPhotons, nOpticalPhotons
:f BGO_511koV_50m H BGO_600keV_5cm E oo BGO_800koV_5cm E b BGO_1000keV_S0m
ool A:0.490401 2 13224 A:8.730401 = 12014 7020401 2 1031 A:5760401 = 08916
L v 4066.428 09504 11 4779.528  1.0099 80F 11:6368.194 + 12079 17998719 - 1.4265
r 78109 09120 1826023 - 09098 oE 953162 + 1.1668 11072108 = 14226
s DR 11517 JNDF: 11798 JNOF: 0.9389 " JNDF: 1.0812
r 60
o sof- 40
L o 30
a0l
L 20F
[ 20)
[ 200
20~
L 10F- 0
L I | I T N
003760 3600 3000 4000 4100 4200 4300 4400" 4500 Ao 4500 5000 5500 5000 & 300 6200 5400 6600 6800 7000 7200 7400 7600 7800 8000 #2060 7400 7600 7800 8000 8200 8400 5600 8800 O
nOpticalPhotons nOplicalPhotons nOpticalPhotons nOptcalPhotons
£ 250 BGO_100keV_10cm £ so0f BGO_150keV_10cm £ 140 BGO_300keV_10cm £ 120 BGO_450keV_10cm
[ & 200 § 140 i
F A:2420402 = 3.4024 1300402 < 17917 A 1060402 5 14718
r 787,204 < 03691 180F 120f 12370639 + 07009 ool 3675382 = 0.8582
200~ 30,4708 = 0.3624 160F- 58,464 = 0.6767 1714523 - 08398
[ DR 0.8710 JNDF: 1.0940 JINOF: 1.3987
[ 1a0f 100~
a0l
150F =
120 sl
100F- ol
60—
T 80
L a0
[ a0
0~ !
r 200
L T N T T T | ST T | f | | | | | I 'l | | |
0 700 800 900 1000 1100 1200 1300 1400 1500 700 800 900 1000 1100 1200 1300 1400 1 1600 1800 2000 2200 2400 2600 2800 3000 3000 3200 3400 3600 3800 4000 4200 4400
nOpticalPhotons nOpticalPhotons nOpticalPhotons nOplicalPhotons
H BGO_511keV_10cm H BGO_600keV._10cm BGO_800keV_10cm BGO_1000keV_10cm
E o940+ 13477 1 A:740401 £ 1,053 26780401 = 09467
100l 1064.889 - 0.9283 16386128 + 1.1798 7o 1 7997.917 = 1.3263
F 086 :84.2029 - 09918 97,5055 = 11085 01088329 = 12625
L INDF: 10335 7INDF: 1.2655 INDF: 12069
8o~
o0 wf
[ 2F
a0l
200
T 10
r | "
o0 5200 $i00 5600 3600 4000 4200 4400 Rt 4500 5000 5500 5000 & D00 6200 5400 6600 6800 7000 7200 7400 7600 7800 H000 06" 7400 7600 7800 8000 8200 8400 8600 5800 O
nOpticalPhotons nOpticalPhotons, nOpticalPhotons nOptcalPhotons

Figure A.21: Iterative fits of number of optical photon distribution in BGO for different
thicknesses (Upper two rows: 2.5 cm, middle two rows: 5 cm, bottom two rows: 10cm) for
incident photon energies of 100 keV, 150 keV, 300 keV, 450 keV, 511 keV, 600 keV, 800
keV, 1000 keV (put in increasing order in a ggw.)
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Figure A.22: Iterative fits of number of optical photon distribution in LYSO for different
thicknesses (Upper two rows: 2.5 cm, middle two rows: 5 cm, bottom two rows: 10cm) for
incident photon energies of 100 keV, 150 keV, 300 keV, 450 keV, 511 keV, 600 keV, 800
keV, 1000 keV (put in increasing order in a gayv.)
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Figure A.24: Iterative fits of number of optical photon distribution in GAGG for different
thicknesses (first two rows: 1 cm, 3¢ and 4" rows: 2.5 cm, 5 and 6" rows: 5 cm, last
two rows: 10cm) for incident photon energies of 100 keV, 150 keV, 300 keV, 450 keV, 511
keV, 600 keV, 800 keV, 1000 keV (put in increasing order in a row.)
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Iterative fit plots of LaBr;
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Figure A.26: Iterative fits of number of optical photon distribution in LaBrs for different
thicknesses (first two rows: 1 cm, 3¢ and 4" rows: 2.5 cm, 5 and 6" rows: 5 cm, last
two rows: 10cm) for incident photon energies of 100 keV, 150 keV, 300 keV, 450 keV, 511
keV, 600 keV, 800 keV, 1000 keV (put in increasing order in a row.)
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A.6 Effect of different factors on distribution of number

of optical photons (nOpticalPhotons)

