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Abstract

Most of the current world research efforts for the development of power pro-
duction through the process of nuclear fusion are currently invested in the
realization of ITER, a magnetic confinement machine (tokamak) that aims
at demonstrating the feasibility of power production with a gain factor of 10.
This operation relies critically on plasma external heating systems, among
which the Neutral Beam Injector (NBI) is one of the most important. The
acceleration of negative ion beams up to the required energies is hindered
by the issues related to high voltage holding in vacuum, as the occurrence
of electrical micro-discharges and breakdown phenomena. In support of the
operation of the main prototype for the development of the NBI (MITICA),
the High Voltage Padova Test Facility (HVPTF) has been operating with a
focus on the analysis and characterisation of the discharge phenomena in con-
ditioning experiments in vacuum. In this context, analysis of X-ray emission
has proven to be a good tool for the investigation of the processes involved.
This work presents the development of different micro-pattern gaseous de-
tectors, based on the Gaseous Electron Multiplier (GEM) technology, for
the measurement of X-rays fluxes resolved in time, space and energy. The
detectors were installed at HVPTF and integrated in its set of diagnostics.
Data collected during multiple experimental campaigns are studied and new
insights based on the analyses are proposed, to offer some justifications of the
observed phenomenology. Additionally, the design and implementation of a
synchronization system are presented, to enable consistent timing across in-
struments and supporting more robust studies in the future. The experimen-
tal activities are complemented by the development of a modular simulation
framework, in which distinct processes are modelled with different software
and combined to interpret the observations made on micro-discharges. The
approach focuses on the interchange of particles between electrodes and on
secondary processes at surfaces, aiming at an explanation of the experimen-
tal data. Preliminary results of the model are presented, together with a
discussion on potential future improvements of the framework, which stands
as a good first basis for interpreting past measurements and planning future
targeted tests. The results of this work contribute to the study of the dis-
charge phenomena in the experiments of HVPTF, support the operations of
MITICA and, ultimately, the development of the NBI system for ITER.






Estratto

La gran parte degli sforzi odierni per lo sviluppo della produzione di energia
tramite fusione nucleare € concentrata sullo sviluppo del tokamak ITER, una
macchina a confinamento magnetico in stato di costruzione. ITER mira a di-
mostrare la fattibilita della produzione di energia con un fattore di guadagno
pari a 10 e il suo funzionamento dipende in modo cruciale dai sistemi es-
terni di riscaldamento del plasma, tra cui I'Iniettore di Fasci Neutri (NBI).
L’accelerazione di fasci di ioni negativi fino alle energie necessarie € limitata,
tra le altre cose, dai problemi di tenuta di alta tensione in vuoto, dove micro-
scariche e breakdown possono compromettere prestazioni e funzionamento.
A supporto dello sviluppo del prototipo del NBI (MITICA), la High Voltage
Padova Test Facility (HVPTF) opera con l'obiettivo di studiare e caratter-
izzare i fenomeni di scarica durante il condizionamento in vuoto. In questo
contesto, lo studio dell’emissione di raggi X si ¢ rivelato un buono strumento
per la comprensione dei processi in atto. Questo lavoro descrive lo sviluppo
di diversi rivelatori gassosi basati sulla tecnologia Gaseous Electron Multi-
plier (GEM), per la misura di flussi di raggi X con risoluzione temporale,
spaziale ed energetica. I rivelatori sono stati installati presso HVPTF e inte-
grati nel sistema diagnostico dell’esperimento. I dati acquisiti durante varie
campagne sperimentali sono stati analizzati per estrarre informazioni sulla
fenomenologia osservata e proporre interpretazioni coerenti con le misure. La
tesi presenta inoltre lo sviluppo di un sistema di sincronizzazione dei segnali
che garantisce allineamento temporale tra misure di diverse diagnostiche,
permettendo correlazioni pitt robuste nelle analisi future. Le attivita speri-
mentali sono complementate dallo sviluppo di un framework di simulazione
modulare, in cui processi distinti sono modellati con strumenti dedicati e poi
combinati per interpretare le osservazioni sperimentali delle micro-scariche.
L’approccio é basato sullo scambio di particelle tra gli elettrodi e sui pro-
cessi secondari alle superfici, con I'obiettivo di riprodurre le osservazioni dei
dati sperimentali. Risultati preliminari e possibili miglioramenti da imple-
mentare vengono entrambi discussi, definendo il framework come una base
consistente per 'interpretazione delle misure pregresse e per la pianificazione
di nuovi esperimenti. I risultati di questo lavoro contribuiscono allo studio
dei fenomeni di scarica presso HVPTF, supportano le operazioni di MITICA
e, in ultimo, lo sviluppo dei sistemi NBI per ITER.
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Introduction

One of the major open problems that the scientific community is trying to
tackle nowadays is the search for sustainable and clean energy sources, in
order to be able to satisfy the always growing global demands, without having
to rely on extensive use of fossil fuels. One of the most promising technologies
standing out in this framework is nuclear fusion, a process analogous to
the one that powers the sun and the stars. Fusion reactions are physical
interactions where two light nuclei, under the right conditions of density
and temperature, combine to form heavier products, releasing energy in the
process, a process in some ways opposite to the one of fission, where a heavy
nucleus is split into lighter products.

Nuclear fusion presents some clear advantages with respect to fission, as
for example the abundance of fuel and the absence of long-lived radioactive
waste, as well as the intrinsic absence of a chain reaction that can escape
control. On the other hand, however, the technological maturity of power
production through fusion is still very far from the levels of fission, with many
challenges, both technological and physical, still present in the development
of fusion reactors, such as the confinement of the plasma, the control of
instabilities and the extraction of the produced energy.

In order for the fusion process to happen, the nuclei must be brought
to very high temperatures, in order to overcome the Coulomb barrier that
prevents them to get close enough to each other to interact. One of the
most common methods to achieve this is to create a plasma and to confine
it in a toroidal metallic structure (tokamak) by means of magnetic fields
(magnetic confinement fusion), making it avoid contact with the walls. The
prevalent reaction that is considered for power production is the one between
deuterium and tritium, which produces a neutron and a helium nucleus, with
a total energy release of 17.6 MeV. To achieve this reaction consistently, the
plasma must be heated up to temperatures of the order of 100 MK.

The efforts of the European community in the research for nuclear fusion
power production are currently focused on the development of magnetic con-
finement devices, such as tokamaks. The main efforts are currently invested,
in collaboration with other parties around the world, in the construction of
the ITER reactor prototype, in the south of France, an experimental toka-
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Figure 1: Render image of the ITER tokamak [ITER, 2025|.

mak that aims at demonstrating the feasibility of power production through
fusion with a gain factor of at least 10. At full regime, the facility will out-
put 500 MW of thermal nuclear power with a cumulative external heating of
50 MW. According to the latest schedule, the first plasma is expected to be
produced in 2034, with the first deuterium-tritium plasma in 2039 [ITER,
2025]. A rendering of the tokamak structure is shown in Figure 1.

External heating for ITER will be mostly provided by Neutral Beam In-
jection (NBI) technique, which relies on beams of high-speed, high-energy
particles that penetrate into the plasma core, transferring their energy through
collisions. ITER will be equipped with two NBI systems, each delivering up
to 16.5 MW of power and operating for up to 3600s. The NBI is based on the
extraction of a 40 A negative deuterium ion beam, its acceleration up to ener-
gies of 1 MeV and its injection in the plasma after neutralization [Hemsworth
et al., 2017]. A rendered image of the NBI is shown in Figure 2.

