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Abstract

The work presented in this thesis is related to the development and characterisation of
a Gas Electron Multiplier (GEM) detector for thermal neutrons.

Thermal neutron detection is nowadays mostly based on 3He, a noble gas with a high
neutron cross-section (5330 b for thermal neutrons). Since 2010, the 3He availability is
rapidly decreased due to its use in the strategic military field, thus new alternatives have
been explored to compensate the 3He shortage. Moreover, the recent upgrades of the
neutron facilities require new dedicated neutron detectors with good features, such as a
high detection efficiency and a good spatial resolution.

Based on these premises, several neutron converters have been studied and coupled
with detectors. GEM detectors have been optimised for thermal neutrons through the
use of the °B, where neutrons are converted via the nuclear reaction 1°B(n,a)7Li.

This PhD thesis shows a new GEM detector optimised for neutron detection thanks
to the use of the innovative boron-GEM foils, i.e. GEM foils covered on both sides with
a boron layer.

The new detector, named MBGEM, has been developed to reach a high detection
efficiency through stacking the boron GEM foils, since they increase the neutron conver-
sion. The detector is made of two parts: the six boron GEM foils stack and the three
standard GEM foils stack. The boron GEM foils stack is the neutron conversion region,
while the standard GEM foils stack is necessary to multiply the electrons arriving from
the boron GEM foils stack. During my PhD work, the detector has been assembled at the
Milano-Bicocca University and Istituto per la Scienza e la Tecnologia dei Plasmi (ISTP)
of CNR, where the preliminary tests have been conducted.

The detector has been preliminarily characterised with an X-ray source to study the
capability to extract electrons from the GEM foil holes. This study has confirmed the
good operation of the two stacks coupling (conversion stack and electron multiplication

stack), in fact the primary electrons produced inside the boron stack are guided with a
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unitary gain and without losses through the boron GEM until they reach the triple GEM
foils, where electrons are multiplied.

Then, the study of the capability to sustain high count rates has been performed
with a thermal neutron beam at the TRIGA Mark II reactor at the Laboratorio Energia
Nucleare Applicata (L.E.N.A.). The MBGEM detector has shown a linear response up
to a thermal neutron flux of 10% n/s*cm?.

The final detector characterisation has been performed with a pulsed neutron source,
the ISIS Neutron and Muon Source (UK), with a thermal and epithermal neutron beam
of 107 n/s*cm? at the VESUVIO experiment. The MBGEM detector main features have
been determined with a series of measurements. In particular, it has been estimated the
detection efficiency of neutrons from 0.5 A up to 6 A, the detector stability during time
and the detector capability to discriminate the neutrons from gamma rays.

The data analysis highlights a detection efficiency of 16% at 1.8 A (25 meV), a detector
stability of 99% and capability to discriminate gamma rays from neutrons is 1.36 * 107>
/1.

The good properties shown by the MBGEM detector suggest the possibility to use it
to perform different experiments at spallation sources, where detectors capable to sustain
high fluxes are required. In particular, it will be possible to use the MBGEM to perform
experiments in transmission geometry aimed to determine the total neutron cross section
of samples, but also for SANS (Small-Angle Neutron Scattering), where detectors need

to sustain high count rates.



Chapter 1

Neutron interaction with matter

In 1932 Chadwick supposed the existence of neutrons and he confirmed his prevision the

same year with the paper "The ezistence of a Neutron":

In conclusion, T may restate briefly the case for supposing that the radia-
tion the effects of which have been examined in this paper consists of neutral
particles rather than of radiation quanta. Firstly, there is no evidence from
electron collisions of the presence of a radiation of such a quantum energy
as is necessary to account for the nuclear collisions. Secondly, the quantum
hypothesis can be sustained only by relinquishing the conservation of energy
and momentum. On the other hand, the neutron hypothesis gives an im-
mediate and simple explanation of the experimental facts; it is consistent in

itself and it throws new light on the problem of nuclear structure. [1]

Since 1932 neutron physics is largely advanced and neutrons have demonstrated to
have peculiar properties which make them perfect tools to study both the structure and
dynamics of matter.

The neutron is a subatomic particle, made of two down quarks and one up quark; it
is a Fermion with no charge and it has a mass of 939 MeV /c2.

As free particles, neutrons decay S— via the reaction:
n—p+e +r,

with a half life (7) of 882 s, while inside the nucleus neutrons are stable particles [2].

Neutrons are conventionally divided into categories based on their kinetic energy Ey:

e Cold neutrons: E, < 25meV.
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e Thermal neutrons: ~ 25meV.
e Epithermal neutrons: up to 100 eV.
e Fast neutrons: from 100 eV to MeV.

Cold, thermal and epithermal ones are also called slow neutrons.

1.1 Neutron Sources

The main neutron sources described in this section are: spontaneous fission sources,
(a,n) nuclear reaction sources, photoneutron emission, neutron tube and neutron pulsed

sources. [2]

1.1.1 Spontaneous Fission

Heavy nuclei, with an atomic number A higher than 200 (transuranic heavy nuclei),
are characterized by a higher neutron(N)/proton(Z) ratio than light nuclei. Under this
condition same nuclei do not have spherical shape, but they have an elliptical shape due
to their large potential barrier, so it is energetically convenient for such nuclei to divide
in two parts. The two fission fragments are emitted back to back due to the momentum
conservation and these products are lighter than the initial nuclei [3]. During this process,
the excess neutrons and the energy are released.

A common spontaneous fission neutron source is 2°2Cf, which has half-life (7) of 2.65
y and two decay channels: either a-emission and neutron emission with branching ratio

B.R.) of 96.9% and 3.1% respectively: one microgram of the sample produces 10n/s.
( p NG g ple p

1.1.2 Radioisotopes («, n) Sources

« particles are generated from the decay of heavy nuclei and they can produce neutrons
via reactions with other nuclei. Thus, using an appropriate target it is possible to create
a neutron source. The chosen target is generally beryllium in order to produce neutrons
from the following reaction:

a+?Be -2 C+n

with a Q-value (the available energy from the reaction) of 5.71 MeV. The commonly
used a-sources are 237Pu (7 of 24000 y) and 2! Am (7 of 433 y); the choice between them

depends on availability, costs and half-life.
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1.1.3 Photoneutron Sources

Using the interaction between photons and an appropriate material, such as berillium or
deuterium, it is possible to produce neutrons.
Target nuclei absorb gamma ray photons and they de-excite emitting free neutrons;

the main reactions are:

o hv+?Be =% Be+n Q-value—1.666 MeV

e hw+’H - H+n Q-value=-2.226 MeV

The advantage of using this technique is the emission of approximately monoenergetic
neutrons due to the use of monoenergetic gamma rays and the neutron yield (Y,) is
1075n /.

1.1.4 Neutron Tube

The system is based on the acceleration of deuterium and its collision with a target.
Generally targets are either deuterium or tritium, giving the following neutron-producing

reactions:

e D+D —3He+n Q-value=3.26 MeV.

e D+ T —=%He+n Q-value=17.6 MeV.

Neutrons are emitted in D-D and D-T reaction with an energy of 2.5 MeV and 14.2
MeV and neutron yields are Y,, = 10°n/s and Y,, = 10''n/s respectively.

1.1.5 Pulsed Source

Pulsed neutron sources|4] are made of the components in figure 1.1; neutrons are pro-
duced by nuclear reactions following collisions between an accelerated pulsed particle
beam and a target, which creates fast neutrons (MeV energies). Pulsed sources are pro-
duced using either photoneutron from electrons (as explained in the subsection 1.1.3) or
spallation by protons or even fission. The main facilities associated to these approaches
are electron linear accelerator, proton spallation sources and some kind of pulsed reac-
tors. To perform some kind of experiments, such as the neutron scattering, it is necessary
to have thermal neutrons and this slowdown is generally performed by a polyethylene or

water moderator.
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Figure 1.1: Neutron pulsed source scheme.

Around the moderator, some reflectors scatter back fast neutrons escaping from the
moderator itself and a biological shield protect users and instrumentation from the radi-

ation and reduces the background given by fast neutrons.

Considering an ideal spectrum of a pulsed source [4], it shows the different contri-
bution from fast, epithermal and thermal neutrons; in conclusion the spectrum shows
the advantage of the use of this source, in fact it is possible to remove the fast neutron
background from the spectrum just by not collecting the first neutrons which reach the

detector.

Proton Spallation Sources

The word spallation comes to the verb to spall, in fact during this reaction prontons enter
like a splinter into the nuclei. To obtain this reaction, prontons must penetrate nuclei,
and they must have a very high energy, in the order 800 MeV (grater than electrons
from accelerator, 50 MeV). Since the proton range is in the order of tens of centimeters,
this reaction affects many number of nuclei; in fact, the neutron yield is 30 neutrons per

protouns.

Pulsed proton facilities are made of a proton accelerator. Then, proton bunches are

extracted and sent to the neutron target.
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1.2 Neutron interaction with matter

Since neutrons have no charge, they do not interact with matter through Coulomb force
but the interaction is only between neutrons and nuclei in the range of Strong interaction
(about 10~ 15m).

The main parameter, which describes the probability of the interaction between neu-
trons and nuclei, is the cross section (o): it has the unit of an area and the meaning of
a probability and it is usually measured in barns (10~2%m?).

As described in the first section, neutrons have different energies and this implies that
neutrons have different ways to interact with matter that depend on their energies.

The main interaction mechanisms are:

e Elastic scattering: A(n,n)A. During this process both kinetic energy and momen-

tum are conserved. This process is predominant for slow/thermal neutrons.

e Inelastic scattering: A(n,mn’)A. The final nucleus is in an excited state and de-

excites emitting gamma rays. This process is relevant for fast neutrons.

e Absorption (or radiative capture): n+(Z,A)—(Z,A+1)+-, where Z is the number

of protons. In this case o has a dependence on the velocity of neutrons: o o« 1/vy

1/v/En.

e Capture with particle emission: it involves nuclear reactions of type e.g. (n,p),

(n,D), (n,a). In this process o o< 1/vy.

1.3 Slow neutron detection

Since my PhD work is related to the realization of slow neutron detectors, in this section
it is given a general overview on the slow neutron detection methods.

The slow neutron detection is based on the "conversion" of neutrons into charged
particles in order to collect them and to obtain an electrical signal. The nuclear reaction
must be chosen in order to have o as high as possible (see fig.1.2), thus the detector
can be built with small dimensions without losing the detection efficiency (defined as the
ratio between the number of the recorded pulses and number of the incident particles on
the detector).

The possible reaction products from the collision between target nuclei and neutrons
are recoiling nuclei, protons, alpha particles and fission fragments.

For slow neutron detection the most commonly used converter reactions are:
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Figure 1.2: Neutron cross section of the three main nuclear reaction used to detect slow

neutron:*He(n, p), '°B(n, a) and °Li(n,«) with a o of 5330, 3840 and 940 barns respec-
tively. [2]

e The “B(n,a)"Li nuclear reaction :

Lita  Q-value=2.792 MeV ground state, B.R.= 6%
B 4n=

Li*+a  Q-value=2.31 MeV excited state, B.R.= 94%
The Q-value energy is much higher than the neutron kinetic energy, so the energy
given to the two products is about just the Q-value itself. Because of momentum

conservation, the two products are emitted back-to-back and the energy is divided
as E1; = 0.84MeV and E, = 1.47MeV.

o for thermal neutrons (o) is 3840 barns and decreases rapidly with increasing

of the neutron energy (see fig.1.2).
e The Li(n,a)®He nuclear reaction:
Li+n=°%H+a Q-value=4.78 MeV

The two products are emitted back-to-back with the following energies: E3, =
2.73MeV and E, = 2.05MeV. oy is 940 barns, but this low value (with respect to
the previous oppy of boron reaction) is compensated by the higher Q-value which

means a high energy given to the products.
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e The 3He(n,p)*H nuclear reaction:
SHe+n =3H+p Q-value=0.764 MeV

The products emitted back-to-back have energies of: E3, = 0.191MeV and E;, =
0.573MeV. oppy is 5330 barns and it decreases with a 1/v dependence.

e Neutron capture reaction of »"Gd: " Gd has a o of 250000 barns for ther-
mal neutron capture. The charged products from this reaction are gamma rays
and conversion electrons, in particular electrons of 72 keV. These products give a

contribution to gamma background grater than the previous reactions.

¢ Fission reactions induced from neutrons: Sometimes it is convenient to use
fissile materials, such as 233U, 23U and #*?Pu, due to their large fission cross-
sections for slow neutrons. The main feature of this fission reaction is the large
Q-value (around 200 MeV), thus the fission fragments release enough energy to
produce a signal easily distinguishable from background signals, given for example

by other reactions or gammas.

1.4 Slow Neutron detectors

In the following subsection, the operation principle of the most common slow neutron

detectors based on the reactions described in the previous section will be reported.

1.4.1 Boron-based neutron detector: the BF; tube

The BF3 is a gas detector operating in the proportional regime (see the next chapter).
The advantage to use this device is that the active area is the entire detector. The device
is a cylinder tube made of an outer aluminum cathode and smaller inner central wire
anode.

Neutrons are converted between cathode and anode; then, alpha and lithium are
emitted back to back and released inside the gas, ionising it. If the tube dimensions are
very larger than the alpha range free path, alpha and lithium release all their energy
inside the detector and the energy spectrum shows the full energy for the exited state
at 2.31 MeV and for the ground state at 2.79 MeV. If this condition is not realised,
the BF3 has an effect, named the Wall effect, that affects the energy spectrum. This

effect happens when alpha or lithium particles are produced near the tube wall, then the
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Figure 1.3: Representation of a typical BF3 tube energy spectrum where the energy peaks and the

wall effect are shown. [2]

particles travel inside the gas releasing only a part of their energy before being absorbed
by the wall. As consequence, the energy spectrum shows a continuum before the full
energy peak, from Ej; = 0.84MeV (only the Lithium is detected) until E; + E, and from
Eo = 1.47MeV until E, + Er;.

This detector is used as a counter, since it does not give any information about the
energy spectrum of the initial neutrons. The detection efficiency of thermal neutrons for
a 30 cm long tube filled with 80 kPa BF3 is around 90% and 3.6% for 100 eV (only for
neutrons that travel along the full tube length). If neutrons move along the perpendicular
axis of the tube or near the end of the tube, the detection efficiency decrease due to the
presence of a dead space inside the detector.

The BF3 tubes are insensitive to gammas, since gammas have a low stopping power,
then they release only small fraction of their energy inside the detector. This energy can

be easily discriminate setting a suitable LLD.

1.4.2 Lithium-based scintillators

The most common slow neutron detectors based on the lithium reaction are scintillators,
in particular crystalline lithium iodide. The energy spectrum shows only the full energy
peak at 4.78 MeV, since lithium products reactions does not have excited state

The two products energies are fully deposited in the detector (due to their negligible
path inside the crystal), then the spectrum it is not affected by the wall effect as in gas
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detectors. For these detectors, it must be taken into account the scintillation efficiencies
and, for the lithium iodide, electrons and charged particles have the same values (electrons
of 4.71 MeV and alphas of 4.78 MeV provide the same light).

Thus, gammas produce pulses with height proportional to their energies and, as
consequence, the gamma discrimination is not so immediate as in gas detector, where

gammas release only a small fraction of their energies.

1.4.3 The *He tubes

The 3He tubes are gaseous detectors, which operate as proportional counters (see Chapter
2). The reaction products (p and 3He) ionise the gas, and they release inside the detector
their energies producing an energy spectrum with a full energy peak at 764 keV.

As for the BF3 detectors, He tubes can be affected by the wall effect if the products
range is comparable with tube dimensions. A way to reduce the wall effect is to increase
the gas pressure in order to reduce the charged products range. A pressure increase has
also as consequence an increase of the detection efficiency (from 25% at 1 atm for thermal
neutron to 76% at 5 atm).

1.4.4 Fission counters

Detector based on fission reaction are widely used since the reaction liberates high energy
(around 200 MeV) and 160 MeV is provided to its products. The high energy of the
fragments is released inside the detector producing high pulses, thus it is very easy
discriminate pulses from the background.

The most common detectors based on fission reactions are the fission chambers, where
the fissile material is deposited on the inner surface. The pulse high spectrum depends
on fissile surface thickness and also on the geometric system where the fragments are
collected. If the fissile deposit is comparable with the fragment ranges, the spectrum
shows a double peak. If the deposit is thicker than the ranges, the fragments release
their energies in the deposit and the spectrum presents a distortion. The detection
efficiency is related to the deposit, some fission chambers have more deposit than one in
order to increase the detection efficiency.

The fission fragments are emitted back to back, thus if both fragments can be de-
tected, it is possible to perform coincident measurements and discriminate the fragments

from other particles, such as alphas.
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Chapter 2

Gas detectors

Since this work is focused on the construction and characterisation of a gaseous detector
based on the GEM technology, this chapter will briefly introduce the operation principles
of these devices. The idea behind it is to observe the effects due to the passage of a charged
particle into a gas. The particle ionizes the gas along its path and, as a result, an ion
pair (positive ion and free electron) is created, which produces a detectable electronic

signal.

