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CHAPTER I

INTRODUCTION

In many gamma-ray spectroscopy applications, an ideal gamma-ray detector
should have high energy resolution, high gamma-ray detection efficiency, and low
cost. High energy resolution currently implies a semiconductor detector. High
gamma-ray detection efficiency requires it to consist of high atomic number ma-
terials and have high density. For a semiconductor detector, low operational cost
requires that it can work at room temperature. To date, the most widely used semi-
conductor detectors are Si and Ge detectors. Neither of them is an ideal gamma-ray
detector according to the above criteria. The atomic number of Si is too low (Z=14)
for gamma-ray detection over a broad energy range, and the Ge detectors need to
be operated under liquid nitrogen temperature because of the small band gap of Ge
(0.71 V). In theory, it is possible to find certain high atomic number semiconductors
with proper band gap (~1.5 eV), that can be operated as radiation detectors at room

temperature without much loss of energy resolution.

1.1 Room Temperature Semiconductor Materials

In last four decades, extensive efforts have been devoted to the investigation and

development of wide band gap, high atomic number semiconductor materials that



can be used as radiation detectors. To date, there are three room temperature semi-
conductor materials, namely Hgl,, CdTe, CdZnTe, which can be used to fabricate
gamma-ray detectors larger than tens of cubic millimeters in volume and demonstrate
good energy resolution[Sak.1][Cuz.1][But.1]. Table 1.1 shows the characteristics of
the three materials, as well as those of Si and Ge[Kno.1][Sak.1][Eis.1].

The wide band gap and high atomic number of a semiconductor material does
not guarantee it can be used to build superior gamma-ray detectors. In practice, the
performance of the detector heavily depends on the mobility-life time products of
the charge carriers, the resistivity and uniformity of the materials. The mobility-life
time product determines the charge collection efficiency for a fixed drift distance of
the charge carriers and electric field in the detector. To get higher charge collection
efficiency in a detector, a stronger electric field is needed which requires higher detec-
tor bias. At a fixed detector bias, the resistivity of the detector material determines
the leakage current and the associated noise from the detector. Thus, resistivity of
the material usually sets the limit on the maximum bias which can be applied to the
detector.

Hgl, usually has very high resistivity because of its large band gap (2.13 eV). With
this high resistivity, Hgl, can withstand a very high detector bias (e.g., more than
2000 V across 0.5 mm crystal). For a 10x 8 x 0.5 mm® Hgl, detector with 2700 V
bias, an energy resolution of 4.5 keV FWHM at 662 keV has been achieved([Sch.1]. For
larger detectors with increased thickness, the detector performance suffers from the
trapping of holes due to its inherently poor hole mobility-life time product[Arm.1].
A further degradation of the detector performance with time has also been re-
ported(Bra.1], which is caused by the polarization effect (buildup of space charge

from the charge carriers trapped in the detector).



Table 1.1: Characteristics of some semiconductor materials used as detectors.

Si Ge Hgl, | CdTe Cdy9Zng,Te
Atomic Number 14 32 80,53 | 48,52 48,30.52
Density (g/cm?) 2.33 5.32 6.4 6.06 6.06
Operating
Temperature (K) 300 7 300 | 300 300
Band Gap (eV) 1.12 0.74 2.13 | 147 1.70
Average Energy Per
e-h Pair (eV) 3.61 2.98 4.2 4.43 4.7
Electron Mobility
(em?/Vs) 1350 3.6 x10* [ 100 | 1100 1100
Hole Mobility
(cm?/V's) 480 4.2 x10* | 4 100 100
Electron Mobility-Life
Time Product (cm®/V)) | 2.7 x1072 | 0.72 10~* | 1073 1073
Hole Mobility-Life
Time Product (em?/V’) | 9.6 x1073 | 0.84 1075 | 5 x1075 | 3x10~®




CdTe material grown by the travelling heater method has the high resistivity (108-
10° Q- cm) desired to build large volume gamma-ray detectors[Cuz.1]. An energy
resolution of 8.5 keV FWHM at 662 keV was reported for a CdTe detector of 5 mm
diameter x 5 mm thickness{Wal.1]. Similar to Hgl,, CdTe detector also has the
problems of hole trapping and polarization(Bel.1][Mal.1][Sif.1]. But with its lower
resistivity, the leakage current limits increasing charge collection by increasing the
detector bias.

CdZnTe is a comparatively new material in this field, introduced after the discov-
ery that alloying CdTe with ZnTe leads to crystaline CdZnTe with improved material
properties(But.1][But.2]. Compared with CdTe, CdZnTe has a higher band gap (1.70
eV), and thus higher resistivity (~10!! Q- cm){Eis.1]. By using the new high pres-
sure Bridgman method (HPBM), large detector grade CdZnTe crystals have been
grown[Ton.1][Chi.1]. More importantly, although thick CdZnTe detectors still suffer
from the trapping of holes, they do not exhibit polarization effects[But.1]. Because
of these advantages, CdZnTe quickly became a promising material for large volume,
room temperature gamma-ray detectors and has attracted most of the detector re-
search interest in recent years. In order to achieve better spectroscopic performance
from large CdZnTe detectors built using the commercially available CdZnTe, three

problems need to be addressed: severe hole trapping, electron trapping, and material

non-uniformity.

1.2 Severe Hole Trapping

In order to get good detection efficiency for gamma rays, thick( 5 mm) detector
material is desired. For example, a cubic CdZnTe detector of volume 1 c¢m3 has

~65% overall detection efficiency and ~8% photopeak efficiency for 662 keV gamma



rays. However, for thick conventional planar room temperature semiconductor de-
tectors, spectroscopic performance is severely limited by the poor collection of holes.
The performance degradation is especially significant for high energy gamma-rays,
because their interactions spread over the whole detector depth. This hole collection
problem was initially addressed by pulse processing techniques[Jon.1]{War.1]{Lun.1].
The idea is based on the monotonic relationship between the interaction depth and
the pulse rise time of the anode signal. In practice, the pulse rise time is derived
for each event and the result is used to compensate the pulse amplitude for hole
trapping or reject those events near the anode having poor signal-to-noise ratios.
While this method produces some improvement in energy resolution, it involves the
loss of active detector volume, and does not solve the problem of the degradation of
signal-to-noise ratio due to hole trapping. In recent years, another approach called
single polarity charge sensing has been developed. This approach has proven to be
a more effective solution to the hole collection problem.

The idea of single polarity charge sensing is to get uniform detector response
(independent of interaction depth) by sensing only the contribution from electron
motion. The transport properties of the much slower holes have no impact on the
spectroscopic performance of the detector. This concept can be realized in room
temperature semiconductor detectors by implementing special electrode geometries.
Most of the recent work has been concentrated on large volume (>1 cm3) CdZnTe
detectors. The first example of this approach is the coplanar-grid detector invented
by P.N. Luke in 1994[Luk.1]{Luk.2]. The anode of a coplanar-grid detector consists of
two groups of parallel strips, arranged in an interdigitated pattern. During operation,
the two groups of strips are relatively biased by a few tens of volts. The group

with higher potential serves as the collecting electrode, the other set forms the non-



collecting electrode. In practice, the difference of the signals from the collecting and
non-collecting anodes is the single polarity charge sensing readout. For interaction
events occurring in most of the detector volume, the difference signal is proportional
to the number of electrons arriving the anode and is independent of the motion of
holes. As a result, the problem of severe hole trapping is avoided.

The single polarity charge sensing effect was also achieved using pixellated de-
tectors by H.H. Barrett in 1994[Bar.1} by choosing the size of the anode pixel to
be much smaller than the detector thickness. This “small pixel effect” has been
exploited by others, showing good spectroscopic performance can be achieved from
the small anode pixels despite poor collection of holes[Mar.1]{Apo.1]. A very similar
result was found in detectors with thin strip anodes when the signal from each anode
strip was read out separately[He.1].

Other single polarity charge sensing geometries have also been developed for room
temperature semiconductor detectors. These include hemispherical detectors[Hag.1],
Frisch grid detectors{Mcg.1][Mcg.2][Lee.1], and detectors with an extended surface
cathode[Par.1]. While significant improvements in the spectroscopic performance
are demonstrated when compared to the conventional planar readout, these other
geometries are inherently limited by either small detector volume or a nonuniform

electric field in the detector.

1.3 Electron Trapping

While the approaches of single polarity charge sensing mitigate the problem of
poor hole transport, the trapping of electrons can also be an issue for thicker detec-
tors. As an example, for a CdZnTe detector of 1 cm thickness and -2000 V cathode

bias, typically ~15% of those electrons generated near the cathode will not be col-



lected at the anode due to electron trapping. This means even if the problem of hole
trapping is eliminated using a single polarity charge sensing anode, the pulse height
of the anode signal still may vary by 15% for the same energy deposition depending
upon the interaction depth. This variation due to electron trapping will cause sig-
nificant degradation of the energy resolution in the gamma spectrum if the gamma
rays interact with the detector at random detector depths. This problem must be
solved if high energy resolution is to be achieved.

In coplanar grid detectors, a partial solution to this problem is to use an ad-
Justable gain in the subtraction of the signals from the collecting and non-collecting
electrodes[Luk.1]. By using a smaller gain on the non-collecting signal, the subtrac-
tion will yield smaller net signals for the events near the anode. This effect can be
used to approximately compensate for electron trapping. In pixellated detectors, the
signal generated from the anode pixel also has the tendency to yield smaller signal
for the events near the anode, especially when the ratio of the pixel size to detec-
tor thickness is not small enough. This effect tends to compensate for the electron
trapping under certain detector bias and helps to achieve improved energy resolution
from the anode pixel[Sho.1].

A more general approach was proposed by Z. He to solve the problem of electron
trapping. For this method, the interaction depth is determined for each event and
used to correct the pulse height for electron trapping[He.2]. This approach can be
applied to room temperature semiconductor detectors with a single polarity charge
sensing anode and a conventional planar cathode. For an energy deposition in the
detector, the interaction depth can be determined by the ratio of the signals from
the cathode and anode pixel (C/A ratio). Using this technique, an energy resolution

of 11.8 keV FWHM (1.79%) at 662 keV was achieved from a 1 cubic centimeter
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Figure 1.1: Interaction position sensing in 3-D.

CdZnTe detector with a coplanar-grid anode[He.3].

1.4 Material Non-uniformity

The single polarity charge sensing techniques and the corrections for electron
trapping have been implemented on large volume CdZnTe detectors and vielded the
best energy resolution to date. Further improvements in the energy resolution for
these larger volume CdZnTe detectors are limited by the quality of the CdZnTe mate-
rial. Crystal defects and inhomogeneities are still generally observed in commercially
available CdZnTe materials. Those material non-uniformities cause nonuniform elec-
tron generation and transport in CdZnTe detectors and contribute to the degradation
of energy resolution[Luk.2][Amm.1][Bur.1]. In theory, if it is possible to determine
the interaction location in three dimensions in the detector, a 3-D pulse height cor-
rection could be applied to mitigate the problem of material non-uniformity. In
order to achieve better spectroscopic performance, there is a motivation to develop

CdZnTe detectors with a 3-D position sensitivity to the interaction locations.



While it is impossible to determine the 3-D interaction locations from the coplanar-
grid detectors, 3-D position sensing can be achieved by applying the interaction depth
sensing technique to pixellated CdZnTe detectors{He.1]. For each gamma-ray inter-
action in the detector, the interaction location in the lateral dimension (parallel
to the anode or cathode plane) can be determined by the coordinates of the anode
pixel yielding the signal. The interaction depth can be determined by the ratio of the
signals from the cathode and anode pixel. With the information about the 3-D inter-
action location, the whole detector volume can be virtually divided into small voxels,
as illustrated in figure 1.4. The energy spectrum from each voxel can be collected
separately. The voxel-based variation of the photo peak centroid reflects the 3-D
variation of the detector response, which includes electron trapping, non-ideal single
polarity charge sensing, and material non-uniformity. Knowing the 3-D variation of
the photopeak centroid a priori would permit the 3-D pulse height correction during
the spectrum collection. By this means, better spectroscopic performance should be

expected from this kind of 3-D position sensitive gamma-ray spectrometer.

1.5 Focus of This Research

This research has two goals. The first goal is to achieve a good understanding
of the underlying principles of the 3-D CdZnTe detector by modeling its operation.
The second goal is to identify and overcome the problems in the development and
operation of the 3-D position sensitive gamma-ray spectrometers. The work pre-
sented here covers three parts: the theoretical background and modeling of the 3-D
CdZnTe detectors (Chapters 2 and 3), the design and development of two generations
of the 3-D position sensitive CdZnTe gamma-ray spectrometers (Chapters 4 and 3),

and experiments using the 3-D CdZnTe spectrometers and the analysis of the results
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(Chapter 6).

In particular, Chapter 2 presents the theoretical background needed to under-
stand the 3-D position sensitive CdZnTe detectors. As a tool for deriving the in-
duced signals at the electrodes due to the motion of charges in the detector, the
Shockley-Ramo theorem is introduced first, followed by introductions to the single
polarity charge sensing technology and its different implementations for various room
temperature semiconductor detector geometries. The principles of interaction depth
sensing by the C/A ratio and by electron drift time are then presented and discussed.
The final part of Chapter 2 is a discussion of methods for determining the mobility
and lifetime of electrons in the 3-D CdZnTe detectors.

Chapter 3 presents our modeling of the 3-D CdZnTe detectors. The first part
is an introduction to the Monte Carlo simulations performed using EGS4{EGS.1].
The objective of the simulation is to investigate the gamma-ray detection efficiency
and the fraction of multiple-pixel events in the 3-D CdZnTe detectors. The simu-
lation results show that the reconstruction of multiple-pixel events is necessary to
avoid significant photopeak efficiency loss. The second part of Chapter 3 covers the
modeling of the signals from the cathode and anode pixels due to the motions of the
charge carriers in the detector. Based on that, interaction depth sensing by the C/A
ratio method and by measuring the electron drift time are modeled separately. The
modeling results demonstrate that both depth sensing techniques can be used to de-
termine the interaction depth for single-pixel events, and depth sensing by electron
drift time can be used to locate the multiple interaction depths for multiple-pixel
events.

Chapter 4 introduces the design and development of the two generations of the

3-D CdZnTe detectors. Each of the first generation 3-D CdZnTe detectors was devel-
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oped with an 11x11 pixellated anode, a cathode and a ceramic substrate surrounding
the anode electrode. Each anode pixel was wirebonded to the substrate and the sub-
strate was connected to the front-end circuits through wirebonding. The design
and implementation of a non-collecting grid electrode at the anode is also discussed.
Compared to the first generation 3-D detectors, the second generation detector has
the same general structure, but with larger detector volume and larger anode pixel
size. In addition, the connections between the anode pixels and the substrate are
improved by using the technique of plate-through-via instead of wirebonding.

Chapter 5 describes the two generations of our readout electronics. The first
generation readout system was developed based on a 128-channel integrated readout
chip (VA1) from IDE AS[IDE.1]. The working principle of the VA1 chip is introduced
first. The trigger signal, electronic noise. and the software of the readout system
are described and discussed. Compared to the first generation readout system, the
second generation system was designed and developed with improved energy readout
channels and new timing readout channels based on VAS-TAT chip pairs. The second
generation system has the new functions of self-triggering, peak-hold and multi-
channel timing readout, which enable the reconstruction of multiple-pixel events in
the 3-D CdZnTe detectors.

Chapter 6 presents the experimental results from the two generations of the 3-D
CdZnTe gamma-ray spectrometers and discussions about the results. The investiga-
tions of the interaction depth sensing techniques are introduced first, which include
the measurement of the correlation between the C/A ratio and the electron drift
time, and an experiment using collimated gamma rays. The results clearly demon-
strate the effectiveness of both depth sensing techniques. The second part of Chapter

6 reports on the energy resolutions from single-pixel events, which include the collec-
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tion of the energy spectrum with 3-D pulse height correction and the investigation
of the spatial variation of the energy resolution. The third part of Chapter 6 shows
the measurement of the electron mobility-lifetime product and its variation across
the detector. Using the results from this chapter, the material non-uniformity of the
CdZnTe crystals and the importance of the 3-D pulse height correction in spectrum
collection are clearly demonstrated. The measured fraction of multiple-pixel events
as a function of the number of pixels involved is presented, as well as the measured
signal sharing in the two-pixel events. The results are seen tc match well with the
modeling results. It is demonstrated that depth sensing by electron drift time can be
used to reconstruct the multiple interaction depths of a multiple-pixel event, if the
timing signals from all the involved pixels are available. The reconstruction of the
energy spectrum from the two-pixel events is investigated and the result is discussed.

Chapter 7 is a summary of the major results of this dissertation work. It also

includes discussions of recommended future work.