The research and development plan of ITER NBI system is mainly car-
ried on with the activities of the Neutral Beam Test Facility (NBTF), located
at Consorzio RFX, in Padova, Italy. The facility hosts two test stands: the
Source for Production of Ion of Deuterium Extracted from RF plasma (SPI-
DER), which is a prototype of the negative ion source, and the Megavolt
ITER Injector and Concept Advancement (MITICA), which is a full-scale
NBI prototype, capable of full acceleration voltage and power [Toigo et al.,
2017|. The SPIDER facility has been in operation since 2018, while MIT-
ICA is currently in an advanced stage of construction. One of the most
critical components of MITICA, the acceleration stage, is based on a set of
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Figure 2: Render image of the NBI system for the ITER tokamak [MITICA, 2025].

5 multi-aperture grids, with progressive steps of 200kV each, for the total
acceleration voltage of 1 MV. The accelerating grids are kept in vacuum in
order to avoid the formation of plasma from the ion beam, but the intense
electric fields that develop in the environment can lead to the occurrence of
discharges, with a risk of damage for the components of the system.

For this reason, in order to study the phenomenology of the discharges
and to develop control systems for their management, the High Voltage
Padova Test Facility (HVPTF) has been set up in Padova as well, in support
of the operations of MITICA [De Lorenzi et al., 2011]. Studies at HVPTF
mainly focus on the analysis of the signals that can be detected during the
discharges, as for example X-rays, trying to correlate them with the physical
processes that are happening in the system. The final aim is to characterize
the discharges and to develop a control system able to foresee their occur-
rence, mitigating their negative effects, or preventing them from happening
altogether.

This thesis presents the results of experimental campaigns of HVPTF of
the past years, and the advancements in the development of the monitor-
ing systems for the discharges. The data presented mainly refer to the Gas
Electron Multiplier diagnostic, and they are then compared with results of
software simulations set up in order to try to understand the phenomenology
of the discharges. The rest of the thesis is organized as follows. The first
chapter introduces the theoretical background of the discharges in vacuum,
with a brief review of the main articles in the literature. The second chapter
presents the experimental setup of the HVPTF facility and its data acqui-
sition and control systems. The third chapter details the principles and the
developments of the GEM detectors. The fourth chapter presents the exper-
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imental results of the campaigns, and the advancements and developments
of the monitoring systems for the discharges. The fifth chapter is focused
on the development of a simulation framework to interpret the experimental
data. The last chapter presents the conclusions and the future perspectives
of the research.



Chapter 1

Electric discharges in vacuum

The phenomenology of electric discharges in vacuum has been subject of
intensive theoretical and experimental analysis over the years. This chapter
presents a brief overview of the key points of study of the field, mainly in
the context of the environments which can be similar to the case of study of
HVPTF.

An electric discharge is the release and transmission of electricity in an
applied electric field. This flow of electric current is well known for its prop-
erties when it occurs through a medium, in which case the collisions between
electrons and atoms or molecules play a critical role. Different is the case
when the discharge occurs in vacuum (i.e. at very low pressures), where
the mean free path of electrons in the gas is generally much greater than
the distance between the electrodes. In this instance, the dynamics related
to electron-gas collisions cannot fully explain the phenomena, and different
theories and models were developed in the years to account for this.

1.1 DC electric discharges in gases

The first physical phenomenon to be addressed is the breakdown of the in-
sulating properties of a gas, which is commonly initiated by the ionization
of the background gas by a few free electrons. These seeding electrons can
be produced by various causes, and they are accelerated by the applied elec-
tric field up to the ionization threshold of the gas, giving rise to a charge
avalanche process. In order to enable this mechanism, a minimum elec-
tric field strength is required, which can also be translated to an equivalent
breakdown voltage when considering a pair of electrodes at a fixed distance.

During an electric discharge, a state can be reached where the current
continues to flow in the circuit even when the external ionizing source (the
seeding electrons) is removed. This is referred to as a self-sustaining dis-
charge, or Townsend discharge, and it has been demonstrated that it occurs
when the applied voltage exceeds the breakdown value. On the contrary, if

)
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Figure 1.1: Schematic diagram of the DC discharge circuit between two parallel
electrodes [Conde, 2020].

the action of the external ionizing agent is still needed for the discharge pro-
cess to continue in time, the discharge is referred to as non-self-sustaining.
The breakdown voltage value for DC gas discharges is influenced by charac-
teristics of both the electrodes and the background gas. In this instance, the
main factors to consider are the secondary electron emission by ion impact
of the surface and the gas ionization dynamics.

A schematic representation of a DC discharge circuit between two par-
allel electrodes in a low pressure environment of a glass tube is shown in
Figure 1.1. Referring to that diagram, the values of the discharge voltage V;
and the current /5 can define the regime of the discharge, when compared to
the idealized current-voltage characteristic curve of Figure 1.2 [Conde, 2020].

With voltages below the breakdown value (on the left of point B of the
plot), the currents are very low, with electron losses of the system much
higher than the number of free charges produced. When the strength of
the electric field is high enough to have electrons ionize the neutral gas, at
the breakdown voltage, a self-sustained discharge is triggered (point B). At
this point, the process of electric charge multiplication makes the current
increase by orders of magnitude with only a small increase of the applied
voltage (up to point C). This condition is exactly that of the Townsend
discharge mentioned above, also corresponding to the so-called regime of
dark discharge, due to the low intensity of the light emitted by the gas.
Further increase of the discharge current leads to an intensification of the
space charge effects at the electrodes and to shape the plasma potential
with a non-uniform axial profile. This in turn leads to the formation of a
region of ion accumulation in front of the cathode, with high electric field
strength and increased local impact ionization rate. In this regime, named
subnormal glow, higher currents require lower breakdown voltages to sustain
the discharges (between points C and D of the plot). In the glow discharge
regime (between points D and E), the discharge volume expands, electric
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Figure 1.2: Idealized characteristic I-V curve with indications about the different
discharge regimes [Conde, 2020].

charges are collected over larger surfaces of the electrodes, and for small
increments in the discharge voltage the current grows, with a plateau on the
[-V curve. When the glow discharge expands enough to cover all the surface
of the electrodes, the abnormal regime is reached (from point E to F), and
higher currents require higher voltages. As the values of the two parameters
become high enough, the arc discharge regimen takes place (to the right of
point F). Here, various phenomena concur in making the voltage drop as the
discharge current increases, as the ionized gas becomes essentially a local
thermodynamic equilibrium plasma.

1.1.1 Townsend’s theory of breakdown

Following the early studies of Townsend [Townsend, 1910], the steady state
experimental conditions of a gas discharge can be studied considering the
motion of ions and electrons in the constant electric field between two par-
allel electrodes at a fixed voltage difference, following the scheme shown in
Figure 1.3.

The cathode is placed at coordinate z = 0, the anode at coordinate z = d,
and between the two plates, a voltage V; is applied. Each electron moving in
the inter-electrode space produces on average a number of ionization events
that can be defined empirically using the first Townsend coefficient [Huxley
and Crompton, 1974]:

<V >
o=

(1.1)

Uq
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Figure 1.3: Schematic diagram of the electron multiplication in a DC discharge
between two parallel electrodes [Conde, 2020].

