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Lay Summary

In recent years, gamma-spectroscopy has advanced with the development
of highly segmented germanium detectors and high-end pulse processing elec-
tronics. The segmented germanium detectors, popularly known as tracking
detectors, are capable of gamma-ray tracking based on pulse shape analysis.
Due to the complexity of signals/pulses in such segmented detectors, obtaining
their full 3-dimensional characterization/scan is necessary to achieve at each
gamma interaction point inside the detector. The primary aim of this thesis is
to develop a one-shot scanning system, a gamma imager, for interdisciplinary
applications. In order to characterize a planar segmented germanium detector,
the detector has been scanned employing GSI Scanner at the GSI Helmholtzzen-
trum fiir Schwerionenforschung, Darmstadt, Germany. The planar detector will
be used as an active stopper in upcoming DEcay SPECtroscopy (DESPEC) ex-
periments. The gamma imaging analysis has been performed using pulse shape
analysis by looking at pulses for all interactions on an event-by-event basis to
determine the gamma-ray interaction coordinates. Further, efforts have been
made to develop a new gamma-imager to be deployed in India at IIT Ropar in
collaboration with GSI - Germany. The aim is to develop a fast and improved
gamma imager and employ this for scanning tracking detectors to understand
their electric field distribution, gamma interaction locations, defects, etc. The
work is an R&D for future scanning device development with simple configura-
tion and advanced readout electronics. The characterization of the new gamma
imager has been performed, and the results show a position resolution of the or-
der of = 1 mm. It may be pointed out that the gamma-scanning system/imager
has applications in medical imaging, quantum sensing, homeland security, the
oil and natural gas industry, and deep sea exploration, to name a few.



ix

Abstract

In recent years, many efforts have been devoted towards the development
of advanced gamma-spectroscopy detectors and sophisticated pulse-processing
electronics. A crucial breakthrough in the domain of gamma-spectroscopy has
been achieved after the development of highly segmented germanium detec-
tors. Detector segmentation is essential in determining gamma-ray interaction
location using Pulse Shape Analysis (PSA). The experimental dataset of traces
obtained using various standard gamma sources provided a more realistic track-
ing algorithm to determine energy and 3-D point of interaction for each event.
The PSA technique has been used to achieve energy and 3-D point of gamma
interaction depending upon the amplitude of the pulse and its shape at each
electrode. The prime feature of locating a point of interaction is that the moving
charge induces a charge on the electrode, and based on the properties of elec-
trical segmentation, an image charge is produced on the neighboring/adjacent
segment. Due to the complexity of signals/pulses in the segmented detectors,
obtaining their full 3-Dimensional (3-D) characterization is necessary.

Therefore, dedicated gamma scanning systems/imagers have been developed
employing various novel approaches for gamma-ray interaction location determi-
nation. The primary aim of this thesis has been to develop a one-shot scanning
system based on a collimation-free scanning technique. The thesis comprises
two sets of investigations and developments:

1. In the first set of investigations, the performance test of a planar segmented
germanium detector has been performed at GSI Germany. The primary
motivation of this work is to prepare the detector deployed as an implan-
tation detector in future DEcay SPECtroscopy (DESPEC) experiments
to be performed at the Facility for Antiproton and Ion Research (FAIR)
in Germany. The detector under study is a double-sided orthogonal strip
detector comprised of ten strips per two opposite sides in horizontal and
vertical directions. For its scanning, an existing GSI scanner facility has
been used. The GSI scanner consists of a position-sensitive scintillator de-
tector, i.e., LYSO scintillator coupled with a photomultiplier tube with a
mesh of 16 X and 16 Y anodes, and a > Na standard gamma source. The
principle of scanning is positron annihilation correlation and the analysis
of pulse shape comparison scan. Further, 24! Am source scanning has been
performed at steps of 1 mm using a lead (Pb) collimator having a hole
of diameter 1 mm. The data analysis has been carried out to determine
the performance of the planar germanium detector towards the incoming
gamma-rays. The gamma interaction depth has been studied by calculat-
ing the rise-time of traces stored for each gamma interaction point inside
the detector volume, providing ~ 1 mm resolution along the depth. The
position resolution of the detector in lateral directions, determined using
the amplitude difference of the transient charges, has also been found to
be &~ 1 mm.

2. Considering the ongoing efforts of the Indian gamma-spectroscopy commu-



nity to get an AGATA-like array in India, we initiated the development
of a gamma imager at IIT Ropar in collaboration with GSI, Germany.
The aim of the ongoing R&D is to develop a one-shot scanning technique
and employ the device for scanning highly segmented germanium detec-
tors to achieve the gamma interaction locations, electric field distribution,
and defects. The prime aim is to develop a gamma imager with simple
yet high-end electronics, higher gain, and compact hardware inclusion as
an advancement over the existing gamma scanning/imager systems. In
this thesis, a position-sensitive detector, i.e., LYSO monolithic scintillator
crystal of diameter 7 cm and thickness 3 mm coupled with the matrix of
96 silicon photomultipliers of 3 mm x 3 mm dimensions, has been devel-
oped. The testing/characterization of the detector has been performed at
GSI, Germany, to understand detector properties and determine its posi-
tion resolution. In the first step, the test was performed with 24 detector
channels employing a *2 Na standard gamma source. However, the second
test was performed using a coincidence setup between the existing GSI
scanner and the new imager. The preliminary test results have been an-
alyzed and discussed for detector position resolution, using differences in
amplitudes at the neighboring segments.

Keywords: Position-sensitive detector, Double-sided strip detector, Planar
segmented detector, Pulse shape analysis, Gamma imager/scanner, LYSO(Ce)
scintillator, Silicon photomultiplier.
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Chapter 1

Interactions of Gamma-rays
with Matter and their
Detection

The interaction of gamma-rays with matter is often described primarily by three
distinct processes, i.e., photoelectric effect, Compton scattering, and pair pro-
duction, in which gamma-rays lose their identity, and there is a redistribution of
energy into a different phenomenon. Generally, in Photoelectric Effect (Photo-
electric effect), the incident photon falling onto an atom is completely absorbed
by it, followed by the emission of an electron. The kinetic energy of the electron
depends upon the incident photon energy and the work function or the binding
energy of the electron in that shell. The process of Photoelectric effect takes
place from the most tightly bound shell of the atom, i.e., k shell, which has
a maximum probability to emit photo-electrons as it is closest to the nucleus.
However, Compton Scattering (CS), the most dominant interaction process in
terms of the probability in a wide energy range, 150 keV to 8 MeV, in which the
incoming gamma-rays are elastically scattered (the total energy is conserved)
from a free electron in one of the atomic shells and gets deflected at a certain
angle. The energy of the incident photon is re-distributed into the kinetic energy
of the electron and the energy of the scattered photon. Pair Production (PP) is
the phenomenon in which the energy of gamma-rays is transformed into matter
through the production of an electron and a positron. The phenomenon is pro-
nounced at higher gamma-ray energies, exceeding twice the rest mass energy of
an electron. The photon interacting inside the detector disappears, producing
electron-positron pair. To conserve energy and momentum, the process of PP
takes place in the vicinity of the nucleus. Schematic representation of the in-
teraction of gamma-rays with a Silicon atom leading to (a) Photoelectric Effect
(Photoelectric), (b) Pair Production (PP), and (¢) Compton Scattering (CS) is
shown in[I.T} The energies of the incident and the scattered photon are denoted
by Eg and E, respectively.
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Fig. 1.1. Schematic representation of gamma interactions with Silicon atom
leading to (a) Photoelectric Effect (Photoelectric), (b) Pair Production (PP),
and (c) Compton Scattering (CS). The incident photon energy is denoted by Eg
and scattered photon energy as E.

Further, in order to display how different gamma-rays interaction processes
compete with each other at different energies, the probability of gamma-ray
interaction processes has been simulated as a function of incident photon energy
in germanium matter, shown in Fig. a), using the standard formulation
given in ref.[I]. As can be seen from this figure, the weights of different processes
depend upon the gamma-rays interaction probability. The figure shows the onset
and dominance of different processes with varying incident energies. As can be
seen from this figure, the probability of different processes, i.e., Photoelectric,
CS, and PP, are denoted by red, blue, and black curves, respectively. The
Rayleigh Scattering has also been shown in the figure, represented by a green
curve, which is pronounced at low energies and for heavy atoms. The comparison
of attenuation coefficients for each of the interaction processes, as well as total
attenuation as a function of the increasing incident gamma-ray energy, has been
represented in Fig. b). It shows the contribution of various interaction
processes on an absolute scale.

From the figure Fig. a)7 it can be inferred that the Photoelectric effect
process is pronounced at lower energies (below 100 keV) as the photoelectric
cross-section decreases rapidly with increasing energy. It happens due to re-
duced time of interaction with the innermost shells of the atom, the underlying
feature for the process to take place. Further, the CS process is dominant at
the intermediate energies between 100 keV to a few tens of MeV because of the
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Fig. 1.2. (a) Probability of gamma-ray interaction process as a function of
incident photon energy in germanium matter using standard formulation [I].
The Rayleigh Scattering has also been shown in the figure, represented by a
green curve, which is pronounced at low energies and for heavy atoms. (b)
Comparison of attenuation coefficients for each of the interaction processes,
as well as total attenuation (represented by solid line), as a function of the
increasing incident gamma-ray energy in germanium.

increased probability of interaction with outer valence electrons. However, at
sufficiently high energies, above 1 MeV, the probability of gamma-ray energy
converting to mass increases, i.e., through the process of electron-positron pair
production, and follows the famous Einstein’s mass-energy equivalence equation.

1.1 Gamma-ray Detectors

Gamma-ray detectors are employed to measure radiations emitted from nucle-
onic excitations. The detector produces an electrical signal, further processed
by the accompanied readout electronics, used to measure photon energy and
intensity. The energy obtained is characteristic of a specific nucleus, and its
intensity describes the source activity. Based on the interaction processes of
gamma-rays, different detectors are employed, of which a brief overview of a
few detection systems is given in the following sections.

1.1.1 Scintillator Detectors

This detector consists of a scintillator crystal coupled to a photodiode or Photo-
Multiplier Tube (PMT). The crystal material exhibits luminance when the ion-
izing radiation falls on the crystal as the atoms/molecules get excited, emitting
light during de-excitation. This light is further absorbed by the photodetector
producing electrons via the Photoelectric effect. The phenomenon of light emit-
ted from the scintillator crystal may be classified into two groups depending on
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the emission time. If the light emitted after de-excitation occurs within ~ 10~%
s, the process is termed fluorescence. Sometimes, the de-excitation gets delayed
if it occurs from one of the meta-stable states; depending on the wavelength
of a photon being emitted, it is referred to as phosphorescence. The typical
combination of a scintillator crystal and a PMT is given in Fig. [I.3]

. tocathode Dynode
Incoming Scintillator
photon crystal
|
Low energy
scintillation
light

Fig. 1.3. Typical representation of a scintillator detector in which a Scintillator
crystal is shown coupled with a photo-multiplier tube (PMT).

As shown in this, the light produced in the scintillator falls on the photo-
cathode producing the primary photo-electron, which is guided towards a series
of multiple dynode stages through an applied electric field producing secondary
electrons. Typically, the electron multiplication is of the order of ~ 107-10'°.
The charge signal is then collected at the final anode, processed, and analyzed
with the corresponding electronics. The selection of a scintillator is dependent
on the following properties:

i High efficiency for light conversion

ii Dense material to stop the incoming gamma-rays for higher photoelectric
cross-section as compared to CS.

iii The scintillation light produced is proportional to the number of photons
detected, i.e., linear response.

iv Sufficient light collection depends upon whether the material is transpar-
ent to its own emission wavelength.

v Shorter decay time implies faster response time to reduce dead time and
better time resolution.

vi For efficient light transmission from crystal to PMT, the refractive index
of two media shall be approximately similar.



1.1. GAMMA-RAY DETECTORS )

The photodetection efficiency, also termed quantum efficiency, is defined as
the number of photo-electrons produced from the incident photons. However,
there are events in which de-excitation is not accompanied by the emission of
light and is degraded to heat. Such events correspond to the process of quench-
ing. Therefore, during the fabrication of these detectors, optical coupling be-
tween the scintillator and PMT requires no impurities or air bubbles trapped in
between them. Other than emission through fluorescence or phosphorescence,
there is a component added to the scintillator called a wave shifter. It allows the
emission of scintillation light at a longer wavelength, mostly in the UV-Visible
region, which is useful for good spectral matching between the scintillator and
PMT. The scintillators are broadly classified as inorganic and organic scintilla-
tors.

i Inorganic scintillators are alkali halides with small impurities acting as
activators grown at high temperatures. The emission of light during de-
excitation depends upon the electronic band structure. The large band gap
between the valence and conduction band leads to mostly the process of
quenching. In order to maximize quantum efficiency, the activator creates
special sites, and the de-excitation occurs from the activator state to the
ground state. The de-excitation is accompanied by the emission of light
in the visible region. Some of the widely used scintillators are Nal (T1)
for gamma-ray, CsI (T1) for protons/alpha, and ZnS (Ag) for a- particle
or heavy ion detection.

ii Organic scintillators are compounds of hydrocarbons made of benzene
rings. The oscillations occur from the molecular nature of these com-
pounds that creates m-e~ structure [I§]. The emission of light is through
the process of fluorescence (prompt) or phosphorescence (delayed). They
have a very fast decay time of the order of a few ns. The wavelength
shifter added in a small amount helps to emit light of longer wavelength.
Anthracene has the highest quantum efficiency, therefore, better resolu-
tion, and stilbene is sensitive to the pulse shape discrimination between
electron, proton, or alpha particle radiation.

1.1.2 Semiconductor Detectors

Due to the low radiation energy required to produce electrical signals in semicon-
ductor detectors =~ 1 eV, the semiconductor detectors outperform the scintillator
detectors in which energy required for signal formation is of the order of ~ 100
eV. The semiconductor detectors offer excellent energy resolution because of
increased charge carriers produced, implying lesser statistical fluctuations. The
semiconductor detectors are cooled down to the liquid nitrogen temperatures
(LN3), i.e., 77 K, to avoid thermal excitations. Further, the semiconductor ma-
terials can be doped with impurities to increase the charge carriers. The dopant
impurity substitutes one of the semiconductor atoms in the lattice, adding one
extra electron or hole in the material. These extra charge carriers are arranged
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at the level within the band gap. Depending upon the type of impurities, tri or
pentavalent, the semiconductor is termed p-type or n-type, respectively. When
there is a thermal contact between p-type and n-type semiconductors, charge
carriers diffuse from one side to another, i.e., electrons move from n-type to-
wards the junction, and holes move from p-type towards the junction. The
presence of the charges at the junction creates an electric field. At the junction,
the diffusion creates a region with no mobile carriers (devoid of space charge)
called the depletion region and is represented in Fig. (a). Due to the electric
field created in the depletion region, only a few electrons from the n-side can
go toward the p-side. A potential barrier is created for the majority carriers;
e.g., the potential barrier for Si and Ge is 0.7 ¢V and 0.3 eV, respectively. Due
to the electric field generated, the flow of minority charge carriers, under the
influence of the field, will be cancelled by the flow of majority charge carriers.
When the external field is applied in the opposite direction of the internal field,
the resistance to charge carrier flow is reduced, and the junction is called to be
in the forward biasing stage. It has been depicted by AE — eV in the band
representation for the p-n junction formed in Fig. a). In this figure, Er
denotes the fermi energy, and AFE represents the energy difference between the
conduction bands at the p and n-sides after the formation of the junction, while
eV denotes the energy gained after the external field is applied.

The width of the depletion region is dependent upon the concentration of
doping impurity and is given by,

g—?YoNatNp (1.1)
& NAND

where, e= Dielectric constant of the medium, e=electronic charge, V= Internal
/ built-in potential, Ny= No. of Acceptor atoms, Np= No. of Donor atoms.
Depending on the size of the semiconductor detector and the concentration of
the dopant, the bias voltage may vary from 500-4000 V. If the doping on the
n-side is very high as compared to the p-side, i.e., Np > N4, the space charge
region extends further to the p-side and vice-versa. Therefore, the more general

form of the equation (L.1) may be written as d = 26;,/ [18], for an applied

e

voltage V', and dopant concentration N.

As can be seen in Fig. a), the width of the depletion region changes
with a change in the external electric field applied, i.e., it reduces with forward
biasing. The circuit with a p-n junction is called a diode. When the detector
is reverse-biased, the holes move towards the negative potential and electrons
toward the positive potential, leaving fewer charge carriers on the two sides. As
a result, the width of the depletion region increases further. The application
of increased depletion width is that the detector can then be used for radiation
study as the charge carrier produced in the depletion region will entirely be due
to radiation falling on the detector. It may be pointed out that the width of the
depletion region gets enhanced in reverse biasing due to a change in the effective
electric field in the depletion region, as shown in Fig. b). The same has been
depicted by AFE + eV in the band representation for the p-n junction formed in
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Depleti-
on

(@)

Fig. 1.4. Change of depletion region as a function of bias in a p-n junction
diode (a) forward, and (b) reverse bias. The corresponding change in bandgaps
is represented below through blue and grey curves.

Fig. [1.4(b). The flow of current in the reverse bias is called reverse saturation
current (I;). It is of the order of nA in silicon devices. It is temperature
dependent. I, increases with an increase in temperature due to minority charge
carriers. For Si, for 1 °C rise in temperature, the value of I, increases by 7%. It
is called reverse saturation current because, in reverse biasing, the current does
not increase much with an increase in reverse bias. However, there is a voltage
at which a lot of minority charge carriers are produced at the depletion region,
and the current increases rapidly. This region is called the breakdown region,
and the effect is known as the avalanche effect.

1.1.3 High Purity Germanium (HPGe) Detectors

The Si and Ge semiconductor detectors with low band gap energy are broadly
used for radiation detection. However, for deeply penetrating radiations, the
depletion depth beyond 2-3 mm is difficult to achieve. Therefore, based on the
equation d o /4, the decrease in the concentration of impurities (N) leads
to the increase in depletion width (d). This leads to the development of High
Purity Ge (HPGe) detectors with a reduction in impurity ~ 103710 atoms/cc

(difficult to achieve in the case of Si) using zone refining technique, balancing
impurities by adding dopant of an opposite type leading to the production of
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either n or p-type HPGe. The HPGe detectors have been produced in different
shapes/sizes for different applications; for example, different shapes of planar
and coaxial Ge detectors are shown in Fig [18]. For completeness, the signal
formation in the semiconductor detectors is discussed in Appendix {A] of this
thesis.

Planar e p+contact True coaxial

— n+contact
ttated Passive surface
Active volume

—

Single-ended coaxial Well-type coaxial

Fig. 1.5. Pictorial representation of different planar and coaxial configurations
of HPGe crystals. The n+ and p+ contacts, passive surface, and active volume
are self-explanatory in the images.

i

ii

In planar configuration, the two electrical contacts (n+ and p+) are made
at the opposite flat surface of the disk. The two contacts can be prepared
by ion implantation of either donor or acceptor atom on two sides. This
technique has an advantage as the contact layer can be made thin, having
an advantage for detecting low-energy radiation and X-rays. Most n-type
contacts are made using lithium (Li) ion diffusion because of the difficulty
in the implantation process and producing a thicker dead layer. In a p-
type semiconductor, reverse biasing implies positive voltage on the n+
side w.r.t. p+ side or negative voltage on the p+ side w.r.t. n+ side. At
full bias, the detector is fully depleted. The extension of the depletion
region would start from the n+ to p+ contact.

The width of the depletion region in the planar is limited to 1-2 cm. There-
fore, cylindrical or coaxial detectors have been developed to get more width
of the depletion region (sensitive to high energy gamma-ray detection). In
this geometry, one contact is the outer surface, while the second contact
is made by removing the core and making contact at the inner surface.
In this configuration, electric field lines are created radially, which helps
to achieve a much larger depletion thickness. The core is true coaxial if
it extends along the full crystal length. For the more active regions, the
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core is extended along one flat end of the crystal; it is called a closed-end
coaxial detector.