CHAPTER 11

THEORY

2.1 Signal Generation Due to Charge Motion

In an ionization radiation detector, the motion of the charge carriers generated
by an energy deposition should cause the variation of the induced charges at the
detector electrodes. Typically, the variation of the induced charge at an electrode is
read out by a charge sensitive preamplifier as the signal associated with the original
energy deposition. To understand the signal generated from the motion of the charge
carriers, we should first understand the variation of the induced charge as function
of the location of the charge carriers in the detector. For a detector with fixed
geometry, this induced charge distribution can be described using the Shockley-Ramo

theorem{Ram.1][Sho.2].

2.1.1 Shockley-Ramo Theorem

Before introducing Schockley-Ramo theorem, let us first look at a very important
concept: weighting potential. Consider a detector fabricated with several electrodes
noted as A, B, C, D, asillustrated in figure 2.1 (a). The weighting potential associated
with an arbitrarily selected electrode (e.g., electrode C) is defined as the potential
distribution in the detector with the potential of the selected electrode set to 1 and

the potentials of all other electrodes set to 0, and without any space charge in the

13
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(b)

Figure 2.1: Illustration of Shockley-Ramo theorem. (a) Geometry to calculate
weighting potential of electrode C. (b) Induced charge at electrode C.
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detector. Therefore the weighting potential has a value between 0 and 1, and has
no units. As an example, the weighting potential of the electrode C, ¢ (), can be

uniquely determined by solving the Laplace equation:

V() =0 (2.1)

with the following boundary conditions:

pe(A) =0

{ #(B) =0 (2.2)
@c(C) =1

| ¥(D)=0

According to Shockley-Ramo theorem, if all the electrodes of the detector are
biased with constant potentials, the induced charge at an electrode due to a point
space charge in the detector can be determined from the weighting potential produced
by that electrode. As illustrated in figure 2.1 (b), with all the electrodes grounded,

the induced charge on the electrode C due to a point space charge Q at location 7

will be:

(7)) = ~Q - c(7) (2.3)

The weighting potential ¢ (7) is only determined by the geometry of the detector,

so the induced charge g.() due to Q has nothing to do with other space charges in the
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detector. g.(7) is also independent of the actual potentials applied to the electrodes.
During the operation of the detector, the actual potentials at the electrodes define
the operating potential in the detector, which determines the operating electric field
and the trajectory of the charge carriers. Once the trajectory of a charge carrier is
determined, the variation of the induced charge at an electrode due to the motion

of this charge carrier can then be determined from the variation of the weighting

potential along the trajectory.

2.1.2 Transport of Charge Carriers

To predict the actual signal currents from the electrodes, knowledge of the weight-
ing potential and operating potential is not enough. We also need knowledge of the
transport of the charge carriers in the detector. In semiconductor materials, the
transport of the charge carriers (electrons and holes) can be described by two pa-
rameters: the mobility 4 and the lifetime 7 (we ignore detrapping). The mobility
p determines the drift velocity ¥ of the charge carrier in an electric field E. With

low-to-moderate electric field intensity, 7 is simply proportional to E:
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The lifetime 7 is used to describe the trapping of charge carriers. If P denotes
the probability of a charge carrier not being trapped during the time period ¢ after

its generation, P can be determined by T as:

P(t)=e " (2.5)
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If the electric field is uniform in the detector, the drift velocity of the charge
carrier should be constant. Thus the drift time ¢ of the charge carrier should be

proportional to the drift distance z: t = z/(uF). Then P can be expressed as:

In this case, (u7)E is referred as mean drift length of the charge carrier. For
the example shown in figure 2.1, if 4 and 7 are known, the signal current from the

electrode C can be derived from equation 2.3 as:

) = Aqe(7)

c(t
z(:( At

= —QuE - Vo () (2.

[ 3]
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~—

2.1.3 Conventional Planar Readout

The conventional planar readout in room temperature semiconductor detectors
can be explained in terms of its weighting potential. Let us consider a conventional
planar detector in figure 2.2 (a). At a normalized depth z (0 < z < 1, normalized
to detector thickness) and assuming we read out the signal from the anode, the
weighting potential ¢(z) of the anode electrode should be proportional to z as shown
in figure 2.2 (b). Since the signal read out from the anode is the variation of the
induced charge, and this is proportional to the variation of the weighting potential
along the trajectory of the charge carriers, the signal contributed by the motion
of a charge in the conventional planar detector should be proportional to the drift

distance of that charge. Assume n electron-hole pairs are generated at depth z by



18

-3 Z »
ne- —»
-HV <+-nh+
(a) - —
Cathode Anode
¢(2) »
1
(b)
0 >z

Figure 2.2: Conventional planar detector: (a) Electrode configuration. (b) Weighting
potential of the anode electrode.

an energy deposition. If there is no charge loss. the signal from the anode. g,, will

be:

q. = ne(l — 2) + nez = ne (2.8)

The first term is the contribution from electrons and is proportional to the drift
distance of electrons, (1 — z). The second term is the contribution from holes and
is proportional to the drift distance of holes, z. The overall signal is independent of
z and only determined by the number of charge carriers generated n, which is pro-
portional to the original energy deposition. This makes the detector a perfect spec-
trometer. However, for a room temperature semiconductor detector, the trapping of

holes is so severe that the overall signal is mainly determined by the contribution of

electrons:
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ga ~ ne(l — z2) (2.9)

In this case the signal heavily depends on the interaction depth z. The spectro-
scopic performance of this detector will be particularly poor for high energy gamma
rays since interactions will be spread over the whole detector depth. In the next

section, we will see how this problem can be overcome using single polarity charge

sensing.
2.1.4 Single Polarity Charge Sensing Readout

By using the technique of single polarity charge sensing, a uniform detector re-
sponse can be achieved using only the contribution from the motion of electrons. An
example of using this technique in gas detectors is the Frisch grid ion chamber(Fri.1],
whose structure is shown in figure 2.3 (a). The whole detector volume is divided
into two parts by the grounded Frisch grid electrode. During operation the cathode
is negatively biased and the anode is positively biased. Electrons generated in the
detector drift from the cathode to the grid, and then from the grid to the anode.
Because of the electrical shielding effect of the grid, any charge between the cathode
and the grid produces no induced charge at the anode. The electrons will induce
charge at the anode only after they drift through the grid towards the anode. The
weighting potential of the anode ¢(z) is shown in figure 2.3 (b)[Luk.1]. Assume n
electron-ion pairs are generated by an energy deposition at depth zy between the
cathode and grid. If all the electrons drift through the grid and are collected at the

anode, the signal from the anode g, is given by:

g = ne(o(1) — p(z9)) = ne(l — 0) = ne (2.10)
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Figure 2.3: Frisch Grid Chamber: (a) Electrode configuration. (b) Weighting poten-
tial of the anode electrode.
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Therefore the signal is independent of the interaction depth z and proportional
to n, the number of charge carriers generated. Most importantly, the signal is only
dependent on the collection of the electrons. This single polarity charge sensing thus
avoids the problem from the slow drift of the ions.

Techniques employing the same concept can be applied to room temperature
semiconductor detectors by implementing special electrode geometries. One of the
implementations, called the coplanar-grid detector, has an anode pattern illustrated
in figure 2.4 (b). In contrast to a conventional planar anode, this anode consists
of two groups of parallel strips. During operation, the two groups of strips are
relatively biased by several tens of volts. The group with higher potential is the
collecting electrode, the other is the non-collecting electrode. The weighting potential
distributions of the two anode electrodes along a path underneath a collecting strip
are shown in figure 2.4 (c)[Luk.1], as well as their difference. Because the distribution
of the difference of the weighting potentials resembles that in figure 2.3 (b), this
difference signal is used as a single polarity charge sensing readout. Except for
events originating very near the anode, the difference signal is proportional to the
number of electrons arriving the anode and independent of the motion of holes.

Another implementation of the single polarity charge sensing technique is the
pixellated detector. For a detector with a pixellated anode (cf. figure 2.5 (b)), the
weighting potential distribution from a single anode pixel is illustrated in figure 2.5
(c)[Bar.1]. The shape of this distribution is determined by the ratio of the pixel size
to the detector depth. When the ratio is small (<0.1), the distribution is similar to
those in figure 2.3 (b) and figure 2.4 (c), the desired weighting potential distributions
for single polarity charge sensing. This is called the small pixel effect and produces

a means to achieve single polarity charge sensing in pixellated detectors.
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Figure 2.4: Coplanar-Grid Detector: (a) Electrode configuration. (b) Anode pattern.
(c) Weighting potential of both anode electrodes and their difference.
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Figure 2.5: Pixellated Detector: (a) Electrode configuration. (b) Anode Pattern. (c)
Weighting potential of a typical anode pixel electrode.
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Figure 2.6: Interaction depth sensing by C/A ratio.

2.2 Interaction Depth Sensing

2.2.1 Depth Sensing by C/A Ratio

The technique of interaction depth sensing using a signal ratio can be applied to
room temperature semiconductor detectors fabricated with a single polarity charge
sensing anode and a conventional planar cathode, as illustrated in figure 2.6. For an
energy deposition in the detector at arbitrary interaction depth z, the signals from
both the anode 1, and the cathode 1, can be read out. Because of the single polarity
charge sensing, 1, should be proportional to n. the number of electrons generated

(assuming no electron trapping), or:

V, = K,n (2.11)

where K is a constant. Because the cathode is a conventional planar electrode,
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V. should be proportional to the product of n and z (the interaction depth), so:

Ve =K.z (2.12)

where K. is a constant. In the ratio V./V, n is cancelled and only the information
about z is left. This suggests that the C/A ratio, e.g., V,/V,, is proportional to the
interaction depth z and independent of the deposited energy. In practice, the C/A
ratio is not exactly proportional to z because of electron trapping and/or non-ideal
single polarity charge sensing. However, in most cases, the C/A ratio still has a
monotonic relationship with the interaction depth and can be used for interaction

depth sensing. This technique is particularly useful in the coplanar designs discussed

earlier.

2.2.2 Depth Sensing by Electron Drift Time

For multiple energy depositions in a 3-D pixellated CdZnTe detector from a sin-
gle incident gamma ray, we expect to see signals from multiple pixels. For future
reference, we shall refer to this as a multiple-pixel event. While the technique of
interaction depth sensing by C/A ratio is effective on single-pixel events, it can not
provide the interaction depths for multiple-pixel events. To explain this, consider
a two-interaction event in the detector: a gamma ray first interacts by Compton
scattering, and the scattered photon is captured elsewhere in the detector by a pho-
toelectric interaction. The electrons generated by the two interactions are collected
by two distinct pixels, as shown in figure 2.7. In order to accurately reconstruct
the energy depositions from the two interactions, first we need to read out the pulse
heights from the two pixels (V;,, V,2) correctly. Second. we want to know the two

interaction depths (z;, z2). With this information, each individual pulse height could
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Figure 2.7: A Two-Interaction Event in the 3-D CdZnTe Detector. See the text for
a description of symbols.

be corrected for electron trapping and material non-uniformity. However. with only
the information about the signal pulse heights. it is impossible to derive each of the

two interaction depths (z;, z;). Here the C/A ratio can only provide a weighted

centroid of z; and z,:

Ve _ Vaiz 4+ Voo
Var + Va2 Var+ Ve

(2.13)

Therefore more information than the signal pulse heights is needed to reconstruct
the multiple-pixel events in 3-D CdZnTe detectors.

A solution to this problem is to read out the timing information associated with
the cathode and anode pixel signals. For a two-interaction event which results in a
two-pixel event from the detector, the signals (preamplifier outputs) from the cathode
and the two anode pixels are illustrated in figure 2.8. The leading edge timing of the
cathode signal ¢, provides the time origin when the electrons start to drift towards

the anode, and the leading edge timing of the anode pixel signals t,, ¢, tell the
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Figure 2.8: Reconstruction of multiple-pixel events.

electron arrival times at each individual pixel. Therefore the electron drift times for
the two interactions t4,. ts can be determined by reading out t.. t; and #,. For
interaction events in 3-D CdZnTe detectors, the electron drift time and electron drift
distance have a monotonic relationship which depends on the detector bias. With a
calibration, the interaction depths z,. z, can be determined from the measured tar.
tq2 since zp, 24 can be considered as the electron drift distances corresponding to the
two interactions.

As an alternative method to reconstruct z; and z,, only the timing information
from the two pixels ¢t|, ¢, need to be read out to determine z,-z,. The weighted
centroid of z; and z, can be determined from the C/A ratio according to equation
2.13. Thus z;, 25 can be determined.

The first approach is simpler, and the concept of interaction depth sensing by elec-
tron drift time can be considered as a general approach applicable to both single-pixel

and multiple-pixel events. For the 3-D CdZnTe detectors, because the dimension of
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the anode pixels is small (~10% of the detector thickness), we can assume the elec-
trical field in the detector is uniform and so the electron drift velocity is constant.
This should be true in most of the detector volume except for a thin layer (< 10%
of the detector thickness) near the anode. With this assumption, the electron drift
time should be proportional to the electron drift distance. Therefore, if the maxi-

mum electron drift time is T, then z;, z; (normalized to detector thickness) can be

determined by:

21 =ta/T = (t, - t.)/T
23 =tae/T = (t2 — t.)/T

Because the leading edge timing readout of the cathode and anode pixel signals

are independent, the uncertainties in the reconstructed z, and 2 should be:

(FWHM)2 = ((FWHM);, + (FWHM)2)/T?
(FWHM)? = (FWHM)}, + (FWHM)2)/T?

Therefore the timing resolutions (FW HM), , (FWHM),,, (FWHM),, from the

cathode and anode pixel signals directly determine the accuracies of the reconstructed

21 and 29.
2.3 3-D Non-uniformity Correction

To correct for non-uniformity in the 3-D position sensitive CdZnTe detector,
the detector is divided into i x j x k voxels, where i x j is the number of anode

pixels and k is the number of depth layers we choose to consider. Even if the
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response from the detector were uniform, the measured signal amplitude will vary
due to the difference in the gains of each individual electronic channel. Denote
the relative electronic gain for pixel (7,j), which can be measured separately, as
[~ The 3-D variation in the electron generation (e.g., due to nonuniform zinc
concentration[TON.1]) and collection is given by f{‘]’-k, which is the expected pulse
height per unit energy deposition in detector voxel (i, j, k). With energy deposition

Eijr in voxel (i, j, k), the signal measured on pixel (4, j) should be:

Vi(k) = i3 ’ idjk - Eijx = fiji - Eijk (2.16)
where the overall variation of f;;; is independent of the energy deposition. For

mono-energetic gamma rays of energy E, f;x can be determined from the measured

photopeak centroids for each voxel: fi; = Vi&ent(k) /E.

2.3.1 Calibration

The purpose of calibration is to measure the 3-D distribution of the photopeak
centroids and thus determine the f;;; needed for the non-uniformity correction. Since
the values of f{‘;k are influenced by electron trapping along the collection path, a

calibration has to be performed for each cathode bias.

2.3.2 Spectrum Gain Adjustment for Discrete Channels

The overall gain adjustment 1/f;;x needs to be applied to the pulse height spec-
trum from each voxel before these spectra can be combined. It is difficult to perform
the gain adjustment before the A/D conversion. We also can not simply apply the
adjustment factor to the A/D conversion result because of the distortions caused
by the round-off error. Instead, the gain adjustment is performed by software in

the following manner. Assuming the original spectrum is collected with an ADC
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channel width of AV and the nonlinearities in the A/D conversion are negligible,
the boundaries of the ith channel should be V,_, = (t—-1)-AVand V, =i-AV.
Applying a gain correction G to the original spectrum is equivalent to changing
the channel width to AV’ = AV/G. The new spectrum has channel boundaries
V/ = j-AV’, and the count number in the new jth channel is calculated assuming
the count density (N;/AV) is constant in each original channel (cf. figure 2.9). If V;
and Nj are the counts in channel i of the original spectrum and channel J in the new
spectrum respectively, and the boundaries of the jth channel in the new spectrum

satisfy Vi_, < V;’_l <Vi_.i < Vj’ < Vi, then the count number NJ'. can be calculated

as:

Viai =V Vi-Vi,
o= ] ‘/Vi J
Ny = N7 N gy
RS i
= V,‘_ -1 - — il—= — - 2,
Nioa(i =)+ N(E - G- 1) (2.17)

The mapped spectrum is only determined by the related channel numbers and the
coefficient G. Figure 2.10 shows the result of a gain adjustment to a '3’Cs spectrum.
The gain adjustment is applied to the original spectrum (A) to move the photopeak
centroid to channel 1000 and yield spectrum (B). The effect of an identical gain
adjustment on a rectangular distribution is also shown in figure 2.10. No obvious
distortion is observed with this gain adjustment method and the total counts are
preserved. In practice, we sample more than 8 channels within the FWHM of the
photopeak to avoid any undersampled photopeak which may be artificially broadened

by applying this gain adjustment technique.
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Figure 2.9: Calculation of the new count number of a channel in the gain adjustment.
Shown are (a) the original spectrum, and (b) the corrected spectrum.
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Figure 2.10: Result of gain adjustment to a 37Cs spectrum. See text for a description
of the method.

