
UNIVERSITY OF SALAMANCA

Instituto de F́ısica Fundamental y Matemáticas
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Abstract

One of the main goals in modern Nuclear Physics is the comprehension of the struc-
ture of the nucleus based on the fact that they are many-body systems. The study
of the structure of the nucleus is made by measuring the γ radiation emitted during
the decay of excited states. In this task, the γ-ray spectroscopy plays a fundamental
role, given that its sensibility determines how far one can go in the detection of low
probability nuclear transitions. The γ-ray spectrometers have been evolved during
last years in parallel with new nuclear facilities which permits, with the new type
of radioactive beams, to reach the farther regions in the nuclei chart. The most
relevant examples of such a facilities can be found at FAIR (Darmstadt, Germany)
[1], HIE-ISOLDE (CERN, Switzerland) [2], SPIRAL2 (Caen, France) [3] and SPES
(Legnaro, Italy) [4]. As said before, the requirements of these new facilities have
motivated the development of γ-ray spectrometers more a more complex and, to-
gether with them, all the associated software and tooling needed for their correct
behaviour. In the last few years a new achievement has arrived with the γ-ray seg-
mented detectors, allowing the γ-ray tracking within them. This technology has
allowed to reduce the background of the measurements, increasing the peak-to-total
and, therefore, the efficiency. The flagship of this technology is AGATA, Advanced
GAmma Tracking Array. This collaboration constitutes the framework of this thesis
work. In such a γ spectroscopy systems it is critical the database which owns the
relationship between the electrical response of the germanium crystal as a function
of the γ-ray interaction position within it. In order to obtain these databases there
are two different methods: the first one is based on Monte Carlo Simulations. In
this methods the relation between γ-ray interaction position and crystal response in
obtained by solving the Poisson equation all around the crystal volume. In order to
simplify and speed-up the calculation, the volume of the crystal is divided in voxels.
The accuracy of this method is, therefore, strongly dependent on this fact. In this
method the same database is used for different crystals, missing the fact that the
technique used to grow-up the Ge crystals make them all different one to each other
[5]. The second method to get the database which relates γ-ray interaction position
with electrical response in Ge crystal is experimental. It utilizes 3D characterization
systems where each Ge crystal is individually characterized. Therefore, the obtained
database will contain the real electrical response for each crystal, taking into account
its individual characteristics.

The thesis work presented in this document is focus on the development of an ex-
perimental characterization system for High-Purity Germanium (HPGe) segmented
detectors, specially optimized for AGATA detectors. The main goal is to obtain
the electrical response as a function of the γ-ray interaction position within its ac-
tive volume. In order to obtain the γ-ray interaction position we use a high spatial
resolution γ camera as it will be explained. This document is a compilation of the
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published works during all the thesis period. Papers were published following the
work flow during the work and, therefore, they will explain the sequence of events
starting from the study devoted to select the best materials for all the elements of the
characterization system, following by development, construction and commissioning
of our characterization system: SALSA, SAlamanca Lyso-based Scanning Array and,
finally, the validation of SALSA with the first HPGe detector characterization.
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Chapter 1

Introduction

1.1 γ-tracking: The new Spectroscopy

1.1.1 Requirements for the new generation of γ-ray detec-
tors.

The new technology of segmented detector allows to detect the γ-ray emissions
coming from decay of very unstable nucleus. From these decays one can expect very
low counting rates for the target energies. This is the motivation to develop and
optimize new γ-ray detectors with high peak-efficiency, keeping the good energy
resolution and peak-to-total, at least comparable with the old systems based on
passive anti-Compton systems.

1.1.2 The γ-ray tracking concept

The γ-ray tracking applied to HPGe segmented detectors consists on the tracking
of the path of the γ-rays inside the crystal. This is possible thanks to the contact
segmentation which allows to collect the generated charged when the photon hits
the semiconductor volume, depositing its energy. The different types of interaction
between the radiation and matter and their probability as a function of the photon
energy are presented in Figure 1.1. The γ-ray tracking is based on the scattering
Compton, which is the main process in the energy region of interest in spectroscopy,
except below 100 keV.

In a Compton scattering, the γ-ray energy before Eγ and after E
′
γ the interaction,

together with the scattering angle θ, defined with respect to the incident γ-ray
direction, are all related under the Compton formula:

E
′

γ =
Eγ

1 + Eγ
m0c2

(1− cosθ)
. (1.1)

Knowing the energies (before and after) and the interaction positions, it is pos-

1



2 1.1. γ-TRACKING: THE NEW SPECTROSCOPY

Figure 1.1: Cross section of γ radiation in Ge. (Source: Nist-XCOM: Photon Cross
Sections Database).

sible to reconstruct the Compton scattering sequence and, therefore, the complete
γ-ray path within the crystal from the end-point until the first interaction. This
path will normally finish with a photoelectric absorption whether the energy is low
enough. A conclusion one can follow is that, the better the γ-ray interaction posi-
tion is determined, the better the quality of the tracking will be. There are many
algorithms to determine the interaction position within the crystal. These algorithm
can be grouped in two classes: back tracking algorithms [6] and forward tracking
algorithms [7].

1.1.3 Tracking detectors: characteristics and requirements.

The tracking concept has allowed the development of 4π-type detector systems,
based only on HPGe crystals with a high segmentation density. This geometry al-
lows to determine not only the deposited energy in a γ-ray interaction but also the
complete path followed by the γ-ray within the crystal. With this combination it is
possible to increase the peak-to-total without any anti-Compton shielding, increas-
ing the detection volume and, therefore the efficiency of the system. But all this
principle relies on the quality of the algorithm used to determine the γ-ray position
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in each interaction within the crystal. This algorithm will depend, at the same time,
in the spatial resolution achieved in the detection system.

Given that the tracking detectors allow to determine the γ-ray path within the
crystal, it is also possible to detect and to correct the Doppler drift, which becomes
relevant when working with high energy beams. Therefore, the energy resolution
(∆Eγ) is not only affected by the intrinsic energy resolution of the detector itself but
also by the Doppler drift. In consequence, whether we can minimize the Doppler
effect, we will increase the energy resolution in the detection system.

Concerning the requirements and taking into account that a tracking detector
utilizes the Compton scattering formula as a main asset, the goal when designing
such a type of detector is to optimize the capability to measure the magnitudes
involved in this formula calculation. They are the energy and the spatial resolution
which will determine the uncertainty of the θ angle determination.

Energy resolution. When performing γ-ray tracking in a HPGe detector, the
energy resolution for each γ-ray interaction is a critical parameter. In order to
choice the optimum detection material it is necessary to find a compromise between
energy resolution and detection efficiency. The easiest way to increase the efficiency
is to use a high density, high Z material, as well as to increase the detection volume.
But the highest density material has a poor energy resolution. The use of Ge crys-
tals cooled with liquid nitrogen is the best solution found so far. This material offers
a relatively high density (Z=32), while its high purity allows to have big depleted
volume with a moderate bias voltage. This is the key element to obtain high energy
resolution. The depleted volume allows the charge carriers produced by the γ-ray
interaction to move and be collected in the contacts. In next section the charge
generation from a γ-ray interaction will be explained.

Position Resolution. A good energy resolution and high efficiency were a key
requirement when designing a γ-ray spectrometer. In the new tracking detection
systems, together with these two parameters the high spatial resolution requirement
has been added. The most direct way to improve the spatial resolution in HPGe
detectors is to segment the contacts which to collect the charge generated by the
γ-ray interaction. Therefore, the crystal will be divided in cells which will generate
charge signal whether the γ-ray has interacted within them or, at least, nearby. A
second way to improve the spatial resolution will be to improve the algorithms used
to calculate the interaction position from the charge signals following a γ-ray inter-
action. In the reconstruction algorithm improvement one key factor is the quality
of the database generated by the characterization systems like the one developed
in this thesis work. This database has the relation between each γ-ray interaction
position in the HPGe volume and the corresponding electrical response.
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1.1.4 Signal formation in HPGe detectors.

Charge carriers production in semiconductor materials. The interaction of
the γ radiation with matter and more specifically with Ge by photoelectric effect,
Compton scattering or pair production produces electrons in the material, so-called
photo-electrons. The energy of the generated photo-electrons has the same order of
magnitude of the incident γ radiation. These photo-electrons are, indeed, the charge
carriers generated by the γ radiation hitting the Ge crystal and, in the presence of an
electric field, generated by an external potential bias between the detector contacts,
they will move from one contact to the other, allowing their collection. The direction
of the movement will depend on the type of particle, electron or hole, and the type
of Ge crystal, n-type or p-type.

To evaluate the quality of semiconductor detector, the number of charge car-
riers generated per unit of energy of the incident γ-ray. The higher the number
of charge carriers generated, the better the detector is and the better the energy
resolution will be. The parameter which represents the energy needed to generate a
pair electron-hole is the electric permittivity, ε. In germanium, at 77 K, the value
for this parameters is ε = 2.96 eV.

Charge carriers dynamic in semiconductor materials. In order to under-
stand hoy a charge carrier moves within germanium, let´s describe a bit the main
properties of such a semiconductor material. The High Purity germanium (HPGe)
crystal are produced with an impurity concentration of ∼ 1010 atoms·cm−3 and they
can be p-type or n-type crystals. The electric contacts, which are responsible to col-
lect the charge carriers are made by implantation of boron in one side and lithium
on the other. As presented in Figure 1.2, there are two different HPGe geometry
configurations: planar and coaxial.

Figure 1.2: Planar HPGe detector configuration (left) and coaxial (right).
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Inside the HPGe crystal, generated charge carriers move to the electric contacts
thanks to the bias voltage existing between them. This fact generates the charge
signal in the detector [8]. Therefore, it is possible to represent the electric behaviour
of a HPGe detector with an equivalent circuit consisting on a current source is(t) in
parallel with the equivalent capacity of the detector, as showed in Figure 1.3. The
equivalent capacity of the detector (Cd) is defined by the dielectric material between
the two electrodes of the detector. The charge signal is will be proportional to the
energy deposited in the interaction of the γ-ray in the HPGe crystal.

Figure 1.3: HPGe detector (left) and the equivalent circuit (right).

The problem to solve when obtaining the γ-ray interaction position within the
volume of the HPGe crystal consists on detect the charge q generated in such a
interaction position ~x0(t). This charge will move under the electric field E between
the two electrodes, each of them with a surface Sj and potential Vj. The applied
bias between electrodes will generate the deplection zone. In order to evaluate the
bias needed to generate a deplection zone in the volume of the crystal, the Poisson
equation is applied,

∆φ = −ρ
ε
, (1.2)

where φ is the potential at any point of the crystal, ρ is the charge density per
unit of volume, which depends on the impurity concentration, and ε0 is the Ge
dielectric permittivity (16). The potential induces an electric field ~E, which can be
calculated using the gradient:

~E(~x) = −∇φ(~x). (1.3)

The electric field will be present all over the deplection zone, where the potential
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has a gradient. For a planar configuration, with a distance d and a bias voltage
V between the contacts, N impurity concentration, the electric filed in any point
located at a distance x far from the contact is given by the expression [9]:

~E(x) =
V

d
+
qN

ε
(
d

2
− x), (1.4)

while for a coaxial configuration with an inner radius r1 and external r2, the
radial component of the electric field is:

~E(r) = −qN
2ε
r − V − (qN/4ε)(r22 − r21)

rln(r2/r1)
. (1.5)

Signal induction at detector contacts. The total induced charge Qi in an
electrode i is calculated by integrating the normal component of the electric field ~E
out of the surface (Gauss law)

Qi =

∮

Si

ε ~Ed~Si. (1.6)

On the other hand, by applying the Shockley–Ramo theorem [8], it is possible
to calculate the induced charge in an electrode i provoked by a punctual charge q
located at ~x0 as:

Qqi = −qψi( ~x0), (1.7)

where ψi is ∇2ψi(~x) = 0. The movement of the charge q will induce a current
Iqi which is defined as:

Iqi(t) = q ~Eψi( ~x0.~v(t)) (1.8)

where ~v(t) is the drift velocity of q, ψi are the weight potentials and ~Eψi = ∇ψi
is the corresponding weight fields. Working under the Shockley–Ramo gives us the
possibility to calculate the potentials ψi only once. At this point, it is possible to
observe the dependency of charge mobility (µe,h) through the drift velocity ve,h:

ve,h(r) = µe,hξ(r) (1.9)

Therefore, we have demonstrated that the induced charge along time depends
on the position where the charge carriers where generated and, in consequence, on
the γ ray interaction position, given that is this ray the one which generates the
charge carriers. Therefore, by looking at teh generated signal after a γ ray interac-
tion within a semiconductor material it is possible to obtain not only the deposited
energy in a interaction but its position as well.
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Table 1.1: AGATA technical specifications.

Number of clusters 60
Number of crystals per clúster 3
Number of segments per crystal 37
Covered solid angle (%) 82
Number of channels 6660

Signal Formation. For each event, depending on the energy of the incident γ
ray, more than one interaction can occur within the active volume. For valid events,
in most of the cases, they will consist in a superimposition of several single inter-
actions. In such a superimpositions the generated charge signals has a complex
temporal dependency. Meanwhile, each single interaction has a temporal depen-
dency which is determined by the instant position ~xe of the electrons cloud and
the instant position ~xh of the holes cloud. Therefore, the generated charge signal,
depending on t and induced in the contact i is:

Qqi(t) = q[ψi(~xe(t))− ψi( ~xh(t))] (1.10)

At the time t0, when the interaction has occurred, ~xe(t0) = ~xh(t0), and, therefore,
Qqi(t0) = 0. In the following nanoseconds, the generated charges break away and
travel in the opposite directions towards the corresponding electrodes. In the case of
a n-type HPGe segmented detector, the electrons travels towards the core segment
and the holes are collected in the closer segment.

When the charges arrive to their corresponding electrode, they recombine with
their mirror charges. In that moment, a discontinuity occurs in the current sig-
nal. However the charge signals are not affected given that they correspond to the
integral of the current flowing towards the electrodes. In a n-type detector, the seg-
ments produce negative signals given that they collect holes, while the core generates
positive signals after collecting electrons. The segments where the interaction has
not occur will only show up induced signals while the charge collection is happening.

AGATA segmented detector at a glance. The AGATA collaboration utilizes
coaxial segmented detectors. It is composed of a total of 180 coaxial crystals, each
one divided in 36 segments plus the core. Table 1.1 shows the main features of
AGATA detectors. These specifications allow AGATA to reach 40% peak efficiency,
and 60% peak-to-total for events with multiplicity 1, i.e., those which are not emit-
ted in cascade. The geometry of AGATA is presented in Figure 1.4. This set-up
allows an angular resolution ∆θ = 1.25o.
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Figure 1.4: The 4π set-up of AGATA (left) and one of its capsules with the 36
segments plus the central core (right).

Each AGATA crystal has 90 mm length, 80 mm diameter in the rear side and
a hexagonal shape in the frontal side. The detailed view is presented in right part
of Figure 1.4. The spatial resolution is 5 mm thanks to the 36 segments. Each
segments is individually read by a digital read-out channel in charge of acquire,
process and digitize each generated signal. But before going to the digitizer each
charge signal is pre-amplified, then it is digitized by an analogue-to-digital converter
working 100 Mhz with 14 bits dynamic range. The digitized signals are sent to the
pre-processing unit where the energy and the interaction time is determined by
applying Pulse Shape Analysis (PSA) techniques. After the pre-processing the data
is stored in serer farms. The data is then analysed with teh tracking algorithm
which will determined the complete path of each γ ray within the active volume of
the HPGe crystal.

When a γ ray interacts in the active volume of AGATA, it generates a charge in
the segment where it has been interacted, as above explained. But the interaction
also induces signals in the neighbours. The induced signals are proportional to the
distance between the segment where the signal has been induced and the γ ray
interaction position. This effect is studied by the PSA techniques and, looking at
induced charges in the neighbours, it allows to determine not only in which segment a
γ ray has interacted but also where inside this segment the interaction has occurred.
The Figure 1.5 illustrates what we have explained. A photon interacts in the segment
A2 (red) and it generates a charge signal on it. The induced signals in the adjacent
segment A1, A3, B1, B2, B3, F1, F2, F3 (green) are used to specify the vertical
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position within A2. The radial information is obtained from the collection time
of the charge, which depends on the distance between the interaction position and
the core. As a last point, the integration of all collected charge signals allows to
calculate the energy deposited in the HPGe crystal by the γ ray interaction.

