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Final posi*on resolu*on depends crucially on the quality of the signal basis  
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Calculate Path of Charge Carriers 
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How to generate a signal basis? 
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Calculate Path of Charge Carriers 
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Figure 11: Reconstruction of the doping profile using the coaxial approximation for the last 4 rings of electrodes in the AGATA detector. The four

graphs correspond to the four rings of segments. The graphs are ordered according to the physical order in the rings, starting with the back ring

with largest diameter on top. In each of the four plots, six graphs are shown corresponding to the six segments in the corresponding ring.
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Deple*on of an AGATA detector calculated with ADL 

Space Charge Distribu*on of the  
last 4 rings of an AGATA detector 

B. Birkenbach et al. accepted by NIMA (2011) 

B. Bruyneel et al. accepted by NIMA (2011) Figure 1: Influence of the space charge on the core signal rise times in

the coaxial part of an AGATA detector. The signals are simulated with

realistic parameters for three fixed positions as shown in the insert.

The space charge was assumed to be constant throughout the crystal,

and was changed between 0.5 and 1.2 · 1010/cm3.

tector. The concentration varies from crystal to crystal52

and even throughout the volume of the crystals. These53

individual concentrations are created during the crys-54

tal growing process. The crystal manufacturer typically55

provides measured average impurity concentrations for56

the top and bottom of the crystal from a Van der Pauw57

measurement [5]. In practice, the provided values seem58

to be an approximation to the true bulk space charge,59

as there is often a contradiction between the given mea-60

sured values and the observed depletion voltage.61

The direct influence of the space charge on the detector62

signals is shown in figure 1. Signals for three fixed posi-63

tions in the coaxial part of the detector – near the outer64

segmentation, near the average radial position and near65

the core electrode – were calculated assuming realistic66

parameters. (Preamplifier responses were not included.)67

For an extensive explanation on the shape of these sig-68

nals, see e.g. [6]. For each of these positions, the space69

charge was assumed to be constant throughout the crys-70

tal, and was changed between 0.5 and 1.2 · 1010/cm3.71

One observes that variations larger than 10% were ob-72

tained. The consequences for PSA follow from the fact73

that these variations are of the same order as the influ-74

ence of the crystal orientation, which is known to play a75

crucial role in PSA [7].76

In this paper we discuss a new and independent method77

to access the space charge variation throughout the bulk78

volume of a segmented HPGe detector and to recon-79

struct the physical geometry of the depleted germanium80

material. Although intended for n-type AGATA detec-81

tors [8], this method is potentially more widely appli-82

cable to other segmented detectors based on semicon-83

ductor material. The method is believed to be very84

beneficial for optimization of PSA with these special-85

ized detectors. Besides the HPGe based tracking spec-86

trometer AGATA and GRETA also other detector ar-87

rays like GERDA [9], Majorana [10], Compton imag-88

ing detectors or imaging detectors for homeland secu-89

rity [11], waste management monitoring and medical90

applications [12] may benefit.91

2. About the method92

To identify the impurity concentration in HPGe, several93

methods exist [13]: chemical analysis, ultraviolet spec-94

troscopy, neutron activation, low temperature photolu-95

minescence, Fourier-Transform-Infrared-Spectroscopy,96

secondary ion mass spectroscopy, Rutherford backscat-97

tering, Röntgen fluorescence. Most of these techniques98

cannot be applied to our crystal as they are destruc-99

tive or need a direct access to the germanium surface,100

which due to the encapsulation technology is not possi-101

ble. Only Deep-Level Transient Spectroscopy (DLTS)102

is non-destructive and could be applied for identifica-103

tion of the impurities. However DLTS would require a104

dedicated cryostat for a controlled heating of the crystal.105

Nuclear spectroscopic methods are also applicable. For106

instance the bias voltage dependent measurement of the107

!-ray detection e!ciency of the crystal combined with108

a comparison to Monte-Carlo simulations. Or the deter-109

mination of the depletion boundary using a collimated110

gamma source in a scanning system. This approach was111

realized recently with an AGATA crystal at the Liver-112

pool scanning table [14].113

Finally a capacitance-voltage (CV) measurement [15]114

is a non-destructive technique which has the great ben-115

efit that it can be applied directly to a working detector116

in its final assembly. It is based on a measurement of117

the capacitance of the detector as function of the bias118

voltage. The method dates back to the early work of119

Shockley [16] and has become a standard quality con-120

trol technique in the production of silicon wafers. In the121

case of planar probes it allows to extract a profile of the122

impurity concentration as function of the depth d below123

the surface. The doping profile reconstruction is based124

on the following two equations:125

C(d) =
"A

d
(1)

