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INSTRUMENTATION AND MEASUREMENT
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The energy-resolved neutron imaging spectrometer (ERNI) will be installed in 2022 according to the spectrometer
construction plan of the China Spallation Neutron Source (CSNS). The instrument requires neutron detectors with the
coverage area of approximately 4 m2 in 5◦–170◦ neutron diffraction angle. The neutron detection efficiency needs to be
better than 40% at 1 Å neutron wavelength. The spatial resolution should be better than 3 mm× 50 mm in the horizontal
and vertical directions respectively. We develop a one-dimensional scintillator neutron detector which is composed of
the 6LiF/ZnS (Ag) scintillation screens, the wavelength-shifting fiber (WLSF) array, the silicon photomultipliers (SiPMs),
and the self-designed application-specific integrated circuit (ASIC) readout electronics. The pixel size of the detector is
designed as 3 mm×50 mm, and the neutron-sensitive area is 50 mm×200 mm. The performance of the detector prototype
is measured using neutron beam 20# of the CSNS. The maximum counting rate of 247 kHz, and the detection efficiency of
63% at 1.59 Å are obtained. The test results show that the performance of the detector fulfills the physical requirements of
the ERNI under construction at the CSNS.

Keywords: neutron detector, silicon photomultipliers (SiPMs), 6LiF/ZnS(Ag), China Spallation Neutron
Source (CSNS)
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1. Introduction

Neutron scattering technology has been widely used in
condensed matter physics, chemistry, life sciences, materials
science, and other fields as an ideal probe for studying the
structural and dynamic properties of matter.[1,2] The Chinese
Spallation Neutron Source (CSNS) successfully produced its
first neutron beam on August 28, 2017. It has been run-
ning steadily since March, 2018.[3] According to the construc-
tion plan of neutron instruments, the energy-resolved imag-
ing spectrometer (ERNI) will be installed in 2022. ERNI is
a combined facility of neutron imaging and neutron diffrac-
tion that can provide strong penetration, high resolution, and
in-situ lossless imaging characterization. The instrument can
be used to characterize and analyze the internal microstruc-
ture, defects, morphology, and stress of a device, as well as for
online studies of the internal dynamic processes of materials

and devices. In addition, it can also provide key data sup-
port for the simulation and modeling of practical applications
and running systems, and time-of-flight (TOF) techniques can
be used by ERNI for energy-selective imaging applications.
The ERNI is based on Bragg-edge imaging, supplemented by
conventional neutron imaging and neutron diffraction, with a
neutron diffraction sensitivity area of larger than 4 m2 and a
sample-to-detector distance of 2 m. According to the physical
design of the ERNI, the performance of the neutron detector
must fulfill the parameters listed in Table 1.

Table 1. Main parameters of the detector modules for ERNI.

Main technical parameters Parameter index

Neutron detection efficiency > 40% @ 1 Å
Spatial resolution < 3 mm×50 mm

Dark count rate/pixel 0.1 Hz/pixel
Count rate per module > 30 kHz/cm2

†These authors contributed equally to this work.
‡Corresponding author. E-mail: tangb@ihep.ac.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn
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Owing to its high detection efficiency and steady perfor-
mance, the 3He tube is widely used in various neutron spec-
trometers. However, because of the shortage of 3He gas, and
consequently its high price, there is an urgent need to develop
other types of neutron detectors to replace the 3He tubes.[4,5]

Scintillator neutron detectors have gradually replaced 3He
tubes in many neutron instruments because of their unique
advantages including high detection efficiency, fast time re-
sponse, good n/γ discrimination, and ease of fabrication in
large areas, such as that of IMAT (ISIS),[6] TAKUMI (J-
PARC),[7] POWGEN (SNS),[8] and EMD (CSNS).

Many scintillator detectors used in neutron spectrometers
utilize multi-anode photomultiplier tubes (MA-PMT) for pho-
toelectric conversion. And the signals from the PMT are pro-
cessed by traditional discrete readout electronics with large
volume and high power consumption.[9,10] The main detec-
tor of the general purpose powder diffractometer (GPPD) in
CSNS is the self-developed large-area scintillation detector ar-
ray with a position resolution of 4 mm×4 mm and a thermal
neutron detection efficiency of more than 45% @2 Å.[11] All
indicators fulfill the requirements of the spectrometer. But this
large-area scintillator detector array has poor detection effi-
ciency uniformity.[3] Although the MA-PMT has stable per-
formance and high gain, it has some problems, such as poor
uniformity of the gain between each working unit, high work-
ing voltage, large volume, and poor resistance to magnetic
field interference. In recent years, SiPMs have attracted in-
creasing attention owing to their high single-photon resolu-
tion, ease of integration, and low operating voltage.[12–14] In
this work, to achieve excellent detector performance such as
low cost, small dead area, and good uniformity of detection
efficiency, the SiPM is used instead of the MA-PMT for pho-
toelectric conversion. A self-designed ASIC electronics has
also been developed for the new detector system.

