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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 pm-thick 6LiF
conversion layer is used for thermal neutron detection up to 0.4 eV and a 300
nm-thick high-density polyethylene conversion layer is used for fast neutron de-
tection up to 14 MeV and below. The design of the detector set can also remove
the influence of primary charged particles and secondary neutrons in the detec-
tion 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 cor-
responding simulations. The experimental data and simulation results were in

chinarxiv.org/items/chinaxiv-202512.00014 Machine Translation


https://chinarxiv.org/items/chinaxiv-202512.00014
https://chinarxiv.org/items/chinaxiv-202512.00014

ChinaRxiv [f)]

good agreement and met the design requirements. The intrinsic detection effi-
ciency of the probes used in the neutron spectrometer was 1.05 % for 14 MeV
fast neutrons.
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In recent years, neutron detection missions in low Earth orbit (LEO) have be-
come increasingly rare, yielding extremely limited data. Detecting and studying
the distribution of neutron energy spectra in LEO can help address three major
scientific questions: the origin of particles in the inner radiation belt, infor-
mation about solar-accelerated particles, and the relative contributions of neu-
trons from different sources in near-Earth space. However, neutron detection
efficiency and accuracy are affected by charged and primary particles in the
environment as well as secondary neutrons produced by the spacecraft itself,
making this a critical research challenge.

The neutron spectrometer developed in this study employs two configurations
of 15 silicon detectors for neutron detection via the nuclear reaction method
and the recoil proton method, respectively. A 27 pm-thick LiF conversion
layer is used for thermal neutron detection up to 0.4 eV, while a 300 pnm-thick
high-density polyethylene (HDPE) conversion layer is used for fast neutron de-
tection up to 14 MeV. The detector design also mitigates the influence of pri-
mary charged particles and secondary neutrons in the detection environment,
thereby improving neutron detection accuracy. This study presents the hard-
ware, firmware, and software design of the neutron spectrometer, along with
performance tests of the front-end readout chip SKIROC2A. The baseline ADC
code variation across channels was less than 17, demonstrating good channel-to-
channel consistency. The RMS noise of the channel baselines was only 7.1 mV,
exhibiting excellent stability. The maximum event processing rate is 75 events
per second. The overall power consumption is 3 W, the weight is 792 g, and
the volume is less than 1 dm?. The neutron spectrometer was tested for detec-
tion principle and efficiency using various neutron sources, including a 2 'Am-Be
neutron source, a 2.5 MeV neutron beam, and a 14 MeV neutron beam, with
corresponding simulations performed for analysis. The experimental data and
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simulation results showed good agreement and met design requirements. The
intrinsic detection efficiency of the probes for 14 MeV fast neutrons was 1.05%.

Keywords: neutron spectrometer, satellite payload, prototype design, Geant4,
SKIROC2A

INTRODUCTION

Neutrons in near-Earth space originate from several sources. Galactic cosmic
rays can reach Earth’ s vicinity and produce neutrons. High-energy solar par-
ticle events reaching Earth’ s atmosphere trigger secondary neutrons that are
detected by ground-based neutron monitors. Secondary neutrons are also pro-
duced by interactions between spacecraft materials and solar energetic protons,
galactic cosmic rays, and locally trapped protons in radiation belts. Solar neu-
trons are generated through interactions between solar protons and heavy ions
with the Sun’ s atmosphere, while lightning neutrons result from interactions
between lightning-generated energetic gamma rays and Earth’ s atmosphere.
Neutron spectrometer measurements in near-Earth space can help solve three
major scientific problems: studying the radiation sources of particles in the in-
ner radiation belt, investigating the mechanism of solar neutrons in solar flare
particle acceleration, and determining the percentage of neutrons from different
sources in near-Earth space through comparison with ground-based lightning
observation data.

The current mainstream view holds that cosmic-ray albedo neutron decay is
one source of protons in the inner radiation belt, although it was previously
thought that electron fluxes at different locations in the radiation belts differed
significantly and that other sources might exist. However, data measured from
LEO by Li et al. in 2017 showed that albedo neutron decay is a stable source of
electrons in radiation belts. Therefore, neutron spectrometer data promise to
provide reliable observational evidence to supplement or explain this theory.

