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a b s t r a c t

A high detection efficiency thermal neutron detector based on the 6LiF/ZnS(Ag) scintillation screens,
wavelength-shifting fibers (WLSF) and Silicon photomultiplier (SiPM) readout is under development at
China Spallation Neutron Source (CSNS) for the Engineering Material Diffractometer (EMD).A prototype
with a sensitive volume of 180mm�192mm has been built. Signals from SiPMs are processed by the self-
design Application Specific Integrated Circuit (ASIC).

The performances of this detector prototype are as follows: neutron detection efficiency could reach
50.5% at 1 Å, position resolution of 3, the dark count rate <0.1Hz, the maximum count rate >200KHz.
Such detector prototype could be an elementary unit for applications in the EMD detector arrays.
© 2021 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

Neutron scattering techniques are playing an important role in
the study of material structure and dynamic properties, which are
widely used in various subjects [1,2]. Advanced neutron sources are
the basis of neutron science research. As the first spallation neutron
source in developing countries, the China Spallation Neutron
Source (CSNS) project has been running steadily from March 2018.
In the first phase of the CSNS, three instruments have been built
and are operating routinely [3]. They are open to users all around
the world since 2018. According to the construction plan of CSNS,
the new instrument EMD (engineering material diffractometer)
will be installed in Aug.2022.

EMD is a neutron time-of-flight (TOF) diffractometer which is
designed to function as a strain scanner for the investigation of
residual stress in engineering materials and components. It needs a
ysics, China.

by Elsevier Korea LLC. This is an
neutron detector with a sensitive area of more than 3m2 to cover

the 90� neutron diffraction angle region. The 3He tube is one of the
ideal neutron detectors for many neutron spectrometers. However,

owing to the world-wild shortage of 3He and the increasing cost,

seeking new neutron detectors to replace the 3He tube is urgent.
The advantages of scintillator detector including high position
resolution, low n/g rejection ratio, real-time detection make it
widely used in many neutron instruments, including strain scan-
ners [2,4,5].

We have developed scintillator neutron detectors since 2011
[6e8]. A detector with an active area of more than 5m2 covering
area based on the ZnS(Ag) screens, wavelength-shifting fibers
(WLSF) arrays and multi-anode photo multiplier tubes (MA-PMT)
had been installed in GPPD (General Purpose Powder Diffractom-
eter) in the middle of 2017. The position resolution of this detector
is 4mm�4 mm and the thermal neutron detection efficiency is
about 45% at 2 Å. All these detectors are working well in the in-
strument and have been running since 2018. However, there are
some disadvantages, such as poor uniformity of detection
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efficiency, high cost and complicated manufacturing; especially the
inhomogeneity of detection efficiency, which is mainly caused by
the gain inhomogeneity of the MA-PMT. It directly affects the
confidence interval of the sample test results from the instrument.

According to the physical design of the EMD, the detector should
fulfill the parameters as shown in Table 1.
In order to solve this problem, we are currently developing a SiPM
readout scintillation neutron detector based on oblique
6LiF/ZnS(Ag) scintillator screens, wavelength-shifting fibers and
SiPMs readout. As an alternative to the MA-PMT, the SiPMs, which
consist of thousands of avalanche photodiodes working in Geiger-
mode, have several advantages such as relatively low operation
cost, much lower operating voltages, compactness, and their
operability in magnetic fields.

SiPMs have similar gains to that of the MA-PMT and higher
quantum efficiency. Most importantly, due to the development of
semiconductor fabrication technology, the gain uniformity of the
SiPMs between each device is decent, which could improve the
non-uniformity in the detection efficiency of the detector.

