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Abstract

A space camera is a promising candidate to address the non-stop rising interest
for astrophysics research in the Compton regime. The MeVCube mission is
intended to be launched in 2022, hosting an on-board Compton Camera. To
better support the development of the instrument in this early stage, a series
of feasibility studies to assess two potential launch orbits were performed. The
studies were composed by a series of mission analysis simulations which permit-
ted the characterisation of the orbital environments for the two orbital options.
Several sources of background noise to the instrument were identified. The
population of trapped protons and trapped electrons were simulated for the
periods of Solar Minimum and Solar Maximum, as well as the levels of Galactic
Cosmic Rays (GCR) flux. The performance of trade-off studies concluded that
an equatorial orbit is more preferable for reducing the influence of background
noise. To better estimate the environment effects at the equatorial orbit, the
number of particles which can penetrate the detector shielding were simulated.
The next step was to perform a series secondary studies whose aim were to
simulate the induced current on the electrodes, produced by the interactions oc-
curring within the detector. The actualisation of these simulations required the
study of photon interaction with matter, the various Cadmium-Zink-Telluride
(CZT) types and the how they operate, and the use of a sophisticated software
to perform the appropriate simulations. COMSOL, which allows the method
of FEA, was chosen as the tool to perform the simulations. The geometry of
the detector voxel was primarily designed in SIEMENS NX. The geometry
was inserted into COMSOL, where a number of iterations were performed to
finalise the appropriate mesh size, which ensured an accurate representation of
the Electric field and the Weighting potential within the detector voxel. The
induced current on the electrodes was decided to be calculated via MATLAB.
As a verification step it was thought useful to firstly plot the weighting poten-
tial of the three electrodes under test; the chosen anode pixel, the steering grid
and the cathode. The process revealed a series of numerical errors, most likely
introduced by the type of mesh chosen or by the data manipulation process via
MATLAB. Significant reduction of the numerical errors would lead to more
accurate values for the induced current. Unfortunately due to time constraints
this was a task that was not completed. Solving this problem would be optimal
for future studies with MATLAB, as the induced current on the electrodes can
be correctly calculated based on charge transport within the detector bulk.
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Chapter 1

Introduction

The first gamma ray observation in astronomy occurred in 1967, during the Cold War,
from a constellation of U.S. military satellites trying to detect blasts in space caused by
Soviet nuclear bombs. Instead of the expected Earth-originating observations, the number
of gamma ray events that were detected, originated only from outer space.

Ever since, gamma ray observations gathered the attention of many scientists. Observ-
ing the universe through gamma rays has always been a technologically fascinating and
challenging task. There is a number of ground based telescopes which have been making
important observations throughout the years. Unfortunately, the atmosphere works as a
limiting factor when it comes to gamma ray observations. This is because a considerable
amount of gamma radiation is absorbed by the atmosphere, scattering electrons as the main
absorbing effect and producing secondary particles in an electromagnetic cascade. Space
telescopes are a solution to this limiting factor. Despite their high cost, there has been a
great number of considerable observations that have verified many theories in physics and
detected phenomena that had never been observed previously.

Throughout the years, there has been a number of missions which covered a large area of
the sky achieving a lot of notable observations and results. Despite this, not all energy
regions of gamma rays have been entirely covered and investigated into. Up until now,
concerning space observations, most scientists have been focusing on X-ray observations
and Very High Energy (Hard Gamma Rays) observations. Observations of Soft Gamma
Rays around the region of 1MeV , is a scientific area that has not been examined rigorously,
even though it lies within the cover range of past missions. Despite this, there are plans
for covering this photon energy range with future space missions. Until now and for the
near future there has not been any systematic research concerning the Compton regime
on space borne instrumentation aside from Comptel telescope which was developed in the
1970’s and launched in 1991. Valuable time could be spent capturing these gamma rays
using the newly developed market of micro satellites. The instruments that exist in orbit
today are mostly instruments which were developed more than 15 years ago, and therefore
did not contain modern technological advancements. Furthermore, in the case of more
modern built instruments, their sensitivity was focused on different regions within the
gamma ray ElectroMagnetic (EM) spectrum. For all of these reasons, it is important for
a solution to be developed. Micro-satellites are an efficient solution for deploying modern
sensor technologies in space. This thesis will focus on one such solution; the MeVCube
detector.

MeVCube is a space telescope, which incorporates a prototype Compton camera, sensitive
in the energy range of around 1MeV . A Compton telescope uses the kinematics of Compton
scattering to create an image, based on the intensity of a potential source. The instrument
is planned to be hosted in a 6U CubeSat, as considered in the current design phase, which
is a configuration far more affordable in comparison to larger scale spacecraft’s, but with

1



CHAPTER 1. INTRODUCTION 2

the drawback of having a shorter project duration. Implementing such an instrument in
a CubeSat design results in the faster collection of data until a larger space mission is
available. Some of this data could be the observation of transients and burst-like signals,
as well as perhaps in mapping regions of interest in the sky in which future missions need
to focus on, in order to enhance their observation capabilities.
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1.1 Thesis Scope and Structure

This Master’s thesis is divided in two main sections.

In the first section lies a brief introduction of the Gamma Ray Space Missions and the
main reasons that sparked the initiation of the current project. After the introduction
there are presented some of the possible scientific objectives of the mission, by implying
the observational benefits of the Soft Gamma Rays. There follows a brief analysis of the
Mission Design and a brief description of the Payload Instrument. The effects of the local
space environment and how it influences the generated signal and the obtained raw data
respectively, are presented. Closing part one there is a small analysis on two possible
orbital scenarios, along with their trade-offs and an estimation of the stopping power of
the Anti-Coincidence Detector (ACD) shield.

The second section focuses more on the optimisation of the performance of the Payload.
In the beginning the basic principles of the operational capabilities of a Compton telescope
can be found. Afterwards, there is a basic level introduction on the interaction of photons
with matter, followed by the main characteristics of the Cadmium-Zink-Telluride (CZT)
crystals, out of which the Compton camera will be produced. These are succeeded by the
presentation of the theoretical principles which apply to the generation of a signal within
the detector pixel, the parameters which affect the latter and how to improve the quality
of the generated signal. Finally a series of simulations are performed. These consist of
the necessary primary steps which will lead to later simulate a good approximation of the
generated induced signal on the detector electrodes.

1.2 Gamma Ray Astronomy

Gamma (γ) rays is a range of the electromagnetic spectrum. In this range photons have
the highest energy which according to Planck’s equation 1.1 it is proportional to their
frequency:

E = h ∗ f (1.1)

where E is the energy, h is the Planck Constant equal to h = 6.62607015 ∗ 10−34Js , and f
is the frequency. Consequently one can see they have the lowest wavelength as:

f = λ

c
(1.2)

where λ = wavelength, and c the speed of light in vacuum which is c = 299, 792, 458m
s .

Their characteristics are the reason they have high penetrating abilities and cannot easily
be deflected by a magnetic field.

When one talks about gamma rays they usually refer to the region above 100keV , though
these regions are not thoroughly defined since these photons are at very high energies.
Nevertheless, the gamma ray band contains at least 9 orders of magnitude [10]. It is
undoubtedly considered one of the larger spectral bands, with observations nowadays
exceeding 100TeV . Many space missions, as well as ground observatories, have been
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developed with the aim to give insight into what causes such diversity in the spectrum of
the gammas, their origins and if possible into other unidentified sources.

In our universe, there are many intriguing sources that generate gamma rays; blazars,
gamma ray bursts, and pulsars are some among them. They can be emitted from objects
as nearby as our own Sun or sources in the Milky Way, to those as far away as tremendous
explosions in the early universe. Being defined by their very short wavelength, small enough
to be able to penetrate an atomic nucleus, gamma rays occur in those extremely violent,
very large scale high energy events which are spotted so frequently in the dark vastness of
our universe.

The high penetration power of those gamma-rays allows a unique view into the inner
engines hidden at the lower energies of stellar objects. According to standard models,
gamma rays are emitted closer to the central engine of a Gamma Ray Burst than photons
at longer wavelengths. Thus, they are more likely to carry most of the information about
their progenitor. One key to understanding the emission mechanisms of those Gamma-
Rays is their polarisation, which depends on the source emission geometries as well as on
the magnetic field configurations. The nuclear lines generated by de-excitation of newly
generated nuclei allow us to unveil the secrets of the origin of the elements [11].

The common feature of all Gamma-Ray sources is the non-thermal nature of the underlying
emission processes. As opposed to thermal radiation that originates from the random
movements of particles in matter at temperature above absolute zero, non-thermal radiation
may have a variety of origins: the decay or de-excitation of atomic nuclei, the decay of
particles or their annihilation with antiparticles, and the interaction of non-thermal particle
populations with photons and matter. These processes may either lead to emission of
mono-energetic photons or to emission of a broad-band continuum spectrum of photons,
covering eventually the full electromagnetic spectrum from the radio band to the gamma-
ray domain. Within that spectrum, the gamma-ray band is unique since it is free from
concurrent thermal radiation that dilutes the non-thermal radiation at lower energies. In
other words, gamma rays provide the clearest window into the non-thermal physics in our
Universe. For processes like decay, de-excitation and annihilation gamma rays often are
the only view window [12].

Since the gamma rays result from interactions of fast particles within an underlying ambient
medium[13], they can give insight into the mechanisms that accelerate particles, also known
as cosmic accelerators. A more particular example is when the CR’s interact with the
molecular cloud, or else stellar nursery - a type of interstellar clouds - producing gamma
rays.

The importance of such observations expands with the experimental proof of older existing
theories. A profound example is that gamma rays emitted from active galactic nuclei are
proven to cover only a very small percentage of the observed gamma ray events. This
percentage was thought to be much larger in the past, and it was experimentally verified
through space observations from missions launched in the 1990s and early 2000s, providing
information about the working mechanism and structure of our galaxy.

Another example is the gamma rays originating from the solar flares, which can inform
one on the elemental composition of the ambient solar atmosphere, and teach about the
mechanisms that accelerate the emitted particles [13].

To conclude, astrophysics in the Compton regime gives insight into the life cycles of matter
such as in supernovae & nucleosynthesis, supernova remnants & interstellar medium, neu-
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tron stars, pulsars, novae, into the nature of black holes: their creation & evolution, lepton
vs. hadron jets and deeply buried sources, but can also give answers to the fundamental
questions of physics and cosmology such as; gamma-ray bursts and first stars, the history
of star formation, MeV dark matter, and finally gravitational waves.

1.3 MeVCube Scientific Objectives

As the gammas with energy ranges E < 20GeV mainly get absorbed by the Earths
atmosphere, a space telescope focusing on energies below that threshold may offer valuable
scientific input.

MeVCube is sensitive around the region around 1 MeV allowing extensive research on;
gamma ray bursts, active galactic nuclei (such as seyferts), galactic black holes (>=
100keV ), positron electron annihilation and nuclear lines (about 1MeV). There is a chance
it could also give an insight into Molecular clouds (about 10MeV ) originating from the
interactions of the CR with the matter of clouds. An overview of the MeVCube can be
seen in Figure 1.1.