In this study, we developed a detector prototype with
a neutron sensitive area of 50 mm× 200 mm using SiPMs
for photoelectronic conversion and using ASIC electronics for
signal process and readout. The performances of the detector,
such as dark count rate, detection efficiency, position resolu-
tion, and maximum count rate, were tested in neutron beam
20# at the CSNS.

2. Detector prototype structure
2.1. Detector working principle

6LiF/ZnS(Ag) is a commonly used neutron sensitive scin-
tillator screen. The incident neutrons react with neutron-
sensitive materials 6Li in the scintillation screen to produce
α particles and tritium nuclei. Secondary particles deposit en-
ergy and emit photons in the scintillation material. The ZnS
scintillation material is a polycrystalline powder with a par-

ticle size of tens of microns, which has high luminous effi-
ciency for α particles, low sensitivity to γ , and a high n/γ ra-
tio. According to our previous test of different 6LiF/ZnS(Ag)
screens and the manufacturer’s recommendation,[15] scintilla-
tor screens with the following characteristics are chosen: the
ratio of the masses of 6LiF to ZnS(Ag) is 1:2, and the screen
thickness sets to 400 µm.[16,17] The luminescence spectrum
is 400 nm–600 nm with its peak at 412 nm. Using trans-
verse or longitudinal arrangements of light collecting fibers
to reduce the number of readout electronics channels for the
pixel type detector is a common practice for position-sensitive
detector. The wavelength-shifting fiber (WLSF) array is de-
signed here to reduce the number of readout electronics chan-
nels from tens of thousands down to a few hundred for 3 mm
pixel size. Through the research of the detectors for the GPPD,
the WLSF from kuraray with 1 mm diameter (Y-11 (200)MS)
is still suitable.[11,18] Considering that each end of two 1 mm-
diameter WLSFs needs to be coupled to the SiPM entrance
window, the effective working area of the SiPM device needs
to be about 3 mm× 3 mm. The MicroFC-30035 SiPM from
Sensl is adopted.[19]

After amplification, filtering, and shaping by the readout
electronics, the optical signal detected by the SiPM is fed into
the data acquisition system based on a field programmable
gate array (FPGA). The data are analyzed by online and of-
fline programs to obtain the position and time information of
the incident neutrons.

The detection efficiency of the scintillation screen de-
pends on the energy deposition and photon emission proba-
bility of the neutrons in the scintillation screen. Because of
the opaque of the 6LiF/ZnS screen, the scintillator screens
are designed to tilt to increase the path of incidence neu-
trons without increasing the emission path of the scintillating
photons. This could improve the detection efficiency effec-
tively. The simulation results are shown in Fig. 1 by GEANT4
for different tilt angles of the 6LiF/ZnS screen. With a de-
crease in the angle between the scintillation screen and the
incident neutron, the detection efficiency of the scintillation
screen gradually increases. At an incidence angle of 20◦, the
nuclear reaction conversion efficiency of the 400 µm thickness
6LiF/ZnS screen can reach 78% at the neutron wavelength of
1 Å. Therefore, we change the traditional vertical neutron in-
cidence structure and design the detector as a tilt incidence
structure. According to the physical design of ERNI, the sen-
sitive area of the detector is 200 mm× 50 mm, and the sen-
sitive area will be equipped with 64 inclined 6LiF/ZnS (Ag)
scintillation screens. Considering the limits of the mechanical
design when optimizing neutron absorption efficiency, mini-
mum dead area and maximum light collection and the space
needed for two 1 mm diameter WLSFs arrangement in each
pixel, the tilt angle of the detector scintillation screen is de-
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termined to be 17◦. This structure defines the 3 mm×50 mm
pixel size and 64 pixel channels. A schematic design of the
detector head part is shown in Fig. 2.
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Fig. 1. Neutron conversion efficiency of scintillation screens at various
tilt angles at different wavelengths.
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Fig. 2. Schematic design of the detector head part for the traditional vertical
neutron incidence structure (left) and the tilt incidence structure (right).