Current observations of solar neutron events rely primarily on large neutron
detectors constructed in high- and low-latitude areas on the ground. A neutron
spectrometer can directly detect solar neutron events outside Earth’ s atmo-
sphere, eliminating atmospheric influence and helping detect weaker solar neu-
tron events with clearer signals. It can even observe solar neutron events during
periods of relatively infrequent solar activity. Additionally, neutron spectrom-
eters can detect neutrons produced by Earth’ s lightning, and in combination
with ground-based lightning observation station data, study the contribution of
lightning to neutrons in near-Earth space.

The radiation environment in LEO is complex, with several types of high-energy
charged primary particles undergoing various nuclear reactions with the neutron
detector itself to produce secondary neutrons. Neutron detection must exclude
these interference effects, which has led to fewer neutron detection missions for
LEOQ in recent years. In 1989, Keith et al. used various neutron detectors in LEO.
For thermal neutrons, they employed a 50 pm Gd shield and other elements
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with large neutron capture cross-sections. Fast neutrons were measured using a
Bonner ball detector, but the complex structure resulted 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, relying on nuclear ZLE and
organic scintillator detectors containing Li with a conventional data processing
system that could not handle real-time data or large neutron differential flux. In
the same year, Korf et al. used organic scintillators to detect neutron differential
flux spectra in Earth’ s atmosphere, employing plastic scintillator wraps for anti-
coincidence. However, the plastic scintillator required gamma-ray shielding,
resulting in larger volume and poorer energy resolution. In 2001, Lyagushin et
al. used a nuclear #LE detector and nuclear fission foil to detect LEO neutrons
inside the Mir space station module, which was more efficient for fast neutrons
but sensitive to gamma-ray interference and prone to false triggering. Such
detectors typically require fissile materials, resulting in large sizes. In the same
year, Matsumoto et al. used a Bonner ball detector to detect neutrons on the
ISS, employing a 3He tube detector that was large and fragmented, making it
unsuitable for space payload miniaturization. Moreover, the detection efficiency
of the *He tube detector varies with neutron energy, making pre-calibration
tedious. The China Space Station has installed an energy particle detector
featuring the innovative use of CLYC (Cs LiYCl :Ce) as a neutron measurement
sensor, marking 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 that is unsuitable for long-
term data acquisition on compact satellites. However, with the development
of semiconductor detectors, integrated front-end chips, and high-speed data
acquisition and processing systems, it is now possible for space neutron detection
payloads to achieve long-term operation, high detection efficiency, and strong
anti-jamming capability while ensuring low-power miniaturization.

For neutron detection applications in LEO satellites, our group has constructed
a neutron spectrometer based on Si detectors, using LiF and high-density
polyethylene (HDPE) as neutron conversion layers for detecting thermal neu-
trons (< 0.4 V) and fast neutrons (< 14 MeV). The overall power consumption
of the neutron spectrometer is 3 W, which, combined with the power allocation
from the satellite, enables continuous operation for one year in orbit. The total
weight is 792 g, and the volume is less than 1 dm3. The neutron spectrometer
was launched onboard the “Weiming-1” CubeSat in January 2024 into a Sun-
synchronous orbit at an altitude of approximately 530 km. On-orbit data from
the neutron spectrometer have been accumulated and processed.

II. SYSTEM COMPOSITION
A. Detector Selection

Si detectors offer low density, low leakage current, small size, and high energy
resolution, making them widely used for particle detection. Therefore, this study
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designed a particle detection system using 15 Si detectors with effective circular
area diameters of 35 mm and 28 mm and a thickness of 300 pm. This ensures
that particles in the pre-detection energy range produce sufficient deposited
energy in the detectors. The package dimensions of the two Si detectors are
shown in Fig. 1 [FIGURE:1].