2.4 Determination of the Mobility and Lifetime of the Elec-
trons

The electron mobility and lifetime determine the transport of electrons in the
detector. In the investigation of the performance of the 3-D CdZnTe detectors. it is

usually necessary to measure these two parameters.

2.4.1 Determination of .,

In a cubic 3-D CdZnTe detector, the electric field can be considered uniform
except for the region very near the anode. Thus the mobility of electrons. p,. can be

estimated from the maximum electron drift time, ¢,,,:

pe = Ve/ E = (D/[tmaz)(D/V) = D*/(Vtmaz) (2.18)

where D is the detector thickness and V' is the cathode bias. Since tq, can be
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Figure 2.11: Determination of (ur). Using Hecht Relation.

measured as the maximum rise time from the cathode preamplifier output, and D

and V are known, g, is determined.

2.4.2 Determination of (u7). Using the Hecht Relation

The mobility-lifetime product of electrons can be measured through the readout
from a conventional planar electrode. A traditional way to do this measurement is
to irradiate the cathode with low energy gamma rays, and measure the relationship
between the photopeak centroid in the cathode spectrum and the detector bias. As
illustrated in figure 2.11, most of the interactions should occur very near the cathode
surface. Assume all the electrons with total electric charge of Q, are generated due
to the energy deposition near the cathode. When the electrons drift through the
detector a distance z, the electric charge should decrease to Q(z) due to the electron

trapping:

Q2) = Qoe "7 (2.19)

where D is the detector thickness and V" is the cathode bias. Thus the variation

of the induced charge on the cathode dq, due to the displacement dz, of the charge
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Q(z), should be:

dz —b_ dz
dg = Q(z)—D— = Qoe” TV . 5 (2.20)

The total induced charge at the cathode, q., can then be calculated from the

integration of dg:

D __:0_dz (/J:T)CV __p?
. = (ar)eV — = —_]1 — (nr)e V 2.21

q /o Qoe D Qo D2 [1-e ] ( )
qc is proportional to the pulse height from the cathode, so the photopeak centroid,

H,, in the cathode spectrum should be related to V' and (17)e using equation 2.21

as:

H, = K(ur). V[l - e~ ev] (2.22)

where K is a constant. Using equation 2.22, known as the Hecht relation[Hec.1],
the variation of photopeak centroid H, as a function of V can be predicted for
different (u7). values, and then compared to the measured result to find the true

(uT)e for the detector material.

2.4.3 Determination of (u7). Using Anode Signals

In the 3-D CdZnTe detectors, (u7) can also be measured through the energy
spectra from the anode pixels. In the experiment illustrated in figure 2.11, the
photopeak centroids in the low energy gamma spectra from an anode pixel can be
used to determine (ur), with the assumption of the perfect small pixel effect. In
this case, the photopeak centroid, H,, from the anode pixel is proportional to the

number of electrons arriving the pixel and should follow equation 2.19:
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2
H, = Ce” v (2.23)

where C is a constant. Compared with equation 2.22, the photopeak centroid has
a simpler relationship with the detector bias V. The measured correlation between
H, and V can be fitted to get a more accurate value for (u7)e-

Another alternative to measure the (u7), is to use high energy gamma rays and
collect the energy specira from the anode pixels using interaction depth sensing. The
photopeak centroid in the spectrum, H,, should be related to the interaction depth

z as (again, using equation 2.19):

H,=C. e wev (2.24)

where C is a constant. Therefore the measured correlation between H, and z can
be fitted to yield (ur)..

The (u7). measured using the signals from a specific anode pixel is associated with
the CdZnTe material underneath that pixel. The results from different pixels may
be different, and the variation implies material non-uniformity across the detector.

We shall exploit this method for determining (u7). in Chapter 6 and investigate the

spatial variation of the results.



CHAPTER III

MODELING

3.1 Modeling the Energy Deposition

In order to understand the performance of the 3-D position sensitive CdZnTe
detectors used as gamma-ray spectrometers, it is necessary to model the energy
depositions in the detector due to the interactions with gamma rays. In the modeling,
the detection efficiency for 662 keV gamma rays is estimated. The charge sharing
among the adjacent pixels is investigated, as well as its impact on the fraction of the

multiple-pixel events in the total interaction events from the detector.

3.1.1 EGS4 Modeling Tool

Among several fully-verified Monte Carlo simulation codes available from the high
energy physics society, EGS4 is selected as the modeling tool for this work. EGS4 is
designed and developed for the Monte Carlo simulation of the radiation transport of
electrons and/or photons. The EGS4 code takes into account all the major physics
processes involved in the interactions of electrons and photons. The simulation can
be done in an arbitrary geometry for any element, compound, or mixture. The
dynamic range of electron kinetic energies goes from a few tens of keV up to a few
thousand GeV, and the dynamic range of photon energies lies between 1 keV and

several thousand GeV|[Nel.1].

36
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The EGS4 applications are developed using the Mortran language[Coo.1]. The
structure of a typical EGS4 simulation code is illustrated in figure 3.1. To develop
an EGS4 simulation, the user must write a MAIN program which contains two sub-
routines: HOWFAR and AUSGAB. HOWFAR defines the geometry and AUSGAR
defines the output information extracted. MAIN should also call two important sub-
routines included in the EGS4 system code: HATCH and SHOWER. The call to
HATCH performs the initialization of the simulation. Each call to SHOWER gen-
erates one EGS history, and the parameters of the incident particle are passed to
SHOWER by the arguments.

Before the executable generated by EGS4 can be run, the user must generate
the media data using PEGS4. The user needs to prepare an input file for PEGS4
which specifies the media involved in the simulation. The PEGS4 will generate the
necessary data about the cross sections and branching ratios accordingly and save

the data into a file which can be read by the EGS4 code in the initialization of the

simulation.

3.1.2 Modeling Setup

The simulation setup is illustrated in figure 3.2. The detector is a cubic 3-D
CdZnTe detector of 1 cm thickness and with an 11x11 pixellated anode. The di-
mension of each pixel is 0.7x0.7 mm2. In the simulation, the detector is irradiated
from the cathode side by an uniform parallel beam of gamma rays. The detector vol-
ume is divided into 121 regions, each region corresponding to the column of CdZnTe
material underneath each anode pixel. For each interaction with an incoming gamma

ray, the total energy deposition in the detector and the energy depositions in each

region are recorded.
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Figure 3.2: Simulation setup for 3-D CdZnTe detector.
3.1.3 Modeling Results and Discussions

Simulations using 662 keV incident gamma rays have been performed. Table 3.1
shows the results from events having total energy deposition in the detector. The
results predict an intrinsic detection efficiency of ~35.5% and an intrinsic photopeak
efficiency of ~8.1% for 662 keV gamma rays.

During the operation of a 3-D CdZnTe detector, the electrons generated by a sin-
gle incident photon could be shared by multiple pixels due to multiple interactions,
transport of K-shell X-rays, or non-negligible electron cloud size. In the first simula-
tion, the electron cloud size is neglected by setting a high electron cutoff energy. The
recorded fractions of multiple-pixel events with full 662 keV energy depositions are
shown in figure 3.3 (a). Here the threshold, used to determine whether a pixel yields
a signal, is set to 10 keV. The results show ~55% of the full energy deposition events
are multiple-pixel events due to multiple interactions in the detector, and ~40% of

the full energy deposition events are two-pixel events. For two-pixel events with full



40

Table 3.1: 662 keV simulation results from total energy deposition in the detector.

Name Number | Fraction of Total

Incident Photons

Incident Photons 5000000 | 100%

Interacted Photons 1778659 | 35.5%

Full Energy Depositions | 405421 | 8.1%

energy deposition, the distribution of the distance (calculated from the coordinates
of the two pixels, in the unit of pixel size) between the two pixels is recorded and
shown in figure 3.3 (b). For the two-adjacent-pixel events, the energy spectrum
recorded from one of the two pixels is shown in figure 3.3 (c). For those events with
distance of 2, meaning the two pixels are separated by another pixel, the energy
spectrum recorded from one of the two pixels is shown in figure 3.3 (d). Figure 3.3
(a) shows that ~90% of the 662 keV full energy deposition events involve only 1 or
2 interactions. Figure 3.3 (b) shows that most two-pixel events involve neighboring
pixels. In addition, from the prominent backscattering peak in the energy spectra
in figure 3.3 (c) and (d), a significant feature of the two-pixel full energy deposition
events, it is shown that the first interaction is a back-scattering interaction yielding
an energy deposition of ~0.48 MeV. The other pixel sees the relatively low energy
(~200 keV) backscattered photon, which can be easily captured in the detector.

In practice, the electron cloud size can not be neglected because of the smail pixel
size we choose to consider. When the electron cloud arrives at the anode, its size
is determined by two factors: the original cloud size and the expansion due to the

electron diffusion. The original electron cloud size can be simulated by lowering the
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electron cutoff energy to ~10 keV, thereby extending tracking over larger distances.
The electron cloud expansion due to diffusion can be included in the simulation using
the theory of electric charge drift and diffusion. In a semiconductor material, the

continuity equation for electrons is given by[Jer.1]:

V(e(DVn — unE)) =0 (3.1)

where n is the electron density, u is the electron mobility, and E is the electric
field. D is the diffusion coefficient which is related to u as:

KT

D=—y, (3.2)
e

where T is the absolute temperature, and e is the unit charge. For electrons in
CdZnTe, a typical value of D is 26 cm?/s[Pre.1]. The solution of the electron density

n(r,t) in equation 3.1 is a radially symmetric distribution[Pre.1]:

=e:cp(—t/r)e;r ( r?

n(r,t) 2niDp P~%D

) (3.3)

Identifying the spatial component as a Gaussian distribution with 202 as 4tD,

the FWHM of the electron density can be determined from equation 3.3 as:

(FWHM),(r,t) = 2.355v2tD = 2.355\/2zdD/ (V) (3.4)
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where t = z/v = (2d)/(uV') and z is the depth of the origin of the electron cloud, d
is the detector thickness, and V' is the cathode bias applied to the detector. Thus the
expansion of the electron cloud due to the diffusion of the electrons can be estimated
from z, which is available in the simulation. In practice, for each energy deposition
smaller than 10 keV (the electron cutoff energy), the electron cloud arriving the
anode is approximated as a ball with radius (FW HM),(r,t) and a uniform electron
density. Once the size and location of the electron cloud is determined, the electron
sharing over different anode pixels can then be calculated from the boundaries of the
involved pixels.

Including the electron cloud size, the simulation results for 662 keV full energy
deposition events in a 3-D CdZnTe detector under the cathode bias of -2000 V are
shown in figure 3.4. By comparing figure 3.3 (a) to figure 3.4 (a), we note the fraction
of single-pixel 662 keV full energy deposition events drops from ~45% to ~27% due
to the sharing of the electron cloud among the adjacent pixels. By comparing the
number of counts shown in figure 3.3 (c) to figure 3.4 (c), we can clearly see the
impact of electron cloud sharing on the spectrum from one pixel of the two-adjacent-
pixel events with full energy deposition. By comparing the number of counts shown
in figure 3.3 (d) to figure 3.4 (d), we also note the decrease of the number of those
two-pixels events in which the two pixels are separated by another pixel, due to
electron cloud sharing.

Among the 662 keV full energy deposition events, the fraction of the single-pixel
events is small (~27%) for the 3-D CdZnTe detectors simulated. In case the 3-D
CdZnTe detectors are used as gamma-ray spectrometers, the photopeak efficiency loss
due to charge sharing will be significant for the energy spectrum from the single-pixel

events. This situation can be improved if the energy spectrum from the multiple-



44

c
O
a 3]
@ 3
w
1t 2 3 4 5 6 7 8 9 10
Number of Pixels
=
9
o
(b) g
; g
2 4 6 8 10
600+ Distance (pixel)
© *g 400
0
O 2004

0 L 1 e L. 1 1 - J
0 100 200 300 400 500 600 700 800

Engergy Channel (keV)

5
(d) 8 50}

-4

0 100 200 300 400 500 600 700 800
Energy Channel (keV)

Figure 3.4: Simulation results from 662 keV full energy deposition events, considering
the electron cloud size with a cathode bias of -2000 V. (a) Fraction in the
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(c) The energy spectrum from one pixel in two-adjacent-pixel events. (d)
The energy spectrum from one pixel in two-pixel events with distance of
two pixels.
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pixel events can be reconstructed. The energy spectrum from the multiple-pixel
events intrinsically has worse energy resolution than the spectrum from single-pixel
events, because the equivalent electronic noise in the signal reconstructed from a
multiple-pixel event should be the quadrature sum of the noises from all the involved
pixels. Therefore there is a tradeoff between the photopeak efficiency and the energy
resolution for 3-D CdZnTe gamma-ray spectrometers, especially when the electronic
noise has a significant influence on the energy resolution. On the other hand, the
fraction of the single-pixel events can be increased by using larger pixel dimensions.
Figure 3.5 shows the simulation results for the fraction of the multiple-pixel 662
keV full energy deposition events using three other pixel dimensions: Ix1, 1.2x1.2,
1.8x1.8 mm?. In the simulations, the anode pixel array is still 11 x11. Therefore each
different pixel size indicates a different detector size. The results in figure 3.5 show
that the fraction of the single-pixel 662 keV full energy deposition events increases
only from ~27% to ~37% when the pixel size is increased drastically from 0.7x0.7
mm? to 1.8x1.8 mm?2. This result confirms the importance of the reconstruction of
the energy spectrum from the multiple-pixel events.

In the reconstruction of the total energy deposition of the multiple-pixel events,
accurate reconstruction of the multiple interaction depths is critical for the electron
trapping correction. For 662 keV two-pixel full energy deposition events from a 3-D
detector with pixel size of 1.2x 1.2 mm?, figure 3.6 shows the distribution of the differ-
ence of the two interaction depths. In Chapter 6, this distribution will be compared
with the measurement result from a 3-D CdZnTe detector in the reconstruction of

the two-pixel events as a simple verification of the interaction depth sensing method.
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3.2 Modeling the Signals from the Cathode and Anode Pixel

The 3-D CdZnTe detectors are fabricated with pixellated anodes and conventional
planar cathodes. During the operation of a 3-D CdZnTe detector, each signal from
the cathode and anode pixels is read out by a charge sensitive preamplifier, a shaping
amplifier and the pulse height analyzer. To model the signal pulse heights from the
cathode and anode pixels, we first model the signal current from the electrode due to
the charge transport in the detector, and then model the signal processing through
the preamplifier and shaping amplifier.

The modeling is based on a cubic 3-D CdZnTe detector with a thickness of 1 cm
and an 11x11 pixellated anode. The dimension of each anode pixel is assumed to be
0.7x0.7 mm?. Consider the situation presented in figure 3.7. Assume that at time
t = 0 an electric charge Q) is located at depth z; in the detector and drifts towards
the cathode due to an electric field. By time ¢ = T the charge is at depth z but
has decreased to @Q because of charge trapping. On an electrode whose weighting
potential distribution is ¢(2) as a function of the detector depth, at time ¢t = T the

signal current induced by the charge’s motion is determined according to equation

2.7:

i(2(t)) = Q(2)u(V/d)dp(z)/dz (3.5)

where p is the mobility of @, V' is the detector bias, and d is the detector thickness.
Equation 3.5 assumes a uniform electric field inside the detector. Including the charge
trapping associated with the mobility-lifetime product ur, we have (ignoring charge

detrapping):
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i(2(t)) = Q"_“V_%e-—”-—-'l:‘i“ (3.6)
d dz
with
2(t) = z0 — %t (3.7)

For a gamma interaction event in the detector, the signal currents induced by the
motion of electrons and holes can be calculated separately using equation 3.6-3.7.
The overall signal current on an electrode is the sum of the contributions from the
electrons and the holes.

As an example of the modeling for a 3-D CdZnTe detector with detector thickness
of 1 cm and pixel dimension of 0.7x0.7 mm?, the weighting potential distribution for

an anode pixel along the path parallel to the detector depth and through the center
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Figure 3.8: Weighting potentials between centers of the cathode and anode pixel in
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of this pixel is shown in figure 3.8 as ,(z) (calculated using COULOMB|[COU.1)),
along with the weighting potential for the cathode ¢.(z).