2.2. Detector prototype

The detector prototype is a one-dimensional detector with
the striped pixels (3 mm× 5 mm). Two longitudinally dis-
tributed 1 mm-diameter WLSFs are placed on the surface
of the scintillation screen to absorb the photons emitted by
the scintillation screen in each pixel. In addition, each pixel
is optically isolated by an aluminum film to prevent optical
crosstalk between adjacent channels. And the four end faces
of the two optical fibers are coupled to the sensitive surface
of the SiPM by a specially designed couple base. The detec-
tor prototype has 64 pixels and 128 WLSFs. The structural
diagram of the detector is shown in Fig. 3.

6LiF/ZnS(Ag) screens

WLSF

Couple base of the
WLSFs and SiPMs 

Pixel size  3 mm Τ 50 mm

Fig. 3. Design of the detector structure.

The detector prototype picture is shown in Fig. 4. The
detector has 64 electronic channels, and two 32-array SiPMs
with a unit sensitive area of 3 mm× 3 mm are used for the
photoelectric signal conversion. We have designed a fixture
for coupling optical fiber with the SiPM. The couple base of
the WLSFs and SiPMs has 32 holes with a diameter of 3 mm.
After grinding, the two optical fibers of each pixel of the de-
tector will be placed in the small hole of the fixture in order.
Four fiber ends in each hole are directly coupled to the SiPM
array.

6LiF/ZnS(Ag)
screens

WLSFs

Couple base of the WLSFs and SiPMs

Cables used to connect the SiPMs

Fig. 4. Detector prototype picture.

3. ASIC electronics

The electronic system of the detector collects the weak
electrical signal output from the SiPMs, discriminates, am-
plifies, reshapes, and performs analog-to-digital conversion,
data compression, and packaging. Finally, the neutron event
data are transformed to the computer for analysis and cal-
culation. The data acquisition system is divided into pre-
amplification and data acquisition circuit systems. Figure 5
shows the block diagram of the electronics. The preamplifier
circuit system includes an IHEP SiPM ASIC chip, circuit pro-
tection, power management, chip address configuration, DAC
configuration, DAC scale, signal detection rectification, inter-
nal clock configuration modules, and an adaptation network.
The ASIC chip is used to amplify, shape, filter, and discrim-
inate the analog signal. The DAC configuration module can
adjust the threshold value of the discriminator and also ad-
just the width limit value of the filter to reduce the dark noise
from the SiPMs. The preamp circuit converts the analog sig-
nal to a digital signal and sends it to the data-acquisition sys-
tem. The data acquisition system is primarily controlled by an
FPGA. The FPGA controls the charge measurement, tempera-
ture sensing, analog-to-digital conversion, and finally uploads
the data packet to the computer. Figure 6 shows the picture of
the readout electronics board.
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Radiation source tests of the detector system in the labo-
ratory were carried out to verify the performance of the read-
out electronics. A 241Am alpha source was positioned on one
pixel of the detector. The signal out from electronics was
monitored by an oscilloscope. The test results are shown in

Fig. 7. After the pre-amplification circuit, the signal was quite
smooth, which aided in the subsequent identification of the
signals and noise. The width of the signal pulse was less than
3 µs and its rising time was less than 200 ns. It is quite easy to
distinguish from the noise of the SiPM.
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Fig. 5. Electronics block diagram.
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Fig. 6. The picture of the readout electronics board.

Fig. 7. Oscilloscope observed alpha signal.

4. Performance of the detector prototype
4.1. Noise of the detector

Most of the noise in the detector system comes from the
SiPMs. Because the SiPM is a semiconductor-based photo-
electric conversion device, it is very sensitive to temperature
changes. In future engineering applications of the detector, the
detector will work in a light-avoid space. The heat dissipation

of the electronics board changes the space temperature. These
changes will affect the performance of the SiPM, such as the
gain and the dark count rate. With the increase of the temper-
ature, the phonon vibration increases in the SiPM. The kinetic
energy loss of avalanche carriers increases due to the increase
in scattering collision, and the gain of the SiPM decreases with
the increase in temperature. In contrast, the dark count rate of
the SiPM increases with the increase of temperature. Because
of the semiconductor characteristics, the carriers increase at
higher temperatures.