More analytically, future missions in medium-energy gamma-ray astrophysics would allow
for many scientific advancements. For example a possible explanation for the excess
positron emission from the Galactic Centre, a better understanding of nucleosynthesis and
explosion mechanisms in Type Ia supernovae, and a better look at the physical forces
at play in compact objects such as black holes and neutron stars. Additionally, further
observation in this energy regime would significantly extend the search parameter space
for low-mass dark matter [14].

Some additional scientific objectives of the mission could be [15]:

1. Systematic survey of the full Galactic bulge and southern Galactic plane to under-
stand the distributions and nature of accreting compact sources including transients
and obscured isolated black holes in giant molecular clouds

2. Exploration of the rich time-domain astrophysics including jets and bursts from
accretion compact objects and active galactic nuclei

3. Joint investigation of short gamma-ray bursts in hard X-rays with gravity waves (e.g.
Advanced LIGO)

More information on the scientific objectives for gamma astronomy in low - medium energy
regions, can be found extensively in e-ASTROGAM White Paper [16].
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Figure 1.1: Overview of the MeVCube experiment.Courtesy of DESY



Chapter 2

Mission Analysis and Design

2.1 Mission Analysis

MeVCube is a 6U cubesat, as planned in the conceptual phase, which will perform ob-
servations around the region of 1 MeV. The goal for the launch is to take place in early
2022. In order to be able to perform measurements that support its scientific objectives,
the MeVCube is planned to operate in Low Earth Orbit (LEO).

In the current stage of the project, complete mission analysis of the mission design has
not fully advanced, since the instrument is in a concept development phase. Currently the
instrument is at a level of Technology Readiness Level (TRL) 2 - 3. Until the end of the
early-design phase, the SOW and the instrument’s technical and operation requirements
will not be fully iterated in the design process.

2.2 Instrument Description

The mission’s payload will consist of a Compton camera; a gamma ray telescope sensitive
at an energy range around 1 MeV. The camera will be made up of CZT semiconductor
detectors, due to their notable characteristics, and elegant behaviour.

The detector’s geometry is planned to consist of two layers. The top layer is currently
planned to be made of crystals with dimensions of 20mm3 x 20mm3 x 10mm3 and the
bottom layer of thicker crystals with dimensions of 20mm3 x 20mm3 x 15mm3. Both
layers are made of 8x8 crystals with total dimensions of 160mm2 x 160mm2.

The top layer, here also called a converter, will be responsible for detecting electrons
kicked out of their bound shells by the incident photons. The second layer, will act as a
electromagnetic calorimeter, and detect the scattered photon.

In addition to the previous two Compton detection modules, the instrument will also consist
of an Anti-Coincidence Detector (ACD) which will aid in the rejection of the background
noise, working as a shield. It shall be composed of several slabs of plastic scintillators, each
7 mm thick and will be read by silicon photo-multipliers.

Without the ACD a majority of charged particles, which consist of the background for any
gamma ray experiment, would greatly affect the quality of the measurements. Products of
the high energy photon interactions occurring in the instrument calorimeter, might lead
to cause a signal in the ACD - also known as the back-splash effect. This effect is best
prevented by designing the scintillator out of many thin scintillating tiles. The signals
obtained from the ACD can be used to either prohibit an event trigger or to be considered
when the data analysis occurs.

7
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The energy resolution and the efficiency of the instrument are determined experimentally
at the laboratory via a 137Cs source at 662 keV . The experimental results are to be verified
with respective following simulations in order to best define the operation of the telescope.

2.3 Spacecraft Environment Interactions

When it comes to Mission Design, all instrument requirements have to be carefully taken
into account and implemented into the spacecraft platform design. This provides and
assures an infallible operation of the Payload Instrumentation throughout the mission’s
lifetime. The spacecraft’s environment critically influences the behaviour of the detector
and of the other on-board systems. A deep understanding of the environment can con-
tribute to the accurate estimation of the detector’s background noise, and be incredibly
useful concerning the signals received. In this regard, and since this is a scientific mission
which will carry a telescope payload sensitive to gamma rays, the spacecraft’s environment
interactions and more specifically the parameters that are characterized as Detector Back-
ground noise have to be taken into consideration throughout instruments commissioning
and operational phase.

More specifically, choosing to place a gamma-ray telescope into space also has disadvantages
in comparison to ground based telescopes. One such disadvantage is the fact that the
spacecraft will be under constant exposure to high energy particle radiation, for instance
cosmic rays, which may deteriorate the instrument, and lead to instrumental background
noise due to the particle interactions with the detector. This is the main reason why
gamma ray telescopes have limited levels of sensitivity, hence instrumental background
reduction techniques play a key role in the design of gamma-ray telescopes and the analysis
of their data [10].

Currently the MeVCube launch is planned to take place by 2022, a launch window right
after Solar Minimum. The spacecraft’s operational phase is planned to last 2 years.

A careful mission analysis (orbital planning) will aid in the avoidance of the intensity of
the radiation horns, found mostly at the poles, and the South Atlantic Anomaly (SAA).
The SAA is caused from the deviation between the Earths geomagnetic and geographic
poles, causing the inner belt to be closer to the Earths surface near the South Atlantic
Region. The size of the SAA varies, and depends on the altitude and the solar activity.
Therefore the magnitude and intensity of these fields are subject to the solar cycles. For
a correct space environment and background estimation it is very important to take into
consideration the Solar behaviour.

As the next Solar Minimum is during 2019 - 2020, the spacecraft will be highly affected by
the Sun’s activity and appearance. The shrinking of the Heliosphere will allow Galactic
Cosmic Rays (GCR) to penetrate the inner solar system and consequently contribute to the
changes of space environment and background noise. The geomagnetic storms influencing
the Earths magnetosphere will still continue, this time mainly due to Solar Wind streams
instead of Coronal Mass Ejection (CME)s.
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2.3.1 Spacecraft Damage

Corpuscular radiation can be encountered in different forms. Earth - alike other planets
with strong magnetic fields - has trapped radiation belts, the Van Allen belts, in which
high-energy electrons and protons can be found at a relatively high density. The Van Allen
belts cover an altitude of 1000 - 5000 km, except of the SAA where it reaches down to
altitudes of 250 km.

The Sun is a source of corposcular radiation and emits great amounts of these particles
through the solar wind and CMEs. Additionally, high energy corpuscular radiation can
come from outside the Solar System in the form of Galactic Cosmic Rays (GCR).

GCR nuclei originate from outside our solar system and are high-LET relativistic particles,
possessing sufficient energies to penetrate the shielding technology currently used. The two
main components in abundance of the GCR spectrum are ∼ 87% hydrogen ions (protons)
and ∼ 12% helium ions (alpha particles). Electrons and positrons make up ∼ 1% of the
overall GCR spectrum, but are considered a minor hazard, since they are easily stopped
[17] due to their scarcity and low energy levels.

Energetic charged particles can cause Displacement Damage (DD), by which atoms within
the bulk of a solid material are knocked off their normal positions and subsequently trapped
on different ones, changing the properties of the material. One of its main effects is the
degradation of optical components and some other sensitive electronics, namely the solar
cells. Single Event Effects (SEE) are another effect of corpuscular radiation: caused by
GCR heavy ions, solar protons and heavy ions, and trapped protons and neutrons in
radiation belts, they are a source of data corruption, as well as noise on images and more
severe effects like system shutdowns and even electronic component damage.

The Micrometeorite and Orbital Debris Displacement Damage (MMOD) environment is
composed of solid particles ranging in size, from a few micrometers to several meters, which
follow their own orbits around the Earth or the Sun and may impact into spacecraft at great
speeds [18]. The results of these impacts vary; the smallest particles cause surface erosion
that can affect the thermal performance of some components, and the larger impacts cause
pinholes and even break off small structural elements, besides applying a momentum to
the spacecraft which its Attitude and Orbital Control Subsystem (AOCS) will have to
correct. There is even a small probably of even larger impacts, which can simply destroy
the entire spacecraft or cause complete destruction of critical elements such as the solar
panels which can render a spacecraft inoperable.
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Figure 2.1: Live capture of objects in various orbits around Earth (Cr:James Yoder) [1].

2.3.2 Detector Background Noise

In addition to the damage which the space environment causes to the supportive mecha-
nisms of the mission, its influence on the instrument shall also be studied thoroughly. These
studies are aimed towards the improvement of the instrument’s performance behaviour.

Gamma ray detectors are generally very sensitive to all kinds of ionising radiation [10],
which add a considerable background noise to the desired data. One way to significantly
reduce this background noise is the study of the interaction physics within the detector,
and to study the orbital environment in terms of the non desirable radiation flux produced
by particles.

The background noise generated in space gamma ray telescopes can be created by a wide
variety of particle interactions. A number of these sources are ultimately derived from the
Cosmic Rays (CR) and thus depend on the local rigidity cut-off [19]. There are various
models focusing on the calculation of this local magnetic rigidity in terms of the momentum
and charge cut-offs and thresholds, and through these models the trajectories of particles
reaching specified locations can be predicted. There is also active investigation into how
CRs increase due to the considerable depressions of Cosmic Rays cut-off rigidity during
solar events which enlarge the geomagnetic storms.

Apart from the data distortion caused by the CRs, namely the Galactic and Extra-galactic
Cosmic Radiation, there is other important background noise contribution; the gamma rays
which are produced in the Earth’s atmosphere by the CR showers. Earth’s atmospheric
gamma ray emissions are called Terrestrial Gamma-ray Flash (TGF)s, and sometimes are
referred as gamma ray albedo. Additional to the Earth’s gamma ray background, there
is also a neutron background, caused by the same sources, similarly as above by the CR
showers.
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Figure 2.2: Artist’s view of Gamma rays emitted by a source, (Cr:IceCube/NASA) [2].

The Sun is another one of the main sources for gamma rays and charged particles which
increase the imposed background noise. In the Sun’s interior there is a lot of energy
produced from fusion, due to the high temperature and pressure. Although these processes
produce a lot of of gamma photons, those particles never reach the surface as they lose
a lot of energy while traversing to the Sun’s outer layer. However the emitted electrons,
protons and alpha particles remain within the candidates to be taken into consideration
for an efficient study of the background noise.

The active regions, or sunspots, on the Sun’s surface are the main source of solar flares
and CME’s. During the Solar Flare explosions, huge amounts of EM radiation, including
γ photons, is emitted. During CME’s extremely hot plasma consisting mainly of energetic
protons and electrons is released. CME’s often succeed each other causing the second
event to propagate in the wake of the first event. Although Solar flares and CME’s are
usually associated with each other, they can also occur independently. The solar wind,
generated from the Sun’s upper atmosphere is a continuous stream of particles, such
as electrons, protons, and heavier particles extended throughout the Heliosphere. Solar
activity, especially during the extreme periods of Solar Minimum and Solar Maximum in
each Solar Cycle, greatly affects the population of these particles not only at the near
Earth environment, but also throughout the extent of the Heliosphere towards its borders
regions, where the Solar wind is not powerful enough to push back the interstellar medium.
From all the above, it is clear that the Sun’s activity has a great impact on the instrument,
and therefore its affects must be taken into account as an important source of background
noise.