The charge-sensitive preamplifier and the shaping amplifier can be considered
as an integrated signal processing system. The input of this system is the signal
current from the detector and the output is the voltage signal from the output of the
shaping amplifier. The width of the impulse response function H(t) of this system
is determined by the shaping time of the shaping amplifier. If the signal current is
constant or the duration of the signal current is much narrower than the width of
H(t), the normalized output pulse height of this system is simply proportional to
the integration of the signal current (the total charge collected). Otherwise, ballistic

deficit should be taken into account to get an accurate normalized output pulse
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height[Kno.1]. In the 3-D CdZnTe detector, the duration of the signal current from
the cathode depends on the interaction depth, and the average duration time is
comparable to the width of H(t). Therefore the signal processing hardware should
be considered in the modeling. In practice, H(t) is approximated by a Gaussian
shape H(t) = Hy - e~(t-%)*/(7]) where 7, is the shaping time of the amplifier. With
known H(t) and the signal current i(¢t) from the detector, the cathode output signal

V(t) can be calculated as their convolution:

3.3 Modeling of Interaction Depth Sensing

Interaction depth sensing is the core of the 3-D position sensing technology used
in the 3-D CdZnTe detectors. This section introduces the modeling of the two

interaction depth sensing techniques involved in this work: depth sensing by C/A

ratio and by electron drift time.

3.3.1 Modeling of Depth Sensing by C/A Ratio

To investigate interaction depth sensing by the C/A ratio, we need to model the
pulse heights of signals from cathode and anode pixels as a function of the interaction
depth. We choose (u7). and (ur)s of 6x107% and 5x10~% cm?/V respectively and
assume a uniform electric field inside the detector with a given cathode bias. For
each signal from the cathode or the anode pixels, the normalized pulse height as a
function of the interaction depth can be calculated using equation 3.8. The results

calculated with the typical cathode bias of -2000 V" are shown in figure 3.9 (a). The
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calculated relationship between the C/A ratio and the interaction depth is shown in
figure 3.9 (b). Note that assuming the C/A ratio is the normalized depth (the dashed
curve) will produce an 8% systematic error over most of the interaction depths. In
the experiments with the 3-D CdZnTe detector under the same cathode bias, the
calculated relation in figure 3.9 (b) can be used to calibrate the measured C/A
ratio to the true interaction depth for the single-pixel events in the detector. This
calibration relies on the pixel-based values of (u7), and (u7)s, which may vary from
pixel to pixel. Different calibration curves may be applied to different pixels if there

is a significant lateral variation of (ut), and (p7)s.



93

From the result in figure 3.9 (b), fluctuations in the signals from the cathode and
anode pixel will lead to a predictable depth resolution of depth sensing by the C/A
ratio. Assuming the relative FWHM of the cathode and anode pixel signals are 7,

and 7, respectively, then the FWHM of the C/A ratio, (FWHM)pg, should be:

(FWHM)p = \/i2+ 2R (3.9)

where R is defined as the C/A ratio. The depth resolution (FWHM ): can
then be determined from (FW HM)g and AR/Az, the first-order derivative of the

calibration curve in figure 3.9 (b), as:

(FWHM)g

V =
(FWHM), = v

(3.10)

As an example, if the fluctuations in the cathode and anode pixel signals are
12 keV and 9 keV in FWHM respectively, for 662 keV single-interaction events,
(FW HM)p as a function of the interaction depth is shown in figure 3.10 (a). AR/Az
as a function of the interaction depth is shown in figure 3.10 (b). Thus the depth
resolution, (FW HM);, can then be estimated foliowing equation 3.10, and is shown
in figure 3.10 (c). According to the result, the depth resolution (FWHM) of 2 ~ 3%
of the detector thickness can be achieved at most of the interaction depths, except
in the region very near the cathode and the anode. The degradation of the depth
resolution at the cathode side is due to the unusual change of the cathode signal in
that region (as shown in figure 3.9 (a)), which makes the C/A ratio less sensitive

to the change of the interaction depth. The degradation of the depth resolution at
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the anode side is due to the significant change of the anode pixel signal along the
interaction depth in that region, which is associated with the significant change of

the weighting potential of the anode pixel.

3.3.2 Modeling of Depth Sensing by Electron Drift Time

As demonstrated in equation 2.15, the depth resolution of depth sensing by elec-
tron drift time should be determined by the resolutions of the leading edge timing
readout of the cathode and anode pixel signals. Usually a simple leading edge timing
readout circuit consists of a shaper and a discriminator, as shown in figure 3.11 (a).
The shaper receives the pulse from the preamplifier as its input. When the output
from the shaper exceeds a preset threshold, the discriminator generates a digital
pulse with the desired timing information. In most cases, the time jitter At in the
output of the discriminator is mainly caused by the random noise AV in the signal
from the shaper, as illustrated in figure 3.11 (b). Usually AV is small compared with

the signal amplitude, so At can be estimated as:

At = AV/(dV/dt)| iz, (3.11)

dV/dt is the slope of the output signal from the shaper when the signal crosses
the threshold of the discriminator. Given the transfer function and the input pulse
waveform of the shaper, the output pulse waveform in the time domain can be
simulated using the Simulink toolbox in Matlab[MAT.1]. In the simulation, dV/dt
and AV are determined separately by using the signal and the random noise from
the preamplifier as the input. By this means, At can be estimated if the signal and

noise from the preamplifier are provided. To simplify the calculations involved, the
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Figure 3.11: The readout of the leading edge timing.
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Figure 3.12: Simplification of the preamp outputs. (a) anode pixel. (b) cathode.

simulation is based on the following assumptions:

1. The electric field in the detector is uniform. All the electrons can be collected,
and none of the holes move. Along the path perpendicular to the anode plane
and underneath an anode pixel, the weighting potential of the anode pixel increases
linearly from zero to one in the layer of one tenth of the detector thickness underneath
the anode. For a single-site interaction event with n electron-hole pairs generated at
normalized interaction depth z > 0.1, the preamplifier outputs simplified with the
above assumptions are shown in figure 3.12. The pulse amplitudes (1}, V,) and rise
times (t,, ) of the signals from the cathode and anode pixels are determined (using

the maximum electron drift time T and the preamplifier gain G) as:
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V. = Gne
t, =0.1T
. (3.12)
V. = Gnez
te = 2T

2. The noise at the preamplifier output is white noise.
3. The shaper is a CR-RC shaper with equal differential and integration time

constant 7 (shaping time). Therefore the transfer function of the shaper, H(s), with

unit gain is:

s-1/7

= -——(S 1) (3.13)

A simulation was performed on a 3-D CdZnTe detector of one centimeter thick-
ness under the cathode bias of -1000 V. With the normal electron mobility of 1000
cm?/V's, the maximum electron drift time T should be 1 us according to equation
2.18. Figure 3.13 (a) shows the simplified output of a preamplifier connected to an
anode pixel, figure 3.13 (b) shows the simulated output of the corresponding shaper
which has a shaping time of 0.5 us. The time delay from the starting time of the
shaper output to the time when the shaper output cross the threshold is denoted
as tq, which can be determined for each shaper output with a given threshold. The
fluctuation in t; due to a given noise level can be estimated by equation 3.11, and
indicates the achievable timing resolution. In the simulation, the noise levels from

the cathode and anode pixel are adjusted to resemble the situation in the first gener-
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Figure 3.13: Pulse waveforms assumed in the simulation. (a) Preamplifier output.
(b) Shaper output calculated using Simulink[MAT.1].
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ation 3-D CdZnTe detectors: ~6 keV in FWHM from the anode pixel, and ~8 keV
in FWHM from the cathode after 1 us shaping.

The simulation results for the signals from the anode pixels are shown in figure
3.14. For a 662 keV energy deposition event at an interaction depth z > 0.1, figure
3.14 (a) shows the simulated timing resolutions with different shaping times and
thresholds. The best timing resolution of ~1 ns (standard deviation) can be achieved
with a shaping time of 0.2 us and the energy threshold of ~330 keV. However, the
energy threshold should be set much lower in the practice, so the timing information
can be determined for the events with comparatively small energy depositions. With
the energy threshold set to ~40 keV, the simulated timing resolutions with different
shaping times and energy depositions are shown in figure 3.14 (b). When the energy
deposition is above 200 keV, different shaping times do not make much difference
in the timing resolutions. However, when the energy deposition is smaller than 100
keV, the timing resolutions from the larger shaping times (1 s, 2us) degrade much
more rapidly with decreasing energy deposition than the timing resolutions from
the smaller shaping times (0.1 us, 0.2us). Therefore, shorter shaping times should
be used in the leading edge timing readout of the signals from the anode pixels.
Figure 3.14 (c) shows the variation of t; associated with different energy depositions
and shaping times. The variation in ¢4 associated with different energy depositions
(e.g.. amplitude walk) could introduce a systematic error in the measurement of the
electron drift time, so the smaller variations in ¢, from the smaller shaping times are
preferred. In practice, this systematic error can be corrected according to the signal
pulse heights from the anode pixels.

The situation in the leading edge timing readout of the cathode signal is more

complicated. The pulse waveform of the cathode signal is determined by not only
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the amount of the energy deposition, but also the interaction depth z, according to
equation 3.12. With small z (the interaction is near the anode), the signal pulse
height from the cathode could be small even for large energy depositions. Thus it is
very important to keep a low threshold to make the timing information available from
the energy depositions over a broad energy range and over the most of the interaction
depths. In the simulation, the threshold is set equal to the pulse height from ~20
keV energy deposition near the cathode after 1 us shaping. Figure 3.15 (a) shows
the simulated timing resolution for the single-site 662 keV energy depositions as a
function of the interaction depth. From the results we can see the smaller shaping
times (0.1 us, 0.2us) yield more uniform timing resolutions over a larger depth range
for the events from different interaction depths. The larger shaping times (1 pus,
2us) yield better values over a majority of the different interaction depths, but the
results from the events near the anode are significantly worse. The non-uniformity
in the timing resolution from the different interaction depths becomes more severe
with smaller energy depositions. To achieve good timing resolution for small energy
depositions from the majority of the different interaction depths, the shaping time of
0.2 ps is a reasonable choice. Figure 3.15 (b) shows the simulated timing resolutions
for different energy depositions at different interaction depths, with the shaping time
of 0.2 us. The results show a uniform timing resolution can be achieved for the energy
deposition as low as 100 keV from the majority of the different interaction depths.
The degradation of the timing resolution with the decreasing energy deposition is
due to the deteriorated signal-to-noise ratio. Figure 3.15 (c) shows the expected t,
from different energy depositions as a function of the interaction depth (with the
shaping time of 0.2 us). For energy depositions above 100 keV over most of the

interaction depths, ¢y only depends on the amount of the energy deposition. This
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result indicates that the variation of ¢4 can be corrected with the signal pulse height
read out from the anode pixel, which can be considered proportional to the deposited
energy.

By comparing the results from figure 3.14 (b) and figure 3.15 (b), we can see
that the timing resolution of the cathode signal is much worse than that of the
anode pixel signal. Therefore the timing resolution of the measured electron drift
time should be dominated by the timing resolution of the cathode signal, and should
be about 50 ns FWHM for the 662 keV full energy deposition events from most of
the interaction depth. This result indicates a depth resolution of ~0.5 mm FWHM
using the method of depth sensing by measuring the electron drift time, according to
equation 2.14 and equation 2.15. A similar estimation was performed for the events
with 200 keV energy depositions. The results show that a depth resolution of ~1
mm FWHM can be achieved in depth sensing by electron drift time. These results
clearly demonstrate that the electron drift time can be effectively used for interaction

depth sensing in the 3-D CdZnTe detectors.



CHAPTER 1V

3-D POSITION SENSITIVE CdZnTe
DETECTORS

4.1 General Considerations

As introduced in the previous chapters, a 3-D position sensitive CdZnTe detector
was fabricated with a pixellated anode and a conventional planar cathode. The
location of each gamma-ray interaction in the detector can be determined in 3-D
using the interaction depth sensing techniques discussed in Chapters 2 and 3. In the
design of the 3-D CdZnTe detectors, there are two general parameters considered:
the thickness of the detector and the dimension of the anode pixels.

In order to get high detection efficiency for high energy gamma rays, thick detec-
tors are needed. However, the thicker the detector, the more severe the problems of
electron trapping and material non-uniformity, and the worse the spectroscopic per-
formance of the detector. To achieve good energy resolution for the events from all
of the detector volume, usually a high cathode bias is needed to keep the maximum
electron trapping across the detector under ~10%. For a typical (ur)e of 3x1073
cm?/V(Eis.1][Li.3], the cathode bias needed to meet this requirement as a function
of the detector thickness is obtained using equation 2.19, and the result is shown in

figure 4.1 (a). Assuming a cubic CdZnTe detector with a typical bulk resistivity of
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10'° Q-cm([Eis.1][Li.3], the leakage current under the cathode bias in figure 4.1 (a) is
shown in figure 4.1 (b). In practice, the leakage current in the detector needs to be
kept below ~ 1 pA for a reasonably low electronic noise (<20 keV FWHM) in the
cathode signal, which is important to the interaction depth sensing. In addition, a
cathode bias of <3000 V is preferred for the operation of the detector. With these
two considerations, the detector thickness was chosen as 1 centimeter in the design of
the two generations of 3-D CdZnTe detectors. According to the simulation in Chap-
ter 3, a 1 cubic centimeter CdZnTe detector has an intrinsic detection efficiency of
~35% and an intrinsic photopeak efficiency of ~8% for 662 keV gamma rays.

In the selection of the pixel dimension, a small ratio of the pixel size to the
detector thickness (~0.1) is desired in order to achieve single polarity sensing (the
small pixel effect)[Bar.1]. Therefore, with a detector thickness of 1 centimeter, a pixel
size smaller than 1 millimeter should be used. In theory, the smaller the pixel size, the
better the likelihood of uniform CdZnTe material underneath the pixel, which implies
better energy resolutions from those anode pixels. However, choosing a smaller pixel
size will decrease the fraction of the single-pixel events according to the simulation
in Chapter 3, and will increase the total number of the electronic readout channels.

Therefore, the pixel size used in the two generations of 3-D CdZnTe detectors was

~1 millimeter.
4.2 First Generation 3-D CdZnTe Detectors

The first two 3-D position sensitive CdZnTe detectors were built using 1 centime-
ter cubic CdZnTe crystals from eV products[EV.1](#eV — 1404 — 10 and #el” —
1404 —11). Each detector was fabricated with a single planar cathode and an 11x11

pixellated anode by engineers at the NASA Goddard Space Flight Center. The an-
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Figure 4.2: Anode pattern of the first generation 3-D CdZnTe detectors.

ode pattern is shown in figure 4.2. In contrast to the conventional pixellated anode
illustrated in figure 2.5 (b), our anode pattern has a unique non-collecting grid elec-
trode (100 um width). During operation, the grid electrode is negatively biased
relative to each of the collecting pixel pads. When the electrons from the detector
volume move to the region near the anode, the non-collecting grid help to focus the
collection of those electrons at the pixel pads. In addition, the transient signal from
the grid electrode can be used to monitor the working condition of the detector and,
in some cases, used to generate the system trigger signal. The implementation of
this non-collecting grid electrode also makes it possible to use a pixel pad (0.2x0.2
mm?) that is smaller than the pixel size (0.7x0.7 mm?). Therefore the small pixel
effect is enhanced and better single polarity charge sensing is expected.

Figure 4.3 shows the first generation 3-D CdZnTe detector and the electronic



69

CdZnTe

Figure 4.3: Layout of the first generation 3-D CdZnTe detector and the front-end
electronics.
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readout front-end. The 1 cm? anode surface is surrounded by a ceramic substrate.
Each anode pixel is wirebonded to the substrate and the substrate is wirebonded to
the front-end readout chip, which will be introduced in the next chapter. All the

wirebonding was done at the Applied Physics Lab of the Johns Hopkins University.

4.3 Second Generation 3-D CdZnTe Detectors

A second generation of 3-D CdZnTe detectors were fabricated with two differences
from the first generation. First, larger CdZnTe crystals (1.5x1.5x1 cm®) were used
so the detector volume is more than doubled. While the detector thickness (1 cm)
and the number of anode pixels (11x11) were kept unchanged, the pixel size was
enlarged from 0.7x0.7 mm? to 1.2x1.2 mm?, with the collecting pad of each pixel
enlarged from 0.2x0.2 mm? to 0.7x0.7 mm?2.

The second difference is in the design of the ceramic substrate and its connec-
tion to the 3-D detector. In the first generation 3-D CdZnTe detectors, each anode
pixel was wirebonded to a corresponding pad on the ceramic substrate. After the
wirebonding, the 121 arching bare wires above the anode surface make the detector
very fragile. For the second generation 3-D CdZnTe detectors with larger anode
area (1.5x1.5 cm?, from eV products), the wirebonding would have been more chal-
lenging because of the longer wires needed. Instead of wirebonding, an alternative
technique called plate-through-via was used to make the detector-readout connec-
tions. An array of 11x11 holes was fabricated on a ceramic plate (the substrate)
that geometrically aligns with the 11x11 anode pixels of the detector. Each hole is
connected to a pad located at the edge of the plate by a fan-out line built in the
multi-layer plate. A bottom view of the ceramic plate is shown in figure 4.4. Before

the ceramic plate is connected to a detector, each hole on the plate is filled with



71

-

0.80 mm (center to center)

9 0 0 0o 0 0 0 0 ©o O o0 o
9 0 0 0 6 © 0 o0 0 0 o0 o

|-
ww 080

e 0 0o 0 0 0o 0 6 o0 o o

@ 0 @ 0 0 0 0 0 © o o

¢ 06 0 0 0 0o ©o 0 0 o o

e 6 0 o 0 0 © 0 0 o o

¢ ¢ 0 0 0 0o 6 o 0 0o o

© 0 0 8 0 o 0 o 0 o o

¢ 0 0 0 0 0o 0 0 o0 o o

o 0 0 0o 0 o 0 0 0 o o

0 0 0 @ 9 © o0 o o0 o a

6.80 mm

ww 089

Figure 4.4: Bottom view of the ceramic substrate.



