PHYSIK - DEPARTMENT

LEHRSTUHL E12 FUR EXPERIMENTALPHYSIK

A Calibration Experiment for the
AGATA Pulse Shape Analysis

Diplomarbeit

STEFANIE KLUPP
29. APRIL 2011

TECHNISCHE UNIVERSITAT MUNCHEN

TUT]






Abstract

In the near future, the AGATA spectrometer will play an important role in high resolution
~-ray spectroscopy. After the completion of the current Demonstrator phase, AGATA will
consist of 180 highly segmented HPGe detectors covering nearly the full 47 solid angle. The
main improvement of AGATA compared to currently existing y-ray spectrometers is the ability
to reconstruct y-ray scattering paths to maximize the efficiency while keeping the very good
peak to total ratio of arrays like Euroball or Gammasphere. The most important input of
this so called vy-ray tracking are the y-ray interaction points in the active germanium material
which are determined by pulse shape analysis (PSA). The PSA is based on a comparison
of the experimental signals to reference signals of a simulated pulse shape basis with known
interaction points. Currently, it is implemented as a grid search algorithm and reconstructs
one interaction point per segment, which corresponds to the energy weighted barycenter of all
interaction positions in the segment.

In the scope of this thesis, an experimental method to determine the position resolution of the
AGATA PSA for different signal bases was developed. This calibration experiment is based on
the reconstruction of interaction points of annihilation ~-rays, detected in coincidence in two
opposing AGATA crystals. The position resolution is extracted exploiting the fact that the
511keV v-rays are emitted back to back. For a quantitative determination of the resolution,
the reconstructed interaction points were compared to the obtained interaction positions of a
Geant4 based Monte Carlo simulation with adjustable position resolution which is based on
two models: a Gaussian and a Laplace distribution. Different event selections allow studying
the position resolution of single interaction points by selecting Compton scatterings of the
511 keV ~-rays from one segment into a neighboring segment as well as the resolution of the
energy weighted barycenter using v-rays which deposit their energy in a single segment for
each crystal.

The concept of the calibration experiment was verified with experimental data using the first
installed asymmetric triple clusters of the AGATA Demonstrator. A point-like ?2Na source
provided the annihilation y-rays from the positrons of the ST-decay.

In the first test measurement the source was positioned in the center of the AGATA Demon-
strator. Due to the symmetric setup, the mean position resolution of the two crystals A001
and A003 detecting the 511 keV ~-rays was determined for single interactions and barycen-
ters for the two different signal bases ADL and JASS, currently used in AGATA. With a
multi-parameter fit the position resolutions of individual crystals were extracted. All obtained
position resolutions of the A0O01 and the A003 crystal fulfilled the requirements of AGATA
(FWHM < 5mm for 1 MeV energy depositions). However, events featuring energy depositions
in more than one segment of a crystal were found to have significantly worse resolutions due
to the current implementation of the PSA algorithm.

The second test measurement was aimed at investigating the position resolution of a single
crystal in more detail without using the multi-parameter fit. Thus, an asymmetric 2?Na source
position was used to determine the position resolution of the A006 crystal independently of the
resolutions of other detectors. To gain a deeper insight into the position resolution in different
regions of the A006 crystal and its dependence on the used signal bases, the measurement
was conducted with different source positions. Using single interactions in one segment of
A006, position resolutions down to o = 1.0mm at 320keV were obtained. Also local variations
(0 = 1.0 - 2.6 mm) dependent on the signal bases ADL and JASS were quantified at 511 keV.
Apart from that, it was shown that the position resolution for deposited energies between 100
and 300 keV is approximately inversely proportional to the square root of the energy.



II

Within the framework of this thesis it was demonstrated that the coincident detection of
511keV ~-rays from ST -annihilation is an appropriate and versatile tool to study the perfor-
mance of the PSA in AGATA online. The method can not only be used in short breaks in
between the experiments but also will allow for systematic investigations on spatial contribu-
tions to the position resolution and an optimization of the simulated signal bases.
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Chapter 1

Introduction

In nuclear physics -ray spectroscopy is still one of the most powerful tools to study the
single particle properties of the atomic nucleus. y-rays carry important information about the
nucleus which is essential not only for the validation of nuclear structure models. It is also
exciting to search for new shell gaps far off the valley of stability, or in general to learn more
about the interactions in the nucleus.

1.1 Challenges for y-ray Spectrometers at Future Radioactive
Beam Facilities

With new facilities like FAIR! in Germany or SPIRAL2 in France, beams of more and more
exotic neutron to proton ratios already close to the regions of the r-process will be available
at reasonable intensities. Hence, also astrophysical questions drive the development in ~y-ray
spectroscopy. In general, all experiments using those rare and expensive exotic beams have to
be performed in inverse kinematics featuring a fast moving excited nucleus in the exit channel.
Hence, all next generation 7-ray spectrometers have to fulfill three major requirements: a
maximum of efficiency and resolution as well as a good position resolution for Doppler cor-
rection. Therefore, a Furopean collaboration of ten countries decided to build the Advanced
GAmma Tracking Array AGATA [1]. It is designed to meet the following demands which are
necessary to achieve the ambiguous physics goals at future radioactive beam facilities. First
of all, AGATA should have the maximum photopeak efficiency to ensure that most of the
~-rays are fully absorbed. This is especially important to detect even weak reaction channels.
Therefore, a large amount of germanium with a full 47 coverage is desired. Furthermore, a
good peak-to-total ratio P/T? is essential to identify weak channels in a y-spectrum. To cope
with high ~-ray multiplicities and with the immense background rate at high beam intensities,
it is important that AGATA has a high granularity to detect individual ~-rays in different
detection elements. The main challenge at FAIR will be that the exotic nuclei are moving
with high velocities up to § = 0.8, § = v/c. Thus, the Doppler effect plays a crucial role as it
results in shifted and broadened ~-ray lines in the y-spectra of fast moving nuclei. The energy
E,lyab of the y-ray in the laboratory frame is given by a Lorentz transformation of the v-ray
energy EX*" in the rest frame of the emitting nucleus [3]:

1— Bcosl

S

ERP = Bt (1.1)

'FAIR: Facility for Antiproton and Ion Research
2The P/T ratio is defined as the ratio between the counts in the full energy peak and the total counts of a
mono-energetic y-ray spectrum [2].
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Fig. 1.1: Doppler effect. Due to the finite position resolution of the HPGe detector the
direction of the incident y-ray can only be determined with an accuracy of Af. Thus, the
~-ray line in the spectrum is broadened according to eq. (1.2).

The angle 6 corresponds to the emission direction of the ~-ray with respect to the velocity of
the emitting nucleus in the laboratory frame (c.f. fig. 1.1). However, the emission direction of
the y-ray cannot be determined exactly leading to an error Af. As a result, the -lines in the
spectra are additionally broadened [3]

Bsinf
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AERP — prest. (1.2)

The angular resolution Af depends on the accuracy of the knowledge of the emission position
of the y-ray and the spatial resolution of its first interaction point in the germanium detector?.
Hence, for a good Doppler correction of the vy-spectra, AGATA should be capable to determine
the first interaction points of the y-rays as precisely as possible. Thus, AGATA is based on
the concepts of y-ray tracking. This is a reconstruction of the full scattering path of each
~-ray hitting the detector. Hence, the first interaction point required for Doppler correction
can be determined. Additionally, y-ray tracking allows to add back the energy depositions
of fully absorbed 7-rays and, therefore, feature the best possible P/T ratio. One important
ingredient for the ~-ray tracking is the reconstruction of all «-ray interaction positions with
the corresponding energy depositions. This is done by a detailed analysis of the detected
pulse shapes, the so called pulse shape analysis PSA (c.f. sec. 1.3). The scattering sequence
is subsequently extracted using the interaction processes of y-rays in the detector material
germanium, namely photoelectric absorption, Compton scattering and pair production. As
the Compton scattering is often dominating in the energy region of interest, the v-ray track-
ing mainly exploits the Compton formula with a probabilistic approach [2]. In principle, the
scattering angles obtained with the Compton formula are compared to the geometrical deter-
mined scattering angles obtained with the reconstructed interaction positions. Additionally,
absorption probabilities are taken into account.

3 An additional broadening of the v-line is caused by the accuracy Av of the velocity v of the nucleus.
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Fig. 1.2: At its final state AGATA will consist of 180 coaxial HPGe detectors which are
arranged on a 47 shell (a), [4]). The detectors are produced in three different shapes to receive
a good angular coverage. The shapes are indicated with different colors: red, green and blue.
Furthermore, always three different shaped crystals are stored in one cryostat forming a triple
cluster (b), [3]). A single detector has a cylindrical shape with tapered sides leading to a
hexagonal front. Additionally, every crystal is 36-fold electrically segmented (c), [5]).

1.2 The Advanced GAmma Tracking Array AGATA

AGATA is a 9cm thick germanium shell which is divided into 180 hexagons and 12 pentagons.
The hexagons correspond to 180 coaxial HPGe detectors. A schematic drawing of the AGATA
array is shown in fig. 1.2 a). The 180 hexagonal shaped HPGe crystals are grouped in 60
triple clusters (ATCs"), each containing three slightly different tapered coaxial detectors (c.f.
fig. 1.2Db)). Each crystal shape is labeled with a letter and a color: A-type crystals are red,
B-type green and C-type blue. Three different shaped crystals are necessary to cover the
maximum possible solid angle of up to 82 % of 47 with active germanium material [2].

AGATA crystals

All crystals have a length of (90+£1)mm, a diameter of 80f8€mm and a tapering angle of about
8°. The core contact has a radius of 10 mm and a minimum distance of 13 mm to the crystal
front. According to the specifications, the crystals are made of n-type HPGe with impurity
concentrations ranging from 0.4 to 1.8-10'° cm™3. To protect the HPGe material, the crystals
are encapsulated in a 0.8 mm thick aluminum can. Furthermore, they are electrically 36-fold
segmented into six rows (1-6) and six sectors (A-F) (c.f. fig. 1.2¢)). The dimensions of the
segments are adjusted to provide similar interaction probabilities in all segments. [6]

AGATA cryostats

One AGATA cryostat houses three different shaped crystals, thermometers for temperature
control and the complete analog electronic. A transparent view is presented in fig. 1.3. The
crystals at the front of the cryostat are cooled to 90 K to prevent thermal electron-hole exci-
tations. Directly behind the crystals the cold part of the preamplifier is mounted in the same
vacuum to minimize the noise contribution of the signals and to provide the best operational
temperature for this FET of about 130 K. The warm part of the preamplifier is located outside
the vacuum. Hence, it can be accessed easily. It is behind the transparent part in fig. 1.3,
covered by the metal shield. Furthermore, an electronic shielding between the stages is in-
cluded to keep the impact of crosstalk minimal. [2], [5]

*ATC: Asymmetric Triple Cluster
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Fig. 1.3: Transparent view of an AGATA triple cryostat. At the front the three different
shaped crystals in their aluminum encapsulation are situated. They are cooled to 90K. Directly

on the crystals the cold part of the preamplifier is mounted. The warm part of the preamplifier
is located behind the metal shield. [5]

| y-ray multiplicity | 1 [ 10 [ 20 | 30 |
Efficiency [%] | 43.3 [ 33.9 | 30.5 [ 28.1
P/T [%] 58.2 [ 52.9 [ 50.9 | 49.1

Tab. 1.1: Predicted performance of the 4m AGATA array determined by Geant4 simulations
for 1 MeV y-rays [2].

Data processing

In the first stage, the signals of the 36 segments and the core signal of the preamplifiers are
digitized with fast ADCs® at 100 MHz. Subsequently, the next units of digital electronics
generate a trigger, extract the useful samples of the signals for the pulse shape analysis and
determine the energy by a moving window deconvolution. Finally, a time stamp and an event
number is assigned. Afterwards, the signals are sent to a PC server farm to reconstruct the
interaction positions by PSA. These interaction points are then merged by the event builder
to a single event. In this stage also the information of ancillary detectors can be included.
Subsequently, the algorithms for ~-ray tracking are applied and the event is written to a mass
storage device. All the software part of the data processing is managed by the Narval® tool

[7]- 121, [6]

Predicted performance

The predicted performance of AGATA is summarized in tab. 1.1. It is expressed with the
key parameters photopeak efficiency and peak-to-total ratio P/T. Note that the efficiency and
the P/T values are obtained by Geant4 simulations and are strongly dependent on the per-
formance of the reconstruction of the interaction positions and the capabilities of the ~-ray
tracking algorithms [2]. Tab. 1.2 features a direct comparison of AGATA with important y-ray
spectrometers for a single 1 MeV ~-ray. Due to the large amount of germanium the photopeak
efficiencies are significantly higher for AGATA and GRETAT than for any current existing
arrays while the P /T ratios do not deteriorate by substituting the anti-Compton shields by
the active germanium volume.

® Analog-to-Digital Converter

5Nouvelle Acquisition temps-Réel Version 1.6 Avec Linux

"The Gamma-Ray Energy Tracking Array GRETA is the corresponding project of AGATA in the USA
which is currently under construction.
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array number of total photopeak | P/T

crystals | granularity | efficiency
EUROBALL-III 239 239 9% 56%
GAMMASPHERE 110 ~170 9% 63%
AGATA Demonstrator 15 540 ™% %
AGATA 4r 180 6480 43% 58%
GRETA 4r 120 4320 40% 53%

Tab. 1.2: Important quantities of -ray spectrometers for a 1 MeV ~-ray [6]. The Miniball
array is not listed here as its performance differs due to the various possible arrangements.

Fig. 1.4: a) Schematic drawing of the AGATA Demonstrator. It consists of five triple clusters
which are arranged around one pentagon. The support structure is shown in red and the LNy
dewars in light green [5]. b) A photograph of the Demonstrator at its inauguration in April
2010 [8]. Tt displays four completed ATCs and one dummy ATC.

Status

Currently the AGATA Demonstrator, the first phase of the AGATA project, is completed. A
technical drawing of the Demonstrator can be seen in fig. 1.4a). It consists of five neighboring
ATCs which are centered around a pentagon. Fig. 1.4b) shows a photograph of the AGATA
Demonstrator with four ATCs at its inauguration in April 2010 at Laboratori Nazionali di
Legnaro (LNL) in Ttaly.

Up to now, 21 crystals have been delivered from Canberra, but six of them failed the accep-
tance tests due to too high leakage currents [9]. Furthermore, the line shapes of some detectors
deteriorated after being exposed to a big neutron flux at the Laboratori Nazionali di Legnaro
in July 2010. Therefore, they had to be annealed much earlier than planned to repair the
crystal lattice. Currently, five triple clusters are operational and mounted in Legnaro, just
being calibrated for the next experiments.
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Fig. 1.5: Signal creation in a HPGe detector. If a +-ray interacts with the germanium
material a part or all of its energy is transferred to an electron, e.g. to the photo-electron
or the Compton scattered electron. This electron decelerates in the crystal by producing
electron-hole pairs. The electron-hole pairs are drifting due to the applied bias voltage to the
detector electrodes. During the drift process the charge carriers induce mirror charges on the
electrodes which form the signal.

1.3 Concept of Pulse Shape Analysis

The high photopeak efficiency and the good P/T ratio, stated in tab. 1.1, are based on the
concepts of y-ray tracking. As input for the «-ray tracking algorithms the interaction points of
the v-rays are essential. They are obtained by a detailed analysis of the detected pulse shapes
of the AGATA crystals. To understand the concept of pulse shape analysis, it is important to
discuss the signal creation in HPGe detectors and their position dependence.

HPGe detectors

~-rays interact via Compton scattering, photoelectric absorption or pair production with ger-
manium. In all processes an electron is created which releases its energy by exciting electron-
hole pairs in the semiconductor (c.f. fig. 1.5). The total number N, of the electron-hole pairs
is proportional to the incident energy of the y-ray if it is totally absorbed in the germanium
crystal. Due to the small bandgap of about Egap, = 0.7eV of germanium only about 3.0 eV
are needed to create an electron-hole pair®, resulting in a large N, [2]. Thus, statistical fluc-
tuations are small leading to an excellent energy resolution of HPGe detectors. E.g. a fully
absorbed 1.3 MeV ~-ray produces about N, ~ 433 000 electron-hole pairs which, including
the Fano factor of 0.3 [11], correspond to a line width of AE, = 1.2 keV. Due to the applied
bias voltage of about 4000 - 5000V for AGATA detectors [12], the electron and the hole clouds
separate. The electrons drift to the positive core while the holes drift to the outer segment
contacts. While drifting both induce mirror charges on all electrodes which form the signal.
On the charge collecting electrodes a net charge signal appears, whereas on the other elec-
trodes the signal vanishes as soon as the drifting process is over. The latter signals are called
transient signals.

8The mean excitation energy of an electron-hole pair is higher than the bandgap because phonons are
excited, too [10].
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Fig. 1.6: Simulated pulse shapes from the JASS basis 6] for three different interaction points.
They are marked with a black, a red and a green dot in the schematic AGATA crystal on the
right. Comparing the pulse shapes for the different interaction points, a clear dependence of
the their shape on the interaction position is visible.

Position dependence of pulse shapes

For a better understanding how these signals carry information about the v-ray interaction
position, fig. 1.6 shows the pulse shapes of three different interaction points. All interaction
positions are located in the same segment. Thus, there are only two electrodes showing a
net charge signal: the core and the segment A5 which contains the interaction points. The
segments featuring a net charge signal are called hit segments. Additionally, the pulse shapes
of the segments surrounding the hit segment are displayed. The signals in the clockwise and
the anticlockwise segments all have the same shape as the three interaction points feature
the same position in the z-y plane perpendicular to the z-axis. However, they differ in their
z-coordinate leading to different signals in the segments above and below the hit segment.
As an example, the black interaction point is located close to the upper segment boundary
resulting in a huge pulse shape in the segment above and in a very weak signal in the far
away below segment. The situation is the other way round for the green interaction point. In
summary, the pulse shapes are characteristic for the ~-ray interaction position.

Pulse shape analysis: PSA

The most straight forward idea to extract the interaction positions from the measured pulses
is to determine the interaction position from characteristic quantities. Typical candidates for
these parameters are the rise-time and the amplitude of the signals. However, previous seg-
mented HPGe detectors have shown that the achievable position resolutions are not sufficient
for AGATA’s physics goals. Hence, the AGATA collaboration has decided to use a more so-
phisticated method: The pulse shapes of all electrodes are calculated for a set of well defined



8 CHAPTER 1. INTRODUCTION

interaction positions in the AGATA crystal (c.f. sec. 1.4). As a result, a so called pulse shape
basis is created?. Finally, these basis signals with known interaction positions are compared
to the measured signals. This pulse shape analysis algorithms are based on a direct x?2-like
comparison. The minimal y2-value defines the interaction point. A more detailed discussion
on the PSA algorithm is given in sec. 3.2.

1.4 Simulation of Pulse Shape Databases

The simulation of the pulse shapes consists of two steps: First, the trajectories 7 (t) of the
electrons and the holes in the electric field of the AGATA detector are calculated. Second,
the obtained trajectories are used to determine the induced mirror charges Q;(t) on the it
electrode (i = 1,...,36 + core).

Calculation of the charge carrier trajectories 7 ;(t)
In general, the trajectories 7 5 (t) of the drifting electrons and holes are given by their drift
velocities ¥, in the crystal lattice

t(charge coll. electrode)

Ten(t) = / dt Ve p(Ten(t)) - (1.3)

t(v-ray int. point)

The trajectories start at the y-ray interaction point and end at the charge collecting electrode,
i.e. the core for the electrons and an outer contact for the holes. The drift velocity is challenging
to calculate as it depends on the electric field E as well as on the electron and hole mobilities
Hep in the germanium crystall®

Ten(P) = £pie - E(F) . (1.4)

The mobility tensors f.j are anisotropic as they are defined by the band structure of the
germanium crystal lattice. Hence, an exact knowledge of the crystal orientation is crucial in
order to calculate the correct pulse shapes. The crystal axes of the AGATA detectors can be
determined with the help of a 2! Am source by comparing the signal rise-times [13].

The electric field E in the AGATA detectors corresponds to the gradient of the potential ¢

E(F) = V(i) . (1.5)

The electric potential is determined by Poisson’s equation
o) = —v220 (1.6

where ¢y and €, = 16 are the permittivities of vacuum and germanium, respectively. p(7)
is the space charge distribution which results from the impurity concentration of the n-type
HPGe material. It can be e.g. determined by measuring the capacity of the segments as
a function of the bias voltage [14]. Due to the complex crystal geometry, leading to com-
plex boundary conditions, the Poisson equation can only be solved numerically, e.g. with a
Red-Black Gauf-Seidel solver [6]. An example of a resulting electric potential of an AGATA
detector is visualized in fig. 1.7a).

9At the beginning, the pulse shape bases were determined experimentally with scanning tables. However,
this method is rejected as it is too time consuming and features a lot of systematic errors (c.f. chap. 2 and [6]).
0The sign in eq. (1.4) takes the different charge of the electrons and the holes into account.
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Fig. 1.7: Simulated electric potential (a)) and the weighting potential of segment E4 (b)) of
a symmetric AGATA detector. The figures are similar to [6].

Calculation of the pulse shapes

Based on the trajectories of the electrons and the holes, the induced signals on all detector
electrodes can be computed. The induced charge signal Q;(t) at the electrode i, caused by a
point-like moving charge ¢, is given by Shockley-Ramo’s theorem [6]

Qi(t) = —q- ¢i(7(1)) , (1.7)

with 7(t) being the position of the charge ¢ at the time ¢. The weighting potential ;(7) in
eq. (1.7) is an auxiliary quantity corresponding to a dimensionless potential. It is calculated by
solving Poisson’s equation with a zero space charge p(7) = 0 and with the boundary conditions

where §€); corresponds to the surface of the electrode i [6]. Hence, for the determination of the
pulse shapes, the weighting potentials of all electrodes have to be computed. The weighting
potential of segment E4 of a symmetric AGATA detector is shown in fig. 1.7b).

As a result, the pulse shapes Q;(t) of the electrode i considering all drifting electrons and holes
reads

Qi(t) = Geloud - [Vi(Te(t)) — i(Tn(t))] , (1.9)

where 7. (t) and 7,(t) are the electron and the hole trajectory, respectively [6]. gcioud is the
absolute value of the total charge of the electron or the hole cloud.

The calculation of the pulse shapes is a challenging task as a lot of parameters have to be taken
into account. These parameters are often not known precisely and strongly model dependent
[6], resulting in systematic errors of the pulse shape basis. Furthermore, it has to be mentioned
that due to the complex geometry of the AGATA crystals, most of the stated equations have
to be solved numerically. Additionally, interpolation algorithms are necessary [6].

All simulated pulse shape bases are based on the described principles. They “only” vary in
their implementation and their input parameters.
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JASS electron mobility parameters

. . 2 2
direction || uo | S 8 Ey [Clm} P | S
< 100 > 40180 0.72 493 589
<111 > 42420 0.87 251 62

JASS hole mobility parameters

. . 2 2
direction || uo | S5 15} Ey [%} pn | S

< 100 > 66333 | 0.744 181 -
<111 > 107270 | 0.580 100 -

Tab. 1.3: Parameters of the mobility model used in the JASS basis. A detailed explanation
of the model can be found in [6].

ADL electron mobility parameters I
direction || uo % 15} Ey [Clm] Lhn, %
< 100 > 37165.4 | 0.80422 507.7 —1.447-107*
ADL electron mobility parameters 11
7o m 2 Eo [=]
0.459 | 0.0294 | 5.4-107° 1200
ADL hole mobility parameters
direction || po % 15} Ey [Clm] Ln %
< 100 > 62934 | 0.73526 181.9 -
< 111 > 62 383 0.7488 143.9 -

Tab. 1.4: Parameters of the mobility model used in the ADL basis. A detailed explanation
of the model can be found in [15] and [16].