Figure 1.5: Pre-amplifiers output for a single event in an AGATA crystal. The
segment where the γ ray has interacted is indicated in red. Green segments are
those where the induced signal is presented.

1.1.5 Pulse shape analsysis for interaction position deter-
mination.

As it was demonstrated in the last section, the pulse shape generated by a γ ray
interaction within a HPGe crystal will depend on the interaction position. Therefore,
in principle, it would be possible to know the interaction position by making a pulse
shape analysis. The question now is: how that is done?. The answer to this question
is by using algorithms which compare the pulses generated during the measurement
with a database which has a map of interaction position within the detector volume
and the associated electrical response. This method has to weak points: on one
hand the algorithm utilizes simulated databases and, on the other hand it compares
simulated pulses with experimental ones, which have certain statistical noise. At
this moment, the most used algorithms are the Adaptive Grid Search (AGS) [10, 11],
genetic algorithms [12] and matrix methods [13, 14]. In the AGATA collaboration,
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the method used is AGS, where the pulse shape comparison is based on the figure
of merit given by the expression:

FOM =
∑

j∈N

Tend∑

i=T0

(Smij − Scij)p, (1.11)

where Smij and Scij are the, respectively, the experimental and simulated pulses.
Indexes j and i represent the different segments within the HPGe crystal. As an
alternative to this method, in our group we have developed an algorithm to compare
signals which has into account the different statistical noise sources, including the
main one coming from the electronic noise. These source are taken into account by
our algorithm when doing the comparison between pulses [15]. At this moment, we
can figure out that one critical point when comparing pulses to obtain the γ ray
interaction position in HPGe detectors is the quality of the database used in the
figure of merit. As mentioned before, this database contains the electrical response
of the crystal for each photon interaction and, therefore, its spatial resolution will
limit a lot the quality of the figure of merit. Also it is important to remark that
each crystal in unique. The fabrication process of the HPGe crystal, where the
crystal is grown up by deposition, gives to each crystal a unique characteristics
and, in consequence, a unique electrical response for each γ ray interaction position.
The simulations do not take this fact into account and it makes necessary to use
high resolution experimental characterization system when one wants to elaborate a
reliable database for each crystal. The main goal of this thesis work is to develop and
validation of a characterization system of the electrical response for HPGe detectors.

All tracking algorithms at that moment utilize simulated databases to deter-
mine the γ ray interaction position. This is due mainly to two factor. On one hand
the large number of existing crystals and the long time it takes to experimentally
characterize each one makes impossible to individually characterize each one. On
the other hand, there is no rigorous validation for most of the experimental char-
acterization method. This makes impossible to apply the results obtained from a
experimental characterization to real measurements without a proper validation of
the characterization system used to obtain the database.

The simulation algorithms used offer the possibility, by using mathematical mod-
els of the electric field within the Ge crystal, to generate a complete database of γ
ray interaction positions with the corresponding electrical response. The most used
one is the Multi Geometry Simulation (MGS) [16] code. It is developed by the
Institut de Recherche Subatomique (IRes) in Strasbourg and it is currently the one
used by the AGATA collaboration. MGS uses a multi-step algorithm as presented
in Figure 1.6.

It generates the pulse shape database by using a grid of points within a cubic
network with 1 mm step. The simulated data is stored in matrix. The value of
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Figure 1.6: Data flow diagram in MGS.

each matrix point is used at the end of the process to generate the electrical pulse
shapes, determined by the path of the charge carriers through the mean electric
field. In consequence, electrical response of the simulated detector is calculated for
each position of the grid by following the charge carriers through the electric field
and evaluating at each moment their drift velocity from the electric matrix.

Following the flow diagram of Figure 1.6, MGS needs a set of parameters that user
must define, such as the crystal size, the bias voltage, the impurity concentration,
the operational temperature, the detector geometry, etc. Having this parameters,
MGS evaluates the potential surface and the electric field lines all around the active
volume of the crystal, by applying the Poisson equation (1.2). Due to the complex
geometry of AGATA crystals, MGS utilizes some simplifications to solve the Poisson
equation. Once the equations are solved all around the volume, the potential and
electric field are evaluated and the user can look at them. The final result for a
complete simulation of an AGATA crystal with MGS is presented in Figure 1.7.

When the potential surfaces are solved, an algorithm is in charge to reproduce
the charge carrier transport within a semiconductor material, taking into account
the anisotropy in the electrons and hole mobility. This allows to evaluate the paths
of such charge carriers for any arbitrary point within the active volume of the HPGe
crystal. An example for drift velocities for electrons and holes in AGATA is presented
in Figure 1.8.

The combination of the paths obtained allows to calculate the induced charge
in the detector contacts by applying the Shockley–Ramo theorem [17, 8], i.e., the
generated pulse will depend on the trajectory of the charge carriers when they move
within the electric field existing in the active volume of the detector:

Q = −q
∫ x1

x2

ξQdl = q[VQ(x1)− VQ(x2)] (1.12)
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Figure 1.7: Potential surfaces and electric field lines in a ZX plane for an AGATA
crystal given by MGS. The results show, as expected, how the electric field decreases
with the radius from the central anode.

where x1 and x2 are the positions before and after of the charge q, VQ is the
potential existing between the contacts and ξQ is the electric field.

The main drawback of the simulation codes when obtaining the database of
pulses within a HPGe crystal is that they do not have into account, in a realist
manner, the inhomogeneities in the impurity concentrations and in the mobility of
the charge carriers in the different parts of the active volume. Other source of error
comes from the fact that the size of the crystal is not necessary an exact multiple
of the grid size used by the code. Therefore, in the edges of the crystal, the code
has to interpolate the results causing errors in the signal generation at these points.
Finally, the MGS code does not implement the transfer function of the pre-amplifiers
which normally goes together with the HPGe detectors. The bandwidth of the pre-
amplifier limits and makes slower the electrical response of the detector. This fact is
not taken into account by the code when generating the final results for a detector.

Given the lack of precision introduced by the simulation codes in the pulses, it
is necessary to review the method used to characterize the electrical response in the
HPGe detectors. With this goal, we have developed and high precision experimental
system which gives a reliable database within a reasonable period of time. This sys-
tem will allow on one hand to improve the results given by the simulated methods,
by comparing and cross-check both results for a particular crystal and, on the other
hand, in the same electronics is used, to apply the experimental database character-
ization results in the tracking algorithm when AGATA works in real experiments.
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Figure 1.8: Drift velocities in electrons and holes (ZX plane) in an AGATA crystal.

1.2 Experimental characterization systems of the

electrical response: state of the art.

1.2.1 Mechanical systems.

The experimental characterization for HPGe detectors is a much more accurate
method to get the electrical response database. In this method, the database hav-
ing the relation between γ ray interaction position and the associated electrical re-
sponse is made for each crystal individually. These type of characterization systems
utilize analogue-to-digital converters (ADC) to digitize and analyse the generated
charge signal for each γ ray interaction within the HPGe crystal. Therefore, the
most critical point in these systems is the accurate determination of the interaction
position of each γ ray. In the mechanical system, a collimated radioactive source is
moved, by using a high precision mechanics, along one the sides of the crystal under
characterization until all the side is well covered. An example of mechanical char-
acterization system is in the Nuclear Physics group of the University of Liverpool,
in UK [18, 19].

In such a systems, the valid events are ones which have a 90◦ Compton scattering
in the HPGe crystal and, then, are detected in one of the surrounding auxiliary
detectors. As presented in Figure 1.9, where the Liverpool scanning system is shown,
the collimated source moves in in the plane XY, parallel to the front face of the
AGATA crystal. Two step-by-step motors with a precision of 0.5 mm are in charge to
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ELECTRICAL RESPONSE: STATE OF THE ART.

Figure 1.9: Schematics of the Liverpool´s scanning system with an AGATA crystal
in place. The red star shows an example of a valid event: The γ ray has a Comp-
ton scattering of 90◦ in the AGATA crystal and then it is detected by one of the
surrounding auxiliary detectors.

move the collimator containing the source. For some γ rays, with a well known (x,y)
position given that it corresponds with the position of the collimator, a Compton
scattering can occur in the HPGe crystal. Some of the Compton scattering will
have a scattering angle of 90◦ an they will be detected by the auxiliary detectors.
In such a cases, the collimating rings surrounding the HPGe crystal will allow to
determine (purely mechanically) the z coordinate. The electrical response for all
the events fulfilling all these conditions will be recorded together with the (x,y,z)
interaction position within the crystal, obtaining this way the desired database. An
extra element to ensure that the recorded elements are the correct ones comes from
the data acquisition system. Only the event in coincidence between the HPGe and
the auxiliary detectors can be recorded.

The drawback of such a systems is the strong dependency with the mechanics of
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the system. For instance, the collimator rings surrounding the HPGe detectors do
not allow to have events all along the z component of the crystal (see Figure 1.9).
Also the beam divergence due to the finite size of the collimator hole is a source
uncertainty in these systems. As a consequence, the spatial resolution expected in
these systems is about 4 mm when determining where the γ ray has interacted in
within the HPGe crystal. Finally, the needed time to fully characterize a crystal
can be up to six months given the low statistics due to the collimation rings. For
all these reasons, many AGATA groups, like ours, are trying to develop new type of
experimental characterization systems which can improve the listed problems.

1.2.2 Active collimation systems.

As an alternative to the mechanical characterization systems, a new type of experi-
mental characterization systems have arrived with the ones based on the combina-
tion of two concepts: the first one is the Pulse Shape Analysis Comparison (PSAC)
[20]. The PSAC technique can be combined both with the precise positioning of the
HPGe crystal in front of a collimated source which is moved all around the detector
volume [21] or with the annihilation e−e+ in a source of positrons to obtain collinear
γ rays which are used to scan the complete crystal volume [22]. Two groups are
working in characterization systems based on the active collimation right now.

GSI - Darmstadt. Germany. The characterization system of the Gesellschaft
für Schwerionenforschung (GSI) in Darmstadt, Germany, is based on a 22Na source
of positrons which delivers two collinear γ rays with 511 keV energy each. The two
γ rays travel in opposite directions. The second element of this system is the PSAC
used to compare and group the pulses generated by the γ rays arriving to the HPGe
crystal. The source is placed between the HPGe detector and a Position Sensitive
Detector (PSD) as presented in Figure 1.10. The PSD allows to determine the paths
of the γ rays hitting in the HPGe detector. Each path is stored together with the
electrical response of the HPGe detector. Then, the set PSD+source are rotated
90◦ with respect to the HPGe detector axis in order to obtain a second set of γ
ray paths and the corresponding electrical response of the HPGe detector from a
second perspective. After the two set of data is obtained, they are compared and,
whether a pair of electrical responses in the HPGe are compatible under the PSAC,
the interaction point is determined (if it exists) from the two associated γ paths.

IPHC - Strasbourg. France. The characterization system of the Institut
Pluridisciplinaire Hubert CURIEN (IPHC) in Strasbourg, France, is based in the
high-precision positioning of the HPGe crystal in front of a collimated 137Cs source.
The positioning of the crystal is accomplish thanks to a laser. Then, the movement
of the source for each scanning step varies between 50 and 100 µm. With the source
facing one side of the crystal, a first scan is performed. The collimator position
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Figure 1.10: AGATA crystal in place to be scanned with the GSI scanning system.

together with the electrical response of the HPGe crystal. Then the HPGe crystal
is rotated 90◦ and the process happens again. with this scanning principle the
geometrical problem does not exist given that the γ ray paths are well known and,
therefore, it is possible to determine which paths are going to intersect in a point.
After both side are scanned, the PSAC is applied to the paths that are geometrically
intersected. The compatible points are added, together with the electrical response
of the crystal to the database. In Figure 1.11 shows an AGATA crystal in the
Strasbourg scanning system. There are not publications concerning the total spatial
resolution of this scanning system.

At this point, it is important to note that, up to now, the experimental char-
acterizations are very limited and the obtained databases have never been applied
to AGATA when it works in a real experiment. For that reason, there is still a big
path to investigate in that sense.

Along this document, all the conference proceedings and articles published during
the conception process, development and validation of SALSA are included. Since
they were published in chronological order, they are coherent by themselves and
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Figure 1.11: AGATA crystal in place to be scanned with the IPHC scanning system.

nothing further is needed. Only a brief introduction to each one will precede each
publication in order to contextualize it.
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Chapter 2

Proceedings. Towards a high
resolution γ camera.

The first work when starting the development of SALSA was to optimize one of the
key elements of the system: The γ camera, in charge to determine the γ ray paths
coming from the 22Na source, as explained in the introduction of both proceedings.

In the first proceeding different algorithms were testes in order to evaluate the
quality that they offered together with our γ camera. The results were presented
in the second edition of the International Conference on Advancements in Nuclear
Instrumentation Measurement Methods and their Applications (ANIMMA), 2011.
It is important to point that, even if these algorithms were not the ones finally used
in SALSA, they motivated us to make the set-up of all the electronics of SALSA
which, by itself, was a big milestone in the SALSA development.

In the second proceeding the preliminary results of the final reconstruction algo-
rithm used by SALSA, based on the Gaussian fit of the light distribution generated
in the scintillator crystal of the γ camera, were presented in the IEEE Nuclear
Science Symposium Conference Record, 2011.
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Towards a Deep Characterization of a
64-fold-pixelated Position Sensitive Detector for a

New γ−Scanning System of HPGe Segmented
Detectors

A. Hernández-Prieto and B. Quintana

Abstract—Characterization of the electrical response of the
HPGe segmented detectors is one of the current goals for the
Nuclear Physics community in order to perform γ-ray tracking
or even imaging with these detectors. For this purpose, scanning
devices have to be developed to achieve the signal-position
association with the highest precision. In this laboratory, a
new scanning system, SALSA (SAlamanca Lyso-based Scanning
Array), consisting on a high spatial resolution γ camera, is a
under development. In this work the whole scanning system
is presented and first results for the characterization of the γ
camera are shown.

Index Terms—Position Sensitive γ−ray scintillator Detec-
tor (PSD), Pixilated Position-Sensitive PhotoMultiplier Tube
(PSPMT), Maximum Pixel Charge Analysis (MPCA), SAlamanca
Lyso-based Scanning Array (SALSA)

I. INTRODUCTION

THe new nuclear experiments in the new Radioactive-
Ion Beam (RIB) facilities which require more efficient

and sensitive γ−spectroscopy devices. With this objective a
new development has been achieved with γ−ray tracking Ge
detectors by segmenting the electrical contacts, responsible
for collecting the charge carriers released in each photon
interaction. The most relevant examples of these detectors can
be found in AGATA [1] or GRETA [2] collaborations. This
makes it feasible the determination of the interaction point
which enables for tracking the γ−ray. But as intermediate
step it is necessary to characterise the electrical response of
the Germanium crystals with respect to the interaction point of
the photon within the crystal. At the same time, to explore in
deep the capabilities of Ge segmented detectors it is mandatory
to reach the maximum precision in their characterisation. To
perform this task, scanning systems which use a radioactive
source and ancillary detectors devoted to detect in coincidence
with the Ge detector the γ products of the disintegration are
used. The most extended systems are based on the mechanical
movement of the collimated source with respect to the detector.
Their main drawbacks are the long time needed to scan the
whole detector and the high activity of the source required. As
alternative to this method, the PET principle [3] can be used,
for which a Position Sensitive γ−ray scintillator Detector

A. Hernández-Prieto and B. Quintana are with the Laboratorio de Radia-
ciones Ionizantes, University of Salamanca, 37007 SPAIN

A. Hernández-Prieto contact e-mail: alvaro.prieto@usal.es
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(PSD) capable of determining the 511keV γ−ray directions
is needed.
The organization of this article is the following: in section II
the principles of our scanning system and its set-up are pre-
sented. Several algorithms and their results for reconstructing
the interaction position are showed in section III. In section
IV firsts results of linearity and spatial resolution in the centre
of the PSD are exposed.

II. SCANNING PRINCIPLE

The set-up of SALSA is made up of a 22Na source, which
provides two simultaneous 511 keV gamma-rays in opposite
directions, a set of four PSDs and the HPGe detector to
scan. The PSD consists in a lutetium yttrium oxyorthosilicate
(LYSO) scintillating crystal, read-out by a pixilated position-
sensitive photomultiplier tube (PSPMT) H10966A-100 from
Hamamatsu [4]. Each PSPMT has an output of 64 channels,
one per pixel, plus the last dynode signal. This leads to a
total of 260 electronic signals in the system. The charge
signals from the PSPMT are integrated and digitized by eight
V792 charge-to-digital conversion QDC VME modules from
CAEN [5]. They have and input range from 0 to 400pC and
a digital resolution of 12 bit. In order to read out the 256
QDC channels, the standard acquisition system from GSI, the
MultiBranch System (MBS) [6] is used. This system runs
under the Lynx real-time operative system in a VME PowerPC
platform RIO4-8072RE 1GHz, from CES [7]. The online and
offline were performed via the GSI Object Oriented Online
Offline system Go4 [8], based on the ROOT package of CERN
[9].
A complete explanation of the electronics used in the system
will be given in a separate publication. Schematic for whole
SALSA system is shown in Figure 1.