This corresponds to the ratio between the ionization collision frequency
v; (the average number of ionization events of an electron moving in the gas
per unit time) and the component of the drift velocity of electrons along the
gap, ug. Assuming a large uniform ionization cross-section, the coefficients
can be understood as the number of secondary electrons generated by an
electron as it travels a unit distance in the direction of the field. Electron
multiplication, or charge avalanche, is considered to be initiated by a few
electrons emitted at the cathode, N.(0). The evolution along the gap (in
direction z) of the number of electrons can then be modelled with:

dN,(2) = N, (0) exp( fo " (=) dz') ~ N, (0) (1.2)

And the number of electrons at the anode is equal to:

Ne(d) = Ne(0) e (1.3)

Thus, from cathode to anode, the number of electrons increases as:

AN, = N,(d) = No(0) = No(0) - (e*? - 1) (1.4)

At steady state, since ions and electrons are created in pairs, the number
of ions impacting the cathode is the same as the number of electrons im-
pacting the anode. If the electrons at the cathode are considered only to be
produced by secondary emission of ion impact, modelled with the coefficient
Yse, We obtain:
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Ne(0) = AN; - yse = AN, - Yse = Yse Ne(0) (€24 = 1) (1.5)

A breakdown condition for a DC self-sustained discharge can be thus
derived as:

1 z 1

adzln(1+—) @exp(/ a(z')dz') =1+ — (1.6)
ste 0 756

An empirical formula can be introduced for the coefficient «, based on

gas-specific constants (A and B) and the pressure of the inter-electrode space

(pa) [Von Engel, 1955]:

B
a=Ap, exp(——) (1.7)
(Ed/ pa)
With this, a final expression for the breakdown voltage can be derived:
B(pqd
v, (Pad) (1.8)

In[A(pad)] = In[In(1 +1/7sc) ]
This equation is known as Paschen law, and it relates the DC breakdown
voltage value between parallel electrodes to the product (p,d) and the sec-
ondary electron emission coefficient of the cathode ~ys.. The curves defined
by this formula for different gases are plotted in Figure 1.4.
It can be seen that the curves exhibit a minimum, named the Paschen
minimum, which can be obtained by differentiating the formula and equating
the derivative to zero:

B 1
Vomin = €— ln(l + —) (1.9)
A Vse
The corresponding minimum in p,d value is:
e 1
(pad)min = Z ln(l + _) (1.10)
Vse

This result means that at voltage values lower than Vj s, the breakdown
of a uniform field gap is not obtainable, no matter the gap distance or the
pressure of the gas. Experimental values observed for breakdown voltages
are generally in agreement with the predictions of Paschen law. Deviations
from this simple model can be found at high pressures due to additional
effects arising in importance [Kunhardt, 1990].

1.2 Discharges in vacuum

As described above, DC discharges in gas are largely determined by the
properties of the gas itself, and the mechanisms are based on the extensive
presence of molecules to be ionized. In vacuum, the situation is different.
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Figure 1.4: Plot of the Paschen law curve for different gases [Ollegott et al., 2020].

The experimental conditions can place the system on the left of the Paschen
curve (Figure 1.4), and the early stages of breakdown cannot be explained
directly by ionizing collisions in the gap volume between the electrodes. The
case of electric discharges in vacuum thus needs to be studied considering the
production and introduction of ionizable or ionized material in the system.

1.2.1 Theories for breakdowns in vacuum

The field of study of electric discharges in vacuum can be generally split
in two main categories, although with many instances of overlapping sub-
jects. Firstly, there is the study of electrical breakdown in vacuum, which
is focused on the phenomena happening before and up to the moment of
the vacuum breakdown (i.e. the occurrence of the discharge). The second
branch is that of arcing in vacuum, which instead focuses on the development
of the discharge after breakdown, in the cases where a quasi steady state is
approached [Miller, 1990].

Theories and explanations for electrical breakdown in vacuum found in
literature are generally classified in four different categories, depending on
which elements of the system directly take part in the phenomenon. A
suitable combination of parameters such as gap geometry, electrode material,
and voltage profile, can make either one of the options the main cause of the
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breakdown.

The first category is that of "clump" theories, where the detachment of
a particle, or a clump, occurs from an electrode, leading to it crossing the
gap and striking the other electrode with enough energy to directly trigger
the breakdown.

Interaction theories instead postulate the occurrence of chain reactions
among electrons, positive ions, negative ions and photons, because of which
the increase in the pre-breakdown current is fast enough that the breakdown
is triggered. These theories are commonly regarded as relevant only for
devices such as accelerators, because they would not apply to the cases of
clean vacuums and surfaces.

Cathodic theories are those based on the presence of vapour or plasma in
the gap with quantities sufficient to cause breakdown in a manner similar to
what has been described in section 1.1. The presence of this gaseous material
is caused by the heating and vaporization of cathode material, either by
Joule heating or by explosion of the projections that are interested in the
field emission phenomenon, described in the following.

The last category is that of anodic theories, which usually involve both
the cathode and the anode. They assume that a beam of electrons is con-
tinuously emitted from the cathode and, upon impinging on the anode, it
causes different effects that in their combination trigger the breakdown. The
beam can produce vapour, either by heating the anode surface and evap-
orating its material, or by desorption of contaminants from the surface, or
both. The produced vapour is then ionized, as it is for cathodic theories, and
the breakdown occurs. Alternatively, the vapour produced by the electron
beam can be the cause of a regenerative process which enhances the electron
current, leading to a thermal runaway in the strike region of the beam and
generating enough anode vapour to trigger the breakdown. Other anodic
theories state that the beam releases one particle from the anode surface,
which then travels to the cathode following the electric field, and that the
breakdown is then caused either by interaction of the original beam with this
particle, or by strong field emission discharges between the particle and the
cathode.

Instances of current exchange between electrodes in vacuum are not lim-
ited to breakdowns only, but there are also less violent phenomena that occur
more frequently and do not necessarily evolve into breakdowns. These are
generally classified in two families. There can be steady or quasi-steady cur-
rents emitted from cathode to anode, deriving from field emission, either by
the effect of electromagnetism alone or thermally assisted. These currents
are commonly caused by the presence of metal protrusions on the surface,
or interfaces between insulating inclusions and the electrode metal, or other
similar characteristics that act as emission sites. The other category of pre-
breakdown phenomena is that of the micro-discharges, which can be defined
as self-limiting bursts of current. These can be produced directly by the
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detachment of small clumps of material from one electrode that follow the
electric field to impinge on the other, or as a consequence of electron-induced
vaporization of material on the anode surface. Micro-discharges are observed
more likely when contaminants are present on the surfaces of the electrodes.

Pre-breakdown phenomena, as mentioned above, can lead directly to
breakdowns, but not necessarily. Subjecting electrodes to micro-discharges
in a controlled manner is known to help reduce the risk of breakdowns dur-
ing operations, by removing surface imperfections and reducing outgassing
occurrences. This is one example of a family of processes defined "electrode
conditioning", which in general are procedures aiming at improving the orig-
inal dielectric state of a vacuum gap. Other kinds of conditioning can consist
of subjecting the electrodes to full breakdown events consecutively, or per-
forming glow discharge sessions in an atmosphere of noble gas (generally
argon) for positive ion bombardment, that can also help in bettering the
surfaces.

1.2.2 Electron emission models

As mentioned above, one of the main occurring pre-breakdown phenomena
is the development of steady or quasi-steady currents from cathode to anode.
When a high voltage difference is applied between two electrodes in vacuum,
a small electron emission current can be measured, and small changes in the
voltage value can bring large changes in the current value, especially when
close to the breakdown voltage of the gap. In order to understand why this
current is generated, there is the need to mention the physical basis of the
emission processes that allow free electrons at the metal boundary to escape
to the gap [Farrall, 1990].

Figure 1.5 models the potential energy of an electron as a function of
position, when it is near a metal surface (located at coordinate x = 0). On
the left of the border between metal and space, the energy distribution of
the free electrons inside the metal is limited under the Fermi level, with the
most energetic electrons needing an energy equal to the work function of the
material (¢) to become available outside the surface.

