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Measured and simulated pulse shapes in eletrially-segmented

oaxial Ge detetors have been investigated. Three-dimensional po-

sition sensitivities have been determined experimentally and the-

oretially in a 36-fold segmented Ge detetor. By using the two

dimensional segmentation in onjuntion with pulse-shape analy-

sis, a position sensitivity of better than 1 mm an be obtained

in three dimensions at an energy of 374 keV. This is ahieved by

analyzing the shape of net harge signals of segments ontaining

interations and of transient image harge signals of neighboring

segments. The ability to loate interations in three-dimensions is

one of the ruial properties in the proposed -ray energy trak-

ing array (GRETA). The onept of -ray traking will not only

inrease the eÆieny in deteting  radiation but also enables the

loalization and haraterization of unknown -ray soures with

muh higher auray than is possible with urrent instruments.

PACS: 07.85; 29.40; 29.40.K; 29.40.W
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1 Introdution

Currently, a new tehnique to enable the traking of  radiation is being devel-
oped whih will allow the determination of the time sequene of interations
of  rays and their respetive positions in a detetor as well as their energies
[1℄. An implementation of this onept, the gamma-ray energy traking array,
known as GRETA, is urrently being developed at the Lawrene Berkeley Na-
tional Laboratory (LBNL) and fouses on improving the performane of -ray
spetrometers primarily in the �eld of nulear struture physis. It is antii-
pated that GRETA will improve the resolving power over existing arrays, suh
as Gammasphere, by at least two orders of magnitude [1,2℄. This large gain is
based on an inreased eÆieny and peak-to-total ratio, a better Doppler-shift
orretion, and a higher ount-rate apability. The onept of -ray traking
also allows potential improvements in the ability to loate and haraterize
unknown -ray soures, useful in areas suh as astrophysis or medial -ray
imaging.
One ruial ingredient in the onept of gamma-ray traking is the ability to
determine the energy and position of individual interations, whih requires
a three-dimensional position resolution on the order of a few millimeters. In
the approah we are pursuing, the determination of the position is ahieved
by employing pulse-shape analysis in a two-dimensionally segmented oaxial
HP-Ge detetor. While pulse-shape information is already being used suess-
fully in Ge detetors to improve energy resolution [3,4℄, to perform Compton
suppression [5,6℄, and to determine the mean radius of interations for an im-
proved Doppler orretion [7℄, it is learly not fully explored. For example,
in [7℄ a mean radius of all interations of one  ray is obtained by only on-
sidering one or two parameters of the signal. These studies have reognized
already that the pulse shape reets energies as well as positions of intera-
tions of the  ray with the detetor material. However, without segmentation
the pulse shape is only sensitive to one dimension, the diretion of the harge
drift, e.g. the radius in oaxial or the depth in planar detetors. To overome
this limitation, we are using a losed-ended oaxial Ge detetor with its outer
ontat divided into two-dimensional segments. With suÆiently small seg-
ments, harge is not only indued on the harge-olleting segment but also
transiently on the neighboring segments. Sine the segmentation is perpen-
diular to the eletri �eld lines (e.g. the radius) a position sensitivity in the
omplementary two dimensions (e.g. the depth and azimuthal angle) an be
obtained. In this paper we report on measurements and alulations of the
position sensitivity of the GRETA prototype detetor.
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2 GRETA prototype detetor

The measurements to determine the three-dimensional position sensitivity in
segmented oaxial Ge detetors have been performed with a GRETA proto-
type detetor delivered by Eurisys Measures in Strasbourg. This prototype is
illustrated in �g. 1. It onsists of a losed-ended HP-Ge n-type rystal with
a tapered hexagonal shape designed to �t in a spherial shell arrangement
onsisting of about 120 of these detetors. The length of the rystal is 9 m,
the diameter at the bak is 7 m and the maximum diameter at the front is
4.4 m. The angle of the taper is 10 degree.The outer eletrode is divided into
36 segments, 6 longitudinal and 6 transverse. The 6 longitudinal boundaries
are loated in the middle of the at sides of the hexagonal shape. The width
of the transverse segments starting at the front (the narrow side) are 7.5 mm,
7.5 mm, 15 mm, 20 mm, 25 mm and 15 mm, respetively. The thiknesses
of the layers were hosen to distribute the number of the interations more
equally among the segments for  rays oming from the front and to allow the
study of the inuene of di�erent thiknesses on the transient-signal sensitiv-
ity. The Ge rystal resides in a 1 mm thik aluminum an of the same shape
as the rystal. This an is separated from the rystal by 1 mm to simulate a
lose paking of individually enapsulated detetors, similar to the design of
the Cluster detetors [8℄ urrently implemented in the Euroball array. The 37
FETs for the 36 segments and the entral hannel are loated and ooled in
the same vauum as the rystal. Cold FETs provide low noise whih is impor-
tant for optimizing the energy and position resolution. The harge sensitive
preampli�ers are positioned on a ylindrial motherboard next to the vauum
feedthroughs in the bak of the detetor. These preampli�ers and their mount
were designed and built at LBNL and are haraterized by their small size,
fast risetime, low noise, and exellent response properties [9℄. More details on
the GRETA prototype detetor and the preampli�ers an be found in [10℄.