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

B. Arrangement of Detectors

For neutron detection in space, the radiation environment is complex, contain-
ing both charged particles and neutrons. Therefore, interference from charged
particles must be eliminated using the anti-coincidence method. Figure 2 [FIG-
URE:2| shows a schematic of the anti-coincidence structure, where the upper
and lower detectors have larger areas, while the middle detector has a smaller
area. Blue represents the conversion layer. Anti-coincidence means that if there
is a signal in detectors A or C at the same moment, the signal in detector B at
that moment is removed.

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

The 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 uses six detectors with Gd shielding in an
anti-coincidence detector set. The fast neutron section uses nine detectors, one
of which is shared between fast and thermal neutron detection. The arrange-
ment of the neutron spectrometer detectors is illustrated in Fig. 3 [FIGURE:3],
comprising 15 silicon semiconductor detectors.

Fig. 3. (Color online) Neutron spectrometer 15-chip detector set

The system includes 15 silicon semiconductor detectors with a thickness of 300
mm. Detector No. 6 is covered with a 300 pm-thick HDPE conversion layer.
Detectors No. 11 and 14 are covered with a 27 nm-thick LiF conversion layer.
Detectors No. 3, 4, 5, 7, 8, 9, 11, and 14 have an effective circular area with a
diameter of 28 mm. Detectors No. 1, 2, 6, 10, 12, 13, and 15 have an effective
circular area with a diameter of 35 mm.

Detector No. 1 is used to identify the direction of incoming probe particles. De-
tectors No. 2-10 are fast neutron detectors, among which No. 3, 4, 5 and No. 7,
8, 9 have the same thickness and effective area. The only difference is that there
is a 300 pm-thick HDPE fast-neutron converter layer in front of No. 7, 8, and 9.
Detectors No. 3, 4, and 5 can detect signals generated by galactic cosmic rays or
other secondary neutrons, whereas recoil proton detectors No. 7, 8, and 9 can
also detect recoil proton signals generated by orbital neutrons passing through
the HDPE conversion layer. Therefore, under anti-coincidence conditions, the
recoil proton spectrum can be obtained by subtracting the total energy spectra
of detectors No. 7, 8, and 9 from those of silicon detectors No. 3, 4, and 5. This
effectively reduces the influence of background signals on measurements and
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improves the accuracy of neutron energy spectrum inversion. The three-layer
recoil proton detector has a total thickness of approximately 900 pm, allowing
complete deposition of protons up to 14 MeV, even considering oblique inci-
dence. Fast neutrons are detected using the recoil proton method, and the fast
neutron energy spectrum is obtained using the least-squares method as a neu-
tron inversion algorithm. Simulation results using Geant4 are shown in Fig. 4
[FIGURE:4].

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

Detectors No. 10-15 are thermal neutron detectors. Detectors No. 10, 12, 13,
and 15, which have larger areas, serve as anti-coincidence detectors, removing
charged-particle signals across a wide range of solid angles. A 3 mm-thick Gd
sheet is placed between detectors No. 12 and 13 to absorb thermal neutrons,
allowing detector No. 11 with the LiF coating to record signal counts generated
by reactions of neutrons across all energies with LiF. Detector No. 14 with LiF
coating primarily records counts of signals generated by reactions of neutrons
other than thermal neutrons with LiF. The thermal neutron flux in orbit can be
obtained by dividing the difference in counts between the two detectors by the
detection efficiency. Additionally, to distinguish the source direction of thermal
neutrons in LEO to some extent, 3 mm-thick Gd is placed around the detector
array on all faces except the open side to block thermal neutrons from other
directions. The specific position of Gd is shown in Fig. 5

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

The blue part represents the 3 mm-thick Gd placed on the five faces around the
detector combination. Since the capture cross-sections of thermal neutrons differ
for different Gd isotopes and the reaction cross-sections of neutrons with Li vary
with energy, the effect of Gd on thermal neutron detection at different energies
was analyzed. Si detectors with LiF coatings, both blocked and unblocked by
Gd, were simulated using Geant4 to study the variation in detector detection
efficiency for thermal neutrons with thermal neutron energy in both cases, as
shown in Fig. 6 [FIGURE:6].