The near Earth environment has a high abundance of radiation charged particles originating
from various sources. Earth’s magnetic field can trap and deflect these charged particles.
The shape of the Earth’s magnetic field is modified by the pressure from the Solar Wind;
its characteristic shape is compressed on the lit side, and elongated into a stretched tail
on the shadowed side. In this magnetic field the trapped charged particles have particular
kinetic properties which can be defined by the Lorentz force, and they form the so called
Van Allen Belts. The Van Allen Belts, as well as the high concentration of particles in
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the polar regions due to the density of the magnetic field lines, are regions which require
special design steps in order to maintain the desired spacecraft and payload performance.
The belts consist of protons with energy ranges between 100 keV and 100 MeV , electrons
of energies between 10 keV and 10 MeV , and scarce heavy ions. Nearby neutrons, due
to their relatively small mean lifetime, decay to protons, electrons and anti-neutrinos 2.1
which end up being trapped in the radiation belts.

n0 → p+ + e− + νe (2.1)

Finally, another important factor which can seriously reduce the sensitivity of the instru-
ment, is that background noise is influenced by secondary interactions in the spacecraft
itself and at low energies induced radioactivity in the detector and surrounding elements [20].
Material activation from the spacecraft chassis and the neighbouring elements themselves,
is an additional factor to be taken into consideration. Along with natural radioactivity of
the constituent materials and the additional equipment which are in close vicinity to the
instrument, they all can influence the quality of the obtained data.

The above mentioned arguments qualify a strong case for careful design, as well as the
addition of the ACD shield. In this regard, an important parameter worth to consider
for background noise reduction is the shield leakage. Shield leakage occurs when charged
particles penetrate the shield without triggering the anti-coincidence shielding [21].

Consequently, it would be logical to question whether the energy deposition induced by the
the radiation, for instance the CR, is enough to cause observable effects on the detector
itself and the background noise levels, apart from the damage caused from an electronics
point of view.

As a side-affect, one could consider that the instrument could be subject to Linear Energy
Transfer (LET). LET is used to describe how much energy an ionising particle transfers
to the material it transverses through. It is expressed by the formula in:

LET = dE

dx
[MeV

µm
] (2.2)

where dE is the energy loss of the particle, and dx is the distance it traverses.

A strong remark is that gamma ray photons are particles whose absorption cannot be
described by LET, since they do not carry any charge. When a gamma quantum passes
through matter, it may be absorbed in a single process - through photoelectric effect,
Compton effect or pair production - or it has enough energy to continue unchanged in its
trajectory. In the case of the Compton effect, another gamma quantum of lower energy
proceeds.

Despite the fact that photons do not carry any charge, depending on their wavelength, they
can still ionise atoms. This process can be expressed via the secondary electrons - usually
products of beta particles - or from γ photons. For this reason photons cause ionisation in
an indirect way, and therefore sometimes called indirect ionisation. Since LET only occurs
due to charged particles, it has no direct meaning when applied to photons. However,
when many authors speak of gamma LET, they refer to the indirect ionisation and they
are actually referring to the LET of the secondary electrons, in this case the ones produced
by the Compton interactions.
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Charged particles are in the from of alpha particles, via bremsstrahlung radiation emitted
as a result of the undergone change in their acceleration, and in the form of beta particles,
via their decay products, deposit energy by traversing through the underlying medium.

The LET and likewise the stopping power depend on the type of the material as well as on
the energy of the incident particle. Figure 2.3 presents the types of interaction of radiation
with matter. As it can be seen, charged particles tend to interact strongly with matter
and ionise directly. β and γ radiation tend to be most energetic and can penetrate further
than α. Even though neutral particles, such as neutrons can ionise indirectly, they tend
to cause ionising radiation and can penetrate the furthest of all.

Figure 2.3: Ionising Radiation Types.

2.4 Simulations for the identification of the local orbital en-
vironment

The type of orbit and the orbital characteristics are critical parameters in the assessment
of the local space environment. At this stage of the project, the two potential orbits
considered for the MeVCube are either an equatorial circular orbit, or an orbit similar to
that of the International Space Station. The characteristics of those two orbits can be seen
in table 2.1.

Table 2.1: Orbital choices.

Orbit/Characteristics LE Equatorial Orbit ISS Orbit
Altitude (km) 550-600 408-410
Eccentricity < 0.01 < 0.01

Inclination (°) < 1.9 51.64

To calculate the orbital period T:

T = 2π
√
a3

µE
(2.3)
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where the Earth’s gravitational parameter, µE = 398601 km3s−2, and a is the average
radius of the orbit for the satellite. Given this, the orbital period and the number of orbits
per day can be found below, in table 2.2:

Table 2.2: Orbital Period.

LE Equatorial Orbit ISS Orbit
Orbital Period (min) 84.35 92.68

Orbits/Day 17.07 15.54

This section consists of several studies in order to select the most suitable orbit for this
mission. The simulations help describe the local orbital environment for both of these
orbits. For each orbital choice are simulated the fluxes of Trapped Protons, Trapped
Electrons, and GCR.

Afterwards, in the following subsection presents their trade-offs and the assessment of the
Anti-Coincidence Detector (ACD) in chosen orbit. The susceptibility of the proposed 7mm
anti-coincidence shield is assessed by measuring the least energy a prospective Trapped
Proton, Trapped Electron, and GCR particle should have in order to penetrate the shield.

The two potential orbits of MeVCube were simulated with the aid of SPENVIS [22], and
without taking into account the parameters of atmospheric drag and solar radiation pressure.
The assessment of the ACD was achieved using the web databases: ESTAR [23], PSTAR
[24], and ASTAR [25].

2.4.1 Equatorial orbit simulations

As previously mentioned in the section 2.1, the orbit considered initially for MeVCube was
a LEO, and more specifically a Near the Equator Orbit (NEqO). In this case, MeVCube
will be injected into the desired orbit, by piggybacking the launcher as a secondary payload.

The calculations needed for the conduction of the project were performed based on similar
orbital elements to those in the mission of e-ASTROGAM [16] with an altitude of 550−600
km, an inclination of i < 2.5◦ and an eccentricity of e < 0.01. For these simulations the
inclination is i < 1.9◦.

In Figure 2.4 a low altitude Near the Equator Orbit (NEqO) orbit is exhibited, as it was
intended for the e-ASTROGAM. Below, in figure 2.5 the regions of the minimum and
maximum altitude can be seen:



CHAPTER 2. MISSION ANALYSIS AND DESIGN 15

Figure 2.4: 3D Orbit View of MeV-Cube.

Figure 2.5: MeVCube Coverage for Equatorial Orbit, Trajectory duration: 1 day.

For this instrument, one major contributor of background noise is the trapped radiation
particles. Their abundance and energy flux depends on factors such as; solar cycle effects,
secular changes in the geomagnetic field, low altitude trapped proton anisotropy and
magnetospheric conditions [22].

The following set of graphs, presented in the Figures 2.6, 2.7, 2.8 and 2.9, indicate the
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amount of simulated trapped protons at solar minimum and solar maximum, in terms of
integral and differential flux. The cases of solar minimum and solar maximum were decided
with the aim to take the most extreme case-scenario into account.

Figure 2.6: Integral and differential spec-
trum of trapped protons for solar minimum.

Figure 2.7: Integral and differential spec-
trum of trapped protons for solar maximum.

Figure 2.8: Integral and differential spec-
trum of trapped electrons for solar minimum.

Figure 2.9: Integral and differential spec-
trum of trapped electrons for solar maxi-
mum.

As it can be seen in the four graphs in Figures 2.6, 2.7, 2.8 and 2.9, the number of trapped
electrons increases during solar maximum. On the contrary, there is an increase in the
number of trapped protons during solar minimum.

In Figure 2.10 and Figure 2.11 are pictured the two graphs of the expected levels of GCR
proton and of He fluxes respectively, for the LEO/NEqO.
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Figure 2.10: GCR proton flux in equatorial orbit.

Figure 2.11: GCR He flux in equatorial orbit.

The comparison of the two Figures 2.10 and 2.11, indicates an abundance of protons over
alpha particles larger by a factor of 100.

The fluence of ionized nuclei that make up the GCR is inversely proportional to the solar
cycle. The fluence varies periodically because it highly depends on the solar activity.
Through observations it has been monitored that it can decrease by a factor of 2 during
solar maximum, according to the studies in [26].
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The Figures for the trapped electrons and the trapped protons were generated using
the NASA models AE-8 [27] and AP-8 [27] respectively. For the GCR fluxes the model
developed by Lomonosov Moscow State University / Skobeltsyn Institute of Nuclear Physics
was used.

Certain value differences between the Integral and Differential flux, and the apparent strong
variations which appear in the graphs, are possibly due to model inaccuracies.

Complementary graphs for the above-mentioned Figures, can be found at the Appendix A
of the report.

2.4.2 ISS orbit simulations

A second possible option could be to deploy MeVCube from the ISS, using the ISS’s robotic
arm. This procedure has been used a number of times, as CubeSats and small satellites
have become more and more popular among the scientific communities. This concept can
only be achieved provided that the satellite would not exceed a size of 6.5U.

Figure 2.12: A CubeSat deployed from a deployer on the outside of Kibo lab module [3].

To be deployed by the ISS, would imply that the satellite is in an orbit with characteristics
very much alike to those of the ISS. Thus, the examination of the local environment is
rather beneficial. As it can be seen from the following simulations the satellite will be
affected by the SAA, especially when it is above 400 km.



CHAPTER 2. MISSION ANALYSIS AND DESIGN 19

Figure 2.13: MeVCube Coverage and Altitude for ISS Orbit, Trajectory duration: 1 day.

The Figures 2.14, 2.15, 2.16, 2.17 below indicate the amount of simulated trapped protons
for solar minimum and solar maximum, in terms of integral and differential flux. The cases
of solar minimum and maximum were decided with the aim to take into account the worse
case scenario.

Figure 2.14: Integral and differential spec-
trum of trapped protons for solar minimum.

Figure 2.15: Integral and differential spec-
trum of trapped protons during for solar
maximum.
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Figure 2.16: Integral and differential spec-
trum of trapped electrons for solar minimum.

Figure 2.17: Integral and differential spec-
trum of trapped electrons during for solar
maximum.

From the simulations of this orbit one can again see the abundance of trapped electrons
during solar minimum and a higher proton concentration during solar maximum.

The following Figures; 2.18 and 2.19 show two graphs of the expected levels of GCR proton
and He fluxes respectively, for the ISS orbit.

Figure 2.18: GCR proton flux in ISS orbit.



CHAPTER 2. MISSION ANALYSIS AND DESIGN 21

Figure 2.19: GCR He flux in ISS orbit.

Here, again, certain value differences between the Integral and Differential flux, and the
strong variations which appear are possibly due to model inaccuracies.

The Figures for the trapped electrons and the trapped protons were generated using
the NASA models AE-8 [27] and AP-8 [27] respectively. For the GCR fluxes the model
developed by Lomonosov Moscow State University / Skobeltsyn Institute of Nuclear Physics
was used.

Complementary graphs for the above-mentioned figures be found at the Appendix A of
the report.

2.4.3 Simulations for ACD assessment

To protect the detector from the local radiation, apart from the standard outer Aluminium
shielding whose detail characteristics have not been decided yet, there is also the ACD.

