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A new technique for the pulse-shape characterization of g-ray position sensitive germanium detectors

is presented. This method combines the pulse shape comparison scan (PSCS) principle with a g-ray

imaging technique. The latter is provided by a supplementary, high performance, position sensitive

g-ray scintillator detector. We describe the basic aspects of the method and we show measurements

made for the study of pulse-shapes in a non-segmented planar HPGe detector. A preliminary

application of the PSCS is carried out, although a more detailed investigation is being performed with

highly segmented position sensitive detectors.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

g-ray position sensitive germanium detectors will be an
essential tool for the future HISPEC/DESPEC project [1] at
GSI-FAIR. For the high resolution in flight spectroscopy (HISPEC)
project, the Advanced GAmma Tracking Array (AGATA) [2] will be
employed. This is a highly segmented 4p High Purity Germanium
(HPGe) g-ray spectrometer. AGATA will be used to detect electro-
magnetic radiation emitted from recoil nuclei at velocities close
to 50% of the speed of light, thus requiring a high spatial
resolution in order to preserve the good intrinsic energy resolu-
tion of germanium detectors. Such angular or spatial information
can be gained by combining 3D position sensitive HPGe detectors
[3–7] with sophisticated g-ray tracking algorithms (see e.g.
Refs. [8–16]).

In the field of g-ray spectroscopy with implanted exotic ion
beams, a g-ray detection array with high efficiency and energy
resolution is being designed [1] for decay spectroscopy (DESPEC)
experiments. For such measurements, the peak/total ratio as well
as the background suppression will benefit remarkably from the
imaging capability of the germanium detectors [17].
ll rights reserved.
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The 3D position sensitivity of the HPGe detectors is based on
the different shapes of the electrical pulses measured in the
detector for each g-ray interaction position inside the detector
volume (see references quoted above). From this point of view,
the characterization of a HPGe detector means to determine
experimentally a complete database of pulse-shapes at defined
positions, covering the sensitive volume of the detector. This
database can be used afterwards, in combination with an appro-
priate g-ray tracking algorithm, in order to reconstruct the
original trajectory and energy of the g-quanta registered during
a nuclear physics experiment.
2. Concept of the new scanning method

The scanning method reported in this paper is based on the
combination of the pulse shape comparison scan principle (PSCS)
[18] with a g-ray 2D imaging technique. The PSCS represents a
recent approach, which allows one to characterize the pulse-
shapes of a HPGe-detector in much less time than the conven-
tional technique [19]. The PSCS method consists of performing a
comparison of a large number of digitized pulses from two
independent data sets, each one corresponding to g-rays from
a collimated source placed at two orthogonal directions ~a and ~b.
A schematic view of this method is shown on the left side of Fig. 1.
The pulse shape common to both data sets corresponds to the
intersection point p, which is geometrically defined by the two
collimation lines ~a and ~b.
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Fig. 1. (Left) Scanning approach as reported in Ref. [18]. (Right) New method based on a high resolution PSD. See text for details.
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In the present work we report on a novel technique, which
applies the PSCS-principle to data taken with a 22Na-source and
the HPGe-detector in temporal coincidence with a position
sensitive detector (PSD). Such approach is illustrated on the right
side of Fig. 1. By using a PSD, a whole cone A of g-ray trajectories
covers now the entire HPGe volume from the front. The com-
plementary data set needed by this characterization method is
obtained from a concomitant measurement, where the PSD covers
now the cone B (see Fig. 1 right). The pulse shape at a certain
position p is disentangled in a similar way as with the collimator-
based PSCS, from the two data sets ascribed to the trajectories ~a
and ~b. These two intersecting lines are chosen by selecting a
narrow window at the corresponding coordinates of the images
ðA and BÞ taken with the PSD. The main advantage of using the
PSD is that now all the HPGe detector volume is covered in one
single measurement, thus reducing enormously the time needed
to perform a characterization of the entire detector.

PSDs commonly used in medical applications show intrinsic
spatial resolutions of 2–3 mm and a useful field of view (FoV) of
� 10 cm2. This would allow one to scan only small HPGe
detectors (of less than 4 cm diameter) with a spatial resolution
of � 3 mm, or alternatively to scan larger crystals ð � 8 cm
diameter) with a correspondingly worse resolution of � 6 mm.
With the present system we aim at scanning large volume
crystals, like those of AGATA, which have a height of 9 cm and a
diameter of 8 cm. For this reason, we developed a new PSD with
enhanced spatial resolution, linearity and FoV, which make it
more convenient for the present application. This PSD has been
described in detail in Ref. [20].