3 Origin and alulation of harge signals in a segmented Ge de-

tetor

To determine the position in three dimensions based on pulse-shape analysis,
a detailed understanding of the pulse shapes is neessary. In the detetor, a
signal is produed when eletrons and holes, formed by the slowing down of
the photo- or Compton-eletrons, indue an image harge of opposite sign on
the eletrodes. As the harge drifts toward the eletrodes, the amount of the
image harge hanges and urrents ow into or out of the eletrodes. When
the harge is at a large distane from the eletrodes, the indued harge is
distributed over several eletrodes. As the harge moves loser to the desti-
nation eletrode, the indued harge on this eletrode inreases and harges
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on the other eletrodes derease until the harge �nally reahes the eletrode
and neutralizes the image harge. The observation of a net harge on the des-
tination or harge-olleting eletrode an be used to identify the eletrode
whih ontains the interation. The predominant harateristi of the tran-
sient image signals is that they vanish when the harge arriers are olleted
and that either polarity is possible, dependent on the di�erent ontributions
of holes and eletrons. The fat that either polarity is possible is useful sine
it inreases the dynami range of signals, inreasing the position sensitivity.
For instane, simply observing the polarity of the indued signal allows to
distinguish between an interation at small and large radius. However, the
drawbak of the two polarities is that the ontributions of holes and eletrons
an ompensate eah other, generally lose to the mid point between the two
eletrodes, whih results in a redued sensitivity at these loations.
Net harge, as well as transient image harge signals an be alulated in the
following manner: �rst we have to alulate the path of the harge arrier
for a given position of the interation. The motion of the harge arriers is
determined by the eletri �eld ~E(~r), whih itself depends on the detetor ge-
ometry, applied voltage V

0
, and intrinsi spae harge density � and mobility

�. To obtain the eletri �eld the Poisson equation

��(~r) = ��(z)=� (1)

for the potential � is solved. Here, � is the dieletri onstant for Ge and �(z)
reets the dependene of the spae harge density on the depth. We used a
linear variation for the impurity density from -11�10�9m�3 at the front to
-6�10�9m�3 at the bak of the detetor, as suggested by the manufaturer.
After solving the Poisson equation numerially employing either the relax-
ation method or �nite element methods, the potential is obtained on a three
dimensional grid with a grid size of e.g. 1 mm. The alulated potential for
the tapered hexagon geometry at a depth of 4 m is shown on the left side of
�g. 2. The eletri �eld is then alulated on these grid points as

~E(~r) = �r�(~r): (2)

Using the relation

~v( ~E(~r)) = �(T;E(r); �; #) ~E(~r) (3)

for the veloity, we an alulate the trajetory for eletrons and holes for
any given start position by interpolating the eletri �eld between the grid
points and a given time interval �t of (e.g.) 2 ns, small enough to prevent
disontinuities in the drift veloity. We have to point out that the mobility
is not only a funtion of the temperature and eletri �eld but depends also
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on the angle � between the drift diretion and the rystal orientation and the
angle # between the eletri �eld and the rystal orientation. The temperature,
eletri �eld strength and rystal orientation dependene for the magnitude
of the mobility for eletrons and holes in germanium an be taken from [11℄
and [12℄, respetively. The e�et of a veloity vetor whih is not parallel
to the eletri �eld diretion due to the anisotropi e�etive mass tensor in
Ge [13℄ is disussed in [14℄. We assume that the slowing down time of the
original Compton eletrons, with the related reation of eletron-hole pairs,
as well as the time for these pairs to reah the veloity v( ~E(~r)) is negligible.
Furthermore, we neglet the range of the Compton eletron and the �nite size
of the distribution of harge arriers moving towards the eletrodes. The most
ritial assumption is to neglet the range of the Compton eletrons and will be
disussed later in more detail. Fig. 3 shows alulated trajetories for eletrons
and holes assuming an interation took plae at x=2.2 m, y=0.45 m and
z=5.85 m in a oordinate system indiated in the �gure.
To �nally alulate the indued signals in the di�erent segments we use Ramo's
theorem for the so alled weighted potential [15℄. This potential is derived by
solving the Laplae equation in the given geometry with voltage only on the
sensing eletrode and all the other ontats on ground. The right-hand side of
�g. 2 shows the weighted potential for one of the segments at the fourth layer.
Calulating the eletri �eld for every grid point and every segment as before
and using the previously obtained trajetories for holes and eletron we an
determine the indued harge �Qij (i:holes or eletron, j:number of segment)
of a harge q

