
Vol.:(0123456789)

Nuclear Science and Techniques (2026) 37:8 
https://doi.org/10.1007/s41365-025-01816-y

A 32‑channel charge‑sensitive amplifier for delay‑line readout 
of parallel plate avalanche counter array

Yue‑Zhao Zhang1,2   · Peng Ma1 · Zhuang‑Yu Lin1 · Zhen‑Fei Tan3 · Xing‑Chi Han1 · Chen Liu1,2   · Shuo Wang1,2   · 
Da‑Peng Sun1,2 · Zhi‑Quan Li4 · En‑Hong Wang1 · Shou‑Yu Wang1,2

Received: 26 January 2025 / Revised: 2 June 2025 / Accepted: 10 June 2025 / Published online: 6 December 2025 
© The Author(s), under exclusive licence to China Science Publishing & Media Ltd. (Science Press), Shanghai Institute of Applied Physics, the Chinese 
Academy of Sciences, Chinese Nuclear Society 2025

Abstract
A 32-channel charge-sensitive amplifier (CSA) is designed for fast timing in the delay-line readout of a parallel plate 
avalanche counter (PPAC) array. It is realized on a PCB with operational amplifiers and other discrete components. Each 
channel consists of an integrator, a pole-zero cancellation net, and a linear amplification stage, which can be adapted to 
accommodate either positive or negative input signals. The RMS equivalent input noise charges are 3.3 fC, the conversion 
gains are approximately ±2 mV∕fC , and the intrinsic time resolution reaches 32 ps. In the prototype PPAC application, 
the CSA performs as well as the commercial FTA820A amplifier, providing a position resolution as good as 0.17 mm, and 
exhibiting reliable stability during several hours of continuous data acquisition.

Keywords  Charge-sensitive amplifier · Fast timing · Parallel plate avalanche counter · Delay-line · Discrete components

1  Introduction

Radiation detectors are widely used in heavy-ion collision 
experiments to study nuclear structures and reactions. The 
kinematics of the secondary protons, neutrons, and ions can 
be effectively measured using detectors. The coincident 
measurement of secondary particles and particle-photon 
coincidence provide insights into the collision dynamics, 

energy level structure, or other internal states of the par-
ticipants. Low-pressure parallel plate avalanche counters 
(PPACs) [1–3], semiconductor silicon detectors [4], and 
solid scintillation detectors [5] are among the most com-
monly used detectors in the above-mentioned situations. 
PPAC is better suited than scintillation detectors for fast tim-
ing and position measurement. Subnanosecond and submil-
limeter resolutions can be achieved simultaneously on a sen-
sitive area of several hundred cm2 . PPAC detectors are more 
radiation-tolerant and cost-efficient than silicon detectors.

To study Coulomb excitation of atomic nuclei [6], we 
developed a PPAC array. It consists of 20 PPAC units that 
can cover almost a 4 π solid angle around a solid target, simi-
lar to the CHICO2 array [2]. During the collision between 
the projectile and target nuclei, both may become excited 
through Coulomb interactions. Soon after excitation, gamma 
rays were emitted during deexcitation. The PPAC array 
detects the two-dimensional positions and the flight time 
difference of the recoil and scattered nuclei; thus, nucleus 
identification and Doppler correction of the gamma-ray 
energy can be performed [7]. Each PPAC unit is capable 
of sub-nanosecond time resolution, which is obtained via 
the signal from the membrane electrode, and submillimeter 
position resolution, enabled by the four signals from two 
perpendicular delay lines. The delay-line and membrane 
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signals had opposite polarities. They are immediately pro-
cessed by the preamplifiers, which output negative voltage 
pulses to the discriminators, that is, both positive and nega-
tive detector current pulses should be converted to negative 
voltage pulses. Because each PPAC unit requires five read-
out channels, a total of 100 channels are required.

The performance of the preamplifier directly affected the 
resolution of the detector system. Various customized pre-
amplifiers have been developed to adapt to different detec-
tors. The integration schemes of multichannel preamplifiers 
can be roughly classified into three types. Integration of 
semiconductor pixel application-specific integrated circuits 
(ASICs), such as Timepix [8], MIMOSA [9], ALPIDE [10], 
Taichupix [11], Jadepix [12], Topmetal [13], Nupix [14], and 
IMPix [15]. The preamplifier, together with certain elec-
tronic stages, is photoetched adjacent to the detector sen-
sor in the same bulk or connected to the sensor via eutectic 
solder bumps. The pixel size is several tens to hundreds of 
micrometers, which offers micrometer position resolution. 
These pixel ASICs find applications as vertex or tracking 
detectors in large-scale collider experiments, where thou-
sands or more high-density electronics are required [10, 11], 
or in places of ultrahigh position resolution, such as beam 
telescopes [16] and spectroscopic X-ray imaging [17]. The 
second is chip-level integration. Encapsulation of several 
to over hundred channels of front-end electronics (FEE), 
including the preamplifier stage, has been achieved on a 
semiconductor chip. Typical examples include SAMPA [18], 
NINO [19], AGET [20], AFTER [21], TOFPET [22], and 
PADI [23]. The connection between the detector readout 
electrodes and FEE is established using transmission lines, 
usually on a printed circuit board (PCB). Separation of the 
FEE from the detector limits the detector patch size, as 
encountered in pixel ASICs, whereas chip-level integration 
still guarantees a high circuit density. Hence, this scheme 
is widely adopted in large-area detectors and other applica-
tions where high-density readout electronics are pursued, 
for example, the time projection chamber (TPC), muon 
chamber, and time of flight (ToF) detectors in the ALICE 
experiment [18, 24, 25], silicon tracker and BGO calorimeter 
on the DAMPE satellite [26, 27], Compton telescope for 
dose monitoring in hadron therapy [28], and ToF detectors 
in positron emission tomography (PET) [29]. Third, there is 
board-level integration. Typically, tens of channels can be 
realized on a single PCB. Each channel is constructed with 
discrete elements, including operational amplifiers (OPAs), 
resistors, and capacitors. This solution is usually adopted 
in situations where hundreds of channels are required and 
the board-level circuit density is acceptable. Compared to 
the chip-level realization, the dynamic range and circuit 
logic can be adjusted more conveniently and economically to 
meet various requirements, by selecting adequate elements 
from the vast commercial market. Typical applications can 

be found in the SPA02-16 and SPA03-16 preamplifier mod-
ules for silicon detector array [30], the multi-purpose TPC at 
CSNS Back-n [31], the NEXT experiment in search of 0νββ 
decay [32, 33], the scintillation detector array designed for 
PET [34], the CZT-based gamma-ray spectrometer [35], and 
the ITER radial X-ray camera [36], etc.

