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Abstract
In recent years, there have been fewer missions to detect neutrons in low Earth orbits (LEO), and the data obtained have 
been extremely limited. Studying the distribution of the neutron energy spectrum in LEO satellites through detection can 
help solve three major scientific problems: the source of particles in the inner radiation belt, information on solar-accelerated 
particles, and the proportion of neutrons from different sources in near-Earth space. The detection efficiency and accuracy of 
neutrons are affected by charged and primary particles in the environment and secondary neutrons produced by the spacecraft 
itself, which has been a hot research topic. The neutron spectrometer developed in this study adopts two combinations of 15 
silicon detectors in terms of detector type and arrangement, which are used for neutron detection via the nuclear reaction 
method and recoil proton method, respectively, in which a 27 μm-thick 6LiF conversion layer is used for thermal neutron 
detection up to 0.4 eV and a 300 μm-thick high-density polyethylene conversion layer is used for fast-neutron detection up 
to 14 MeV and below. The design of the detector set can also remove the influence of primary charged particles and sec-
ondary neutrons in the detection environment to a certain extent, thereby improving the accuracy of neutron detection. In 
this study, the neutron spectrometer hardware, firmware, software design, and basic performance of the front-end readout 
chip SKIROC2A were tested. The readout circuit of each channel baseline ADC code was less than 17; thus, the channel 
consistency was good. The RMS noise of the channel baseline was only 7.1 mV and exhibited good stability. The maximum 
number of events that could be processed per second is 75. The overall power consumption was 3 W, the weight was 792 g, 
and the volume was less than 1 dm3 . Furthermore, the neutron spectrometer was tested for principle and detection efficiency 
using various neutron sources, such as 241Am-Be neutron source, 2.5 MeV neutron beam, and 14 MeV neutron beam, and 
the experiments were analyzed with corresponding simulations. The experimental data and simulation results were in good 
agreement and met the design requirements. The intrinsic detection efficiency of the probes used in the neutron spectrometer 
was 1.05 % for 14 MeV fast neutrons.
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1  Introduction

There are several sources of neutrons in the near-Earth 
space. For example, galactic cosmic rays [1] can reach the 
vicinity of the Earth and produce neutrons, and a high-
energy solar particle event [2] reaching the Earth’s atmos-
phere [3] triggers secondary neutrons, which are detected by 
ground-based neutron monitors. Secondary neutrons are pro-
duced by the interaction of spacecraft materials with solar 
energetic protons, galactic cosmic rays, and locally trapped 
protons in radiation belts [4], solar neutrons are produced 
by the interaction of solar protons and heavy ions with the 
Sun’s atmosphere [5, 6], and lightning neutrons are produced 
by the interaction of lightning energetic gamma rays with 
the Earth’s atmosphere [7, 8]. The detection of neutrons in 
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near-Earth space using neutron spectrometers can help solve 
three major scientific problems. These include the study of 
the radiation sources of particles in inner radiation belts [9], 
the mechanism of solar neutrons in the study of particles 
accelerated by solar flares [10], and the percentage of neu-
trons from different sources in near-Earth space, which can 
be analyzed in comparison with lightning observation data 
on the ground.

The current mainstream view is that cosmic-ray albedo 
neutron decays are one of the sources of protons in the 
inner radiation belts, although it was previously thought 
that the electron fluxes at different locations in the radia-
tion belts differed significantly and that there would be 
other sources [11]. However, the data measured from low 
Earth orbit (LEO) by Li et al. [12] in 2017 show that albedo 
neutron decay is a stable source of electrons in radiation 
belts. Therefore, neutron spectrometer data are promising 
for providing reliable observational evidence to supplement 
or explain this theory. Current observations of solar neutron 
events are mainly based on the construction of large neutron 
detectors in high- and low-latitude areas on the ground [13]. 
A neutron spectrometer can directly detect solar neutron 
events outside the Earth’s atmosphere, thus eliminating 
the influence of the Earth’s atmosphere and helping detect 
weaker solar neutron events [14] with clearer detection sig-
nals. It can even observe solar neutron events during periods 
of relatively infrequent solar activity. In addition, neutron 
spectrometers can detect neutrons produced by Earth’s light-
ning, and in combination with lightning observation base 
station data on the ground [15], study the contribution of 
lightning to neutrons in near-Earth space [16, 17].