0
for eah step �~ri:

�Qij = q
0

~Ej(~ri)�~ri=V0
: (4)

In the following, q
0
, whih reets the energy deposit per interation, is nor-

malized to 1 or 100. V
0
is the applied voltage, in our ase +3000 V. The lower

part of �g. 3 shows alulated signals for the indiated starting point of the
trajetory in segment B4. The left hand side shows the net harge signal of
segment B4 and the di�erent ontributions of holes and eletrons. The right
hand side shows transient harge signals of the azimuthal neighbor C4 and
the segment in front B3.

4 Measurement of signals

To on�rm the auray of the above desribed alulations it is neessary to
ompare the resulting signals with measured pulse shapes. In addition, the
measurements will determine the position sensitivity whih is ahievable. An
experiment was assembled to enable the measurement of signals for 9 Ge seg-
ments for a given single interation point in the volume of the detetor. This is
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realized by using a ollimated 137Cs -ray soure plaed in front of the GRETA
prototype detetor and requiring a oinidene between this detetor and one
of three NaI detetors whih are loated at 90 degree at an adjustable depth.
The setup is shown in �g. 4. While the ollimator in front of the Ge detetor
de�nes the x and y position of the interations, the slit in the ollimator in
front of the NaI detetors de�nes the depth (z) of the interations. The NaI de-
tetors were hosen instead of Ge detetors beause of their size whih allows
a large solid angle overage in a lose geometry. All three NaI ounters mea-
sure 5" in diameter and 6" in length. To de�ne the loation of the interations
as preisely as possible, the diameter of the hevimet ollimator hole in front
of the Ge detetor as well as the slit width of the lead absorbers in front of
the NaI detetors were only 1 mm. To selet events with only one interation,
gates on the energies deposited in the Ge and the NaI detetors were used,
implying a Compton sattering proess of 90 degree, whih deposits 374 keV
in the Ge rystal. This improvement is indiated in �g. 5 whih shows result of
Monte-Carlo simulations performed with GEANT-3 [16℄. The top part shows
the number of interations at the given position with and without an energy
gate in both detetor systems. Without the gate only about 55% of the o-
inidene events are due to single interations ompared to more than 85%
with the energy requirement. In the lower part of this �gure the spread in the
positions of the interations based on the 1 mm ollimation is shown. The size
of the ylindrial volume whih has been mapped out has a diameter of about
1.7 mm and a depth of about 1.9 mm, both measured at the full width half
maximum. Using the 1 mm ollimation system and a 137Cs soure with an
ativity of 1 mCi we obtain a ount rate of about 1 event in 10 to 60 minutes
depending on the radial position of the front ollimator at a depth of 4 m
in the Ge. The 137Cs soure was speially built to have all the ativity in a
ylinder with a diameter of 1 mm. Comparing with a soure of higher -ray
energy (e.g. 60Co), the advantage of the lower -ray energy of 137Cs is that the
ollimators an be shorter providing a higher ount rate.
The signals of 9 segments whih are arranged in a 3x3 matrix were taken from
the preampli�er into fast ampli�ers to math the input range of the wave-
form digitizers. In addition, the preampli�er signals of the three NaI detetors
were also ampli�ed and fed into the waveform digitizer system. Eah of the 12
hannels of the waveform digitizer has a 500MHz sampling rate and a pulse
height resolution of 8 bits. The ollimation system was arranged to allow the
entral segment (B4) of the 3x3 matrix of segments to ontain the interation
resulting in a net harge signal while the 8 neighbor segments observe only
the transient image harge signals. Measured sets of signals of the 9 segments
are shown in �g. 6 and �g. 7 at di�erent radii of the interation point. The
numbering of the segments is the same as in �g. 3. For omparison, alu-
lated signals at the given positions are plotted as dashed lines. While the
agreement between alulations and measurements at the large radius is very
good, the alulated signal at the smaller radius is faster than the measured
one indiating a too fast hole mobility. To improve the signal-to-noise ratio
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in the measured signals, we averaged 16 samples at 500MHz to give a 32MHz
sampling rate whih is lose to the bandwidth of the prototype detetor and
preampli�er system [10℄.
The alignment of the detetor relative to the sanning and ollimation system
was done by sanning the front fae with a ollimated soure and plotting the
intensity of the 662 keV transition in 137Cs measured for a �xed time for all
segments as a funtion of the position. By identifying the segment boundaries
as a funtion of depth and azimuthal angle the alignment ould be determined
and adjusted. The loation of the detetor segments in the z (depth) diretion
were obtained by sanning a ollimated 241Am soure from the front to the
bak of the detetor and measuring the intensity of the 60 keV -ray as a
funtion of depth for eah segment.
So far, we have measured 36 di�erent positions whih required about 6 weeks of
ontinuous data taking. These 36 positions are omposed of 12 measurements
for eah of three di�erent depth (z) layers. The x-y loations are indiated in
�g. 8. The distribution of interation positions were derived by simulations.
In the x diretion, whih is along a transversal segmentation line, we moved
in 4 mm steps from 22 mm to 10 mm. In the y diretion perpendiular to the
B/C boundary we moved in 3 mm steps, starting at a distane of 1.5 mm from
C4. In the same way, we moved in the z diretion in 3 mm steps starting at
distane of 1.5 mm from neighbor B3 in B4.

