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a b s t r a c t

The Pulse Shape Analysis algorithm ‘‘Recursive Subtraction’’ has been applied to data acquired during

the in-beam tests of two different highly segmented HPGe detectors. This algorithm processes the net

charge signal, determining the number of interactions per segment and their radial coordinates. The RS

algorithm performances are evaluated by comparing the results obtained following its application to

experimental pulse shapes with those obtained with specific GEANT simulations. Excellent agreement is

found between the experimental distribution of the number of interactions per segment and the

simulated one. Deviations between experimental radial distribution and the calculated ones are

discussed.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

High-resolution g-ray spectroscopy plays a prominent role in
the investigation of nuclear structure. Present generation arrays,
mainly based on Compton-suppressed High Purity Germanium
(HPGe) detectors (EUROBALL [1], GAMMASPHERE [2], EXOGAM
[3], JUROGAM [4], RISING [5] and CLARA [6]), have significantly
contributed to our understanding of nuclear structure in both high
and low spin domain and have allowed to initiate the investiga-
tion of the isospin degree of freedom.

However, the presence of BGO shields prevents the 4p solid
angle coverage with HPGe detectors, thus limiting the photopeak
efficiency of the array to values up to approximately 10–20% [3,7].

In next generation g-spectroscopy arrays (AGATA [7] or GRETA
[8]), the full solid angle will be covered with electrically
segmented HPGe crystals. This solution, which removes BGO
shields, maximizes the active solid angle and, consequently, the
photopeak efficiency. In addition, the electrical segmentation of
HPGe crystal gives the possibility to reconstruct the path of each
g-ray inside the detectors (i.e. g-ray tracking) [7,8]. With this
approach, an unprecedented sensitivity will be achieved and the
challenging requirements for the g-ray detection systems to be
ll rights reserved.
used in experiments with exotic nuclear beams can be fulfilled. In
fact, the g-ray tracking will allow to correct for the energy shift
caused by Doppler effect, recovering the intrinsic HPGe energy
resolution, and to reject the background events which do not
deposit their full energy inside the array or do not originate from
the target position [9,10].

The basic information needed by g-ray tracking algorithms
consists in the spatial position of all the interaction points (IPs) and
in the related amount of energy released in the detector. The
position sensitivity of the detectors is achieved through the
segmentation of the outer contact and by the shape analysis of
the measured pulses (PSA). A segmentation level of the crystal that
guarantees a maximum of one IP in each electrical segment is
unfortunately technically and practically unfeasible in terms of
complexity and cost [11]. The required performances of PSA
algorithms in terms of position resolution and their impact on
g-ray tracking efficiency was discussed in several papers (see for
example [10,12–14]). Presently, a position resolution of the order of
5 mm (FWHM) for the IP coordinates determination is considered
realistic and it is used in almost all g-ray tracking simulations.

Since PSA algorithms are supposed to run on-line, during the
data acquisition, they should not overload the CPU as this
produces unwanted dead time. Unfortunately, as a general feature,
the quality of the results is in open conflict with the CPU
requirement especially if one has to disentangle more than one IP
in a signal.

www.sciencedirect.com/science/journal/nima
www.elsevier.com/locate/nima
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A simple PSA algorithm (Recursive Subtraction, RS) for the
identification of the interaction number per segment and of their
radial positions was presented by the authors in Ref. [15]. The
algorithm is characterized by an average success rate of 85% for
simulated g-ray events at 662 keV. Although the present algo-
rithm does not provide the full positional information, it does
provide a key information for the tracking, i.e. the number of
interactions in the segment, as well as an accurate determination
of their radial coordinates. The RS algorithm can be used stand-
alone or coupled to a second PSA algorithm when a full 3D
localization of the interaction point is required. A sequence of two
algorithms in cascade could enhance the performances of the
overall process in terms of both execution time and localization
precision. In fact, a main algorithm capable to extract the 3D
interaction positions with the needed precision could be preceded
by another more simple one that rapidly provides partial
information. Indeed, the RS algorithm is designed for this last
purpose and examples of PSA methods that would benefit from a
fast determination of the number of interactions in a segment are
those presented in Refs. [16,17].