As the radiation environment of LEO is more complex, 
there are several types of high-energy charged primary par-
ticles that undergo various types of nuclear reactions with 
the neutron detector itself to produce secondary neutrons. 
Neutron detection must exclude the influence of various 
types of errors; therefore, in recent years, there have been 
fewer neutron detection missions for LEO. In 1989, Keith 
et al. [18] used various neutron detectors to detect neutrons 
in LEO. For thermal neutrons, a 50 μm Gd shield and other 
elements with a large neutron capture cross section were 
used. The fast neutrons were measured using a Bonner ball 
detector. The complex structure of a detector results in a 
bulky system. In 1991, Dudkin et al. placed several neutron 
detectors on the Mir space station to measure the neutron 
energy spectrum in LEO [19], relying on nuclear latex and 
organic scintillator detectors containing 6 Li with a more con-
ventional data processing system that could not satisfy the 
scenario of real-time data and a large neutron differential 
flux. In the same year, Korf et al. [20] used organic scintil-
lators to detect neutron differential flux spectra in the Earth’s 
atmosphere, using plastic scintillator wraps for anti-consist-
ency. However, the plastic scintillator must be shielded from 

gamma rays, resulting in a larger volume and poorer energy 
resolution. In 2001, Lyagushin et al. [21] used a nuclear 
latex detector and nuclear fission foil to detect LEO neutrons 
inside the Mir space station module, which is more efficient 
for fast neutrons but sensitive to gamma-ray interference and 
can easily lead to false triggering. A certain amount of fissile 
materials is typically required, resulting in large detector 
sizes. In the same year, Matsumoto et al. [22] used a Bonner 
ball detector to detect neutrons on the ISS, in which the 3 He 
tube detector used was large and fragmented, which is not 
suitable for space payload miniaturization. Moreover, the 
detection efficiency of the 3 He tube detector for neutrons 
varies with the neutron energy; hence, the precalibration 
work is tedious. The China Space Station has installed an 
energy particle detector, which features the innovative use 
of CLYC (Cs

2
LiYCl

6
:Ce) as a neutron measurement sen-

sor [23, 24]. This was the first application of this material 
in space detection.

Current space neutron detection equipment is generally 
excessively complex and bulky, resulting in high power 
consumption, which is not suitable for long-term data 
acquisition on compact satellites. With the development 
of semiconductor detectors  [25, 26], integrated forward 
chips [27, 28], and high-speed data acquisition and process-
ing systems [29, 30], it is possible for space neutron detec-
tion payloads to achieve long-time operation, high detection 
efficiency, and high anti-jamming capability to ensure low-
power miniaturization [31, 32].

For neutron detection applications in LEO satellites, 
a neutron spectrometer [33, 34] has been constructed by 
our group. The neutron spectrometer is based on Si detec-
tors [35, 36], using 6LiF  [37, 38] and high-density polyeth-
ylene (HDPE) [39, 40] as the neutron conversion layer for 
the detection of thermal neutrons ( < 0.4 eV ) and fast neu-
trons ( < 14MeV ). The power consumption of the neutron 
spectrometer as a whole is 3 W, which, combined with the 
power consumption assigned by the satellite, is expected to 
be consumed continuously for one year in orbit. The over-
all weight was 792 g, and its volume was less than 1 dm3 . 
The neutron spectrometer onboard the “Weiming-1” Cube-
Sat was launched in January 2024, in a Sun-synchronous 
orbit at an altitude of approximately 530 km. On-orbit data 
from neutron spectrometers have been accumulated and 
processed.

2 � System composition

2.1 � Detector selection

Si detectors have a low density, low leakage current, small 
size, and high-energy resolution. They are widely used for 
particle detection. Therefore, in this study, 15 Si detectors 
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with the effective circular area diameters of 35 mm and 
28 mm and a thickness of 300 μm were designed as the 
detectors of the particle detection system. It can be ensured 
that particles in the predetection energy range produce suf-
ficient deposition energy in the detectors [41, 42]. The pack-
age dimensions of the two Si detectors are shown in Fig. 1.

2.2 � Arrangement of detectors

For neutron detection in space, the radiation environment 
in which the detector is located is complex. Both charged 
particles and neutrons exist in space; therefore, the inter-
ference of charged particles must be eliminated using the 
anti-coincidence method. Figure 2 shows a schematic of 
the anti-coincidence structure, where the upper and lower 

detectors have larger areas, whereas the middle detector has 
a smaller area. Blue represents the conversion layer [42]. 
Anti-coincidence indicates that, if there is a signal in detec-
tors A or C at the same moment, the signal in detector B at 
this moment is removed.

A neutron spectrometer detects thermal and fast neutrons 
with energies up to 14 MeV. To improve detection efficiency 
and remove the influence of charged particles, the thermal 
neutron section used six detectors and Gd shielding con-
sisting of an anti-coincidence detector set. The fast-neutron 
section used nine detectors, one of which was shared by the 
fast and thermal neutrons. The arrangement of the neutron 
spectrometer detector is illustrated in Fig. 3, with 15 silicon 
semiconductor detectors [42].

There were 15 silicon semiconductor detectors with a 
thickness of 300 μm . Detector No. 6 was covered with a 
300 μm-thick HDPE conversion layer. Detectors Nos. 11 and 
14 were covered with a 27 μm-thick LiF conversion layer. 
Detectors Nos. 3, 4, 5, 7, 8, 9, 11, and 14 had an effective 
circular area with a diameter of 28 mm. Detectors Nos. 1, 
2, 6, 10, 12, 13, and 15 had an effective circular area with a 
diameter of 35 mm.