Among all the couples of γ−rays produced by the 22Na
source, some of them will be detected in the PSD and in the Ge
detector in coincidence. Assuming that the β+ annihilates at
rest, the direction of both γ−rays in the lab frame is opposite.
Therefore, knowing where the γ−ray impacts on the PSD, it is
possible to know the direction of the γ−ray which impacts in
the Ge detector. But to know the interaction position in the Ge
detector another scan in a different geometrical configuration
of the system has to be performed. By comparing the Ge
electric pulses corresponding to crossing directions, one is able

978-1-4577-0927-2/11/$26.00 ©2011 IEEE



Fig. 1. Schematics for SALSA. The HPGe detector to scan is presented in
purple, whereas the PSDs are in green. the point-like 22Na source is drawn
red, and the γ−cones generated are placed in black

to determine the precise point of interaction associated to the
pulse. Once we have a set of interaction points covering the
Ge crystal together with their corresponding electric pulses,
Pulse Shape Analysis (PSA) techniques [10] are used in the
characterization. For this purpose a high position resolution
is needed in the system, in order to know accurately the
direction of the γ−ray and, after the characterization process,
the interaction point in the Ge detector.

III. IMAGE RECONSTRUCTING ALGORITHMS

The individual gain in each pixel in the PSPMT varies very
much, as one can see in [4]. Since our system is based on
an Individual MultiAnode Readout (IMAR), we can adjust
in advance the gain of each pixel in order to reduce the
image distortion. Once this is done, The following image
reconstruction algorithms were tested in the central part of
the PSD.

A. Anger Centroid Algorithm

Assuming nij charge signal from the PSPMT anode corres-
ponding to k-th row and j-th column, the centroid coordinate
along the x direction taking the Anger logic [11] classical
algorithm can be written as follows:

XC =

∑
j njxj∑
j nj

(1)

where nj =
∑

i n
i
j is the projection of the charge collected

along the j-th column with xj coordinate along x-direction.
The same is applied along y-direction.

B. Algorithm for SMALL Devices

Based on the idea of Anger logic, one can modify the
centroid expression as follow [12]:

XC =

∑
j n
′
jxj∑

j n
′
j

(2)

where now, the centroid calculation is made taking the
square of the charge collected in each pixel n′j =

∑
i(n

i
j)

2.
This improvement allows us to narrow the light Point Spread
Function of the image (PSFimage) and consequently the
spatial resolution increases.

C. Maximum Pixel Charge Analysis (MPCA)

In this method, we explore the same principle as Pulse
Shape Comparison used in AGATA collaboration [10]. Taking
this principle, we select the pixel with maximum charge event
by event and then its neighbours are analized. Assuming a
starting reconstructed position in the centre of the pixel with
maximum charge (mpc), one can move within that pixel along
the directions (X,Y) a positive or negative distance and more
or less in function of weights given by charges of neighbour-
ing pixels normalized. The pattern of these movements are
expressed as follows, corresponding to the values shown in
Figure 2.

Xreconstructed =Xmpc +
L

2

1

ni,j
×

× (ni+1,j − ni−1,j + ni+1,j−1
− ni−1,j+1 + ni+1,j+1 − ni−1,j−1)

(3)

Yreconstructed =Ympc +
L

2

1

ni,j
×

× (ni,j+1 − ni,j−1 + ni−1,j+1

− ni+1,j−1 + ni+1,j+1 − ni−1,j−1)

(4)

Fig. 2. Charge distribution pattern around the maximum pixel charge (mpc)

IV. LINEARITY AND SPATIAL RESOLUTION

In order to study the different algorithms for position
reconstruction presented in the last section, a collimated 22Na
source, using 5cm of lead with a hole of 1mm, has been used.
Sixteen sets of data corresponding to different positions along
the centre PSD were taken, as shown in Figure 3.

The collimated positions correspond to one pixel in the
centre of the PSD. The values for the coordinates of these
positions are shown in Table 1 (XMec, YMec).
The linearity of the system is defined by the following equa-
tion:



Fig. 3. Pattern of positions where the collimated source was placed. The
corresponding values for (XMec, YMec) values are shown in Table 1

L =
∆Xmeasured

∆Xmechanical
(5)

for the X component, and in the same way for the Y
component. The linearity represents the angular coefficient of
linearity curve at each measured point. With this definition, the
linearity of the central part of the PSD is calculated using the
method developed in our laboratory, the MPCA. The results
are shown in Figure 4.

Fig. 4. Linearity of the PSD along the two main axis when the MPCA
technique is used. The red line illustrates the linearity of the system with an
ideal PSD

Fig. 5. Contour plots of the central positions measured when the collimated
source was placed at the location given in Fig. 3. (Top left) Anger Logic
algorithm. (Top right) Square Anger Logic approach. (Bottom) the MPCA
method developed in our laboratory

Fig. 6. Position distribution on X (left) and Y (right) for 1mm collimated
source placed in the centre of the PSD

If we compare the results obtained with MPCA method with
the ideal case, it can be concluded that our PSD behaves
linear (L=1) in both X and Y main axis. With this good
linearity value, the expression for the Spatial Resolution can
be simplified:

SR =
PSFimage

L
(6)

and now, the spatial resolution can be assumed as the
FWHM of the PSFimage.
In order to determine that spatial resolution, the collimated
positions shown in Figure 3 were reconstructed with the
algorithms under study, the results for the four central co-
llimated positions are presented in Figure 5 and the analysis
of the whole data is shown in Table 1. The uncertainties are
calculated taking the FWHM of the PSFimage in X and Y



TABLE I
POSITION VALUES OBTAINED WITH DIFFERENCES IMAGE RECONSTRUCTION METHODS

Position XMec (mm) YMec (mm) XMPCA (mm) YMPCA (mm) XAnger (mm) YAnger (mm) XSquare (mm) YSquare (mm)

1 22±1 22±1 23.75±1.35 22.25±1.20 23.45±1.05 22.75±0.60 22.75±1.75 21.75±0.60
2 28±1 22±1 29.85±1.40 23.45±1.35 30.15±0.80 23.35±0.90 28.95±1.25 22.55±1.20
3 22±1 28±1 23.75±1.35 29.45±0.45 22.95±0.40 30.95±1.05 23.05±1.20 28.55±1.10
4 28±1 28±1 30.15±0.50 29.75±1.20 29.95±1 30.95±1.05 29.15±0.80 28.55±1.10
5 16±1 16±1 16.25±1.20 16.85±0.75 15.05±1.05 16.35±0.50 16.25±1.05 15.95±0.70
6 22±1 16±1 21.35±0.90 16.25±1 19.65±1.20 16.25±1.20 21.45±0.30 15.95±0.40
7 28±1 16±1 28.15±0.60 16.35±0.60 27.95±0.60 16.25±1 27.55±0.50 16.15±0.70
8 34±1 16±1 33.75±0.90 16.75±0.70 34.75±1.50 16.55±1.05 33.55±0.20 16.35±0.90
9 34±1 22±1 32.65±1.20 23.15±1.20 33.35±0.90 23.85±1.20 33.35±0.45 22.75±0.60
10 34±1 28±1 34.25±1.40 29.15±0.90 35.35±1 30.75±1 33.65±0.75 28.55±1.20
11 34±1 34±1 35.75±0.75 35.15±2.10 36.15±0.80 36.35±0.90 34.55±0.75 34.25±1.05
12 28±1 34±1 28.65±1.80 35.35±1.80 29.45±0.90 36.35±0.60 28.25±1.50 34.55±0.90
13 22±1 34±1 23.05±1.40 36.05±1.35 23.45±1.20 37.25±0.60 21.75±1 34.45±1.20
14 16±1 34±1 19.05±1.20 36.75±1.25 16.75±0.70 37.25±0.90 17.75±1.20 35.75±1.25
15 16±1 28±1 17.45±1.05 29.75±1.05 16.55±0.90 31.45±0.80 16.25±1.20 29.15±1.05
16 16±1 22±1 17.15±1.20 21.95±0.75 15.75±1.20 22.25±1.20 15.85±1.20 21.75±0.60
17 10±1 10±1 11,75±1,35 11,15±0,9 9,35±1,2 9,95±0,9 11,45±1,65 9,95±1,05
18 16±1 10±1 17,75±1,35 11,45±1,4 16,65±0,9 10,65±1 16,65±1,35 10,25±1,2
19 22±1 10±1 23,75±1,35 11,05±1,4 23,35±0,9 10,15±0,6 53,35±1 10,65±1
20 28±1 10±1 29,15±1,2 10,95±1,35 29,35±1,2 9,95±1,2 28,25±1,35 9,95±0,9
21 34±1 10±1 33,35±0,9 10,75±1,35 34,15±1,5 9,65±1,2 33,45±0,6 10,25±1,05
22 40±1 10±1 39,95±1,05 9,95±1,35 41,65±1,6 8,95±1,5 39,65±0,6 9,85±1
23 40±1 16±1 40,25±1,2 16,65±1,4 42,25±1,8 16,85±1,2 39,75±0,6 15,95±0,8
24 40±1 22±1 41,45±1,65 22,55±1,05 43,75±1,5 23,25±1,6 40,65±1,4 21,75±0,6
25 40±1 28±1 41,15±1,2 29,45±0,9 42,25±1,5 30,65±1 40,35±0,9 28,55±1,2
26 40±1 34±1 41,35±1,3 35,75±1,35 42,65±1,05 37,55±1,05 40,25±0,9 35,15±1,05
27 40±1 40±1 41,45±1,2 40,85±1,2 40,85±1,8 42,65±1,05 40,25±1,05 39,95±0,6
28 34±1 40±1 35,45±1,2 40,85±1,2 35,45±1,2 43,25±1,05 35,25±1,5 40,05±1,05
29 28±1 40±1 26,75±1,2 41,45±1,2 27,05±1,2 43,75±1 26,75±0,8 40,25±1,05
30 22±1 40±1 22,65±1,05 41,45±1,05 22,15±1,2 43,75±1 31,85±1 40,35±0,7
31 16±1 40±1 18,05±1,3 41,45±1,35 16,55±0,9 43,35±0,8 17,75±1,25 40,25±0,9
32 10±1 40±1 11,75±1,2 41,05±1,2 11,05±1,2 42,55±0,9 11,45±1,4 40,25±1
33 10±1 34±1 10,95±0,9 35,45±1 8,90±1,7 36,45±1 9,95±0,4 33,85±0,9
34 10±1 28±1 10,30±1 28,75±1 9,25±1,8 29,10±1 10,05±0,6 28,15±1
35 10±1 22±1 10,65±1 22,25±1 8,95±2,1 23,15±1,05 9,85±0,8 21,95±0,9
36 10±1 16±1 10,55±0,9 16,95±0,8 9,15±2,1 23,05±1,05 9,85±0,75 16,75±1

TABLE II
POSITION RESOLUTION (FWHM) FOR DIFFERENT RECONSTRUCTION METHODS AND SECTORS. SECTOR 1 CORRESPONDS TO GREEN PART IN FIG. 3,

SECTOR 2 TO RED AND SECTOR 3 TO BLUE PART. BOTTOM PART OF THE TABLE SHOWS THE RESULTS FOR WHOLE PSD

Sector XMPCA (mm) YMPCA (mm) XAnger (mm) YAnger (mm) XSquare (mm) YSquare (mm)

1 1,15±0.08 1,05±0.08 0,81±0.08 0,90±0.08 1,25±0.08 1±0.08
2 1,13±0.08 1,15±0.08 0,99±0.07 0,91±0.08 0,81±0.08 0,89±0.08
3 1,17±0.08 1,17±0.08 1,42±0.08 1,05±0.08 0,99±0.07 0,95±0.08

PSD 1,15±0.08 1,15±0.08 1,21±0.08 0,99±0.08 0,95±0.08 0,93±0.08

coordinates. The results for this adjustes are shown in Figure
6. The tail in Y profile corresponds to one wrong pixel in this
direction.
The average value obtained for both coordinates are
FWHMX = 0.95±0.08mm and FWHMY = 0.93±0.08mm
with the best method. This spatial resolution is 5% better
than other systems already working with the same aim of
SALSA [13] and it is around 30% more than conventional

Resistor-Network systems available now to make medical
imaging [14]. Although the best results are obtained for the
algorithm for small devices Eq. (2), we emphasize in the
MPCA method Eqs. (3,4) since it allows to determine the
interaction position without any need of making a projection of
the charge distribution inside the PSD. The spatial resolution
is not as different as others methods and can be increased with
future improvements. The fact of making an individual study



of the charge per pixel is mandatory if a deep study of the
scintillator crystal has to be done and if all the features that
the IMAR method gives have to be explored.

V. CONCLUSIONS

We have developed a high spatial resolution γ camera
devoted to characterization of electrical response in HPGe seg-
mented detectors. Different algorithms for image reconstruc-
tion have been tested obtaining very good spatial resolution
values of 0.95±0.08 mm for X coordinate and 0.93±0.08
mm for Y. Finally, it is noteworthy that this system, given
the principle on which it is based, may have promising
applications in medical physics.
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High Spatial Resolution ,-Camera Devoted to 

Characterization of Electrical Response in HPGe 

Segmented Detectors. 
A. Hernandez-Prieto, B. Quintana and D. Barrientos 

Abstract-Characterization of the electrical response of the 
HPGe segmented detectors is one of the current goals for the 
Nuclear Physics community in order to perform 'Y-ray tracking 
or even imaging with these detectors. For this purpose, scanning 
devices have to be developed to achieve the signal-position 
association

. 
with the highest precision. In our laboratory, a 

new scanmng system, SALSA, acronym of SAlamanca Lyso
based Scanning Array, consisting on a high spatial resolution 
'Y camera is under development. In this work the SALSA system 
is presented and the results for the characterization of the 'Y 
camera are shown. 

Index Terms-Position Sensitive 'Y-ray scintillator Detec
tor (PSD), Pixilated Position-Sensitive PhotoMultiplier Tube 
(PSPMT), SAlamanca Lyso-based Scanning Array (SALSA) 

I. INTRODUCTION 

T
He nuclear experiments in the new Radioactive-Ion 

Beam (RIB) facilities require more efficient and sen

sitive 'Y-spectroscopy devices. With this objective a new 

development has been achieved with Germanium detectors by 

segmenting the electrical contacts, responsible for collecting 

the charge carriers released in each photon interaction. The 

most relevant examples of these detectors can be found 

in AGATA [1] or GRETA [2] collaborations. This makes 

it feasible the determination of the interaction point which 

enables for tracking the 'Y-ray. But as intermediate step it 

is necessary to characterize the electrical response of the 

Germanium crystals with respect to the interaction point of the 

photon within the crystal. At the same time, to explore in depth 

the capabilities of Ge segmented detectors as 'Y-ray tracking 

detectors, it is mandatory to reach the maximum precision in 

their characterization. To perform this task, scanning systems 

which use a radioactive source and ancillary detectors devoted 

to detect in coincidence with the Ge detector the 'Y products 

of the disintegration are used. The most extended systems are 

based on the mechanical movement of the collimated source 

with respect to the detector. Their main drawbacks are the long 

time needed to scan the whole detector and the high activity 

of the source required. As alternative to this method, the PET 

principle [3] can be used, for which a Position Sensitive 'Y-ray 

scintillator Detector (PSD) capable of determining the 511keV 

'Y-ray directions is needed. 

A. Hermindez-Prieto and B. Quintana are with the Laboratorio de Radia
ciones Ionizantes, University of Salamanca, 37007 SPAIN 

D. Barrientos is with the Instituto de Ffsica Corpuscutar (IFIC), Valencia, 
SPAIN 

A. Hernandez-Prieto contact e-mail: alvaro.prieto@usal.es 

In this paper, we are presenting SALSA, the scanning system 

based on PET, under development in the Laboratorio de 

Radiaciones Ionizantes of the University of Salamanca. In 

section II principles and components of our scanning system 

are exposed. The position interaction reconstruction algorithm 

is presented in section III. In sections IV and V results of 

linearity and spatial resolution are exposed. 