5 Position sensitivity

Using the measured signal shapes from the 36 positions it is possible to obtain
a position sensitivity based on signal-shape di�erenes in this segmented Ge
detetor. The sensitivity we refer to in the following quanti�es the hange of
signal shapes as a funtion of the loation of the interations relative to the
observed noise whih represents the main unertainty in the measurement. We
assume that the distane between the positions we measure is small enough
to allow to neglet e.g. rystal orientation e�ets and the unertainty in the
overall alignment of the detetor relative to the ollimation system of the or-
der of about 1 mm. The agreement between the experimental results and the
alulations seem to justify this approah with its inherent simpli�ations.
An indiation of the obtainable position sensitivity an already be seen in the
apparent spread of the signals in �g. 6 and in �g. 7. To determine the ontri-
bution of the �nite opening angle of the ollimation system to this spread we
performed Monte-Carlo simulations using GEANT with the set-up drawn in
�g. 4. Energies and positions of eah interation from these simulations were
used to derive alulate signals in the 9 segments studied in the experiment.
To ompare the spread in the signals obtained from measurement and the
alulation, we plot the distributions of maximum amplitudes of the transient
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image harge signals for di�erent positions and segments. In �g.9 distribu-
tions of measured and alulated amplitudes are shown for signals in segment
C4 for di�erent distanes from the B/C boundary (y) and onstant values of
x and z. While these distributions indiate the sensitivity in the azimuthal
diretion, �g. 10 illustrates the sensitivity in the depth (z) by showing maxi-
mum transient harge amplitudes in segment B3 for di�erent z-positions and
onstant x- and y-values. Besides the good agreement between the measured
and alulated distributions, the dependene of the maximum indued harge
on the loation of the interation relative to the two di�erent boundaries an
be learly seen. To illustrate the sensitivity for the third dimension (x, whih
is similar to the radius) ontained in this one parameter we show the tran-
sient harge amplitudes in segment B3 again but now for di�erent x-values in
�g. 11. The positions and the width of the distributions are more spread out
than in the previous two �gures, indiating a higher sensitivity. The smaller
number of events for smaller x-values reets the inrease of the absorption
probability of the  rays after the 90 degree sattering.
To further analyze the omparison we plot the mean as well as the width
of these distributions as a funtion of position as shown in �g. 12, again for
segments C3, C4 and B3 for the three di�erent depth values,�z, x-values of
22 mm and 14 mm and all available y-values. While the width of the peaks
an be reprodued very well, the loation of the mean values show some sys-
temati deviations. These disrepanies are likely to reet the unertainty in
the overall alignment of the prototype detetor relative to the ollimation sys-
tem and rystal orientation e�ets whih have not yet been taken into aount
ompletely. The good agreement, espeially of the width of the distributions,
indiates that the major ause for the observed spread is only due to the �nite
size of the ollimation system and not due to a limited sensitivity e.g. the
noise in the signals. The larger spread in the mean values as well as the larger
width of the distributions loser to the boundaries imply a higher sensitivity
at these loations.
To quantify the di�erenes in the signals between all ombinations of pairs of
loations we will in the following take the entire signals, e.g. the time samples
between the 10% (t10) and the 90% (t90) level of the net harge signal into
aount. Comparing all pairs of interation points ensures that eah set of sig-
nals is unique in the volume studied. The di�erene in the signal amplitudes
qk(t) at the time sample t between the positions i and j has to be related to
the unertainty in the signals, the noise level �k, whih is measured in eah of
the segments k, and the distane of the positions �rij. Sine we ompare two
signals of the same segment with noise level �k, the total noise ontribution
is
p
2� �k, assuming the noise is not depending on the position of the inter-

ation. Thus, the sensitivity Sij, e.g. the ability to distinguish two loations i
and j of interations based on signals measured in 9 segments, an be de�ned
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in the following way:

S2

ij =
�r2ij

�s2ij
; (5)

where �sij quanti�es the di�erene of the signals in terms of the measured
noise:

�s2ij =
9X

k=1

t90X

t=t10

[
�qk
i (t)� �qk

j (t)p
2�k

℄2: (6)

