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A B S T R A C T

Maintaining good energy resolution in 3-D position-sensitive cadmium zinc telluride (CdZnTe) detectors without
temperature regulation is desired in field operations to lower power consumption. This requires several
calibration measurements at various ambient temperatures. However, required calibration times and storage
space for calibration data increase linearly with working temperature range. In this experiment, gamma-ray
interactions were measured by 3-D, position-sensitive CdZnTe detectors read out via VAD_UM v2.2 ASICs at
various ambient temperatures. Physical causes of changes in detector behavior were studied. A proposed method
to reconstruct events using only one complete calibration measurement, and several faster measurements at
different ambient temperatures is discussed. Calibration data estimated using the proposed method showed
almost identical performance compared to measured calibration data for measurements for various ambient
temperatures at equilibrium. The paper also discusses experimental results that showed good resolution in 3-D
CdZnTe detector systems can be achieved even if temperature regulation is fully discarded.
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1. Introduction

Pixelated, 3-D position-sensitive CdZnTe (3-D CdZnTe) is a promis-
ing alternative to High-Purity Germanium (HPGe) detectors. With the
state-of-the-art readout technology, the Orion Group at the University
of Michigan consistently achieves single-pixel events energy resolutions
below 0.40% full-width-at-half-maximum (FWHM) at 661.7 keV for
most direct-attachment CdZnTe detectors [1]. In addition to spec-
troscopy, 3-D position-sensitive CdZnTe detectors have gamma ray and
neutron imaging capabilities [2,3]. Furthermore, CdZnTe detectors can
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be operated at room temperatures, making in-the-field operation of
CdZnTe detectors more convenient than HPGe detectors.

However, voxel-by-voxel gain corrections, estimated during calibra-
tion, are sensitive to detector temperature [4]. For example, reconstruct-
ing measurements at a higher ambient temperature using calibration
data acquired at 0 ◦C is shown in Fig. 1. Reconstructed photopeak
centroids decrease with increasing ambient temperature using voxel-
by-voxel gains estimated from a 0 ◦C calibration. Moreover, energy
resolution degrades significantly compared to self-calibrated results.
For this work, self-calibrated results are reconstructed by taking a full
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Fig. 1. 137Cs measurements were conducted at different ambient temperatures and reconstructed using a 0◦C calibration. Reconstructed peak centroids decrease with increasing ambient
temperature. Energy resolution also degrades at higher temperatures. Error bars of resolutions fall within plotted points. The calibration-temperature drift data was acquired using
detector 5R-76.

Fig. 2. A simplified flowchart of the calibration process in 3-D CdZnTe detectors.

Fig. 3. Relative gain change with temperature, measured using both a 137Cs source and
test pulses. Plotted data are from arbitrarily-chosen channels in detector 5R-52. Strong
agreement between changes in electronic and total gain are seen.

calibration at a stable ambient temperature, and then applying the
calibration parameters to the same measurement. Hence, self-calibrated
results benchmark the best achievable performance at each ambient
temperature. The change in calibration data due to temperature change
is referred to as calibration-temperature drift hereafter.

Temperature regulation is employed in current CdZnTe systems, to
eject heat from electronics, to avoid performance degradation from
calibration-temperature-drift. However, the regulation of temperature
hinders further development of lightweight, hand-held CdZnTe systems.
Temperature regulation not only adds to system weight and volume,
but also consumes significant power. For example, the Orion UM v1.1

system with nine CdZnTe detectors [1], consumes about 15 W of
total power with 7 W used in temperature regulation. If temperature
regulation could be avoided, system operation time would increase by
over 80% using the same battery. A brute-force approach to discard
temperature regulation requires carrying out a full, time-consuming
calibration for each temperature. However, this approach is not realistic
as calibration time and data storage grow linearly with the increasing
temperature-range. An alternative approach, which efficiently corrects
for calibration-temperature drift using minimal, additional calibration,
is required.

2. Experimental methods

Calibration-temperature drift must be understood in detail to im-
plement an efficient correction. Three Redlen detectors, 5R-18, 5R-52
and 5R-76, were used for analysis. Each detector was connected to
a VAD_UM v2.2 application-specific integrated circuit (ASIC) readout
system [1] and calibrated at 0, 5, 10, 15, 20, 25 and 30 ◦C ambient
temperatures. The analysis and discussion of this paper is confined to the
range of 0 to 30 ◦C unless otherwise specified. Ambient temperature was
controlled in all measurements by placing the detectors and ASICs into
an environmental chamber. It should be noted that the true, ambient
temperature of the detector is difficult to measure. Instead, in this
paper, the detector ambient temperature is the temperature setting of
the environmental chamber.
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Fig. 4. Measured 𝜇𝑒,𝑇 𝜏𝑒,𝑇 values for anode channels in detector 5R-76. See [6] for detailed
discussion of calculation methods.

