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The use of segmented HPGe detectors for gamma-ray tracking applications is well established. The spectro-
scopic capabilities of these detectors make them most suitable for such applications. For similar reasons, the
use of such detectors in the tomographic measurement of irradiated nuclear fuel has also been envisioned.
Especially, these detectors can facilitate faster fuel examination with excellent energy resolution. We have
proposed and designed a novel planar segmented HPGe detector for use in gamma emission tomography.
The design of the detector segmentation and the mode of operation is unique and offers six simultaneous
detection channels for tomographic measurements. This work reports the first experimental evaluation of the
performance of the detector. Important characteristics of the detector have been obtained, such as energy
resolution of the segments in 1-fold (one segment) and 2-fold (two segments) modes, throughput curves,
crosstalk energy corrections, and mislocalisation rate. Collimated source tests have been performed and the
results have been compared with the MCNP simulations results. The obtained results are as expected and in
good agreement with the simulation results, and it is estimated that using this detector can speed up the
data collection by 3.2 times in comparison to an unsegmented detector of the same overall dimensions, in a
tomographic application. Further improvements are foreseeable if scaling up to a larger detector with greater

segmentation.

1. Introduction

Gamma emission tomography (GET), is a non-invasive technique
for post-irradiation examination of nuclear fuel. The spatial distribu-
tion of gamma-emitting radionuclides is revealed in the reconstructed
image from GET, which gives information on the fuel performance
properties [1,2] such as burnup and power distributions, and on other
phenomena relevant to fuel performance, such as fission product mi-
gration, fission gas release, and fuel fragmentation, relocation and
dispersal [1,3-8]. The precision with which these fuel performance
parameters can be quantified depends on the reconstructed image
resolution, which in turn depends on various limitations and is subject
to trade-offs with other requirements set by the investigation [9-
11]. In addition, the energy resolution of the detector limits which
peaks from a complex spectrum of irradiated nuclear fuel can be used
for image reconstruction. On the other hand, the detection efficiency
of the detector defines the minimum time required to complete the
measurement with desired precision in the measured data. There is
a conflict between requirements on high spatial resolution and main-
taining a short measurement time [12,13], and therefore the use of a
segmented HPGe detector combined with a multi-slit collimator has
been proposed [13,14] to allow for simultaneous data collection at
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multiple positions and thereby shorten the total measurement time, and
also maintaining an excellent energy resolution.

Although segmented HPGe detectors are in use for many years in
gamma-ray tracking and imaging applications [15,16], their use in the
post-irradiation examination of nuclear fuel has not been explored.
In this work, the experimental characterisation of the previously pro-
posed [14] planar segmented HPGe detector is reported. The proposed
detector is unique in its segmentation pattern and proposed mode of op-
eration, and is aimed at demonstrating the use of segmented detectors
to speed up data collection in gamma emission tomography of irradi-
ated nuclear fuel, which can, in turn, be used to increase the obtainable
spatial resolution. The detector presented in this study is a planar
segmented HPGe detector, manufactured by Mirion Technologies. It is
a scaled-down demonstration detector that has a comparatively lower
cost and a less complex manufacturing process than the full-scale
coaxial detector [13]. The demonstration detector has a planar design
consisting of 7 segments, and the mode of operation is similar to what
was proposed in [13] for a segmented coaxial detector.

A previous simulation study [14] describes the mode of operation
and predicted performance parameters such as the efficiency and mis-
localisation rate of the proposed detector. In this work, we present
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experimental results to deduce important characteristics of the detector
such as energy resolution, detection efficiencies, throughput curves,
count rate limits, and mislocalisation rate. These tests are necessary to
understand the behaviour and performance of such detectors [17,18]
before their intended use in different applications.

Notably, the performance of segmented detectors can be affected
by electronic crosstalk [19-23] which is unavoidable in such detectors.
Unless addressed, this phenomenon can cause degradation of energy
resolution and throughput performance. In this work, the experimental
characterisation of the planar segmented HPGe detector is presented,
and the performance is compared with predictions based on simula-
tion results. A correction procedure for the crosstalk is described and
evaluated.

