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Abstract Determining the three-dimensional v-ray in-
teraction position in y-ray tracking arrays is achieved
by comparing in real time the measured electronic sig-
nals against a pre-generated library of calculated signals
(signal basis) that maps the detector response through-
out the crystal volume. Obtaining a high-fidelity signal
basis remains a significant technological challenge that
often limits the ulitmate performance of the arrays. To
address this, a self-calibration method was proposed to
generate the signal basis experimentally, in an iterative
way and in situ; its potential has been demonstrated
in a proof-of-concept study using a simplistic geome-
try. In this article, we extend and refine this innova-
tive technique for y-ray tracking arrays using realistic
simulations of the actual crystal geometries and includ-
ing pulse-shape analysis that mimics the reconstruction
that takes place experimentally. Key factors determin-
ing the performance of the method, such as the condi-
tions for position convergence, statistical requirements,
the impact of convoluting electronic noise to the sig-
nals, and the time alignment are investigated system-
atically within this framework. The results show that
the method is robust and holds promise for generating
high-fidelity signal basis experimentally. The analysis
framework established in this work sets the stage for
applying the self-calibration technique to real experi-
mental data.
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1 Introduction

High precision y-ray spectroscopy is one of the most
powerful tools to study the structure and properties of
the atomic nucleus. In the last two decades, the fron-
tier of y-ray spectroscopy has shifted towards the de-
velopment of y-ray tracking arrays based on highly seg-
mented High Purity Germanium (HPGe) detectors [1-
18]. Tracking alludes to the reconstruction of the ~-
ray interaction sequence (and hence track) and enables
one to resolve high-multiplicity (high-fold) events, re-
ject background events and determine the direction of
the incoming ~ ray. The most advanced implementation
of this technique is being materialised in two arrays:
the Advanced Gamma Tracking Array (AGATA) [19]
in Europe and the Gamma Ray Energy Tracking Ar-
ray (GRETA) [20-23] in the USA. The tracking perfor-
mance of these arrays relies heavily on the precise de-
termination of the y-ray interaction position within the
detector volume and the fraction of deposited energy in
each interaction. This is realised by comparing in real
time the position sensitive experimental signals against
a pre-generated library of calculated signals (signal ba-
sis) that maps the detector response at different inter-
action positions within the crystal volume. Obtaining
a high-fidelity signal basis, however, remains a techno-
logical challenge and the position sensitivity suggested
by [1] has not been reached with the current basis.

A novel method to generate a reliable signal basis,
called hereafter the self-calibration method, has been
proposed [24], enabling the ~-ray tracking devices to
perform a self-calibration of their position sensitive re-
sponse in situ, opening up the way for reaching their
optimum performance. In the self-calibration method,
a radioactive source is used to illuminate the whole ar-
ray in situ, as shown in Figs. 1 and 2, and the detector
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Fig. 1 Schematic representation of the Compton scattering
events with segmented detectors for self-calibration analysis.
Interactions from different events are grouped into collections
referred to as hit collections (HCs). Paths, consisting of con-
secutive interactions, connect the HCs.

signals from Compton scattering events are recorded.
Starting from the assumption of segment-size position
resolution for all signals, and using an iterative mini-
mization procedure based on the Compton scattering
formula, it is possible to improve the position assign-
ment for signals and converge to their real positions
after several iterations.

The proof of principle as demonstrated in Ref. [24]
was carried out using a simplified spherical shell geome-
try and employing simulated ~-ray interaction positions
directly, without considering the signal generation pro-
cess and the subsequent pulse-shape analysis. In this
article, we extend the work of [24] by:

— validating the self-calibration method using the ex-
act AGATA crystal shape with a reasonable sensi-
tive area, and the detailed array geometry in the
Geant4 simulation;

— using realistic simulated electric pulses to evaluate
the performance and robustness of the self-calibration
technique.

As such, the current implementation constitutes an es-
sential step in demonstrating the effectiveness of the
method and provides a complete, realistic, end-to-end
analysis system for the self-calibration method that can

be adapted for use with experimental data, which will
form the material of a subsequent publication.

More specifically, the advances of the present work
include the following.

1. AGATA geometry implementation. In our sim-
ulation, the actual AGATA detector geometries are
used. Every detector is divided into 36 segmenta-
tion areas: 6-fold sector-wise segmented through the
middle of the flat hexagonal front side and 6-fold
longitudinal segmented along the detector length,
as shown in Figs. 4 and 5 of Ref. [19].

