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In recent years, gas electron multiplier (GEM) neutron detectors have been developing towards high spatial resolution
and high dynamic counting range. We propose a novel concept of an Al stopping layer to enable the detector to achieve
sub-millimeter (sub-mm) spatial resolution. The neutron conversion layer is coated with the Al stopping layer to limit the
emission angle of ions into the drift region. The short track projection of ions is obtained on the signal readout board, and
the detector would get good spatial resolution. The spatial resolutions of the GEM neutron detector with the Al stopping
layer are simulated and optimized based on Geant4GarfieldInterface. The spatial resolution of the detector is 0.76 mm and
the thermal neutron detection efficiency is about 0.01% when the Al stopping layer is 3.0 µm thick, the drift region is 2 mm
thick, the strip pitch is 600 µm, and the digital readout is employed. Thus, the GEM neutron detector with a simple detector
structure and a fast readout mode is developed to obtain a high spatial resolution and high dynamic counting range. It could
be used for the direct measurement of a high-flux neutron beam, such as Bragg transmission imaging, very small-angle
scattering neutron detection and neutron beam diagnostic.

Keywords: high spatial resolution, Al stopping layer, GEM neutron detector, spallation neutron source
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1. Introduction
Neutron is an important probe for research on matter and

in nuclear physics. The pulsed spallation neutron sources,
such as SNS in the US,[1] ISIS in the UK,[2] J-PARC in
Japan[3] and CSNS in China,[4] have been established to study
structures and dynamic behavior of materials. The Bragg-
edge transmission imaging can reveal the crystal structure and
stress distribution in materials by energy-dependent neutron
transmission point-by-point over a sample.[5] The very small-
angle neutron scattering can obtain information of micron-
scale molecules by scattering neutron detection at very small
angles on the direct beam.[6] The neutron beam diagnostic
can provide different-position information of the neutron beam
through the direct beam measurement.[7] These applications
require a neutron detector with a sub-mm spatial resolution
and high dynamic counting range. The traditional 3He-based
neutron detector cannot reach sub-mm spatial resolution and
cannot handle counting rate above 100 kHz owing to the low
drift velocity of ions.[8] Moreover, the shortage of 3He and
its massive use in USA have led to high price of 3He gas.[9]

Therefore, it is urgent to develop an alternative neutron detec-

tor.
Gas electron multiplier (GEM) detectors are widely used

in high energy physics thanks to good spatial solution and tim-
ing properties, excellent counting rate, a large area coverage
possibility, radiation hardness and so on.[10] GEM detectors
can also detect neutral particles, such as neutrons by combin-
ing neutron conversion materials. Boron-10 is an ideal neutron
converter isotope due to the advantages of large neutron cap-
ture cross-sections (σ = 3843 bar for 25 meV), easy to obtain,
low cost and stable chemical properties. The traditional GEM
uses FR4 or Kapton, which have high hydrogen content, as
substrate. In order to reduce neutron scattering and absorp-
tion by GEM, Glass (G) GEM[11] and low-temperature co-
fired ceramic (LTCC) GEM[12] have been developed in Japan,
and composite ceramic GEM[13] has been developed in China.
The GEM-based neutron detector using boron as neutron con-
verter has been investigated and developed in last few decade
years.[14–20] The CASCADE neutron detector was developed
at Heidelberg University,[15] and has a spatial resolution of
2.6 mm at ambient gas pressure. The sealed ceramic GEM
neutron detector was researched at CSNS,[20] and has a spatial
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resolution of 2.7 mm. There were some methods to improve
spatial resolution. The spatial resolution of the CASCADE
detector was improved from 2.6 mm to 1.3 mm by increasing
the pressure of working gas from 1 bar to 3.5 bar.[15] The spa-
tial resolution of GEM neutron detector developed by J-PARC
was about 1.2 mm with strip pitch of 800 µm and drift region
thickness of 1 mm.[14] However, the sub-mm spatial resolution
was not achieved. In recent years, the µTPC method for find-
ing the starting point of the ion track was proposed to achieve
hundreds of microns in spatial resolution.[21,22] However, it re-
quires complex electronic systems and algorithms, as well as a
large bandwidth of data. It is not suitable for the detector with
high counting rate at high-flux neutron source.