2. Detector and data acquisition system

The detector is manufactured by Mirion Technologies as per the di-
mensions given in [14]. A schematic diagram of the detector active vol-
ume and its segmentation is shown in Fig. 1, and Fig. 2 shows a photo of
the detector. The active volume has the dimensions 47 x 44 x 30 mm?
with 2 mm passivation and a 3 mm guard ring surrounding the crystal
on the non-contact sides resulting in overall crystal dimensions of
57 x 54 x 30 mm?3. The interelectrode gap width is approximately
0.35 mm. The bulk crystal is of p-type with an impurity concentration
of 0.32 x 101%/cm3. The detector crystal is housed inside an aluminium
enclosure with an entrance window thickness of 1 mm. The DC coupled
front electrode (cathode, hole collecting electrode) is segmented into
7 segments. These are aligned with collimator slits in the proposed
application and are intended to provide the location of incident gamma
rays that interact in the detector. The back electrode (anode, electron
collecting electrode) is AC coupled and provides information on the full
active volume of the detector. The total energy for an event, which is
needed for spectroscopic analysis, can either be obtained from the back
electrode (full volume) or from the addback (sum) of the energies of the
hit front segments. Each of the front segments and the back is coupled
with a cold input stage charge-sensitive PSC823C preamplifier with a
gain of 250 mV/MeV. The detector is positively biased with a voltage
of 3000 V (applied at the back full volume electrode) and cooled by
liquid nitrogen utilising a multi-attitude dewar.

The preamplifier output was read by CAEN V1782 8-channel 32k
digital MCA (Multichannel Analyser). Each channel of the digitiser
is equipped with a 16-bit 100 MS/s flash ADC (Analog to Digital
Converter). The digitiser has onboard digital pulse processing capabil-
ities which include a trapezoidal filter for energy determination, and
a timing filter for timestamp generation. The acquisition and pulse
processing parameters such as discriminator level, trapezoid rise time,
etc., can be adjusted by the DAQ (Data Acquisition) software (CoMPASS
v2.1 provided by CAEN) GUI interface. In the list mode, timestamp,
energy and/or waveform can be saved on an event-by-event basis. The
software also provides an energy spectrum from each segment and the
full volume back electrode.

3. Method

In the detector characterisation work, experiments were performed
with and without the use of a collimator. Available standard laboratory
sources 137Cs, %0Co, 207Bi with activity in the kBq range were used. In
all the experiments, data from the digitiser was saved in list mode with
the help of DAQ software.

In a tomographic measurement, the detector will be used with a
multi-slit (in total 6 slits) collimator [14]. The collimator slits will be
centred on the respective detector segments (1 to 6), and the cross-
sectional area of the slits will be such that only a small area in the
centre of the small segments will be directly irradiated and segment-
7 will remain outside the direct irradiation paths, only subjected to
scattered photons and secondary radiation. To assign the location of an

Nuclear Inst. and Methods in Physics Research, A 1049 (2023) 168073

7
44 mm
1014/2/3|a|5]|6
mm
5 mm

/.

Fig. 1. Schematic diagram of the planar segmented HPGe detector crystal. The front
electrode is segmented into seven segments, 6 small segments of equal dimensions for
the assignment of incident photons with respective collimator slits of entry, and the
outer big segment facilitates full energy deposition of photons scattered in and escaping
from the small segments.

47 mm

incoming photon to a slit/segment and determine the total deposited
energy, different methods can be used as described in [13]. In this
work, we have used the following method (Table 1) to assign an
event to a segment and determine the corresponding energy based on
different scenarios. Although this method discards a fraction of events
that deposit their full energy in the full volume of the detector, the
mislocalisation rate was found to be the least using this method [13].
Mislocalisation is an undesired event in which a photon deposits full
energy in the detector but is assigned to a wrong slit position/segment.
Such events can occur due to reasons such as coherent scattering, and
transmission through the bulk of collimator material.

The performance in terms of energy resolution, and relative effi-
ciency were obtained for different scenarios. The following terminology
is used to refer to different energy spectra obtained based on the
different scenarios.

Single spectrum :  The energy spectrum of 1-fold events in

the respective segments.
Addback spectrum : The energy spectrum of 2-fold events
(E; + E;), where i =1 to 6.
The spectrum including both single and
addback events, according to the above.