The JASS and the ADL signal basis

In the following sections the performance of the signal bases JASS (Java Agata Signal Simu-
lation, [6]) and ADL (AGATA Detector simulation Library, [15]) are discussed. Hence, their
characteristic features are presented in more detail: Currently, both bases assume the same
crystal orientation. The z-axis (symmetry axis) of the crystal coincide with the < 001 >-
direction of the germanium crystal lattice, while the < 100 >-direction of germanium forms
an angle of &« = 45° with the z-axis of the coordinate system which passes the tip of the
segment A'l. Nevertheless, the main difference in the calculation of the two bases are the
mobilities of the charge carriers. The used mobility parameters for JASS and ADL are sum-
marized in tabs. 1.3 and 1.4, respectively. Comparing the corresponding electron parameters
of the < 100 >-direction and the hole parameters of both directions, it is obvious that the
bases do not feature the same drift velocities. Thus, the calculated signals of JASS and ADL
differ. Additionally, the ADL basis uses a slightly different parametrization for the electron
drift velocity. Details on the mobility models can be found in [6] for JASS and [15, 16] for
ADL. Apart from that, JASS calculates the pulse shapes on a 1 mm cubic grid, whereas ADL
uses a 2mm cubic grid.

! Nevertheless, the ADL basis of the A003 crystal in symmetric test measurement (c.f. chap. 4) features
a = 40°.
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1.5 Thesis Overview

This chapter discussed the need of a new generation of v-ray spectrometers for future ra-
dioactive beam facilities such as FAIR. As an example for a modern ~-ray detector which is
currently under construction, the Advanced GAmma Tracking Array AGATA is described in
more detail (c.f. sec. 1.2). Its philosophy is the y-ray tracking, i.e. to reconstruct the scattering
path of incident 7-rays, to gain a significantly higher photopeak efficiency and good P /T ratio
compared to existing 7-ray spectrometers. An important input of the tracking algorithms
are the y-ray interaction points which are reconstructed with the help of pulse shape analysis
(PSA). Its concept is introduced in sec. 1.3 and sec. 1.4.

To validate the PSA chap. 2 presents possible PSA calibration experiments. The main focus
of this thesis is set on a ??Na calibration measurement which exploits the angular correlation
of the annihilation y-rays to extract the position resolution of the AGATA detectors. Further-
more, sec. 2.2 presents the setups of two executed test experiments.

In chap. 3 the analysis strategies of the 22Na calibration experiment are detailed. For a better
understanding a Geant4 based Monte Carlo simulation is included. The analysis deals with
two different event selections (c.f. sec. 3.3): The position resolution of single v-ray interaction
points is studied as well as the position resolution of the energy weighted barycenter of all
interaction points which are contained in a segment.

Chap. 4 presents the results of the first test experiment. It uses a symmetric source position
leading initially to a mean position resolution of the involved crystals. However, with a multi-
parameter fit the position resolution of individual crystals can be determined, too.

The second test measurement features asymmetric source locations in order to investigate the
position resolution of a single crystal independently of the resolution of another crystal (c.f.
chap. 5). Several source positions are chosen to determine the position resolution for each
crystal row separately. Furthermore, this chapter includes a discussion of the energy depen-
dence of the PSA performance (c.f. sec. 5.4) and the influence of the PSA algorithm on the
position resolution (c.f. sec. 5.5).

Finally, chap. 6 discusses the obtained results and gives an outlook on possible modifications
of the calibration experiment.
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CHAPTER 1.

INTRODUCTION




Chapter 2

A Calibration Experiment for the
AGATA Pulse Shape Analysis

The new generation of v-ray spectrometers for future radioactive beam facilities is based on
the concepts of v-ray tracking (c.f. sec. 1.1). An important input parameter for these tracking
algorithms are the ~-ray interaction positions in the HPGe detector arrays. They are obtained
by a detailed analysis of the pulse shapes. Hence, the capability of the vy-ray tracking is
strongly dependent on the performance of the pulse shape analysis (PSA). Therefore, a reli-
able experimental method has to be developed to determine the achievable position resolution
and its dependence on the quality of the simulated signal basis. For the AGATA detectors
there are currently several experimental approaches for the calibration of the PSA parameters
available.

A direct method is the so called scanning table which allows determining the pulse shapes of
an experimentally defined interaction point. These pulse shapes are afterwards compared to
the simulated pulse shapes. An example of such a scanning setup which is realized by the
University of Liverpool is schematically shown in fig. 2.1. The interaction point is defined by
a Compton scattering with a fixed geometry. This is realized using a strong '3"Cs source. It
is located behind a long lead collimator to create a pencil beam which fixes two coordinates
of the interaction point. The last coordinate is defined by further collimators with subsequent
BGO detectors to detect the scattered ~-ray. [3], [17]

An indirect method for the PSA calibration was developed which exploits the Doppler broad-
ening of a known 7-line. As shown in sec. 1.1, the Doppler correction capability of a ~-ray
array is strongly related to the position resolution of the first interaction point. Thus, a care-
ful analysis of the line width allows the determination of the PSA performance. This was
successfully demonstrated with an in-beam experiment of the first AGATA prototype triple
cluster using the reaction **Ti(d,p)*Ti in inverse kinematics. The achieved resolution was
about 5 mm (FWHM of a Gaussian distribution) for 1382keV ~-rays. [3], [18]

These two calibration experiments are both working and are already used to characterize
important PSA parameters. Nevertheless, both feature a few significant disadvantages.

The scanning method is only an offline method, i.e. the crystals have to be unmounted from
the AGATA array for their characterization. Thus, they are not available for a long time in
present beam experiments. Additionally, scanning the crystals is very time consuming as the
necessary collimators lead to a low interaction rate of the y-rays, especially in the last rows of
the crystal. Thus, an analysis of all 180 crystals of the final AGATA array is not practicable.
Another problem are the systematic errors. It is e.g. difficult to define the interaction position
precisely with the collimators in the scanning setup [6]. Therefore, scanning setups often result
in “supertraces”. A “supertrace” is the mean signal of all measured pulse shapes of a scanning

13
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Fig. 2.1: Schematic setup of the Liverpool scanning table for the direct measurement of pulse
shapes at known interaction points. The interaction point is defined by a Compton scattering
of y-rays emitted by a strong '37Cs source. The collimator in front of the source defines
the initial y-ray direction. The scattered vy-ray is then detected in BGO detectors behind
collimators which define the scattering angle and thus the last coordinate of the interaction
point. The measured pulse shapes with known interaction positions are subsequently compared
to the simulated pulse shapes.

point which correspond to an average position. These “supertraces” have the second advantage
that the noise is canceled to a certain amount. However, due to the different electronics of the
current scanning tables and the AGATA array the noise structure is still not identical.
Totally different is the characterization by Doppler broadening. This is an online method
applicable to all crystals mounted at the same time. However, due to the low cross sections
of the used reactions, the Doppler shifted ~-rays are only produced with a low rate. Thus,
a lot of expensive beam time is needed for the calibration experiment. Furthermore, the de-
termination of the PSA position resolution is only based on a single parameter, the linewidth
of the Doppler shifted ~-rays. Thus, only a overall position resolution of the whole crystal
can be determined instead of analyzing different regions in the crystal separately. As a result,
it is e.g. difficult to locate regions where the basis is badly modeled. Apart from that, it is
very important to know all contributions to the linewidth to get a good idea of the position
resolution.

Therefore, a new calibration method for the AGATA PSA is essential. One possible calibration
experiment was developed and validated in the scope of this thesis. The requirements and the
concept of this calibration method are described in sec. 2.1. To proof its principle two test
measurements were performed with several AGATA detectors. Their setups, the data analysis
and the results are presented in the following sections.

2.1 Online Experiment with a ??Na Source

Based on the experience with scanning tables and the in-beam experiment the new calibration
method should fulfill the following requirements: First of all, it should be designed as an online
experiment which can be easily conducted during or in between two beam times. Therefore,
a short measurement time and a simple mechanical setup without moving the crystals are
necessary. Furthermore, it is important that a modification of the electronics is not needed
for the calibration experiment. This also has the advantage that the electronics have the same
impact on the pulse shapes in the calibration measurement and in beam time experiments.
Therefore, systematic errors such as a different noise structure are canceled.

To meet these requirements a new calibration experiment has been developed. Its concept is
visualized in fig. 2.2. The general principle is to use a positron emitter e.g. a 2?Na source.
If the positron annihilates with an electron, two 511 keV ~v-rays are emitted nearly back to
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crystal 1
22Na
ot
o- 7511 keV
511 keV crystal 2

Fig. 2.2: Concept of an online calibration experiment for the AGATA pulse shape analysis.
The two 511 keV ~-rays of the 2?Na source are emitted back to back. They are detected
in coincidence in two opposite AGATA crystals. The angular correlation of the annihilation
~-rays can be used to determine the PSA performance.

back. These annihilation v-rays are then detected in two opposing AGATA crystals. Their
interaction positions are indicated in fig. 2.2 with green stars. The angular correlation of the
~-rays is exploited to determine the position resolution: The first interaction positions and the
source should be located on one straight line. Using different stereo angles the deviations from
this expected line can be used to determine the position resolution of the PSA in three dimen-
sions. The analysis strategy to extract the position resolution from the angular correlation is
detailed in chap. 3.

2.2 Setup of two Test Experiments

To verify the idea of the online calibration experiment two test measurements were performed
at the Laboratori Nazionali di Legnaro (LNL) in Italy, which is currently the host laboratory
of the AGATA Demonstrator. In both experiments the same ?2Na source with an activity
of about 750Bq was used. As the source geometry is not known, it is assumed that the
radioactive 2?Na material is point-like and that it is housed in a thin plastic disk.

The setup of the first test measurement is shown in fig. 2.3. The ?2Na source is positioned
in the center of three installed triple clusters of the AGATA Demonstrator. To exploit the
angular correlation of the 511keV ~-rays, they have to be detected in coincidence (c.f. chap. 3).
Therefore, this setup allows studying the PSA performance of the red crystals A001 and A003.
Based on the experience of the first test experiment, a second test measurement was performed
at LNL. Fig. 2.4 a) visualizes the different setup. In contrast to the first experiment, an
asymmetric source position was used: The ?2Na source was mounted directly at the cryostat
wall of the red A006 detector. This allows studying the A006 crystal in more detail. Moreover,
the measurement was conducted at several source positions on the A006 cryostat to be sensitive
to the PSA performance in different regions of the crystal. The used source positions are shown
in fig. 2.4 b) with respect to the segmentation of the A006 crystal. Furthermore, the experience
of the first test measurement showed that it is likely that a non negligible amount of positrons
can escape the source and annihilate e.g. in the cryostat of the crystals. These escaping
positrons produce background events which mimic a bad PSA position resolution. As these
events cannot be excluded in the analysis, the 22Na source is covered with additional aluminum
to ensure that the annihilation vertex is always located close to the source material.



16 CHAPTER 2. A CALIBRATION EXPERIMENT FOR THE AGATA PSA

Fig. 2.3: Setup of the first test experiment to proof the principle of the online calibration
method for the AGATA PSA. A point-like 2?Na source is positioned in the middle of the
first triple clusters of the AGATA Demonstrator. As the two annihilation v-rays of 22Na are
detected in coincidence, only the crystals AO01 and A003 can be studied.

a) b)

Fig. 2.4: a) Setup of the second test experiment of the online calibration method. A 2?Na
source is located at the cryostat of the A006 crystal. It directly faces two other crystals of
the AGATA Demonstrator. The zoomed view of the source shows that it is enclosed with
aluminum to prevent the positrons from escaping the source. b) Measured source positions to
receive a position dependent PSA performance. For a better orientation the segmentation of
the crystal is visualized, too.
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2.3 Energy Spectra

The determination of the PSA performance requires the coincident detection of the 511 keV
annihilation y-rays. Thus, a precise energy cut on the 511keV peaks is necessary to gain a high
background rejection. For its definition it is essential to study the recorded energy spectra of
the crystals in more detail. In sec. 2.3.1 the energy resolution of the AGATA detectors and
the shape of the 511 keV annihilation line are analyzed. Sec. 2.3.2 describes the impact of the
crystal segmentation on the energy spectra.

2.3.1 Energy Resolution of the AGATA Detectors

A typical core energy spectrum from the crystal A001 measured in the symmetric setup is
shown in fig. 2.5a). It shows three clear lines. The first one at £, = 511keV is due to the
positron annihilation radiation. At E, = 1.275 MeV the 2+ — 07 transition in 22Ne, domi-
nantly populated by the 31-decay of 2?Na,, is seen while the last peak corresponds to the sum
peak of both lines. Furthermore, their Compton continua with the corresponding Compton
edges are visible. A Gaussian fit to the 1.275 MeV ~-line in the core spectrum results in an
energy resolution of FWHM = (2.67 4+ 0.03) keV.

Contrary, the resolution at £, = 511keV cannot be determined in the same way as the kine-
matics of the positron annihilation leads to an additional broadening of the line. This effect is
clearly visible in the energy correlation of both emitted y-rays which are detected in different
detectors (c.f. figs. 2.5b) and 2.5¢) for the first and the second test experiment, respectively).
Both measurements feature an elliptical anticorrelation of the energies.

Explanation for the elliptical anticorrelation

The shape of the peak originates from the kinematics of the annihilation process. In the
rest frame of the electron-positron pair the energy of both ~-rays corresponds exactly to the
rest mass of an electron. Furthermore, the ~-rays are exactly emitted back to back due
to momentum conservation. In the laboratory frame the situation is different. Before the
annihilation the positron is slowed down until its energy is below one eV (thermal equilibrium)
[19]. Thus, it can be considered to be at rest. Contrary, the electron has a finite momentum
due to its binding which is characteristic for its host material [19]. Therefore, the energies and
the relative directions of the 511keV ~-rays depend on the electron momentum. A Lorentz
transformation of the electron and positron quantities from the rest to the laboratory frame
yields an energy difference AE and an angular deviation Af from 180° [19]:

pL
MmeC

AE=~cp; and Af~

(2.1)

This equation holds for small electron momenta p with p| being the longitudinal and p, being
transverse component with respect to the emission directions of the y-rays. These deviations
are estimated in first order. As the total energy of the y-rays is conserved, one ~v-ray is red-
shifted by —AFE/2 while the second is blue-shifted by AE/2. This results in the elliptical
peak shape displayed in the figs. 2.5b) and c¢). In condensed matter AE is typically about
2keV and Af in the order of a few mrad! [19]. As these quantities are only dependent on
the electron properties of the material, the electron-positron annihilation is a powerful tool
to investigate material properties. Typical applications of positron-annihilation spectroscopy
include studying defects in crystal lattices. This is possible as positrons preferably stay in the
inter-atomic space due to the Coulomb repulsion of the positive ion cores. [19], [20]

!This small deviation from 180° can be neglected in the determination of the PSA position resolution in
contrast to the energy shift.
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Fig. 2.5: a) Core energy spectrum of the crystal A001. The 1.275MeV line of ?2Na has an
energy resolution of FWHM = (2.67 £ 0.03) keV. b) and c) Energy correlations for the first
and second test measurement. The elliptical shape of the annihilation peak is a consequence
of the kinematics of the positron annihilation.

Due to the different mean electron momentum in aluminum and plastic, the energy shift AFE
of the annihilation v-rays is different in the first and second test experiment because in the
latter the source is additionally covered with aluminum. As the average electron velocity in
aluminum is bigger than in plastic the semi-major axis of the ellipse is longer for the second
test experiment. The semi-minor axis has the same length for both measurements as it is not
affected by the nature of the positron annihilation. It is solely defined by the energy resolution
of the detectors. The black ellipses in figs. 2.5b) and ¢) show the contour line at the half peak
height. The distributions of the energy correlation along the major and minor axis have a
Gaussian shape. The FWHMSs of the Gaussian distributions can be used to determine the
energy resolution of the crystals:

. 15" measurement: FWHM(minor axis) = (1.71 £ 0.03) keV,
FWHM (major axis) = (3.67 + 0.04) keV
28d measurement: FWHM (minor axis) = (1.67 £ 0.02) keV,
FWHM (major axis) = (4.09 = 0.05) keV.
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The FWHM (minor axis) is composed of the energy resolutions of the individual crystals:

FWHM (minor axis) = v/AFE(detector 1)2 + AFE(detector 2)2. (2.2)
Assuming both detectors to be equal, the obtained mean energy resolutions are
AFE(A001, A003) = (1.21 £0.02) keV and AFE(A002, A006) = (1.17 +0.02) keV ~ (2.3)

for the first and second test experiment, respectively.

The energy cut used in the determination of the position resolution is defined by the elliptical
contour line at half peak height (black line in figs. 2.5b) and ¢)). All events inside this contour
line are considered in the analysis.

2.3.2 Influence of the Segmentation

Besides the positron annihilation, there is a second effect which can change the shape of the
511keV peak in the case multiple segments are hit: The annihilation line in the core spectrum
can differ from the annihilation peak in the sum energy spectrum of two neighboring seg-
ments, even though no other segment shows any energy deposition. As indicated in fig. 2.6 a)
the 511 keV line in the sum energy spectrum of the neighboring segments D1 and E1 has a more
pronounced tail at the lower energetic side of the peak compared to the corresponding core
spectrum. This effect can be seen more clearly in fig. 2.6 b) which shows the energy difference
between the core and the sum energy of the hit segments, indicating that the segments loose
part of the signal compared to the core. Fig. 2.6 ¢) visualizes the energy correlation of the
segment energies. Here the missing energy appears in a bow below the anticorrelation line of
the Compton scattered events. Fig. 2.6 d) displays the same plot but rotated by 45° showing
that the missing energy can reach up to 60 keV. Thus, this bow effect cannot be neglected as
it is one order of magnitude above the energy resolution of HPGe detectors.

To understand this phenomenon, it is useful to look at the electron-hole cloud created by the
~-ray interaction. Due to the bias voltage the cloud separates. The electrons drift towards
the core and the holes to the outer segment contacts. If the y-ray interaction occurs in the
middle of a segments, all holes are collected by a single segment electrode. Thus, the core
and the segment detect the same energy. However, if a «-ray interaction is located near a
segment boundary, the situation is different. Due to the space between the segment contacts
the electric field is weak near the gap between the two contacts [21]. This results in a low drift
velocity for the holes. Therefore, the diffusion of the hole cloud increases in this region. Thus,
it can expand over two segments. As a result, two segments show a net charge signal making
a single interaction position looking like two interaction points. Moreover, due to the low drift
velocity it is possible that not all holes are collected fast enough leading to a ballistic deficit?.
Thus, the segment energy seems to be lower than the core energy®. This effect dominates if
the center of the hole cloud is at the segmentation line. Therefore, the energy loss is maximal
if both segments detect the same energy. It can be concluded that due to energy conservation
the energy loss in the segmentation boundary is fixed by the total energy deposited in the in-
teraction (i.e. the energy which is detected by the core) and the position of the interaction on
the segmentation boundary (i.e. the ratio of the energies detected in the adjacent segments).

As a result, the events in fig. 2.6 can be divided into three different event types. These three
scenarios are schematically shown in figs. 2.7a) - ¢). Fig. 2.7 a) illustrates the most common

2 At first glance this explanation violates Ramo’s theorem as the sum of all signals in not zero at all times
[6]- However, it is still valid as the holes in the gap of the segmentation lines induce a charge on the aluminum
can which has to be considered, too.

3Crosstalk which is explained in sec. 3.1.2 cannot be the reason for the different line shapes as it is already
corrected. Furthermore, crosstalk would lead to a shift of the 511 keV peak which isn’t present here.
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Fig. 2.6: Energy spectra of events featuring the absorption of a single y-ray from the ??Na
source in two neighboring segments. a) Energy spectra of the core (red dotted line) and the
sum spectrum of the neighboring segments D1 and E1 (black solid line). The tail of the segment
spectrum at the lower energetic side of the peak is due to charge losses in the segmentation
line between the segments. b) Difference between both spectra showing the magnitude of the
charge loss. ¢) and d) Energy correlation between the hit segments. The bow structure is due
to charge sharing between the segments and the insufficient collection of the hole cloud [21].
The numbers shown in d) correspond to the respective numbers in fig. 2.7.
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Fig. 2.7: Explanation of the bow effect. If the y-ray interaction takes place near a segment
boundary the hole cloud can expand over the two neighboring segments. Thus, both segments
show a net charge signal and a single interaction point looks like two interaction positions.

Al can
Al can
Al can




2.4. Geant4 Simulation 21

case which is a Compton scattering from one segment into the neighboring segment. Here,
both hole clouds are completely collected by their own segment electrode. This results in
the dominating line in fig. 2.6 ¢) which crosses the axes at 511 keV (area 1 in fig. 2.6 d)).
Due to the geometry of the experimental setup scattering angles close to 90° are preferred
which corresponds to equal energy depositions in each segment. Moreover, it is possible that
the 511keV ~-ray deposits its energy in a single interaction near the segmentation line (c.f.
fig. 2.7b)) leading to charge sharing and charge loss as described above. As the photoelectric
absorption is the highest possible energy deposit, the energy loss is maximal. Hence, these
events are located at the outer side of the bow in figs. 2.6 ¢c) and d) (area 2 in fig. 2.6d)).
The last event type, displayed in fig. 2.7 ¢), features Compton scatterings from one segment
into the neighboring segment with one interaction point near the segmentation line. Thus, the
number of holes in the cloud near the segmentation boundary is not constant resulting in a
variable energy loss. Therefore, there are also entries in the whole bow area in figs. 2.6 ¢) and
d) (area 3 in fig. 2.6 d)). Furthermore, there are a lot of events featuring a signal loss, a small
energy deposition in one segment and a very large energy deposition in the other segment.
They are due to multiple Compton scatterings in one segment where one interaction point is
close to the segmentation line. [21], [22]

Comparing the energy correlations of all neighboring segment combinations the bow effect is
strongest in neighboring segments of the first row. This can be explained since their segmen-
tation lines are much wider than for the other rows [21]. Additionally, the segmentation lines
are much longer compared to other segments.

Although the bow effect has a big impact on the energy spectra, it does not influence the
further analysis. Due to the large energy loss these events will be excluded with the elliptical
cut on the 511keV line.

2.4 Geant4 Simulation

To get a better understanding of the calibration experiment a Geant4 simulation for the two
test measurements was performed [23], [24]. It is based on the official AGATA simulation
package written by Enrico Farnea [25]. In this section the implementation of the 2?Na source,
the crystals and the energy resolution is briefly described.

2Na source

For the analysis of the PSA position resolution it is of great importance that the electron-
positron annihilation vertex is modeled correctly. The distribution of the annihilation points
is not trivial because the positrons have a finite range in the source material. Thus, it is not
sufficient to implement a point-like source emitting two 511 keV ~-rays in the Geant4 simula-
tion. Instead a more complex structure for the 22Na, source is needed. As the positron range
is energy dependent the spectrum of the 3%-decay has to be considered. The shape of the
B-spectrum is based on the level scheme of ?2Na (c.f. fig. 2.8 a)), on Fermi’s Golden Rule and
on the Fermi function which takes the Coulomb field of the nuclei and of the atomic electrons
into account [26] , [27]. The calculation of the 8-spectrum is described in more detail in app. B.
The result is visualized in fig. 2.8 b). Thus, the positrons from the S7-decay have a mean
kinetic energy of 216 keV and an end point energy of 546 keV. In the simulation the positrons
are emitted isotropically with an energy distribution following the calculated S-spectrum. For
the sake of completeness the 1.275 MeV ~-ray is additionally emitted at the positron starting
point in Geant4.

In the simulation of the test experiments the source is implemented as a thin plastic disk
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Fig. 2.8: a) Simplified level scheme of 2?Na (based on [28]) b) Distribution of the positrons
for one million ?2Na decays as a function of the kinetic energy T, of the positron.

(radius = 5mm, height — 1mm) with a point-like ?Na material in its center*. Further-
more the simulation of the second measurement includes a cylindrical aluminum coverage
(radius = 7mm, height &~ 2.5mm) on both sides of the source as shown in the fig. 2.4 a).