In addition to the environment simulations, and in order to better assess the susceptibility
to noise for each orbit the stopping power of the ACD shield must be calculated. Taking
into consideration the ACD’s role, it is imperative to know the number of particles that
are able to penetrate the 7mm plastic scintillator plates.

To effectively get an insight of these numbers, the web databases ESTAR [23], PSTAR
[24], and ASTAR [25] were used. Via these platforms calculations were performed on the
stopping powers ranges and their related quantities for electrons, protons and helium ions
respectively. In the following figures the levels of stopping power for proton, electrons and
helium ions are shown:
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Figure 2.20: CSDA range Proton particles stopping power for Plastic Scintillator.

Figure 2.21: CSDA range Electron particles stopping power for Plastic Scintillator.
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Figure 2.22: CSDA range Alpha particles stopping power for Plastic Scintillator.

In all Figures the graphs are expressed in terms of Continuous-Slowing-Down Approxi-
mation (CSDA) range for the material of a Vinyltoluene C9H10 based Plastic Scintillator.
CSDA range is a very loose approximation to the average path length travelled by a charged
particle as it slows down to rest, calculated in the continuous-slowing-down approximation.
In this approximation, the rate of energy loss at every point along the track is assumed to
be equal to the total stopping power. Energy- loss fluctuations are neglected. The CSDA
range is obtained by integrating the reciprocal of the total stopping power with respect to
energy [25], [23], [24].

To know the levels of energy particles enough to penetrate the shielding, one should
divide the CSDA range of g/cm2 with the density of the used material. In this case the
density of Vinyltoluene Plastic Scintillator is 0.896 g/L at 20◦ C, taking into account that
1L = 103cm3.

In the table below, the stopping power for protons, electrons and alpha particles can be seen.
The values taken from the generated graphs in figures 2.20, 2.21, and 2.22 respectively.

Table 2.3: Particle Stopping Power Table.

Protons Electrons Alpha Particles
Kinetic Energy (MeV) 26.25 1.5 110

As the ACD is made from a 7mm thick plastic scintillator, it can be seen from the
graphs that the protons above 26 MeV can penetrate through the material. As for the
electrons, only those with energies above 1.5 MeV can penetrate the anti-coincidence
shield. Regarding the Alpha particles, since they are very heavy and can be stopped easily,
only those with energy levels above 110 MeV can penetrate the anti-coincidence shield;
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that would be a incredibly rare event since alpha particles above those energies are scarce
in this environment.

2.4.4 Orbital Trade-Offs

After knowing the energy each type of particle needs to have to penetrate the ACD shield
as in Table2.3, it is easier to assess the orbital choices. This section focuses mostly on the
levels of background noise induced on the detector in each orbit but also covers several
other factors that are involved during the orbital selection.

Selecting the appropriate launch system and orbit is a complex matter itself, and in cases
where many options could be acceptable the best possible solution must be chosen based on
the technical, schedule and financial budget trade-offs. These trade-offs shall be based on
various individual parameters such as technical capabilities, cost, launch vehicle capability,
availability and reliability.

Regarding the structural andmechanical requirements of the detector, even thoughMeVCube
is not particularly susceptible to vibrations and stress imposed onto it from the launching
vehicle, it would still be preferable in terms of risk to send the satellite into orbit via
the ISS. The MeVCube in that case would be covered in protective wrapping and sent
as cargo, a method much safer, since it is very often that ground handling, ground and
airborne transportation, and launch environment may often be more severe than the space
operating environment.

Concerning the background noise, it can easily be concluded from the respective generated
simulations of chapters 2.4.1 and 2.4.2, that having the satellite released into orbit from
the ISS would add significantly to the levels of background noise.

With a first view of the particle concentrations, the instrument appears to be susceptible
to higher radiation levels in an ISS orbit, influencing the quality of the measurements by
contributing to the overall noise. The particle concentration during solar minimum and
solar maximum is much higher for the ISS orbit than the Equatorial orbit. The influence of
the SAA and the Van Allen radiation belts can be easily visualised through the simulations.
In the ISS Orbit the instrument enters the SAA and passes by the two poles. These regions
have a higher particle concentration than the regions in an Equatorial orbit.

The trapped protons appear at an abundance of more than 1000 particles per unit surface.
The trapped electrons appear at an abundance of approximately 106 particles per unit
surface. The GCR flux on the ISS orbit appears to have a much higher influence on the
instrument, and contributes significantly to the overall noise.

From the table 2.3 one can see that protons above 26 MeV can penetrate the ACD. Trapped
protons in the ISS orbit are in abundance by a factor of 1000 particles per unit surface in
solar minimum and a little less than 1000 particles per unit surface for solar max.

Similarly for the Trapped electrons with energies above the one of interest of 1 MeV are
in abundance by a factor of 1000 to 10000 particles per unit surface, depending on the
energy of the particle.

The GCR proton concentration in the ISS orbit is lower by 200 particles per unit surface.
In the ISS orbit the concentration of GCR alpha particles, which can penetrate the ACD
shield, is 5 times more per unit surface than in the equatorial orbit.
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In Appendix A, the world map graphical representation of Equatorial Orbits for trapped
proton population with energy flux > 20 MeV during Solar Minimum A.1 and Solar
Maximum A.2 is presented. Similarly, the world map graphical representation of Equatorial
Orbit for trapped electron population with energy flux > 1.25 MeV during Solar Minimum
A.3 and Solar Maximum A.4 can be found.

Finally, there are the equivalent graphs of the same energy fluxes and particle population
for the ISS orbit; A.5, A.6, A.7 and A.8.

2.4.5 Discussions on Chapter 2

The operation principle of a Compton camera is based on Compton scattering. In gamma
rays the use of a particle detector is essential, as in cases of other means the signal will
diffuse into other particles and disappear.

Studying the background environment of the considered orbits leads to the determination
of the levels of background noise. To back up those studies each orbital environment was
analysed thoroughly; several ionisation processes and the differences between the LET and
the stopping power were described.

The study of the generated simulations provided enough evidence that the Equatorial Orbit
would be considered a more suitable choice for the MeVCube. Finally calculations were
performed on the stopping power’s ranges and their related quantities for electrons, protons
and helium ions for the material of a Vinyltoluenebased Plastic Scintillator. These studies
permitted the determination of the number of particles which will be able to penetrate the
scintillator and act as a background noise.

To better comprehend the levels of the instruments susceptibility to harmful radiation, it is
important for one to know the activation energy levels of the detectors material. Activation
energy is the minimum energy required to generate an electron - hole pair and produce
signal formation in the detector. It is defined by the energy of the incident photon and the
material band-gap. The activation energy is of high importance since it depends on the
type of the material - especially on the band-gap and impurities within the material - on
the temperature, the pressure and other factors, which influence the lattice of the crystal
lattice of the detector.

In the following chapter all these concepts are further explained and there are simulations
performed in order to better understand the signal generation in the detector.



Chapter 3

Principle of Compton Telescopes & CZT
detectors

To effectively describe the quality performance of a Compton telescope, one must look
deeply into the detector parameters and acquire a good understanding, firstly of how the
signal is generated, and secondly of how this signal is being processed by the electronics.
Some of the fundamentals include: the interaction of the γ photons with the crystal, the
current induction and the induced signal on the electrode, the noise originating from the
electronics, the pulse shaping and the ASIC triggering procedure.

3.1 Compton Telescopes Operation Principles and Observa-
tion Capabilities

The observation capabilities of all telescopes, thus also of the Compton telescopes, are
based on several detector parameters such as: the sensitivity, the brightness, and the
spatial and depth resolution.

The Sensitivity is considered to be one of the most important parameters of a telescope.
It is measured as the lowest signal point which can provide a measurable Signal-to-Noise
Ratio. The Signal-to-Noise Ratio (SNR) is the ratio of the signal originating from the
source of interest, over the signal which consists of the background noise:

SNR = Ssignal

Snoise
(3.1)

The equation 3.1 portrays the detector’s capacity to distinguish and localize the sources
of interest from the background noise. The background noise could consist of signals from
sources that are not of direct interest. These could be either detector intrinsic noise, such
as leakage current [28], or they could be originating from the detector readout circuitry.
The sensitivity of a telescope is measured in terms of the minimal flux that a source must
have in order to be detected in an appointed observation time. The flux in a specific energy
range is measured in: photons per unit area per second.

The Field-Of-View (FOV) refers to the angular range the instrument has, or in other words
its opening angle. It is important to note that the field of view is depended upon the
opening angle of the instrument, also named the instantaneous field of view, and that it is
not related to the spacecraft spin.

The Detection Efficiency of a detector system depends on several parameters. These
parameters, lead to the following three types of efficiency [29]. Firstly, the absolute
efficiency which is the ratio of the number of pulses recorded by the detector to the number
of gamma rays emitted by the source in all directions. Secondly, the intrinsic efficiency

26
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which is the ratio of the number of pulses recorded by the detectors electrodes and readout
in comparison to the actual number of gamma rays that are hitting the detector. Finally the
full-energy peak, or photo-peak efficiency which is the efficiency when producing full-energy
peak pulses only, rather than a pulse of any size, for a gamma ray.

The Dynamic Range of the detector is determined by the instrument properties and de-
scribes the levels of flux, sufficient enough to produce a signal. It is expressed in particles

cm2∗str∗keV
.

The detector can saturate a signal if it is not able to properly separate the signal into
its individual events. Other important reason which influence the dynamic range of an
instrument, are; the front-end readout timers, the on-board memory, and the telemetry
limitations.

Apart from the above mentioned factors, the telescope’s sensitivity also depends on the
observation time. The count rate of the instrument is expressed in photons

s∗cm2 , and shall match
the expected luminosity from the potential celestial source, resulting in a limited exposure
time per observation [30].

Angular or Spatial resolution is an essential parameter which characterizes the performance
of a Compton Telescope. By improving the angular resolution, the performance of the
telescope ameliorates, making it therefore one of its most critical functional requirements.
The term describes the parameters which affect the arrival directions of photons from
a specific source. In simple words, the angular resolution refers to the ability to distin-
guish between two sources that appear very close to each other, or those with very thin
structures [30]. As previously stated 2.3.2, the background noise has significant effects on
the performance of a telescope By trying to improve the angular resolution, the number
of limitations imposed by the background noise resolve. In all Compton telescopes the
angular resolution is fundamentally limited by an effect called Doppler Broadening [31].

The energy resolution plays as well a very important role when it comes to the performance
of a Compton telescope. It is defined by the number of charge carriers which reaches the
electrodes. The energy resolution betters when a larger the number of charged carriers
reaches the electrodes, as well as with means of achieving a better charge collection. Aspects
like those above-mentioned are better improved once the operation of the detector is fully
understood, thus subjects such as; the geometry of the detector, the operation bias voltage,
and the detector fabrication method, should be taken into consideration. Furthermore, the
energy resolution has a high dependence on the readout electronics. The influence of the
readout electronics shall be analysed in future studies during the instruments’ design phase.
The energy resolution is expressed in terms of Full Width Half Maximum (FWHM) in
eV. Finally, it is important to mention that trying to improve the energy resolution is one
possible way of reducing the effects of the background noise on the received measurements.

Other characteristics of the telescope such as the Dead Time, Point Source Sensitivity
and Point Accuracy have not been thought of at the current design stage of the project.
These characteristics should be considered in the detector’s design in favor of significantly
reducing the number of lost events during the acquisition time.