Fig. 6. (Color online) Effect of Gd on thermal neutron detection at different
energies

The orange data points show the detection efficiency of detector No. 11 for dif-
ferent neutron energies as a function of neutron energy, the blue data points
show the detection efficiency of detector No. 14 for different neutron energies as
a function of neutron energy, and the gray lines show the reaction cross-sections
of Li(n,T) He as a function of neutron energy. The other lines represent the re-
action 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
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of different energies was considered as a function of detection efficiency in sub-
sequent calculations of orbital thermal neutron flux using neutron spectrometer
data.

III. SYSTEM DESIGN

A. Hardware Design

A physical view of the neutron spectrometer is shown in Fig. 7 [FIGURE:7].
An overall hardware block diagram is shown in Fig. 8 [FIGURE:§].

Fig. 7. (Color online) Physical view of neutron spectrometer
Fig. 8. (Color online) Block diagram of neutron spectrometer hardware

Detector signals are directly transmitted to SKIROC2A, which converts the
analog signals to digital signals and passes them to the FPGA for data pro-
cessing. Finally, the FPGA passes the processed data to the MCU. Simultane-
ously, 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 SD NAND. The CAN and Ethernet interfaces are used to
communicate with the satellite host—CAN transmits commands and telemetry
signals, while the Ethernet interface transmits scientific data.
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The hardware design 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, with the SKIROC2A chip
serving as the core of the front-end readout system. SKIROC2A is a 64-channel
front-end ASIC designed to read signals from silicon detectors. The data board
contains FPGA, MCU, and memory chips.

B. Firmware Design

The firmware design is implemented using a Cyclone series FPGA from Altera.
The main purpose is to control SKIROC2A and packetize the data. Since the
data format of SKIROC2A cannot be changed and the neutron spectrometer
uses only 15 of the 64 channels, considerable invalid information exists in the
data packet. To reduce bandwidth and storage pressure, the FPGA must sort
valid information from the SKIROC2A memory map and organize it into data
packets, which are ultimately passed to the MCU’ s file management system for
storage. The FPGA firmware consists of several modules: a clock module, trig-
ger module, timing control module, data acquisition module, and SPI module.
A block diagram of the primary modules is presented in Fig. 9 [FIGURE:9].

Fig. 9. (Color online) Block diagram of the firmware design module

The clock module generates clock frequencies of 40 MHz and 5 MHz, with 2.5
MHz used in testing. The trigger module is used for test calibration. When
SKIROC2A generates a trigger signal, the trigger module controls the external
ADC to perform A/D conversion of the charge stored in SKIROC2A. As an ex-
ternal ADC is not used during normal operation, this module remains idle. The
timing control module receives and saves the slow control signal for MCU con-
version. Before starting acquisition, the module sends the stored slow-control
commands to SKIROC2A and controls the timing of single-ended signals. The
data acquisition module temporarily stores the SKIROC2A memory map, ex-
tracts valid data, and organizes them into packets. The SPI module handles
communication between the FPGA and MCU.

C. Software Design

The software design for the neutron spectrometer is realized using an STM32
series MCU with FreeRTOS. A block diagram of the software design is shown
in Fig. 10 [FIGURE:10].

Fig. 10. (Color online) MCU combined with FreeRTOS software design of the
four main threads

The software design contains four main task threads: FPGA communication
processing, interface communication, memory system, and instruction analysis
with telemetry generation. In addition to these, the MCU program includes
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basic programs such as watchdog and clock subroutines. The FPGA communi-
cation processing thread communicates with the FPGA, including SPI initial-
ization, slow control command generation, data processing, and data saving.
The interface communication thread controls interfaces with external devices,
including USB and UART for ground testing, two CAN interfaces for satellite
connection, and Ethernet for direct digital transmission with the satellite. The
storage system interface drives the SD NAND flash memory inside the neutron
spectrometer and provides file system services using FAT32. The command
analysis and telemetry generation thread analyzes commands from CAN and
controls 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.