In this paper we present the results of the application of the RS
algorithm to real pulse shapes acquired during the in-beam tests
of two different highly segmented HPGe detectors, namely, a 25-
fold segmented HPGe detector denoted with ‘‘MARS’’ [18,19] and
the first AGATA symmetric cluster (composed by three 36-fold
segmented HPGe detectors) [20,21]. Presently there are several
works concerning the PSA analysis on measured pulses [20–29]
but, to our knowledge, this is the first application of a PSA
algorithm for coaxial HPGe segmented detectors, which fulfils the
CPU requirements to run on-line and extracts the number of hits.
Therefore the present algorithm was applied to in-beam data to
extract the number of interactions per segment and their radial
coordinates. Other algorithms exist such as the ‘‘GRID SEARCH’’
described in Refs. [20,21], optimized to provide an efficient
Doppler Correction and which gives an accurate localization only
for the most energetic IP. Similarly, the results obtained using an
in-beam test for a GRETINA detector, reported in Ref. [29], assume
that gamma-ray events in a segment consist of two single-site
interactions. Also in the Compton Imager with HPGe detectors,
with which an impressive spatial resolution was achieved
[30–34], single hit events were selected.

Since it is not possible to know a priori the number of IPs per
segment and their positions for each event acquired in a real
Fig. 1. (a) Layout of the HPGe MARS detector segmentation. (b) Schematic view of the 3

pattern is reported. The figures are taken from Refs. [19,21].
measurement (this is the information that the PSA algorithm is
supposed to extract), RS algorithm performances are evaluated by
comparing the results obtained following its application to
experimental pulse shapes with those extracted using GEANT
simulations. The effect of the electric noise and of the finite
bandwidth of the pre-amplifier on the calculated signal shape was
taken into account [15,35].

The description of the two experiments in which the pulse
shapes were acquired is given in Section 2, while results
concerning the radial coordinate and IPs number determination
are discussed in Section 3. Finally, in Section 4 the discussion on
the RS algorithm execution time performances is presented.
2. The in-beam experiments

The signals analyzed with the RS algorithm were acquired
during two different experiments. The first one was performed at
Legnaro INFN laboratory using the 25-fold segmented coaxial
HPGe detector MARS [18–21] (see Fig. 1a), while the second was
performed at IKP Koeln using the AGATA symmetric cluster
(composed by three 36-fold segmented hexaconically tapered
HPGe crystals, see Fig. 1b). Detailed information on both the
mentioned in-beam tests can be found in dedicated publications
[17–21].

The MARS detector consists of a semi-coaxial n-type HPGe
crystal; it has a cylindrical shape with 90 mm length and 72 mm
diameter. The inner hole has 10 mm diameter and 75 mm depth.
The outer contact is segmented into 25 parts, as shown in Fig. 1a:
there are four subdivisions along the detector axis (‘‘slices’’) and
six angular subdivisions (‘‘sectors’’). In addition a small segment is
positioned at the centre of the detector front face (this is labeled
with an F in Fig. 1a). In the in-beam test of MARS detector a
coulomb excitation reaction of 56Fe accelerated at 240 MeV on
208Pb target was used. Following the transition between the first
excited state and the ground state of 56Fe a 846.8 keV g-ray is
emitted. The detector was positioned at 16 cm distance from the
target and at an angle of 1351 with respect to the beam direction,
which corresponds to 901 with respect to the direction of the
recoils detected using an array of pin diode detectors. The data
acquisition system (DAQ) was composed by an array of seven
digital oscilloscopes LeCroy LT244 [19,36]. These oscilloscopes
have four channels, a sampling rate of 200 MSamples/s and
6-fold segmented, hexaconically tapered HPGe crystal of AGATA. The segmentation
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Fig. 2. Right column: current pulse shapes calculated for different radial position of the gamma interaction inside the AGATA detector volume. All the signals exhibit the

typical peak shaped structure (PSS). Each panel refers to a different AGATA detector segment. The segment number is the same as the one of Fig. 1 and each segment is

representative of one detector slice (6 in total). Left column: for each simulated current pulse the PSS maximum position is plotted as a function of the radial (z in the first

segment) coordinate of the gamma interaction point.
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a resolution of 8 bits. The data have been pre-processed
(as accurately described in Ref. [19]) in order to time-align the
pulses and extract the energy released in each detector segment.
For each acquired event the amount of energy released (cali-
brated, in keV) and the traces (each consisting of 2002 samples for
a time interval of about 1ms) are given.