The potential energy of an electron in the space near a metal surface is a
function of its distance from it, and it can be described with the hypothesis
that there is an image of equal charge and opposite sign at the same distance
inside the metal material. The resulting profile is shown in Figure 1.5b. If
an electric field is applied uniformly on the metal surface, as is the case of
two electrodes set at a voltage difference, the resulting potential takes the
shape of Figure 1.5c, under the assumption that the metal surface under
consideration is the one negatively charged (the cathode).

From the picture, it can be seen that the electrons inside the cathode
metal, when near the gap, have to overcome a potential barrier to be ex-
tracted from the surface. Classical electron emission can thus happen only if
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Figure 1.5: Sketch of the potential energy as a function of distance for an electron
close to a metal surface. (a) In absence of fields. (b) With image charge field. (c)
With both image charge and external field.

an energy higher than the work function is given to the electrons themselves
with an external source. This can be done by heating the cathode, in which
case a phenomenon named thermionic emission occurs, and some electrons
will be extracted outside the surface generating the thermionic emission cur-
rent. It can be observed that in cases where the cathode is heated, and the
electric field applied is above 107 Vm™!, the height of the potential barrier
is effectively reduced, producing an increase in the electron emission. This
condition is referred to as Schottky enhanced thermionic emission.

Introducing the principles of quantum mechanics in the formulation, the
chance for the electrons to tunnel through the potential barrier without going
over it becomes relevant. The probability for this phenomenon to occur
strongly depends on the applied electric field, since the width of the barrier
(corresponding to 0 at the Fermi level) is reduced for increasing field. This
occurrence of cold electron emission takes the name of field emission, and it
can be explained by the formulation of the Fowler-Nordheim theory [Fowler
and Nordheim, 1928, Nordheim, 1928].

Within this model, the current density J can be expressed as a function
of the electric field £ and the work function of the cathode material ¢ as:

2 3/2
J:1.541-10‘2¢t§( ) exp(—6.831-109¢Tv(y)) (1.11)
y

Where:
3.795-103E1/2
¢

Functions v and ¢, which are tabulated, depend themselves on electric
field and work function, but since they are slowly varying over the relevant

(1.12)



14 CHAPTER 1. ELECTRIC DISCHARGES IN VACUUM

ranges of parameters, they are often replaced by constants. It is important
to mention that, historically, experimental results at first seemed to be in
contrast with the prediction of this model for the large surface electrodes.
In particular, the emission current was observed for voltage differences lower
than what expected. It is now a widely held view that this is caused by the
fact that the emission phenomenon itself occurs on microscopic protrusions
present on the metal surface. These sharp, needle-like defects can exhibit on
their tips electric fields with magnitudes that are orders of magnitude higher
than the average field across the gap. Since current density and electric field
are seldom used in experiments, Equation 1.11 is commonly rewritten in
terms of voltage difference and current between the electrodes, following:

IR By (1.13)

These transformations introduce an effective emission area for the protru-
sion on the surface A, and an enhancement factor for the electric field at the
protrusion tip 8. The re-written Fowler-Nordheim equation thus becomes:

27,2 3/2
4 Aexp(—G.S?;l-lO‘gM) (1.14)

P2 (y) d BV

The field enhancement factor 3, in particular, is of much importance for
the determination of the breakdown characteristics of a vacuum gapt. In
particular, various experimental findings have demonstrated that the break-
down field is essentially a constant depending on the cathode metal, named
critical field (E.). With a precise control on the conditions of the exper-
iment, provided that the value of 8 is known, the breakdown voltage can
theoretically be computed as:

I=1.541-102

E.d
B

v, = (1.15)

1.2.3 Other influencing factors

The studies on field emission and vacuum electric breakdown have spanned a
vast landscape of different approaches and hypotheses, with different aspects
of the phenomena being investigated in multiple works. In the following, a
brief summary of the additional findings that can be relevant in the case of
study of this work is presented [Farrall, 1990].

In the case of study of vacuum breakdowns over long gaps, it has been
found that the critical field at the cathode needed diminishes relevantly.
Additionally, various investigations have highlighted evidence that the an-
ode, while not being the main subject of interest in the beginning of the
phenomenon, can strongly influence the breakdown voltage value in these
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conditions, suggesting a distinction between cathode- and anode-dominated
breakdowns. These works led to consider and try to model anode related
processes that can help trigger the breakdown, as for example the heating
of the anode surface due to the electron bombardment. Results showed also
that, together with gap length, another factor that could influence the tran-
sition from cathode to anode breakdown is the length of the voltage pulses
applied to the system. Pulses of short duration can favour cathode initi-
ated breakdown, while longer pulses are more likely to translate in anode
instabilities. As mentioned above, in the case of anode contribution to the
breakdown trigger, it is postulated that the discharge starts from produc-
tion of vapours from the anode surface, due to bombardment heating and
correlated removal of impurities.

Another aspect that can influence the vacuum breakdown phenomena in
the case of electrodes with large area surfaces is the combination of multiple
gas and impurity related effects that can impact on the conditions of the
surfaces themselves. For example, the exposure of vacuum gaps to gas with
higher pressures (but still lower than the Paschen curve limit) for short
periods of time has proven beneficial to the gap performance when brought
back to better vacuum, for a number of combinations of electrode metal
and fill gas. This effect has been found to be consistent in time, but with
the limiting factor being the approach from the left side to the Paschen
curve, over which volume collisional effects become relevant and classical
gas discharges can occur. There are also conditions where the phenomenon
of gas desorption from the surfaces of the electrodes can influence critically
the breakdown initiation in vacuum, constituting another source of vapour
emission from the surfaces to be ionized. As mentioned before, microscopic
metal protrusions on the metal surfaces play an important role in the vacuum
breakdown initiation. This can be true also in the cases of presence of
contaminants on the surfaces themselves, especially for organic residuals like
oil or alcohol that can be present as a by-product of cleaning processes.
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Chapter 2

The High Voltage Padova Test
Facility

The High Voltage Padova Test Facility (HVPTF) is a test laboratory located
in Padova, Italy, that has been set up in order to study the phenomenology
of discharges in high voltage systems in vacuum. The facility is mainly em-
ployed in support of the operations of the Megavolt ITER Injector and Con-
cept Advancement (MITICA), the Neutral Beam Injector (NBI) prototype
for ITER, currently under construction at Consorzio RFX. The experimental
activities of HVPTF focus on the characterization of the discharges, with the
aim of developing control systems to prevent or mitigate their occurrence.

The facility has been in operation since 2010, firstly with a configuration
suitable for experiments up to 300kV DC, which was later upgraded to the
current configuration, allowing for voltage differences up to 800kV DC. The
laboratory is equipped with a set of diagnostics, used to monitor the dis-
charges in terms of physical parameters of the system and emissions coming
from the chamber. This chapter presents an overview of the facility and the
instruments that are hosted in it.

2.1 The 300 kV configuration

The first experimental setup was rated to carry out experiments up to 300 kV
DC, and it was devoted to the studies needed for the validation of a first
breakdown model developed at Consorzio RFX [Pilan et al., 2010]. The de-
sign featured a symmetric electrode structure, with two independent power
supplies, and alumina feedthrough, each designed for 150kV [De Lorenzi
et al., 2011]. A plot of the electrostatic field distribution is shown in Fig-
ure 2.1, together with a picture of the setup.