IV. SYSTEM TESTING AND ANALYSIS

A. Basic Performance Test

After completing the hardware, firmware, and software designs, it is necessary
to verify whether the basic performance meets design requirements, including
baseline noise RMS, stability, and channel consistency. In this study, the front-
end board is connected to the detector, with SKIROC2A as the core of the front-
end readout system. Therefore, it is essential to ensure the baseline RMS noise,
stability of the 64 SKIROC2A channels, and consistency between channels, as
these significantly affect 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 trigger signals, acquiring and recording the baseline signal of the 64
channels and converting it to numerical values through the internal ADC. The
baseline signals of the 64 channels were then Gaussian-fitted, and the ADC
value at the peak was taken as the effective channel baseline value. The ADC
values of the 64 channel baselines are shown in Fig. 11 [FIGURE:11], where the
horizontal axis represents the channel number Nc and the vertical axis represents
the ADC readings of the effective baseline value over time.

Fig. 11. ADC value of 64 channel baselines

The baselines of most channels were concentrated between 250 and 265, with
baseline differences between different channels less than 17 ADC values, demon-
strating good channel-to-channel consistency. As SKIROC2A is a 12-bit ADC
with a voltage range of 0.9 V to 2.6 V, the RMS noise of the baseline of all
channels was approximately 7.1 mV, showing good stability. In summary, the
baseline RMS noise, stability, and channel consistency met the requirements for
subsequent experiments.

The average ionization energy of the silicon semiconductor detector used in the
neutron spectrometer is 3.6 eV, meaning one electron is ionized per 3.6 eV of
deposited energy. Based on the relationship between baseline RMS noise and de-
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position energy in the silicon semiconductor detector, the minimum measurable
deposition energy of the neutron spectrometer could be determined. The maxi-
mum measurable deposition energy was obtained by continuously increasing the
input signal through a signal generator until ADC saturation. The electronic
system can handle an energy range from 500 keV to 20 MeV, with a maximum
event rate of 75 events per second, satisfying the requirements for subsequent
experiments.

Additionally, the anti-irradiation performance of the neutron spectrometer was
tested as part of the basic performance evaluation. Military-grade components
were selected for the hardware, and the software operating system was config-
ured to ensure data validity. In addition to processing memory bad blocks, the
neutron spectrometer electronics system is guaranteed to operate continuously
for extended periods in high-irradiation environments.

After completing the basic performance test, four major tests were performed:
thermal neutron principle test, fast neutron detection principle test, fast neutron
detection efficiency test, and coincidence effect test.

B. Thermal Neutron Detection Test

To test the thermal neutron section of the neutron spectrometer in principle,
this study used the 2 'Am-Be neutron source from the Institutional Center for
Shared Technologies and Facilities (INEST) of the Hefei Institutes of Physical
Science, Chinese Academy of Sciences, to test the Si detector containing the
LiF coating. The energy spectrum of the 2 1Am-Be neutron source is shown
in Fig. 12 [FIGURE:12], with energies ranging from 0 MeV to 11 MeV. The
primary fast neutrons produced by the neutron source were slowed by objects
such as walls and experimental platforms at the test site, reducing their energy
and converting some fast neutrons into lower-energy thermal neutrons.

Fig. 12. 2 'Am-Be neutron source energy spectrum

A Si detector with LiF coating was used in the test. The sensitive layer thickness
of the Si detector was 300 pm, with a sensitive area of a 28 mm diameter circle.
The LiF coating thickness was approximately 27 nm. The preamplifier used
was mesytec-MPR-16L, and the multichannel analyzer was labZY-nanoMCA.
The detector was placed in a 2 mm-thick aluminum alloy shielding shell, with a
copper mesh outside the shielding shell for electromagnetic interference shielding.
The radioactive source and detector were positioned at equal heights. The
experimental site layout is illustrated in Fig. 13 [FIGURE:13].

