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Abstract A multichannel low-noise electronic prototype
system was designed for a pixelated CdZnTe detector. This
system is the result of preliminary work on a solar hard
X-ray imager, which is one of the three payloads for future
solar observations satellite- Advanced Space-based Solar
Observatory (ASO-S). A new charge-sensitive amplifier
application-specific integrated circuit, VATA450.3, with
an on-chip analog-to-digital converter, is used to read out
8 x 8 anode pixel signals. Two CdZnTe detectors with a
thickness of 2 mm and 5 mm were tested. The 2-mm-thick
detector achieved energy resolution better than 5% (full-
width at half-maximum, FWHM) at 59.5 keV, and the
5-mm-thick detector had better resolution than 1.2%
(FWHM) at 662 keV. The design and test results of the
prototype system are discussed in this paper.
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1 Introduction

Wide bandgap semiconductor cadmium-zinc—telluride
(CdZnTe, CZT) can be used in the design of hard X-ray
and gamma-ray detectors that are operated at room tem-
perature. The average ionization energy of CdZnTe is
much less than that of traditional gas and scintillation
detectors. Moreover, CdZnTe detectors have larger average
atomic numbers compared to silicon detectors. Therefore,
it is possible to achieve superior energy resolution and a
high detection efficiency for room-temperature hard X-ray
and gamma-ray observations using this detector. In the past
two decades, single-polarity charge-sensing techniques
have been developed using the small pixel effect [1]. Thus,
the poor hole mobility of CdZnTe has been effectively
addressed, which has resulted in detectors with excellent
performance [2-4]. Pixelated CdZnTe has numerous
advantageous properties that are useful in the design of
hard X-ray spectroscopy and imaging detectors in astron-
omy. In recent years, pixelated CdZnTe detectors have
been used in many space missions, such as Swift [5],
NuSTAR [6] and EXIST [7].

Advanced Space-based Solar Observatory (ASO-S) [8]
is the first Chinese satellite mission dedicated to solar
physics research. The mission aims to explore the con-
nections between solar magnetic field, solar flares, and
coronal mass ejections (CMEs). The satellite has three
payloads onboard: the full-disk solar vector magnetograph,
the Lyman-alpha Solar Telescope, and the solar hard X-ray
imager (HXT). The HXI will be used to image the full solar

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-019-0571-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-019-0571-9&amp;domain=pdf
https://doi.org/10.1007/s41365-019-0571-9

42 Page 2 of 6

S. Wang et al.

disk in the energy range of 30-300 keV using indirect
imaging techniques via spatial modulation. During the
prototype stage, a readout system with CdZnTe detectors is
a feasible solution for solar hard X-ray indirect imaging.

In this paper, we report on the electronics design and
experimental results of a multipixel CdZnTe detector
prototype system, which could be used as a substitute for
HXI in the future. A brief introduction to the HXI is pre-
sented in Sect. 2. Then we describe the design methods for
CdZnTe detectors prototype in Sect. 3, which includes the
hardware arrangement and software development. We have
evaluated the system’s root mean square (RMS) noise and
linearity performance. In addition, different CdZnTe
detectors were tested using 2! Am and '*’Cs radioactive
sources. The results and discussion of this process is pre-
sented in Sect. 4. A summary of the main conclusions is
presented in Sect. 5.

2 Hard X-ray imager (HXI)

The HXI mainly consists of a collimator, a calorimeter,
and an electrical control box, as shown in Fig. 1. The
collimator modulates the intensity of the hard X-ray and
measures the positional deviation between the optical axis
and the center of the sun. The calorimeter measures the
energy of the X-ray photons that are modulated by the
collimator, the counts of photons that are incident during
different operational situations, and accumulates an energy
spectrum according to preinstalled parameters. The elec-
tronic box supplies power to the collimator and calorimeter
and also manages scientific data reception and remote data
transmission (Table 1).