It is known by [14], that getting good levels of resolution becomes troublesome in situations
of low energy photons, high scatter angle and in cases of materials with high atomic number
Z. To conclude, the mandatory required high resolution and sensitivity of a Compton
camera are subject to its background rejection capabilities in addition with its excellent
energy, position and timing resolution. [14].
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3.2 Gamma ray interaction with the CZT crystal

Cadmium-Zink-Telluride (CZT) detectors have lower weight in comparison to other types
of detectors. Reducing the weight of the instrument is beneficial in many aspects especially
when it comes to space borne instruments. Low weight materials significantly reduce
the cost of the mission, and critically influence the budgets of the different spacecraft
subsystems. For this reason materials such as CZT are preferable in comparison to the
more traditional and heavier materials such as Silicon (Si).

Without taking into consideration how the payload material influences the total mission
design, there are more concepts to examine, for choosing the right material to design a
detector. As discussed in [14], although materials with low Z are preferable because they
compensate for effects such as Doppler Broadening, good resolution levels highly depend
on materials with high Z.

3.2.1 Interaction of photons with matter

Gamma rays come in extremely short wavelengths. For this reason they cannot easily
be focused with mirrors. Unlike with what happens with telescopes designed to detect
larger wavelengths, in this case they have to be detected indirectly. For these high ener-
gies it becomes harder to stop the photons so the detector technology changes entirely.
Contemporary gamma-ray detectors use crystals or liquids that are triggered by expelled
gamma-ray electrons to record the passing gamma rays as flashes of light.

Typically, the detection technology consists mainly of two parts; the interaction of radiation
with matter, and the recording of the produced signal. The interaction of radiation with
matter depends on the type and the charge of the particle and on the detectors’ type
material and size. In the case of this instrument and for photons in the energy range
around a few MeV, a deep understanding of the interactions of gamma rays with matter
is important.

An uncharged particle, such as a photon, interacts indirectly with matter. This sort of event
can be recorded only after the interaction has taken place, through the energy produced
via the interactions from the nearby lattice electrons. This of course again depends on the
energy of the photons and on the detector characteristics.

Understanding how a CZT detector behaves is highly based, firstly, on knowing the prin-
ciples of interaction that gamma ray photons have with matter, and secondly on the
characterisation of the detector. Thereupon, a brief analysis of the working principle of the
Compton telescopes will aid in better understanding the signals produced in the detector,
and how they should be handled in order to achieve the desirable outcome.
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Figure 3.1: Gamma ray interactions with matter [4].

As it is seen in Figure 3.1, there are three main mechanisms for detecting gamma rays.
The mass absorption coefficient for each mechanism has a peak at a different energy range.
The relative cross section has the same functional form in all materials, though the actual
values and relative strengths of these processes vary significantly [20]. Here, the term cross
section refers to the probability that two particles, or clouds of particles, will collide with
each other and interact in a certain way. It is irrelevant to the term of cross section used
in the mathematical or the mechanical context of geometry.

Photoelectric Absorption (PEA) occurs when a gamma photon interacts with the electron
of an atom. From the interaction, the electron gains enough kinetic energy from the gamma
photon to leave its shell.

Compton scattering is considered the most common process of gamma rays interaction with
matter. A gamma ray photon interacts with an electron. The photon has a large enough
energy and momentum thus electron elastically scatters from its shell. The photon loses a
little of its energy from the interaction, but still has enough to continue to travel through
the material, now in a longer wavelength. The energy shift depends strictly on the angle
of scattering and not on the material.Both the energy and the momentum conservation
are satisfied along this process.

Pair production happens when the energy of the incident photon is high enough. The
photon should have about at least 1.02 MeV, which equals to the equivalent of two electrons
masses. More specifically, it should equal at least 2me−c2, thus via a boson an electron -
positron pair can be created. The event process takes place in the vicinity of a nucleus,
since there is enough energy to satisfy the momentum and energy conservation principle,
as some of the energy and momentum difference can be compensated by being absorbed
from the nucleus.

A fourth mechanism is Coherent Scattering and occurs in the energy range which causes
pair production, therefore often it is not specified as a separate mechanism. In the case
of Coherent Scattering, the energy of the photon is reasonably smaller than the ionisation
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energy of the atom, but strong enough to cause elastic scattering. This mechanism is almost
always followed by the annihilation of the positron, usually leading to the emission of two
0.51 MeV gamma photons. A single photon is emitted in rare instances where the positron
energy is very small, so that a neighboring atom can take the available momentum.

3.2.2 CZT Overview

This section focuses on CZT crystals and why they are ideal for the development of radiation
detectors targeted for astrophysics instrumentation. Their notable characteristics which
define their operating principles are discussed in detail.

CZT is known for its high performance at room temperature. Its high effective atomic
number ZCZT = 50 (while ZGe = 32 and ZSi = 14), gives each detector pixel high quantum
efficiency. The material has very high resistivity, at values approximately % ≈ 1011 Ωcm.
This results to very low leakage current values, even at high operating voltages [32]. In
addition, CZT is well known for its high stopping power, low thermal noise, and most
importantly excellent energy resolution and spatial resolution [33]. All of these performance
characteristics contribute to making CZT a worthy candidate in the design of a Compton
camera.

CZT crystals are produced in several types by various fabrication techniques. Furthermore,
there are several types such as: co-planar grid in Figure 3.2, Frisch - grid in Figure 3.3
and pixelated detectors in Figure 3.4 , serving various detection techniques, each time
depending on the research interests of the respective group.

Figure 3.2: Co-planar CZT detector [5]. Figure 3.3: Frisch grid CZT detector: a)
cross-sectional view b) 3-D view c) focus-
ing electrical field in the virtual Frisch-grid
detector [6].
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Figure 3.4: Different widths of pixelated CZT detectors [7].

In Figure 3.4 there are 3 different sizes of CZT. In Figure the pixelated Anode (A) can
be seen in Gold (Au) and the detector bulk in grey. What cannot be seen is the detector
Cathode (C) which is also made of Au.

Moreover, the detectors are further divided into two categories in terms of their operation
principle; unipolar and bipolar. The CZT detectors whose operational principle is char-
acterised by single polarity charge sensing techniques are called unipolar. This technique
implies partial charge collection which, as a consequence, has a decreased induced current
signal on the electrodes [34].

Unipolar detector collection technique is based on the collection of electrons whereas, for
bipolar detectors the detection technique depends on the collection of both electrons and
holes. The choice between the two techniques heavily depends on the type of application
the detectors were chosen for. For instance, when an event happens closer to the anode
it is unlikely for the holes to reach the cathode. They tend to get absorbed within the
bulk, either through recombination, which is accompanied by photon emission, or through
hole trapping. Only when the event happens closer to the Cathode it is more likely for the
holes to reach the cathode and induce a signal on the electrode. Another possibility for
the holes to induce a signal on the cathode, is in the case of the detector with a very small
height, such as only a few mm, like in Figure 3.4. Unipolar collection is known to improve
the quality of resolution by avoiding the effect of hole trapping and hole signal collection.
Thus, the result is good charge collection efficiency and energy resolution.

The simulations shown throughout this chapter were based on the pixelated type of CZT,
which is in the main interest of this research project. It is important to define the operating
principles of such a CZT detector, as it will aid in the understanding of the simulations
shown later in this chapter. Here, the CZT crystals’ operational principle is based on single
polarity charge sensing techniques.
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Operation Principle

Figure 3.5: Different widths of pixelated CZT detectors [8].

The Anode often consists of two electrodes. For the chosen CZT detector, the pixels
are called the Collecting Anode (CA). The pixels are surrounded by a symmetrical grid
electrode, called the Steering Grid. The Steering Grid is known as Non Collecting Anode
(NCA). It operates under negative bias, and by surrounding the anode pixels it has been
known to improve the performance of CZT pixel [9]. The Cathode is set in a larger electrical
bias than the anode electrodes. The potential difference between the CA - NCA, is much
smaller in comparison to the potential difference between the Anode and the Cathode.
The drift velocity of the charge carriers increases with the increase of the Electric field. At
higher Electric field values the velocity increases at a slower rate with the field increase,
until a saturated charged carrier velocity is reached [35].

As the pixel is irradiated, the created electron cloud will move straight towards the anode
surface. This is due to the large negative bias applied to the Cathode. This principle is
illustrated in Figure 3.5. The depth of interaction depends on the type of the material as
well as on the energy of the incident photon. As electrons move closer to the anode, they
will tend to move towards the anode that is under lower bias.

When a larger bias voltage is applied to the Steering Grid, it modifies the electron drift
trajectories, enabling the electron clouds to be collected by the pixels in a more effective
way. This is visualised in the top right corner of Figure 3.6, The red lines represent the
electron trajectory when the grid bias is at −40 V , and the black line shows the electron
trajectory when the grid bias is at −100 V .
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Figure 3.6: Detector voxel cross section showing the electron drift trajectories for different
bias voltages [9].

Figure 3.7: Example of the charge over time shape analysis. The green colour represents
the signal obtained from the collecting anode pixels and the red the signal obtained from
the non collecting anode.

The expected signal pulse shape of each electrode can be extracted from the Weighting
potential, simply by following its course on the path the electrons travel. At first, the
electron cloud will induce the same signal on both anodes. Close to the anodes the signal
of the CA will start to rise, while the signal of the NCA will drop as the electrons go
towards the CA. This can be seen in Figure 3.7.

A visualisation of the induced charge on the electrodes, as in Figure 3.7, shows that
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signals from CA and NCA are in the beginning of an event very similar. This tendency
follows, until after a certain point towards the anode where the signal difference rises. The
difference of the signal is only affected by the sort distance to the end of their path, which
is a very small percentage of the crystal length. The point where the two signals begin to
differentiate depends on the Depth-Of-Interaction (DOI), and the energy of the incident
photon. The Weighting potential influence can be visualised in Figure 3.7 as the point
where the two signals split.

Figure 3.8 shows a sketch how the Weighting potential evolves with respect to the detector
length, for one anode electrode and the cathode electrode. For the pixel electrode of the
anode the Weighting potential rises sharply, while for the cathode it decreases linearly.

Figure 3.8: Example of Weighting potential over detector length. The green colour repre-
sents the Weighting potential of the anode pixel and the red the Weighting potential of
the cathode.

When one neglects the electron trapping effects, the difference of the signal does not depend
on the interaction depth. It is proportional to the charge induced by the electrons and
consequently the deposited energy.

In the case of bipolar CZT detectors, holes can also contribute to the induced signals,
while they move towards the electrodes. However, because of their low mobility and the
high concentration of hole trapping centers this contribution is small, and as it is the same
on both anodes, it is eliminated in the difference signal [36]. The signal induced from the
holes depends on a lot of parameters such as; the levels of polarisation, the type of the
detector in terms of whether it is high flux [37] or low flux, and the dimensions of the CZT.