In this study, a third scheme was adopted. A versatile 
32-channel charge-sensitive amplifier (CSA) is designed for 
the PPAC array under development. Section 2 describes the 
schematic and PCB design of the amplifier, Sect. 3 presents 
the performance calibrations, Sect. 4 shows the test results 
for application to a prototype PPAC, and Sect. 5 concludes 
this work.

2 � Schematic circuit diagram and PCB design

The PPAC array model under development is illustrated in 
Fig. 1. Twenty identical trapezoidal PPACs were arranged 
inside a ∅50 cm spherical chamber, covering nearly the 
full 4 � solid angle. In physical experiments, energetically 
charged particles are emitted from a solid target at the cham-
ber center and detected by the PPACs. The detectors meas-
ured the particle emission directions and the striking time 
difference between them.

The particle emission polar and azimuthal angles were 
deduced from the particle hitting position on the detector, 
which was read out using a pixel-strip delay-line anode. In 
Fig. 1b, all the other structures are removed, except for the 
top layer of the anode PCB, gas area, and particle entrance 
membrane. Trapezoidal metallic pixels of equal altitude are 
distributed on the top layer of the anode PCB facing the 
particle entrance membrane. Readout strips are formed by 
connecting every other pixel in one of the two orthogonal 
directions, denoted by � and � . Pixel connections were made 
between the inner layers of the anode PCB. Furthermore, 
the strips were connected using inductors and capacitors to 
implement a delay-line readout scheme. In the � direction, 
the detector position resolution should be better than 3 mm, 
corresponding to a maximum polar angle of 0.93◦ . In the � 
direction, the detector position resolution should be better 
than 1.3 mm, corresponding to a maximum azimuthal angle 
of 1.5◦ . The particle impact time was determined from the 
cathode membrane. Considering [1] as a reference, the time 
resolution should be better than 350 ps.

The characteristic fast responses of the typical PPACs are 
listed in Table 1. A total of 106 to 107 electron-ion pairs can 
be generated in avalanche multiplication [37, 38]. However, 
only 10% of all electrons contribute to the fast signal [39, 
40]. The rise time is normally 5–10 ns [37–41], which is 
defined as the time required for the signal to rise from 10% 
to 90% of its amplitude. The full width was approximately 
15 ns [37, 40], which is the duration between the signal 
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rising past 10% of its amplitude and subsequently falling 
below 10% of its amplitude. Accordingly, the maximum cur-
rent was estimated as several μA . The calculated fast electric 
current profile induced on the anode by electrons moving 
across a 3-mm-thick PPAC is shown in Fig.  2 [40]. The 
preamplifier is designed to convert the PPAC output charge 
to a voltage pulse of several hundred millivolts in amplitude. 
The width of the voltage pulse was set to the same order as 
that of the original current pulse width, allowing for high 
counting rates.

2.1 � Schematic design

Each CSA channel is composed of two stages of OPA circuit. 
The first stage was the charge integrator (Qint). The second 
is a non-inverting amplification (NinvAmp) or inverting 
amplification (InvAmp) stage designed for different detec-
tor response polarities. Figure 3 shows schematic diagrams, 
that is, (a) Qint + NinvAmp and (b) Qint + InvAmp. The 

Qint input was AC-coupled to the detector electrode via a 
single-ended transmission line of 50 Ω . To control the output 
noise, the Qint stage was used in conjunction with a pole-
zero cancellation (PZC) net. OPA657 [42] and OPA847 [43] 
produced by the Texas Instruments Incorporated Company 
were adopted in the first and second amplifier stages, respec-
tively. Both feature a very low input voltage noise density, 
whereas the JFET-input stage endows OPA657 with a much 
lower input current noise density and input bias current. 
Hence, using OPA657 in the first stage provides lower noise 
and higher direct-current (DC) precision at the output.

The signal-to-noise ratio (SNR) of the final output is prin-
cipally determined by the SNR of the Qint output. The feed-
back capacitor Cint

f1
= 5 pF and feedback resistor 

Rint
f1

= 200 kΩ were chosen as a balance between the noise 
level and the conversion gain. The time constant 

Fig. 1   (Color online) a Sketch 
of the PPAC array. There are 
20 identical trapezoidal PPACs 
arranged inside a ∅50 cm 
spherical chamber. Each set of 
ten covered one hemisphere. b 
Corner of a PPAC unit show-
ing the preliminary design of 
the readout pixel pattern. All 
other structures were removed, 
except for the top layer of the 
anode PCB, the gas area, and 
the particle entrance membrane. 
The symbols � and � denote two 
orthogonal directions parallel to 
the detector surface

Table 1   Typical response of PPAC detectors

1 Signal rise time is defined as the time it takes for the signal to rise 
from 10% to 90% of its amplitude
2 Signal width is the duration between the signal rising past 10% of 
its amplitude and subsequently falling below 10% of its amplitude
3 Estimation based on the shape and total charge in the fast current 
pulse induced by electrons
4 Before the launch of the space-charge effect
5 Only ∼ 10% of all the electrons induce the fast pulse [39, 40], i.e., in 
the order of 105