The calorimeter contains detectors, high-voltage (HV)
supplies, and the readout electronics. We plan to use
CdZnTe semiconductor detectors for hard X-ray measure-
ment and counting. When hard X-ray photons are incident
on the CdZnTe detectors, charge signals are measured by a
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Fig. 1 (Color online) Schematic view of the HXI detector
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Table 1 Summary of the design parameters and expected perfor-
mance of HXI

Parameter Value

Effective area (cm?) 200

Energy range (keV) 30 —200

Energy resolution < 27% @ 33keV
Temporal resolution (s) <05

Angular resolution < 6" @ 3keV
Field of view (FoV) > 32

charge-sensitive amplifier chip placed in the front-end
electronics board. According to the relevant operating
parameters, time and energy information is accumulated in
a given time interval. Case-by-case recording and sub-
threshold counting are also performed. The scientific data
are compiled together with current, temperature, and other
engineering parameters and sent to the electronic control
box. The HV fan-out board provides independent bias
voltages to the CdZnTe detectors to ensure that even if a
short-circuit fault occurs, the HV to other detectors is still
within the operating range of the HV power module.

3 Prototype system
3.1 Overview

During the research and development stage of the
satellite project, we designed a readout electronic prototype
for the pixelated CdZnTe detectors. Figure 2 represents a
scheme that contains the main signal sets and the schematic
list for this system. The system can be divided into a hybrid
board and a data acquisition (DAQ) board. The hybrid
board has one multipixel CdZnTe detector and one inte-
grated charge-sensitive amplifier chip VATA450.3. The
detector and hybrid printed circuit board (PCB) are joined
together using Samtec high-density connectors. Die
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Fig. 2 Block diagram of the CdZnTe detector prototype system
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application-specific integrated circuit (ASIC) was wire-
bonded onto the hybrid board to reduce input noise.

The DAQ board is responsible for receiving commands
from the host computer, controlling the work mode of the
hybrid board, in addition to packing and uploading digital
data to the host computer. The core of this board is an Intel
field-programmable gate array (FPGA) clocked with an
external 20 MHz crystal oscillator. The FPGA reads
commands from the host and configures ASIC for different
working modes, provides an event first-in-first-out for data
buffering and packing, and controls the high-voltage
module by supplying a bias voltage of up to —1250 V to
the CdZnTe detectors in the hybrid board. The DAQ board
provides calibration pulses and threshold voltages for
VATA450.3. Communication with the host computer
occurs via universal serial bus and the universal asyn-
chronous receiver/transmitter interface.

When a hard X-ray or gamma-ray photon is incident on
the CdZnTe detector, a large number of electron—hole pairs
proportional to the deposited energy are generated. Under
the application of a high electric field, the electrons and
holes drift toward the anode and cathode, respectively. To
improve energy resolution, we primarily selected electronic
signals induced on the anode pixels according to single-
polarity charge-sensing techniques. The VATA450.3 chip
collects the analog electronic signals and converts them
into digital bits before sending them to the FPGA. The
digital data are then uploaded to the host computer for real-
time analysis or offline processing.

3.2 Pixelated CdZnTe detectors

CdZnTe crystals are considered as one of the most
promising compound semiconductors for application in
space mission X-ray and gamma-ray detection. Crystal
growth is the primary step that affects material properties
and consequently detector performance. Most commercial
detector-grade CdZnTe crystals are produced by eV
Products in the USA, Redlen Technologies in Canada, and
Orbotech Company in Israel at very high prices. In the
1990s, some Chinese institutions began developing
CdZnTe crystals growing techniques. For example, Zha
et al. of Northwestern Polytechnical University have grown
CdZnTe crystals with single-crystal diameters of more than
60 mm, bulk resistivity up to 4 x 10'° Q, and ut over 2 x
1073 cm?/V [9].

We used CdZnTe crystals manufactured by Imdetek
Company. Two types of detectors are shown in Fig. 3, and
the main parameters are summarized in Table 2. Both
detectors consist of 8 X8 pixels, and each pixel is 1.1 mm X
I.1lmm. One dimension of the hard X-ray detection is 10
mm X 10 mm X 2mm, and the other is 10 mm x 10 mm X

Fig. 3 (Color online) (Left) Anode pixel pattern of CdZnTe detectors
with guard-ring. (Right) 2-mm and 5-mm-thick detectors. Samtec
high-density connectors are positioned under the CdZnTe pixel
detectors