II. SC ANNING PRINCIPLE 

The SALSA set-up is made up of a 22Na source which 

provides two simultaneous 511 keY gamma-rays in opposite 

directions, PSD and the HPGe detector to scan. The PSD 

consists in four high spatial resolution 'Y-cameras with a total 

area of 104x104 mm2, each based on a lutetium yttrium 

oxyorthosilicate (LYSO) scintillating crystal of 52x52x5 mm3, 
read-out by a pixilated Position-Sensitive PhotoMultiplier 

Tube (PSPMT) H10966A-l00 from Hamamatsu [4]. Each 

PSPMT has an output of 64 channels, one per pixel, plus 

the last dynode signal. In our setup all the channels from the 

PSD are read. This leads a total of 260 electronic signals in the 

system. The charge signals from the PSPMT are integrated and 

digitized by eight V792 Charge-to-Digital Conversion QDC 

VME modules from CAEN [5]. They have and input range 

from 0 to 400pC and a digital resolution of 12 bit. In order 

to read out the 256 QDC channels, the standard acquisition 

system, MultiBranch System (MBS) [6] is used. This system 

runs under the Lynx real-time operative system in a VME 

PowerPC platform RI04-8072RE IGHz, from CES [7]. The 

online and offline analysis were performed via the GSI Object 

Oriented Online Offline system G04 [8], based on the ROOT 

package of CERN [9]. Schematic for whole SALSA system 

is shown in Fig. 1. 

Among all the couples of 'Y rays produced by the 22Na 
source, some of them will be detected in the PSD and in the 

Ge detector in coincidence. Assuming that the (3 + annihilates 

at rest, the direction of both 'Y rays in the lab frame is 

opposite. Therefore, running the system in coincidence mode 

between PSD and Ge detector and knowing where the 'Y-ray 

impacts on the PSD and the position of the 22Na source, it 

is possible to determine the direction of the 'Y ray which 

impacts in the Ge detector. But to know the interaction position 

in the Ge detector another scan in a different geometrical 

configuration of the system has to be performed. By comparing 

the Ge electric pulses corresponding to crossing directions, 

it is possible to determine the precise point of interaction 

978-1-4673-0120-61111$26.00 ©2011 IEEE 1506 
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Fig. I. Schematics for SALSA. The HPGe detector to scan is presented in 
purple, whereas the PSDs are in green. the point-like 22Na source is drawn 
red, and the I-cones generated are placed in black 

associated to the pulse. Once we have obtained a set of 

interaction points covering the Ge crystal together with their 

corresponding electric pulses, Pulse Shape Analysis (PSA) 

techniques [10] are used in the Ge crystal characterization. 

For this purpose a high position resolution is needed in the 

system, in order to determine accurately the direction of the "y 
ray and, after the characterization process, the precise position 

of the interaction point in the Ge detector. 

III. IMAGE RECONSTRUCTION ALGORITHM 

While the most extended algorithm to reconstruct the image 

in "y cameras as ours is the one based on Anger's Logic [11], 

the complete read-out of all the signals in our "y camera allows 

to explore the possibility of doing a Gaussian fit of the light 

distribution in the PSD. With this aim, we have developed an 

algorithm which works in two stages: In the first stage we 

make a background adjustment and later subtraction in order 

to remove possible effects of the light reftexion in the edge of 

the scintillator crystal. Then, we perform a Gaussian fit of the 

light distribution as shown in Fig. 2. The Gaussian adjustment 

is performed using linear X2 test algorithm by using the ROOT 

analysis package [9]. 

z (Xo,yo) 

Fig. 2. Light distribution pattern for a particular event in the center of the 
PSD 

In two dimensions, Gaussian equation is as follows 

(1) 

This function has five parameters: A, xo, O'x, Yo and O'y. 
These parameters correspond with the maximum amplitude 

of the light distribution (A), the centroid pOSitIOn in the X 
direction and the light distribution width in this direction, 

(xo ± O'x) and in Y direction (Yo ± O'y). As shown in Fig. 2, 

making the Gaussian fit of the light distribution it is possible 

to obtain not only the centroid of the Gaussian (xo, Yo), and 

consequentially the interaction position of one particular event, 

but also the width of the light distribution (O'x,O'y) which is 

intrinsic to the LYSO crystal. We have performed a set of 
22 N a source collimated position measurements around the 

PSD surface accumulating a set of events and studying the 

normalized light distribution in different positions. With this 

information we can obtain a complete characterization of the 

light response on all the surface of our PSD and, if the light 

distribution width is constant on it, we can fix O'x and O'y values 

reducing the number of the parameters in the light distribution 

fit event by event when the system works in a real situation. 

Fig. 3 shows the impact collimated position in the detector 

surface. We have analyzed the entire surface of the detector 

and, in order to know the behavior in problematic pixels such 

as those placed on edges and corners, we have taken more 

than one position inside these pixels. 
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Fig. 3. Pattern of positions where a measurement was made with the 
collimated source. 

IV. LiGHT DISTRIBUTION CHAR ACTERIZATION 

Making the collimated position adjustment after a set of 

events, we can evaluate the light distribution width for a 

particular interaction position. Then if we have several point 

around the detector surface, and the light distribution width 

remains constant, we can calculate the main value in order to 

fix when we make the fit event by event. We show the results 

obtained in Table I. 
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TABLE I 
TOTAL RESULTS FOR COLLIMATED MEASUREMENTS IN PSD. THE MEAN 

UNCERTAINTIES ARE CALCULATED WITHOUT CORNER VALUES. 

Pos. ax (mm) ay (mm) v X2 
LillI 3.29 ± 0.81 3.34 ± 0.94 2 0.020 

C7 2.98 ± 0.64 3.01 ± 0.73 4 0.196 
C6 3.40 ± 0.75 4. I3 ± 1.41 4 0.246 
C3 3.25 ± 0.64 3.11 ± 0.67 4 0.248 
AI 3.31 ± 0.77 2.96 ± 0.57 4 0.122 
C5 3.57 ± 0.81 3.39 ± 0.73 4 0.238 
C4 3.27 ± 0.73 3.43 ± 0.98 4 0.139 

L11 3.91 ± 1.47 3.96 ± 1.34 2 0.026 
LIlI 2.72 ± 2.16 3.49 ± 0.91 2 0.117 
CII 3.25 ± 0.63 3.30 ± 0.65 4 0.140 
CIO 2.85 ± 0.52 2.96 ± 0.82 4 0.123 
CI 3.02 ± 0.57 2.84 ± 0.47 4 0.227 
AI 3.31 ± 0.77 2.96 ± 0.57 4 0.122 
C9 3.41 ± 0.80 2.84 ± 0.47 4 0.381 
C8 3.72 ± 0.73 3.08 ± 0.59 4 0.384 
LI 2.69 ± 1.91 3.73 ± 1.13 2 0.129 
C2 3.61 ± 1.29 3.21 ± 0.67 4 0.152 
EI 2.98 ± 2.91 3.18 ± 3.10 2 0.088 

EIl 3.066 ±- 3.27 ±- 2 0.300 
EIII 3.18 ± 1.59 3.14 ± 1.16 2 0.016 

EIIII 3.06 ± 1.29 3.25 ± 1.62 2 0.029 
Mean Uncertainty 3.066 ± 0.941 3.279 ± 0.803 

We observe an almost constant behaviour of the data on the 

surface, getting minimum a values of 2.7 rum and maximum 

of 3.9 rum with uncertainties of 0.94 rum in X direction 

and 0.80 mm in Y direction. It is interesting to note that no 

Depth Of Interaction (DOl) [12] information have been take 

into account to make this calculation. This will be evaluated 

on a focused publication. We will use the averaged light 

distribution width (ax, ay ) to fix them in the event by event fit 

in order to minimize the centroid calculation uncertainty, and 

consequential the interaction position for a particular event in 

the detector. 

V. L INEARITY AND SPATIAL RESOLUTION 

Collimated positions have been selected in order to cover 

the more meaningful locations on the PSD surface, in Fig. 4 

we show several reconstructed positions after making Gaussian 

fit event by event with the light distribution width fixed. This 

picture shows the capability of our 'Y camera to reconstruct 

different positions. The spatial resolution of our 'Y camera is 

evaluated from the mean value in the centroid determination 

uncertainty along the X and Y direction. We have chosen this 

value because it represents the quality of our fit according 

to the experimental data given by the 'Y camera. In Table 

II, the uncertainty of the centroid determination is presented 

as minimum, maximum and mean value in both X and Y 

directions. The main value for the uncertainty in the position 

determination has a mean value of Xfit ± 0.144 mm in X 
direction and Yfit ± 0.141 rum in Y direction. This values 

are the average ones after several events fit and, as shows in 

the table, the maximum and minimum values do not keep away 

from them. It allows us to conclude that the average values 

are consistent. 

The linearity of our PSD is shown in Figure 5 for the 

collimated measurement. The blue and red points correspond 

to the linearity values of the system when the read-out of all 
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Fig. 4. Contour plots of the positions measured when the collimated source 
was placed at different locations at the surface of the PSD. 

the 'Y camera signals is used in combination with the light dis

tribution Gaussian fit. When compared with an ideal detector, 

which is represented in dashed line, it can be concluded that 

our system behaves linear (1:1) along all the surface of the 

PSD. 
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Fig. 5. Linearity of the detection system along the two main axis. The dotted 
diagonal line illustrates the linearity performance of an ideal detector. 

VI. CONCLUSIONS 

We have developed a high spatial resolution 'Y camera 

devoted to characterization of electrical response in HPGe 

segmented detectors. The combination between the read-out 

of all the 'Y camera signals and the Gaussian fit of the light 

distribution gives a very good spatial resolution values of 0.144 

rum for X coordinate and 0.141 mm for Y direction. Finally, it 

is noteworthy that this system, given the principle on which it 

is based, may have promising applications in medical physics. 
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TABLE II 
TOTAL RESULTS FOR COLLIMATED MEASUREMENTS IN PSD. THE MEAN UNCERTAINTIES ARE CALCULATED WITHOUT CORNER VALUES. 

POS. Xmec (mm) Ymec (mm) Xfit (mm) Yfit (mm) 
L1111 27.0 ± 0.1 45.0 ± 0.1 27.58 ± 0.134 44.34 ± 0.145 
C7 27.0 ± 0.1 39.0 ± 0.1 27.01 ± 0.116 40.41 ± 0.119 
C6 27.0 ± 0.1 33.0 ± 0.1 26.54 ± 0.119 34.04 ± 0.119 
C3 27.0 ± 0.1 29.0 ± 0.1 26.97 ± 0.120 29.11 ± 0.125 
Al 27.0 ± 0.1 23.0 ± 0.1 27.87 ± 0.163 22.69 ± 0.141 
C5 27.0 ± 0.1 15.0 ± 0.1 27.99 ± 0.140 15.79 ± 0.138 
C4 27.0 ± 0.1 9.0 ± 0.1 27.48 ± 0.147 9.75 ± 0.133 
L11 27.0 ± 0.1 4.0 ± 0.1 27.22 ± 0.231 5.27 ± 0.195 
L111 4.0 ± 0.1 22.5 ± 0.1 3.76 ± 0.159 22.64 ± 0.128 
C11 9.0 ± 0.1 22.5 ± 0.1 8.84 ± 0.133 23.02 ± 0.131 
CI0 16.0 ± 0.1 22.5 ± 0.1 15.09 ± 0.147 23.10 ± 0.127 
Cl 20.0 ± 0.1 22.5 ± 0.1 20.51 ± 0.157 23.51 ± 0.157 
Al 27.0 ± 0.1 23.0 ± 0.1 27.87 ± 0.163 22.69 ± 0.141 
C9 34.0 ± 0.1 22.5 ± 0.1 34.08 ± 0.134 21.79 ± 0.190 
C8 40.0 ± 0.1 22.5 ± 0.1 40.36 ± 0.124 22.09 ± 0.121 
L1 45.0 ± 0.1 22.5 ± 0.1 43.97 ± 0.127 22.47 ± 0.114 
C2 21.0 ± 0.1 28.5 ± 0.1 20.62 ± 0.125 28.69 ± 0.126 
El 45.0 ± 0.1 4.0 ± 0.1 44.48 ± 0.211 4.73 ± 0.199 
Ell 5.0 ± 0.1 5.0 ± 0.1 4.84 ± 0.161 5.53 ± 0.153 
El11 4.0 ± 0.1 45.0 ± 0.1 3.87 ± 0.134 44.01 ± 128 
Elill 45.0 ± 0.1 45.0 ± 0.1 43.39 ± 0.127 44.14 ± 0.131 
Mean Xtit ± 0.144 YUt ± 0.141 
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0.136 0.175 0.217 
0.128 0.119 0.122 
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0.219 0.155 0.209 
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Chapter 3

Article 1. Characterization of a
High Spatial Resolution γ Camera
for Scanning HPGe Segmented
Detectors

Once the reconstruction algorithm to evaluate each γ ray interaction position in
the γ camera was decided and SALSA read-out electronics was fully functional, a
full characterization of the γ camera used in SALSA was performed. This includes
the characterization of the scintillation light shape all around the γ camera, the
reconstruction algorithm optimization and the uncertainty in the γ ray interaction
position determination in the γ camera detection plane and a final test to test the
imaging capability of the camera with one test detector.

Everything was published in the first formal article of this thesis work, so-called
Characterization of a high spatial resolution γ camera for scanning HPGe segmented
detectors. The paper was approved to be published in the journal IEEE Transactions
for Nuclear Science, volume 60, pages 4719-4726, year 2013).
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Characterization of a High Spatial Resolution
Camera for Scanning HPGe Segmented Detectors

A. Hernández-Prieto, Student Member, IEEE, and B. Quintana

Abstract—Characterization of the electrical response of HPGe
segmented detectors as a function of the interaction position is one
of the current goals for the Nuclear Physics community in order
to perform -ray tracking or even imaging with these detectors.
For this purpose, scanning devices must be developed to achieve
the signal-position association with the highest precision. With this
aim, SALSA, a -camera-based scanning system, is under develop-
ment at our laboratory. In this work, the optimization study aimed
to obtain the best spatial resolution in the position-sensitive detec-
tors employed as camera is described.

Index Terms—LYSO crystal, position sensitive detector (PSD).

I. INTRODUCTION

T HE nuclear experiments to be performed in the new Ra-
dioactive-Ion Beam (RIB) facilities require the develop-

ment of more efficient and sensitive -spectroscopy devices.
With this objective, coaxial HPGe detectors with highly seg-
mented electrical contacts, which are responsible for collecting
the charge carriers released in each photon interaction, are used.
Some relevant examples of these detectors can be found in inter-
national collaborations such as AGATA [1] or GRETA [2]. Con-
tact segmentation enables us to determine the interaction points
of a ray inside the Ge crystal, thus providing the data needed
to reconstruct the -ray track. However, as an intermediate step,
it is necessary to characterize the electrical response of the Ge
crystal with respect to the position of the interaction point. At
the same time, in order to explore in depth the Ge segmented
detector capabilities, we have to reach the maximum precision
in its characterization. To carry out this task, scanning systems
are used. These are based on the measurement of a radioactive
source with ancillary detectors devoted to detecting in coinci-
dence those photons which generate a signal in the Ge detector
to be characterized. Most scanning systems use the mechanical
movement of a collimated source with respect to the detector
to determine the -ray interaction position in the Ge crystal
[3]. Their main drawbacks are the long time needed to scan the
whole detector, the high activity required in the source and the

Manuscript received July 10, 2012; revised January 14, 2013; accepted Oc-
tober 16, 2013. Date of publication November 20, 2013; date of current version
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precision limited by the mechanics. However, a virtual collima-
tion [4] becomes an alternative by employing the two co-linear
511-keV photons emitted in the annihilation of the positron [5].
Then, the photon direction must be determined with a Position
Sensitive Detector (PSD).
A PSD can be built, for instance, with a scintillator crystal

coupled to a Position Sensitive PhotoMultiplier Tube (PSPMT).
With such a device, the interaction position of the photon at
the scintillator can be determined by using the appropriate
algorithm. This type of PSD was originally developed by H.
O. Anger [6], whose work is considered as the starting point
of modern cameras. Concerning his approach, a new mile-
stone was reached with the commercial introduction of small
PSPMTs, which enabled the development of very compact
miniature gamma cameras [7]. However, other options based
on gas-filled detectors have also been studied and proposed for
a wide range of applications [8], [9], [10].
Since the original work of H. O. Anger, the readout tech-

niques and the associated image reconstruction algorithms
used with scintillators have evolved significantly. A new
multi-anode readout method, together with a suitable image
reconstruction algorithm, was investigated by Bird et al. [11]
by using a multi-channel very-large-scale integration (VLSI)
charge-sensitive amplifier array. In the same year, Truman et
al. [12] applied the position-sensitive PMT readout as well as
the peak-fitting algorithm, both proposed by Bird et al. to pixel-
lated CsI(Tl) arrays, obtaining improved resolutions. Recently,
this readout method has been applied to a scanning system
based on a virtual collimation, such as the one presented in
this paper [13]. Finally, the arrival of the flat-panel-type multi-
anode photomultiplier tube [14] afforded large detection areas,
allowing new image reconstruction algorithms to be explored
by applying neural networks [15] or simply by narrowing the
PSPMT signal readout [16].
In the scanning system proposed here, the PSDs are made

of continuous lutetium yttrium oxyorthosilicate (LYSO) scintil-
lating crystal [17] and flat-panel PSPMTs, which provide full
acquisition of the light distribution produced by the interacting
rays in the scintillator crystal. Our objective is to improve the

accuracy of the interaction position obtained with a large detec-
tion area camera. With this aim, the algorithms employed to
obtain this position are investigated.
Currently, the most common algorithms to determine the
-ray interaction position in commercial cameras are based
on the original Anger’s Logic [6] or its later improvement [16].
When applied to PSDs using PSPMTs with 64 pixels, such as
the ones used in this work, this method enables a reduction in
the PSPMT outputs, usually from 64 to 4 outputs per PSPMT.

