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Abstract Due to variable time for charge collection,
energy resolution of nuclear detectors declines, especially
compound semiconductor detectors like cadmium zinc
telluride (CdZnTe) detector. To solve this problem, an
analog rise-time discriminator based on charge comparison
principle is designed. The reference charge signal after
attenuation is compared with the deconvoluted and delayed
current signal. It is found that the amplitude of delayed
current signal is higher than that of the reference charge
signal when rise time of the input signal is shorter than the
discrimination time, thus generating gating signal and
triggering DMCA (digital multi-channel analyzer) to
receive the total integral charge signal. When rise time of
the input signal is longer than discrimination time, DMCA
remains inactivated and the corresponding total integral
charge signal is abandoned. Test results show that combi-
nation of the designed rise-time discriminator and DMCA
can reduce hole tailing of CdZnTe detector significantly.
Energy resolution of the system is 0.98% @662 keV, and it
is still excellent under high counting rates.
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1 Introduction

A cadmium zinc telluride (CdZnTe) detector is charac-
terized by its high atomic number, large width of forbidden
band, high detection efficiency and energy resolution at
room temperature [1-3]. Many research efforts have been
made on crystal growth, electrode preparation and encap-
sulation of CdZnTe detector, with encouraging achieve-
ments [4-8]. However, CdZnTe detector performance is
affected by transport characteristics of current carrier
generated by incident photons. Although typical electronic
mobility of CdZnTe crystal can be 1000 cm® V™' S7', the
hole mobility is only 100 cm? V™' S™! [9-12]. Therefore,
holes of slow mobility cannot be collected completely in
the short charge collection time, hence the decrease in
signal amplitude. This causes serious hole tailing and
deteriorates energy resolution, under high counting rates.

To overcome the hole tailing effect, one usually uses
single charge carrier readout technique to collect just the
electron signal. At present, this can be realized in two
ways. One is the electronic methods, including rise-time
discrimination [13-15] and bi-parametric analysis [16].
Another is to design appropriate electrode structures,
including coplanar electrodes [7], frish grid electrodes [17],
pixel electrodes [18] and so on. The electronic method is
easier to realize.

In this paper, an analog rise-time discriminator is
designed and the discrimination threshold of rise time is set
to abandon the signals with incomplete charge collection.
Compared to the methods of bi-parametric analysis and
digital rise-time discrimination, this method can discrimi-
nate original pulse signal directly, and the algorithm is not
complex. It overcomes the problem of counting loss caused
by inaccurate algorithm, hence better stability. Finally, a
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portable low power consumption and high-resolution
energy spectrometer for CdZnTe detector is designed by
combining the discriminator and digital multi-channel
analyzer (DMCA).

2 Principle of rise-time discriminator

Incident photons interact with sensitive region of the
detector, generating electron-hole pairs. In the external
electric field, electron-hole pairs move toward a certain
direction and form current pulse signal. The charges col-
lected by the detector, O, can be related to the current
signal output by the detector, i(f), by Eq. (1):

0- / i(0)d, (1)
0

where t,, is charge collection time. When the open-loop
gain of preamplifier is large enough, voltage amplitude of
charge signal Vy(¢) output is Q over the feedback capaci-
tance of the charge-sensitive preamplifier (CSP):

Vo(1) = Q/C. (2)

From Eq. (1), when Q is fixed, the higher the i(), the
smaller is the 7, and the shorter is the rise time of the
charge signal output by CSP. In other words, current
signal amplitude is inversely proportional to charge
collection time. From Eq. (2), when C; is fixed, Vy(f) is
proportional to Q. Therefore, current signal output by the
detector can be discriminated through comparing differ-
ent output charge signals of CSP. Specifically, Eq. (2)
shows that the output charge signal of CSP is fixed when
incident photons are of the same energy. According to
Eq. (1), amplitude of the current signal after being pro-
cessed by differentiating circuit is determined by rise
time of the charge signal. As a result, rise time can be
discriminated by time-invariant impulse processing
technique through comparison between the delayed cur-
rent signal and the charge signal. The discrimination
threshold of rise time can be adjusted by changing
attenuation coefficient of the charge signal [19]. The
discrimination process is shown in Fig. 1. Waveforms
1-3 are the ideal total integral charge signal, the refer-
ence charge signal and the delayed current signal,
respectively; and Ty is the delayed time of current signal.
Since amplitude of the delayed current signal is higher
than that of the reference charge signal, the signal rise
time is smaller than the preset time threshold (Fig. la,
b). At this moment, the detected total integral charge
signal represents fast rise-time signal, which will be
retained. In Fig. 1c, d, amplitude of the delayed current
signal is smaller than that of the reference charge signal
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and the signal rise time is longer than that of the preset
time threshold. The detected total integral charge signal
will be abandoned.

