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Development of a multi-layer high-
efficiency GEM-based neutron
detector for spallation sources
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Neutron detection is nowadays mostly based on 3He gas detectors, but its shortage and the
continuous upgrades of the neutron facilities require new devices to perform experiments with
maximum performances. This work presents a new detector based on the Gas Electron Multiplier (GEM)
combined with several boron layers. This detector combines the features of GEM technology with the
properties of boron as a neutron converter and the device is produced to sustain high neutron fluxes
with high detection efficiency. The detector has been characterised at the ISIS Pulsed Neutron and
Muon Source (UK). Based on the analysis of our results, the detector has shown a good response to
thermal and epithermal neutrons reaching a detection efficiency of 16% at 1.8 A (25 meV). The good
detection efficiency (even increasable with the addition of further boron GEM foils) and the good time
resolution, make the detector a unique device for the neutron techniques. In particular, its use can
easily be envisaged in techniques involving neutron transmission measurements, that require high
fluxes impinging on the detectors, with the added bonus of a 2D-resolved capability due to the padded
anode.

The state of the art of thermal neutron detection is based on the *He gas tube (detecting neutrons through, the
3He(n,p)*H nuclear reaction thanks to its high cross section!) but during the last ten years the *He shortage?,
due to its use for nuclear safety, has brought the necessity to develop new neutron detectors with comparable
characteristics. Moreover, the new Spallation Sources under construction, such as the European Spallation
Source (ESS) in Sweden, will provide a neutron flux of 10° n/cm*s at the detector; thus, detectors capable to
sustain neutron fluxes in this order of magnitude are required. >He gas tubes have a high detection efficiency
(90% at thermal neutron energies thanks to the high cross section of the involved neutron reaction) but their
counting rates are typically limited to kHz/cm?3. In these conditions, *He tubes used as a detector in transmission
geometry (where the largest fraction of neutrons would be directed) could not make a good use of the high
available fluxes in ESS.

An alternative can be found on the Gas Electron Multiplier (GEM) detectors when coupled with a suitable
neutron “converter”; in fact, GEMs are basically charged-particle detectors and they are made sensitive to neutral
particles when they interact in a suitable material with the emission of charged products.

GEM detectors were developed for the first time at CERN in 1997 by Sauli* and the main component is
represented by the GEM foil, an insulating layer covered on both sides with a conductive layer and then micro-
perforated with high density (50-100 holes/mm?). The geometrical structure allows to reach a high voltage
inside the GEM foil holes so that the resulting electric field inside the micro-holes is high enough to trigger
electron multiplication in the gas saturating the device* when a suitable AV is applied to the conductive layers.
The GEM foils are stacked between a cathode and an anode and the system is filled with a gas mixture, usually
Ar-CO, with relative volume concentrations of 70-30%, respectively.

Inserting a single boron layer inside a GEM detector assembly, thermal neutrons can be detected. A detector
of this kind has been developed depositing a '°B,C layer on the GEM cathode and the reached detection
efficiency for 25 meV neutrons resulted to be 1%”.

The first boron GEM foil was produced by the CASCADE group of the Heidelberg University in 2011°. The
group developed a setup characterised by a strip anode placed in the middle of the detector and six 20 X 20 cm?
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Fig. 1. The I-MS-BGEM scheme.

Fig. 2. Picture of the six BGEM foils.

GEM foils (each with a single boron layer) were positioned on the two sides of the anode. With this configuration
the detection efficiency of thermal neutrons was around 21%, depending on the different layer thicknesses
(between 0.8 and 1 um)”. Despite these promising results, a double boron coating on the two sides of each GEM
foil was not possible at the time”.

Recent works have shown that the optimal thickness for a single boron layer is 1 um®, due to the concurring
effects of neutron capture and charged products escape probability. The detection efficiency can thus be increased
by depositing 1 pm thick °B,C layers directly on the both sides of a 3x 3 cm* GEM foil creating a boron-GEM
(BGEM) foil’, demonstrating that the counting rate is linear just with the number of added double layers (up to
six).

Based on this idea the present Improved Medium-Size BGEM (I-MS-BGEM) detector has been designed and
realised with the aim of reaching an efficiency in the order of 20% to thermal neutrons but with a sustainable
counting rate of MHz/mm?.

