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Sensitivity of a Gd-Coated Resistive Plate Chamber to Low-Energy Neutrons
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We present the design and the construction of a resistive plate chamber (RPC) with a Gdcoated electrode for the detection of low-energy neutrons. The signals were read out by using two
perpendicular strip planes. The sensitivity of the RPC was tested by using the 252 Cf source at the
Korea Atomic Energy Research Institute. After the background had been properly subtracted, the
neutron detection efficiency was determined to be about 3 % and 2 % for the backward and the
forward scattered electron configurations, respectively, at an incident energy of about 75 meV.
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diameter. Non-conductive Gd2 O3 powder is very cheap,
which enables us to construct large-area neutron detectors. Once a thermal neutron is captured by natural Gd,
an electron from internal conversion is emitted in about
60 % of the cases. The discrete energy spectrum of conversion electrons is wide, from 30 to 131 keV, with a peak
at 71 keV, which determines the optimal thickness of the
Gd layer.
In this paper, we present the design, the construction,
and the test results of neutron-sensitive RPCs. Section II
gives the configuration and the building procedure of the
detector. Section III describes the experimental setup at
the Korea Atomic Energy Research Institute (KAERI)
and the data-taking system. In Sec. IV, the main test
results for the neutron detection efficiency are given in
detail. Finally, conclusions follow in Sec. V.

I. INTRODUCTION

Since its invention in the early 1980’s [1], the resistive
plate chamber (RPC) has been employed by many highenergy and nuclear-physics experiments for precise time
and position measurements [2–9]. The attractive features
of the RPC are relatively low production cost, simple
structure, good time resolution, fast response, and high
detection efficiency.
So far RPCs have been used mostly for charged particle detection because they use the ionization and subsequent electron multiplication processes under an intensive electric field in the gas gap. Since the construction
and operation technologies are rather well established by
now in high-energy and nuclear physics, people start to
look for possible applications of the RPC. One possibility
is the detection of neutral particles, especially thermal
neutrons, by using the RPC. In this case, a suitable converter material with the largest capture cross-section for
thermal neutrons, which successively generates ionizing
particles, is required.
The most interesting candidates for the converter are
157
Gd and 155 Gd as their capture cross sections for thermal neutron are huge on the order of 105 barns. However,
it is quite difficult to obtain pure (or enriched) isotopes,
so we use a natural Gd powder, which is composed of
about 30 % 157 Gd and 155 Gd among other inactive isotopes. In fact, natural Gd is a metal which is not stable
in air, so it exists in the form of Gd2 O3 , which presents
as a white inert powder with granules of 1 ∼ 3 µm in
∗ E-mail:
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II. DETECTOR CONFIGURATION
The design of the present neutron-sensitive RPC is
based on our previous studies for the Compact Muon
Solenoid (CMS) forward RPC [10]. However, this
time, we have built a single-gap two-dimensional readout chamber, instead of a double-gap one-dimensional
readout detector. Figures 1 and 2 show the schematic
diagrams of the plane and the side views, respectively,
with dimensions. The bulk resistivity of the phenolic
bakelite produced in Italy was ∼ 2 × 1010 Ω·cm at T =
22 ◦ C and a relative humidity of H = 25 % [11].
The thickness of each gas volume, which was maintained by coin and edge spacers made of polycarbonate,
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Fig. 3. Picture of the two-dimensional strip plane of the
neutron-sensitive RPC.

Fig. 1. Schematic plane view of the neutron-sensitive RPC.

Fig. 2. Schematic side view of the neutron-sensitive RPC.

was 2 mm with an uncertainty of 20 µm (the total gas
volume was 72 ml). After the gas gap had been completely assembled, as an additional means of preventing
gas leaks, the periphery of each gap was shielded by using
hotmelt.
The graphite coating on the outer surface of the bakelite was done by using the silk-screen method, which is
presently well known in the printing industry. The offset
between the gap edge and the graphite-coated edge was
50 mm. The surface resistivity of the graphite layer was
tested with several different mixtures of graphite inks.
The surface resistivity of the present RPC was maintained at about 100 kΩ/. The effective area of the
RPC, as defined by the graphite coating, was 10 × 10
cm2 .
For the two-dimensional read-out plane, we used
etched 0.5- and 1.6-mm-thick PC boards for the x- and
the y-strip planes, respectively. We used the thicker
board for the y-strip plane in order to provide a roughly
50-Ω transmission impedance for the x- and the y-strips.
The pitches were the same, 5 mm, for both strip planes,
but the widths were different, 2 and 3 mm for the xand the y-strips, respectively. Since the x-strip plane
was positioned closer to the gas gap, such an asymmetry
in the strip width was expected to balance the amounts
of induced charges in the two strip planes to some extent. The picture of an etched copper strip panel for a
neutron-sensitive RPC is shown in Figure 3.

