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Abstract: 3He is a splendid neutron detection material due to its high neutron reaction cross section,
gaseous state, and nonelectronegative and nonpoisonous nature. With the worldwide problem of the
“3He supply crisis” arising, boron-lined gaseous neutron detectors are being widely used in neutron
detection to replace 3He neutron detectors. In this work, to reduce the scattering neutron background
coming from the substrate of a boron-lined neutron detector in the application of neutron scattering,
a new design of the boron-lined gaseous neutron detector composed of a boron-lined multichip
converter and a multiwire proportional chamber was proposed. The electron drift efficiency matrix
simulated by Garfield++ (Version 2023.4) and the values and positions of electron energy deposition
simulated by Geant4 were obtained. The α, 7Li, and total charged particle energy deposition spectra
were acquired via coupling calculations of the electron drift efficiency matrix and the values and
positions of electron energy deposition, and the width of the slit was selected as 3 mm. The boron-
lined multilayer converter neutron detector (BMCND) was tested using a 241Am–239Pu mixture α

source, and the total count rate of α charged particles was measured as 599.5 s−1, which is 89% of the
theoretical α particle emission rate of 672.9 s−1. The drift voltage experiments showed that 1200 V is
enough to acquire a relatively ideal count, and a 2500 V drift voltage was confirmed, considering
the higher count and instrument safety. We also performed the neutron detection experiments using
a photo-neutron source, and a characteristic spectrum shape of “two stairs” was measured. When
borated polyethylene was used to shield the BMCND, the detected total count decreased while
keeping the characteristic spectrum shape, demonstrating that the BMCND was equipped with
the ability to detect neurons, indicating that BMCNDs have the potential to be an outstanding 3He
alternative neutron detector.

Keywords: boron-lined neutron detector; BMCND; electron drift efficiency; energy deposition
spectrum; neutron detection efficiency

1. Introduction

The boron-lined gaseous detector, which is an excellent 3He alternative neutron de-
tector [1,2], is studied by many researchers to address the “3He supply crisis” worldwide
problem [3–5]. This detector is widely applied in various fields, such as homeland secu-
rity [6,7], cosmic ray neutron sensing [8,9], and large neutron spectrometers [10–14]. As a
result, various boron-lined gaseous detectors with different structures have been proposed,
such as boron-coated straw detectors [15,16], multigrid detectors [17,18], boron-lined hon-
eycomb detectors [19–21], multiblade detectors [22,23], and GEM-based detectors [24–27].
All these detectors have the same neutron detection principle, which relies on the 10B
isotope capture neutron nuclear reaction 10B (n, α)7Li, which can convert neutrons into
charged particles. The abundance of 10B nuclides is 19.8%, and the cross section of 10B
atoms to thermal neutrons is approximately 3844 barns. The capture reaction equation is
as follows:
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n + 10B →
{

α + 7Li + 2.792MeV, 6.1%

α + 7Li∗ + 2.310MeV, 93.9%.
7Li∗ → 7Li + γ + 0.478MeV

(1)

During the process of thermal neutron detection, α and 7Li charged particles are
produced in the boron film as the incident neutrons are being absorbed by the 10B atoms,
distributing the reaction energy (2.792 and 2.310 MeV with branching ratios of 6.1% and
93.9%, respectively) according to the conservation of energy and momentum. In addition,
the α and 7Li particles move in a backward direction because the thermal neutron kinetic
energy (25.3 meV) is far smaller than the reaction energy. Therefore, only one particle
has the possibility of penetrating the boron film and entering the working gas, which
could produce electrons after being ionized by charged particles. Then, a nuclear signal
is produced when these electrons are multiplied and collected by the anode. Based on
the aforementioned neutron detection principle, in order to achieve a higher neutron
detection efficiency, the incident neutrons should penetrate the multilayer boron film,
which is attached to the aluminum substrate. In this way, the incident neutrons cannot help
but penetrate the multilayer substrate, leading to an increase in the number of scattered
neutrons and deteriorating the signal-to-background ratio [28]. Therefore, a new detector
structure has been proposed to detect the incident neutrons directly, avoiding the neutrons
penetrating multilayer substrates. This structure comprises a boron-lined honeycomb
neutron converter and an electron multiplier named the boron-lined honeycomb neutron
detector [20,21]. However, the boron-lined honeycomb neutron converter’s substrate
is aramid paper, making it challenging to ensure that the structural parameters of each
honeycomb hole are equal. This issue can lead to a deterioration in the value and uniformity
of the neutron detection efficiency. This study proposes a new design for the boron-lined
gaseous neutron detector, called the boron-lined multilayer converter neutron detector
(BMCND), to solve the above problem. The BMCND’s structure parameters were optimized
using Geant4 [29–31] and Garfield++(Version 2023.4) [32,33]. Based on the optimized
parameters, the BMCND was constructed in conjunction with our previous boron-lined
method study [34,35]. To test the BMCND, we used a 241Am–239Pu mixture α source and a
photo-neutron source. The results show that the BMCND is equipped with the capability
to detect neurons, indicating that the BMCND has the potential to be an outstanding
3He-alternative neutron detector.