The main component of the I-MS-BGEM is the stack (shown in Fig. 1) of 6 BGEM foils (12 boron layers)
as (Fig. 2), which is coupled with a triple GEM (TGEM: a typical arrangement of three standard GEM foils)*C.
The BGEM stack is necessary to convert thermal neutrons into charged particles through the nuclear reaction
10B(n,a)’Li; thus, the alpha and lithium particles can escape from it and ionise the gas®. The applied High Voltage
(HV) to each layer of the BGEM stack creates an electric field intense enough transport through the BGEM foils
micro-holes only the electrons arising from the gas ionisation. The applied HV to the TGEM foils, however is so
high (250-500 V) that in the micro-holes of the TGEM electron multiplication occurs, so that the final number
of electrons impinging the anode give a detectable signal®.

The device has been characterised at the ISIS Pulsed Neutron and Muon Source!! at the VESUVIO
beamline!?!3, where neutrons in the thermal and epithermal energy range are available; the characterisation was
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performed to provide: the detector stability, the capability to discriminate neutrons from gamma-rays and the
detection efficiency.

Detector realisation and experimental setup
The I-MS-BGEM detector has been built up stacking a cathode, six BGEM foils, three standard GEM foils and a
padded anode with 256 6 x 6 mm? pads (Fig. 1).

The BGEM foils (Fig. 2) manufacturing is based on a modification of the standard GEM foil realisation
process. The entire production process is accurately described in’, but for completeness the following paragraph
reports a summarise of the process.

The GEM foil raw material (50 um-thick polyimide foil coated on both sides with 5 um of copper) was treated
at CERN!, where the standard pattern of the holes (diameter of 70 pum and pitch 140 um) was designed on a
square of 10X 10 cm? on the top and on the bottom of the foil. This was followed by the photoresist lamination
on both faces, with photoresist dots precisely covering the copper openings, and then curing. Subsequently,
these foils were individually placed between two aluminium masks with 10x 10 cm? openings on each face,
aligned with the patterned active areas on both sides of the foil, at the University of Milano Bicocca. The '°B,C
deposition was performed by the European Spallation Source Coating Group' and, after a first etching, the
foils were positioned in a deposition chamber (with a pressure of 1.5°10™* Pa) and coated with a '°B,C layer
in pure argon at 0.40 Pa and with a Cu capping layer in pure layer at 0.30 Pa without breaking the Vacuum9
The chemical composition of the 1'°B,C layer was analysed using elastic recoil detection analysis at Uppsala
University’s Tandem Laboratory and the analysis showed a relative atomic ratio of approximately 77% B, 18%
C, and 5% impurities (mainly O and H). After the boron deposition, the GEM foils were returned to CERN for
final processing and etching. The photoresist dots were removed from the foils to etch the polyimide, which was
masked at this stage by the boron deposition. Following this procedure for creating the holes, the foils show the
usual GEM pattern in the central area on both faces and copper cladding on the outer surface. The average °B,C
thickness on both sides was found to be around 1 pm.

The assembled detector was equipped with the GEMINI (GEM INtegrated Interface)'® system, a custom
digital electronic readout designed for GEM detectors. GEMINI is an ASIC made of 16 readout channels, which
converts the charge signal from the anode pads (each pad is a channel) into a voltage signal proportional to
the Time over Threshold (ToT) i.e. the amount of time the input analog signal spent over the threshold level (a
custom threshold is set for each channel separately). The signals are then digitized by an ADC and sent via optical
fibre to the DAQ computer; for each event, along with the ToT, the ID of the channel and the timestamp (related
to the Time of Arrival of the particle) are stored. The theoretical time resolution of the device is dominated by the
length of the induction signal on the anode pads, which is in the order of a few ns; thus the detector can sustain
counting rates in the order of 1 MHz/cm?Y.

The detector has been characterized at ISIS, where neutrons are produced from the collision between
800 MeV proton bunches and a tantalum-tungsten spallation target's. After the spallation, neutrons are emitted
with all energies up to 800 MeV, thus a series of moderators are located around the target to slow down the fast
neutrons. The neutrons are redirected towards the experimental stations (block-houses) and the I-MS-BGEM
has been placed in transmission position in the VESUVIO block-house, in Target Station 1.