The mechanical structure of a prototype scanning system and the
features of the PSD are briefly described in Section 3. A spatial
calibration of the system is needed in order to correlate the
measured g-ray positions with the real ones. This is summarised
in Section 4. In Section 5 first measurements with this new scanning
system are presented. The geometric aspects for the data analysis
are described in Section 6. Results from these preliminary measure-
ments are reported in Sections 7–9. Validation measurements
performed with the conventional scanning approach are presented
in Section 10. The main conclusions of this work and its future
perspective are summarized in Section 11.
3. Scanning system

As described in the previous section, this scanning system is
based on the imaging capabilities provided by means of positron
annihilation correlation (PAC) method in combination with a
position sensitive detector. To this aim, a point-like 22Na radio-
active source with an activity of 300 kBq is used, which emits
positrons isotropically. The latter annihilate in the vicinity of the
emission point, thus releasing two 511 keV g-rays in back-to-back
directions. In the ideal case, one of these g-rays is detected with
the PSD, and the other one impinges in the sensitive volume of
the HPGe detector. The positron source is enclosed by a collimator
made of dense and heavy metal, in such a way that on opposite
sides of the collimator conical openings are foreseen in order to
release the g-quanta within the field of view of the PSD (see Fig. 1
right). In this way the background due to scattered g-rays is
remarkably reduced. The source-collimator ensemble is fixed at
� 5 cm in front of the center of the PSD and at � 15 cm from the
optical focal plane of the system, where the HPGe is to be placed.
Two pictures of the system, for two different measurements, are
shown below in Section 5. Due to the optical effects of this 1:3
configuration, the effective spatial resolution (FWHM) is corre-
spondingly worsen from 1 [20] to 3 mm, but the FoV is enhanced
from 19 to 170 cm2. Such configuration should allow us to scan
large volume HPGe crystals, with the required resolution of
o4 mm FWHM. For our application, it is important that the
mechanics of the system are stable enough to keep constant
the relative distances source-PSD and source-HPGe. However, the
knowledge on the exact position of each element is not relevant,
thus an absolute spatial calibration of the system is carried out
(see Section 4).

Both the PSD and the 22Na are mounted on a common
aluminum plate, which is attached to one corner of a cuboid
frame (25�25�38 cm3), made from aluminum MayTecs profiles
[21]. This frame allows us to lift the scanning system with respect
to the table and to reduce background from scattering events. The
cuboid frame if fixed onto a graduated disk of 40 cm diameter,
which allows one to rotate precisely the PSD-source system
around a vertical axis, where the HPGe is to be placed. In this
way, the two measurements designated as A and B in Fig. 1 can
be performed.

The core of the present scanning system is the high perfor-
mance PSD. This detector, its readout electronics and the g-ray
position reconstruction algorithm are described in detail in Ref.
[20]. In order to implement the PSD in the present application,
one needs to perform a spatial calibration of the system, such that
each g-ray hit position measured in the PSD can be translated into
a real (calibrated) g-ray trajectory. This is summarised in Section 4
and described in detail in Ref. [22]. Additionally a geometric model
of the setup is needed, such that the intersection point p between
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two crossing trajectories ~a and ~b can be uniquely determined. The
latter aspects are described in Section 6.
Fig. 2. Scanning system with a planar HPGe detector being measured from the

front (projection A). The PSD is the object on the top-right side of the picture. In

front of it is the Tungsten conical shielding with the 22Na-source inside.
4. Spatial calibration of the scanning device

Due to the geometrical configuration of the scanning system,
with source-PSD and source-HPGe distance relationship of 1:3,
the g-ray hit positions measured with the PSD, and hence the raw
image of any object in the focal plane, appears compressed by
approximately a factor of 3 with respect to its real size. Addition-
ally, corrections for compression effects near the border of the
PSD photocathode have to be implemented as well. In order to
account for these effects, the system is calibrated as it is described
in detail in Ref. [22]. In the latter approach, reference calibration
points were obtained from the PSD image of a steel grid placed at
the focal plane of the scanning system [22]. Two additional NaI
detectors, placed on both sides of the grid were operated in
independent temporal coincidence with the PSD. In such a way, a
511 keV g-ray interaction in the PSD was recorded only when the
other 511 keV g-ray made a Compton scattering on the grid and
impinged on one of the NaI detectors. This imaging technique
allowed us to obtain with the PSD a raw 2D image of the
calibration steel grid. The crossing points of the grid, whose
absolute coordinates in our scanning system are known, served
as reference for deriving position calibration functions. The latter
were obtained following the prescription given in Refs. [23,24]. As
it is described in Ref. [22], average position reconstruction
deviations of o0:5 mm and maximal deviations of about
2–3 mm were obtained in the peripheral region of the FoV.
Fig. 3. Top view of the scanning system when the PSD-source ensemble was

rotated by 901 with respect to the setup shown in Fig. 2 (projection BÞ.