Depending on the instrument’s performance requirements there is a possibility of having a
guard ring, perimetrically to the anode, surrounding both the collecting and non-collecting
electrodes. The guard ring contributes to the improvement of the resolution as it can
ameliorate in great extent the collection efficiency of the electrodes. In addition, it can
contribute to a more detailed path reconstruction. Using a guard ring benefits the identifi-
cation of the events that take place close to the boundaries of the detector, even though
this can also be achieved through other means, such as through pulse shape analysis [36].
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According to previous studies [38], the guard ring helps in the reduction of distortions
in the Weighting potential, as it provides the same defined boundary condition for the
outermost anode electrodes. There are some cases when it can be instrumented, while
in others it is not. Finally, according to research [39] the guard ring may also serve to
effectively shield the anode structure against the influence of surface currents. This step
leads to a better defined Electric field, which in its turn improves the behaviour of the
anode’s Weighting potential.

Charge sharing in pixelated CZT detectors occurs when an electron cloud is split between
two neighbouring pixels. This leads to a relative charge loss, as via charge sharing there
are created reciprocal transient signals between the pixels. The results are an incorrect
current approximation in the neighbouring pixels, and a lower induced current in the pixel
under which the event occurred. Charge sharing appears to be more common in materials
with high atomic number Z [40].

In cases when an electron cloud is created underneath the gap between the pixels, it is
collected by more than one pixel. Each pixel must collect enough charge to pass the noise
discrimination threshold [9]. It is reported that charge sharing in pixelated CZT detectors
cause charge loss events in the gap between the pixels and degrades the performance of
multiple pixels events [41], [42]. The charge sharing effect may vary according to several
factors; electron cloud size, pixel size, gap distance between, pixels and the existence of
the Steering Grid [9].

It can be concluded that the pixel size, the pixel pitch, and the depth of interaction
can affect the charge sharing, and consequently the reconstruction path and the spatial
resolution. Therefore, it is of great interest to minimize the charge sharing effect and
prevent the degradation of the energy resolution. This can be achieved by several means
such as choosing the right pixel geometry and having the appropriate operating conditions,
for instance suitable values of bias voltage.

When one is talking about the detector’s performance it is very important to take into
consideration the noise performance of the detector as well as the cross-talk [40]. In
electronics, cross-talk is any phenomenon by which a signal transmitted on one circuit or
channel of a transmission system creates an undesired effect in another circuit or channel.
It is usually caused by the undesired capacitive, inductive, or conductive coupling from
one circuit or channel to another. There are several capacitances in a pixel detector that
influence the noise performance and cross-talk: sensor capacitance, sum of the capacitances
to the neighbours, capacitance to ground of the readout PCB, other contributions (bumps),
cross talk in the chip, and the Fano factor, which is the ratio of the energy variance to its
mean in a certain time window.

3.2.3 Theoretical Background of Signal Induction on Electrodes

As it has been explained previously in section 3.2.1, when a gamma ray photon, or any
sort of incident radiation, hits the detector, it initiates the motion of the charged carriers.
The bias voltages applied on the anode and the cathode electrodes of the detector cause
these carriers to be accelerated towards the respective electrodes. These carriers - electron
clouds - are responsible for creating an induced charge on electrodes. The movement of the
electron cloud within the bulk create the signal on the electrodes. The produced induced
current is always proportional to the energy of the incident photons.
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To better explain the operational processes described in 3.2.2, the Poisson equation comes
in use. This theory is applied to any arbitrary shape or number of electrodes and is:

∇2φ = ρ

ε
, (3.2)

where: φ equals to the Electric potential in V , ρ is the volume charge density in Cm−3,
and ε in the dielectric constant of the detector medium in Fm−1.

In the case of most common detectors where the absence of trapped charges is ensured,
ρ = 0. Thus the Eq. 3.2 is reduced to the Laplace Equation:

∇2φ = 0, (3.3)

In orthogonal geometries of x,y,z:

∇2 = ϑ2

ϑx2 + ϑ2

ϑy2 + ϑ2

ϑz2 , (3.4)

The Electric field E at any position within the detector can be obtained by the gradient
of the Electric potential from,

E = −gradφ. (3.5)

The charge, and consequently electric current induced on an electrode by the motion of a
charged carrier is optimally explained by the Shockley [43] and Ramo [44] theorem with
the concept of the Weighting potential. Shockley and Ramo describe how the the pulses
created on the electrodes are related to the movement of the carriers inside the bulk of the
detector.

According to [43] and [44], the Weighting field W is en Electric field within the bulk which
is formed when the electrode of interest is set under 1 V, and all the rest of the electrodes
are grounded with all charges removed. It is easily concluded that the induced charge and
currents on an electrode are proportional to the Weighting potential. W is the Weighting
field and φW is the Weighting potential.

The current induced on an electrodes is:

i = q~V ~W0 (3.6)

where q is the charge of the carrier, V is the velocity of the charge carrier and W is the
Weighting field.

Consequently, the induced charge on an electrode is given by:

Q = q∆φw(t) (3.7)

where q is the charge of the carrier and φw(t) as a function of position. The solution given
by the Shockley-Ramo is the Weighting potential, and its gradient is the Weighting field.
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The Hecht relation can be used to study the charge transport properties of both electrons
and holes. The Hecht equation expresses the Charge Collection Efficiency (CCE); the
induced charge normalised to the generated total charge [8]:

CCE = Q

Q0
[λh

L
(1− e

x
λh ) + λe

L
(1− e

L−x
λe )], (3.8)

where λh = µhτhE is the drift velocities of the holes, λe = µeτeE is the drift velocities of
the electrodes, and L is the detector thickness [8].

Charge trapping and recombination are typical effects in compound semiconductors and
may prevent charge collection from the electrodes [8]. The mobility of the charge carriers
depends on many parameters such as the type of material in terms of atomic number Z
and energy gap, and on the bias voltage. Hereupon, the change of Q is converted to a
voltage pulse using a charge sensing amplifier and the amplitude of the output voltage is
ideally proportional to the deposited energy.

3.3 Simulation Procedure

The purpose of the simulations performed and presented in this chapter intend to accurately
imitate the behaviour of the detector. The simulations aim to replicate the Electrical Field
(E field) and the Weighting Field (W field), which are produced in a CZT detector voxel.
The goal is to simulate the current (I signal) induced on the detectors pixels electrode. The
induced current on the electrodes is the result of the electrons produced after a gamma
photon hits the bulk of the detector. From the induced current can be derived the electron
and hole mobility in the detector’s bulk, which facilitates the detector voxel characterisation.
Such studies will offer significant contribution to the experimental phase of the design,
when building the actual instrument. Therefore, they will be very useful when explaining
the obtained results from future lab studies. The better representation of signal achieved,
the easier it can be estimated whether the instrument reaches the desirable performance.

3.3.1 Early works and Primary Detector Configuration

Part 1

Initially on this work assignment, as the instrument design was at a very early phase, the
detector voxel provider and the voxel geometry were not entirely decided. The majority of
the work was based on a Co-planar CZT detector voxel, provided from another experiment.
In the lab, a new oscilloscope was obtained and through signal analysis the first attempts
of the detector configuration were made. The detector voxel was tested with a source of
137Cs, at 662keV .

The signal was read via a readout electronic board, previously used with silicon strip
detectors. Through primary signal analysis it was found that the levels of noise were
too high, in comparison to the previously known behaviour of the particular detector.
This concept led to improvements on the handling of the signal analysis, and to a deeper
understanding of front - end - electronics performance. These studies were run as side
project, to enable familiarity with the practical concept and the lab equipment. The results
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of these early studies will not be presented in this thesis, due to the fact that they were
not directly linked with the objecctives of the thesis and were only used for understanding
purposes.

Part 2

During the above-mentioned experimentation, at the department meetings, it was decided
that pixelated CZT detectors would be more suitable for this missions instrument. The
work on Part 2 explains in detail the first studies towards the behaviour configuration of
a pixelated CZT detector, as well as the followed procedure for a better understanding of
the software in use.

To facilitate the progress of the project, and gain the appropriate parameters needed for
the project conduction, it was necessary to study the literature to produce a design close
to the one from the provider. The literature research served as consultation, concerning
instruments with similar operation principles. The sources included the results from various
detector pixel geometries, along with their operation principle and the effects caused by
the various geometries [9], [45], [46], [47], [48], [49].

The studies started with a very simplified design version of the detector, to ensure the
desired result would not deviate too much. The simplified model was then sequentially
built up, in order to finally suit the complexity of final design model. This was thought to
be an adequate way to prevent possible errors that would arise, imposed by the complex
simulation demands of the final voxel design.

The very first design was chosen as a simple one material box. The aim was to ensure that
the methods chosen would ensure a correct Electric Field (E field) distribution within the
detector. A similar procedure was followed regarding the Weighting Field simulations of
the detector, with only one anode pixel designed. The material and the mesh applied were
identical to the E field case. Figure 3.9 was extracted via the COMSOL software. Here
the Weighting Field distribution inside the detector voxel can be seen, with the maximum
value of intensity in the dark red regions and minimum in the dark blue regions.
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Figure 3.9: Weighting Field distribution for one anode electrode pixel.

The next step would be to perform the same series of simulations, this time with the
addition of the insulation layer. The materials chosen were Aluminium Oxide (or else
known as α-Alumina) Al2O3 and Germanium Ge for the insulation layer and the bulk
respectively. For this simulation due to the use of two types of materials, it was important
for the correct Boundary Conditions to be applied. The two examples shown in Figures
3.10 and 3.11 were a case where the Boundary Conditions included error, leading to a
incorrect Electric Field distribution in the detector bulk.
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Figure 3.10: Electric field of pixelated CZT
detector: error in boundary conditions.

Figure 3.11: Electric field of pixelated CZT
detector: correct boundary conditions.

All of these primary simulation trials provided a better understanding of the software
capabilities, and gave important information on how to better structure the simulation
sequence.

The next step would be to design the 8x8 detector voxel. From the literature [45] the
dimensions were decided as a 1.6mm pixel with a pitch of 2.5mm. Due to the complexity of
designing such a geometry in COMSOL, it was decided to design the geometry in Siemens
NX and then to IMPORT it into COMSOL.

After the geometry was imported, the next steps were to apply the desirable material, set
the boundary conditions and finally build the mesh. The goal of these simulations were
the accurately represent the E field within the voxel’s bulk. Figure 3.12 portrays the final
iteration of this simulation procedure. The E field was homogeneous without any artefacts,
which indicated the high accuracy of the model.
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Figure 3.12: Electric Field distribution in the 8x8 detector voxel.

In this section there are only a few model concepts and their simulations presented, as it
was clear after a few iterations that some of the models produced undesirable results. The
aim was to provide a guide, and to slowly verify the correctness of the results. In reality
there were a lot more iterations performed testing the suitability of various materials and
various meshes. In addition, various physics model techniques were tried in order to achieve
the desirable results.

3.3.2 Final Detector Configuration

After the order of the detector voxels was placed, there was access to the provider’s design,
therefore the actual geometry was known.