1.1.4 Silicon Photomultipliers

The Silicon PhotoMultiplier (SiPM) is a matrix of many Single PhotoAvalanche
Diodes (SPADs) with a quenching resistor on the Si substrate that works in
Geiger mode with a high gain. The SPAD /microcell size may vary from 15-70
pm [24], covering substrate area of ~ 1x1 mm?/3x3 mm?. They have added
advantage over other p-n junction diodes, i.e., acting as binary photon counters.
The intensity of photons impinging the detector can be determined from several
pixels firing. Because of small size, high packing density (cell density achieved is
~ 102-10® per mm? based upon microcell size), and fast recovery time (~100 ns),
the multiple hit in a single microcell gets reduced appreciably. The accelerated
charge carriers produce further secondary charge pairs when the electric field
across the detector is more than 10° V/cm. Therefore, one photon triggers
self occurring ionization cascade. At sufficiently high bias, Si breaks down,
producing a high gain signal. Further, a quenching resistor is used to stop the
cascade and limit the current drawn by the diode during a breakdown. Hence,
it protects the diode to recover for the next signal. The recovery time of SiPM,
also denoted by the decay time of a pulse, is given by:

Tre = Cp(R+ Q + RsN), (1.2)

where, C'p = Microcell effective capacitance, Rg = Quench resistance, N
= Number of microcells, Rg = Series resistance. The total charge produced is
given as,

Q =nGe (1.3)

n = Number of fired microcells, G = Gain of the SiPM, e = Electronic charge.
The extensive studies show that the gain of SIPM depends upon the overvoltage,
a total charge created by the incoming photons, and capacitance, given as,

where, 6V = Vi - V. Important to note that SiPMs are biased to voltages
usually greater than 10-25% of breakdown voltage. The number of photons
detected is proportional to the number of microcells firing. It is determined by
photon detection efficiency (nppg),

nepe = (1 — pr)FPQEPav, (1.5)

where, pr = probability of photon reflection at the Si surface. It depends
upon the wavelength of the photon.
F = Fill factor used to determine SiPM geometrical area sensitive to light.
por = Quantum efficiency. It is the probability that electron-hole pairs will
be generated from the photon interaction. p,, = It is Geiger efficiency, i.e.,
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Fig. 1.6. Schematic representation of SiPM working and matrix of SPAD’s [2]
[3].

the probability avalanche will be generated from primary charge carriers pro-
duced in the SiPM. It depends upon wavelength, V4., and temperature. The
energy/wavelength of incoming gamma-ray defines the average absorption thick-
ness in the substrate. It is also said that every 8°C rise in temperature changes
SiPM gain by two [25]. It is important to maintain Dark Count Rate (DCR).
The pictorial representation of SiPM and its working is shown in Fig.

The SiPMs have the advantage of being affordable, easy to transport, and
have radiation-hard properties as compared to conventional p-n junction diodes.
There can be different SiPM biasing configurations for reverse biasing conditions
depending upon whether the output is taken from the p-side (Anode) (implying
negative biasing) or n-side (Cathode) (implying positive biasing). The different
biasing configurations for cathode/anode readout are shown in Fig,. (a)-(b).

1.2 This Thesis

The primary objectives of this thesis have been to test the position-sensitive
capabilities of a planar germanium detector and to develop a one-shot scanning
system/gamma imager based on a collimation-free scanning technique. This
thesis comprises two instrumentation projects:

i Performance test of a position-sensitive planar germanium de-
tector for phase-III DESPEC experiments: In the first set of inves-
tigations, a planar segmented HPGe detector has been characterized to
study its charge transport properties using an existing scanner setup at
GSI Germany. The aim of this performance test is to prepare the detector
for phase-III DEcay SPECtroscopy (DESPEC) experiments at the Facility
for Antiproton and Ion Research (FAIR), Germany, as an active implanter.
An extensive analysis of the measurements is presented in Chapter 3 of
this thesis.

ii IIT Ropar gamma imager: In the second phase of this thesis, efforts
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-Vbias

HVbias  (b)

Fig. 1.7. Different bias configurations and corresponding signal outputs for (a)
negative and (b) positive biasing detectors. Standard output is represented by
Sout, and fast output is Fout. The corresponding pulses have also been shown
sideways. RS represents the series resistor.[4]
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have been made to develop a new gamma imaging device for IIT Ropar
in collaboration with GSI. This R&D has been taken up to complement
the efforts being made to set up an AGATA-like array in India. The
motivation is to employ the scanning device for tracking detectors with
more versatility, advanced readout electronics, and faster scanning time.
As an outcome of this work, a one-shot scanning system/gamma imager
based on a collimation-free scanning technique has been developed and
tested. The primary detector testing and detailed analysis are discussed
in Chapter 4 of this thesis.



Chapter 2

Gamma Imaging Devices in
Literature

Gamma-spectroscopy offers greater insights into the complex nuclear structure
and helps to investigate different astrophysical processes in the universe, such
as neutron and proton capture processes, by artificially producing Radioactive
Ton Beams (RIBs) in advanced research facilities at GSI (Germany), RIKEN
(Japan), GANIL (France) to name a few. The specific nucleus of interest is
investigated through gamma-ray detection using a combination/array of many
various detectors. The characteristic gamma-rays are analyzed to know prop-
erties, like spin, isospin, angular momentum, etc, of a hot rotating nucleus.
An advancement in the field of gamma-spectroscopy has been attained after
the development of the state-of-the-art segmented germanium detectors, which
have been employed in Gamma-Ray Energy Tracking In-beam Nuclear Array
(GRETINA) [26] and Advanced GAmma Tracking Array (AGATA) [27], to
study exotic nuclei far from the line of stability. Fig. displays representative
images of (a) AGATA and (b) GRETINA. Both the arrays have 47 solid an-
gle coverage and use High Purity Germanium (HPGe) detectors in which each
crystal is segmented into 36 segments along horizontal and vertical directions
and also segmented electronically for the purpose of readout. These detectors
are based on gamma-ray tracking (for position determination of interaction)
and Pulse Shape Analysis (PSA). The main objective of these segmented detec-
tors is to obtain increased efficiency with high solid angle coverage, along with
Doppler shift correction leading to better energy resolution, which is caused due
to high-velocity RIBs (v~0.9c¢).

Owing to the complexity of signals/pulses in these segmented detectors, it
is necessary to obtain their full 3-Dimensional (3-D) characterization to store
traces (signal/pulse obtained after an interaction) at each interaction location
using various standard gamma-ray sources like °°Co, 137C's, 22 Na, > Co, *** Am,
152 By, ete. The database of traces is obtained in order to compare the obtained
set of traces with an unknown gamma-ray interaction. The uniqueness of the

13
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Fig. 2.1. Pictires of (a) AGATA (Advanced GAmma Tracking Array) with
32 HPGe crystals as assembled at GANIL (Grand Accélérateur National d’Tons
Lourds), France in September 2016 [5], (b) GRETINA (Gamma-Ray Energy
Tracking In-beam Nuclear Array) at NSCL (National Superconducting Cy-
clotron Laboratory), USA [0].

gamma-ray tracking arrays is to study rare reaction channels obtained with
less cross-section in experiments with RIB intensities useful for probing nuclear
structure, astrophysics, and fundamental interaction, along with aiding medical
imaging [28§].

The experimentally obtained dataset of traces using various gamma-ray
sources is used to obtain a more realistic tracking algorithm to determine the
energy and 3-D point of interaction for each event. This is studied using the
PSA technique that depends upon the amplitude of the pulse and its shape at
each electrode, i.e., dependent upon the charge induced. The energy deposited
by the induced charge is studied using Schokley-Ramo theorem [29]. The mov-
ing charge induces a charge on the electrode and based on the properties of
electrical segmentation, there is an image charge produced on the neighbor-
ing/adjacent segment. This principle is a key feature of locating the point of
interaction in such segmented detectors. The results of the grid search algo-
rithm for pulse shape simulation at one of the interaction point in a ring of the
AGATA detector are represented in Fig. The figure depicts the compar-
ison of the experimental and simulated pulse shapes represented by black and
red color, respectively [7]. The overlap between the two sets of pulses indicates
the accuracy of the simulated pulse shapes. Along with the simulations, the
pulse shapes are stored for various interaction locations via detector scanning,
i.e., with real experimental conditions. The characterization of such detectors is
necessary to record the signals corresponding to each gamma interaction point
inside the detector volume and to find its position resolution [30} BI].

In order to obtain a database of traces in these complex geometry detec-
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Fig. 2.2. Comparison of the experimental pulse shapes (black) with the simu-
lated pulses (red) obtained using a grid search algorithm for interaction in one
of the AGATA segmented rings [7]. The scales along X and Y are linear and
rise-time has arbitrary units.

tors, dedicated scanning tables have been developed employing various novel
approaches for interaction location determination. The PSA method, based on
the charge collection properties of the electrodes, was used to achieve gamma
interaction point and position resolution [32] [33]. The pulse formation in a ra-
diation detector has been explained in appendix [A] Crespi et al. worked on the
algorithm for the identification of interaction location in a segmented detector
[32]. The algorithm was based on different slopes produced for different charge
carrier motions in the detector, which could generate a number of interactions
with a good sensitivity, i.e., 65-95% for 600 keV gamma-ray interaction. Liddick
et al. developed a PSA algorithm for a Silicon detector by identifying pile-up
pulses from the sequential alpha decay of 'Y Xe and '°°Te isotopes by utilizing
the rise-time difference between the two alpha decays [34]. Extensive simulations
have been performed to study the performance of a 25-fold segmented HPGe
detector [35]. In addition to the PSA performance test, the efficiency and the
peak-to-total ratio of the segmented HPGe detector were studied in this work.
A Segmented Inverted coaxial GerMAnium (SIGMA) detector has been devel-
oped with better energy and position resolution [36]. SIGMA is an electrically
segmented HPGe detector with point contact and electrode segmentation tech-
nology. For this detector, the grid search algorithm has been employed to find
position resolution by considering a simulated pulse for a single interaction point
with a random noise added to the pulse. The SIGMA detector has achieved a
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position resolution of 0.41 mm for 150 keV gamma energy.

In addition to the availability of highly segmented HPGe detectors, the do-
main of gamma [37] and beta [38] spectroscopy has been significantly advanced
with the R&D of planar segmented HPGe detectors. Following the develop-
ments, Khaplanov et al. [37] studied the effect of granularity on the position
resolution of a planar HPGe detector. In this study, two different detector ge-
ometries, i.e., (a) pixelated detector with 16 pixels on one side and (b) double-
sided strip detector with eight strips in the orthogonal directions at opposite
faces, were used to determine the gamma interaction point. The PSA analysis
showed the benefit of using an orthogonal double-sided strip detector over the
pixelated detector. It has been reported in ref. [37] that the higher granular-
ity of the detector is an asset to achieve better position resolution. Further,
in a beta-decay spectroscopy experiment [38], a performance test of a planar
orthogonal double-sided strip HPGe detector was carried out, in which a 16-
fold electrically segmented detector was used as an implantation detector for
radioactive isotopes. Rintoul et al.[39] studied the charge collection property of
planar double-sided strip detectors through the collimated ?*' Am source sur-
face scan and 7C's source side scan and obtained good energy and position
resolution using the PSA technique. In ref. [40], the position sensitivity of the
segmented planar-type Ge detector was studied using the PSA technique by
reconstructing the pulse shape for various interaction locations based on the
different properties of electrons and holes traversing the germanium detector.
Lee et al. have studied the reconstruction of pulse shapes of a planar p-type
detector using Green’s function based on induced charge effect [41].

2.1 Gamma Imagers for Interdisciplinary Appli-
cations

The gamma imaging techniques are beneficial for various fields such as disease
diagnosis, cancer therapy, homeland security, food security, complex tracking
array detector scanning, etc. Different imaging techniques are provided in Ta-
ble along with the application domain. MRI is preferred for scanning soft
tissues/ligament /brain, CT is preferred for bones and blood vessel imaging,
while radioactive SPECT and PET are used for cancer/heart/brain imaging.
For some of the applications, it is advised to use more than one technique for
better reliability. For example, the diagnosis of the brain using PET/SPECT, in
which both techniques are employed. In both cases, one requires to administer
the radiotracer that decays via the emission of gamma-rays (single low-energy
photon detection in SPECT, and coincident 511 keV photon detection in PET).
PET, being expensive as compared to SPECT, provides better spatial resolution
[42] or may outstand SPECT in some cases. Herholz et al. studied the compar-
ison and/or correspondence between PET and SPECT scans in an Alzheimer’s
patient [8]. The results showed more robustness of the PET for qualitative ab-
normality distinction, as shown in Fig. In this image, the red arrows show
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that the frontal brain impairment is better depicted with a PET scan. A similar
study has been performed by Messa et al. achieving better resolution with PET
for Alzheimer’s patients by comparing with the healthy person [43].

Fig. 2.3. (a) PET (b) SPECT scan of an Alzheimer’s disease patient. The red
arrow depicts impaired frontal uptake for PET that is not visible in SPECT [g].

Amongst various scanning techniques, PET imaging outstands for sensitivity
in picomolecular range [51]. The present thesis also revolves around the discus-
sion of the positron annihilation principle, and it has been discussed in detail
in the scope of the present work. Tomography is the term used in the medical
field to describe scanning by dividing the area into sections. PET scanning is
based on the principle of detection of 511 keV gamma-rays annihilating from a
positron source via electromagnetic interaction, i.e.,

e +et—>v+7 (2.1)

The 511 keV gamma-rays are detected using an array of detectors used
to stop them completely. In the case of PET imaging of a certain organ, a
radiotracer (e.g., F-18 fluorodeoxyglucose) is injected inside the patient, which
accumulates in the tissue and helps in disease diagnosis. It may have varied
doses, however, keeping it as low as possible.

For efficient stopping of 511 keV gamma-rays inside the detector material, a
lot of R&D has been undertaken and still continued. The relatively dense and
cost-effective detectors used for these applications are the scintillator detectors.
The selection of the scintillator is based on its properties (a) to efficiently con-
vert gamma-ray to light, (b) full stopping, (c) fast time response, and (d) good
light transmission from crystal to the coupled PMT. The comparison of various
scintillator properties for 511 keV gamma-ray detection has been discussed in
table The attenuation coefficient has been calculated using ref. [I] and
considering nominal doping of 0.5 %. The mass attenuation coefficients for all
gamma-ray interaction processes are taken from ref. [I]. In the table the to-
tal attenuation including coherent scattering, i.e., Rayleigh scattering, has been
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Table 2.1: Table showing different types of medical imaging techniques [19],

[20].
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2.1.

Table 2.2: Table showing comparison between various scintillators based upon

their properties [21] [22] [2
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calculated. Although the relative cross-section for coherent scattering is very
less pronounced above 100 keV, however, for the sake of completion, it has been
considered in the calculations. Based on extensive research, it has been found
that among various scintillators, the LYSO(Ce) (Cerium-doped Lutetium Yt-
trium Orthosilicate) scintillator has high stopping power, fast timing along with
impressive light yield. Therefore, in the present work, LYSO(Ce) scintillator has
been studied.

176Lu

B.
99.66% 997.94
L\ 400.99 keV
6" 596.95
\VVVV\/'306.78 keV (100%)
4" 290.17
\V\VV\/\/201.83 keV (83-3%)
2" Y
. YVV'88.34 kev (15.5%)

0 176Hf 0

Fig. 2.4. Decay level scheme of 7 Lu [9].

The Cerium-doped Lutetium scintillator crystals are widely used for various
applications like high energy physics, PET imaging, etc. LYSO(Ce) has 87%
of the light yield relative to the Nal(T1) detector. It contains *"Lu which is
radioactive in nature. The decay level scheme of *7® Lu is shown in Fig. ie.,
the excited state to ground state is accompanied via emission of the gamma-ray
cascade with energies 88, 202, 307 keV. The absorption efficiency of 3 mm thick
LYSO(Ce) crystal at 500 keV is of the order of 25%. The absorption efficiency
spectrum as a function of energy for LYSO(Ce) with different thicknesses is
represented in Fig. The LYSO(Ce) coupled to an Avalanche Photo Diode
provides an energy resolution of ~ 17% and quantum efficiency ~ 75% [71].
Further, the crystal is coupled to electronics for efficient light conversion to the
electrical signal. There are different types of electronics (coupled to a scintilla-
tor) developed over the many years as mentioned in table From table
it is observed that the LYSO coupled to SiPM has a better response in terms
of resolution, along with easy-to-handle, simple electronics, and mechanical sta-
bility.

In the present work, the LYSO scintillator coupled to 96 SiPM readout has
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Table 2.5: Table depicting the difference between the behavior of different read-

out electronics for a scintillator.

ciple

pair production
in depletion re-
gion generating

diode operating
under high re-
verse bias volt-

Photo-cathode
(convert voltage
to photocurrent)

PIN/Photo- APD PMT SiPM
diode
Working Prin- | electron-hole It is a photo- | Consists of | Works with the

same  principle
as APD as it is
an array/matrix

( of
gain)

internal

photo-current in | age, i.e., break- | and electron | of SPADs.
the presence of | down voltage. multiplication
applied reverse circuit
bias.
Multiplication | 1 102 108 108
Factor
Temperature | Low/ High/ Low/ Low/
Sensitiv-
ity/DCR
Mechanical High Medium Low High
strength
Size Compact Compact Bulky Compact
Spectral 190-2600 320-1000 300-650 320-900
Range (nm)
Bias Voltage | =5 ~20-150 >1000 ~30
(v)
Magnetic sen- | No No Yes No
sitivity
noise Low Medium Low High
Quantum effi- | 59% [75] 5% [75] 25-40% [75) 43% [16]
ciency with
LYSO for (for S30)
emission
wavelength
Time Resolu- | slow 764 [77) ~200 [78] 7 [79)
tion
with LYSO
(ps)
Energy Reso- | worst (not used | 17% [77] 11% [78] 9% [80
lution in medical)
with LYSO at | (application due
511 keV to lack)




24 CHAPTER 2. GAMMA IMAGING DEVICES IN LITERATURE
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Fig. 2.5. Absorption efficiency for different thicknesses of LYSO(Ce) scintillator
as a function of incoming photon energy (from ref. [10]).

been developed and tested in collaboration with GSI, Germany. The aim is to
develop a position-sensitive scintillator detector to be employed for interdisci-
plinary applications. The primary motive is to scan the tracking array detectors,
e.g., AGATA. A new campaign has been proposed to get AGATA-like detectors
in India. A proposal for the same is being submitted to DST, Government of
India.

2.2 Global Status of Gamma Imagers

The complex geometry tracking array detectors require full 3-D characterization.
Following is the list of scanning devices:

i Liverpool Scanning System: The scanning system consists of a Parker
scanning table used to position the gamma-ray source. The source is in-
serted inside the lead block, acting as a collimator. The table can be posi-
tioned along X and Y directions, i.e., radial and azimuthal components in
the polar coordinate system, and Z defines the depth. The Z coordinate is
studied using scatter detectors placed at 90°to the detector to be scanned.
From the Compton scattered events at 90°to the scatter detectors, yields
information on the depth of interaction. The scatter detectors consist of
BGO and Nal (T1) scintillator detectors, set up in coincidence with the
detector to be scanned. In the article by Dimmock et al. [I1], the results
of the first scan of the AGATA detector (S002) have been presented. The
scan was taken using a 920 MBq 37C's source, keeping S002 at a fixed
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position. The detector was scanned along the front face and side face, as
shown in Fig. a). The detector 2-D image was reproduced to account
for crystallographic effects in the crystal and study the electric field distri-
bution. The position resolution obtained using PSA algorithms was found
to be dependent on the electric field simulation code. The first scan results
were encouraging, but the time of the full detector scan was challenging,
requiring 1-2 months to scan approximately 1200 points.

Fig. 2.6. Images of all the scanners (a) Liverpool [I1], (b) IPHC [12], (c) GSI
[13], (d) Spain SALSA scanning systems [14].

ii IPHC scanning table: Another novel scanning approach was developed
at IPHC, Strasbourg to perform 3-D scans with good spatial resolution,
a large number of scanned points, along with the shorter time of scan-
ning [I2]. The scanning method is based on Pulse Shape Comparison
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Scan (PSCS) technique. It helps to reconstruct the dataset of traces by
comparing pulses in two orthogonal scans (vertical and horizontal geome-
tries). B. De Canditiis et al., have used collimated *"C's, *' Am, *? Eu
sources, where 24! Am was used for surface scan, 137C's for depth scan, and
152 By, for advanced scan with different energies. The setup of the table
is shown in Fig. 2.6(b) [81] [12]. The database of traces is obtained for
two orthogonal configurations of the AGATA detector and is compared
using the chi-square comparison technique. The method allows a full 3-D
scan of AGATA in the time frame of 15 days, leading to the creation of
a database of 45000 points for a 2 mm scan pitch [I2].

GSI Scanning table: It is a one-shot scanning technique as compared
to other point-to-point scanning systems, as described above. Based on
the concept of active collimation, a state-of-the-art scanning technique
was developed at GSI Helmholtzzentrum fiir Schwerionenforschung, Ger-
many. The scanner consists of a thin LYSO(Ce) scintillator crystal (cylin-
drical with dimensions of 7 cm x 3 mm) coupled to a Position-Sensitive
PhotoMultiplier Tube (PSPMT) to retain the spatial information of in-
teraction position at the photocathode, represented in Fig. [2.6(c) [13].
The PSPMT is cross-wired consisting of 16 horizontal and 16 vertical an-
odes from the HAMAMATSU R2486 series. The Individual Multi Anode
Readout method (IMAR) has been adopted over the resistive network ap-
proach. In the resistive network approach, the anodes are divided into
groups and then each group is connected to a resistive charge-dividing
network. Therefore, the charge is shared among the anodes. Using the
IMAR approach, the readout of all the 16 anodes has been studied inde-
pendently, which makes it easier to gain match all the anodes individually
and provide linear position response across the whole detector [82]. Later,
the interaction position is studied using different fitting approaches [13].
The scanning system is based on the principle of Pulse Shape Compari-
son Scan (PSCS) and Positron Annihilation Correlation (PAC). To scan
a gamma-ray detector, the coincidence is set up between the detector and
the scanning system using a positron source, 2 Na. After positron annihi-
lation, two 511 keV gamma-rays are emitted in opposite directions, used
to set up the coincidence between two scanners and the other detector to
be scanned. The two orthogonal sets of measurements are taken to find
the interaction position using the chi-square minimization technique, i.e.,
comparing the pulse shapes for the obtained two data sets. This prin-
ciple, as well as the imaging capabilities of the scanner, makes it a very
fast scanning technique. As reported in the literature, it has a spatial
resolution of 1 mm along with a large Field Of View (FOV) of 28 em?.

