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Neutron GEM-based detectors represent a new frontier of diagnostic devices in neutron-linked physics

applications such as detectors for fusion experiments (Croci et al., 2012 [1]) and spallation sources

(Murtas et al., 2012 [2]). Besides, detectors installed in HEP experiments (like LHC at CERN) are dip in a

high flux neutron field. For example, the TOTEM T2 GEM telescope (Bagliesi et al., 2010 [3]) at LHC is

currently installed very close to the beam pipe where a high intensity (4104 n cm�2 s�1) neutron

background is present. In order to assess the capability (particularly related to discharge probability) of

working in intense neutrons environment, a 10� 10 cm2 Triple GEM detector has been tested using a

high flux (105 n cm�2 s�1) neutron beam. The neutron-induced discharge probability PDisch was

measured to be 1:37� 10�7 at an effective gain G¼ 5� 104. In addition, the different types of neutron

interactions within the detector were fully explained through a GEANT4 simulation.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The goal of this test is the study of neutron-induced discharge
probability of a Triple GEM detector. The particular detector used
in the test has been constructed using the same materials and
following the same assembling method as the TOTEM T2
chambers [3].

The TOTEM T2 GEM telescope [3] at LHC is currently installed
very close to the beam pipe where a high intensity
(4104 n cm�2 s�1) neutron background is present. The Triple
GEM detectors of the telescope will work at high gains (Z104)
necessary to detect minimum ionizing particles. At such high
gains, the very ionizing product generated by neutron reactions
can provoke potentially harmful discharges in the detector. In the
measurements described in this paper, the discharge probability
has been measured for gas gain values from 2� 103 up to 5� 104

thus including the gain of T2 GEMs. As a consequence, the
detector behavior observed during this irradiation test can be
representative of the one of TOTEM T2 GEMs.

More in general, results reported in this paper can be used to
foresee the performance, concerning their radiation hardness to
neutron induced discharges, of Triple GEM based detectors placed
in a high intensity neutron field [1,2].
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The radiation facility used to perform this test is located in the
Demokritos Institute in Athens.
2. Experimental setup

2.1. The Triple GEM detector

Fig. 1 shows the picture of the detector used to perform the
measurements. The GEM foils used in the chamber are standard
GEM foils [4].

The detector have a square shaped (10� 10 cm2) active area
and is provided with a 3 mm thick drift gap and 2 mm thick
transfers and induction gaps. High voltage is delivered to the
chamber through a passive resistive divider (5:4 MO in total) and
the potential difference applied to each GEM foil ranges from 300 V
to 400 V. An additional 10 MO resistor is placed in series with each
top GEM electrode in order to dump discharges. Although this
powering way does not give the possibility to independently
change the GEM voltages and the external fields [5], it has been
proved to be very robust against discharges. All the read-out board
Cartesian x–y strips [6] were shorted together in order to acquire an
integrated anode signal.

2.2. The neutron beam

Fig. 2 shows a picture of the experimental setup used to
irradiate the chamber.
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Fig. 1. Photograph of the Triple GEM used in the neutron irradiation test.

Fig. 2. Experimental setup used to irradiate the Triple GEM detector.

Fig. 3. Triple GEM detector gain measured as function of the divider voltage.

During the neutron irradiation test, values of voltage up to 4300 V were used.

Fig. 4. Energy Spectrum obtained from Triple GEM neutron irradiation (thick

light-red curve); the Energy Spectrum of 55Fe is shown for calibration purposes.

(For interpretation of the references to color in this figure caption, the reader is

referred to the web version of this article.)
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The neutron (5.5 MeV energy) beam is produced by the D–D
reaction and has a large opening angle (y¼ p=2), in order to have
the possibility to irradiate the full detector active area. Two
different rates of neutrons were used during the measurements:
4:4� 104 n cm�2 s�1 and 2:28 n cm�2 s�1. The employed gas
mixture was Ar/C02 70%/30%.

2.3. Detector gain measurements

Fig. 3 shows the measured Triple GEM detector gas gain for
different bias voltages applied to the GEM resistor divider. The
maximum gas gain used in this test was 5� 104 corresponding to
an applied divider voltage of 4.3 kV.

2.4. Energy Spectrum measurements

Fig. 4 shows the result of the Energy Spectrum measurement
under neutron irradiation (thick light-red curve). The 55Fe Energy
Spectrum (thin black line) has been superimposed for calibration
purposes.
In the spectrum, three different components can be distin-
guished: (i) the slope up to 20 keV is due to interaction of photons
(mainly through Compton scattering) coming from the activation
of the materials surrounding the detector. Electrons liberated
through the Compton scattering process own an energy depen-
dence on the emission angle and can be considered as MIPs:
therefore, they contribute to the left part (low deposited energy)
of the spectrum. The broad peak (ii) between 40 keV and 90 keV is
due to neutrons conversion coming either from the neutron
elastic scattering with a gas atom or with the GEM Kapton. Both
these interactions generate particles whose energy release is
higher than Compton electrons. The peak around 120 keV (iii) is
due to the saturation of the employed preamplifier. In this
measurement the detector gain was set to 9000.