The first step towards the performance of the simulations to study the CZT crystal be-
haviour, was to design the geometry of the pixel (voxel). The voxel was designed with
the aid of Siemens NX software. Due to the geometry’s high complexity each part of the
detector voxel was separately sketched and later combined into an assembly. The overall
pixel dimensions were 20 mm3 x 20mm3 x 15mm3. The Au layers serving as electrodes
were designed with height of 0.01 µm. In reality the height of these Au layer are known to
be two to three orders of magnitude thinner. During the geometry design it was decided
that this height difference would not largely affect the final results of the current induced on
the electrodes, and was therefore increased in order to drastically reduce the computational
time of the simulations. For the other relevant dimensions, the pixel size is 16 mm at 8x8
configuration, with a pitch of 25 mm.
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Figure 3.13: 3D view of the designed detector voxel. The 8x8 Anode, the semi transparent
bulk and the Cathode can be seen in different colours.

Figure 3.14: Bottom left corner of the anode in close view where: A) Insulation Layer, B)
Electrode Pixel C) Steering Grid.

The voxel assembly was then imported in the form of a STEP file into COMSOL.

COMSOL Simulation Setup

Any simulation performed with COMSOL follows a very specific sequence. Firstly the
geometry is defined, then the materials of each surface are applied. After this, the physics
method, with its respective boundary conditions, is chosen followed by the meshing proce-
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dure, and then finally the type of study is set. The method of the COMSOL simulations
is based on Finite Element Analysis (FEA).

After having imported the assembly from the chosen Computer Aided Design (CAD)
software, the following step was to define the materials of the detector voxel. The Cathode
(C) electrode is made from a thin layer of Au. The Anode (A) is separated in two parts;
the pixels which serve as the Collecting Anode (CA), and the Steering Grid which serves
as the Non Collecting Anode (NCA). Both Collecting Anode and Non Collecting Anode
electrodes are made of a thin layer of Au. Between the pixels and the Steering Grid there
is an insulation layer made of Al2O3. The described design can be seen in detail in Figure
3.14.

The following step was to define the materials of the surfaces of the geometry. While
Au and Al2O3 are already COMSOL predefined materials, the bulk material had to be a
custom input. CZT material properties were manually added and the necessary software
parameters were taken from sources available on the internet. This was because the
exact material properties vary according to each manufacturing method. The number of
impurities and the manufacturing procedure of the pixels vary significantly among the
provider companies. It is these characteristics which define the behaviour of each detector
pixel. Several research studies which summarise these results have been consulted. Some
examples are stated in [8]. Another important property of the CZT characterisation is its
density, and for these simulations a value of 5.78 g/cm3 was used.

Furthermore, while assigning materials to each surface, it was found that the use of Au
was problematic with the chosen physics method applied. The electric permittivity of a
metal is not predefined by the software used in this physics model. Setting a permittivity
for a metal is difficult as its meaning heavily depends on the context of what effect is being
modelled. For these simulations, in order to reduce the screening effects inside the bulk of
the detector voxel the permittivity, ε0, of Au was set to be equal to 11 F m−1.

The next step is to set the physics conditions appropriate for the specific study. A bias
voltage of −2000 V was applied to the Cathode, and a separating Voltage of −50 V was
applied to the Steering Grid.

As highlighted before, the assembly geometry was meshed in such a way to ensure a good
balance between a fast computational time while maintaining a sufficient level of accuracy
in the regions of high interest, specifically around each pixel on the A. This, along with the
dimensions in the detector geometry, led to the creation of five different types of custom
meshes. The chosen mesh structure for all five meshes was free tetrahedral. The final mesh
can be visualised in Figure 3.15 and Figure 3.16.
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Figure 3.15: 3D view of the applied mesh grids within the detector voxel.

Figure 3.16: Cross section of the applied mesh grids within the detector voxel.

As can be seen in Figure 3.17, the Electric field is uniform within the bulk of the detector.
The Electric field has been calculated assuming an absence of a moving charge q. The
reason for this is that the influence of the charge q is so little, that the small changes
created throughout the E field are not strong enough to have an impact on the charge q’s
movement within the bulk.

The correct meshing ensures uniformity of the E field. From a theoretical approach, the
E field should be uniform within the bulk. By looking at the COMSOL generated image
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shown in Figure 3.17, it can be seen that there are no large artefacts and therefore is
verified that the mesh selected achieved a sufficient level of accuracy.

The following step is to take into account the influence of the Weighting potential. As
previously stated, when applying the Shockley - Ramo theorem the Weighting field of a
target electrode is generated by setting the target electrode to 1 V while all of the other
electrodes are grounded.

Figure 3.17: Cross section of the Electric field shown within the bulk of the detector voxel.

Although this meshing style and sequence produced accurate enough results for the Elec-
trical field simulation, in the case of the Weighting field some artefacts appeared. The
dark red colour represents the theoretically expected value as the picture slice is cut right
beneath the pixel of interest, therefore the value should be at a maximum. These artefacts
can be seen in Figure 3.18 by zooming in closer right under the Anode. At the region right
below the pixel where the value of the field should be at a constant maximum value (dark
red), a number of light red lines are present.
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Figure 3.18: Cross section view of Weighting potential.

Figure 3.19: Contour graph of Weighting potential.
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Figure 3.20: Side view: Contour graph of Weighting potential.

In Figures 3.19 and 3.20 there can be seen the contour graph of how the weighing potential
forms around the pixel of interest. The Contour graphs portrays gradually the areas of
influence of the Weighting potential. Both Contour graphs are of 20 levels.

After a closer investigation of the simulation procedure it was found that these artefacts
existed due to some errors in the meshing. The very thin height of the Au electrodes was
the main cause for this. The information from the software’s data logs led to the conclusion
that, although the mesh sequence and the mesh nodes size were both correctly calculated,
the type of the mesh was not adequate for this geometry design.

In order to fix this issue a few simulations were iterated, and it was established that
meshing the very thin height regions with a free triangular mesh would significantly reduce
the number of errors. In the meantime, the quality of the results would be substantially
improved.

Figure 3.21 shows the new mesh throughout the volume of the detector. The new mesh
iteration pictured is the result of changing the sequence of the meshing elements, and the
settings for the nodes of the mesh. The new nodes were now fewer in number but with a
much higher quality.
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Figure 3.21: Mesh throughout the volume of the detector.

Figure 3.22, is a close up view of the new meshing iteration of the anode. The new mesh
is visibly less dense and the data logs showed the higher quality nodes. This mesh resulted
to a faster computation time in comparison to the mesh design in Figure 3.15.

Figure 3.22: Close up view of the Anode Mesh.

In Figures 3.23 and 3.24, there are pictured the Electric field and the Weighting field,
respectively. There can be clearly seen some artefacts in the Weighting field, although the
field distribution seems better in comparison to the cross section in Figure 3.18. In a close
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up view of the Weighting potential shown in Figure 3.25 it can clearly be distinguished
that the artefacts are a result of the meshing sequence. As the final goal is to get an as
high as possible accuracy, it was decided that another iteration was mandatory.

Figure 3.23: Electric Field in the volume of the voxel.

Figure 3.24: Cross section of Weighting Potential.
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Figure 3.25: Close up view of Weighting Potential.

The contour graphs shown in Figure 3.26 and Figure 3.27, were generated to compare the
field distribution between the previous mesh type as in Figure 3.16, and the current mesh
as in Figure 3.21. In all the simulations the contour graphs were programmed to have 20
levels value, to make the comparison among the results of the various mesh designs easier.
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Figure 3.26: Anode view: Contour graph of Weighting potential.

Figure 3.27: Side view: Contour graph of Weighting potential.

In the new iteration the mesh is denser, as appears in Figure 3.28 and Figure 3.29. The
mesh type is again free triangular. The quality of the mesh still continues to be high,
although the computation time has slightly increased. It should be noted that in the last
three models the boundary conditions are identical and that all the changes occurred only
the mesh elements.
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Figure 3.28: Mesh side view iteration 1.

Figure 3.29: Close-up view of the Anode Mesh.

Assessing the produced results, and as seen in Figures 3.30 and 3.31, both the Electric
field and the Weighting field have no artefacts. The figure 3.32 is a close up view of
the weighting field. The Figures 3.33 and 3.34 are the contour graphs, which show the
distribution of the field intensity of the pixel of interest. The contour graphs were again
programmed at 20 levels.
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Figure 3.30: Electric Potential within the volume of the detector voxel.

Figure 3.31: Cross section of Weighting potential.
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Figure 3.32: Close up view of Weighting potential.

Figure 3.33: Anode view: Contour graph of Weighting potential.
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Figure 3.34: Side view:Contour graph of Weighting potential.

From the software’s log files, it was found that with every adjustment of the element
quality and element volume of the mesh, the software reduced the number of internally
performed iterations, for zeroing the error. This observation is only valid when it comes
numerical changes on the same mesh type and sequence. Unfortunately it was not possible
to estimate the connection between the number of iterations performed with zeroing the
error, in two different types of mesh and different sequences.

3.3.3 Simulations of Steering grid and Cathode

It is useful to simulate the weighting Potential of both the Steering Grid and the Cathode,
to succesfully identify the induced current on these electrodes, because they can carry
current although they do not collect electrons. These simulations will provide a better
understanding of the mobility and the path the charge carriers might follow.

The simulation process here is almost identical to the process followed for the Pixel Weight-
ing Potential. Firstly, the electrodes of interest; the steering grid or the cathode are set
under 1 V and all of the rest of the electrodes are grounded. It is important also here
that the correct boundary conditions are set. Such action will assure less in built software
errors and therefore more accurate results. Secondly, follows the meshing sequence.

In Figures 3.35, 3.36 and 3.37 both plot for the Steering Grid Weighting Potential and the
Cathode Weighting Potential can bee seen.
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Figure 3.35: Close up slice view: Weighting Potential of Steering Grid.

Figure 3.36: Close up anode view: Weighting Potential of Steering Grid.
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Figure 3.37: Weighting Potential of the Cathode Electrode.

After following this process and expanding the simulation model a few issues arose. It
was found that although the Weighting Potential of the pixel had no artefacts after the
latest mesh iterations, after the expansion of the model the artefacts re-appeared. These
artefacts are shown in Figure 3.38. The model was tested and it was found that the newly
appeared artefacts had no connection to the cache of the model, the model sequence or
the independence of the performed studies. The problem was finally solved with a final
mesh iteration and by modifying the triangular mesh distribution. The new version of the
pixel Weighting Potential after eliminating the artefacts appears in Figure 3.39.

Figure 3.38: Artefacts that appeared on after the latest simulation additions to the model.
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Figure 3.39: Weighting Potential after the artefacts’ corrections.

3.3.4 Simulating the induced current via MATLAB

The expected signal pulse shape of each electrode can be extracted from the Weighting
potential, simply by following its course on the path the electrons travel. This section
focuses on the calculation of the induced current on an electrode of interest, caused by
cloud of charged particles, originating at a random position within the detector bulk and
moving towards the anode.

To achieve this, the data-sets from COMSOL were extracted in a .txt format to be then
processed via MATLAB. The files contained the values of the Electric potential E, the
Electric field compounds Ex, Ey, Ez, the Weighting potential W, and the Weighting field
compounds Wx, Wy, Wz. The values extracted from COMSOL were for the total volume
of the detector.

As a verification step, one quick way to assess the data and understand the sequence of
how the values were exported from COMSOL, was to plot the Weighting potential now in
MATLAB.

Below in Figures 3.40 and 3.41, the Weighting potential of the electrodes throughout the
detector length can be seen. In both cases the value of Weighting potential differentiates
throughout the detector length as expected from the studied theoretical background.
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Figure 3.40: Cathode Weighting potential in z-position in detector [mm].

