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a b s t r a c t

In pixelated CdZnTe detectors, multiple interaction gamma-ray events are critical because they permit

Compton imaging. However, in large-volume CdZnTe crystals, the depth of multiple interaction events

is often poorly reconstructed due to significant nonuniformity of electron drift velocity while the depth

of single interaction events can be accurately reconstructed using signal ratios. The nonuniformity of

the drift velocity is likely due to nonuniformity in the electric field within the detector. This causes

variation in the drift time even amongst events that occur at the same depth of interaction in the same

pixel. The degradation in the depth reconstruction results in poorer imaging performance. The electron

drift velocity at each depth is measured using 241Am alpha particles incident on the entire cathode

surface of each detector. Cathode waveforms are recorded for events collected by each element in the

11�11 array of anode pixels. To illustrate the impact of electron drift time variation, two CdZnTe

crystals fabricated by Redlen Technologies with similar spectral performance, but significantly different

Compton imaging performance are selected. The detector with poorer imaging performance demon-

strated significant nonuniformity of the electron drift velocity. This work clearly shows that even

CdZnTe crystals with 1% FWHM energy resolution at 662 keV can have a nonuniform electron drift

velocity, on the sub-pixel scale, which seriously degrades the Compton imaging performance of

pixelated detectors.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Polaris project at the University of Michigan uses pixelated
3D position-sensitive CdZnTe detectors to perform high resolu-
tion gamma-ray spectroscopy and 4p Compton imaging [1,2]. In
order to achieve these capabilities, a three-dimensional (3D)
position-sensing technique and large-volume single crystal
CdZnTe detectors with extended thickness are required [3]. How-
ever, high concentrations of extended defects such as twins, sub-
grain boundaries, Te inclusions, and dislocations have been
observed in large-volume CdZnTe crystals [4,5]. In addition, it is
reported that nonuniform internal electric field due to local
perturbations by the presence of extended defects and residual
strains existing inside the crystals can be a significant factor
degrading performance of CdZnTe detectors [6,7].

Recently, more than 100 CdZnTe detectors from Redlen
Technologies have been evaluated at the University of Michigan.
The imaging performance between detectors is found to vary
significantly, even amongst detectors with good spectroscopic
performance. Thus, there is a mechanism that significantly
ll rights reserved.
impacts the imaging performance of some detectors without
significantly degrading the spectroscopic performance. This work
will show that this is due, at least in part, to invalid reconstruc-
tion of the depth of interaction due to variations in electron drift
time. Other work has shown that drift time variations can degrade
the energy resolution [8], but this work focuses on two detectors
that have similar energy resolution and significantly different
angular resolution in the Compton image.

In pixelated CdZnTe detectors, single- and multiple-pixel
events are determined by the number of pixels triggered by each
incident gamma-ray interaction. Fig. 1 shows the anode array
pattern with a noncollecting steering grid applied to the CdZnTe
crystals used at the University of Michigan. In order to understand
the degradation in the Compton image quality of certain detectors
it is important to consider the nature of event reconstruction in
the system. Compton imaging information is only available for
gamma rays that interact at least twice in the detector. This
means that the events useful for imaging involve information
from multiple pixels, and are thus referred to as multiple-pixel
events.

Multiple-pixel events occur by either multiple gamma-ray
interactions or charge-sharing of a single electron cloud between
adjacent pixels. The energy and position reconstruction of multi-
ple-pixel events is an important factor that limits the spectral
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Fig. 1. Anode array pattern with a noncollecting steering grid applied to the

CdZnTe crystals used at the University of Michigan, which have dimensions of

20 mm�20 mm�15 mm and include an 11�11 square pixel array fabricated on

the anode surface with a pixel pitch of 1.72 mm.
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performance and imaging capability of pixelated CdZnTe detec-
tors [9]. Multiple-pixel events account for more than � 60% of the
total photopeak counts at 662 keV in the detector geometry
described in Fig. 1. The initial location of each charge cloud collected
by a pixel is determined from the 2D coordinates of each collecting
pixel and a measurement of the depth of interaction. The ratio of the
cathode to the anode signal (C/A ratio) can be used to reconstruct the
depth of interaction in the case of single-pixel events [10]. However,
for multiple-pixel events, the electron drift times of each triggered
pixel must be measured to determine the depth of interaction. The
C/A ratio is directly proportional to depth and is mostly independent
of the electron transport properties of the material, assuming that
most electrons are collected within the shaping time of the cathode
signal. However, the drift time measurement is influenced directly by
the electron transport properties.