Detector No. 1 was used to identify the direction of the 
incoming probe particles. Detectors No. 2–10 were fast-
neutron detectors, of which Nos. 3, 4, 5, and Nos. 7, 8, 9 
had the same thickness and effective area; the only differ-
ence was that there was a 300 μm-thick HDPE fast-neutron 
converter layer in front of Nos. 7, 8, and 9. Moreover, the 
detectors No. 3, 4, and 5 could detect signals generated by 
galactic cosmic rays or other secondary neutrons, whereas 
the recoil proton detectors Nos. 7, 8, and 9 could also detect 
the recoil proton signals generated by orbital neutrons pass-
ing through the HDPE conversion layer. Therefore, under 
the anti-coincidence condition, the recoil proton spectrum 

Fig. 1   Detector dimensions: a 35 mm, and b 28 mm

Fig. 2   (Color online) Schematic of anti-coincidence structure

Fig. 3   (Color online) Neutron 
spectrometer 15-chip detector 
set
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could be obtained by subtracting the total energy spectra of 
detectors Nos. 7, 8, and 9 and silicon detectors Nos. 3, 4, 
and 5, which could effectively reduce the influence of back-
ground signals on the measurements and improve the accu-
racy of the neutron energy spectrum inversion. The thickness 
of the three-layer recoil proton detector was approximately 
900 μm , which allowed the complete deposition of protons 
up to 14 MeV, considering oblique incidence. Fast neu-
trons were detected using the recoil proton method, and the 
fast-neutron energy spectrum was obtained using the least-
squares method, which is a neutron inversion algorithm [43]. 
The simulation results using Geant4 are shown in Fig. 4.

Detectors No. 10–15 were thermal neutron detectors. 
Detectors Nos. 10, 12, 13, and 15, which had larger areas, 
were used as anti-coincidence detectors; thus, charged-
particle signals in a wide range of stereo angles could be 
removed by anti-coincidence. A 3 mm-thick sheet of Gd was 
placed between detectors Nos. 12 and 13 to absorb thermal 
neutrons; thus, detector No. 11 with the 6LiF coating could 
record the signal counts generated by the reaction of neu-
trons in the omnipotent band with 6LiF. Detector No. 14, 
with 6LiF coating, mainly recorded the counts of signals 
generated by the reaction of neutrons other than thermal 
neutrons with 6LiF. The thermal neutron flux in orbit could 
be obtained by dividing the difference in counts between the 
two detectors by the detection efficiency. In addition, to dis-
tinguish the source direction of thermal neutrons in LEO to 
a certain extent, a piece of 3 mm-thick Gd was placed around 
the detector array, except for the remaining five faces of the 
open side, to block the thermal neutrons from other direc-
tions [43], and the specific position of Gd is shown in Fig. 5.

The blue part represents the 3 mm-thick Gd placed on the 
five faces around the detector combination. As the capture 

cross sections of thermal neutrons are different for different 
Gd isotopes and the reaction cross sections of neutrons and 
6 Li are different for different energies, to analyze the effect 
of Gd on thermal neutron detection at different energies, 
Si detectors with LiF coatings that are blocked by Gd and 
those that are not were simulated using Geant4 simulations 
to study the variation in the detection efficiency of the detec-
tor for thermal neutrons with thermal neutron energy in both 
cases [43], as shown in Fig. 6.

The orange data points are the detection efficiency of 
detector No. 11 for different neutron energies as a function 
of neutron energy, the blue data points are the detection effi-
ciency of detector No. 14 for different neutron energies as a 
function of neutron energy, and the gray lines are the reac-
tion cross sections of 6 Li (N,T)4 He as a function of neutron 

Fig. 4   Detector thickness required for the full deposition of fast neu-
trons below 14 MeV at vertical incidence

Fig. 5   (Color online) Gd placed on five faces around the detector

Fig. 6   (Color online) Effect of Gd on thermal neutron detection at 
different energies
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energy. The other lines represent the reaction cross sections 
of neutrons captured by various Gd isotopes as a function 
of neutron energy. For thermal neutrons with energies lower 
than 0.4 eV, the 3 mm-thick Gd can completely block them. 
The blocking effect of Gd on neutrons of different energies 
was considered a function of the detection efficiency in sub-
sequent calculations of the orbital thermal neutron flux using 
neutron spectrometer data.

3 � System design

3.1 � Hardware design

The hardware design of the neutron spectrometer consists of 
three circuit boards: a power-supply board, front-end board, 
and data board. The power-supply board is designed as a 
low-noise power-supply module that supplies power to all 
parts of the neutron spectrometer and generates the high-
bias voltage required for detector operation. The front-end 
board is connected to the detector, and the SKIROC2A chip 
is used as the core of the front-end readout system [44]. The 
SKIROC2A is a 64-channel front-end ASIC designed to 
read signals from silicon detectors. The data board contains 
FPGA, MCU, and memory chips. A physical diagram of the 
neutron spectrometer is shown in Fig. 7. An overall hardware 
block diagram is shown in Fig. 8.