0018-9499 © 2013 IEEE
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This requires special hardware in the readout stage, consisting
of a matrix of resistances. The reduction in the number of
outputs is possible because the Anger’s Logic works with the
signal projections on the X- and Y-axes. However, when 64
outputs are available, calculation of the interaction position
using the X- and Y-projections leads to a loss of information
regarding the light distribution, which is particularly critical
at the edge of the crystal. This effect, associated with the use
of Anger’s Logic, spoils the resolution of our system, which is
actually based on four coupled PSDs.
In this work, we aim to improve the behaviour and the reso-

lution of the four optically coupled PSDs employed in SALSA,
which work together. This objective requires a study to opti-
mize both the PSPMT readout electronics and the position lo-
cation algorithm. Regarding the latter, we propose in Section III
the application of a Gaussian peak-fitting algorithm to the full
experimental light distribution of LYSO crystals based on Least
Squares. A similar solution was previously explored by Bird et
al. [11] and Truman et al. [12] but using CsI(Tl) and NaI(Tl)
scintillator crystals. Before Section III, our scanning system, to-
gether with the details of its camera and associated readout
electronics, are presented in Section II. Section IV describes
the experimental measurements carried out with the scope to
characterize the PSDs. In Section V, we examine the results ob-
tained regarding the light distribution response all over the PSD
surface. The better we reproduce the light distribution numer-
ically, the lower the uncertainty in the position determination
and, therefore, the better the PSD capability to discern different
-ray interaction points. We also apply these results to evaluate
the linearity of the PSD that enables us to offer the obtained res-
olutions in terms of geometrical distances into the LYSO crys-
tals. In Section VI, some conclusions are given.

II. DESCRIPTION OF THE CAMERA

The operation of the SAlamanaca Lyso-based Scanning
Array (SALSA) is based on the determination of the spatially
correlated directions of the two photons following a
annihilation. For this purpose, a PSD is needed to detect one of
the two photons and to disentangle its interaction position in the
PSD, bearing in mind that the lower the position uncertainty, the
higher the resolution of the scanner. There is also a contribution
to the position determination uncertainty in the PSD which
comes from the finite size of the source and from the
non-collinearity of the two generated 511 keV photons. These
two effects are negligible in our system given the short dis-
tances between the elements of SALSA and the point-like
source with only 0.25 mm diameter [18]. Accordingly, a
source that provides two simultaneous 511-keV rays in oppo-
site directions and a large detection area PSD with scintillators
capable of determining the directions of the 511-keV photons
form part of SALSA. The camera developed to achieve high
performance consists of four high-spatial-resolution sets, each
one made up of continuous LYSO crystals, mm
in size. LYSO crystals have a high self activity, mainly from
the decay of the Lu isotope, which represents 2.6% of
natural Lu. The usual LYSO intrinsic backgrounds are around
260 counts , as can be seen, together with the specific
characteristics of LYSO crystals, in the work of Pidol et al. [17].

Fig. 1. Schematics for SALSA. The HPGe detector to be scanned is shown in
purple, whereas the camera is depicted in green. The point-like source
is drawn red.

The choice of the crystal thickness was done by performing a
Monte Carlo simulation, looking for a balance between high
peak-to-total ratios at 511 keV and low probability of full
photon-energy absorption by multiple interactions at 511 keV,
which enhances the signal of interest against the ones due to
multiple interactions that spoil the position resolution of the
LYSO crystals. Thicknesses from 3 mm up to 10 mm were
implemented in the MC simulations. A thickness of 5 mm is
considered a good agreement, providing a peak-to-total ratio
(P/T) at 511 keV of 16% and a peak efficiency at 511 keV
of 12.8%, both calculated from the simulated total spectrum
corresponding to a source. The readout of the crystal
is performed with a position-sensitive photomultiplier tube
(PSPMT) model H10966A-100 by Hamamatsu. Each PSPMT
has an output of 64 channels, one per pixel, plus an additional
channel corresponding to the last dynode signal. In our config-
uration, all channels coming from each PSPMT are read. This
affords 260 electronic signals, providing a mm total
detection area. The optical coupling of the four LYSO-PSPMT
sets is made in the same X-Y plane, as shown in Fig. 1. In
SALSA, the source is located between the PSDs and the
HPGe detector, as also shown in Fig. 1.
In order to integrate and digitize the 260 electronic signals

coming from the PSDs, they were AC-coupled into eight model
V792 charge-to-digital conversion (QDC) VME modules
from CAEN, having an input range from 0 to 400 pC and
a digital resolution of 12 bits. The readout of the 260 QDC
channels from the PSPMT anodes and dynodes is achieved
via the MultiBranch System (MBS) [19]. This system runs
under the Lynx-real-time operative system in a VME PowerPC
platform RIO4-8072RE 1 GHz from CES [20]. The online
and offline analyses are performed using the Object Oriented
Online Offline system Go4 [21], based on the ROOT package
of CERN [22]. Other modules are fast leading-edge discrimi-
nators (LED) model N840 from CAEN, timing-filter amplifiers
TFA-474 from ORTEC and gate-and-delay generators model
GG8020 also from ORTEC. The schematic of the electronics is
shown in Fig. 2, where the logic process aimed at ensuring the
coincidence between the PSDs and the scanned detector is also
indicated.
Although the same high voltage is applied to all the anodes of

a PSPMT, a different response is obtained in terms of signal am-
plification. This causes distortions in the image reconstruction
algorithm. To solve this problem, the individual anode readout is
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Fig. 2. Schematics for SALSA electronic set-up.

Fig. 3. On the left, the raw QDC pulse height spectra for five representative
anodes. On the right, the pulse height spectra after calibration.

used in order to correct the gain deviation between anodes. The
required adjustment will ensure a homogeneous response along
the whole camera surface, as can be seen in Fig. 3, where only
4 channels are shown in order for the graphics to be more un-
derstandable.
To perform the anode gain matching, the camera was fully

illuminated using the same 1-MBq source as the one
used in the scanning measurements. In this way, no additional
source is needed to carry out the procedure. Measurements
were performed with the source placed between the PSD and
a NaI(Tl) detector, the PSD-to-source and source-to-NaI(Tl)
distances being 72.4 mm and 75.0 mm, respectively. The pur-
pose of the NaI(Tl) detector is to perform measurements with
the system’s coincidence electronics (Fig. 2), taking advantage
of the optimization already performed for the scanning mea-
surements. The fact that the -camera’s data acquisition runs in
coincidence with the NaI(Tl) detector also reduces background
due to the LYSO self-activity peak at 508.66 keV. This peak
is due to the true-coincidence summing of two in-cascade
emissions from : the 201.83-keV and 306.82-keV ones.
As far as the scanning procedure is concerned, these events are
measured by the camera in the same energy window as the
511-keV ones, spoiling the reliability of the characterization.
Count rates at 508.66-keV of 0.87 counts are obtained
in the camera with the coincidence electronics against a
count rate of 66 counts without coincidences. Presumably,
the use of coincidences brings some disadvantages to the

anode gain matching procedure because of the reduction of
the 1274.57-keV peak area. However, this peak is not even
observed in the anode spectra without coincidences, which
let us match the anode gains just with the 511-keV peak. The
count rate at 1274.57 keV recorded at the dynode without
coincidences is 0.11 counts , which gives rise to a number
of counts in the anodes lower than the detection limit at this
energy. The count rate at 1274.57 keV in the camera dynode
spectrum measured in coincidence is 0.05 counts , which
causes count rates in the anodes lower than the detection limit.
The 1274.57-keV peak is seen just in the dynode in ideal con-
ditions. A peak efficiency at 1274.57 keV of 1.1% is obtained
against a value of 11.9% at 511 keV when the source
is collimated and its emissions impinge in a central anode
of the PSD. Therefore, only the 511-keV peak was used to
determine the gain factor corresponding to each anode. Taking
into account that the 511-keV peak is the one used in the image
reconstruction, this did not represent a severe setback. Gain
factors were obtained relative to a reference value, given by
one of the anodes. After the anode gain matching has been
accomplished, the camera is ready to operate. The right part
of Fig. 3 shows the calibrated spectra.

III. POSITION LOCATION ALGORITHM

SALSA takes advantage of both the continuous scintillator
crystals of the camera and the complete readout of all the
signals coming from the scintillators. By exploring the two-di-
mensional (2D) shape of light distribution in the PSDs, the later
determination of the position interaction event by event can be
achieved by performing a fit to a parametric shape function with
an optimized number of parameters. To reduce the number of
fitting parameters, a previous characterization of the light dis-
tribution is done. To characterize the light distribution of our
camera, an algorithm was developed, which proceeds as fol-

lows:
• In a first stage, a background fit and its further subtrac-
tion from the experimental data is performed in order to
remove possible effects due to both the light reflectivity on
the edges of the scintillator crystal and the electronic noise.

• In a second stage, a fit of a parametric Gaussian function to
the net experimental distribution is carried out. The selec-
tion of the Gaussian function is purely empirical, based on
the observation of the experimental light distribution pro-
vided by each of the pixels. Then, a statistical test is applied
to check if the model and experimental data differ. The fit-
ting was accomplished using ROOT’s implementation of
the TMinuit minimization algorithm [23].

The Gaussian function used to shape the light distribution is
as follows:

(1)

This function has five parameters: A, , , and . These
parameters correspond, respectively, to themaximum amplitude
of the light distribution, the coordinate of the centroid posi-
tion, the light distribution width in the direction, the coor-
dinate of the centroid position and the light distribution width
along the direction. With the Gaussian function given in (1),
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the light distribution is assumed to have X- and Y- axes as sym-
metry axes, both being parallel to the crystal edges and each
one orthogonal with respect to the other. By using this Gaussian
function, it is possible to obtain not only the centroid of the
Gaussian, ( , ) and, as a consequence, the interaction posi-
tion in the -camera plane, but also the light distribution width
( , ).
The output of the fit consists of the parameter values together

with their uncertainties. The uncertainties are obtained from
the parameter covariance matrix, ,
where and are, respectively, the th and th fitting param-
eter and is the total number of parameters. The covariance
matrix’s diagonal terms corresponding to the parameters and
provide the uncertainty in the -ray interaction position in

the camera. This uncertainty, together with the uncertainty in
the annihilation position within the source, determines
the total uncertainty of the position inside the HPGe segmented
detector.
Since the method described in this work allows us to obtain

not only shape but also light distribution width, it is possible to
study, after a set of events for different positions, whether width
remains constant over all the -camera surface or not. If so, the
and values can be fixed, reducing the number of param-

eters in the light distribution fit of an individual event. Position
determination is done event by event when the characterization
system scans a HPGe detector; therefore, such a reduction con-
tributes to decreasing uncertainty in the position parameters.

IV. EXPERIMENTAL METHOD

The source was placed in different collimated positions
in order to acquire the set of measurements needed to charac-
terize the light distribution response in the camera. For this
task, a 1-mm-hole and 50-mm-length lead collimator coupled
to a high precision X-Y support, which allows the entire sur-
face of each PSD to be covered, was used. The distance between
the face of the collimator and the PSD was 12 mm, affording
a 1.48-mm spot due to the divergence of the beam. The colli-
mated position pattern employed in the measurements of each
individual PSD is shown in Fig. 4. Pixels are identified by the
row and column labels shown in this figure. Note that at this
stage each PSD has been characterized independently. In order
to clarify the results presented in this work, the serial number of
the PSDs: ZK0021, ZK0084, ZK0065 and ZK0079, are used to
identify each of them independently.
Measurements in each collimator position were carried out

by running the system in coincidence mode between the PSD
and a NaI(Tl) detector. Once a set of events have been ac-
cumulated, the normalized light distribution corresponding to
each position was obtained, together with the associated stan-
dard deviation.

V. RESULTS

A. Light-Distribution Characterization

The Gaussian function of Eq. (1) is fitted to the normalized
light distributions obtained at each collimator position. Fig. 5

Fig. 4. Pattern of positions where a measurement was made with the collimated
source.

Fig. 5. Experimental light distribution represented by cuboids corresponding
to a particular position on the X-Y plane of the ZK0021 PSD. The fitted distri-
bution is also shown by a smooth Gaussian shape.

shows an illustrative Gaussian fit for a particular position in the
centre of one the PSDs.
With all the fits done to the light distributions measured at dif-

ferent pixels, the assumption that the X- and Y-axes are the sym-
metry axes can be checked. In Table I, values are given for
positions (pixels) with constant values of the Y-coordinate (see
Fig. 4). In Table II, the values are shown corresponding to
pixels with a constant X-coordinate (see also Fig. 4). The values
given in Table I do not differ statistically. The same is the case of
the values given in Table II. Therefore, and kept constant
along the X- and Y-axes which shows that they can be taken as
symmetry axes of the light distribution. If light distribution had
other symmetry axes, the distribution width projected on X- and
Y-axes should change gradually.
Given that the method proposed to obtain the interaction po-

sition relies on the light-distribution fit to a Gaussian function
in which and are constant, it is necessary to select the
best estimation of these widths. Therefore, a statistical study is
required to decide what values to take. We constructed the ex-
perimental probability distribution of both and by taking
their values from the the light-distribution fits corresponding to
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TABLE I
VALUES FOR WHEN THE X-COORDINATE ( MM) REMAINS

CONSTANT AND THE Y-COORDINATE VARIES

TABLE II
VALUES FOR WHEN THE Y-COORDINATE ( MM) REMAINS

CONSTANT AND THE X-COORDINATE VARIES

Fig. 6. Frequency diagrams corresponding to the light distribution width in
each PSD for the different collimator positions. On the left, the component
and, on the right, the component. /ndf represents the statistic value per
degrees of freedom.

all the collimated positions for each PSD. The values are repre-
sented in a histogram grouping all the values in 0.2-mm in-
tervals. The number of bars depends on the data dispersion. To
characterize this statistical distribution, we compared it, by a
test, with a Gaussian function because in this case the average

Fig. 7. Images of the coincidence NaI(Tl) detector using our four PSDs as
camera obtained when the position interaction in the NaI(Tl) X-Y plane is cal-
culated with (a) the Anger’s Logic algorithm, (b) the Gaussian fit without fixing
the light distribution width and (c) the Gaussian fit fixing the light distribution
width. The real outline of the NaI(Tl) detector is drawn in black.