Fig. 4. Picture of the electrode coated by the Gd and linseed oil solution (lower right) in comparison with that coated
only by linseed oil (lower left).

For the conversion layer, the Gd2 O3 powder was put
in a mixture of linseed oil and heptane. Linseed oil is
a mixture of natural organic linolenic acid (50 ∼ 65 %),
linoleic acid (14 ∼ 24 %), and oleic acid (16 ∼ 26 %) [12,
13]. We first admixed 90 % heptane as a solvent to 10 %
crude linseed oil, and then admixed 20 % Gd2 O3 powder
to 80 % liquid. After the mixture had been coated on
one of the inner surfaces for the bakelite electrodes, the
polymerization process transforming it into a solid layer
kept the Gd granules in the network of the dried linseed
oil with a thickness of 80 µm. However, although the
coating procedure had been completed, some Gd granules were not yet firmly fixed, so an additional coating on
top of Gd layer was performed by using only a mixture of
linseed oil and heptane. Figure 4 shows a picture of the
electrode coated with Gd and linseed oil (lower right) in
comparison with that of an electrode coated with only
linseed oil (lower left).
In order to evaluate the performance of the RPC with
the Gd-coated electrode, we built a second RPC with
the same configuration, but without the coating with
Gd2 O3 powder. In the rest of this paper, we will call the
reference detector ‘Plain-RPC’ and the Gd-coated detector ‘Gd-RPC.’ The only difference was that the bakelite
surface of the neutron-sensitive RPC facing the gas was
treated with a Gd and linseed oil solution whereas the
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Fig. 5. Picture of the completed neutron-sensitive RPC.

reference RPC was built by employing bakelite coated
only with linseed oil. The whole chamber was fixed by
using aluminium frames with screws. Figure 5 shows the
assembled neutron-sensitive RPC.

III. EXPERIMENTAL SETUP
The beam test was performed in February 2005 at the
Korea Atomic Energy Research Institute by using a 515mCi 252 Cf source. The 252 Cf source emits neutrons and
gammas simultaneously at rates of 2.34 × 1012 /s·g and
6.41 × 1012 /s·g, respectively [14]. The energy spectrum
of neutrons from 252 Cf can be described
well by the Watt
√
model, dN/dE = exp(−aE) sinh( bE), where a = 0.88
± 0.03 and b = 2.0 ± 0.1 are two fit parameters [15].
This function has a peak at 0.7 MeV and an average
value of ∼2.1 MeV. The gammas also has a continuous
spectrum. However, they are irrelevant to this test because the detector was positioned behind a thick concrete
wall, which completely shielded gammas. Independent
measurements performed by the KAERI research group
ensured that we were truly taking data in a gamma-free
environment [16]. Furthermore, the KAERI group had
already measured the energy and the flux of neutrons
at the present test position by using a Bonner sphere.
The incident rate of neutrons at the test position of our
RPCs was 81 Hz/cm2 , and the incident energy of neutrons ranged from 10 to 560 meV with a peak at 75 meV
[16]. As a result, there should be no pile-up problem
between two consecutive events.
For the performance of the neutron-sensitive RPC, we
tested the dependences of both the backward and the
forward configurations on the direction of the electron
emission relative to the gas gap. As shown in Figure 6,
the electrons emitted in the same (forward) direction as
the incident neutrons contribute to the avalanche process
in the forward configuration, and vice versa. Therefore,
once produced, the forward-emitted electrons have to essentially cross the Gd layer to enter the gas gap in the
forward configuration, but the backward-emitted electrons do not have to experience much absorption due to

Fig. 6. Definitions of (a) the forward and (b) the backward
directions to incident neutrons. A negative high voltage was
applied to the Gd-coated bakelite electrode with respect to
the plain bakelite electrode.