The signals from the detector are directly transmitted to 
SKIROC2A. Then, SKIROC2A converts the analog sig-
nals to digital signals and passes them to the FPGA for data 
processing. Finally, the FPGA passes the processed data to 
the MCU. Simultaneously, the signals in SKIROC2A are 
directly connected to the MCU. The MCU is equipped with a 
CAN interface chip, an Ethernet interface, a USB interface, a 
UART interface, and an SD NAND. The CAN and Ethernet 

interfaces are used to communicate with the satellite host. 
CAN transmits commands and telemetry signals, and the 
Ethernet interface is used to transmit scientific data.

3.2 � Firmware design

The firmware design of the neutron spectrometer is imple-
mented using a cyclone series FPGA from Altera. The main 
purpose of this part is to control SKIROC2A and pack-
etize the data. As the data format of SKIROC2A cannot 
be changed, the neutron spectrometer uses only 15 of the 
64 channels of SKIROC2A; therefore, there is considerable 
invalid information in the data packet. To reduce the band-
width and storage pressures, it is necessary for the FPGA to 
sort valid information from the memory map of SKIROC2A 
and organize it into data packets, which are ultimately passed 
to the file management system of the MCU for storage. The 
firmware design part of the FPGA consists of several mod-
ules, including a clock module, a trigger module, a timing 
control module, a data acquisition module, and an SPI mod-
ule. A block diagram of the primary modules in the firmware 
design section is presented in Fig. 9.

The clock module generates clock frequencies of 
40 MHz, 5 MHz, 160 MHz, and 2.5 MHz, of which 40 MHz 
and 5 MHz are used in normal operation, and 160 MHz and 
2.5 MHz are used in testing. The trigger module is used for 

Fig. 7   (Color online) Physical view of neutron spectrometer

Fig. 8   (Color online) Block diagram of neutron spectrometer hard-
ware

Fig. 9   (Color online) Block diagram of the firmware design module
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test calibration. When SKIROC2A generates a trigger signal, 
the trigger module controls the external ADC to perform the 
A/D conversion of the charge stored in SKIROC2A. As an 
external ADC is not used during normal operation, the mod-
ule is idle. The timing control module must receive and save 
the slow-control signal for MCU conversion. Before starting 
the acquisition, the module sends the stored slow-control 
commands to SKIROC2A and controls the timing of the 
single-ended signals. The data acquisition module is used to 
temporarily store the memory map of SKIROC2A, extract 
valid data, and organize them into packets. The SPI module 
is used for communication between the FPGA and the MCU.

3.3 � Software design

The software design for the neutron spectrometer is realized 
using the MCU of STM32 series and FreeRTOS. A block 
diagram of the software design is shown in Fig. 10.

The software design contains four main task threads: the 
FPGA communication processing thread, interface com-
munication thread, memory system thread, and instruction 
analysis and telemetry generation thread. In addition to what 
is shown in the figure, the MCU program includes basic 
programs, such as the watchdog and clock subroutines.

The FPGA communication processing thread is used to 
communicate with the FPGA, and includes SPI initializa-
tion, slow-control command generation, data processing, and 
data saving. The interface communication thread is used to 
control the interfaces with the external devices, including the 
USB and UART interfaces for ground testing, the two CAN 
interfaces for connecting to the satellite, and the Ethernet 
interface for direct digital transmission with the satellite. 
The storage system interface is used to drive the SD NAND 
flash memory inside the neutron spectrometer and provide 

file system services. The file system adopted is FAT32. The 
command analysis and telemetry generation thread is used 
to analyze the commands in the CAN and control other 
threads. The Star Control Center computer sends fast- and 
slow-change telemetry polling control sequences over the 
CAN bus to determine the operating status of the neutron 
spectrometer.

4 � System testing and analysis

4.1 � Basic performance test

After completing the hardware, firmware, and software 
designs of the system, it is necessary to test and verify 
whether the basic performance of the neutron spectrom-
eter meets the design requirements, including the baseline 
noise RMS, the stability of the neutron spectrometer, con-
sistency between channels, and other basic parameters. In 
this study, the front-end board is connected to the detector, 
and the SKIROC2A chip is used as the core of the front-
end readout system. Therefore, it is necessary to ensure 
the baseline RMS noise, the stability of the 64 channels 
of the SKIROC2A, and the consistency between the chan-
nels, which will significantly affect the measurement of 
the deposition energy spectrum. In the baseline test, the 
threshold value was set to 255. When the threshold value 
was close to the baseline reading of the ADC, the trigger 
circuit continuously generated a trigger signal, acquired 
and recorded the baseline signal of the 64 channels, and 
converted it to a numerical value through the internal 
ADC. Then, the baseline signals of the 64 channels were 
Gaussian-fitted, and the ADC value where the peak was 
located was taken as the effective value of the channel 

Fig. 10   (Color online) MCU 
combined with FreeRTOS 
software design of the four main 
threads
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baseline [45]. The ADC values of the 64-channel baselines 
were obtained as shown in Fig. 11, where the horizontal 
axis represents the number of channels Nc, and the vertical 
axis represents the ADC readings of the effective value of 
the baseline over time.