TABLE III
MEAN LIGHT-DISTRIBUTION WIDTHS FOR EACH PSD

value corresponds to the maximum likelihood value. Addition-
ally, with this test we check the random nature of the fluctua-
tion of the and widths. If the fluctuation was random, the
distribution mean value would correspond to the most probable
value. The results are shown in Fig. 6.
The mean values associated with the statistical distributions

for each and component together with their uncertain-
ties are given in Table III. These values will be fixed in order
to reduce the number of free parameters in the light distribution
Gaussian fit when performed event by event, i.e. with SALSA
working in a real situation. This allows not only a reduction
in the uncertainty of the centroid determination but also an in-
crease in the the useful field of view in the PSD, which becomes
a solution for the blind zones that appear in the junctions be-
tween each PSD.
Fig. 7 shows the images corresponding to the X-Y plane

of the NaI(Tl) detector when it is fully illuminated with the
source and compares them with the real outline. These

images were acquired with the four PSDs working together as
a camera. In (a) the data acquired were treated with Anger’s
Logic algorithm. The blind zone is clearly visible between the
PSDs due to the poor behaviour of the algorithm at the edge
of the scintillator crystal. Blind zones start being filled and the
field of view increases in (b), where the Gaussian fit of the light
distribution is applied event by event without fixing the light
distribution width with respect to (a). In (c) the blind zone is
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Fig. 8. Experimental uncertainties in the centroid determination (purple) and (blue) obtained for each PSD versus the collimated positions for a particular
scanning direction in which the Y-coordinate is kept constant. The same uncertainties but for a scanning direction in which the X-coordinate is now kept constant
are depicted in green for and brown for .

strongly suppressed when the light distribution width is fixed
in the Gaussian fit with the values given in Table III, and the
field of view is maximum.

B. Spatial Resolution

The uncertainty values for the centroid determination of the
normalized light distribution, and , in the four PSD sur-
faces provide the spatial resolution of the camera. The en-
semble of values obtained for the different collimated interac-
tion positions on the X-Y plane of the -camera were studied.
As seen in Fig. 8, we observe that the uncertainty worsens

when approaching the edge of the camera for a scanning direc-
tion in which the Y-coordinate of the collimated points is kept
constant and the X-coordinate varies between the two edges of
the crystal. However, remains almost constant. This situa-
tion can be understood graphically in Fig. 9(a) which shows that
when approaching the X edge the experimental data set corre-
sponds to a light distribution partially acquired for the X com-
ponent. The same effect, but for a scanning direction in which
the X-coordinate of the collimated points is kept constant and
the Y-coordinate varies from one edge of the crystal to the other,
is observed for . As shown in Fig. 8, the values remain
almost constant while the ones worsen when reaching the
edge of the Y-coordinate of the crystal. Fig. 9(b) shows how that
light distribution is incompletely acquired for the Y component.
The mean values and, therefore, the spatial resolution of each

PSD are shown in Table IV. The goodness-of-fit parameter re-
mains constant at throughout the central regions of the

TABLE IV
MEAN VALUES FOR THE UNCERTAINTIES IN THE LIGHT DISTRIBUTION
CENTROID DETERMINATION ALL OVER THE SURFACE OF EACH PSD

PSDs, and rises consistently to in the corner and edge re-
gions. In Table V the and averaged values are presented
separately for the central and edge zones in the PSDs. The un-
certainties remain practically constant over the whole surface of
the PSD except in the problematic edges, the X-axis for the
component and the Y-axis for one, as shown in Fig. 8.

C. Linearity

Linearity allows us to check what the final quality of our
images will be, since we relate the real positions to the re-
constructed ones through linearity. From the measurements
acquired at the collimated positions, we tested the linearity of
each PSD. In Fig. 10, mechanical positions are plotted versus
the reconstructed ones, together with the line representing
the ideal behaviour. One can see that the behaviour of our
camera is practically ideal since the reconstructed positions are
in very good agreement with the mechanical ones. The mean
and maximum deviations for X- and Y-coordinates and for
each PSD are listed in Table VI.
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TABLE V
AVERAGED VALUES IN THE CENTRAL AND EDGE AREAS OBTAINED IN THE LIGHT DISTRIBUTION CENTROID DETERMINATION FOR EACH PSD

Fig. 9. Light distribution Gaussian fit with an incomplete set of experimental
points when the interaction position is close to the edge of the PSD; (a) at the
X-axis border and (b) at the Y-axis border.

Fig. 10. X- and Y-coordinates of the mechanical positions versus X- and Y-co-
ordinates of the reconstructed ones for the four PSDs. The green diagonal line
illustrates the linearity performance of an ideal detector.

D. Point Spread Function

Another discussion concerning the spatial resolution of our
detector is the Point Spread Function (PSF) [24], measured as

TABLE VI
MEAN AND MAXIMUM DEVIATION VALUES BETWEEN THE MECHANICAL AND

RECONSTRUCTED POSITIONS FOR EACH PSD

Fig. 11. On the left the distribution of positions for the three positions inside
the pixel. On the right the distribution of positions for these three positions.
A set of events are used for each position.

the FWHM of the distribution of positions and . This quan-
tity measures the ability of the system to distinguish between
closely spaced centroids. In order to determine this value we
used the collimated measurements described in Section IV.
Fig. 11 shows an example of the distribution of positions and
obtained from the Gaussian fit when we move the collimated

source in 2-mm steps inside a single central pixel. The response
to these movements can clearly be seen, both, along X- and
Y-directions.
On average, we measured position distributions with a

mm and mm for positions
along the X- and Y-axis, respectively. A preliminary study con-
cerning this topic can be found in a previous reference [25]. It
is important to indicate that the results presented in this section
correspond to the FWHM of the projection along the X and Y
axes of the Point Spread Function. In this case we determine
the interaction position event by event in the camera plane,
obtaining one spot per collimated position after a set of events.
The projection of this spot along the X and Y axes is the one
shown in Fig. 11. We then calculate the FWHM and these are
the results described in this section. This concept is different to
the one presented in Table III, where we are talking about the
light distribution width. As explained in Section V.A, in that
case we accumulated the light distribution shapes of events
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and we normalized it afterwards. From this normalized light
distribution we calculated the light distribution width from the
Gaussian fit. This value is then fixed when the system works
in a real situation, determining the interaction position event
by event, such as for instance the situation presented here or in
Fig. 7(c).

VI. CONCLUSION

In the current work, the study carried out on the performance
of a camera made up of four PSDs with an individual anode
readout proves that the light distribution has a Gaussian shape
over the whole surface of the system with a constant width. The
algorithm developed, based on the Gaussian fit to the experi-
mental light distribution, provides sub-milimetric precision in
the determination of the interaction position. In comparison to
Anger’s Logic, our algorithm enhances the field of view area,
improving the quality of the image and maintaining a high per-
formance even at the edges of the object to be scanned. We con-
sider it to be shown as an alternative to Anger’s Logic when a
pixelated camera is used.
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Chapter 4

Article 2. Study of accuracy in the
position determination with
SALSA, a γ-scanning system for
the characterization of segmented
HPGe detectors

The last step, when both, the γ camera and its reconstruction algorithm were fully
characterized and optimized, was to characterize all the sources of uncertainty in
SALSA. All of them will contribute to the total uncertainty of SALSA. The total un-
certainty of SALSA is the uncertainty when SALSA determines the γ ray interaction
position within the HPGe crystal volume during an experimental characterization
of the electrical response of such a detector.

The optimization of this total uncertainty was the main goal of this thesis work
and the obtained results for different type of HPGe detectors were presented in
the last article published during the thesis, so-called Study of the accuracy in the
position determination with SALSA, a γ-scanning system for the characterization
of segmented HPGe detectors. It was published in the journal Nuclear Instruments
and Methods in Physics Research A, volume 823, pages 98–106, year 2016.

This article also includes the results of the validation of SALSA, made with
an alternative method in order to compare the results obtained during the first
characterization of a HPGe detector with SALSA.
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a b s t r a c t

Accurate characterization of the electric response of segmented high-purity germanium (HPGe) detectors
as a function of the interaction position is one of the current goals of the Nuclear Physics community
seeking to perform γ-ray tracking or even imaging with these detectors. For this purpose, scanning
devices must be developed to achieve the signal-position association with the highest precision. With a
view to studying the accuracy achieved with SALSA, the SAlamanca Lyso-based Scanning Array, here we
report a detailed study on the uncertainty sources and their effect in the position determination inside
the HPGe detector to be scanned. The optimization performed on the design of SALSA, aimed at mini-
mizing the effect of the uncertainty sources, afforded an intrinsic uncertainty of ∼2 mm for large coaxial
detectors and ∼1 mm for planar ones.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

The new γ-ray position sensitive HPGe detectors are essential
tools to perform γ spectroscopy at the new Radioactive-Ion Beam
(RIB) facilities. The main improvement in these devices is achieved
by the high segmentation of their electrical contacts, which are
responsible for collecting the charge carriers released in each
photon interaction. Some relevant examples of these detectors can
be found in international collaborations such as AGATA [1] or
GRETA [2]. High-contact segmentation enables the interaction
points of a γ ray inside the HPGe crystal to be determined, thereby
providing the data needed to reconstruct the γ-ray track. However,
as an intermediate step, it is necessary to characterize the elec-
trical response of the HPGe crystal with respect to the position of
the interaction point. At the same time, in order to explore in
depth the capabilities of segmented HPGe detector, maximum
precision in its characterization must be achieved. SALSA, which is
the acronym of the SAlamanca Lyso-based Scanning Array, was
designed specifically to reduce the sources of uncertainty involved
in the position determination inside the HPGe crystal. This de-
termination is based on virtual collimation [3], where two colli-
near 511-keV photons emitted in the annihilation of a positron are

used. This method also needs a Pulse Shape Analysis Comparison
(PSAC) algorithm [4] to achieve the three-dimensional (3D) posi-
tion determination in the HPGe detector to be scanned. Previous
characterization devices based in the same principles as SALSA
have been developed and tested [5,6].

The optimized design of SALSA, aimed at improving the final
accuracy, consists of a high-spatial-resolution γ camera with large
field of view and a point-like 22Na source, both mounted on a
high-precision mechanical structure which allows to make 90°
rotations of the whole 22Na source and γ camera around the HPGe
detector to scan and also to adjust the distance between 22Na
source and detector in order to reduce the influence of the un-
certainty sources in the calculation of position.

Here, we analyse the design of the scanning system in detail,
together with its sources of uncertainty and how these determine
the total uncertainty of the final position in the HPGe crystal. The
effect of distance between detectors and 22Na source is evaluated
through the uncertainty values obtained for different detectors: an
AGATA-type highly segmented coaxial HPGe detector and a seg-
mented planar prototype designed for the DESPEC experiment [7].
First, however, in Section 2 we shall describe SALSA, introducing
its components. In Section 3, the algorithm utilized to calculate the
interaction position inside the HPGe detector as a function of
known parameters is discussed. In Section 4 the global system of
reference in SALSA is defined and all the elements placed on it.
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In Sections 5 and 6 the uncertainties inherent to both, 22Na source
and γ camera are evaluated. In Section 7, the total uncertainty
provided by SALSA in position determination is calculated for the
cases of interest. In Section 8, an experimental validation of posi-
tion determination and its corresponding uncertainty evaluation is
performed with a conventional HPGe detector. Finally, in Section 9,
we offer some conclusions.

2. The SALSA setup

As mentioned above, the main elements of SALSA are a high-
spatial-resolution γ camera, a point-like 22Na source and the me-
chanical platform supporting these two elements together with the
detector to be scanned. All these elements, together with the as-
sociated electronics, aim to obtain the HPGe electric signals, each
one associated to an interaction point within the HPGe crystal.
Therefore, the main challenge of SALSA is to determine the real
interaction points with minimum uncertainty. The radioactive
source used generates two 511 keV γ rays coming from the anni-
hilation of the βþ emitted in the disintegration of the 22Na with a
nearby electron. The source is provided by Eckert and Ziegler
Company [8] and it consists of a 22Na (0.125-mm-radius spherical
active volume) with a nominal activity of 1 MBq, encapsulated in a
25.4-mm-diameter disk made with carbon epoxy fibre. Its small
active volume and the encapsulation are suitable for achieving
maximum accuracy in the initial positioning of the γ rays generated
in the source.The γ camera is placed in front of the 22Na source to
measure one of the 511 keV γ rays generated in each − +e e annihi-
lation. It consists of four high-spatial-resolution detectors coupled
optically, each one made up by a continuous lutetium yttrium
oxyorthosilicate (LYSO) scintillating crystal [9], 52⨉52⨉5 mm3

size. The readout of each crystal is performed by a pixelated posi-
tion-sensitive photomultiplier tube (PSPMT) from Hamamatsu,
model H10966A-100. The junction of the four crystals provides a
large field of view (104⨉104 mm2) suitable for scanning, in just one
shot, large-sized HPGe detectors with no detriment to accuracy.
Their role is to provide the interaction point of the 511 keV γ ray in
the γ camera detected in coincidence with the other 511 keV γ ray
interacting in the HPGe crystal. This point in the γ camera is re-
ferred to as ( )X Y Z, ,L L L . Subsequently, the direction of the γ ray
detected is determined using this point and the generation point of
the two γ rays in the 22Na source. The latter is referred to as
( )X Y Z, ,S S S and is generally located inside the 22Na source, as de-
monstrated below. Both points correspond to the same reference
system, which is placed in the centre of the detector to be scanned.

Assuming that the βþ particle annihilates at rest, the incident
direction of the γ ray interacting in the HPGe crystal can be ob-
tained from the direction of the γ ray detected in the γ camera. The
non-collinearity of the two photons resulting from the + −e e an-
nihilation has been studied by several authors [10,11]. The di-
mensions of SALSA, given below, and the high energy resolution of
HPGe detectors allow us to disregard its effect. Therefore, the di-
rection of the γ ray interacting in the HPGe crystal will be given by
the straight line defined by the two cited points, which are shown
in Fig. 1, satisfying the following well-known equation:

−
− = −

− = −
− ( )

X X
X X

Y Y
Y Y

Z Z
Z Z
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S

L S

S

L S

S

L S

The structure that attaches 22Na source and γ camera, linking
one to the other in the same branch and allowing them to be
placed in a common reference system, is the SALSA mechanical
structure. Fig. 2 shows the complete SALSA setup when scanning a
BEGe detector.

This structure enables us to scan a HPGe crystal from two dif-
ferent positions, called S1 and S2. These two positions are needed
to obtain a single point of interaction in the HPGe crystal and not
just one direction. Fig. 1 graphically shows the two scanning po-
sitions of SALSA. All the elements employed in the SALSA support
platform were made at high-precision machining workshops. The
γ camera housing and the 22Na source support structure are ma-
chined with 0.2 mm and 0.1 mm precision, respectively. The
structure to locate the linear and circular motion circuit and the
HPGe detector was from Hepcomotion ® [12]. For this structure,
MCS ® aluminium profiles with 0.1 mm precision cuts were em-
ployed. In order to construct a motion circuit, the PRT2 technology
also from Hepcomotion® was used. It allows the 22Na source and γ
camera set to be moved around the HPGe detector with high ac-
curacy from the so-called S1 scan stage to the 90° rotated S2 one.

Fig. 3 shows the layout of both the linear and circular motion
circuits. The mechanical structure enables the distance both be-
tween 22Na source and γ camera and between 22Na source and
HPGe detector to be adjusted. 22Na source and γ camera are placed
on two carriages that can move linearly with respect to each other
on the same branch. Once distances are adjusted, the carriages are
blocked and the set can rotate (9070.03)° in order to change the
scanner position from S1 to S2. In SALSA, 22Na source and γ camera
have their own relative reference system. The one corresponding
to the 22Na source is defined at the geometrical centre of its active
volume and a position located on it is denoted as ( ″ ″ ″)X Y Z, ,S S S . The
one corresponding to the γ camera is defined at the geometrical
centre of its detection plane and a point located on it is denoted as

Fig. 1. Schematic for SALSA. The HPGe detector to scan is depicted in purple, whereas the γ camera is in green. The point-like 22Na source is drawn red and the γ cones
generated are in black. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this paper.)
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( ″ ″ ″)X Y Z, ,L L L .
However, the positions of interest in these two elements must

be referred to the global SALSA reference system. This is achieved
by a translation, and hence it is necessary to determine the me-
chanical positions of 22Na source and γ camera in the mechanical
structure with respect to the global system of reference. At the
same time, uncertainties in the positioning of the two elements
must be evaluated. These uncertainties correspond both to the
mechanical accuracy and to the method employed to measure the
absolute positions of the different elements of the mechanics. For
the Y coordinate, a set of measurements of the vertical mark of
each SALSA component was done using a Leica Total Station
TPS1200, which has a precision of 0.7 mm/km. Since the mea-
surements were taken by looking at a 0.25 mm calibrated rule, this
is assumed to be the accuracy of these measurements. The

different measurements made are shown in Fig. 3 and their results
listed in Table 1. With M1 up to M4 we refer to the measurements
taken on the top of the γ camera housing in S1. The measurements
taken on several points of the motion circuit go from M5 to M9.
WithM10 andM11, we refer to the measurements taken on the 22Na
source support in S1 and S2. Finally, M12, M13, M14 and M15 cor-
respond to the four vertical marks located on the top of the γ
camera housing when placed in S2. For every set of measurements
the mean value is calculated, being its uncertainty driven by sys-
tematic uncertainty introduced by the inaccuracy in the vertical
mark measurements. This data is used in Section 4, where the
translation from the different coordinate systems to the global one
is determined.