Total spectrum :

Please note that the fold here refers to the segment fold, within a
segment a photon can have multiple interactions. To obtain 1-fold and
2-fold events and the corresponding energies, the list mode data from
the digitiser was used to make a coincidence events matrix among all
the segments (1 to 7, and the full volume) and events (1-fold and 2-fold)
were selected for each small segment by applying the logical operations
on the matrix.

Experiments without the use of a collimator were performed for
a longer duration and the energy calibration for each segment was
performed using 1-fold events in the respective segments. The energy
resolution of each segment was obtained after performing the energy
calibration. An addback spectrum for each small segment was obtained
from the experimental data without using a collimator to observe the
crosstalk effects and addback energy resolution obtainable before and
after applying the correction. Crosstalk correction factors were also
evaluated for each addback spectrum. To correct the energy spectrum
for crosstalk, a method was obtained from [20]. The correction is based
on calibrating a relationship between true and measured energy values,
defined in a matrix form (Eq. (1)). The matrix element E,_, denotes
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Fig. 2. Left — The planar segmented HPGe detector with ball screw sliding table placed in front for movement of collimated sources. A sticker depicting the segmentation pattern
was put on the entrance window for segment identification and alignment purposes. Right — CAEN V1782 8-channel data acquisition system.

Table 1

Event localisation and energy determination based on different scenarios during a tomographic measurement. (Fired

refers to a trigger threshold being passed).

Scenario

Event localisation and energy

Any one of the small segments (1 to 6) has fired

Any one of the small segments (1 to 6) and
segment-7 have fired in coincidence

Two or more small segments have fired in
coincidence

Fired segment and energy from the corresponding
list data

Fired small segment and the sum of respective
energies (E; + E;) from list data, i = index of the
fired small segment

The event is discarded to avoid possible
mislocalisation

the crosstalk coefficient for segment i for a gamma ray interaction
in segment-7 and vice versa. These elements were determined from
the intercepts of 661.7 keV diagonal line on the axes in a plot of
2-fold events between respective segments as shown in Fig. 3 (left).
To obtain the intercepts on the axes the diagonal corresponding to
661.7 keV was extrapolated (by least square linear fit), Fig. 3 (right)
shows the extrapolated diagonal line and the zoomed-in view of the
intercepts on the axes. The correction matrix C was determined for
each small segment (1 to 6) and segment-7 pair and inverted to obtain
the true energy values. It should be noted here that unlike in [20] full
volume-to-segment crosstalk effects were not considered.

Ei Ei X
=C- i=11t06 (@]
E7 meas E7 true

1 Ei<—7
where C =

; 1
T—i
To study the performance of the detector for the planned tomo-

graphic measurement of nuclear fuel, experiments were performed with
a well-collimated source. A cylindrical tungsten collimator (50 mm
diameter, 175 mm length) with a single circular slit (2 mm) was used.
A 137Cs source enclosed inside a lead cylinder with a circular open-
ing was placed behind the collimator. The source and the collimator
were mounted on a ball-screw linear sliding table which provided the
translation motion in one dimension by rotating the screw of 1 mm
pitch. The collimated source was centred on segment 1 and list data
was acquired for 10 h, after finishing the acquisition the collimated
source was moved to the centre of the next segment and the process
was repeated. Six different datasets were thus obtained for six different
collimated source positions. The data were analysed as described above
to make singles, addback, and total (addback +singles) spectra.

Using a well-collimated source also presented an opportunity to test
the mislocalisation. Since during each acquisition only a single segment

was irradiated directly by the source, any full energy events obtained
in the total spectra of the remaining small segments were attributed
to the mislocalisation. Since it was difficult to carry out the absolute
and intrinsic efficiency calibration, relative comparisons (Table 4) be-
tween the experimental and simulation results were performed to assert
the detector performance. Simulations were performed using particle
transport code MCNP6.2 [24]. The detector crystal was modelled with
an aluminium enclosure, and each small segment was irradiated with
a photon beam of around 3.3 mm divergence at the back surface.
Coincidence/anticoincidence logic was implemented in the simulated
spectra using the MCNP FT PHL [25] option.