3 Design of rise-time discriminator

An analog rise-time discriminator was designed based
on the rise-time discrimination principle (Fig. 2). It mainly
consists of the differential shaping circuit, charge inte-
grating circuit, deconvolution time-delay circuit, voltage
discrimination circuit, comparator circuit and monos-
table trigger circuit. The differential shaping circuit is to
separate DC volume in a signal and converts the bi-expo-
nential signal, which is output by the CSP and has long fall
time, into a bi-exponential signal with appropriate fall time
via differential shaping. The converted signal accesses to
the charge integrating circuit, deconvolution time-delay
circuit and voltage discrimination circuit, respectively. The
charge integrating circuit is to acquire the reference charge
signal. The deconvolution time-delay circuit is to recover
bi-exponential signal formed by differential processing into
current pulse signal and collect the delayed current signal
by using a delayer. The reference charge signal and
delayed current signal are compared in a comparator, and
results are used to activate the monostable trigger circuit.
Meanwhile, voltage discrimination circuit is used in the
discriminator to reduce influences of circuit noise. Signals
of lower amplitudes than the trigger threshold are elimi-
nated, so as not to have false triggering in the circuit caused
by noise. Trigger signal is sent to DMCA by the monos-
table trigger circuit when output signal rise time of the
differential shaping circuit is shorter than the preset
threshold, and the circuit noise does not activate the volt-
age discrimination circuit. The DMCA keeps the amplitude
analysis, but it cannot receive trigger signal and corre-
sponding amplitude analysis is abandoned. Implementa-
tions of main circuits of the rise-time discriminator will be
introduced in the following text.

3.1 Differential shaping circuit

Output signal of the CSP contains DC offset that will
disturb rise-time discrimination. A CR differential circuit
was designed to isolate such DC offset. It transforms the
original pulse signal with long falling edge into bi-expo-
nential signal with narrow pulse width. This not only
ensures the signal to well match with the post-integral
shaper, but also increases the pulse advancing counting
rate. Since the signal after CR differential shaping has
posteriori undershoot and undershoot of large signal makes
the post-amplifying circuit overloaded, the shaping circuit
often adopts parallel connection of an
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Fig. 1 Principle of rise-time
discrimination

Fig. 2 Block diagram of rise-
time discrimination circuit

adjustable potentiometer on the capacitance of the differ-
ential circuit. A pole-zero cancellation circuit that could
eliminate effect of overshoot was formed. The differential
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shaping circuit is shown in Fig. 3a. The first-stage differ-
entiating time constant is set as 3 ps. According to 1 = RC,
if C10 = 1 nF, we have R15 = 3 kQ.
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Fig. 3 Differential shaping circuit (a), charge integrating circuit (b) and its output signal (c); and the deconvolution circuit (d), LC delay circuit

(e) and its output signal (f)
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For circuit stability, the AD8066 operational amplifier,
with high speed, low noise, wide bandwidth and high slew
rate, is used to form an emitter follower circuit that can
enhance current driving capability, achieve matching pre-
impedance and post-impedance, isolate reverse distur-
bances and guarantee circuit stability, without influencing
the signal rise time.

3.2 Charge integrating circuit

Amplitude of the CSP output signal is total charges
collected by CdZnTe detector in this time period. To get
integral output current signal of the CdZnTe detector, the
charge collection shall be as complete as possible. This
requires a charge integrating circuit with appropriate time
constant. The CdZnTe detector is 4 mm x 4 mm x 2 mm
(2-mm thick), typical mobilities of electrons (u.) is about
1000 cm? V™' S™', and mobilities of holes (i) is about
100 cm? V! S™1. The reverse bias (Upjas) applied on the
detector circuit is 800 V. The calculation formula of carrier
drift velocity is

v = pE = pUiss/d. (3)

Then, the drift velocity of electrons is v. = 4 x 10° cm/
s, and the drift velocity of holes is v, = 1.3 x 10° cr/s.
The carrier drift time can be calculated by

t=d/v, )

so, the collection time of electrons is 7. = 50 ns and the
collection time of holes is #, = 500 ns.