Therefore, a high sensitivity refers to a small value of Sij. If the set of signals
di�er only by �ij for two loations i and j, the sensitivity will be just �r2ij.
Several remarks seem appropriate at this point onerning the details of the
desribed proedure: First of all, as �qk

i (t) indiates, signals are used whih are
averaged over many measurements for eah segment and position. The main
reason for this is to generate one set of signals whih orresponds to the en-
ter (average) position of the ollimation system. As indiated in the measured
signals above, the spread in the signals even for a volume of �3 mm3 is sig-
ni�ant, preventing the determination of a signal at a �xed position on an
event-by-event basis. Another goal ahieved by the averaging is the removal
of noise, thus leaving a signal whih reets purely the position variation. The
noise level �k was determined by extrating the standard deviation of 500 time
samples of one of the individual events, exluding the signal region. The av-
erage noise level (1�) for all the 9 hannels onsidered was about 5 keV. This
value agrees with a more sophistiated approah in whih the total noise as a
funtion of frequeny is measured. At a frequeny of about 40 MHz, whih is
the bandwidth of the di�erent hannels, we obtain also a value of about 5 keV
[10℄. Fig. 13 and �g. 14 show averaged signals for the indiated positions for
both the measurements and the alulations. Also inluded are the alulated
signals for a single interation at the targeted position. At the outside radii
the assumption of the average signal representing the enter position appears
well justi�ed while for smaller radii the agreement is not as good. This is due
to the low statistis of only 10-20 ounts and the high position sensitivity at
these loations and the disrepany in the mobility of the holes as mentioned
earlier.
Two examples of experimentally obtained sensitivities are shown in �g. 15
and �g. 16. These graphs display sensitivities for positions indiated by the
arrows relative to all other 35 positions. For instane, in �g. 15, values of Sij

are plotted where the position i is at x=22 mm, y=1.5 mm and �z=4.5 mm
while j represents all other positions of the ollimation system. Again, the
three olumns display the three di�erent z-layers at a distane of 1.5 mm,
4.5 mm and 7.5 mm away from the front segment, respetively, eah on-
taining 12 loation of interations. While the magnitudes in �g. 15 represent
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roughly an average of all ombinations, the position in �g. 16 is loated in a
plae with lowest sensitivity, where eletrons and holes ompensate eah other
leading to small transient indued signals whih results in a low sensitivity in
diretions perpendiular to the azimuthal boundaries. However, even for these
worse ases a sensitivity of /1 mm is obtained for an energy deposition of
374 keV. For other loations or radial diretions the obtainable sensitivities
are better than 0.5 mm. For omparison, results employing the same proe-
dure for alulated signals are displayed in the middle row. While the signals
and the di�erenes were obtained purely by alulations, the noise were taken
from the experimental data the same way as above. The lower parts of these
�gures show the alulated sensitivity assuming the interation takes plae
right on the enter of the ollimation system. Generally, a very good agree-
ment between the measured and the alulated sensitivities is ahieved. The
obtained alulated values show very similar dependenies of positions as the
measured ones and also the magnitude agrees very well.
It is interesting to study the diretion dependene of the derived sensitivities
in more detail. As an already be seen from �g. 15 and �g. 16, the x-diretion
has usually a higher sensitivity than the y- or z-diretion. This is due to the
larger variation in the shape for hanging radii than for the other diretions.
Sine the underlying mehanism of the transient indued signal along the
y and z diretion is the same, the sensitivity along these diretions is om-
parable. On average, a sensitivity of about 0.2 mm an be dedued for the
radial diretion and about 0.5 mm for the two diretions perpendiular to the
boundaries. In �g. 17 the sensitivity from all position pairs (36�36) are sum-
marized for an energy deposition of 374 keV. Not only all loations appear to
be unique but most of the positions show a sensitivity of better than 0.5 mm.
This remarkable result indiates that the size of the segments is adequate and
the noise level is low. Table 1 shows the derived sensitivities as a funtion of
depth. These numbers represent averages over all ombination for eah layer.
Inluded are also the numbers obtained by the two types of alulations. The
degradation in sensitivity for larger values for �z reets the saturation e�et
of the transient signals for larger distanes to boundaries whih ould be al-
ready seen in previous �gures, showing the distributions of maximum indued
amplitudes. The sensitivity in the x-diretion of about 2 mm at an energy of
374 keV obtained here is in good agreement with results of a reent study on
the ahievable radial resolution possible in priniple in oaxial Ge detetors
[17℄.
Finally, we an also study the dependene of energy on the sensitivity by sal-
ing the noise amplitude aordingly. At low energy the signal-to-noise ratio
is worse. However, we still obtain a position sensitivity of about 1 mm at an
energy of 100 keV.
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6 Sensitivity and -ray traking