This paper proposes a novel concept of the Al stopping
layer that could limit the emission angle of ions to improve
spatial resolution of the GEM neutron detector. The spatial
resolution and neutron detection efficiency of the detector are
simulated and analyzed by the Geant4GarfieldInterface.[23]

The detector could not only achieve sub-mm spatial resolu-
tion, but also have a high dynamic counting range.

2. Detector concept
The detector is a single ceramic GEM chamber equipped

with a 0.1-µm-thick natural boron carbide (natB4C) cathode,
the schematic is given in Fig. 1(a). 10B captures a thermal
neutron and undergoes a prompt nuclear reaction that produces
alpha (α) and 7Li emitting in opposite directions through the
following two different decay channels:

n+ 10B→ α(1.78 MeV)+ 7Li(1.01 MeV) (BR = 6.3%),

n+ 10B→ α(1.47 MeV)+ 7Li(0.84 MeV)+ γ(478 keV)

(BR = 93.7%).

One of them would leave natB4C and enter the working
gas, and the other would stop at the cathode. The primary
electrons are generated by α or 7Li (hereinafter referred to as
ion) ionized mixture gas Ar/CO2 (90/10). Subsequently, the
electrons are avalanched in the hole of ceramic GEM. Because
the ions emitted isotropically and produced long tracks in the
drift region after the nuclear reaction, the larger the emission
angle of the ion was and the longer the track was, the ion track
length of large angle emission could reach several millimeters
(the range of α with 1.47 MeV in the working gas was about
7.3 mm, calculated by SRIM[24]). There was a large deviation
between the centroid of track and the true position of neutron,
which leads to the poor spatial resolution of the detector.

Short ion (especially α) tracks were required to obtain
good spatial resolution of the GEM neutron detector. The most
direct way was to reduce the thickness of drift region. Another
optimization method with the stopping layer was proposed to
improve the spatial solution (shown in Fig. 1(b)). The stop-
ping material was coated onto natB4C to restrict the emission
angle of ions. The large emission angles would be reduced,
and the track length of ions emitted at a small angle would
be shorter in the working gas. There was short track projec-
tion of the ions on the signal readout board. The detector with
the stopping layer could obtain better spatial resolution than
that without. The two methods were investigated in Subsec-
tions 4.1 and 4.2, respectively. The stopping material should
have a strong combination with natB4C and an extremely low
neutron cross section. In addition, the material was not ac-
tivated by neutron with radioactivity, which ensured that the
detector had a clean background. Thus, Al was selected as the
material of the stopping layer.

Al
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natB4C

Stop layer (Al)

Ceramic 
GEM

2 mm

α or 7Li

Cathode

Drift region

Induction region

n

Readout 
board
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Fig. 1. (a) Schematic view of the detector concept. (b) Principal diagram of the Al stopping layer method.

3. Monte Carlo simulations

Geant4 is an open-source software toolkit to simulate
the passage of particles through matter.[25] Garfield++ is a
toolkit for the detailed simulation of particle detectors that
use gas and semiconductors as the sensitive medium.[26] In
this work, the Geant4GarfieldInterface was employed for the
spatial resolution simulations of the GEM neutron detector.

The simulation flow chart is shown in Fig. 2. The detector

structure shown in Fig. 1(a) was constructed in the Geant4.

FTFP BERT HP physics list, a high precision neutron model

below 20 MeV in Geant4, was employed to describe 10B (n,

α)7Li. Traditionally, G4PAIModel (Geant4 photo absorption

ionization) is designed for the transport of fast particles in

thin absorbers, but it has recently been extended to include
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low energy primary particle.[27] It was used to generate the
primary electrons in mixture gas, at which point Garfield++

took over. MAGBOLTZ[28] in Garfield++ was used to calcu-
late the transport properties of electrons in mixture gas accord-
ing to the detector structure and the field maps. Garfield++

provides the interfaces to HEED,[29] a PAI model similar to
G4PAIModel. The HEED PAI could be used to propagate the
δ -electrons from ions by using method TransportDeltaElec-
tron() of class TrackHeed. The G4PAIModel was combined
with the HEED PAI by the parameterization physics process
of Geant4. It was paramount that the simulation to produce
the correct number of electron–ion pairs. The lower produc-
tion cut was set 20.9 eV, a value recommended in Ref. [23],
which was also verified in the program.