The baselines of most channels were concentrated 
between 250 and 265, and the baseline difference between 
different channels was less than 17 ADC values, which 
showed that the consistency between channels was good. 
As the SKIROC2A chip is a 12-bit ADC, and the voltage 
range was 0.9 V to 2.6 V, the RMS noise of the baseline 
of all the channels was approximately 7.1 mV, and the sta-
bility was good. In summary, the baseline RMS noise, the 
stability of the neutron spectrometer, and the consistency 
between the channels met the requirements of the subsequent 
experiments.

The average ionization energy of the silicon semiconduc-
tor detector used in the neutron spectrometer was 3.6 eV; 
that is, one electron was ionized per deposition of 3.6 eV 
energy. According to the relationship between the baseline 
RMS noise and deposition energy of the silicon semiconduc-
tor detector, the minimum deposition energy measurable by 
the neutron spectrometer could be obtained. The maximum 
deposition energy measured using the neutron spectrometer 
was obtained by continuously increasing the input signal 
through the signal generator until the ADC value was satu-
rated. Finally, the electronic part of the neutron spectrometer 
could handle an energy range from 500 keV to 20 MeV [45], 
and the maximum number of events per second was 75, sat-
isfying the requirements of subsequent experiments.

In addition, in the basic performance test, the anti-irradi-
ation performance of the neutron spectrometer was tested, 
as the hardware was selected as military-grade components, 
and the software used was the operating system for each set 
of data to ensure the validity of the data. In addition to pro-
cessing the bad block of memory, the neutron spectrometer 

electronics system is guaranteed to work continuously for 
a long time in an environment of a higher irradiation level.

After completing the basic performance test of the neu-
tron spectrometer, four major tests were performed: the ther-
mal neutron principle test, fast-neutron detection principle 
test, fast-neutron detection efficiency test, and compliance 
effect test.

4.2 � Thermal neutron detection test

To test the thermal neutron part of the neutron spectrometer 
in principle, this study used the 241Am-Be neutron source 
from the Institutional Center for Shared Technologies and 
Facilities (INEST) of the Hefei Institutes of Physical Sci-
ence, Chinese Academy of Sciences, to test the Si detector 
containing the LiF coating. The energy spectrum of the 241
Am-Be neutron source [46] is shown in Fig. 12, with ener-
gies in the range of 0 MeV to 11 MeV. The primary fast neu-
trons produced by the neutron source were slowed down by 
objects, such as walls and experimental platforms, at the test 
site; the energy was reduced, and some of the fast neutrons 
were converted into thermal neutrons with lower energy.

A Si detector with 6LiF coating was used in the test. 
The thickness of the sensitive layer of the Si detector was 
300 μm . The sensitive area was a circle with a diameter of 
28 mm. The thickness of the LiF coating was approximately 
27 μm . The preamplifier used in the experiment was mesy-
tec-MPR-16 L, and the multichannel analyzer was labeled 
labZY-nanoMCA. The detector was placed in a 2 mm-thick 
aluminum alloy shielding shell for shading. A copper mesh 
was used outside the shielding shell to shield from the elec-
tromagnetic interference, with the radioactive source and 
detector positioned at equal heights. The layout of the exper-
imental site is illustrated in Fig. 13.

Fig. 11   ADC value of 64-channel baselines

Fig. 12   241Am-Be neutron source energy spectrum
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The red dots represent 241Am-Be neutron sources. The 241
Am-Be neutron source emitted neutrons at a steradian angle 
of � with a flux of approximately 9×107 s−1 . The blue part 
of the back-end experimental platform, which was wrapped 
in a yellow copper mesh, was a neutron spectrometer. The 
multichannel spectra obtained from the experiments were 
energy-scaled to compare the experimental data with the 
simulation results. The truncation position was at approxi-
mately 2.7 MeV in the deposition spectrum, and the starting 
position of the “platform” was at approximately 1 MeV. The 
energy spectra from approximately 1 MeV to 2.7 MeV were 
used for the “platform” integration. The “plateau” integrals 
were used to normalize the experimental data to the simu-
lated energy spectrum, as shown in Fig. 14.

The blue data points are the multichannel spectral data in 
the Si detector obtained by using the LiF-coated Si detec-
tor and moving the detector so that the distance between 
the detector and the radioactive source is approximately 
50 cm; the red data points are the multichannel spectral data 
in the Si detector obtained after a period of time based on 
the experiments on the blue data points, with a piece of Gd 
with a diameter of 35 mm and a thickness of 3 mm tightly 
affixed to both sides of the Si detector; the gray line shows 
the detection effect of the LiF-coated Si detector on the ther-
mal neutrons of the 241Am-Be neutron source slowed down 
by 5 cm of polyethylene using Geant4. As it is not easy to 
simulate and reproduce the slowing down effect of neutrons 
by walls and other objects in an experimental environment, 
5 cm-thick polyethylene was used as the neutron-slowing 
body placed in front of the detector in the simulation.