The vacuum tank, made of AISI 304L stainless steel, was a 5mm thick
cylinder, with a diameter of 960 mm and a height of 759 mm, equipped with
three viewports for the diagnostics and one port dedicated to the vacuum
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Figure 2.1: On the left: electrostatic distribution of the Electric Field (in units of
MVm™) in the 300 kV setup. On the right: a picture of the setup [De Lorenzi
et al., 2011].
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Figure 2.2: Schematic of the vacuum system of the 300 kV setup [De Lorenzi et al.,
2011].

system. The inner tank surface was satin-finished, cleaned by means of
ethanol, and underwent baking in vacuum up to 130°C for 3h. A heating
cables system, temperature controlled by means of a PID circuit, was in-
stalled to reduce vacuum recovery after air venting of the tank. The vacuum
system, with a dedicated vacuum chamber and based on a combination of a
turbo-molecular pump, a cryopump and rotative and scroll pumps, was able
to reach a pressure of 8 x 1078 mbar only using the turbo-molecular pump,
and better than 1 x 107 mbar with the cryopump. An ionization head pres-
sure gauge, a Residual Gas Analyser and the electro-valve for gas injection
completed the setup. The latter allowed making experiments at different
pressures of different gases. A schematic of the vacuum system is shown in
Figure 2.2.

Potential to the electrodes was brought by a rod brazed to the tip of
the alumina cone, with the feedthrough custom designed to fit with a linear
translator, manually operated, giving the ability to modify the gap length
between electrodes without breaking vacuum, up to 50 mm. The indepen-
dent polarization of the two electrodes was achieved with the HV circuit, as
mentioned before, by means of two HV power supplies, one for the positive
voltage and one for the negative. A sketch of the layout of the circuit is
presented in Figure 2.3. The power supplies were equipped with a remote
control interface, to act for voltage and current regulation during the exper-
iments, and a measurement system, in order to collect current and voltage
data.

The experimental campaign of this version of the facility was focused on
the study of the behaviour of four sets of electrodes, mainly parallel planar
ones, but also with the addition of a spherical one. The main task was the
validation of a voltage holding prediction model that had been developed
previously at Consorzio RFX for application on MITICA [Pilan et al., 2011].
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Figure 2.3: Schematic of the HV circuit of the 300 kV setup [De Lorenzi et al.,
2011].

The experimental results were fairly positive, but further testing at higher
voltage was deemed necessary, leading to the development of the next con-
figuration for the facility, as a replacement for the first one [De Lorenzi et al.,
2013.

2.2 The 800 kV configuration

The current experimental setup, which is the reference for this work, is com-
posed by a horizontal axis AISI 304L vacuum tank, with a diameter of 1.2m
and a length of 2.4 m. Two independent Heinzinger power supplies, rated for
+400kV and 1mA each, are connected to the electrodes through two SFg
insulated feedthroughs, with a coaxial connection which lessened the EMI
problems of the previous installation. The vacuum and the control systems
are directly inherited from the previous setup, with minor changes for the
commands and measurements. A picture of the setup is shown in Figure 2.4.

The main upgrades that occurred from one configuration to the next one
have been regarding the acquisition and control systems, with the introduc-
tion of an analog system to monitor voltage and current measurements, the
addition of new pressure sensors, and the installation of a better vacuum
monitoring system.

During the years, multiple experimental campaigns have been carried on
in the current setup. Relevant work has been presented both in the context of
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Figure 2.4: A picture of the 800 kV setup.

the study and characterization of the in-vacuum discharge phenomenology
(see for example [Pilan et al., 2020, Pilan et al., 2022, Pilan et al., 2024]),
and in the testing of electrical components for MITICA (especially for what
concerns the electrical insulators), aiding in the design of the beam source
and accelerator [Pilan et al., 2015, Marcuzzi et al., 2015].

2.3 Diagnostics and control systems

The control system designed for the first experimental setup was flexible
enough to be directly implemented in the second one. The system comprises
a subsystem dedicated to the Vacuum Plant, a Safety and Interlock (S&I)
System and a Supervisor System, with a strategy based on the block diagram
shown in Figure 2.5.

The Vacuum Control is based on a National Instruments CompactRIO
9400 (NI-CRIO 9400) controller, which is a dedicated PLC that provides the
operational sequences needed to reliably reach Ultra High Vacuum (UHV).
The Safety and Interlock System is implemented with hardwired fail-safe
logic, and comprises mainly a sequence for the access control inside the HV
area before starting the HV operation, and an inhibition rule for the Power
Supplies based on the monitoring of an X-ray dose rate threshold.

The Supervisor system interacts directly with the PLC through dedicated
LAN connection, in order to send start and stop sequence commands. It is
interfaced with the S&I system as well, to receive the status of the interlocks
and the safety signals. It is employed to send voltage and current reference
waveforms to the power supplies, acquiring at the same times the analog
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Figure 2.5: Block diagram of the control system of the HVPTF [De Lorenzi et al.,
2011].

measurements (voltage and current), and to command the piezoelectric valve
for gas injection, monitoring the pressure from an ionization probe and the
signal from the RGA. The Supervisor System is interfaced using a platform
based on the LabVIEW software, which allows to implement any kind of
voltage and current waveform generation, as well as monitoring and recording
data from the diagnostics, and implementing the control algorithms for the
experiments.

As mentioned above, the facility hosts a variety of diagnostics systems,
which can be installed on different lines of sight pointing to the interior of
the vessel. The system is very flexible, with the single components being ex-
changed both between campaigns and during single experiments, depending
on the needs of the actual measurements to be performed. The main data
that is observed and collected, in addition to the analog electrical and vessel
measurements (current and voltage of the power supplies and pressure in
the chamber), is the emission profile coming from the electrodes during the
discharges in the conditioning processes. Visible light can be observed with
a fast camera (Phantom v2012 high speed camera), or other instruments
sensitive to UV (EHD imaging SCM2020-UV-TR) and IR (FLIR A655sc)
can be used in place. Experimental data collected with these cameras have
helped in the studies and the activities of the facility [Pilan et al., 2020, Pilan
et al., 2022, Pilan et al., 2024].

2.3.1 X-Ray diagnostics

During electric discharges, emitted electrons are free to travel around the ves-
sel, and they impinge on the metal surfaces. This can lead to the emission of
X-rays via the Bremsstrahlung effect, and the study of this phenomenon can
be insightful in the context of the characterization of the discharge processes.
In addition to electrical and optical diagnostics, thus, X-ray detectors are in-
stalled at the facility, mounted on supports across the side of the vessel. The
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Figure 2.6: Energy spectrum of the X-ray radiation coming from the HVPTF
vessel, collected with a LYSO scintillator [Kushoro et al., 2022].

mounting places can be simple mechanical structures, or they can be inte-
grated with collimators, in order to better define and limit the line of view of
the instruments. In particular, state-of-the-art detectors based on inorganic
scintillation crystals, as LYSO and LaBrs(Ce), have been used in the years
to characterize the X-ray emissions. Particular focus was put on the micro-
discharge occurrence, leading to the verification of a correlation between the
X-ray and the current signals [Spagnolo et al., 2021, Kushoro et al., 2022|,
and giving the basis for the experimental measurements performed in this
work.

The scintillator detectors were advantageous for their good time resolu-
tion and their ability to provide spectroscopic measurements of the radiation
coming from the vessel, up to energies corresponding to the voltage difference
between the electrodes. This observation was instrumental in confirming that
the main X-ray emission detected in the experiments at HVPTF is that of
Bremsstrahlung of the electrons involved in both dark current phenomena
and discharge occurrences, as shown in Figure 2.6.