2.1 Operational regimes

Gas detectors are operated in different voltage regimes (AV), so three main modes of
operation are possible: ionization, proportional and Geiger-Mueller mode (fig.2.1). Work-
ing in these regimes, three detector categories may be described: ionization chambers,

proportional counters and Geiger-Mueller detectors.

2.1.1 Ionization mode

Free electrons and ions created in a gas move with random thermal motion and generate
a diffusion process away from regions of high density. Diffusion is grater for electrons
than for ions due to their lower mass and the electron "cloud" will spread from the origin
point with Gaussian spatial distribution. The standard deviation of this distribution
is defined as 0 = v/2Dt, where the diffusion coefficient D comes from the kinetic gas
theory and t is the elapsed time . During these collisions, electrons, ions and neutral gas

molecules can have different behaviors:

17
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Figure 2.1: The picture shows the operation regions of gaseous detector. The increase of the applied
voltage determines an increase of the pulse amplitude. There is a transition region between
proportional region and Geiger-Mueller region called Limited proportional region, inside

which some non-linearity is observed. [2]

e Charge transfer collisions: a positive ion hits a neutral gas molecule and an electron

is transferred to the ion reversing the two initial states.

o Electron attachment: a free electron is captured by a neutral molecule which be-

comes a negative ion.
e Recombination: an electron and an ion recombine giving a neutral molecule.

If an external electric field is applied in the region containing the ionized gas, the elec-
trostatic force guides charges away from the point of origin. The charge particle motion
is given by the thermal motion and the drift motion and the drift velocity vp, which is

positive for ions and negative for electrons, is defined as:

_HE

= (2.1)

VD

where E is the electric field, P the gas pressure and g is the mobility of the particle.
Considering a gas with medium atomic number at P=1 atm, E=10* V/m, ions have vp
of about 1 m/s (they travel for 1 cm inside the detector in 10 ms). In the same condition
free electrons cover the same space in a few us thanks to their mass 2000 times lower

than any possible ion mass.
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The most common gas detector is the ionization chamber, in which the gas is encap-
sulated between anode and cathode. Applying a small AV (< 10° V/m)between anode
and cathode, free electrons move towards the anode and ions to the cathode, where they
are collected. This motion produces a detectable signal, the amplitude of which is pro-
portional to the released energy of the particle. The applied AV is not enough to produce
an electron multiplication (this behavior is specific in the proportional mode described
in the following subsection), thus only high ionizing particles, such as « and heavy ions,

can produce a signal distinguishable from the noise.

2.1.2 Proportional mode

Increasing the applied AV over a given threshold (typically the applied field is 10 V/m
for every gas at atmospheric pressure), the proportional mode is reached. FElectrons
from gas ionization are accelerated and, as they collide against other electrons, a second
ionization happens. This multiplication process is known as Townsend avalanche and it

is described by Townsend equation:
dn = andn
which describes the increase of the number of the electrons per unit path length and

where « is called the Townsend coefficient for the gas.

04 Townsend Coefficient

Threshold for
gasmultiplication

Electric field strength

Figure 2.2: Townsend coefficient trend for a typical gas.[2]

The value of «v is zero below the threshold (as shown in fig.2.2) and above the threshold
increases with the electric field. For a uniform field, « is constant and the previous

equation becomes:
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so, the number of produced electrons increases exponentially with the distance during the
multiplication and this is due to a disuniformity of the field along the electron path. The
electron multiplication has as a consequence the amplification of the charge in this regime
and the number of the final multiplied charges it still proportional to the initial number
of the ion pairs produced by the interacting particle, and eventually to the particle
energy. Thanks to this principle of operation, proportional counters (the detectors which
work in proportional mode) can be used to detect radiation, such as X-rays, for which
the number of produced primary electron-ion pairs is too small to produce a detectable
signal. An example of this device is the multi-wire proportional counter, which is made
of two large plates (the cathodes) and in their middle a series of wires (the anode) are
positioned with a distance of 1 or 2 mm. An uniform electric field is created along the
electrodes. Once the electron-ion pairs are formed, electrons are guided towards the wires
where they are accelerated and avalanches are generated, then a signal is created on the
wires. Increasing the voltage, the electrons are fast collected, but the ions are slower than
electrons. Thus, ions create a cloud, which create a shape distortion of the electric field
within the detector. This is the limited proportionality region, where charge is collected

but with the introduction of non-linear effects.

2.1.3 Geiger-Mueller multiplication mode

Geiger-Mueller counters are the third gas detector category based on ionization. Increas-
ing the field (E»10% V/m), the charge created by the positive ions is dominant; ions
recombine with electrons with a consequent UV emission and an avalanche can trigger a
second avalanche in a different position. This process is known as Geiger discharge and
leads to an exponential growth of the number of avalanches for a single detected particle.
All output pulses have on average the same amplitude and the information of the energy

of the initial radiation is lost.

2.2 Micropattern Gas Detectors (MPGD)

From 1990s, new technologies have been developed in the gaseous detector field, which
involve photolitography and etching techniques. Their configuration or readout allow to
reach a spatial resolution in the order micrometers and to work at high rates. The main
commons are: Microstrip Gas Chamber, Micromegas, Resistive Plate Chamber and Gas
Electron Multiplier (GEM).
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2.2.1 Microstrip Gas Chamber

Microstrip Gas Chambers (MSGC) were invented in 1988 by Oed [5]. They are made
of a drift plane and a strip anode, whose electrodes are created with etching technique.
The strips are realised with the photolitography technique [6], which allows a tight pitch
and, as consequence, a better spatial resolution than multiwire proportional counters.
The detectors work in a constant gas flow in order to avoid gas instabilities and the inner
components are made of low-outgassing materials, in order to not contaminate the gas.
The electric field is applied between the drift plane and the anode, then the electrons
are moved towards the anode, where the avalanches are generated. The motion of the
positive ions liberated during the avalanches generate the observed signal. The ions must
travel a short distance to reach the cathode, then they are rapidly collected allowing the
detector to operate at high rates. They are constantly fluxed with different kind of gases,
such as noble gases, in order to work always with a clean gas reducing discharges and

instability effects during time.

2.2.2 Micromegas

In 1996 a new gas detector has been developed and nowadays, it is widely used in differ-
ent kind of experiments, such as COMPASS (hadronic physics) [7] and T2K (neutrino
physics) [8]. The Micro-Mesh gaseous detectors (Micromegas) [9] are two parallel planes
(cathode and anode) divided by a micro-hole mesh and the entire system is filled with
gas. The incident radiation ionises the gas in the detector first part (between cathode
and mesh). The presence of the electric field guides the primary electron towards the
mesh, where they pass through while the positive ions are collected by the mesh. Thanks
to a high electric field between the mesh and anode the electrons are multiplied and
then collected. The first region is few millimeters in order to fully absorb the incident
radiation, while the second region is around 0.1 mm in order to collect the electrons and

create a very fast signal (in the order of nanoseconds).

2.2.3 Resistive Plate Chamber

The Resistive Plate Chamber (RPC) is a detector similar to the parallel plate avalanche
counter (two parallel electrodes divided by a small gap), where the electrodes are made of
bakelite, plastic or glass. These materials have high electrical resistivity (10°—10°Q/cm),
which limits the discharges. The two planes are placed at few millimeters apart and the

system is filled with gas. With this configuration, the electrons are collected very fast,
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thus the detector has a good time resolution (few ns depending on different gas mixtures
[10]). The electrodes are assembled with a strip pattern in order to obtain the spatial

resolution.

2.3 Gas Electron Multiplier

Inside MPGD category, Gas Electron Multiplier (GEM) detectors are nowadays largely
used in various physics sectors, such as fundamental particle physics [11], medical physics
[12] and plasma physics [13]. Developed in 1997 by F.Sauli [14] at CERN, the peculiarity
of GEM detectors is the presence inside these devices of GEM foils.

The GEM foil is made of an insulating foil of 50 pm thickness, typically made of kap-
ton, sandwiched between two conductive layers (usually copper) each of 5 um thickness.
The GEM foil is perforated using a photo lithographic technique creating a high density
(50-100 mm~2) of bi-conical holes (figure 2.3.b): the outer diameter is of 70 ym and the
inner is 50 pm. The holes are placed in a hexagonal shape with 140 pm pitch (figure
2.3.a). The double-conical shape is fundamental to reach high gains (around 10%), even
if it brings the charging up effect (an electron accumulation around the rim, which is the
retreat of the copper from the hole). If the detector application needed stronger GEM
foils, it is possible to use the thick GEM foils, which are characterised by cylindrical holes
and make the detector behavior more stable than standard GEM foils, but they cannot
reach high gains.

e

(b)

Figure 2.3: (a) Microscopic view of GEM foil. [15] (b)Section of a GEM foil whit drawn electric field
lines. [15]
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This foil can be cut and bent in different shapes (square, cylindrical, etc. [15]) making
it adaptable to different physical situations. Moreover, it has been seen that the correct
GEM detector operation is possible until an area of 100 cm? [14]. In order to maintain
optimal detector behavior with large areas, it is possible to "sectorise" the electrodes [16]
with the further advantage to possibly disable a sector if there is damage without losing

the entire foil.

AEdz"
(a) ()

Figure 2.4: (a) Standard GEM foil. (b) Sectorised GEM foil [17].

The complete device is composed of a cathode, one or more GEM foils and an anode;
the entire system is constantly fluxed at 5 1/h with a gas mixture of ArCO; (70%-30%).
The choice of this gas mixture is due to its components properties: Ar is a noble gas, not
inflammable and cheap (if compared with other gases, such as the 3He [18]); the COq is
a quencher and it absorbs the photon emission due to the de-excitation of the Ar atoms.

The region between the cathode and the top of the GEM foil is called drift gap (figure
2.5), inside which the primary ionization occurs. Applying a AV to the electrodes of this
region, the electrons are guided along the electric field lines inside the GEM foil holes
(see fig.2.3.b).

Between the two copper layers of a GEM foil a AV from 200 V and 500 V is applied,
creating a strong electric field. Once the electrons arrive inside the hole, they are ac-
celerated and collide against other electrons of the gas, ionizing it. Multiplied electrons

move inside the region between the second layer (the bottom) of the GEM foil and the
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anode, called induction gap (E;), and are eventually collected by the anode. Meantime,
ions move along electric field lines towards the cathode; if they pass near the foils, they
don’t enter inside the holes, but they are collected on the copper layer and neutralised.
The output signal is thus given only by the electrons, which are faster than ions and
provide a signal of few nanoseconds.

The signal depends on several factors, in particular: the applied fields, the number
of the GEM foils and the distance between them (gap) and the gas mixture choice. Thus
GEM detectors can sustain high rates (up to MHz/mm?) compared to *He tubes which
have the signal completely dominated by ions (maximum rate kHz/mm?) [2].

Defining the gain of a GEM detector as the ratio between the number of the electrons
produced into the holes and the numbers of the electrons entering into the holes, it is
possible to improve this feature by optimising the electric field between the regions.
Typically, the electric field of the drift gap (Eq) and transfer (T) are in the order of 1.5
kV /cm; in fact with low Eq and T values, primary charges can be lost by recombination
while with high values, the electric field lines can end on the top surface of the GEM foil
causing a loss of the electrons. With an Eq and T of 1.5 kV/cm a counting rate plateau
region is reached, which means that all charges are collected in the GEM holes.

The electric field of the E; determines the shape and size of the signal. In general
the applied field E; is about 5 kV/cm: if E; is lower than this value, charge is lost on
the bottom of GEM foil and if E; is higher (for example 8 kV/cm in ArCOs) the gain
increases very fast and discharges can occur inside the induction region.

The other main GEM parameters [19] are:

o FElectron collection efficiency: ratio between the number of electrons entering into

the holes and the primary electrons.

o FElectron extraction efficiency: ratio between the number of electrons, which are
extracted from the holes and reach the anode, and the number of electrons produced

by the multiplication.

e Jon extraction efficiency: ratio between the number of the ions coming from the
holes and reaching the cathode and the number of the ions produced inside the

holes after the electron multiplication.

The gain is strictly connected with the applied HV, but an intense HV (more than
500 V) applied to a single layer can cause discharges inside the detector. A safer method

to increase the gain, reaching a value of 10%, is to stack GEM foils in series and create
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a GEM foil cascade. Generally the connected foils are three, creating a Triple GEM
detector. [18]
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Figure 2.5: a) Schematic image of a triple GEM. [15] b) Gain trend of a different GEM detectors. It
is possible reach high gain with low applied voltage using triple GEM detectors.[15]

This device is characterised by two transfer regions T1 and Tq with electric fields Ep,
and E7, of reduced intensity (typically 1 kV/cm) than Ep in order to guide the electrons
into the holes.

Thanks to their principle of operation and their features, gaseous detectors based on

GEM technology are useful in various physic fields. In fact, the work described in the
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next chapters will show GEM detectors optimised for neutron detection for condensed

matter physics experiments.



Chapter 3

Simulations with Geant4

Numerical simulations aimed to determine the main parameters are needed to develop
the device. Simulating the radiation interaction with matter, it is possible to provide the
detector response.

The main work of this PhD thesis is related to an innovative thermal neutron detector.
As mention in chapter 1, neutrons can be detected only if they are converted into charged
particles with a proper neutron converter.

Thus, the novelty of this project lays in the combination of the GEM detector, de-
scribed in chapter 2, with boron layers deposited on both sides of the GEM foils. Since
the detector detection efficiency is strictly connected to the boron presence inside the
detector, increasing the boron layers, the detection efficiency increases.

The simulations reported in this chapter have been performed with the open source
Geant4 toolkit [20]. The boron-GEM (BGEM) foils structure has been created and then,
several BGEM foils have been stacked. Then, thermal neutrons have been generated
and the boron thickness and the gas gap thickness have been studied to determine the
optimum detector configuration, which minimize the number of the boron layer and

maximize the detection efficiency.

3.1 Geant4

Geant4 is an open source toolkit based on C++ code language, created custom at CERN
[21] to simulate the radiation-matter interaction. Since it is based on object oriented
programming code, the program is based on a main file and three mandatory classes:

DetectorConstruction, PhysicsList, PrimaryGeneratorAction.

27
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o DetectorConstruction: allows to define the materials and the detector geometry.
The system is placed inside a mother volume, which is the world where the system
is defined.

o PhysicsList: it is mandatory to define the particles and their interactions, i.e.

electromagnetic or nuclear interaction.

o PrimaryGeneratorAction: it is mandatory to generate particles and their features,

such as the energy and the position.

3.2 Detector simulations
The simulation main file contains the main instruction of the simulation:

o With the class G4MTRunManager, the instruction are given to begin and to man-

age the runs in Multi-thread mode.

e The chosen physics list, optimised for thermal neutrons and provided by the class
G4 VUserPhysicsList, is QGSP_BERT HP(). QGSP_BERT HP() contains the
neutron cross sections for the main materials and it is very accurate for neutrons

with energy below 20 MeV.

e The PrimaryGeneratorAction is implemented via the General Particle Source class
(GPS) and all instruction are contained into a macro. The neutron energy has been
set at 25 meV and the a two dimensional beam has been positioned at -1 m from the
axis center. The beam direction is perpendicular to the detector and 10 neutrons

have been generated for each simulation.

e The graphical visualisation is activated with the class G4UImanager and allows to

reproduce the geometry and the radiation interaction.

The detector geometry has been build stacking several slabs, which reproduce the
GEM foils of 10x10 em? without holes. The scheme is reported in figures 3.1a and 3.1b,
and it is the sequence of the following layers: boron, copper, kapton, copper and boron.
Then, before and after each BGEM foils, the ArCOy 70%-30% gas mixture has been
placed. The holes have been taken into consideration normalising the simulation results
with the optical transparency coefficient, defined as the ratio between the total area and

the total area occupied by the holes. It results to be 0.78.
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ArCo2 § § ArCO2
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Figure 3.1: (a): MBGEM detector scheme implemented for the simulation with GEANT4 toolkit. (b)
Detector geometry and neutron beam interaction.

The parameters studied during the simulations are:

e Gap thickness

Boron thickness

Number of MBGEM foils

Detector efficiency
¢ Gamma-detector interaction

The gas mixture ArCQOy has been implemented, and the energy released from the
alpha and lithium inside the gas gap (BGAP) have been studied. The deposited ener-
gies have been considered only if they release an energy over 200 keV; the threshold is
necessary to not consider the gamma-rays from the background.

The graphs in figure 3.2 shows the total counts trend normalised for number of the

incident neutrons at the increase of the first BGAP value. Increasing the threshold from
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150 keV up to 300 keV, the total counts decrease until 1 mm. These graphs shows
that a threshold of 150 keV is sufficient to consider neutrons without event losses. In
fact, setting a threshold over 150 keV, the events in the BGAP ranges below 1 mm are
lost. The same graphs have been obtained also for the deposited energy for the lithium
particles, and they show the same trend of the graphs reported in figure 3.2. Since the
simulations cannot reproduce all the events that can affect a measurement during an

experiment, the threshold has been set at 200 keV.
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Figure 3.2: Total number of the « particles normalised for the incident neutrons at different BGAPs

values with different thresholds.
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Figure 3.5: Scheme of the alpha and lithium emission and their escape from the boron layer.