2. Physical Design and Optimization

The BMCND’s physical structure consists of a boron-lined multichip converter (BMC)
and a multiwire proportional chamber (MWPC) [36,37], which are secured by eight fasten-
ers, as shown in Figure 1. The BMC, with a size of 100 × 100 × 100 mm3 and composed of
34 pieces of boron-lined ultrathin glass with a 3 mm slit, is placed between the rectangular
cathode and protection ring with voltages of –2500 V and 0 V, respectively. The upper
section of the protection ring is the MWPC with voltages of 25–1160 V, and the MWPC
could act as a position-sensitive detector through adding specific electronic readouts. The
boron-lined ultrathin glass includes one piece of ultrathin glass with a thickness of 150 µm
and two pieces of a natural boron layer with a thickness of 20 µm, which are attached to
both sides of the ultrathin glass using epoxy resin [34]. A field cage surrounds the boron-
lined multilayer converter to provide a uniform drift electric field. This cage comprises
flexible printed circuits comprising 47 pieces of a thin copper sheet connected by the same
resistance value. The MWPC consists of two sets of orthogonal gold-plated tungsten wires
secured by the rectangular printed circuit board, forming cathode and anode reels. The
cathode and anode reels include 64 and 32 gold-plated tungsten wires with diameters of
60 µm and 20 µm, respectively. All these components are sealed in an aluminum chamber
with a thickness of 3 mm and filled with working gas (Ar:CO2 = 90:10).
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Figure 1. Physical structure of the BMCND.

Figure 2 shows the schematic diagram of the BMCND’s neutron detection process. The
incident neutrons enter the BMCND at an angle of about 1.72◦, which is the most excellent
angle for neutron detection efficiency based on the size of the BMC, with its 100 mm length
and 3 mm slit [38]. As a result, all the boron films can react with the incident neutrons,
thereby increasing the neutron detection efficiency. The incident neutrons are absorbed by
the boron film through the nuclear reaction 10B (n, α)7Li, and α and 7Li charged particles
are produced. One of these charged particles has the possibility of penetrating the boron
film, entering the working gas, and ionizing and producing electrons. The electric field
provided by the field cage carries these electrons to the MWPC, where a nuclear signal is
generated when the electrons undergo multiplication and are collected.
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This study optimizes the width of the slit (WOS) for better neutron detection since it
affects the electron drift efficiency (EDE) and the surface area of the boron film, both of
which have an impact on neutron detection. The electron drift efficiency matrix (EDEM)
was established to calculate the neutron detection efficiency at all points of the slit. One
of the slit models was established, as shown in Figure 3, after considering that all the slits
have the same geometric parameters. At the same time, the Y and Z axes were along the
slit direction, with a total length of 10 cm. However, the X axis was in the vertical slit
direction, i.e., along the WOS. The chosen WOS values were 2.0 mm, 2.5 mm, 3.0 mm,
3.5 mm, and 4.0 mm, based on experience. The Y and Z axes were discretized with a 0.5 cm
space between them, while the X axis was discretized with a space of 0.1 mm, forming a
three-dimensional lattice of the slit. The EDE at every point in the three-dimensional lattice
was simulated one by one with Garfield++, with an initial electron kinetic energy of 0.01 eV
and 105 electrons, to obtain the EDEM at the different WOS values.
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Figure 3. Schematic diagram of electrons’ initial positions.

Figure 4 shows an example of an EDEM with a 3 mm slit. All the EDEMs with different
widths of slits have the same transformation law. The EDE decreases gradually as the drift
distance increases from z = 0 to 10.0 cm. When the drift distance, z, is fixed, the EDE is
more extensive and closer to the center. The process of neutron detection for the different
slits was simulated using Geant4 to acquire the values and positions of electron energy
deposition. The Geant4 simulation parameters are as follows: (a) the thermal neutron
energy is 25.3 meV; (b) the physics list is QGSP_BERT_HP; (c) the cross-section database
is G4NDL4.5; and (d) the number of incident neutrons is 107. We calculated the charged
particle energy deposition spectrum (EDS) of different slits by coupling the EDEM with the
values and positions of electron energy deposition, as shown in Figure 5.
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The simulation results showed that the neutron detection efficiencies were 34.39%,
30.16%, 28.04%, 25.42%, and 24.04% for a WOS of 2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm, and
4.0 mm, respectively. Figure 5 shows that all the EDSs of the different slits display the shape
of “two stairs”. The edge of the “two stairs” moves to the right as the value of the WOS
increases. A higher value of the WOS is required since electronic noise may saturate the
low-energy section of the charged particle energy deposition spectrum. The value of the
WOS was set to 3.0 mm, considering noise effects and neutron detection efficiency.
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Figure 5. Charged particle EDS of different slits.