Furthermore, employing multiple detectors on different lines of sight over
the side of the chamber allowed for considerations related to the spatial
distribution of the emission, by taking into account the ratio of count rates
among the instruments. The use of the scintillators, however, presented
some limitations. In particular, their high detection efficiency implies a high
probability that, when the signal coming from the chamber is too intense
(i.e. during discharges), the diagnostics can be affected by pile-up and even
be paralysed, as detailed in [Kushoro et al., 2022].

Within this context, in recent years new X-ray detectors have been pro-
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Figure 2.7: Time evolution of voltage applied during the automatic conditioning
procedure [Pilan et al., 2020].

posed and installed at HVPTF, mainly based on the Gas Electron Multiplier
technology. Gaseous detectors have in general a lower efficiency than scin-
tillators and are more focused on the soft X-ray detection rather than on
the full spectrum found in the previous experiments, but these characteris-
tics can be of aid in the study of the fast transients of the micro-discharges,
where scintillators can lose information due to the aforementioned pile-up
occurrences. The capabilities of GEM detectors to provide a measurement
of X-ray fluxes resolved in time, space and energy altogether, allow for com-
plementary measurements to those obtained with the scintillators, leading
to new studies and the results presented in the following.

2.4 Conditioning experiments

Most of the experimental measurements discussed in this work come from
the analysis of electric discharges in conditioning experiments. As mentioned
in the previous chapter, these procedures are generally attempts at better-
ing the voltage holding capabilities of electrodes in vacuum. In the case
of HVPTF, the conditioning procedures are standardized and automatic, in
order to guarantee a high level of reproducibility, at least for what concerns
the external experimental conditions [Pilan et al., 2020]. The general struc-
ture of an automatic conditioning ramp is shown in Figure 2.7, and it is
characterized by four phases.

It starts with a rapid ramp up, having a rate of voltage rise Kpag7 of
50kV min~!, that lasts up to 90% of the breakdown voltage reached in the
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previous ramp (an arbitrary upper value of voltage is set for the first ramp
of the experimental session). Following the fast ramp up, the rise slope
is changed to K7, equal to 1kVmin~!, until reaching the last breakdown
voltage value. From this point, the voltage is increased even more slowly,
with a rate Ky of 0.5 kV min~!, until a new breakdown event occurs. Finally,
the power supplies are switched off and a period At of 120s is spent before
turning them back on again.

During the rise in voltage, the analysis of the experimental data can help
identify three threshold values: Vg, V,q and Vgp. The first one corresponds
to the onset of the spontaneous electron emission described in section 1.2.2,
with low current values and X-ray intensity, and with no significant pressure
increase. V4 is the point at which the occurrence of micro-discharges starts,
with current (and X-rays) bursts and gas desorption. Finally, as already
described, Vpp is the breakdown voltage, the point at which the system is
not able to recover from the fall in voltage and the power supplies switch off.

The experimental data of a conditioning ramp are shown for example
in Figure 2.8. In this case, the dark current threshold V; is about 120kV,
crossed around the time 1760s, the micro-discharge onset V,q is reached
shortly after, around 1850s and 140kV, and the breakdown occurs at about
2350 s, with a value for Vgp around 155kV.

Additional considerations related to this example conditioning ramp, and
on the X-ray data collected from the experiment, will be presented in chap-
ter 4. Further details on other results obtained in similar conditions can be
found in [Pilan et al., 2020, Pilan et al., 2022].
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Chapter 3

Gas Electron Multiplier
Detectors

The Gas Electron Multiplier (GEM) detectors are gaseous detectors used for
ionizing radiation. They are a kind of Micro-Pattern Gas Detector (MPGD),
invented by F. Sauli and developed at CERN since 1997 [Sauli, 2016]. They
are based on the ionization of gas by the impinging radiation and on the mul-
tiplication of the charge carriers by means of electric fields. GEM detectors
generally offer advantages in terms of high signal gain, good radiation hard-
ness, good spatial resolution, and moderate energy resolution, all combined
with a high temporal resolution.

GEM detectors were initially developed as particle trackers for high-
energy physics experiments, but they have been adapted for X-ray detection
as single photon counting devices, or as neutron detectors when equipped
with suitable converters. Due to their versatility, they are widely used in
physical studies, medical imaging, and other applications. This chapter de-
tails the principles of operation of GEM detectors, their design, and the
readout systems employed for them.

3.1 Principles of operation

GEM detectors, as already mentioned, are gaseous detectors. This means
that the generation of the signal is based on the interaction between the ra-
diation and the gas contained in the detector volume, followed by its ampli-
fication and transfer to a charge collection anode. In particular, as described
in the following, the focus of this kind of instruments is on the detection of
soft X-rays, meaning photons with energies of units or tens of keV.

27
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3.1.1 Soft X-rays interaction with matter

Unlike charged particles, that release energy continuously on their tracks,
photons interact with matter in single discrete interactions. In the case of
atomic gases, the main process of photon absorption occurs with the emis-
sion of other radiation, for energies above the first ionization potential of the
atom (few eV, depending on the gas mass and temperature). In the case of
molecules, the existence of mechanical excitation states facilitates radiation-
less absorption below the ionization threshold. [Sauli, 2023| In general, the
absorption probability for a mono-energetic photon beam in a uniform layer
of material is described by:

I= I()eijz = Ioeiax (31)

Where Iy is the initial photon flux, I is the transmitted one, p is the
density of the material, and p is called the mass absorption coefficient, which
takes the units of cm?g™!. The product a = pup is the linear absorption
coefficient, i.e. the probability of photon interaction per unit length of the
material. This coefficient is related to the absorption cross-section of the
medium through:

a:NU:NAﬁa (3.2)
A

Where N is the number of atoms or molecules per unit volume, given by
the ratio of density p over surface area A multiplied by the Avogadro number
Ny4. Various processes are available for the interactions of photons with
matter, but the three main options are: photoelectric absorption, Compton
scattering and pair production. The probability of occurrence of either one
of these depends on the energy of the photon and the characteristics of the
medium in terms of density and atomic number. The dependence of the
cross-section components on the photon energy is displayed as an example
for Tungsten in Figure 3.1.

From the onset of ionization and up to energies of few tens of keV, the
dominant process is that of photoelectric absorption, in which the photon
completely disappears upon interaction with an atom, transferring its energy
for the extraction of a photoelectron from a bound shell, with energy equal to
the difference between that of the incoming photon and the binding energy
of the electron, Fj:

Ee =hv-E, (3.3)

The atom that participated in the photoelectric absorption process is left
with an electron vacancy, which is generally quickly filled by capture of a
free electron or a rearrangement of other bound electrons, which can cause
the emission of one or more characteristic X-rays.
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Figure 3.1: Photon absorption cross-section for tungsten, with trends of single
components. [Sauli, 2023]

For higher photon energies, Compton scattering becomes more relevant.
This process consists in the scattering of the photon upon hitting an electron,
involving a partial energy transfer. The scattered photon energy is given by:

hv
1+ TriujCQ(l—COSQ)

e

hv' = (3.4)

Where 6 is the scattering angle, m, the electron mass and ¢ the speed
of light. The energy transferred to the electron can vary from zero, in case

of forward scattering, to a maximum, corresponding to back scattering (6 =
180 deg).