In the analysis of the data, only the events in which the whole
846.8 keV g-ray energy was released in a single segment
belonging to the quasi-true coaxial part of the detector were
selected. This choice was taken in order to use the signal basis
calculated in the simplest possible situation. In fact, in this case,
deviations in the radial coordinate determination due to the non-
coaxial symmetry of the detector are avoided. In addition, the
selection of events which fully deposit their energy in a single
segment enhances the average number of IPs per segment and,
consequently, makes more stringent the test of the algorithm.

The AGATA symmetric cluster is composed by three 36-fold
segmented n-type HPGe detectors. Each HPGe crystal (see Fig. 1b)
has an hexagonal front face of dimensions 61.1�52.9 mm
extending backwards with a tapering angle of 101; when the
hexagon reaches a diameter of 80 mm the crystal has cylindrical
geometry. The inner hole has a diameter of 10 mm. The total
length of the crystal is 90 mm. The AGATA symmetric cluster in-
beam experiment was performed using the tandem accelerator in
IKP Koeln. The reaction used was 48Ti(d, p)49Ti at beam energy of
100 MeV. Following the transition between the first excited state
and the ground state of 49Ti a 1381.7 keV g-ray is emitted. The
data acquisition system was based on GSI MBS [5,37]. The
germanium signals were digitized using XIA-DGF modules (14
bits, 40 MSamples/s) and consist of 20 samples for a total
sampling time of 500 ns; these cards provide also a measured
value of the net charge deposited inside each segment. In this
measurement the AGATA cluster was placed at about 10 cm from
the target and at an angle of 901 with respect to the beam axis.
The scattered protons of the (d, p) reaction were measured using
an annular DSSSD detector. The acquired signals were first
preprocessed and time aligned by means of a digital CFD as
described in Ref. [21]. As for the experiment with the MARS
detector, also for the analysis of the AGATA cluster data only the
events in which the whole g-ray energy was released in a single
segment were selected. However, in this case, the analysis was not
restricted to segments belonging to the quasi-true coaxial part of
the detector.
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Fig. 3. The radial coordinate distribution of the most energetic gamma interaction,

obtained applying the RS algorithm to the experimental signals acquired during

the MARS experiment, is reported with empty black circles. This is compared with

the expected one, obtained with a GEANT simulation of the MARS experiment [40]

(filled black diamonds). As can be clearly seen, the experimental distribution well

reproduces the simulated one up to R ¼ 2 cm, then it deviates in the outer part of

the detector (2oRo3.5 cm).
3. Pulse Shape Analysis with RS algorithm

One of the basic assumptions of the RS algorithm is the
existence of a direct relation between the current pulse maximum
position and the spatial localization of the interaction [15]. The
validity of this assumption was already verified in Ref. [15] for
both MARS and AGATA crystals, but only in the coaxial part of the
detectors. It is therefore important to assure the validity of this
assumption for the whole volume, especially in the front-end part.
For this purpose the plots in the left column of Fig. 2 show the
relation between the spatial localization of the interaction and the
current pulse maximum position in the signals (displayed in
the right column of Fig. 2) from the MGS calculated basis [38,39]
for an AGATA crystal. The MGS_v5-r2 version was used to produce
the signals of Fig. 2 and for the analysis described in the following
sections as well. Each panel of Fig. 2 is associated to a detector
segment representative of one slice. All the graphs show the
current pulse peak maximum position plotted against the radial
coordinate of the interaction. The only exception is for the bottom
panel (corresponding to the front-end segment) in which the
z coordinate is chosen. This is because of the geometry of the
front-end part of the detector. As can be seen from the figure, in all
the segments, current pulses corresponding to different radial/(z)
coordinate can be easily identified through the position of the
maximum and its width.