2. Pulse-shape-analysis implementation. While in
the initial demonstration of the method [24], the
~y-ray interactions were grouped within a certain
region according to the interaction positions from
the simulation and the expected signal sensitivity,
this information is not directly accessible experi-
mentally. Instead the grouping of interaction points
can only be achieved by comparing the similarity
of the recorded pulse shapes and, using this crite-
rion, the interaction points are grouped to define
a so-called hit collection. Therefore, realistic pulse-
shape data are generated in our simulation and the
entire analysis is performed starting from generated
pulses in order to mimic the experimental analysis
procedure as close as possible.

Following the grouping based on pulse shapes, we then

apply the self-calibration method [24] and generate a

signal basis. This generated signal basis is used and

evaluated using the AGATA Pulse Shape Analysis (PSA)
algorithm [25] to extract the interaction positions and,

hence, validate the method and demonstrate its perfor-

mance.

This paper presents the generation of simulation
data in Sect. 2. The self-calibration analysis processes
are detailed in Sect. 3, followed by the presentation of
analysis results in Sect. 4. Sect. 5 discusses the impact
of statistics, noise levels and time alignment. Finally,
the outlook is provided in Sect. 6.

2 Simulated pulse-shape data
These simulated data are generated by combining the
interaction information from the AGATA Geant4 simu-
lation with the pulse shapes extracted from the AGATA
Detector Library (ADL 3.0) [26].

2.1 Data reduction criteria

In this section we discuss the critical data reduction
criteria, which constitutes an essential step in ensuring



that the simulated data are filtered in a realistic way
that mimics the experimental data collection.

The ideal v-ray events for applying the self-calibration

technique involve at least one Compton scattering in-
teraction and at least two interactions within the ar-
ray, with single interactions occurring in each detector.
Additionally, the energy deposited at each interaction
point should be sufficiently large to ensure a high signal-
to-noise ratio. Therefore, to acquire suitable data in
real measurements, the following procedure would be
employed:

1. Position a y-ray source at a specific location to illu-
minate the detector array.

2. Apply a trigger condition that enhances the selec-
tion of Compton scattering events, such as requiring
at least two detectors to record significant energy
deposits (fold-2 trigger).

3. Record the pulse-shape data for all triggered detec-
tors.

We replicate this process in the simulation to generate
Compton scattering pulse-shape data under the same
conditions.

An important point in this process is that in real
measurements it is challenging to distinguish during
data acquisition the events with multiple interactions
within the same segment from those with single in-
teractions only. Hence, to mimic this we also collect
simulation events with multi-hit interactions in a given
segment and use pulse-shape comparison to try and ex-
clude these, as one would do experimentally.

2.2 Geant4 simulated data

The Compton scattering interaction information was
generated using the standard AGATA simulation pack-
age [27, 28], which is based on the Geant4 toolkit [29,
30]. In this work, the simulated AGATA array consists
of 15 AGATA triple clusters arranged in the 17 con-
figuration, as shown in Fig. 2. The cryostats and the
detector encapsulation were not included in the sim-
ulation. A point-like y-ray source, emitting 2 MeV ~y
rays isotropically, was positioned at the centre of the ar-
ray, 235 mm from the front face of the detectors. Each
~y-ray emission was treated as an independent event.
The simulation provided the position and energy depo-
sition of every interaction point within the detectors.
The total energy deposited in each detector was com-
puted by summing the energies of all interactions within
that detector. Detectors with a total energy deposit ex-
ceeding 300 keV were considered as triggered detectors,
and their interaction information was recorded. To se-

Fig. 2 Geometry of AGATA 17 configuration. Red, green,
and blue colours represent A-, B-,; and C-type crystals, re-
spectively. A point-like y-ray source is placed at the centre of
the array, emitting 2 MeV + rays (green lines).

lect Compton scattering events, at least two triggered
detectors were required.

A total of 1 x 10'° events were simulated, yielding
2.6 x 10® events that met the selection criteria. The seg-
ments located on the back side of the crystals presented
significantly lower statistics compared to those on the
front side. To illuminate the array more efficiently and
increase statistics for back-side segments, the point-like
~y-ray source was also placed at two additional posi-
tions: 75 mm in front of and 75 mm behind the central
detector. For each position, 5 x 10° events were simu-
lated. The useful data from all three source positions
were combined to perform the self-calibration analysis.