The total electron drift time, te, is the integral of the drift
velocity along the electron drift trajectory, such that

te ¼

Z T

zi

1

veðzÞ
dz ð1Þ
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where zi is the initial depth of interaction measured from the
cathode surface, T is the detector thickness, ve(z) is the electron
drift velocity at depth z, meðzÞ is the electron mobility, and E(z) is
the electric field at each depth. Eq. (2) is correct if the majority of
electrons drift directly to the anode without undergoing trapping
and detrapping. Eq. (3) can be used to describe the drift time
given the additional assumption that mobility is constant
throughout the detector volume. In this case, the drift velocity
distribution at each depth is identical to the electric field
distribution multiplied by a constant scaling factor. Eqs. (1)–(3)
assume that the electrons drift directly from the cathode to the
nearest anode pixel without lateral movement within the device.
The lateral movement of electrons, which has already been
measured directly in CdZnTe [7], will increase the overall drift
time from cathode to anode and should be considered as a
possible cause of drift time variations.

It is important to consider the relationship between variations in
the drift velocity of electrons and the degradation of the depth
reconstruction for multiple-pixel events. If the drift velocity changes
as a function of depth, it is still possible to correctly reconstruct the
depth of interaction if the drift time does not vary within a voxel,
defined by the spatial resolution of the device. If the measured drift
time does vary significantly within a voxel, then it is impossible to
calibrate the relationship between drift time and position, which
degrades the depth of interaction reconstruction from the drift time.

In this work, the VAS_UM/TAT4 ASIC [1] designed by Gamma-
Medica Ideas is used to determine the interaction position. This
readout ASIC limits the spatial resolution to the pixel pitch. Sub-
pixel position resolution can be achieved by comparing the
amplitude of transient signals in the noncollecting pixels [11],
although this requires a system capable of extracting the pre-
amplifier signal from each pixel.

It is critical to develop a technique that can identify detectors
incapable of forming good Compton images. In principle, if the
electron drift velocity is not uniform within the area of one pixel,
then the recorded drift times from a single depth of interaction bin
in a single pixel will vary significantly. It is possible to observe this
behavior using gamma rays and measuring the drift time variance
of each voxel within the detector. The goal of this work is to
validate that the drift time variance calculated from gamma-ray
data is due to nonuniform electron drift velocity and is one of the
factors responsible for image quality degradation. Once this tech-
nique has been validated it can be applied to a data bank at the
University of Michigan with gamma-ray test results for more than
150 large volume CdZnTe detectors from Redlen Technologies.

An alpha source is used to prove the correlation between the
drift time variance measured with an ASIC and nonuniformity of
the electron drift velocity. A large number of alpha waveforms are
collected for each pixel and their drift profile is studied to
determine the variation in velocity as a function of depth. Finally,
a Compton image is generated for each detector in order to prove
how this drift velocity variation impacts the imaging performance.

The experimental geometry is chosen such that incorrect
depth reconstruction will only affect the polar angle estimation
in the Compton image. In this way, a detector with very poor
depth reconstruction is expected to generate an elongated, oval
shaped hot spot when imaging a point source [12]. A detector
with good depth reconstruction should generate a circular hot
spot. Thus, the image can be used to validate that the observed
drift velocity nonuniformities degrade the depth resolution.
2. Experimental setup

All experimental procedures are conducted with two detectors
(designated 4R10 and 4R61) that achieve energy resolution
near 1% FWHM at 662 keV. These detectors are chosen to have
similar spectral performance but significantly different imaging
performance.

2.1. Gamma-ray measurement using a pixelated CdZnTe detector

When a detector is first received at the University of Michigan
it is irradiated with 137Cs gamma rays to evaluate crystal quality.
Fifty million 137Cs gamma-ray events are recorded in each crystal.
Data are taken using the VAS_UM/TAT4 ASIC from Gamma-
Medica Ideas [1]. The 137Cs photopeak events are used to
determine the amplitude and drift time distribution from each
voxel of the detector. The results of this testing procedure are
used to identify detectors with depth reconstruction problems.