As already discussed in Ref. [15] the RS algorithm is
characterized by a parameter (which here we name ‘‘NIT’’) that
defines the multiplicity of the signals considered to represent the
first decomposed interaction. As was shown in Ref. [15] the
algorithm performances can be enhanced increasing the value of
this parameter, at the expense of CPU time. Furthermore, it was
shown that for values of NIT450 the RS algorithm performances
do not increase significantly. Following these argumentations and
the fact that for NIT ¼ 50 the execution time of the algorithm is
still significantly under 1 ms (see Section 4), it has been chosen to
set NIT ¼ 50 for the processing of all the simulated and
experimental data presented in this work.

In all the presented data, for the determination of the number
of IPs (from here denoted as IPn), the RS algorithm makes use of
an important assumption that two disentangled interactions
having the associated pulse shape maxima in the same radial
position are counted as one. This assumption, discussed in
Ref. [15], was used since two signals, with the maxima exactly
in the same radial position, give rise, in most of the cases, to a
signal shape identical to that of one single interaction event,
which is more likely to happen.

3.1. Radial coordinate determination

In this section, the results obtained using the RS algorithm for
the determination of radial coordinate are described. In particular,
the RS algorithm performances are evaluated by comparing the
radial distribution of the events reconstructed by PSA with that
resulting from GEANT simulations. This is the only way to verify
the reliability of RS Pulse Shape Analysis technique when applied
on experimental signals. In fact, for the acquired events, it is not
possible to know a priori, on an event-by-event basis, the number
of interactions per segment and their radial coordinate.

Fig. 3 shows the comparison between the radial distribution of
the IPs measured in the experiment with the MARS detector
(extracted using the RS algorithm) and the simulated one [40].
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The distributions, displayed in the figure, are both normalized to
1. As can be clearly seen, the experimental distribution well
reproduces the simulated one up to R ¼ 2 cm, then it deviates in
the outer part of the detector (2oRo3.5 cm). It is important to
point out that any indication of such a mis-correspondence in the
radial coordinate determination was not found applying the RS
algorithm to simulated events [15]. Furthermore a similar effect
was observed applying a genetic algorithm [18,19], a technique
completely different from the RS, to the same set of data and using
the same signal basis. These arguments indicate that the observed
deviation is most likely due to a mis-correspondence between
the calculated position response and real one in the detector
middle/outer part confirming what was already pointed out in
Refs. [18,19,41]).

In the case of the measurement performed at IKP Koln with the
AGATA clusters, as a consistency check, a set of simulated events
was produced by means of a dedicated GEANT-based code [42]. In
the performed simulation 1381.7 keV g-rays were emitted
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the plots the error bars are smaller than the symbol size.
isotropically towards an AGATA detector from a point-like source
positioned at a distance of 10 cm (i.e. target–detector distance in
the experiment). The detector signals associated to each simu-
lated event were calculated using the MGS [38] basis. These
signals were then superimposed to real noise samples and folded
with the response function of the pre-amplifier [22,35] and of the
anti-aliasing filter [35]. The radial coordinate distribution result-
ing from the GEANT simulation is compared in Fig. 4 with that
obtained following the application of the RS algorithm to the
calculated signals produced from the same simulations. As
expected the two curves match in an excellent way.

In Fig. 5 the simulated radial distribution (thick solid black
line) and the one obtained applying the RS algorithm to the
measured signals (empty black circles+thin solid black line) are
compared. The distributions for segments lying in the same slice
(for all the three crystals) are summed up in order to increase the
counting statistics and thus minimizing statistical fluctuations.
A general agreement between the distribution resulting from the
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GEANT simulation and that obtained applying the RS algorithm to
the measured signals is evident in all panels even though some
deviations are still present.

The excellent matching of the curves displayed in Fig. 4
strongly supports the fact that these deviations are not introduced
by the RS algorithm; they can be attributed instead to a mis-
correspondence between the calculated detector response and the
real one, as in the case of the experiment with MARS detector.