2.3 Pulse-shape generation

To generate pulse shapes, the ideal approach would in-
volve inputting the interaction data produced by Geant4
into the electric field calculation software designed for
modeling segmented High-Purity Germanium detectors,
such as ADL 3.0 [26] and AGATAGeFEM |[31]. How-
ever, these calculations are computationally intensive
and therefore not feasible for the large dataset required
in this work. Furthermore, achieving the most accurate
representation of the pulse shape is not essential for the
purposes of this study. Instead, a more efficient method,
involving the linear interpolation of pre-generated sig-
nal bases, is employed to produce the pulse shapes. For
each interaction point, the pulse shape response is de-
termined by performing trilinear interpolation of the



90
140 80F 35
35 70 50
0 IS 60F 25
25 E 50F -
20 ~ 40F
s Y a0 s
10 20F 10
" 10F 5
—5Qb s s Ll o OF ittt | o
50-40-30-20-10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50
X/ mm X/ mm
1,
g o si Pulse shape signal basis
8 °F  AGATA Detector Library (ADL)
O .
5 06
e r
=04
E T
o 02—
=z C
oF
O ol e e e L e L L
0 5 10 15 20 25 30 35

Segment Number

Fig. 3 AGATA Detector Library (ADL) signal basis. The
upper panels show the positions of the grid points projected
onto the XY and XZ planes. The colour code indicates the
number of grid points in each projection. The lower panel
shows an example of the pulse shape in signal basis. The
interaction is in segment 22 in this example. The core signal
is assigned to ID 36.

ADL signal basis, which is calculated on a 2 mm grid.
Fig. 3 illustrates the spatial distribution of the ADL sig-
nal basis for an A-type crystal, along with an example
of a representative pulse shape.

Since pulse shapes vary significantly depending on
the segment where the interaction occurs, only the sig-
nal bases of the grid points within the same segment
as the interaction are used for interpolation. When an
interaction occurs in the inner part of a segment, the
eight grid points closest to the interaction form a cube
that surrounds the interaction point, and the interpo-
lation is performed using the signal bases of these eight
grid points. For interactions near the edges of a seg-
ment, where grid points may lie only on one side of the
interaction, extrapolation is employed to generate the
pulse shape. The pulse shape responses from all inter-
actions within one detector are summed for each event,
producing the simulated pulse-shape data.

To simulate experimental data as realistically as
possible, the preamplifer response and cross-talk re-
sponse are applied to the signal basis, and noise — pri-
marily originating from electronic circuits — is convo-
luted into the simulated signal. Artificial noise is gener-
ated with a frequency distribution similar to the noise
observed in actual experiments. This noise affects the
self-calibration process mainly in the grouping of pulse
shapes. However, its impact can be mitigated by select-

ing only signals with large energy deposition, although
this approach results in a reduction in statistics. For the
initial validation of the self-calibration method, noise is
excluded to simplify the analysis. Subsequently, a noise
level of 3keV (RMS) is introduced into the signals to
evaluate its impact on the method and to develop an ef-
fective grouping method suitable for real experimental
data.

3 Self-Calibration Analysis

The self-calibration analysis, which is designed to apply
to both simulated and experimental data, is conducted
in two stages. In the first step, pulse shapes from differ-
ent events are grouped into collections referred to as hit
collections (HCs). For each HC, an average pulse shape
is calculated, and its position is initially assigned to the
geometric centre of the corresponding segment. In the
second step, the position assignments of the HCs are re-
fined through iterative optimisation based on a figure-
of-merit (FOM) derived from the Compton scattering
formula. This optimisation process requires several it-

erations to achieve convergence and ensure accurate re-
sults (as described in Ref. [24]).

3.1 Grouping pulse shapes

In the study of Ref. [24], the grouping of y-ray interac-
tion points (referred to as hits) was based on their sim-
ulated positions. Spherical hit collections (HCs) of uni-
form geometrical sizes were generated across the detec-
tors, with their diameters being well controlled. In ex-
perimental scenarios, however, grouping achieved through
pulse shape comparison cannot produce HCs with such
consistent and well-defined geometrical properties. Due
to the varying sensitivity of pulse shapes across the
crystal volume, the resulting HCs exhibit irregular shapes
and inconsistent sizes. A crucial aspect of this work is to
investigate whether the self-calibration method remains
effective when applied to these realistic non-uniform
HCs.