Figures 3.3 and 3.4 show the energy deposited by alphas and lithiums in ArCOs with
different gaps and different boron layers thickness. The reported graphs refer to the
deposited energy in the first gap (BGAP1), for the other BGAPs, the obtained graphs
have the same shape for all configurations, thus they are not reported. Increasing the
BGAP thickness, the particles can deposit more energy inside the gas. This energy
amount ionises the gas, thus alpha and lithium release enough energy with a BGAP from
2 mm for all the considered B4C layer thicknesses. With these energies, electron-ion pairs
con be formed. Thus, the BGAP has been fixed at 2 mm to have enough energy from «

and Li to ionise the gas and to keep the detector with a compact design.

Another important parameter is the boron thickness. The charged products, from
the neutron reaction with boron, are emitted back to back (see Chapter 1), thus only
one particle or neither of the two are detected (see figure 3.5). In fact, the alpha or the
lithium escape depends on the angle emission and the particles, which travel opposite to
gas, are absorbed from the boron layer. Moreover, if the escape particle is emitted in the

internal part of the layer, it loses a part of their energy inside the boron.

Thus, if the boron layers are chosen too thin, the neutron conversion efficiency de-
creases due to less interaction of the neutrons with the boron layers. On the other hand,
if the boron is too thick, alpha and lithium are absorbed. For both cases, the events are

lost resulting in a decrease of the detection efficiency.

Figure 3.6 shows the events in function of the energy deposition for alpha and lithium
with BGAPs of 2 mm for different boron thickness normalised to the absorbed neutrons
from the BGEM foil. It is visible that the counts decrease with the increase of the boron
layer thickness due to increase of the a and Li particles that cannot escape from the
boron layer. Moreover, these histograms consider only the counts for one BGEM foil.

Inserting more than one BGEM foil, the number of the absorbed neutrons increase and
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Figure 3.6: Energy deposition of alpha (a) and lithium (b) particles inside 2 mm of ArCO; after the

neutron conversion with different boron thickness.

fewer neutrons are available for the next foils. This effect is shown in figure 3.7a, where
the plots of the total events have been normalised for the incident neutrons at different
boron thicknesses (0.7, 1, 1.2, 1.5 and 2 um) have been reported with respect to the
number of the BGEM foils.

The trend highlights that the detection efficiency increases until the tenth BGEM foil,
then the detection efficiency reaches a plateau region, which indicates that the incident
neutrons are mostly converted.

The detection efficiency depends on also from the neutron energy, and simulations
with different neutron energies (5 meV, 25 meV and 50 meV) have been performed. The
results are reported inside figure 3.7 and, as expected, it follows the trend of the boron
neutron cross section shown in figure 1.2 (chapter 1). In fact the efficiency decrease with
the increase of the neutron energy.

Fixing the BGAPS at 2 mm and the B4C at 1um thick, simulations of the gamma-ray
interaction have been performed; in particular gammas of 478 keV and 1 MeV have been
generated. The 478 keV gammas come from the de-excitation of "Li and 1 Mev is the
deposited gamma-rays energy chosen to represent the gamma-rays from the background.
From this simulation, it has been evaluated the energy deposition inside the detector,
considering all gaps. The energy depositions for 478 keV and 1 MeV is shown in figure
3.8. For both energies, there is a peak around 1 keV, which is lower than the alpha and

lithium deposited energies (more than 0.5 MeV). Then, using this detector configurations,
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meV and 50 meV.

the gammas can not affect the measurements, since they have less energies than alpha
and lithium.

Thus, the detector configuration is given by:
e a BAGPs of 2 mm.

e a '°B,C thickness of 1 pm.

3.3 CAD models

The detector has been designed with CATIA CAD software [22|. The detector has been
composed of a fiberglass box, where inside at least 6 BGEM foils can be inserted, and
a kapton window. The electronic readout (GEMINI, chapter 5) has been positioned on

the top of the detector, in order to be out of the neutron beam.

3.4 Conclusions

The simulation results reported in this chapter highlight the configuration to build up
the MBGEM detector. The energy deposition of o and lithium particles indicates that
a gap of 2 mm is necessary to have energy to ionise the gas. The boron thickness

simulation suggests that 1 um layer is a good choice to have a good conversion efficiency.
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Figure 3.8: 478 keV and 1 MeV gamma energy deposition.

(b)
Figure 3.9: Pictures of the MBGEM CAD model. (a) Detector main components: box with GEM foils,

anode and electronic readout. (b) GEM foils and electronic readout zoom.



3.4. CONCLUSIONS 37

To maximise the detection efficiency, the boron thickness has been chosen 1 um and
the BGAPs 2 mm thick, in order to have a compact detector. Combining these two
parameters, the boron and the gas thicknesses, with the number of BGEM foils, the
simulations indicates that the MBGEM detector can be build up with maximum 10
BGEM foils. A higher value brings a plateau suggesting that the detection efficiency can

not be increased.
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Chapter 4

The 6 Multi-layer Boron-GEM

detector

The PhD project reported in this thesis is related to the development and the charac-
terisation of a GEM detector optimised for thermal neutrons. In this chapter, it will
be shown the work related of a triple GEM detector coupled with 6 boron-coated GEM
foils; the entire system is named 6MBGEM detector.

As mentioned in the previous chapters, neutrons can be detected only via nuclear
reactions, thus a suitable converter is needed to convert neutrons into charged particles.
From literature, the most efficient neutron converter is the 3He (see chapter 1), but
during the last 15 years, the 3He shortage [23] has brought the necessity to develop new
neutron detectors.

Since GEM detectors have several good properties, as described in the chapter 2, they
can be used to detect neutrons and one of the main method used is to equip the detector
with components covered with boron carbide (!°B,C). One of first GEM detector for
neutron detection was build up with three standard GEM foils, an anode and a luym
boron-coated cathode [24]. The boron deposition has been performed using natural B4C,
and it has been deposited on an aluminum substrate.

Then several upgrades have been done, in particular coupling GEM detectors with
other components covered with boron, such as the lamellas. An example of this device is
the -BANDGEM detector [25] and with this technology, the detection efficiency reached
a value around 30% at 25 meV.

In 2011, the CASCADE group from Heidelberg University [26] was able to produce
for the first time GEM foils covered with a boron layer. The detector was build up with

39



40 CHAPTER 4. THE 6 MULTI-LAYER BORON-GEM DETECTOR
six boron-GEM foils and the anode was placed in the middle of this boron stack, dividing

the device in two parts. With this configuration, the detection efficiency reached at 1.8
Ais around 8%.
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From this idea, the neutron group of the Universita degli Studi Milano-Bicocca and
Istituto per la Scienza e la Tecnologia dei Plasmi (ISTP), in collaboration with CERN
and with the ESS Linkdping Detector Coatings Workshop (Link6ping, Sweden), started
the study of the process to deposit the boron on the GEM foils until they were able to
realise the BGEM foils (figure 4.2a). The new detector technology, the MBGEM [27] is
composed of a conversion region, made of the BGEM foils, and a multiplication region,
made of three standard GEM foils (TGEM) (figure 4.1). All foils, with an area of 3x3

2 (figure 4.2a), have been placed between a cathode and a pixelated anode; the used
electronic readout was the TIMEPix [28]. The detector (MBGEMPix) has been tested
at the TRIGA MARK II reactor located in Pavia at the Laboratorio di Energia Nucleare
Applicata (L.E.N.A.) with a thermal neutron beam. Through this characterisation, it
has been demonstrated that the count rate scales linearly with the number of active
layers (figure 4.2b).
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Figure 4.2: (a) BGEM foils 3x3 cm? picture. (b) Linear response of the MBGEMPix detector with

the increase of the active boron layers. [27]

Starting from these results, a new detector with an active area of 10x10 cm? and
equipped with the new GEMINI electronic readout (widely described in the next chapter),

has been realised.

4.1 The ''B,C deposition technology

The process of the boron deposition on the GEM foils starts the raw materials of the
GEM foils, which are a kapton layer sandwiched between two copper layers. The GEM
raw materials have been covered with an aluminum mask necessary to treat only the
internal areas (future GEM foils) and to avoid the electrical contacts damage caused by
the boron during the deposition process (figure 4.3a). The foils have been heated until
100 °C and, in the meanwhile, the deposition chamber has been set with a background
pressure of ~ 1.5 x 1074 Pa. Then, the foils have been exposed in pure Ar atmosphere
at 0.35 Pa in order to be treated with the radio frequency plasma etching technique.
This treatment allows the possible oxide residues to be removed on the Cu layers, and
it increases the surface roughness to have a good film adhesion [27]. The samples have
been coated with a B4C layer always in pure Ar at 0.40 Pa plus a Cu layer at 0.30 Pa.
After the boron deposition, the GEM foils returned to CERN for the final etching and
the photo resist dots have been removed in order to etch the polyamide covered by the
boron deposition. Once the holes are created with the hexagonal pattern, the Cu cover

has been removed from both layers and the entire process is concluded.
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Figure 4.3: (a) Standard GEM foils with the Al masks. (b) Stretched BGEM foil before the frame
application. (c) BGEM foils at the end of the stretching process.
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4.2 Detector design

The detector has been build up inside the Milano-Bicocca and ISTP laboratories. Six
BGEM foils have been stretched and frames 2 mm thick have been applied (figures 4.3b
and 4.4a). The detector has been assembled with six BGEM foils, with gaps (BGAP) of
2mm; they have been coupled with three standard GEM foils with the gaps: Drift (D)
5 mm, Transfer 1 (T1) 1 mm, Transfer 1 (T2) 2 mm and Induction (Ind) 1 mm (figure
4.4a). The entire system has been placed in a fiberglass box with a kapton window and

a PCB made of 256 pads with a dimension of 6x6 mm?.
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Figure 4.4: (a) 6MBGEM detector scheme. (b) Picture of the 6MBGEM detector with the GEMINI
electronic readout.

The electronic readout system has been placed aside from the detector to not be
exposed to the radiation and it is connected to the detector with a series of flat cables
(figure 4.4b). The employed front-end electronics is based on the GEMINI ASIC (see
chapter 5). Each GEMINI channel provides as output a digital signal that carries two
information:: the Time over Threshold (ToT) and the Time of Arrival (ToA). The ToT
is proportional to the deposited charge, thus it is useful to perform spectroscopy exper-
iments. The ToA provides only the information about the time of the signal arrival to
the detector. To operate in ToA mode, a start pulse tg is needed, and the detector works

as a counter.
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4.3 Characterisation with X-Rays

Another parameter which affects the detector response is the charge transport along the
BGAPs and inside the holes. This section shows the study of the charge transport with
the use of an X-Ray source.

The detector, described in the previous section 4.2, has been placed inside a shielding

box and the experimental setup is composed of:

e The X-ray source: Amptek-MiniX2 X-Ray Tube [29].
e Cu and Mo Targets.

e CAEN Modules (A1526N and A1561H): HV suppliers for the BGEM stack. They
are controlled by the GECO program and by a custom program made with Labview-

National Instruments [30].
e HVGEM: HV module for the triple GEM.

e A Linux server: it provides the internal clock signal for the electronic readout and

it allows the storage of data.

e The ArCO; gas system: the gas mixture has been fixed at 70% of Ar and 30% of
CO3 and it is constantly fluxed inside the detector at 5 1/h.

The X-ray tube accelerates electrons against a silver target emitting X-rays from
Bremstrahlung; the result is a continuum spectrum with two peaks at 22 and 25 keV,
which are the silver K, and Kg lines. The X-rays impinge on a target, generating a
monochromatic fluorescence X-Ray beam, due to the electron re-arrangment inside the
electron shells (figure 4.5a). For this test, a Cu (figure 4.5b) and Mo target have been
used, which have the emission lines at 8 keV and 17.4 keV respectively.

The detector operating principle has been checked with a series of high voltage (HV)
scans. Increasing the applied HV, the primary electrons generated from one event enter
inside the holes, and after the multiplication, they are guided to the next foil until the
anode. The resulting spectrum shows a peak, whose counting rate increases with the
increase of the applied HV. Then, from a certain HV value, all the primary electrons
enter inside the holes providing the same counting rate: this condition is the counting
rate plateau region, where the counting rate is stable at the variation of the HV. The

aim of the HV scans is to determine the detector working point, that is the HV to apply
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Figure 4.5: The 6MBGEM detector X-Rays setup scheme (a) and picture (b).

to have a stable counting rate during the time. Since the detector operates in a gas
mixture, different factors can affect the detector stability, in particular temperature and
humidity. A variation of these two parameters brings a gain variation and, consequently,
a counting rate variation. Then, choosing a suitable HV in the counting rate plateau

region, any variation of those parameters does not affect the detector stability.

The first scan determines the HV to set at the TGEM region. The X-ray tube
parameters have been fixed with a voltage of 15 kV and a current of 150 pA. The fields
of the TGEM have been set at: D=T1=T2=Ind=1 kV/cm. The graph 4.6 shows the
counting rate trend at the variation of the total applied HV (the sum of HVs for each
GEM foil). The counting rate increases until 1030 V, and then, from 1040 V up to 1100

V, the counting rate is constant (plateau region).

The chosen value is 1080 V (in the middle of the plateau region) and it allows the

detector to work in stable conditions.

Starting from the BGEM foil close to the TGEM region, each foil has been turned
on and the HV scan has been performed for all the six BGEM foils. In this case the HVs
have been chosen to provide a unitary gain during the electron multiplication process.
The unitary gain condition is visible in figure 4.8a, where the Cu spectra obtained from

each layer are reported. All peaks are superimposed and the ratio between the peak
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Figure 4.6: The TGEM scan. It shows the increase of the counting rate until the counting rate plateau

region with the increase of the applied HV.

values with the peak value obtained in the drift region is about 1

Peakpaar, (4.1)
Peakprify
If this value is more than 1, the spectra peaks are not superimposed and the spectra
are more wide than the spectra reported in figure 4.8a. Then, the HV scan will show
a tight count rate plateau, thus reducing the stable condition of the working point and
the detector does not have a linear response with the increase of the layers number.
Moreover, a value grater the one increase the transported charges along the detector
increasing the probability to have discharges through the foils. Setting the HVs to have
a unitary gain, the charges are only transported from a BGEM foil to the next one and
the detector response will be linear with the increase with number of the BGEM foils.

The chosen values for each scan lie in the middle of each plateau region (see figures
4.7) and they are reported inside table 4.1.

To verify that the set HVs allow only electron transport instead of multiplication, the
ToT spectra at the working points for the BGEM foils have been considered. Figure 4.8a
shows seven ToT spectra taken at each working point for each BGEM foil. They are well
superimposed, which means that the add of a layer with that set HV allows to maintain
a unitary gain.

The measurements, obtained with the HVs at the working points, have been used
to verify the detector behavior at the increase of the inserted number of layers. The

total counts have been normalised for the measurement time and plotted (figure 4.8b)
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Figure 4.7: BGEMs HV scan. They show the increase of the count rate at the increase of the applied

HV.
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Graph HV BGEM6 HV BGEM5 HV BGEM4 HV BGEM3 HV BGEM2 HV BGEM1

a 220V 0V 0oV oV oV oV
b 220V 220V (Y% 0oV 0oV oV
c 220V 220V 230 V 0oV oV oV
d 220V 220V 230 V 230 V 0oV 0oV
e 220V 220V 230 V 230 V 230 V oV
f 220V 220V 230 V 230 V 230 V 230 V
Table 4.1: HV values set to perform the BGEM HV scan.
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o5 % S :
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Figure 4.8: (a)ToT spectra of a copper target performed with the HV reported inside table 4.1. (b)
Trend of the total count rate with respect to BGAPs for each active boron layer.
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Graph HV (V)

(a) BGEM6 220 V
(b) BGEM5 210 V
(¢) BGEM4 210V
(d) BGEM3 220 V
(e) BGEM2 230V
(

BGEM1 190 V

)
f)

Table 4.2: HV values provided by the residual analysis.

in function of the distances between the BGEM f{foils. The curve has been fitted with an

~b* since this is the expected trend. In fact the beam attenuation

exponential curve a e
follows the Beer-Lambert law I = Ipe™* where I is the final beam intensity Iy is the
incident beam intensity and p is the attenuation coefficient. From this fit, the coefficents

are: a=Ip=158.44+43 and b=x=0.10340.01 m~*.

The last check to the set HV voltage has been performed choosing a reference run
and calculating the variation of every run from the reference. The reference run is the
measurement performed at the beginning of each scan with the BGEMs HV set to 0 V.
The graphs have been obtained applying the relation 4.2

S, (counts(run) 2
bins\ counts(reference)

number of bins

(4.2)

and they are shown in figure 4.9. Each plot shows that the variation from the reference
run has a minimum value, which indicates that the two spectra have similar count rates
and shapes.