Range of positrons in matter

After calculating the energy spectrum of the positrons their range in matter has to be deter-
mined. The dominant energy loss process of positrons is ionization but also a small amount
of bremsstrahlung occurs. During the deceleration process, the positrons often change their
direction. As a result, the traveled path length is much longer than the range of the positrons.
The latter is defined as the shortest distance between the starting point and the annihilation
vertex. To receive the positron range, a separate Geant4 simulation was performed for the
relevant materials plastic (C3Hg, density p = 0.9g/cm?), air (p = 0.001 g/cm?) and aluminum
(p = 2.7g/cm?). Fig. 2.9a) shows the ranges of positrons resulting from the 3*-decay of ?Na
for the source materials plastic and aluminum. Positrons in plastic have a maximal range
about 1.5 mm whereas aluminum has the shortest range with about 0.5 mm. The distribution
of the positron annihilation vertices in plastic, air and aluminum are shown in figs. 2.9b) - d).
Thus, it is possible that the positrons escape the 1 mm plastic disk of the ??Na source. There-
fore, it is likely to happen in the symmetric test measurement®. These escaping positrons
can travel a long distance in air as their range in air can extend up to 1.5 m. They typically
annihilate in the cryostat of one of the AGATA detectors resulting in a background compo-
nent in the analysis of the PSA position resolution. As the source dimensions are not known
the amount of background events cannot be determined easily. Contrary, in the second test
measurement that includes an aluminum coverage of the 2Na source all positrons annihilate
near the source material due to their short range in aluminum. Therefore, this background
component is absent.

Geometry of the AGATA crystals
In the Geant4 simulation the detector geometry is included as precise as possible. The bare
asymmetric germanium crystals have a length of 90 mm and are tapered according to the

4The radioactive material is implemented as a sphere with a radius of 0.1 mm.

5The actual size of the 22Na source which was used in the measurements was not known. Therefore, the
size of the plastic disk in Geant4 was roughly adapted in a way that the distribution of the interaction points
in the crystals matches to the experimental data.
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Fig. 2.9: a) Ranges of positrons emitted by ?2Na in the source materials plastic and aluminum.
b), ¢) and d) Distribution of the annihilation vertices of 100 000 positrons in plastic, air and
aluminum. The positrons are produced at the origin of the coordinate system.

specifications of the three different crystal shapes. Furthermore, the aluminum encapsulation
and the cryostat walls of the asymmetric triple clusters are taken into account. The resulting
geometries of the test experiments have already been shown in figs. 2.3 and 2.4. Apart from
that, the effective segmentation of the crystals is included. Fig. 2.10a) visualizes a front view
of a red crystal showing the segments in different colors. To adapt the crystal segmentation
in Geant4 to the current knowledge [29] it was changed from the equal edge segmentation to
the equal angle segmentation®. Fig. 2.10b) displays the segmentation in the z-z plane of the
crystal. For comparison fig. 2.10¢) shows the calculated segmentation of the JASS basis which
matches the Geant4 segmentation quite well.

Barycenter

The PSA algorithm which is currently implemented in the Narval emulator [7] is only able
to reconstruct one interaction position per segment. As a result, the PSA reconstructs the
energy weighted barycenter of all interaction points. This is visualized in fig. 2.11. Therefore,
the Geant4 simulation combines all single v-ray interaction positions 7; of the segment to the

5Tn the equal edge segmentation the segment lines divide each of the six outer edges of the crystal in half,
whereas in the equal angle segmentation the angle between the segmentation lines at the core contacts are all
60°.
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Fig. 2.11: Explanation of the barycenter. The incoming ~-ray deposits its energy in three
interaction points (green stars) which are all located in one segment. According to the PSA
algorithm these interaction points are packed together to their energy weighted mean value.
This barycenter is marked with a blue circle.

energy weighted barycenter:
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7o B with  Bharycenter = »_ Bi, (24)
i=1

with E; being the energy of a single interaction 4.

Energy resolution

In the Geant4 simulation the energy resolution AFE of the AGATA detectors is considered by
smearing the deposited energy of the segments and the core with a Gaussian distribution. AFE
is assumed to be the full width at half maximum (FWHM) of the Gaussian distribution

AE =+A+B-E, with A=1.19keV?, B =1.82-10""keV. (2.5)

The constants A and B are defined by the energy calibration. Nevertheless, the elliptical
shape of the 511keV peak is not implemented in the simulation as it depends on crystal lattice
defects of the material which cannot be defined in Geant4. Therefore, the broadening of the
annihilation peak is taken into account by defining a worse energy resolution for the 511 keV
~v-rays. Its FWHM is defined as the FWHM of a Gaussian distribution which results if the
ellipses of the correlation plots in fig. 2.5 are projected on the energy axes. This leads to an
energy resolution of about AE = 1.5keV (FWHM).



Chapter 3

Analysis Strategies

For the analysis and the interpretation of the data gathered in the calibration experiment
several independent steps are required. First the full experiment has to be simulated in Geant4
to generate interaction points inside the active material (c.f. sec. 2.4). In a second step the
experimental data has to be treated with all the analysis tools developed for AGATA. Before
the AGATA PSA starts the so called preprocessing is performed (c.f. sec. 3.1). The resulting
traces are subsequently used as input for the PSA. Its implementation is described in sec. 3.2.
After the reconstruction of the interaction points with the PSA, their position resolution is
determined. This requires a selection of suitable events from the overall dataset. The two
event selections used for the analysis are detailed in sec. 3.3. Sec. 3.4 introduces the analysis
strategy to extract a position resolution from the selected events.

3.1 Preprocessing of Pulse Shapes

Before the PSA compares the experimental traces with the traces of the simulated database
all experimental signals have to be preprocessed. Figs. 3.1a) and b) display a superposition of
1000 digitized raw signals of the core and the hit segments!. They were recorded by the A001
crystal during the symmetric test measurement. As its analysis is based on the annihilation
peak of 22Na, only events with Eeoe € [500,520] keV are included in fig. 3.1. Hence, the
superimposed signals have the same amplitude which corresponds to the deposited energy.
However, rate dependent baseline fluctuations? are visible. As the gains of the segments are
slightly different, the heights of the hit segment traces show a band structure. The signals in
one band belong to the same segment. In contrast to the core, the rate of the segments is
much lower resulting in a lower fluctuation of the baseline.

The preprocessing starts with a baseline correction and an amplitude calibration of the experi-
mental traces. Due to the low rate of the calibration experiment, simplified algorithms can be
used. The baseline is calculated from the average of the first 15 samples (150ns) of each trace?.
Afterwards, the amplitude of the signal is calibrated to ensure that it directly corresponds to
the deposited energy. This is done with the signal average of the last 30 samples (last 300 ns)
which are behind the rising slope.

!One sample corresponds to 10 ns.

Baseline fluctuations occur if the previous signal has not completely decayed to the baseline before the
next signal is present.

3 According to fig. 3.1 the first 15 samples are significantly before the rising slope of the signal.

25
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Fig. 3.1: 1000 raw pulse shapes of the A001 crystals as a function of ADC samples. a) The
superposition of the core traces. b) The superposition of the hit segment traces. All included
events feature a core energy Feore between Eepre = 500keV and Eepre = 520 keV. The total
energy is deposited in a single segment. One sample corresponds to 10 ns.
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Fig. 3.2: Schematic drawing of the algorithm for the determination of the starting time tg.

3.1.1 Time Alignment

To be able to compare the experimental pulses to the basis signals, a good time alignment of
them is essential. This is accomplished by matching the start time ¢y of the experimental
trace to the start time of the basis trace. ty can be received e.g. by a neural network (for
details see [6]) or by a linear fit of the rising slope of the signal. As the latter algorithm is
currently implemented in the Narval data acquisition software, it is described in the following:
The method is sketched in fig. 3.2. First, a trigger threshold at about 40 of noise over the
baseline is defined. The sample where the experimental signal passes the trigger threshold is
called 1. Subsequently, a line is fitted to the signal in the range [t1, t1 + 5]. Its intersection
with the baseline defines ¢y. Finally, all experimental traces are shifted in a way that their £,
is at sample 10.

The superposition of the 1000 preprocessed traces is shown in fig. 3.3. For a better comparison
all traces are normalized to 1. The slope of the sum signal can be best approximated by a
straight line. Hence, it is used for the determination of the start time. Furthermore, it has
been shown that the results can be improved by introducing an additional shift of one sample
i.e. using tg - 1 as start time of the experimental signal. After calculating the start time ¢g the
baseline is corrected again by averaging over the last 10 samples before the to sample.
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Fig. 3.3: Preprocessed traces of the A0OL crystal. a) The core traces. b) The traces of the
hit segment. ¢) The sum of the core and the hit segment traces. Furthermore the mean trace
of all 1000 signals is visualized in black.

3.1.2 Crosstalk

The determination of the y-ray interaction points by pulse shape analysis relies solely on
a precise knowledge of the shapes of the traces. Therefore, all effects which influence the
pulse shapes have to be considered. It has been shown that in segmented HPGe detectors the
recorded signals at different electrodes are not independent due to capacitive coupling between
the detector electrodes, the so called crosstalk. Generally, two types of crosstalk exist [6]:

e proportional crosstalk which is proportional to the signal amplitude
e derivative crosstalk which is proportional to the derivative of the signal

The proportional crosstalk which dominates between the core and the segment contacts causes
an energy shift of the segments’ amplitudes [6]. Therefore, the impact on the energy spectra
is not negligible. This can be seen in the sum energy spectrum of all hit segments which was
recorded e.g. with a 59Co source. With increasing segment-fold* the sum energy peak is more
and more shifted to lower energies [6].

The derivative crosstalk only occurs if the signal shape changes i.e. during its rise-time. Fur-
thermore, it is only present in direct neighboring segments which coincide with the segments
used for PSA. Thus, the derivative crosstalk component plays an important role in the PSA.
Without a crosstalk correction the PSA can have a poor position resolution even though the
simulation of the detector is perfect. [6], [30]

Narval includes the proportional crosstalk by directly correcting the energies and the signal
amplitudes. The crosstalk correction of the traces is done by including the crosstalk in the
basis. This approach has the advantage that the correction can be done before the actual
PSA, saving computing time.

3.2 Pulse Shape Analysis

After preprocessing the experimental and basis traces are both used as input for the pulse
shape analysis algorithm. The implementation used in this thesis is described in this section.
Sec. 3.2.1 considers the case of events with one hit segment per crystal whereas sec. 3.2.2
addresses the more complex case of multiple hit segments. Finally, sec. 3.2.3 provides an
outlook on the reconstruction of more than one interaction point in a single segment. Currently,
the algorithm reconstructs only the energy weighted barycenter.

“segment-fold = number of hit segments
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3.2.1 Single Hit Segments

The goal of the single hit-segment scenario is to reconstruct one interaction point in events
where all energy deposited in the crystal is absorbed in a single hit segment, so called single hit
events. This reconstructed interaction position corresponds to the energy weighted barycenter
(c.f. fig. 2.11).

To determine the barycenter, the PSA searches for the basis signal SP®$ which best matches
to the experimental signal S®*P. The optimal basis trace defines the interaction position. In
principle the PSA algorithm uses a y?-like test to compare the experimental traces to the basis
traces. The figure of merit FOM which is used for the comparison is defined by [18]

FOM =Y Y |S5P— Shsisp. (3.1)

1ENS ke€samp.

The first sum in eq. (3.1) expresses that the PSA does not only consider the signal of a single
segment to reconstruct the interaction point. Generally, the neighboring segments (NS) sur-
rounding the hit segments are used as they contain the largest amount of information on the
~-ray interaction point (c.f. sec. 1.3). The segments which are considered in the FOM form
the so called neighbor pattern. After the definition of the neighbor pattern, the part of the
trace which is used for the comparison is defined by the second sum running over a predefined
selection of ADC-samples k. Furthermore, the metric p in eq. (3.1) has to be fixed. It is used
for the calculation of deviation of the experimental trace S®*P from the basis trace SPasis,
Using an extensive grid search, the FOM is evaluated for all basis points in the hit segment?.
Thus, 5000 to 12000 basis points® are considered for the reconstruction of a single interaction
position which leads to a long computation time [6]. More sophisticated search algorithms
such as the Particle Swarm Optimization (c.f. [6]) are much faster. Nevertheless, the extensive
grid search ensures that no additional errors due to the search loop occur as always the basis
signal with the smallest FOM-value is found. Thus, the influence of the PSA algorithm on
the position resolution is minimized. This is important as the PSA calibration experiment
should be solely sensitive to the signal basis.

Current implementation of the PSA algorithm

According to eq. (3.1) the following parameters have to be set in the grid search algorithm: the
segment neighbor pattern NS, the metric p and the samples which are included in the FOM.
In the current implementation the FOM calculation spans over 50 samples (500 ns) starting
at the beginning of the pulse at tg.

For the metric p two different values have been used in the analysis: A least square comparison
with p = 2 and a comparison with the square root, i.e. p = 0.5. Nevertheless, the results of
the test experiments indicate that the influence of the metric on the performance of the PSA
algorithm is weak. Thus, in the further analysis the square root metric is used.

A more critical parameter of the PSA algorithm is the choice of the neighboring segments
which are included in the grid search. The experience of the test measurements show that
the PSA performance deteriorates dramatically if net charge signals are included in the search
loop. Therefore, they are not considered in the following. Two possible neighbor patterns, the
cubic and the spherical configuration, are visualized in figs. 3.4a) and b), respectively. The left
patterns in fig. 3.4 illustrate that for net charge signals in the first crystal row all segments of
the front row are included in the PSA. This approach is reasonable as these segments are not
separated by the core contact. Furthermore, independent of the pattern shape, big patterns
are preferred as a large number of segments contain more information about the interaction

®Due to the net charge signal, the segment containing the interaction point is never misidentified.
SHere a 1 mm cubic grid is assumed.
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Fig. 3.4: Segment neighbor pattern. The grid corresponds to the 36 segments of the AGATA
crystal. On the horizontal axis the segment sectors are shown whereas the vertical axis cor-
responds to the crystal row (c.f. also fig. 1.2¢)). The red dots visualize the hit segment. All
neighbors which are included in the PSA grid search are marked with black crosses. The first
neighbors are additionally shaded. The figure is similar to [18].

position. Thus, considering only direct neighbors of the hit segment result by far in the poorest
PSA position resolution. The pattern size is, however, limited due to the available computation
time. Moreover, results show that the cubic pattern outperforms the spherical pattern. Hence,
the cubic pattern which is shown in fig. 3.4 a) is used for the PSA of the test experiments.

3.2.2 Multi Hit Segments

As long there is only one hit segment in the crystal, the experimental traces can be easily
compared to the basis traces as they are not influenced by further energy depositions in other
segments. However, the situation changes if more than one segment features a net charge
signal as HPGe detectors are not able to resolve two subsequent ~-ray interactions in time.
Thus, the recorded signal is always the sum signal of both interactions. A schematic example
is visualized in fig. 3.5. The interaction positions in two neighboring segments are marked
with a red (number 1) and a green (number 2) circle, respectively. Their corresponding pulse
shapes are displayed with the same colors and numbers. The sum signal is drawn in gray.
The best reconstruction of the interaction positions could be achieved if the PSA algorithm
would fit both interaction points at the same time with a multi-parameter fit. Nevertheless,
the computation time of such an implementation is extremely high because every basis pulse
shape of the first hit segment has to be combined with every pulse shape of the second hit
segment. As the PSA is performed in real time, fitting both interaction points simultaneously
with an extensive grid search is not possible. Fitting both interaction points separately and
completely neglecting the other hit leads to a significant systematic error. Each reconstructed
interaction point is always shifted towards the second hit segment. If e.g. two directly neigh-
boring segments are hit, like in fig. 3.5, this PSA implementation leads to a clustering of
the interaction points near the common segment boundary. Therefore, a different strategy
is needed. Computation time requirements still force the new algorithm to reconstruct one
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Fig. 3.6: Adapted segment neighbor pattern for multi hit-segments. The hit segments are
marked with a red filled and a green open circle. The pattern for the analysis of the red filled
interaction point are shown. On the left a cubic pattern is assumed while on the right the
pattern has a spherical configuration.

interaction point after the other.

Two approaches have been implemented for the analysis of the test measurements:

The first uses an adapted neighbor pattern. It is created by assigning a weight to each neigh-
bor, dependent on its distance to the hit segment. All neighbors which are situated directly
at the hit segment are of order one (shaded neighbors in fig. 3.4), the neighbors which are a
little bit further away have second order (unshaded segments in fig. 3.4) and so on. Finally,
the extensive grid search is performed for all hit segments separately, taking into account only
segments which have a lower order for the current hit segment than for any other hit segment.
Fig. 3.6 shows the resulting adapted neighbor pattern for the cubic and spherical configuration,
respectively. In this example two adjacent hit segments are considered.

The second algorithm uses a completely different approach as it does not change the neighbor
pattern [31]: It first searches for the interaction position with the largest energy deposition
and reconstruct its interaction point using the strategy for single hit segments (c.f. sec. 3.2.1),
neglecting the other hit segments completely. Finally, the best fitting basis traces are sub-
tracted from the experimental signals. These modified experimental signals are then used as
input for the fit of the interaction point with the second highest energy. The procedure is
recursively repeated for each energy sorted interaction position.

Comparing both methods, the recursive subtraction of the experimental trace leads to a better
position resolution in the test measurements than the adapted neighbor pattern. Therefore,
multi-hit segments are treated with the second approach in the analysis of the test experiments.
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Fig. 3.7: Typical event signatures of the one hit-segment analysis, described in sec. 3.3.1 (a))
and the two hit-segment analysis, described in sec. 3.3.2 (b))

3.2.3 Higher Multiplicity Scenarios

Currently the PSA reconstructs only one interaction point per segment. It corresponds to the
energy weighted barycenter. The reconstruction of multiple interaction points per segment
is a much more challenging task: A reliable criterion is needed to determine the number
of interaction points in the hit segment. It can be e.g. based on the segment energy [6].
Furthermore, the extensive grid search cannot be used as it is too time consuming. Thus, the
FIPS” algorithm was developed which is capable to resolve more than one interaction point in
one segment [6].

Nevertheless, the question arises whether it is necessary to reconstruct single interaction points.
Currently the tracking algorithms for the y-ray-path are still grouping interaction points which
are closer than a certain distance together. Thus, the segment barycenter is in most cases
sufficient. However, the Doppler correction capability can be increased significantly if instead
of the barycenter the first interaction point can be reconstructed (c.f. 4.1.3). Therefore, the
need for the treatment of multi hits in a segment is currently still under discussion [32]. In
this thesis higher multiplicity scenarios are neglected.

3.3 Event Selections

The calibration experiment of the AGATA pulse shape analysis should consider as many
different event types as possible since the occurring event signatures in AGATA are manifold.
As the analysis is based on the angular correlation of the annihilation y-rays of 2?Na, energies
above 511keV are not accessible. Energies below 511keV are analyzable as the energy of one
511 keV ~-ray can be distributed over multiple segments resulting in different energies of the
reconstructed barycenters. Sec. 3.3.1 presents events with exactly one hit segment per crystal
corresponding to the highest possible energy whereas sec. 3.3.2 details the case of two hit
segments.

3.3.1 One Hit Segment

The one hit-segment analysis requires events with both crystals featuring a total absorption of
the annihilation y-rays in a single segment (c.f. fig. 3.7a)). Therefore, exactly one net charge
signal per crystal is allowed with a total energy deposition of about £ = 511keV. The energy
cut is defined by the ellipse centered around the anti-correlation peak in fig. 2.5. This tight

TFIPS: Fully Informed Particle Swarm
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Fig. 3.8: a) The number of interaction points in one segment which are packed together to
the energy weighted barycenter. In the case of the two hit-segment analysis the number of
hits in the Compton segment is shown. b) The distance between the barycenter and the first
interaction point for the same segments.

energy window and the coincidence condition of the annihilation v-rays lead to a very efficient
background discrimination which is a big advantage of the calibration experiment.

As the Compton cross section dominates at E, = 511 keV in germanium [33|, most of the
annihilation v-rays of 2?Na deposits their energy in more than one interaction. Thus, it is
likely that multiple interaction points in the hit segment occur. To gain a deeper insight a
Geant4 simulation was performed. The results are visualized in fig. 3.8. Fig. 3.8 a) shows
the number of interaction points in the hit segment. As expected from the interaction cross
sections of y-rays in germanium the maximum of the distribution is at two to three interactions
in the one hit-segment analysis. Thus, the energy weighted barycenter of all interactions and
the first interaction point do not coincide. This leads in most cases to a non negligible distance
between the barycenter and the first interaction position (c.f. fig. 3.8 b)). As a result, the one
hit-segment analysis studies the performance of the reconstruction of the barycenter and not
of single interaction points.

Apart from that, the one hit-segment analysis has the advantage that the single hit segment
can be treated with the simplest PSA algorithm (c.f. sec. 3.2.1). Thus, the position error
resulting from the implementation of the PSA algorithm is kept small. Nevertheless, the basis
pulse shapes are calculated for single v-ray interactions and not for the energy weighted mean
value of multiple interactions. Therefore, it is implicitly assumed that the pulse shapes of a
single interaction and the barycenter coincide.

3.3.2 Two Hit Segments

To get rid of the effects caused by the barycenter formation, a second event selection is intro-
duced. The basic idea is to analyze events which feature a Compton scattering in one segment
and a subsequent photoelectric absorption in another segment (c.f. fig. 3.7b)). Consequently,
the second event selection of the PSA calibration experiments deals with events having ex-
actly two hit segments per crystal with a total energy deposition of about FEio ~ 511 keV.
As indicated in fig. 3.8 a) this event selection considers predominantly events with only one
hit in the segment containing the Compton scattering. As a result, the barycenter coincides
with the first interaction point in most cases. This can also be seen in fig. 3.8 b) showing
that the distance between the barycenter and the first interaction is zero for over 70% of the
selected events. Consequently, with the two hit-segment analysis the position resolution of
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Fig. 3.9: Compton scattering of a «-ray emitted by a source at Psource- The y-ray undergoes
a single Compton scattering at Py 1 and finally a photoelectric absorption at Phary 2.

single interaction points can be studied.
To select Compton events the following cuts are imposed:

o For each crystal, exactly two hit segments with a total energy deposition of ) Esegments =~
511keV are required. The energy cut is defined according to the ellipse in fig. 2.5. Due to
this tight cut, fake events e.g. resulting from the bow effect (c.f. sec. 2.3.2) are sufficiently
rejected.

e To determine the segment with the Compton scattering the time order of the segments,
i.e. the scattering path has to be known. In the following the segment which is hit first
is called Compton segment whereas the second segment containing the photoelectric
absorption is called photo segment. The straight forward approach to reconstruct the
scattering path is based on the scattering angle 6 (c.f. fig. 3.9). 6 can be determined
with two different methods. On the one hand, it can be calculated with the Compton
formula |34]
meCQ : ECompton

EW ’ (EV - ECOmptOn),

with the incident ~-ray energy E, = 511 keV, the rest mass of the electron mec® and
the energy deposition Ecompton in the Compton segment. On the other hand, it can
be estimated geometrically with the source position Pyource and the two reconstructed
barycenters Phary 1,2

c0S(Benergy) = 1 — (3.2)

PsourcePbary 1° Pbary 1Pbary 2
AN

c08(bgeo) = (3.3)

|Psourcepbary 1| ) ’Pbary IPbary 2|

Oenergy and fgeo can be calculated according to egs. (3.2) and (3.3) for the two possible
scattering paths Pyource — Pbary 1 Pbary 2 and Byource — Pbary 2 Pbary 1. Thus, it could
be assumed that the path with the smaller difference |fenergy — 0geo| corresponds to the
correct combination. However, the failure rate of this method is quite high as the Comp-
ton formula features an ambiguity for v-rays with energies ranging from 255keV to 700
keV [35]. This is further illustrated in fig. 3.10. It shows a 600keV ~-ray which undergoes
a single Compton scattering, followed by a photoelectric absorption. According to the
Compton formula, both displayed scattering paths are possible. Therefore, a different
method to determine the time order of the interaction positions is needed.