An example of comparing two pulse shapes is il-
lustrated in Fig. 4. Both pulse shapes are normalised,
with their core amplitudes scaled to unity. These pulse
shapes are characterised by prominent net-charge sig-
nals in the direct-hit segment (segment 20 in this case)
and the core, and small reflection signals in neighbour-
ing segments. To quantitatively compare the two pulse
shapes, the x2 differences, defined as the absolute val-
ues of the differences, are calculated for each signal
point and plotted in the upper panel, alongside the
summed x? differences for each segment and the core.
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Fig. 4 Comparison of two pulse shapes. The amplitudes
of the pulse shapes are normalised to 1 before comparison.
The upper panel shows the x?2 differences between two pulse
shapes (black), and the sum of the x? differences in every
segment and the core (blue). The 36 segments are assigned
segment ID from 0 to 35. The core signal is assigned to “seg-
ment ID” 36.

The interaction position within the detector is typi-
cally described using cylindrical coordinates: radial r,
azimuthal ¢ and longitudinal z. Despite the complex re-
lationship between interaction position and pulse shape
in AGATA detectors, empirical observations indicate
specific correlations:

— The position along the radial direction is reflected
in the steepness of the rising edge of signals in the
direct-hit (net charge) segment (segment 20 in this
case) and the core.

— The position in the ¢ direction, defined as r x ¢,
is best seen from the amplitudes of reflection sig-
nals in neighbouring segments within the same slice
(segment 14 and 26 in this case).

— The position along the longitudinal direction is in-
ferred from the amplitudes of reflection signals in
neighbouring segments within the same sector (seg-
ment 19 and 21 in this case).

Based on this understanding, three separate x? metrics
are calculated to characterise the positional differences:

— X3, summing the x? values for the direct-hit segment
and the core,

— x?, summing the x? values for neighbouring seg-
ments within the same slice, and,

— %2, summing the y? values for neighbouring seg-
ments within the same sector.

In cases where the direct-hit segment is the foremost
or rearmost segment, Y3 sums contributions from the
nearest and next-to-nearest neighbouring segments.
The correlations between the three x? metrics and
the interaction distances along their corresponding di-
rections are shown in Fig. 5. Radial and longitudinal
distances are well constrained by applying cuts to x3

x10°
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Fig. 5 Grouping pulse shapes with x2? conditions. (a) dis-
tance between interactions in one AGATA segment (ID=2).
The red part is selected with x? conditions: x2 < 2, x% < 0.1
and x3 < 1. (b) x2 vs. radial distance between interactions in
segment 2. (c) x? vs. azimuthal distance, with the condition
X2 < 2. (d) x2 vs. longitudinal distance, with the conditions
X3 < 2 and x? < 0.1. The red dashed lines in (b), (c)and (d)
shows the x? cuts.

and x3, as illustrated in Fig. 5(b) and (d), respectively.
However, defining an effective cut for x? is more chal-
lenging, as shown in Fig. 5(c). The specific x? condi-
tions applied to form HCs are x3 < 2, x7 < 0.1 and
X3 < 1. The resulting distance distribution, between
interactions within HCs, under these conditions is dis-
played in Fig. 5(a) in red colour.

The grouping of pulse shapes follows the following
procedure: Each hit, characterised by its pulse shape, is
compared to the representative pulse shape of existing
hit collections (HCs). If the differences meet the spec-
ified x2 criteria, the hit is assigned to the respective
HC. This comparison is repeated for all existing HCs,
allowing a hit to be assigned to multiple HCs. Hits that
cannot be assigned to any HC are used to define new
HCs, with their pulse shapes serving as the representa-
tive pulse shapes for the newly formed HCs. Once all
hits in the dataset have been processed, any HC con-
taining more than 400 hits is further subdivided using
stricter x2 conditions. This subdivision minimises the
spacial spread of HCs and increases their density within
the detector volume.



3.2 Position Optimisation

Following the grouping of pulse shapes, the average
pulse shape is calculated for every hit collection (HC).
Initially, all HCs are assigned to the respective segment
centres. The subsequent step involves determining the
optimal centre positions for these HCs. This is achieved
through a position optimisation procedure.