the Gd layer. As a result, one does not have to worry
much about the thickness of the sensitive layer in the
backward configuration, but the thickness of the Gd layer
is a crucial parameter for the sensitivity of neutron detection in the forward configuration. According to the
simulation results obtained by Abbrescia and his collaborators, a ‘pure’ Gd layer with a thickness of about 10
µm gives a maximum efficiency in the forward configuration [17]. When the thickness of the Gd-layer is smaller
than 10 µm, the probability of an electron stopping in
the Gd layer is negligible so that the detection efficiency
rises as the Gd thickness increases because the number of
neutron interactions increases accordingly. On the other
hand, when the thickness of the Gd layer is comparable or larger than the electron range, the neutron flux
and the conversion electron flux decrease exponentially
inside the Gd layer. However, the property of natural
Gd2 O3 powder mixed with linseed oil must be quite different from the property of ‘pure’ neutron-sensitive Gd
isotopes. As a result, we expect the optimal thickness of
the Gd-layer for the present Gd-RPC to be several times
larger than 10 µm for 75-meV neutrons.
Since the detectors were operated in the streamer
mode during the test, we directly transferred the electronic signals from the RPC to the discriminator without
any amplification. Because the strip width and the distance of the readout plane from the gas gap were different
for the x- and the y-strips, we applied different thresholds for the discriminator channels: 30 and 20 mV for the
x- and the y-strips, respectively. The signals were, then,
fed into the START of a custom-made multihit time-todigital converter (TDC). During data taking, we used a
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random trigger with a 64-µs time window. Finally, the
hits were recorded with time and clusterized. For this
test, the gas mixture consisted of 50 % Ar and 50 %
iC4 H10 at atmospheric pressure with a flow rate of 0.6
l/h.

IV. RESULTS
Figure 7 shows the neutron detection efficiency, , of
the Gd-RPC as a function of the electric field in the
gas gap for the triggered events when the 252 Cf source
was on. The polarity of the high voltage applied on the
graphite surface of the Gd-coated bakelite electrode was
negative relative to plain bakelite; thus, the electron multiplication developed towards the read-out plane. The
solid and the open squares in Figure 7 represent the results for the backward and the forward configurations,
respectively. In order to estimate the number of the
background signals for the Gd-RPC, including the noise
of the chamber itself, data without the 252 Cf source were
also taken (open circles).
The true neutron-detection efficiency of the Gd-RPC
can be evaluated by subtracting the data without the
252
Cf source from the data with the source. Figure 8
shows the true detection efficiency of neutrons after the
noise is subtracted. Once again, the solid and the open
squares in Figure 8 represent the results of the Gd-RPC
for the backward and the forward configurations, respectively. In Figure 8, we observe that, before reaching
the operational plateau, the neutron-detection efficiency
of the Gd-RPC increases slowly as the electric field increases at the low-electric-field region. The neutron efficiencies of the Gd-RPC enter their operational regions

Fig. 7. Neutron detection efficiency of the Gd-RPC for
the triggered events with and without the 252 Cf source as a
function of the electric field in the gas gap. The solid and the
open squares are for the backward and the forward configurations, respectively, when the 252 Cf source is on. The open
circles are for the Gd-RPC when the 252 Cf source is off.
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at E ≥ 43 kV/cm for both the backward and the forward
configurations. As we expected, the backward configuration shows a higher detection efficiency than the forward
configuration for low-energy neutrons. In the operational
electric-field region, the efficiency of the backward configuration is at least 50 % higher than that of the forward
configuration. By using the present single-gap design,
we can obtain a neutron-detection efficiency of about 3
% in the plateau region for the backward configuration.
This efficiency is reduced to about 2 % for the forward
configuration. The difference is due to the absorption of
the conversion electrons in the Gd-layer for the forward
configuration.
For comparison, Figure 8 also includes the neutrondetection efficiency for the Plain-RPC, solid triangles,
after the background has been properly subtracted by
using the same method as was used for the Gd-RPC. Although the measured electric field range is rather limited
for the Plain-RPC, the neutron efficiency of the PlainRPC is at least a factor of two smaller than that for
the Gd-RPC at the same electric-field strength. Within
the errors, there is no tendency for the efficiency of
the Plain-RPC to increase in the measured electric-field
range which is quite the opposite to the results for the
Gd-RPC case in which the efficiency monotonously increases with E even before reaching the plateau. The
dashed line at 0.44 % is the average value of the neutrondetection efficiency for the Plain-RPC.
Figure 9 is the same as Figure 8, but for events with
xy-coincidence. This analysis is particularly relevant to
the feasibility study for possible future imaging applications of the RPC. The difference between Figures 8 and 9
is that the former is an inclusive result independent of the