2.2. Electron drift velocity measurement from alpha waveforms

In order to measure the drift time, a measurement system
capable of reading out cathode waveforms is required, as the



Fig. 2. Overview of the system used to measure waveforms generated from the cathode of pixelated CdZnTe detectors with an Amptek A250 preamplifier.

Fig. 3. System setup for measuring the electron drift velocity.
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system described in Section 2.1 only provides information about
amplitudes and drift times of the triggered pixels.

Fig. 2 is the overview of the system used to obtain cathode
signals from CdZnTe detectors. An Amptek A250 preamplifier is
added to the ASIC readout system in order to extract cathode
waveforms from the detector while minimizing electronic noise.
The output of the Amptek A250 is passed to an oscilloscope with
an 8-bit ADC for digitization and readout. The oscilloscope read-
out only occurs when a trigger signal is received from the ASIC.

An 241Am alpha source (� 5:5 MeV) is used to generate
cathode waveforms. Alpha particles are chosen because they
deposit their substantial energy close to the surface of the device.
When the source is placed above the cathode side it results in
large electron signals, with excellent signal-to-noise ratios,
that are known to be the result of electron drift through the
entire thickness of the detector. Fig. 3 shows the system setup and
the position of the alpha source. The distance from the alpha
source to each pixel ranges from 15 mm to 25 mm resulting in
alpha striking the cathode with energy between 3.8 MeV and
4.6 MeV.

An important goal of this work is to understand the spatial
variance of drift time. However, the cathode waveform does not
provide the position of each interaction. This information can be
determined based on which pixel collects charge. The scope is
triggered exclusively by the ASIC and the ASIC is configured such
that only one pixel can trigger at any given time. In this way, the
interaction position of each waveform is known based on which
pixel is currently enabled. It is critical to increase the anode
trigger threshold during this process to a much higher value than
is used for gamma rays. This will prevent the pixels that neighbor
the collecting pixel from generating an undesired trigger signal.

2.3. Compton imaging from a pixelated CdZnTe detector

A gamma-ray source is placed one meter from the detectors
and positioned to irradiate one surface of each detector. It is
important that the source not be located directly above the
cathode or the anode or else the impact of the depth reconstruc-
tion on the image will be small. Data are collected for one hour
and multiple interaction photopeak events are used to form an
image for each detector. A the 511 keV emissions from a 22Na
source are used in this experiment. The 511 keV emission is
preferred over the 662 keV emission from 137Cs for this experi-
ment because the average separation distance between interac-
tions is smaller, which makes the image more sensitive to the
reconstructed depth of each interaction.



Fig. 5. Summary of the filters and correction methods that are applied to the raw

cathode waveforms.
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3. Methods

3.1. Cathode waveforms measured from alpha source

The measurement configuration described in Section 2.2 is used
to obtain cathode waveforms from the oscilloscope. Fig. 4 shows
waveforms from one pixel with uniform drift velocity and another
pixel with nonuniform drift velocity. The slope of the cathode
waveform is a direct measure of the electron drift velocity at each
depth. Because the energy of alpha particles is fully deposited at the
cathode surface, the cathode signal reveals the electron drift velocity
throughout the entire the detector thickness.

Several filters and correction methods should be applied to the
cathode signals in order to effectively compare the waveforms
from each pixel, as shown in Fig. 5. Filters are used to eliminate
pile-up and gamma-ray events. If a cathode waveform approaches
the upper limit of the range on the ADC then the event is
characterized as pile-up and discarded. After excluding these
events the baseline of all waveforms are aligned. To further
reduce pile-up and eliminate gamma-ray events, only a limited
range of pulse amplitudes are considered for analysis in each
pixel. This range is determined based on the centroid of the alpha
peak. Events that exceed the alpha-peak amplitude by more than
15% are classified as pile-up and discarded. Events that are less
than 50% of the alpha-peak amplitude are classified as gamma-ray
events and are also discarded. Using this wide range of ampli-
tudes guarantees the alpha particles that experience significant
electron trapping are still included in the analysis. The variation
in attenuation through the air should have a small impact on the
peak width, with less than a 3% incident energy fluctuation within
the area of each pixel. Ultimately, these filters eliminate less than
5% of the total waveforms for each pixel.