The minimum value for each plot is reported in table 4.2 and they indicate the correct

IV to set at the 6MBGEM detector to have unitary gain in the conversion region.

4.4 Detector characterisation at L.E.N.A. reactor

The preliminary tests of the 6MBGEM detector with a neutron source have been con-
ducted at the TRIGA Mark II reactor [31] located at the Laboratorio Energia Nucleare
Applicata (L.E.N.A.) in Pavia [32].
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Figure 4.9: Study of the HV optimum values with the formula 4.2, where they are reached in the
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(b)

Figure 4.10: (a) TRIGA Mark II reactor at L.E.N.A.| the channel B [33] is the white box. (b) The
6MBGEM detector placed in front of the beam shutter with a Cd mask.

The reactor produces neutrons from the fission reactions n+235U — 236U* and
the instable nuclei of 236U make fission producing two fission products and liberating
an average of 2-3 neutrons per reaction. These neutrons are available to sustain the
fission chain reactions and also to perform experiments [31]. The L.E.N.A. laboratory
has recently installed a new thermal neutron beam line aimed to study Prompt Gamma
Neutron Activation Analysis (PGNAA) [33].

The beamline is installed at channel B [33] and it is made of a 5.5 m cylindrical
collimator and two filters, one of sapphire (100 mm thick) and one of bismuth (70 mm
thick) respectively. The sapphire filter absorbs the fast neutrons and the bismuth removes
the gamma background from the core. Then a series of iron and polyethylene rings slow

down and thermalise the neutrons.

The 6MBGEM detector has been placed at 30 cm from the beam shutter and the
active area is orthogonal to the incident neutron beam. A Cd sample 2 mm thick with
a hole placed in its center with a diameter of 6 mm is inserted at the end of the beam
shutter to have a collimated beam. With this configuration, it has been possible to
study locally the detector response. Moreover, decreasing the neutron flux the detector
performances can be explored maintaining the detector in a stable conditions, without

damage the device or saturate the electronic readout.
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Graph BGEM6 BGEMS5 BGEM4 BGEM3 BGEM2 BGEMI1

a 300 V Y% Y% Y% Y% Y%
b 300 V 230 V Y Y Y Y
c 300 V 230V 230V Y Y% Y
d 300 V 230V 230 V 230 V Y Y
e 300 V 230 V 230V 230V 230V Y%
f 300 V 230 V 230 V 230 V 230 V 230 V

Table 4.3: The BGEM optimum values obtained from the HV scans. The "f" graph is the final config-

uration.

The Cd collimates the incident neutron beam since it has at 0.5 eV a resonance
called black resonance, where the neutrons with energies below 0.5 eV are absorbed [34].
The HV scans have been performed to determine the detector working point with this
configuration. The TGEM HV has been set 880 V, in the middle of the plateau region.
The BGEM HV scans have been performed for each BGEM foil to find the optimum HV
values, which lie in the plateau region (figures 4.11). The optimum values allow to have
only neutron conversion and they are reported inside table 4.3.

Once it has been determined the detector working point, it has been possible to de-
termine the relative detection efficiency of the detector. The count rate for each addition
of the layers set at the working point has been divided for the count rate with only one

layer turned on while the others kept at 0 V (equation 4.3).

27112:1 (total count rate obtained from each layer),,

4.3
total count rate of the reference run (4.3)

Where the reference run is the measurement of the TGEM HYV scan in the plateau
region (only one layer turned on) and the sum is related by the addition of the boron
layers at each measurement up to 12 layers (as reported in table 4.3).

As shown in figure 4.12a, the linear increase of the relative detection efficiency with
the addition of the number layers means that the electrons are only extracted from the
hole without multiplication. Moreover, the trend is still linear with 12 boron layers and
this suggests that it is possible add more layers since the neutrons after 12 boron layers
are available to be converted by other layers. As reported in the simulations (chapter 3),
the increase of the number of the BGEM foils brings to a plateau region in the detection

efficiency, which means that the neutrons are almost fully converted.
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Figure 4.12: (a) Relative detection efficiency with respect to the increase of the number of boron layers.

(b) Reactor Power scan.

The graph reported in figure 4.12b shows the capability of the 6MBGEM detector to
sustain high neutron fluxes. The beam line provides a thermal neutron flux in the order
about 10%n/s*cm?® [33] at the maximum reactor power, which is 250 kW. For this test,
the reactor power has been varied from 10 W to 250 kW and the detector response is

almost linear in this power range.

4.5 Measurements at the ISIS Neutron and Muon Source

The ISIS Neutron and Muon Source [35] is a pulsed neutron facility located at the
STFC Rutherford Appleton Laboratory, Oxfordshire (UK). The aim of the experiments
performed at ISIS is to understand the nature of the materials.

ISIS is composed of three accelerators, two neutron target stations and two inter-
mediate muon stations, twenty-eight neutron and eight muon experiments [36] (figure
4.13). Tons H™ are accelerated by the first accelerator, a Radio Frequency Quadrupole
(RFQ), up to 665 keV. The next step is a linear accelerator (linac), where the ions are
accelerated until 70 MeV; then ions enter into the synchrotron where at first electron are
removed and the remaining protons are accelerated up to 800 MeV. The proton bunches
are extracted with a frequency of 50 Hz and three bunches are directed to the target
station one (T'S1) and one proton bunch to the target station two (TS2). The targets are
usually made with heavy metal materials, in particular ISIS operates with tantalum-clad

tungsten targets; when the protons collide against the targets, the reaction called spalla-
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tion takes place. During this reaction 15-20 neutrons per incident proton are liberated,
then 2 % 10'® neutrons per seconds are produced.

The produced neutrons are emitted in all direction with energies in the order of MeV,
thus it is necessary to slow down and guide them to the several instruments [35]. On
this purpose, a series of moderators and reflectors are located around the targets. TS1
has two water moderators at 300 K, one liquid methane moderator at 100 K and a
liquid hydrogen moderator at 20 K. TS2 has two water moderators, one liquid hydrogen
moderator at 20 K and one solid methane moderator at 47 K. After the moderators, the
beryllium reflectors are positioned and encapsulated by other moderators. The entire
system is covered by a steel and concrete bio-shield called the monolith, which absorbs
neutrons. Then, neutrons are guided towards the experiments and some beam-lines
select the neutron energies through a chopper system, which are a series of rotating disk

synchronized with the neutron velocity in order to select only the desired neutrons.

4.5.1 The VESUVIO beam line

VESUVIO [37] is a Time of Flight (ToF) spectrometer, where the ToF information is
given by equation 4.4.

Lo+ Ly
v
where Lg and L; are the distances from the source-sample and sample-detector re-

ToF =

(4.4)

spectively, while v is the velocity of the incident neutron. Since the neutron energy is
E = 1/2 m,v? (m, is the neutron mass), the neutron energy is linked with ToF by the

following equation obtained using the equation 4.4:

1 L2
= —1I1 "
2" " ToF?
where L is the total flight path (Lo+L1).

Moreover, knowing the neutron energy, it is possible to determine the neutron wave-

(4.5)

length from equation 4.6

h * ToF
A= 4.
My, * L (4.6)
where h is the Planck constat (4.9 * 1071° eV*s).

The beam-line (figure 4.14) is equipped with 196 detectors (for back and forward

scattering), one incident and one transmitted monitor. The detectors placed in back

scattering position are °Li doped scintillators.
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The transmitted beam monitor is the GS20 [38], a ®Li-based scintillator placed at
13.43 m from the sample position. A typical ToF spectrum obtained with the G520
transmitted monitor is reported in figure 4.15a and the respective wavelength spectrum
is shown in figure 4.15b. The wavelength spectrum shows a peak around 1.5 A with a
Maxwellian shape, due to the moderation with water at room temperature, and a tail in
the epithermal region [39]. The GS20 has a detection efficiency of 0.6% [40] at 82 meV.
Recently in 2019, the beam-line has been equipped with another transmitted detector
based on GEM detector with a detection efficiency of 1% [41]. This recent upgrade
has demonstrated the possibility to performe experiments reducing the measurement
time and to investigate better the cold and the epithermal neutron region [41]. The
transmission geometry is very useful on VESUVIO to perform experiments aimed to

determine the total neutron cross sections of the samples under study [42].

4.5.2 The 6MBGEM detector characterisation

The 6MBGEM detector has been positioned in transmission geometry (figure 4.16) at
almost 1.60 m from the sample holder and in front of the GS20 transmitted monitor (at
40 c¢m). The tg start signal is provided by the hit of the proton bunches on the target
and the stop signal (ToF) occurs when the neutron is absorbed and detected. With the
ToF information, which correspond to the ToA information of the GEMINI readout, the

ToF spectrum is obtained.

Figure 4.17 shows the ToF spectrum obtained with GEM detector and the respective
wavelength spectrum. As for the GS20 spectrum in figure 4.15, the Maxwellian peak and

the tail are visible .

A Cd sample 2 mm thick with a hole with 6 mm of diameter has been inserted inside
the sample holder and the detector characterisation has been repeated as described in
paragraph 4.5.1. The detector working point has been found setting the HV obtained

from the scans for each foil; these HV values are reported inside table 4.4.

Asreported in figure 4.18a, the 6MBGEM is capable to performe 2D spatial map since
it is equipped with a padded anode. In fact, the figure shows the VESUVIO neutron
beam profile collimated with the Cd mask. The counts present around the hole are due
to the beam divergence and to the epithermal components, which are not absorbed from

the black resonance.
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Figure 4.16: The 6MBGEM detector installed at the VESUVIO experiment. On the back is visible
the GS20 transmitted monitor.
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Figure 4.17: (a) ToF spectrum obtained with GEM transmitted monitor. (b) Wavelength spectrum
obtained from (a) using the equation 4.6.
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Scan HV (V)

TGEM 890 V
BGEM6 230 V
BGEM5 230V
BGEM4 230V
BGEM3 230V
BGEM2 230V
BGEM1 230V

Table 4.4: HV values provided by the residual analysis.

Once the HV values have been fixed, the detector characterisation is aimed to provide:
e The capability to discriminate gamma rays from neutrons.

e The detector stability.

e The detection efficiency.

The detector capability to discriminate gamma rays from neutrons has been studied
taking into account two different measuremets, one with the empty tank and the other one
with a Cd mask 2 mm thick. This value provides an information about the discrimination
of the neutrons from gamma rays of the entire set-up detector plus beamline, since the
set up conditions can not allow to have two different system (one for the neutrons and
one for the gammas) to estimate the gamma sensitivity.

As reported in figure 4.18b, the measurements have been normalised to the time
measuremets and the analysis has been performed considering the total count inside the
same ToF interval (from 2.5 us to 20 ms). Thus, the gamma ray discrimination factor
has been calculated as the ratio between the total counts of the measurement with the
Cd sample and the total counts of the measurement with the empty tank (orange/dot
curve and blu line respectively on figure 4.18b). This ratio has provided a value in the
order of 1.36 % 107> £ 0.06 * 107°.

The detector stability has been analysed considering a series of run acquired in the
same conditions for eight hours; for all measuremets the Cd mask with the hole has been
inserted. Each run is about one minute long and ten minutes is the pause from one run
to another, for a total of 43 runs, and the runs have been normalised for the proton beam

current. Then, one run has been chosen has reference run and the total counts for each



4.5. MEASUREMENTS AT THE ISIS NEUTRON AND MUON SOURCE 61

| | * ToF spectrum without saples
I *  ToF spectrum withCd Sample

8.00e+05

EE“
=
5
£.008+05 E
o
E
ey o
s 2
4002405 @,
5]
E
=
5
g | i
2.00e+05 | .
0% 4 ]
[0
| .
| %\'ﬂ - »
e L an 3 - EL I
5 10 15 20
ToF (milliseconds)
(a)
(b)

Figure 4.18: (a) 2D spatial map showing the VESUVIO neutron beam collimated with a Cd Mask
with a hole of 6 mm. (b) The two ToF spectra used for the estimation of the detector
capability to discriminate gamma rays from neutrons. The value has been found as the
ratio of the total count present inside the black resonance (orange-dot plot, run with the
Cd sample) and total counts of a run with empty beam (blue-cross plot) in the same ToF
interval (2.5-20 ms).

run has been normalised for it. The graph 4.19b shows the plot of these normlised runs
versus the 8 hours of measuremets and these values are positioned around the value 1.
To evaluate the spread from the value 1, the values have been histogrammed and the Full
Width at Half Maximum (FWHM) associated to the histogram (figure 4.19b) provides
the instability of the detector. The FWHM is defined as 2.35 * standard deviation (Std.
Dev. in graph (4.19b)) for a gaussian distribution. The obtained value is less than 1%.
The last graph reported in figure 4.20 shows the detection efficiency of the 6MBGEM
(esmrBaEM )detector with respect to the wavelength. The graph has been obtained consid-
ering the ratio between the count rate of a spectrum obtained with the GS20 transmitted
monitor and the count rate obtained with the 6MBGEM detector. Then, following the
equation 4.7, the ratio has been multiplied with the detection efficiency of the GS20

detector.

countsgy BGEM

E6MBGEM = * €520 (4.7)
countsags2o

The values of the detection efficiency are given for each wavelength in the range from

0.5 A to 6 A. It increase with the increase of the wavelength in according to the boron
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Figure 4.19: (a) Stability during time of the 6MBGEM detector. (b) Histogram of the values reported
inside graph 4.19a with the gaussian fit (red line).

neutron cross section and it is 16% at 1.8 A (25 meV). The maximum value is about 50%
at 6 Aand the increase of the error bar in the last points is due to the low statistic in

this spectrum region of the GS20 detector.

4.6 Conclusions

The 6MBGEM detector has been realised entirely inside Milano-Bicocca and ISTP lab-
oratories and then characterised with an X-ray source and with two neutron sources.

The tests with the X-ray source have demonstrated the capability of the 6MBGEM
detector to transport the charge along the BGAPS and through the holes. In particular
even if six foils have been added to the standar triple GEM, the primary electrons from
ionisation are easily extracted from the holes, guided toward the triple GEM and then
multiplied.

The detector has been preliminarily characterised with a thermal neutron beam from
a TRIGA Mark II reactor. The 6MBGEM detector can sustain high neutron fluxes and
it has a linear response at the increas of the GEM foils inside the device.

Then, the characterisation has been performed at a pulsed neutron source, with
neutrons in the energy range from thermal to epithermal neutrons. The detector has
shown a good stability during time (99%) and a good capability to discriminate gamma

rays from neutrons of 1.36 * 107 4 0.06 x 10~°. The detection efficiency depends on the
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Figure 4.20: 6MBGEM detection efficiency values in function of the neutron wavelength.
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wavelength considered and it is less than 10% for neutrons with wavelength 1 Aup to

50% at 6 A.
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Chapter 5

The GEMINI electronic readout

With the development of GEM detectors, a dedicated electronic readout was necessary.
Different readout electronic have been developed, but since neutron sources provides
high thermal neutron fluxes, such as ISIS or ILL (10® n/s*cm?) [43], operate under this
condition requires detectors and readout systems capable to sustain high count rates.
One of the mostly used was the CARIOCA chip [44], a 0.25 ym CMOS technology
equipped with 8 channels capable to sustain a maximum rate of 0.8 Mcps. Since GEM
detectors anode is made of a series of pads, each chip can read 8 pads. Thus, increasing
the pad number neither to cover larger areas nor to increase the spatial resolution, it
increases the chip number needed.

Moreover, future neutron facilities, such as the European Spallation Source (ESS),
will provide a neutron flux in the order of 10° n/s*cm?; thus, a new electronic readout
is necessary.

For this reason in 2016 the microelectronic group of Universita degli Studi di Milano-
Bicocca and Istituto Nazionale Fisica Nucleare (INFN)-Bicocca has developed a new
custom chip for GEM detectors, the GEMINI [45] (GEM INtegrated Interface).

5.1 The GEMINI chip and the GEMINI system readout

The GEMINI (figure 5.1) is a System on Chip (SoC), an integrated circuit made of 16
channels, 16 Charge-Sensitive Preamplifiers (CSP) and 16 Discriminators. Each channel
provides a charge signal, which is amplified and converted to a voltage signal (Vprg) by
the CPS. The voltage signal is compared by the Discriminator with a threshold (V)
settable for each channel by an R-2R resistive DAC (Digital to Analog converter). If the
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signal of Vprg exceeds the Vry (figure 5.1), the Time over Threshold (ToT) and the
Time of Arrival information of the event are sent to a dedicated driver, which converts
the output signal into a LVDS standard signal (see figure 5.2). The LVDS signal from the
chip containing the ToT and the ToA information is read by an FPGA made of a series

of TDC (Time to Digital Converter), which is able to collect events from all channels

and each TDC can sample the input with a time resolution of 0.5 ns. The information
is packed in a 64bit word containing the ToT, the ToA and the channel ID. Then, the
data are sent with an optical fiber to the Data Aquisition System (DAQ), a Linux server

where data are stored (figure 5.3).