In the low-energy region below 1 MeV shown in Fig. 14, 
there are some differences between the blue data points 
and the simulated energy spectrum, and the experimentally 

measured low-energy deposited particle signal is greater 
than that in the simulation, which is caused by electrons 
produced by 241Am-Be neutrons interacting with Gd. The 
signals considered in the high-energy part of the experi-
ment were not caused by low-energy thermal neutrons but 
were produced by 241Am-Be high-energy fast neutrons that 
directly reacted with the Si nuclei in the Si detector. There 
are three reasons for the inconsistency between the experi-
mental data and the simulated data. First, the energy spec-
trum of the 241Am-Be neutron source input to the simulation 
was a standard energy spectrum, which was different from 
the actual energy spectrum [47, 48]. Second, as the slowing 
down effect on neutrons by objects, such as walls, in the 
experimental environment could not be easily reproduced 
by the simulation, 5 cm-thick polyethylene was used in the 
simulation as a neutron-slowing body placed in front of the 
detector. Finally, the noise signal had an effect owing to the 
wobbling of the detector’s test noise baseline, which was not 
considered in the simulation [49, 50].

4.3 � Principle tests of fast‑neutron detection

To perform a principle test of the fast-neutron part of the 
neutron spectrometer, we tested the Si detector containing an 
HDPE conversion layer using 2.5 MeV and 14 MeV neutron 
beams and a 241Am-Be neutron source from INEST.

4.3.1 � Testing with 14 MeV monoenergetic neutron beams

The 14 MeV monoenergetic neutron beam of INEST utilizes 
the deuterium–tritium reaction T(D,N)4He, and the gener-
ated neutrons are emitted outward with a stereo angular dis-
tribution of approximately 4 � centered on the tritium target 
point. A Si detector with a sensitive area of diameter 28 mm 

Fig. 13   (Color online) Experimental environment of the 241Am-Be 
neutron source

Fig. 14   (Color online) Testing of LiF-coated Si detectors with ther-
mal neutrons after slowing using the 241Am-Be neutron source
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and thickness 300 μm was used in the experiment in combi-
nation with 300 μm-thick HDPE for testing. The preampli-
fier used in the experiment was mesytec-MPR-16 L, and the 
multichannel analyzer was labeled labZY-nanoMCA. The 
experimental site plan and placement of the Si detector are 
shown in Fig. 15.

The position of the Si detector was approximated to be 
on a horizontal plane with the target approximately 1.56 m 
apart. Two control experiments were performed, and the 
measured multichannel spectral data are shown in Fig. 16.

The black line is the multichannel spectrum generated by 
the 14 MeV neutron direct bombardment of the Si detector, 
the red line is the multichannel spectrum generated by the 
14 MeV neutron bombardment of the Si detector covered 
with a 300 μm-thick HDPE conversion layer, and the blue 
line is the difference between the two, with the black and red 
lines normalized by the peaks near the last 15,500 channels.

To analyze the experimental data, the total deposition 
energy spectrum produced by a 14 MeV neutron beam on 
the Si detector and the effect of the HDPE conversion layer 
on the total deposition energy spectrum were simulated 
using Geant4, as shown in Fig. 17.

The black line is the multichannel spectrum produced 
by 14 MeV neutrons in the Si detector, the red line is the 
multichannel spectrum produced by 14 MeV neutrons bom-
barding the Si detector covered with a 300 μm-thick HDPE 
conversion layer, and the blue line is the difference between 
the two, where the recoil proton signals produced by the 
reaction between the neutrons and hydrogen in the HDPE 
conversion layer can be observed. The black line in Fig. 16 
shows the measured multichannel spectrum, and the black 
line in Fig. 17 shows the simulated energy spectrum, which 
is different because the walls and other objects in the envi-
ronment, the problem of energy discrimination in the detec-
tor, and the effect of noise signals generated by the wobbling 

of the detector’s test noise baseline during the actual test 
were not considered in the simulation.

Based on the number of channels at the apex of the 
descending left edge of the recoil proton multichannel 
spectrum in the experimental data shown in Fig. 16 and at 
the truncation behind it with the energy values of the cor-
responding positions in the energy spectrum of the recoil 
proton in Fig. 17 to the energy scale, the experimentally 
measured energy spectrum of the recoil proton is obtained, 
as shown in Fig. 18.

The black data points represent the measured data. The 
blue lines represent the simulation results for Geant4. 
The experimental data and simulation results were in 

Fig. 15   (Color online) 14 MeV neutron beam test site

Fig. 16   (Color online) Data from two control experiments of 14 MeV 
neutron beam flow

Fig. 17   (Color online) Experimental data of 14  MeV neutron beam 
simulation using Geant4



	 X.-L. Wang et al.58  Page 10 of 14

good agreement. As the resolution of the detector was not 
included in the simulation, the signal peaks of some reac-
tions were narrower than those in the experimental results.

