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The rapid growth of neutron flux has driven the development of He-free neutron detectors to satisfy the require-
ments of the neutron scattering instruments under construction or planned at the China Spallation Neutron Source (CSNS).
Position-sensitive neutron detectors with a high counting rate and large area play an important role in the instruments
performing neutron measurements in or close to the direct beam. The ceramic gas-electron-multiplier (GEM) detector
serves as a promising solution, and considerable work has been done using the small-area GEM neutron detectors. In
this article, we designed and constructed a detector prototype utilizing ceramic GEM foils with an effective area of about
307 mmx307 mm. To evaluate and investigate their basic characteristics, the Monte Carlo (MC) tool FLUKA was em-
ployed and several neutron beam tests were conducted at CSNS. The simulated spatial resolution was basically in agreement
with the measured value of 2.504+0.01 mm (FWHM). The wavelength spectra measurement was verified through compar-
isons with a commercial beam monitor. In addition, a detection efficiency of 4.7+0.1% was achieved for monoenergetic
neutrons of 1.59 A wavelength. This is consistent with the simulated result. The results indicate that the large-area ceramic
GEM detector is a good candidate to implement neutron beam measurements. Its efficiency can be improved in a cascading
manner to approach that reached by traditional >He detectors.

Keywords: neutron detector, counting rate, gas electron multiplier, spatial resolution, detection efficiency
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1. Introduction

In recent decades, the rapid development of neutron scat-
tering and imaging technologies has been promoted with the
construction of pulsed spallation neutron facilities, such as the
Spallation Neutron Source (SNS) in the US,[!! the ISIS Neu-
tron and Muon Source (ISIS) in the UK, [?! the the Japan Pro-
ton Accelerator Research Complex (J-PARC) in Japan,! the
China Spallation Neutron Source (CSNS) in China!* and the
European Spallation Source (ESS) in Europe.®! These neutron
sources offer pulsed time-dependent high flux neutrons, allow-
ing for measurements of neutron energy or wavelength by the
time-of-flight (TOF) method. CSNS is a large scientific facil-
ity that can provide a high-flux neutron beam produced by a
high-energy proton pulse impacting a tungsten—tantalum (W—
Ta) target. It has realized steady operation of 170 kW power
with 25 Hz repetition frequency since autumn 2024. It will
be upgraded to the designed power of 500 kW during the sec-
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ond phase of CSNS. At present, four neutron scattering instru-
ments have been built and are open to users. They are the small
angle scattering spectrometer (SANS), %) the multi-purpose re-
flectometer (MR), [7] the general-purpose powder diffractome-
ter (GPPD),®! and the multi-physics instrument (MPI).[”! For
these instruments, operated at the spallation neutron source
delivering a high flux beam, a neutron detector with a large
detection area plays a critical and essential role in instrument
performance.

The detection of thermal neutrons is through an indirect
process in which neutrons are first converted into charged par-
ticles by a nuclear reaction and then these released products
are recorded. Conventional neutron detectors are proportional
gaseous ones based on helium-3, due to their achievable high
detection efficiency for thermal neutrons and excellent neu-
tron/gamma discrimination. They mainly include counting
tubes, linear position-sensitive detectors (LPSDs) and multi-
wire proportional chambers (MWPCs). Unfortunately, these
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detectors have a low counting rate of a few tens of kHz due
to saturation effects associated with the accumulation of space
charge.!') Meanwhile, the price of *He gas has risen sharply
due to the 3He crisis in 2008,!'!1 which has limited the large-
scale application of *He-based detectors in newly built neutron
scattering instruments. Therefore, it is urgent to find effec-
tive substitutes for >He gas and to develop new neutron de-
tectors to meet the demands of the instruments under con-
struction and/or upgradation at CSNS. As an ideal replace-
ment for the *He, boron-10 (1°B) has a large absorption cross-
section of about 4000 barns for 1.8 A neutrons and high abun-
dance in nature. A common method for detecting thermal neu-
trons is via 19B, where a solid-state converter based on boron-
containing material is appended to the gaseous detector. A
neutron conversion layer containing '°B is manufactured by
heat-evaporation or magnetron sputtering techniques, which is
cost-effective, physically and chemically stable, and environ-
mentally friendly.