Effect of material thickness
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Figure A.27: Distribution of number of optical photons produced in PbWO, at different
incident photons energies: 100 keV, 150 keV, 300 keV, 450 keV, 511 keV, 600 keV, 800
keV, 1000 keV (put in the ascending order in a row)
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Figure A.28: Distribution of number of optical photons produced in BGO at different inci-
dent photons energies: 100 keV, 150 keV, 300 keV, 450 keV, 511 keV, 600 keV, 800 keV,
1000 keV (put in the ascending order in a row)
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Figure A.29: Distribution of number of optical photons produced in LYSO at different
incident photons energies: 100 keV, 150 keV, 300 keV, 450 keV, 511 keV, 600 keV, 800
keV, 1000 keV (put in the ascending order in a row)
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Figure A.30: Distribution

of number of optical photons produced in GAGG at different
incident photons energies: 100 keV, 150 keV, 300 keV, 450 keV, 511 keV, 600 keV, 800
keV, 1000 keV (put in the ascending order in a row)
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Figure

A.31: Distribution

00

of number of optical photons produced in LaBrs at different

incident photons energies: 100 keV, 150 keV, 300 keV, 450 keV, 511 keV, 600 keV, 800
keV, 1000 keV (put in the ascending order in a row)
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Figure A.36: Figure showing the effect of incident photon energy on the distribution of
number of optical photons
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A.7T  Ejeasureds detector response, resolution, efficiencies

for different thicknesses of different materials

Plots for BGO
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Figure A.37: Results from fitting for different thicknesses of BGO (2.5cm,

thickness respectively in a row)
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Plots for LYSO
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Figure A.38: Results from fitting for different thicknesses of LYSO (2.5cm, 5cm, 10cm
thickness respectively in a row)
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Plots for GAGG
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Figure A.39: Results from fitting for different thicknesses of GAGG (1cm, 2.5cm, Scm,
10cm thickness respectively in a row)

100



Plots for LaBr;
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Figure A.40: Results from fitting for different thicknesses of LaBrs (Icm, 2.5cm, Scm,
10cm thickness respectively in a row)
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A.8

Effect of material thickness on resolution & efficiency
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Figure A.41: Comparing effects of material thickness in energy resolution (left column)
and efficiencies (right column) of BGO (first row), LYSO (second row), GAGG (third row)
and LaBr; (fourth row) 103



A.9 Energy resolution & efficiencies in different materials
and material thicknesses for 20cm x 20cm transverse

Cross section

Einc Resolution Einc Efficiency

(keV) | 2.5cm | Scm 10cm (keV) | 2.5cm | Scm 10cm

100 | 0.2353 | 0.2372 | 0.2303 100 | 0.995 | 0.9939 | 0.9944

150 | 0.1917 | 0.1918 | 0.1895 150 | 0.9931 | 0.9939 | 0.9929

300 | 0.1333 | 0.1352 | 0.1387 300 | 0.9837 | 0.986 | 0.9874

450 | 0.1127 | 0.1122 | 0.1136 450 | 0.9248 | 0.9842 | 0.9837
511 | 0.104 | 0.1046 | 0.1036 511 | 0.8848 | 0.9776 | 0.9837

600 | 0.0966 | 0.098 | 0.0959 600 | 0.8199 | 0.962 | 0.9824

800 | 0.084 | 0.0811 | 0.0849 800 | 0.6766 | 0.9132 | 0.9834

1000 | 0.0733 | 0.0764 | 0.0751 1000 | 0.5942 | 0.856 | 0.976

Table A.1: Table for energy resolution and efficiency of PbWO,
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Einc Resolution Einc Efficiency

(keV) | 2.5¢cm | S5cm 10cm (keV) | 2.5cm | 5cm 10cm

100 | 0.0388 | 0.0391 | 0.0387 100 | 0.9277 | 0.9335 | 0.9324

150 | 0.0331 | 0.0328 | 0.0329 150 | 0.9497 | 0.9498 | 0.9498

300 | 0.0243 | 0.0238 | 0.0246 300 | 0.9617 | 0.9684 | 0.9669

450 | 0.0204 | 0.0198 | 0.02 450 | 0.8815 | 0.9626 | 0.9735
511 | 0.019 | 0.0192 | 0.019 511 | 0.8228 | 0.9508 | 0.9716

600 | 0.0174 | 0.0173 | 0.0176 600 | 0.7419 | 0.9318 | 0.9703

800 | 0.0151 | 0.0149 | 0.0153 800 | 0.6096 | 0.8638 | 0.9644

1000 | 0.0132 | 0.0134 | 0.0136 1000 | 0.5137 | 0.8007 | 0.9499

Table A.2: Table for energy resolution and efficiency of BGO

Einc Resolution Einc Efficiency

(keV) | 2.5cm | 5cm 10cm (keV) | 2.5cm | 5cm 10cm

100 | 0.0183 | 0.0182 | 0.0183 100 | 0.9897 | 0.9905 | 0.9888

150 | 0.0149 | 0.0148 | 0.0149 150 | 0.9867 | 0.9868 | 0.9872

300 | 0.0105 | 0.0105 | 0.0102 300 | 0.9532 | 0.9781 | 0.976

450 | 0.0085 | 0.0085 | 0.0085 450 | 0.8082 | 0.9501 | 0.9739
511 | 0.0081 | 0.008 | 0.0079 511 | 0.7445 | 0.9317 | 0.9659