VESUVIO is a so-called inverted-geometry spectrometer!'®, which provides neutrons in all energy ranges,
from cold neutrons (meV) to fast neutrons (MeV), but it is optimised to perform spectroscopy experiments,
respectively, in the thermal and epithermal (25 meV-100 eV) energy range; an important feature for the present
characterisation is that its configuration (see Fig. 3) also allows to take measurements in transmission geometry.
This feature is useful for experiments aimed to determine, for example, neutron cross-sections of biological
molecules'. The obtained information is important to improve the neutron cross sections database of molecules
for the benefit of the scientific community?’. The I-MS-BGEM detector has been positioned between the
VESUVIO sample holder and the °Li-based?! VESUVIO transmission beam monitor at a distance L=12.3 m
from the moderator.
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Fig. 3. Schematics of the VESUVIO beamline.
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Fig. 4. ToF spectra normalised for the time measurement (count rate) and for the proton beam current
obtained with the I-MS-BGEM detector (orange-dot plot) and with the VESUVIO monitor (blue line)
respectevely.

The time difference between the neutron production time, usually called t, “start signal’, and the time of the
charged particles collection (the arrival time obtained by the GEMINI readout for every detected neutron) is
defined as the Time of Flight (ToF), from which the incident neutron energies En can be obtained with:

12

E’n, =My

1
2 "ToF? M

where m,, is the neutron mass.

Results and discussion

Figure 4 shows the ToF spectra of an open beam measurement obtained with the I-MS-BGEM detector and with
the standard VESUVIO transmission monitor, normalised to the proton beam current and the measurement
duration. Both spectra feature a peak between 3 and 4 ms (milliseconds) corresponding to the peak of the
Maxwell-Boltzman distribution for thermalized neutrons in the water moderator serving the instrument. At
ToF lower than 100 ps, the gamma efficiency of the standard scintillating monitor makes the spectra affected
by a gamma background, related to neutron activation and prompt-gammas within the blockhouse and in the
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Fig. 5. Energy spectra normalised for the time measurement and for the proton beam current obtained with
the I-MS-BGEM detector (orange-dot plot) and with the VESUVIO monitor (blue line) respectively.
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Fig. 6. Detection efficiency for different wavelengths estimated with the formula 2. Error bars just reflect
the statistical (Poisson) nature of the uncertainty, being smaller in the thermal region where the number of
detected neutrons is higher.

beam-stop. At ToF values lower than 5 ps, spectra are rarely collected by the standard detector, because of the
presence of the so-called gamma flash from the target-reflector-moderator assembly. In fact, it is known that
the spallation process also produces a highly intense burst of gamma rays and fast, unmoderated neutrons that
propagate through the neutron beam pipes and may reach the detectors of the different block-houses. Being
much faster than thermal neutrons, such gamma rays “accumulate” in the shortest time region of the ToF
spectrum. Although they are usually not relevant for detector positioned in scattering geometry (as the majority
of detectors even in the VESUVIO beamline), they can affect both incidence and transmission monitors, that are
positioned directly in the beam. As a result, data collected by standard monitors (like for instance scintillation-
based monitors) in the very low ToF region (for instance, at VESUVIO, in the region ToF < 0.1 ms) are affected
by a high background. The I-MS-BGEM, on the other hand, is insensitive to gamma rays (see further for details)
thus the counts collected in this region really reflect the distribution of fast neutrons, as it is clearly visible in
Figs. 4 and 5.

ToF spectra can be easily transformed (with the use of the Eq. 1) into the energy spectra, reported in Fig. 5.

The detector characterization performed at ISIS has been focused on the determination: the detector
efficiency, the capability to discriminate gamma rays from neutrons and the stability during a long measurement
time.

The detection efficiency has been estimated considering two wavelength spectra obtained with the I-MS-
BEGM and with the VESUVIO monitor, that is credited with an efficiency ey psyyio = 0.6% at 1 A neutron
wavelength?2.