To improve the situation, the mean free path of y-rays in germanium is included in the
decision [35]. It can be compared to the distance between the Compton interaction and
the photoelectric absorption because v-rays with a higher energy have a longer mean
free path. Nevertheless, due to the finite position resolution of the PSA and the packing
of the interaction points to the energy weighted barycenter the misidentification rate of
the scattering path is still too high.

Furthermore, both methods feature an additional, significant drawback: Their perfor-
mance is strongly dependent on the position resolution of the PSA. Therefore, a com-
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Fig. 3.10: An example for the ambiguity
of the Compton formula. For the incident
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ing to the Compton formula. The figure is
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Fig. 3.11: The look-up table simulated
with Geant4 for the symmetric test mea-
surement. On the z- and y-axis the seg-
ments of the A001 and the A003 crystal
are plotted. If the number of hits for a
segment combination exceeds 100 the com-

bination is accepted in the analysis.

pletely different method is chosen to determine the time order of the interaction points
which just relies on the geometry of the setup. Due to the angular correlation of the
two 511keV annihilation «-rays not every Compton segment combination of the two
crystals is geometrically possible. This method utilizes that the two Compton segments
and the source should be positioned on a straight line. Due to the complex geometry a
Geant4 simulation is performed to determine all possible segment pairs. Fig. 3.11 shows
the number of hits for each segment combination resulting from a Geant4 simulation
of the symmetric test experiment with 30 million simulated ??Na decays. A segment
combination is accepted in the analysis if the segment pair is hit more than 100 times in
coincidence®. With the help of this look-up table the Compton ambiguity can be solved.
As a result, about 94% of the scattering paths are identified correctly. However, one
drawback of the look-up table is that lots of good Compton events are rejected as only
unambiguous scatterings paths are allowed to keep the misidentification rate minimal.

The energy Ecompton deposited in the Compton segment must not be larger than the
Compton edge Ecompton edge — 340 keV. This cut reduces background events featuring
two hits in the Compton segments as multiple hits are the only possibility of exceeding
the Compton edge.

The criteria stated so far are suitable to select Compton scattered events. Taking addi-
tionally the geometry of the crystals into account, the fraction of single interactions is
increased. As the initial and the Compton scattered y-ray are reconstructed in the same
crystal the scattering angle of the ~v-ray is limited due to the active detector volume.
Thus, an additional cut on the energy Ecompton 1S introduced which is equivalent to a cut
on the scattering angle. The maximal allowed energy Ecompton 15 set to 40keV below the
Compton edge of the annihilation ~-rays because energies near the Compton edge have
high scattering angles and backscattering out of the detector is likely in this case. Thus,
if a y-ray deposits more than 300 keV in the Compton segment and is scattered into a

8The threshold 100 was tuned to get the best performance of the selection.
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Fig. 3.12: a) The mean number of hits in the Compton segment as a function of the energy
in the Compton segment. b) The performance of the Compton selection versus the Compton
segment energy.

neighboring segment of the same crystal, it usually features multiple hits in the Compton
segment. This behavior is confirmed by fig. 3.12 a) which shows the mean number of
interaction points in the Compton segment as a function of the energy deposited in the
Compton segment. The number of hits increases rapidly near the Compton edge.

e A minimal energy threshold of 100 keV is set because the PSA resolution is energy
dependent. Aslower energy depositions have a small signal amplitude, the reconstruction
of the interaction points with the PSA becomes more and more difficult. Hence, a lower
bound for the energy was introduced to ensure that the energy dependence of the PSA
does not dominate over the influence of the signal basis in the position resolution.

In summary, the energy Ecompton 0of the Compton segment is restricted to the interval
Ecompton € [100keV, 300 keV].

Fig. 3.12b) shows the performance of the event selection determined by a Geant4 simulation.
It displays the ratio between the number of selected good Compton scatterings (single inter-
action in the Compton segment, correctly identified scattering path) and the total number
of selected events. The shaded band in fig. 3.12b) indicates the energy region selected by
the cuts. The overall ratio between Ecompton = 100 keV and Ecompton = 300 keV is about
63%. Generally the shape of the curve is anti-correlated to the shape of the mean number of
interaction points in the Compton segment, displayed in fig. 3.12a). Hence, the main back-
ground is composed of events with more than one interaction point in the Compton segment.
The gradients in figs. 3.12a) and b) can be explained as increasing energy depositions in the
Compton segment lead to an increasing probability for multiple hits in the segment.

A positive aspect of the described event selection is that it does not depend on the recon-
structed interaction positions. Thus, the position resolution does not hamper the performance
of the event selection and the obtained position resolution is not biased by the Compton se-
lection at the same time. Hence, to keep the analysis unbiased, an additional upper limit
on |Benergy — geo| Was not introduced as it depends on the PSA position resolution, although
the cut would increase the fraction of true single interactions dramatically. An even more
sophisticated selection will be discussed in sec. 5.5.
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3.4 Determination of the Position Resolution

After discussing the event selection of the calibration experiment, the analysis strategies to
determine the position resolution of the selected events are detailed. The following description
is based on a Geant4 simulation of the symmetric test measurement?. As a reminder, the
symmetric test experiment features two AGATA crystals (A001 and A003) with the source
being positioned in their center (c.f. fig. 2.3). Due to the symmetric setup both crystals are
treated in the same way. Thus, unless otherwise stated, the position resolution of both crystals
is assumed to be the same.

3.4.1 Concept

First of all, the concept of the calibration experiment is illustrated with a Geant4 simulation.
Figs. 3.13a) and b) show the distribution of the first interaction points of the two annihilation
~-rays which are selected according to the one hit-segment analysis (c.f. sec. 3.3.1). In
fig. 3.13a) a front view of the crystals is shown whereas fig. 3.13 b) visualizes a side view.
Additionally some of the interaction points of the same event are connected with a straight
line. As expected from the angular correlation of the 511keV ~-rays, these lines are all crossing
at the source position.

In figs. 3.13c) and d) the same distributions are shown, but instead of the first interaction
points the barycenters of the one hit-segment analysis are displayed. As it is likely that the
barycenter does not coincide with the first interaction point (c.f. figs. 3.8 a) and b)), the
barycenters and the source position need not be positioned on a straight line. Thus, the lines
are not crossing at one point, although they are quite close to it. The influence of the packing
of the segment’s interaction points to their energy weighted barycenter is also visible in the
distribution. As the barycenter tends to cluster in the segment center, the density of the
interaction points drops near the segmentation lines.

The corresponding distributions of the two hit-segment analysis are displayed in figs. 3.13 e)
and f). They show the barycenters of the Compton segment. Analogous to the one hit-segment
analysis the lines are nearly crossing at the source position. However, a few outliers are visible.
They are caused by misidentified scattering paths of the y-ray. Furthermore, the clustering of
the barycenters is not present for Compton events since the two hit-segment analysis selects
predominantly single interactions.

So far, the position resolution of the simulated interaction points is perfect. If it is set to a
finite value the smearing of the lines around the source position increases. As an example the
influence of the position resolution is illustrated in figs. 3.14 a) and b) showing the results of
the one hit-segment analysis with a 3 mm position smearing'®. Comparing the distribution of
the lines around the source position with and without the position uncertainty, it is obvious
that the smearing of the lines can be used to determine the PSA position resolution.

3.4.2 Fitting the Source Position and Definition of the Distance Spectrum

As the smearing of the lines near the source is directly connected to the position uncertainty
of the reconstructed interaction points, a quantitative method to characterize the smearing is
needed.

Fitting the source position
First of all, the exact source position has to be determined has it is essential for the analysis.
As the source location is not known for the test measurements, it has to be extracted from the

9The asymmetric test experiment is handled analogously (c.f. chap. 5).
10Details on the position smearing can be found in sec. 3.4.3.
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experiment with perfect position resolution. The left column shows a front view of the crystals
whereas the right column present a side view of the same events.
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data, i.e. from the reconstructed interaction points. The most exact method to determine the
source position is a global fit. For this purpose the vector d is introduced. It represents the
shortest distance between the source position and the straight line connecting corresponding
barycenters which pass the event selection. This is illustrated in fig. 3.15a). The length of the
vector d is given by the source position § = (s1, s2, s3) and the line [ : =G+ A- @ (A € R)

2
Zuz Z—aZ] ) (3.4)

=1

52: s; —a;)? —
‘ ‘ ;(Z Z) u1+u2+u3

The source position is determined by minimizing the mean distance

(1dl) = S |, (3.5)

events events

with respect to the source § = (s1,s2,s3). The sum in eq. (3.5) includes all selected events.
The fit of the source position was executed with the Minuit package [36] which is included in
the ROOT framework [37].

To test the precision of the fit a Geant4 simulation with a position uncertainty of 2 mm was
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Fig. 3.16: Influence of the position smearing on the distance spectrum. All spectra are
simulated with Geant4.

performed. The fitted and the simulated source position coincide within 0.3 mm which is
sufficient for the further analysis. Nevertheless, in reality additional systematic errors can
deteriorate the source position resolution. E.g. the reconstructed barycenters can feature a
systematic shift in one direction instead of being isotropically distributed around the actual
barycenter.

Definition of the distance spectrum

To quantify the smearing of the connection lines around the source, the distance d = ]d_] of
the lines to the fitted source position is used. Fig. 3.15b) shows a histogram of the obtained
distances d for the various event types. All events are simulated with Geant4 assuming a perfect
position resolution. The red dotted line visualizes the distribution for the first interaction
points. As expected it is quite close to zero. The shaded area displays the resulting distance
spectrum of the one hit-segment analysis. It is broader compared to the first interaction points
due to the influence of the barycenter (c.f. sec. 3.3). In contrast to the one hit-segment analysis,
the distance spectra of the two hit-segment analysis (blue solid curve) has its peak at zero
because the latter analysis selects mostly single hit events. However, the tail of the two hit-
segment analysis is more pronounced as the scattering path of the y-ray can be misidentified,
resulting in large d-values.

In general, the shape of the distance spectra is directly connected to the smearing of the
lines near the source position and therefore to the position resolution. This is illustrated in
fig. 3.16 showing the simulated distance spectra for various resolutions. Obviously the distance
spectrum is sensitive to the position resolution of the interaction points. Thus, it can be used
to determine the position resolution in a quantitative way.

3.4.3 Including the Position Resolution in the Simulation

The determination of the position resolution is based on the comparison of the experimental
distance spectrum and simulated distance spectra with different position smearings. There-
fore, a quantitative analysis requires an accurate model for the position uncertainty.
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Distributions for position smearing

The simplest approach to include a finite position resolution in the simulation is to smear the
Geant4 barycenters with a Gaussian distribution around their true coordinates Tiyye. Further-
more, it is assumed that the position resolution in all three directions x, y, and z is the same
as no better model exists. Thus, the smeared barycenters & are distributed according to the
probability density function

Poile) = — L e (@Y @) (= e
( ) o () o (-5 )

(2m)3/253 202 202 202
1 27 2
m)3/%0 o

with o being the standard deviation of the Gaussian distribution.
In spherical coordinates r, 6, and ¢ eq. (3.6) reads

) 1 r?
Pa(r,0,¢|o) = r*sinf - o] - exp (—M) (3.7)

with 72 sin @ being the volume element for spherical coordinates. Thus, the distribution of the
distance r = |Z — Zirue| between the smeared point & and the true point Ziye is obtained by
integration over the angles 6 and ¢

2 s

1 r?
rad _ 2 : . . _
P (r|o) = /dgzﬁ/d@ r“sin6 (@7)7%57 exp( 202)
0 0
4T 9 r?

The second smearing distribution which is used in the analysis is a Laplace distribution as
previous experiments have shown that the reconstructed barycenters tend to be leptokurtic
distributed [6]. Its one dimensional probability density function can be written as

PP (z|o) = \/150 - exp (—\/§ ’x_:true> . (3.9)

The quantity ¢ is again the standard deviation. Comparing the Laplace distribution to a
Gaussian distribution with the same standard deviation, the Laplace distribution features a
sharper peak and a more pronounced tail (c.f. fig. 3.17). In three dimensions the probability
function of the Laplace distribution can be expressed as

1 — — _
PP (Z|o) -exp <—\@ |2 = Ttrue] :true‘)exp (—\fZ [y = Ytrue Jytrue)-exp (—\@ 2 = 2ruel Ztrue’) .

- 23/243 o
(3.10)
For two dimensions and Fue — 0 the result is visualized in fig. 3.18 b). In contrast to the
Gaussian distribution displayed in fig. 3.18a), the Laplace distribution is not radial symmetric.
This is a direct result of eq. (3.10) as the probability function cannot be written in terms of
|Z — Zyrue|. Consequently, a different distribution is chosen for the Laplace position smearing:

Analogously to eq. (3.8) a radial symmetric Laplace distribution can be written as'!
2
Prd(rlg) = £3 72 exp (—\/5 f) . (3.11)
o o

'The normalization factor N = g is given by bfdrPf“d(Ha) =1
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Fig. 3.18: Two dimensional projections of possible distributions used for the position smear-
ing. a) Two dimensional Gaussian distribution. b) Resulting distribution if the z- and
y-coordinate follow an independent Laplace distribution. ¢) Distribution following eq. (3.11)
and featuring an isotropic direction.
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Therefore, to simulate a Laplace-shaped resolution the radius is smeared according to eq. (3.11)
whereas the direction is chosen isotropically. The resulting two dimensional distribution is
shown in fig. 3.18 ¢). In contrast to fig. 3.18 b), it features a radial symmetry. In the following
this symmetric distribution is used to smear the interaction points according to a Laplace
probability density function.

Definition of the position resolution

The position resolution is defined as the standard deviation of the distribution which is used
to smear the simulated interaction points. This definition is preferred to the more common
convention which uses the FWHM as a measure of resolution because it provides a better
comparability between the Gaussian and the Laplace distribution (c.f. fig. 3.17). This is due
to the standard deviation being a fundamental property of a distribution while the FWHM
is strongly shape dependent. As an example the FWHM of a one dimensional Gaussian and
Laplace distribution is given by the following formulas

FWHM(Gauss) = 2v2In2-0 ~ 2.35.0 « FWHM(Laplace) = v2In2.0 ~ 0.98-0. (3.12)

Additional constrains

To receive a more realistic position smearing additional constrains are introduced. The PSA
algorithm reconstructs all interaction points inside the germanium crystal. Thus, the smear-
ing implemented in the simulation, is designed to allow only interaction positions inside the
active detector volume. In contrast, smearing out of the hit segment is accepted because the
segmentation lines are not known precisely and therefore not perfectly implemented in the
Geant4 simulation (c.f. sec. 2.4). Thus, allowing the interaction points be positioned outside
the segment this uncertainty is taken into account. Apart from that, the grid of the pulse
shape basis can be considered by positioning the smeared barycenters on the nearest grid
point. The ADL basis is calculated on a cubic grid with 2mm spacing whereas the JASS basis
is simulated on a 1 mm cubic grid. Thus, the spacing has the same order of magnitude as the
PSA position resolution. Nevertheless, by default the grid is ignored to speed up the analysis.

3.4.4 First Estimation using the Symmetric Setup

The straight forward way to estimate the PSA position resolution is to determine characteristic
parameters from simulated distance spectra with different position smearing and compare
them to the values of the experimental spectrum. Figs. 3.19 a) and b) display simulated
distance spectra for various position resolutions ¢ according to a Gaussian and a Laplace
distribution, respectively. Note that both crystals are treated equally, i.e. both feature the
same position resolution. To get an idea which parameters are suitable for the analysis,
characteristic quantities of these spectra are plotted in figs. 3.19b) and ¢) as a function of the
position resolution o. The standard deviation of the distance spectrum does not seem to be
strongly correlated to the position resolution. Furthermore, the position of the maximum is
also not very suitable as its determination is challenging. Choosing just the bin with the largest
number of entries for the maximum position leads to a large error which corresponds to the bin
width. Thus, its distribution as a function of ¢ is not uniform. Fitting the maximum position
is too complicated as the peak structure of the distance spectrum cannot be described with
a simple fit function. Furthermore, this quantity does not consider all entries of the distance
spectrum, i.e. all reconstructed interaction points passing the event selection. Contrary, the
mean and the median of the distance spectrum take all entries into account and are independent
of the binning of the histogram. Furthermore, both show a strong correlation to o. Hence,
the mean and the median are suitable parameters for the determination of the PSA position



3.4. Determination of the Position Resolution 43

o) = <) E
8 0.22— 8 0.22
S 02k o(Gauss) [mm] T o2 o(Laplace) [mm]
€ ¢ e %
S 0.18 -0.0 G 0.18— -0.0
£ F -1.0 S -1.0
go1e| | [ ] -2.0 g 01eE 2.0
Eote -3.0 Eora- -3.0
S 012 S 0120
£ 0.08 | £ 0.08 ]
W o.06C- Y o060
0.04— 0.04—
0.02—{ 0.02-
o= = " :
) ) 2 4 6 8 10 12
d [mm]
b)
- 4 —_
E ® Mean + E ® Mean +
‘= 3.5 ®Median - 455 m Median
% Standard deviation + L] % 4 Standard deviation + L}
g 3~ v Maximum position + + g 5 v Maximum position + "
- -
© ©
o 250 , + ¥ b [ ¢ L
- L]
L] ¢ 1
2.5
2 + + * * = ¢ H *
15 ' ¥ Y 2 L) L] Y
[
1.5 " Y Y
1 Y . ¥
0. ¥ 0.
PR RN IV SR IR SRR B I ouum.‘.\.‘.‘m.“mH‘\HH\HH\H‘
o(Gauss) tmm] o(Laplace) tmm]
c) d)
T F T [
E T ® Mean E 45 ® Mean
5 3.5? H C
£ . ® Median 2 4;* u Median
g of S a5t
[ o Tk
25— 3

Coovvn b b b b B b e e b b e b B b L

o(Gauss) tmm] o(Laplace) tmm]
e) f)

Fig. 3.19: a) and b) Simulated distance spectra for various values of the position resolution.
c) and d) Characteristic parameters of these distance spectra. e) and f) Suitable parameters
for the determination of the PSA position resolution. The errors of the mean and the median
are visualized 10 times larger. In the left column a Gaussian position smearing is used while
the right column is obtained using a Laplace-smearing.
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resolution. For a better overview their dependency on the standard deviation of a Gaussian and
a Laplace position smearing distribution is again illustrated in figs. 3.19¢) and f). The smaller
slope at small o is explained as the influence of the barycenter dominates over the influence
of the smearing distribution there. Note that the statistical error bars have been increased
by a factor of 10 to make them properly visible. Furthermore, the obtained parameters are
connected with cubic splines. Hence, the position resolution of a calibration experiment can
be determined by calculating the mean or the median of its distance spectrum. Subsequently
figs. 3.19e) and f) can be used to translate the obtained value into a resolution. However, the
evaluation of the experimental spectra is safer using the median as it is more robust against
outliers compared to the mean value'? [38].

Nevertheless, this method to determine the PSA position resolution features one significant
drawback. There is no possibility to decide whether the smearing assumed in the simulation
is compatible with the real distribution of the reconstructed barycenters around their true
coordinates. Thus, there is no information whether a Gaussian or a Laplace distribution is
more likely. While a position resolution can be obtained for both, it is not possible to decide
which is correct. Therefore, a better algorithm to determine the position resolution which
takes the full spectral shape of the distance spectrum into account is presented in sec. 3.4.5.

3.4.5 Fitting the Distance Spectrum

In contrast to the method described in sec. 3.4.4, the second possibility to determine the posi-
tion resolution analyzes the shape of the distance spectrum. Thus, in principle, the assumed
smearing distribution of the simulated interaction points can be checked.

Fit strategy

The second method is based on a fit of the simulated distance spectrum to the experimental
distance spectrum. The smearing o, applied to the simulated barycenters, is varied until the
simulated distance spectrum coincides with the experimental distance spectrum. Analogous
to the first estimation of the position resolution, described in sec. 3.4.4, it is assumed that
the position uncertainty of both crystals is the same. To quantify how well the simulated
distance spectrum matches the measured distance spectrum, both histograms are compared
using Pearson’s y2-test. Its figure of merit is given by [39]

Np sim,, exp exp,, sim’) 2
2 1 (N0, " — N*Pnit)

N'sim [\yexp — n?im+mixp )

X (3.13)

with N*™ and NP being the total number of entries in the simulated and in the experi-
mental distance spectrum. nzs-im and n; " are the entries of the spectra in the ith bin. Np is
the total number of bins. Note that both histograms are required to have the same binning.
It can be shown that the quantity in eq. (3.13) corresponds to the well-known x?-value [39)].
Thus, the reduced x2/Ndf defines the goodness of fit obtained by fitting the simulated to the
experimental spectrum. The number of degrees of freedom Ndf is equivalent to N - 1. More
details on Pearson’s x2-test can be found in app. A.

The fit is implemented as a minimization algorithm of the figure of merit x?(o) for o ranging
from opin t0 Omax. For each o € [0pmin, Omax| @ distance spectrum with sufficient statistics is
simulated. These distance spectra are subsequently compared to the experimental distance
spectrum using eq. (3.13). Hence, for each position smearing o a corresponding x? is calcu-
lated. The minimum of the obtained y2-distribution defines the position resolution o. Note

12F.¢ the median of the set {1,1,2,2,1,2,18} is 2 whereas the mean value is 3.9. Therefore, the mean is
much more influenced by the outlier 18 that the median.
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Fig. 3.20: Test of the fit algorithm: Attempt to recover the simulated resolution of 2 mm
according to a Laplace distribution. a) Obtained minimization function. Additionally the
polynomial fit of order three is drawn which is needed to determine the minimum of the
obtained y?-distribution. Its minimum at o resury — 1.99 mm corresponds to the position
resolution. b) Comparison of the distance spectrum corresponding to the best fit value and
the test distribution with 0 = 2mm. Both distance spectra match quite well (x?/Ndf = 0.97).

that the simulated distance spectrum is created using Monte Carlo techniques, i.e. it is prone
to statistical fluctuations. Thus, the calculated y?-value also suffers from statistical fluctua-
tions. Therefore, the minimum cannot be found by looking at the smallest y?-value. As a
result, no intelligent search algorithms such as the simplex method [40] can be used. Instead,
the fit must be implemented as a slower grid search algorithm. First, the fit is performed
on a coarse grid with omin = 0, 0max = 10 mm and a step size of Ag = 0.1 mm. Sub-
sequently a fine grid, centered around the best fit result ocoarse Of the coarse grid, is used:
0 € |Ocoarse — 0.5 mm, ocoarse + 0.5 mm| with 0.02 mm wide steps. The algorithm calculates
for each grid a x2-distribution as a function of the grid points o. To take the statistical fluc-
tuations of the Monte Carlo method into account, each y?-value is assigned an error. It is
calculated with the Gaussian error propagation which is applied on eq. (3.13) (c.f. eq. (A.7) in
app. A). Experience shows that the obtained minimization function can be described well by
a polynomial of order three in the vicinity of the minimum. Hence, the polynomial is fitted to
the x2(o)-values. The minimum of the best fitting polynomial corresponds to the best match-
ing simulated distance spectra and thus defines the position resolution of the measurement.

Validation of the fit strategy

To validate the algorithm, it is used to determine the resolution of a spectrum with known
position resolution. Thus, a test spectrum is simulated with Geant4 featuring a position reso-
lution of o(Laplace) = 2mm according to a Laplace distribution. This test spectrum is treated
as the experimental spectrum in the fit. The fit is performed assuming a position smearing ac-
cording to a Laplace distribution. Fig. 3.20a) shows the obtained x?(c)-values of the fine grid
along with the corresponding polynomial fit. As there is a clear minimum the fit converged.
The resulting resolution is about ogg pesuy = 1.99 mm. For a crosscheck fig. 3.20 b) displays
a simulated distance spectra with the determined position resolution g resuit = 1.99 mm and
the test spectrum with o(Laplace) = 2mm. As these spectra match together very well the
fitting procedures works.