Fig. 6(a) shows the cathode waveforms from two detectors
after applying the pile-up filter, baseline correction, and ampli-
tude filter collected. The waveforms have different amplitudes
due to varying attenuation of alpha particles in the air, based on
the path length from the source to each pixel. These variations
can also be due to attenuation within the alpha source, varying
inactive thickness on the surface of the CdZnTe, and energy
straggling in the air attenuation process. Thus, the amplitude of
each cathode waveform is normalized, as shown in Fig. 6(b), to
allow for direct comparison of the drift profiles between any two
events. It should be noted that the energy of the incident alpha
particles will not affect the result of this experiment as long as it
is large enough to result in a adequate signal-to-noise ratio. The
key information for this experiment is in the profile of the charge
induction over time, not the absolute magnitude.

Another important factor is that the ASIC trigger is generated
from the pixels, which represents the collection time, or the end
Fig. 4. The cathode signals from an Amptek A250 preamp triggered by an ASIC anode

convenience, the value of cathode signals is multiplied by �1. (a) Uniform electron dr
of the alpha pulse. It is much easier to compare the shape of the
alpha waveforms if they are aligned at the beginning of the charge
induction. In order to align the initial rise, a time shift is applied
to each cathode waveform, with the result shown in Fig. 6(c).

3.2. Drift time measurement from gamma-ray data

The 137Cs gamma-ray data are analyzed on a pixel-by-pixel
basis. All of the single pixel photopeak events are assigned a
depth bin based on their C/A ratio. The drift time of each event is
measured in order to form a timing spectrum for each depth bin
of each pixel. Fig. 7 shows the timing spectra for each depth of
one pixel in detector 4R61. The average drift time and the drift
time uncertainty for each depth is measured from the timing
spectrum. The relationship between the raw timing output from
the ASIC and the drift time is calibrated by measuring the ASIC
timing signal associated with a known delay.

3.3. Drift time from each depth estimated by cathode waveforms

The VAS_UM/TAT4 ASIC used in this experiment can measure the
drift time associated with each depth. The same information can be
derived from the alpha waveforms to validate the drift time values
determined from the ASIC data. It is assumed that the signal
amplitude can be directly converted to the depth of the electron
cloud, as the weighting potential for the cathode is linear [13], each
pixel with either uniform (left) or nonuniform (right) electron drift velocity. For

ift velocity and (b) Non-uniform electron drift velocity.



Fig. 6. The cathode signal waveforms in (a) are the result of applying only the pile-up filter, baseline correction, and the amplitude filter. The cathode signal waveforms in

(b) include normalization (norm.) and the waveforms in (c) also include waveform shift (shift) correction. The cathode signals are obtained for pixel (5,7) in 4R61 and pixel

(10,2) in 4R10. (a) No norm. and shift, (b) After norm. only and (c) After norm. and shift.

Fig. 7. The drift time distribution for each depth in one pixel of detector 4R61.

Drift time values are shown for photopeak events from a measurement with a
137Cs gamma-ray source.
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waveform is due to a surface interaction of an alpha particle, and
electron trapping is consistently less than 5% in this detector. Fig. 8
shows the technique for measuring the drift time for a particular
depth of interaction based on alpha waveforms. The drift time is
measured for each sample of the alpha waveform as the time
difference between the sample point and the point when the
waveform reaches its maximum amplitude. The drift time for each
depth bin, as defined in the gamma-ray measurement, is calculated
for every alpha waveform in order to generate an average drift time
and a drift time distribution from alpha data.
3.4. Compton imaging from gamma-ray measurement

The Compton image is formed using standard back-projection
techniques [12]. Only photopeak events that occur in two sepa-
rate pixels are used. If the two pixels are side-by-side neighbors
the events are not used for imaging purposes. The cone angle
uncertainty is calculated for each event based on the system
model. More than 20,000 total events are used to form each image
in order to get an accurate indication of the image quality of each
detector.
4. Results and analysis