For ease of discussion, Fig. 2 presents a simplified calibration process
for 3-D CdZnTe detectors. Each 3-D CdZnTe detector is 2 × 2 × 1.5 cm3

with a common planar cathode and 121 pixelated anode pads. All
detectors are operated with the cathode biased at −3000 V. A cathode-
side 137Cs flood irradiation calibration measurement was conducted
for each detector. Cathode channel amplitude and triggering times
alongside all triggered anode channels are measured using digital filters
for all events [5].

Events were categorized based on the number of triggered anode
pixels. The calibration procedure starts with single-pixel events. First,
cathode and anode gains are measured using uncorrected photopeak
centroids. Using the measured channel-by-channel gains, the depths of
single-pixel interactions can be estimated based on cathode-to-anode
signal amplitude ratio (𝐶𝐴𝑅) [7]. The volume under each pixel is
artificially subdivided into depth bins, with the space in each bin
referred to as a voxel. Since anode channels encode a unique 2-D
location, single-pixel events can be placed into 3-D voxels. Voxel-by-
voxel, 3-D gains can then be measured using the photopeak centroid of
voxel-wise spectra. At least 200 photopeak counts are required in each
voxel to avoid overfitting. As a result, calibration measurements must
be long enough to record a million photopeak counts. These channel-
by-channel gains and voxel-by-voxel gains form the single-pixel events
calibration data.

Single-pixel calibrations are also applied to events where multi-
ple anodes trigger. Single-pixel corrections are applied independently
to each triggered anode, correcting response non-uniformities from
channel-by-channel gain, change of weighting potential field [8] for
collecting pixels, and trapping/de-trapping of electrons in the detector.
However, there are complicating factors in reconstructing these multi-
pixel events. When multiple anode pixels trigger, the depth of each
interaction can no longer be calculated using the CAR. Instead, depth
is measured by electron drift-time for each interaction. Hole movement
is neglected as it does not contribute substantially to signals in 3-D
CdZnTe detectors. Due to material and electric field non-uniformities,
the relationship between electron drift time and interaction depth in
each channel must be mapped using single-pixel events. After the depth
of each interaction calculated, single-pixel events calibration data can
be applied. In the last step, weighting potential cross-talk (𝑊𝑃𝐶𝑇 ) is
measured and corrected. 𝑊𝑃𝐶𝑇 is the interference between multiple
electron clouds as they drift towards the collecting anodes and must
be corrected for based on the depth of each interaction, as well as the
distance between the interactions. A more detailed discussion of the
reconstruction process in 3-D CdZnTe detectors is presented in [7].

3. Analysis and correction for calibration-temperature drift

The effects of temperature change on calibration data was studied in
detail to develop an efficient, temperature-based events reconstruction
method.

3.1. Channel-by-channel gain vs. temperature

The change in uncorrected, photopeak centroids with ambient tem-
perature is shown in Fig. 3, illustrating that ambient temperature sub-
stantially affects channel-by-channel gain. This observed, temperature-
dependent gain stems from gain fluctuations in both the detector and
readout electronics.

External test pulses were used to isolate electronic gain for each
ambient temperature without the detector connected. Relative changes
in channel-by-channel gain from 137Cs measurements, which combine
electronic and detector gain, and test pulses, which uses electronics
alone, are highly correlated as shown in Fig. 3. This implies that the
change of electronic gain with temperature is the main cause of channel-
by-channel gain change with temperature in 137Cs measurements. Fur-
thermore, channel-by-channel gains are seen to decrease linearly with
increasing ambient temperature.

3.2. Voxel-by-voxel gain vs. temperature

Under each pixel the 1.5 cm thickness between the anode and cath-
ode is linearly subdivided into 40 voxels. For simplicity, the direction of
the voxelization is called depth (z), ranging from 1 (anode side) to 40
(cathode side). The gain of each voxel under the same pixel can then be
represented using Eq. (1).