To evaluate the count rate capability of the detector, a two-source
test was performed. The 137Cs source was fixed in a position such that
it caused an input count rate (ICR) near 2000 cps (counts per second),
while the strong °°Co source was moved to vary the total ICR up to
~10° cps in the full volume of the detector. The Full Width at Half
Maximum (FWHM), the output count rate (OCR), and the peak energy
of the 137Cs were obtained (from the singles spectra) for each segment
as well as the full volume. In all of the data analyses, a 10 keV energy
threshold (for identification of singles as well as addback events in
offline mode) was used to filter noise and false multifold events. For
all the segments and the back electrode, a 6 us rise time and 1 us
of flat top time were used for the trapezoidal filter. An RC-CR2 filter
was used for the trigger and timing (timestamp generation) and the
highest possible value of 32 samples was used as the fast discriminator
smoothing factor [26] for all the segments and back electrode signals.

4. Results
4.1. Energy resolution and crosstalk corrections

The energy resolution of each segment and the full volume (back
electrode) at energies 661.7, and 1332.5 keV was obtained after
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Fig. 3. Left — A plot of 2-fold events between segment-3 and segment-7, diagonal lines represent energy correlation due to Compton scattering in the respective segments for
energy lines from 207Bi, 137Cs, and %°Co. Due to electronic crosstalk, the diagonal lines deviate from the location of full energy peaks in the singles spectra, a diagonal line for 661.7

keV was extrapolated and the deviation is visible in the zoomed-in plot on the right. Right — Zoomed-in 661.7 keV line with intercepts on the respective axes for determination
of correction matrix elements §;_, and &;_5..
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Fig. 4. Energy spectra of the measured 2-fold events in segment pair (3, 7) without crosstalk correction. The peaks in the addback (segment-3 +segment-7) spectrum are broadened,
shifted and split in comparison to the peaks in the energy spectrum obtained from the full volume back electrode as seen in the zoomed-in view in the inset.

Table 2

Energy resolution (full width half maximum in keV) of every single segment and the back electrode obtained (1-fold events).
Energy Full volume Seg.-1 Seg.—2 Seg.-3 Seg.—4 Seg.-5 Seg.—6 Seg.-7
[keV] (FWHM) (FWHM) (FWHM) (FWHM) (FWHM) (FWHM) (FWHM) (FWHM)
@662 5.55 1.33 1.30 1.34 1.32 1.32 1.33 2.10
@1332 7.57 1.74 1.72 1.73 1.73 1.73 1.73 2.55

performing the energy calibration using 1-fold events and shown in
Table 2. The energy resolution of segments 1 to 7 is reasonably good
and comparable to what might be expected in a conventional HPGe
detector. The energy resolution of the full volume is degraded. Some
plausible explanations for the worse energy resolution of the back elec-
trode are the high capacitance of the full volume in comparison to the
segments, and the crosstalk from the segments to the back electrode.
However, for better full volume resolution, the energy information of
an event can also be obtained from the addback spectra of segments 1
to 7 as mentioned in Section 2, and this strategy was chosen since it
provided better energy resolution.

Energy spectra of the measured 2-fold events for segment pair (3,
7) were plotted and shown in Fig. 4, it shows the spectrum of energies
in segment-3, segment-7, the respective sum (or addback), and the
corresponding energies obtained from the full volume back electrode.
Due to electronic crosstalk which is proportional [27-29] in nature, the
energy values obtained in the segments were different from the actual
energy deposition during the gamma-ray interactions in the respective
segments. This results in peak broadening, non-Gaussian peak shape,
and an energy shift in the addback spectrum as seen in Fig. 4. Similar
effects were observed in the measured addback spectra of the other
segment pairs. In terms of percentage of the deposited energy, the
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Table 3
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Energy resolution in total spectra of the segment pairs before and after applying the crosstalk corrections.

Segment pair FWHM [keV] @662 keV FWHM [keV] @1332 keV
Before correction After correction Before correction After correction
aa,7) 6.78 2.21 6.13 3.30
2,7) 7.46 2.06 7.00 3.22
3,7 7.38 2.08 6.95 3.20
“4,7) 7.10 2.04 6.84 3.05
5, 7) 6.99 2.02 6.64 291
6, 7) 6.38 2.07 5.99 2.99
104
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102
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Fig. 5. Total spectra of segment pair (3, 7) before and after applying the crosstalk correction, zoomed-in peaks in the insets.

crosstalk shifts were obtained at about 1.57% for the segment pairs (1,
7) and (6, 7) and about 1.5% for the segment pairs (2, 7), (3, 7), (4, 7),
and (5, 7). A peak-to-peak noise assessment was also made for all the
segments and the full volume contact, the average peak-to-peak noise
in segments 1 to 6 was obtained ~ 6 keV, for segment-7 ~ 9 keV, and
full volume contact ~ 13 keV.