72

a small amount of conductive glue. After the array of holes is accurately aligned
with the array of anode pixels on the detector, the ceramic plate is placed onto the
anode of the detector so each pixel is connected to the corresponding hole by the
conductive glue. By using this technology, rigid connections between the substrate
and the detector were achieved.

Figure 4.5 shows the second generation 3-D CdZnTe detector and the electronic
readout front-end. The second generation readout front-end consists of 4 VAS-TAT

chip pairs, which will be introduced in the next chapter.
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CHAPTER V

ELECTRONICS

According to the working principle of the 3-D CdZnTe detectors, for each gamma-
ray interaction in the detector, the signals from the 11x11 anode pixels and the
cathode need to be read out and combined together to determine the amount and
3-D location of the energy deposition. To serve this purpose, a multiple-channel
readout system needs to be developed, preferably using integrated multiple-channel

readout chips because of the large number of independent readout channels needed.

5.1 First Generation Readout System

The first generation readout system was designed and developed to work with
the first generation 3-D CdZnTe detectors. In the first generation system, inter-
action depth sensing by the C/A ratio is used to determine the interaction depth
for the single-pixel events. Therefore, multiple-pixel events are not depth registered
correctly, but only the signal pulse heights from the cathode and anode pixels need
to be read out. The first step in the electronic system design is the selection of an
appropriate multiple-channel readout chip.

Table 5.1 shows the characteristics of three typical analogue multiple-channel

readout chips: the VAL chip from IDE AS[IDE.1], the Alice128C chip from IreS[Mar.1],
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Table 5.1: Characteristics of some multiple-channel readout chips.

VAl Alicel28C | RENA
Channel /chip 128 128 32
Dynamic Range (fC) 40 48 8
Signal Polarity Both Both Both
Peaking Time (us) 0.5~3 1.4~2 0.4~6
ENC (electrons) 165+6.1/pF | 290+8/pF | ~150
Power Consumption (mW/ch) | 1.2 0.34 6.5
Sparse Readout Coming No Yes

and the RENA chip from NOVA R&D[NOV'.1]. The selection of the readout chip de-
pends on if the chip’s major characteristics (such as dynamic range, electronic noise)
meet the requirements from the expected performance of the detectors. Each of the
two first generation 3-D CdZnTe detectors is a 1 cm® cubic crystal. The energy range
of interest is from a few keV to a few MeV. Therefore, the equivalent dynamic range
of the readout chip must be at least 1 MeV (~40 fc according to 4.7 eV per signal
carrier for CdZnTe). In addition, the expected energy resolution (~1% FWHM at
662 keV) implies the equivalent electronic noise of the system should be no more
than a few keV. Table 5.1 shows the VA1 chip has the preferred combination of a
large dynamic range (40 fC) with a low electronic noise (165+6.1/pF electrons rms),
so it was adopted as the front end of the first generation 3-D CdZnTe detectors. For
CdZnTe, the equivalent dynamic range and electronic noise of the VA1 chip are ~1
MeV and 0.8 keV + 0.033 keV/pF rms respectively.

The block diagram of a VA1 chip is shown in figure 5.1. Each VAL chip has



clock shift_in

.........................................
0

i ‘,
128 x analog multiplexer
‘ i

.........................................

128 cell bit-register

.........................................

_preamp shaper s - |

hold shift_out

differential
analog out

Figure 5.1: Block diagram of the VAl chip.
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128 independent signal readout channels. All VA1 readout channels are “identical”
and each includes a preamplifier, a shaper and a sample/hold circuit. For an event
from the detector, the outputs of the 128 channels are read out serially through a
multiplexer built in the chip, under the control of two digital signals: clock and
shift in. This working mode of parallel processing and serial readout simplifies the
communication with the follow-up circuits, but at the expense of a long dead time
for serially reading out every channel in the VA1 chip. Sparse readout capability
(available in the RENA chips) would increase this throughput rate, but is unavailable
in the VA1 chip. The event processing rate of the VAl-based readout system is ~1
K/sec.

In the first generation readout system, the VA1 chip is mounted on a “hybrid”
circuit board which provides the physical support to the VA1 chip and is respon-
sible for the communications with the follow-up circuits. The connection between
the VA1 chip and the 3-D CdZnTe detector was shown in figure 4.3. Two separate
charge-sensitive preamplifiers (A250) from AMPTEK[AMP.1] are used to read out
the signals from the cathode and grid electrode. These two signals are very use-
ful for monitoring the working condition of the detector, and provide the system
trigger signal for the triggerless VA1 chip. The cathode signal is also used in the
derivation of the interaction depth. An AT-MIO-16E-1 DAQ board from National
Instruments[NAT.1] is used as the A/D converter. The additional D/A converter,
timers and DIO lines on this board are used to generate the analog and digital signals
for system testing and control.

The block diagram of the first generation readout system is shown in figure 5.2.
For each 3-D CZT detector, a VAl-based hybrid/repeater module from IDE AS

is used to read out the signals from the 11x11 anode pixels. The repeater card
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Figure 5.3: The control signals of the readout system and the corresponding output
from VA1 chip.

acts as an interface between the hybrid board and the follow-up DAQ circuits. The
peripheral circuit performs the level shift from TTL to differential TTL for the digital
control signals sent to the repeater card. and also generates the clock signal which
synchronizes the A/D conversion and VAl channel switching. The control signals of
this system are shown in figure 3.3. For each interaction event in the detector, the
system trigger signal is generated by the trigger circuits from either the cathode signal
or the grid signal. Initiated by the trigger signal. the DAQ board and peripheral
circuits generate the four digital control signals for the VA1 chip: Sample/Hold,
Shift-in, Clock and Digital-reset. The falling edge of Sample/Hold signal holds the
signal of each VA1 readout channel at the peak (if the timing is correct), then the first
clock pulse works with the valid (low) Shift-in signal to start the channel switching.

Each falling edge of the clock signal switches the output of VA1l chip to the next
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channel and starts the corresponding A/D conversion. After the 128th clock pulse,
all the VA1 channels have been read out, and the Sample/Hold signal returns to high

and initiates the Digital-reset signal to reset the VA1 chip.

5.1.1 Sample/Hold Signal Timing

In the first generation readout system, the Sample/Hold signal is generated by a
programmable timer on the DAQ board. Triggered by a system trigger signal, the
timer outputs the Sample/Hold signal after certain delay. The length of delay and
the pulse width are preset by software. The delay (~1 us) is set according to the
shaping time of the shapers on VA1 chip to make the beginning of the Sample/Hold
signal coincide with the peak of the signal from each shaper. The pulse width is
set to be long enough (~300 us) to cover the channel switching and A/D conversion
time. Since the timer uses the 20 MHz clock on the DAQ board, the maximum
time walk on the Sample/Hold signal due to the timer itself is 50 ns. The relative
error in amplitude sampling induced by this time interval is less than 0.3% and so is

negligible when the shaping time of VA1 chip is larger than 1 ps.

5.1.2 System Trigger Signal

The system trigger signal has to be generated from the cathode or the grid signal
since it is not available from the VAl chip. Because the Sample/Hold signal is
initiated by the system trigger signal, the trigger signal needs to occur at a fixed
time relative to the pixel signal to guarantee accurate sampling of peak amplitude.
However, the time-dependence of the signals from the cathode and the anode pixels
are depth-dependent, and variations arise from the different electron drift times from
the interaction location to the anode. Thus, the cathode signal can not be used to

generate the trigger signal since interactions may occur at any depth. Instead the



81

Grid
0.005 1\ b Mphndivie
| t ~ { . anode
o Ll SIS ey
-0.005 'WWW’W\IJ"‘MW VWWVW“’JWvMMN cathode
: event
< o0.00s | Cathode
;— o
“Ug -0.00S8 }
& -0.01 W§-\
E —-0.015 | e
1t .
os | Pixel /,/J‘ \\
0.6 4
0.4 /
o2 /
o Y/
-3 = -1 o ! = °
Time (us)

Figure 5.4: Signal waveforms from two events in a first generation 3-D CZT detector.
Event 1: near anode surface. Event 2: near cathode surface.

transient signal from the anode grid is used to generate the trigger signal. Figure
5.4 shows the signal waveforms for two single-pixel events from 662 keV' photons.
The waveforms of the cathode and the grid signals are recorded from the outputs of
the preamplifiers, and the waveform of the pixel signal is taken after the shaper on
the VA1 chip. The interaction depths are near the anode surface (shown in red) and
near the cathode surface (shown in blue). Figure 5.4 clearly shows the sharply falling
edge on the grid signals which correspond to the time when electrons are collected
by the anode pixel. These sharp falling edge coincide with the starting times of the
pixel signals. In the trigger circuits, a differentiator is used with a threshold circuit
to pick out the falling edge and generate the system trigger signal. Because the grid
signal is transient, the signal-to-noise ratio is poor. As a result, the energy threshold

of this triggering mode is kept larger than 100 keV. which precludes detecting low
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energy gamma rays in this mode.

Fortunately, for the detection of low energy gamma rays, most of the interactions
should occur near the surface of the detector. By irradiating from the cathode side,
the cathode signal can generate the system trigger signal. In this case the cathode
signal has the best signal-to-noise ratio and nearly a constant timing relative to the

pixel signal. For this case, the energy threshold can be lowered under 10 keV.

5.1.3 Electronic Noise

The electronic noise of the first generation readout system is mainly due to the
preamplifier on the VA1 chip. A schematic plot of a preamplifier and its connection
to the detector is shown in figure 5.5. An FET is used as a feedback resistor to
perform the discharge of the preamplifier. The equivalent resistance value Rf of
the FET can be adjusted by shifting the FET bias VFP. In order to minimize the
induced noise, Rf is usually kept as high as possible while allowing the preamplifier
to discharge properly. In our two 3-D CZT detectors, the anode pixels are directly
wirebonded to the input pads of VA1 channels to form the DC coupling. Without

any applied detector bias, the equivalent electronic noise of the VA1 chip in the
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two 3-D CZT detectors were measured before and after the wire bonding. Similar
results were acquired for both detectors. Figure 5.6 shows the results in FWHM of
equivalent energy for detector #1 before (case 1) and after (case 2) the wirebonding.
The equivalent electronic noise in both cases is around 3 keV' and approach the
manufacturer’s performance claims. The slight increase of the electronic noise in
case 2 is attributable to the increased capacitance from wirebonding.

After the detector biases are applied, leakage current flows through the pixels
and through the feedback FETs of the preamplifiers because of the DC-coupling.
Under normal detector biases the leakage current flowing through a pixel is around a
few nA, which could saturate the preamp if the feedback FET worked in its normal
condition. To compensate, VFP needs to be adjusted so the preamp can tolerate
larger leakage current. Unfortunately, the equivalent electronic noise then increases
due to the reduced value of Rf. For detector #1, figure 5.6 shows the results after

VFP was adjusted to allow operation with an increased cathode bias of -2400 V and
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Figure 5.7: Variation of temperature and drift of photopeak centroid at 662 keV in
30 hours.

grid bias of -50 V. The electronic noise of the VA1 chip was measured with (case
4) and without (case 3) the detector biased. The results clearly show the increased
noise associated with reducing Rf. For detector #2, a higher leakage current and
limit on the VFP adjustment limited the cathode bias to only -1400 V with grid
bias of -50 V. The electronic noise of the VA1 chip was still measured to be ~6 keV.
The electronic noise of the VA1 chip (~7 keV) should be significantly improved by

introducing AC or AC equivalent coupling between the VA1 chip and the detector.

5.1.4 Spectrum Stabilization

To test system stability, the drift of the gain of the VA1 chip was observed
while the ambient temperature changed. Figure 5.7 shows the variation of ambient
temperature and the drift of 662 keV photopeak centroid as measured by a 3-D CZT

detector over 30 hours. During the experiment the baseline of the VA1 chip was also
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recorded and no obvious drift was observed, showing that any drift of the photopeak
centroid was due to the variation of system gain. The temperature coefficient of the
relative gain was observed to be ~-0.5%/°C and quite uniform for each VA1 channel.

In spectra collected with a 3-D CZT detector, the collection time may extend
to as long as a few days for adequate statistics in the voxel-based spectra. This
long acquisition time is because of the low activity of the radiation source and low
count rate capability of the serial readout. During this long period, the spectrum
stabilization is performed by gain correction software. Only one gain correction co-
efficient is needed because the temperature coefficients are quite uniform for all VA1
channels. To determine the gain correction coefficient, a prominent photopeak in the
spectrum is normally needed as the reference peak. The gain correction coefficient

is updated periodically according to the reference photopeak centroid from the spec-
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trum collected in the most recent counting time interval. This method works well
if a prominent photopeak is available in the energy spectrum being measured. For
example, figure 5.8 shows the difference of the '3Cs spectra simultaneously collected
from a voxel of detector #1 with and without spectrum stabilization. During this

~T70 hours experiment, the ambient temperature varied in the range from 18 °C to

24 °C.

5.1.5 Software

The software for system testing was developed using Labview” . In testing
mode, the software tells the DAQ board to send a test signal to the VA1 chip and
read the response. The amplitude of the test signal is determined by the output of
the DAC unit on the DAQ board, which is also controlled by the testing software. By
this means, the software can automatically measure the baseline and the responses
to test signals for each of the 128 VA1 channels. The electronic noise and dynamic
range of each VA1 channel are available from the measurement results, both of which
are important in monitoring the performance of the VA1 chip. The major Labview
testing programs are listed in table 5.2, as well as their functions.

The software for spectrum collection and processing is written in C for its fast
access to large memory blocks needed in spectrum storage. The flow chart of the
software for recording one interaction event in spectrum collection is shown in figure
5.9. For a single-pixel event, after the amount of energy deposition and the 3-D
interaction location are determined, the event is recorded in the corresponding energy
spectra in an 11x11x20 voxel-based spectra array. For a multiple-pixel event, after
the total energy deposition and the number of anode pixels involved are determined,

the event is recorded accordingly in another spectra array. For two-pixel events, more



87

e . v

Determine N: number

of pixels yielding signals - e e o

cathode and 121 pixals

B R

IR 5
Save in cathode C Calculate the sum
spectra SPO(N) of the signals
X ST R
-~ ~_
T et No ~ Calculate Zw: the depth
- e ‘ . of the weighting centroid
\\\ ,,/ of the signals
" Yes T T
I A R A
Calculate Z: the depth x‘l’: ;?XZ‘I’:?:“?
of the interaction location ;
' | SP2(N, Zw)
R A : \d
Saveinspectraof P
single-pixel events ! < N=2? ™. .
SP1(X,Y.2) : S e
T “'No
- >
~ ' ~
“ Return

Figure 5.9: Flow chart of software for recording one interaction event.

B
Determine D: the
distance of the 2 pixels

v

Determine P:
1 for photopeak event
0 for others

I A

Save in spectra for the
two pixels:

SP3(D,P), SP4(D.P)



88

Table 5.2: Labview programs for testing the first generation readout system.

Subvi Name Function
Single Test.vi Testing a selected channel in the

VAL chip.
Multiple VA1 Channel Measuring the baselines and noise levels
Baseline Analysis.vi of all 128 VA1 channels.
Multiple V Al Channel Measuring the responses to a calibration
Test Response.vi signal from all 128 VA1 channels.
Test Response Curve of Automatically measuring the test response
Specified VAl Channel.vi | curve of a selected VA1 channel.

information (including the distance between the two pixels and the energy spectra
from each pixel) is also recorded. This information is used in the investigation of the
signal sharing between two pixels and can be compared with the simulation results.
All the spectra collected in one measurement can be saved as a binary file, which
can be reloaded into the program for display or further analysis.