In this setion we disuss how the exellent position sensitivity obtained above
relates to the performane of a -ray traking detetor.
The sensitivity we refer to in this report represents a position resolution ne-
gleting e�ets suh as the range of the Compton eletrons or the broadening
of the distribution of harge arrier traveling towards the eletrodes due to
di�usion and assuming a single interation without further ompliations of
disentangling multiple interations. In partiular the range of the Compton
eletron represents an unertainty whih will limit the auray in determining
the loation of the sattering proess. For instane, in the urrent measure-
ments, the Compton eletron of 374 keV has a range of about 0.2 mm whih
is of the same order as the sensitivity obtained for many positions. The only
reason we were able to ahieve a sensitivity sometimes even better than the
range of the Compton eletron is due to the averaging proedure and using
a slit in front of the NaI detetors to de�ne the 90 degree. sattering. For a
Compton eletron of 1 MeV (e.g. 90 degree Compton sattering of a 1.4 MeV
 ray) the range inreases to about 1 mm [18℄. The maximum diameter of
the distribution of harge arriers an be estimated to be less than 0.1 mm in
the present GRETA prototype geometry and therefore does not represent a
serious limitation.
While in this paper we disussed only the sensitivity for loalizing one in-
teration in the volume of a Ge detetor, this is only a neessary �rst step
for determining the loations of multiple interations ourring in the same
or neighboring segments. In suh ases the position resolution will have ad-
ditional ontributions from the algorithm used to disentangle these multiple
interations.
Another e�et whih has no impat on the position determination of a single
interation, but does for the proposed -ray traking based on events with at
least two interations, is the Compton pro�le. It reets the initial momentum
distribution of the eletrons involved in the Compton sattering. Generally, in
the desription of Compton sattering the binding energy as well as the mo-
mentum of the eletron is negleted. However, the momentum of the eletron
has a measurable e�et on the angle-energy relation for -ray energies up to
several MeV, and must be onsidered if the auray in position determina-
tion is required to be of the order of 1 mm. In ontrast to the range of the
Compton eletron, this e�et beomes more important for smaller -ray ener-
gies and also depends on the sattering angle. Evidene for the importane of
this e�et is shown in �g. 18 whih displays measured and alulated energy
spetra obtained in the GRETA detetor mounted in the ollimation system
with a hole diameter as well as slit size of 1 mm as above. Here, the momentum
distribution of the eletrons in Ge [19℄ has to be taken into aount to obtain
an agreement between the measured and the alulated energy pro�le in the
Ge detetor.
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Another e�et whih ould limit the auray in the determination of the
loation of interations is the anisotropy of the harge arrier veloity with
respet to the rystal orientation. Both the magnitude of the drift veloity
and the angle between the veloity and eletri �eld hanges relative to the
rystal orientation. The magnitude has a variation of 0-15% and the the angle
variation is about 0-15 degree at a eletri �eld strength of 1 KV/m. Both
e�ets orrespond to an unertainty of up to a few millimeters [14℄.

7 Conlusions

We have performed measurements and alulations to study the three-dimensional
position sensitivities for single interations of  rays in segmented Ge detetors.
The position sensitivity was ahieved by applying digital pulse-shape analy-
sis to the indued signals from a two-dimensionally segmented detetor. We
used the 36-fold segmented GRETA prototype detetor in a oinidene set-up
whih allowed us to loalize single interations in the rystal. Pulse-shape al-
ulations in ombination with Monte-Carlo simulations of -ray interations
have been performed whih yield good agreement with the measured signals
and their properties for the di�erent positions. A position sensitivity of better
than 0.5 mm has been obtained for most positions in the measured range of the
rystal. The rystal volume studied inludes most of the radial extension of the
rystal and up to 1 m away from segment boundaries. Furthermore, we found
that the sensitivity in the radial diretion of about 0.2 mm is higher than for
the diretions perpendiular to the segmentation lines where we obtain about
0.5 mm. By studying the energy dependene of the position sensitivity we
found that even for a -ray energy of 100 keV a sensitivity of about 1 mm an
be ahieved. The exellent position sensitivity whih has been demonstrated
in three dimensions makes the onept of -ray traking feasible.
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Table 1

Sensitivities for eah of the three studied layers in mm. The values represent average

sensitivities for all ombinations per layer.

�z [mm℄ 1.5 4.5 7.5

Measurement (averaged signals) 0.33 0.34 0.39

Simulation (averaged signals) 0.29 0.31 0.38

Simulation (single interation) 0.22 0.25 0.28
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Fig. 1. The GRETA prototype detetor with its tapered hexagonal shape and the

arrangement of the 36 segments.
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Fig. 3. The upper part shows the alulated path of eletrons and holes in the

GRETA prototype detetor. The geometry as well as the arrangement of segment

boundaries is shown. The interation at x=22 mm, y=4.5 mm and z=58.5 mm

is marked with a star in segment B4. Calulated signals for B4 and the nearest

neighbors B3 and C4 are plotted in the lower part.
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Fig. 4. Experimental setup used for the measurements. The upper �gure shows a

top view on the oinidene setup and the lower part illustrates a side view of the

vertial arrangement of ollimation and detetor systems.