Spain SALSA scanner: Additionally, a gamma-ray scanning system
was developed in Spain called Salamanca scanning array (SALSA) [14].
It consists of the LYSO scintillator crystal in cuboidal geometry with di-
mensions of 52 x 52 x 5 mm3. The crystal is coupled to PSPMT on

the four sides. Each PMT has 64 readout anode outputs, along with one
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last dynode output. Therefore, it has in total 260 output channels for
signal readout. Similar to the GSI scanner, it is also one shot scanning
device based on the principle of PAC and PSCS, using > Na and compar-
ing pulses obtained in the two orthogonal configurations. The data was
obtained for point source scanning along the whole surface of the detec-
tor using a collimated source. To reconstruct the image of the scanned
positions along the detector surface, an algorithm based on Anger’s logic
has been used. In the algorithm, the background subtraction is done to
get rid of the disturbances due to electronic noise or the light reflection at
the edges. Later, the data were fitted with the Gaussian function using
ROOT. The position resolution of 0.14 mm has been achieved along the
two X and Y directions. It has been used to measure the spatial resolution
of various detectors. The analysis shows 1 mm position resolution for the
planar germanium detector and 2 mm for the AGATA detector.

Additionally, the gamma scanner development in India is underway owing
to efforts to get an AGATA-like array in the country. The recent work shows
the initiatives for the development of gamma scanner at Delhi University [83],
Tata Institute of Fundamental Research, Mumbai [84], and IIT Ropar {4 In ref.
[83], A. Banerjee et al. achieved ~ 1-3 mm position resolution from a setup
comprising of LYSO scintillator coupled to R2486 PSPMT. While Biswajit Das
et al. reported a GAGG scintillator-based scanner [84], in which a single-crystal
coaxial HPGe detector can be scanned, and the results have been compared
with the simulations.

2.3 Summary

The growing detector technology is helping in various applications, for e.g., to
study exotic nuclei for a better understanding of the universe formation, nu-
clear abundances, nuclear shell studies, homeland security, medical imaging,
etc. The field has progressed with advancements in crystal production, timing
and energy resolution, and miniaturization. The advanced segmented detectors
have opened new boundaries for gamma-spectroscopy studies and gamma-ray
tracking. Detector segmentation is an essential feature to determine interaction
location using Pulse Shape Analysis (PSA) as it is sensitive to position. These
complex geometry detectors require full 3-D characterization to store a database
of pluses for known interaction locations. With this aim, dedicated scanning sys-
tems have been developed, contributing to the scanning of such detector arrays
and understanding the detector behavior, electric field distribution, defects, etc.
With similar motivation, work on characterization techniques, a segmented de-
tector scan, and new scanner development has been carried out and presented
in this thesis. The scanner is based on the principle of pulse shape comparison
and positron annihilation correlation [85].



28 CHAPTER 2. GAMMA IMAGING DEVICES IN LITERATURE



Chapter 3

Performance Test of a
Position-Sensitive Planar
Germanium Detector for

Phase-111 DESPEC
Experiments

The primary motivation for the characterization of the Position-Sensitive Pla-
nar Germanium (PSPGe) detector in the present work is to employ the detector
as an implantation detector in future Decay SPECtroscopy (DESPEC) experi-
ments. The goal of these experiments is to measure exotic nuclei produced via
fragmentation reactions, which are separated and identified through the FRag-
ment Separator (FRS) [86] at GSI. The selected nucleus of interest from FRS is
stopped at the active implanter in the DESPEC setup. The general DESPEC
setup is shown in Fig. consisting of an active implanter, i.e., an AIDA detec-
tor (double-sided silicon strip detector) along with a plastic scintillator detector
(dedicated to beta particle detection). Further, this assembly is then surrounded
by an array of fast scintillators and gamma-ray detectors. The implanted ion
undergoes decay via the emission of gamma-rays detected in the array of lan-
thanum bromide (good timing) and HPGe (good energy resolution) detectors
[87]. Due to the high efficiency of the planar germanium detector for low energy
gamma-ray/x-ray detection and conversion electron detection, the R&D on the
planar configuration has been studied. The detector is segmented, which is an
asset for the position determination of the interacting particle. In the present
work, the characterization of a planar segmented germanium detector has been
performed, and the experimental technique and results are elaborated in the
next sections.
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Fig. 3.1. DESPEC setup at GSI for phase-0 campaign.

3.1 Experimental Setup and Methodology

The characterization of a Position-Sensitive Planar Germanium (PSPGe) de-
tector has been carried out at GSI Germany using a scanning setup developed
to characterize highly segmented germanium detectors. The GSI scanning sys-
tem, which consists of a Position-Sensitive Detector (PSD), was deployed in
coincidence with the PSPGe detector using a positron source. This technique
is helpful in selecting the pulses corresponding to the same gamma interaction
event in both detectors within a time window. A detailed description of the
PSPGe detector and the experimental setup is given in the following section.

3.1.1 Detector Description

The p-type Planar position-sensitive HPGe detector, produced by Mirion Tech-
nologies (former CANBERRA EURISYS), is a double-sided orthogonal strip
detector that comprises 10 strips per each side in horizontal and vertical di-
rections. Onme of the contacts is produced by boron implantation and is DC
connected to the preamplifiers, and the other contact is a proprietary Mirion
technology and has an AC connection to the preamplifiers. Two guard rings,
surrounding the strips at every side, are employed with the aim of reducing the
leakage current. The segmentation of the detector is an essential feature in find-
ing the location of gamma interaction by storing pulse shapes for each segment
on an event-by-event basis. The physical dimensions of the detector are 6 cm x
6 cm x 2 cm with a thin Aluminium window of thickness 0.5 mm. The layout of
the detector segmentation is shown in Fig. a), displaying ten segmentations
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along the horizontal X (DC connected) and vertical Y-axis (AC connected), and
the detector image taken during the experiment is shown in Fig. [3.2(b). The
operating bias voltage of the detector at full depletion is —1900 V. The complete
detector description is given in Ref. [88], [16].
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Fig. 3.2. (a) Artistic layout of planar orthogonal double-sided strip HPGe
detector. The horizontal and vertical segmentation is indicated by solid orange
and blue dotted lines, respectively. The fact that the actual strip size of the
strips is much greater than the pitch (of the order of & few micrometers. (b) An
image of the corresponding planar HPGe detector used for the present studies.

3.1.2 GSI Scanning Setup

The scanning setup consists of a PSD comprising of Cerium-doped Lutetium Yt-
trium OrthoSilicate (LYSO) scintillation crystal coupled to a Position-Sensitive
Photo-Multiplier Tube (PSPMT). The PSPMT is a mesh of 16 X and 16 Y an-
odes. In the scanning setup, the detector and positron source 22 Na are mounted
on an aluminium frame at an optimized distance of 5 cm [I3]. In the present
work, the PSPGe detector was set up in coincidence with a properly charac-
terized PSD using the 2 Na source of activity 169 kBq. The experiment was
performed for PSD at an angle 0°, as shown in Fig. [3.3|a) (Set-A), and ro-
tating PSD at an angle 90°in Fig. [3:3(b) (Set-B). The positron source emits
two 511 keV gamma-rays emitted in opposite directions after the process of
pair annihilation. This figure shows that both gamma-rays are collected in the
two opposite-facing detectors. The charge collected in PSD is used to obtain a
2-Dimensional (2-D) image from the coincidence data.

The PSPGe was irradiated with 511 keV gamma-rays obtained from the stan-
dard source, selected via its coincidence with the PSD. The source to PSPGe
detector distance was 8.6 cm for Set-A and 14.4 cm for Set-B measurements. It
may be noted that the source-detector distances were optimized for covering a
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(b)

Fig. 3.3. Coincidence setup for PSD and PSPGe at an angle (a) 0° for Set-A,
and (b) 90° for Set-B measurements. The detector system and the source are
marked inside the rectangular regions for clarity.

whole solid angle around the PSPGe detector. The optimization was made by
looking at the ONLINE 2-D images obtained from the PSD using GSI Object
Oriented On-line Off-line (GO4) data collection package [89]. The complete
electronics block diagram is shown in Fig. [3:4] The 32 anode output signals
from the PSD were amplified using Fast Amplifier (N979). The output was fed
to Versa Module Eurocard (VME) based multi-event Charge to Digital Con-
vertor (QDC V792) unit with 12-bit resolution. The cathode output from the
PSD was used to generate a timing gate, t; (depicted in Fig. , via Con-
stant Fraction Discriminator (CFD - CF4000). The 10 DC and 10 AC outputs
of the PSPGe detector were fed to 100 MHz digitizers from Struck Innovative
Systeme (SIS3316) modules. It provides information on pulse shape and energy
for each interacting gamma-ray on an event-by-event basis. The ADC signal in
the SIS digitizer contains ADC FPGA to produce the Moving Average Window
(MAW), i.e., the trapezoidal filter, which is used to produce the logic/trigger
signal as shown in Fig. [15]. The FPGA has a programmable trigger thresh-
old, CFD mode, trigger mode, peaking time (length of MA pulse for moving
average unit), and gap time (differentiation time of moving window average
unit). Hence, SIS produces the internal trigger from the digitized preamp signal
which we get at Trigger Out (TO in electronics schematics). It is a logic pulse
that contains information of the OR (OR of the time) of all channels, indicated
as time t5 in Fig. t, and to were set up in coincidence using the Quad
Coincidence unit (CO4001). The data from QDC and SIS3316 was read out
using the Multi-Branching Data Acquisition System (MBS). The ENV1 module
contains the dead time of the MBS readout, which is put in anti-coincidence
with t; and ¢o using CO4001. The output was used as an accepted trigger
for the QDC and SIS3316 digitizer. This accepted trigger, i.e., Trigger In (TI
in electronics schematics that is basically the coincidence between PSD and
PSPGe), opens a validation gate, and with the help of delay parameters (con-
trolled through Graphical User Interface (GUI)), the gate covers/validates the
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Fig. 3.4. Schematics of the electronics used for coincidence setup.
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Fig. 3.5. Signal handling and processing in SIS digitizer [15].
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internal trigger/digitized detector signal. Therefore, we read only the event that
comes with the accepted trigger. The settings of the digitizer were made using
a desktop Graphical User Interface (GUI). The SIS GUI settings are shown in
appendix [B] The monitored data rate was 250 Hz. The data was collected
using the Multi Branching System data acquisition (MBS - DAQ) and GO4 for
online monitoring.

3.1.3 Collimated Source Scanning

24 Am source scanning was performed at steps of 1 mm using a lead collimator
with a hole of diameter 1 mm. It is a low-energy source with photopeak energy
at 60 keV. The attenuation depth of 60 keV in germanium crystal is 0.6 mm
calculated using NIST - XCOM database [I]. Hence, the scan was performed
on both sides, i.e., one side with AC strips and the other with DC strips. The
detector-to-source distance was kept at 2 mm. The two scans were performed for
one of the middle strips and a side strip. The vertical strips, AC21 and AC16,
were scanned in the horizontal direction at a fixed vertical position (center).
The horizontal strips, DC4 and DCS, were scanned in the vertical direction, at
a fixed horizontal position (center). The collimated source holder was kept at
the scanning system in the place of *? Na source holder. PSPGe was operated
with self OR accepted trigger mode. The scanning table was used to move
the source in millimeter steps. In the first step, the center of the strip (to be
scanned) was located by moving the source to get the maximum counts in the
photopeak, and later, it was moved to either direction covering three positions
in the left and three in the right at steps of 1 mm (covering the approximate
size of the strip).

3.2 Data Collection and Analysis

The data was collected for two days for Set-A and Set-B positions using MBS.
The offline data analysis was performed using GO4 and C++-based ROOT
platform [90]. The position resolution of the PSPGe detector has been deter-
mined by analyzing pulse shapes at various gamma interaction points inside the
detector. As shown in Fig[3.2] the detector is segmented along the horizon-
tal and vertical directions, but not along the depth. Despite this, the position
resolution measurements for three coordinates can be extracted independently.
In order to find the depth of gamma-ray interaction, a method of small pixel
effect has been employed [91]. The depth has been estimated using the rise-time
difference between the two opposite surfaces of the double-sided strip detector.
For finding position resolution along the lateral faces, the amplitude ratio of the
image charge carriers in the neighboring segments is calculated as given in Ref.
[92][29].
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Fig. 3.6. 2D images obtained from PSD for (a) Set-A and, (b) Set-B mea-

surements using centroid method for coincidence setup. The dip at the top and
bottom of the image, indicated by a black rectangle, in (a) represents the guard

ring

(The details are provided in Ref. [16]). The projection of both images has

been shown in appendix El as supplementary information.

3.2.

1 Key Procedures

The analysis has been performed to reconstruct the 2-D image from the
PSD using the centroid fitting approach. It has been attained through
charge collected at X and Y anodes in PSD using QDC. The 2-D images
obtained from this analysis are given in Fig. [B.6|(a) (for Set-A) and [3.6|b)
(for Set-B) representing the depth and the lateral view of the detector,
respectively.

The energy spectrum obtained from the SIS3316 digitizer has been used
to select the electrode of interest for further analysis through gating on
the Photopeak or Compton edge after calibration.

For Set-A measurements, the 2-D image is projected onto the X-axis for
dividing the axis, as the PSPGe detector is not segmented in depth.

For Set-B, the strip is further divided using the 2-D image cut to get bet-
ter position resolution than the segmentation itself. In addition, 2*' Am
collimated source scan data has been analyzed to find the position resolu-
tion using 60 kev gamma-ray photopeak. The two source measurements
(**Na and **' Am) are independent.

The 2-D image is projected onto the respective axis to obtain calibration.
The calibration of the projected image is performed following the known
dimensions of the PSPGe detector. In Set-A, Position X in PSD image
(Fig. [B.6|(a)) represents the depth of the PSPGe detector (shown by Z-
axis in the Fig. El In Set-B, Position_X represents the X-axis of

IThe depth represents Z-axis in the PSPGe detector. The 2-D image from set-A measure-
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the PSPGe detector. The Position_Y indicates the Y-axis in both sets of
measurements.

e The traces obtained from the digitizer SIS3316 are further processed as
quantified in the literature [93], i.e., performing baseline subtraction, nor-
malization, and finally, the time aligning of the traces.

e Traces have been time-aligned at 10% of the final amplitude, shown in

Fig. B.7
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Fig. 3.7. Pulse shapes (a) before and (b) after time alignment.

3.2.2 Depth of Gamma Interactions

The Set-A measurements, performed with PSD at 0°, have been used to cal-
culate gamma interaction depth. It implies that the PSD has been facing the
crystal depth as displayed in Fig. a). It may be pointed out that the po-
sition sensitivity and fast imaging capabilities of PSD help to accomplish the
experimental goals solely through one measurement [94]. The 2-D image from
PSD is projected on to X-axis and is subdivided into fifteen segments for cali-
bration since there is no segmentation along the detector’s depth. The DC and
AC strips have been numbered from 0 to 9 and 16 to 25, respectively, as repre-
sented in Fig. In this work, the analysis has been performed for one middle
DC-AC strip and one side DC-AC strip pairs, referred to as DC4 - AC20, and
DCO - AC16, respectively.

The gate on energy helps to understand the response of the detector for
the gamma-ray of interest. The energy information obtained from the SIS3316
digitizer has been used to make an energy cut on the 511 keV photopeak to select

ment (depth scan) has DC segments on the left side and AC segments on the right side of the
central densely populated detector image.
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DC4 and AC20, DCO, and AC16 electrodes. Further, the traces obtained from
the energy cut have been studied for each of the fifteen cuts on the 2-D image.
The acquired trace information has been used to find the rise time for AC and
DC electrodes after processing digitizer pulses for each interaction event in these
cuts. The rise-time difference of pulses has been calculated between the front and
the back faces to get the depth of the gamma interaction point, which is useful
due to the difference in mobility of electrons and holes, implying separate charge
collection of the two charge carriers at the respective electrodes. Therefore, the
difference in mobility leads to different rise-time values [91] [95]. Tn rise-time
has been calculated as a function of depth in the detector, where Tn is defined
as the time required for the pulse to reach n% of maximum amplitude - the time
required for the pulse to reach 10% of maximum amplitude. The T50 rise-time
difference has been calculated between AC20 and DC4, i.e., T50 4020 — T50pca,
and between AC16 and DCO. i.e., 7504016 — T50pco- The analysis of the
results for AC and DC electrodes’ behavior along the depth has been discussed
analytically in section 4 using x2? comparison and rise-time difference.

3.2.3 Lateral Position Resolution

The measurements have been carried out to find the position resolution of the
detector along the X and Y directions. Fig. (b) shows the set-B measure-
ments, in which PSD is positioned at an angle of 90°. The analysis procedure
remains the same for processing the trace of the selected strips in the data set.
As a representative case, the 2-D image for the Compton edge cut on strip DC4
is given in Fig. 3.8

The 2-D image for the selected strip (the red dashed rectangular region in
Fig. is projected onto the Y-axis for DC4 (and for the vertical strip, the
selected 2-D image is projected onto the X-axis). This analysis has been per-
formed for DC4 and AC21 segments. The selected segment is sub-divided into
seven positions using the projections, where the position difference between each
division is considered to be 1 mm, as the strip thickness is 6 mm. The transient
charges in the adjacent segments have been analyzed for each position. The
applied bias does not affect the induced charge on the electrode produced due
to the moving charges as it depends on the instantaneous electric field at each
point of its path [29]. For the strip semiconductor detector, the amplitude of the
induced charge on an electrode would be lower if it is farther away as compared
to the pitch of the electrode. The most pronounced weighting potential would
be near the electrode surface. In the case of an orthogonal strip detector, the
electrons and holes are collected at the anode and cathode surfaces, respectively.

The image charges are shown in Fig. [3.9] where one of the Compton events
is selected in the DC segment, DC4. The corresponding image charges in the
neighboring segments are shown in Fig[3.9(a)-(b). As indicated in the figure,
the closest neighboring segments, DC3 (strip below DC4) and DC5 (strip above
DC4), are represented in blue. The next neighbors, DC2 and DC6, are shown in
black, followed by DC1 and DC7 segments in green color. Due to the maximum
amplitude of the mirror charge in DC3, it may be inferred that the interaction
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Fig. 3.8. 2-D Image obtained from PSD for Set-B gated on Compton edge of
the horizontal electrode, DC4. The image on the top of this image is the zoomed
one on a rectangular portion marked with red dashed lines in the center. It has
been marked as one of the representative cases to show the boundaries of the
electrode selected.

occurred close to the lower edge of DC4. Moreover, it has been observed that
corresponding to the moving charge created in DC4, the charge is induced on
the far neighbors along with adjacent segments. The amplitude of the induced
charge depends on the electrode’s hit location, along with the amount of energy
deposited by the incoming gamma-ray. The analysis has been further progressed
in two steps. First, the 2-D image was constructed for Compton edge cut on both
DC4 and AC21 segments, i.e., by selecting the events in which both the strips
fire together and eventually, obtaining a corresponding voxel (with a dimension
of # 6 mm X 6 mm X 2 cm). As a next step, the projection of the 2-D image
is further divided into seven segments. As an example for two middle strips,
the image has been reproduced, showing the amplitude of image charges in
the neighboring strips, given in Fig. In these figures, the central part
represents an interaction event with two middle strips (DC4 and AC20) firing
at the same time, where DC4 is represented by red color and AC20 by black
color. The corresponding image charges of the two strips are shown in blue color.
The left and right image charges correspond to AC19 and AC21 electrodes. The
top and bottom image charges represent the induced charge in DC5 and DC3,
respectively. As shown in Fig. a), AC20 has a faster rise-time as compared
to DC4. The T50 rise-time difference is found to be -40 ns. The 2-D image
cut is -1.9<Position_X<-1.5 and 0.5<Position-Y<1 (corresponds to the upper
left part of the voxel). For this specific location, it has been found that the
polarity of image charges in the neighborhood of AC20 is negative, while the
DC4 has positive image charges. The amplitude of image charges in the AC19



40 CHAPTER 3. SEGMENTED HPGE DETECTOR SCANNING

L O | 5, B O O

= ||1 | i |

600 = 600 =
500 (a) {I ‘\ Bg; - s00C (b) ng -
§4oo§ I = %4002 f\ ]
%_300E f \ e %_300; \ ;
% 200 A o Eo200C =
1005 /\ ERE A\ 5
B A 5 B \%\} E
e \\mgq*ﬁ-ﬁf‘wﬁ’}-ﬁ'w&E oo i themadpelin
_100:\H‘HH‘HH‘HH‘HHH: 106:\\\‘\\\\\\\\\\\\‘\\\\‘\\:

500 1000 1500 2000 2500 500 1000 1500 2000 2500
time(ns) time(ns)

Fig. 3.9. Compton event in DC4, and the corresponding amplitudes of transient
charges in the neighboring strips (a) below, and (b) above DCA4.

and DC5H segments are high, indicating interaction occurred in the vicinity of
these segments. Further, for an event shown in Fig. b), DC4 has less rise-
time than the AC20 segment. The T50 rise-time difference of 140 ns has been
obtained. The 2-D image cut is -0.5<Position_X<0 and 0.5<Position_Y<1, i.e.,
the upper right voxel. As indicated in the figure, the polarity of image charges
in the neighborhood of DC4 is negative, and the polarity of image charges in
the AC19 and AC21 segments is positive. The amplitude of the image charges
in DC5 and AC21 is more pronounced than in the DC3 and AC19 segments.