Current 
Rise
Time

1

Current
Width

2

Current
Maximum

3

Total 
Avalanche
Electrons

6 ns [39]
8 ns [37]4
10 ns [40]
5 ns [41]

20 ns [37]4
15 ns [40]

several
μA

10
6 ∼ 10

7 [37]5
10

6 [38]5

Fig. 2   A calculated fast electric current profile induced on the anode 
by electrons moving across a 3-mm-thick PPAC. � = 33 cm−1 is the 
first Townsend coefficient of the filling gas, ve = 10 cm∕μs is the 
electron drift velocity, and d = 3 mm is the distance between the 
anode and cathode electrodes. (Reproduced from  [40]. The units of 
the Y-axis and � have been corrected.)
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�int = Rint
f1
Cint
f1

= 1 μs . To stabilize the Qint circuit, the resis-
tor Rint

g1
= 10 Ω in series with the capacitor Cint

g1
= 10 pF was 

installed for input lag compensation. The coupling capacitor 
Cc was set to 10 nF with a self-resonant frequency close to 
the input signal bandwidth. The resistor Rc = 50 Ω is the 
termination resistor for terminal matching of the 50 Ω input 
transmission line.

In the InvAmp stage, the feedback resistors are 
Rinv
f1

= 500 Ω and Rnin
f1

= 490 Ω . Resistors Rinv
g1

 and Rnin
g1

 are 
fixed at 10 Ω . The capacitors Cinv

f1
 and Cnin

f1
 , together with the 

parasitic capacitance in parallel with them (approximately 
0.1 pF), function as feedback lead compensation to stabilize 
the circui t  operat ion.  Af ter  f ine adjustment , 
Cinv
f1

= Cnin
f1

= 0.5 pF was installed. The pull-down resistors 
Rinv
g2

= Rinv
f1
‖Rinv

g1
 and Rnin

g2
= Rnin

f1
‖Rnin

g1
 at the non-inverting 

input of the OPA847 chips suppress the output DC error 
caused by the input bias current. The capacitors Cinv

g2
= 10 nF 

and Cnin
g2

= 10 pF are parallel to Rinv
g2

 and Rnin
g2

 , respectively. 

These two capacitors minimize the output noise contribution 
from the resistors without significantly affecting the PZC 
net. The resistor Ro = 50 Ω was used for source-end imped-
ance matching to the 50 Ω output transmission line. The 
critical input amplitude of OPA847 before the start of the 
slew rate limitation is V847

crit
= 38.8 mV . For 50 V/V gain, it 

corresponds to a 1.9 V output voltage. The full power band-
width (FPB) of OPA847 at ±5 V power supply was 
FPB847 = 45.8 MHz.

In the Qint + NinvAmp configuration, the PZC circuit 
comprises Cnin

pz
= 1 nF , Rnin

pz
= 1 kΩ , and Rnin

g2
= 9.8 Ω . Thus, 

condition �nin
rc

= Rnin
pz
Cnin
pz

= �int is satisfied. However, in the 
Qint + InvAmp configuration, the PZC circuit comprises 
Cpz = 1 nF , Rinv

pz
= 500 Ω , and Rinv

g1
= 10 Ω , which breaks the 

equality � inv
rc

= Rinv
pz
Cinv
pz

≠ �int . If Rinv
pz

 was set to 1 kΩ to force 
equality, a significant overshoot would appear at the end of 
the decay edge. This might be due to the fact that the invert-
ing input of the OPA847 is no longer at virtual ground 

Fig. 3   Schematic diagrams of the CSAs. a Qint + NinvAmp. b Qint+ InvAmp. A PZC net was inserted between the two OPA circuits in each 
CSA. The components before the capacitor Cc simulate the detector response. Rl is the load resistor
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because of the presence of Rinv
g2
‖Cinv

g2
 . By setting Rinv

pz
= 500 Ω 

in the present circuits, the overshoot and resultant overcom-
pensation are both at the noise level. The decay time con-
stant of the PZC output signal was �pz ≈ 10 ns.

For the input charge of 105 to 106 equivalent electrons, 
the Qint output pulse height is expected to be 3.2 mV to 32 
mV. The PZC net roughly halves the amplitude to 1.6 mV 
and 16 mV due to the ballistic deficit. This signal is further 
amplified ±50 times in the following NinvAmp or InvAmp 
stages. Finally, the impedance-matching resistor Ro halves 
the voltage transmitted to the following 50 Ω transmission 
line. Therefore, the final output pulse height ranged from 40 
mV to 400 mV. This corresponds to an estimated conversion 
gain of 2.5 mV/fC, which is consistent with the calibrated 
gain in Sect. 3.2.

2.2 � Bandwidth and noise analysis

The circuit parameters are optimized to increase the SNR 
while preserving the detector’s fast response information in 
the output signal, which requires balancing the signal front 
edge speed, noise level, and counting rate capability. The 
high GBWs and SRs of OPA657 and OPA847 guarantee a 
fast transient response such that the output signal front edge 
can follow the nanosecond detector response. The counting 
rate capability is limited by the signal decay time, which is 
determined by the frequency response (FR).

For the Qint + NinvAmp circuit, the FR is

where HQint , Hnin
pzc

 , and HNinvAmp are the FRs of the Qint stage, 
PZC net, and NinvAmp stage, respectively. The coefficient 
1/2 stems from impedance matching between the output ter-
minal and the transmission line. Similarly, the FR of the Qint 
+ InvAmp circuit is

where Hinv
pzc

 and HInvAmp are the FRs of the PZC net and the 
InvAmp stage, respectively. The relevant amplitude-fre-
quency responses (AFRs) are shown in Fig. 4.