18



0

100

200

300

400

500

600

700

800

0 2 4 6

No. of Interactions

Ge + NaI Coincidence

0

25

50

75

100

125

150

175

200

225

0 2 4 6

No. of Interactions

Ge + NaI Coincidence

&

Energy Gate

0

20

40

60

80

100

0 1

X [cm]

C
o

u
n

ts
/0

.5
m

m

∆x=1.5mm

0

10

20

30

40

50

60

2 3 4

Z [cm]

C
o

u
n

ts
/0

.5
m

m

∆z=1.9mm

Fig. 5. Calulated number of interations and position distribution. The multipli-

ity distributions show the e�et of requiring the energy for a 90 degree Compton

sattering on the number of interations in the GRETA prototype detetor. �x

represents the radial unertainty, �z the width of the distribution of interations in

the depth.

19



-20

0

20

-20

0

20

-20

0

20

0 200 0 200 0 200

Time [ns]

Q
 [
%

]

100

0

A3 A4 A5

B3 B4 B5

C3 C4 C5

Fig. 6. Measured set of segment signals at x=22 mm, y=4.5 mm and z=58.5 mm

(�z=1.5mm). Segment B4 ontains the interation whih is assumed to be 4.5 mm

away from segment C4 and 1.5 mm away from segment B3. The dashed line indiates

the alulated signals for this loation. The alulated signals are the same as in

�g. 3.

20



-20

0

20

-20

0

20

-20

0

20

0 200 0 200 0 200

Time [ns]

Q
 [
%

]

100

0

A3 A4 A5

B3 B4 B5

C3 C4 C5

Fig. 7. Same as 6 exept the loation is at x=14 mm, y=4.5 mm and z=58.5 mm

(�z=1.5mm).

21



-4

-2

0

2

4

-4 -2 0 2 4

X’-POS [cm]

Y
’-
P

O
S

 [
c
m

]

C

B

A

F

E

D

∆Y=3mm

∆X=4mm

Y

X

Fig. 8. Calulated positions of interations for the 12 di�erent ollimator loations

per z-layer. The dashed line indiates the segment boundaries.

22



0

10

20

30

40

0

20

40

-30 -20 -10 0 10

Measurement

Simulation

Segment C4

Segment C4

X=22mm, ∆Z=7.5mm

Y=1.5mm

Y=4.5mm

Y=7.5mm

x

y

B4

C4

Relative Amplitude

Fig. 9. Measured (top) and alulated (bottom) distributions of maximum harge

amplitudes of transient indued signals in segment C4 of the GRETA prototype

detetor. The distribution in the enter is hathed to distinguish the three di�erent

y positions perpendiular to the B4/C4 boundary. The insert illustrates the relative

positions.

23



0

5

10

15

20

0

10

20

30

-30 -20 -10 0 10

Measurement

Simulation

Segment B3

Segment B3

X=22mm, Y=4.5mm

∆Z=1.5mm

∆Z=4.5mm

∆Z=7.5mm

z

x

B3B4

Relative Amplitude

Fig. 10. As �g. 9, exept that transient signal amplitudes were obtained in segment

B3 for di�erent distanes along z perpendiular to the B3/B4 boundary.

24



0

5

10

15

20

0

10

20

-20 0 20 40

Measurement

Simulation

Segment B3

Segment B3

Y=4.5mm, ∆Z=1.5mm

X=22mm

X=18mm
X=14mm

z

x

B3B4

Relative Amplitude

Fig. 11. As �g. 10, exept that transient signal amplitudes in segment B3 are plotted

for di�erent x-values at �xed y and z-values.

25



-20

-10

0

∆Z=1.5mm

-20

-10

0

∆Z=4.5mm

-20

-10

0

0 2.5 5 7.5 10

∆Z=7.5mm

X=22mm

Y-Distance [mm]

R
e
la

ti
v
e
 A

m
p
lit

u
d
e
 [
%

]

0

10

20

30

∆Z=1.5mm

0

10

20

30

∆Z=4.5mm

0

10

20

30

0 2.5 5 7.5 10

∆Z=7.5mm

X=14mm

Y-Distance [mm]

Meas.

Calc.

B3

C4

C3

Fig. 12. Measured (solid lines) and alulated (dotted lines) mean and width val-

ues of maximum transient signal harge amplitudes for segment C3 (triangle), C4

(square) and B3 (irle).