N(d) = !
C
3

"eA2

!

dC

dV

"!1

(2)

The first equation is the well known equation for a paral-126

lel plate capacitor with a medium of permittivity " and127
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Signal Basis calculated with ADL 
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Performance of AGATA 
FWHM   Method          Reference     
5.2mm   Doppler correc*on meas.  F. Recchia et al. NIM A (2009) 
4.0mm  Doppler correc*on meas  P.‐A. Söderström et al. NIM A (2011) 
3.5mm  511keV source meas.    S. Klupp, M.Schlarb, R. Gernhäuser  

               (HK 54.1) 

Eγ = 1332 keV               net‐charge in C3, E1, E3  
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Convolu*on Crosstalk 
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such g-rays in the photopeak. Evidently, as prerequisite, a good
add-back resolution of the segment energies is assumed.

2. Motivation

Unsegmented HPGe detectors provide an outstanding energy
resolution for g-ray detection. However, in highly segmented
detectors, this quality is not readily obtained for the additional
segment energies due to the mutual influence of the involved
detector channels. The main advantage of the novel highly
segmented detector type is the additional pulse shape and energy
information from the segmented outer contacts which allows a
refined analysis of the g-ray energy deposition within the HPGe
detector volume by including the distribution of the energy into
the available 36 detector segments. In a real experiment the
number of segments firing depends strongly on the g-ray energy
of the individual event.

One experimental challenge in the operation of these detectors
is the crosstalk between all the segment signals and the core
signals which are all coupled via the capacitances of the bulk Ge
material creating an electronic network. An intrinsic property of
the highly segmented Ge detectors is the influence of this
coupling on the pulse shapes and the observable energy signal.
The primary and most severe consequence of this electronic
coupling or crosstalk between all channels is a shift in the
measurable g-ray peak energies and the degraded energy
resolution (see Ref. [7]). Both effects are linearly dependent on
the multiplicity of firing segments or the segment fold. These
properties result from the intrinsic properties given by the
detector design.

With transitions from g-ray sources, e.g. 60Co and Eg !
1332:5keV the segment multiplicity dependence of the measured
energy in a large volume AGATA detector was examined for
segment folds up to seven. The segmented detector allows the
analysis of the energy measurement by using either the informa-
tion from the central core contact or the sum of the energies
provided by the individual segments. The comparison of the
measured energies shows clear differences between the core and
the segment sum energies as a function of the segment multi-
plicity. An investigation of the peak position of the Eg !
1332:5keV line yielded a considerable shift of the segment sum
energy peak position of more than 2 keV per fold to lower energy
values (see Fig. 2). The corresponding Full Width Half Maximum
(FWHM) values of the energy peaks is deteriorated by 0.5 keV per
fold unit.

The results related to the segment sum energy are caused by
the inherent crosstalk properties of the segmented Ge detectors. A
detailed quantitative description of this behavior is obtained by
employing an electronic model of the Ge detector and its first
preamplification stage as reported in Ref. [8]. Therein the
emphasis was given to the basic detector properties and a
detailed modeling in order to describe especially the dependency
of the segment sum energy in twofold events and its various
segment combinations.

In this present paper a new method is described to eliminate
the unwanted energy shifts and peak broadening in highly
segmented HPGe detectors. The method allows to retrieve the
intrinsic high energy resolution for all energy signals independent
on the segment multiplicity. The basic idea is to transform a
vector of recorded energy information from all signals linearly
into a corrected vector of energy information. The matrix
elements of the transformation are deduced in two different
ways frommeasurements with standard g-ray calibration sources.
The procedure does not take considerably longer than a standard
calibration measurement. The result of the correction method
shows aligned segment sum energy peaks independent of the
segment fold. The energy resolution of the corrected segment
energy peaks is enhanced for the new 36-fold segmented AGATA
detectors.

After a first analogue pre-amplification stage the signal is
immediately digitized. Further signal processing in highly seg-
mented detectors is done by modern Field Programmable Gate
Arrays (FPGAs) and Digital Signal Processors (DSP) as main part of
the subsequent digital electronics. Therefore it is desirable to use a
fast and effective correction method which is executed on an
event-by-event basis and can be implemented as an algorithm
into the online software of the data acquisition system. At this
preparatory stage of the development, our crosstalk correction
was performed off-line on an event-by-event basis.