In measurements in or close to direct neutron beams, such
as MR and SANS, the very small-angle neutron scattering in-
strument (VSANS) and the energy-resolved neutron imaging
instrument (ENRI), the neutron detectors have to be irradiated
in the high-flux environment and to work steadily. This oper-
ation condition necessitates a large detection area to ensure a
wide coverage of the scattering angle, as well as a high count-
ing rate capacity to achieve an extensive dynamic measure-
ment range. It requires a two-dimensional (2D) position sen-
sitive detector with a large effective area and an upper limit
of counting rate of over 1 MHz. The gas electron multiplier
(GEM), a micro-pattern gas detector, offers remarkable count-
ing rate capacity (~ 10 MHz), good intrinsic resolution of
space and time, irradiation resistance, and large-size produc-
tion. This has enabled it to be broadly applied in high-energy
physics experiments.!'?] Over the past two decades, many
GEM-based neutron detectors have been designed and con-
structed utilizing boron conversion material.l'3~18] The CAS-
CADE neutron detector was proposed and constructed at Hei-
delberg University,'>!%] and a spatial resolution of 2.6 mm
was reached at ambient gas pressure. A neutron beam moni-
tor using a GEM detector was developed at J-PARC!3! and it
achieved good stability. In order to reduce the absorption and
scattering effect by the GEM foil, a ceramic GEM has been
developed for neutron detection at CSNS.['°! The experimen-
tal neutron transmittance results of the ceramic GEM demon-
strated less absorption and scattering of thermal neutrons com-
pared to the FR4 GEM. Many neutron detectors based on the
ceramic GEM have been developed and put into engineering
service at CSNS, [20-24]

In this paper, a large-area ceramic GEM detector proto-
type with an active area of about 307 mmx307 mm was de-
veloped. The neutron irradiation experiments for this detec-
tor, including beam profile imaging, spatial resolution, neu-

tron wavelength spectrum determination, and measurement of
the detection efficiency, were carried out at CSNS. The results
demonstrate that the detector performs well and is suitable for
beam-close neutron experiments.

2. Large-area ceramic GEM neutron detector
2.1. Principle and structure of the detector

To facilitate future upgrades of the detector to achieve
high detection efficiency for thermal neutrons, the applied
structure of the large-area ceramic GEM detector prototype is
shown in Fig. 1. The detector is primarily composed of a 2D
signal readout PCB and two GEM foils in combination with
two boron-coated cathodes. It is a perfectly symmetric config-
uration with respect to the readout PCB in the middle of the
detector’s gas chamber. The cathode is a 100 pum thick alu-
minum (Al) film coated with a 1.0 um thick B4C converter
layer where the abundance of !°B is enriched to about 96%.
When a neutron is captured by the '°B atom, it undergoes
a nuclear reaction n (1°B,’Li) & that produces two energetic
charged particles (o and “Li). They emit in opposite direc-
tions, and one of them escapes from the cathode and enters the
working gas in the drift gap. This process leads to gas ioniza-
tion, resulting in a significant number of electron—ion clusters,
which represent the primary signal of the detector. Then the
electrons among these charged clusters drift towards the GEM
foil under the influence of an electric field and are multiplied
in the GEM holes through the avalanche effect. This amplifies
the detector’s signal created by the neutron, achieving an im-
provement of the signal-to-noise ratio. Finally, induction sig-
nals are generated in the anode strips on the readout PCB as a
result of the directional drift movement of multiplied electrons
in the induction gap. It acts as the output signal of the boron-
coated GEM neutron detector. In such a detector, the ions re-
leased from the cathode will form a long ionization track in
the working gas, meaning that a neutron event can make one
or more anode strips fire. To extract the 2D position informa-
tion of incoming neutrons, a double-sided readout PCB with
512 cross-strips was designed and used in this detector. The
pitch of the strips on the readout PCB is 1.2 mm and each strip
is used as a readout channel for collecting the detector signal.
The two symmetrical channels on the PCB surfaces are elec-
trically connected, and half of the signal readout channels are
assigned to the x direction and the others to the y direction.
This forms a signal readout plane whose active area is equal to
that of the GEM detector.