4.3.2 � 241Am‑Be neutron source test

The experimental setup is illustrated in Fig. 13. In this study, 
a Si detector with a sensitive region diameter of 35 mm and a 
sensitive layer thickness of 300 μm was used in combination 
with a 300 μm-thick HDPE conversion layer for testing. The 
preamplifier used in the experiment was mesytec-MPR-16 L, 
and the multichannel analyzer was labeled labZY-nanoMCA. 
The multichannel spectrum of the Si detector was recorded 
after the measurement period, as shown in Fig. 19.

The black line is the deposition spectrum of 241Am-Be 
neutrons in the Si detector shielded by two 3 mm-thick 
Gd plates, and the red line is the deposition spectrum of 
241Am-Be neutrons in the Si detector covered by a 300 μm
-thick HDPE conversion layer. The blue line represents the 
difference between the two. The black and red lines were 
normalized to the energy spectrum integral from 0.5 MeV 
to 1 MeV.

The total deposition energy spectrum produced by 241Am-
Be neutrons on the Si detector and the effect of the HDPE 
conversion layer on the total deposition energy spectrum 
simulated using Geant4 are shown in Fig. 20.

The black line represents the deposition spectrum of 
241Am-Be neutrons in the Si detector, and the red line 
represents the deposition spectrum of 241Am-Be neutrons 
bombarding the Si detector covered with a 300 μm-thick 
HDPE conversion layer. The blue line represents the differ-
ence between the two. The recoil proton signal is produced 
by the reaction of neutrons and hydrogen in the HDPE 

conversion layer. The measured recoil proton spectra are 
compared with the simulation results, as shown in Fig. 21.

The black data points represent the measured data. 
The blue line represents the simulation result of Geant4. 
The experimental and simulated energy spectra between 
1.5 MeV and 7 MeV are in good agreement. The reason for 
the poor agreement in the low-energy region is speculated 
to be the influence of background noise, such as gamma, 
in the experiment, which led to poor normalization of the 
data from the two experiments.

Fig. 18   (Color online) Deposition energy spectrum of recoil protons 
in a 300 μm-thick Si detector Fig. 19   (Color online) Testing the fast-neutron detection section 

using the 241Am-Be neutron source

Fig. 20   (Color online) Total deposited energy spectrum of the 241Am-
Be neutron source on the Si detector and the influence of the HDPE 
conversion layer on the total deposited energy spectrum



Prototype design of satellite payload for neutron spectrum acquisition﻿	 Page 11 of 14  58

4.4 � Fast‑neutron detection efficiency tests

To test the detection efficiency of the neutron spectrometer 
for fast neutrons, we used 2.5 MeV and 14 MeV neutron 
beam from INEST to test a 300 μm-thick Si detector contain-
ing a 300 μm-thick HDPE conversion layer. The preampli-
fier used in the experiment was mesytec-MPR-16 L, and the 
multichannel analyzer was labeled labZY-nanoMCA.

This study used the data shown in Figs. 16 and 18 to 
calculate the neutron spectrometer detection efficiency for 
14 MeV fast neutrons. The total flux of the neutron source at 
the target is known. The neutron flux hitting the Si detector 
was calculated based on the area of the Si detector and the 
distance from the target. The signal produced by the recoil 
protons from the reaction of fast neutrons with hydrogen 
nuclei in the conversion layer of the detector was measured, 
and the number of fast neutrons measured by the detector 
was counted. In the experiment, the Si detector and target 
were approximately on the same horizontal plane, with 
a linear distance of approximately 1.56 m. The detector 
was irradiated with a 14 MeV neutron beam with a flux of 
2.3×1010 s−1 . HDPE was placed in front of the detector and 
irradiated for 20 min to obtain the multichannel spectrum 
indicated by the black line in Fig. 15. The intrinsic detec-
tion efficiency of the detector for 14 MeV fast neutrons was 
1.05 %. The detection efficiency is defined as the ratio of 
the number of signals exceeding the threshold in the detec-
tor to the number of neutrons arriving at the detector. The 
number of neutrons reaching the detector was obtained from 
the neutron beam flux and the distance of the detector from 
the beam target, considering that neutrons are generated 
isotropically.

Correspondingly, we also compared the simulated detec-
tion efficiencies at different energy cutoff thresholds, as indi-
cated by the brown line in Fig. 22. The black data points 
represent the detection efficiencies measured based on the 
experimental data, and the experimental data and simulation 
results are in good agreement.