(2)

Figure 5.1: (a): GEMINI board photo with four GEMINI ASIC. (b):

process. [46].
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Figure 5.2: GEMINI chip scheme [45].
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Figure 5.3: GEMINI electronic readout system.

5.2 Characterisation of the GEMINI chip response

The work described in this chapter provides the analysis of the signal coming from the
GEMINI chip. With a dedicated board the analog signal has been extracted from the
ASIC, analysed and then, compared with the digital signal. The aim of this study is to
demonstrate that the information obtained with the GEMINI digital system is the same

as a common analog electronic readout chain.

5.2.1 Experimental setup

The study has been performed with a triple GEM detector and two electronic readout
systems, which work in parallel (figure 5.5, left). The GEM detector is made of an
anode, three GEM foils covered with 5 pm aluminium instead of copper and a cathode.
The system is put in an Ar-COq 70%-30% gas mixture constantly fluxed at 5 1/h. The
measurements have been performed with an X-Ray tube [47], which emits a continuum
bremsstrahlung superimposed with two Ag K-line at 22 keV and 25 keV respectevely.
The X-Rays collide with a target, i.e. Titanium, and quasi-monochromatic fluorescence
X-Rays are emitted to the detector. Different targets, such as titanium (7T1i), copper (Cu)
and molybdenum (Mo), have been used in order to obtain spectra with peaks at 4.5 keV,
8 keV and 17.4 keV respectevely.

To extract the analog signal from GEMINI, a custom board made of a LEMO con-
nectors (figure 5.5, right) has been connected to the analog output (AOUT in figure 5.2),
then 8 channels have been connected from analog output to a CAEN digitizer. For each
event, it is obtained the waveform (figure 5.4), then a threshold is inserted (in our tests
was 700 LVDS) and considering the time which the waveform stays over the threshold,

the ToT information s obtained.
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Figure 5.4: Event waveform from the CAEN digitizer. The threshold is set by a custom program and
the difference between the last point over the threshold and the first one is the ToT.

At the same time, the event follows the digital chain described in section 5.1.

ll; \'r

Figure 5.5: (a): Experimental setup. It is visible the X-Ray tube, the titanium target and the GEM
detector. (b): GEM detector and GEMINI analog board on the right with the GEMINI
ASIC and FPGA. Both spectra show the main peak at 4.5 keV and the Ar peak escape at
1.5 keV.

5.2.2 Detector calibration with the analog system

The detector calibration has been performed with two different methods, the ToT and the
Pulse High (PH) methods. Both of them allow to obtain the energy spectra of different
targets: like Ti, Cu and Mo.

To perform the calibration, a titanium target has been used in order to have spectra
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with a peak at 4.5 keV. Following the procedure described in the previous subsection the
titanium spectra with the ToT and PH have been obtained for all 8 channels. Figures

5.6 show the same spectrum obtained with the two methods.

HWY 1110 V - ToT method - channel 5 HV 1110 V - PH method - channel 5

L L ) | L L i
100 200 300 400 500 o 100 200 00 400 500 00 700 300
/ Channet

() (b)

Figure 5.6: (a): Titanium ToT spectrum at 1110 V of channel 5 obtained from the analog signal. ToT
spectra have been obtained for all 8 channels. (b): Titanium PH spectrum of the same

event reported in the bottom figure obtained at 1110 V of channel 5.

For both cases, the main peak at 4.5 keV and the Ar peak escape at 1.5 keV are
visible. Varying the high voltage (HV) of the triple GEM, the detector gain changes. An
HYV increase means more electron multiplication and this effect is visible with a peak shift
in the spectrum from low to high values of ToT and channels. The HV range takes to
account is 1020-1140 V. HV lower than 1020 V doesn’t allow the waveforms to exceed the
threshold resulting in the loss of events, while HV higher than 1140 V brings discharges
inside the detector.

The peaks have been fit with a gaussian distribution and the peak positions have
been used to obtain the two calibration curves (figure 5.7).

The ToT calibration curve has been fit with the following equation

Cc

ToT = h b— ——
o) a * Charge + Charge — d

(5.1)

while the PH curve with the straight line charge = a*channel+b.
From the fit parameters the charge spectra have been obtained for both methods,
then with the equation 5.2 the corresponding energy spectra have been reported in figure

5.2.
Charge * E;op,

exGx K

where Ej;,, is the energy necessary to create an electron-ion pair, which is 28 €V in

Energy = (5.2)
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Figure 5.7: (a): calibration curve obtained with the ToT method. The points are the centroid obtained
from a gaussian fit of the main peak reported in figure 5.6. The curve has been fit with

the equation 5.1. (b): calibration curve of the PH method fit with a straight line.

ArCOag, e the electron charge, G the gas gain and K the gain correction factor defined as

_ Measured energy

= 5.3
Expected energy (53)

Through this procedure, the energy spectra of the Ti, Cu and Mo targets have been
obtained, as reported in figures 5.8.
With a gaussian fit, the K-line for the targets have been found and the values are

reported inside table 5.1

Targets Peakrpor (eV) opor (V) Peakpy (V) opp (eV)

Ti 4555 706 4589 601
Cu 8500 1174 8500 1337
Mo 15800 1286 16600 1981

Table 5.1: Centroids with errors of the spectra reported in figure 5.8.

Comparing the centroid values, the Ti and Cu have a good agreement, in particular for
both methods the peaks are centered at 4.5 keV and 8 keV respectevely. The Mo spectra
show the peaks centered at 15.5 keV for the ToT and 16.6 keV for the PH method and
the two values (obtained and expected) are in agreement within the error bars, as shown

in figure 5.9, then it is possible to conclude that the two methods are well compatible.
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Figure 5.8: Energy spectra of Ti, Cu and Mo targets. On the left (a,c,e) the spectra have been obtained
with the ToT method, while on the right (b,d,f) with the PH method.
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Figure 5.9: Comparison between the peaks obtained with the ToT and PH methods for the Ti, Cu and
Mo targets (reported with their Z materials).

5.2.3 Comparison between analog and digital system

The final check is to verify that the ToT spectrum obtained from the analog signals is the
same provided from the GEMINTI digital chain. Then, the same measurement has been
considered, in particular a measurement at 1110 V has been acquired with the digital
and the analog system. Two spectra are reported in figure 5.10, showing only spectra of
a single channel even if these spectra have been obtained for all 8 CAEN channels and
256 GEMINI channels.

HV 1110V - ToT method - channel 5 HWV 1110 V - spectrum from digital signals
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Figure 5.10: (a): Ti ToT spectrum obtained from analog signals. (b): Ti ToT spectrum from GEMINI
digital system.

The two figures don’t show significant difference, in particular the main peak is cen-
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tered at 90 ns and the Ar peak escape are clearly visible. Thus, the analog and digital
methods provide the same results indicating that the use of the digital system can replace

the old common analog chain providing good results.

5.3 Conclusions

In this chapter the study of the GEMINI electronic readout and a comparison between
two GEM detectors has been reported.

The GEMINTI signal has been analysed with two electronic chains obtaining the analog
and digital signals. From the analog signal, the TOT and PH spectra of different target
have been obtained and calibrated, in order to have the target energy spectra, which does
not report significant differences. Thus, the TOT method can be used instead of PH, in
particular in those applications where intense fluxes are expected, then a fast electronic
readout is necessary to avoid event losses. A comparison between the analog TOT and the
digital TOT has been done and the obtained TOT spectra for the same measurements
don’t show differences, thus the GEMINI digital system is a good electronic chain to
perform experiments.

This work has been published in [48].
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Conclusions

The PhD project reported in this thesis is focused on the development of an innovative
GEM-based thermal neutron detector.

Appropriate simulations (Chapter 3) have been performed with the GEANT4 toolkit
to determine the optimal gap dimensions between the BGEM foils and the boron thick-
nesses to apply to each BGEM foil. The chosen configuration consist of MBGEM detector
with BGAPs of 2 mm thick and boron layers 1 um thick; with the selection of such pa-
rameters the detection efficiency at 25 meV neutron energy is 18%.

Based on the simulations, a prototype of the MBGEM detector has been realised
(chapter 4). The detector has been preliminarily tested with an X-ray source aimed to
study the electron extraction capability. With this analysis, it has been demonstrated
that the BGEM foils stack (the converting region) couples well with standard triple GEM
stack (the electron multiplication region).

Then, the detector has been tested with a thermal neutron flux at the L.E.N.A.
research center and it was demonstrated that the MBGEM response is linear with the
increase of the BGEM layers number. Moreover, the MBGEM sustains the L.E.N.A.
neutron flux up to 10° n/s*em? without count rate saturation at the maximum reactor
power, which is 250 kW.

Eventually, the MBGEM has been characterised at the ISIS Neutron and Muon source
at the VESUVIO beam line with a pulsed thermal and epithermal neutron beam. The
detector has shown a detection efficiency in the range from 16% at 1A neutron wavelength
up to 50% at 6A. Moreover, it was determined that the detector has a counting rate
stability of 99% during long periods of measurements (in the order of a few hours), and
it is capable to discriminate gamma rays from neutron (1.36 * 107° 4 0.06 * 107° ~/n
discrimination factor).

The capability of the MBGEM is also due to the electronic readout coupled with the

detector, which is able to sustain high count rate without the pile up phenomenon. The
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GEM electronic readout, called GEMINI, is an ASIC with the peculiarity to directly
provide digital information. The study of GEMINTI (Chapter 5) was aimed to compare
the digital information with the corresponding analog information and to demonstrate
that the digital "chain" constituted by the ASIC itself provides the same results as a
standard, independent analog chain.

Tests on the GEMINI have been conducted with a standard triple GEM detector, an
X-ray source and with different targets which emits monochromatic X-rays in the energy
range of 1 keV up to 20 keV. The analysis has shown that the two electronic chains
process the same signal providing the same result, which is the X-ray energy spectra
emitted from the different targets (in units of Time over Threshold). Thus, the GEMINI
electronic readout system coupled with the GEM detector provides the same results of
an optimised electronic chain, with the added bonus of a very high count rate capability,
and its use is indicated to perform experiments where a high neutron flux is expected on
the detector.

In conclusion, the MBGEM detector coupled with the GEMINI readout has shown
good properties in terms of detection efficiency and capability to sustain high count rates.
Future development activity will make use of the MBGEM as a transmission detector
to perform experiments aimed to determine the total neutron cross sections of selected
physically interesting materials. On the other hand, the detector has demonstrated
the capability to sustain high count rates, thus it will be possible to use it at SANS

experiments, where high neutron fluxes are expected.
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by a tailored transmission detector. For this reason, the first double ceramic thick GEM detector
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1 Introduction

Thermal and epithermal neutrons are important probes for the study of the structure and dynamics of
condensed-matter systems. Neutron experiments, such as spectroscopy, diffraction and radiography,
are performed at large-scale neutron sources. At the ISIS [1] Neutron and Muon Source, the
VESUVIO [2] spectrometer has a dedicated user programme aimed at the measurement of the
total neutron cross sections over a broad energy range for incident neutrons, spanning from ca. 1
meV up to ca. 1MeV. Current experiments are performed using the GS20 (a °Li-doped glass
scintillator) monitor described in ref. [3], yet the quality of transmission measurements could be
largely improved by using a new dedicated detector, tailored to the instrument geometry, with
an improved discrimination of neutrons from the gamma rays of the background environment.
Furthermore, imaging capabilities of a new detector of this type would allow the measurement of
smaller or non-homogeneous samples, as opposed to what is required at present. To this purpose,
the best choice which meets these demands is found in the micro-pattern gaseous detector (MPGD)
based on the gas electron multiplier (GEM) technology. Thanks to their various advantages, GEM
detectors [4] are widely used in many physics fields, such as high-energy physics [5], medical
physics [6] and plasma physics [7]. Although GEM-based detectors are mostly used to detect
charged particles, these detectors can be adapted to detect neutral particles, such as neutrons and
photons [8—19]. Their main characteristics are high rate capability (MHz/mm?), good detection
efficiency, a spatial resolution better than 0.5 mm and the possibility of detector realisation of
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Figure 1. Left: schematic layout of the detector, with a summary of distances between elements. Right: a
gold ceramic thick GEM foil.

different sizes (meters) and shapes. This paper describes the development of the first ceramic
double thick GEM detector optimised for thermal detection with a cathode coated with '°B4C and
the tests at the VESUVIO beam line.

2 Detector realisation

The ceramic double thick GEM (THGEM) detector described in this paper is composed of a 1°B4C-
coated cathode, two ceramic THGEM foils and an anode, made of 384 pads; the entire system is
put in an Ar/CO; 70%/30% gas mixture. The cathode is a 130 x 130 mm? Al sheet of 200 um
thickness coated with 1.2 pm of '°B4C in the center of one side, where the coated active area is
masked to about 100 x 100 mm?, as can be seen in figure 1. The nominal detection efficiency of
this coating is ca. 4% for thermalised neutrons [20, 21]. The deposition of the 10B4C coatings
was carried out by direct current magnetron sputtering in Linkoping Detector Coatings Workshop
of European Spallation Source in Sweden [22]. Properties of the coatings has previously been
characterized to meet the standards as neutron converting layers for detectors, e.g. the coatings are
radiation hard [22, 23]. In order to have minimum deformation on the Al sheet, a low-temperature
(< 300°C) coating process was developed to reduce the residual stress in the coatings and thermal
expansion of the substrates [24]. ]. Notice that the thickness of the cathode in this work is only half
of what has been published previously [25], while the coating thickness is 1.5 times thicker.
In the '°B4C coatings, the nuclear reaction used for the slow neutron detection is:

"Lit+a Q-value=2.792 MeV ground state, B.R.= 6%
"B+n=

"Li*+a (1.47 MeV)+y(0.48 MeV) Q-value=2.31 MeV excited state, B.R.= 94%

Since the two charged products have energy in the order of 1 MeV and they are emitted back-to-back,
the '°B,4C thickness has been chosen in order to allow one of the two charged particles to exit the
cathode and to enter inside the drift region, where gas ionization takes place [26].

The two THGEM foils have been developed at the China Spallation Neutron Source
(CSNS) [27] and they are made of a 170 pm thick ceramic layer, covered on both sides with
15 pm of gold (THGEMI, figure 1) and copper (THGEM?2).



Table 1. Concentration of the elements contained in the ceramic THGEM foils [30] with their neutron cross
sections taken from ENDF/B-VIII.O database and macroscopic cross section of the ceramic.

Element Cross Section (barns) at 25 meV | Mass Ratio
H 31.6 —
C 4.98 —
o 3.94 48.5%
Na 391 2.4%
Ca 3.08 0.2%
Si 2.16 34.3%
Al 1.69 8%
0.42 cm™!

e
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Figure 2. Left: inner structure of the detector. Center: the anode made of 384 pads(256 3 x 3 mm? inner
pads and 128 6 x 6 mm? external pads). Right: GEM detector electronic readout: six GEMINI chips have
been located on the detector outside the neutron beam.

The holes have a cylindrical shape and they are placed in an hexagonal arrangement with a 600
pm pitch. They have a diameter of 200 pm and a rim of 80 pm [28].

As reported in table 1, the ceramic THGEMs contain oxygen (48.5%), aluminum (8%) and
silicon (34.3%) and these elements are characterised by a low total neutron cross sections. The
main feature is the absence of hydrogen, which minimizes scattering of neutrons by the foils [29]
and makes the ceramic THGEM innovative with respect to standard GEM foils made of Kapton or
FR-4. As described by J. Zhou et al. in [30], the ratio between neutrons passing through GEM foils
and incident neutrons at 25 meV is 97% for the ceramic THGEM foils. This ratio is 94% for FR-4
GEM foils, then ceramic THGEMs are more suitable than FR-4 GEM foils for neutron detection.

After the two THGEM foils, an anode is composed of 384 pads with different dimensions
(256 3 x 3 mm? inner pads and 128 6 x 6 mm? outer pads). The output signal from the anode
is processed by GEMINI ASICs [31], a custom electronic readout developed for GEM detectors.
Each ASIC has 16 detecting channels and each channel has a Charge Sensitive Preamplifier (CSP)



Figure 3. GEM detector in transmission position on the VESUVIO beamline.

and a discriminator.

The discriminator threshold can be set separately for all channels, thus constituting a significant
improvement with respect to the previous CARIOCA-based readout [32], where thresholds may
be set in groups of 8 channels only. GEMINI ASICs can operate in both Time over Threshold
(ToT) [33, 34] and Time of Arrival (ToA) mode at the same time. In the present application, where
the use of the neutron Time Of Flight (ToF) technique was envisaged, the ToA mode has been used.
The detector has been designed so that the electronic readout is located outside the neutron beam,
as shown in figure 3, in order to reduce the back scattered neutron component, the activation of
the materials and the soft error probability. The Data Acquisition (DAQ) System is completed by
custom FPGA board to store the raw data and to process data in real-time without overloading the
system. The data are eventually loaded via a fast (up to 400 Mevents/s) optical fibre system to a
remote Linux server.