Therefore, time constant () of the integral circuit can be
set as 500 ns. In the actual circuit (Fig. 3b), R2 is 3.3 kQ
and C3 is 150 pF. To make discrimination threshold of rise
time adjustable, a charge comparison signal output circuit
with gain control was designed based on the ADS065
operational amplifier. Amplitude of the charge comparison
signal can be adjusted by controlling the potentiometer R7.

3.3 Deconvolution time-delay circuit [20]

Since signal output by the CdZnTe detector can be
viewed as an ideal J function, and the signal being pro-
cessed by the CSP and differential shaping circuit to input
into the post-discriminator is exponential, the CSP and
differential shaping circuit can be regarded as a convolu-
tion operation circuit. The system response is shown in
Fig. 4. Al and A2 are ideal amplifier. The current pulse
signal output by the CdZnTe detector is converted into a
standard voltage signal by the ideal current—voltage con-
verter. Later, a bi-exponential pulse signal is acquired after
RC low-pass network processing.

The post-comparison circuit needs current pulse signal,
so the bi-exponential signal has to be restored into the
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Fig. 4 Ideal amplifier for detector

current pulse signal through deconvolution. Since the
output voltage signal and the input current signal of the
current—voltage converter have the same shape, the signal
that has been convoluted by detector—amplifier—differen-
tiator can be deconvoluted by searching the inverse transfer
function of RC low-pass network. A pulse response linear
time-invariant system of J function is gained from con-
volution of a signal and low-pass filter. The deconvolution
pulse response of this system can be acquired from the
deconvolution transfer function by transforming the low-

pass filter impulse response into the § function.
According to Ref. [21], impulse response of RC low-
pass filter is
dh(r)

h(t) +1—==0(1),

- (t > 0,h(0) = 0). (5)

Therefore, the output signal (V) can be related to the
input signal (V;,) of the low-pass filter by Eq. (6),

Vout () = Vin(t) + tdvin(2)/dt. (6)

So, the impulse response of deconvolution is

K (1) = 6(1) + ©(1). (7)
From Egs. (5) and (6), the convolution of #'(r) and h(f) is

—h(t) = h' (1) = 6(1). (8)

On this basis, the deconvolution circuit is designed
(Fig. 3d), in which the time constant shall be in accordance
with that of exponential signal of preceding stage. To avoid
over high breakover current caused by small capacitive
reactance, a current-limiting resistance R16 is added into
the capacitance. Also, the value of R16 multiplied by C11
must be far smaller than the value of R18 multiplied by
C11 to prevent significant influence of R16 on time con-
stant of this deconvolution circuit.
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It takes 500 ns for the charge integrating circuit to
process the original signal and get the reference charge
signal. To ensure the current signal gained by the decon-
volution circuit comparable with the peak of reference
charge signal at the same time, current signal shall be
delayed to a certain extent. A LC delay circuit was
designed (Fig. 3e). The total delay time shall be consistent
with the charge integrating time. The OPA691 current
feedback operational amplifier is used as the driver chip,
because the LC delay circuit needs certain drive currents,
especially when there are many delay grades and the cur-
rent provided by front deconvolution circuit is inadequate
to maintain normal operation of the delay circuit. To
safeguard normal signal transformation, 50 Q resistances
have to be added between its input and ground and between
its output and ground to safeguard normal signal
transformation.

For an LC delay circuit, the delay time is T = (LC)” 2,
and equivalent impedance is Z = (L/C)""?, so we have

L=nL,=TZ, )

where n is stage number. Since the number of stage of an
actual delayed circuit is limited and every stage can be
viewed as a low-pass filter, the cutoff frequency is

we = (L,Cy) ™= n/T. (10)

The existence of cutoff frequency will cause delay line
dispersion. The pulse rise time and fall time are

1= 1/wc=T/n. (11)

In this design, 7 = 500 ns, Z = 50 Q and 7t = 50 ns.
According to Egs. (9-11), we have n =10, L, =25 H
and C, = 1 nF.