26



-20

0

20

-20

0

20

-20

0

20

0 100 200 0 100 200 0 100 200

Time [ns]

Q
 [
%

]

100

0

A3 A4 A5

B3 B4 B5

C3 C4 C5

Average Meas.

Average Calc.

Single Calc.

Fig. 13. Measured set of averaged segment signals at x=22 mm, y=1.5 mm and

z=55.5 mm (�z=4.5mm) lose to the edge of the rystal. Segment B4 ontains the

interation resulting in the net harge signal. For omparison to the measured harge

signals (solid lines) averaged alulated signals (dashed lines) and alulated signals

based on single interations at the targeted loation (dotted lines) are shown.

27



-20

0

20

-20

0

20

-20

0

20

0 100 200 0 100 200 0 100 200

Time [ns]

Q
 [
%

]

100

0

A3 A4 A5

B3 B4 B5

C3 C4 C5

Average Meas.

Average Calc.

Single Calc.

Fig. 14. Same as �g. 13 but for a di�erent loation at x=10 mm, y=1.5 mm and

z=55.5 mm (�z=4.5mm), lose to the inner hole of the rystal.

28



10 20
5

10

0

0.2

0.4

10 20
5

10

0

0.2

0.4

10 20
5

10

0

0.2

0.4

0.6

10 20
5

10

0

0.2

0.4

10 20
5

10

0

0.2

0.4

0.6

10 20
5

10

0

0.2

0.4

0.6

10 20
5

10

0

0.1

0.2

0.3

0.4

10 20
5

10

0

0.1

0.2

0.3

0.4

10 20
5

10

0

0.2

0.4

S
e
n
s
it
iv

it
y
 [
m

m
]

X[mm]
Y[m

m]

Measured Sensitivities (Averaged Signals)

Calculated Sensitivities (Averaged Signals)

Calculated Sensitivities (Single Signals)

∆Z=1.5mm ∆Z=4.5mm ∆Z=7.5mm

Fig. 15. Sensitivities obtained for the loation at x=22 mm, y=1.5 mm and

z=55.5 mm, marked by the arrow. The upper part shows measured and the lower

two rows show alulated sensitivities. The two upper parts are determined after

averaging the signals for one loation while the lower part is alulated based on a

single interation at the aimed loation.

29



10 20
5

10

0

0.1

0.2

0.3

0.4

10 20
5

10

0

0.2

0.4

0.6

0.8

10 20
5

10

0

0.2

0.4

0.6

0.8

10 20
5

10

0

0.2

0.4

0.6

10 20
5

10

0

0.2

0.4

0.6

0.8

10 20
5

10

0

0.25

0.5

0.75

1

10 20
5

10

0

0.1

0.2

0.3

10 20
5

10

0

0.25

0.5

0.75

1

10 20
5

10

0

0.2

0.4

0.6

0.8

S
e
n
s
it
iv

it
y
 [
m

m
]

X[mm]
Y[m

m]

Measured Sensitivities (Averaged Signals)

Calculated Sensitivities (Averaged Signals)

Calculated Sensitivities (Single Signals)

∆Z=1.5mm ∆Z=4.5mm ∆Z=7.5mm

Fig. 16. Sensitivities obtained for the loation at x=18 mm, y=4.5 mm and

z=55.5 mm, marked by the arrow, as in �g. 15. These x and y positions repre-

sent the lowest sensitivity obtained for all measured ombinations of loations.

30



0.5

1
1 13 25

0.5

1
2 14 26

0.5

1
3 15 27

0.5

1
4 16 28

0.5

1
5 17 29

0.5

1
6 18 30

0.5

1
7 19 31

0.5

1
8 20 32

0.5

1
9 21 33

0.5

1
10 22 34

0.5

1
11 23 35

0.5

1

0 10 20 30

12

0 10 20 30

24

0 10 20 30

36

# of Position

S
e
n
s
it
iv

it
y
 [
m

m
]

∆Z=1.5 mm ∆Z=4.5 mm ∆Z=7.5 mm

Fig. 17. Measured sensitivity for all ombinations of positions. In total, 36 loations

have been measured in three di�erent z layers. The three di�erent olumns as well as

the three di�erent hath styles indiate the three layers in the depth of the rystal.

31



0

10

20

30

40

50

Measurement

GEANT Simulation

(no electron momentum)

0

10

20

30

40

50

350 360 370 380 390 400

Measurement

GEANT Simulation

(with electron momentum)

Eγ [keV]

C
o
u
n
ts

/k
e
V

Fig. 18. Partial energy spetra measured in segment B4 of the GRETA prototype

detetor. The peak at 374 keV reets the requirement of a oinidene between the

Ge and one of the NaI detetors. The dashed lines show alulated spetra assuming

the same geometry as in the experiment.

32