Table 2 Parameters of CdZnTe pixel detectors

Parameter Value

Material CdZnTe

Density (g/cm?) 5.78

Resistivity (Qcm) > 1010

Pixel size (mm?) 1.1 x 1.1

Pixel array 8§ x8

Electrode material Au

Working temperature (°C) —20 to +40

Detector thickness (mm) 2.0+0.1 50+0.2
Energy range (keV) 6-350 20-700

5 mm for the soft gamma-ray detection. The magnitude of
the applied electric field of the detectors is approximately
200 volts per millimeter. The current width of the detectors
which is dependent on the bias voltage and the absorption
position of the detector is approximately 200 nanoseconds
when incident X-rays strike a pixel. All 64 pixels are read
out by one ASIC.

3.3 VATA450.3

Space missions have strict requirements for the volume
of satellite payloads. In addition, high-precision X-ray
imaging requires low-noise front-end electronics. It is
difficult for traditional discrete circuits to meet these
requirements. Recently, charge-sensitive amplifier ASICs
have been widely used in space projects because of their
small size and low noise. Chip VATA450.3 produced by
Norway IDEAS was utilized in this electronic prototype
system, and it was applied in the hybrid board to collect the
charge signals generated by the CdZnTe detector.

The three main components are included in this chip, as
shown in Fig. 4, and include the Viking amplifier (VA),
trigger amplifier (TA), and on-chip analog-to-digital con-
verter (ADC). One VATA450.3 chip has 64 identical
channels. In the VA component, each channel has a
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Fig. 4 (Color online) Functional structure of VATA450.3 ASIC

preamplifier, a slow shaping amplifier, and a peak-hold and
sample-hold circuit. For the anode pixels connected
directly to the ASIC input pads (DC coupled), a leakage
current compensation circuit is added to each channel. In
the TA component, each channel has a fast shaper and a
discriminator for triggering. A trigger mask can be set to
disable channels with high noise. In the ADC component,
each channel has a voltage comparator, a Wilkinson-type
ADC with 10 bits latch, a digital comparator and a multi-
plexer. All amplifier inputs are protected against over-
voltage and electrostatic discharge. The main parameters
are summarized in Table 3. For example, this chip has two
kinds of dynamic range for operation under different gain
modes. The max input charge can be +40 fC. The pair
creation energy of CdZnTe is approximately 4.64 eV.
Therefore, this chip can measure gamma-ray energies up to
1 MeV.

3.4 FPGA logic

FPGAs are widely used due in part to their large number
of input/output pins and ease of debugging. Among them,
Cyclone series FPGAs are cost-effective and can realize
logic control and DAQ functions of the DAQ board in this
electronic system. The DAQ board used an Intel FPGA
(Cyclone-IIT EP3C16Q240C7). We designed an FPGA
control logic using Verilog hardware description language.
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Fig. 5 FPGA logic diagram

The function blocks of logic are shown in Fig. 5. Our logic
was divided into different function modules for ease of use
and updating.

3.5 Host software

Based on LabWindows/CVI, we developed a host con-
trol software for the prototype system. LabWindows/CVI is
an interactive C language operating platform supported by
National Instruments (NI), which is widely used in system
inspection, industrial control, and DAQ. Figure 6 shows
the user interface that can realize functions including the
generation and storage of commands, offline data storage
and analysis, and status monitoring of the chip.

4 Results and discussion
4.1 Linearity and RMS noise

Firstly, we tested the linearity properties of the readout
electronics system without the CdZnTe detector. Because
the VATAA450.3 chip has an internal test pulse generator, it
is possible to calibrate this chip without the need for an
external circuit or a signal generator. When this chip is
operated in calibration mode, different step test pulses are
generated based on the chip’s configuration register. After
those step pulses are injecting into the chip, it is possible to
measure the chip’s linearity responses. Some test results
are presented in Fig. 7. VATA450.3 has four kinds of input
charge ranges including 0 to 16 fC, 0 to —16 fC, 0 to 40 {C,
and 0 to —40 fC. The average integral nonlinearity (INL)
of these four ranges is 1.83%, 2.26%, 1.90%, and 0.74%.