5. Proof-of-principle setup and measurements

Once the system has been optically calibrated a non-segmen-
ted planar germanium detector was placed at its focal plane. This
germanium detector corresponds to the model EGP 2000-20-RX
produced by Canberra Eurisys [25]. It contains a HPGe crystal of
2 cm thickness and 5 cm diameter, which is fully depleted for a
bias voltage of �3000 V. Its relative efficiency is 8% and the
energy resolution at 1332 keV is 1.85 keV. The distance between
the crystal and the cap is 5 mm and according to its specification
sheet the dead-layer of germanium is less than 0:5 mm. It uses the
PSC-822 charge-sensitive preamplifier which can be operated in
pulsed or resistive mode. The aluminum end-cap has a diameter
of 70 mm, a length of 85 mm, a thickness of less than 300 mm and
it is equipped with an entrance window of Be.

Two measurements were carried out. In the first one, the PSD-
source ensemble was pointing towards the front-face of the HPGe
detector, as shown in Fig. 2. In a second measurement, the imager
was rotated by 901 around the HPGe detector (Fig. 3). The
corresponding calibrated PSD images, taken in temporal coinci-
dence with the HPGe detector, are shown in Fig. 4. In the following
these two measurements will be designated by projection A and B,
respectively. The peak-to-noise ratio was the largest (P/N � 99%Þ
by selecting only full-energy events in the PSD, therefore this
condition in the PSD energy spectrum was kept fixed for all the
measurements. It turned out that from the images obtained with
the PSD one can gain different levels of structural details by
selecting specific regions in the energy spectrum of the HPGe
detector. Fig. 4 reflects both Compton plus full-energy events, and
therefore both the sensitive HPGe volume and the dead materials
around it are revealed. Selecting photopeak events only the
sensitive detector volume is reproduced (see Fig. 13). For the aim
of the present work such imaging capability represents a further
advantage, thus it allows one to determine the pulse-shapes
database in an extrinsic (housing based) reference system or in
an intrinsic (sensitive volume based) coordinates system. Further-
more, the sensitive detector volume shows non-uniformities,
which are most probably to be ascribed to electric field effects
and incomplete charge collection. Such phenomena will be dis-
cussed in more detail in a forthcoming publication [26].
6. Spatial reconstruction of crossing c-ray trajectories and
their intersection point coordinates

As it is shown in Fig. 1 (right), for each point p of interest
inside the HPGe volume, there exist two unique coordinates in the
PSD images of the two measurements A and B. In the example
illustrated in Fig. 1 these locations are labeled with (x,y)a and
(x,y)b, respectively. Thus, a 3D geometric model of the scanning
system is needed in order to translate the coordinates of the
crossing point p (in the reference system of the HPGe volume)
into the corresponding coordinates (x,y)a and (x,y)b of the mea-
sured and calibrated images A and B (see also Fig. 4). In analogy
with the conventional PSCS method (Fig. 1 left), these two
locations in the PSD images, (x,y)a and (x,y)b, are equivalent to
place the collimated source at defined positions pointing to the
same point of interest p. This geometric modeling of the scanning
device was implemented in a Cþþ/ROOT [27] program. The input
values are the 3D-coordinates of the point p in the reference
system of the HPGe detector. The equations of the two straight
lines (g-ray trajectories ~a and ~b in Fig. 1) are calculated using the
position of the 22Na source as reference (second point of each
straight line). The program calculates the equation of the two
planes Â and B̂ defined by the front surface of the PSD in each
position A and B. Finally, for the specified point p inside the
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Fig. 5. The 3D geometric modeling of the system used to reconstruct the PSD

coordinates of two g-ray trajectories crossing at a certain point p (red marker)

inside the Ge detector (blue volume). The 2D-planes defined by the FoV of the PSD

are represented by red squares and the 22Na source by small green spheres. Each

couple of back-to-back 511 keV g-rays define one straight line which is repre-

sented in green color. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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germanium volume, the coordinates of interest (x,y)a and (x,y)b

are calculated analytically as the intersection of the two straight
lines ~a and ~b with the two planes Â and B̂ , respectively. The setup
is also represented graphically in order to check for possible
errors. An example is shown in Fig. 5.