Create detector 

structure and 

filed maps

Construct detector 

structure (Geant4)

Simulate 10B(n,α)7Li 

(FTFP-BERT-HP)

αor 7Li generate ionization 

electrons in gas (G4PAIModel) 

Geant4 parametrization 

physics process

Calculate electrons 

transport properties 

in gas (MAGBOLTZ)

propagate δ-electrons 

(HEED PAI)

Save electrons information 

to a ROOT file 

Neutron position reconstruction, 

Histogram filling and Gaussian fitting

Fig. 2. The flowchart of the spatial resolution simulation based on
Geant4GarfieldInterface. The blue elements represent steps taking
place in Geant4, yellow elements indicate actions taking place in
Garfield++ and green elements mean the steps taking place in ROOT.

Since HEED is not multithread-processor safe, only
the Geant4 sequential mode can be used in combination
with HEED. Because the number of electrons in drift re-
gion is around 104, the simulation of electron drift, diffu-
sion, and avalanche effected by the electric field is very time-
consuming. It is difficult to simulate a lot of neutron events. To
evaluate the effect of electron drift, diffusion, and avalanche on
the spatial resolution, the x-rays with 5.9 keV were randomly
incident into the sensitive region of the ceramic GEM detector
(Fig. 1(a)) in Garfield++. According to the deviation between
reconstructing position and incident position of x-rays, the in-
trinsic spatial resolution (FWHM) of the detector was about
61 µm (shown in Fig. 3). By contrast, the ion track lengths
were several millimeters in drift region. It was thus reason-
able to neglect the influence of electron movement, and this
process was omitted in the code. The electrons information of
drift region was saved to ROOT[30] files.
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Fig. 3. The intrinsic spatial resolution of the ceramic GEM detector,
about 61 µm (FWHM).

Two readout structures were obtained for the reconstruc-
tion of the neutron position: cross strip readout and pad pixel
readout. If there are N channels in each of the X and Y direc-
tions, the number of electronic channels is N+N for cross strip
readout and that is N×N for pad pixel readout. The latter re-
quires much more electronic channels than the former, which
means that there are more costs and more complex algorithm.
There are also two readout methods: analog readout and digi-
tal readout. The analog readout can obtain the detailed infor-
mation about signals, thereby it can obtain better spatial reso-
lution. However, it has more stringent requirements on elec-
tronics, involving the more complex algorithm and the higher
data transmission capacity, which means that it may not work
well in the high counting rate mode. By comparison, the dig-
ital readout was fast, which only registers whether the signals
exceed the threshold. During neutron position reconstruction,
a simple and fast readout mode was employed, the readout
structure was cross strip readout, and the readout method was
digital readout. Because the minimum pixel of digital readout
is the pitch of strips, which affects the spatial resolution of the
detector. The spatial resolutions of strips with eight pitches,
ranging from 200 µm to 1600 µm (200 µm interval), were
simulated and analyzed. For a neutron event, the positions of
electrons generated by the ions were filled into the histograms
with different bin widths. Each bin width corresponds to a
strip pitch. The neutron position was calculated by x = 1

N ∑xi,
where x is the reconstructed neutron position, N and xi are the
number and center coordinate of bins with nonzero counts, re-
spectively. The spatial resolutions (FWHM) of the detector
with different strip pitches were obtained by the Gaussian fit-
ting of the reconstructed neutron events (> 104) statistics.

4. Results and discussion
The spatial resolution of detector was simulated and an-

alyzed based on Geant4GarfieldInterface. There were two
methods, i.e., reducing the thickness of drift region and in-
creasing the thickness of Al stopping layer, to reduce the track
length and emission angle of ions to improve the spatial res-
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olution of the GEM detector. The optimization results of the
two methods were elaborated.