To perform position optimisation, it is necessary to
first track the sequence of interactions in each event.
For this purpose, the Orsay forward-tracking algorithm
(OFT) [23, 32] is employed. This algorithm is adapted
to take advantage of the known ~-ray source position
and the incident v-ray energy, enabling the tracking
to initiate from the source position. The position of a
hit is calculated as the average position of the HCs to
which the hit is assigned, which corresponds to the seg-
ment centre at the beginning of the process. Once the
HC positions are optimised, the tracking process can
be repeated for improved accuracy. After tracking, the
hits in an event are sequenced to form a track. The
source position is designated as the starting point for
the track. For each subsequent hit, the position, en-
ergy deposit, and incident «-ray energy are recorded.
The incident energy is determined by subtracting the
energy deposits of preceding hits from the initial ~-ray
energy. A track is further divided into subsets called
paths, consisting of three consecutive hits. These paths
represent the minimum set required to compare the ge-
ometrical scattering angle with the Compton scattering
angle. The geometrical angle is derived from the hit po-
sitions within the path, and it is directly influenced by
the HC position assignments. The Compton scattering
angle is calculated using the following formula:

2 M2

Einc - Edep

cos(f) =1+ rgec -

where Ejy,. is the incident y-ray energy, and Egey, is the
energy deposit at the middle hit of the path.

The HCs are interconnected through numerous paths.
The discrepancies between the geometrical angles and
Compton scattering angles from all paths linked to a
given HC are aggregated to calculate the figure-of-merit
(FOM) for that HC. During the optimisation process,
the positions of the HCs are iteratively adjusted to
minimise their respective FOM values. In practice, the
position optimisation is performed one HC at a time,
while keeping the positions of all other HCs fixed. This
process is iterated over all HCs, and the entire pro-
cedure is repeated using the updated HC positions.
Several iterations are required to achieve convergence.
To prevent extreme position shifts caused by poor ini-
tial position assignments, the position adjustments for
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Fig. 6 Hit Collections (HCs) position optimisation. The
plots on the left show the position distribution of the HCs
in XY-plane. The plots on the right show the distance be-
tween the assigned position and the real position of the HCs.

each interaction are restricted to a maximum of 5 mm
in any direction. Additionally, movements across seg-
ment boundaries are penalised by assigning large FOM
values, thereby ensuring that HCs remain within their
original segment.

The progression of the position optimisation for a
single detector is illustrated in Fig. 6. Initially, HCs are
only assigned to the segment centres, resulting in 36
discrete points in the XY-plot. The initial distances be-
tween the assigned HC positions and the true positions
exhibit a broad distribution, peaking around 12 mm. As
the optimisation progresses, the HC positions gradually
spread across the detector volume, with the distance
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distribution narrowing and peaking at approximately
2mm. This reduction in distances indicates the conver-
gence of HC positions.

3.3 Position Convergence

The convergence of HC positions is strongly influenced
by the number of paths connected to each HC. Fig. 7
illustrates the relationship between the final position
offsets and the number of paths associated with each
HC. HCs connected to only a few paths exhibit broader
position distributions, with average deviations reaching
up to 10 mm. In contrast, HCs connected to a higher
number of paths converge more closely to their true po-
sitions, making them suitable candidates for construct-
ing the signal basis for PSA. In experimental scenarios,
these position offsets cannot be determined since the
true positions are unknown. However, this simulation
study demonstrates that selecting HCs based on their
path count can effectively enhance position accuracy.
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Fig. 8 Difference between the assigned position and the real
position of the selected hit collections (HCs). (a) difference
in distance. (b) difference in radial direction. (c) difference in
azimuthal direction. (d) difference in longitudinal direction.
The gray histograms show position difference from the initial
HC position assignments (segment centre), and the blue his-
tograms show position difference after optimisation.

For this study, HCs with more than 70 paths are
designated as “good HCs” and used to construct the
signal basis. The position convergence of these selected
HCs, along with their positional differences in the ra-
dial (r), azimuthal (¢), and longitudinal (z) directions,
is shown in Fig. 8. The deviations in the ¢ direction
are slightly larger than those in the r and z directions,
likely due to the reduced sensitivity of pulse shapes to
variations in the ¢ direction.