From the voxel-based energy spectra array of single-pixel events, the 3-D distribu-
tion of photopeak centroid and energy resolution can be obtained using the software.
This information can be used in the non-uniformity analysis of detector material.
In the application of gamma spectroscopy, the 3-D distribution of the photopeak
centroid can be used to register the spectra from all the voxels and vields an overall

spectrum from the whole detector with high energy resolution.
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3.2 Second Generation Readout System

In collaboration with IDE AS, the second generation readout system (MCR3
system) is designed and developed to work with the second generation 3-D CdZnTe
detectors|Mae.1]. Compared with the first generation readout system, the MCR3
system has 128 improved energy readout channels and 128 newly-implemented timing
channels. In the MCR3 system, not only can the signal pulse heights from the
cathode and each anode pixel be read out separately, but also the leading edge
timing information associated with each signal. This makes it possible to derive
the electron drift time for each energy deposition in the detector. For gamma-ray
interactions in the detector, the interaction depths of the single-pixel events can be
determined by either the C/A ratio or the electron drift time. For the multiple-pixel
events, each individual interaction depth of the multiple energy depositions can be
reconstructed with depth sensing by the electron drift time, if the amplitudes of
the energy signals are above the threshold of the timing channels. The core of the
MCR3 system consists of four custom VAS-TAT chip sets, designed and developed

exclusively for the second generation system.

5.2.1 VAS and TAT Chips

Each VAS chip has 32 independent energy readout channels improved from the
original design of VA1 chip. The improvements on each channel include the im-
plementations of a leakage current compensation unit (CC unit) and a peak-hold
circuit. The CC unit is designed to compensate for the leakage current of a few nA
from each anode pixel, thus providing AC-equivalent coupling between the detector
and the readout channel and reduced electronic noise. Unfortunately, our CC unit

failed to reach a low compensation threshold and the minimum leakage current which



90

preamp peak hold
—] | shaper S&H —
AC-equivalent
Coupling
To TAT Channel Hold

(a)

Discriminator

Trigger
—| Fast Shaper -
»| start
Preamp Out TAC —
from VAS | Stop
Channel

Threshold Hold (Common Stop)
(b)

Figure 5.10: Channels in the VAS and TAT chips. (a) VAS channel. (b) TAT chan-
nel.
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can be compensated is too high (~10 nA). Therefore, the VAS channels still are used
in the noisier DC-coupling mode. The new peak-hold circuit makes the pulse height
sampling independent of the timing of the Hold signal. As a result, the pulse height
sampling is more accurate, especially for the events involving multiple anode pixels.
In general, each VAS channel includes a charge sensitive preamplifier, a shaper. a
peak-hold circuit and a sample/hold circuit, as illustrated in figure 5.10 (a). The
outputs from all the energy channels can be read out serially through a multiplexer
built in the VAS chip. In addition, the output of each preamplifier is made available
to the corresponding timing channel in the TAT chip.

Each TAT chip has 32 independent timing channels. Each timing channel includes
a fast shaper, a discriminator and a TAC unit, as shown in figure 5.10 (b). The fast
shaper receives the preamplifier output from the corresponding VAS channel. When
its output exceeds a preset threshold, the discriminator will generate a digital trigger
signal which is used as the start signal of the TAC unit. The TAC units from all the
timing channels share a common stop signal (Hold signal) to guarantee the identical
timing reference for each timing channel. Similar to the VAS chip, the outputs from
all the timing channels can be read out serially through a multiplexer in the TAT
chip. The system trigger signal is generated in the TAT chip by combining the digital
trigger signals from all the timing channels. A TAT chip also includes an internal
register which contains 32 control bits corresponding to the 32 timing channels. Each
control bit can be adjusted separately to enable/disable the digital trigger from the
corresponding timing channel.

To accommodate the readout of the cathode and anode grid signals in the VAS-
TAT chips, the first channel of each VAS/TAT chip is designed to operate with

opposite polarity to the other 31 channels and is referred to as the special channel.
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The output of the preamplifier in each special channel is made available to the user
through a fast line driver, so the pulse waveforms of the cathode and anode grid
signals can be monitored to check the working condition of the detector. However,
for the first MCR3 system working with a 3-D detector, the special channel used
to read out the cathode signal experienced a gradual decrease in the output pulse
height, and finally did not work at all. This might have been due to the large pick-
ups in the cathode signal from the digital control signals, which made the cathode
readout channel suffer from frequent deep saturation and finally break down. As a
replacement for the special channels, a discrete circuit was developed in the readout

system we used to read out the cathode and anode grid signals.

5.2.2 System Structure

The block diagram of the MCR3 system is illustrated in figure 5.11. The whole
system consists of three major components: the multiple-chip module board, the
controller card, and the DAQ board in the PC. The module board is similar to the
hybrid board in the first generation system. It provides the physical support to the
four VAS-TAT chip sets, which provide the 128 energy readout channels and the
128 timing channels. The module board is also responsible for the connections to
the 3-D detector. The controller card is similar to the repeater card in the first
generation system. It acts as an interface between the DAQ board and the module
board. In addition, the controller card includes a VA readout engine resident in a
Xilinx[XIL.1] programmable logic chip. The VA readout engine has the capability to
generate the VAS-TAT control signals from the system trigger and the clock signal.
The DAQ board is a PCI6110E board from National Instruments, which performs

similar functions to the AT-MIO-16E1 board in the first generation system.
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The data acquisition of the MCR3 system can be initiated by three different
trigger signals: the program trigger, the external trigger, and the trigger from the
TAT chips. The program trigger is generated by the software and used for system
testing in the absence of the detector. The external triggering mode makes it possible
for the data acquisition to synchronize with some other devices (e.g., in a coincidence
measurement). The trigger from the TAT chips makes it convenient for the MCR3
system to operate with the signals directly from the 3-D CdZnTe detector.

The readout of the cathode signal is vital input to the two interaction depth
sensing techniques. Because the special channels of the MCR3 system do not work
as expected, this task can not be performed by the MCR3 system itself. Thus in the
second generation readout system, the cathode signal is read out through the discrete
circuit diagrammed in figure 5.12. The discrete circuit serves the same function as
the special channel in the MCR3 system, and its signals are integrated into the
MCR3 system. Therefore, the timing and the pulse height of the cathode signal can

be read out simultaneously with the signals from the anode pixels during operation

of the MCR3 system.

5.2.3 Software

The software of the MCR3 system is developed in IDE AS with Labview”™. Gen-
erally speaking, there are three functions integrated in the software: system setup,
system testing, and data acquisition. Each function is performed using different sub-
routines, known as subvis. The major subvis in the software of the MCR3 system

and their functions are shown in table 5.3. The hierarchy of the subvis is shown in

figure 5.13.



Table 5.3: The major subvis in the MCR3 system software.

Subvi Name

Function

MCR3 - EXT

Monitoring and/or changing the system

ChangeGlobals.vi configuration parameters.

MCR3 - EXT Monitoring the TAT setup parameters and
System TA — Setup.vi loading the contents into the TAT register
Setup for serial readout mode.

MCRI - EXT Setting up the TAT parameters and

TA — Setup.vi changing the contents in the TAT register

for single channel mode.

MCR3 - EXT Measuring the baselines and noise levels
System AcquirePedestals2.vi of VAS and TAT channels.
Testing MCR3 - EXT- Single VAS/TAT channel testing with

VA — Display.vi monitoring of the pulse waveforms.

MCR3 - EXT Acquiring data in serial mode and saving
Data Acquire — StoreData2.vi | the data into a binary or ASCII file.
Acquisition | MCR3 — v2 Acquiring data in serial mode and saving

Stream.vi the data into a binary file.
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Figure 5.13: Hierarchy of the subvis in the MCR3 software.

5.2.4 Performance

The preamplifiers in the VAS readout channels of the MCR3 system are DC-
coupled to the anode pixels. Similar to the first generation svstem. the resistance
of the feedback resistor in each preamplifier needed to be reduced to accommodate
the leakage current from the corresponding anode pixel, and caused the equivalent
electronic noise to be increased to ~7 keV.

For the TAT channels in the MCR3 system. the dynamic range was measured to
be 10 us by changing the delay of the hold signal, the common stop signal for the
TAC units in all the TAT channels. To estimate the timing resolution of the TAT
channels, a test pulse, equivalent to 662 keV energy deposition in CdZnTe detectors,
was concurrently injected into two individual channels. The TAT threshold was set

equivalent to ~50 keV. The fluctuation of the difference of the TAT outputs from the
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two channels was measured as 45.2 ns (FWHM), which should be the quadrature sum
of the timing resolutions (FWHM) from those two channels. If the timing resolutions
from the TAT channels are assumed to be the same, the timing resolution per channel
is 32 ns (FWHM). This result is worse than that predicted in Chapter 3 (~10 ns
FWHM), and it may be due to noise in the test pulse and/or the TAT threshold. If it
is due to noise in the TAT threshold, the poorer measured timing resolution indicates
a poorer depth resolution of ~0.6 mm FWHM (compared to ~0.5 mm FWHM) for

662 keV full energy deposition events by measuring electron drift time.



CHAPTER VI

EXPERIMENTS PERFORMED AND
DISCUSSION OF THE RESULTS

6.1 General Description

The experiments performed fall into four categories: (1) investigation of the two
interaction depth sensing techniques, (2) improvement of the energy resolution from
the single-pixel events using 3-D pulse height correction, (3) measurement of the non-
uniformity of (u7)., and (4) reconstruction of the energy spectrum from the two-pixel
events. In this dissertation, when referring to energy, the FWHM is synonymous with
energy resolution since only 662 keV gamma rays are used.

Three 3-D CdZnTe detectors are used in the experiments, two of them are first
generation detectors and the other is a second generation detector. For convenience,
the first generation detectors will be denoted as detectors 1.1 and 1.2, and the second
generation detector will be denoted as detector 2.1. Each of detectors 1.1 and 1.2
has fairly good connections between the 11x11 anode pixels and the substrate using
wirebonding. Among the 121 desired connections, detectors 1.1 and 1.2 have two
and four bad connections respectively. As introduced in Chapter 4. the technique
of plate-through-via is used in the second generation 3-D CdZnTe detectors to make

more rigid connections between the anode pixels and the substrate. However, its

98
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Count per Pixel

Figure 6.1: Distribution of the 662 keV signal counts from the anode pixels of de-

tector 2.1. The number on each anode pixel indicates the corresponding
readout channel.

implementation on detector 2.1 was not very successful. After detector 2.1 is biased
and irradiated by gamma rays, about half of the anode pixels did not vield a signal.
The distribution of the signal counts at different pixels from 662 keV’ gamma rays is
shown in figure 6.1. For the bad pixels, the corresponding electronic readout channels
were tested and worked well with the test pulses, so the problem is likely due to bad
connections between the substrate and the detector. Since this was not a problem
that could be solved inhouse, the experiments of detector 2.1 were limited to the
subset of working anode pixels.

In all of the experiments. a high cathode bias (>2000 V) is desired to keep
the maximum electron trapping across the detector below ~10%. In practice, the

actual cathode bias applied to the detector is limited by the amplitude and stability
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of the leakage current. Specifically, the highest cathode bias of detectors 1.1 and
1.2 is limited by the leakage current saturating the VA1 chip, and was -2400 V
(detector 1.1) and -1400 V (detector 1.2) respectively. The highest cathode bias
of detector 2.1 is around -1400 V, and limited by the performance of the cathode
signal. With a cathode bias above -1400 V, the fluctuation in the output of the
cathode preamplifier was unusually high, which significantly degraded the signal-to-
noise ratio of the cathode signal. This is likely due to material defects in the detector,
which generate unstable leakage currents when the intensity of the electric field in
the detector goes above a certain threshold.

The bias applied to the anode grid is also critical to the operation of the 3-D
CdZnTe detectors. The grid bias should be high enough to focus the collection of
all the radiation-generated electrons to the anode pixels. Otherwise the electrons in
the region near the grid will move too slowly or even be collected by the grid, and
consequently lead to pulse amplitude losses in the anode pixel signals. In detectors
1.1 and 1.2, this situation can be monitored using the pulse waveforms from the
anode grid. If all the electrons are collected by the anode pixels, the signal from
the grid should be transient or negative depending on the interaction depth (see
figure 5.4). By this means, the grid bias was set to -50 V for detectors 1.1 and
1.2 since no obvious electron loss was observed. For detector 2.1, the output of the
preamplifier connected to the grid was very noisy when the grid bias went above -10
V. This indicates an unstable leakage current at the anode surface. Ignoring the grid
signal, the grid bias was increased to -90 V before the leakage current saturated the
VAS channels. Thus, the grid bias of detector 2.1 was always set to -90 V in the

experiments, unless otherwise mentioned.
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Figure 6.2: 7Cs spectra of the single-pixel events from detector 2.1. (a) From the
cathode. (b) From anode pixel #24.

6.2 Interaction Depth Sensing

According to the theoretical analyses and simulations in Chapters 2 and 3, the
interaction depth of each single-pixel event in a 3-D CdZnTe detector can be de-
termined by either the C/A ratio or the electron drift time. Because both depth
sensing techniques are available with detector 2.1, experiments were performed using

detector 2.1 to verify the effectiveness of these two techniques.
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With the cathode bias of -1000 V and the grid bias of -90 V, detector 2.1 was
irradiated by 662 keV gamma rays from the cathode side. The energy spectra of
single-pixel events from the cathode and a typical anode pixel are shown in figure
6.2. Because the cathode is an electrode with conventional planar readout, the 662
keV energy spectrum from the cathode suffers from the trapping of both electrons
and holes. Thus it shows no photopeak. In contrast, the energy spectrum from
the anode pixel shows a clear photopeak from the single polarity charge sensing.
However, the photopeak is severely broadened by the varying amounts of electron
trapping coming from different interaction depths. To improve the energy resolution
in the energy spectrum from each anode pixel, the interaction depth of each inter-
action event is read out and used to correct the pulse height for electron trapping.
Therefore, interaction depth sensing is the cornerstone of the 3-D pulse height cor-
rection. Two experiments were performed to verify that the interaction depth of a
single-pixel event can be determined by either the C/A ratio or the electron drift
time. The first experiment was a measurement of the correlation between the two
parameters. If both of the two depth parameters have a monotonic relationship with
the true interaction depth shown in the simulation, they should demonstrate a strong
correlation in the experiment. In the second experiment, a more direct verification

was achieved using collimated gamma rays.

6.2.1 Correlation between C/A Ratio and Electron Drift Time

The C/A ratio and electron drift time are two parameters measured indepen-
dently in the experiments. The correlation of these two parameters depends on their

relationships with the interaction depth Z. Assume Z is proportional to each of

these two parameters:
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Z = R+ dg
6.1)
Z=T+6p

where R and T are the measured C/A ratio and electron drift time after normal-
ized to detector thickness. g and dr are the errors in determining Z using R and
T, respectively. Therefore, the depth resolutions by C/A ratio and by electron drift

time are (FWHM);, and (FWHM)j;,.. Following equation 6.1, R and T should be

related to each other as:

T=R+6p~-6r (6-9)

Hence T and R should have a linear correlation with the uncertainty of §g — or.

Because dp and dr are independent from each other, we should have:

(FWHM)}, 5, = (FWHM), + (FWHM)Z, (6.3)

Therefore, assuming equation 6.1 is true, (FWHM )3+ —sp» Which can be deter-
mined by measuring the correlation of R and T, is the quadrature sum of the depth
resolutions by C/A ratio and by electron drift time. Because it is difficult to di-
rectly measure the depth resolutions, the relationship in equation 6.3 is useful in the
estimation of the worst values of (FW HM)s, and (FWHM);,..

In the experiments, for each 662 keV photopeak event in energy window 1 shown

in figure 6.2 (b), the C/A ratio and the electron drift time were measured simulta-
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neously. Each of the measured results was linearly transformed into a normalized
depth index for convenience in the analysis. The measured correlation between the
indexes for the C/A ratio and the electron drift time is shown in figure 6.3 (a),
which demonstrates a nearly linear relationship between the two depth parameters
and matches with expectation from equation 6.2. For those events lying in the three
parameter windows shown in figure 6.3 (a), the corresponding energy spectra are
shown in figure 6.3 (b). The photopeaks in the three spectra show much improved
energy resolutions, which indicates each spectrum is associated with specific elec-
tron trapping hence from a specific interaction depth. The variation of the 662 keV
photopeak centroids from the three spectra implies a different amount of electron
trapping for the events originating from the three different interaction depths. This
result clearly demonstrates that both the C/A ratio and the measured electron drift
time have a monotonic relationship with the true interaction depth.

In addition, the profiles of the measured distribution in figure 6.3 (a) can be used
to estimate the worst depth resolution for each of the two depth sensing techniques.
Figure 6.3 (c) shows the three drift time profiles acquired using three different C/A
ratios. The FWHM of the profiles is about 0.5 mm after being normalized to the

detector thickness. Following equation 6.3, this result leads to:

FWHM)? + (FWHM)? = 0.25mm?, 6.4)
8r &t

Therefore, each depth resolution should be better than 0.5 mm in FWHM for
662 keV full energy deposition events. This result is consistent with the simulation

results from Chapter 3 using similar electronic noise.
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For the single-pixel events with lower energy depositions (~200 keV) from the
energy window 2 in figure 6.2 (b), the measured correlation between the C/A ratio
and the electron drift time is shown in figure 6.4 (a). The profiles shown in figure 6.4
(b) demonstrate a FWHM of ~1 mm, which indicates the depth resolutions of both
techniques should be better than ~1 mm for ~200 keV energy deposition events.

