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ABSTRACT: Arrays of 3D position-sensitive detectors (3DPSD), operating at room temperature and
using cadmium zinc telluride (CZT) and thallium bromide (TIBr) sensors, are suitable for gamma-
ray spectrometry in many applications. One detector configuration, the 3D position-sensitive
Virtual Frisch-Grid detector (VFQG), is particularly advantageous for integrating into large area
arrays. The signals generated inside each detector of the array are captured with the anode, cathode
and four pads that enable the reconstruction of the position and energy of the ionizing interaction by
measurements of amplitude and timing of the signals. For these applications, a low-noise front-end
ASIC has been developed, capable of processing bipolar signals (needed because of AC-coupling of
certain electrodes). The ASIC can be coupled to an ADC in order to form a compound “waveform
digitizer” capable of post-processing the analog signals and determining amplitude and timing
information. This paper describes a 32-channel front-end ASIC that is suitable for reading out a
3 x 3 or 4 X 4 element matrix in the VFG configuration. Each channel is composed of a low-noise
charge amplifier with an adaptive continuous reset feedback circuit suitable for both positive and
negative charge, a first order shaper and a single-to-differential converter output stage. Voltage and
current references are all internally generated by 10-bit DACs and the chip is fully controllable
with the I>C communication protocol. The readout channel response has been verified using the
implemented injection circuit. Linear behavior up to ~ 75 ke* with the gain of ~ 80 mV/fC, and
up to ~ 200 ke* with the gain of ~ 30 mV/fC was demonstrated. In conclusion, the first test result
waveforms using a '*’Cs radioactive source on a 5 x 5 x 12 mm?> TIBr crystal are reported.

KEYWORDS: Analog electronic circuits, front-end electronics for detector readout, gamma ray
detectors
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1 3D position-sensitive detectors (3DPSD)

Nowadays, gamma spectrometer applications, based on wide bandgap semiconductor material
(room-temperature semiconductors), require excellent energy resolution, large area and low cost.
For this purpose, different detector materials have been studied in the last decades. Among these,
cadmium zinc telluride (CdZnTe or CZT) and thallium bromide (TIBr) have been demonstrated to
be good candidates in a broad range of applications [1, 2].

These materials can be produced in large volume with relatively low dark current, but their
spectral resolution is strongly limited by several deficiencies, like poor mobility of holes, charge
trapping and extensive crystal defects [3—7]. Several solutions have been studied to overcome the
deficiencies of these materials as gamma detectors.

The 3D position-sensitive virtual Frisch-grid detector (VFG) [8] implements the pixelation of
the anode electrode with amplitude and timing measurements, enabling reconstruction of positions
of ionizing interactions, correcting the detector’s non-uniform response. With this approach,
energy resolutions better than 1% FWHM at 662 keV (main emission peak of '3’Cs) in CZT
were registered, limited only by the resolution of the readout electronics [9, 10]. Moreover, using
signals from others electrodes (cathode and pads) placed as reported in Fig. 1, it is possible to
evaluate the 2D spatial coordinates in the X-Y plane using the center of gravity method as a first
approximation. Meanwhile, the cathode-to-anode signal ratio provides information about the Z
coordinate. Additional correction algorithms [11] can be applied to remove geometrical distortions
introduced by the centroid method and to improve the spatial resolution. As a reference, Fig. 2
reports the typical induced current signals from a TIBr crystal (5 x 5 x 12 mm?) electrodes (anode,
cathode and pads), while exposed to an uncollimated '3’Cs radioactive source and biased at -1.5
kV [12, 13]. Fig. 3 shows the reconstructed map of the interaction sites along the crystal orthogonal
plane.
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Figure 1: (Left) The X-Y-Z coordinates system used for 3DPSD detector geometry, where anode
and cathode are bottom and top contact. (Right) The four 5 mm wide pads surround the lateral
faces of the crystal.
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Figure 2: Induced current signals measured from a TIBr crystal of anode, cathode and pads with a
fast trans-impedance amplifier. The detector was exposed to an uncollimated '¥’Cs source.
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Figure 3: Map of reconstructed interaction sites projected onto the X-Y plane.



2 AVG3_Dev ASIC

The AVG3_Dev (Development for Advanced Virtual frisch-Grid) is a low noise, 32-channel, bipolar
charge input front-end ASIC suitable for reading out TIBr or CZT crystal matrix detectors connected
in a VFG configuration. This development is a continuation of previous works done at BNL [9, 10].
The chip is coupled to a bank of ADCs in order to form a waveform digitizer, allowing the signal
processing and the reconstruction of the information position from the detectors.The chip acts like
a bandwidth limited current to voltage amplifier, effectively converting a current pulse from the
detector charge into a single pole impulse response.

2.1 Architecture of the ASIC

The chip comprises 32 low noise, bipolar input charge, front-end readout channels with selectable
gains and time constants (30 mV/fC and 0.25 us, 0.5 us, 0.75 us or 80 mV/fC and 0.75 us, 1.5 us,
2.25 us), test pulse injection circuit, internal bias DACs and a custom I>C digital communication
block. The bare die dimensions are 8240 um X 1840 um (see Fig. 4) which is the maximum
allowed height/width ratio for the fabrication. The total dissipated power consumption is 125 mW
(~ 4%). Each channel (full analog chain is shown in Fig. 4(c) implements a Trans-Impedance
Amplifier (TIA), where the input pmos transistor has been optimized to minimize noise for a detector
capacitance of 5 pF and a controllable adaptive continuous reset feedback network [14] has been
implemented. The second stage is a first order low-pass filter followed by a single-to-differential
output driver converter (SDC) to drive the external ADC.
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Figure 4: (a) AVG3_Dev ASIC wire-bonded on the test board, (b) block diagram of the ASIC
and (c) the channel architecture with adaptive continuous reset for operating with both polarities of
input charges.