In this work we built a 192mm�180 mm sensitive area detector
prototype with SiPM readout and electronics of our own design.
The performance of the prototype including detect efficiency,
maximum count rate and the position resolution, has been ob-
tained in the CSNS neutron beam line.
2. The detector structure

Fig. 1 shows the schematic diagram of the SiPM readout scin-
tillator detector. The head of the detector consisted of several

oblique 6LiF/ZnS(Ag) screens and WLS fibers. The screens are
placed at the same specified angle, and are fixed in the positioning
slots. Two WLS fibres are uniformly distributed under each screen
to collect the scintillating photons. The ends of the fibres polished
and coupled to the SiPMs. Aluminum reflective films are attached
above and below the scintillator screens to increase the reflection of
the scintillation photons.

The oblique angle of the scintillator screens to the incident
neutrons is 17�. This design increases the path of incidence
Table 1
The main parameters of detector modules for EMD.

main technical parameters parameter index

detection efficiency > 40%@1 Å
spatial resolution 3mm � 180 mm
maximum count rate >30KHz/pixel
gamma-ray sensitivity <10�5/60Co
Dark count rate/pixel 0.1Hz/pixel
pixel to pixel detection efficiency uniformity <20%

Fig. 1. (a) is the detector unit which is used for performan
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neutrons to improve the detection efficiencywithout increasing the
emission path of the scintillating photons. The signals from each
SiPM are amplified, shaped, and discriminated by the our own
electronics. Then the TOF and the pixel position of the neutron
signals are recorded and transmitted by the FPGA module of the
electronics. All the position and time information of the detector is
uploaded to the terminal PC through an optical fiber.

3. Key components performance

The key components of this SiPM readout scintillator neutron

detector are the 6LiF/ZnS(Ag), the WLSF, the SiPMs and the elec-

tronics. Through the research of the detectors for the GPPD, the6LiF/
ZnS(Ag) from AST with mass ratio of 1∶2 and 400 mm thickness and
theWLSF fromKuraray with 1mmdiameter (Y-11 (200)MS) are still
suitable [9,10]. We need to select the SiPMs and design the special
electronics.

3.1. The SiPMs performance and the selection

For the scintillator neutron detector, the SiPM device needs to
have high quantum efficiency, high gain, low dark noise, small
temperature drift and low working bias [5,11,12]. Considering that
one end of each of two 1 mm-diameter WLSFs need to be coupled
to the SiPM entrance window, the effective working area of the
SiPM device needs to be about 3mm�3mm. Two suitable SiPMs
were selected as the candidates, S13363-3050 from Hamamatsu
and MicroFC-30035 from Sensl [13,14]. Table 2 shows the main
parameters of these two types of SiPM. The characteristics of the
SiPMs were measured to select the best SiPM for the detector.

We measured the volt-ampere characteristic curves to verify
their avalanche critical voltage [15,16]. Fig. 2 shows the measure-
ment result that the avalanche voltage of the S13363- 3050 is
52.5V, while the avalanche voltage of the MicroFC-30035 is 24.5V.
Both are consistent with the manufacturer's specifications.

The gains of the SiPMs are tested with a blue LED light which is
triggered by external pulsed signals to control the luminous time
ce studies (b) is the detailed structure of the detector.

Table 2
Specifications of SiPMs.

Hamamatsu Sensl

Type S13363-3050 MicroFC-30035
Sensitive area 3mm�3mm 3mm�3mm
Breakdown voltage 52.5V 24.5V
Over voltage 2.5V 2.5V
Gain 3.4 � 106 4 � 106

PDE/480 nm 32% 24%
temperature coefficient 55 mV/�C 21.3 mV/�C



Fig. 2. is the VeI curve of Hamamatsu and Sensl SiPMs, from which we can find out
that the breakdown voltage is consistent with the manufacture's specifications.
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and luminous intensity. Fig. 3 shows the signals from a SiPM when
it was illuminated with the pulsed light from the LED and then
amplified with a line amplifier and observed with an oscilloscope.
When the trigger voltage of the LED is changed, the numbers of
photons detected by the SiPM is also changed. Using an integrating
amplifier and a standard DAQ system, the integral charge spectrum
for different numbers of photons from the SiPMs is obtained. Fig. 4
shows the integral charge spectrum of the SiPMs. The gain of the
SiPMs can be obtained by calculating the difference of each signal
peak position in the integral charge spectrum as shown in the
formula below:
Fig. 3. Shows the signals from a SiPM which is illumined by blue LED light. (For interpreta
version of this article.)
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Gain¼DQ � ADC=e (1)

WhereDQ is the difference value between two peaks and ADC is the
conversion factor between charge value and the channel number of
the standard DAQ system. The e is the charge of an electron:
1.6 � 10�19C.