For experiments requiring the measurement of scatter-
ing neutrons with small angles with respect to the incident
beam, the sensitive area of the neutron detector is expected
to be large enough to cover the scattering angle range. In
this paper, the sensitive area of this GEM foil is approxi-
mately 307 mmx307 mm, which is fabricated economically
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by printed circuit board technology.!'! Its thickness is about
0.2 mm, the GEM holes (with 200 um diameter) are arranged
with 600 pm pitch, and a rim of 80 um is etched for each
GEM hole. To reduce the energy and propagation probabil-
ity of discharges,!?! both surfaces of the GEM foil are seg-
mented into six strips with a gap of about 2 mm (as illustrated
in Fig. 2(a)), each of which is separately connected to the volt-
age supply through a high-value resistor of about 50 MQ. In
order to power the GEM detector, the high-voltage supply em-
ploys a parallel connection mode in which the single channel
input delivers the voltage to whole sections on one side of the
GEM foil. The GEM detector prototype is shown in Fig. 2(b).
Its main body is made of Al alloy with a thin entrance win-
dow of 0.5 mm thickness. The gas chamber of the detector
houses the cathodes, the GEM foils and the readout PCB. It is
encapsulated with the HV circuit and the readout electronics
system to constitute a compact GEM neutron detector, which
reduces the impact of external electromagnetic interference on
detector performance.

Neutrons ® Electron

e Ion

_ B,C film

4 mm Drift gap

- Ceramic GEM
Induction gap
~ Read-out PCB

2 mm

Induction gap
o Ceramic GEM

2 mm

4 mm Drift gap

- B4C film

Fig. 1. The schematic drawing of the large-area GEM detector.

Fig. 2. (a) Photograph of the GEM foil and (b) photograph of the large-
area ceramic-GEM detector prototype.

2.2. Readout electronics and DAQ system

The conventional and common ways to locate the posi-
tion of incoming particles mainly include the charge centroid
method and the time projection chamber method.!?%! They can

reconstruct the location of particle events with high accuracy,
but have a shortcoming of slow speed at the event readout ex-
its. This is mainly caused by the charge measurement of each
detector channel fired in a neutron event. This suggests that
the above two methods are not adapted to operational condi-
tions under a high counting rate. In this work, we adopted
the position coincidence method, in which the incident loca-
tion of a neutron was recorded as the central point of those
fired channels in an active event. It was combined with a fast
signal provided by the GEM detector to achieve high-speed
event reconstruction and data readout. To this end, a very
fast readout electronics system has been constructed using
eight analogue front-end readout chips and digital electron-
ics based on modern field-programmable-gate-array (FPGA)
technology. The detector’s signals were read out using CIPix
application-specified integrated circuit (ASIC) chips devel-
oped by the Heidelberg ASIC laboratory,?”! each of which
integrated 64 channels of a low-noise charge-sensitive pream-
plifier followed by a shaper and a comparator. Then, the output
signals were digitized at a clock rate of 10 MHz and fed into
the digital electronics for performing the neutron event recon-
struction. In addition, the CSNS’s accelerator system provided
the neutron instruments with 25 Hz synchronization signals
and the pulse ID (pid), which give the time information of each
neutron pulse. The former acted as the starting time, so-called
to, for the neutron traveling in the TOF measurement, the latter
was used to mark every 7y signal. In order to obtain informa-
tion about incident neutrons, there was a real-time event re-
construction algorithm configured in the FPGA to process the
signals output from the ASIC chips. It was realized by a coin-
cidence of correlation of fired channels in the time and space
domain. Typically, the ionization event created by a neutron
will fire one or more neighboring strips on the readout PCB
and one or more continuous time bins (less than 400 ns), then,
the central coordinates (x, y) of these neighboring strips were
regarded as the hit position and the arrival time was recorded
as t1. This forms an active neutron event (x, y, #;) detected
by the detector. Furthermore, those neutron events registered
in one proton pulse period were packaged into a data pack-
age in combination with the package head composed of the 7y,
the pid and the total neutron counts in this pulse. The DAQ
was connected to the readout electronics by a high-speed fiber
to configure the parameters of the readout electronics and to
collect the neutron data in real-time.