Fig. 13. (Color online) Experimental environment of the 2 'Am-Be neutron
source

The red dots represent 2 ' Am-Be neutron sources. The 2 ' Am-Be neutron source
emitted neutrons at a steradian angle of with a flux of approximately 9 x 10
s 1. The blue part of the back-end experimental platform, wrapped in yellow
copper mesh, is the neutron spectrometer. The multichannel spectra obtained
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from the experiments were energy-scaled to compare experimental data with
simulation results. The truncation position was at approximately 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 “platform” integration, which normalized the experimental
data to the simulated energy spectrum, as shown in Fig. 14 [FIGURE:14].

Fig. 14. (Color online) Testing of LiF-coated Si detectors with thermal neu-
trons after slowing using the 2 'Am-Be neutron source

The blue data points show the multichannel spectral data obtained using the
LiF-coated Si detector with the detector positioned approximately 50 cm from
the radioactive source. The red data points show multichannel spectral data
obtained after placing a 35 mm diameter, 3 mm-thick Gd piece tightly affixed
to both sides of the Si detector. The gray line shows the detection effect of the
LiF-coated Si detector on thermal neutrons from the ? 'Am-Be neutron source
slowed by 5 cm of polyethylene, simulated using Geant4. Since the slowing
effect of neutrons by walls and other objects in the experimental environment
cannot be easily reproduced in simulation, 5 cm-thick polyethylene was used as
a neutron-slowing body placed in front of the detector in the simulation.

In the low-energy region below 1 MeV shown in Fig. 14, some differences exist
between the blue data points and the simulated energy spectrum. The exper-
imentally measured low-energy deposited particle signal is greater than in the
simulation, caused by electrons produced by 2 ' Am-Be neutrons interacting with
Gd. The signals considered in the high-energy part of the experiment were not
caused by low-energy thermal neutrons but by 2 'Am-Be high-energy fast neu-
trons that directly reacted with Si nuclei in the detector. Three reasons account
for the inconsistency between experimental and simulated data. First, the en-
ergy spectrum of the 2 'Am-Be neutron source input to the simulation was a
standard spectrum, different from the actual spectrum. Second, the slowing
effect on neutrons by walls and other objects in the experimental environment
could not be easily reproduced in simulation, so 5 cm-thick polyethylene was
used as a neutron-slowing body in the simulation. Finally, noise signals from
detector test noise baseline wobbling were not considered in the simulation.

C. Principle Tests of Fast Neutron Detection

To perform principle tests of the fast neutron section, we tested Si detectors
containing an HDPE conversion layer using 2.5 MeV and 14 MeV neutron beams
and a 2 'Am-Be neutron source from INEST.

1. Testing with 14 MeV Monoenergetic Neutron Beams The 14 MeV
monoenergetic neutron beam at INEST utilizes the deuterium-tritium reaction
T(D,N) He, generating neutrons emitted outward with a stereo angular distri-
bution of approximately 4 centered on the tritium target point. A Si detector
with a sensitive area diameter of 28 mm and thickness of 300 pm was used
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in combination with 300 pm-thick HDPE for testing. The preamplifier was
mesytec-MPR-16L, and the multichannel analyzer was labZY-nanoMCA. The
experimental site plan and Si detector placement are shown in Fig. 15 [FIG-
URE:15].

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

The Si detector position was approximately on a horizontal plane with the target,
about 1.56 m apart. Two control experiments were performed, and the measured
multichannel spectral data are shown in Fig. 16 [FIGURE:16].

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

The black line shows the multichannel spectrum generated by 14 MeV neutrons
directly bombarding the Si detector, the red line shows the spectrum generated
by 14 MeV neutrons bombarding the Si detector covered with a 300 pm-thick
HDPE conversion layer, and the blue line shows 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 pro-
duced 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 [FIGURE:17].