The change in the performance of the SiPMs will directly
lead to the inaccuracy and unreliability of the neutron test. The
curve of gain versus temperature and the curve of gain versus
voltage of the SiPM were measured, which showed to guide
the design of temperature drift compensation module. The
temperature compensation coefficient of the SiPM was calcu-
lated to be 21.3 mV/◦C, which is the same as the factory in-
struction. Using the temperature compensation coefficient, we
developed an FPGA-based temperature compensation module.
The working temperature of the SiPM was measured in real
time using a temperature sensor welded on the SiPM and then
fed back to the FPGA on the electronic board. The gain can be
compensated by adjusting the working voltage of the SiPMs.
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Fig. 8. SiPM noise counting at different temperatures.
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With the action of a temperature compensation module,
we tested the noise count rate of the detector prototype at dif-
ferent temperatures, as shown in Fig. 8. Although the gain
of the SiPMs was stable, the dark noise counts still increase
when the temperature rose. The dark noise counts were be-
low 0.5 s−1·pixel−1 in the temperature ranging from 20 ◦C
to 30 ◦C, which means the working environment temperature
should be maintained below 30 ◦C. A cooling fan was installed
in the light-avoid area to keep the temperature of the SiPM be-
tween 26 ◦C–28 ◦C.

4.2. Detection efficiency

A 3He counting tube (20 atm) is used as the primary com-
parison tool for testing the detection efficiency of the detector.
The neutron detection efficiency of the detector to be tested
at different neutron wavelengths can be obtained by normaliz-
ing the counting of the detector prototype with that of the 3He
tube. The detection efficiency of the detector prototype can be
calculated by

ηSD =
NSD

N3He
×η3He, (1)

where NSD and N3He are the total counts for the scintillator de-
tector and standard 3He tube neutrons, respectively. η3He is the
detection efficiency of a standard 3He tube. Figure 9 shows
a block diagram of the testing principle. Because the neu-
tron wavelength distribution of BL20 is wide, a mica (0010)
(008) monochromator is used to extract neutrons at specific
wavelengths and reduce the neutron intensity. When the an-
gle between the mica monochromator and the neutron beam is
45◦, the neutrons of a specific wavelength can be extracted. A
standard 3He tube (252315, LND) with a pressure of 20 atm
and a diameter of 1 inch is used to measure the incident neu-
tron intensity from a shielded slit with a width of 1 mm. The
standard 3He tube is then removed, and the neutron intensity
is measured using a prototype detector under the same condi-
tions.

Figure 10 shows the TOF spectra of the 3He tube and the
detector prototype. It can be clearly observed that the flight
time interval of the characteristic peaks at different wave-
lengths in the TOF spectra of both the 3He tube and the detec-
tor correspond to each other. The TOF-to-neutron wavelength
conversion can be obtained from

λ (A) =
h√

2mnEn
=

h
mn
× t

L
≈ 3.9558

t (µs)
L (mm)

, (2)

where L and t are the distance of the detector from the center
of the target station and the TOF time, respectively. The inset
of Fig. 10 shows the characteristic peaks of the 3He tube and
the detector at a neutron wavelength of 2.87 Å. From Fig. 10,
we can observe that the characteristic peak of the detector is
shifted to the right relative to that of the 3He tube. As shown in

Fig. 9, the detector prototype is located behind the 3He tube.
So the distance from the center of the target station to the scin-
tillator detector is longer. According to Eq. (2), under the same
neutron wavelength, the distance is proportional to the time.
Based on the difference in the peak value, we calculate that
the distance between the 3He tube and detector is 3 cm, which
is consistent with the actual distance. In addition, it can be
observed in the illustration that the pulse width of the charac-
teristic peak of the 3He tube is larger than that of the detec-
tor. This is because the diameter of the standard 3He tube we
adopted is 1 inch (25 mm), so the flight distance migration of
neutrons in the 3He tube is greater than that of neutrons in the
scintillator detector (10 mm). Therefore, we can say that the
wavelength resolution of the scintillator detector is higher than
that of the 3He tube.