The passbands of the Qint + NinvAmp and Qint + 
InvAmp circuits can be identified from the AFR curves as 
160 kHz to 16 MHz and 300 kHz to 16 MHz, respectively. 
The lower frequency region was suppressed by the Qint 
band-pass filter, the passband of which was 90–560 kHz. 
The high-frequency –3 dB bandwidths of the overall cir-
cuits are much larger than those of the Qint circuit because 
the PZC net is a high-pass filter with a bandwidth of 16 
MHz. Furthermore, the bandwidths of the NinvAmp and 

(1)HINV =
1

2
HQintH

nin
pzc

HNinvAmp,

(2)HNINV =
1

2
HQintH

inv
pzc

HInvAmp,

InvAmp circuits are 340 MHz. They do not contribute to 
the overall bandwidth and ensure that the signals from the 
PZCs can be amplified linearly. The 16 MHz high-fre-
quency –3 dB bandwidth of both CSAs results in a signal 
decay edge of ∼ 22 ns, which ensures that the CSAs can 
operate at high counting rates.

However, controlling the noise level of the Qint stage 
is key to improving the SNR of the final output, which also 
benefits from the PZC high-pass filter. Taking Qint + Nin-
vAmp CSA, for instance, the noise model of Qint with 
PZC is shown in Fig. 5. The symbols i2

657
 and v2

657
 denote 

the power spectra densities (PSDs) of the equivalent cur-
rent noise and voltage noise of the OPA657 amplifier, 
respectively, i2

d
 is the PSD of the detector leakage current 

n o i s e ,  i2
Rd

=
4kT

Rd

 ,  i2
Rc

≈
4kTRc

R2
d

⋅ (1 + 4�2f 2R2
d
C2
d
)  , 

i2
Rg1

≈
4kT

Rint
g1

⋅ (2�fRint
g1
Cint
g1
)2 , and i2

Rf1
=

4kT

Rint
f1

 represent the PSDs 

of the thermal current noises of corresponding resistors, 
and v2

o
 is the PSD of the output voltage noise. Here, k is the 

Boltzmann constant, T is the absolute temperature, i2
Rc

 is 
derived by considering that in the passband of the linear 
amplification stage, the impedance of Rd‖Cd is much larger 
than that of Rc and Cc in series, and i2

Rg1
 is calculated by 

assuming that the impedance of Cint
g1

 is much larger than 
Rint
g1

 in the passband. Furthermore, because the impedance 
of Cd is much larger than those of Cc and Rc in series in the 
passband, i2

d
 and i2

Rd
 can be equivalently moved to the 

OPA657 inverting input pin (in parallel with i2
657

 ). Thus, 
t h e  t o t a l  i n p u t  c u r r e n t  n o i s e  i s 
i2
i
= i2

d
+ i2

657
+ i2

Rd
+ i2

Rc
+ i2

Rg1
 , and the input voltage noise 

is v2
i
≡ v2

657
 . The output noise of the PZC net is 

v
2
o
= (|An|2v2i + |As|2i2i )|H

nin
pzc

|2 , where An and As are the 
noise and signal gains of the integration circuit, 
respectively.

Fig. 4   AFRs of the CSAs and subcircuits. All curves were normal-
ized to 0 dB. The -3dB gain is indicated with a dash-dot line
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By disregarding the detector leakage current noise and 
substituting i657 = 1.3 fA∕

√
Hz  ,  v657 = 4.8 nV∕

√
Hz  , 

T = 300 K (room temperature), and other relevant variables 
as shown in Fig. 6 shows the input voltage noise, input cur-
rent noise, and overall input noise contributions to v2

o
 for 

different Rint
f1
‖Cint

f1
 combinations. In Rint

f1
= 2 kΩ , Cint

f1
= 5 pF , 

no PZC net was inserted. For the other cases, the PZC net 
was the same as that shown in Fig. 3a, except for resistor 
Rnin
pz

 , which is adjusted to match Rint
f1
Cint
f1

 . As shown, 
Rint
f1

= 200 kΩ and Cint
f1

= 5 pF yielded the best results. The 
total low-frequency and high-frequency PSDs were domi-
nated by the input current and voltage noise contributions, 

respectively. By decreasing Rint
f1

 to 20 kΩ , the total low-fre-
quency noise increases owing to a higher input voltage noise 
contribution. By decreasing Cint

f1
 to 1 pF , the total noise PSD 

significantly increased across the entire frequency range. In 
the low-frequency region, the input current noise contribu-
tion increased significantly, whereas in the high-frequency 
region, both the input voltage and current noise contribu-
tions increased significantly. In the Rint

f1
= 2 kΩ and 

Cint
f1

= 5 pF cases, the PZC net was removed, but the decay 
time constant of the Qint output was still 10 ns (the same as 
that of the PZC output in the other cases). It represents the 
worst case in the low-frequency range because of the 

Fig. 5   Noise model of the Qint stage with PZC net. The star-inside-diamond symbols represent the current noise sources. The star-inside-circle 
symbol represents the voltage noise source

Fig. 6   Voltage noise PSDs at the input of the OPA847 stage. In Rint
f1

= 2 kΩ , Cint
f1

= 5 pF , no PZC net was inserted. For the other Rint
f1
‖Cint

f1
 combi-

nations, the PZC net is the same as in Fig. 3a except for the resistor Rnin
pz

 , which is adjusted to match Rint
f1
Cint
f1
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increase in the input voltage noise contribution. The input 
current noise contribution is almost the same as that in 
Rint
f1

= 200 kΩ and Cint
f1

= 5 pF over the entire frequency 
range. The above analyses led to the present design: a rela-
tively large Cint

f1
 and Rint

f1
 in conjunction with a PZC high-pass 

filter.

2.3 � PCB layout and routing

On a rectangular 10 cm×20 cm PCB, 4 × 8 preamplifiers 
are realized in a planar array, as shown in Fig.  7. The pad 
layout and routing were the same for each unit. By setting 
some pads DNP (do not populate), there is considerable 
flexibility in adjusting circuits. Thus, both the CSA circuits 
can be implemented. In Fig. 7, the 1st and 3rd rows are the 
Qint + NinvAmp amplifiers, while the 2nd and 4th rows 
are the Qint + InvAmp circuits. At the input and output, the 
signals were routed through a surface-mounting board-to-
board (BTB) connector. The adjacent signal pins on each 
connector are isolated by a pair of pins that are indepen-
dently connected to the power and ground planes. This pin 
configuration minimizes the connector-mediated crosstalk, 
unifies the signal return path, and contributes to reducing 
the power-ground impedance. The two LEMO connectors 

soldered on the bottom were used for the power supply in 
the circuit test phase.