The efficiency of the I-MS-BGEM has been calculated making use of the following formula:

! + ToF spebtrum with 1.5 mm thick Cd mask ‘
I — ToF spectrum without Cd mask |

102 ¢

Normalised count rate

10 15 20
ToF (ms)
Fig. 7. Overlap of two ToF spectra. The orange plot indicates the ToF spectrum obtained with the empty

sample-holder. The blue one is the ToF spectrum of a Cadmium sample; in fact, the drop at 1.3 ms is due to the
resonance at 0.5 eV, which absorbs all neutrons below this energy.
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beam profile of 3.5 3.5 cm? is displayed, comparable with other measurements 2.
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Figure 6 shows the detection efficiency trend for different wavelength intervals; it increases with the neutron
wavelength from 8% at 0.5 A up to 50% at 6 A, as it is expected in the ideal case in which the efficiency is only due
to the probability of neutron “conversion” in boron, without saturation effects or losses of signal (due for instance
to the physical dimensions of the detector or loss of electrons during transport from the different sensitive layers).
The error bars have been calculated with the error propagation and the different widths are due to the lower
statistics at long wavelength (visible in the left side of the graph in Fig. 5). This detection efficiency combined
with the low gamma-sensitivity allows to explore different wavelength regions within the same measurement,
thus reducing the exposure time of the samples to neutrons. These performances are especially promising when
using the detector in transmission geometry, for instance to determine the total neutron cross sections of organic
molecules and biological specimens. As a matter of fact, a GEM detector with a single boron layer had already
been used on the VESUVIO beamline?? and in the same position of the I-MS-BGEM to measure total neutron
cross sections of a series of amino acids?>. On this occasion the detector had reached a detection efficiency of 1%
at thermal neutron energy, requiring irradiation times in the order of a few hours for every single specimen to
obtain a reasonable statistic. With the present I-MS-BGEM, which increased efficiency to 16%, the measurement
time would be significantly reduced, thus providing the possibility to investigate more samples within the same
experimental time, or to investigate specimens (like for instance biological specimens or catalysts) that are
subject to quick degradation.

Moreover, each boron layer with a thickness 1 pm (as in our case) provides a detection efficiency of about
1.2%: this was verified during the tests while activating BGEM foils one by one. This test did not show any sign
of saturation or linearity in the efficiency as already proved by previous tests described in°. The present detector
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Fig. 9. A run series considered to estimate the I-MS-BGEM stability during time.
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Fig. 10. Plot of the histogram considering the points reported inside Fig. 9. From the Gaussian fit, the centroid
is 0.995 and the standard deviation is 0.003.

is made of six BGEM foils, but more BGEMs can be stacked to increase the detection efficiency. For instance, a
stack of 20 BGEM foils can achieve a detection efficiency in the order of 50% at 1.8 A, with the bonus of a higher
rate capability respect to *He gas tubes.

The detector capability to discriminate events due to gamma rays from neutrons has been studied with the
use of a 1.5 mm thick Cadmium mask inserted inside the sample holder at the centre of the neutron beam
(see Fig. 3). Cadmium has a neutron cross-section with a wide absorption resonance between 0.1 and 0.5 eV
and neutrons with this energy range have approximately 100% probability to be absorbed in the Cd foil. As a
consequence, it acts roughly as a “high-pass filter”, absorbing most of the neutrons with energies below 0.5 eV.

Figure 7 compares a spectrum obtained with I-MS-BGEM using the named Cd filter (orange line) and
without the filter (blue dots). It is visible in the “filtered” spectrum a drop at about 1.3 ms (marked by the green
dashed line), which corresponds to the energy value of 0.5 eV; counts registered in the detector below this energy
(due either to gamma rays or residual neutrons crossing the filter) are roughly 5 orders of magnitude lower than
counts above it. If we consider for sake of simplicity that all such counts are due to gamma rays, the gamma-
neutron discrimination capability y, . can be estimated considering the total counts for the (5-19 ms) ToF
region for the spectrum with the Cd filter and the counts in the same interval of the spectrum without the filter:

counts of the filtered region (5 ms — 20ms) 57
Y factor = = (1.07£0.05) x 107°—= 3
fact counts ToF (5ms — 20ms) of a reference run ( ) n ®)

The region of interest ranges from 5 to 19 ms, to avoid considering neutrons which pass through the Cd filter.
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Fig. 11. Plot of the histogrammed data relative to the proton beam current values. From the Gaussian fit, the
centroid is 125 pA and the standard deviation is 0.445.
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Detector Efficiency at thermal neutrons (%) | Count rate capability
3He tubes 90 kHz

SLi scintillator | 1.1 MHz

I-MS-BGEM | 16 MHz

Table 1. Comparison of the *He, °Li and I-MS-BGEM features.