In order to gain more statistics this test was repeated 300 times. The mean position resolution
of all 300 fits is o — (2.01 £ 0.01) mm which is consistent with the initial value of the test
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Fig. 3.21: a) The distribution of the obtained position resolution of 300 fits. b) The cor-
responding x?/Ndf values of the fit.

distance spectrum. The error of the fit strategy is given by the standard deviation of the fit
with a normal distribution in fig. 3.21 a). This excellent accuracy shows the potential of the
method for the determination of the position resolution. It is also consistent with the excellent
x%/Ndf-values resulting from the Pearson’s y?-test between the test distance spectrum and
the best fitting distance spectrum (c.f. fig. 3.21b)).

Gaussian or Laplace position smearing?

As the Pearson x2-test takes all bins into account the whole shape of the simulated and the mea-
sured distance spectra are compared. Thus, the fit strategy can be used to determine whether
the real distribution of the interaction points around their true coordinates is more Gaussian-
shaped or a Laplace-shaped. Fig. 3.22 shows the test spectrum with o(Laplace) = 2mm
again. Additionally, the best fitting distance spectrum according to a Laplace distribution
as well as the best fitting distance spectrum assuming a Gaussian position smearing are vi-
sualized. Comparing the spectra, it is clear that the fit with the Laplace smearing matches
much better than the Gaussian fit result. The spectrum resulting with the Gaussian smearing
decays too fast. This is caused by the fact that the Gaussian distribution, contrary to the
Laplace distribution, does not feature the dominant tail far away from the mean value (c.f.
fig. 3.17). Furthermore, the broader peak of the Gaussian distribution leads to a maximum in
the distance spectrum which is located at higher distances d compared to the maximum re-
sulting from a Laplace smearing. The better consistency of the best fitting distance spectrum
resulting from a Laplace smearing is reflected in the goodness of fit x2/Ndf (c.f. fig. 3.22).
Hence, in the experiment with unknown distribution, the fit is performed twice, i.e. assuming
a Gaussian and a Laplace distribution for the smearing of the simulated barycenters. Finally,
the obtained x?/Ndf-value indicates which distribution is more likely.

Influence of the source position
Apart from that, the fit is suitable to study the influence of the source positioning. For this
analysis the same test data with a 2 mm Laplace position smearing is chosen but instead of
the correct source position a 1 mm shifted source is used. This results in an additional error
of 0.1 mm in the position resolution.



3.4. Determination of the Position Resolution 47

£3500

£ - f — Test spectrum: o(Laplace) = 2 mm
7] L ; l':__"l='_1
cwoof A th —-Ga4: Gauss (2/Ndf = 2.5)
0 Ly
Los00 th .- G4: Laplace (x%/Ndf = 1.0)
- T
2000 | H
5007—._}_: -I-|
o
1000/ | j
o -
500! L.
- b
o‘l 1 1 1 | 1 | | | 1 1 1 | | | -31—_:'2‘“—""% -| sy al L J achea . )k ‘ L
0 2 4 6 8 10 12 14

d [mm]

Fig. 3.22: Test distance spectrum with a defined position smearing of o(Laplace) = 2 mm.
Additionally the best fit result assuming a Gaussian and a Laplace position smearing distribu-
tion are visualized. As expected the Laplace smearing matches much better than the Gaussian
smearing, as the shape of the distance spectrum depends on the distribution of the smeared
barycenters around their true coordinates.

Influence of the grid

Additionally, the influence of the cubic grid of the signal basis JASS (1 mm spacing) and
ADL (2mm spacing) has to be studied as the PSA reconstructs only interaction points on the
grid instead of interpolating between the grid points. Hence, analog to the validation of the
fit strategy a test distance spectrum with known position resolution o(Laplace) is simulated
with Geant4. Additionally, the same distance spectrum is calculated but with the smeared
interaction points being subsequently positioned on a 1 mm and 2mm cubic grid, respectively.
Finally, the position resolution of both test spectra is determined separately by fitting them!3.
The difference between the two fit results o(with grid) and o(without grid) corresponds solely
to the influence of the grid. Fig. 3.23 shows the result of this analysis for various position reso-
lutions o(Laplace) following a Laplace distribution. As the difference o(with grid) - o(without
grid) is always positive, the grid deteriorates the position resolution. As expected the influ-
ence of the grid increases with improving position resolution. Nevertheless, the influence is one
order of magnitude below the current achieved position resolutions of the PSA (c.f. chaps. 4
and 5). Therefore, the grid can be neglected in the following analysis. Moreover, even though
the 1 mm grid of the JASS basis has a smaller influence on the position resolution compared
to the ADL basis, the JASS basis does currently not result in a better position resolution as
the effect is still quite small.

130nly the test spectrum features the grid but not the simulated spectrum with is fitted to the test spectrum.
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Fig. 3.23: o(with grid) and o(without grid) are the obtained position resolutions of simulated
test distance spectra with a position resolution of o(Laplace) with and without considering a
1 mm or a 2mm cubic grid. Their difference shows that both grids deteriorate the position
resolution to a small extend. However, the effect is one order of magnitude smaller than the
current experimentally obtained position resolutions. Therefore, both grids can be neglected
in the following analysis.



Chapter 4

Test Experiment with a Centered
Source

In chap. 3 the analysis strategies of the calibration experiment were presented and exercised
with simulation data. This chapter validates them with experimental data from a first test
measurement. The setup was already detailed in sec. 2.2: A ??Na, source was positioned in
the center of the three installed asymmetric triple clusters of the AGATA Demonstrator (c.f.
fig. 2.3). Due to the required coincidence measurement of the annihilation ~-rays, only the
position resolution of the A001 and A003 crystal can be studied. The experimental data is
evaluated with both, the one hit-segment analysis (c.f. sec. 4.1) and the two hit-segment
analysis (c.f. sec. 4.2). Additionally, a combined analysis is performed which is detailed in
sec. 4.3.

4.1 One Hit-Segment Analysis

First, the results of the one hit-segment analysis are described. Sec. 4.1.1 presents the proper-
ties of the events passing the selection cuts which were discussed in sec. 3.3.1. Subsequently,
the position resolution is determined using the first estimate (c.f. sec. 3.4.4) and by fitting the
simulated to the experimental distance spectrum (c.f. sec. 3.4.5). Due to the symmetric setup
and the assumption that both crystals feature the same resolution, both methods can only
determine the mean position resolution of the A001 and A003 crystal. Sec. 4.1.4 introduces
an approach to extract the position resolutions of individual crystals by combining all avail-
able experimental distance spectra. Finally, the distributions of the reconstructed interaction
points are discussed in more detail in sec. 4.1.5 in order to find hints for systematic errors of
the pulse shape bases.

4.1.1 Properties of the Selected Events

During the first test measurement all raw pulse shapes were written to file. This allows a
reprocessing of the data using e.g. different pulse shape bases. Thus, the JASS and the ADL
signal basis can be compared directly without introducing further systematic errors due to
varying experimental conditions.

In the one hit-segment analysis each crystal is required to have a coincident energy deposition
of E = 511keV in a single segment. The reconstructed interaction points of the A001 and the
A003 crystal which pass these selection cuts are shown in fig. 4.1 for the JASS and the ADL
signal basis. Analogous to fig. 3.13, some of the corresponding reconstructed barycenters are
connected with a straight line. As expected from the angular correlation of the annihilation
~-rays, the lines are concentrated near the source which is located in the middle of the two

49
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Fig. 4.1: Spatial distribution of the reconstructed interaction points after the event selection
of the one hit-segment analysis. The data were taken in the geometry shown in fig. 4.2. The
first two rows show the results of the JASS and the ADL basis while the last row shows the
distribution in the case the PSA fails completely. The left column represents are front view of
the crystals while the right column a side view. Note that the reconstructed interaction points
are positioned on a 1 mm cubic grid for the JASS basis and on a 2mm cubic grid for the ADL
basis. The 2mm grid of ADL is slightly visible in panel d) for the A003 crystal.
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Fig. 4.2: The A001 and the A003 crystal in the laboratory frame. Additionally, their segments
are shown. The geometrically allowed segments are visualized in light green whereas the
forbidden segments are marked in red. Events in the red segments are discarded as they
cannot originate from position annihilations in the 2?Na source.

detectors (c.f. fig. 2.3). However, in the experiment the smearing of the lines is significantly
broader than in the Geant4 simulation with perfect position resolution (c.f. fig. 3.13). Thus,
as described in sec. 3.4.1, the distribution of the lines clearly shows the impact of the position
resolution. For comparison the worst scenario is visualized in figs. 4.1 e) and f) showing the
smearing of the lines in the case the reconstruction of the interaction points would contain
no additional information. Here, the same events are plotted but instead of the reconstructed
barycenter a random point in the hit segment is used as interaction point'. Hence, the worst
possible position resolution is mimicked. Comparing the smearing of the lines obtained for
random events to the results of the active PSA, the PSA with both signal bases performs much
better than just addressing random points in the hit segment.

Comparing the simulated (c.f. fig. 3.13) to the experimental distribution (c.f. fig. 4.1), there
is another striking difference. In contrast to the simulation, the experiment features hits in
segments which cannot be accessed due to the geometry of the setup and the required coinci-
dent detection of the annihilation ~-rays. The geometrically allowed sectors of the A001 and
A003 detectors are illustrated in fig. 4.2 in light green. Nevertheless, in the experiment a non-
negligible number of events are passing the selection cuts which are located in geometrically
forbidden sectors. Thus, for the following analysis, these background events are discarded?.
Their possible origin is discussed in sec. 4.1.2.

For the determination of the PSA position resolution the source position has to be known. It
can be determined precisely by a fit minimizing the mean distance of the connection lines to
the source (c.f. sec. 3.4.2). The fit is performed for the JASS and the ADL basis separately.
The resulting source positions of the two signal bases coincide within 1 mm.

!The hit segment is never misidentified as it is the only segment showing a net charge signal in this analysis.
2Note that sector B in the A001 crystal is geometrically allowed, too. However, it is excluded as the expected
count rate is quite low. Thus, a better background suppression is possible.
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Fig. 4.3: The obtained experimental distance spectra from the symmetric test experiment
using the JASS and the ADL signal basis. Additionally, the distance spectrum with the worst
possible position resolution is shown.

signal | mean [mm| | median [mm| | o(Gauss) [mm| | o(Laplace) [mm]|
basis mean ‘ median | mean ‘ median
JASS 3.23 2.61 29 2.5 2.1 1.9
ADL 2.98 2.33 2.5 2.1 1.8 1.6

Tab. 4.1: Mean position resolutions of the A001 and A003 crystal determined with the first
estimation method described in sec. 3.4.4.

4.1.2 Mean Position Resolution

After the event selection and the fit of the source position, the PSA position resolution can
be determined using the strategies described in sec. 3.4. As both methods are based on the
analysis of the distance spectrum, it is discussed first.

Distance spectra

The distance spectra of events reconstructed with the JASS and the ADL signal basis are
shown in fig. 4.3. For comparison the spectrum of the worst scenario with random interaction
points is included, too. It differs significantly from the spectra obtained with JASS and ADL
illustrating again the benefit of the PSA. The ADL basis perform slightly better than the
JASS basis as the ADL distance spectrum is shifted towards smaller distances.

First estimate of the position resolution

As described in sec. 3.4.4, the position resolution of the reconstructed interaction points can
be estimated using the mean and the median of the obtained distance spectrum. The posi-
tion resolution is extracted from figs. 3.19 ) and f) by evaluating the cubic splines for the
experimental mean and median. The results are summarized in tab. 4.1 for both signal bases.
Comparing the position resolutions, the ADL basis has a slightly better performance than the
JASS signal basis. This is consistent with the observation of fig. 4.3. To check the obtained
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Fig. 4.4: Comparison of the measured and the simulated distance spectra obtained with the
first estimate. The resolution used as input parameter for the simulations are taken from the
results of the first estimate analysis (c.f. tab. 4.1).

position resolutions, the measured distance spectra are compared to simulated distance spectra
(c.f. fig. 4.4). The latter are calculated using the resolutions of tab. 4.1 as input parameters. It
is clearly visible that the shapes of all experimental distance spectra do not coincide with the
corresponding shapes of the simulated distributions within errors. This is also indicated by
the corresponding x?/Ndf-values® which are significantly larger than one. Hence, neither the
Gaussian nor the Laplace distribution describes the distribution of the reconstructed barycen-
ters around their true coordinates very well. Nevertheless, the Laplace distribution seems to
be more likely in all cases.

Furthermore, there is a big discrepancy between the position resolutions which are determined
using the mean and the median. It can be explained by the fact that the shapes of the experi-
mental and the simulated distance spectra differ while the estimation of the position resolution
assumes an identical shape. As this is not the case, it is likely that the mean and the median
lead to different results. Comparing the agreement of the rising slope and the peak between the
measured and the simulated spectra, the median (right column in fig. 4.4) seems to outperform
the mean (left column in fig. 4.4). This can be caused by outliers e.g. background events in
the experiment which are naturally not included in the Geant4 simulation. As these outliers
can deteriorate the mean value of the measured distance spectrum the determined position
resolution using the mean is worse compared to the median position resolution. Contrary, the

3They are calculated with Pearson’s x>-test.
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’ smearing distribution (JASS/ADL) ‘ o |mm)| ‘ x2/Ndf ‘
Gauss 2.7 /22| 147/ 19.7
Laplace 21/18 ] 95 /131

86(87)% Gauss + 14(13)% randomly | 2.0 / 1.6 | 1.3 /2.0
assigned points in the hit segment
88(88)% Laplace + 12(12)% randomly | 1.5 /1.2 | 14 /15
assigned points in the hit segment

Tab. 4.2: Mean position resolutions of the A001 and the A003 crystal determined by fitting
the simulated to the experimental distance spectrum. The first two rows show the results of
the one-parameter fit assuming a Gaussian and Laplace distribution. The last two rows display
the results from two-parameter fits with modified Gaussian and Laplace distributions. Here,
it is assumed that a certain amount of the simulated barycenters are smeared according to a
Gaussian / Laplace distribution while for the rest of the events the true barycenter coordinates
are ignored and instead a randomly chosen point in the hit segment is used.
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Fig. 4.5: Resulting simulated distance spectra of the one-parameter fit compared to the
measured spectra of the JASS and the ADL basis. The shapes of the fitted distance spectra
do not match the experimental spectra.

distance spectra based on the mean value describe the tail of the experimental spectra better.
As a result, it can be concluded that the method using the mean and the median gives a
first estimate of the position resolution. For a more exact determination, more sophisticated
methods have to be used.

Determination of the position resolution by fitting the distance spectrum

The results of the first estimation of the position resolution already indicate that the shapes of
the experimental distance spectra do not match to the simulated spectra. Thus, it is of great
importance to include the whole shape of the spectra in a more quantitative way. This is pos-
sible by fitting the simulated distance spectrum to the experimental spectrum (c.f. sec. 3.4.5).
The first two rows of tab. 4.2 summarize the obtained position resolutions of the JASS and
the ADL basis assuming a Gaussian and a Laplace smearing. The corresponding distance
spectra are shown in fig. 4.5.  As the fitted position resolutions are in the corresponding
o-intervals given by the mean and the median, the results of the first estimate and the fits
are consistent. Nevertheless, the x2/Ndf-values of the fits are significantly smaller than the
obtained reduced y2-values of the first estimates. Therefore, the fit is a more powerful tool to
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Fig. 4.6: Minimization functions of the two-parameter fit for the JASS basis assuming the
modified Laplace smearing distribution. a) Coarse grid. b) Fine grid. The minimum is located
at 0 = 1.5mm and A = 0.12.

determine the position resolution. This is expected as fitting a whole distribution is always
more precise than just comparing a single quantity of the distribution such as the mean or the
median. Furthermore, the x?/Ndf-values indicate that the Laplace distribution describes the
experimental data better than the Gaussian distribution.

Modified smearing distribution for the simulated barycenters

Although the agreement between the measured and the simulated distance spectra is improved
with the fit, the resulting x2/Ndf-values are still bigger than 10 (c.f. tab. 4.2). As a conse-
quence, the distribution of the reconstructed barycenters around their true coordinates cannot
be well described with a Laplace or a Gaussian probability density function. Hence, a dif-
ferent smearing distribution is chosen: The barycenters in the Geant4 simulation are divided
into two groups. The barycenters of the first group are smeared according to a Gaussian or
a Laplace distribution as described in sec. 3.4.3. Contrary, the simulated barycenters of the
second group are replaced by a random point in the hit segment, i.e. their actual coordinates
are ignored. This is equivalent to smear the Geant4 barycenters according to a flat probability
density function which is constrained to the hit segment. The hit segment of these random
events stays the same as a misidentification of the hit segment is not possible due to its net
charge signal. Hence, the smearing distribution is defined by two parameters. The standard
deviation o of the Gaussian or the Laplace distribution and the fraction A of the random events.

Two-parameter fit with the modified smearing distribution

As the modified smearing distribution is described by two parameters, the determination of
the position resolution becomes more challenging. Analogous to sec. 3.4.5, a two-parameter
fit is performed which is based on a grid search using a coarse and a fine grid: The two pa-
rameters o and A are varied until the measured and the simulated distance spectrum coincide.
To speed up the fit, reasonable upper limits have to be set for both parameters. This is done
by a set of dedicated fast algorithms. Subsequently, the distance spectra using the modified
position smearing are simulated for all grid points (o, A) on the coarse grid. Each simulated
spectrum can then be compared with the measured distance spectrum using Pearson’s x2-test.
An example of a resulting y2-distribution on the coarse grid is visualized in fig. 4.6a). It shows
a single minimum in the (o, A)-plane. Hence, the fit yields a unique result. The fit procedure
is repeated on a finer grid around the minimum of the coarse grid (c.f. fig. 4.6b)). The position
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Fig. 4.7: Comparison of the best fitting simulated distance spectra of the two-parameter fit
with the experimental spectra using the JASS and the ADL basis. The agreement between
the experiment and the fit is always good.

of the minimum on the fine grid allows a precise determination of the final fit result (o, ).
The results of the two-parameter fits are shown in the last two rows of tab. 4.2. Compared
to the one dimensional fits, the agreement between the experimental and the simulated dis-
tance spectra is improved (x?/Ndf < 2.0). The best fitting simulated distance spectra of
the two-parameter fits are shown in fig. 4.7. The good agreement between the fits and the
experiment indicates that the modeled smearing distribution based on the parameters o and
A describes the experimental data of both signal bases well. Comparing the fraction A of the
random events assuming a Gaussian and a Laplace distribution, A is slightly higher for the
Gaussian distribution. This can be explained with the more pronounced tail of the Laplace
distribution (c.f. fig. 3.17). Note that the obtained position resolutions are already with the
one hit-segment analysis within the specifications of AGATA (FWHM < 5mm [6]) if the ran-
dom events are neglected.

An example of the smearing distribution is visualized in fig. 4.8 assuming a Gaussian distribu-
tion with o(Gauss) = 2mm and A = 0.12. Comparing the different components in fig. 4.8 the
Gaussian distribution clearly dominates. Fig. 4.9 shows the distance spectrum, split into its
components which correspond to the different parts of the modified smearing distribution. It
illustrates that the random events have a strong impact of the shape of the distance spectrum.
Hence, they cannot be neglected in the analysis of the PSA position resolution®.

*In principle, also a three parameter fit can be performed, i.e. with two Gaussian / Laplace distributions
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Fig. 4.10: Distributions of the simulated positron annihilation vertices. Most of the positions
annihilate in the source, but some annihilate in the cryostat of the A001 and the A003 crystal.
a) All vertices of the events selected in the one hit-segment analysis. b) The same events but
additionally the segment look-up table has to be passed. The segment look-up table throws
away 83% of the events with escaping positrons.

Interpretation of the random events

The amount of random events is nearly independent of the pulse shape basis. Thus, it is likely
that the random events have the same origin for both signal bases. In principle, there are
two possible interpretations. The first assumes that the PSA completely fails, as it is possible
that the crystals feature regions which are described badly by both signal bases. This can be
caused e.g. by a deviation of the space charge distribution from the expectation. Nevertheless,
as discussed in the following and in chap. 5 the random events have predominantly a different
origin which is related to the geometry of the ?2Na, source. If the source containment is too
thin, a certain fraction of the positrons has enough energy to escape from the source and an-
nihilate somewhere else. This is visualized with a Geant4 simulation® in fig. 4.10a). It shows
the simulated distribution of the positron annihilation vertices of events passing the selection
cuts of the one-hit segment analysis. Most of the annihilation vertices are concentrated in the
source, but a non-negligible amount of positrons annihilates in the cryostat of the A001 or
the A003 detector. The impact of the escaping positrons on the distance spectra is schemati-
cally displayed in fig. 4.11. As the annihilation vertex and the source position does no longer
coincide in the case of escaping positions it is possible to get entries at high values in the
distance spectrum even though the PSA works perfect. As a result, these escaping positions
mimic a bad position resolution because they produce pseudo-random events. Furthermore,
in contrast to the first interpretation, the escaping positrons also explain the events in the
geometrically forbidden segments in fig. 4.1. Geometrically forbidden segment combinations
can be excluded by using the look-up table from the two hit-segment analysis leading to a
suppression of escaping positrons by 83% (c.f. fig. 4.10b)). The influence of the look-up table
is also directly visible in the experiment. Fig. 4.12 shows the obtained distance spectra with
and without the look-up table for the JASS and the ADL basis. The look-up table rejects
about 14% of the events in the distance spectra. This indicates that the experiment features

featuring different standard deviations o. The third fit parameter is needed to define the ratio between the
two Gaussian / Laplace distributions. Nevertheless, the resulting smearing distribution does not differ much
from the described two-parameter distribution. Thus, the three parameter fit is not considered in this thesis
as it is even more complicated and more demanding in terms of computation time.

°In the Geant4 simulation it is assumed that the *’Na material has a cylindrical plastic coverage with 5mm
in diameter and a total height of 1 mm.
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Fig. 4.11: The positrons of the ?2Na decay can escape the source if it is too thin. Subsequently,
they can annihilate in the cryostat of one AGATA detector. Thus, the first interaction points
and the source are not positioned on a straight line anymore. This leads to a background in the
distance spectra at high distances as these events cannot be discriminated from annihilations
in the source. As a result, escaping positrons mimic a worse position resolution.
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Fig. 4.12: Distance spectra of the JASS and the ADL basis with and without considering the
look-up table introduced sec. 3.3.2. For a better comparison of the shapes the spectra with
the look-up-table are normalized to the spectra without the look-up table.

indeed a significant amount of forbidden segment combinations which can be caused by es-
caping positions. Furthermore, the mean values of the distance spectra improve by at least
0.3 mm if the look-up table is considered as the rejected events are predominately situated in
the tail of the distance spectra.

Combining these statements with the result of the second test measurement (c.f. chap. 5), it
can be concluded that the random events are mainly due to escaping positrons. Hence, the
random events included in the two-parameter fit describe the background, while the standard
deviation of the Gaussian and Laplace smearing describes solely the position resolution.

Worst case: Position resolution of random events

As already stated, the position resolutions in tab. 4.2 fulfill the requirements of AGATA [6]
as the standard deviations are better than 2mm. To further show the benefit of the AGATA
PSA, the resolution obtained by randomly assigned interaction positions is computed. For its
determination a one-parameter fit (c.f. sec. 3.4.5) is performed with the distance spectrum of
the random events (c.f. fig. 4.3). Assuming a Gaussian position smearing the position resolution
is o(Gauss) = 7.5mm (x?/Ndf = 3.00), while a Laplace smearing yields o(Laplace) = 5.7 mm
(x?/Ndf = 10.4). Comparing the x?/Ndf-values, the Gaussian smearing seems to be more
likely. Both resolutions are at least three times larger than the obtained values for the JASS and
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‘ smearing distribution (JASS/ADL) ‘ o |mm)| ‘ x2/Ndf ‘
84(84)% Gauss + 16(16)% randomly | 2.6 / 2.3 | 2.3 / 4.6
assigned points in the hit segment
88(88)% Laplace + 12(12)% randomly | 2.1 / 1.8 | 1.1 / 2.1
assigned points in the hit segment

Tab. 4.3: Mean position resolutions of the first interaction point. Compared to the barycenter
(c.f. tab. 4.2) its resolution is about 0.6 mm worse.

the ADL signal basis. This illustrates the impressive performance of the position reconstruction
of y-ray interaction points in AGATA, already at the low energies used here.