Figure 6 displays the analysis of the α, 7Li, and total charged particle EDS compositions.
As observed, the first stair consists of α and 7Li together, and the second stair consists of 7Li.
We stimulated the EDS of gamma rays with energies of 662 keV from 137Cs and 478 keV
produced by 7Li*. The energy threshold was calculated as 46.1 keV to determine that the
neutron signals could reject 99% of the gamma signals. Hence, the gamma rays hardly
affected the neutron detection efficiency of the BMCND.
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3. Experiments with 241Am–239Pu Mixture Source

Figure 7 depicts the BMCND packaging process. A resin bracket, manufactured by 3D
printing technology, supports the field cage and boron-lined ultrathin glass. One by one,
the boron-lined ultrathin glass was inserted into each resin bracket card slot and secured
with hot melt adhesive after the field cage had been fastened within the resin bracket using
polyimide tape. A manufactured BMC and an MWPC were connected by eight plastic
screws and nuts, sealed into the aluminum chamber, to complete the BMCND packaging.

We applied a 241Am–239Pu mixture α source to verify the ability of the BMCND to
detect charged particles. Figure 8 displays the schematic diagram of the α radioactive
source experiment. The 241Am–239Pu mixture α source was fixed on the cathode before
the boron-lined ultrathin glass was installed. One ORTEC 556 high-voltage power supply
(Atlanta, GA, USA) was used to provide –2500 V to the cathode, and another was used
to provide +1160 V to the CAEN 1422 preamplifier (Viareggio, Italy), which provided a
bias voltage to the anode reel of the MWPC. A ground electrode was used to provide 0 V
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to the protection ring. Meanwhile, the nuclear signals were led into an oscilloscope from
the CAEN 1422 preamplifier and ORTEC 672 main amplifier (Atlanta, GA, USA). Nuclear
Instrumentation Module bins provided the power supply for the ORTEC 556 and ORTEC
672. Finally, the computer stored the nuclear signal from the ORTEC 672 main amplifier
after dealing with the ORTEC EASY-MCA (Atlanta, GA, USA).
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Figure 8. Schematic diagram of α radioactive source experiment.

A radioactive source, AMPU1103, employed by the 241Am–239Pu mixture α source,
was provided by the CAEA Innovation Center of Nuclear Environmental Safety Technology
of Southwest University of Science and Technology. Table 1 shows the detailed information.
The mixture source mainly comprises 241Am and 239Pu nuclides with 2π α charged particle
emission rates of 282.2 s−1 and 390.7 s−1, respectively, where the total emission rate is
672.9 s−1. The reference time is 10 August 2011, and the expanded uncertainty (k = 2) is
2.5%. The α charged particle characteristic kinetic energy of 241Am and 239Pu is 5.486 MeV
and 5.157 MeV, respectively, referring to the nuclide database.

Table 1. Detailed information about the α radioactive source used.

Source Number Nuclide Particle Emission Rate over 2π (s−1)

AMPU1103
Am-241 282.2

Pu-239 390.7

Reference Time 10 August 2011

Expanded Uncertainty (k = 2) 2.5%
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Figure 9 depicts the layout of the α radioactive source experiment, as shown in Figure 8.
The results of α radioactive source experiments are shown in Figure 10, indicating that
no nuclear signal was seen other than noise when there was no 241Am–239Pu α source.
On the contrary, we observed many nuclear signals when the 241Am–239Pu α source was
used. The two recorded Gaussian peaks, for the 241Am nuclide at 5.486 MeV and for the
239Pu nuclide at 5.157 MeV, correspond to two kinds of α charged particles. Moreover,
low-energy α particles have higher counts, and high-energy α particles have lower counts,
agreeing with the original provided data on α particles. The calculated total measured
count rate is 599.5 s−1, 89% of the theoretical α particle emission rate of 672.9 s−1.
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Total counts with different drift voltages were measured, as shown in Figure 11,
indicating that the drift voltage increases with a rise in total counts. When the drift voltage
is less than 1200 V, the increasing slope is bigger when it is greater than 1200 V. In other
words, the total counts reach a relatively high level when the drift voltage is up to 1200 V.
As a result, a higher drift voltage is needed when higher total counts are desired. Thus, the
drift voltage was confirmed to be 2500 V, in light of the safety of an ORTEC 556 high-voltage
power supply, with a maximum supplied voltage of 3000 V.
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4. Experiments with Photo-Neutron Source

The capacity of the BMCND to detect neurons was tested using a photo-neutron
source [39]. Figure 12 shows the layout of the photo-neutron source experiment based
on the schematic diagram of the α radioactive source experiment shown in Figure 8. The
neutron spectrum is referred to in Ref. [40].