This geometric model is also useful in order to correct for
misalignments. In particular, it is difficult to position the HPGe
detector exactly centered in the focal plane of the scanning
system. Such kind of spatial offsets, which are revealed by the
PSD images of the HPGe detector, can be also taken properly into
account within the geometric modeling of the apparatus.
7. First pulse-shape characterization tests

The planar n-type HPGe detector mounted in the new scan-
ning system (see Section 4) was operated in temporal coincidence
with the PSD. The traces from the HPGe preamplifier were
acquired on an event-by-event basis using a VME SIS3301
digitizer from Struck [28]. The digitizer has a resolution of 14
bit and was operating at a sampling rate of 100 MSamples/s.
Readout electronics is described in detail in Ref. [20]. The
acquisition is triggered via the TRIVA module [29], when a logic
coincidence between PSD and HPGe events was in anticoinci-
dence with the system dead-time. For each registered event the
g-ray energy deposited on both PSD and HPGe was acquired
together with the interaction coordinates (x,y) in the PSD and the
corresponding digitized electric signal from the HPGe detector.
The two measurements, A and B, lasted for about one day each
one. The total trigger-rate was around 100 events/s, thus leading
to about 9�106 total events per measurement. The calibrated 2D
images obtained with the PSD are shown in Fig. 4.

Due to the planar geometry of the HPGe detector, one expects
that the pulse-shapes will vary essentially along the detector
thickness, i.e. between the two electrodes. On the other hand, the
pulse-shapes are expected to remain practically constant at a
certain depth for any radial distance. Thus, using only data from
the projection B (side view), a first test was carried out in order to
study the variation of the pulse-shape across the detector thick-
ness. To this aim, squared graphical cuts with an area of
0.6�0.6 mm2 were applied to the PSD image B. Each of such
cuts defines a specific g-ray trajectory ~b and interaction events
corresponding to a certain depth range x7Dx=2 inside the HPGe
crystal (see Fig. 6 left). Thus, there is a parallax uncertainty or
insensitivity range in depth, labeled as Dx in Fig. 6. Neglecting
the mean range of 22Na positrons, which is o0:6 mm in water,
the total spatial resolution in these tests is actually constrained by
the sum of the optical-spatial resolution (3 mm FWHM), the width
of the graphical cut (0.6 mm) and the range in depth Dx. The latter
depends on the depth x itself, as illustrated by the dashed-line in
Fig. 6 right. Thus, the total expected resolution (FWHM) varies
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between 6.5 mm near the nþ and pþ contacts, and 3.6 mm at the
middle-depth of the crystal. It is worth emphasizing that, in
general, this is not the best accuracy that can be expected for this
method, but rather a limitation of the 1D-position sensitivity of
the HPGe detector itself, which leads to the parallax effect
described above. For a highly segmented (3D-position sensitive)
HPGe detector, the parallax Dx would vanish thanks to the
additional information provided by the transient charge signals
[30]. In the latter case, one may expect that a resolution better
than 4 mm FWHM will be preserved in the entire detector volume.

By applying graphical cuts in the PSD image B at central
positions corresponding to depths x of 1, 4, 7, 10, 13, 16 and
19 mm we obtain the pulse-shapes which are displayed in Fig. 7.
These traces have been interpolated to a bin-width of 1 ns and
they have been aligned in time at 1/5-th of the pulse-height. The
rise-times of these pulses at 30%, 50% and 90% of the pulse
amplitude are shown in Fig. 8.
Fig. 9. (Left) Schematic drawing of the planar n-type HPGe detector employed in

this work. (Right) Electric field strength (V/m) as a function of the depth x for a

depletion voltage Vdep ¼�2500 V.
8. Qualitative interpretation of the evolution of the pulse-
shape versus the c-ray interaction depth