3 Experimental setup

At the VESUVIO beam line, the detector was placed at a flight distance of L=12.6 m from the
neutron source and at 1.6 m from the sample position within the vacuum tank (figure 3). At ISIS
target station 1, a 800 MeV proton beam collides with a Ta-W target providing about 30 neutrons
per incident proton and 4 bunches reach the target with a frequency of 50 Hz. The VESUVIO beam
line has a room temperature water moderator. However, VESUVIO has the characteristic to be
slightly under-moderated, thus the available neutrons belong to the thermal and epithermal energy
range. The neutron energy spectrum is characterised by a Maxwellian shape in the thermal region
with a peak at almost 30 meV and a E| 0-9 shaped tail in the epithermal region [35].

4 Detector Characterisation

The detector characterisation is aimed at setting the detector working point, i.e. the total applied
voltage (HV) to the GEMs and the threshold of the GEMINI chips. Such parameters may be
determined via a high-voltage scan and a threshold scan. The working point determination has
allowed to determine in optimum conditions the detector efficiency, the detector stability, the
y-sensitivity and the imaging capability.
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Figure 4. Left: the high-voltage scan shows the rise of the total counts with the increase of the HV applied
to GEM foils. Two high voltage scans have been performed, with two different drift fields of 4 kV/cm (red
dots) and 6.4 kV/cm (black dots) respectively. Right: threshold scan graph shows the decrease of the total
counts with the increase of the threshold from 16 mV to 240 mV. The errors have been calculated for each
measurement reported on left and on the right panels. The error bars are present but smaller than points.

4.1 Determination of the working point and detector efficiency

As reported in figure 4, the high-voltage scan has been performed by varying the sum of potentials
applied to the two GEM foils (AVgemi1 + AVgem2=HV) in two configurations, with a drift field of
4 kV/cm and then 6.4 kV/cm. For both configurations, the total counts have been normalised by
the measurement times and by the cluster size value (see subsection 4.1.1). Setting a HV of 1340
V, thermal neutrons start to be detected and the counting rate plateau region is reached at 1600 V
(corresponding to an electron gain of almost 200).

The threshold scan has been performed by varying the GEMINI discriminator threshold from
16 mV to 240 mV. The graph on the right panel of figure 4 shows the total counts normalised to
the measurement times. From 16 mV to almost 30 mV the signal is dominated by electronic noise.
From 30 mV to 100 mV the counts are mostly due to neutrons and last region (100-240 mV) the
signal does not exceed the threshold, thus no counts are present. The working point values used in
this analysis are reported in section 4.2.

4.1.1 The cluster size value

The cluster size is the quantification of a phenomenon resulting from the energy deposition by the
charged particles in the gas. After the conversion of the neutrons into alpha and Lithium particles,
these charged products release a fraction of their energy during the motion in the gas (on the order of
the mean free path). From an alpha particle, for instance, the primary electrons are produced along
a 4 mm track in Ar/CO,. The resulting electron cascade preserves the dimensions of such a track
in first approximation. Therefore, the electronic cloud resulting from a single neutron conversion
event may be detected by more than one pad.

The cluster size value is an estimation of the average number of pads fired per single neutron
event and it is necessary to estimate the real count rate measured by the detector.



The cluster size of the detector is empirically defined as

Cluster size = 2. number of fired pads per event

number of acquired events @D
where the acquired events are processed by a custom software developed at the Istituto per la
Scienza e Tecnlogia dei Plasmi (ISTP) [36], which identifies adjacent pads highlighted within a
time window of 20 ns. These pads are considered highlighted from the same single event.

From the software, the obtained cluster sizes for all the performed measurements lie between
1 and 2 and they increase with HV. In fact, a cluster size of 1 has been obtained applying a HV of
1280 V and a value of 1.81 has been found with HV of 1670 V. These values mean that on average
each neutron highlights one pad at 1280 V and 1.81 pads at 1670 V with our pad dimensions.

4.2 Detection efficiency

The THGEM detection efficiency (eggm) has been estimated once the detector working point was
found. The set values as working point are:

e An HV of 1610 V.
¢ A threshold of 40 mV.

Applying these parameters, the detection efficiency has been found as

Energy spectrum obtained with THGEM
Energy spectrum obtained with GS20

EGEM = £G$20 4.2)
where £gso0 is the GS20 detection efficiency, which has been estimated as 0.6% [37] at 82 meV.
Since egsp decrease as ﬁ in the energy range (0.001-150) eV, different GS20 detection efficiencies
have been calculated. The analysis shows an £gsyg of 3% at 3 meV, 0.9% at 30 meV and 0.02% in
the interval from 100eV to 200eV. Making use of the previous values for £gsyg in equation (4.2),
the obtained GEM detection efficiencies are 2.1%+0.2% at 3 meV, 1.15%=0.01% at 30 meV and
0.88%=+0.08% in the interval from 100 eV to 200eV.

4.3 Detector stability

Figure 5 shows the detector stability compared to the VESUVIO incident monitor. A run series,
each run spanning exactly 30 min, for 12 h, has been acquired with the THGEM detector and
the GS20 detector. All measurements have been normalised for the measurement times and for
a reference run, which is a measurement taken at the beginning of the run series in the same
conditions. Moreover, the value of the transmission in the figure corresponds to the average value
over all incident neutron energies. The ratio between the measurements and the standard run is
expected to be a value around 1. The deviation from this value provides information on the THGEM
detector stability.

The right panel on figure 5 shows the distribution of the data reported on the left panel. The
value of the FWHM divided by the centre of the distribution provides a stability value of 2%, which
is a good result respect to previous GEM detectors [38].
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Figure 5. Left: variation of the total counts for GEM detector (red dots) and GS20 incident monitor (black
dots) run series during 12 h. The error bars are present but smaller than the points. Right: histogram of
total counts of GEM detector run series. For both graphs, the error bars are present but smaller than dot
dimensions.

It is important to note that the points in the left panel of the figure correspond to measurements
performed concurrently, yet independently, by the GS20 and GEM detectors. In fact, as a con-
siderable number of neutrons are transmitted through the GEM, especially at epithermal energies
but also at thermal energies, the two detectors can operate at the same time. This feature provides
a powerful tool to correct, a posteriori, for the time-dependent fluctuations in the efficiency of
the detector.

In fact, as the fluctuations in figure 5 are found to be constant with respect to the neutron
energy, a scaling factor can be applied to the transmission spectra collected by the GEM detector so
as to make them overlap to the ones collected by the GS20 monitor. Such self-consistent correction,
of which we provide an example in the next section, provides an important tool to guarantee an
accurate determination of neutron cross sections that, already in the old set-up of the instrument,
corresponded to experimental error bars substantially lower than 1% [39, 40].

In order to improve the THGEM detector stability, a pressure and temperature sensor will be
installed on VESUVIO. A correction of the gain variation will be provided by the study of the
atmospheric fluctuations, as R. Akimoto et al. have described in [41].

4.4 y-sensitivity

A desirable feature of neutron detectors is their capability to be insensitive to gamma radiations [42,
43]. On the VESUVIO beam line photons are emitted by the instrumentation components and
by the environment after neutron capture. With the use of the THGEM detector, photons of
0.48 MeV are also emitted by the de-excitation of ’Li. THGEM detector y-discrimination has been
studied making use of Cadmium (3 mm) and Tungsten (2 mm) filters installed upstream of the
VESUVIO instrumentation at 5 m from the sample tank. This filter has the property (called black
resonance [44]) to absorb neutrons up to 0.5 eV. In figure 6, two ToF spectra are reported. The left
figure is the ToF spectrum without the presence of the filters. On the right, the graph shows the
ToF spectra after the insertion of Cadmium and Tungsten filters. The region around 0.002 to 0.02
s corresponds to the black resonance. Assuming that in this region no counts due to neutrons are
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Figure 6. Left: time of Flight spectrum without filters. Right: time of Flight spectrum with Cadmium(Cd)
and Tungsten(W) filters.

present, the counts in this region are provided by gamma-rays. The gamma sensitivity is defined as:

counts inside the resonance

Vsensitivity = "
Y counts outside the resonance

where the considered intervals are 1710-1740 ps inside the black resonance and 500-530 ps outside

the resonance.
The ratio between these two intervals provides the y sensitivity, which is a value better than

7.6 x 107y /n.

4.5 Imaging capability

The detector imaging capability has been tested determining the VESUVIO beam profile and with
the use of a Cadmium sample. Figure 7 shows the 2D beam profile of the VESUVIO beamline at
the detector working point. The profile has been fitted with a bi-gaussian distribution obtaining a

Model Gauss2D
costant -55,0549 + 7,85374
xc 16,38412 + 0,03125
2*sigmaXx 4,4227 +0,03769
yc 13,66219 + 0,03341
2*sigmaY 4,73257 +0,04023
Reduced Chi- 15513,33058
R-Square (CO 0,97292

Figure 7. VESUVIO 2D map and bi-gaussian fit.
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Figure 8. Left: 2D map of cadmium sample with a cross shape of 3 mm wide, 1 mm thick and 6 cm long.
Right: 2D map of open beam.

FWHM,=10.7 pads and a FWHM, =10 pads, which correspond to 3 x 3 cm?. These values are in
accordance with the expected VESUVIO beam profile width [35].

As a further investigation of the THGEM imaging capabilities, making use of a cadmium
cross-shaped sample, the 2D sample map has been reproduced. The cadmium sample has a cross
shape 3 mm wide, 1 mm thick and 6 cm long. As shown in figure 8, comparing the cadmium and
the open beam 2D maps, the cross shape of the sample is quite visible. Inside the cross region the
total counts are reduced by a factor of 3-4 compared with the open beam map.

The dimensions of the cross arms have been determined from the fit with gaussian distributions
of the profiles along the X and Y axis. An FWHM, of 4.9 pads, which corresponds to a width of
1.5 cm, and FWHM,, of 3.6 pads, which correspond to a width of 1 cm, have been measured.

A quantitative value, which provides an information about the detector capability to perform
imaging, has been found making use of the figure of Merit (FOM):

center peak 1 - center peak 2

FOM =
FWHM, + FWHM,

4.3)

If the FOM value is around 1, the two figures are distinguishable, whereas if it is around O they are
overlapped. Figure 9 shows X and Y profile of the cadmium sample with cross shape, where the
double peak is due to the absorption of the cadmium. The double peak has been fitted with two
Gaussian distributions and FOM has been obtained from the equation (4.3) using the fit parameters.

The FOM values are 0.6 + 0.1 for both profiles. The same procedure has been repeated for 3
X and Y profiles and the obtained values for the 6 profiles are 0.6 + 0.1. As a result, the THGEM
detector can distinguish two image which lay at least 3 mm apart.

At present, the largest component to the imaging performances is provided by the neutron beam
divergence, rather than by the detector characteristics, and the former can be improved in the future
using a tailored collimation set-up at the beginning of the instrument blockhouse.

5 Measurements of total neutron cross sections

As mentioned before, VESUVIO is a unique beam line at ISIS which provides transmission mea-
surements over a broad neutron energy range in order to determine the total neutron cross section of
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molecules, such as normal and deuterated alcohols [45]. As described by J.I. Robledo et al. [46], the
neutron cross section from transmission measurements can be obtained by the Beer-Lambert Law:

I(E,x) = Ije "o (E)x (5.1)
where I(E,x) is the transmitted intensity through a sample of density n and thickness x, Iy is
the initial intensity and o (E) is the total neutron cross section. Naming the ratio I(E, x)/Ij the
transmission spectrum 7 (E, x) and inverting the equation (5.1), the total neutron cross section is:

InT(E,x)
nx

o(E) = 5.2)

Making use of this procedure, the neutron total cross section in the energy range of thermal
and epithermal neutrons of a Vanadium sample with 2 mm of thickness has been determined.

Figure 10 shows the neutron total cross section of the sample obtained from data of both
transmission detectors. The two cross sections have the same trend and they are superimposed.

Making use of the THGEM detector, the cross section in the energy region around 1073 eV can
be explored. During spectroscopy experiments, which are normally performed at VESUVIO, this
energy range provides useful information about the lattice and molecular dynamics of the sample. In
this region, the GS20 detector is highly affected by the gamma-ray flash due to the proton bunch of
Target Station 2 (TS2) and environmental background. Since the THGEM detector is less sensitive
to gammas than the GS20 (as described in section 4.4), accurate cross section measurements are
more feasible using the THGEM detector.

The THGEM detector also provides more detailed information (with respect to the GS20)
about the cross section up to the keV energy range. Indeed in this energy region, the detection
efficiency of the GS20 is significantly lower than THGEM detector, see paragraph 4.2. The higher
efficiency of the GEM detector corresponds to markedly less scattered points in the spectrum. This
is particularly evident for epithermal neutrons, where the total cross section is generally expected
to be constant at the free-scattering value.

—10-



45

40 - 33520

351
£ 30
m
&
= 25
2
Y]
% 20 N\
n L
] W,
215 N
w

B,
10 £
\N‘T\...
i SR VR
5 o aadital b o MO
1073 1072 1071 10° 10! 102 102

Enerav (eV)

Figure 10. Vanadium neutron total cross section determined with the use of THGEM detector (blue line)
and VESUVIO GS20 transmission monitor (orange line).

Therefore, the THGEM detector performs well in these experiments and provides more accurate
measurements of neutron cross sections in the thermal and epithermal energy region in agreement
with the VESUVIO GS20 transmission monitor.

6 Conclusions

The first double THGEM neutron detector has been successfully developed and tested. Results
show the capability to detect thermal neutrons with an efficiency of 1%. The THGEM detector has
a counting rate stability of 2%, which is a good stability value for a gas detector, and a capacity
to discriminate gammas from neutrons on the order of magnitude of 10™>y/n. These results are
the main goals achieved by the THGEM detector. An important feature of the THGEM detector
analysed in this work is the possibility to do imaging. The VESUVIO beam profile and a cadmium
sample dimensions have been determined and the imaging capability has been quantified with
a FOM of 0.6. The THGEM detector on theVESUVIO instrument at ISIS has provided accurate
measurements of the neutron total cross section of samples. For these reasons, the THGEM detector
will be permanently installed at the ISIS-VESUVIO beamline and it will be accessible to future
users to do transmission experiments.
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Abstract A new position-sensitive thermal neutron detector based on boron-coated con-
verters has been developed as an alternative to today’s standard *He-based technology for
application to thermal neutron scattering. The key elements of the development are the
boron-coated GEM foils (Sauli in Nucl Instrum Methods Phys Res Sect A Accel Spectrom
Detect Assoc Equip 386:531, 1997) that are used as a multi-layer neutron converter via the
10B(n, o) "Li reaction together with an efficient collection of the produced secondary elec-
trons. This paper reports the test performed on a 3 layers converter prototype coupled to a
GEMPix detector (Murtas in Radiat Meas 138:106421, 2020), carried out in order to study
the possibility to produce a large-scale multi-layer neutron detector capable to reach high
detection efficiency with high spatial resolution and able to sustain the high neutron flux
expected in the new neutron spallation source under development like the ESS.

1 Introduction

The recent *He shortage [3], which is due to a progressive nuclear disarmament started in
2000, has resulted in reduced availability of this noble gas and a consequent high increase in
its price. Nowadays the world’s most important suppliers (USA and Russia) are keeping the
residual amount of *He mainly for homeland security and nuclear safeguards applications.
As a consequence, the availability of *He gas for thermal neutron detectors (in the form of
high-pressure single-wire proportional counter tubes) has been severely reduced. On the other
hand, the scientific community is experiencing the need to realize new large area position-
sensitive devices able to fully exploit the increase of neutron flux offered by new spallation
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neutron sources like ESS. These two reasons led to the development of new position-sensitive
neutron detectors capable of detection efficiencies comparable with 3He tubes, but being
able to sustain much higher counting rates than the 30-50kHz typical for single *He tubes
[4]. A possible approach relies on the use of solid neutron converters (such as boron or
lithium) combined to charged particle detectors, like the gas electron multiplier (GEM) [1]
detector. GEM detectors are typically used for tracking and triggering application in high
energy physics [5], but they can also be used for neutral particles detection like fast [6-9]
and thermal [10-14] neutrons or photon [15,16]. Neutral particles detection with GEM is
typically performed by adopting a customized cathode configuration, where primary electrons
are liberated in the detector gas due to neutrals interactions, followed by an amplification stage
(composed by one or multiple GEM foils). Finally, the motion of the multiplied electrons in
the induction region induces a signal on an anode (that can be fully customized for the specific
application) read out by a dedicated data acquisition system (DAQ). This paper describes the
development, the construction and the characterization of a new GEM-based thermal neutron
detector called MBGEM (multi-boron GEM), equipped with a converter cathode made of a
series of GEM foils coated on both sides with a layer (1 wm thick) of '9B4C. The paper is
addressed to study the response of the new converter configuration in view of the production
of a large area, high efficiency thermal neutron detector.

2 The MBGEM principle

The efficiency (¢€) of a thermal neutron detector based on a solid-state converter (such as 10B
or SLi) combined to a charged particle amplifier can be defined as the result of the product
of three factors:

— the neutron interaction probability (p),

— the escape probability (&) of the charged products generated by the neutron nuclear
reaction

— the extraction efficiency (n) of the primary charge liberated by the reaction products.