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

The black line shows the multichannel spectrum produced by 14 MeV neutrons
in the Si detector, the red line shows the spectrum produced by 14 MeV neutrons
bombarding the Si detector covered with a 300 pm-thick HDPE conversion layer,
and the blue line shows the difference between the two, where recoil proton
signals produced by the reaction between neutrons and hydrogen in the HDPE
conversion layer can be observed. The black line in Fig. 16 shows the measured
multichannel spectrum, while the black line in Fig. 17 shows the simulated
energy spectrum. The difference arises because the simulation did not consider
walls and other objects in the environment, energy discrimination problems in
the detector, and noise signals generated by detector test noise baseline wobbling
during actual testing.

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 the corresponding energy values at those positions in the recoil proton
energy spectrum of Fig. 17, the experimentally measured recoil proton energy
spectrum was obtained, as shown in Fig. 18 [FIGURE:18].

Fig. 18. (Color online) Deposition energy spectrum of recoil protons in a 300
pm-thick Si detector
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The black data points represent measured data, while the blue lines represent
Geant4 simulation results. The experimental data and simulation results show
good agreement. As the detector resolution was not included in the simulation,
the signal peaks of some reactions are narrower than in the experimental results.

2. 21Am-Be Neutron Source Test The experimental setup is illustrated
in Fig. 13. This study used a Si detector with a sensitive region diameter of
35 mm and sensitive layer thickness of 300 pm in combination with a 300 pm-
thick HDPE conversion layer for testing. The preamplifier was mesytec-MPR-
16L, and the multichannel analyzer was labZY-nanoMCA. The multichannel
spectrum of the Si detector was recorded after the measurement period, as
shown in Fig. 19 [FIGURE:19)].

Fig. 19. (Color online) Testing the fast neutron detection section using the
2 1Am-Be neutron source

The black line shows the deposition spectrum of 2 'Am-Be neutrons in the Si
detector shielded by two 3 mm-thick Gd plates, the red line shows the deposition
spectrum of 2 'Am-Be neutrons in the Si detector covered by a 300 pm-thick
HDPE conversion layer, and 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 2 'Am-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 [FIGURE:20].

Fig. 20. (Color online) Total deposited energy spectrum of the 2 'Am-Be
neutron source on the Si detector and the influence of the HDPE conversion
layer on the total deposited energy spectrum

The black line represents the deposition spectrum of 2 ' Am-Be neutrons in the Si
detector, the red line represents the deposition spectrum of 2 'Am-Be neutrons
bombarding the Si detector covered with a 300 pm-thick HDPE conversion layer,
and the blue line represents the difference between the two. The recoil proton
signal is produced by the reaction of neutrons and hydrogen in the HDPE con-
version layer. The measured recoil proton spectra are compared with simulation
results in Fig. 21 [FIGURE:21].

Fig. 21. (Color online) 2 'Am-Be neutron source bombarding a 300 pm-thick
HDPE conversion layer, resulting in a back-scattered proton deposition spec-
trum in a 300 pm-thick Si detector

The black data points represent measured data, while the blue line represents
Geant4 simulation results. The experimental and simulated energy spectra be-
tween 1.5 MeV and 7 MeV show good agreement. The poor agreement in the
low-energy region is speculated to result from background noise such as gamma
rays in the experiment, leading to poor normalization of data from the two
experiments.
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D. 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 beams from INEST to test a 300 pm-thick
Si detector containing a 300 pm-thick HDPE conversion layer. The preamplifier
was mesytec-MPR-16L, and the multichannel analyzer was 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 detector area and distance from the target.
The signal produced by recoil protons from the reaction of fast neutrons with
hydrogen nuclei in the detector conversion layer was measured, and the number
of fast neutrons detected 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 x 10! s'. 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 detection efficiency of the detector for 14
MeV fast neutrons was 1.05%. Detection efficiency is defined as the ratio of
the number of signals exceeding the threshold in the detector 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 detector distance from the
beam target, considering isotropic neutron generation.

Correspondingly, we also compared simulated detection efficiencies at different
energy cutoff thresholds, as indicated by the brown line in Fig. 22 [FIGURE:22].
The black data points represent detection efficiencies measured based on ex-
perimental data, and the experimental data and simulation results show good
agreement.