This implies that the time difference between the two segments for the de-
fined interaction locations in Fig. [3.10[a)-(b) affects the polarity of the image
charges. Hence, the interaction location affects the amplitude of the image
charges. Therefore, it may be concluded from Fig. and that the ratio
of the amplitudes in the adjacent of the hit segment can be employed to find the
position resolution. It is further pointed out that for all interaction voxels, the
gamma-ray interaction depth may have all possibilities to interact, i.e., depth
may differ. Moreover, based on different gamma interaction depths, the polarity
of image charges will differ. E|

Additionally, for independent >** Am collimated source scan, the image charges
amplitude study has been performed by gating on the 60 keV photopeak energy.
Because of the lower penetration depth of 60 keV gamma-rays in germanium,
the image charges have been obtained with negative polarity. It indicates the
specific rise time difference between the horizontal and vertical strips. For the
AC segment scan, the centroid of the T50 rise-time difference distribution plot
for each measurement position between DC5 and AC21 obtained is ~ 5 (£ 0.5)

2Further to note, the 2-D set-B measurement was performed for both orthogonal sides,
i.e. one side with vertical strips (AC segments) and the other side with horizontal strips
(DC segments). For the vertical strip scan, the AC21 segment has been analysed for position
resolution measurement. For the horizontal strip scan, the DC4 segment has been analysed
for position resolution measurement.
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Fig. 3.11. (a) Mean pulse obtained after pulse shape comparison using x? min-
imization for strip (a) DCO (b) DC4 (c) AC16 (d) AC20. The legend represents
different depth cuts in the 0°scan /set-A 2-D image (depth dimension is 2cm).

ns. For the DC scan, the T50 rise-time difference between DC4 and AC21, it is
A~ 140 (£ 1.5) ns. The amplitudes of the image charges in the neighbourhood
of the scanned segment have been analysed and discussed in section 4.

3.3 Results and Discussion

The segmentation of the PSPGe detector along the X and Y-axis makes it
position-sensitive for the gamma-ray hit. The higher degree of segmentation
helps to record each event in a different segment. The coincidence technique
has been employed to characterize the PSPGe detector. The detector has energy
resolution (full width at half maximum) of s 1 keV for the DC segment and ~ 1.5
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keV for AC segments. In Fig. a), the guard ring is observed, represented by
a black-dotted rectangular region, which accounts for the homogeneous charge
collection at the electrodes. The presence of only one guard ring despite the
information of the producer for two guard rings may be attributed to the electric
field distribution built on 2-D structures. It may be noted that the presence of
the guard ring does not prevent the trapping of the charge carriers at the open
surface of the detector. Then, the surface charge there creates a “field defect”
[96], [97] — an area with a specific fringe field which diverts the charge carriers
toward the open surface of the detector thus eliminating them from the charge
collection and pulse generation.

The pulse shape comparison scan has been performed for pulses along the
0°and 90°scans using x? minimization to understand the depth of gamma-ray
interaction. The x? has been performed between a strip along the 0°(set-A) scan
and the same strip along the 90°(set-B) scan. The pulses at different positions
were selected along the depth (using the 2-D image from the PSD) and were
compared to pulses in a single cut in the 90°(representing the front side of the
detector) scan [I3]. The formalism used for x? calculation for a matrix with i
pulses in one scan and j pulses in the other scan is given as follows:

) ZIZ:ZZ (Pulsegli, k] — Pulsego[j, k])*
wi kmam - kO

Where k represents the bin number of the pulse, which corresponds to time. kg
represents the initial bin number where the pulses have been time aligned. k4.
denotes the bin number with maximum pulse amplitude. k- — ko corresponds
to the slope of the pulse, i.e., when charge carriers are moving between the
opposite electrodes. Pulsey and Pulsegy represents pulse in the 0°and 90°scans,
respectively. After comparison or x2 calculation, the mean of the pulses was
taken for a specific x? range or minimum value of x2. The calculation of an
average pulse from the orthogonal data set comparison using x? is provided
in appendix [C}] The mean pulse was then plotted for different depth cuts. The
analysis has been shown for DC0, DC4, AC16, and AC20 strips, compared along
the two sets of scans. The compared pulses consisted of a matrix of =~ 30000
pulses. The mean pulses plotted have been shown in Fig. The pulse shape
comparison helps to understand the interaction location of the gamma-ray inside
the detector. The mean pulse calculated at various depths has different shapes.
This behavior is attributed to the difference in the velocity of charge carriers
moving toward the respective electrodes. From Fig. [3.11](a)-(b), it is concluded
that for the DC segments, the rise-time of the pulse increases with an increase
in depth. While the rise-time decreases for AC segments with the increase in
depth, shown in ¢)-(d). The results are consistent for the middle and edge
strips. This method helps to validate the sensitivity of the scanning device to
find the gamma-ray interaction depth in the PSPGe detector (for coincidence
between scanner and PSPGe) using x? minimization method for a set of pulses
in orthogonal scanned positions.

Further, in order to understand the behavior of charge carriers along the
depth generated by the incoming gamma-rays collected at opposite electrodes,
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Fig. 3.12. (a) Plot of T50 rise-time difference between (a) AC16 - DCO pair
(at the detector edge) (b) AC20 - DC4 pair (middle strips) plotted as a function
of depth.

the rise-time T50 has been calculated for traces obtained from the SIS3316
digitizer. The rise-time difference has been calculated between two middle strips
(DC4 and AC20) and two edge strips (DCO and AC16) by a selected segment
using a 511 keV energy cut. The T50 rise-time difference has been calculated
for both the strip pairs, for each of the fifteen cuts, in the 2-D image.

The T50 rise-time time difference between AC16 - DC0, and AC20 - DC4
is plotted as a function of the interaction depth in Fig. a) and b),
respectively. The centroid of the difference in the rise-time distribution has been
plotted as a function of the hit location. The Gaussian fit has been performed
for each set of T50 rise-time difference values distribution. The error in each
data point represents the uncertainty in the centroid after the fit. The rise-
time difference between the two electrodes can help to identify the interaction
location as the trace would be different for each interaction point for both types
of electrode but within the position resolution of the detector, as indicated also
from y? analysis. The higher values of the time difference between the two
electrodes describe that the interaction location is closer to the DC electrode
or, vis-a-vis, far from the AC segment. The holes travel longer than the electrons
to reach the AC electrode, where it deposits its energy in the processing time
window of electronics for an event. This trend remains almost constant for the
interaction depths at the boundaries of the detector. It becomes challenging
to locate the exact point of gamma interaction in this depth region. However,
in the middle/active region, the time difference shows a decreasing pattern.
The decrease in time difference happens because of the relatively fast charge
collection at the AC segment with an increase in depth. For AC20 - DC4, the
T50 rise-time difference values vary from = 130 to -40 ns at the extreme ends,
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and for AC16 - DCO, the range is 110 to -20 ns. Hence, the difference in T50 rise-
time between the two orthogonal strips helps to estimate the interaction depth
independent of X and Y coordinates. The linear fit has been performed for the
values of depth ranging from -0.4 to 0.7 cm. The slope of the fit was further
used to obtain position difference (dX or dY) for pairs of all points, and the
corresponding error was calculated through error propagation. The weighted
mean has been calculated to determine position resolution as discussed in detail
in appendix

The position resolution obtained from Fig. [3.12(a) and Fig. [3.12(b) is 1.2
£ 0.09 mm, and 1.2 £+ 0.14 mm, respectively.
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Fig. 3.13. a_amp parameter calculation for comparison of image charges in
neighborhood of (a) DC4 and (b) AC21 for coincidence setup using ** Na source.

In order to determine the position resolution along the X and Y-axis, the Set-
B coincidence setup has been utilized. As discussed in the analysis procedure
for finding the lateral position resolution, the amplitude ratio is calculated for
each induced charge in the neighboring segments. The amplitude ratio between
the image charges estimates how close the two interactions could be resolved.
The minimum resolving would correspond to the thickness of the segment itself,
as there would always be a pulse generated corresponding to an event in a
specific segment. The axis of the projected 2-D image is calibrated according
to the dimensions of the strip, i.e., 6 mm. For each interaction location, the
amplitudes of the induced charges in the neighboring segment have been studied.
In the present work, the difference in amplitude ratios has been calculated by
the asymmetry parameter a_amp, which is defined as,

Al — A3
Al + A3’

where Al and A3 correspond to the amplitude of image charges in strip 1 and

a_-amp =
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Table 3.1: Lateral position resolution using two scan methods, i.e., coincidence
scan using 2> Na source and ?*' Am scan. For horizontal (DC) and vertical (AC)
segment scans, the resolution has been calculated along Y and X-axis, respec-
tively, mentioned in column 2. The neighbouring or adjacent segments (to the
left and right of the scanned/hit segment) are given in column 4. The orthogo-
nal strip, w.r.t. which the rise-time difference has been calculated, (accounting
for the depth of gamma-ray interaction), is provided in column 5, and the cor-
responding rise-time difference values in column 6. The resolution obtained is
given in column 7.

Source | Scanned | Scanned | Neighbouring | Orthogonal | T50 rise-time | Position
Scan Axis Strip No. Strip No. Strip No. difference Resolution
(ns) (mm)

M Am Y DC4 DC3, DC5 AC21 140 1.0 + 0.04
M Am Y DC8 DC7, DC9 AC21 75 1.1 + 0.05
 Am X AC17 AC16, AC18 DC5 -20 1.2 + 0.05
T Am X AC21 AC20, AC22 DC5 5 1.1 £ 0.04
ZNa Y DC4 DC3, DC5 AC21 59.5 0.9 £ 0.25
ZNa X AC21 AC20, AC22 DC5 59.5 0.9 +0.27

strip 3 for interaction in strip 2 and A3<Al. In the present analysis, a_amp has
been calculated for the interaction in DC4 and AC21 electrodes. For an event
in the DC4 segment, the amplitude of image charges in the neighborhood of
DC4 has been calculated. A3 and A5 represent the amplitudes of image charges
in the DC3 and DC5 segments, respectively. Similarly, A20 and A22 represent
the amplitudes of image charges in AC20 and AC22 strips, respectively, for
a gamma-ray interaction in the AC21 electrode. The special note is that the
a_amp has been calculated for specific depth obtained by calculating the rise-
time difference between the segment and one of the orthogonal segments for
both the data sets of scans (mentioned in footnote . For DC4 scan, rise-
time difference is calculated between AC21 and DC4 (T504¢21 — T50pc4). For
AC21 scan, rise-time difference is calculated between AC21 and DC5 (T50 4¢21 —
T50pcs). The values of the obtained rise-time difference have been tabulated
in table [3.I] for both horizontal and vertical strip scanned data. For each of
the seven cuts, a_amp is obtained using centroid from the Gaussian fit to the
distribution plot and error is the error in the centroid value. The a_amp has been
plotted as a function of respective axis Y (for DC4 hit segment) and X (for AC21
hit segment) as shown in Fig. [3.13(a) and B.13[b), respectively. As we move
along the axis, the amplitude of the left neighbourhood image charge decreases
while the right image charge amplitude increases. Therefore, we obtain a linear
decay line with a negative slope. The linear fit is performed on the data to
obtain the slope. The weighted mean is calculated as explained in equations

(D.1))-(D.10J). The position resolution obtained has been tabulated in table

Additionally, the analysis has been performed for position resolution calcu-
lation for collimated %** Am source scan. The resolution has been studied using
60 keV photopeak selection for the scanned electrodes DC4, DC8, AC17, and
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AC21. The corresponding neighbourhood image charges are stored for each hit
electrode. The scan was performed for 7 data points starting from the middle of
the electrode and moving collimated source in steps of 1 mm in each direction El
A similar analysis is performed to calculate the a_amp values from the distribu-
tion plot for each measurement position and then plotting a_amp as the function
of the respective axis, shown in Fig. The linear fit is performed to obtain
the slope and further calculate position resolution as described in appendix
The resolution measurements are tabulated in table B.1l

3.4 Summary

From the analysis, it is inferred that the resolution along the X and Y axis for
both the 2*! Am and 2 Na scans, is of the order of ~ 1 mm. The error bars differ
in the two cases because of precise collimation source measurement using 2*! Am.
It has low energy gamma-ray with low attenuation depth as compared to **Na,
leading to more accuracy due to surface scanning. Using 2*! Am independent
source scan, it is also concluded that the resolution is consistent along the center
and edge of the detector (from table 3.1)). Therefore, it is concluded that the
a_amp and/or amplitude ratio between the image charges adjacent to the hit
segment provides gamma-ray hit location along the X and Y-axis. The polarity
of the image charges will depend upon the instantaneous electric field generated
by the moving charge in the hit segment and the interaction depth.

The performance of one of the double-sided segmented planar germanium
detectors has been carried out in collaboration with GSI. The aim is to employ
the detector for future decay spectroscopy studies, in which the detector will be
deployed as an active implantation detector. The energy and position resolution
has been calculated. The resolution along the detector depth has been calculated
using the difference in the rise times of charge carriers at the opposite electrodes.
Further, the present analysis shows an appreciable difference in amplitudes in
the neighboring strips for an event near the edges of the strip, used to calculate
position resolution along the X and Y axes. This analysis provides a confidence
limit of position resolution to be approximately 1 mm.

3The position axis in the 24* Am source scan shown in Fig. is different from the axis
in the coincidence setup set-B analysis shown in Fig. [3.13] as the later is calculated from the
2-D image projection while the former is from the real moving source positions.



Chapter 4

IIT Ropar Gamma Imager

The present work deals with the development of a position-sensitive gamma-ray
imager /scanning device dedicated to interdisciplinary applications. The scanner
is based on the principle of pulse shape comparison and positron annihilation
correlation, depicted in Fig. The two sets of measurements are performed
to scan a reference detector using a Position-Sensitive Detector (PSD) and **Na
source, positioned at 0°and 90°. The aim is to employ the device for scanning
highly segmented tracking array detectors in order to understand interaction lo-
cation, electric field distribution, defects, etc. These detectors are based on the
principle of the Pulse Shape Analysis (PSA) technique for position reconstruc-
tion, implying the shape of the pulse is dependent on the point of interaction
inside the detector. The work is an R&D for future scanning device development
with simple configuration, employing affordable, higher gain, easy-to-handle in-
tegrated circuits. In this work, a position-sensitive detector, i.e., LYSO(Ce)
monolithic scintillator crystal coupled to the matrix of 96 SiPMs, has been de-
veloped (based on comparison with other scintillators/electronics in the market,
as mentioned in table . The work includes testing of the detector along with
preliminary position resolution calculations, discussed in upcoming sections.

4.1 Experimental Setup and Methodology

The detector has been assembled, built, and tested in collaboration with GSI,
Germany. The complete detector description, along with the experimental
setup, is discussed in the following sections.

4.1.1 Detector Description and the Principle of Gamma
Scanning

The new Position-Sensitive Detector (PSD) consists of a cylindrical LYSO scin-
tillator crystal of dimensions 7 cm (diameter) x 3 mm (thickness). The scin-
tillator has been coupled to the matrix of 96 SiPMs using RTV615 silicone

49
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X and Y obtained
from scanner

Reference
Detector

PSD at 0° Crossing point of
two trajectories

obtained using x*

Coincidence
cone

Fig. 4.1. The principle of gamma-ray scanning, i.e., pulse shape comparison
performed between two data sets, for imaging of a reference detector, at 0°and
90°using positron source (** Na) and a Position-Sensitive Detector (PSD). The
22 N source undergoes positron decay (e~ +et— > y+7), emitting two 511 keV
gamma-rays in the opposite direction, used to set up the coincidence between
the scanner and the reference detector.

compound-based optical glue [98] for efficient light transmission from LYSO
to SiPM. The compound is mixed with a curing agent (provided together by
the company) in a ratio of 10:1 by weight. The other benefits include good
shock-absorbing power and insulation properties due to less viscosity.

Further, c-type 3 mm x 3 mm SiPMs (serial No. 30020) have been employed,
manufactured by Sensl [99]. The array has been constructed on a PCB with a
back-end containing an RC circuit for pulse readout, i.e., reading electrical pulse
produced after electron-hole pair generated by scintillation light falling on the
SiPM/p-n junction. Fig. shows the scintillator coupled to the SiPM front-
end and back-end of the SiPM matrix. The front SiPM matrix panel is shown
in Fig. a) consisting of 96 SiPMs. The back panel contains CLP connectors
(CLP 125-02-L) [£.3|(b). The details of this connector are provided in Ref. [100].
Additionally, the board has been coupled to another PCB containing FTSH
connectors which have been inserted inside the CLP connector (in the same
configuration) on the front panel of PCB [£.3|c), while the back side contains
a connection for flat cables d). The scintillator has been covered by thin
Aluminized Mylar foil for increased reflectivity. Lastly, the whole assembly has
been enclosed in a tight-packed black box. For further blocking the outside
light, black tape (made of polyesters that can sustain Temperatures from -40
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S~
SiPM matrix board

Fig. 4.2. Image of thin cylindrical LYSO scintillator coupled with SiPM board
(green PCB). An outer black body is used to completely secure the scintillator
crystal with the SiPM board.

Fig. 4.3. Different development stages of various PCBs carried out at GSI (a)
SiPM matrix front panel, (b) SiPM matrix back panel, (c) PCB front panel
containing male FTSH connectors that are inserted into CLP connectors on the
SiPM PCB back side, (d) FTSH connector PCB back panel having X-connectors
for flat cable connection.
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Fig. 4.4. Different stages of development of various PCBs (a) SiPM matrix
front panel already coupled to scintillator and enclosed in the black box from
that side (b) Flat cables connected to FTSH PCB back panel, (¢) SiPM matrix
back panel connected to FTSH board front panel, (d) full assembly covered with
the black box.

to 121°C) has been wrapped along the complete detector geometry. For ease
of reading/understanding, the SiPM matrix is contemplated as a combination
of four quadrants, defined as North-East (NE), South-East (SE), South-West
(SW), North-West (NW), being marked on the top of the detector front surface.

All the developmental stages of the detector are shown in Fig. [£.3] including
the SiPM matrix array to the second PCB connection to the flat cable on the
final PCB board. Additionally, full mapping has been defined in stages from
quadrant number — SiPM number — CLP pin number — FTSH pin number —
X-connector — pin number — flat cable channel number.

For readout from flat cable, the distributor board has been developed con-
sisting of Lemo connectors as well as flat cable connectors for output depending
upon the type of electronics to be used with the setup. This has also been fur-
ther mapped with the known flat cable channels. The PCB with Lemo output
connection has been used in the present work for signal readout, denoted in Fig.
[4.5 The final detector assembly is shown in Fig. [4.6

The output signal has been studied using a scope, as shown in Fig. [47]
without source. The detector was biased at -30 V. Due to the self-activity of
LYSO, the background looks prominent in the detector. At -20 mV pulse height,
the rise time and pulse width are approximately 50 ns and 400 ns, respectively.

The biasing to the detector depends upon the SiPM configuration used.
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Fig. 4.5. PCB with Lemo connectors. The detector output signal via flat cable
is connected here. Each PCB has 48 channels, and 2 such cards were used in

the setup.

=]
-
=

ST,

Fig. 4.6. POS2 detector assembly (a) front view (b) side view (c) top view of

the detector.
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Fig. 4.7. An image of a background signal in POS2 captured directly from the
oscilloscope.

In the present development, output has been taken from the p-side (Anode),
implying negative biasing to the detector for reverse biasing condition, and
standard output has been used for pulse readout, as described in section [T.1.4]
The detector is operated in the avalanche breakdown region to compensate for
the temperature sensitivity of the SiPMs as in the present development, and
there isn’t a temperature sensor, which will be taken care of in the future).
Moreover, the employed readout electronics do not have an amplifying/booster
circuitry. Therefore, the detector was operated at -30 V using Rhode & Schwarz
voltage unit.

4.2 Experimental Setup

The preliminary detector characterization/testing has been carried out through
different sets of measurements, listed in the following points,

1. Test 1: In the first step, the VME electronics setup has been used with
24 detector channels, and characterization has been performed using 22Na
radioactive source, with an activity ~ 84 kBq, to understand the detector
response towards incoming gamma-rays.