With the above results regarding the depth resolutions, the number of the depth
layers we choose to consider is set to 20 in the collection of 662 keV gamma spectrum.
Each depth layer has an approximate thickness of 0.5 mm and corresponds to a depth

index linearly transformed from the depth sensing parameter (C/A ratio or electron

drift time).
6.2.2 Experiment Using Collimated Gamma Rays

The relationship between the true interaction depth and each depth sensing pa-
rameter can be verified directly using collimated gamma rays. The second generation
detector system accommodates a gamma-ray collimator on one side of the 3-D de-
tector, which makes this experiment possible using detector 2.1.

The experiment was set up as shown in figure 6.5 (a). The collimator is made of
1.5 cm lead, which provides a factor of ~7 of attenuation for the 662 keV gamma
rays from a '*’Cs point source of ~1 mm in diameter. The collimator slit is ~0.4
mm wide and parallel to the lateral dimension of the detector. Since the 1.5 cm lead
is not thick enough to block all the 662 keV gamma rays, background subtraction
is needed to exclude the gamma rays transmitted through the 1.5 cm lead. The
background was measured when the collimator slit was blocked with lead. With the
collimator slit located at Z=~5.5 mm, the 662 keV energy spectrum from an anode

pixel was collected and separated by both the C/A ratio and the electron drift time.
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Figure 6.5 (b) shows the 662 keV photopeak area as a function of the C/A ratio
index, from the spectra collected with the collimator open and closed. Figure 6.5 (c)
shows the net photopeak area after the subtraction, and with two different collimator
slit locations (Z =~5.5, ~9 mm). The results indicate that each C/A ratio index
corresponds to a distinct true interaction depth. The results using depth sensing by
electron drift time are similar and shown in figure 6.5 (d) and (e). This experiment
proves that the C/A ratio and the electron drift time have a monotonic relationship

with the true interaction depth for single-pixel events.
6.3 3-D Pulse Height Correction for Single-Pixel Events

In this section, the 3-D pulse height correction for the single-pixel events and the

energy resolution for the '37Cs spectra from the three detectors are presented and

discussed.

6.3.1 Calibration and the Spectrum from a Pixel

As introduced in Chapter 2, the first step in the 3-D pulse height correction in
a 3-D CdZnTe detector is to calibrate the correction coefficients fijk. For detectors
1.1 and 1.2, these calibrations are done with interaction depth sensing by C/A ratio.
During the long calibration runs, the temperature effect of the VA1 chip (described in
Chapter 5) changed the overall detector response and degraded the energy resolution.
To compensate for this effect, a peak-based spectrum stabilization technique was
implemented using the spectrum derived from the entire detector volume.

Figure 6.6 shows the calibration spectra from a typical pixel (pixel #6) of detector
1.1. The calibration was measured in ~60 hours with a cathode bias of -2000 V.
Except for the spectra from the nonlinear region near the anode, the photopeak area

exceeds 1000 counts for each spectrum and the uncertainty in photopeak centroid
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location is smaller than 0.1%(FWHM). Using the fijx derived from this calibration,
all the spectra from this pixel were combined to yield the spectrum shown in figure
6.7 (a). Another set of spectra was collected over ~6 hours from detector 1.1 with less
variation in the ambient temperature. The combined spectrum from pixel #6 using
the same f;;; values is shown in figure 6.7 (b). Comparing the energy resolutions of
the two combined spectra, we can see that the degradation in the energy resolution
from temperature changes is noticeable even with spectrum stabilization.

For detector 2.1, different calibrations were measured simultaneously with depth
sensing by C/A ratio and by electron drift time. The calibration time needed was
shorter to reach the same statistics as that in detectors 1.1 and 1.2 because of the
larger effective volume of each voxel due to the larger pixel size. Using calibration
factors measured over ~16 hours with depth sensing by C/A ratio, the combined
spectrum from 662 keV single-pixel events collected during ~8 hours from a typical
pixel (pixel #24) is shown in figure 6.8 (a). In addition, the spectrum combined with
depth calibration using electron drift time is shown in figure 6.8 (b). The results show
that the depth calibration using the C/A ratio yields better energy resolution than
the depth calibration using the electron drift time. This difference is typical for
the normal pixels, and is due to the better depth resolution of the C/A ratio, as

demonstrated in the simulations in Chapter 3.

6.3.2 Variation of FWHM in Lateral Dimension

Using a set of spectra collected over ~6 hours from detector 1.1, the spectra from
each pixel were combined using the calibration factors fijx previously measured over
~60 hours. The histogram and lateral distribution of the FWHM from each pixel

are shown in figure 6.9 for detector 1.1 and figure 6.10 for detector 1.2. Significant
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degradations of energy resolution are observed primarily in peripheral pixels. The
electronic noise of each VA1 channel was measured, and the energy resolution after
the subtraction of electronic noise was calculated for each pixel. The relative variation
of the results (not shown) was quite similar to that in figure 6.9, which implies that
the cause of the energy resolution variation is from the detector rather than the
electronics.

For the peripheral pixels, the degradation of energy resolution can be explained by
the gap (~1 mm) between the peripheral anode pixels and the edge of CZT crystal.
Electrons generated in this gap still can be collected at the nearest peripheral pixel
(in fact, the photopeak count rates of the peripheral pixels are higher than that of
the central pixels), but have a longer trajectory and drifting time, and hence poorer
charge collection efficiency. In detector 1.1, the gap corresponding to the peripheral
pixels with z = 1 or y = 11 is about 1.5 times as wide as that corresponding to the
pixels with z = 11 or y = 1 (see figure 6.9 for z and y coordinates). This explains
why the degradation of the energy resolution is less serious along the edges with
z=1lory=1.

For the detector 2.1, the variation in the energy resolutions from different pixels
has also been observed. However, there is no obvious degradation of the energy
resolution from the normal peripheral pixels, because the gap between the peripheral
pixels and the detector edge in detector 2.1 is smaller (~0.2 mm) compared with that
in detectors 1.1 and 1.2. Figure 6.11 shows the histograms of the energy resolutions

from all the working pixels with the two different calibrations.
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6.3.3 Voxel-based Energy Resolution

The voxel-based energy resolution as a function of the interaction depth from a
normal central (non-peripheral) pixel, pixel #6, of detector 1.1 is shown in figure
6.12 (a). For normal central pixels, uniform energy resolution can be achieved from
different interaction depths except for the region near the anode. This indicates the
non-uniformity of electron trapping on the scale of the voxel is small and has no
considerable contribution to the energy resolution.

Figure 6.12 (b) shows the voxel-based distribution of energy resolution from a
typical peripheral pixel (x=1, y=8) of detector 1.1, and the corresponding spectra are
shown in figure 6.13 (b). The energy resolution in the peripheral pixels is degraded
by the events from the gap between the pixel and the edge of CZT crystal. The
decreasing FWHM for events further from the anode implies the decreasing difficulty
for the electrons in the gap to move in the lateral dimension and be collected. This is
probably because the detector has a smaller anode (7.7x7.7 mm?) than the cathode
(10x10 mm?).

In contrast to the normal central and peripheral pixels, those central pixels having
poor energy resolutions have a monotonically increasing FWHM along the depth
from the anode to the cathode. This is the typical situation in all of the three
detectors. Figure 6.12 (c) shows the distribution of the energy resolution from one of
these pixels in detector 1.1, and the corresponding spectra are shown in figure 6.13
(a). The monotonic increase in FWHM from the anode to the cathode implies the
existence of a defective region having an unusual non-uniformity in electron trapping.
This will contaminate all the spectra from the volume between this region and the
cathode. This situation can only be improved by choosing a better quality crystal

from which to fabricate the detector.
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6.3.4 Energy Resolution from the Global Spectra

Figure 6.14 and 6.15 show the '*”Cs combined spectra from the 9x9 central pixels
and the whole bulk of detectors 1.1 and 1.2. Compared with the FWHM of 7.8 keV’
(1.17%) from a normal pixel shown in figure 6.7 (b) of detector 1.1, the FWHM
increases to 9.9 keV (1.5%) for the combined spectrum from the 9x9 central pixels,
and further increases to 11.5 keV (1.73%) for the combined spectrum from the whole

bulk of the detector. Figure 6.16 shows the '37Cs combined spectra from the working
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pixels of the detector 2.1 with the two different depth sensing techniques.

The spatial variation of the energy resolution detailed above accounts for the
degradation of the energy resolution from the combined global spectra. However,
the unique 3-D position sensitivity provides the flexibility of identifying those voxels
with poor energy resolutions in the calibration measurement, and then excluding
their contributions from the overall spectrum in the measurements. As an example,
excluding the contribution from the peripheral pixels in detectors 1.1 and 1.2 brings

obvious improvement to the energy resolution of the combined spectrum.
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6.4 Measurement of the Electron Mobility-Lifetime Product

As introduced in Chapter 2, given the 662 keV energy spectrum of single-pixel
events from an anode pixel, the variation of the photopeak centroid as a function of
the interaction depth can be used to estimate the electron mobility-lifetime product,
(47 )e, for the material underneath the anode pixel. In this experiment, the position
of the 662 keV photopeak centroid as a function of the C/A ratio was measured
for pixel #6 of detector 1.1 at three different cathode biases, and the results are
shown in figure 6.17. The photopeak centroid location decreases with the increasing
interaction depth (represented by the C/A ratio) except in the region near the anode.
This result matches well with the simulation result in figure 3.9 (a) for the normalized
pulse height from the anode pixel.

The results shown in figure 6.17 (excluding the data from the layer of ~1 mm
thickness near the anode surface) were fitted using equation 2.24 to find (u7),. The

interaction depth used in the fitting is assumed to be linear with the measured C/A
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Table 6.1: Estimated (7). from the variation of 662 keV photopeak centroid shown
in figure 6.17.

Cathode Bias (V) | (u7)e (x1073cm?/V) | 0(ur). (x1073cm?/V)

-2400 6.1 0.08
-2000 6.1 0.05
-1400 5.8 0.08

ratio index. The fitted results are shown in table 6.1. The estimated values of
(ut)e at three different cathode biases are quite consistent with small fitting errors,
and the values are within the normal range of (7). of the commercially available
CdZnTe crystals (see table 1.1). Because the whole detector thickness is represented
by ~20 C/A ratio indexes, the transformation from the C/A ratio index to the
true interaction depth could have up to 5% round-off error from discretizing. This
indicates the absolute values of the results in table 6.1 may have up to 5% systematic
error. This error depends on the mapping of the C/A ratio index to the interaction
depth, and it may be different from pixel to pixel.

Figure 6.18 shows the distribution of the measured (ur), from the 99 central
pixels of detector 1.1. The relative standard deviation in the measured (ur). from
the different pixels is ~10%, which is significantly larger than the measurement error
(up to 5%). Therefore, the variation in the measured (u7), from different pixels is
likely due to the non-uniformity of the detector material in the lateral dimension.

In detector 2.1, (u7)e can be measured with depth sensing by C/A ratio or by
electron drift time. Figure 6.19 (a) shows the variation of 662 keV photopeak centroid

as function of the C/A ratio/electron drift time indexes from a normal pixel (pixel
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#24). The results are similar to those acquired from detector 1.1, and are typical
for the other working pixels. Using the same fitting method to determine (uT)e, the
histogram of the measured (p7), from the working pixels is shown in figure 6.19 (b).
The variation in the measured (7). from different pixels is also similar to the result
from detector 1.1, indicating no significant difference in the CdZnTe materials of the
two detectors.

The variation in the measured (ur). from different pixels indicates the non-
uniform electron trapping in the lateral dimension. This verifies the necessity of
pulse height correction in the lateral dimension, which is uniquely offered by the 3-D
CdZnTe detectors. For example, in a detector with ~10% electron trapping for the
events near the cathode, a relative variation of ~10% in the (ut)e from different
pixels implies a ~1% relative variation in the pulse heights (due to non-uniform elec-
tron trapping) from different anode pixels for the same energy deposition near the
cathode. This variation can be corrected using 3-D pulse height correction in the 3-D

CdZnTe detectors, otherwise it will degrade the energy resolution of the detector.

6.5 Multiple-Pixel Events

In the previous sections of this chapter, the results from the 662 keV single-
pixel events were presented and discussed. However, a large fraction of the 662
keV gamma interactions in the 3-D CdZnTe detectors yield multiple-pixel events.
In the application using the 3-D CdZnTe detectors as gamma-ray spectrometers,
reconstruction of the total energy deposition in the detector for the multiple-pixel

events is critical to improve the detection efficiency.



129

6.5.1 Fractions of Multiple-Pixel Events

In detectors 1.1 and 1.2 which use depth sensing by C/A ratio, it's impossible
to determine the multiple interaction depths of the multiple-pixel events and accu-
rately reconstruct the total energy depositions in the detector. However, the fraction
of multiple-pixel events as a function of the number of the pixels involved can be
recorded in an experiment and compared to the simulation results. Figure 6.20 (a)
shows the measured fraction of the multiple-pixel events with 662 keV full energy
depositions in detector 1.1. For two-pixel full energy deposition events, the measured
distribution of the distance between the two pixels is shown in figure 6.20 (b). In ad-
dition, figure 6.20 (c) and (d) show how the signal is shared between the two pixels if
they are adjacent to each other or separated by another pixel. These results are seen
to match well with the simulation results in figure 3.4, which clearly demonstrate
that our understanding of the generation of the multiple-pixel events is correct.

For the 662 keV full energy deposition events in detector 2.1, the measured frac-
tion of the multiple-pixel events as a function of the number of the pixels involved
is shown in figure 6.21 (a). This result doesn’t match the simulation result (shown
in figure 3.5) in the fraction of the single-pixel events, because detector 2.1 suffers
from bad connections between the detector and the substrate. Thus only about half
of the pixels yield signals from the detector. For the two-pixel full energy deposition
events, the energy spectrum from one of the two pixels is shown in figure 6.21 (b).
The features of the spectrum resemble that from a normal detector (like the one in
figure 6.20 (c)), which indicates the two-pixel events in detector 2.1 are still generated
from the same mechanism, and thus can be used to investigate the reconstruction of

the energy spectrum from the two-pixel events.
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Figure 6.20: Results of the 662 keV multiple-pixel events in detector 1.1. (a) Fraction
of the total events as a function of the number of pixels involved. (b)
For two-pixel events: the distribution of the distance between the two
pixels. (c) The energy spectrum from one pixel in two-adjacent-pixel
events. (d) The energy spectrum from one pixel in two-pixel events with
the two pixels separated by another pixel.
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6.5.2 Energy Spectrum from the Two-Pixel Events

For each 662 keV two-pixel event in detector 2.1, the signals from the two involved
anode pixels are summed up after being corrected for the non-uniform gains of the two
readout channels (using the maximum 662 keV photopeak centroid from each pixel),
and yield spectrum A in figure 6.22 (a). If there is no signal loss and the pulse height
from each readout channel is proportional to the corresponding energy deposition,

the broadening of the 662 keV photopeak in spectrum A should be dominated by the
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electron trapping experienced by the signals from the two involved pixels. Therefore,
the energy resolution should be significantly improved if the amplitudes of the two
signals can be corrected for electron trapping. In detector 2.1, the electron trapping
of the two-pixel events can be corrected using the measured electron drift times of the
two signals. Due to the intrinsically higher electronic noise, the energy resolution
from the two-pixel events shouid be worse than that from the single-pixel events,
which is 1.64% FWHM at 662 keV using depth sensing by electron drift time (see
figure 6.16). If the correction for electron trapping is accurate, an energy resolution of
~2% FWHM should be expected from the two-pixel events. Because of the threshold
of ~30-~60 keV in the TAT timing channels, only those two-pixel events with both
energy signals above the threshold can yield the timing signals for determining the
two electron drift times. For those events, the simple summation of the two energy
signals yields spectrum B in figure 6.22 (a). For the photopeak events in spectrum
B, the distribution of the difference of the two electron drift times is shown in figure
6.22 (b). This distribution resembles the simulation result shown in figure 3.6, which
is the distribution of the difference of the two interaction depths from 662 keV two-
pixel full energy deposition events. This result indicates the correlation between the
measured electron drift times and the corresponding interaction depths.