The stack consists of ten layers, as listed in Table 2. The 
second and bottom layers were ground planes for better elec-
tromagnetic compatibility (EMC). Between them, four sig-
nal layers are interleaved with the ground or power planes. 
Thus, all 32 input and 32 output signal traces were striplines 
routed in parallel. The impedance of the signal traces was 
adjusted to 50 Ω with the trace width set to 9 mil. The mini-
mum separation between two adjacent traces parallel to the 
PCB surface is at least 120 mil when they are on the same 
layer, 60 mil when they are on adjacent signal planes, and 
0 when they are three layers apart. Except for 16 parallel 
signal traces (eight input and eight output) on each signal 
plane, the remaining area was filled with grounded copper, 
which provided even better decoupling for the power planes. 
In addition, stitching vias were placed around each ampli-
fier cell along the PCB border and on both sides of every 
signal trace.

2.4 � Power consumption and heat dissipation

In all subsequent laboratory tests, the ±5 V power sup-
plies of the OPAs were provided by the Rohde & Schwarz 
HMP4040 regulated power supply, which has an RMS volt-
age ripple of less than 1.5 mV [44]. Moreover, three paral-
lel decoupling capacitors, 10 μF‖100 nF‖1 nF are installed 
close to each power pin of each OPA. The maximum quies-
cent power consumptions of OPA657 and OPA847 were 163 
mW and 189 mW, respectively, at ±5 V power supply [42, 
43]. In comparison, the power consumption of the other pas-
sive components was negligible. Therefore, the quiescent 
power of each channel should be less than 352 mW. This is 
in agreement with the measurement at 319 mW. In addition, 
the power consumption under the following operating condi-
tions was measured.

The 32-channel CSA under test was placed in a 34 cm × 
23.5 cm × 16 cm metal shielding box, which also entirely 
prevented the airflow. It is connected to the box via coaxial 

Table 2   PCB stackup design. 
GND denotes the ground plane. 
PWR denotes the power plane

Layer Routing

1 (top) component layer
2 GND
3 signal
4 PWR, +5 V
5 signal
6 GND
7 signal
8 PWR, –5 V
9 signal
10 (bottom) GND with a few 

components

Fig. 7   (Color online) Photo-
graph of the PCB. The 1st and 
3rd rows are Qint + NinvAmp 
amplifiers. The 2nd and 4th 
rows are Qint + InvAmp 
circuits. a and b indicate the 
Qint + NinvAmp and Qint + 
InvAmp channels used in the 
following performance tests, 
respectively
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signal cables at the input, output, and power supply connec-
tors; via screws at the four corners; and via copper cables 
at the six via holes along the PCB edges. All channels were 
simultaneously driven in the same manner using a 1 MHz 
excitation signal. The amplitudes of the 32 output signals 
were 1 V. The load resistor of each channel is 50 Ω . After 
stabilization, the power consumption per channel was 321 
mW, which is slightly higher than the quiescent power.

After one hour of continuous operation, the temperature 
distribution on the CSA surface was measured using a Fluke 
iSee TC01A thermal-imaging camera [45]. As shown in 
Fig. 8, the highest temperature, 62.1◦ , occurred in the OPA 
package. The measurements were performed at 25◦ ambient 
temperature and a camera-to-CSA distance of  25 cm. The 
infrared emissivity was set to 0.9 according to the materials 
of the chip package and PCB solder mask. Every channel 
works stably during several hours of continuous operation. 
Hence, the CSA is qualified for long-term operation in air at 
room temperature under the condition that proper connec-
tions with the shielding box are made as above.

3 � Performance tests

The Qint + NinvAmp and Qint + InvAmp channels used 
in the performance calibrations are shown in Fig. 7a and 
b. Typical waveform outputs of the CSAs are presented 
in Fig. 9 together with the input charge signals. These are 
calculated as follows: a resistor Rtest = 2 kΩ is connected 
in series with capacitor Cc , and a pull-down resistor to the 
GND, Rgnd = 10 Ω , is installed between them, as shown in 
the inset of Fig. 9. By calculation, the introduction of Rtest 
and Rgnd only slightly modified the FR system. A fast nega-
tive voltage pulse was fed to each CSA through Rtest . This 
resistor converts the voltage pulse into a current pulse, 
and the input charge signal is simply an integration of 
the current pulse. The rising time, falling time, and full 
width at half maximum of the input voltage pulse were 2 
ns, 2 ns, and 3 ns, respectively. The leading edges of the 
input charge signal, the Qint + NinvAmp output, and the 
Qint + InvAmp output signals are 3.3 ns, 3.8 ns, and 4.1 
ns, respectively. Meanwhile, their amplitudes are –576 fC, 
1.02 V, and −1.18 V, respectively. As expected from the 
analyses in Sect. 2.2, the leading edges of the output sig-
nals can follow nanosecond input charge variation, and 
the decay edges are in agreement with the prediction of 
the system AFR.

The input voltage pulse is generated using a Tektronix 
AFG 31252 signal generator [46]. The output waveforms 
were acquired with a Rohde & Schwarz MXO44 oscillo-
scope [47] (HD mode: 14-bit analog-to-digital converter 
(ADC), 300 MHz bandwidth, 2.5 GS/s sampling rate). In 
the following performance tests, the signal generator and 
oscilloscope used were the same as above, except for the 
noise, baseline, and time-resolution measurements.