4 Self-Calibration Results

The self-calibration signal basis is constructed from the
selected hit collections (HCs), using their averaged pulse
shapes and assigning them to their converged positions.
To assess the quality of the generated basis, two eval-
uation methods are employed: direct pulse-shape com-
parison and PSA performance evaluation.

4.1 Fidelity of self-calibration signal basis

Since the pulse shape data was generated from the ADL
basis, the ADL basis serves as the reference for the most
accurate signal representation in this study. The fidelity
of the self-calibration basis is evaluated by comparing
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it directly to the ADL basis at corresponding interac-
tion positions. This comparison provides a global view
of the self-calibration basis and highlights problematic
areas with large deviations from the original basis. For
each selected hit collection (HC), the total x? differ-
ences are calculated between the pulse shapes in the
self-calibration basis and the ADL basis. The results
are presented in Fig. 9. The comparison is visualised in
2D plots, where each slice of the detector is represented
in the XY-plane, and the entire detector is represented
in the XZ-plane. A 3D plot is also presented.

In the 2D plots of Fig. 9, blue regions indicate areas
with small total x? differences, signifying high-fidelity
signal bases derived from the self-calibration method.
Conversely, yellow regions represent areas with large x?
differences, highlighting discrepancies between the self-
calibration and ADL pulse shapes. The regions with
large x? values are predominantly near the segment
boundaries. This is attributed to the rapid signal shape
variations in these regions, which challenge the group-
ing of pulses and the formation of sufficiently popu-
lated HCs. Consequently, the converged positions and
the averaged pulse shapes in these regions tend to devi-
ate more significantly from their real values. This lim-
itation could be mitigated in the future by increasing
statistics, as discussed in Sect. 5.1. The segments in the
second slice (slice2) contain more yellow points com-
pared to those in other slices. This is due to the second
slice being thinner than the others and having a larger
boundary area, as illustrated in Fig. 2 of Ref. [33].

4.2 Pulse-Shape Analysis with self-calibration basis

To quantitatively evaluate the self-calibration basis, the
second method involves using it in pulse-shape analysis
(PSA) to determine interaction positions and compar-
ing the deduced positions to the simulated ones. The
position differences in the ¢, r and z directions, repre-
senting the PSA position resolution in each direction,
are shown in Fig. 10 for the ADL basis (a) and the
self-calibration basis (b). When using the ADL basis
for PSA, position resolutions of approximately 2mm
(FWHM) are observed in all three directions, as ex-
pected given the granularity of the ADL basis. For the
PSA using self-calibration basis, the position resolu-
tions are approximately 3mm (FWHM), notably good
comparing with the position resolutions achieved with
experimental data [18, 33, 34]. This highlights the po-
tential of the self-calibration basis to significantly im-
prove the position resolution in experimental applica-
tions.

5 Discussion

Using the simulation data, we successfully demonstrated
the feasibility of the self-calibration method when ap-
plied to pulse-shape data with the AGATA detector
geometry. However, three critical aspects must be ad-
dressed for practical implementation with real experi-
mental data: statistics, noise and time alignment.
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5.1 Influence of statistics

The self-calibration method heavily relies on high statis-
tics, particularly for grouping pulse shapes near the
segment boundaries. Higher statistics allow the use of
stricter x? conditions to refine the pulse shapes within
hit collections and facilitate connections to more “good”
hit collections — those whose positions will converge to
their actual positions during the optimisation process.
Fig. 11 demonstrates the impact of statistics on posi-
tion convergence. As the statistics increase, hit collec-
tions associated with the same number of paths achieve
shorter convergence distances.

In a real experiment, the 2 x 10'° events used in the
simulation could be generated with a 500 kBq source
over approximately 12 hours. However, experimental
constraints, such as signal pile-up, result in partial data
loss and suggest extending the data acquisition period
— by a factor of 10 — as a feasible approach to obtain
high-quality data comparable to the simulated one.

5.2 Influence of noise

Electronic noise in pulse shapes primarily affects the
analysis in two ways: it increases the absolute values of
the x2 differences and smears the y2-distance correla-
tions in Fig. 5. Consequently, the x? conditions opti-
mised for analysing noise-free simulation data are not
directly applicable to data containing noise or real ex-
perimental data. The smearing of x2-distance correla-
tions further complicates the establishment of prede-
fined x? conditions for grouping pulse shapes as shown
in Fig. 5.

