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a b s t r a c t

We developed a Dual-PPACs detector for fast neutron measurements that consists of two sets of PPAC:
conventional PPAC and fission PPAC. A238U(U3O8) coating is placed in the fission PPAC’s anode, which is
used as the neutrons conversion layer. An experiment was performed to measure neutron time-of-flight
(TOF) in which 252Cf spontaneous fission source was used. An excellent time resolution of 164ps has been
observed at 6 mbar in isobutene gas. With the excellent time resolution of Dual-PPACs detector, exact
neutron energy can be extracted from the timing measurement. The experimental detection efficiency
was 1.9 � 10�7, consistent with the efficiency of 2.5 � 10�7 given by a Geant4 simulation. Ultimately, the
results show that the Dual-PPACs detector is a suitable candidate for measuring fast neutrons in the
future CiADS system.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In 2011, the China initiative Accelerator Driven System (CiADS)
under the Strategic Priority Research Program was founded by the
Chinese Academy of Sciences. In January 2018, the National
Development and Reform Commission approved the construction
of CiADS in Guangdong province. CiADS consists of an accelerator, a
sub-critical reactor, and a spallation target located at the center of
the reactor core. Therefore, fast neutron measurements are very
important in numerous applications in the future CiADS system.
This paper focuses on our parallel plate avalanche counter (PPAC)
detector with a238U(U3O8) coating for fast neutron measurements.
The first recorded application of the PPAC detector was in 1952 by J.
Christiansen. Since around 1975, PPAC detectors were recognized
for their superior performance as heavy-ion detectors [1]. Since
PPACs have good resolutions in both time and position, they have
been widely used to detect heavy ions in nuclear reaction experi-
ments for many years [2e7]. The gas detector group of the Institute
ics, Chinese Academy of Sci-

by Elsevier Korea LLC. This is an
of Modern Physics developed a 2-D position-sensitive PPAC with a
large active area working under low gas pressure that could realize
real-time beam position monitoring [8].

Moreover, compared with other detectors, PPACs are charac-
terized by position measurement capability, large sensitive area,
and absolute gamma-insensitivity, whichmakes themwell suitable
for neutron detection. Neutrons, as electrically neutral particles,
can’t produce ionization or excitation directly along their passage
through matter. The essence of neutron detection is to detect the
secondary charged particles produced in the interaction between
neutron and nucleus. Therefore, the fissionable materials like 238U,
242Pu, or 232Th are used as a fast neutron converter in neutron
detector frequently. While 238U is relatively abundant in nature
than the other two nuclides and easy to obtain, this study utilized
fission materials of 238U(U3O8) coating as neutron converter. With
the excellent time resolution of PPAC, the energy of fast neutrons
can be deduced from the time-of-flight (TOF) measurement.
Furthermore, our detector is composed of two sets of PPACs. In the
neutron flux measurement, one PPAC can be used for neutron flux
measurement, while the other can be used for calibration or
gamma compensation.
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2. Design and construction

The PPAC has a sandwich structurewhich contains two cathodes
on both sides and an anode on the center. Fig. 1(b) shows a
photograph of the Dual-PPACs we designed to detect fast neutron.
As shown in Fig. 1 (a), the PPAC detector consists of 7 layers. Layers
1e3 serve as the conventional PPAC, and layers 5e7 form the fission
PPAC that contains the neutron conversion layer; layer 4 is the
separator layer of two PPAC. All the electrodes were made of 2 mm
double-sided aluminized Mylar foils. The active diameter of the
detector is F60mm, and the layer spacing is 3 mm. To avoid signal
crosstalk, we grounded the fourth layer to separate the two sets of
PPAC. Sandwich like anode of the fission PPAC is shown in Fig. 1(c),
the U3O8 (238U) coating was attached to the central anode of the
fission PPAC. Coating layer is protected within two double-sided
aluminized Mylar films which are applied the same voltage.

When the fast neutron incidents into the 238U conversion foil,
the greater the thickness of the conversion foil, the greater the
probability of reaction, and more charged particles will be pro-
duced. However, the charged particles produced at the same time
have a certain attenuation distance due to the blocking effect of the
conversion body in 238U solid. Therefore, there is an optimal
thickness of 238U conversion foil in two action games. We per-
formed the simulation with the Geant4 program for the conversion
Fig. 1. (a) provides a schematic view of the Dual-PPACs. Layers 1e3 are the three electrodes o
the anode of the fission PPAC. Layer 4 is the separator. (b) is a photo of the Dual-PPACs we
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efficiency of 238U as the thickness of the neutron converter foil
[9,10]. The 252Cf source is a spontaneous fission neutron source,
serves as a suitable candidate to test the designed PPAC detector’s
performance. The energy distribution of fast neutrons from 252Cf
fission can be described as the Maxwell distribution which peaked
at 2.1 MeV in the simulation. In order to optimize the calculation,
the actual distance between the detector and the source must be
set in the simulation to eliminate the difference between the
simulation and experimental condition. The conversion efficiency
is defined as the probability for a neutron to produce a charged
particle coming out of the coating layer. As shown in Fig. 2, the
conversion efficiency increases linearly with the 238U coating
thickness firstly, then decreases as the thickness increases. the ef-
ficiency decreases since the produced charged particles are stopped
in the foil. Fission fragments, all heavy fragments, can almost be
detected by the PPAC as long as they are not stopped in the coating
layer. Therefore, the conversion efficiency here can be regarded as
the detection efficiency of the detector.