2. Test 2: The second test was performed using a coincidence setup between
the GSI scanner and the new PSD.

4.2.1 Test 1

The different sets of measurements were performed with the source at various
corners of the detector surface. Because of limited Analog electronics, 24 de-
tector channels were employed, i.e., one quadrant (SE). It has SiPMs numbered
between 1 to 24. The source was placed at the top of the detector surface (at-
tached with tape). For the 24 channels, the Lemo output of the PCB (Fig.
was fed to the 16-channel Fast Amplifier (FA), and after zero offset correction in



4.2. EXPERIMENTAL SETUP 55

FA, the output was connected to VME-based charge to digital convertor (QDC).
The trigger of the QDC was chosen as the OR of all channels. To obtain this,
the second output signal from FA was fed to three 8-channel Constant Fraction
Discriminators (CFD). The common OR output of each CFD was connected
to a coincidence module, in which further the OR of the 3 channels was per-
formed. The QDC was read through GSI Multi Branching System (MBS). The
anti-coincidence was performed between OR output from the previous coinci-
dence unit and the DAQ deadtime to obtain the accepted trigger. The accepted
trigger further triggers the MBS through the TRIVA7 module. Similar electron-
ics schematics have also been discussed in Ref. [I6] for the MBS system. This
trigger was fed to the QDC module. In order to read the same event from the
FA output and the accepted trigger, the FA output was delayed using a delay
module, before feeding the signal to the QDC. QDC gate window was ~ 1.5 us.
The complete electronic schematic is shown in Fig.

X24
PSD x24 FA Delay X24 QDC
N979 500 ns T V792
X2

X crp
CF8000
A o Acceptes
X8 CFD I8 ,| Coincidence [ | Coincidence |trigger Gate &
CF8000 C04001 |<: C04001 Delay
Jg Generator
X8 CFD GG8000
CF8000
DAQ
Deadtime
TRIVA

Fig. 4.8. Electronics schematics used for the characterization of PSD - Test 1.

The raw detector signal had a pulse height of the order of 20-30 mV for 511
keV gamma-rays, for the detector biased at -27 V. The rise time of the pulse
was =~ 50 ns, and pulse width ~ 400 ns.

After the full electronics setup, the measurements were performed for the
source at the center of the detector (set-A), and changing its position to the
edge/corner in the same column (set-B). The measurements were performed
for 10 minutes for both sets. Before this measurement, background measure-
ment was performed to perform gain matching of each of the channels with
good statistics. The typical background data rate was ~ 500 Hz. The set-A
measurement had accepted trigger rate ~ 2900 Hz, while for set-B, it was ~
1400 Hz. Fig. [4.9| (a) depicts the SiPM matrix with channels being numbered.
The corresponding QDC mapped channels to SiPMs for the SE quadrant are
represented in Fig. [4.9] (b). The source position for the quadrant SE for set-A
and set-B has been marked with a star in Fig. [4.9| (b). The results obtained are
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discussed in the section .3l

(b)

_smwos souss S6 S5 S4 S3 S2 S1
ﬂ%iﬁ Viee V7 V8 V9 V10 vii
LA LN L ‘ S7 S12 S13 S14 S15
PR *‘ *‘ V15 V14 V21 V22 V23
S8 S16 S19 S20 S21
V13 V12 V18 V19 V20
S9 s17 S22 S24
V4 V5 V6 V17
S: SiPM No.
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Sl : source position-
VO * setB

Fig. 4.9. (a) Mapping of SiPM matrix, (b) SE quadrant mapping with QDC
channels - Test 1. The two source positions are represented by a star.

4.2.2 Test 2

In test-2, the coincidence was set up between the GSI scanner (detailed in section
and the PSD. The coincidence detector setup is shown in Fig. The
distance between the > Na source and the PSD was ~ 8.2 cm. The distance was
optimized for full solid angle coverage around the PSD, by checking 2-D images
online using GO4 software. The electronics arrangement for the GSI scanner
was the same as discussed in the section and Fig. i.e., VME based
32 channel QDC was used. For PSD, the Lemo output was connected to GSI’s
in-house developed new FPGA-based digitizer, TAMEX.

A GSI in-house developed FPGA-based advanced readout TDC (Time to
Digital Convertor) module - TAMEX has been employed. The primary moti-
vation for employing this digital electronics, over conventional readout TDCs
is to attain a simpler and cost-effective readout method, with improved tim-
ing measurements. FPGA is an IC that consists of logic blocks that can be
programmed (with descriptive language) at any time according to operational
needs and don’t require any change in the circuit. Hence, FPGA-based elec-
tronic chips are flexible in terms of working. FPGA-based TDCs are developed
using delay lines as discussed in Ref. [I01] [102]. It depicts a compromise be-
tween accuracy and resolution. In order to optimize the two, care in circuit
designing is necessary.

The TAMEX cards provide timing with RMS precision of 15 ps [TI01]. Tt
has 32 channel readout and deadtime = 20 ps. It can measure the timing of
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Fig. 4.10. Coincidence setup between GSI scanner (left) consisting of LYSO
scintillator detector + 2 Na source and PSD (right).

logic signals by using a timestamping method. One can apply the logic outputs
of standard NIM/VME etc., discriminators (Leading edge or Constant fraction
discriminator) or use custom-made frontend discriminators plugged directly into
the Tamex card. The newest analog frontend discriminator development of GSI
is the twin peaks card. Twinpeaks can provide signals for time and energy mea-
surement by using two independent branches. Inside the card, the input is split
into two branches (a) fast branch - to measure the leading edge time of the input
signal, (b) slow branch - for energy measurement. The fast branch provides log
amplification for timing, and the slow branch has linear amplification for en-
ergy measurement, which is based on the time over threshold principle. In both
branches, both signal edges can be discriminated, and the TAMEX TDC can
measure both leading and trailing edge time. The time difference in the slow
branch is a direct measure of the signal energy. For the fast branch, the output
is proportional to the logarithm of the input signal, as shown in equation (4.1)).
For slow, they are directly proportional, as represented through equation

Vor x log(Viy) (4.1)
Vos x Vin (4.2)

In the above equation, Vi, represents the input signal to the card/ detector
output. Vor and Vg denote fast and slow output signals, respectively.

The difference between the two branches is the intermediate processing elec-
tronics/amplifiers. The pulse is measured from the leading edge to the trailing
edge (which is measured above the threshold set). Therefore, the difference in
leading and trailing edges leads to different amplitudes and, therefore, propor-
tional to the amplitude or, say, energy deposited by the particle. The com-
parator thresholds can be set to both positive and negative amplitude values.
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Fig. 4.11. Tamex Electronics card.

The time over the threshold (TOT) (or pulse width, i.e., lead minus trail) is
calculated for the amplitude of the signal. For timing measurements, lead is
considered. It has two timings, i.e., coarse and fine time. Coarse time is 5
microseconds, and fine time runs between 0 to 5 microseconds. The signal in
TDC is recorded after 1.2 us, i.e., the long pulse width can be achieved. For
fast output signal, the discriminator threshold values have to be adjusted, while
for slow, it is preset to an optimal value. The selection of a specific threshold
for the fast branch is necessary as there is a predefined minimum value, below
which pulses are not registered in the electronicsThe time resolution obtained
is & 270 ps using a Lanthanum bromide scintillator detector with the twin peak
TAMEX card. For 96 channel readout, six TAMEX cards have been employed,
each consisting of 32 input channels, coupled to front-end twin peak readout
with 16 channels shown in Fig.

The electronics schematic for this setup is shown in Fig. The scanner 32
outputs are fed to FA, followed by a delay unit to take care of the event reading
with the trigger. Later, the output was fed to QDC. The first anode output was
used for timing, being connected to Timing Filter Amplifier (TFA), followed by
CFD to obtain a logic pulse. For the TAMEX crate, the trigger selection was
performed using a unit called exploder [I03]. The VME MBS and the TAMEX
MBS systems use different hardware with different dead times. By connecting
the two trigger modules, TRIVA (VME) and TRIXOR (TAMEX), with the GSI
trigger bus, they run in common trigger mode. One of the systems has to be
configured as the master trigger (TRIVA in the present setup). In the combined
DAQ), the deadtime locking was performed in the master trigger crate VULOM,
and the accepted trigger was sent directly to the TAMEX cards. The DAQ
trigger is the AND of the TAMEX OR and the scanner CFD. It was connected
as a free trigger to the master trigger crate (VME). The accepted trigger was
the anticoincidence of the free trigger with the DAQ deadtime. The accepted
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Fig. 4.12. Electronics schematic for Test 2.
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Fig. 4.13. Mapping of SiPM matrix and the corresponding TAMEX card
channel numbers.
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trigger was used in the VME for the QDC gate generation and for TAMEX data
validation in TAMEX. It also triggered the VME and TAMEX data readout.
Before taking the data, the online fine time calibration was performed using an
internal pulser in the TAMEX (by communicating through the MBS terminal
using the command line). The idea is to bring all the channels to the same
binning, i.e., the procedure for uniform binning. Otherwise, the non-uniform
binning may lead to unwanted spikes in the TOT spectrum. Further, important
settings were performed in the setup file for TAMEX, i.e., threshold settings for
each channel, selecting trigger as OR of all the channels. The different sets of
coincidence measurements were performed by changing thresholds in the tamex.
In the present work, the results have been presented for the optimized threshold
settings. The mapping between PCB Lemo channels of PSD and the TAMEX
channels was performed, as shown in Fig. The PSD bias voltage was kept
-30 V. The coincidence data rate was ~ 100 Hz.

4.3 Analysis and results

The analysis has been performed for both Test 1 and Test 2 measurements
independently. The key procedure of analysis is given below:

e Performing gain matching of all the channels using background measure-
ment for both tests.

e Neighboring amplitude spectra have been constructed after gating on one
of the references SiPM channels.

e For Test2, a 2-D image from the scanner has been reconstructed for the
coincidence data.

e SiPM gated amplitude spectrum has been studied using slow TOT. For
slow TOT spectrum, refer to the appendix [E}

e The 2-D image is reconstructed for one of the selected SiPM channels
by gating on the TOT. Further, Sub-dividing the projected image on to
X-axis.

4.3.1 Test 1

The background data of an overnight run for approximately 12 hours have been
used to gain match the channels. The gain matching procedure is important to
produce the sum spectrum later, which provides total charge distribution in the
detector. The channels before and after gain matching are shown in Fig. [£.14]
(a)-(b). The matching is performed by subtracting the pedestal value (noise
in the QDC channel produced due to bias and is independent of the signal) is
subtracted. Later the gain of the channels is set w.r.t one of the channels.
Further, the comparison of results between background, setA, and setB mea-
surements is shown in Fig. [4.15| (a), (b), and (c), respectively. The plot is
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Fig. 4.14. QDC channels (a) before and (b) after gain matching procedure.

obtained for Position X along the X-axis, Position_Y along the Y-axis for the
PSD SiPM positions, and channel amplitude is shown along the Z-axis. From
Fig. it is observed that the background has a uniform charge distribution.
Further, setA has higher amplitude for Position_X, and Position_Y equals -120,
while for setB measurement, more charge region is for Position X equals -120
and Position_Y equals -1380, i.e., when the source was moved directly to the
opposite corner.

One of the reference channels has been selected with the condition that
the amplitude is greater than 250 (to take into account only higher energy
events) as well as the same channel has fired with the maximum amplitude.
With this selection, amplitude in the neighboring channels has been investi-
gated with the threshold condition of above 50 (to be fairly above the noise).
The normalized amplitudes have been calculated between the reference channel
(Alreference]) and the neighboring channels (Amplitude[i]), denoted by the ratio
Amplitude[i] /A[reference].

The 1D plot obtained for the normalized amplitudes has been plotted and
shown in Fig. for setA measurements. The reference channel is S6, and
the first neighbors are S5 and S7 (red and blue curves, respectively); the first
diagonal is S12 (magenta colored), second neighbors are S4 and S8 (shown as
black and green, respectively). It is evident that the amplitude in the neighbor-
ing segments is sensitive to the hit location. From this analysis, it is observed
that the ratio in amplitudes for the first and second neighbors is of the order
of &~ 3.5. Hence, a similar analysis can be extended to further determine the
gamma-ray interaction inside a single SiPM and hence, the resolution of the
detector.

The multiplicity for the PSD with the coincidence data for Test 2 measure-
ments is shown in Fig. It denotes the number of SiPMs firing in each
event. From the plot, it is observed that most of the time only one SiPM fired,
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Fig. 4.17. PSD multiplicity spectrum obtained for the coincidence setup. The
inset shows a linear scale of the same spectrum zoomed to events up to multi-

plicity 10.
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Fig. 4.18. (a) 2-D coincidence image obtained from the scanner, and (b) SiPM
channel S26 gated 2-D spectrum.

i.e., multiplicity equals 1. It may be attributed to the threshold selection in
TAMEX and the small input signal amplitudes. The ratio of multiplicity 2
events to multiplicity 1 events (Intensity(M2)/Intensity(M1)) is ~ 65%, i.e., the
more events are obtained with one channel firing the most.

The 2-D image for the coincidence setup has been reconstructed from the GSI
scanner using the centroid fitting approach. It has been attained through charge
collected at X and Y anodes in PSD using QDC. The 2-D images obtained from
this analysis as shown in Fig. [4.18|(a). The image shows uniform distribution of
the charge for the coincidence data. This measurement has been obtained after
many threshold settings to get some optimized charge distribution. Further, the
2-D image has been reconstructed from the scanner for one of the SiPM firing,
i.e., S26. A threshold of 400x10® has been applied on the TOT spectrum to
investigate the amplitude of neighboring channels being fired. The 2-D image is
projected onto X-axis, and after fitting, the centroid (C) and standard deviation
(o) have been used to sub-divide the segment from C-o to C+o. It is calibrated
using known dimensions of the SiPM, i.e., 3 mm. The asymmetry parameter
has been calculated and defined as:

Al — A3
Al 4 A3’

where Al and A3 represent slow TOT values in the neighborhood of the hit
channel.

The parameter has been calculated for different cuts along the X-axis, and
the plot is represented by Fig. [4.19| (a). The reference channel chosen has been
S26. The neighboring channels along X are S25 and S27. A similar analysis
has been performed for asymmetry parameter calculation along Y-axis, shown
in Fig. [4.19| (b). The reference channel is S31, and the neighboring channels
are 525 and S32 along Y-axis. The linear fit has been performed to the data to

asym_param = (4.3)
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Fig. 4.19. Asymmetry parameter calculation for different interaction positions
along (a) X (b) Y-axis.

calculate the position resolution using weighted mean calculation, as described
in appendix For X-axis, the resolution is of the order of ~ 0.9 + 0.3 mm,
and for Y-axis, it is ~ 0.8 & 0.2 mm.

On the basis of the present findings, it can be inferred that the difference
in amplitudes obtained in the neighboring segments is sensitive to position de-
termination of the order of 1 mm. The events with multiplicity 1 need to be
further investigated by employing an amplifier before feeding the detector signal
to the TAMEX front card.

4.4 Summary

The new gamma-ray imager has been developed in collaboration with GSI using
advanced readout technology, being affordable, miniature, compact, and with a
better spectral response. It consists of Cerium doped LYSO scintillator crystal
coupled to the matrix of 96 SiPMs. The preliminary detector testing has been
performed using independent source measurement as well as imaging with an
existing GSI scanner. The chapter includes detector details, a description of the
electronics setup, measurements performed, and finally, the results obtained.
The analysis has been performed by investigating the amplitude difference in the
neighborhood of the hit channel, checked qualitatively for both measurements.
Further, the asymmetry parameter has been calculated between the amplitudes
of the neighboring channels as a function of X/Y, providing a resolution of the
order of 1 mm. The results are promising for further detector response studies
using various position reconstruction algorithms.
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Chapter 5

Summary and Future
Prospects

In summary, this thesis deals with the characterization and performance test
of a scintillator and a segmented high-purity germanium detectors (HPGe) em-
ploying gamma scanning devices / imager at GSI Germany. In recent years,
the field of gamma-spectroscopy with imaging capabilities has progressed sig-
nificantly with the advancements in crystal production, very good timing and
energy resolution, and miniaturization of pulse processing electronics. The de-
velopment of new highly segmented detectors has opened new boundaries for
gamma-spectroscopy studies with gamma-ray tracking, built with an aim to ob-
tain increased efficiency, high solid angle coverage, along with the Doppler shift
correction owing to better energy resolution. It has been narrated that complex
geometry detectors require full 3-D characterization to store a database of pluses
for known gamma interaction locations, referred to as the pulse shape analysis
(PSA) technique, to determine the gamma-ray interaction position inside the
detector. Aiming to achieve a rich data set for gamma interaction points, ded-
icated scanning systems have been developed contributing to the scanning of
such detector arrays to understand the detector response, electric field distri-
bution, defects, etc. This thesis reports on the characterization of a segmented
planar Ge detector and R&D for a new and/or advanced gamma imager for II'T
Ropar.

In the first set of investigations, the response of the Position-Sensitive Pla-
nar Germanium (PSPGe) detector has been studied using the coincidence tech-
nique, along with independent collimated source measurement. The analysis
is performed to select an electrode of interest (middle and edge) in horizontal
and vertical directions using an energy gate. For resolution along the Z-axis
(depth of the PSPGe detector), the 2-D image obtained using the coincidence
setup has been used to divide the axis in depth as it is not segmented. The x?2
comparison has been performed between the 0°and 90°coincidence scan using
scanning setup for different depths. The mean pulse obtained for the different
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depths provide information on the mobility of charge carriers moving toward the
respective electrodes. Further, the interaction depth of the PSPGe detector has
been studied using the rise-time difference between the two opposite surfaces
as a function of depth for middle and side strips. The appreciable rise-time
difference has been obtained at various depth locations with position resolution
of the order of ~ 1.3 mm, consistent at the borders of the detector. In order
to achieve position resolution better than 6 mm (the size of the segment itself),
the strip has also been divided using the 2-D image projection cut along both
X and Y directions from the coincidence 2 Na source scan data. The position
resolution along the horizontal and vertical directions is measured using the dif-
ference in amplitudes of the image charges in the neighborhood of the selected
hit segment. The measured amplitude difference is considered to account for the
gamma hit location. The analysis for the front crystal scan (providing X and
Y resolution) has also been performed using collimated ?*! Am. The obtained
position resolution along X and Y axis using both scans is around 1.1 mm. The
detector has an energy resolution of ~ 1 keV for the DC segment and ~ 1.5 keV
for AC segments. As an extension of this work, the plan is to study PSA using
simulations.

In the second set of investigations, a new gamma-ray imager/Position-Sensitive
Detector (PSD) setup has been developed for IIT Ropar in collaboration with
GSI, Germany. The gamma imager is based on the principle of positron annihi-
lation correlation and pulse shape comparison. The first phase of the detector
testing was performed at GSI using different sets of measurements. The ex-
periment has been performed with an independent source measurement and a
coincidence setup between the GSI scanner and the new PSD. The independent
analysis has been performed for two sets of measurements by selecting a refer-
ence channel with a threshold accounting for photopeak events followed by the
investigation of amplitudes in the adjacent channels. The analysis shows that
the amplitudes are sensitive in the adjacent channels, checked qualitatively. For
coincidence source measurement, a reference channel is selected to reproduce a
2-D image and sub-dividing the projected image, calibrated using known SiPM
dimensions. The asymmetry parameter has been calculated between the ampli-
tudes of the adjacent channels as a function of X/Y. The resolution obtained
along X and Y is typically of the order of &~ 1 mm. The preliminary results
obtained are promising to further investigate the resolution at the edges. The
algorithm is in progress to construct a 2-D image from the new PSD. It has been
difficult in the present experimental data due to the less intensity of multiplicity
greater than 1 event obtained with the current threshold settings. The SiPMs
have been found to be extremely sensitive to the gamma-ray hit, source position,
and amplitudes of the adjacent channels. This is further to be investigated for
future work with different threshold settings and employing an amplifier for the
detector output signal because of the small amplitude signal from the detector.
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5.1 Future Prospects

e The extension of this work involves the advancement of pulse shape anal-
ysis (PSA) using highly optimized simulations for PSPGe scanning. In
order to get a better approximation, we plan to implement Artificial In-
telligence (AI) to predict pulse shapes and compare them with the present
database of experimentally measured pulses. In addition to the perfor-
mance test presented in this thesis, the detector has been used in one of
the test beam experiments using the fragment separator (FRS) facility at
GSI Germany in mid of 2022. The experiment was performed with 7 Au
(projectile) + %3Cu (fixed target). In this experiment, the 84 Pt fragments
produced due to fragmentation with an energy of 200MeV /U have been
guided through the separator and stopped at the PSPGe detector. The
primary aim was to test the detector’s performance towards an incoming
heavy-ion beam, its position determination, and the simultaneous detec-
tion of low-energy gamma-rays. The analysis of the experiment described
above needs to be extended and concluded to understand the performance
of the system.

e For new gamma imager/scanner development, the R&D has been carried
out using advanced readout electronics. The present detector characteriza-
tion suggests the sensitivity of the detector towards the threshold selection
in the new TAMEX digitizer. The next step is to experimentally check
the detector threshold values and test the signal using an amplifier before
feeding it into the digitizer. Further, the future development step in the
detector involves the inclusion of a temperature sensor for SiPM for real-
time monitoring of the temperature. The detector resolution needs to be
tested at the boundaries. Additionally, work on Geant4 simulations is un-
der progress to compare the experimental detector performance with the
simulations and further use to develop a position reconstruction algorithm
using advanced machine learning algorithms.
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APPENDIX A

Signal /Pulse formation in
semiconductor detectors

A.1 Current induced by moving charge

The radiation falling on the detector produces charge carriers, i.e., electron-hole
pairs in the depleted region in the semiconductor detector. These charge carriers
move under the influence of the applied field. The movement or transportation
of these charge carriers induces a current signal on the electrode. The effect
due to opposite charges is summed. This method calculates charge transport
and current induced in a semiconductor detector. Shockley-Ramo theorem is
used to find the instantaneous current induced due to the motion of charge
carriers [29]. It states that the current induced at an electrode depends upon
the instantaneous electric field lines at that point and time in the detector. The
instantaneous induced current is given by:

va (A1)

where, q = charge of the moving particle, E(x) = applied electric field at any
instant of position x, vy = drift velocity of the particle, V(x) = electric potential
of the electrode. For two infinite parallel plates separated by a distance d, such
that they maintain a uniform electric field, the then induced current is given by,

i(t) =g~ (A.2)
Further, the weighting potential is defined as the measure of coupling between
the moving charge and the electrode where a charge is moving. It is calculated
by solving Poisson’s equation considering the electrode of interest is at unit
potential, and the rest are at zero volts. To derive the induced charge in a
pixelated detector, work has been performed in the literature [104]. In this
work, they have considered all electrodes to be grounded and one electrode
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connected to the potential, called the sensing electrode. Due to the potential at
a say infinitesimal electrode, it will induce a charge on the sensing electrode. It
implies that the moving charge will also induce a charge on the sensing electrode,
given by the reciprocity theorem, i.e.,

Qi Qi
22y

In this case for two electrodes, if V induces charge QQ,,, on infinitesimal electrode,
and V,, induces @ on sensing electrode, then from the equation (A.3)),

(A.3)

The corresponding current induced on the sensing electrode is:

(1) = 2 (A.5)

This represents current due to the charge moving along the dx direction with
X

drift velocity (vg=4%%). Therefore,

d9=Vm O Vo dr
(1) = s o xm_m77 A6
is(?) dt dz V. di (4.6)

Using weighting potential for normalized field (with weighting electric field,
E, = —A(V,,Vs)), the equation (A.6)) can be written as,

is = —Qme’l}d (A7)

The induced charge at the sensing electrode is,

Qs = /isdt
- [ B (A8)
= QVi(1) — Vio(a)

This implies the induced charge depends upon the potential difference for the
charge moving between points z1 and x2, as also described in Ref. [92].