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

E. Coincidence Test

To test the coincidence effect, the neutron spectrometer was used with the 14
MeV neutron beam stream at the China Institute of Atomic Energy Sciences
(CTAES). The placement of the beam pipe and neutron spectrometer at the
beam exit of CIAES is shown in Fig. 23 [FIGURE:23]. The neutron beam
reached the experimental room through a metal pipeline, with minimal equip-
ment in the experimental room. The beam spot diameter was small, resulting
in lower gamma background. The neutron spectrometer was placed directly in
front of the neutron beam pipe exit, and after irradiation, multichannel spectra
from multiple detectors were recorded and analyzed.

Fig. 23. (Color online) Anti-coincidence test environment

In front of Detector No. 7, there was an HDPE conversion layer where neu-
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trons reacted with hydrogen nuclei to produce recoil protons of 0 MeV to 14
MeV, which passed through the silicon detector to produce deposition energy.
A corresponding simulation was performed using Geant4 following the same
experimental configuration. Figure 24 [FIGURE:24] shows the relationship be-
tween the total deposition energy in detectors No. 7 and 8 and the deposition
energy in detector No. 7 for each event.

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

Geant4 was used to simulate a certain number of 14 MeV neutrons incident
vertically from the front of detector No. 1 to the neutron spectrometer, where
colors represent the number of events. Figure 25 [FIGURE:25] shows data
measured under the same conditions. Two bands are evident in both plots
when compared. The upper band with a decreasing trend represents recoil
protons that only penetrate detector No. 7 and not detector No. 8. In this case,
the horizontal coordinate is the total energy E of the recoil protons, and the
vertical coordinate is the energy AE that the recoil proton loses in detector
No. 7 after penetration. For protons with energies higher than 60 keV, the
energy lost per unit length in Si decreases monotonically with increasing proton
energy; hence, the energy lost by the recoil proton in detector No. 7 decreases
with increasing total energy lost by the recoil proton in both detectors No. 7
and 8. The lower band with an upward trend represents recoil protons that have
penetrated both detectors No. 7 and 8. In this case, the horizontal coordinate
is the total energy AE lost by the recoil protons in detectors No. 7 and 8 after
penetration, while the vertical coordinate is the energy AE lost by the recoil
protons after penetrating detector No. 7, and AE increases with increasing AE
in the case of both penetrations.

Due to differences between the energy-channel correspondences of the two de-
tectors in actual measurements and the effect of detector energy resolution, the
recoil proton bands in the two-dimensional plots of measured data are not as
concentrated as those in simulated results; nevertheless, they are clear enough
to show the relationship between the AE of the proton in the Si detector and
the total energy E. The results also demonstrate that particles penetrating more
than one detector simultaneously can be extracted from the neutron signal us-
ing the back-coincidence method. The experiment also showed that events of
particles penetrating multiple detectors can be measured simultaneously, guar-
anteeing subsequent extraction of the neutron signal by the inverse conformal
method.

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

V. SUMMARY

In this study, a prototype neutron spectrometer payload for an LEO neutron
detection mission was designed and completed. Beginning with detector combi-
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nations, two configurations of 15 silicon detectors were used, and the hardware,
firmware, and software designs of the neutron spectrometer were completed. In
this process, we performed thermal neutron principle and detection efficiency
tests using the nuclear reaction method with a 27 pm-thick LiF thermal neu-
tron conversion layer, and fast neutron principle and detection efficiency tests
for neutrons up to 14 MeV using the nuclear recoil proton method with a 300
pm-thick HDPE fast neutron conversion layer. Corresponding simulation anal-
yses of the experiments were performed, and the experimental data and simula-
tion results showed good agreement and met design expectations. The intrinsic
detection efficiency of the probes for 14 MeV fast neutrons was 1.05%. The
neutron spectrometer is expected to detect atmospheric albedo neutrons and
lightning neutrons in orbit, identify lightning neutrons and atmospheric albedo
neutrons based on the spatial distribution of lightning occurrences, and obtain
their relative contributions.
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