This simulation results could provide a design reference for the
optimal thickness of coating layer in the experiment. By consid-
ering the conversion efficiency and electroplating technological
level, we chose to electroplate 300 mg/cm2 238U(U3O8) on both sides
of a 30 mm thick Ti backing to ensure the acceptable uniformity of
the coating at such target thickness. The simulation results of
f the conventional PPAC, and layers 5e7 are the fission PPAC. U3O8 target is attached at
used in this work. (c) is a schematic view of the fission PPAC.



Fig. 2. Evolution of the efficiency of fission fragments detection with the thickness of
238U coating. The star dot fitted by the red line are the results obtained with Geant4
simulation. The square stands for experimental result. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 4. (a) The calibrated energy spectrum of spontaneous fission products at 6 mbar
C4H10. The reduced electric field varied from 215V/cm/mbar to 245V/cm/mbar. (b) The
calibrated energy spectrum of spontaneous fission products at 10 mbar C4H10. The
reduced electric field varied from 156V/cm/mbar to 177V/cm/mbar. The counts in the
ordinate are expressed in logarithmic form.
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conversion efficiency, given the thickness measurement of 600 mg/
cm2, which reaches 2.5 � 10�7, are in good agreement with our
experimental results (1.9 � 10�7, square).

3. Test and performance

A252Cf source was conducted to examine the performance of the
Dual-PPACs, including TOF measurement and the energy deposit
measurement of spontaneous fission products of 252Cf. Current
neutron emissivity of 252Cf source is 1.3 � 105 n/s, the active area is
F10mm. In order to minimize uncertainties, the distance between
the 252Cf source and the first layer of the detector is 1.5 cm in order
to cover a solid angle as large as possible. The Dual-PPACs detector
and the 252Cf source were encapsulated in an aluminum cylindrical
tank filling with flowing gas C4H10. In this work, the anode was
connected to high voltage, while the cathodes received the signals.
And the different voltage was applied while gas pressure changes,
for the purpose of getting the relationship between detection ef-
ficiency and voltage accurately.

3.1. Energy deposition measurement

To obtain a suitable range of operating voltage, we performed
the energy deposition measurement of the fission products of 252Cf
(spontaneous fission fragments and a) using the conventional
PPAC. Fig. 3 provides the data acquisition schematic used in
Fig. 3. The electronic block diagram of the test. The data obtained by ADC is for the energy
by TDC is for the TOF measurement.
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laboratory tests. The signal obtained from cathodes of conventional
PPAC is split into fast timing signals and energy signals. The energy
signals are amplified by the ORTEC 572A amplifier and transmitted
to the ADC. The fast timing signals are amplified by Fast Timing
Amplifiers (FTA810, ORTEC)with a gain of 200. Signals out from FTA
are discriminated by Constant-Fraction Discriminators (CF8000,
ORTEC) and are sent to the TDC.

To remove a particle induced signal, noise and other effects, a
certain threshold is always required to set in the Constant-Fraction
Discriminators (CF8000, ORTEC). In order to get the performances
of the detector under different high voltages, we changed the
voltages with a step of 10V at 6 mbar or 10 mbar gas pressures, as
shown in Fig. 4. The measured results provided an experimental
reference to the optimum voltage for the given gas pressure, and
these parameters were selected for subsequent timing
deposit measurement of spontaneous fission products of 252Cf, while the data obtained



Fig. 5. The measured timing spectrum between the conventional PPAC and the fission
PPAC under the optimal time resolution. Each channel on the abscissa corresponds to a
time interval of 0.1 ns.
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measurement. In our experiment, the conventional PPAC and the
fission PPAC are considered to have the same timing property,
which can be verified in this way. The analog signals of these two
PPACs amplified by FTA810 were monitored through oscilloscope
during the test, and the analog signals of the fission PPAC were
consistent with those of the conventional PPAC.
3.2. Timing-property measurement