4.1.3 Influence of the Barycenter

In sec. 4.1.2 the mean barycenter position resolution of the A001 and A003 crystal was dis-
cussed. However, the position resolution of the first interaction point is of greater interest
as it is needed for the Doppler correction of ~-ray spectra. Nevertheless, the current PSA
algorithm is not capable to reconstruct the first interaction points as it packs all interaction
points of a segment to the barycenter. Thus, the location of the first interaction point has to
be approximated with the reconstructed barycenter although these two points do not coincide
in most of the cases (c.f. fig. 3.8b)). Hence, this section deals with the systematic error which
is caused by this assumption. To determine the position resolution of the first interaction
point the simulated distance spectrum is not calculated with the barycenter but with the first
interaction points of the annihilation y-rays. The resulting distance spectrum is fitted to the
experimental spectrum using the two-parameter fit (c.f. sec. 4.1.2). The results for the JASS
and the ADL basis are stated in tab. 4.3. In comparison of the barycenter results in tab. 4.2,
the results of the first interaction points are about 0.6 mm worse which is a measure for the
contribution of the barycenter to the resolution.

4.1.4 Estimation of the Position Resolution of Individual Crystals

Due to the symmetric setup of the first test measurement both crystals contribute with the
same amount to the smearing of the connection lines in fig. 4.1. Consequently, with a single
distance spectrum only the mean position resolution of the A001 and the A003 detector can
be determined. As the two crystals of the test measurements are analyzed with two different
signal bases, all possible permutations of the crystals and the signal bases can be studied.
This leads to a total of four distance spectra which are visualized in fig. 4.13a). They contain
information about the individual crystal resolutions of the two signal bases. Thus, a multi-
parameter fit with the four position resolutions as fit parameters is performed. The random
events (c.f. fig. 4.9) are subtracted statistically before the fit to keep the number of free pa-
rameters minimal.

Fit strategy

In the following the fit strategy is described in more detail. As in the previous sections the
fit is based on a grid search algorithm. However, a full grid search in four parameters cannot
be performed because the required computation time is too long. Thus, the fit is realized in
several steps.

Generally, each distance spectrum (d.s.) is influenced by two different position resolutions
o(crystal, basis) (c.f. fig. 4.13b)). o(A001, JASS) e.g. influences one distance spectrum
together with o(A003, JASS) (black spectrum in fig. 4.13 a)) and another together with
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Fig. 4.13: a) The measured distance spectra for all permutations of the JASS and ADL basis.
They can be used to determine the position resolution of the individual crystals. b) Schematic
diagram of the fit strategy of the four-parameter fit. d.s. is short for distance spectrum. For
details see sec. 4.1.4.

0(A003, ADL) (red spectrum in fig. 4.13 a)). However, no distance spectrum is directly
influenced by o(A001, JASS) and o(A001, ADL) at the same time as both resolutions belong
to the same crystal. Thus, for a given o(A001, JASS), the JASS and ADL position resolutions
of the A003 crystal can be determined independently from each other with two separate one-
parameter fits. As a result, a triple with these position resolutions is created: {o(A001, JASS),
o(A003, JASS), 0(A003, ADL)}. The remaining parameter c(A001, ADL) is determined by
a combined one-parameter fit by minimizing the sum of the x?-values of the two remaining
distance spectra. Thus, a quadruplet is created which contains all four position resolutions.
At each fit the y?-value can be calculated with Pearson’s x2-comparison test. The quadruplets
and their corresponding y2-values are determined for a broad range of o(A001, JASS)-values.
The quadruplet which best matches the experimental data is finally determined by minimizing
the global x? given by the sum of the y?-values of the four distance spectra.

Assuming a Laplace position smearing, fig. 4.14 a) shows the global x2-distribution as a func-
tion of o(A001, JASS). Its minimum at about o(A001, Jass) ~ 1.4mm defines the best fitting
quadruplet. Figs. 4.14¢) and d) display the minimization function of the black and the red dis-
tance spectra for this quadruplet, respectively. They show the y?-values of the one-parameter
fits with o(A001, JASS) fixed to 1.4 mm. Their minima correspond to the resolutions of the
A003 crystal for both bases. Fig. 4.14 b) visualizes the minimization function for the last
unknown resolution ¢(A001, ADL) of the quadruplet. As it has to match to the green and the
blue distance spectrum, the sum of the y?-values of the combined fit to both distance spectra
is plotted. All minimization functions show minima indicating that the fit is truly sensitive to
the individual position resolutions of the crystals.

Fit results

The obtained position resolutions of the four-parameter fit are summarized in tab. 4.4. In the
A003 crystal the JASS and the ADL basis feature the same position resolution. This is also
indicated in the distance spectra in fig. 4.13 a) as they do not change much if only the basis
of the A003 crystal is exchanged. Contrary, the ADL signal basis outperforms the JASS basis
in the A001 detector as o(ADL, A001) is at least a factor of two better than o(JASS, A001).
The distance spectra in fig. 4.13 a) show the same behavior as there is a clear improvement of
the spectrum if the JASS basis in A001 is replaced by the ADL basis. Thus, the statement of
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Fig. 4.14: Minimization functions of the four-parameter fit assuming a Laplace smearing
distribution. a) Global y2?-values determining the best fitting quadruplet which is defined
by o(A001, JASS). The remaining minimization functions show the x?-distributions of this
quadruplet. Their minima define the other three position resolutions of the A001 and A003
crystal for the signal basis JASS and ADL. d.s. is short for distance spectrum. The colors
used to identify the distance spectrum correspond to the colors used in fig. 4.13 a)

smearing || o(A001, JASS) | o(A003, JASS) || o(A001, ADL) | oc(A003, ADL)
distribution [mm)] [mm)| [mm] [mm]
Gauss 1.8 2.2 0.7 2.1
Laplace 14 1.5 0.7 1.5
Tab. 4.4: Obtained position resolutions of the four-parameter fits.
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the last section that ADL is generally slightly better than JASS has to be revised. This is only
true for the A001 crystal. The results of the four-parameter fit are also consistent with the
results of the two-parameter fits as the mean values of tab. 4.4 coincide well with the position
resolutions given in tab. 4.2.

4.1.5 Systematic Errors of the Pulse Shape Bases

The obtained position resolutions in secs. 4.1.2 and 4.1.4 always refer to the whole crystal.
Nevertheless, for improving the pulse shape basis it is useful to know which regions in the
crystal feature worse position resolutions. One method to localize the problematic regions is
to look at the two dimensional spatial distributions of the reconstructed interaction points.
Figs. 4.15 and 4.16 display all barycenters of the A001 and A003 crystal in the x-y plane of
the crystal coordinate system® which are passing the event selection of the one hit-segment
analysis. Furthermore, the distributions are plotted for each segment row separately. For
comparison, the distributions of the simulated barycenters without position smearing are ad-
ditionally visualized. In general, it can be concluded that the obtained distributions of the
ADL basis matched quite good with the Geant4 simulation for both crystals. The JASS basis
features regions where no interaction points are reconstructed, e.g. in the tip of the segments
in the first row of the AQO1 crystal. A possible reason can be wrong mobility parameters
(c.f. tabs. 1.3 and 1.4).Furthermore, the reconstructed interaction points of the JASS basis
tend to cluster in the segment center to a higher extent than expected due to the barycenter.
Comparing the distributions of the JASS basis the clustering is stronger in the A001 crystal
than in the A003 crystal. The clustering is also present in the ADL basis, however to a smaller
extent. Nevertheless, the outstanding performance of the ADL basis of the A001 crystal is
not proven by this method. Apart from that, it has to be mentioned that both bases have in
the same regions problems, e.g. in row four of the A003 crystal. This can be caused by wrong
input parameters of the pulse shape simulations.

The “holes” and the clustering beyond the barycenter influence indicate that the assumption of
a Laplace or a Gaussian smearing distribution is not totally true. This leads to an additional
systematic error for the obtained position resolutions.

4.2 Two Hit-Segment Analysis

After the position resolution of the barycenter is determined, this section deals with the po-
sition resolution of single interaction points. Single interaction positions are selected by the
two hit-segment analysis, presented in sec. 3.3.2. Their properties are briefly described in
sec. 4.2.1. Based on the distance spectra, the mean position resolution of single «-ray interac-
tions is determined (c.f. sec. 4.2.2). Finally, the obtained results are discussed in sec. 4.2.3.

4.2.1 Properties of the Selected Events

The two hit-segment analysis considers events which feature a Compton scattering of the
annihilation y-rays from one segment into a neighboring segment in both crystals. The spatial
distribution of the interaction points in the Compton segment reconstructed with the JASS and
the ADL basis are displayed in fig. 4.17. For both bases the smearing of the connection lines
around the source position is significantly broader compared to the one hit-segment analysis
(c.f. fig. 4.1). Generally, the larger smearing can be due to two different reasons: First, the
position resolution is indeed worse e.g. due to the lower deposited energies (c.f. sec. 3.3.2) or

5The z-axis of the crystal coordinate system passes the tip of the segment A. The z-axis corresponds to the
symmetry axis of the detector.
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Fig. 4.15: Front view of the spatial distributions of the barycenters in the A001 crystal. Only
events which have an energy deposition of 511 keV in one segment are considered. Note that
the JASS basis is calculated on a 1 mm grid while the ADL basis uses a 2mm grid.



4.2. Two Hit-Segment Analysis 65

JASS: row 1 (A003) ADL: row 1 (AD03) Geantd: row 1 (A003) .
T E . o B of T °F
_E, = 18 .§. sE -E 5;’
L p 16 £ F £ H0E
0F E
= 14 15§ asE
ll# 12 3 .zné 15
E i 10 201 E
-255— -E s 2s5E 2sE 10
an; ' 6 -sué sn;
-asi— 4 \«,5? -ssi—
E 2 E E
g e TRy I
x [mm]
ADL: row 2 (AD03) Geantd: row 2 (A003)
E = E of TF
E E .F £ sE
= a0 = sp - F 5
> > > 10F
26 -m? 0 |5§
o CF :
20F e 15
15 esi_ -252—
10 a0f- S0 "
s 355 " asf
a0f- 0f-
0 = E
JASS: row 3 (A003) ADL: row 3 (A003) Geantd: row 3 (A0D03)
E F e E of 0 E F
E sE E E E s|E 5
= 60 = '55_ 100 > mE
; a0 e
* asE- "55_ 5
e | b 20F
‘25;— 30 ¢5§_ -25;— s
a0E 120 ané— a0 "
m;_nnl Il | 1 | L | o 40}\\\ Il Ll Ll Il | L -ﬂﬂ;—‘“ 1 1l 1l L | 1l
=30 =20 -10 ] 10 20 30 =30 =20 =10 [] 10 20 30
x [mm] x [mm]
ADL: row 4 (AD03) Geantd: row 4 (A003)
£ e E T ,
= = sF = -5
> 35 = > 10 E
130 - F
A5
125 E E
E 20 18
120 E E
15 é_ -25;7 o
E 30k
10 £ E
= a5
H = E
E d0F
0 = E
ADL: row 5 (A003) Geantd: row 5 (A003)
E E of T E
10 E E
E £ . &
> > = £ E
- 8 A0 10
-15;— '55_
i 200 15 20 ;_
Em E
T w  F
a0 S0 E-
2 35; -35; I
i M?\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ -ﬂﬂ;—‘ 11 Il | T T | 1l
=30 =20 -10 ] 10 20 30 =30 =20 10 [] 10 30
x [mm] x [mm]
ADL: row 6 (A003) Geant4: row 6 (A003)
—_ —_— 10 —_—
E *F of T °F
E b E L Esf
= s = F £ m; 5
o " 3
2.5 _15; - = |5;— i
2 20 g ‘20? ' s
1.5 “’5? -.. .. ‘25;_ i 1 A
1 G";_ m? "
0.5 sE [ e 5
o .40:7\ | T I Y T M M A m;w\wwwwlnnww\n 1l L | 1
=30 -20 -10 [:] 10 20 30 -30 -20 -10 [] 10 20 30
x [mm] x [mm]

Fig. 4.16: Front view of the spatial distributions of the barycenters in the A003 crystal. Only
events which have an energy deposition of 511 keV in one segment are considered. Note that
the JASS basis is calculated on a 1 mm grid while the ADL basis uses a 2mm grid.
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Fig. 4.17: Spatial distributions of the reconstructed barycenters of the Compton segment.
The first row shows the results of the JASS signal basis while the second row presents the
results of the ADL basis.

due to the PSA algorithm (c.f. sec. 3.2.2). Second, the scattering path of the y-ray can be
misidentified. Thus, the connection line can have a large distance to the source, even if the
position reconstruction works perfect.

Nevertheless, there is one effect which leads to a reduction of the smearing of the lines in
the two hit-segment analysis compared to the one hit-segment analysis: The influence of the
escaping positrons is dramatically reduced by the look-up table which is needed to select
Compton scatterings (c.f. sec. 4.1.2). However, despite the look-up table, there are still
positrons escaping the source (c.f. fig. 4.10b)). Thus, the escaping positrons have to be
considered in the two hit-segment analysis, too.

4.2.2 Mean Position Resolution

The mean position resolution of the A001 and A003 detector for single interaction positions is
determined by a fit of the distance spectrum. For the calculation of the experimental distance
spectra the source position of the one hit-segment analysis is used to avoid problems due to
misidentified scattering paths. Due to the low statistics, the ratio of random events modeling
the escaping positrons cannot be determined precisely by a two parameter fit. Thus, the ratio
obtained from the one hit-segment analysis is used, considering additionally the influence
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Fig. 4.18: Distance spectra obtained in the two hit-segment analysis using the JASS and
the ADL basis. Additionally, the best matching simulated distance spectra are drawn for a
Gaussian and a Laplace position smearing including random events.

smearing | random events | oo(JASS / ADL) | x?/Ndf (JASS / ADL)
distribution [%] (fixed) [mm)] (fitted)
Gauss 14 /13 23 /1.9 1.2/09
Laplace 12 1.8 /15 1.0 /0.8

Tab. 4.5: The resulting position resolutions of the two hit-segment analysis. They are ob-
tained by a one-parameter fit of the simulated to the experimental distance spectra. The
position resolution of the simulation is modeled with a Gaussian or a Laplace distribution
including random events to take the escaping positions from the source into account.

of the look-up table’. Furthermore, the energy dependence of the PSA position resolution
has to be taken into account, since the energy depositions in the Compton segment are not
constant. As a reminder, events with an energy deposition between 100keV and 300keV in the
Compton segment are considered. Low energy depositions yield low signal amplitudes at the
detector electrodes which correspond to low signal to noise ratios. Thus, the position resolution
deteriorates with decreasing energy. Following the approach of [3], the energy dependence of
the position resolution is approximated by

511 keV
E) =00y | —
U< ) 70 ECompton’

with Ecompton being the detected energy in the Compton segment. Eq. (4.1) also explains
why the lower energy cut at 100keV is introduced (c.f. sec. 3.3.2). It ensures that the square
root does not dominate over oy.

For the determination of the position resolution the simulated distance spectrum is fitted to
the experimental distance spectrum using og as fit parameter. The results for the JASS and
the ADL signal basis are summarized in fig. 4.18 and tab. 4.5. Again, the obtained position
resolutions are within the requirements of AGATA (FWHM < 5mm at 1 MeV) if the results are
scaled to 1 MeV with the help of eq. 4.1. However, the ADL basis shows again a slightly better
performance than the JASS basis. Assuming that the energy dependence of the PSA position
resolution, given in eq. (4.1) is correct, the position resolution of the two hit-segment analysis

(4.1)

"Note that the position smearing has to be performed before the events are treated with the look-up table.
Otherwise the random events would be strongly overestimated.
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can be scaled to 511keV. As a result, the position resolution of the single interaction points
is about 0.3 mm worse than the position resolution of the barycenter in the one hit-segment
analysis (c.f. tab. 4.2). Possible reasons for this difference are discussed in the following section
4.2.3.

4.2.3 Contributions to the Position Resolution

The discrepancy of the position resolution between the one hit-segment and the two hit-
segment analysis can have several reasons. First, it is possible that the energy dependence of
the position resolution is not modeled correctly. A further discussion on the energy dependence
can be found in sec. 5.4 indicating that the model is not too bad. However, due to the low
statistics a reliable statement is not possible. Additionally, the PSA grid search algorithm
deteriorates the position resolution in the case of multiple hit segments. As already detailed
in sec. 3.2.2 a full grid search is not feasible due to too long computation times. Instead,
a faster search algorithm had been implemented which, however, leads to additional errors.
Nevertheless, at the current stage, it is not possible to quantitatively investigate the impact
of the PSA algorithm on the position resolution. This is done in the scope of the second test
measurement in chap. 5 using a different event selection and analysis.

4.3 Combined Analysis

In secs. 4.1 and 4.2 the results of the one and the two hit-segment analysis are presented
leading to a position resolution of the barycenter and of single interaction points, respectively.
This section deals with a combined analysis: In one crystal single hit segments with a total
energy deposition of 511keV are selected while in the other crystal Compton scatterings of the
511keV ~-ray from one segment into a neighboring segment are considered. In contrast to the
two hit-segment analysis, the combined analysis has several advantages: Due to the look-up
table needed in the two hit-segment analysis, the statistics in the distance spectra is poor as
ambiguous events are ignored. In the combined analysis the statistics is increased by a factor
of 2.6 as only one v-ray scattering path can feature an ambiguity. Furthermore, assuming
that the position resolutions determined by the four-parameter fit are correct (c.f. sec. 4.1.4),
the position resolutions of single interaction points for individual crystals can be investigated.
This is realized by a one-parameter fit of the simulated to the experimental distance spectrum.
As the error of the four-parameter fit is significantly larger, the fit is performed for various
resolutions of the barycenter. Note that the random events describing the background due to
escaping positrons have to be considered, too. Their percentage is taken from the results of
the barycenter analysis (c.f. tab. 4.2).

The results of the combined analysis are summarized in tabs. 4.6 and 4.7 for the Compton
scattering being in the A001 and the A0O03 crystal, respectively. All possible basis permuta-
tions have been fitted. The combination of both event selections and both signal bases allows
a consistent check. Fach position resolution for single interactions is fitted twice using both,
the JASS or the ADL signal basis in the other crystal. Thus, the fit results are expected being
equal. Comparing the obtained resolutions in tabs. 4.6 and 4.7 this is indeed the case. Thus,
for each crystal a mean position resolution can be calculated from both fits. For a better
overview these mean values are summarized in tab. 4.8. The mean values of the A001 and
A003 crystal coincide with the results from the two hit-segment analysis (c.f. tab. 4.5). Like
in the four-parameter fit the obtained position resolution of the ADL basis in the A001 crystal
outperforms the other resolutions (c.f. tab. 4.4). Furthermore, the resolutions of the JASS
basis and the ADL resolution in the A003 crystal are quite similar which is consistent with
the result of the four-parameter fit.
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smearing | random | A003 o(A003) A001 oo(A001) x?/Ndf
distr. events [%| | basis | [mm)| (fixed) | basis | [mm] (fitted)
Gauss 14 JASS 2.2 JASS 2.1 1.8
Gauss 13.5 ADL 2.1 JASS 2.2 2.0
Gauss 13.5 JASS 2.2 ADL 1.5 24
Gauss 13 ADL 2.1 ADL 1.5 2.1
Laplace 12 JASS 1.5 JASS 1.8 1.5
Laplace 12 ADL 1.5 JASS 1.8 1.5
Laplace 12 JASS 1.5 ADL 1.3 2.0
Laplace 12 ADL 1.5 ADL 1.2 1.8

Tab. 4.6: Results of the combined analysis. In the A001 crystal events are selected according
to the two hit-segment analysis while the event selection of the A003 detector is based on the
one hit-segment analysis. For the energy dependence of the position smearing of the Compton
events in A001 eq. (4.1) is assumed.

smearing | random | A001 a(A001) A003 o0(A003) 2/ Ndf
distr. events [%| | basis | [mm| (fixed) | basis | [mm] (fitted)
Gauss 14 JASS 1.8 JASS 2.2 1.8
Gauss 13.5 ADL 0.7 JASS 2.2 1.9
Gauss 13.5 JASS 1.8 ADL 2.1 1.6
Gauss 13 ADL 0.7 ADL 2.2 2.0
Laplace 12 JASS 14 JASS 1.7 1.7
Laplace 12 ADL 0.7 JASS 1.7 1.8
Laplace 12 JASS 14 ADL 1.8 1.6
Laplace 12 ADL 0.7 ADL 1.7 2.0

Tab. 4.7: Results of the combined analysis. In the A003 crystal events are selected according
to the two hit-segment analysis while the event selection of the A001 detector is based on the
one hit-segment analysis. For the energy dependence of the position smearing of the Compton
events in A003 eq. (4.1) is assumed.

smearing || 0o(A00L, JASS) | o0(A003, JASS) || o0(A00L, ADL) | 00(A003, ADL)
distribution [mm] [mm]| [mm)| [mm)|
Gauss 2.1 2.2 1.5 2.2
Laplace 1.8 1.7 1.3 1.8

Tab. 4.8: Obtained position resolutions of the A001 and A003 crystal for single ~-ray inter-
action points derived from mean values of column six from tabs. 4.6 and 4.7.



70

CHAPTER 4. CENTERED SOURCE MEASUREMENT




Chapter 5

Test Experiment with an Asymmetric
Source Position

The results of the symmetric test experiment have demonstrated that the calibration experi-
ment is capable to extract the position resolution of the AGATA detectors. However, the
determination of the resolution of individual crystals is challenging, time consuming and not
fully independent. Thus, a second test measurement was performed. Its setup is visualized
in fig. 2.4. In contrast to the symmetric test experiment, the ?2Na source is positioned on
the cryostat wall of the A006 crystal (c.f. sec. 2.2). Due to the asymmetric source position
the position resolution of the A006 detector can be determined nearly independently of the
resolution of other crystals (c.f. sec. 5.1). Sec. 5.2 deals with the reconstruction of the
segment barycenter whereas sec. 5.3 discusses the position resolution of single interaction
points. Furthermore, the energy dependence of the position resolution is studied in sec. 5.4.
The chapter concludes in sec. 5.5 with a new event selection which allows to determine the
position resolution of single interactions without the negative influence of the PSA algorithm.