Fig. 8   (Color online) Temperature distribution on the CSA surface 
after one hour of continuous operation. The CSA was placed in a 
metal shielding box and connected via screws or cables. All channels 
were simultaneously driven in the same manner as a 1-MHz excita-
tion signal. The amplitudes of the 32 output signals were approxi-
mately 1 V. The ambient temperature is 25◦

Fig. 9   A sample of an input charge signal (dash) and the correspond-
ing output voltage signals by the Qint + NinvAmp (positive pulse in 
thick solid line) and Qint + InvAmp (negative pulse in thin solid line) 
amplifiers. The input charge signal is simulated by applying a fast 
negative voltage pulse to the “Input” of the inset circuit diagram
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3.1 � Bandwidth

Sinusoidal voltage signals with frequencies ranging from 10 
kHz to 100 MHz were fed into each circuit via the Rtest resis-
tor. The average amplitude of the output signals was meas-
ured using an oscilloscope. The AFRs are shown in Fig. 10. 
From the curves, the passbands of the Qint + NinvAmp and 
Qint + InvAmp circuits were determined to be 270 kHz–13 
MHz and 104 kHz–15 MHz, respectively, which are consist-
ent with the theoretical AFRs.

3.2 � Linearity

The input charge signals are generated in the same manner as 
in Fig.  9, differing only in the total input charge. The evolu-
tion of the average output pulse amplitude with respect to the 
total input charge is shown in Fig.  11. The conversion gain 
is determined by fitting the corresponding data, which are 
−1.78 mV/fC and 2.02 mV/fC for the Qint + NinvAmp and 
Qint + InvAmp circuits, respectively. The measured input 
ranges are −96 fC to −864 fC and −48 fC to −720 fC. The 
corresponding linear correlation coefficients are −0.99995 
and 0.99981, respectively. The corresponding integral non-
linearities were ±0.5% and ±0.7% . The energy deposition of 
an incident particle inside a PPAC and the charge avalanche 
amplification exhibit considerable fluctuations that are much 
larger than the measured integral nonlinearities. Hence, the 
proposed circuit linearities are acceptable.

3.3 � Noise and baseline

The detector capacitance Cd is simulated with a capacitor 
soldered between the channel input pad and ground pad 
under the input BTB connector. The RMS noise and offset 

of the signal baseline were measured using the statistical 
function of the Keysight InfiniiVision MSOX6004A oscil-
loscope [48] (HD mode: 12-bit ADC, 1 GHz bandwidth, 
20 GS/s sampling rate), which are the standard deviation 
and mean of the baseline statistics, respectively. During the 
measurements, the time range of the oscilloscope was set 
as −1 μs ∼ 1 μs . The voltage ripple of the HMP4040 power 
supply had no observable influence on the noise and baseline 
performance, as verified by substituting it with lithium-ion 
batteries. The results are shown in Fig.  12. Each dataset is 
fitted using a cubic polynomial. For the Qint + NinvAmp and 
Qint + InvAmp circuits, the zero-capacitance RMS noises 
are 5.85 mV and 6.59 mV, respectively. They correspond 
to the equivalent noise charges (ENCs) of 3.29 fC and 3.26 
fC, respectively. The noise evolution is dominated by the 

Fig. 10   Measure AFRs of the Qint + NinvAmp and Qint + InvAmp 
circuits. Frequencies annotated by the side of the vertical reference 
lines indicate corresponding -3dB bandwidths

Fig. 11   Variation of the output pulse amplitude with the total input 
charge for the Qint + NinvAmp and Qint + InvAmp circuits, respec-
tively

Fig. 12   Evolution of the CSA output RMS noise with the detector 
capacitance. The detector capacitance is mimicked by a capacitor sol-
dered on the back side of the input BTB connector
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linear coefficients, which are 6.58 × 10−2 and 9.27 × 10−2 . 
The noise evolution is further modified by the quadratic 
coefficients −5.01 × 10−4 and −9.84 × 10−4 and the cubic 
coefficients 1.60 × 10−6 and 4.37 × 10−6 , respectively. The 
maximum baseline shift of each output with varying detector 
capacitance is 1.35 mV and 6.12 mV, respectively, both of 
which are smaller than the corresponding RMS noise.

3.4 � Crosstalk

The crosstalk between any two channels is measured as fol-
lows: The charge signal is identical to that shown in Fig. 9 
was fed to one channel through Rtest . A 50 Ω load resistor 
was pre-installed at the output of the channel immediately 
under the output BTB connector. The outputs of any other 
channel are then observed using an oscilloscope via the cor-
responding pins of the output BTB connector. The wave-
forms did not show any differences in the presence of the 
input charge signal. Hence, it can be concluded that cross-
talk, if any, is completely masked by the noise.

3.5 � Timing accuracy

The bandwidth, linearity, noise, and baseline shift of the 
CSAs contribute to the timing accuracy of the detection sys-
tem, which is the ultimate requirement of the PPAC array 
under development. The timing accuracy is also influenced 
by the detector response and the back-end data acquisition 
system. To calibrate the CSA contribution to the timing 
accuracy, a capacitor Ctest = 5 pF (instead of the resistor 
Rtest ) was installed in series with the capacitor Cc , and the 
resistor Rgnd was removed. An exponentially decaying volt-
age pulse was supplied to Ctest . The transient rising edge 
of this excitation signal stimulates a current pulse in Ctest , 
which simulates the detector response. This signal injection 
scheme was used instead of the one shown in the inset of 
Fig. 9 because the thermal noise of the resistor Rgnd intro-
duces a large current noise at the OPA657 input pin, which 
evidently deteriorates the CSA timing accuracy. In contrast, 
the insertion Ctest has little influence on the noise level. 
Moreover, although Ctest moves the passband of the CSAs to 
15 MHz ∼ 242 MHz according to the AFR, the final output 
signal rising edge is  4.5 ns in the present test, which is close 
to our measurement in Fig. 9, where the system passband 
was not modified.