The total spectrum for segment pair (3, 7) was plotted before and af-
ter applying the correction as shown in Fig. 5. The energy resolution of
the total spectra after implementing the crosstalk corrections (Table 3)
was obtained in the range 2.0-2.2 keV at 662 keV, and 3.0-3.3 keV at
1332 keV for segment pairs (1, 7) to (6, 7). The energy resolution of
the total spectra is not as good as the energy resolution of 1-fold events
given in Table 2, but still representative of an HPGe detector.

4.2. Count rate capabilities

Fig. 6 shows the throughput curve for all the segments and the
full volume, ICR for the full volume has reached up to 1.8 x 10°
cps and up to 1.3 x 10° cps for segment-7. The full volume and
segment-7 maintained a linear OCR for ICR of up to 20000 cps, in
the small segments the maximum ICR reached approximately 4000 cps
and the OCR remained linear for that range. Although the dead time
of segment-7 and full volume has increased sharply after an ICR value
of 20000 cps, segment-7 will be well shielded during a tomographic
measurement and the ICR is expected to remain below 20000 cps.
Fig. 7 shows the variation in FWHM at 662 keV with ICR for all
the segments and the full volume. The resolution worsens as the ICR
increases and is unacceptably large beyond 20 000 cps.

4.3. Collimated source test and validation of simulation results

The data collected from six different collimated source positions
were analysed to make 1-fold, 2-fold and total spectra for each small

Table 4

Compared quantities between the experimental and the simulation results.
Figure no. Compared quantity for each segment under 662 keV peak
Fig. 8 Total counts/Max (Total counts)
Fig. 9 Singles counts/Total counts (Singles and addback)
Fig. 10 Total counts (Singles and addback)/Full volume counts
Fig. 11 Singles counts/Full volume counts
Fig. 12 Full volume counts/Max (Full Volume counts)

segment. Net counts in full energy peak of 137Cs (661.7 keV) were
obtained using the method of peak area determination using extended
background regions as described in [30]. Similarly, counts from the
simulated spectra were also obtained from the output files generated
after each MCNP simulation. Fig. 8 shows the comparison of relative
counts in full energy peak between MCNP and the experimental total
spectra. To obtain the relative counts, counts in each small segment
were divided by the maximum among them. The experimental results
are in good agreement with MCNP results, and the behaviour is as
expected between the segments. Segments 1 and 6 have higher counts
(10%-11%) in comparison to segments 2-5, which is expected since
more events are discarded in these segments. Events were discarded if
two or more small segments have fired in coincidence, and for segments
2-5 this is more likely to happen as they share a major portion of their
boundary with each other than 1 and 6.

The ratio of singles (1-fold) to total (1-fold and 2-fold) counts
under the peak for each segment was obtained from the simulations
and the experimental results and plotted (Fig. 9) for comparison. The
behaviour is similar in both cases and the results are in good agreement
between the experiment and simulation. The counts under the peak
for full detector volume were obtained from the full volume spectra
obtained in six different collimated source positions, each centred at
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Fig. 7. The variation of FWHM @662 keV with input count rate (ICR).

one of the small segments. The ratios of total to full detector volume
peak counts were calculated for all the small segments. Fig. 10 shows
the comparison plot between MCNP and the experiment, the overall
behaviour is again the same in both but the ratios are lower in the
experimental results. For segments 1 and 6, it is less by 10%-12%, and
by 7%-8% for segments 2 to 5.

Similarly, the ratio of peak counts from 1-fold spectrum to full
detector volume spectrum for each segment was plotted, as shown
in Fig. 11, for comparison between MCNP and experimental results.
Also, in this case, the ratios are lower in the experimental results

by 4%-5%. However, for comparison, the relative counts in the peak
(counts/maximum) obtained from the full detector volume spectra
were plotted (Fig. 12) and are in good agreement with the MCNP
results. As expected the counts are slightly higher when the collimated
source was centred on segments 2-5 this is because of a slightly higher

probability of interaction if a photon incident more towards the centre
of the detector.