5.1 Advantage of the Asymmetric Source Position

In the symmetric test experiment the source is positioned in the center between the analyzed
crystals. Thus, the distance spectra is influenced by the position resolution of both crystals
to the same degree as the mean lever arms of the source to the interaction points in the
crystals have both the same length. Contrary, in the asymmetric test measurement the source
is positioned as close as possible to one crystal, i.e. at its cryostat (c.f. fig. 5.1a)). As a result,
the lever arm to the near detector is much shorter than the lever arm to the far detector.
Therefore, the distance spectra is mainly influenced by the near detector. This behavior is
further illustrated in fig. 5.1b) showing four simulated distance spectra with different position
smearing in the near and the far detector'. If the position resolutions of the near detector
are kept constant the distance spectra are quite similar even though the resolutions of the far
detector differ in 2 mm. However, if the position resolution of the near detector is varied by
2mm, the spectra are significantly different, even if the position resolution of the far detector
does not change. Therefore, the influence of the near crystal is indeed dominant. Fig. 5.2
quantifies the influence of the far detector. It shows the resulting resolution o(fitted) of the
near detector obtained by fitting simulated distance spectra with different resolutions of the
near (o(near)) and the far detector (o(far)). In the fit it is assumed that both crystals feature
the same position resolution. Due to the shorter lever arm of the near crystal to the source,
the fitted resolutions are still close to the initial resolution of the near detector A006 with

! As an example the A002 crystal is chosen as far detector.
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o
o

near
far crystal crystal

o(Laplace) [mm]

— near: 2.5, far: 2.5

—near: 2.5, far: 4.5

—near: 4.5, far: 2.5

—near: 4.5, far: 4.5

Entries / 0.5 mm (normalized)
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Fig. 5.1: a) Advantage of the asymmetric source position. Due to the short lever arm of
the source to the interaction point in the near detector compared to the long lever arm of the
interaction positions in the far detector, the distance d is mainly influenced by the position
resolution of the near detector. Thus, the resolution of the near detector can be determined
almost independently of the resolution of the far detector. Note that the image if not to scale.
b) Simulated distance spectra with different smearing of the near and the far detector.
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Fig. 5.2: Fitted position resolutions o(fitted) of the near detector A006 for different simulated
Laplace resolutions of the near (o(near)) and the far detector (o(far)). The fit assumes that
the resolution in the near and the far detector are equal. As far detector the A002 and the
A003 crystal are chosen. The source is positioned at segment 4 of the A006 detector.
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only a slight shift in the direction of the resolution of the far detector. The precision of the
obtained resolution is significantly improved if the resolution of the far detector is at least
roughly known. As a result, the position resolution of individual crystals can be determined.

5.2 One Hit-Segment Analysis

In this section the results of the one hit-segment analysis are presented for the JASS and the
ADL signal basis. Thus, the position resolution of the reconstructed barycenter in the near
crystal A0O6 is determined. The event selection is based on sec. 3.3.1: In the A006 crystal
one 511 keV ~-ray of the ??Na source has to be totally absorbed in a single segment. The
second annihilation v-ray is detected in coincidence in one of the opposing detectors A002 or
A003. The distance spectrum is calculated with the events passing the selection cuts. It is
subsequently fitted to determine the position resolution of the barycenters (c.f. sec. 3.4.5).
The obtained position resolutions are presented and discussed in sec. 5.2.1. Sec. 5.2.2 details
an alternative analysis that replaces the reconstructed barycenters of the far detector with
the segment center of the hit segment. This approximation allows to determine the position
resolution of the near A006 crystal independently of the position resolution of the far detector.
Furthermore, the analyses are performed separately for both crystals A002 and A003.

5.2.1 Using the Reconstructed Barycenter of the Far Detector

Spatial distributions of the reconstructed interaction positions

The reconstructed barycenters of the JASS and the ADL basis which pass the event selection
are displayed in figs. 5.3 and 5.4 for the exemplary source position at segment E4 (row 4,
sector E) of the A006 cryostat. For a better comparison the reconstructed barycenters of
a Geant4 simulation with perfect position resolution are displayed, too. In contrast to the
symmetric test measurement, the smearing of the lines in the simulation and the experiment
differ not much. Hence, the position resolution of the A006 crystal seems to be better than
the resolutions of the crystals A001 and A003 used in the first test experiment.

Due to the orientation of the A002 and the A003 detector with respect to the AO06 crystal,
the analyzed area in the AO06 crystal depends on the crystal which detects the second ~-ray.
The distribution of the simulated barycenters in the A006 detector is visualized in fig. 5.5 for
coincident events in the A002 and the A003 crystal, respectively. Both analyzed regions are
almost disjunct. Combining both regions, the whole z-y plane of the A006 crystal is covered.
Additionally, the reconstructed interaction points in the A006 detector of the JASS and the
ADL basis are shown in app. C.

Position resolution of the A006 crystal

Before the distance spectra can be calculated the source positions have to be determined.
They are fitted following the procedure introduced in sec. 3.4.2. Like in the symmetric test
measurement the obtained source positions of the JASS and the ADL basis coincide well. In
the Geant4 simulation the mean source position is used. A summary of all seven source posi-
tions is visualized in fig. 2.4b) with respect to the segmentation of the A006 crystal.

The position resolution of the A006 detector is determined with a one-parameter fit of the sim-
ulated to the experimental distance spectra. The fit is performed twice, assuming a Gaussian
and a Laplace distribution for the position smearing in the simulation, respectively. An exam-
ple of the measured and the best fitting simulated distance spectra are shown in fig. 5.6 for the
source being positioned at the segment E4 (row 4, sector E) of the A006 crystal. Comparing
the measured with the simulated distance spectra, all fits perform well. Thus, contrary to the
symmetric test experiment, no additional random contribution in the smearing distribution is
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Fig. 5.3: Two dimensional plots of the coincident interaction positions of the A006 crystal
and the A002 crystal. The first and second row show the barycenters reconstructed with the
JASS and the ADL basis, respectively. For comparison the bottom row displays the interaction
points of a Geant4 simulation with perfect position resolution. The ??Na source is positioned
at row four of the A006 cryostat. The left column presents a front view of the crystals whereas
in the right column a side view of the same events selected is shown.
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Fig. 5.4: Two dimensional plots of the coincident interaction positions of the A006 crystal
and the A003 crystal. The first and second row show the barycenters reconstructed with the
JASS and the ADL basis, respectively. For comparison the bottom row displays the interaction
points of a Geant4 simulation with perfect position resolution. The ?2Na source is positioned
at row four of the A006 cryostat. The left column presents a front view of the crystals whereas
in the right column a side view of the same events selected is shown.
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Fig. 5.5: Simulated distributions of the barycenters in the A006 detector in coincidence with
the A002 crystal (a)) and the A003 crystal (b)). The source position is marked with a black
dot. As the barycenter tend to cluster in the segment center, the segmentation lines are visible.
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Fig. 5.6: Comparison of the experimental and best fitting Geant4 distance spectra for the
JASS and the ADL basis. The source is positioned at segment E4 of the A006 cryostat. The
A006 crystal was analyzed separately in coincidence with the crystals A002 and A003.
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segment | basis || o(Laplace) |mm)| x2/Ndf o(Gauss) [mm)| x2/Ndf
A002 / A003 A002 / A003 A002 / A003 | A002 / A003

o | JASS 12 /15 13/16 16 /19 17 /1.1
ADL 1.3 /15 1.3 /14 1.7/ 1.9 1.9 /1.3

o1 | JASS 12 /15 13/ 11 15 /1.9 2.0 /1.0
ADL 1.1/13 0.9 /1.3 14 /1.7 0.9 /1.1

oy | JASS 15 /15 1.7 /13 1.9 /2.0 28 /15
ADL 1.1/1.2 0.9 /1.2 14 /15 1.6 / 1.0

o3 | JASS 14/12 3.1/26 18 /16 40 /2.0
ADL 12 /12 25 /3.0 15 /1.6 2.1 /29

oe | JASS 14 /14 32 /32 18/18 15 /21
ADL 1.3/1.3 1.9 /3.7 1.7 /1.7 1.8 /2.7

oy | JASS 15/1.6 15 /1.7 2.0 /21 18 /1.2
ADL 1.3 /15 1.2 /1.6 1.7/ 2.0 1.1/18

o | JASS 1.7/18 1.0 /1.6 2.3 /24 1.3/009
ADL 1.8 / 2.0 1.4 /25 2.4 /2.6 1.0 / 1.3

Tab. 5.1: Position resolutions of the A006 detector in the asymmetric 2?Na test measure-
ment. The resolutions are determined by fitting the experimental distance spectra. They are
calculated with the reconstructed barycenters of the A006 and of the A002 / A003 crystal.
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Fig. 5.7: Obtained position resolutions of the A006 detector. The x-axis corresponds to
the row where the source is located. The position resolutions are determined by fitting the
experimental distance spectra. They are calculated with the reconstructed barycenters of the
A006 and of the A002 / A003 crystal.

necessary. Hence, this result indicates that the random events in the first test experiments are
indeed due to escaping positrons which mimic a degraded position resolution.

The obtained position resolutions for all seven source positions are summarized in tab. 5.1
and fig. 5.7 for a Gaussian and a Laplace position smearing, respectively. According to the
x%/Ndf-values the distance spectra of the measurement and the simulation coincide. However,
it cannot be concluded that one smearing model always outperforms the other. All obtained
resolutions fulfill the requirements for the AGATA PSA (FWHM < 5mm at 1 MeV [6]). Fur-
thermore, the JASS basis leads to a better position resolution in the first and the last row of
the A0O6 crystal than the ADL basis. In the other rows, the ADL basis outperforms JASS.
The general dependence of the position resolution on the crystal row where the source is
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Fig. 5.8: Comparison of the distribution of the interaction points reconstructed with the
JASS and the ADL basis. Due to the systematic shifts in JASS resulting in a “hole” in the
spatial distribution of the A006 crystal near the source position, the position resolution is
worse compared to the ADL basis.

positioned, is not random. The first row features a deteriorated resolution compared to the
second row. This can be caused by the complicated structure of the electric field in the first
row which is challenging to calculate in the signal basis (c.f. fig. 1.7a)). Small errors in the
electric field can yield wrong trajectories for the drifting electrons and holes and consequently
to badly modeled pulse shapes. Another reason can be the PSA itself. As detailed in sec. 3.2.2
the PSA performance deteriorates if the hit segment is not totally surrounded by neighboring
segments which are included in the PSA. Hence, the same fact also leads to a worse position
resolution in the last segment row. Furthermore, from row two to six, the position resolution
degrades as the volume of the effective segments increases with increasing row number. In
huge segments it is more likely that a y-ray interaction point is reconstructed with a large
error. However, comparing the ADL results with the JASS results, there is a clear outlier in
row two of the JASS basis. It can be explained with fig. 5.8 showing the spatial distributions
of the corresponding reconstructed barycenters. Comparing the plots, there is a clear “hole”
for the JASS basis at the border between segment row one and two which is not present in the
ADL basis and the Geant4 simulation. The “hole” indicates a systematic error in JASS signal
basis.

5.2.2 Using the Segment Center of the Far Detector

The fitted position resolutions in sec. 5.2.1 provide a deep insight into the resolution of the
whole A006 crystal. Nevertheless, the impact of the far detector on the obtained position
resolution cannot be neglected. Therefore, a slightly different analysis is performed. Instead
of the reconstructed barycenter of the far crystal with unknown resolution the segment center of
the hit segment is used as input to calculate the distance spectrum of both, of the measurement
and of the simulation. Thus, the impact of the far detector is the same in the experiment and
in the simulation. Although replacing the reconstructed barycenter with the segment center
is a rough approximation, the long lever arm of the source to the far detector ensures that
the influence of the segment center does not dominate over the influence of the A006 position
resolution in the distance spectrum. This is also illustrated in fig. 5.9 showing simulated
distance spectra with different position smearing in the A006 crystal and with taking the
segment center in the far detector.

As a result, the position resolution of the A006 detector can be determined independently
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Fig. 5.9: Simulated distance spectra. In the near A006 crystal a Laplace position smearing
is assumed while in the far crystals A002 (a)) and A003 b) the segment center is used to
calculate the spectra.

segment | basis || o(Laplace) [mm]| X2/ Ndf o(Gauss) [mm] x2/Ndf
A002 / A003 A002 / A003 A002 / A003 A002 / A003

o1 | JASS 080 /14 10/13 11/1.7 11/1.0
ADL 1.1/15 1.2/ 2.0 1.5 / 2.0 1.8/ 1.6

o1 | JASS 0.88 /1.3 11/14 12/16 13/14
ADL 0.88 /1.1 1.3 /1.2 12 /14 1.1/ 1.1

oy | JASS 13 /15 1.7/13 1.7/ 2.0 15 /11
ADL 0.8 /1.1 12 /14 12 /15 12 /13

o3 | JASS 1.0 /0.9 26 /24 13 /12 27 /43
ADL 0.8 /1.0 3.4 /3.7 1.2 /1.2 4.0 /2.7

oe | JASS 08 /1.1 3.3 /3.0 11/15 10 /22
ADL 0.9 /12 24 /45 12 /16 1.9 / 4.7

o5 | JASS 13/14 1.0/14 1.7 /18 11/16
ADL 11/1.4 1.0 / 24 1.4 /1.9 1.1/ 2.3

o | JASS 15 /16 14/13 2.0 /21 13/13
ADL 1.6 /1.8 1.8 /1.9 2.1 /24 1.5 /2.0

Tab. 5.2: Position resolutions of the A006 detector in the asymmetric 2?Na test measure-
ment. The resolutions are determined by fitting the experimental distance spectra. They are
calculated with the reconstructed barycenters of the A0O06 and the segment centers of the hit
segment in the A002 / A003 crystal.

of the resolution of the far detector. This is done with a one-parameter fit of the distance
spectrum using the resolution of the near detector as free parameter. The obtained resolutions
are summarized in tab. 5.2 and fig. 5.10.  All resolutions fulfill the demand of AGATA, i.e.
a FWHM < 5mm for a 1 MeV ~-ray energy deposition for the PSA position resolution [6].
Moreover, the resolutions of the A006 crystal obtained in coincidence of the A002 crystal are
slightly better for both bases than the resolution obtained in coincidence with A003. Thus,
the segment E of the A006 crystal features a better PSA performance than segment D (c.f.
fig. 5.5). Generally, the results in fig. 5.10 obtained with the segment center in the far detector
(barycenter - segment center analysis) are close to the results obtained with the barycenter in
the far detector (barycenter - barycenter analysis) in fig. 5.7. For a more detailed comparison,
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Fig. 5.10: Obtained position resolutions of the A006 detector. The z-axis corresponds to
the row where the source is located. The position resolutions are determined by a fit of the
distance spectra which are calculated with the barycenter of the A006 and the segment center
of hit segment of the far crystals (A002 / A003).
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Fig. 5.11: The deviation Ao = o(barycenter - barycenter analysis) - o(barycenter - segment
center analysis). The resolution o(barycenter - barycenter analysis) is obtained using the
reconstructed barycenter in the far detector (c.f. fig. 5.7) while o(barycenter - segment center
analysis) corresponds to the resolution using the segment center of the hit segment in the far
crystal (c.f. fig. 5.10).

the deviation of the position resolutions of both analysis types is presented in fig. 5.11. The
difference o(barycenter - barycenter analysis) - o(barycenter - segment center analysis) is
related to the different treatment of the far detector in the two analyses: The barycenter -
barycenter analysis considers the reconstructed interaction points of the far detector. Contrary,
the barycenter - segment center analysis is completely independent of the resolution of the far
detector as it always uses the segment center in the far crystal instead of the reconstructed
interaction point. Therefore, the comparison of the both analyses shows the influence of the
position resolution of the far detector. According to figs. 5.2 the fitted position resolution of
the A0Q06 crystal in the barycenter - barycenter analysis is always shifted towards the position
resolution of the far detector because the fit assumes that the position resolution of the near
and the far detector is the same. Therefore, the positive difference o(barycenter - barycenter
analysis) - o(barycenter - segment center analysis) shows that the position resolution of the far
crystals A002 and A003 is worse compared to the position resolution of the A006 crystal. This



5.3. Combined Analysis 81

segment | basis || o(Laplace) |mm)| x2/Ndf o(Gauss) [mm)| x2/Ndf
A002 / A003 A002 / A003 A002 / A003 | A002 / A003

o3 | JASS 1.9 /16 12.0 / 1.1 24 /21 229 /33

ADL 14 /15 6.1 /3.3 1.8 /1.9 11.0 / 7.0

E4 JASS 1.8 /1.8 18.6 / 1.5 22 /23 339 /49

ADL 13 /15 11.2 / 2.5 1.6 /1.9 16.0 / 6.0

Tab. 5.3: Obtained resolutions of the A006 crystal of the combined analysis, i.e. events with
a Compton scattering in the A006 detector are considered. To be independent of the position
resolution of the far detector the distance spectra are calculated using the segment center of
the segment featuring the energy deposition.

result is also consistent with the obtained resolutions of the A003 crystal in the symmetric test
measurement (c.f. tab. 4.4). However, the deviations between the analysis with the barycenter
and the segment center are not severe. Thus, the influence of the far detector is indeed not
essential.

5.3 Combined Analysis

In the previous section the resolution of the barycenter in the A006 detector was discussed.
This section deals with the position resolution of single interaction points. Therefore, events
featuring a Compton scattering of one annihilation ~-ray from one segment into a neighboring
segment of the A006 crystal are selected according to sec. 3.3.2. The second annihilation y-ray
is detected in coincidence in the far detector A002 or A003. For the determination of the
position resolution, the distance spectrum is calculated using the reconstructed barycenter in
the Compton segment of the A006 detector and the segment center in the far detector to be
completely independent of the position resolution of the far detector. Nevertheless, the ana-
lysis can only be performed with the source positions E3 and E4 as the other measurements
do not have enough statistics.

Analog to sec. 5.2 the data were analyzed separately for both far detectors A002 and A003.
Furthermore, the same energy dependence as in sec. 4.2 is assumed which is given by eq. (4.1).
The results of a one-parameter fit to the experimental distance spectra of the JASS and the
ADL basis are presented in tab. 5.3. Contrary to the one-hit-segment analysis the Laplace
distributions always seems to be more realistic than the Gaussian distribution. However, ac-
cording to the goodness of fit x?/Ndf only the reconstructed barycenters of the A006 detector
in coincidence with the A003 crystal can be described sufficiently well with a Laplace distri-
bution. The x?/Ndf-values obtained with the A002 crystal are much worse. To get a better
understanding of this discrepancy, the spatial distribution of the reconstructed barycenters in
the Compton segment of the AQ06 crystal are plotted in figs. 5.12 and 5.13 for the source at
segment E3 and E4, respectively. Comparing the obtained z-y-distributions of the JASS and
the ADL signal basis with the Geant4 simulation, both signal bases feature additional peaks in
the reconstructed barycenters of the A006 crystal in coincidence with the A002 crystal. These
clusters are visible for both source positions and are marked with arrows in figs. 5.12 and
5.13. Thus, the distance spectrum can be divided into two parts, the spectrum with events
outside and inside these clusters (c.f. fig. 5.14). As expected, the cluster feature predominantly
high entries in the distance spectra which corresponds to a worse position resolution. There-
fore, the distribution of the reconstructed barycenters around their true coordinates cannot
be described by a simple Gaussian or Laplace distribution. As the events are clearly divided
into two groups the smearing distribution should reflect this division. Therefore, the modified
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Fig. 5.12: Spatial distribution of the interaction points in the Compton segment of the
A006 crystal. The source is positioned at row 3 (segment E3) at the A006 cryostat wall. It is
marked with a black dot or open circle. The arrows show the clusters with badly reconstructed
interaction points.
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Fig. 5.13: Spatial distribution of the interaction points in the Compton segment of the
A006 crystal. The source is positioned at row 4 (segment E4) at the A006 cryostat wall. It is
marked with a black dot or open circle. The arrows show the clusters with badly reconstructed

interaction points.
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Fig. 5.14: The distance spectra for events in coincidence with the A002 detector. Due to the
broad distribution of the cluster distance spectra, events in the clusters feature a deteriorated
position resolution compared to events outside the clusters. The source is positioned at row 4
(segment E4) at the A006 cryostat.

segment | basis || o(Laplace) | A(Laplace) | x?/Ndf || o(Gauss) | A(Gauss) | x?/Ndf
E3 JASS 1.3 0.17 4.0 1.5 0.22 4.9
ADL 1.2 0.04 3.8 1.5 0.10 3.7
o JASS 0.9 0.23 2.8 1.2 0.25 2.6
ADL 1.0 0.11 2.0 1.3 0.13 2.6

Tab. 5.4: Position resolution of single interactions in the A006 crystal obtained with a two-
parameter fit. The annihilation -rays are detected in the A002 and the A006 crystal. The fit
is performed using the reconstructed barycenter in the Compton segment of the A006 crystal
and the segment center in the A002 crystal. A describes the fraction of the random events
which corresponds to the clusters.

smearing distribution, introduced in sec. 4.1.2, is used again. It consists of a Gaussian or
Laplace distribution with an additional random distribution. However, contrary to sec. 4.1.2,
the random distribution does not describe escaping positions but the badly reconstructed in-
teraction positions in the clusters. Thus, a two-parameter fit analogously to sec. 4.1.2 has to
be performed. Its results are summarized in tab. 5.4. The goodness of fit of the two-parameter
fits is much better than the results of the one-parameter fit. As expected the fraction of the
random events is higher for the JASS signal basis than for the ADL basis because the clusters
are much more dominant in the JASS basis.

Possible reasons for the clusters

It is possible that the clusters correspond to a region in the crystal which is badly modeled
in the calculation of the pulse shapes. As an example the actual space charge distribution
can feature a deviation from the assumed value in pulse shape simulation. Furthermore,
it can happen that the crosstalk is not properly corrected resulting in a clustering of the
reconstructed interaction points. These two explanations would also be consistent with the
observation of the one hit-segment analysis as the clusters are also slightly present there (c.f.
figs. C.1 and C.2). Additionally, the currently implemented PSA algorithm (c.f. sec. 3.2.2)
leads to additional errors if it has to deal with two hit segments. Nevertheless, on the basis of
the current measurement it is not possible to determine the true cause of the clusters.
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Fig. 5.15: Energy spectrum of the reconstructed barycenters in the A006 crystal of the
combined analysis. Additionally, the intervals with their mean values are displayed which are
used to determine the energy dependence of the positions resolution.

5.4 Energy Dependence of the Position Resolution

One important factor of the PSA position resolution is its energy dependence. Generally,
it is assumed that the position resolution is inversely proportional to the square root of the
deposited energy E in the interaction point [3]

o(E) = Uo\/w, (5.1)

To verify eq. (5.1) it is essential to study reconstructed interaction positions featuring a broad
energy range. With Compton scatterings of the annihilation y-rays of 2?Na energies up to
300keV are accessible (c.f. event selection described in sec. 3.3.2). The analysis is based on
the combined analysis of the asymmetric test measurement (c.f. sec. 5.3). However, the energy
dependence is only determined for the events in coincidence with the A003 crystal as these
reconstructed interaction points in the A006 detector do not feature the clustering mentioned
in sec. 5.3. Furthermore, due to the highest statistics only the source position at row four of the
A006 crystal is analyzed. Additionally, the energy spectrum of the reconstructed barycenters
in the A006 crystal is divided into small intervals. This is visualized in fig. 5.15. In one
interval it is assumed that the energy is constant. It is equivalent to the average energy of
interval (c.f. fig. 5.15). Finally, the one-parameter fit can be performed for each energy interval
separately assuming an energy independent position resolution o. The results of the fits are
shown in fig. 5.16 for a Gaussian and a Laplace smearing distribution. As expected the position
resolution improves with increasing energy. For a quantitative check of the assumed energy
dependence of the position resolution, the obtained resolutions are fitted with eq. (5.1). The
best fit is also included in fig. 5.16. The final fit parameters g are summarized in tab. 5.5.
These values agree quite well with the values given in tab. 5.3 as they are within the fluctuations
seen in fig. 5.16.

5.5 Compton Scattering from the Near into a Far Detector

Until now, the position resolution of single interaction points are studied by selecting Compton
scatterings from one segment into a neighboring segment of the same crystal. Thus, the
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Fig. 5.16: Energy dependence of the position resolution in the A006 detector. The source is
positioned at segment E4 at the wall of the A006 cryostat. The second annihilation ~-ray is
detected in the AO03 crystal.

smearing distribution | og(JASS) [mm| | oo(ADL) [mm)]
Gauss 2.1 1.7
Laplace 1.6 1.3

Tab. 5.5: Fit results of fig. 5.16. The fit parameter o of eq. (5.1) is shown. It differs only in
0.2mm from the results of tab. 5.3.
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Fig. 5.17: Scattering paths of the annihilation ~-rays for the event selection in sec. 5.5.

obtained position resolution depends not only on the quality of the pulse shape basis but also
on the performance of the PSA algorithm as it has to deal with more than one hit segment
(c.f. sec. 3.2.2). To reduce the influence of the PSA algorithm on the position resolution a
different analysis method is needed which allows to select single hits and features only one hit
segment in the crystal. Therefore, this section deals with Compton scatterings from one crystal
(A006) into another crystal (A002 or A003). In terms of the asymmetric test measurement this
means that a backscattering of one annihilation v-ray from the A006 to the A002 (A003) is
considered. The second annihilation v-ray is detected in coincidence in the remaining detector
A003 (A002). These two possibilities are visualized in fig. 5.17.
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Fig. 5.18: Energy spectra of the reconstructed barycenters in the A006 crystal which pass
the event selection of sec. 5.5.