𝐺𝑇 (𝑧) = (𝑔𝑒,𝑇 )𝛥𝜑(𝑧)𝑒𝑥𝑝(−
𝑧

(𝜇𝑒,𝑇 )(𝜏𝑒,𝑇 )𝐸
) (1)

In Eq. (1), 𝐺𝑇 (𝑧) represents the gain for gamma-ray events in
each depth bin (voxel) along the space under a pixel and is referred
to as the gain-depth curve for each anode channel. The subscript,
𝑇 represents the ambient temperature. The gain-depth curve is the
product of three terms: the electronic gain of the anode channel
(𝑔𝑒,𝑇 ), change of weighting potential (𝛥𝜑(𝑧)) and trapping of electrons
(𝑒𝑥𝑝(−𝑧∕((𝜇𝑒,𝑇 )(𝜏𝑒,𝑇 )𝐸))). 𝜇𝑒,𝑇 𝜏𝑒,𝑇 represents the mobility-lifetime prod-
uct of electrons in CdZnTe, and 𝐸 represents the electric field in the
detector (assuming it is uniform) [6]. As Section 3.1 discussed, 𝑔𝑒,𝑇
changes linearly with temperature. 𝛥𝜑(𝑧) is a function of 𝑧, but not
affected by 𝑇 . 𝑒𝑥𝑝(−𝑧∕((𝜇𝑒,𝑇 )(𝜏𝑒,𝑇 )𝐸)) is affected by both 𝑧 and 𝑇 , as
𝜇𝑒,𝑇 𝜏𝑒,𝑇 decreases for increasing 𝑇 as shown in Fig. 4.

Fig. 5 shows gain-depth curves for a single anode channel of detector
5R-52. As discussed in Section 2, the gain is estimated by measuring the
photopeak centroid for spectrum in each voxel. When interactions are
close to the anode (𝑧 is small), the gain-depth curve increases drastically
with increasing 𝑧 because of the pixelation, known as the small-pixel
effect. When interactions are not near the anode, the gain-depth curve
changes almost linearly with 𝑧 because the weighting potential for
collecting anode changes much more slowly. The definition of weighting
potential and corresponding applications in detector design can be read
in [8]. These measured gain-depth curves in 3-D CdZnTe detectors
are complex in shape. However, the effect of ambient temperature (T)
on gain-depth curves can be approximated using a simpler trend. The
𝜇𝑒,𝑇 𝜏𝑒,𝑇 values measured in recent, Redlen CdZnTe detectors are usually
on the same order of magnitude of 1E-2 cm2∕V [6]. Hence, by Taylor
expansion, Eq. (1) can be approximated as:

𝐺𝑇 (𝑧) = 𝑔𝑒,𝑇 𝛥𝜑(𝑧)(1 −
𝑧

𝜇𝑒,𝑇 𝜏𝑒,𝑇𝐸
) = 𝛥𝜑(𝑧)(𝐴𝑇 + 𝐵𝑇 𝑧) (2)

where 𝐴𝑇 and 𝐵𝑇 are used for easier discussion. They are defined as:

𝐴𝑇 = 𝑔𝑒,𝑇 , (3)

𝐵𝑇 = −𝑔𝑒,𝑇
𝑧

𝜇𝑒,𝑇 𝜏𝑒,𝑇𝐸
. (4)

Since electron trapping only causes a relatively small deficit in signal
amplitude, |𝐵𝑇 | << |𝐴𝑇 |. As a result, the relationship between the gain-
depth curves for two different temperatures (𝑇 and 𝑇0) in the same
anode channel can be simplified using Taylor expansion:

𝐺𝑇 (𝑧)
𝐺𝑇0 (𝑧)

=
𝐴𝑇 + 𝐵𝑇 𝑧
𝐴𝑇0 + 𝐵𝑇0𝑧

≈ [
𝐴𝑇
𝐴𝑇0

+ (
𝐵𝑇
𝐴𝑇0

−
𝐴𝑇𝐵𝑇0
𝐴𝑇0

)𝑧]. (5)
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Fig. 5. An example comparing the estimated and measured gain-depth curves at 5 ◦C for an anode channel in 5R-18. The estimation is based on the linear relationship in Eq. (5), using
data from a complete calibration at 20 ◦C and a short measurement at 5 ◦C. In this example, the curves slightly decrease when 𝑧 is very close to 40 (interactions are close to the cathode).
This could be caused by various reasons, such as charge collection efficiency degradation or artifacts in the reconstruction. Error bars are negligible and omitted in the figure.

Fig. 6. An example comparing estimated and measured timing-depth curves at 25 ◦C for one anode channel. The estimate was calculated by linearly re-scaling the timing-depth curve
from a complete calibration at 5 ◦C by a constant, and the constant is the ratio between the maximum drift times for both temperatures.