Figure 3.41: Steering Grid Weighting potential in z-position in detector [mm].

Figure 3.42: Pixel Weighting potential in z-position in detector [mm].
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At first, when plotting the Weighting potential there were induced numerical errors, most
likely caused by the interpolation function. The generated plots showed a returned value
for the Weighting potential that was more than 1V. It was more than clear that this
error occurred from a wrong interpretation of data. The Weighting potential values are
easily verified, as there is a physical constraint imposed by the applied Dirichlet Boundary
conditions, when the Weighting potential was simulated in COMSOL. This problem
was successfully solved by suitably modifying the functions used for interpolation and
normalisation. The corrected maximum Value for the Weighting potential can be seen in
Figure 3.42.

The issues raised could be easily interpreted the following way. According to expectation,
the number of exported data points depends on the size of the mesh elements and the
meshing type and sequence. As the exported data values are solely based on the mesh
applied in COMSOL, it had to be decided whether it was worth modifying the mesh one
more time or it was preferable to solve the imposed problem via MATLAB. To avoid
any potential artefacts or unforeseen complications caused by COMSOL it was decided to
freeze the design and try to address the problem through MATLAB. Unfortunately, due
to time constraints, the Weighting potential of the pixel could not be plotted correctly via
MATLAB.

It is normal for one to wonder why the induced current on the electrodes was not simulated
through COMSOL. Although such solution was considered in the beginning, it was soon
abandoned. This was because the available resources did not include a package which
could support the computation of the movement of charges within a field. All COMSOL
simulations until this point were successful because the generated fields were static.

3.3.5 Remarks and Discussions of Chapter 3

The studies performed in this chapter showed the importance of the current CZT geometry
as a step to achieve better resolution levels for the desirable energy observation window.
The importance of adding the Steering Grid and choosing the right dimensions will ensure
the data is gathered from the desired energy window, a mandatory step to ensure better
overall performance for the Compton Camera.

The task was to design the detector voxel and perform the necessary physics simulations.
The final detector voxel dimensions caused a number of complications concerning the
obtained results. The height of the Au electrodes was very thin in order to apply the
desirable mesh without errors to occur. The mesh type was changed and adapted to the
detector voxel design to successfully solve the issue.

Another important point is the application of the materials onto the electrode surfaces.
Au is a problematic material to use with the electrostatics physics package in COMSOL.
It introduces a permanent error due to the model consideration of the non mobility of the
electrons. These conditions are pre-set by the software’s functionality. The value of Au
permittivity should be carefully examined and chosen to further avoid screening effects
within the detector voxel. After studying the material properties and software functionality
the appropriate values were considered to be between 5 and 11. It should be noted that
choosing a value of 1 for reasons of simplicity has mostly led to inaccurate results and
caused further problems.

Throughout the entire simulation process all artefacts that appeared in the generated
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results were addressed with the same method; by further iterations and appropriate mesh
adaptation. Such an approach was decided to be the most suitable, from taking into
account the set boundary conditions and the expected result values.

Plotting the COMSOL exported data in MATLAB imposed certain limitations which were
thoroughly discussed in section 3.3.4. A challenging task was to interpret which rows of
x,y,z correspond to the anode. Histograms, minimum and maximum elements of an array
were used to better understand the data.

To conclude, once the Weighting potential of the pixel had been simulated, a calculation
of the induced current on the electrodes of interest could be performed. One interesting
approach, which also enables the verification of the generated results with the theory, would
be to test the induced current for three different distances from the electrode of interest.
For instance an electrode cloud in a distance of 10%, 40% and 80% from the anode would
provide very interesting results for the induced current on the electrodes of the anode pixel,
the steering grid and the cathode.



Chapter 4

Discussions and Conclusion

4.1 Ethics and Sustainability aspects

Compton cameras are in wide use nowadays. Their most popular fields of application
concern medical imaging, gamma ray astronomy and industrial non-destructive inspection.
They can also be used in cases of radiation detection such as the assessment studies of
individual radio-nuclide distributions occurring in potential nuclear accidents. Although
Compton cameras can also hold a major role in military applications, this technology
should only be regarded as a tool to prevent catastrophic events and it should not be used
as a weapon against humanity.

Another crucial aspect in this day and age is the number of objects launched into space.
It is now easier more than ever for students and researchers to launch their experiments
into space. This poses a wonderful opportunity, not only in terms of learning but also in
debunking the idea that space is only for the elite few, and making concepts that would
otherwise seem very distant, approachable. However, this freedom towards knowledge can
be proven problematic if not handled properly.

Building and launching experiments without considering their End of Life Disposal can
contribute to the already existing global issue of space debris, that will have an ever-
increasing dramatic impact on our civilization, rendering our access into space virtually
impossible.

Therefore it is very important for individuals to think about proper disposal techniques.
There are a number of studies proving there are still, even today, missions that are violating
the international disposal guidelines. It is imperative for individuals to follow these Post -
Mission Disposal (PMD) guidelines, as well as for the agencies to keep these policies up
to date with the demands of today. All these actions require good project management
planning and resource distribution.

Currently there are many promising researched solutions to solve the problem of safely and
quickly de-orbiting small sized satellites. One such example could be to use low cost and
lightweight deployable sails which would be far more cost efficient than a more traditional
propulsion based alternative.

Neglecting this problem will lead to catastrophic consequences for our society, and impose
technological limitations which could cast the world as we know it many decades back.

4.2 Conclusion

MeVCube is a spaceborne Compton telescope, and will be used to detect gamma rays in
the energy range around 1 MeV. It is planned to be hosted on a 6U CubeSat with the goal

62
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to be launched in early 2022.

This thesis focused primarily on a feasibility study to assess potential launch orbits, in
which many different sources of background noise were studied. Studying the local space
environment of different orbits leads to the determination of the levels of background
noise. The population of trapped protons and trapped electrons were estimated for the
periods of Solar Minimum and Solar Maximum, and the levels of GCR flux. An orbital
trade-off was then performed in order to quantify a decision. It was concluded that the
equatorial orbit is preferable for reducing the influence of background noise. In addition,
the number of particles that can penetrate the detector shielding was simulated. Through
these studies it was concluded that the influence of background noise in equatorial orbit
would be considerably low, and therefore the equatorial orbit should be selected.

The next step was to perform a secondary study, this time on the detector crystal itself in
the form of a simulation. The aim of this was to simulate the induced current produced by
the interactions occurring within the detector. Firstly, the observational capabilities of a
Compton telescope were explained. The next step was to study the interaction of photons
with matter. After the physics behind the interactions were fully understood, an overview
of the CZT types and working principles followed to offer insight into these processes. After
the physical inputs were collected, the next step was to select a software tool that could
accurately simulate the physics within the CZT detector. The decision made was to use
COMSOL as the main software. One of the main advantages that COMSOL had, was
that it reduced the risks evoked by using two alternative softwares, whose combination was
known to be problematic. COMSOL simulations are based on FEA. It offers a complete
physics approach to a potential problem by providing a simple method to setting the
necessary boundary conditions. A number of iterations were performed to finalise the
appropriate mesh size, which ensured an accurate representation of the Electric Potential
and the Weighting potential within the detector voxel.

The final task was to calculate the induced current on the electrodes. These simulation
were performed using MATLAB, using the data exported via COMSOL. As a verification
step it was thought useful to firstly plot the Weighting potential of the three electrodes
under test; one anode pixel, the steering grid and the cathode. Although the process
was fundamentally easy for the cases of the steering grid and the cathode, obtaining the
plot of the Weighting potential proved significantly more difficult. The process revealed
a series of numerical errors, most likely introduced by the type of mesh chosen or by the
data manipulation process via MATLAB. Finally through many iterations it was seen
that these errors came from missing data points. The missing data points occurred from
the selected type of generated mesh. Solving these issues with MATLAB could lead in
accumulating numerical errors and having a significant offset from the accurate values.

Significant reduction of the numerical errors would lead to more accurate values for the
induced current. Unfortunately due to time constraints this was a task that was not
completed. Solving this problem would be optimal for future studies with MATLAB,
as induced current on the electrodes is calculated based on charge transport within the
detector bulk.
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4.3 Future Studies

In this thesis report, the studies performed upon this point provide a natural guide to
enable future research.

The simulated induced current signal is to be simulated again within the first stage of the
front end electronics, showing how the electronic readout influences the pulse generated
in the detector. A comparison of these studies with the laboratory results will lead to the
deeper understanding of how to achieve the desired instrument parameters.

An issue of high importance to be addressed would be to measure the levels of the noise
introduced by the front end electronics. Relating these studies to the levels of energy
and spatial resolution can be very beneficial as they can lead to the improvement of the
observational capabilities of the Compton camera.
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Appendix

Figure A.1: World Map of Proton Population with flux >20 MeV Equatorial Orbit at Solar
Minimum.
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Figure A.2: World Map of Electron Population with flux >20 MeV Equatorial Orbit at
Solar Maximum.

Figure A.3: World Map of Electron Population with flux >1.25 MeV Equatorial Orbit at
Solar Minimum.
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Figure A.4: World Map of Electron Population with flux >1.25 MeV Equatorial Orbit at
Solar Maximum.

Figure A.5: World Map of Proton Population with flux >20 MeV ISS Orbit at Solar
Minimum.
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Figure A.6: World Map of Electron Population with flux >20 MeV ISS Orbit at Solar
Maximum.

Figure A.7: World Map of Electron Population with flux >1.25 MeV ISS Orbit at Solar
Minimum.
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Figure A.8: World Map of Electron Population with flux >1.25 MeV ISS Orbit at Solar
Maximum.


	List of Tables
	List of Figures
	List of Acronyms
	List of Chemical Elements & Compounds
	1 Introduction
	1.1 Thesis Scope and Structure
	1.2 Gamma Ray Astronomy
	1.3 MeVCube Scientific Objectives

	2 Mission Analysis and Design
	2.1 Mission Analysis
	2.2 Instrument Description
	2.3 Spacecraft Environment Interactions
	2.3.1 Spacecraft Damage
	2.3.2 Detector Background Noise

	2.4 Simulations for the identification of the local orbital environment
	2.4.1 Equatorial orbit simulations
	2.4.2 ISS orbit simulations
	2.4.3 Simulations for ACD assessment
	2.4.4 Orbital Trade-Offs
	2.4.5 Discussions on Chapter 2


	3 Principle of Compton Telescopes & CZT detectors
	3.1 Compton Telescopes Operation Principles and Observation Capabilities 
	3.2 Gamma ray interaction with the CZT crystal
	3.2.1 Interaction of photons with matter
	3.2.2 CZT Overview
	3.2.3 Theoretical Background of Signal Induction on Electrodes

	3.3 Simulation Procedure
	3.3.1 Early works and Primary Detector Configuration
	3.3.2 Final Detector Configuration
	3.3.3 Simulations of Steering grid and Cathode
	3.3.4 Simulating the induced current via MATLAB
	3.3.5 Remarks and Discussions of Chapter 3


	4 Discussions and Conclusion
	4.1 Ethics and Sustainability aspects
	4.2 Conclusion
	4.3 Future Studies

	A Appendix