In the measurement, a pair of Qint + NinvAmp chan-
nels or Qint + InvAmp channels was tested. Two 128 kHz 
exponentially decaying excitation signals are fed to the 
channels, with a relative delay of several nanoseconds. 
The amplitudes of the excitation signals were tuned such 
that the amplitudes of the two CSA output signals were 
both −1 V. The two output signals were acquired using an 

oscilloscope (Tektronix DPO5034B [49]; 350 MHz band-
width, 5 Gs/s sampling rate) with a sampling interval of 10 
ps. Subsequently, the two waveforms were analyzed offline 
using a constant fraction discrimination algorithm, from 
which the time difference was calculated. In total, 2000 
pairs of waveforms were analyzed for both the Qint + Nin-
vAmp and Qint + InvAmp cases. The distributions of the 
time differences are shown in Fig. 13 with the mean time 
difference shifted to zero. The same test and analysis meth-
ods were applied to a commercial preamplifier module, 
FTA820A [50], in which the excitation signal amplitudes 
were also tuned to ensure that the output signal amplitudes 
were −1 V.

Histograms were fitted using Gaussian functions. The 
standard deviations of the fitting results for the Qint + 
NinvAmp, Qint + InvAmp, and FTA820A amplifiers are 
50.4 ps, 45.3 ps, and 13.7 ps, respectively. The time reso-
lutions of a single channel were obtained by dividing them 
by 

√
2 , which were 35.6 ps, 32.0 ps, and 9.7 ps, respec-

tively. The FTA820A module is a well-known current-sen-
sitive amplifier with a gain of ∼ 20 mV∕μA , a bandwidth 
of 10 MHz to 350 MHz, and ≤ 20 μV RMS equivalent 
input noise [50], which is the best preamplifier available 
in our laboratory. In comparison, the intrinsic time resolu-
tions of the Qint + NinvAmp and Qint + InvAmp CSAs 
are relatively inferior, yet still much better than the 350 ps 
requirement for the overall timing accuracy. Moreover, as 
described in Sect. 4, the position resolutions of the PPAC 
prototype are essentially the same, regardless of whether 
the FTA820 or the present CSAs are used.

Fig. 13   The time difference distributions between two channels of 
the Qint + NinvAmp (dark gray), Qint + InvAmp (light gray), and 
FTA820A (yellow hatching) amplifiers. The thick solid, dash, and 
thin solid curves are fitted to the histograms



A 32‑channel charge‑sensitive amplifier for delay‑line readout of parallel plate avalanche… Page 11 of 16  8

4 � Application in PPAC

The practicality of the CSAs was verified using a custom-
made PPAC. It is a prototype of one unit of the PPAC array 
under development and is used as a proof of principle. It 
primarily consists of a cathode membrane and an anode 
readout PCB, as shown in Fig. 14. They were parallel at 
a distance of 9 mm. The membrane was a double-sided, 
aluminum-coated Mylar film. The thickness of the Mylar 
material is 2 μm . The thickness of the two aluminum layers 
was 300 nm. The top layer of the readout PCB was a 61 × 61 
array of square copper pixels. Adjacent pixels belong to two 
orthogonal dimensions, namely, the x or y dimension, with 
no electrical connection between them other than parasitic 
ones. Along each dimension, the pixels were connected by 
copper traces on the inner PCB layers, forming pixel strips 
that were further connected with a delay line. Hence, the 
Cartesian coordinates (x, y) of an incident particle can be 
read independently using two delay lines. Each delay line 
consisted of a series of inductors and capacitors that simu-
lated an actual transmission line. The sensitive area of the 
detector was 61 mm × 61 mm, pixel repetition period was 
1 mm, and delay time between adjacent pixel strips was 4 ns. 
The total delay time of each delay line was 240 ns.

During the test, the membrane was supplied with −1 kV 
high voltage, and each delay line was grounded with 1MΩ 
resistors at both ends. The detector was filled with 7.6 mbar 
iC4H10 gas, and the entire detector was placed in a vacuum 
chamber of 3 × 10−2 mbar . An aperture mask of 2 mm thick-
ness was installed on top of the membrane, the pattern of 
which is also shown in Fig.  14. Alpha particles of  5.4 MeV 

energy passing through the apertures were detected. The 
alpha particles were obtained from a ∅5 cm circular array 
of 50 241Am radiation sources, which were placed 10 cm in 
front of the aperture mask. The average counting rate was 
286 s−1.

Typical waveforms from CSAs are shown in Fig. 15. 
The trigger signal (S0) was read out from the membrane 
using a Qint + NinvAmp amplifier. The other four signals 
(Sx1, Sx2, Sy1, Sy2) are read from the two delay lines using four 
Qint + InvAmp amplifiers. Note that the membrane signal 
and remaining delay-line signals are from two events with no 
temporal correlation. They are shown together to illustrate 
the common temporal sequence, that is, the membrane signal 
precedes the delay-line signals. The leading small positive 
peak and the following large negative peak in each delay-
line signal indicate that the output current pulses from the 
delay lines are bipolar, which may be caused by the induc-
tion between the membrane and the anode.

The five analog signals from the CSAs were fed to a 
constant fraction discriminator, the ORTEC CF8000 [51]. 
The five logic signals from the discriminator were further 
processed using the CAEN time-to-digital converter (TDC) 
module V775 [52]. The digital times of the four delay-line 
signals, tx1 , tx2 , ty1 , and ty2 are measured relative to the trig-
ger time t0 , the latter of which signifies the particle arrival 
time. For comparison purposes, the same test procedure was 
performed using the FTA820A module.