3. Experimental setup

Most of the data was taken from an encapsulated, tapered,
semi-hexagonal cut, symmetric AGATA detector (S001) at IKP,

Fig. 1. Schematic drawing illustrating the basic principle and efficiency gain in
segmented detector arrays over standard technology: in a traditional g-spectro-
meter, all three g-rays would add to the Compton background or would be rejected
if anti-Compton shields were used. The new tracking technology allows to recover
such events in the photopeak by identifying the individual interaction points and
reconstruction of the scattering path of individual g-rays.
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Fig. 2. Segment sum energy peaks for the Eg ! 1332:5keV transition from a 60Co
source are shown as a function of increasing segment fold. The calibration was
performed for onefold events. For fold values from 1 to 5 the peak position is
shifting by 2.32 keV per fold unit and the energy resolution is decreasing typically
by 0.5 keV (Full Width Half Maximum) per fold unit. The measurements were
performed with the AGATA detector crystal S001 in a single test cryostat.
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direct neighboring segments, the values were shown as function
of the difference between row and column numbers. The enlarged
crosstalk between neighboring segments shows up clearly at
numbers (jrow! colj " 1 and jrow! colj " 6). As discussed before,
the encapsulation technology does not allow for a direct

measurement of the segment-to-segment capacities and a large
uncertainty on these capacities is expected. Obviously, adjacent
segments have a pronounced capacitive coupling, compared
to other segment combinations, which makes these segment
combinations more vulnerable for crosstalk. However, in all three
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Detec*on of Gamma rays with HPGe Detectors 
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Performance of AGATA 

5.2 Discussion

Table 5: Parameters obtained when fitting eq. (12) (s0) and eq. (14) (w0 and w1) to the data in fig. 17 for each !-ray transition individually and for
all the data simultaneously.
E!0 w0 w1 s0

(keV) (mm) (mm) (mm)
246 1.6 ± 1.4 8.4 ± 1.4 9.7 ± 0.6
770 3.8 ± 0.5 5.4 ± 0.9 11.61 ± 0.34

1352 2.8 ± 0.6 4.6 ± 1.5 11.4 ± 0.5
1823 3.1 ± 0.5 4.6 ± 1.6 13.9 ± 0.4
2333 3.0 ± 0.5 4.1 ± 1.6 13.8 ± 0.6
3905 4.7 ± 1.2 1 ± 6 25.1 ± 1.2
All 2.70 ± 0.17 6.2 ± 0.4 12.47 ± 0.20
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Figure 16: Interaction position resolution from the full data set with-
out cut on (", #) as a function of !-ray energy for di!erent interac-
tion mechanisms: photoelectric e!ect (circles), Compton scattering
(squares), pair production (triangles). The error bars due to statistical
errors only. The estimated systematic errors are shown as the filled
histogram (see text).
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Figure 17: Interaction position resolution as a function of the energy
of the first interaction point for the six selected ! ray transitions, from
the data set with a cut on (", #). The error bars are due to statistical
errors only. The smooth lines are fits of the functions of eq. (12)
(dotted line) and eq. (14) (solid line).
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FWHM   Method        Reference     
5.2mm   Doppler correc*on meas.  F. Recchia et al.  

             NIM A (2009) 
4.0mm  Doppler correc*on meas   P.‐A. Söderström et al.  

             NIM A (2011) 
3.5mm  511keV source meas.    S. Klupp, M.Schlarb,  

             R. Gernhauser,  
             (HK 54.1) 
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Convolu*on Transfer 
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(Preamplifier) 

charge, electron mobility and hole mobility. Second,
parameters which characterizes the influence of the analog
front end electronics including response functions and
crosstalk. Theoretically both sets of parameters are
independent, however in reality information on the
mobility cannot be obtained without a proper knowledge
of the influence of the measuring circuitry. A good
implementation in the simulation of the properties of the
analog front-end electronics is therefore essential to derive
meaningful conclusions on the detector crystal properties.

In this paper the precision and effectiveness of the new
characterization method will be demonstrated on a 12-fold
segmented HPGe MINIBALL detector [4]. We will deal
with the procedures involved in the characterization of this
detector crystal in detail starting from a thorough analysis
of the acquisition systems response.