4.5 � Coincidence test

To test the compliance effect, a neutron spectrometer was 
used for the 14 MeV neutron beam stream at the China Insti-
tute of Atomic Energy Sciences (CIAES). The placement 
of the beam pipe and neutron spectrometer at the beam exit 
of CIAES is shown in Fig. 23. The neutron beam reached 

Fig. 21   (Color online) 241Am-Be neutron source bombarding a 
300 μm-thick HDPE conversion layer, resulting in a back-scattered 
proton deposition spectrum in a 300 μm-thick Si detector

Fig. 22   (Color online) Detection efficiency of a 300 μm Si detector 
covered with a 300 μm-thick HDPE conversion layer for 14  MeV 
neutrons

Fig. 23   (Color online) Anti-coincidence test environment
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the experimental room through a metal pipeline, and there 
were a few pieces of equipment in the experimental room. 
The diameter of the beam spot of the neutron beam was also 
smaller; therefore, the gamma background of the experimen-
tal room was smaller. The neutron spectrometer was placed 
directly in front of the exit of the neutron beam pipe, and 
after a period of irradiation, multichannel spectra from mul-
tiple detectors in the neutron spectrometer were recorded 
and analyzed.

In front of Detector No. 7, there was an HDPE con-
version layer, where neutrons reacted with the hydrogen 
nuclei in the conversion layer to produce recoil protons 
of 0 MeV to 14 MeV [51], which passed through the sili-
con detector to produce deposition energy. In addition, 
a corresponding simulation was performed using Geant4 
following the same experimental configuration. Figure 24 
shows the relationship between the total deposition energy 
in detectors No. 7 and 8 and the deposition energy in 
detector No. 7 for each event. Geant4 was used to simulate 
a certain number of neutrons with an energy of 14 MeV 
incident vertically from the front of detector No. 1 to the 
neutron spectrometer, where the colors represent the num-
ber of events. Figure 25 shows the data measured under 
the same conditions. Two bands are evident in both plots 
when compared. The upper band with a decreasing trend 
represents those recoil protons that only penetrate detector 
No. 7 and not detector No. 8. The horizontal coordinate in 
this case is the total energy of the recoil protons E, and the 
vertical coordinate is the energy ΔE that the recoil proton 
loses in detector No. 7 after it penetrates the detector, due 
to the fact that for the protons with energies higher than 
60 keV in the penetration, the energy lost per unit length 

in Si decreases monotonically with the increase in the pro-
ton energy; hence, the energy lost by the recoil proton in 
detector No. 7 in this case decreases with the increase in 
the total energy lost by the recoil proton in both detectors 
No. 7 and 8. The bands with an upward trend in the lower 
part represent those that have penetrated both detectors 
No. 7 and 8. The lower band with an upward trend repre-
sents the recoil protons that have penetrated both detectors 
No. 7 and 8, and the horizontal coordinate in this case is 
the total energy ΔE2 lost by the recoil protons in detectors 
No. 7 and 8 after they penetrate them; the vertical coor-
dinate is the energy ΔE1 lost by the recoil protons after 
they penetrate detector No. 7, and ΔE1 increases with an 
increase in ΔE2 in the case of both penetrations.

Because of the difference between the energy and chan-
nel correspondences of the two detectors in the actual 
measurements and the effect of the detector energy resolu-
tion, the recoil proton bands in the two-dimensional plots 
of the measured data are not as concentrated as those in 
the two-dimensional plots of the simulated results; nev-
ertheless, they are clear enough to show the relationship 
between the ΔE of the proton in the Si detector and the 
total energy E. The results also showed that a particle 
penetrating more than one detector simultaneously can be 
extracted from the neutron signal using the back-compli-
ance method. The experiment also showed that the event 
of a particle penetrating multiple detectors can be meas-
ured simultaneously, which can guarantee the subsequent 
extraction of the neutron signal by the inverse conformal 
method.

Fig. 24   (Color online) Simulated data for recoil protons detected by 
the 14 MeV neutron incident neutron spectrometer

Fig. 25   (Color online) Recoil proton test data detected by the 
14 MeV neutron incident neutron spectrometer
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5 � Summary

In this study, a prototype neutron spectrometer payload for 
an LEO neutron detection mission was designed and com-
pleted. Starting with the detector combination, two combi-
nations of 15 silicon detectors were used, and the hardware, 
firmware, and software designs of the neutron spectrometer 
were completed. In this process, we completed the thermal 
neutron principle test and detection efficiency test using the 
nuclear reaction method with 27 μm-thick 6LiF as the ther-
mal neutron conversion layer, and the fast-neutron principle 
test and detection efficiency test with 14 MeV and below, 
using the nuclear recoil proton method with 300 μm-thick 
HDPE as the fast-neutron conversion layer. A correspond-
ing simulation analysis of the experiment was performed, 
and the experimental data and simulation results were in 
good agreement and met the design expectations. The intrin-
sic detection efficiency of the probes used in the neutron 
spectrometer was 1.05 % for 14 MeV fast neutrons. Neutron 
spectrometers are expected to detect atmospheric albedo 
neutrons and lightning neutrons in orbit, identify lightning 
neutrons and atmospheric albedo neutrons based on the spa-
tial distribution of lightning occurrences, and obtain their 
relative contributions.
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