4.1. Cathode waveforms from alpha particles

Fig. 9 shows the number of counts measured for each anode
pixel position after 5 min of measurement per pixel. There are
some locations with very few waveforms due to a label applied to
the cathode surface of the detector as well as a high voltage wire
that is attached to the cathode with epoxy. These pixels will be
discarded from future analysis in this paper. The alpha source is
not centered directly above the cathode, resulting in a variable
separation distance between the source and each pixel, such that
the number of counts and alpha peak centroid decreases gradu-
ally from the right to left side of the detector, evident from the
count data in Fig. 9.

Fig. 10 shows cathode waveforms in each pixel after applying
the pile-up filter, baseline correction, amplitude filter, normal-
ization, and waveform shift. The measured alpha data clearly
show that the electron drift velocities vary along the drift
trajectory. The electron drift velocity in the middle of detector



Fig. 8. Drift time measurement from each depth using alpha waveform data. Two different waveforms are shown from the same pixel of detector 4R61. The depth at each

time is determined from the signal amplitude. The figure shows the calculation of the drift time (DT1 and DT2) associated with an interaction that occurs near the center

depth of the detector.

Fig. 9. The number of raw cathode waveforms in each of the 11�11 anode pixels after 5 min of alpha source counting. (a) 4R61 and (b) 4R10.
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4R61 is slower than near the cathode and anode. This means that
either the electric field or the electron mobility near the cathode
and anode must be greater than in the middle of the crystal. This
effect has been observed in many of the Redlen detectors tested at
the University of Michigan.

The data for detector 4R61 show that the electron drift profiles
from a single pixel can have significant variation. In the case of
gamma rays this will result in variable drift times within each
voxel. Accurate depth reconstruction will be impossible using the
readout scheme such as the VAS_UM/TAT4 ASIC with spatial
resolution limited by the pixel pitch. Currently, the depth correc-
tion for multiple-pixel events uses the averaged electron drift
time in each pixel. Thus, pixelated CdZnTe detectors with sig-
nificant nonuniformity of electron drift velocities cannot avoid
poor depth correction for multiple-pixel events.

4.2. Drift time measurement based on gamma rays

Figs. 11 and 12 show the average and the uncertainty of the
drift time as a function of depth for each pixel measured with
137Cs (662 keV) gamma rays. The drift time uncertainty is
reported as the standard deviation. There are many regions of
detector 4R61 that show long drift times relative to detector
4R10. Furthermore, in these regions of very slow electron drift the
standard deviation of the drift time increases significantly, by a
factor of five or more.

A systematic increase in the drift time uncertainty of detector
4R61 is well correlated to the pixels that demonstrated nonuni-
form drift velocities when irradiated with alphas. This provides
evidence that the gamma-ray data is a useful indicator of drift
velocity variation. However, there are limitations when the
gamma-ray data is used to measure drift time variation. The
uncertainty in the drift time will be influenced by the jitter
associated with the ASIC timing measurement. This jitter is most
extreme in the regions where the cathode signal rises slowly.
Thus, the regions in the center of the detector, with the lowest
electron drift velocity, consistently result in the greatest drift time
uncertainty.

There is a limit on the maximum measured drift time due to
the fixed time interval between the system trigger and system



Fig. 10. The final cathode waveforms in each pixel of two CdZnTe crystals (4R61 and 4R10) when all waveform corrections are applied. All the waveforms that passed the

pile-up and amplitude filters are shown for each pixel. The horizontal axis is the time (ms), from cathode to anode. The vertical axis is the signal (mV).

Fig. 11. Average drift time for each pixel measured with 137Cs (662 keV) using two CdZnTe detectors: 4R10 (solid lines) and 4R61 (dotted lines). The horizontal axis

represents the depth of interaction within the crystal, from anode (0 mm) to cathode (15 mm).
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readout. This results in a loss of data near the cathode side for
pixels with a drift time longer than 2:5 ms. In the drift time
uncertainty data there is an increase in the timing uncertainty
near the anode. This is because the C/A ratio is no longer linear
near the anode surface and a single C/A ratio bin represents a
large range of timing values.