The neutrons conversion region in the Energy Spectrum
illustrates the response of the detector to neutrons. The
Energy Spectrum in Fig. 4 was acquired during 60 s and the
integrated counts below the peak (40 keVoEo100 keV) are
around 435,550, leading to a measured neutron interaction rate
RMeas¼7260 Hz.



Table 1
Geometrical parameters and materials of the detector components included in the

simulation.

Component Layer z-Dim Material

Drift electrode Kapton 50 mm Kapton

Drift electrode Copper 5 mm Copper

Gas volume (drift side) Gas 3 mm Ar/CO2

GEM foil Top electrode 5 mm Copper

GEM foil Kapton 50 mm Kapton
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If pure Argon is considered to be the gas mixture, the expected
neutron interaction rate with the gas, Rexp, can be estimated as

Rexp ¼ F � NAr � s ð1Þ

where F is the neutron flux, NAr is the number of Argon atoms
contained in the drift volume and s is the sum of the cross-
sections for elastic and inelastic scattering between neutrons and
the Ar atoms. Since F ¼ 2:28� 105 n cm�2 s�1, NAr ¼ 8:428� 1021

and s¼ 4 b, Rexp¼7680 Hz. Rexp and RMeas have compatible values.

GEM foil Bottom electrode 5 mm Copper

Gas volume (anode side) Gas 3 mm Ar/CO2

Anode electrode Copper 5 mm Copper

Anode electrode Kapton 50 mm Kapton
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Fig. 6. Histogram of the total deposited energy in the gas volume due to neutron

interactions.
3. GEANT4 simulation

A simulation using the GEANT4 [7] tool has been performed in
order to discriminate the contributions to the deposited energy
due to different neutrons interactions.

3.1. The simulated setup

The geometry of the setup in the simulation was simplified
with respect to the real setup and resembles a single-GEM like
detector.

Fig. 5 shows a picture of the simulated setup: the beam
direction defines the z-axis, so that neutrons enter the detector
perpendicular to the drift electrode. The neutron source is mono-
chromatic (En¼5.5 MeV), located 20 cm far away from the GEM
center and Gaussian distributed in x and y (with sx ¼ sy ¼

0:2 mm).
Table 1 describes the components of the detector that were

included in the simulation as well as their material. The x and y

dimensions of all the elements are 10 cm� 10 cm.
The gas mixture used in the simulation is Ar/C02 70%/30%.
All materials have been created by retrieving each composing

element from the GEANT4 NIST database. The physics processes
are defined by the GEANT4 physics list especially suited for
neutrons (QGSP_BERT_HP).

The active part of the detector is the gas volume: only the
energy released in the gas by the particles created by primary
neutrons is recorded. Since the aim of this simulation is to
discriminate the contribution of the different neutrons interaction
processes to the energy release in the gas, no electric field has
been applied between the different electrodes, no holes have been
created in the GEM foils and drift of electrons and ions pairs
liberated into the gas is not simulated. The energy released in the
gas by a particle generated by a neutron interaction constitutes
one entry in the histogram of Fig. 6.
Fig. 5. The setup simulated using Geant4. The neutron beam enters the detector

perpendicularly to the drift electrode.
3.2. Simulations results

A simulation of about 108 primary neutrons has been per-
formed in order to get a statistically significant result.

Fig. 6 shows the deposited energy in the gas due to neutrons
interactions.

A peak at about 60–70 keV corresponding to the same peak
energy of the experimental Energy Spectrum shown in Fig. 4 is
present.

A list of some of the recognized secondary particles created
through the interaction between neutrons and detector materials
is reported in Table 2.

Among all the interactions, the most probable ones are the
elastic scattering between neutron and Argon Ion (40Ar), Carbon
Ion (12C), Oxygen Ion (8O) and hydrogen in the plastic materials.
Interactions with hydrogen generate protons through the
neutron–proton elastic scattering process.

Fig. 7 shows that almost all the deposited energy comes from
two of these four main processes. The process of neutron elastic
scattering on Argon atoms is responsible for the tail at low energy
(up to 30 keV), while the peak comes from the energy released by
protons in the gas.

Fig. 8 illustrates the distribution of initial positions of second-
ary particles showing the role of the different materials to their
generation.

Solid materials (electrodes and Kapton foil) as well as the gas,
are both sources of secondary particles. Particles created in the
GEM foil by neutron beam interactions are mainly emitted in the
same direction of the beam because of momentum conservation:



Table 2
Some of the secondary particles created by primary neutrons.