To address these challenges, a grouping method with
dynamic x2 conditions was developed. In this approach,
predefined x? conditions are replaced with a procedure
where only the maximum number of hits allowed in a hit
collection is specified initially. All pulse shapes within
the same segment are initially grouped into a single
large hit collection, and the averaged pulse shapes for
each hit collection is calculated. Each pulse shape is
then compared to the averaged pulse shape to evaluate
its deviation. The distributions of these deviations are
used to dynamically generate x? conditions, which are
applied to divide the hit collection. This process is it-
eratively performed for all hit collections exceeding the
predefined maximum hit number.

In this study, a noise level of 3keV (RMS) was added
to the signals, which is consistent with experimental ob-
servations. The pulse shape grouping method described
above was applied to the noisy signal data, with a max-
imum hit number set to 400. The entire self-calibration
analysis was then repeated on this dataset to generate
a self-calibration basis, which was subsequently used in
the PSA analysis. Fig. 10(c) shows the position reso-
lution from PSA using this self-calibration basis. Posi-
tion resolutions of approximately 3.5 mm (FWHM) are
obtained, which remain competitive to achieve an im-
proved resolution.
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Since the x? conditions are generated dynamically
based on the data itself, this method is adaptable and
resilient to varying noise levels and is also suitable for
real experimental data. The optimized maximum hit
number depends on the available statistics and can be
determined using simulation data.

5.3 Time alignment

In real experimental data, signal traces are recorded
upon the generation of triggers, which are derived from
the core-contact pulses using either a constant fraction
discriminator (CFD) or a leading-edge discriminator
(LED). Due to electronic noise and variations in pulse
shapes and amplitudes, the trigger signals can occur at
different time relative to the onset of the core-contact
pulse. This introduces a timing uncertainty, commonly
referred to as the T offset, in the recorded traces. Con-
sequently, time alignment is required before the com-
parison of traces from experimental data. This effect
was also studied using the simulation data to better
understand its impact and guide the alignment proce-
dure.

In this study, the trigger time for each simulated
event was determined using a CFD applied to the core-
contact pulse. The simulated traces were then time-
shifted to align the trigger time across different events.
This procedure mimics the data acquisition process of
the AGATA front-end electronics, therefore making the
simulation data more representative of real experimen-
tal conditions. For the self-calibration analysis of data
affected by Tg offset, a Ty fitting procedure was imple-
mented. This involved applying a relative time shift be-
tween two traces to minimise the x? value in the pulse-
shape comparison. Fig. 10(d) shows the position resolu-
tion obtained from PSA using the self-calibration basis
with 3keV (RMS) noise and Ty offset. Including the Tg
offset introduces only a marginal degradation in resolu-
tion compared to the case without Ty offset, as shown
in Figs. 10(c) and (d), confirming the capability of the
self-calibration technique to generate a high-fidelity sig-
nal basis experimentally.

6 Outlook

The self-calibration analysis package developed in this
study for simulation data will be adapted to process
experimental data by incorporating compatibility with
the experimental data format. Experimental data will
be collected using an intense %Y source (~500kBq)
with the AGATA array at INFN Legnaro National Lab-
oratory (LNL), Italy. The ®8Y source emits 7-rays at

two distinct energies, 898keV and 1836keV. Both of
these energies can produce Compton scattering events
with significant energy deposits, making them suitable
for self-calibration analysis.

In this analysis, it is essential to identify the inci-
dent y-ray energy for each event. This can be achieved
during the tracking process by comparing the figure-of-
merit (FOM) values for the two possible incident energy
assumptions. A test using simulated 88Y data demon-
strated this capability. By assigning segment centre po-
sitions to all interactions, the OFT tracking algorithm
successfully identified the correct incident y-ray energy
with an accuracy exceeding 96%. This high accuracy is
attributed to the well-separated energies of the two y
rays and the spatially distinct interactions selected for
self-calibration. These factors enable reliable tracking
performance, even when the initial interaction positions
are determined with segment-size resolution.

The self-calibration basis generated from the exper-
imental data will then be applied to the pulse-shape
analysis (PSA) of a benchmark in-beam ~-ray experi-
ment. The results obtained using the self-calibration ba-
sis will be compared with those derived using the ADL
basis to evaluate the effectiveness and performance im-
provements offered by the self-calibration approach.
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