The results shown in the previous section can be confronted
with pulse-shapes obtained from theory. To this aim, we show in
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Fig. 9 a schematic representation of our detector, with the pþ and
the nþ contacts on the front and back sides, respectively. In an
ideal planar detector, for a bias voltage of V¼�3000 V, the
electric field strength across the detector depth x can be para-
meterized as EðxÞ ¼ 2xVdep=d2�ðVþVdepÞ=d, where d¼2 cm is the
detector thickness (when fully depleted) and Vdep is the depletion
voltage (see Fig. 9). At low electric field strengths, the charge
carrier velocity is proportional to EðxÞ and is given by ve ¼ meEðxÞ
and vh ¼ mhEðxÞ for electrons and holes, respectively. The propor-
tionality constant is called mobility, and in the general case (see
e.g. Ref. [31]) depends also on the electric field itself. In order to
obtain an approximate analytic expression for the charge induced
in the electrodes due to the drift of an electron–hole pair created
at a g-ray interaction depth x, we apply the so-called asymptotic
approximation, commonly used for the description of short-
channel FET devices [32]. Here one assumes a constant mobility
at low electric fields, and a constant (saturation) velocity in the
higher field region (see Fig. 10). Because the charge carrier
velocity approximated in such way (dashed-line in Fig. 10) is
always larger than the real velocity (solid line in Fig. 10), we can
anticipate that the calculated pulses will be substantially faster
than the measured ones. But qualitatively, the description of the
pulse-shape evolution versus the interaction depth x should
remain valid. Such ansatz is demonstrated experimentally in
Section 10.

With such approximation, the current induced by an electron–
hole pair in the electrodes can be calculated analytically, as
described e.g. in Refs. [33,34], and it is given by

iðtÞ ¼
q

d2
2Vdep

x3
d
�ðVþVdepÞ

� �

� mee�2meVdept=d2

Yðtec�tÞþmhe2mhVdept=d2

Yðthc�tÞ
h i

þ
q

d
vsat

e Yðt�tecÞþvsat
h Yðt�tpcÞ

� �
: ð1Þ

In the latter expression, tec and thc are the times needed for the
electron and the hole to reach the point of the mobility approx-
imation, where the transition from constant mobility to constant
velocity takes place (see Fig. 10). vsat

e ¼ 1:24� 107 cm=s and
vsat

h ¼ 1:03� 107 cm=s designate the approximated saturated velo-
cities of the electrons and holes, respectively. The function YðxÞ is
equal to unity, when xZ0 and zero otherwise. The calculated
pulse-shapes have been convoluted with the impulse-response of
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the preamplifier, which is given approximately by

gðtÞ ¼
expð�t=TdÞ�expð�1:3t2=T2

r Þ

Td�Tr
ffiffiffiffi
p
p

=ð2
ffiffiffiffiffiffiffi
1:3
p

Þ
: ð2Þ

Tr C35 ns and TdC50 ms are the rise- and decay-times, respec-
tively. In order to compare the theoretical results with those
obtained experimentally (Section 7), the calculated pulses have
been aligned in time following the same procedure as with the
experimental pulses, i.e. to 1/5-th of the pulse amplitude. Finally,
in order to account for the effective spatial resolution of the setup,
the theoretical pulses have been spatially averaged over the
depth-dependent resolution (Fig. 6).

The rise-times calculated in this way for different g-ray
interaction depths are displayed in Fig. 11. The latter are to be
compared versus the experimental rise-times shown in Fig. 8. In
both cases, the parameter which seems to be most sensitive to the
interaction depth is the time needed to reach 90% of the full pulse
amplitude. For short interaction depths of few mm, the rise-times
are dominated by the time needed by the electrons to reach the
nþ electrode. Thus, near the front surface (pþ contact), the T90

rise-time is about 20% larger than in the central region of the
detector (x¼8–10 mm), where both electron and holes contribute
in a similar amount to the rise of the electric pulse. Finally, both
experimentally (Fig. 7) and theoretically (Fig. 11), the T90 rise-
time is largest near the rear side of the detector at interaction
depths of x¼16–19 mm (close to the nþ electrode), where the
lower mobility of the holes constrains most the charge collection
time at the front pþ contact.

The experimental and theoretical values of the rise-time at
30% and at 50% of the pulse amplitude (bottom panels in
Figs. 8 and 11, respectively) seem to be less sensitive to the
g-ray interaction depth, but still, the measured rise-times follow
the main features of the predicted rise-time behavior versus
interaction depth. It is worth emphasizing that the calculated
rise-times are expected to be substantially faster than the
experimental ones. This is due to the approximations used in
the theoretical pulse-shapes, which systematically overestimate
the charge carrier velocities (see Fig. 10). On the other hand, one
can study the rise-time variations at several depths. Indeed, the
absolute variation of the rise-time between x¼10 and 16 mm
shows an excellent agreement, namely a variation of DT90 ¼ 60 ns
for both theoretical and experimental rise-times. Also between
x¼1 and 10 mm, both theoretical and experimental rise-times
show a similar rise-time increase of DT90 ¼ 40245 ns. The experi-
mental pulse-shapes, however, do not show the smooth variation
of the T90 rise-time, which is expected for depths xZ16 mm.