Secondary particles

40Ar

g
nþg
p
12C

nþ40Ar
16O

nþ12C

nþ63Cuþg
pþg
4Heþg
pþ63Ni

nþ36Ar
63Cu
65Cu

Fig. 7. Different contributions to total energy deposition in the gas volume.

Neutron interactions with H (ii, long dashed line) and Ar (iii, short dashed line)

atoms are responsible for almost all the deposited energy in the detector. The

process of neutron elastic scattering on Argon atoms generates the tail at low

energy (up to 30 keV), while the peak at 60–70 keV comes from interactions

between protons and gas.
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Fig. 8. Histogram of starting position of the secondary particles generated in the

detector by primary neutrons interactions.
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Fig. 9. Histogram of starting position of secondary protons: the main contribution

comes from conversions in solid materials.
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Fig. 10. Histogram of starting position of secondary protons: zoom in the region of

the GEM Kapton foil. As expected, the main contribution comes from neutron

conversion in this material.
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as a consequence a higher number of particles is generated by the
products of the neutron reactions in the induction volume.

Figs. 9 and 10 illustrate that the protons are produced by the
interaction between neutrons and solid materials, in particular
between neutrons and Kapton foils.
Since one element composing the Kapton material (chemical
formula C22H10N205) is hydrogen, elastic scattering of a neutron
with hydrogen would produce a proton with a cross-section of
about 1.5 b at En ¼ 5:5 MeV. These protons have enough energy to
cross the electrodes, reach the gas and ionize it.
4. Neutrons irradiation: measurement of the discharge
probability

4.1. Measurements description

In order to measure the Triple GEM discharge probability
under neutron irradiation, a current measurement has been
performed. The current was read out only from the anodic strips
(connected all together) using a picoamperometer with � 1 pA
resolution. Since the current was measured on the anode, and not
on all GEM electrodes, only the consequence of a discharge could
be observed. If a discharge occurs in one of the three GEMs, the
corresponding potential difference will drop to zero and will
come back to its set value during a period that is defined by the
RC time of the GEM foil. As a consequence, the gain of one of the
three GEMs is temporarily reduced and a lower current (in



Table 3

Experimentally defined current variation (DIDisch)

used to identify discharges for different gains.

Gain DIDisch (nA)

2.8�103 2.8

5�103 5

9�103 9

1.8�104 18

3�104 30

5�104 50

Fig. 11. Real time measurement of discharge probability. The anodic current has

been measured for five different gain (G) values for at least 700 s with a neutron

flux¼2.28�105 n cm�2 s�1. Three current drops have been observed, respec-

tively, for G¼2.8�103, G¼1.8�104 and G¼5�104.
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absolute value) is measured on the anode. In this experiment, a
discharge has been defined as a current drop higher than an
experimentally defined current variation (DIDisch) that has a
different value for each detector gain (see Table 3).

4.1.1. Results

Fig. 11 illustrates the real time measurement of discharge
probability.

During the measurement, the voltage on the divider was
modified in order study the response of the detector at different
gains. The period when the current value is zero corresponds to
the time during which the neutron beam was off. A constant
(negative) current has been measured during neutron irradiation
for different gains. Three current drops have been measured
during the measurement period (around 1 h and 15 m): these
drops can be due either to the effect of discharges or to the
temporary lack of the beam. Considering them as discharges
(since all of them exceeded the experimentally defined current
variation needed to identify a discharge), the upper limit of the
neutron induced discharge probability PDisch can be calculated as
follows:

PDisch ¼
NDisch

Rmeas � DTmeas
ð2Þ

where Rmeas is the measured neutron interaction rate and DTmeas

is the measurement period.
In the case of the maximum gain used in the measurement,

since Rmeas¼7260 Hz (see Section 2.4), NDisch¼1 and DTmeas ¼

1000 s, PDisch¼1.37�10�7 at G¼5�104.
This result shows that in GEM-based detectors neutrons

induced discharge probability is lower than alphas induced
discharge probability [4].
5. Conclusions

The neutrons induced discharge probability of Triple GEM
detector has been proved to be negligible (PDisch¼1.34�10�7 at
G¼5�104) even for gas gain as high as 5�104; no decrease of
performance have been observed in this detector.

The Energy Spectrum obtained under neutron irradiation has
been explained by the GEANT4 simulation. In addition, the
simulation shows that in GEM-based detector the Kapton foil is
the most important source of secondary particles, mainly protons.
Therefore, it is possible to conclude that GEM based detectors can
be safely and efficiently used in a intense neutron flux environ-
ment and that the discharge probability due to neutrons is lower
than the discharge probability due to alpha particles.
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