For photon energies higher than double the rest mass of an electron (i.e.
above 1.022MeV), the process of pair production becomes available and
gradually dominant. This interaction implies the interaction of the photon
with the nucleus of an atom, with its disappearance and the production of
an electron-positron pair in place, with kinetic energy equal to the excess
of the initial photon energy with respect to the 1.022 MeV threshold. The
positron of the pair then slows down and undergoes annihilation with an
electron, generating secondary photons.
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Figure 3.2: Photon absorption cross-section for the noble gases, with indication
of photoelectric effect and Compton scattering components. Adapted from [Pinto,
2013]

3.1.2 Interactions in gases

In the context of gaseous radiation detectors, the dominant photon inter-
action process is photo-ionization, mainly through photoelectric effect, with
Compton scattering becoming relevant only at the highest energies of the soft
X-ray range, but other competing processes not resulting in ionization may
occur. The trends of total photon absorption cross-section and its compo-
nents for the noble gases which are commonly used are shown in Figure 3.2.

The number of electron-ion pairs produced by the interaction of the pri-
mary photon, and the consequent effects, can be estimated by:

n-Ee (3.5)
Wi

Where E, is the energy loss of the photon (equal to the total energy
of the photon in case of photoelectric absorption), and W; is the empirical
average energy for the production of a pair, which is related to the ionization
potential of the gas but generally higher than its value due to energy losses
in non-ionizing processes.

In a gaseous detector, the charged particles produced by the radiation
interaction are transported to the electrodes under influence of an exter-
nal electric field. During their movement, the particles can take part in
additional processes of collision and interaction with the background neu-
tral molecules. The main occurrences relevant for gas detectors are those of
charge transfer, electron attachment, recombination and secondary ioniza-
tion. [Knoll, 2010]

Charge transfer collisions can occur between a positive ion and a neu-
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tral gas molecule, with the transfer of one electron between them and the
effective reversal of their states. Electron attachment is the production of a
negative ion from the combination of a free moving electron and a neutral
atom. Recombination is the neutralization of a positive ion by absorption of
a free electron, or the exchange of an electron from a negative to a positive
ion, resulting in the production of two neutral molecules. Finally, secondary
ionization occurs when a free moving electron of sufficient energy ionizes ad-
ditional neutral molecules, producing new electron-ion pairs. These process
can all influence the production of signal in a gaseous detector, increasing or
decreasing the number of charges travelling in the medium.

The electrons generated in the initial cluster by the interaction of the
incoming radiation can also take part in the processes of excitation of the
gas molecules, with the transition to a higher state and the return to ground
often characterized by the emission of additional photons. In this context,
the choice of gaseous mixture for a detector must be balanced in order to
guarantee a reliable signal formation process, while keeping proportionality
between the initial energy of the incident photon and the charge collected at
the anode. The primary component of the mixture is usually a noble gas,
such as argon, which has a low ionization energy, improving sensitivity to
low energy photons. The primary gas is typically mixed with a secondary
quenching gas, often a molecular one, such as carbon dioxide, serving several
functions.

The primary role of the quenching gas is to absorb the photons emitted
during atomic or molecular de-excitation process, preventing secondary ion-
ization. The molecular gas dissipates the excess energy through vibrational
and rotational modes, inhibiting further ionization and preventing the devel-
opment of an uncontrolled avalanche. This leads to the possibility to use a
higher external field (and thus operating with a higher signal gain) without
the risk of discharges. Additionally, the use of the quenching gas reduces
the mobility of the charged species in the gas mixture, which translates in a
better confinement of the electron-ion pairs in the region where the radiation
has interacted. While it may also increase the probability of recombination,
this effect can improve the spatial resolution of the detector by limiting the
spread of charge collection.

3.1.3 Gas Electron Multiplier foils

Gas Electron Multiplier foils are sheets of kapton, a polymer, 50 pm thick,
metal-coated on both sides by a thin layer (5pm) of copper (other metals
like aluminium can be used as well, as in [Caruggi et al., 2023]). The foils are
pierced by a high-density hexagonal pattern of holes, with a typical diameter
of 70 pm and a pitch of 140 pm (see Figure 3.3). The holes are produced by a
chemical etching process, and they are usually bi-conical. When a potential
difference, commonly of the order of 300V is applied between the two faces
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Figure 3.3: Electron microscope picture of a section of typical GEM foil. [GEM,
2025|

Figure 3.4: Electric field lines and equipotential in the region of holes of a GEM
foil. [GEM, 2025]

of the foil, strong (of the order of 10kV cm™) and concentrated electric field
dipoles are produced in the holes, with field lines and equipotential as shown
in Figure 3.4.

The electric field in the holes, when combined with external electric fields
in the regions surrounding the foil, allows for multiplication of the primary
electrons (generated by the impinging radiation in the drift region) in the
passage through the holes. The process is based on the Townsend avalanche,
where the electrons, accelerated by the electric fields of the regions surround-
ing the foil, collide with the gas atoms in the region of the holes, ionizing
them and creating more electrons. The multiplication factor is typically of
the order of 102 to 10 per foil, so that the signal is greatly amplified. The
use of a single GEM foil is usually not enough to reach the desired signal
gain levels without risks of discharges. GEM detectors are thus composed
commonly of multiple foils in a cascade configuration, to attain very high
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Figure 3.5: Schematic representation of a Triple-GEM detector.

proportional gains with lower voltage difference values on the single foils.

3.2 Detector design

3.2.1 Triple GEMs and HVGEM

As mentioned in the previous section, GEM detectors are usually composed
of multiple foils stacked in a cascade configuration between the cathode (gen-
erally made of aluminized mylar) and the anode (for signal collection). The
most common design is the Triple-GEM detector, where three foils are used
in sequence, as shown schematically in Figure 3.5. The gaps between foils,
set by the thickness of the frames employed to mount the foils, are generally
of 2mm, while the drift region is thicker to ensure efficient detection of the
impinging radiation. The assembled detector is usually operated in an open
gas flow (with dedicated inlet and outlet channels) at controlled pressure,
with the foils enclosed in a gas-tight box. The standard mixture employed
in GEM detectors is Ar-CO», with a 70-30% ratio.

For the voltage configuration, as mentioned previously, the sides of the
single foil are commonly put at a potential difference of the order of 300V.
The drift cathode is put at the highest (negative) voltage, and the anode is
kept at ground, while the other voltages are chosen to obtain fields in the
different regions in the order of 1kVem™ to 4kVem™. Voltages are set
individually, using an active HV divider, called HVGEM, similar to a set of
seven batteries stacked in a row [Corradi et al., 2007]. The use of a module
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Figure 3.6: Picture of a GEM anode with a square pattern of 256 pads.

with independent channels for voltage distribution, rather than employing
a more common resistor voltage divider, is particularly useful for the high
rate applications. In this context, the intense signal causes a high current
to flow in the circuit, leading to difficulties in keeping the voltage levels
(and thus the gain values) stable when using a divider. The use of separate
voltage generators for each channel assures better control of the system, as
documented in a similar context in |[Heifets and Margulis, 2012].

3.2.2 Anodes and readout

The collection anode of a Triple-GEM detector is commonly a printed circuit
board (PCB), copper layered on one side, with a pattern of chequered pads
or orthogonal strips to collect the electrons on the other. Figure 3.6 shows
an image of the most common geometry employed: a square pattern of 256
pads, each with a 6 mm side. Different anode structures will be shown and
commented in chapter 4.

The signal at the anode is produced by the charge induced by the elec-
trons moving in the induction region of the detector (for more details, refer
to chapter 6 of [Sauli, 2023|). The signal duration is thus dependent on
the width of the induction region itself, the intensity of the field applied,
and the properties of the fill gas in terms of electron mobility. With the
typical values employed in this work, the resulting signal length is of about
100ns. The anode is connected to a readout system, based on the combi-
nation of an Application-Specific Integrated Circuit (ASIC) called GEMINI,
and a custom-made Field Programmable Gate Array (FPGA), developed in
collaboration with Nuclear Instruments.