It is worth mentioning that the electron and hole drift velocity
parameterizations used for the calculation of the pulse-shapes
(see Fig. 10) correspond to the principal crystallographic direction
/1 0 0S. When instead one uses the velocity parameterization for
the /1 1 1S direction (e.g. from Ref. [31]), a rather different
evolution for the rise-time versus the interaction depth is
obtained. In the latter case the T90 versus depth x curve shows
similar T90 values at x¼1 and 19 mm. This result reflects the
lattice orientation of the HPGe crystal in the detector, whose
/100S direction seems to be parallel to the electric field ~E
between both detector electrodes.

Below 50% of the pulse amplitude, the experimental pulse-
shapes seem to be not so well determined as in the upper-half of
the pulse. Still, T30 and T50 follow roughly the predicted behavior
for the trend of the rise-time with respect to the g-ray interaction
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depth, with maxima near the front and rear crystal surfaces (see
bottom panels in Figs. 8 and 11).

In summary, the qualitative consistency obtained experimen-
tally for the T90 behavior versus the g-ray interaction depth
indicates the capability of this new system for studying the
spatial dependence of the pulse-shapes in germanium detectors.

A deeper insight in the performance of our system may be
gained by comparing the experimentally determined pulse-
shapes versus the predicted ones. The calculated pulses are
shown in Fig. 12. In general, one can observe a much smoother
variation of the experimental pulses (see Fig. 7), when compared
to the theoretical ones. Also the pulses calculated for different
depths are more separated from each other. Still, the main
features are consistent. The slowest pulse is in both cases at a
depth of 19 mm, followed by the one at 16 mm. The fastest pulses
(shortest T90 rise-times) occur in the central region of the HPGe
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its diameter (bottom). The meaning of the dashed-line in the top-left panel, and the sh
crystal, at depths of 7–10 mm, yielding essentially the same
electric pulse-shape. Near the front pþ contact, at small interac-
tion depths of 1–4 mm, the pulses become again slower. How-
ever, in this case the higher mobility of the electrons prevents the
pulses to be so slow as in the rear side (16–19 mm).
9. Preliminary tests combining the PSCS method
with c-ray imaging

In a planar detector the form of the electric pulse is expected
to vary only along its depth x, as it is shown in Figs. 7 and 12.
Therefore, a data set of pulse-shapes fSig~a , associated with a g-ray
trajectory ~a (see Fig. 6 left), which crosses the front and rear
surfaces of the detector, will potentially contain all possible
pulse-shapes.

In the present test we apply the PSCS principle [18] in order to
extract from that rather global data set of traces fSig~a , the average
pulse-shape corresponding to a certain depth region x7Dx=2. To
this aim, a w2 comparison between both data sets fSig~a and fSjg~b is
carried out in a similar way as reported in Ref. [18]. In the present
case, the pulses in the group fSjg~b define the corresponding depth
range x7Dx=2, as it is shown in the left-hand side of Fig. 6.
The indexes i¼ 1, . . . ,n and j¼ 1, . . . ,m indicate a particular pulse
Si or Sj in each one of the two data sets, with n and m pulses,
respectively.

The two specific trajectories, ~a and ~b, which intercept inside
the HPGe volume, are selected by putting a graphical cut on both
PSD images, A and B. The exact position of the cut is determined
via the geometric model described in Section 4. An example is
shown in the left panels of Fig. 13, for two central trajectories ~a
and ~b intercepting at the center of the crystal.

As in the previous test (see Section 7) the graphical cut was
chosen small ðDx�Dy¼ 0:6� 0:6 mm2) compared to the expected
effective spatial resolution of the system (Fig. 6).
Depth (mm)
0

Distance from border (mm)
0 5 10 15 20 25 30 35 40

2 4 6 8 10 12 14 16 18 20
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Using the w2 definition, each pulse Si is compared versus each
pulse Sj, for all pulses i¼ 1, . . . ,n and j¼ 1, . . . ,m, in the two data
sets,

w2
i,j ¼

Xkmax

k ¼ k3

ðSi,k�Sj,kÞ
2

sisj
ð3Þ

the index k designates the number of the time-bin or channel of
the traces (interpolated down to 1 ns time-width). The sum starts
from the sample k3, where the pulses have been time-aligned, and
ends at the bin kmax, where the latest maximum of any of both
pulses Si or Sj happens. si and sj represent the root mean square
(RMS) deviation due to the electronic noise in each pulse Si and Sj,
respectively. The distribution of reduced w2

i,j=N values for the
previous example is shown in Fig. 14. The total number of entries
in this w2 distribution is given by the product of the number of
entries in both cuts ~a and ~b, which in this example of central
trajectories corresponds to n�m¼ 297� 824¼ 2:4� 105 pulses.
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9.1. Results for different w2 thresholds