3. Simulation for the detector

Monte Carlo (MC) simulations were performed with
FLUKA to evaluate the performance of this GEM detector
prototype. To approximately treat and simplify the physical
processes taking place in the detector, the calculation model
used a simple configuration of the neutron source in combina-
tion with the detector whose inner structure is the same as a
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real one. The electron multiplication stemming from the GEM
foil and the detector signal collection process occurring in the
induction region were not taken into account, and only the neu-
tron reactions occurring in the converter and the energy depo-
sition process in the drift region were involved. Moreover, it
was reasonable and advisable to neglect the electron transverse
diffusion in the working gas of the detector owing to the dif-
fusion length being far less than the anode strip width on the
readout PCB. To approach the conditions in a real position sen-
sitive detector, a gas mixture Ar/CO; 90:10 (by volume) with
a gas pressure of 1 atm was set as the working gas in this de-
tector model. The drift region with a 307 mmx 307 mm active
area was partitioned into a two-dimensional array, whose edge
length was identical to the strip width on the readout PCB.
The reconstructed position of a neutron event was regarded as
Given the
noise existing in the actual measurement condition, a reason-
able energy threshold of 20 keV was applied in the simulations
to determine whether the strip was fired or not, meaning that

the central point of those successive fired strips.

300
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only the strip with deposited energy of over 20 keV could be
treated as a valid one in a neutron event.

To verify the position resolution ability of this GEM de-
tector, an ideal line source of thermal neutrons with 40 mm
length was utilized in the simulations and the neutron beam
was vertically incident to the detector. Figure 3 shows the
reconstructed source images by the detector model and their
position distributions. It can be seen in Figs. 3(a) and 3(c) that
the 2D distribution reconstructed by the calculation model was
a narrow strip of about 40 mm in length. This was in good
agreement with the source size set in the simulation. The 2D
distributions were respectively projected onto the x-axis and
the y-axis, as shown in Figs. 3(b) and 3(d), and a Gaussian
function was used to fit each projection to extract the spatial
resolutions. The spatial resolution could be obtained from the
formula FWHM = 2.355 x Sigma, where Sigma was the pa-
rameter of the fitting function and shown in the legend of the
1-D distribution. Thus, a simulated spatial resolution lower
than 2.6 mm was attainable by the ceramic GEM detector.

0.5:_ (b)
o . [ Constant: 0.39
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Fig. 3. Simulations of the spatial resolutions for the ceramic GEM detector.

4. Experiments and results

To evaluate the performance of the large-area ceramic
GEM detector prototype, neutron irradiation experiments were
carried out at the 20th beamline (BL20) of CSNS. The ex-
perimental measurements mainly included the plateau curve,
the spatial resolution, the wavelength spectrum, the two-
dimensional imaging capacity, and the detection efficiency.
The neutron beam of the BL20 was drawn from the surface

of the decoupled poisoned liquid hydrogen moderator and was

collimated by the neutron guide and chopper system. The
chopper system determined the wavelength range of the neu-
tron beam from 1.0 A to 5.5 A, and the distance between the
beam exit and the moderator surface was about 11.4 m. Ad-
ditionally, in order to validate the range of the neutron wave-
length resolved by this GEM detector prototype, a commercial
neutron beam monitor with a detection efficiency of approxi-
mately 1073, ORDELA 4562N, 28] was used here for compar-

ison.
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4.1. Counting rate plateau