Event selection
Thus, the selected events have to fulfill the following conditions: Each of the three crystals
must have exactly one hit segment with energy depositions according to (c.f. fig. 5.17a) / b))

E(A002 / A003) + E(A006) ~ 511keV and E(A003 / A002) ~ 511 keV. (5.2)

However, contrary to the selection of Compton scattered events in sec. 3.3.2, a misidentification
of the y-ray scattering path is not possible due to the geometry. Therefore, no look-up table is
necessary. The ratio between Compton scattered events with one interaction point in the A006
detector and selected events is about 65%. Thus, the performance of the selection cuts is quite
similar to the cuts introduced in sec. 3.3.2. Therefore, the obtained resolutions in this section
are comparable to the resolutions in secs. 5.3 and 5.4. If an additional cut on the Comp-
ton edge is considered F(A006) < 340 keV, the ratio increases to about 79% as only events
with multiple interaction points in the A006 segment can exceed the Compton edge at 340keV.

Position resolution

This analysis deals with backscattered vy-rays. Thus, it is likely that the reconstructed barycen-
ters in the AOO6 segment have a sharp energy near the Compton edge Ecompton edge = 340 keV.
This is confirmed in fig. 5.18 showing the deposited energy in the A006 crystal for the selected
events. As a result, the position resolution in the Geant4 simulation need not to be energy
dependent. It is determined by a one-parameter fit of the distance spectrum obtained with the
reconstructed barycenters in the A006 crystal and the segment center of the segment which
detects the second annihilation -ray. The resulting position resolutions are summarized in
tabs. 5.6, 5.7 and fig. 5.19. Comparing the results with and without the additional energy cut
on the Compton edge, they coincide quite well. Furthermore, the performance of the JASS
and the ADL basis are similar. All resolutions are within the requirements of AGATA as their
FWHM is less than 5 mm if they are interpolated to 1 MeV.

Influence of the PSA algorithm on the position resolution

The main motivation of this event selection is to reduce the influence of the PSA algorithm
on the position resolution and to see the pure influence of the signal basis. But looking at
the difference of the obtained resolutions of the Compton scatterings from one segment to
another segment of the A006 crystal and the Compton scatterings from the A006 crystal
into another crystal also the influence of the PSA algorithm on multiple hit segments can be
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segment | basis || o(Laplace) [mm] */Ndf o(Gauss) [mm]| X2/ Ndf
scattering in scattering in scattering in scattering in
A003 / A002 | A003 / A002 || A003 / A002 | A003 / A002
5y | JASS 12/13 23 /1.7 15 /1.7 15/ 1.1
ADL 1.1/ 1.0 1.7/ 1.2 1.5 /1.4 1.5 /0.9
oy | JASS 11/15 97 /1.4 1.4/20 32 /14
ADL 1.1/1.3 1.3 /2.6 1.4 /1.7 1.3 /1.9

Tab. 5.6: Position resolutions of single interaction points in the A006 crystal. The selected
events feature a backscattering from the A006 detector in an opposing detector (c.f. 5.17). An

additional cut on the deposited energy in the A006 segment is not imposed.

segment | basis || o(Laplace) [mm]| 2 /Ndf o(Gauss) [mm)| 2 /Ndf
scattering in scattering in scattering in scattering in
A003 / A002 A003 / A002 A003 / A002 | A003 / A002
B3 JASS 1.2 /1.3 1.7/ 15 1.6 /1.7 2.1/09
ADL 1.1/11 1.5/13 14 /15 1.2 /15
o7 JASS 12 /1.6 25 /1.2 14 /21 22/1.0
ADL 1.1/13 1.3 /22 14 /1.7 1.9 /21

Tab. 5.7: Position resolutions of single interaction points in the A006 crystal. The selected
events feature a backscattering from the A006 detector in an opposing detector (c.f. 5.17).
Furthermore, to select mainly single hit events, a cut on F(A006) < 340keV is imposed. The
results are also visualized in fig. 5.19
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Fig. 5.19: Obtained position resolutions of single interaction points in the A006 crystal for
events featuring a backscattering from the A006 crystal to the A002 / A003 crystal.
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Fig. 5.20: Energy dependence of the position resolution in the A006 detector. Both plots
compare the position resolution of events featuring a Compton scattering from one segment
to another segment (solid points) and of events with a Compton scattering from the A006
detector into the A002 detector (open points). The second annihilation 7-ray is detected in
the AO03 crystal. The source is positioned at segment E4 of the A006 detector. The drop of
the position resolution at 320 keV is due to the fact that the PSA has only to deal with one
hit segment.

studied. While the first analysis deals with two hit segments the latter features only one hit
segment. Therefore, the performance of the PSA algorithms with multiple hit segments can
be directly compared to the performance of the PSA algorithms with only one hit segment. To
receive comparable results of both analyses the additional energy cut on the Compton edge is
not imposed to ensure that the ratio between Compton events and selected events is the same.
Fig. 5.20 compares the results of both analyses. The obtained resolutions with only one hit
segment in the A006 crystal is always clearly below the best fit resulting from the resolutions
with two hit segments in the AO06 detector. As expected, the PSA performs worse if it has
to deal with multiple hit segments. At 320 keV the PSA algorithm deteriorates the position
resolution by about Ao = 0.5mm if two hit segments occur.
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Chapter 6

Discussion and Outlook

In Europe and in the USA, a new generation of y-ray spectrometers is currently under construc-
tion: the Advanced GAmma Tracking Array AGATA and the Gamma-Ray Energy Tracking
Array GRETA. The expected performance of both detector arrays is based on the concepts
of v-ray tracking, i.e. the reconstruction of y-ray scattering paths in these highly electrically
segmented HPGe crystals. An important input for the «-ray tracking algorithms are the in-
teraction points of the y-rays. They are obtained by the so called pulse shape analysis (PSA)
from the detected pulse shapes on the segment electrodes which are characteristic for the y-ray
interaction positions. The PSA compares a set of experimental signals from the 36 segments
of one crystal to simulated signals from a pulse shape basis with known interaction positions.
The best matching basis signal defines the interaction point. In its current implementation
the PSA reconstructs exactly one interaction point per segment featuring an energy deposi-
tion. If there are multiple interactions in a segment, the reconstructed interaction position
corresponds to their energy weighted barycenter.

In the course of this thesis a calibration experiment for the AGATA PSA was developed.
It allows to determine the performance of the PSA in terms of the position resolution of the
AGATA crystals and its dependence on the simulated signal bases. In this thesis, the pulse
shape bases JASS and ADL of the AGATA array are compared. The position resolution was
extracted exploiting the angular correlation of annihilation y-rays e.g. from a 31-emitter such
as 22Na. Both annihilation y-rays are detected in coincidence in two opposing AGATA crys-
tals. The analysis is based on a comparison of the experimental data to a Geant4 Monte Carlo
simulation. In contrast to the experiment, the interaction points in the Geant4 simulation have
a perfect position resolution. Thus, for a proper comparison, the position resolution has to be
included in the simulation. Hence, the simulated interaction points are smeared around their
true coordinates using two different distributions: the Gaussian distribution and the Laplace
distribution. Two different event selections have been used to examine the PSA performance.
By focusing on events with all energy of the annihilation «-ray being deposited in a single
segment per crystal, the spatial resolution of the reconstructed barycenter is investigated, as
511keV ~-rays undergo around two to three interactions in germanium and only 22% of those
photons are immediately absorbed by photoelectric effect in a single interaction point. To
additionally study the resolution of single interactions points, events featuring a Compton
scattering from one segment into a neighboring segment or even into a different crystal have
been selected.

To verify the concept of the PSA calibration experiment, two test measurements were per-

formed at the Laboratori Nazionali di Legnaro, Italy using the first installed AGATA triple
clusters:
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crystal o(Laplace) [mm| | o(Gauss) [mm]|

JASS / ADL JASS / ADL
A001 and A003 15 /12 20/16
A001 14 /0.7 18/0.7
A003 15 /15 22 /21
A006 (sectors D, E) 1.1 /1.0 14 /14
A006 (sector E) 13/13 1.7 /1.7

a) Position resolutions of the energy weighted barycenter of all interaction points of the

511 keV ~-rays.

crystal oo(Laplace) [mm] oo(Gauss) [mm]|
JASS / ADL JASS / ADL
A001 and A003 1.8/15 23 /1.9
A001 18 /13 51/15
A003 1.7/138 22 /22
A006 (sectors D, B | 1.1 (0.20) / 1.1 (0.08) | 1.3 (0.24) / 1.4 (0.12)
A006 (sector E) 1.7/ 15 22 /1.9

b) Position resolutions of single interaction points. The energy dependence of the position

511 keV

resolution was taken into account according to o(E) = 0g4/ =5 with E being the energy

deposited in the interaction.

Tab. 6.1: Obtained position resolutions (standard deviations o) of the test measurements
in the AGATA asymmetric crystals A001, A003 and A006 for the JASS and the ADL signal
basis. The results of the A001 and the A003 crystal are determined with the symmetric setup.
Contrary, the asymmetric test measurement was used to investigate the position resolution of
the A0O6 detector. As several source positions have been measured the values in the table state
only the mean position resolution. The values given in brackets correspond to the fraction of
events where the PSA fails.

In the first test measurement a 2?Na source was positioned in the center of three mounted
triple clusters. Due to the required coincident detection of the annihilation v-rays, only two
crystals (A001 and A003) can be studied with this setup. The analysis of this first data showed
that positrons escaping the source mimic a bad PSA performance. Hence, they have to be
explicitly considered to extract the correct position resolution. As the source was positioned
in the middle of the crystals, an analysis based on the interactions points of both detectors is
only sensitive to their average position resolution. Additionally, a method was developed to
determine the resolution of individual crystals and their dependence on the two different signal
bases, JASS and ADL. This method is based on a global multi-parameter fit which takes the
interaction points in both crystals reconstructed with each basis simultaneously into account.
The achieved position resolutions of the JASS and the ADL basis are summarized in tab. 6.1
for the barycenters and for single interaction positions. All resolutions fulfill the requirements
of AGATA (FWHM < 5mm for 1 MeV energy depositions) and therefore demonstrate the
benefit of the AGATA PSA. Comparing the obtained values of the A001 and the A003 crystal,
the JASS and the ADL basis have similar resolutions except the outstanding performance of
the ADL basis in the A001 crystal. Moreover, the obtained resolutions for the single inter-
action points are worse than those of the barycenters. This effect could be explained by the
analysis of the dataset with an asymmetric source position close to one detector.
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The second, improved test measurement featured a 2?Na source which was additionally en-
closed with aluminum to prevent the positrons from escaping the source material. An asym-
metric setup was chosen with the source being located as close as possible to the A006 crystal.
This allowed to determine its position resolution independently of the resolution of the other
crystals. Due to the geometry and the required coincident detection of the annihilation v-rays,
different regions of the A006 crystal could be analyzed dependent on the second crystal which
was used to detect the second ~-ray. Furthermore, as the source was directly positioned on
the A006 cryostat, only a small part of the crystal was illuminated. Therefore, several mea-
surements with different source positions were conducted to study the position resolutions of
all segment rows of the A006 crystal separately. The average value of the obtained position
resolutions of all rows are given in tab. 6.1. Like in the symmetric test measurement, the
obtained resolutions of the A006 crystal are within the requirements of AGATA. The ADL
basis performs slightly better in the inner segment rows whereas the JASS basis achieves a
better resolution in the front and in the last row. Moreover, the analysis showed that the
A006 crystal contains regions featuring a higher amount of badly reconstructed events. Their
fraction is additionally given in brackets in tab. 6.1.

Furthermore, the data of the asymmetric test experiment was used to investigate the energy
dependence of the position resolution. The general assumption that the position resolution
is inversely proportional to the square root of the deposited energy was confirmed for the
energy region E € [100, 300| keV, accessible with the E, = 511keV ~-rays, using events with
a Compton scattering from one segment into a neighboring segment of the A006 crystal.
Apart from that, the geometry of the asymmetric test measurement allowed to analyze Comp-
ton scatterings from the A006 crystal into another crystal. Therefore, single interactions could
be studied while the PSA had to deal with only one segment with an energy deposition per
crystal. A comparison of the position resolution from these inter-crystal scatterings to the re-
sults of the intra-crystal scatterings clearly showed that multiple energy depositions per crystal
deteriorate the position resolution. This degradation is solely caused by the implementation of
the PSA algorithm and not by the signal basis. As this method is capable to study the multi
hit performance of the PSA algorithm, new improved PSA algorithms can be easily tested
with this setup, even using the data which is already collected.

The test measurements clearly illustrated that the calibration methods developed in this thesis
are indeed good tools to study AGATA’s PSA performance. The calibration measurement is
designed as an online experiment featuring a simple setup as no modifications of the crystal
positions and the electronics are necessary. These issues combined with the short measurement
time make it perfectly suitable to perform the PSA calibration also during and in between
beam times. Furthermore, it was shown that AGATA’s goal to obtain a position resolution
better than 5 mm (FWHM) for 1 MeV energy depositions is already achieved. Therefore, both
signal bases JASS and ADL perform well.

To further improve the pulse shape basis, single parameters of the codes which produce the
signal bases can be modified and their spacial influence can be extracted from the same experi-
mental dataset to optimize the basis for each individual crystal. Hence, it can be systematically
studied whether the JASS or the ADL mobility parameter set is more likely. Additionally, a
direct comparison of the position resolutions determined with the AGATA scanning systems
to the results presented in this thesis on the same crystals would be very useful to get a final
validation of the signal bases.

Besides the signal bases, the PSA algorithm which compares the experimental pulse shapes
to the pulse shapes of the simulated dataset needs further improvement. It still has problems
to analyze more than one net charge signal at the same time leading to a degradation which
is in the same order of magnitude than the position resolution. Thus, in the future, it is im-
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portant to replace the time consuming grid search based PSA algorithms by faster and more
sophisticated algorithms such as the Particle Swarm Algorithm (c.f. |6]).

The calibration experiment which is detailed in this thesis uses the angular correlation of
annihilation ~-rays to extract the position resolution of the PSA. Alternatively, the nature
of the Compton scattering process can be exploited. The Compton scattering angle 6 can
be determined with two different methods. First, it can be calculated from the deposited
energies using the Compton formula (fepergy) and second from the scattering path using the
reconstructed interaction points (6geo). In case of perfect position (and energy) resolution both
angles energy and Oge, coincide. Contrary, the deviation of the angles increases if the position
resolution of the interaction points deteriorates. Hence, the distribution of [fgeo - Oenergy| is
directly connected to the position resolution. This method which is very much related to y-ray
tracking has the advantage that it is not constrained to annihilation y-rays. As a result, it
is possible to use any calibration source. Hence, the position resolution of different energy
regions can be determined. Thus, the energy dependence of the position resolution can be
investigated using a broader energy range than in the calibration experiment with 511 keV
annihilation ~-rays. However, a drawback of this method is that always two reconstructed
interaction points are used to determine the position resolution. Thus, in case of a bad reso-
lution, it is challenging to decide which interaction point is worse reconstructed. Therefore, in
contrast to the calibration experiment, it is difficult to analyze different crystal regions sepa-
rately. Furthermore, very good statistics are needed in this kind of experiment as the Doppler
effect smears the correlation quite significantly and only interaction points at large distances
should be chosen. As a result, a combined method would be optimal: Annihilation v-rays
allow to detect badly modeled regions of the signal basis in the crystal, whereas analyzing the
quantity |fgeo - Genergy| with different calibration sources provide the energy dependence of the
position resolution for a broad energy range.



Appendix A

Comparing two Histograms with
Pearson’s y2-Test

A common method in data analysis to decide whether two histograms follow the same probabil-
ity density function is Pearson’s chi-square test [39], [41]. As an example the two unweighted!
histograms hx and hjps shall be compared. Both histograms have Np bins in total with the
same binning. The number of events in bin 4 of the first histogram hy is denoted with n;.
Analogously, m; is the number of events in the same bin i of the second histogram hps. Thus,
the total number of entries are given by

Np Np
N = an and M = Z:m2 (A.1)
i=1 i=1

for hy and hjs, respectively.

Assuming the hypothesis that both histograms are caused by the same probability density
function is correct, the probability for a random value to be in bin ¢ is the same for both
histograms. It is denoted with p; fulfilling the normalization condition

Np
d pi=1 (A.2)
=1

Therefore, the number of events n; (m;) in bin i can be approximated by a Poisson probability
distribution with the expectation value Np; (Mp;)
(Npi)™

Pnyp,(n;) = — e™NPi and Py, (m;) =
!

(Mp)™ e Mpi, (A.3)

A good estimation of the probabilities p; is achieved by adding both histograms. This results

in a new histogram with a total number of events of N + M. Thus, p; for each bin can be

approximated by the quantity
n; +m;

N+M
Now the expected entries of each bin ¢ can be written as p, N and p; M for the first and the
second histogram, respectively. Finally, a figure of merit is defined to decide weather e.g. the
histogram hy follows the assumed distribution

pi =

(A4)

2 _ %B: (observed value - expected value)? %B: (ni — Npi)” (A.5)
XN = P expected value N i=1 Np:o |

In an unweighted histogram each entry has weight one.
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Hence, the figure of merit to decide if both histograms follow the same distribution reads

Np

2 2 2 (n; — Npi)~ — Np;)? Mpz 2 1 (Mn; — Nm;)?
= = = . A6
X° =Xy + Xur ; . N + Z N1 | o (A.6)

It is called Pearson’s X2—statistic. Low values indicate that the hypothesis is valid.
It can be shown that x? can be approximated by the well known y2-distribution with Ng — 1
degrees of freedom. Therefore, if x?/(Np — 1) ~ 1 the two histograms coincide well.

Error calculation

The Pearson y2-tests in this thesis suffer from statistical fluctuations as the reference histogram
is created with Monte Carlo techniques. Thus, the figure of merit y? features a statistical error
Ax2. Tt is calculated applying Gaussian error propagation on eq. A.6:

NB 2 NB
. M?”LZ‘ — Nmi
2= E x? with x? = g Ay? = g (Ax?)2. (A7)
i—1 ni My i—1

Ax? reads

it = e (29) e cannp (28 o (2 ampr (28) a9

Assuming that the entries in each bin are distributed according to Poisson’s distribution, the
errors are given by

AN =+vVN and AM=+vVM and An;= vni and  Am; = /m;. (A.9)

The derivatives in eq. (A.8) can be written as

2

O _ ik~ w (A.10)
ON n; +m; '
2
oG _ N —apmi (A11)
oM n; +m; ’
oX; _ N~
= 9Mm; + Mn; + N A12

on;  (n; + mz) [2Mmi & Mg+ N ( )
v i M

Xi o N - [2Nn; + Mn; + Nmy). (A.13)

om; (n; + mz)



Appendix B

3-Spectrum of 2*Na

According to the level scheme in fig. 2.8a) ?2Na undergoes a allowed 31-decay as the transition
features AJ = 1 without a parity change. The deviation of the S-spectrum of 2?Na follows
the approach of [26].

The number of 22Na decays per unit time N(p.) with positron momenta in [pe, pe + dpe] is
given by Fermi’s Golden Rule

2

N(pe)dpe = %|<f’ﬁ|i>|2pfa (B.1)

where (f|H|i) is the transition matrix element and p; the density of the final states. The
transition matrix element (f|H|i) consists of the Hamilton operator of the t-decay and
the initial and final states of the nucleus |i) and |f), respectively. In the Fermi theory the
interaction can be treated point-like which corresponds to a constant transition matrix element.
Therefore, the shape of the S-spectrum is solely determined by the density of the final states
ps which is calculated in the following.

Momentum conservation in the rest frame of the decaying proton p — n + e* + v, leads to

ﬁn +ﬁe +ﬁu = 07 (B.Q)

with Py, pe and p, being the momenta of the neutron, the position and the neutrino. For
simplicity, it is assumed that the recoil of the daughter nucleus can be neglected and that
the neutrino mass is zero. The number of all possible positron final states with momenta in
[De, Pe + dpe], volume V' and solid angle dQ2 = 47 can be written as

dN, 1 % V.-dnm
dNe: ed3e:7d362 QdedQ: Qde. B
Epo TP Grnpgv 4P T Gy Pe 9P (@rh)s Pe P (B-3)
Analogous for the neutrino it follows!
dN, = W Py, dpy. (B.4)
Thus, the number of final states is given by
V25
de = dNe dNy = W pe py dpe dpy (B5)

!There is no density-of-states factor for the neutron as its momentum is defined by the positron and the
neutrino momentum.
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The neutrino momentum p,, can be expressed with the Q-value corresponding to the maximal
available energy of the ?2Na decay Fy = 2843keV [28]:

Ey—FE d 1
Eo=E.+E, and E,=p,c = p=—2_—¢ = Dv_- (B
c dEy c
As a result, the density of final states is
dNy v 2 2
= = ) Ey — E.)* dp.. B.7
Pf dE, AnAR63 Pe ( 0 6) Pe ( )

Therefore the number of positrons in [pe, pe+dpe] is proportional to p? (Eg— Ee)? dp.. With the
relativistic energy-momentum relationship E? = p2c? 4+ mec? the S-spectrum can be rewritten
as

N(Ee) dEe o< pe E (EO - Ee)2 dE. (B-S)

Until now the decaying proton is considered as free, but in reality the whole nucleus is present.
Thus, the influence of the Coulomb field of the nucleus on the emitted positron must be taken
into account to determine the correct shape of the S-spectrum. This correction factor is called
Fermi function F(Z, E.) and can be expressed with the following formula for allowed 3*-decays
[27]:

2 . 2(y0—1) T : 2
P R) v | (’70—1_2”)‘ (Bg)

h (I'(2v0 + 1))?
with the abbreviation 79 = /1 — (aZ)2, the fine-structure constant o = e€2/hc, v = —aiie,
the nuclear radius R and the charge Z of the daughter nucleus in terms of the elementary
charge e. Furthermore, for small positron energies E. < 100keV the screening of the Coulomb
field by atomic electrons is important which leads to another correction factor. The Fermi
function considering both effects reads [27]

F(Z,E.) ~2 (1+) <

(B.10)

Ee 62 2_1 Ee 52
F*(Z,E.) = F(Z,E. + V) \/( [mec? + Vo) ( /mec +Vo>

(Ee/mec?)? —1 E./mec?

with the shift 14 in the potential energy of the nucleus. According to the Thomas-Fermi model
the shift can be approximated by Vy ~ 1.13 a2Z%/3.
Generally, it is common to write the S-spectrum as a function of the kinetic energy T, = E. — mec?
of the positron

N(T.) dT, x F*(Z,E.) pe E. (Ey — E.)?* dT,. (B.11)

The resulting 31-spectrum of one million 2?Na decays is visualized in fig. 2.8b). It has a mean
energy of 216 keV and an end point energy of 546 keV. These values coincide well with [28].



Appendix C

Distributions of the Interaction Points
of the 224 Test Measurement
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Fig. C.1: Spatial distributions of the interaction points using the one hit-segment analysis.
The source (marked with a black circle) is positioned at the third segment row of A006.
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Fig. C.2: Spatial distributions of the interaction points using the one hit-segment analysis.
The source (marked with a black circle) is positioned at the fourth segment row of A006.
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