3. Principles of the position determination in SALSA

The first step in the position determination is to calculate the
incident directions of the γ rays in the HPGe crystal, using Eq. (1)
together with the interaction position in the γ camera ( )X Y Z, ,L L L

and the annihilation point in the 22Na source ( )X Y Z, ,S S S . This is
performed first in the so-called S1 configuration, which provides a
set of γ-ray tracks, each with a certain associated electrical re-
sponse in the HPGe crystal. Then, the 22Na source plus γ camera
system is rotated 90° around the HPGe detector axis to the so-
called S2 configuration, where another set of γ-ray tracks is ob-
tained, together with their associated electrical responses in the
HPGe crystal. In S2, the γ-ray interaction position into the γ camera
is denoted as ( ′ ′ ′ )X Y Z, ,L L L , while the position of the generation point
of the two γ rays is referred to as ( ′ ′ ′ )X Y Z, ,S S S , as seen in Fig. 1.
Consequently, the direction of the γ-path in S2 will be defined by a
straight line equation given by Eq. (1) but replacing the points
corresponding to S1 by their equivalent ones in S2. The electrical
response associated to each track correspond to an unknown in-
teraction point in the HPGe placed on the track. In order to obtain
this interaction point accurately, two tracks, one in each config-
uration, that enclose the same interaction point in the HPGe de-
tector must be found by using all the data from S1 and S2. To decide
that two tracks correspond to the same interaction point, it is
necessary to compare the two electrical responses associated to
each track statistically. The design of the HPGe segmented detec-
tors ensures that every position in the crystal will give a unique

Fig. 2. Picture of SALSA with a BEGe detector placed to be scanned. The γ-camera
and 22Na source are set in the scan position S1. The second scan stage S2 is indicated
by a green arrow. The rest of the elements of SALSA are also pointed in the picture.
(For interpretation of the references to colour in this figure caption, the reader is
referred to the web version of this paper.)

Fig. 3. Schematics of the SALSA mechanics. All vertical marks obtained are in-
dicated for both S1 and S2 positions. In green the γ camera is represented while the
red colour indicates the 22Na source support. The scanned detector is also placed in
the schema. (For interpretation of the references to colour in this figure caption, the
reader is referred to the web version of this paper.)

Table 1
Measured vertical dimension mark in different points in SALSA.

Position Vertical mark (mm) Mean value (mm)

M5 395.9070.25 MMEC¼395.8070.25
M6 395.8070.25
M7 395.8070.25
M8 395.8070.25
M9 395.7070.25

M1 175.8070.25 MH¼175.8570.25
M2 175.9070.25
M3 175.8070.25
M4 175.9070.25

M10 238.3070.25 MS¼238.3070.25
M11 238.3070.25 ′MS ¼238.3070.25

M12 176.0070.25 ′MH ¼175.9570.25
M13 175.9070.25
M14 176.0070.25
M15 175.9070.25
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electrical response by looking not only at the segment where the
gamma has interacted, but also at the surrounding ones. The in-
duced signals in the neighbouring segments allow us to distin-
guish where the γ ray has interacted within the segment [1]. The
statistical comparison is achieved by the PSAC algorithm devel-
oped in our laboratory which uses a Wilcoxon signed-rank test
[13]. Once checked, the crossing point of the two tracks in S1 and
S2 corresponding to the same interaction point in the HPGe crystal,
which is referred to as ( )X Y Z, ,D D D , is obtained from the following
two equations:
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Solving this set of equations, the crossing point is obtained as:

=
( − )

− − + ′ − ′ ( ′ − ′ )
′ − ′

( − )
− − ( ′ − ′ )

′ − ′ ( )
X

X Z Z
X X

Z Z
X Z Z

X X
Z Z
X X

Z Z
X X 4

D

S L S

L S
S S

S L S

L S

L S

L S

L S

L S

= ( − )
( − ) ( − ) + ( )Z
X X
X X

Z Z Z
5D

D S

L S
L S S

( )
( )
( )
( )

=
−
− ( − ) + ( )

− ′
′ − ′ ( ′ − ′ ) + ′ ( )

( )

⎧

⎨
⎪⎪

⎩
⎪⎪

Y

Z Z

Z Z
Y Y Y Line

Z Z

Z Z
Y Y Y Line

1

2

.

6

D

D S

L S
L S S

D S

L S
L S S

From Eqs. (4) and (5), XD and ZD are calculated. Eq. (6) con-
stitutes the geometrical condition to determine the paths from S1
and S2 which correspond to the same interaction point inside the
HPGe crystal ( )X Y Z, ,D D D . Additionally, a further check is made to
this solution: the point must be located in the HPGe crystal.

Regarding the uncertainty associated with the position de-
termination of the interaction point in the HPGe crystal, it is as-
sumed that a negligible uncertainty is introduced by the PSAC
algorithm as shown in Section 8. Consequently, the uncertainty in
the determination of this point will mainly come from the data
needed to calculate the two crossing tracks: the position of the
interaction point in the γ camera and the position of the annihi-
lation point within the 22Na source, both in S1 and S2.

4. Determination of the coordinates in the SALSA global re-
ference system

To solve Eqs. (4)–(6), the points corresponding to the interac-
tion point in the γ camera ( )X Y Z, ,L L L in S1 and ( ′ ′ ′ )X Y Z, ,L L L in S2, and
to the 22Na source emission point, ( )X Y Z, ,S S S in S1 and ( ′ ′ ′ )X Y Z, ,S S S in
S2, must be calculated. The calculation involves the translation of
these points initially obtained in the reference systems of the γ
camera and the 22Na source to a common one. The global re-
ference system chosen for SALSA has its origin in the centre of the
HPGe crystal and defined by the SALSA mechanical structure (see
Fig. 1). The reference system of the 22Na source has its origin at the
geometrical centre of its active volume, which corresponds to
( )X Y Z, ,SO SO SO in the global reference system. Likewise, the re-
ference system of the γ camera is defined at the geometrical centre
of its detection plane and is referred to as ( )X Y Z, ,CO CO CO in the
global reference system. The translation requires the translation
vectors from the individual reference systems to the global one to

be known, but this simply involves calculating the coordinates of
the origin of each local reference system in the global one.

Starting with the Y coordinate, a set of measurements was
performed with the total station described in Section 2. Since the
level measurements are relative to external components, some
calculations must be made in order to evaluate the Y coordinate of
both the centre of the γ camera and the 22Na source. In Fig. 4, the
position of the marks on the γ camera and 22Na source are in-
dicated. For the γ camera, the magnitudes that link the marks with
its centre are also shown.

As can be seen in Fig. 4, the Y coordinate regarding of the
centre of the γ camera (YCO) can be obtained as follows:

= + + ( )Y M t l 7CO H H PSPMT

where MH is the averaged value of the vertical mark given in Ta-
ble 1 for the γ-camera housing, tH is the thickness of the housing,
its value being ( ± )10.0 0.2 mm, and lPSPMT is the semi-length of the
γ camera determined by the PSPMT size, its value being
( ± )52.00 0.15 mm. Consequently, the position of the centre in the
γ camera referred to the SALSA system of reference becomes

= ( ± )Y 237.85 0.35 mmCO for S1 and ′ = ( ± )Y 237.95 0.35 mmCO for
S2. The total uncertainties of these values (σYCO) were evaluated by
propagating all the components involved in Eq. (7). Regarding the
22Na source, the position of its active volume centre is matched to
the top of the support structure by construction. Therefore, no
further calculation is needed to obtain the Y coordinate of the
centre of the source, although this is necessary in the case of its
uncertainty. This uncertainty is affected by two factors. The first
one is the machining of the support structure, which is made with
a precision of ±0.1 mm. The second one is the vertical dimension
mark measurement MS for S1 and ′MS for S2, whose values are
shown in Table 1. Therefore, the Y coordinate of the centre of the
22Na source is = ( ± )Y 238.30 0.27 mmSO for S1 and ′ =Y YSO SO for S2,
whose uncertainties are calculated by propagating the two con-
tributions. When the deviation, δ, between the centre of the 22Na
source and the position of the centre in the γ camera is calculated
for S1 and S2, it is seen that both values do not differ statistically.
Therefore, taking into account that = ′Y YSO SO,

22Na source and γ
camera rotates in the XZ plane of the global reference system. This
fact avoids further corrections in the position calculation. Re-
garding the X coordinate, in the S1 scanning position the un-
certainty is purely mechanical, because no level measurements are
needed to establish their values with respect to the global re-
ference system. Fig. 5 shows a frontal view of the γ camera and
22Na source system. The high-precision machining allows the ab-
sence of systematic deviation to be assumed. Therefore, according
to Fig. 5, = =X X 0CO SO .

For the X coordinate, there are three sources of uncertainty in
the determination of the γ camera centre: The first one corres-
ponds to the uncertainty in the positioning of the housing of the γ

Fig. 4. Lateral view of SALSA mechanics. From left to right, the γ camera, the 22Na
source and the HPGe crystal. For the γ camera, the brown colour indicates the
housing and the green one the γ camera itself. The red colour is used for the 22Na
source and grey one for its support. (For interpretation of the references to colour
in this figure caption, the reader is referred to the web version of this paper.)
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camera in the mechanics. Owing to the high-precision machining,
this value is ±0.2 mm. The second one comes from the positioning
of the four LYSO detectors inside the housing, which is also
±0.2 mm. The last one is the semi-length of the PSPMT, with an
uncertainty of ±0.15 mm given by the manufacturer. By propaga-
tion, the uncertainty value for XCO is ±0.32 mm. Therefore, the
coordinate of the centre of the γ camera in the global system of
reference becomes = ( ± )X 0.00 0.32 mmCO .

Regarding the 22Na source, the uncertainty in the X coordinate
of its centre comes, on the one hand, from the uncertainty of the
machining of the support structure, which is ±0.1 mm, and, on the
other hand, from the uncertainty to position the support structure
in the high-precision mechanics, which is ±0.2 mm. As a con-
sequence of the uncertainty propagation, the X coordinate of the
geometrical centre of the source in the SALSA system is

= ( ± )X 0.00 0.22 mmSO .
In the scanning position S2, the rigid bar where 22Na source and

γ camera are placed becomes X-axis. Therefore, X becomes Z in the
frontal view of Fig. 5. Consequently, ′ZCO¼XCO and ′ZSO¼XSO as γ
camera and 22Na source are tightly attached to the rigid bar.

Regarding the third component of γ camera and 22Na source
centres, Z in S1 and X in S2, ′ =X ZCO CO and ′ =X ZSO SO because, as said
above, both elements are attached to the rigid scanning branch.
However, to obtain the precise value of these coordinates it is
necessary to take into account that distances between HPGe de-
tector and the elements of the branch are adjusted depending on
the size of the detector to be scanned. The distances taken into
account in the calculation of ZSO ( ′XSO) and ZCO ( ′XCO) are shown in
Fig. 6. There are two: the distance d along Z in S1 (X in S2) between
the centre of the 22Na source and the centre of our global system

of reference and the distance D along Z in S1 (X in S2) between the
centre of the 22Na source and the external surface of the γ camera.
Therefore, ZSO¼d and = + +Z d D wCO , where w is the distance
along Z between the external window surface and the geometrical
centre of the γ camera. D and d are selected according to the size of
the HPGe detector, as mentioned above.

An example is studied in order to show the values, together
with their uncertainties, obtained in some relevant cases. One
might be the characterization, already performed, of a BEGe de-
tector. In the configuration shown in Fig. 6, a calibrated ruler with
0.5 mm precision was used to determine D and d values. The re-
sults are = ( ± )d 188.5 0.5 mm and = ( ± )D 188.5 0.5 mm. The
quoted uncertainties are obtained by propagating the accuracy of
the ruler (±0.5 mm) and the uncertainties both in the machining of
the support structure (±0.1 mm) for the 22Na source and in the
machining of the housing ( ±0.2 mm) for the γ camera. Finally,

= ( ± )Z 188.5 0.5 mmSO and = ( ± )Z 379.5 0.7 mmCO , the same va-
lues being, respectively, for ′XSO and ′XCO in S2.

Now, all the elements of SALSA are referred to a common
system of reference and, therefore, any point within these ele-
ments can be referred to the global reference system. As a previous
step, the points of interest in 22Na source and γ camera reference
system need to be known. This task is explained in the two fol-
lowing sections, also evaluating the intrinsic uncertainty asso-
ciated with each point.

5. The βþ annihilation position and its uncertainty

The annihilation position ( )X Y Z, ,S S S is needed to solve Eqs. (4)–
(6) and, consequently, to obtain the interaction point ( )X Y Z, ,D D D in
the scanned detector. The specific objectives of this section are to
reach the best estimation of the annihilation point coordinates for
all the γ rays emitted by the source and to estimate the associated
uncertainty.

As stated above, the two γ rays from the 22Na source come from
the annihilation of the emitted positron with one surrounding
electron. However, prior to this, the positron travels a certain
distance through the material. Therefore, the two γ-rays genera-
tion point is located at the positron track's end-point. The un-
certainty in the determination of its coordinates becomes a de-
gradation factor in the scanning system because these coordinates
cannot be known [3]. A Monte Carlo (MC) simulation was per-
formed in order to obtain the spatial distribution of the annihila-
tion points, in which the relevant characteristics of the source
were implemented. The statistical distribution corresponding to
each coordinate enables us to determine the mean point and the
uncertainty of each annihilation coordinate.

The MC simulation was performed using the Geant4 toolkit
[14,15]. Its goal is to evaluate the length that the positron coming
from the 22Na decay travels through the source material until it
annihilates with one surrounding electron to generate the two
collinear γ rays.

A sphere with 0.25 mm diameter of 22Na, as described in Sec-
tion 2, with all the processes and decay probabilities inherent to
this radionuclide was implemented in the MC code. The annihi-
lation position was recorded event by event, which enables us to
know its coordinates ( ″ ″ ″)X Y Z, ,S S S for each βþ in the reference
system of the 22Na source, obtaining the projection on the XY
plane shown in Fig. 7. When representing the probability dis-
tribution corresponding to ″XS coordinate (see Fig. 8) a profile
centred at zero was obtained. The same ones were obtained for ″YS
and ″ZS , as expected according to the symmetry of the 22Na source.

In order to calculate the standard deviation of ″XS , ″YS and ″ZS

distributions, a numerical calculation was performed by using
Mathematica [16]. With this tool, an interpolation was made using

Fig. 5. Frontal view of the layout of SALSA mechanics. The brown colour indicates
the housing and the green one the γ camera itself, while the red colour is used for
the 22Na source and the grey one for its support. (For interpretation of the refer-
ences to colour in this figure caption, the reader is referred to the web version of
this paper.)

Fig. 6. Up view of the layout of SALSA mechanics. The colours to represent the
different elements are the same as presented in previous figures. (For interpreta-
tion of the references to colour in this figure caption, the reader is referred to the
web version of this paper.)
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the statistical distribution data to obtain a functional expression of
the probability density, P(x), which allowed us to calculate the
mean value of x numerically by the well-known integral defini-
tion:

∫¯ = ( ) ( )
∞

x xP x dx. 80

Its standard deviation was also calculated numerically by using
its definition in the descriptive statistics, which has the following
formula:

∫σ = ( − ¯) ( ) ( )
∞

x x P x dx. 9
2

0

2

The results obtained for the probability distributions associated
with the coordinates ( ″ ″ ″)X Y Z, ,S S S of the annihilation point are listed

in Table 2, where the mean is given in the first column, the
standard deviation s in the second one and the percentage area
enclosed in the interval σ¯ ±x in the third one.

As observed in Table 2, the best estimation for the annihilation
position ( ″ ″ ″)X Y Z, ,S S S is the geometrical centre of the 22Na source.
Therefore, we took σ σ σ″ = ″ = ″ = ± 0.19 mmX Y ZS S S

as uncertainty in
the coordinates ( ″ ″ ″)X Y Z, ,S S S .