A schematic overview of the experimental setup is shown
in Fig. 1. The MINIBALL detector consists of a tapered,
semi-hexagonal cut encapsulated crystal which allows for
close packing. The detector has a six fold angular
segmentation of the outer contact and a single segmenta-
tion line in depth. This extra segmentation line is
positioned at a depth of 26mm, dividing the crystals
length in two unequal parts of which the smallest, the six
front segments, have just half the length in depth of their
six back neighbors. The core as well as the 12 segments are
equipped with cold FET technology for optimum noise
performance and PSC823 preamplifiers [4,5] which were
specially designed for MINIBALL. The twelve segment
signals plus the core signal were read out using four DGF-
4C modules [6]. Such modules have 4 channels each
providing 12 bit precision at a 40MHz sampling rate. One

module was reserved for the core signal. This module was
configured as the master and triggered the other modules
receiving the segment signals.

2. Response functions

2.1. The analog front-end response

As indicated in Fig. 1, the signals digitized in the ADCs
differ considerably from the current signals produced in the
detector. The detector currents are integrated and amplified
under action of the charge sensitive preamplifiers. The
output of the preamplifier is proportional to the charge
collected at the detector electrodes. Using an appropriate
description of the charge dynamics and weighting poten-
tials, the charge signals are calculated as they appear on the
electrode surfaces of our detector. To compare these
signals with the signals as registered by the ADCs, one
has two options. The simulation either is convoluted with
the response functions of a preamplifier, the Nyquist filter
and amplifier stage in the DGF or the measurement is
deconvoluted with these responses. Since the second option
is a mathematical ill-posed problem, the first option is
preferred.
The straightforward way to measure these responses is to

use a pulse generator. In the cryostat of the detector under
measurement (as well as in all MINIBALL detector
cryostats) no test input is available. Therefore, the response
of the detector/preamplifier stage was simulated with a PB-
4 Pulse Generator with measured 46.5–49 ns rise time and
50ms fall time. These values correspond to the real transfer
function of the PSC823 charge sensitive preamplifier. This
pulser signal P!t" was fed directly into the DGFs. The
derivative of the pulser signal as recorded by the DGF can
then be taken as the combined response function of
preamplifier and DGF.
Since finally an averaging procedure is applied to the

traces, also the influence of this procedure in the simulation
has to be taken into account. A simple way to deal with this
is by absorbing the effect of the averaging procedure in the
response function. Therefore about a thousand of these
pulser signals were recorded for each channel of the DGFs.
The average of these traces was taken analogously to the
procedures the real data is submitted to. In this way, the
influence of the averaging procedure is passed onto
the response function.
The averaged response functions were found to be in

good agreement with theoretical expectations for the
electronics shown in Fig. 1. The theoretical model for the
response function R!t" consist of the derivative of
the pulser signal P!t", as measured by a high quality
oscilloscope, four times convoluted with the response of a
first order Nyquist filter to obtain the forth order anti-
aliasing filter present in the DGFs (corner frequency
F c # 20MHz) and finally convoluted with the response
of the averaging procedure. The latter is shown in the next
section to correspond to a symmetrical triangular function
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Fig. 1. A schematic overview of the experimental setup. The large volume
HPGe detector has a 12-fold segmentation. The preamplifiers are
equipped with cold FETs. Their signal is digitized using four DGF-4C
ADC modules.
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Different Tracking Algorithms 

30). The Geant simulations are performed neglect-
ing the electron path. The reconstructed spectra
obtained are similar with both tracking methods.
In all the reconstructed spectra, the escape peaks
following pair production by the high energy
transitions in the band are clearly visible. The
reconstruction efficiency is obtained after back-
ground subtraction. The results are reported in
Fig. 8. For multiplicity 1 the reconstruction
efficiency is X50% for the back-tracking algo-
rithm and X70% for the forward-tracking algo-
rithm. At higher multiplicities, the reconstruction
efficiency drops to ! 30% for the back-tracking
algorithm and 50% for the forward-tracking
algorithm. The dip in the back-tracking plots to
around 350 keV is due to the single-interaction
treatment: the ratio of photo-peak to total cross-
section at this energy is of the order of the
threshold set to accept single interaction points
(0.15). Forward-tracking is more efficient than
back-tracking over a broad range of energies,
except below 200 keV for multiplicity 30 events.
This is due to larger summing probability: instead
of being properly reconstructed, the 80 keV,
170 keV and, to a lesser extent, the 260 keV
transitions contribute to creating spurious peaks