Using the measured electron drift times and the pulse height correction calibration
achieved from the single-pixel events, the two energy signals of each two-pixel event
are corrected separately for electron trapping. Before these two signals are summed
together to yield a combined energy signal, they are also corrected separately for the
nonlinearity of the readout channels using a two-point energy calibration measured
with 122 keV and 662 keV single-pixel events. Figure 6.23 (a) and (b) show the

energy spectra from the combined signals of two-pixel events at two grid biases of
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Figure 6.23: 662 keV energy spectra from the overall two-pixel events in detector
2.1. (a) At grid bias of -90 V. (b) At grid bias of -70 V.
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-90 V and -70 V, respectively. The energy resolutions of the spectra are much worse
than the expected value of ~2% FWHM, indicating the existence of a problem in the
system. Moreover, the improvement of the energy resolution with the increased grid
bias indicates that the degradation of the energy resolution is related to the electron
loss near the grid electrode. In the region near the anode, if the electric field is not
strong enough in the lateral dimension, those electrons in the region near the grid
could move too slowly or even be collected by the grid electrode, thus providing no
contribution to the anode pixel signals[Bol.1]. If this situation is true for detector
2.1, the degradation of the energy resolution should be more severe for the two-
adjacent-pixel events, because a large fraction of the two-adjacent-pixel events are
from the electron cloud sharing between two neighboring pixels. As a consequence,
those events should inherently suffer from the problem of electron loss near the grid.
To verify this explanation, the reconstructed spectra from the two-adjacent-pixel
events at the two grid biases are shown in figure 6.24 (a) and (b), and the spectra
from the two-pixel events with the two pixels separated by another pixel are shown
in figure 6.24 (c) and (d). The worse energy resolutions of the spectra in figure 6.23
(a) and (b) (compared to (c) and (d)) provide support to the hypothesis of electron
loss near the grid electrode. While the energy spectra in figure 6.23 (c) and (d)
show improved energy resolution over that from the two-adjacent-pixel events, the
improved energy resolution with increased grid bias and the presence of low energy
tails on the photopeaks still indicates electron loss near the grid. However, the
sharp peak and the steep high energy falloff of the photopeaks indicate the potential
improvement of the energy resolution which can be achieved if the problem of electron

loss near the grid is eliminated.

As a general approach, electron loss between two neighboring pixels can be studied
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by measuring the correlation of the signals from these two pixels[Bol.1j[Bol.2]. In
the next section, this approach was used for direct evidence about the electron loss

near the grid in detector 2.1.

6.5.3 Electron Loss Near the Grid Electrode

The cathode of detector 2.1 was irradiated with 122 keV gamma rays and the
signals from the two-pixel events were recorded. The two signals (after correcting for
the non-uniform gains of the readout channels) from the two-adjacent-pixel events
are plotted against each other for three different grid biases. The results are shown
in figure 6.25 (a), (b) and (c), respectively. Figure 6.25 (d) shows the same plot
for the two signals but with the two pixels separated by another pixel, and at a
grid bias of -90 V. Different from figure 6.25 (a), (b) and (c), figure 6.25 (d) shows
no obvious correlation. This indicates the 122 keV two-pixel events are dominated
by two-adjacent-pixel events. Due to the fact that most of the 122 keV gamma
interactions in the detector are photoelectric events, most of the two-adjacent-pixel
events should be generated by the electron cloud sharing. If there is no electron loss
near the grid electrode, the summation of the two signals in the two-adjacent-pixel
events should be equal to the 122 keV energy deposition, therefore the distribution
of those events with different sharing fractions should follow the dashed line in the
correlation plot. However, the measured correlation plots deviate from the dashed
lines, which clearly demonstrates the electron loss near the grid. The deviation of
each point from the dashed line indicates the amount of the electron loss in each
case. [t is also shown from the results that the amount of the electron loss can be
reduced by increasing the grid bias. However, the electron loss is still significant at

the grid bias of -90 V, which is the maximum grid bias for detector 2.1. This result
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provides a direct evidence of the electron loss near the grid, which accounts for the
degradation of the energy resolution from the reconstructed two-pixel events.

The problem of the electron loss near the grid electrode in detector 2.1 may be
due to some defects in the anode surface processing, which is related to the problem
of unstable leakage current through the grid. This problem of electron loss near
the grid was not observed in the operation of detectors 1.1 and 1.2 which have the
same 100 pm width of the grid and the same 200 um gap between the grid and the
pixel pads, even at a lower grid bias of -50 V. This fact indicates the electron loss
problem is not intrinsic to the 3-D CdZnTe detectors having the same anode pattern
of detector 2.1. If this problem can be eliminated using better electrode fabrication
in the future 3-D CdZnTe detectors, significant improvement of the energy resolution

from the two-pixel events should be expected.



CHAPTER VII

SUMMARY AND FUTURE WORK

The research presented in this dissertation consisted of three parts: the modeling
of the 3-D CdZnTe detectors, the development of the two generations of 3-D CdZnTe
detectors and readout electronics, and the experiments performed with three 3-D
CdZnTe detectors. In the following, the major results of these works are summarized.

In addition, recommended future work based on open problems is discussed.

7.1 Modeling Results

The modeling involved two separate topics. The first was the Monte Carlo simu-
lation of the fraction of the multiple-pixel events in the 3-D CdZnTe detectors. For
a 1 cubic centimeter 3-D CdZnTe detector with 11x11 anode pixels and the pixel
size of 0.7x0.7 mm?, the simulation results showed that less than 30% of the 662
keV full energy deposition events are single-pixel events. It was also shown that
this small fraction will not be significantly increased by using a larger pixel size, at
least up to 1.8x1.8 mm®. These results indicated the necessity to reconstruct the
energy spectrum from the multiple-pixel events, such as the two-pixel events that
account for ~40% of the 662 keV full energy deposition events. The second topic

was the modeling of the two interaction depth sensing techniques (depth sensing by

140
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C/A ratio and by electron drift time) by modeling the charge transport in the de-
tector and the electronic processing of the signals. For interaction events occurring
at most of the detector depths, the modeling results demonstrated that both the
C/A ratio and the electron drift time have monotonic relationships with the interac-
tion depth. Assuming normal charge transport properties and electronic noise. the
modeling showed that for 662 keV single-pixel full energy deposition events, a depth
resolution (FWHM) of ~2-3% of the detector thickness could be achieved using the
C/A ratio method, except in the region near the anode or cathode. Using the drift
time method, a depth resolution (FWHM) of ~5% the detector thickness could be
achieved for 662 keV full energy deposition events, a result dominated by the timing

resolution of the cathode signal.

7.2 Detectors and Electronics

Two generations of 3-D CdZnTe detectors were developed in this research. Each
of the first generation detectors is a 1 cubic centimeter CdZnTe crystal fabricated
with a conventional planar cathode and an 11x11 anode pixel array. The anode is
fabricated with a non-collecting grid electrode, which is negatively biased relative
to the anode pixels during operation. Each anode pixel has a size of 0.7x0.7 mm?2
and is connected to a substrate using wirebonding. The second generation detectors
have the same electrode geometries but a larger detector volume of 1.5x1.5x1 cm?.
thus a larger pixel size of 1.2x1.2 mm2. To make mcre rigid connections between
the anode pixels and the substrate, the technique of plate-through-via is used in the
second generation detectors instead of wirebonding in the first generation detectors.

To read out the signals from the 3-D CdZnTe detectors, two generations of readout

systems have been developed and each works with the corresponding generation of
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3-D CdZnTe detectors. The first generation readout system was built using an
integrated VA1 chip, which has 128 independent energy readout channels. 121 of
the channels are DC-coupled to the 11x11 anode pixels to read out the signals. The
trigger signal of the readout system is derived from either the cathode or the anode
grid signal using a discrete circuit. For each interaction event in the detector, the
energy signals from each anode pixel and the cathode can be read out. The dynamic
range of the readout channels in the VA1 chip is ~1 MeV for CdZnTe detectors, and
the equivalent electronic noise is ~7 keV FWHM, limited by the leakage currents from
the anode pixels and the DC-coupling used. The second generation system was built
with 128 energy readout channels and 128 timing channels based on 4 VAS-TAT chip
pairs. The energy readout channels are based on the VA1 chip and thus have similar
performance. Similar to the first generation system, 121 energy readout channels are
DC-coupled to the anode pixels to read out the energy signals. The leading edge
timing of each energy signal is read out by the corresponding timing channel with
a dynamic range of 10 us, and the trigger signals from all the timing channels are
combined together to yield the system trigger. A discrete circuit was also developed
to read out the energy and timing signals from the cathode. Therefore, for each
interaction event in the detector, in addition to the energy signals from the anode
pixels and the C/A ratio, the electron drift time corresponding to each individual

interaction is also available in the second generation system.

7.3 Experiments

The experiments performed in this research involved two first generation 3-D
CdZnTe detectors and one second generation detector. The experiments included

the investigation of the two depth sensing techniques, the 3-D pulse height correction
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and the resulting improvement in energy resolution from the single-pixel events, the
measurement of (u7), and its spatial variation, and the reconstruction of the energy

spectrum from the two-pixel events.

7.3.1 Interaction Depth Sensing

The two interaction depth sensing techniques were investigated using a second
generation 3-D CdZnTe detector. In the measurement of the dual-parameter distri-
bution of the single-pixel events over the C/A ratio and the electron drift time, an
almost linear relationship between the two parameters was obtained in the exper-
iment. The strong correlation indicates that both the C/A ratio and the electron
drift time have monotonic relationships with the interaction depth and can be used
in the depth sensing for single-pixel events. Furthermore, the FWHM of the pro-
files of the measured dual-parameter distributions shows that the depth resolutions
of the two depth sensing techniques are better than ~0.5 mm FWHM for 662 keV
full energy deposition events, and better than ~1 mm FWHM for ~200 keV energy
deposition events. Another experiment using collimated 662 keV gamma rays also
provides evidence that both the two depth sensing parameters have true correlations

to the interaction depth.

7.3.2 3-D Pulse Height Correction

Based on depth sensing by C/A ratio, the 3-D pulse height correction was used
in the spectrum collection from the 662 keV single-pixel events in the two first gener-
ation 3-D CdZnTe detectors. The energy resolutions of the corrected global spectra
from the two detectors are 1.73% and 1.84% FWHM, respectively. Variation in the
energy resolutions from different pixels was observed. The typical energy resolution

achieved from the normal pixels was ~1.2-1.5% FWHM, which approaches the elec-
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tronic noise of ~1% FWHM. This demonstrated the potential of the 3-D CdZnTe
detectors. The energy spectra from those central pixels having worse energy res-
olutions showed a gradual degradation of energy resolution from the anode to the
cathode, which indicates non-uniform electron trapping within the dimension of the
anode pixel. The 3-D pulse height correction was also applied to the second genera-
tion 3-D CdZnTe detector using the two interaction depth sensing techniques. The
energy resolutions of the corrected global spectra from the working pixels were 1.5%
and 1.64% FWHM using depth sensing by C/A ratio and by electron drift time,
respectively. Interaction depth-dependent degradation of energy resolution was also
observed from a few pixels, which resembles the situation in the first generation de-
tectors. This result indicates non-uniform electron trapping within the dimension
of the anode pixel is a common problem in 3-D CdZnTe detectors. This problem

can only be mitigated by choosing CdZnTe crystal of better quality to fabricate the

detector.

7.3.3 Measurement of (u7),

In the experiment with a 3-D CdZnTe detector, the (u7), of the CdZnTe ma-
terial underneath each anode pixel was estimated separately, using the measured
photopeak centroid in the anode pixel spectrum as a function of the interaction
depth. The measured (u7). from the three detectors are similar, with an average
value of ~6x107% cm?/V and a relative standard deviation of ~10% for the results
from different pixels. Different values of (ur). from different pixels indicates the
material non-uniformity in the lateral dimension across the detector. This material
non-uniformity will contribute to the degradation of energy resolution in the global

spectrum if there is no correction in the lateral dimension. This result verifies the
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necessity of using 3-D pulse height correction during the energy spectrum collection.

7.3.4 Reconstruction of Energy Spectrum from Two-Pixel Events

Using one of the first generation detectors, the fraction of the 662 keV multiple-
pixel full energy deposition events as a function of the number of pixels involved
was measured. The measured fraction matched well with the simulation result and
showed that ~27% of the 662 keV full energy deposition events are single-pixel events,
while ~40% are two-pixel events. This result shows the advantage in reconstructing
the energy spectrum from the multiple-pixel events, especially the two-pixel events.
The experiment of reconstructing the energy spectrum from two-pixel events was
performed with the second generation detector. For those two-pixel events with
both energy signals above the thresholds of the corresponding timing channels, the
electron drift times were read out and used with the calibration measured using the
single-pixel events, to correct the two energy signals separately for electron trapping.
In addition, the two energy signals were corrected for the nonlinearity of the readout
channels using a two-point energy calibration (122 keV and 662 keV) before they
were summed together. The reconstructed energy spectrum from overall two-pixel
events showed a poor energy resolution (~7% FWHM) and a dependence of the
energy resolution on the grid bias. This result indicates the existence of electron
loss near the grid electrode. The problem of electron loss is confirmed by the better
energy resolution (3.8% FWHM at -90 V grid bias) achieved from those two-pixel
events with the two pixels separated by another pixel. To investigate the situation of
electron loss near the grid, the correlation of the signals from 122 keV two-adjacent-
pixel events was measured at different grid biases. The results clearly demonstrated

the existence of electron loss near the grid electrode even with a grid bias of -90
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V. Since the problem of electron loss was not observed in the two first generation
detectors at a grid bias of -50 V, it is possible to eliminate this problem in the
future 3-D CdZnTe detectors and consequently yield better energy resolution in the

reconstructed spectrum from the two-pixel events.

7.4 Recommended Future Work

To achieve fully-functional 3-D CdZnTe detectors which can be used in practical
gamma ray spectroscopy, further work is needed. In this section, some future work
will be recommended involving the 3-D CdZnTe detector, the readout electronics,
and the 3-D pulse height correction.

The second generation 3-D CdZnTe detector used in this research has the desired
rigid connections between the detector and the substrate. However, it has two serious
problems: the bad connections between the substrate and a fraction of the anode
pixels, and the electron loss near the grid electrode. Fortunately both problems
are not intrinsic, so in the fabrication of the future 3-D CdZnTe detectors, special
attention should be paid to the solutions of these two problems. In addition, the
connection between the detector substrate and the readout electronics also needs to
be improved. Currently the connection is done by wirebonding, which makes it diffi-
cult to switch the detector to different readout electronics boards. The performance
of different 3-D CdZnTe detectors is quite different, as is the performance of different
readout electronics boards. Therefore, it is necessary to develop a more convenient
approach to connect the detector to the readout electronics (e.g., using multiple-pin
connectors), which makes it easy to change either of them. If implemented, this
improvement would make it easy to identify whether some problems are related to

the detector or the electronics board. More importantly, it would be much easier to
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match the best detector with the best readout electronics board, thus achieve the
best spectroscopic performance.

The second generation readout system was successfully developed to read out the
multiple-channel energy and timing signals from the 3-D CdZnTe detectors. How-
ever, two important components did not work properly in the current system, namely
the leakage current compensation units in the VAS channels and the special readout
channels. These problems need to be addressed in the development of the future
systems. The leakage current compensation unit is designed to absorb the leakage
current of a few nA from the anode pixel, thus achieve AC-equivalent coupling be-
tween the detector and the readout electronics. This would consequently reduce the
equivalent electronic noise of the VAS channels. However, the compensation thresh-
old in the current system is too high (~10 nA), so the readout system still has to
work in the DC-coupling mode. In the future, solutions need to be developed to have
the compensation threshold reduced to under ~1 nA. Otherwise, the implementa-
tion of reliable AC-coupling using integrated resistor and capacitor arrays needs to
be investigated. The special channels in the readout system are designed to integrate
the readout of the cathode and anode grid signals into the VAS-TAT chip pairs. In
the experiments with a 3-D detector, the special channel connected to the cathode
had a gradual decrease in the output pulse height and finally broke down. It is sus-
pected that this problem is due to the large pick-ups in the cathode signal from the
digital control signals. Further experiments using other new readout boards need
to be performed in the future to verify this explanation. If this is true, the future
readout electronics board needs to be modified to provide the electric shielding for
the cathode signal from the digital control signals. In addition, the uniformities of

the different VAS and TAT channels also need to be improved in the future read-
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out systems. This includes uniformities in electronic noise and baseline of the VAS
channels, and the threshold in the TAT channels.

Currently, the 3-D pulse height correction for single-pixel events in the 3-D
CdZnTe detectors is performed using depth sensing by either the C/A ratio or the
electron drift time. The measured C/A ratio and electron drift time are two in-
dependent depth parameters, so theoretically they can be used together to get a
better depth resolution and hence a better result of the 3-D pulse height correction.
It would be interesting to investigate how to use these two measured parameters
together to achieve the optimized spectroscopic performance from the single-pixel
events of the 3-D CdZnTe detectors. In the future, the reconstruction of the energy
spectrum from the multiple-pixel events also needs to be further investigated using
3-D CdZnTe detectors that do not have the problem of electron loss near the grid

electrode.
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