A.2 Charge carrier drift in the planar HPGe

After the gamma-ray deposits or gets absorbed by the semiconductor detector,
followed by any of the processes, i.e. PEE, CS, and PP, it emits/generates e~ -
holes in the depletion region, which drifts in the presence of electric field towards
the opposite electrodes, as shown in Fig. Therefore, the drift of the charge
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Fig. A.1. Electric field gradient in a planar detector with two electrodes main-
tained at opposite potential, calculated using Ref. [17].

carriers is dependent on the electric field, which is determined using the Poisson
equation, i.e.,

V2¢ _ —pP

€0€Er

_ —Ne

(A.9)

€o€r

where, N = Impurity concentration given by N4 - Np, e = Electronic charge =
1.6 x 10719 C, ¢y = Absolute permittivity of free space = 8.854 x 1072 F m ™1,
€, = Dielectric constant (16 in Germanium).
For symmetric potential along the Y and Z-axis, equation can be written
as:

d?¢ _ —Ne

dax? €€y

The solution to the equation (A.10) is calculated using the boundary condition:

(A.10)

o(d) — p(0) =V (A.11)
The general solution is given by [18]:
_ V 4+ £ (d?
é(z) = —La? + Vit ged) (A.12)
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The signal/pulse produced at an electrode at any instant t depends on the
charge carrier’s drift velocity, a function of the electric field as described in equa-
tion . With the increase in the field, drift velocity increases and reaches
maximum or saturation at a high field. The charge drift also depends on the
crystalline lattice direction, as studied by Mihailescu et al. in Ref. [105]. The
velocity is maximum along the [100] direction. Therefore, the anisotropic nature
of crystallines affects signal formation.

A.3 Gamma-ray interaction process and peak
formation

Due to nuclear de-excitation in a radioactive source, the gamma-rays are emitted
in a 47 solid angle. When gamma-rays enter the detector, it undergoes inter-
action in the detector volume with one or two successive mechanisms amongst
PEE, CS, and PEE. After the interaction, the detector material produces an
electrical signal, which is further detected with accompanying electronics. The
important factor for any detector to collect photons is that the amount of charge
carriers produced in the detector is proportional to the number of photons in-
teracting. Therefore, there is no loss of signal. Depending upon the detector
material, the photon energy conversion may be different. For e.g., in a scintilla-
tor detector, there is the production of photoelectrons from lower energy light
from crystal and electron-hole pair generation in a semiconductor detector. The
dominant interaction processes occurring in the detector are represented in Fig.
(a)-(h), i.e., PEE, CS, and PP with higher relative cross-sections. The
corresponding response of gamma-ray interaction in the detector as a function
of the energy has been plotted in the gamma-ray spectrum Fig. |A.2(i), for a
reference germanium detector with an energy resolution of the order of keV. In
this figure, the cylinder represents active detector volume, while the shielding is
represented by a blue envelope outside the detector. The gamma-ray spectrum
is a fingerprint of a nucleus. It is unique for each nucleus depending upon the
gamma-ray energy, and its intensity is a feature of its half-life. Fig. a),
shows the PEE event from active detector volume, i.e., the incoming photon
loses full energy from the bound electron in germanium leading to the produc-
tion of a photoelectron. It leads to full energy photopeak event (Full gamma-ray
energy is absorbed in the detector) as represented in Fig. [A.2{i) as a Full-energy
peak. In Fig. b), the incident photon loses energy in the shielding, and the
characteristic X-ray is produced and interacts with the detector. It can be
detected as a characteristic X-ray of the shielding material in the gamma-ray
spectrum. Fig. c) represents the CS event, in which the scattered photon
again gets detected in the detector leading to a Full-energy photopeak event.
The CS events as represented in [A.2d)(scattered photon escapes)-(e)(incoming
photon scatters from shielding) lead to secondary and primary photon contin-
uum, respectively. Fig. [A.2|f)-(h) denotes PP event. However, in (f), both
outcoming photons are detected as Full-energy peaks, marked in Fig. i).
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Fig. A.2. Effect of mono-energetic gamma-ray interaction on detector response
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While in (g), one photon is detected, appearing as 511 annihilation peak, and
the other escapes the detector leading to Single Escape (denoted as SE in Fig.
1A.2|(i)) event, appearing at hro-511 keV. In (h), both photons escape the detec-
tor, leading to Double Escape (denoted as DE in Fig. [A.2]i) at hvo-1022 keV)
event. The photon continuum may also be generated by 511 keV gamma-rays
that may Compton scatter inside the detector and/or the outside shielding.



APPENDIX B

SIS digitizer parameter
settings

Below are the settings of the SIS digitizer for coincidence setup between PSPGe
and PSD for all the segments.
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(b)

Fig. B.1. Signal handling and processing in SIS digitizer. The two images
denote the SIS settings for (a) DC (b) AC electrodes.



APPENDIX C

Mean pulse using chi-square

The matrix of pulses is constructed for different cuts along the 0°scan (Set-
A/side scan) and one cut along the 90°(Set-B front scan), represented in Fig.
The pulses obtained for one of the cuts along the Set-A and Set-B scans is

shown in Fig. [C.2a) and [C.2|(b), respectively.

zi >
AR 500 g Exe
500 3
e o
1400 e b 1 ;
L | k. - 5150
k. 00 E . 1
A - i
200 - F

o 1 . I I |
20 - 20 0
Position_X Position_X

Fig. C.1. Representation of different cuts along the Set-A and one central cut
along the Set-B measurement.

The x? values obtained for the comparison of the pulses for the two sets in
Fig. is shown in Fig. [C.3] The very high values, i.e., x?>15x10° correspond
to the baseline pulse in Fig. a) compared to all the pulses with the pulses
in Fig. [C.2[(b). These pulses can directly be rejected by selecting a lower
threshold. Further, the inset in Fig. represents zoomed spectrum. Later,
different x? thresholds are selected to calculate an average pulse. As a reference,
Fig. [C:4) represents pulse along the front and side scans for different thresholds.
For x? threshold 0<x?<1000 (Fig. a)), the average pulse along the two
scans match. While for higher threshold selection, the pulses do not match,
represented by Fig. [C.4|b).

Therefore, for the calculation of the mean pulse along the two scans, the
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setl_side_Odeg_after_normalization0 setl_front_90deg_after_normalization0
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Fig. C.2. Normalized side and front pulses obtained for one of the cuts in the
2D plot in Fig. a) Set-A (sideview) pulses and (b) Set-B (frontview) pulses.
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Fig. C.3. Plot of x? obtained by comparing front and side pulses, shown in
Fig. m Few events with very large x? are from the comparison of one baseline
pulse in sideview being compared to all pulses in frontview. The inset image
represents the zoomed x? plot, i.e., values less than 0.5x106.
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Fig. C.4. Average/mean front (red colored) and side (blue colored) pulse
obtained by using different y2? cuts in plot ie., (a) 0<x2<1000, (b)
260000< 2 <320000.

threshold value of x2<1000 has been selected.
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APPENDIX D

Equations for position
resolution calculation

The slope of the linear fit has been employed to obtain position difference (dX or
dY) for pairs of all points and the corresponding uncertainty has been calculated
through error propagation. The weighted mean of all points has been calculated
using the errors of the data points. The linear fit using equation provides
slope m, say for n data points. The equation is used to calculate dx
(zi41 — x;) for each (xj,y;) i running from 1 to n. Therefore, n-1 data points
are obtained for dx calculation. The error in X; and X;j;; is calculated using
equations and , respectively. The error for each dx is also calculated
using error propagation in equation . The weighted mean is calculated
using n-1 values of dx; using equation .

fley=mxz+c (D.1)
m— Yi+1 — Yi (D.2)
Tit1 — X4
Tip1 — T = Yit1 — Y (D.3)
m
doy = YL Y (D.4)
m m
dLUi = Xi+1 - Xl (D5)
oy; om
X, = X, ZI1y2 2772 D.6
0X;i z\/[(yz_)ﬂm)] (D-6)
5yi+1 2 om 2
0Xip1 = Xipiy[[(——)2 + (—) (D.7)
Yit1 m
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§(dw;) = \/0Xi412 + 6X;2 (D-8)

§yi+1 om §y7 om
N — 2 24 (22 x.20( 22 o (202 D.9
6(das) \/[Xz+1{(yi+1)+(m)}]+[z{(yi)+(m)}] (D.9)
n—1
7= Ei:;_zl“ldxl (D.10)
Dlicy Wi
1
w; = D.11
§(dx;)? (D-11)
The error is calculated using
1
00) = ==~ D.12
ZZL;11 wi ( * )

The position resolution is given as Z + (%)



APPENDIX E

Gain matching : slow TOT

The calibrated slow TOT spectrum is shown in Fig.
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Fig. E.1. TAMEX Slow TOT channels (a) before and (b) after the gain match-

ing procedure.
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APPENDIX F

2D image Projection

The projection of the 2D images, obtained from PSD for (a) Set-A (Fig. [3.6(a))
and, (b) Set-B (Fig. [3.6(b)) measurements using centroid method for coinci-
dence setup, are shown in Fig. The X and Y projection of Fig. a) are
shown in Fig. a)-(b), respectively, which represents the depth of the PSPGe
detector. Fig.c)—(d) denotes the projections along X and Y of Fig. [3.6|b),
respectively, representing the lateral view of the PSPGe detector.
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Fig. F.1. The projection of 2D image for both sets of scans shown in Fig. [3.6
are plotted. (a) Projection X of Fig. [3.6(a), (b) Projection Y of Fig. [3.6]a),
Projection X of Fig. b), Projection Y of Fig. b).
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The position sensitivity of a planar segmented double-sided germanium strip detector, with 10 x 10 electrical
segmentation in orthogonal directions, has been studied using the coincidence method. The coincidences were
set up between an imaging scanner and the PSPGe (Position Sensitive Planar Germanium) detector using a
positron source, >2Na, and analyzed by employing the Positron Annihilation Correlation principle. A collimated
241 Am source scan was also performed to find position resolution along X and Y axes using low energy gamma-
ray source. The primary objective of this work is to study the charge carrier transportation for gamma-ray
interactions inside the PSPGe detector. In order to select the electrodes of interest and to obtain the pulse
shapes for each event, two-dimensional images have been processed. The net charge induced on the surface
of the electrode, calculated using the pulse shape analysis procedure, has been used to profile the position
resolution and gamma interaction depth. The present study is an input for the deployment of PSPGe detector
in the future decay spectroscopy experiments to be performed at the Facility for Antiproton and Ion Research
(FAIR) in Germany. This work investigates the gamma interaction depth by calculating the rise-time of traces
stored for each gamma interaction inside the detector volume, providing ~1 mm resolution along the depth.
The position resolution of the detector in lateral directions, determined using the amplitude difference of the
transient charges, has also been found to be ~1 mm.

1. Introduction charge on the electrode and an image/mirror charge on the adjacent
electrode. W. Shockley and S. Ramo have discussed the method to
evaluate these charges and induced current in Ref. [8,9]. It has been

found that the spatial sensitivity of segmented detectors depends upon

In recent years, enormous efforts have been devoted towards de-
veloping sophisticated solid-state Germanium detectors for gamma-
spectroscopy experiments [1,2]. A crucial outbreak in the domain
of gamma-spectroscopy has been achieved after the development of
highly segmented Germanium detectors. The detector segmentation is
an essential feature to determine interaction location using Pulse Shape
Analysis (PSA) as it is sensitive to position.

The spatial characterization of such detectors is necessary to record
the signals corresponding to each gamma interaction point inside the

the effective charge collection at the two electrodes.

Recently, extensive efforts have been made to study the perfor-
mance of a 25-fold segmented HPGe detector [10]. In addition to
the PSA performance test, the efficiency and the peak-to-total ratio
of the segmented HPGe detector have been also studied. AGATA (Ad-
vanced GAmma Tracking Array) [11], and GRETA (Gamma-Ray Energy

detector volume and to find its position [3,4]. The PSA method, based
on the charge collection properties of the electrodes, has been used to
achieve gamma interaction point and position resolution [5-7]. The
charge carriers produced due to gamma interaction move under the
influence of bias voltage applied to the electrodes, which induces a net

* Corresponding authors.

Tracking Array) [12] are the 4r arrays of tapered hexagonal 36-fold
segmented High Purity Germanium (HPGe) detectors arranged in a
coaxial geometry. Both the arrays provide the possibility of gamma-ray
tracking and Doppler shift correction due to the multi-fold segmen-
tation of the encapsulated germanium crystal. A Segmented Inverted
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coaxial GerMAnium (SIGMA) detector has been developed with better
energy and position resolution [13]. SIGMA is an electrically segmented
HPGe detector with point contact and electrode segmentation technol-
ogy. For this detector, the grid search algorithm has been employed to
find position resolution by considering a simulated pulse for a single
interaction point with a random noise added to the pulse. The SIGMA
detector has achieved a position resolution of 0.41 mm for 150 keV
gamma energy. The position response of a 24-fold segmented coaxial
germanium detector has been studied in Ref. [14]. They have reported
position resolution of 3-7 mm, using the rise-time difference (for radial
interaction study) and image charge magnitude difference at neighbor-
ing electrodes (for azimuthal location). In addition to the availability
of highly segmented HPGe detectors, the domain of gamma [15] and
beta [16] spectroscopy has marked a significant advancement with
the R&D of planar segmented HPGe detectors. Such a planar detector
has been proposed as an implant detector for performing the decay
spectroscopy studies [17].

Following the developments, Khaplanov et al. [15] studied the effect
of granularity on the position resolution of a planar HPGe detector. In
this study, two different detector geometries, i.e., (a) pixelated detector
with 16 pixels on one side, and (b) double-sided strip detector with
eight strips in the orthogonal directions at opposite faces, have been
used to determine the gamma interaction point. The PSA analysis has
shown the benefit of using an orthogonal double-sided strip detector
over the pixelated detector. It has been reported in Ref. [15] that the
higher granularity of the detector is an asset to achieve better position
resolution. Further, in a beta-decay spectroscopy experiment [16],
a performance test of a planar orthogonal double-sided strip HPGe
detector has been carried out, in which a 16-fold electrically segmented
detector has been used as an implantation detector for radioactive
isotopes. In Ref. [18], C.S. Lee et al. have studied the reconstruction
of pulse shapes of planar p-type detector using Green’s function based
on induced charge effect. E. Ideguchi et al. have studied the response
of 25-fold segmented planar germanium detector along the depth using
Compton scattering coincidence method [19]. They have obtained
~2 mm along the depth. Further, S. Shimoura has studied the position
sensitivity of the segmented planar germanium detector, used in an
array for the in-beam gamma-spectroscopy experiment, employing PSA
technique [20]. E. Rintoul et al. [21] studied the charge collection
property of planar double-sided strip detector through the collimated
241 Am source surface scan and !*’Cs source side scan, and obtained
good energy and position resolution using the PSA technique.

In the present work, the position resolution and depth of gamma-ray
interaction have been studied for one of the planar segmented HPGe
detectors, which shall be employed in the future DESPEC experiments
at the Facility for Antiproton and Ion Research (FAIR) in Germany.
This article is organized as follows. In Section 2, the experimental
setup and methodology, including detector design and scanning setup,
are discussed. In order to find the position resolution of the PSPGe
detector, two sets of measurements have been performed using the
coincidence technique and independent collimated source scan. The
analysis procedure adopted to determine the depth of gamma interac-
tion and calculate the position resolution along the lateral faces of the
detector is discussed in Section 3. The results obtained from the present
analysis and their interpretations are discussed in Section 4, followed
by a summary.

2. Experimental setup and methodology

The characterization of a Position-Sensitive Planar Germanium
(PSPGe) detector has been carried out at GSI Germany using a scanning
setup developed to characterize highly segmented germanium detec-
tors. The GSI scanning system [22,23], which consists of a Position
Sensitive Detector (PSD), was deployed in coincidence with the PSPGe
detector using a positron source. This technique is helpful to select
the pulses corresponding to the correlated gamma interaction event in
both the detectors within a time window. A detailed description of the
PSPGe detector and the experimental setup is given in the following
section.
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Fig. 1. Layout of planar orthogonal double-sided strip detector. The horizontal and
vertical strips are indicated by orange and blue rectangles, respectively.

2.1. Detector description

The p-type Planar Position Sensitive HPGe detector, produced by
Mirion Technologies (former CANBERRA EURISYS), is a double-sided
orthogonal strip detector that comprises 10 strips per each side in
horizontal and vertical directions. One of the contacts is produced by
boron implantation and is DC connected to the preamplifiers and the
other contact is a proprietary Mirion technology and has AC connection
to the preamplifiers. The segmentation is only electrical one and is done
by etching a certain pattern, thus producing the strips. According the
information of the producer, two guard rings, surrounding the strips at
every side, are employed. It is important to mention that the guard rings
have a planar structure — practically 2D instead a simple grove. The
primary goal of them is to reduce the leakage current though the strips
which improves the energy resolution. The segmentation of the detector
is an essential feature to find the location of gamma interaction by
storing pulse shapes for each segment on an event-by-event basis. The
physical dimensions of the detector are 6 cm x 6 cm X 2 cm with a thin
Aluminium window of thickness 0.5 mm. The layout of the detector
segmentation is shown in Fig. 1, displaying ten segmentations along the
horizontal X (DC connected) and vertical Y-axis (AC connected). The
segmentation makes the detector position-sensitive for the interaction
of incoming photons in a voxel of dimensions 6 mm X 6 mm x 2 cm.
The operating bias voltage of the detector at full depletion is —1900 V.
The complete detector description is given in the Ref. [24].

2.2. Collimated source scanning

A ' Am source scanning was performed at steps of 1 mm using
lead collimator with hole of diameter 1 mm. It is a low energy source
with 59.5 keV gamma-line, used to determine surface effects in the
crystal. The half-value thickness of 59.5 keV in germanium crystal is
0.6 mm calculated using NIST - XCOM database [25]. Hence, the scan
was performed on both the sides, i.e., one side with AC strips and other
with DC strips. The detector to source distance was kept at 2 mm. The
two scans were performed for one of the middle strip and a side strip.
The vertical strips (AC21 and AC16) and the horizontal strips (DC4
and DC8), were scanned at the center along their width. The activity
of 2! Am source was approximately 44 kBq. The electronics readout
was created using OR of all the channels of PSPGe using the SIS3316
digitizer [26]. The SIS3316 digitizer had 32 readouts, out of which 20



A. Sharma, R. Padlit, T. Habermann et al.

Nuclear Inst. and Methods in Physics Research, A 1051 (2023) 168233

(b)

Fig. 2. Coincidence setup for PSD and PSPGe at an angle (a) 0° for Set-A, and (b) 90° for Set-B measurements. The detector system and the source are marked inside the

rectangular regions for clarity.

channels were used for the PSPGe detector readout. PSPGe data were
recorded whenever at least one segment had a signal above the trigger
threshold. The typical trigger rate was 300 Hz. In the first step, the
center of the strip (to be scanned) was located by moving the source
to get the maximum counts in the photopeak and later, it was moved
to either direction covering three positions in the left and three in the
right at steps of 1 mm (covering the approximate size of the strip).