when their corresponding interaction points are
combined with interaction points belonging to
other transitions present in the event. Enlarging a
portion of the reconstructed spectra in Fig. 7, one
obtains the spectra shown in Fig. 9. In the
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Fig. 7. Bottom panel: original simulated spectrum correspond-
ing to the response of Geant4 to 50 000 incident photons of
energy 80–2.690MeV with an energy spacing of 90 keV. Middle
panel: reconstructed singles spectra with the forward-tracking
algorithm (red line) and the back-tracking algorithm (blue line).
Top panel: reconstructed multiplicity 30 events.
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Fig. 8. Reconstruction efficiencies for multiplicity 1 (bottom
panel) and multiplicity 30 (top panel) events as a function of g-
ray energy. The open squares correspond to the results obtained
with forward-tracking and the filled circles correspond to back-
tracking. Simulations were performed neglecting the electron
path.
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Fig. 9. 850–1.1MeV interval of the reconstructed rotational
spectra of Fig. 7. The left-hand panels correspond to the back-
tracked multiplicity 1 (bottom panel) and 30 events (top panel).
The right-hand side panels correspond to the forward-tracked
rotational cascades.
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development of tracking algorithms. The aim of
tracking is to disentangle all the interaction points
in an event and determine the total energy and
emission direction of the photons which have been
fully absorbed in the spectrometer.

Currently, tracking algorithms can be divided
into 2 classes: algorithms based on back-tracking
[8–10] and algorithms based on clusterisation
[11–13] and forward-tracking. Both are inspired
by the particular properties of the interaction of
photons with matter. For photon energies of
interest (tens of keV to  20MeV), the main
physical processes that occur when a photon
interacts in germanium are Compton scattering,
Rayleigh scattering, pair creation and the photo-
electric interaction. As can be seen in Fig. 1,
Compton scattering is the dominant process
between 0.150 and 10MeV.

In the back-tracking algorithm, the reconstruc-
tion of the photon path starts from the last
interaction point: the photoelectric interac-
tion point. The first guess for this end-point
relies on the fact that the final photoelectric
interaction is most probable in the energy range
from  100 to 250 keV and this feature was
shown to be independent of the incident photon
energy [8].

In the forward-tracking-based algorithms, the
first step of the procedure is to assign interaction
points to clusters in (y;f) space. This clusterisation
of interaction points is justified by the forward
peaking of the Compton scattering cross section as

well as the decreasing mean free path of photons
with decreasing energy.
Inspired by previous work, we have developed 2

new tracking algorithms, the details of which are
described in Sections 3–6. The Monte Carlo
simulations used as input data to the tracking
algorithms are presented in Section 2. The
comparison of the performances of the 2 types of
tracking algorithms are discussed in Section 7.

2. Monte Carlo Simulations

2.1. Simulation program

The program [14] is based on the Monte Carlo
code Geant4 [15]. Presently, it includes the
possibility to simulate an array of coaxial germa-
nium detectors and an ideal spherical shell of
germanium. The event generation includes a
cascade of Mn neutrons (a particles or protons)
followed by Mg g-rays. The possible centre-of-
mass spectra for the g-rays are: monochromatic
photons, ‘‘rotational’’ cascades, discrete energies,
a ‘‘flat’’ continuous distribution and a ‘‘statisti-
cal’’ spectrum. For detailed information, refer to
Ref. [14]. For the purpose of this work, we have
restrained the study to a 4p germanium shell of
inner radius 15 cm and outer radius 24 cm. The
thickness of the shell was chosen to correspond to
the length of the detectors of AGATA. The events
we consider are (i) cascades of 1.332 MeV g-rays
(transition in the decay of 60Co which is commonly
used to compare detector performances) and (2)
rotational band cascades: the emitted photons
have transition energies ranging from 80 to
2690 keV with an energy spacing of 90 keV. This
is to ensure that the energies of 2 transitions do not
add up to any other transition energy in the band.
In both cases, the photons are emitted from the
centre of the shell.
Various tracking procedures within Geant4 are

possible with the code. The primary photons are
tracked in the germanium shell as they undergo
various electromagnetic interactions. However, the
actual energy release is performed by the second-
ary electrons created in these processes. There are
2 options: the first one consists in tracking all the

ARTICLE IN PRESS

0.001 0.01 0.1 1 10

Gamma-ray energy [MeV]

1

1000

1e+06

C
ro

ss
 s

ec
ti

o
n
 [

b
ar

n
s/

at
o
m

]

photoelectric

Rayleigh

Compton

pair production

Fig. 1. Cross section of the main physical processes for photons
in germanium as a function of photon energy in MeV.
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