(b)

(a) Neutron beam

Beam monitor

Monochromator

The neutron beam
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Fig. 9. Schematic of the detection efficiency test principle.
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We tested the detection efficiency at three different posi-
tions in the sensitive area of the detector prototype. The de-
tection efficiency of the 3He tube reached 100% at 2.87 Å
wavelength and 99.8% at 1.59 Å. The detection efficiencies
of three pixels of the scintillator detector at different neutron
wavelengths were calculated, as shown in Fig. 11. The high-
est detection efficiencies of the pixel are 63.3% at 1.59 Å and
68% at 2.39 Å. The detection efficiencies of each pixel are not
exactly the same. This is caused by the small difference in the
process of making the detector. There are some differences in
each WLSF and in the flatness of each scintillator screen. The
coupling between the WLSF and the SiPM is also slightly dif-
ferent. By simple nonlinear fitting, the detection efficiencies
of the three pixels are found to be all higher than 40% at 1 Å,
which fulfill the requirements of the ERNI. In the following
work, we will measure and optimize the detection efficiency
and non-uniformity of the detector. By adjusting the readout
electron threshold of each pixel, the neutron counting unifor-
mity of each pixel is optimized to more than 90%. On this
basis, the non-uniformity of detection efficiency has little in-
fluence on the stress test results of the sample.
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Fig. 11. Detection efficiencies of different pixels at different neutron
wavelengths.

4.3. Max count rate

The neutron signal measured by the scintillator detector
based on ZnS/6LiF has long optical attenuation, and the pulse
width of the signal is generally approximately 10 µs with slow
luminescent component. The application of this type of scin-
tillator detector is limited by its low count rate. Through the
optimization by the self-designed readout electronics, the slow
component of the neutron signal larger than 2 µs is eliminated.
We tested the max count rate of the detector by adjusting the
slit length which was placed in the neutron exit hole to con-
trol the neutron flux. The detector was placed in the straight
direction of the beam line, and a boron-containing aluminum
plate with different slit lengths were placed in front of the de-
tector. The counting rate curve can be obtained when the slits
changed, as shown in Fig. 12. The counting rate of the detec-
tor increased linearly with increasing slit length. When the slit

length larger than 20 mm, the counting rate of the detector in-
creased in nonlinearity. When the slit length was greater than
80 mm, the counting rate reached 459 kHz which is nearly
saturation. Through linearly fitting of the counting-rate vs.
slit length, we obtained that the highest linear counting rate is
about 247 kHz when the slit length is 20 mm.
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Fig. 12. Counting rate test results. The inset shows the counting rate
increases linearly with the slit length when the slit length is less than
20 mm.

4.4. Spatial resolution

According to the requirements of ERNI, the pixel size of
the detector prototype was designed to be 3 mm× 50 mm. A
boron–aluminum plate with 1 mm wide slit was used to test
the spatial resolution of the detector. The position resolution
test results for the detector are shown in Fig. 13. It can be
seen that one irradiated peak is clearly resolved. The small
neutron counts in the adjacent pixels were caused by the poor
neutron collimation. Since each pixel is optically isolated, the
spatial resolution corresponds to the detector pixel size. The
minimum spatial resolution of the detector in the horizontal
direction is 3 mm.
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Fig. 13. Results of position resolution test.

5. Preliminary engineering design of the detec-
tor for ERNI application
Figure 14 shows the picture of two kinds of detector units

which contains six and four small detector modules respec-
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tively. These units will be fixed on a mechanical support frame
to form an arc structure with a radius of 2 m. All the units will
be placed in the shell of a boron-containing aluminum plate to
protect from light and neutron radiation. Each detector module
in the unit consists of 64 pixels with a size of 3 mm×50 mm.
All detector units are mounted on a bank bracket according to
the laser positioning data.

Six small detector modules

Four small detector modules

Fig. 14. Preliminary engineering design of the detector for ERNI.

6. Conclusion
We developed a scintillator neutron detector prototype

for the ERNI based on a 6LiF/ZnS (Ag) scintillation screen
and SiPM array. The neutron signal was processed by a self-
designed electronics based on the ASIC chip and FPGA. The
prototype of the detector was tested in neutron beam 20# of the
CSNS. The test results showed that the position resolution of
the detector was 3 mm, the max count rate was 247 kHz, and
the detection efficiency was greater than 40% at 1 Å neutron
wavelength. The test results showed that the detector fulfilled
the requirements of the ERNI. This detector prototype could
be a good working unit for the array splicing structure for the
ERNI. We will start the mass production of the nearly 400 de-
tector units for future installation in the ERNI.
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