Table 3 Summary of the

. Parameter Value
design parameters and expected
performance of HXI Supplier IDEAS
Technology 0.35 pm CMOS
Chip size 10,000 pm x 6500 um x 450 pum (L x W x H)

Dynamic range
Readout rate

Power consumption
ENC

+16 fC, +40 fC

10MHz (Max.)

255 pW/channel(default setting)

59e~ (default mode, no inputs bonded)
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Fig. 7 (Color online) System linearity and RMS noise performance.
The top plot shows the INL of the four input range modes. The
bottom plot is the RMS noise performance under different conditions

Almost all channels exhibit good linearity and consistency,
while the chip’s last channel has a higher pedestal.

The noise level of the charge-sensitive preamplifier has
a linear relationship with the input load capacitance. The
equivalent noise charge (ENC) is often used to represent
the noise level of electronics readout systems. The rela-
tionship between the preamplifier ENC and its load
capacitance can be expressed as [10]:

1
ENCpreamp = —— (K1 + K2Cy), (1)
Vip

where Ct is the total load capacitance at the input of the
channel, tp is the shaping time of the VATA450.3 chip,
and K; and K, are considered to be constant during oper-
ation. In this prototype system, the input PCB wire and
CdZnTe detector are major contributors to the input load
capacitance. We tested the system’s RMS performance
under different load capacitance values. If detectors were
not installed, the average noise of the 64 channels was
154e~. With the 2-mm-thick and 5-mm-thick CdZnTe
detectors assembled in the front hybrid board, the noise
levels are 172e~ and 186e~, respectively. Obviously, the

system noise will be higher for larger input capacitance
values. The ENC performance is shown in Fig. 7 bottom
plot.

4.2 Spectral performance

After some functional tests, we performed radiation
source testing of the CdZnTe detector prototype system.
Initially, we set an appropriate trigger threshold to dis-
criminate between signals. When X-rays or gamma-ray
photons are incident on the CdZnTe detector, the deposited
charge is collected by one of the chip’s 64 channels. The
ASIC processes the charge signal above the threshold into
binary data. These data are then packed and uploaded to the
host. One trigger-event data frame has 731 bits. These bits
contain 64 channel ADC values, the common-mode data,
and reference data of the dummy channel. Each original
pixel ADC value for one event has multiple components
[11]:

ADC;; = Ped; + CN; + Noise;; + Signaly;, (2)

ADC;; is the ith channel ADC value for the jth event, Ped;
is the pedestal value of channel i, and CN; is the common
noise value. The common noise of each channel is identical
for a given sample. Noise; represents random noise and
Signalj; is the true value of each channel for an event. After
source testing, we performed pedestal deduction and
common-mode noise correction on the origin data. In the
future, we will design a collimation platform for charge-
sharing research.

The 64-pixel 2mm-thick guard-ring CdZnTe detector
was biased at —500 V and maintained at room temperature.
A 19-mCi ?*! Am source was arranged to test the spectrum
performance of the prototype system. During the testing, it
was determined that the last ASIC channel generates sig-
nificant noise in chip internal trigger mode; therefore, we
disabled the last channel (channel 64). The spectral results
are shown in Fig. 8. Apart from the last channel, all
channels show good spectrum performance. The average
full-width at half-maximum (FWHM) at the 59.5 keV peak
is 5.45% with a resolution down to 4.99%.

We also tested a S5-mm-thick guard-ring CdZnTe
detector biased at —1000 V using a '¥’Cs source. When the
662 keV gamma-ray was incident on the CdZnTe detector,
most of the events are Compton scattering events and the
photoelectric effect cross section is very low. All
64-channel data are merged together to obtain the spectrum
which is shown in Fig. 9. The FWHM at 662 keV is
approximately 1.18%.
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Fig. 9 5-mm-thick CdZnTe detector spectral results using 3 pCi
Cs137 source

5 Conclusion
We successfully designed a low-noise readout electronic

system for a 64-pixel CdZnTe detector. This system is
suitable for a wide input photon range from 10 to 1000

@ Springer

keV. The overall ENC of the prototype system was
approximately 200e~. The spectral results show that this
electronic system adequately meets the requirements of the
HXI prototype stage for solar hard X-ray observations. In a
future study, we plan to perform studies on the charge-
sharing effect and the photon depth of interaction in a
CdZnTe detector to optimize energy resolution.
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