Given the non-Gaussian condition of the distribution, the
coverage area is 78%. In order to make the result of the uncertainty
compatible with the rest of the work presented here, a coverage
factor, k¼1.36, is needed to be introduced on the basis of the
desired level of confidence of 68%. This coverage factor will allow
us to redefine the uncertainty in each coordinate as

ξ( ) =err 0.14 mmi , where ξi represents each X, Y and Z coordinates.
Thus, the annihilation point or γ-ray emission point taken in the
calculation of the γ-ray track is ″ = ″ = ″ = ( ± )X Y Z 0.00 0.14 mmS S S .

6. The γ-camera interaction points and their uncertainty

An interaction point in the γ camera measured during the
scanning process, ( ″ ″ ″)X Y Z, ,L L L , is given by the image reconstruction
algorithm specifically developed for our γ camera, whose results
are shown in a previous work [17]. Actually, the algorithm only
determines the components of the plane of the γ camera that faces
the 22Na source, which are ″XL and ″YL in S1 and ″ZL and ″YL in S2,
together with their corresponding uncertainties. Although the
uncertainty values are estimated event by event, a value of 0.4 mm
is taken in this work for estimation purposes. This value was ob-
tained in the work mentioned above. Regarding the third com-
ponent ″ZL ( ″XL in S2), no information was obtained from the ana-
lysis of the signal measured in the γ camera owing to the reduced
thickness of the LYSO crystal. Therefore, a MC simulation was
performed with Geant4 to obtain an estimation of the value of this
coordinate, together with its uncertainty.

The absorption probability for 511 keV γ rays for the third co-
ordinate versus the Z coordinate of the interaction position point
in the γ camera is shown in Fig. 9. The probability shape is a
consequence of the fact that the linear attenuation factor in the
LYSO material is 0.87 cm�1 at 511 keV, which corresponds to a
mean free path of 1.15 cm for γ rays at this energy. Accordingly,
what is shown in Fig. 9 is a truncated exponential distribution. For
this type of distributions the functional expression of the prob-
ability density, P(x), has been studied in depth in [18,19]. Using it
in Eqs. (8) and (9), the mean value for the distribution is

″ = ( ± )Z 2.31 1.43 mmL . This value will be applied to evaluate the
total uncertainty in the position determination inside the HPGe
crystal. Therefore, the interaction position in S1 of a particular γ ray
in the γ camera plane can be defined as

Fig. 7. 2D projection of annihilation position inside the 22Na source.
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Fig. 8. Histogram of the probability distribution for ″XS . The same one is obtained
for ″YS and ″ZS coordinates.

Table 2
Mean ( x̄) and standard deviation (s) values obtained for the coordinates of anni-
hilation point ″XS , ″YS and ″ZS . A (%) is the relative area comprised in the interval

σ¯ ±x .

Coordinate x̄ (mm) s (mm) A (%)

″XS 0.00 0.19 78.2
″YS 0.00 0.19 77.6
″ZS 0.00 0.19 78.1
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Fig. 9. Histogram of the probability distribution of the absorption position for γ

rays along the perpendicular axis in LYSO crystal. In black the exponential fit.
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σ σ σ( ″ ± ″ ″ ± ″ ″ ± ″ )X Y Z, ,L X L Y L ZL L L , being σ σ″ = ″ ∼ ± 0.4 mmX YL L
and

σ″ = ± 1.43 mmZL
in the reference coordinate system centred in the

γ camera. The same situation will be seen in S2, but in that case
σ σ″ = ″ ∼ ± 0.4 mmZ YL L

and σ″ = ± 1.43 mmXL
.

7. Total uncertainty in SALSA

Once the points needed in the calculation of Eqs. (4)–(6) have
been determined in the previous sections and their uncertainties
calculated taking into account all the sources of uncertainty, an
estimation of the uncertainties corresponding to ( )X Y Z, ,D D D can be
made. From Eqs. (4)–(6), the uncertainty at a certain point
( )X Y Z, ,D D D can be evaluated by doing uncertainty propagation.
This uncertainty is affected by the βþ annihilation position in the
22Na source seen in Section 5, the spatial resolution in the γ
camera given in Section 6, and also by the contribution generated
by the translation required to transform the reference systems for
both elements into the common reference system defined by the
SALSA mechanics in Section 4. Accordingly, the calculation of the
total uncertainty in XD, ZD and YD can now be done taking into
account the uncertainties of all the variables. Regarding the Y co-
ordinate, the total uncertainty of YL (Y coordinate of interaction in
the γ-camera plane), becomes σ = ± 0.53 mmYL after propagation
in the translation formula. The total uncertainty of YS (Y coordinate
of the 22Na source annihilation point) is σ = ± 0.30 mmYS .

For the X (Z in S2) coordinate, the total uncertainty of XL in S1 (ZL
in S2) can be expressed as a propagation of the uncertainty in the
position of the centre of the γ camera and its image resolution in
this coordinate. Therefore, σ = ± 0.51 mmXL . For XS in S1 (ZS in S2),
the uncertainty value σ XS (σ ZS in S2) becomes σ = ± 0.26 mmXS .

With respect to Z coordinate (X in S2) the coordinate ZL in S1 (XL

in S2) of the interaction point has an uncertainty σ ZL ( σ XL) of
1.61 mm, obtained after propagating the uncertainty in the posi-
tion of the centre of the γ camera (ZCO) and ″ZL uncertainties. The ZS
in S1 (XS in S2) uncertainty of the 511 keV γ emission point is σ ZS

( σ XS in S2) equal to70.52 mm, obtained when considering the
uncertainty in the position range and in the positioning of the 22Na
source.

Once the uncertainties for all the parameters involved in cal-
culation of the interaction position inside the HPGe crystal had
been obtained explicitly in the SALSA reference system, the last
step was to perform uncertainty propagation in Eqs. (4)–(6) in
order to calculate the total uncertainties for each coordinate. This
involves for example to include the uncertainty in the source po-
sition even though its position is assumed to be (0,0,0). In this
study, the uncertainty propagation was performed for three real
cases, corresponding to the three HPGe detector types which
SALSA is specifically designed for. The distances 22Na source–Ge
detector (d) and Ge detector–γ camera ( +d D) are adjusted de-
pending on the detector size and, therefore, their uncertainties,
together with the uncertainty in the estimation of the γ camera
interaction point, have a different impact in the HPGe detector
interaction point, the objective of SALSA.

The expected spatial resolution inside the HPGe crystal for each
coordinate is summarized in Table 3. As expected, total un-
certainty is largely driven by the uncertainty in the Z coordinate (X

in S2), pointing in the direction from HPGe crystal to the γ camera.
Therefore, the greater the distance D with respect to d, the better
the spatial resolution in the position determination in the HPGe
crystal. The large detection surface in our γ camera allows us to
move it away with respect to the 22Na source and reduce the
distance from the 22Na source to the HPGe detector (d), increasing
the spatial resolution of the system.

8. Validation of the position determination with SALSA

A test was performed using a conventional Broad Energy HPGe
detector, model BEGe 8030 by CANBERRA. A X-ray radiography
was taken to this coaxial detector to measure accurately its size,
this being 30-mm height and 80-mm diameter. Two scanning
setups were used for this purpose: the SALSA scanning table
running as explained along this paper (see Fig. 2), this setup being
referred to as Imaging mode from now on, and a new setup using
the elements of SALSA to calculate interactions positions applying
the Compton effect, this one being referred to as Compton mode.
The setup corresponding to the Compton mode is made of the 22Na
source described in Section 3, which is collimated with a 50 mm
diameter and 50 mm height cylindrical collimator with a 1 mm
diameter hole along its central axis. This collimator is positioned
by means of a 0.1 mm precision XZ positioning system on the
centre of the detector window. The γ camera is facing the detector
on the YZ plane, as shown in Fig. 10. In both setups, the BEGe
detector position is checked with a 1-mm-dot laser. Measure-
ments were acquired in coincidence between γ camera and Ge
detector in order to record those events that scatter in the Ge
detector and impact afterwards in the γ camera. Together with the
readout electronics associated to the γ camera and described in
[17], a flash analogue-to-digital converter (FADC) with 12 bits
dynamic range and 100 MS/s sampling rate, model SIS3302-ADC,
by Struck was used to acquire the digitized BEGe detector pulses in
both Imaging and Compton modes. In order to increase the time
accuracy, a cubic spline interpolation method was applied to the
recorded Ge pulse shapes [20]. FADC sample rates increased from
1 sample each 10 ns to 1 sample per 1 ns by using this mathe-
matical model. The interpolation allows a better time resolution in
the validation study presented in this work.

From all the in-coincidence events acquired in the Compton
mode, only the ones scattered at 90° in the Ge crystal were se-
lected by making an energy window in the BEGe spectrum at
255.5 keV energy deposited in a 90° scattering of 511 keV photons
from 22Na disintegrations. The 1274.54 keV emission from the 22Na
was not utilized given that there are actually more γ rays that

Table 3
Expected spatial resolution for points inside the HPGe crystal.

Detector σ XD (mm) σ ZD (mm) σYD (mm)

BEGe 71.08 71.08 70.98
PLANAR 70.92 70.92 70.94
AGATA 72.05 72.05 71.84

Fig. 10. Schematics for SALSA working in Compton mode. The 1-mm-diameter
collimated 22Na source delivers γ rays that are detected in the γ camera after a 90°
Compton scattering.
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manage to pass through the collimator and then going to Ge
crystal and then to the γ-camera after a Compton scattering than γ
rays that pass through the 1 mm collimation hole without inter-
action with the Pb absorber and then going to Ge crystal and then
to the γ-camera after a Compton scattering. For that reason we
need to quantify this ratio. With this goal, a Monte Carlo simula-
tion was performed on the basis of the complete setup presented
in Fig. 10. In the simulation all the events were tracked in order to
know whether they interact with the Pb absorber, with the Ge
crystal or with the LYSO crystal. For each event, every interaction
position and the deposited energy were recorded. With this in-
formation, for 511 keV γ-rays, the simulation has given a result of
59% of the events passing through the collimator hole versus the
41% of the events that manage to pass through the Pb collimator,
with and without interaction with the Pb. One conclusion we have
got from the simulation is that from the 41% of the events that
manage to pass through the Pb collimator, only the ones having a
Compton scattering and depositing low energy will disturb our
experimental results given that the ones depositing high energy
will have bigger Compton angle and the vertical coordinate be-
tween γ-camera and Ge crystal will be incoherent. In the case of
the γ-rays passing without interaction through the Pb and then
having a 90° Compton scattering, the ones that will enter in our
energy gate, the situation of the vertical coordinate will be in-
coherent as well. Therefore, we can reject these events in our
analysis increasing our ratio of good events, the ones that has a 90°
Compton scattering in the Ge crystal and then travel to the γ-
camera, versus the ones that have the same sequence but after a
Compton scattering in the Pb collimator, from 59% up to 77% for
511 keV γ rays. For this emission, the energy resolution of our
BEGe detector at that energy is 0.81 keV. However, the energy
window width is chosen to include events at ( ± )°90 1 Compton
angles in order to get a balance between statistics and reliability.
This interval totally comprises the BEGe energy resolution and the
uncertainty in the incident photon direction, which comes from
the uncertainty in the collimated emission position, the beam di-
vergence resulting from the finite collimator dimensions and the
uncertainty in the location of the centre of the detector. Thereby,
the energy gate used in the Ge spectrum corresponds to
Δ = −+255. 5 keV511 2.3

2.2 . After the energy gating, data were refined by
selecting those events that occurred within the condition of fold-1,
i.e., that only one interaction occurred in the Ge crystal. This se-
lection is based on the Pulse Shape Analysis (PSA) of each pulse
[21].

The interaction position in the Ge crystal of a particular event
was obtained in the Compton mode from the mechanical colli-
mated position of the 22Na source placed on the plane of the Ge
window, which corresponds to the X and Z coordinates as shown
in Fig. 10. The interaction point of the 90° scattered γ ray in the γ
camera provided the Y coordinate. Thereby, the Compton mode

enabled for determining the Ge interaction position in an alter-
native way to SALSA and, consequently, provided a suitable vali-
dation of the SALSA position determination. In order to proceed
with this validation, a comparison between the results obtained
with both setups was performed. Specifically, electrical pulses
from the BEGe detector corresponding to γ rays interacting within
a 2-mm-diameter and 3-cm-long cylindrical column going from
the bottom to the top of the Ge crystal and centred on its main axis
were taken into account in the comparison. The selection was
carried out by taking the positions provided by the PSD in the
imaging mode. Actually, the volume of the crystal illuminated in
the Compton mode when placing the collimated 22Na source on
the detector window, right in the central position of the crystal, is
a cone of 1 mm diameter at the top and 2.2 mm at the bottom
where the thick semi-punctual crystal contact is located. But, this
cone is almost totally contained within the cylinder, except in the
contact zone where the recovered pulses were absent.

Rise times of the Ge pulses obtained from the scanning with
SALSA in imaging mode were directly associated to positions in the
γ camera. The projection of the BEGe crystal on the XY plane of the
PSD in the S1 scanning position is shown in Fig. 11, where rise
times corresponding to each position are given by means of a
colour scale. Rise time increases when moving away from the rear
contact as seen in Fig. 11. Therefore, it is more influenced by the Y
coordinate of the interaction position. The accurate positioning of
the BEGe detector was also checked through Fig. 11.

Ninety four pulses of the whole set acquired with SALSA in
imaging mode came from the central 2-mm-diameter column of
the HPGe crystal, as given by the PSD, their corresponding inter-
action position coordinates being calculated with the SALSA al-
gorithm described in Section 3. Their shapes, which were also
available for the comparison together with the calculated inter-
action positions, are shown in Fig. 12. In total 13 pulses in turn
were available from the Compton mode for the comparison as

Fig. 11. Rise times (RS) of the Ge pulses on the XY projection of the BEGe detector when SALSA works in imaging mode. The rear contact is placed in the X¼0 mm,
Y¼�15 mm position, while the front contact is located along the Y¼15 mm line. (For interpretation of the references to colour in this figure caption, the reader is referred to
the web version of this paper.)
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Fig. 12. Electrical pulses from the central column in the BEGe detector when SALSA
works in imaging mode.
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placed by setup construction into the 2-mm-diameter imaginary
cylinder. A statistical comparison was performed between the two
set of pulses. But, previously, all the pulses were aligned on an
event-by-event basis at 10% of their maximum amplitude (t10), as
the FADC cards and the γ camera readout electronics did not have
a global clock, and just the pulse data from t10 to t90 was kept.
Then, each Compton pulse was compared in terms of shape with
all the SALSA pulses, making a pair with the most similar one. The
ROOT's Chi2Test method [22] was employed for this task. The
matching of the vertical Y coordinates of each pair of pulses ob-
tained from the χ2 comparison is shown in Fig. 13, where the re-
constructed Y coordinate from SALSA is plotted versus the corre-
sponding one in the Compton mode. Uncertainties are also re-
presented for each point by means of error bars, SALSA un-
certainties being estimated as explained above and Compton-
mode uncertainties being determined from the uncertainty in the
position determination with the γ camera. A red line is drawn in
Fig. 13 representing the ideal behaviour. It is worth to remark that
all the uncertainties embraced the fitted line. This fact tells us the
uncertainty estimation to be suitable and, therefore, the assump-
tion to consider negligible the uncertainties introduced by the
PSAC algorithm to be proper in the frame of this study. Finally, the
mean deviation of the calculated positions was 0.41 mm, while the
maximum one corresponds to 0.98 mm, these values being lower
than the uncertainty estimated for the Y coordinate with SALSA,
which means the Y coordinate calculated with the SALSA algo-
rithm do not differ from the reference one.

9. Conclusion

The expected spatial resolution in our scanning system for
different types of HPGe detectors has been studied. To accomplish
this task, we took into account all the sources of uncertainty
present in the determination of the interaction position of the γ
ray inside the HPGe crystal. The spatial resolution was approxi-
mately 1 mm for Ge-planar and BEGe detectors and around 2 mm
for AGATA detector. This improves the accuracy of the current
scanning systems by a factor of 2, enhancing the scanning cap-
abilities and allowing the relationship between the γ-ray interac-
tion position and the electrical response in this type of detectors to
be explored in detail. The position calculation performed by SALSA
has been checked by using the characterization of a non-seg-
mented HPGe crystal, for which rise time of pulses depend mainly
on the Y coordinate. Therefore, the results reveal a proper esti-
mation with SALSA of the Y positions and their uncertainties. Next
studies are planned to fully characterize a segmented Ge detector.
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