600 | 0.0072 | 0.0074 | 0.0073 600 | 0.6642 | 0.8969 | 0.969

800 | 0.0063 | 0.0063 | 0.0064 800 | 0.538 | 0.8174 | 0.9525

1000 | 0.0057 | 0.0056 | 0.0058 1000 | 0.4598 | 0.7493 | 0.9346

Table A.3: Table for energy resolution and efficiency of LYSO
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Einc Resolution Einc Efficiency
(keV) | 1lem | 2.5cm | Scm 10cm (keV) | 1ecm | 2.5cm | Scm 10cm
100 | 0.0184 | 0.0188 | 0.0188 | 0.0188 100 | 0.9706 | 0.9734 | 0.9708 | 0.9711
150 | 0.0153 | 0.0153 | 0.0155 | 0.0154 150 | 0.9516 | 0.9742 | 0.9741 | 0.9742
300 | 0.0109 | 0.0107 | 0.0108 | 0.0108 300 | 0.5439 | 0.8644 | 0.9613 | 0.9644
450 | 0.009 | 0.009 | 0.009 | 0.0086 450 | 0.3201 | 0.6707 | 0.8899 | 0.9511
511 0.008 | 0.0083 | 0.0083 | 0.0083 511 | 0.2635 | 0.6124 | 0.8609 | 0.9501
600 | 0.007 | 0.0077 | 0.0076 | 0.0077 600 | 0.2282 | 0.5332 | 0.8109 | 0.9422
800 | 0.0062 | 0.0065 | 0.0067 | 0.0067 800 | 0.1484 | 0.425 | 0.7223 | 0.9177
1000 | 0.0052 | 0.0058 | 0.0061 | 0.0058 1000 | 0.1162 | 0.3658 | 0.6529 | 0.8957

Table A.4: Table for energy resolution and efficiency of GAGG

Einc Resolution Einc Efficiency
(keV) | 1lem | 2.5cm | Scm 10cm (keV) | 1ecm | 2.5cm | Scm 10cm
100 | 0.0129 | 0.0127 | 0.0128 | 0.0127 100 | 0.9686 | 0.9705 | 0.9716 | 0.9691
150 | 0.0106 | 0.0104 | 0.0103 | 0.0104 150 | 0.8686 | 0.9696 | 0.9697 | 0.9699
300 | 0.0073 | 0.0073 | 0.0074 | 0.0074 300 | 0.3683 | 0.7134 | 0.9035 | 0.9528
450 | 0.006 | 0.0059 | 0.0059 | 0.0059 450 | 0.1908 | 0.493 | 0.7689 | 0.9262
511 | 0.0055 | 0.0056 | 0.0056 | 0.0057 511 | 0.1572 | 0.4397 | 0.7293 | 0.9065
600 | 0.0049 | 0.0051 | 0.005 | 0.0051 600 | 0.133 | 0.3762 | 0.6602 | 0.8834
800 | 0.0044 | 0.0043 | 0.0044 | 0.0045 800 | 0.0834 | 0.2957 | 0.5631 | 0.8461
1000 | 0.0035 | 0.004 | 0.004 | 0.0039 1000 | 0.0648 | 0.2341 | 0.5112 | 0.7843

Table A.5: Table for energy resolution and efficiency of LaBrs
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A.10 Effect of transverse size of the material on energy

resolution and efficiency

For PbWQO,
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Figure A.42: Comparing the energy resolution (left column) and efficiency (right column)
of PbWOy, in two different transverse sizes of the material (2.5 cm X 2.5 ¢m and 20 cm X
20 e¢m). Comparison is shown for 3 different material thicknesses: 2.5 cm (upper row), 5
cm (middle row), 10 cm (bottom row)
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For BGO
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Figure A.43: Comparing the energy resolution (left column) and efficiency (right column)
of BGO in two different transverse sizes of the material (2.5 ¢m X 2.5 ¢m and 20 ¢cm X
20 ¢m). Comparison is shown for 3 different material thicknesses: 2.5 cm (upper row), 5

cm (middle row), 10 cm (bottom row)
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LYSO
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Figure A.44: Comparing the energy resolution (left column) and efficiency (right column)
of LYSO in two different transverse sizes of the material (2.5 ¢m x 2.5 ¢m and 20 ecm X
20 ¢m). Comparison is shown for 3 different material thicknesses: 2.5 cm (upper row), 5
cm (middle row), 10 cm (bottom row)
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Figure A.45: Comparing the energy resolution (left column) and efficiency (right column)
of GAGG in two different transverse sizes of the material (2.5 cm x 2.5 em and 20 em X
20 em). Comparison is shown for 3 different material thicknesses: 2.5 cm (upper row), 5
cm (middle row), 10 cm (bottom row)
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