In a first attempt, by means of a Monte Carlo simulation, we
estimate the expected number of ‘‘good’’ pulses in the
w2-distribution. The results are shown in the right side of
Fig. 13 at the example of the aforementioned graphical cuts. By
means of the simulation one can take into account the g-ray
absorption inside the Germanium volume of the detector. The
histograms in the right-hand side of Fig. 13 reflect the expected
distribution of photoelectric events, and they have been normal-
ized to the total number of entries in each cut ~a (top) and ~b

(bottom). The shaded regions show the estimated number of good
events in the intersection of both cuts. In the front cut ~a the
number of good events is determined by the effective spatial
resolution along the depth x, which is displayed in Fig. 6. Because
of the planar geometry of the detector, in the side cut ~b almost all
the events are expected to be good events. In this case we assume,
based on the conical-truncated cross-section shape of the HPGe
sensitive volume (bottom-left panel in Fig. 13) that for a certain
depth x all events in a central region of � 2 cm will show similar
pulse-shapes (dashed-line in top-left panel of Fig. 13). The
product of the number of events in each shaded region,
n’�m’¼138�158¼2.1�104, represents the estimated number
of true pairs of equivalent pulses in both data sets. This corre-
sponds to the shaded region in the w2-distribution of Fig. 14. The
expected number of good events can be calculated in this way for
any depth x. The pulse-shape averaged over all that MC calculated
χ2/N
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Fig. 14. Distribution of reduced w2 values corresponding to the comparison of

pulses associated with two g-ray trajectories ~a and ~b . See text for details.
expected number of good events, for several depths x, is shown in
Fig. 15 together with the corresponding rise-times.

It is worth emphasizing two aspects. On one hand, the
evolution of the upper part of the pulse-shapes versus the g-ray
interaction depth also shows a good consistency with the beha-
vior expected from the theory (Fig. 12). Additionally, the smooth
evolution of the T90 rise-time beyond x¼16 mm is also repro-
duced experimentally. The T90 values are now smaller and some-
what closer to the expected rise-times (see also Section 10), than
the results obtained in Section 7. This seems to indicate that by
means of the PSCS one can remove some of the slower pulses,
which might arise from the peripheral region of the crystal.
Indeed, when one chooses a peripheral cut at a radial distance
of r¼1.5 cm, the value of T90 at a depth x¼19 mm is � 20 ns
larger than for the central trajectory analysis discussed above.

Below 50% of the pulse amplitude, the pulse-shape still
remains almost constant and rather insensitive to the g-ray
interaction depth. Also, the absolute value of the rise-time at
the middle of the detector thickness (x¼10 mm), is about 50 ns
larger than the expected value (see Section 10). These aspects
may be connected, on one hand, with spurious or background
signals which still contribute to the shape of the average trace,
but which cannot be effectively removed via the PSCS because of
the 1D-sensitivity of the present planar detector. On the other
hand, there is an effect due to the electronics used for the
digitization of the signals (see later Section 10). A more elabo-
rated data analysis procedure, based on the PSCS in combination
with several w2 and pulse-shape frequency thresholds will be
described in more detail in a forthcoming publication [26].
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10. Validation measurements using the
conventional approach

The experimental results obtained thus far with this new
technique have been interpreted on the basis of theoretical
pulse-shapes, which were obtained under certain approxima-
tions. In order to validate them experimentally, the electric pulses
of the planar HPGe detector were determined also by means of
the well established conventional approach, which uses a colli-
mated g-ray source and collimated side detectors. To this aim the
scanning facility at IPHC-Strasbourg was used. It consists of a
137Cs-source with an activity of 480 MBq. A narrow g-ray beam is
defined using a collimator with a hole diameter of 1.5 mm and a
length of 17 cm. This collimated source is placed on a horizontal
XY moving table. The Z-position is defined by a slit of 1.5 mm in
5 cm lead collimator. The scattered g-ray is detected by a 1 in.
cubic BGO scintillator. A picture of the setup is shown in Fig. 16.
The planar HPGe detector was placed vertically. Pulses of the
HPGe detector were acquired and digitized on 14 bit resolution at
a sampling rate of 100 MHz using TNT2 digitizers [35]. In the data
analysis, events are selected only if the g-ray of 662 keV from the
Cs-source undergoes a 901 Compton scattering in the HPGe
volume and enters through the lead collimator into the BGO
detector. A time window of 300 ns was setup for the coincidences
between the HPGe and the BGO detectors. Energy windows on the
BGO of 288 þ90

�80 keV and on the germanium of 37476 keV were
applied on the energy spectra in order to select the proper events.