In case of boron-based converters the nuclear reaction °B(n, «)"Li is exploited whose cross
section is about 3844 b for 25 meV neutrons. This reaction is characterized by two main
channels:

OUB4n > Lita (QValue = 2.792 MeV, ground state); Branching Ratio = 6%
UB4pn > 7Li* +
+y(0.478 MeV) (QValue = 2.310 MeV, excited state); Branching Ratio = 94%.

Therefore when thermal neutrons interact with boron, the reaction leads to ’Li in the
excited state 94% of the times, while the remaining 6% are ground state 7Li. Conservation
of energy and momentum gives Ep; = 0.84 MeV and E, = 1.47 MeV for the excited state
reaction, and Er; = 1.16 MeV, E, = 1.78 MeV for the ground state reaction, and implies
that the two charged particles ("Li and «) are emitted back to back. It means that at least
one of the (charged) reaction products is likely to be revealed into the adjacent detector. In
addition when "Li is left in the excited state, there is always an emission of 478 keV y ray.

The challenge in the design of novel detectors relies on finding a geometrical and electrical
configuration able to simultaneously optimize p, & and n parameters. The probability p is
related to the macroscopic neutron (absorption) cross section of the converter material used
(19B4Cin the case of this paper), while & is related to the range of the produced charge particles
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in the converter layer itself. Probability p can be increased by using a thicker converter layer,
but this decreases the probability that the nuclear charged products can reach the gas. The «
and "Li ions are emitted isotropically along the 'B4C layer thickness and one or other of
these particles may leave the °B4C layer and ionize the gas volume in which the converter
is positioned. Therefore the charge escape probability & depends on:

— the neutron interaction point along the thickness of the '°B4C layer;
— the direction of emission of the charged particles;
— the '9B4C layer thickness.

The charged particles escaping from the layer will feature a continuous energy spectrum
ranging from 0 to E,, and Ey;. The typical range of alpha and lithium ions in '°B,4C is about
3.4pm and 1.7 pm, respectively [17]. Therefore a single converter thicker than 2 pm will
imply a large loss of detection efficiency (mainly for the L; ions) due to & reduction. A
possible approach to maximize the detection efficiency is the use of multiple stacked thin
converter layers that must be able to be transparent to the secondary electrons produced by
the gas ionization due to alpha and lithium ions, thus assuring a high extraction probability
1. A converter thickness of 1 wm of 'B4C it seems the final good solution as reported also
in other works based on a calculated optimization of neutron detection efficiency [18].

2.1 The preparation of the GEM foil

The key element of the present study is the double-face '°B4C-coated GEM foil (called
BGEM borated GEM) used to detect neutrons via the 1B (n, «)’Li reaction. A GEM [19] is
made of a thin (50 wm) Kapton foil, copper clad (5 wm thick) on each side, perforated with
high surface density of holes, each one acting as an electron multiplication channel. Each
hole has a bi-conical structure with an external (internal) diameter of 70 um (50 wm) and a
pitch of 140 wm. The bi-conical shape of the hole minimizes the effect of charging-up of the
Kapton inside the holes and is a consequence of the double-mask process used in standard
photolithographic technologies. A typical voltage difference of 250-500V is applied between
the two copper sides, giving fields as high as 150 kV/cm into the holes, resulting in an electron
multiplication up to a few thousands.

The BGEM foil is produced by introducing a modification to the standard GEM production
method. The base material is the usual 50 pm-thick polyimide foil cladded on both sides
with copper (5 wm). The standard pattern of holes with a diameter of 70 um and a pitch of
140 pm have been designed on a square of 30 x 30 mm? both on top and bottom sides of
the foil, followed by a photoresist lamination on both faces. Then photoresist dots have been
put covering precisely the copper openings followed by the curing. Afterward these foils
were individually sandwiched in Milano Bicocca University with two Al masks that have a
30 x 30 mm? opening on each face aligned with the patterned active areas on both side of
the foil as shown in Fig. 1.

2.2 The boron carbide deposition

The deposition process for coating-enriched amorphous boron carbide '“B4C layers on the
polyimide foils was carried out since 2015 by ESS Linkoping Detector Coatings Workshop,
located at Linkoping, Sweden. In the following '°B enrichment means > 95%. The facility
is installed with an industrial deposition unit (CC800/9, CemeCon AG) equipped with four
direct-current magnetron sputtering cathodes and a sample loading system for batch produc-
tion. Details about the deposition unit and process development for neutron detector coatings
of other types have been published elsewhere [17,20].
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Fig. 1 On the left the GEMPix foil prepared with the aluminum mask before the boron deposition. On the
right the final assembling of the multi-layer neutron converter with the electrode detail

The masks realized in Milan ensure good thermal and electrical contact over the surface of
the foils to the grounded sample table of the deposition machine, so the foils have less chance
to be thermally or electrically damaged during the deposition process. No other treatment,
e.g., cleaning, was done to the masked samples prior to the loading of the samples to avoid
damages to the photoresist dots.

The deposition chamber was first pumped down to a background pressure of ~ 1.5 x
10~% Pa, while the samples were heated up to ~ 100 °C. Then the surfaces of the samples
were treated with radiofrequency plasma etching in pure Ar atmosphere at 0.35 Pa to remove
native oxides built up on the Cu surface and to create higher surface roughness for better
film adhesion. After the etching, the samples were subsequently coated with a 'B4C layer in
pure Ar at ~ 0.40 Pa and with a Cu capping layer in pure Ar at ~ 0.30 Pa without breaking
the vacuum.

The selection of the working pressure for the °B4C layer is mainly a compromise between
the residual compressive stress and the increased oxygen content due to a relatively low-
temperature process, which has been systematically studied on Si substrates [21]. A simple
scratch test has been carried out with tweezers on non-active areas of coated foils, while only
the surface of the Cu capping layers can be scratched off due to its softness. No spontaneous
spall-off of the '"B4C films was observed either throughout the GEM foils production.
The thickness of the coatings was measured with a profilometer (DektakXT, Bruker) on
a Si(100) thickness reference mounted at an equivalent position of the deposition chamber
in the same deposition run. The overall thickness of the '°B,C plus Cu layer was measured
to be ~ 4.0um on a Si(100) thickness. The individual thickness of the 10B,C layer and
the Cu layer was calculated to be ~ 1.0 wm and ~ 3.0 wm, respectively, according to the
deposition rates determined from single material depositions done with the same deposition
parameters beforehand. The chemical composition of the 'B4C layer was done by elastic
recoil detection analysis in the Tandem Laboratory in Uppsala University, while details on the
employed detector set-up can be found in [22] and a discussion of the method and statistical
and systematic uncertainties in [23,24]. The measurement was carried out on the same Si
reference of the deposition rate determination to avoid the thick Cu capping layer on the
samples. The result shows a relative atomic ratio of about 77%B, 18%C, and 5% impurities
(mainly O and H).
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Fig. 2 Schematics of the multi-boron detector. Three BGEM borated GEM foils are stacked and used as
neutron converter. Neutron beam impinges orthogonally on the converter and interacts with 10B via the
10B(n, a)”Li reaction. One of the two charged products is able to leave the 10B4C layer and ionize the gas in
which the converter is placed (sketched in the zoomed detail on the right). Electrons liberated by this ionization
are able to drift along the converter and reach the triple GEM structure where they are multiplied in order to
induce a signal on the pixelated anode constituted by a quad-Timepix chip

2.3 The final BGEM production

After the boron deposition, the GEMPix foils came back to CERN for final working and
etching. The photoresist dots were stripped by the foils with the aim to etch the polyimide,
masked at this point by the boron deposition. After this procedure for the creation of the
holes, the foils appear to have on both faces the usual GEM pattern in the central area and
copper cladded on the remaining surface. The external copper is then etched to create the
electrodes for the voltage application as shown in Fig. 1. The cleaning and the final electrical
test ends the operations on the coated foils, to be ready for the detector assembly. All the
six BGEMs produced passed the electrical test, and three of them were used for the detector
construction.

2.4 The detector construction

Three GEMPix foils with different electrodes configuration useful for the final HV distri-
bution (see Fig. 1) have been assembled. The gluing of these foils on FR4 frames and the
final assembling of the multi-layer neutron converter were performed in a clean room of
Laboratori Nazionali di Frascati of INFN.

The multi-boron GEMPix detector is schematically represented in Fig. 2.

The detector has a neutron converter region, composed by a PCB with gold-plated 30 x
30 mm? cathode followed by a stack of 3 BGEM foils. Each electrode of the 3 GEM foils
is connected to an independent channel of the HV system [25], so that the electric fields and
gain can be set individually on each GEM foil. Neutrons enter in the detector orthogonally to
the cathode. They can be absorbed in one of the six 1 wm thick °B4C layers of the converter
stack (two 10B,C layers for each BGEM foil) via the 10B(n, a)Li reaction. The two created
charged particles are emitted back to back (momentum conservation), so only one of them can
escape from the '°B4C layer and ionize the detector gas (a mixture of Ar CO, CF4 45/15/40),
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producing the secondary electrons that will be driven by the applied electric field toward to
the holes of the GEM foils, where they are transported and eventually multiplied subjected to
the high electric field dipole present in the hole. The HV configuration of the detector must
ensure a uniform response independently from the neutron interaction point in the converter
stack. The gain of the BGEM composing the converter stack must be close to one, so that
the charge will be transfer from one conversion region to another without multiplication.

The ionization charge produced by the multi-boron converter by the single particle is then
drifted toward the triple GEM amplifier where will be finally multiplied by a factor 10>—10*
depending of the applied voltage generated by the HVGEM module [26]. Below the triple
GEM structure at 1 mm distance a pixelated readout is organized using a matrix of 2 x 2
‘naked” Timepix ASICs [27] with an active area of the detector equal to 3 x 3 cm?. The
movement of the charge in the induction region induces a signal on a group of pads of the
Timepix ASIC (dimension of each pad is 55 x 55 wm?), underlying the so-called charge
cluster.

The Timepix ASICs are operated in Time-over-Threshold (ToT) mode and read out by
the FITPix [28] (an FPGA-based module) using the Pixelman software [29]. In ToT mode,
the Timepix measures the time spent above a fixed threshold by the analogue signal induced
on the single pixel, which is proportional to the collected charge and then (after calibration)
to the energy deposited in the detector by the radiation. The measurement of the deposited
charge (call event) is done for an adjustable time window, here called “exposure time.” For
the scope of this study, the exposure time must be set with the goal to obtain a limited number
of well-separated charge clusters in each event, so that the response to each single interacting
particle can be studied. An online cluster analysis algorithm is used in order to produce a
file output with the list of the reconstructed charge clusters, reporting for each one the main
information such as the start time of the event, the total number of detected clusters, the total
charge and some other geometric parameters.

3 Detector characterization

The detector was characterized under X-ray and gamma irradiation at the CERN and under
neutron irradiation at the LENA reactor in Pavia [30].

3.1 Optimization of the converter charge extraction efficiency

As highlighted in par. 2, the fundamental parameter of the MBGEM detector is the capability
to extract the primary charge created by the incoming radiation from the converter stack.
Ideally, the response of the detector should be the same independently from the neutron
interaction point in the converter.

Thanks to the independent HV control applied to each BGEM, it is possible to experimen-
tally tune the gain of the BGEMs in order to obtain a uniform response. This optimization
was done by irradiating with a >>Fe radioactive source each single gas gap (Bgap) between
BGEM foils through small apertures on the frames side. In this way X-rays impinge laterally
on the detector and get collimated by the small frame aperture (see Fig. 3).

Figure 4 shows a typical charge spectrum recorded when X-rays convert only in the drift
region. As expected, both the main peak (5.9keV) and the escape peak (3 keV) are clearly
visible. Since the X-rays enter the detector in the drift region (i.e., between the triple GEM
and the converter) electrons produced in this region by X-rays ionization move toward the
triple GEM amplifier. The peak position shown in Fig. 4 is related only to primary ionization
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Fig. 3 On the left the 2D images of the X-ray flux entering in the different gap of the multi-boron converter.
On the right the spectrum of the 35Fe measured for each gap
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in the drift region and to triple GEM amplification. Therefore a change in the voltage applied
to the converter will not affect the peak position.

The source was then moved around in order to irradiate regions between each BGEM
one by one. This study allows to disentangle each single BGEM contribution. Each BGEM
voltage is then tuned so that the position of main peak position obtained when the detector
irradiated in the corresponding Bgap is comparable to the position obtained when X-rays
convert only in the drift region. Figure 5 shows the recorded spectra obtained when the
detector is irradiated in the different Bgaps with two different HV configuration (300 V and
330V applied on each BGEM).

Each spectrum is fitted with a Gaussian to obtain the peak position Pggap. . The BGEMs
potential differences are then tuned so that the charge extraction factor Cey, is equal to one
for each irradiated Bgap volume:

P Bgap;

Cex, = ~ 1. (1)

P(drift region)
Figure 6 shows the obtained coefficient values for the two HV configurations. The error
bars represent the calculated FWHM of the fitted Gaussian.
The left panel shows that with a too low BGEM gain a significant fraction of the deposited
charge is lost when the electrons have to transfer from one converter volume to the subsequent.
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Fig. 6 Charge extraction factor for each iy, irradiated volume of the converter obtained with 300 V (left panel)
and 330 V (right panel) applied on each BGEM. The error bars represent the calculated FWHM

With the appropriate gain instead (right panel), the deposited charge is successfully transferred
from one converter volume to another. Figure 6 shows also a degradation of the energy
resolution (represented by the error bars) by increasing the distance of the irradiation point
from the drift region. This is maybe due to the fact that a fraction of the created primary
electrons is lost on the bottom electrode of each BGEM, but the average deposited charge
(center position of the main peak) does not change because the lost electron fraction is
replaced by the multiplication of the primary electrons that are able to enter in the BGEMs
holes. The energy resolution degradation can be contained by acting on the transfer electric
field present between two BGEM, and this optimization will be studied in the future. However,
for counting application the energy resolution is not a crucial parameter, and the degradation
shown by the 3 BGEM converter with the optimal found HV configuration suggests that the
charge will be successfully transfer also in a converter with more than 3 BGEMs, giving the
possibility to further increase the thermal neutron efficiency of the detector. The following
y-ray and neutron characterization was done with the converter HV configuration found in
this study.

3.2 Gamma ray characterization of the detector

Gamma ray sensitivity is a crucial parameter for neutron detectors, given that they operate
in an environment on which a gamma background due to neutron-induced reaction is always
present. In a GEM detector gammas interact with the detector material mainly through Comp-
ton effect, producing a Compton electron that can give rise to a signal in the readout anode.
Compton electrons travelling in the gas medium have a reduced stopping power producing
elongated thin tracks typically with a low charge density. On the other hands, the ions pro-
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Fig. 7 The online display (512 x 512 pixels >~ 3 x 3 cm?) showing six alphas produced by the thermal
neutrons reaction and the small clusters produced by gammas (Compton electrons). The width of the clusters
is clearly different between alphas and electrons
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Fig. 8 Distribution of the dE/dx factor recorded with the detector under gammas (black line) and neutron (red
line) irradiation with HVGem = 1240V

duced by the '"B(n, o)’ Li reaction have high stopping power in the gas medium, producing
circular or elliptical tracks since they have a high charge density. Figure 7 shows an example
of the recorded tracks for gammas and neutrons by the online display.

The different stopping power (dE/dx) of the particles interacting with the detector gives a
useful tool to perform an effective neutron/gamma discrimination. In fact, for each interacting
particle the readout electronic gives both the total deposited charge and width of the produced
track. The ratio between these two quantities gives an estimation of the stopping power.
Figure 8 shows an example of the distributions of the dE/dx factor obtained with the detector,
respectively, under gammas (black line) and neutron (red line) irradiation.

Gamma sensitivity is strictly related to the detector gain, since the lower the gain, the less is
the probability that a gamma will produce a trace capable of giving a signal over the threshold
on the reading electronics. At the same time, at low gain even the charge produced by ions is
lower, affecting the neutron detection efficiency of the detector. It is then crucial to determine
a working point for the detector that maximizes the neutron detection efficiency minimizing
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no dE/dx threshold applied. On the right: applying the set of dE/dx thresholds

the gamma sensitivity. In order to do this, the detector was tested for different gains (applied
to the triple GEM detector stage) using a '3’ Cs source (662 keV photon energy). The gamma
efficiency is determined by dividing the total number of recorded events (no threshold applied)
with the estimated total flux of photons on the detector. The result of the scan is shown in
Fig. 9.

As expected, the gamma sensitivity is an increasing function of the gain, but it is possible
to determinate a set of dE/dx thresholds (one threshold for each gain) so that the gamma
sensitivity can be below a fixed value even for high gain. By applying the found set of dE/dx
threshold the gamma sensitivity obtained as a function of the gain is reported in Fig. 9.