Eq. (5) implies that although the gain-depth curve for a channel
in 3-D CdZnTe detectors is complex, the relative change of the curve
between the ambient temperature of 𝑇0 to 𝑇 can be approximated
as a linear function. The linear function’s variable is depth, and its
intercept and slope are affected by 𝑇 and 𝑇0. Assume a complete
calibration measurement has been taken at ambient temperature 𝑇0,
and another, shorter measurement is taken at ambient temperature 𝑇 .
During the short measurement at ambient temperature 𝑇 the space
under each channel can be divided into coarser depth bins. Photopeak
centroid amplitudes from interactions in these coarse depth bins can
be used in a linear fitting to estimate Eq. (5). This avoids the time
consuming collection of 200 photopeak counts per voxel required in
full calibrations. As a result, a short measurement at 𝑇 is enough to
estimate the gain-depth curve at 𝑇 . In this study, a complete calibration
measurement using 137Cs usually takes about 2 h. However, with a
complete calibration at 𝑇0, 15 min of measurement at other ambient
temperatures proved sufficient to estimate the gain-depth curves for all
anode channels as shown in Fig. 5.

3.3. Drift time-depth relationship vs. temperature

The relationship between drift time and depth in each channel, called
the timing-depth curve, also changes with ambient temperature because
the mobility of electrons decreases for higher ambient temperatures. As
presented in Fig. 6, at higher temperatures, the electron drift time from
the same interaction location to the collecting anode increases. If the
timing-depth curves measured at 5 ◦C are used to reconstruct events
measured at 25 ◦C, the depths of interactions will be systematically
overestimated by up to over 1 mm, thus degrading the resolutions of
both energy spectrum and Compton imaging. Fortunately, the mea-
surements showed that in each channel, the timing-depth curve for
ambient temperature 𝑇 can be easily estimated by scaling the same
curve from a complete calibration at 𝑇0 by a constant value. This value

can be easily calculated by measuring the maximum drift times at both
temperatures. The maximum drift time corresponds to interactions from
the cathode side (z=40), and can be easily measured using only a short
measurement.

3.4. Weighting potential crosstalk and nonlinearity vs. temperature

𝑊𝑃𝐶𝑇 and nonlinearity corrections are time consuming in CdZnTe
detectors. Fortunately, repeated measurements showed that they did
not significantly change within the temperature range (0 ◦C – 30 ◦C)
discussed in this paper.

3.5. Performance of temperature-corrected calibration data

Based on the analyses, a complete calibration at 𝑇0 and a fast
measurement at 𝑇 is sufficient to estimate the complete calibration
data at ambient temperature 𝑇 . This estimation process is referred
to as temperature-corrected calibration. 137Cs measurements taken at
various ambient temperatures for each detector were reconstructed
using both self-calibration and temperature-corrected calibration. The
results are compared in Fig. 7. For both single-pixel and all events,
the energy-resolution FWHM at 662 keV was only degraded by 0.02 to
0.03% when using temperature-corrected calibration compared to self-
calibration. Multi-pixel event results from 5R-18 were omitted as many
anode channels showed significant gain variations. The exact reason
of this problem is under investigation and is beyond the scope of this
paper. However self-calibration requires 2 h of measurement at each
temperature while, in contrast, temperature-corrected calibration only
requires an additional 15 min for each, additional ambient temperature.
Within 0 to 30 ◦C, with a 5 ◦C step size, the total calibration time was
reduced from 14 to 3.5 h when using temperature-corrected calibration.
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Fig. 7. 137Cs measurements were conducted at 0/5/10/15/20/25/30 ◦C ambient temperatures for each detector and reconstructed using conventional, self-calibration and time-efficient,
temperature-corrected calibrations. Different colors represent different ambient temperatures in the measurements. Lower temperature data points are shown in blue while higher
temperature data points are shown in red. Dashed lines represent 𝑦 = 𝑥, corresponding to no loss in performance relative to the self-calibration benchmark . (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Comparison between the ASIC temperature sensor and the ambient temperature setting.

Fig. 9. Single-pixel events spectra, reconstructed by both temperature-based reconstruction and only one calibration dataset for 15 ◦C. Events were from 5R-52, 25 to 5 ◦C fast change
(Table 1).

4. Events reconstruction based on temperature

Ambient temperature is expected to fluctuate in practical, in-field
measurements using hand-held, CdZnTe devices without temperature
regulation. A temperature sensor on the VAD_UM v2.2 ASIC was used
to measure ASIC and detector temperatures (ASICs are directly coupled
to 3-D CdZnTe detectors). As shown in Fig. 8, the ASIC temperature
sensor output was linearly related to the ambient temperature of the
environmental chamber. However, it should be noted that the measure-
ment was made with the system at thermal equilibrium. In fluctuating

ambient temperatures, the ASIC temperature sensor is not guaranteed
to truly reflect the detector temperature because of heat transfer and
gradient.