The mislocalisation rate per full energy event was determined for
each source position from the total (1-fold +2-fold) spectra. In each
source position, we obtained six different total spectra, one for each
small segment. However, the counts observed under the peak in five
(segments other than irradiated by the collimated source) out of six
spectra correspond to the mislocalisation rate. Therefore, the sum of
peak counts in the five segments divided by the sum of peak counts in
all six segments was defined as the mislocalisation rate per full energy
event. From the experimental results, this was obtained as 5-6 counts
per 1000 full energy peak counts. Of these, 137Cs in the lab background
is responsible for 2-3 counts. The impact of this level of mislocalisation
is considered acceptable for use in tomography.
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5. Conclusions and outlook

Experimental evaluation of the properties of a novel planar seg-
mented HPGe detector has been done in this work. The detector per-
formance is found to be as expected and satisfactory with regard to its
intended use in a tomographic measurement. The energy resolutions
of the segments in individual detection mode (1-folds in the respective
segments) were found to be excellent, while also reasonably good in the
addback mode with the large segment after making corrections for the
crosstalk effects. The performance of the detector in terms of count rate
limits and energy resolution did not degrade much up to a total ICR of
20000 cps in the full volume. This covers the anticipated typical count
rate of the proposed tomographic application.

The detector performance shows a good agreement with the MCNP
predictions. Considering the lowest total (1-fold +2-fold) counts to full

detector volume counts ratio of 53% for the middle segments, this
detector will be overall 3.2 (53% times 6 segments) times faster than a
detector of the same overall dimensions without segmentation, which
would require multiple steps to obtain the information equivalent to
a single examination with the segmented detector. Using this detector,
roughly a 24 h measurement can be completed in less than 8 h or less if
the number of segments is increased. This might be significant and can
facilitate achieving a higher spatial resolution in GET, by allowing time
for more positions to be acquired. The mislocalisation rate was found
nearly negligible which affirmed the ability of the segments to work as
individual detection elements, as if using a conventional unsegmented
detector moved in six times as many steps.

The energy resolution of the full volume signal was rather dis-
satisfactory. This should however not be a concern as the energy
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Fig. 11. Comparison of the ratio of 1-fold to full detector volume peak counts obtained for each segment from the experimental and MCNP results.

information can be obtained from the addback of the segmented elec-
trodes, however, the full volume resolution may be possible to improve
by careful investigation of the underlying causes and remediation using
appropriate corrections. The acquisition and the digital pulse process-
ing parameters such as setting the right energy threshold, trapezoidal
rise time, baseline smoothing, etc., were not carefully optimised, and
the performance (energy resolution, dead time, etc.) can be improved
by doing so. In particular, it should be noted that the fast discrim-
inator smoothing factor [26] for the trigger threshold was found to
be important to avoid erroneous rejection of 2-fold events that may
otherwise be flagged as pileup, due to transient cross talk. The addback
mode in this work was considered only between the bigger (segment-
7) and small segments (1 to 6) pair which is the mode of operation
with the lowest mislocalisation rate. The addback between all possible
segment pairs can also be obtained to recover all the full energy peak
counts in the detector, however, for that purpose, a full crosstalk
correction matrix (of size 7 x 7) needs to be determined. An all-segment

addback would improve the overall detection efficiency, but the mis-
localisation rate also increases as shown in [13], and it would thus be
detrimental to the ability to correctly localise the segment of the first
entrance.

The detector performance for tomographic measurement agreed
well with the MCNP results, the underestimation of the 1-fold and total
counts in the respective segments in the experimental results could be
due to reasons such as improper alignment of the collimated source
and the segment centre, erroneous pileup rejection of events for the DC
coupled front segments, low energy scatter events in coincidence with
subsequent absorption in the segment-7 were not recorded during the
online data acquisition in the small segments. It is therefore important
that a proper alignment should be achieved before starting the actual
tomographic measurement, and optimum acquisition settings should be
applied according to the measurement conditions.

Following these promising results, tests in a GET setup will be
performed with the BETTAN (the name of a laboratory device at
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the department of physics for tomography measurements [31]) to-
mography workbench at Uppsala University. The preparations for the
final demonstration of the detector for tomographic measurements are
undergoing.
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