The gamma detection efficiency obtained is less than 10~° with the chosen set of threshold,
allowing neutron measurements with a n/y discrimination factor better than 10° assuming
a neutron detection efficiency of about 10~!. The results shown in this paragraph highlight
also that the detector performance is not influenced by the 478 keV y-rays emitted during
the '°B(n, o)’Li when the 7Li is left in the excited state since we expect a similar gamma
sensitivity for y-rays of this energy.

3.3 Neutron characterization of the detector

The detector was tested at the research nuclear reactor of Applied Nuclear Energy Laboratory
(LENA) [30] of Pavia University, a 250-kW power Triga Mark II that offers different neutron
irradiation positions; recently in one of the horizontal channels has been realized a collimated
thermal neutron beam with a diameter of 49 mm and equipped with a system of shutters that
allows the positioning of samples even when the reactor is in operation. The thermal flux at
the exit of the channel is about 5 x 10%cm=2s7!.

The neutron beam was collimated using a ®Li-enriched plastic sheet having a hole (5 mm
diameter) in the middle. The first test performed was a gain scan in order to determine
the detector working point to be used for neutron detection (the minimum gain at which the
neutron detection efficiency is maximized). In order to do this study, the same set of threshold
found in the gamma scan of par. 3.2 was used. The result of the scan is shown in Fig. 10.

The recorded counting rate is an increasing function of the gain, showing a plateau for
HV = 1120V, which represent the working point of the detector under neutron irradiation.

The neutron detection capability was measured as a function of the number of active
converter layers in the detector. The BGEMs were initially set to OV (no charge transfer
between different converter volumes), and the relative detection efficiency was measured by
setting to 330 V each BGEM one by one. The relative detection efficiency is calculated as the
ratio between the counting rate recorded with all the BGEM set to 0 V (with a single active
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Fig. 11 On the left: relative detection efficiency measured as a function of the number of active converter
layers. On the right: recorded counting rate on the detector as a function of the reactor power

converter layer) and the counting rate recorded with one, two or three BGEM set to 330 V
(each active BGEM adds two active converter layers to the conversion stack). The result of
this test is shown in Fig. 11, where the relative detection efficiency is reported as a function
of the number of active converter layers.

As one can see, the measured relative neutron detection efficiency matches number of
active converter layers, confirming the good charge extraction capability of the detector
found in par. 3.1. The obtained results show that the detector is no lack of efficiency even
when all the converter layers are active, giving the possibility to further increase the number of
BGEMs and then to further increase the neutron detection efficiency. The last measurement
was carried out in order to check the response of the detector under high neutron flux.
The reactor power was varied from 1 to 250 kW, and the detector was set to the best HV
configuration with all the BGEMs active. Figure 11 shows the recorded counting rate on the
detector as a function of the reactor power.

As one can see, the detector response is almost linear up to 250 kHz corresponding to
250kW of reactor power. This counting rate has been obtained with a neutron beam of 5 mm
diameter that thus corresponds to a flux of 1.2 MHz/cmz. Further study, with a dedicated
electronic readout for very high counting rate applications, will be carried out in the future
in order to investigate the behavior of the detector in the very high counting rate region.

In order to estimate the expected neutron detection efficiency, simple calculations have
been performed considering an average neutron energy E, = 25 meV. The calculation is
performed by using the Beer—Lambert law:

I(E, x) = [ye "o (En)x (2)
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two profiles obtained from area 1 and area 2 (140 x 20 pixels) fitted with ERF and the corresponding LSF

where [ (E, x) is the transmitted intensity through a sample of density » and thickness x,
Iy is intensity before the sample, and o (E,) is the total neutron cross section. Therefore
the absorbed neutron intensity is defined as Iy — I = Io(1 — e (En)¥) By considering
o(E, = 25 meV) = 3844 b, n = 8.76 x 10?2 nuclei/cm3 and x = 1 um, a single layer
absorption efficiency p = 3% is obtained. The escape probability & for x = 1 wm is about
65% [17], and the borated GEM foils have an optical transparency (ot) (ratio between empty
and total area) of 78%. Therefore a total efficiency expected for six 'B4C stacked layers can
be defined as (1 — e =677 (En)¥) x £ x or x 1. Assuming a unitary extraction efficiency 7, the
expected total efficiency is about 8.76%. Further measurement will be performed in order to
assess this value by using an absolutely calibrated >He tube.

3.4 Spatial resolution

A first estimate of the spatial resolution has been performed using four disks of cadmium
having a thickness of 1 mm and a diameter of 8 mm placed just in front of the detector.
Neutron absorption from cadmium produces circular shadow images (see Fig. 12) that are
obtained integrating the total charge released by alphas and Li ions after neutron absorption
and, to a lesser extent, to gammas produced by unstable nuclei. The image has been acquired
with an high voltage of 1120 V.

A measurement of the spatial resolution was obtained from the normalized edge response
function (ERF) which has been calculated along the shadow edge profiles measured in area
I and 2 as shown in Fig. 12. The length of this profile extends over 140 bins of 55 pwm each,
the content of which is filled with the mean value on 20 pixels along the orthogonal direc-
tion. These normalized profiles have been fitted with the ERF, obtaining the corresponding
derivative line spread function (LSF). According to Sparrow criterion, two shadow images
can be considered distinct if their separation is equal to 20 of the LSF and this value can be
considered a reasonable estimate of the spatial resolution ranging between 2.0 and 2.6 mm.

4 Conclusions and future work

A first batch of GEM foils with boron coating (1 pm thick 10B,C) on both side was suc-
cessfully realized and tested in a neutron detector equipped with a 3-layer converter readout
by a GEMPix detector. All the six BGEMs produced passed the electrical tests, and three of
them were used for the detector construction. The neutron characterization showed that in
the optimized HV configuration, the MBGEM detector is able to increase the neutron detec-
tion efficiency obtained with a single layer of °B4C by a factor directly proportional to the
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number of active converter foils, with a n/y discrimination factor better than 10°. With six
layer of '°B4C the expected total efficiency is about 8.7%. The detector response is almost
linear up to 250 kHz counting rate, corresponding to a flux of 1.2 MHz/cm?. A preliminary
study showed a spatial resolution ranging between 2.0 = 2.6 mm.

The obtained results suggest the possibility to further increase the neutron detection effi-
ciency by augmenting the number of borated GEM foils in the converter stack. The next
step is the production of a bigger detector with an active area 10 x 10 cm? with an higher
number of BGEM foils and read out by the GEMINI DAQ system [31], for high counting
rate applications. This detector will also be characterized in terms of absolute neutron detec-
tion efficiency by comparing its performance to an absolutely calibrated *He tube. These
measurements will be subject of a future publication.
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1 Introduction

Gas detectors based on Gas Electron Multiplier (GEM) [1] technology are nowadays widely used
in different physics field, such as neutron physics [2—7], particle physics [8], medical physics [9]
and plasma physics [10].

Belonging to the Micro Pattern Gas Detector (MPGD) category, GEM detectors distinguish
themselves from other gas detectors by the possibility to cover large areas, good spatial resolution
and detection efficiency, count rate stability and capability to sustain high rate (MHz).

Thanks to these features, in plasma physics, they are one of the prominent diagnostic to detect
soft X-ray emissions [11]. The typical X-ray spectrum of a plasma shows several lines in the energy
region from 2 keV up to 30 keV. These lines are due to the impurities inside plasma, therefore soft
X-rays are an important tool to study their presence [12]. In this field, a detector with good energy
resolution and capable to survive in harsh environments, such as tokamaks, is required. GEM
detectors are good candidates specially if they are coupled with an electronic readout capable to
sustain the high rate of the incoming events.

On this purpose, a custom electronic readout for GEM detectors, called GEMINI [13], has
been designed by Istituto Nazionale di Fisica Nucleare (INFN) and Milano-Bicocca University.

This work provides the characterisation of the GEMINI chip whit a comparison between
GEMINI digital (64D) system and GEMINI analog (64A) system. The aim of the characterisation
is to verify that the digital GEMINI signals can be used to reconstruct an X-ray spectrum from
burning plasma, at least at the point of identifying the main X-ray peaks.

2 The GEMINI chip and the entire electronic readout

GEMINI [14] is an ASIC designed in CMOS 180 nm technology made of 16 readout channels
(features in table 1). From each channel (figure 1) the charge signal is converted to a voltage signal



by a charge-sensitive preamplifier and this conversion is possible thanks to an auto-calibrated
system on chip [15]. A discriminator compares the voltage signal with a threshold set by a Digital
to Analog Converter (DAC) independently for each channel. A driver converts the output into
a standard Low-Voltage differential signal (LVDS) [16], corresponding to digital signal with an
offset of 1.2 V. The LVDS signal is given by the voltage difference on two connectors, represented
by DOUTP and DOUTM in figure 1.

Table 1. GEMINI features.

Feature GEMINI
CMOS technology 180 nm
N° of channels 16

Max pixel capacitance 40 pF
Max count rate 5 Mcps

Min detectable charge 2.5fC
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Figure 1. GEMINI scheme [15]. The analog signal is extracted directly from the preamplifier (Vpgrg),
labelled in the figure as AOUT. The digital signal output is labelled as DOUT.

SCL

The LVDS signal from GEMINI is processed by a custom FPGA, which provides the cor-
responding Time of Arrival (ToA) and Time over Threshold (ToT). The ToA corresponds to the
time where the signal exceed the threshold and ToT is the time that the signal stays over threshold
(figure 3). The information of each event is a 64 bit word containing information about ToT and
the number of channel that records the event.

Data are transmitted by the FPGA to a server through an optical link; a custom made software
allows to analyse the data and provides both ToT spectra and 2D spatial map of the recorded events
(thanks to the padded nature of the used detector, see section 3 for details) in real time without
overloading the system.

The entire readout allows to sustain up to 5 Mcps count rate without loss of information.

3 The experimental set-up

The characterisation has been performed at the Istituto per la Scienza e Tecnologia del Plasma
(ISTP) of CNR and Milano-Bicocca University laboratories.



The set-up (figure 2) is composed of a X-ray source Amptek MINI-X [17], directed to a suitable
target (and namely titanium, copper and molybdenum) only to detect the X-ray fluorescence photons
emitted from the latter (4.5 keV, 8 keV and 17 keV respectively). The GEM detector has been built
with three aluminium GEM foils, a padded anode (256 pads of 6 x 6 mm?) and coupled with the
GEMINI system. For this analysis only 32 pads have been considered and 8 of these have been
also connected at a custom module able to extract the analog signal from the preamplifier of the
GEMINI chip (figure 1). The 8 channels have been connected to a QDC — DT5730B CAEN
digitizer. The entire system was positioned inside a steel-wall shielding chamber; the shielding
material is thus a source of spurious peaks due to X-ray fluorescence background of the wall.
Other possible sources of background are the materials of the detector itself, that are invested by
the X-rays from the target, like for instance copper (present in the anode and circuits) and the argon
(used with CO, as a multiplication gas in GEMs).

Figure 2. Experimental set-up: the X-ray source at ISTP-CNR laboratory, the molybdenum target, the
Al-GEM detector and the electronic readout.

4 GEMINI response analysis

Aim of the characterisation is to extract both the analog and the digital signals from GEMINI and
study them at the same time in order to verify that ToTl digital technique allows to reconstruct
spectra. The analysis has been conducted via a comparison between two copies of the same signal
(the X-ray measurement) from the analog and digital output of GEMINI. From the analog signals
the Pulse High (PH) and the ToT spectra have been obtained in order to verify their correspondence;
the comparison has been performed after the conversion of the ToT and PH spectra into deposited
charge spectra (see subsection 4.1). The ToT spectra obtained from the analog signals have been
compared with the analogues ToT spectra from the digital channels.



4.1 GEMINI analog system

The analog signal from GEMINI chip is digitized with 500 Ms/s and 10 bit resolution to obtain
the waveform for every single event (figure 3).
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Figure 3. Waveform of an event from the analog signal with the set threshold. The difference between the
time when the signal exceed the threshold and the signal goes under the threshold is the ToT.

For each waveform a threshold of 700 LVDS has been set and considering the time where the
signal stays over the threshold and the pulse integral over the threshold, both ToT and PH spectra
have been obtained (figure 4) for each chip channel. For sake of simplicity, only the data of a single
reference channel are reported.
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Figure 4. Left: spectrum of a titanium target obtained with ToT method. Right: spectrum of a titanium
target obtained with PH method. Both spectra are reconstructed through the analog signals collected by the
GEMINI chip. The main peak is the 4.5keV Ka line from titanium; the small peak at the left is identified
as the argon escape peak at 1.5 keV.

Both PH and TOT spectra show a prominent peak, the position of which depends on both the
energy of the X-ray line and the detector gain. The X-ray photon in fact deposits energy into the
GEM filling gas, creating a number of charged couples (ion-e) depending on the initial photon



energy; the electrons are collected by the anode after being multiplied by the GEM stages and
the amount of multiplication depends on the detector gain. Thus decreasing the detector gain, the
main peak shifts to the left. Gaussian-fitting each peak at different gains, the peak positions vs.
charge have been plotted in order to obtain the calibration curve for both methods, as shown in
figure 5. For a direct comparison, spectra obtained with both methods have to be represented as a
function of the deposited charge, that can be exactly calculated by an analytical method ([11]) for
all the X-ray photons and different gains.
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Figure 5. Left: calibration curve for ToT method. The ToT points have been found fitting the ToT spectra
of titanium target at different gains. The relative charge values have been calculated inverting the equation
(4.2). The calibration curve has been fit with equation (4.1). Right: calibration curve of the PH method fit
with a straight line. The charge values have been obtained with the same procedure of the figure reported on
the right.

The ToT vs. charge (at different gains) calibration curve has been fit with
T0T=a>x<q+b—L 4.1)
qg—d

where ¢ is the deposited charge and a—d are the fit parameters. The PH calibration curve was fit
with a straight line. Making use of the fit parameters, the charge spectra and eventually the energy
spectra for both methods can be obtained through:

— q; * Eion
exGxK

where g; is the deposited charge, Ejop s the ionization energy (28 €V for the ArCO; gas mixture),
e is the electron charge, G the detector gain and K is the gain corrective factor [11] given by

(4.2)

_ Measured energy

~ Expected energy '

Since the calibration curves for each channel provide energy calibrated spectra, it is possible
to sum the spectra in order to improve the statistic. In fact, in figure 6 the energy spectra of
titanium, copper and molybdenum of three pads are reported for both methods with reference
HV = 1110 V, corresponding to G = 12914. The table 2 reports the results of the fit (centroid
and o) of the spectra obtained from the analog signals for both ToT and PH method. These values
indicate the agreement of the two methods and not the ultimate resolution of the detector. With



this consideration, the two obtained spectra are compatible, thus it is possible use the ToT method

to reconstruct X-ray spectra.
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Figure 6. Energy spectra of titanium (Ti), copper (Cu) and molybdenum (Mo) obtained with the ToT (left)
and PH (right) method. The main peaks are the evidenced ones (energy values in table 2); other visible
structures, like argon escape peaks (at 1.5 keV) or background peaks, are not to be considered in this analysis.

Table 2. Table with center and o values obtained with a Gaussian fit of the energy spectra reported in
figure 6 for the ToT method and for the PH method.

Targets Peakryr (€V) oor (€V) Peakpy (V) opy (V)
Ti 4555 706 4589 601
Cu 8500 1174 8500 1337
Mo 15800 1286 16600 1981

As shown in figure 7, the peak centroids obtained with ToT and PH spectra from analog
signals for each targets are superimposed and within the errors; because we consider that the peak



positions are the main parameters to be considered, thus we conclude that the two methods are
well compatible.
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Figure 7. Compatibility of ToT and PH method. The centroids of the X-ray peaks obtained from each target
(identified by its atomic number Z) have been plotted with the relative errors given by the 0. The values are
well compatible within the errors.

4.2 Comparison between analog and digital system

As mention made before, analog and digital signals have been obtained from GEMINI ASIC at
the same time. The digital ToT signals were also analysed in order to obtain the spectra of all
the reference targets in table 2. For sake of simplicity in figure 8 it is shown only a comparison
between the ToT spectra of the titanium target obtained from the analog and the digital signals from
the same measurement. The two spectra showing no sign of significant differences, we conclude
that GEMINI provides the same results as a common digitizer and thus its ToT spectra can be used
for X-ray identification with GEM detectors.
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Figure 8. Left: ToT titanium spectrum obtained from analog signals. Right: ToT titanium spectrum obtained
from digital signals. Both spectra are obtained from the same measurement.



5 Conclusions

The GEMINI analog and the digital electronic readout systems provide compatible results at least
in terms of X-ray peaks position reconstruction when coupled to a GEM detector. The analysis
shows some limits due to the calibration PH-deposited energy-Tol method until 20 keV and due
to presence of the peaks from the copper from the surroundings. Nevertheless, it is possible to
support that GEMINI can provide reasonable X-ray spectra with the digital ToT method. Because
when operating in digital ToT mode the GEMINI can sustain high count rate with a high number
of channels [15], therefore it is a good candidate to be used with GEM detector during burning
plasma experiments to detect soft X-rays.
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