Fig. 5(a) shows the gain curve of the two SiPMs with different
bias voltage. As expected, the greater the bias voltage applied to the
SiPM, the greater the gain. The gain of MicroFC-30035 is greater
than that of the S13363 which is also consistent with the manu-
facturer's specifications. By changing the environmental tempera-
ture of the SiPMs in an enclosed box, we also determined how the
gain varied with different temperature as shown in Fig. 5(b) [17].
The higher the environmental temperature, the smaller the gain of
the SiPM. We calculated that the temperature coefficient of the
MicroFC-30035 is 21.3mV/�C and that of the S13363 is 55mV/�C. In
the subsequent design of the SiPM power supply module, the
temperature drift compensationmodule will be added according to
these test results, so MicroFC-30035 is selected as the preferred
candidate.
3.2. The readout electronics system

The readout electronics for this scintillator detector were
designed by our electronics group. Fig. 6(a) is the electronic board,
which consists of ASIC and data acquisition mother board; 6(b)
shows the structure diagram. The structure of “sub-board-main-
board” is adopted to realize the integration and flexibility of the
electronic readout system. The front amplifier uses an application
specific integrated circuit (ASIC) to fulfill analog signal processing
such as amplification, shaping and discrimination. The mother-
board firmware adopts the design method of a multi-level pipeline
tion of the references to colour in this figure legend, the reader is referred to the Web



Fig. 4. (a) and (b) shows the integral spectra of signals in the gate from the two different SiPMs.
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mechanism to realize the data acquisition, packaging, caching and
other processing.

In order to reduce the influence of the high dark count rate from
the SiPM, a voltage sensitive preamplifier and a discriminator with
an adjustable threshold and pulse width were adopted in the
design. The electronics excludes the neutron signals with thresh-
olds and pulse widths smaller than the set value. The final data is
transmitted to the back-end data processing system through
Gigabit Ethernet for data analysis and processing. The information
of the position, the width and the time of each neutron signal is
recorded by the readout electronics. The SiPM power supply
module, temperature probe and temperature compensation circuit
are integrated on the readout electronics board to ensure the gain
stability of the SiPMs.
4. The prototype detector

A prototype with a 192mm � 180 mm sensitive area has been

equippedwith 64 inclined 6LiF/ZnS(Ag) scintillator screens (see Fig.
7). The oblique angle of the scintillator screens to the incident
neutrons is 17�. This is the minimum angle for the mechanical
design when optimising neutron absorption efficiency, minimum
dead area and maximum light collection. 128 1-mm diameter WSL
fibers are uniformly distributed over the scintillator screens.This
structure defines the 3mm�180mm pixel size and 64 pixel chan-
nels. The 32 FC30035 SiPMs are seamlessly packed into a line on a
single PCB board. There are two SiPMs lines for the 64 pixel
channels of the detector prototype. The WLS fibers are bent in a
3mm radius using a special hot water bending method to reduce
Fig. 5. (a) is the curve of gain of Hamamatsu and Sensl with over voltage at 25

1033
the dead area of the detector. The ends of each fibre are polished
and coupled to the SiPMs by support bases. The entire prototype
assembly is about 200 mm � 200 mm � 340 mm and is light tight
after assembly.

We tested the detection efficiency of the prototype on the
neutron beam line #20 of CSNS. BL20 uses a decoupled narrow
liquid hydrogenmoderator. Neutrons are collimated by the chopper
and neutron guide, the diameter of the neutron beam spot at the
outlet is 45 mm, the neutron flux rate is about 106n/(cm2s) and the
neutron wavelength range is 0�10 Å. The distance from moderator
to the neutron outlet spot is about 9m.