Due to a mechanical limitation, only crystal depths between
x¼6 and 19 mm could be measured. The pulse shape was
determined in the central region of the crystal (r¼0) for six
different depths, at x¼6,9,11,14,18,19 mm. The traces were inter-
polated down to 1 ns bin-width and they were time-aligned to
1/5-th of the pulse-height. The resulting pulse-shapes for each
depth, averaged over about 150 traces, are displayed in the top
panel of Fig. 17. For comparison, the corresponding theoretical
pulse-shapes calculated as described in Section 8, are displayed in
the bottom panel of Fig. 17.

The pulse rise-times obtained with the conventional approach
are represented in Fig. 18 for the measured depths. In general, the
evolution of the rise-time versus the g-ray interaction depth in
the HPGe crystal follows the same trend as the one predicted from
the theory (Section 8) and the one obtained experimentally with
the new method (Section 9). In particular, the T90 distribution
shows a minimum at around x¼9 mm and it follows a similar
rise-time dependence on the g-ray interaction depth, as the one
obtained via the PSCS with imaging method described in Section 9
Fig. 16. Scanning facility at IPHC used for the characterization of the pulse-shapes

in the planar HPGe detector.
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Fig. 18. Rise-times at 90% of the pulse-height (top) and at 30% and 50% of the

pulse-height (bottom) measured via the conventional scanning approach.
(see Fig. 15). The absolute values of the T90 rise-times are,
however, about 50 and � 20 ns shorter in the middle and in the
deeper region of the crystal, than the results obtained with the
new approach (Section 9). The T30 and T50 rise-times are about a
factor of two shorter, than the values obtained with the new
method (Section 9). Such discrepancies should be mostly ascribed
to two reasons. On one hand, the planar detector implemented for
this study shows only 1D-position sensitivity, i.e. the electric
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pulse-shapes vary only along its thickness and not in the radial
direction. Therefore the PSCS-principle is not expected to perform
optimally in this case. The PSCS is thought to work best with
2D- and 3D-position sensitive HPGe detectors where, unlike with
the present planar detector, one can expect a unique pulse shape
at the crossing point between the two trajectories ~a and ~b. A
proof-of-principle of the PSCS with imaging method presented
here has been carried out with a 36-fold segmented AGATA
detector, and the results will be published in a forthcoming paper
[30]. On the other hand, the 20–50 ns rise-time discrepancies
between the classical and the new approach have to be also
partially ascribed to the differences in the digitizer-modules
employed in these two systems. Indeed, the bandwidth of the
analogue input stage of the SIS3301 module employed in the new
system (Section 7) is smaller than the bandwidth of the TNT2-
modules used in the conventional system (Section 10). Thus, the
smaller bandwidth of the new system leads to an attenuation of
the higher frequencies of the signals before digitization, which
yields remarkably smoother and slower pulses. This aspect
reflects the relevance of using same digital electronics for both,
characterization and real spectroscopy measurements.
11. Conclusion and outlook

A new method for the characterization of g-ray position
sensitive HPGe detectors has been described in this work. This
approach is based on the combination of the pulse shape compar-
ison scan (PSCS) principle with a positron annihilation g-ray
imaging technique. In this paper the principle and the basic aspects
of the method are introduced. To this aim we have used a rather
simple, non-segmented, planar HPGe detector, where the evolution
of the electric pulse-shape versus the g-ray interaction depth can
be calculated rather reliably. The implemented imaging technique
allows us to obtain a picture of the sensitive HPGe volume from
different views. These images are used in order to test the ability of
the PSD in terms of selecting specific g-ray trajectories. The latter
are applied, still in a preliminary way, in order to characterize the
pulse-shape at different depths, and also to test the PSCS for this
particular setup. A proof-of-principle of the approach presented
here is being carried out with a segmented AGATA detector [30].
The latter should allow us to determine the level of spatial
accuracy that can be attained with this new method.
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