4.1. Optimization of drift region thickness

The track length of ions is directly related to the thickness
of drift region. The narrow drift region thickness can shorten
the ions track length, but it leads to the low energy deposit of
ions, which cannot yield a good signal-to-noise ratio and could
increase the difficulty of detector design. The spatial resolu-
tions of different drift region thicknesses (1 mm, 2 mm, and
4 mm) were performed with different strip pitches and digi-
tal readout (shown in Fig. 4). The highest spatial resolution
was obtained with 1 mm drift region, because the track length
of ions was the shortest in this case. For the same drift re-
gion thickness, the spatial resolution was improved as the pitch
of strip was decreased, which resulted from the fact that the
smaller the pitch of strip was, the higher the accuracy of digital
readout was. However, the spatial resolution tended to a stable

value when the pitch of strip was less than 600 µm. There was
little difference in the reconstructed neutron positions because
the smaller the strip pitch was, the more the strips with signals
there were for a neutron event. The best spatial resolution that
the GEM neutron detector could achieve was about 1.05 mm.
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Fig. 4. The spatial resolution as a function of the strip pitch for different
drift region thicknesses.
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Fig. 5. The spatial resolutions of experiment and simulation with 4 mm and 2 mm drift region thickness. The experimental results with a
1563 µm strip pitch were 2.71 mm (a) and 2.43 mm (c). The simulation results with a 1600 µm strip pitch were 2.75 mm (b) and 2.48 mm (d).

The spatial resolutions of detector prototype with drift re-
gion thicknesses of 2 mm and 4 mm were measured at BL20
of CSNS. The schematic of the prototype is given in Fig. 1(a).
It had a sensitive area of 50 mm × 50 mm. The cathode was
a 100-µm-thick Al plate that was coated with 0.1 µm natB4C.
The ceramic GEM was employed for the electrons avalanche,

and it was a double copper coated ceramic foil with 200 µm
thickness, the holes with 200 µm diameter and 600 µm pitch
were drilled and the 80 µm hole rims were etched by print
circuit board technology.[13] There were 64 electronic chan-
nels (32X +32Y ) in total on the readout board with cross strip,
where the strip pitch was 1563 µm. A 4-mm-thick cadmium
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mask with a 0.27 mm hole was assembled in front of the in-
cident window of the prototype. The spatial resolutions of the
prototype with drift region thicknesses of 2 mm and 4 mm
are shown in Fig. 4 (marked with stars). The detailed re-
sults of simulation and experiment are shown in Fig. 5. When
the drift region was 4 mm and 2 mm thick, the spatial res-
olutions of the detector prototype with a 1563 µm strip were
2.71 mm (Fig. 5(a)) and 2.43 mm (Fig. 5(c)), respectively. The
simulation results with a 1600 µm strip pitch were 2.75 mm
(Fig. 5(b)) and 2.48 mm (Fig. 5(d)), respectively. Because the
strip pitches were not consistent with one another, the simula-
tion results were slightly larger than the experimental results,
which also verified the accuracy of the simulation method. In
addition, the spatial resolution of GEM neutron detector de-
veloped by J-PARC,[14] with a 1 mm drift region thickness and
800 µm strip pitch, was approximately 1.2 mm (marked with a
cross in Fig. 4), which was also consistent with the simulation
result.

4.2. Optimization of Al stopping layer thickness

The sub-mm spatial resolution could not be achieved only
by shortening the thickness of drift region, because the emis-
sion angle of ions was large, and the most probable angle was
about 83◦ (shown in Fig. 6(b)). The method of the Al stop-
ping layer was investigated. The range of α with 1.47 MeV
in the Al material was about 4.6 µm, given by SRIM. The
spatial resolutions with the Al stopping layer thicknesses of
2.0 µm and 3.0 µm were simulated, and those of drift region
thickness were 1 mm and 2 mm. The results with various strip
pitches are shown in Fig. 6(a). No matter whether the Al layer
was 2.0 µm or 3.0 µm thick, the spatial resolution of 1 mm
drift region thickness was better than that of 2 mm drift region
thickness with the same strip pitch, which was the same as that
in Subsection 4.1. The spatial resolutions of the 3.0 µm Al
layer for both drift region thicknesses of 1 mm and 2 mm were
better than those of the 2.0 µm Al layer, because the emission
angle of ions was smaller when the Al layer was thicker. When
the Al layer was 2.0 µm or 3.0 µm thick, the most probable
emission angles of ions were about 47◦ and 28◦, respectively
(shown in Fig. 6(b)). When the thickness of the Al layer was
3.0 µm, the spatial resolution decreased linearly as the strip
pitch decreased. Because the projection of the ion track was
very short, and the spatial resolution was only affected by the
strip pitch. When 0.1 µm natB4C was coated with 3.0 µm Al
and the strip pitch was 600 µm, the spatial resolution of the de-
tector with 2 mm drift region was simulated as approximately
0.76 mm. The GEM neutron detector with the sub-mm spatial
resolution was achieved by using the Al stopping layer and a
simple and fast signal readout mode, which could be used for
highly precise neutron imaging and neutron scattering.
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Fig. 6. (a) The spatial resolution as a function of strip pitches with drift
region thicknesses (2 mm and 1 mm) and Al stopping layer thicknesses
(2.0 µm and 3.0 µm). (b) The ion emission angle distribution with dif-
ferent thicknesses of the Al stopping layer.