2.3. Scanning setup

The scanning setup consists of a PSD comprising of Cerium doped
Lutetium Yttrium OrthoSilicate (LYSO) scintillation crystal coupled to
a Position-Sensitive Photo-Multiplier Tube (PSPMT). The PSPMT has
a mesh of 16 X and 16 Y anodes. In the scanning setup, the detector
and positron source *’Na are mounted on an aluminum frame at an
optimized distance of 5 cm [27]. The scanner has a spatial resolution
of the order of 1 mm. In the present work, the PSPGe detector was
set up in coincidence with a properly characterized PSD using the 2>Na
source of approximate activity 169 kBq. The experiment was performed
for PSD at an angle 0°, as shown in Fig. 2(a) (Set-A), and rotating PSD
at an angle 90°, shown in Fig. 2(b) (Set-B). The positron source emits
two 511 keV gamma-rays in opposite directions after the process of pair
annihilation. This figure shows that both gamma-rays are collected in
the two opposite-facing detectors. The charge collected in PSD is used
to obtain 2-Dimensional (2-D) image from the coincidence data.

The PSPGe was irradiated with 511 keV gamma-rays obtained from
the standard source, selected via its coincidence with the PSD. The
half-value thickness of 511 keV in germanium crystal is approximately
1.5 cm calculated using NIST - XCOM database [25]. The source to
PSPGe detector distance was 8.6 cm for Set-A and 14.4 cm for Set-B
measurements. It may be noted that the source-detector distances were
optimized for covering a whole solid angle around the PSPGe detector.
The optimization was made by looking at the ONLINE 2-D images
obtained from the PSD using GSI Object Oriented On-line Off-line
(GO4) data collection package [28]. The PSD and PSPGe were setup
in coincidence using the timing information from PSD and OR output
of all the channels in PSPGe, obtained from the SIS3316 digitizer. The
coincidence output was then used as a readout trigger for QDC (PSD)
and SIS3316 digitizer (PSPGe) with a trigger rate of 250 Hz. The QDC
had 32 channel readout for all 16X + 16Y anodes from PSD. The data
was collected using the Multi Branching System data acquisition (MBS
- DAQ) and GO4 for online monitoring. The detailed electronics setup
has been discussed elsewhere [29].

3. Data collection and analysis
The data was collected for approximately two days for Set-A and

Set-B positions (2 TB of data), and half an hour for each scanned
position in 2*'Am source scan (~1.5 TB of data) using MBS. The

Table 1
Full Width at Half Maxima (FWHM) obtained for one near edge and one middle strip
along AC as well as DC sides.

Source E FWHM FWHM FWHM FWHM
(keV) DC4 DC8 AC17 AC21
(keV) (keV) (keV) (keV)
X Am 26.3 0.91 0.89 1.28 1.40
21 Am 59.5 0.98 0.96 1.29 1.59
“co 1332.5 2.68 2.54 2.29 2.36

offline data analysis was performed using GO4 and C++ based ROOT
platform [30]. The position resolution of the PSPGe detector has been
determined by analyzing pulse shapes at various gamma interaction
points inside the detector. As shown in Fig. 1, the detector is segmented
along the horizontal and vertical directions, but not along the depth.
Despite this, the position resolution measurements for three coordinates
can be extracted independently. In order to find the depth of gamma-
ray interaction, a method of small pixel effect has been employed [31].
The depth has been estimated using the rise-time difference between
the two opposite surfaces of the double-sided strip detector. For finding
position resolution along the lateral faces, (X and Y-axis) the amplitude
ratio of the image charge carriers in the neighboring segments is
calculated as given in Refs. [32,33].

3.1. Key procedures

The energy resolution of the detector has been studied using
241 Am and ®Co. For typical energy resolution of the strips, see
Table 1.

Further, the analysis has been performed to reconstruct the 2-D
image from the PSD using the centroid fitting approach. It has
been attained through charge collected at X and Y anodes in PSD
using QDC. The 2-D images obtained from this analysis are given
in Fig. 3(a) (for Set-A) and 3(b) (for Set-B) representing the depth
and the lateral view of the detector, respectively.

The energy spectrum derived from the SIS3316 digitizer has been
used to select the electrode of interest for further analysis through
gating on the Photopeak after calibration.

For Set-A measurements, the 2-D image is projected onto the
X-axis for dividing the axis, as the PSPGe detector is not seg-
mented in depth.

For Set-B, the strip is further divided using the 2-D image to
get better position resolution than the segmentation itself. In
addition, 2*! Am collimated source scan data has been analyzed to
find the position resolution using 59.5 kev gamma-ray photopeak.
The two source measurements (*>Na and 24! Am) are independent.
The 2-D image is projected onto the respective axis to obtain the
calibration. The calibration of the projected image is performed
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Fig. 3. 2-D images obtained from PSD for (a) Set-A and, (b) Set-B measurements using centroid method for coincidence setup. The black dotted rectangular regions at the top
and bottom of the image in (a) represent the guard ring on AC side (discussed in Section 4).

following the known dimensions of the PSPGe detector. In Set-
A, Position X in PSD image (Fig. 3(a)) represents the depth of
the PSPGe detector (shown by Z-axis in Fig. 1).! In Set-B, Posi-
tion_X represents the X-axis of the PSPGe detector. The Position_Y
indicates the Y-axis in both sets of measurements.

The traces obtained from the digitizer SIS3316 are further pro-
cessed as quantified in the literature [34], i.e., performing base-
line subtraction, normalization, and finally, the time aligning of
the traces.

+ Traces have been time-aligned at 10% of the final amplitude.

3.2. Depth of gamma interaction

The Set-A measurements, performed with PSD at 0°, have been
used to calculate gamma interaction depth. It implies that the PSD
has been facing the crystal depth as displayed in Fig. 2(a). It may be
pointed out that the position sensitivity and fast imaging capabilities
of PSD help to accomplish the experimental goals solely through one
measurement [35]. The 2-D image from PSD is projected on to X-axis
and is sub-divided into fifteen regions for calibration since there is no
segmentation along the detector’s depth. The DC and AC strips have
been numbered from 0 to 9 and 16 to 25, respectively, as represented
in Fig. 1. In this work, the analysis has been performed for one middle
DC-AC strip and one side DC-AC strip pairs, referred to as DC4 - AC20,
and DCO - AC16 respectively.

The gate on energy helps to understand the response of the detector
for the gamma-ray of interest. The energy information obtained from
the SIS3316 digitizer has been used to make an energy cut on the
511 keV photopeak to select DC4 and AC20, DCO and AC16 elec-
trodes. Single interactions in one AC/DC strip combination has been
required to avoid ambiguities from multiple interaction points in the
detector. Further, the traces obtained from the energy cut have been
studied for each of the fifteen cuts on the 2-D image. The acquired
trace information has been used to find the rise-time for AC and DC
electrodes after processing digitizer pulses for each interaction event
in these cuts. The rise-time difference of pulses has been calculated
between the front and the back faces to get the depth of the gamma
interaction point, which is useful due to the difference in mobility of
electrons and holes, implying separate charge collection of the two
charge carriers at the respective electrodes. Therefore, the difference
in mobility leads to different rise-time values [31,36]. The T50 rise-
time has been calculated for the time-aligned traces in the present
analysis. It is defined as the time required for the pulse to reach 50%
of the maximum amplitude minus the time required to reach 10% of
the maximum amplitude. The average rise-time has been calculated for
each of the fifteen cuts and plotted as a function of the depth. The

1 The depth represents Z-axis in the PSPGe detector. The 2-D image from
set-A measurement (depth scan) has DC segments on the left side and AC
segments on the right side of the central densely populated detector image.
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Fig. 4. 2-D Image obtained from PSD for Set-B gated on horizontal electrode, DC4.
The image on the top of this image is the zoomed one on rectangular portion marked
with red dashed lines in the center. It has been marked as one of the representative
cases to show the boundaries of the electrode selected.

T50 rise-time difference has been calculated between AC20 and DC4,
i.e., T50 420 — T50pc4, and between AC16 and DCO. i.e., T50 4016 —
T50 pco- TS0 rise-time values were chosen for the analysis as it provided
more sensitivity in depth as compared T30 (time required for the pulse
to reach 30% of the maximum amplitude minus the time required to
reach 10% of the maximum amplitude) and T90 (time required for
the pulse to reach 90% of the maximum amplitude minus the time
required to reach 10% of the maximum amplitude). The analysis of the
results for AC and DC electrodes’ behavior along the depth is discussed
analytically in Section 4 using y? comparison and rise-time difference.

3.3. Lateral position resolution

The measurements have been carried out to find the position res-
olution of the detector along the X and Y directions. Fig. 2(b) shows
the set-B measurements, in which PSD is positioned at an angle of 90°.
The analysis procedure remains the same for processing the trace of the
selected strips in the data set. As a representative case, the 2-D image
for the 511 keV photopeak on strip DC4 is given in Fig. 4.

The 2-D image for the selected strip (the red dashed rectangular
region in the Fig. 4 is projected onto the Y -axis for DC4 (and for vertical
strip, the selected 2-D image is projected on to the X-axis). This analysis
has been performed for DC4 and AC21 segments. The selected segment
is sub-divided into seven positions using the projections, where the
position difference between each division is considered to be 1 mm,
as the strip thickness is 6 mm. The transient charges in the adjacent
segments have been analyzed for each position. The applied bias does
not affect the induced charge on the electrode produced due to the
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Fig. 5. Event in DC4, and the corresponding amplitudes of transient charges in the neighboring strips (a) below, and (b) above DC4.

moving charges as it depends on the instantaneous electric field at
each point of its path [37]. For the strip semiconductor detector, the
amplitude of the induced charge on an electrode would be lower if it
is farther away as compared to the pitch of the electrode. The most
pronounced weighting potential would be near the electrode surface.
In the case of an orthogonal strip detector, the electrons and holes are
collected at anode and cathode surfaces, respectively.

The image charges are shown in Fig. 5, where one of the fired
DC segment is selected, DC4. The corresponding image charges in
the neighboring segments are shown in Fig. 5(a)-(b). As indicated
in the figure, the closest neighboring segments, DC3 and DC5 are
represented in blue. The next neighbors, DC2 and DC6, are shown in
black, followed by DC1 and DC7 segments in green color. Due to the
maximum amplitude of the mirror charge in DC3, it may be inferred
that the interaction occurred close to the lower edge of DC4. Moreover,
it has been observed that corresponding to the moving charge created
in DC4, the charge is induced on the far neighbors along with nearest
adjacent segments. The amplitude of the induced charge depends on the
electrode’s hit location, along with the amount of energy deposited by
the incoming gamma-ray. The analysis has been further progressed in
two steps. First, the 2-D image was constructed for 511 keV photopeak
on both DC4 and AC21 segments, i.e., by selecting the events in which
both the strips fire together and eventually, obtaining a corresponding
voxel (with dimension of 6 mm X 6 mm X 2 cm). As a next step, the
projection of the 2-D image is further divided into seven regions. As an
example for two middle strips, the image has been reproduced showing
amplitude of image charges in the neighborhood strips, given in Fig. 6.
In these figures, the central part represents interaction event with two
middle strips (DC4 and AC20) firing at the same time, where DC4 is
represented by red color and AC20 by black color. The corresponding
image charges of the two strips are shown in blue color. The left and
right image charges correspond to AC19 and AC21 electrodes. The
top and bottom image charges represent the induced charge in DC5
and DC3, respectively. As shown in Fig. 6(a), AC20 has faster rise-
time as compared to DC4. The T50 rise-time difference is found to
be —40 ns. The 2-D image cut is —1.9 < Position X < —1.5 and 0.5
< Position Y < 1 (corresponds to upper left part of voxel). For this
specific location, it has been found that the polarity of image charges
in the neighborhood of AC20 is negative, while the DC4 has positive
image charges. The amplitude of image charges in the AC19 and DC5
segments are high, indicating interaction occurred in the vicinity of
these segments. Further, for an event shown in Fig. 6(b), DC4 has
shorter rise-time than AC20 segment. A T50 rise-time difference of
140 ns has been obtained. The 2-D image cut is —0.5 < Position_X
< 0and 0.5 < Position_Y < 1, i.e., the upper right voxel. As indicated in
the figure, the polarity of image charges in the neighborhood of DC4 is
negative, and the polarity of image charges in AC19 and AC21 segments
is positive. The amplitude of the image charges in DC5 and AC21 is
more pronounced than in the DC3 and AC19 segments.

This implies that the time difference between the two segments for
the defined interaction locations in Fig. 6(a)-(b) affects the polarity of

the image charges. Hence, the interaction location affects the amplitude
of the image charges. Therefore, it may be concluded from Figs. 5 and 6
that the ratio of the amplitudes in the adjacent of the hit segment can
be employed to find the position resolution. It is further pointed out
that for all interaction voxels, the gamma-ray interaction depth may
differ. Moreover, based upon different gamma interaction depths, the
polarity of image charges will differ.

Additionally, for independent 2*'Am collimated source scan,
the image charges amplitude study has been performed by gating on the
59.5 keV photopeak. Because of the lower penetration depth of
59.5 keV gamma-rays in germanium, the image charges have been
obtained with negative polarity. It indicates the specific rise time
difference between the horizontal and vertical strips. For the AC
segment scan, centroid of the T50 rise-time difference distribution plot
for each measurement position between DC5 and AC21 obtained is
~5 (+ 0.5) ns. For the DC scan, the T50 rise-time difference between
DC4 and AC21, it is ~140 (+ 1.5) ns. The amplitudes of the im-
age charges in the neighborhood of the scanned segment have been
analyzed and are discussed in Section 4.

4. Results and discussion

The segmentation of the PSPGe detector along the X and Y-axis
makes it position-sensitive for the gamma-ray hit. The higher degree
of segmentation helps to record each event in a different segment. The
coincidence technique has been employed to characterize the PSPGe
detector. In Fig. 3(a), the guard ring is observed, represented by black
dotted rectangular region, which accounts for the homogeneous charge
collection at the electrodes. The presence of only one guard ring despite
the information of the producer for two guard rings may be attributed
to the electric field distribution build on 2D structures. It may be noted
that the presence of the guard ring does not prevent the trapping of the
charge carriers at the open surface of the detector. Then, the surface
charge there creates a “field defect” [38,39] — an area with a specific
fringe field which diverts the charge carriers towards the open surface
of the detector thus eliminating them from the charge collection and
pulse generation. The more counts in the central region in the 2-D
reconstructed images describe the active volume of the detector crystal.
The calibration is performed through the known dimensions of PSPGe.

The pulse shape comparison scan has been performed for pulses
along the 0°and 90°scans using y? minimization to understand the
depth of gamma-ray interaction. The y2 has been performed between
a strip along the 0°(set-A) scan and the same strip along the 90°(set-B)

2 Further to note, the 2-D set-B measurement was performed for both
orthogonal sides, i.e. one side with vertical strips (AC segments) and the
other side with horizontal strips (DC segments). For vertical strip scan,
AC21 segment has been analyzed for position resolution measurement. For
horizontal strip scan, DC4 segment has been analyzed for position resolution
measurement.
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scan. The pulses at different positions were selected along the depth
(using 2-D image from the PSD) and were compared to pulses in a
single cut in the 90°(representing front side of detector) scan [27]. The
formula used for y2 calculation for matrix with i pulses in one scan and

j pulses in the other scan is given as following:
2’;:;;0 (Pulseyli, k] — Pulsegglj, k1)*

Kpae — Ko

7 e))

max

where k represents sample number of the pulse which corresponds to
time (with a sampling time of 10 ns). k, represents initial sample num-
ber where the pulses have been time aligned. k,,,, denotes the sample
number with maximum pulse amplitude. k,,,, — k, corresponds to the
slope of the pulse, i.e., when charge carriers are moving between the
opposite electrodes. Pulse, and Pulsey, represents pulse in the 0°and
90°scans, respectively. After comparison or y? calculation, the mean
of the pulses was taken for specific y> range or minimum value of 4.
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Fig. 7. (a) Mean pulse obtained after pulse shape comparison using > minimization for strip (a) DCO (b) DC4 (c) AC16 (d) AC20. The legend represents different depth cuts in

the 0°scan/set-A 2D image (depth dimension is 2 cm).

The mean pulse was then plotted for different depth cuts. The analysis
has been shown for DCO, DC4, AC16, and AC20 strips, compared along
the two sets of scans. The compared pulses consisted of a matrix of
~30000 pulses. The mean pulses plotted are in Fig. 7. The pulse shape
comparison helps to understand the interaction location of gamma-
ray inside the detector. The mean pulse calculated at various depths
have different shapes. This behavior is attributed to the difference of
the electrons and holes charge collection when moving towards the
respective electrodes. From Fig. 7(a)-(b), it is concluded that for the
DC segments, the rise-time of the pulse increases with increasing depth.
While the rise-time decreases for AC segments with the increasing
depth, shown in 7(c)—-(d). The results are consistent for the middle and
edge strips. This method helps to validate the sensitivity of scanning
device to find the gamma-ray interaction depth in the PSPGe detector
(for coincidence between scanner and PSPGe) using x> minimization
method for set of pulses in orthogonal scanned positions.

Further, in order to position resolution along the depth, the rise-time
T50 has been calculated for traces obtained from the SIS3316 digitizer.
The rise-time difference has been calculated between two middle strips
(DC4 and AC20) and two edge strips (DCO and AC16) by selected
segment using 511 keV energy cut. The T50 rise-time difference has
been calculated for both the strip pairs, for each of the fifteen cuts, in
the 2-D image.

The T50 rise-time time difference between AC16 - DCO, and AC20 -
DC4 is plotted as a function of the interaction depth in Fig. 8(a) and (b),
respectively. The centroid of the difference in the rise-time distribution
has been plotted as a function of hit location. A Gaussian fit has been
performed for each set of T50 rise-time difference values distribution.
The error in each data point represents the uncertainty in centroid
after the fit. The rise-time difference between the two electrodes can
help to identify the interaction location as the trace would be different
for each interaction point for both types of electrode but within the
position resolution of the detector, as indicated also from 2 analysis.
The higher values of the time difference between the two electrodes
describe that the interaction location is closer to the DC electrode
or, vis-a-vis, far from the AC segment. The holes travel longer than
the electrons to reach the AC electrode. This trend remains almost

constant for the interaction depths at the boundaries of the detector.
It becomes challenging to locate the exact point of gamma interaction
in this depth region. However, in the middle/active region, the time
difference shows a linearly decaying pattern. The decrease in time
difference happens because of the relatively fast charge collection at the
AC segment with an increase in depth. For AC20 - DC4, the T50 rise-
time difference values vary from ~130 to —40 ns at the extreme ends,
and for AC16 - DCO, the range is 110 to —20 ns. Hence, the difference in
T50 rise-time between the two orthogonal strips helps to estimate the
interaction depth independent of X and Y coordinates. The linear fit has
been performed for the values of depth ranging from —0.4 to 0.7 cm.
The slope of the fit was further used to obtain position difference (dX
or dY) for pairs of all points and the corresponding error was calculated
through error propagation. It has been used to calculate weighted mean
to find the position resolution.

The position resolution obtained from Fig. 8(a) and (b) is 1.2 + 0.09
mm, and 1.2 + 0.14 mm, respectively.

In order to determine the position resolution along the X and Y -axis,
the Set-B coincidence setup has been utilized. As discussed in the anal-
ysis procedure for finding the lateral position resolution, the amplitude
ratio is calculated for each induced charge in the neighboring segments.
The amplitude ratio between the image charges estimates how close
the two interactions could be resolved. The minimum resolving would
correspond to the thickness of the segment itself, as there would always
be a pulse generated corresponding to an event in a specific segment.
The axis of the projected 2-D image is calibrated according to the
dimensions of the strip, i.e., 6 mm. For each interaction location, the
amplitudes of the induced charges in the neighboring segment have
been studied. In the present work, the difference in amplitude ratios has
been calculated by the asymmetry parameter a_amp which is defined
as,

a_amp = ————— 2)

where Al and A3 correspond to the amplitude of image charges in
strip 1 and strip 3 for interaction in strip 2 and A3 < Al. In the
present analysis, a_amp has been calculated for the interaction in DC4
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Fig. 8. (a) Plot of T50 rise-time difference between (a) AC16 - DCO pair (at the detector edge) (b) AC20 - DC4 pair (middle strips) plotted as a function of depth.

and AC21 electrodes. For an event in the DC4 segment, the amplitude
of image charges in the neighborhood of DC4 has been calculated.
A3 and A5 represent the amplitudes of image charges in DC3 and
DC5 segments, respectively. Similarly, A20 and A22 represent the
amplitudes of images charges in AC20 and AC22 strips, respectively,
for a gamma-ray interaction in the AC21 electrode. The special note
is that the a_amp has been calculated for specific depth obtained by
calculating rise-time difference between the segment and one of the
orthogonal segment for both the data sets of scans (as mentioned in
footnote2). For DC4 scan, rise-time difference is calculated between
AC21 and DC4 (T'50 4¢5; - T50pc4). For AC21 scan, rise-time difference
is calculated between AC21 and DC5 (T504¢5; - T50p¢5). The values
of the obtained rise-time difference have been tabulated in Table 2 for
both horizontal and vertical strip scanned data. For each of the seven
cuts, a_amp is obtained using centroid from the Gaussian fit to the
distribution plot and error is obtained from the error in the centroid
value. The a_amp has been plotted as a function of respective axis
Y (for DC4 hit segment) and X (for AC21 hit segment) as shown in
Fig. 9(a) and (b), respectively. As we move along the axis, the ampli-
tude of left neighborhood image charge decreases while the right image
charge amplitude increases. Therefore, we obtain linear decay line with
negative slope. The linear fit is performed to the data to obtain slope.
The weighted mean is calculated to determine position resolution. The
position resolution obtained has been tabulated in Table 2.