All the reference voltages are generated by the internal DACs (10-bit resolution) and all the
chip functionalities are programmed through the I>C logic block with 256 bits of configuration.
Moreover, each channel features an independent test charge injection circuit, which enables cali-
bration of the analog chain. Fig. 5 reports the ASIC output signal while injecting a charge of 67
ke™ (electrons and holes) with the test injection circuit. This amount of charge is equivalent to an
ionizing event from '¥’Cs in a CZT or TIBr detector. The different gains and filter timing settings
are shown for different charge polarities. The linear part of the response of the analog channel for
an injected charge ranges from O to 250 ke~ (both electrons and holes) at the two different gains
and fastest shaping time is shown in Fig. 6.
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Figure 5: Output response signals to an injected charge of 67 ke™ (electrons and holes) at different
gains and filter timing settings. Differential signal is converted with a differential active probe and
recorded with a scope (Tektronik MSO64).
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Figure 6: Linear response of the analog channel up to ~ 75 ke* with gain of ~ 80 mV/fC, and up
to ~ 200 ke* with gain of ~ 30 mV/fC for electrons and holes using the charge injection circuit.



2.2 Reset network

The first stage of the analog chain operates as a charge multiplication stage where the multiplication
factor is given by the ratio of C; to C; and it accepts positive and negative input current. This feature
is needed to handle pad signals, which are bipolar (see Fig. 2). This is possible thanks to a modified
version of the adaptive continuous reset network [14]. The schematic of the circuit network is
shown in Fig. 7. The IN node is connected to the gate of the input transistor, m to the output of the
amplifier and OUT to the input of the second stage. Positive input current (holes) is removed by
NMO transistor, negative current (electrons) instead is removed by PMO transistor. Depending on
the voltage of the amplifier output m, either the PMO or NMO is conductive. The signals Vul, VI,
VPIbc and VNIbc are internally generated by the DAC and allow to modify the transfer characteristic
(Uinput Vs Vour) of the amplifier and allow to tune the operational bias point of the voltage m.
The starting points at which the PM or NM branch starts conduction can be set with the Vul and
Vil voltage while the steepness of the DC transfer curve (and the maximum current) can be set by
the VNIbc and VPIbc voltages. These voltages are set such that the desired output voltage m is set
for zero input current and both transistors, NM and PM, are in deep sub-threshold and only a very
small current (<1 pA) is flowing through them.
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Figure 7: Schematic diagram of the adaptive continuous reset network.

The S switch (see Fig. 4(c)) in OFF state allows to by-pass the second stage and feed the SDC
driver with the output of the first stage amplifier enabling the monitoring of the bias conditions at
the voltage m. Fig. 8 shows the DC transfer-characteristic (Voyr Vs Iyn) of the amplifier for a
changing bipolar input current.
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Figure 8: Measured DC transfer-characteristic (Voyr Vs Ijn) of the first stage amplifier. For

positive current the NM branch and for negative current the PN branch of the reset network is
active.

3 Experimental results

After the initial characterization of the chip functionalities, the AVG3_Dev ASIC has been integrated
into a full detector system, where, together with a 32-channel ADC, it is capable of reading out a
(4 x 4) crystal element matrix of TIBr (size: 5 x 5 x 12 mm?) connected in a VFG configuration.
Fig. 9 illustrates an example response of the AVG3_Dev ASIC using the highest gain and shorter
time constant.
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Figure 9: Collected signals from a TIBr crystal (5 X 5 x 12 mm?) anode, cathode and pad electrodes
using AVG3_Dev.



The crystal detectors were biased at -1.5 kV and left conditioning for ~1 hour before being
exposed to an uncollimated '*’Cs radioactive source. The anode, cathode and pad signals have been
digitized at 2.5 MHz sample rate and stored for data analysis. The amplitudes of the pad signals
are used to evaluate X-Y coordinates, while the drift time or the cathode-to-anode ratio is used to
evaluate the Z coordinate [12]. As it is possible to see from Fig. 9, the anode and cathode present
the unipolar behaviour due to the drift of the charge towards the electrodes, which for the anode,
it is directly connected to the ASIC input (cathode is AC-coupling because connected to the high
voltage bias). The pads instead have a bipolar behaviour due to the AC-coupling and position of
their electrodes on the lateral faces of the detector crystal. As discussed previously, the architecture
of the reset network of the first stage is capable to find the DC operating point and to set the baseline
level (~ 0.74 V) even with zero (or almost zero) DC input current.

4 Conclusion

The AVG3_Dev ASIC is an exploratory chip to investigate a novel readout concept with associated
signal processing of multi-electrode detectors. This front-end chip is coupled to a bank of ADCs in
order to form a waveform digitizer, allowing efficient and direct characterization of various detector
materials specifically for use as a 3D position-sensitive detector (3DPSD) system. We are targeting
gamma-ray spectrometer applications with CZT or TIBr crystals arranged in a large matrix. The
ASIC’s functionality has been demonstrated and preliminary results obtained with TIBr crystals,
while exposed to an uncollimated '*’Cs radioactive source, have been shown. Future effort will
be targeted towards digital filtering and data analysis to evaluate energy resolution and position
reconstruction capabilities using TIBr and CZT detectors.
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