In order to eliminate the possibility of the steering electrode
affecting the drift velocity profile within a single pixel, these



Fig. 12. Drift time uncertainty for each pixel measured with 137Cs (662 keV) using two CdZnTe detectors: 4R10 (solid lines) and 4R61 (dotted lines). The horizontal axis

represents the depth of interaction within the crystal, from anode (0 mm) to cathode (15 mm).

Fig. 13. Average drift time (left) and drift time uncertainty (right) for each pixel measured from cathode waveforms generated by alpha particles incident on detector 4R10

(solid lines) and 4R61 (dotted lines). The horizontal and vertical scale for each pixel are identical to the axes shown in Figs. 11 and 12.
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experiments have been also repeated without bias on the steering
electrode. The same patterns described in the above analysis are
duplicated when the steering bias is set to zero.
4.3. Drift time measurement based on alpha particles

Fig. 13 shows the average and the uncertainty of the drift time
calculated from alpha waveforms. The trends in the alpha data are
closely matched with those observed in the gamma-ray data; the
pixels in the upper right corner of detector 4R61 have long drift
times from cathode to anode and large drift time uncertainty in
the central depths while all pixels in detector 4R10 show a
uniform response at all depths.

The alpha data provides a more complete picture than the
gamma-ray data. Unlike the gamma-ray data, the alpha data can
provide drift time data very close to the anode and the cathode.
There is no upper limit on the maximum drift time measured,
assuming the entire waveform can be captured by the scope. As a
result, the cathode waveform analysis can measure drift times much
longer than 3 ms. Furthermore, the time jitter associated with the
alpha-particle drift time measurement is much smaller than for the
gamma-ray measurement. Therefore, the alpha-particle data shows
the true fluctuation in the total drift time at each depth, which
increases systematically from anode to cathode.

4.4. Gamma-ray imaging performance

Fig. 14 is the reconstructed image from CdZnTe detectors (4R10
and 4R61) using 22Na (511 keV) source. As expected, detector 4R61
produces a much poorer image than detector 4R10. Furthermore, the
image distortion is consistent with the expectation for a detector with
poor depth reconstruction, as predicted mathematically in Ref. [12].
Specifically, the uncertainty in the azimuthal dimension is fairly
similar between the two detectors, at 451 for detector 4R10 and 541
for detector 4R61. The polar dimension, however, shows a sharp
disagreement between the two detectors, with a FWHM of 561 for
detector 4R10 and 821 for detector 4R61. This significant degradation
in the image quality illustrates the importance of the depth recon-
struction on the overall device performance.
5. Summary

This work has provided experimental evidence of nonuniform
drift velocity within a pixel, nonuniform drift time within a voxel, and



Fig. 14. The reconstructed image from the two CdZnTe detectors 4R10 (top) and 4R61 (bottom) using a 22Na source. Simple back projection is used to generate an image

from the 511 keV photopeak events.
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the impact of these nonuniformities on the reconstructed depth of
interaction. Results from two different techniques used to measure
the nonuniformity of drift time and drift velocity are presented: one
technique is based on gamma-ray interactions at different depths and
the other is based on the drift of electrons through the detector due to
alpha interactions on the cathode surface. An ASIC is used to readout
the gamma-ray data while a digital pulse processing is applied to the
alpha waveforms. Ultimately, the results are very similar for the two
detectors tested. One detector, 4R10, is found to be quite uniform
while the other detector, 4R61, has regions of very slow electron drift.
The drift time within each voxel is shown to vary significantly in the
regions of low electron drift velocity.

In pixelated CZT detectors, multiple-pixel events caused by multi-
ple interaction gamma-ray events permit Compton imaging. How-
ever, these multiple-pixel events also require accurate drift time
measurement for correct depth reconstruction. The impact of the drift
time variation is demonstrated by forming a Compton image with
each detector. The angular resolution in the polar dimension degrades
by almost 50% in detector 4R61 relative to detector 4R10.

This work shows that the gamma-ray measurement performed
with the VAS_UM/TAT4 ASIC is a good indicator of electron transport
problems that will degrade the overall system performance.
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