The following steps briefly describe the principle of timing-
property measurement. The 252Cf source simultaneously emits
spontaneous fission fragments and neutrons. The neutrons, pass
through the conventional PPAC, induce the nuclear fission reaction
Fig. 6. The TOF spectrum for spontaneous fission fragments (a) and neutrons (b) obtain
spontaneous fission fragments.
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with 238U(U3O8) coating in the fission PPAC. Two complementary
fission fragments are emitted in opposite directions. But the U3O8
target is electroplated on both sides of the Ti backing. It is impos-
sible to measure the two fragments in a fission event at both
cathodes of the fission PPAC because fragments cannot penetrate
the backing. Fission fragments are all heavy, can almost be detected
by the PPAC as long as they are not stopped in the coating. Con-
ventional PPAC could detect outgoing spontaneous fission frag-
ments. When the spontaneous fission fragment was detected by
conventional PPAC and the neutron was detected through fission
PPAC, two signals from two PPACs were transmitted into the
acquisition(TDC). The signal from conventional PPAC by sponta-
neous fission fragment is set as the starting time, the signal from
fission PPAC by a neutron is taken as the stopping time corre-
spondingly, as shown in Fig. 3. The two coincident signals of two
adjacent PPACs identified the fission events.

Fig. 5 shows the measured timing spectrum between the con-
ventional PPAC and the fission PPAC under the optimal time reso-
lution. Each channel on the abscissa corresponds to a time interval
of 0.1 ns. The peak FWHM is 0.23 ns. The timing spectrum can be
express as

sexp
2 ¼ sn

2þsf
2þsTOFn

2 þsTOFf
2 (1)

Where sexp
2 is the standard deviation of the timing spectrum in

the experiment. sn
2 represents the intrinsic time resolution for the

fission PPAC; sf
2 represents the intrinsic time resolution for the

conventional PPAC; sTOFn
2 is the relative uncertainty of the time of

fight of neutrons and sTOFf
2 is the relative uncertainty of the time of

fight of spontaneous fission fragments.
ed with Geant4 simulation. (c) the time difference spectrum between neutrons and



Fig. 7. The sigma, which indicates the time resolution of PPACs, is a function of the high voltage applied on the anode. The blue points represent the experimental data with
statistical error bars. The red line serves as the fitting of the data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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We performed the Dual-PPACs detector simulation based on the
Geant4 MC code to obtain the timing spectra of neutrons and
spontaneous fission fragments. A simplified model was established
in Geant4 simulation, which consists of two PPACs and the 238U
target attached to fission PPAC to increase the consistency with the
experiments. The simulated 252Cf resource’s energy spectrum is
described as a Maxwell-like distribution, and neutrons are emitted
with an angular distribution. The simulation results are shown in
Fig. 6. sTOFn is about to 53 ps and sTOFf is about to 16 ps. sTOFn

2 and
sTOFf
2 contribute little to the timing spectrum, which can be almost

negligible. Fission PPAC and conventional PPAC detect fission
fragments with similar energy and have negligible gain difference
at the plateau region in Fig. 7. The intrinsic time resolution of these
two PPACs can be regarded as the same here. The coincidence of the
two PPACs’ time resolution indicates that the time resolution of the
Dual-PPACs detector is 164ps.

From channels 1530 to 1540 in Fig. 5, the timing spectrum has
some disorderly count that forms a short tail. According to the
simulation results in Fig. 6, the time difference spectrum between
the neutron and the spontaneous fission fragment was obtained by
taking the signal time of the spontaneous fission fragments as the
starting signal, which has a time distribution spectrum with a tail
similar to that measured in the experiment. It can be deduced that
there are two main reasons for the tail formation of the measured
timing spectrum. One is a right tail by the low-energy fission
fragments on the timing spectrum due to the long flight time. The
energy of spontaneous fission fragments is from 50 MeV to
120 MeV. Another reason is the large thickness of the 252Cf source
used in our experiment. Spontaneous fission fragments may lose
most of their energy in the source at a large emission angle, and
these low-energy fragments will also create a timing spectrum tail.

In timing-property measurement experiment, we established
the same working conditions as the energy deposit measurement
above. It is worth noting in Fig. 7 that the sigma of the time reso-
lution changes with the high voltage applied on the anode. As the
anode voltage increases, the time resolution relatively improves,
finally reaches the plateau region. The detector begins to spark
when the voltage higher than 590V at 10 mbar. The overall time
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resolution at 6 mbar is better than that at 10 mbar. When the gas
pressure is 6mbar, and anode voltage is 480V, the time resolution is
at its optimal level, as shown in Fig. 5.

4. Conclusion

We developed a Dual-PPACs detector for fast neutron mea-
surements, which consists of two distinctive sets, namely conven-
tional and fission PPACs. Each PPAC consists of one anode and two
cathodes. A238U(U3O8) coating is placed in the anode of the fission
PPAC. the 252Cf spontaneous fission source was adopted to measure
both the Dual-PPACs detector’s detection efficiency and time res-
olution. The detection efficiency was estimated to be 1.9 � 10�7,
consistent with the efficiency of 2.5 � 10�7 given by a Geant4
simulation. An excellent time resolution of 164ps was observed at
6 mbar in isobutene gas. The results indicate that the Dual-PPACs
has great performance in fast neutron measurements.
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