Fig. 8 shows the instrument layout of the detection efficiency
measurement. Because the distribution of the neutron wavelength
from BL20 is wide, a germanium [220] monochromator was used to
reduce the neutron intensity and select the special neutron wave-

length. A standard 3He tube with 20atm pressure and 1-inch
diameter (252315,LND) was used to measure the incident
neutron intensity from a shielding slit with a width of 1mm. Then

the standard 3He tube was moved away, and the neutron intensity
was measured with the detector prototype using the same condi-
tion. The detection efficiency of the detector prototype can be
calculated using the formula:

hSD ¼ NSD

N3He
� h3He (2)

Where NSD is the neutron count of the detector at the special

wavelength, N3He is the neutron count of the 3He tube at the special

wavelength. The background counts need to be subtracted from
�C (b) shows the temperature coefficient of SiPMs at the same over voltage.



Fig. 6. (a) is a photograph of the ASIC and FPGA board. (b) shows the electronic block diagram.

Fig. 8. The instrument layout of the efficiency measurement.
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both these values and they need to be normalized by the real
neutron intensity obtained from the beam monitor. h3He is the

detection efficiency of the standard 3He tube.
When the angle between the incident neutron and the germa-

nium [220] monochromator is 45�, the neutrons with 1.4 Å and
2.8 Å wavelength can be obtained in the reflection angle.

Fig. 9(a) is the TOF (Time Of Flight) spectrum obtained at beam
line 20. Two peaks can be obviously seen at the time of 4.9ms and
9.8ms. We can calculate the wavelength of neutrons which reflect
the energy by the formula below:

lðAÞ¼ h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mnEn
p ¼ h

mn
� t
L
z3:9558

tðmsÞ
LðmmÞ (3)

Where h is the Planck constant,mn is the neutron mass, t is the TOF
of the neutron, L is the distance from target to detector (13.6 m).

The efficiency of the 3He tube is 99.8% at 1.4 Å and nearly 100% at
2.8 Å. By formula (2) we can calculate the efficiency of the detector
module is 80% at 2.8 Å and 64% at 1.4 Å.

The position resolution of the detector prototype is measured at
Fig. 7. 64-channel detection module (a) shows the front side of the module consisting of 64 i
64 � 3 mm pixels without reflective films.
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the same time with this 1 mm width slit. Fig. 9(b) shows the test
result with the pixel size of 3mm � 180mm.
ndividual singe-channel detection units, (b) is the top view of the unit which shows the



Fig. 9. (a) shows the TOF spectrum of the prototype detector and (b) is the result of position resolution scanned by the 1 mm width slits across the detector.

Fig. 10. The dark count rate in different thresholds.
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Fig. 10 illustrates the curve of dark count rate and threshold.
When the threshold value is set to 45mV and a width boundary of
300ns, the count rate can be 0.022Hz/pixel.
5. Conclusion

The SiPMs readout scintillator neutron detector has been
designed for EMD. We developed a 64-ch detector prototype based

on a 6LiF/ZnS(Ag) scintillator, WLS fibers and SiPMs as well as its
dedicated digital signal processing system based on ASIC and FPGA
electronics. The characteristics of the SiPMs are measured to sup-
port the design of the neutron detector system. The detector pro-
totype achieves the performance that the detector efficiency is
larger than 40% for 1 Å, its dark count rate is 0.022Hz/pixel and the
position resolution is 3mm � 180 mm. The count rate of the de-
tector can be calculated through the TOF of detector at different
neutron flux. We measured the maximum of the detector on the
beam line and the value was found to be > 200kHz/pixel although
the extent to which the multicounting has yet to be determined.

Since the bending radius of the WLSFs is 3mm the active area of
the prototype is more than 90% compared with its structural area.
This detector prototype could be a good working unit for the array
splicing structure for the EMD.
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