4.3. Detection efficiency with neutron wavelength

The spallation neutron source has a wide neutron energy
spectrum. The detection efficiencies of 0.1-µm-thick natB4C at
different neutron wavelength were simulated, when the thick-
nesses of the Al stopping layer were 0.0 µm, 2.0 µm and
3.0 µm (shown in Fig. 7). For the thermal neutron (1.8 Å), the
detection efficiency of the detector without Al layer was about
0.08%. If a lower detection efficiency is required, a thinner
natB4C would be needed. However, further reducing the thick-
ness of natB4C would lead to poor uniformity in the detector
sensitive area due to the limitation of coating technology. The
stopping layer was a good solution for lowering detection effi-
ciency while ensuring the uniformity of the detector. When the
thicknesses of the Al stopping layer were 2.0 µm and 3.0 µm,
the detection efficiencies were about 0.02% and 0.01%, re-
spectively. The low neutron detection efficiency of the Al stop-
ping layer and the high counting rate of GEM enable the detec-
tor to have a very high dynamic counting range. The detector
could be used for the direct measurement of the high flux neu-
tron beam. If higher detection efficiency was required, the 10B
with better thickness and higher abundance could be employed
as the neutron conversion layer, and the cascade method of
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multi-conversion layer could also be adopted. There was a
balance between the detection efficiency and the thickness of
the neutron conversion layer and the stopping layer to achieve
sub-mm spatial resolution.
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Fig. 7. The neutron detection efficiency as a function of the neutron wave-
length without the Al stopping layer and with different thicknesses of the Al
stopping layer.

5. Conclusion and outlook
This work examined the methods of achieving the GEM

neutron detector with sub-mm spatial resolution for the high
flux neutron source. A novel concept of an Al stopping layer
was proposed, it could constrain the emission angle of ions
to improve the spatial resolution of the detector. The detector
structure was optimized based on Geant4GarfieldInterface. A
simple and fast signal readout mode, i.e., cross strip and digi-
tal readout, was employed to reconstruct neutron position. The
spatial resolutions of different drift region thicknesses were in-
vestigated, and some results were verified with the experimen-
tal results. The spatial resolutions of 1 mm drift region with
2.0 µm Al layer, 1 mm drift region with 3.0 µm Al layer, 2 mm
drift region with 2.0 µm Al layer and 2 mm drift region with
3.0 µm Al layer were studied. When Al stopping layer was
3.0 µm thick, drift region was 2 mm thick and the strip pitch
was 600 µm, a spatial resolution of 0.76 mm was achieved, and
the thermal neutron detection efficiency was about 0.01%. The
detector with a simple structure and a fast readout mode had
sub-mm spatial resolution and high dynamic counting range,
which could be used for direct measurement of the high-flux
neutron beam, and could carry out Bragg transmission imag-
ing, beam diagnosis and very small-angle scattering neutron
detection. In future work, the spatial resolution of the ceramic
GEM neutron detector with the Al stopping layer will be mea-
sured at CSNS. If the higher neutron detection efficiency is re-
quired, the cascaded detector structure will be developed with
the optimized thickness of neutron conversion layer (concen-
trated 10B material) and the Al stopping layer.
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