However, it is evident that the mismatch for the distributions
in Fig. 5 (AGATA detector case) is of minor importance with
respect to the one of Fig. 3 (MARS detector case), reflecting the
improvement in the quality of the calculations and in the
understanding of HPGe segmented detectors functioning over
the years (the MARS detector experiment was performed 4 years
before than the AGATA one). The source of the mentioned residual
mismatch could be adduced to the presence of cross talk effects
between the different segments, which has been observed but not
yet included in the calculations [43–45].
3.2. Number of interactions determination

The RS algorithm performances have been evaluated also
by comparing the IPn distribution obtained applying the RS
algorithm to the experimental signals with that resulting
from GEANT simulations. In both experiments the IPn distribu-
tion was extracted from the same experimental dataset used to
extract the radial distributions of Figs. 3 and 5 and the
contributions associated to the different segments were summed
up.

Figs. 6 and 7 show the IPn distributions obtained applying RS
to the signals acquired in the two experiments described and
respectively compared with those resulting from GEANT
simulations. The experimental IPn distribution is displayed with
empty black circles, the one resulting from the GEANT simulation
with filled diamonds. In addition, in Fig. 7, the distribution
obtained applying RS algorithm to the calculated signals has been
added with empty black squares.
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As can be observed, in both cases the experimental IPn
distribution reproduces accurately the expected one. In general,
we have found that, comparing the results of the RS algorithm
(on simulated signals) with the original information from
the GEANT simulation, in more than 80% of the cases both the
IPn and the current pulse maxima position were properly
identified.

The good agreement between simulations and data of Figs. 6
and 7 shows that it is possible to extract from the signals the
numbers of IPs even when there is not a perfect matching
between real signals and the calculated basis as shown in the
previous section. This suggests also that the mismatch is not in
the signal shape but most probably in its association to the
position of the interaction inside the segment.
4. CPU requirements

As already stated in the Introduction, PSA algorithms must
fulfill stringent CPU time constraints (i.e.o1 ms per event). In
Fig. 8 the execution time performances of the RS algorithm are
plotted as a function of the NIT parameter [15]. The two curves are
associated to a maximum number of interactions per segment
disentangled set to 2 (full black circles) and 3 (full black squares)
[15,35]. The processor used is an Intel dual core (using one single
Xeon 3.2 GHz) and the algorithm code (written in C) was compiled
using the gcc-c++-4.1.2-33 compiler. It can be noted that in all the
cases the execution time is below 1 ms. The value of the NIT
parameter used for obtaining the previously shown results is 50
for both MARS and AGATA experimental signals.
5. Conclusion

The results of the application of RS algorithm to pulse shapes
acquired during the in-beam tests of MARS and AGATA symmetric
cluster detectors have been discussed. The algorithm perfor-
mances have been evaluated by comparing the results obtained
following its application to the experimental pulse shapes with
that expected from GEANT simulations. Excellent agreement is
found between the experimental distribution of the number of
interaction per segment and the simulated one. Results on
simulated signals indicate that the limit on the proper determina-
tion of the number of interactions is due to the fact that in some
cases double interaction events and single interaction events are
identical in shape; in particular this happens for nearly the 15% of
the double interaction events (i.e. those for which the current
pulse maxima superimpose). Furthermore, this number is con-
sistent with the saturation in the algorithm performances for the
determination of the number of interactions at about 85% (see Ref.
[15]). Deviations between the experimental radial distribution of
the interaction points and the simulated one have been found and
we expect them to be associated to a mis-correspondence
between the calculated detector position response and the real
one. This is probably caused by the influence of cross talk on the
detector signal shape, which is not taken into account in the used
calculated response.

These results show the improvements in the understanding of
the behaviour of HPGe segmented detectors. The experimental
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fact that deviations exist mainly for radial distributions evidences
(i) the correctness of the signal shapes and a non-perfect
matching between the signals and their localization inside the
detector (ii) the importance of a correct understanding of cross
talk [43–45]. Both effects could be accurately studied experimen-
tally through a detailed scan of the detector, which could provide
signal shapes from localized IPs in situations with and without
cross talk [46–50]. The results here discussed are extremely
encouraging in view of a complete and deep understanding of
HPGe detectors for g-ray tracking and imaging.
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[17] Th. Kröll, D. Bazzacco, Nucl. Instr. and Meth. A 565 (2006) 691.
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