A proportional gaseous detector requires the working HV
applied to the detector to be kept within the counting rate
plateau, which illustrates that the plateau curve greatly influ-
ences normal detector operation. To obtain a proper working
voltage of this GEM-based detector, the test of the count-
ing rates was conducted with different high voltages from
—1400 V to —2000 V at increments of 50 V, and the detec-
tor was placed 5.4 m away from the beam exit. The result is
displayed in Fig. 4. The neutron events began to be recorded
by the detector at the HV of —1500 V and the counting rate
reached the plateau region at the HV of —1800 V. It is shown
that the plateau slope of the detector was 2.3%/100 V with the
plateau region covering —1800 V to —2000 V. For the sake
of safety and stability of the detector operation, a working

200
180
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(=)
o

Slope: 2.3% 100 V-
140 —
120
100
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40
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Fig. 4. Counting rate vs. working HV.
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voltage of —1900 V was adopted to power the detector in sub-
sequent measurements.

4.2. The 2D imaging and spatial resolution

Capabilities in terms of 2D imaging and spatial resolution
were significant features of the large-area GEM detector. To
lower the divergence of the neutron beam coming into the de-
tector, a collimator with an aperture of 20 mm diameter was
installed in front of the incident window of the detector, which
limited the beam size and basically guaranteed the vertical in-
cidence of neutrons. The result of the beam profile is shown in
Fig. 5. Tt can be seen that the 2D imaging agrees well with the
actual dimensions of the collimator and a low ratio of about
107> of the background to signal was reached. This demon-
strated the good 2D imaging capacity of this GEM detector.
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Fig. 5. Beam profile captured with a hole of 20 mm diameter.
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Fig. 6. Slit images and spatial resolutions: (a)-(b) x-direction and (c)—(d) y-direction.
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The spatial resolution was measured with the linear-
spread function method and we used a 2 mm-thick cadmium
(Cd) mask with a slit of about 0.5 mm width to form a suffi-
ciently narrow neutron beam in this work. The Cd mask was
placed closely in front of the incident window of the detec-
tor, and the spatial resolutions of both directions were mea-
sured by rotating the Cd mask ninety degrees. Figure 6 shows
the images of the slit and its 1D position distribution recorded
by the detector. It is worth noting that the 2 imaging of the
mask is straight and clear. The position resolution for the
x-direction was below 2.48+0.01 mm (Fig. 6(b)), while the
one for the y-direction was below 2.50+0.01 mm (Fig. 6(d)),
where 0.01 mm is the statistical error. The experimental results
agreed well with the simulated ones given by FLUKA (men-
tioned in Section 3) and manifested that the large-area GEM
detector was able to measure the neutron beam in real-time
with good spatial resolution. This basically satisfied the appli-
cation requirements of the neutron instruments for mm-level
spatial resolution, including SANS, VSANS and MR.

4.3. Wavelength spectrum

To verify the capacity of the resolved neutron wavelength
of the GEM detector, the neutron wavelength spectrum was
measured using the TOF method. In this test, a collimator
with a hole of 5 mm diameter was set in front of the detector
window to limit the neutron intensity of the incoming beam,
which avoided the occurrence of detector saturation. A com-
mercial neutron beam monitor was measured at the same site
for comparison. Both of the spectra (from 0 A to 6 A) were
corrected by their detection efficiencies calculated by FLUKA
and normalized to the overall sum of counts. As displayed in
Fig. 7, the neutron wavelength distribution captured by this de-
tector was basically compatible with the one by the ORDELA
4562N monitor, and it was worth noting that there were ob-
vious valley points at 4.05 A and 4.68 A. The two positions
represented the Bragg edges of Al, which primarily originated
from the neutron interaction with the aluminum components
of the moderator shell and the detector window.
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0.014

.012
0.0 + GEM detector

0.010 v ORDELA monitor

0.008

4.05 A 4.68
0.006 51 4.68 A

dp

0.004
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2 3 4 5
Neutron wavelength (A)

ol ]

= <, <

0

Fig. 7. Wavelength spectrum comparison of the GEM detector with the
ORDELA 4562N beam monitor.