Temperature-based events reconstruction can be summarized into
two steps. First, a complete calibration and subsequent fast measure-
ments are used to estimate the temperature-corrected calibration data
in a temperature range with a certain step size. The calibration data
for each temperature is then mapped to a corresponding ASIC sensor
output. Linear interpolation is then used in real measurement to estimate
the calibration data based on the ASIC sensor output for each event. A
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Fig. 10. Temperature-based reconstruction results were compared to self-calibration for gamma ray at 662 and 1332 keV. In the 25 to 15 ◦C slow change measurement, the ambient
temperature setting changed from 25 ◦C to 15 ◦C at a constant speed over one hour. In the 25 to 15 ◦C fast change measurement, the ambient temperature setting changed from 25 ◦C
to 15 ◦C instantaneously during the beginning of the one-hour measurement. Self-calibration results are also shown for comparison.

Table 1
Energy resolution FWHM at 662 keV for different measurements and reconstructions:
25 ◦C measurements are reconstructed using self-calibration while transient measurements
were reconstructed using temperature-corrected calibrations. Multi-pixel events results
from 5R-18 are omitted due to gain variation problems.

Detector Event types 25 ◦C equilibrium a 25 to 5 ◦C fast change b

5R-18 Single-pixel 0.55% 0.62%
5R-52 Single-pixel 0.58% 0.61%
5R-52 All events 0.68% 0.73%
5R-76 Single-pixel 0.53% 0.61%
5R-76 All events 0.63% 0.71%

aReconstructed using self-calibration.
bReconstructed using temperature-corrected calibration.

practical performance evaluation of the temperature-based reconstruc-
tion method was made by quickly changing ambient air temperature
during a measurement. To start, each detector was at equilibrium with
the environmental chamber set to 25 ◦C. The environmental chamber
was then set to 5 ◦C and an one-hour, 137Cs flood irradiation from
the detector cathode side was started. One hour measurement duration
was chosen to ensure that the detector temperature reached the new
equilibrium. Drierite was used in the environmental chamber to mitigate
condensation. In the field, a hand-held CdZnTe device might experience
a similar change in ambient temperature when the user enters or exits
a building.

As Table 1 shows, the energy resolution of temperature-corrected
measurements during the transients were worse than steady-state results
in Fig. 7. This degradation was expected, since the ASIC sensor will
not always truly reflect the temperature on the detector when ambient
temperature changes rapidly. Still, the most significant degradation
was within 0.1%. Fig. 9 shows the single-pixel events spectrum peak
shape using the temperature-based reconstruction method during the
transient. In comparison, it also presents the peak shape when only
one data is using during the temperature transient. It should be noted
than when only one calibration dataset is used, the energy resolution
of the resulting spectrum was degraded to 0.82%. In addition, the
complex peak shape cause by gain-drift make it difficult for peak fitting
algorithms to distinguish gamma-ray lines that are close in energy.

To further prove that heat transfer during temperature variation
can degrade energy resolution, repeated measurements were conducted
using detector 5R-76. In each measurement, a 137Cs source and a 60Co
source were used to flood irradiate the detector from the cathode side.
For different measurements, the ambient temperature settings changed
at different paces from 25 ◦C to 15 ◦C as shown in Fig. 10. When the
temperature changed at a slow, constant speed, reconstructions using
temperature-based method showed less degradation when compared to
measurements with a fast transient.

5. Conclusion

Three Redlen CdZnTe detectors were tested at different ambient
temperatures ranging from 0 to 30 ◦C. Analysis shows that changes
in electronic gain and electron mobility-lifetime product are the main
causes of calibration-temperature drift. A method was then proposed
that used one full calibration and several fast measurements at different
ambient temperatures to efficiently estimate corrections across a wide
range of ambient temperatures. The estimated datasets showed almost
identical performance to calibrations generated by a long measurement
for each temperature. Measurements were also conducted with the
ambient temperature changing. Based on the ASIC temperature sensor,
a linear interpolation was used to generate calibrations on an event-
by-event basis. Results show that compared to self-calibrated results
at a stable ambient temperatures, the degradation in all events energy
resolution is at most 0.1% when the ambient temperature changed very
quickly without temperature regulation. Hence, it is possible to reduce
the weight and size of hand-held, 3-D CdZnTe devices at a small cost of
energy resolution (< 0.1%) and calibration time.
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