Fig. 8. Neutron detection efficiency of the RPC for the
triggered events after the noise is subtracted. The solid and
the open squares are for the Gd-RPC in the backward and
the forward configurations, respectively. The results for the
Plain-RPC are also shown by solid triangles for comparison.
The dashed line is the average value of the neutron detection
efficiency of the Plain-RPC.
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is about 75 meV, which is about a factor of three larger
than the thermal energy. Considering that the capture
cross-section of neutrons by neutron-sensitive 157,155 Gd
isotopes at 75 meV is at least a factor of three smaller
than that at 25 meV, the current result for the neutrondetection efficiency is in reasonable agreement with the
data previously published by Abbrescia and his collaborators [18,19].

V. CONCLUSIONS

Fig. 9. Same as Figure 8, but for events with xy-coincidence.

charge sharing between the x- and the y-strips, whereas
the latter is filtered by cutting the charge-sharing condition. For example, if there is an event with only the
x-(or y-)strip fired, Figure 8 takes into account such an
event, but Figure 9 does not. As a result, the triggered
events are enough for the flux measurement, but an additional charge-sharing condition is required for the twodimensional position measurement. However, the comparison between Figures 8 and 9 reveals that the constraint on the charge-sharing condition does not affect
the overall neutron-detection efficiency for the present
Gd-RPC within the quoted error bars, which results from
the careful design of our strip read-out plane. In detail,
as one can see in Figure 3, the present design employs a
double-layer PC board structure for the two-dimensional
strip read-out. Although the pitches are 5 mm for both
strips, the widths are 2 and 3 mm for x- and y-strips,
respectively. Such an asymmetric configuration in the
strip widths for the two planes is expected to balance
the amounts of induced charges since the x-strip plane is
positioned closer to the gas gap than the y-strip plane.
Because both the strip widths and the distances of the
readout plane from the gas gap are different for the xand the y-strip planes, somewhat different thresholds are
used for the discriminators during data taking. For the
present data set, the average cluster size is about 2.6
strips, which corresponds to about 13 mm, for both the
x- and the y-read-out planes. This is essentially the position resolution of the current Gd-RPC. In order to refine
this resolution, we may have to optimize the sizes of the
strip pitches and widths further.
The neutron-detection efficiency of ∼2 % for the forward configuration may be improved somewhat if the
thickness of the Gd-layer is better optimized. Previously,
Abbrescia et al. obtained an efficiency of about 9 ± 2 %
for thermal neutrons with an incident energy of 25 meV
by using a Gd-coated RPC [18, 19]. However, the peak
energy of the incident neutrons in the present experiment

We have presented the design, construction, and test
results of a resistive plate chamber for the detection of
low-energy neutrons in the energy range from 10 to 560
meV. The key element of the neutron sensitive RPC is
a thin Gd layer on the electrode, which enhances the interaction probability between incident neutrons and the
detector. The bulk resistivity of the phenolic bakelite
produced in Italy was about 2 × 1010 Ω·cm. The signals
were read out by using two perpendicular strip planes.
The sensitivity of the RPC to low-energy neutrons was
tested by using the 252 Cf source at the Korea Atomic
Energy Research Institute. In particular, we tested
the backward and the forward configurations, as defined by the direction of the electron emission relative
to the gas gap. For triggered events, we observed that
the neutron-detection efficiency of the Gd-coated RPC
increased slowly as the electric field increased at the
low electric fields. The neutron efficiencies of the GdRPC entered their operational plateau region at E ≥ 43
kV/cm for both the backward and the forward configurations. In the plateau region, the backward configuration
(3 %) shows a higher detection efficiency than the forward configuration (2 %) for low-energy neutrons.
Imposing the condition of xy-coincidence on the triggered events did not affect the neutron-detection efficiency when we subtracted the background properly.
This result is quite encouraging, particularly for possible future applications to imaging devices. We are continuing to study the multigap option for improving the
detection efficiency to low-energy neutrons.
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