The distributions of tx1 + tx2 and ty1 + ty2 represent the 
time resolutions of the delay lines in the X- and Y-direc-
tions, respectively. They are shown in Fig. 16, where the 
mean is shifted to zero. The gray histograms and histo-
grams with no fill were obtained with the designed CSA 
and FTA820A module, respectively. Dividing the standard 

Fig. 14   Sketch of the PPAC used in the test. The index arrows beside 
t0 , tx1 , tx2 , ty1 , and ty2 indicate the positions from which the correspond-
ing time signals are read out

Fig. 15   (Color online) Waveforms from one Qint + NinvAmp ampli-
fier (S0) and four Qint + InvAmp amplifiers (Sx1, Sx2, Sy1, Sy2) . S0 is 
the signal from the membrane during an event. Sx1 and Sx2 ( Sy1 and 
Sy2 ) are the signals from the delay-line in the x(y) direction in another 
event
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deviations by 
√
2 yields the corresponding time resolutions 

of the single-delay-line channels. The CSA is �x
CSA

= 1.99 ns 
and �y

CSA
= 1.70 ns in the X- and Y-directions, respectively. 

For FTA820A, these are �x
FTA

= 1.99 ns and �y

FTA
= 1.25 ns , 

respectively. The CSA performance in both directions was 
more uniform than that of the FTA820A module, whereas 
in the Y direction, FTA820A exhibited better performance. 
This might be explained by the fact that the transfer func-
tions of CSA and FTA820A are very different, causing the 
coupling of the delay line with them to fold the event time 
information into the amplifier output signals in distinct ways. 
In addition, the delay-line time resolutions were much larger 
than the intrinsic timing accuracies of CSA and FTA820A, 
indicating that they were dominated by the detector itself.

The posit ion coordinates are calculated as 
x =

tx1−tx2

tx1+tx2−txs
× HL and y = ty1−ty2

ty1+ty2−tys
× HL . HL = 30 mm is 

the half-width of the detector in the x and y directions. txs and 
tys are calculated by fitting the measured pattern to the real 
mask geometry, which are txs = 3271 and tys = 3234 for 

CSA, and txs = 3156 and tys = 3117 for FTA820A. Fig-
ure 17a and b show the 2D position spectra obtained using 
CSA and FTA820A, respectively. Both faithfully matched 
the aperture masks. The dashed rectangle in each subplot 
indicates a position distribution distortion. In (a), the distor-
tion presents as a detection efficiency degradation, whereas 
in (b), it appears as a position shift to the detector edge. This 
is a finger effect, that is, the inductors and capacitors near 
the delay-line ends are too few to emulate a real transmission 
line.

The position resolutions were further analyzed as fol-
lows: Taking Fig. 17a for instance, the arrow indicates 
the position distribution h(x, y) used for position resolu-
tion analysis, which is enlarged in Fig. 18a. It is formed 
by particles passing through the corresponding aperture. 

Fig. 16   Distributions of a tx1 + tx2 and b ty1 + ty2 , respectively. Gray 
histograms were obtained using the designed CSA. The histograms 
with no fill are obtained with the FTA820A preamplifier

Fig. 17   (Color online) Position spectrums measured in the test with 
a the designed CSA and b the FTA820A module. The arrow in each 
subplot indicates the aperture data used for the position resolution 
analysis. The dashed rectangle in each subplot indicates the position 
distribution distortion
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On the other hand, the distribution g(x, y) of the positions 
where these particles pass through the detector membrane 
is simulated with the Geant4 software [53], which is shown 
in Fig. 18b. The position resolution function �(x, y) is then 
obtained by deconvolving h(x, y) with the kernel g(x, y), as 
shown in Fig.  18d. The distributions shown in Fig. 18c is 
g(x, y) ∗ �(x, y) , which fits h(x, y). The standard deviations of 
the four distributions are shown in the figures. For the �(x, y) 
distribution, the detector position resolutions were defined as 
�CSA
x

= 0.20 mm and �CSA
y

= 0.17 mm in the X and Y direc-
tions, respectively. The same calculation was performed for 
the FTA820A data, as shown in Fig. 19. The position reso-
lutions were �FTA

x
= 0.20 mm and �FTA

y
= 0.17 mm in the X 

and Y directions, respectively. From the analyses of tx1 + tx2 , 
ty1 + ty2 , and the position resolutions, it can be concluded 
that CSA and FTA820A are equally applicable to the present 
PPAC.

Finally, the CSA exhibited excellent stability during the 
position spectra data acquisition process, which lasted for 
several hours at RT.

5 � Summary

In summary, a 32-channel CSA was designed for a PPAC 
array under development for Coulomb excitation studies on 
atomic nuclei. This is realized on a 10 cm × 20 cm PCB with 
OPAs and other discrete components. Each channel mainly 
consists of an integrator, PZC net, and linear amplification 
stage, which can be configured to accommodate either posi-
tive or negative inputs. The performance parameters of CSA 
are listed in Table 3. In the prototype PPAC application, the 
CSA performs as well as the commercial FTA820A ampli-
fier, providing a position resolution as good as 0.17 mm and 

Fig. 18   (Color online) Position resolution analysis with the CSA data. 
a Enlarged plot of the distribution indicated by the arrow in Fig. 17a. 
b Geant4 simulation of position distribution where particles pass 
through the detector membrane covered by the aperture. c Convolu-

tion of b and d. d Detector resolution function deconvolved from a 
using kernel b. For each distribution, �x and �y are the standard devia-
tions in the X and Y directions, respectively
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exhibiting reliable stability during several hours of continu-
ous data acquisition. Both the CSA intrinsic time resolution 
and detector position resolution were one order of magnitude 

better than the requirements. Compared to the FTA820A 
module, CSA offers the critical advantage of high integrity, 
which is essential for the 100-channel PPAC array.
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Table 3   CSA Performance Parameters

Parameter Qint + NinvAmp Qint + InvAmp

Dynamic range (fC) −864 −720
Conversion gain (mV/fC) −1.78 2.02
Integral nonlinearity ±0.5% ±0.7%
Leading edge as low as 3.8 ns as low as 4.1 ns
Bandwidth (Hz) 270k∼13 M 104k∼15 M
RMS noise (mV) 5.85 6.59
ENC (fC) 3.29 3.26
Baseline shift (mV) <1.35 <6.12
Crosstalk not observed not observed
Timing accuracy (ps) 35.6 32.0
Power (mW) 321 321
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