The actual circuit can realize signal delay by using a
10-stage LC circuit, with the inductance of 2.2 pH and
capacitance of 1 nF for each delay circuit. The actual
delayed time of each stage is 46.9 ns. Considering signal
delay by deconvolution circuit and current drive circuit, the
total delayed time of the deconvolution circuit is about
500 ns.

3.4 Voltage discriminator and monostable trigger
circuit

Influenced by noises, the charge integrating access and
the deconvolution delay access will generate false trigger
signals. It is necessary to set a threshold of effective signal
through voltage discriminator and gate circuit to extract
effective trigger pulse. This design uses the ultra-fast
comparator TL3016 as the voltage discriminator. Thresh-
old voltage is set as 20 mV by a resistor divider at the
inverting input terminal, and the original signal is accessed
into the non-inverting input. The comparator can output

high level when input signal is bigger than circuit noise.
The other comparator is connected with the delayed current
signal at the non-inverting input terminal and the reference
charge signal at the inverting input terminal. It only can
output high level when the delayed current signal is bigger
than the reference charge signal. The rise time is higher
than the discriminator threshold. Finally, effective trigger
pulse can be gained by making output signals of two
comparators passing through the AND gate. The trigger
pulse is narrow when there is a small difference between
the current signal and the charge signal, which goes against
the DMCA reception. Therefore, a monostable trigger
circuit has to be designed to ensure that the signal has an
appropriate high-level retention time.

4 Performance test

4.1 Rise-time discriminator test

Threshold of the rise-time discrimination circuit deter-
mines performance of the whole discriminator. Since rise
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Fig. 5 Comparison of delayed current signal and reference charge
signal

Table 1 Whether trigger in differential rise time

Rise time (ns) Viket (MV) Vbelay (MV) Trigger?
100 38 132 Yes

150 38 116 Yes

200 88 112 Yes

250 88 97 Yes

300 88 88 Indefinite
350 80 68 No

400 72 52 No

450 66 46 No

500 60 40 No

550 58 36 No

600 56 32 No
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Fig. 6 Spectra of 137Cs without and with rise-time discrimination

time of an effective signal in CdZnTe detector is about
200 ns, the discriminator threshold is designed at 300 ns to
retain effective signals. The discriminator threshold is
determined by the reference charge signal amplitude after
the delayed current signal is determined. A bi-exponential
signal with 300 ns rising edge is input. Next, amplitude of
the reference charge signal is adjusted equal to that of the
delayed current signal at the same time. As shown in
Fig. 5, Curve 1 is the reference charge signal and Curve 2
is the delayed current signal. If the rise-time threshold is
300 ns, parameters of the discrimination circuit can be
determined.

To verify validity of parameters, rise time of the bi-
exponential signal is adjusted from 100 to 600 ns in 50-ns
steps. To make sure that the bi-exponential signal and the
output signal of preamplifier have equal amplitude, input
signal amplitude of the discrimination circuit is set at
35 mV. Delayed current signal and reference charge signal
are listed in Table 1.

From Table 1, when rise time of the original current
signal is below 300 ns, a trigger pulse is produced; at
300 ns, it is uncertain whether trigger pulse can be pro-
duced because of noises; when the rise time is over 300 ns,
the discrimination circuit cannot be triggered. This reflects
that the designed rise-time discrimination circuit can trig-
ger effective signals in the CdZnTe detector.

4.2 Energy spectrum measurement

Figure 6 is the energy spectrum of '*’Cs source without
and with rise-time discriminator, measured by a
4mm x 4 mm x 2 mm CdZnTe detector provided by
Northwestern Polytechnical University. Without the rise-
time discriminator, the tailing effect is obvious in the
662 keV peak, with an energy resolution of just 2.73%, due
to the changing rise time or incomplete charge collection.
With the rise-time discriminator at the threshold of 300 ns,
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the tailing effect of the 662 keV peak is improved signif-
icantly and the energy resolution reaches as high as 0.98%.

5 Conclusion

To solve the hole tailing effect caused by incomplete
charge collection in CdZnTe detector, an analog rise-time
discriminator was designed, which could recognize the rise
time of signals output by CSP and eliminate signals with
rise time higher than the threshold. It overcomes the
problem of worse energy resolution in traditional energy
spectrometer caused by variation of charge collection time.
This rise-time discriminator has adjustable rise-time
threshold, low power consumption, simple structure and
high improvement of system energy resolution and is
applicable to portable high-resolution energy spectrometer.
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