Appl. Sci. 2024, 14, x FOR PEER REVIEW  8  of  11 
 

 

Total counts with different drift voltages were measured, as shown in Figure 11, in-

dicating that the drift voltage increases with a rise in total counts. When the drift voltage 

is less than 1200 V, the increasing slope is bigger when it is greater than 1200 V. In other 

words, the total counts reach a relatively high level when the drift voltage is up to 1200 V. 

As a result, a higher drift voltage is needed when higher total counts are desired. Thus, 

the drift voltage was confirmed to be 2500 V, in light of the safety of an ORTEC 556 high-

voltage power supply, with a maximum supplied voltage of 3000 V. 

 

Figure 11. Results of different drift voltage experiments. 

4. Experiments with Photo-Neutron Source 

The  capacity of  the BMCND  to detect neurons was  tested using  a photo-neutron 

source [39]. Figure 12 shows the layout of the photo-neutron source experiment based on 

the schematic diagram of the α radioactive source experiment shown in Figure 8. The neu-

tron spectrum is referred to in Ref. [40]. 

 

Figure 12. Layout of photo-neutron source experiment. 

Figure 13 presents the test results of the photo-neutron source experiments, which 

included three kinds of measuring conditions: “Accelerator on+ without shielding”, “Ac-

celerator on+ with shielding” and “Accelerator off+ without shielding”. The BMCND is 

encased in a 5 cm thick layer of borated polyethylene with a mass fraction of 5% as the 

shielding condition. Except for noise, there is hardly any nuclear signal when the acceler-

ator is off. When the accelerator is on, the spectrum shape of “two stairs” implies that the 

first one is contributed to by α and 7Li particles. The second one is derived from α particles 

only and is present whether there is shielding or not. When the borated polyethylene sur-

rounds the BMCND, the total counts decrease, but the spectrum shape of “two stairs” is 

maintained, indicating that neutrons are detected. 

Figure 12. Layout of photo-neutron source experiment.

Figure 13 presents the test results of the photo-neutron source experiments, which
included three kinds of measuring conditions: “Accelerator on+ without shielding”, “Ac-
celerator on+ with shielding” and “Accelerator off+ without shielding”. The BMCND is
encased in a 5 cm thick layer of borated polyethylene with a mass fraction of 5% as the
shielding condition. Except for noise, there is hardly any nuclear signal when the accelera-
tor is off. When the accelerator is on, the spectrum shape of “two stairs” implies that the
first one is contributed to by α and 7Li particles. The second one is derived from α particles
only and is present whether there is shielding or not. When the borated polyethylene
surrounds the BMCND, the total counts decrease, but the spectrum shape of “two stairs” is
maintained, indicating that neutrons are detected.
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5. Conclusions

This study proposes a new design for a boron-lined gaseous neutron detector structure
comprising a BMC and an MWPC to address the “3He supply crisis” global problem
while avoiding a scattering neutron background coming from the substrate of the boron-
lined neutron detector. We established EDEMs with different slit widths using Garfield++
because the process of electron drifting occurs in BMCND neutron detection. The Geant4
simulation obtained the values and positions of electron energy deposition. We calculated
the charged particle energy deposition spectra of different slits with widths of 2.0 mm,
2.5 mm, 3.0 mm, 3.5 mm, and 4.0 mm by coupling the EDEMs and the values and positions
of electron energy deposition. The width of the slit was selected as 3 mm, considering
comprehensively noise effects and neutron detection efficiency. The measured α particle
count rate was 599.5 s−1, 89% of the theoretical emission rate of 672.9 s−1. Moreover, a
241Am–239Pu mixture α radioactive source was used to test the BMCND, indicating that the
BMCND has the capacity for α charged particle detection. The results of the drift voltage
experiments demonstrate that 1200 V can acquire a relatively ideal count, confirming a
2500 V drift voltage, considering higher counts and instrument safety. The results of the
photo-neutron source experiments show that the characteristic spectrum shape of “two
stairs” was measured. When the borated polyethylene was used to shield the BMCND,
the detected total count decreased while keeping the characteristic spectrum shape, which
demonstrates that the BMCND is equipped with the ability to detect neurons, indicating
that the BMCND could be an outstanding 3He-alternative neutron detector. A future study
will present more experimental results with neutron detection efficiency calibrations.
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