4.4. Detection efficiency

Detection efficiency is one of the crucial characteristics
for large-area GEM neutron detector prototypes. Because of
the continuous wavelength distribution of thermal neutrons de-
livered by the BL20, a neutron monochromator made of the
mica crystal material, whose lattice spacing is 10.14 A, was
used in the experiment. It separates the neutrons with specific
wavelengths from the incident beam and reduces the beam in-
tensity coming from the detectors. The neutron detection effi-
ciency of this detector was tested with a relative measurement
and a 1 inch diameter standard counting tube filled with 20 atm
3He gas was employed. The mica monochromator was placed
in the path of the neutron beam and was deflected by forty-
five degrees to select the monochromatic neutrons of 1.59 A,
2.86 A and 4.78 A. To ensure the vertical incidence of the
deflected beam along the diameter of the 3He tube, we set a 2-
mm-thick Cd plate with a hole of 0.5 mm diameter in front of
the detectors. Moreover, the beam monitor (ORDELA 4562N)
was mounted at the site of the beam exit to record the inten-
sity of incident neutrons during the experiments. It was used
to normalize the neutron counts respectively detected by the
GEM detector and the 3He tube. Then the detection efficiency
of the large-area GEM neutron detector could be calculated by
the following formula:

N Gem
—oem o,
Ny, 1

NGem = (H
where 13y, is the detection efficiency of the standard He tube.
It is 99.7% for 1.59 A neutrons and nearly reaches 100.0% for
2.86 A and 4.78 A neutrons.
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Detection efficiency (%)
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Neutron wavelength (A)

Fig. 8. The neutron detection efficiency given by the FLUKA simula-
tion (blue curve) and the measurement (violet stars).

Thus, the measured detection efficiencies of the GEM
detector prototype were respectively 4.7%+0.1% at 1.59 A,
7.5%+0.1% at 2.86 A and 11.2%+0.1% at 4.78 A, where
+0.1% was the statistical error. To evaluate the efficiency
values given by the experimental measurement, the detection
efficiency curve of the GEM detector for neutrons with dif-
ferent wavelengths was simulated by FLUKA, as shown in

Fig. 8. The simulation utilized the approach in Section 3 to
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determine the valid neutron counts. It can be obtained that the
simulated efficiencies were 4.6% for 1.59 A neutrons, 7.6%
for 2.86 A neutrons and 11.6% for 4.78 A neutrons, respec-
tively. This indicates that the measured values of the detection
efficiency were basically consistent with their simulated ones.
Moreover, the difference of the detection efficiency between
the simulated and measured values reached 0.4% at 4.78 A,
which mainly resulted from the neutron absorption caused by
the readout PCB in the middle of the detector gas chamber and
from a serious absorption effect taking place at longer wave-
length.

5. Conclusion and outlook

In this paper, the feasibility of a large-area GEM detector
prototype designed for neutron measurements under or close
to the direct beam was verified. This GEM detector with an
active area of about 307 mmx307 mm employed a symmet-
ric structure with respect to the readout PCB. This configu-
ration enhances the detection efficiency of the GEM detector
and facilitates subsequent upgrades for higher efficiency. Ca-
pabilities in terms of the 2D imaging and the wavelength res-
olution were demonstrated, and the GEM detector exhibited
good performance of the counting rate plateau with a slope of
2.3%/100 V ranging from —1800 V to —2000 V. The spatial
resolution was tested experimentally to about 2.504-0.01 mm
(FWHM), which agreed well with that simulated by FLUKA
and satisfied the measurement demands of scattering neutrons
and the beam profile. In addition, this detector prototype
achieved a detection efficiency of 4.7% for neutrons with a
wavelength of 1.59 A, being in good agreement with the sim-
ulated value about 4.6%. In the future, a thinner readout PCB
will be designed and fabricated to further reduce the neutron
absorption effect; in addition, a large-area GEM detector with
higher efficiency will be developed using a cascade of multiple
layers of boron-coated GEM and will be equipped to the new
neutron scattering instruments at CSNS.
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