Additionally, the analysis has been performed for position reso-
lution calculation for collimated 2*! Am source scan. The resolution
has been studied using 59.5 keV photopeak selection for the scanned
electrodes DC4, DC8, AC17, AC21. The corresponding neighborhood
image charges are stored for each hit electrode. The scan was per-
formed for 7 data points starting from the middle of the electrode
and moving collimated source in steps of 1 mm in each direction.’
The similar analysis is performed to calculate the a_amp values from
the distribution plot for each measurement position and then plotting
a_amp as the function of respective axis, shown in Fig. 10. The linear
fit is performed to obtain the slope and further calculating position
resolution. The resolution measurements are tabulated in Table 2 for
different measurements.

From the analysis, it is inferred that the resolution along the X and
Y axes for both the 2! Am and ??Na scans, is of the order of ~1 mm.
The error bars differ in the two cases because of precise collimation
source measurement using *! Am. It has low energy gamma-ray with
low attenuation depth as compared to 2*Na, leading to more accuracy
due to surface scanning. Using 2*! Am independent source scan, it is also
concluded that the resolution is consistent along the center and edge of
the detector (from Table 2).

3 The position axis in the **! Am source scan shown in Fig. 10 is different
from the axis in the coincidence setup set-B analysis shown in Fig. 9 as the
later is calculated from the 2-D image projection while the former is from the
real moving source positions.

Table 2

Lateral position resolution using two scan methods, i.e., coincidence scan using **Na
source and >*'Am scan. For horizontal (DC) and vertical (AC) segment scans, the
resolution has been calculated along Y and X-axis, respectively, mentioned in column 2.
The neighboring or adjacent segment (to left and right of the scanned/hit segment) are
given in column 4. Orthogonal strip w.r.t. which the rise-time difference (accounting
for the depth of gamma-ray interaction) is provided in column 5 and the corresponding
rise-time values in column 6. The resolution obtained is given in column 7.

Source Scanned Scanned Neighboring Orthogonal T50 rise-time Position

scan axis strip No. strip No. strip No. difference resolution
(ns) (mm)
2 Am Y DC4 DC3, DC5  AC21 140 1.0 + 0.04
HAm Y DC8 DC7, DC9  AC21 75 1.1 + 0.05
2Am X AC17 AC16, AC18 DC5 -20 1.2 + 0.05
Am X AC21 AC20, AC22 DC5 5 1.1 + 0.04
2Na Y DC4 DC3, DC5  AG21 59.5 0.9 + 0.25
2Na X AC21 AC20, AC22 DC5 59.5 0.9 + 0.27

Therefore, it is concluded that the a_amp and/or amplitude ra-
tio between the image charges adjacent to the hit segment provides
gamma-ray hit location along the X and Y-axis. The polarity of the im-
age charges will depend upon the instantaneous electric field generated
by the moving charge in the hit segment and the interaction depth.

Therefore, the present analysis shows an appreciable difference in
amplitudes for an event near the edges of the strip. This analysis
provides a confidence limit of position resolution to be approximately
1 mm for both the X and Y-axis. In this manner, the amplitude differ-
ence in the neighboring segments of the hit segment has been used to
find the position resolution inside the detector along the X and Y-axis.
Hence, with this good position resolution makes the detector suitable
to be used for the upcoming DESPEC campaigns.

5. Summary

In summary, it is inferred based on the present performance test
that the Position Sensitive Planar Germanium (PSPGe) detectors are
potential candidates for future gamma spectroscopy experiments. In
this work, the response of the PSPGe detector is studied using the
coincidence technique, along with independent collimated source mea-
surement. The analysis is performed to select electrode of interest
(middle and edge) in horizontal and vertical directions using energy
gate. For resolution along the Z-axis (depth of the PSPGe detector),
the 2-D image obtained using the coincidence setup has been used to
divide the axis in depth as it is not segmented. The y? comparison has
been performed between the 0°and 90°coincidence scan using scanning
setup for different depths. The mean pulse obtained for different depths
provide also information on the depth of interaction. More precisely
this has been studied using the rise-time difference between the two
opposite surfaces as a function of depth for middle and side strips.
An appreciable rise-time difference has been obtained at various depth
locations with position resolution of the order of ~1.3 mm, consistent
at the borders of the detector. In order to achieve position resolution
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scan.

better than 6 mm (the size of the segment itself), the strip has also
been divided using the 2-D image projection cut along both X and Y
directions from the coincidence ??Na source scan data. The position
resolution along the horizontal and vertical directions is measured
using the difference in amplitudes of the image charges in the neighbor-
hood of the selected hit segment. The measured amplitude difference
is considered to account for the gamma hit location. The analysis for
the front crystal scan (providing X and Y resolution) has also been
performed using collimated 2*' Am. The obtained position resolution
along X and Y axes using both the scans is around 1.1 mm. The
present investigation provides a valuable input towards designing of
gamma-spectrometer for phase-III DESPEC experiments at FAIR.
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Abstract— This work presents the results from the
characterization of a Position-Sensitive Planar Germanium
(PSPGe) detector. The PSPGe detector is a double-sided
orthogonal strip detector consisting of 10x10 electrical
segmentation along the horizontal and vertical directions.
The characterization was performed using the coincidence
setup between the PSPGe detector and the well-characterized
scanning system employing the positron annihilation
correlation principle. The scanning system consists of a
Position Sensitive Detector (PSD) and ?Na positron source.
The main objective of this study is to deploy PSPGe detector
for future decay experiments at the Facility for Antiproton
and lon Research (FAIR), Germany. The measurements
have been performed to find the depth of gamma-ray
interaction in the planar segmented detector. The 2-
Dimensional image obtained from the PSD has been used to
find the depth of gamma-ray interaction in the planar strip
detector using pulse shape analysis. In addition, the
sensitivity of PSPGe detector has been investigated by
calculating the rise-time from pulse shapes for the front and
back strips of the detector.

Keywords ~—Double-Sided  Strip  Detector;  Positron
Annihilation Correlation; Position Sensitive Detector; Pulse Shape
Analysis.

I. INTRODUCTION

HILE the nucleus of an atom is a complex object; it has

been studied extensively with the aid of characteristic

gamma-ray emitted from its decay using gamma
spectroscopy tools. The understanding of the structure of nuclei
has been obtained through the development of sophisticated
solid-state detectors. An advent in this field has been through
the development of highly segmented High Purity Germanium
(HPGe) detectors like AGATA [1] and GRETA [2]. These
detectors are employed to track the path of gamma-ray
interaction inside the detector crystal using energy, time, and
location information. They are coaxial 4m HPGe detector arrays
based on the principle of Pulse Shape Analysis (PSA) [3]. The
pulses are stored for each segmented crystal within the defined
time window of supporting electronics. Various PSA

algorithms have been employed to locate the interaction
position that is based on the principle of the Shockley-Ramo
theorem [4]. It states that the moving charge, produced by
gamma-ray interaction, induces a charge on the electrode,
which is detected by the charge-sensitive pre-amplifiers. The
correct PSA algorithm helps to reconstruct the complete path of
a photon interacting at various locations using the Compton
scattering formula. If the algorithm is not reasonably
constructed, it may lead to the complete loss of several
interacting events. This may further provide wrong energy.
Hence, the reasonable choice of PSA algorithm has to be made
depending upon the detector geometry, electrode, and
segmentation. Therefore, the complexity of signals in these
segmented detectors requires complete characterization with
known gamma-ray sources.

This manuscript has been put forth to characterize a Planar
Position-Sensitive Germanium (PSPGe) detector along the
depth. The detector depth is not segmented. Hence, the rise-
time studies have been performed to find depth of gamma-ray
interaction [5]. Further, the detector has been scanned using a
scanning facility developed at GSI Helmholtz Centre for heavy-
ion research, Germany [6, 7]. The main aim of performing these
tests is to employ the detector as an implantation detector in the
Decay SPECtroscopy (DESPEC) experiments in the framework
of Facility for Antiproton and lon Research (FAIR) at GSI [8].
This article is organized as follows. Section Il describes the
detailed experimental setup. In section IlI, the analysis
procedure is discussed. The Results and conclusions are
presented in sections IV and V.

Il. EXPERIMENTAL DETAILS

The PSPGe detector is a p-type electrically segmented
detector. It consists of 10 segmentation along both horizontal as
well as vertical directions. The horizontal strips are DC
coupled, and the vertical strips are AC coupled. The detector
has dimensions of 6 x 6 x 2 cm®. The energy resolution and
efficiency details of the detector are described in the reference
[9]. The DC electrodes are etched on the front side of the
detector, while AC strips are at the backside. In the present
work, DC and AC electrodes are referred to as DCO to DC9,

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0

(http://creativecommons.org/licenses/by/4.0/).
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and AC16 to AC25, respectively, as indicated in figure 1.

Fig. 1: Typical coincidence setup between PSD (left) and PSPGe detector (right)
(DC and AC strips are marked in orange and blue color, respectively).
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Fig. 2: Typical block diagram of electronics arrangement used for setting up the coincidence between PSD and PSPGe detectors.

The experimental setup is shown in Fig. 1. The PSPGe
detector has been set up in coincidence with the PSD using Na
source. The PSD consists of a LYSO scintillator coupled to
Position-Sensitive Photo Multiplier Tube (PSPMT) [10]. After
pair annihilation, the two gamma-rays are detected in PSPGe
and PSD. The distance between #Na source and PSPGe
detector was kept 8.6 cm. The distance was optimized to get a
complete image by looking at the online 2-Dimensional (2-D)
image using GSI Object Oriented On-line Off-line (GO4)
software. The 2-D image is extracted from PSD, consisting of
PSPMT with 16-X and 16-Y anodes mesh. The complete
electronics block diagram is shown in Fig. 2. The 32 anode
output signals from the PSD were amplified using Fast
Amplifier (N979). Afterward, the output was fed to Versa
Module Eurocard (VME) based multi-event Charge to Digital
Convertor (QDC V792) unit with 12-bit resolution. The cathode
output from the PSD was used to generate timing gate, t;

(depicted in Fig. 2), via Constant Fraction Discriminator (CFD
- CF4000). The 10 DC and 10 AC outputs of the PSPGe
detector were fed to 100 MHz digitizers from Struck Innovative
Systeme (SI1S3316) modules. It provides information on pulse
shape and energy for each interacting gamma-ray on an event-
by-event basis. The digitizer's Trigger-Out (TO) output was a
logic pulse that contained information of the OR (OR of the
time) of all channels, indicated as time t; in Fig. 2. Afterward,
t; and t were set up in coincidence using the Quad Coincidence
unit (CO4001). The data from QDC and SIS3316 was read out
using the Multi-Branching Data Acquisition System (MBS).
The ENV1 module contains the dead time of the MBS readout,
which is put in anti-coincidence with t; and t; using CO4001.
The output was used as an accepted trigger for the QDC and
SIS3316 digitizer. The settings of the digitizer were made using
desktop Graphical User Interface (GUI). The monitored data
rate was ~250 Hz.
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11l. DATA ANALYSIS PROCEDURE
The data analysis has been performed using GO4, C++, and
ROQT. The critical points of the analysis procedure are listed
here. First, the 2-D image is reconstructed from the charge
collected at X and Y anodes in PSD for the coincidence events.
The reconstruction has been obtained by the centroid fitting
method, as displayed in Fig. 3.

Position_Y

R IR A 0
20 -10 0 10 20
Position_X

Fig. 3: The 2-D image obtained from PSD.

The middle region with maximum counts represents the active
region of detector volume. 2-D image is projected onto X-axis,
and it represents the depth of PSPGe. It is used for dividing the
depth into segments because of no segmentation along the
depth. First, the obtained energy spectra from the digitizer are
calibrated. Then, it is used to select an electrode of interest by
gating on the Compton edge. The pulse shape and/or trace
obtained from the digitizer provides information on the gamma-
interaction event for the selected electrode. The analysis has
been performed for the obtained traces as described in reference
[11], i.e., the baseline subtraction is performed, followed by
normalization. Afterward, traces are time-aligned at 10% of the
final amplitude.

The work has been presented to understand the analysis for
finding the depth of gamma-ray interaction using the setup
shown in Fig. 1. The Compton edge of 511 keV photopeak is
used to select two middle strips DC4 and AC20. The pulse
shape is analyzed for different points along the depth. The rise
time is measured for selected traces at a specific depth location.
The average of multiple traces is considered to find the rise-
time. The sensitivity of the PSPGe detector towards depth
would depend on how precisely charge collection could be
measured for two charge carriers (electrons and holes) at the
two opposite-facing electrodes. It would then lead to different
rise-time values at different depth locations. In the scope of the
present analysis, T30 rise-times have been calculated for DC4
and AC20 strips. It is defined as the time required to reach 30%
of the maximum amplitude minus the time required to reach
10% of the maximum amplitude. The analysis results, for the
behavior of both DC and AC strips, have been discussed in
detail in the upcoming section.

IV. RESULTS AND DISCUSSION
The coincidence technique using the principle of positron
annihilation has been used to characterize the electrically
segmented PSPGe detector. The increased segmentation is
beneficial to track each Compton scattered event in a different
segment. The centroid fitting method has been used to
reconstruct the image from PSD.

To understand the charge induced by the incoming gamma-
rays, the rise-time has been calculated for the pulse shapes
obtained from SIS3316 digitizer. The analysis has been
performed using energy cut at Compton edge for two middle
strips, DC4 and AC20. As a representative case, the behavior of
DC4 and AC20 strips is shown in Fig. 4, for one of the middle
cuts. In the figure, the amplitude of the trace is plotted as a
function of time. The obtained T30 rise-time values for DC4
and AC20 strips are 30 ns and 80 ns, respectively. This shows
the appreciable time difference between the two traces. This
feature can be further used to find the rise-time as a function of
depth.
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Fig. 4: T10 aligned traces for a middle cut selection (-2.1<Position_X<-1.9)
on active region in 2-D image obtained from PSD. Traces of DC4 and AC20
are represented by red and blue color, respectively.

The difference in rise-times of the two strips may be
attributed to the movement of charge carriers towards the
respective electrodes. The front face of the detector consists of
DC segments, and the AC segments are etched on the backside
of the detector. The electrons would travel towards the DC
electrode while holes would be collected at the AC electrode.
The rise-time distribution is plotted for one of the depths in Fig.
5. In this plot, T30 rise-time counts are represented by a black
histogram. The red curve is the Gaussian fit to find the centroid
of the distribution. Hence, the centroid can be used to find the
rise-time at a specific depth. In addition, the spread in the
distribution may be used to infer the error in the obtained rise-
time values [12].



EPJ Web of Conferences 253, 11009 (2021)

https://doi.org/10.1051/epjconf/202125311009

ANIMMA 2021
30 T T T T T T T T T
==T30 distribution
25 —Gaus fit
20
P 4
S 154
o
(@]
10 T
5 7 -
04
T T T T T T
20 40 60 80 100 120 140

Rise-time (ns)

Fig. 5: Plot of counts vs rise-time (T30) at a specific depth. The red curve is
the Gaussian fit (used to find centroid of the distribution).

The analysis has been extended to find the rise-time as a
function of depth for both the DC4 and AC20 electrodes. It is
shown in Fig. 6(a)-(b).
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Fig. 6: T30 rise-time values as a function of depth for (a) DC4 and (b) AC20
segments, respectively.

In this figure, X-axis represents depth, i.e., going from the
front to the backside of the detector. The values plotted are the
centroids of the rise-time distribution obtained for each depth.
The error has been calculated for each data point from the rise-
time distribution spread, as indicated in Fig. 5. For DC4 (Fig.
6(a)), with an increase in depth, rise-time increases. Fig. 6(b)

shows that the rise-time of AC20 decreases with an increase in
depth. The rise-time of the DC4 segment starts to increase while
traversing from the left to right side, i.e., from DC towards the
AC electrodes. It occurs because of the slow collection of
electrons at the front surface with an increase in depth.

In comparison, the holes are collected faster, therefore, the
faster rise-time response at the AC electrode. This implies that
the difference in collection times of the two charge carriers,
between the front and backside of the detector, can successfully
be applied to find the depth of the gamma-ray interaction. From
the above analysis, it may be deduced that the position response
of the detector is sensitive towards charge collection at the
respective electrodes.

V. SUMMARY AND CONCLUSIONS

In summary, a PSPGe detector has been characterized using a
time-efficient scanning facility at GSI Germany. The response
of the detector has been studied for gamma-ray interaction
along the depth using rise-time values obtained from the pulse
shape analysis. The behavior of induced charge along the
detector surface has been obtained and analyzed using rise-time
calculation as a function of depth. The T30 rise-time
distribution has been used to find the position sensitivity of the
detector towards a gamma-ray hit. The results obtained in this
work have been promising for finding the position sensitivity of
the detector as the subsequent analysis steps.
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Introduction

The development of highly segmented po-
sition sensitive germanium detectors have
marked the advancement in the field of gamma
spectroscopy experiments. The highly seg-
mented detector arrays have striking features
like gamma-ray tracking and Pulse Shape
Analysis (PSA), which provides precise in-
formation of the gamma interaction location
inside the detector from the comparison of
pulses obtained for two orthogonal data sets
[1]. For the characterization of such seg-
mented detectors, it is necessary to record
pulse shapes for each gamma interaction point
inside the detector because of the complexity
of pulses at various locations. The data set
of stored pulses is compared with the pulse
shapes obtained through experimental mea-
surements performed for an unknown source.
In the present work, the scanning facility at
GSI has been used to characterize the Position
Sensitive Planar Germanium (PSPGe) detec-
tor.

Experiment and Analysis

The scanner consists of a Position Sen-
sitive Detector (PSD) which is made of
Lutetium Yttrium Orthosilicate (LYSO) scin-

*Electronic address: 2017phz0005@iitrpr.ac.in
TElectronic address: palit@tifr.res.in

tillator crystal coupled with the 16 X and 16
Y anodes mesh Photomultiplier tube [2]. The
PSD has been well characterized, and the po-
sition resolution is of the order of ~ 1-2 mm.
The PSPGe is a position sensitive double sided
orthogonal strip detector. It consists of 10
horizontal (DC coupled) and 10 vertical (AC
coupled) strips at the two opposite faces [3].
The size of the detector is 6 x 6 x 2 cm?.
In the present analysis, the horizontal strips
are numbered from DCO to DC9, and vertical
strips are numbered from AC16 to AC25.

The coincidences have been demanded
between PSD and PSPGe detectors us-
ing positron annihilation employing a 2Na
source. After the process of pair annihilation,
two 511 keV gamma-rays are emitted in op-
posite directions from each other. The charge
collected in PSD is used to obtain 2-D im-
age from the coincidence data. It has been
achieved by using QDC to acquire the infor-
mation of charge collected at X and Y anodes
in PSD. The centroid fitting method has been
used to find the centroid channel of charge
collected at anode for the coincidence events.
The 2-D image obtained from coincidence is
shown in Fig. 1(a). The analysis has been per-
formed to look for the position sensitive strips
by gating on 511 keV photopeak energy. Af-
ter demanding the coincidence events for every
time any of the two horizontal (DC3 or DC8)
or two vertical strips (AC19 or AC24) fires, the
image obtained has been shown in Fig. 1(b).

774

Awailable online at www.sympnp.org/proceedings



Proceedings of the DAE Symp. on

Nucl. Phys. 65 (2021)

Position_Y(mm)
Position_Y

500

400

300

200

100

0 20
Position_X(mm)

o

20 10
Position_X Position_X

FIG. 1: (a) 2-D image obtained from PSD for coincidence setup showing (a) complete image (b) two
selected strips in horizontal and vertical directions (c) voxel arrangement.
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FIG. 2: Traces (a) before and (b) after time alignment.

The size of each strip is 6 mm. The above
stated analysis has been further extended to
look for voxels in the 2-D image. For this, the
analysis gate was constructed for strips with
a condition that a horizontal strip fires in co-
incidence with a vertical strip. The selected
horizontal strips are DC0, DC2, DC4, DC6,
and DC8. The vertical strips are AC16, AC18,
AC20, AC22, and AC24.

The 2-D image has been used to study the
charge collection properties of PSPGe detec-
tor. This has been performed by analysing
the pulse shapes and energy obtained from
SIS3316 digitizer for each strip in PSPGe de-
tector. The pulses/traces collected are refined
by performing baseline subtraction. There-
after, the traces are normalized w.r.t. the
maximum amplitude of pulse shape, and they
are time aligned at 10% of the maximum am-
plitude. The traces before and after normal-
ization have been represented in Fig. 2 (a)
and (b), respectively.

From the above analysis, it may be stated
that the PSPGe detectoris sensitive towards

gamma-ray interaction. This can be studied
by gating on a strip and further finding the
time response using the rise-time information
obtained from trace generated by the incom-
ing gamma-ray event inside the detector. The
future analysis to calculate position resolution
of the PSPGe detector is in progress.
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