The padded anode allows to obtain an image of the VESUVIO neutron beam profile (Fig. 8); in the present
detector, the spatial resolution is limited by the pad dimension (6 x 6 mm?); to improve this value, smaller pads
or strips are needed, at the cost of increasing the number of channels and electronics.

The BGEMs stack introduces an uncertainty in the ToF measurement due to the fact that two neutrons with
the same energy can be converted in a different part of the stack. This effect is common on all detectors which
the active area is a volume and not a surface. Considering the BGEM stack thickness (1.2 cm), the maximum
ToF spread is 15 ps for slow neutrons (En=2 meV) if they would have been converted only in the last layer.
Considering the conversion probability in each layer, it can be shown that the average contribution to the
uncertainty of the TOF is about 6.5 ps.

The count rate detector stability during a long period of measurements has been estimated taking into
account a run series performed during 8 h. Each run has been normalised for the run time (about 70 s); then, the
total counts of all runs have been normalised for a reference run Fig. 9 and reported in the histogram in Fig. 10.
Fitting such a histogram with a simple Gaussian distribution, the FWHM is 1% which means that the detector
is stable at 99% during a long period of measurements. The main parameter that affects the measurements is the
current instability of the proton beam of ISIS; in fact, all measurements have been normalised to this parameter.
To estimate how the I-MS-BGEM detector is sensitive with respect to the ISIS beam current fluctuations, the
proton beam current values (provided by the diagnostics of the ISIS accelerator!! have been histogrammed and
then reported in Fig. 11. The obtained parameters from the Gaussian fit of the plot in Fig. 11 highlight that the
FWHM (1.12 pA) normalised for the centroid is 1%. In conclusion, the measurements provided by the I-MS-
BGEM detector are stable and the instability of 1% is mostly due to the instability of the beam current (Fig. 11).

A comparison of the detectors features (of the *He, °Li based scintillator and I-MS-BGEM) are reported
inside the Table 1.

As mentioned in the introduction, the He is limited on the counting rate capability; although it is very
efficient to perform spectroscopy or diffraction experiments, if it would be installed directly into the neutron
beam a detector saturation will occur. The Li-glass scintillator is designed to be capable to sustain high neutron
fluxes and to have a stable counting rate during long measurement time, but it is sensitive to photons?!. With the
I-MS-BGEM detector, the detection efficiency reaches a value of 16% at thermal neutrons sustaining a counting
rate capability in the order of MHz; moreover, it is stable (99%, for 8 h measurement, see Fig. 9) with a good
capability to discriminate the events due to the neutron interaction from gamma background (see Fig. 8).

Conclusions

The work presented in this paper shows the performances of the I-MS-BGEM detector. The device has been
tested at the VESUVIO beamline with thermal/epithermal neutrons at the ISIS Pulsed Neutron and Muon
Source.

The performed measurements have highlighted the good capability to discriminate gamma rays from neutrons
with a value of (1.07 & 0.05) * 10772, The detection efficiency increases with the wavelength, as expected in the
ideal case in which the efficiency is dominated by the neutron conversion probability in boron, without sign of
losses of signal. The measured efficiency resulted to be 16% at 1.8 A up to 50% at 6 A for a 6 BGEMs stack, a
significant improvement with respect to the previous GEM-based VESUVIO detector?2. The detector count rate
resulted to be in the order of 99%, and the 1% instability is due to the ISIS proton beam current fluctuations.

During the measurements, the I-MS-BGEM sustained the full VESUVIO neutron flux (reaching an average
counting rate of 1.5 MHz) without sign of event losses.

The capability to sustain a high neutron flux and to discriminate the neutrons from gamma rays combined
with the good detection efficiency (even increasable with the addition of further BGEM foils), and the good time
resolution, make the I-MS-BGEM detector a unique device for the neutron techniques requiring such features.
In particular, its use can easily be envisaged in techniques involving transmission neutron measurements, that
are characterised by high fluxes impinging on the detectors and a high background, with the added bonus of a
2D-resolved capability due to the padded anode.

Data availability
The dataset generated and/or analysed during the current study are available from the corresponding author on
reasonable request.
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