GEMINTI is a fully-integrated analog front-end electronic system, custom
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Figure 3.8: Relationship among the input channel current, the pre-amplified and
the threshold voltages, and the digital output of the comparator. [Muraro et al.,
2019]

developed for GEM-based detectors, in 0.18 pm CMOS technology. [Pezzotta
et al., 2015| It is composed of 16 channels, each with a low-noise Charge-
Sensitive Preamplifier (CSP), responsible for the charge collection, a built-
in hysteresis comparator, which compares the voltage signal with a fixed
threshold, and a dedicated driver for conversion into Low Voltage Differen-
tial Signal (LVDS) standard. Figure 3.7 shows a schematic of the channel
structure, while Figure 3.8 displays the relationship among the input channel
current, the pre-amplified and the threshold voltages, and the digital output
of the comparator.

The output signal of the GEMINI ASIC is routed to the FPGA, the
firmware of which is based on a series of Time to Digital Converters (TDC),
sampling the input with a frequency of 2 GHz. For each signal collected on a
channel, the FPGA records the information about the Time of Arrival (ToA)
and the Time over Threshold (ToT) of the signal (an indirect measure of the
charge), as well as the channel number (from which the position of the signal
on the anode can be inferred). The data is packed in a 64-bit word structure,
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Figure 3.9: Picture of the components of the acquisition chain used for the GEM
detectors in this work.

and sent to the data acquisition system through means of an optical fibre.

A picture of the physical components of the system is shown in Figure 3.9,
presenting the GEMINI ASIC, the FPGA and their connections to both the
anode and the PCB for optical conversion of the signals and routing to the
PC. Multiple FPGAs can be connected in daisy chain layout, with each one
managing the signal from 64 channels of the collection anode.

3.2.3 Applications

As mentioned above, the capabilities of GEM detectors in terms of tempo-
ral, spatial and energy resolution, together with their ability to be used in
harsh radiation conditions, make them appealing for different applications
in various context and environments.

Traditionally GEM detectors find their main employment in the field of
High Energy Physics, as for example different experiments at CERN, such as
COMPASS |Ketzer et al., 2002] and CMS [Hong, 2025]. In these applications,
GEM detectors are used mainly in the context of charged particle tracking.
During the years, GEM detector have found also application in other fields,
such as medical imaging [Amaldi et al., 2011, Leidner et al., 2021].

GEM detectors have also been employed more recently in applications
regarding soft X-ray diagnostics for nuclear fusion, finding applications on
various machines as JET [Rzadkiewicz et al., 2013], MAST-U [Celora et al.,
2025|, KSTAR [Pacella et al., 2013] and WEST [Mazon et al., 2022|, and
being designed for future uses in different machines as DTT [Malinowski
et al., 2021] and DEMO, where they are planned for the measurement of
radiated power as well [Chernyshova et al., 2022].

The combination of a GEM detector with a suitable converter allows it
to be used as a neutron detector. Neutrons, which are neutral particles that
would not produce direct ionization in the gas, can be detected by means of
a converter, with interactions producing charged particles. These are then
detected by the GEM detector, which can provide information about the
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position and the energy of the original neutron. GEM detectors have been
successfully employed for the study of thermal neutrons, where the converter
is made mainly of boron and the charged particles produced are alphas and
lithium ions [Albani et al., 2020, Muraro et al., 2021|. They have found their
use also in the study of fast neutrons, where the converter is made of plastic
material and protons are produced by means of elastic (n, p) reactions on
hydrogen and detected [Muraro et al., 2016].

GEM detectors have been also proposed and employed for the detection
of photons, through the use of a different converter. In particular, Cherenkov
detectors have been designed with the combination of GEM technology and
UV-sensitive photo-cathodes as caesium iodide (CsI) [Meinschad et al., 2004,
Azmoun et al., 2019, Putignano et al., 2023].

3.3 The data analysis software

The data produced by the acquisition system of the GEM detectors has its
own format, which is not directly compatible with the standard data analysis
tools used for other diagnostics. A new software named GEM-GUI was thus
developed to allow for easy access to the data, their visualization and analysis
of the results. The software was mainly developed in Python, exploiting the
PyQt5 library as basis for its Graphical User Interface, and the NumPy and
SciPy libraries for the main operations of data analysis. The software also
comprises some C++ scripts, called through wrappers, for the operations of
pre-processing needed on the raw data. The GEM-GUI software is developed
to run on Linux distributions, but there have been also adaptation for its
use on the Windows operative systems.

As previously mentioned, the information coming from the acquisition
chain of the GEM detector is composed by 64-bit words, one for each time
a channel of the anode collects charge above the threshold. The single
piece of data contains information about the Time of Arrival and Time-
over-Threshold of the event, together with a univocal ID for identifying the
channel itself. From this data it is possible, considering detector calibration
and data pre-processing, to derive the time and space distribution of the
incoming radiation events and their energies. In the following, the structure
of the data and the way they can be treated are described in more detail, for
what concerns the two main aspects of the software: clusterization and visu-
alization of the data. The process of calibration for the detectors is described
in the next chapter.

3.3.1 Event clusterization

The use of a segmented anode in the acquisition of a detector implies an
additional challenge with respect to other kinds of charge collection systems.
The interaction of a single particle in the detector volume (later referred
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Figure 3.10: Bitwise representation of raw data produced by the GEM acquisition
system.

to as "event") may cause charge collection instances (later defined "hits")
in more than one channel. This implies that the original piece of informa-
tion has to be reconstructed from multiple single packets. This process is
commonly referred to as "clusterization", and it represents one of the main
pre-processing functionalities performed on the raw data coming from the
GEM detector acquisition system. It is implemented in the software with
a custom C++ shared library, compiled beforehand and executed from the
Python code through a wrapper from the ctypes library.

Before the clusterization process takes place, the algorithm first decrypts
the 64-bit words coming from the acquisition system, recovering the informa-
tion about the ToA, the ToT and the channel ID for each hit. The composi-
tion of the words is presented in Figure 3.10. The time of arrival is indicated
as "timestamp", and the channel ID is derived from a combination of the
"chain", "board" and "channel" information. The first 6 bits of each word
are used to discriminate between charge collection events, beam monitor
events (used in different tracking experiments), and ticks of the clock of the
readout (indicated as "T0 DATA"). The latter are used as time references
to avoid overflows in the timestamp fields.

After the data incoming from the acquisition system has been decrypted,
the hits are sorted by ToA, and any spurious event is removed by the arrays.
The algorithm then iterates through the list of hits, selecting the ones that
could pertain the same event and combining their information together to
produce the array of the particle interaction events. This is achieved by
checking the hits following the first one against both a temporal and a spatial
window, user defined. In most of the cases of study considered in this work,
the maximum time difference between two hits to be considered part of the
same event is 50ns, and the hits need to pertain channels adjacent to each
other.

The best values for the windows in time and space depend on the dimen-
sions of the drift region and the electron mobility. Tests have been performed
during the characterization processes of the detectors to verify the suitability
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of the choices. As was expected, keeping the rates around 1kHz to 10 kHz,
no influence was observed from changes in the time window in the range
from 20ns to 100ns. Other tests addressed the possibility of having some
channels non-functional, so the clusterization was performed increasing the
maximum spatial distance between hits up to 3 pads (about 10mm) and,
again, no significant changes were observed for the counting rates used in
lab.

The final events obtained as output from the clusterization process are as-
signed properties calculated from the single hits. The timestamp corresponds
to the one of the first hit, the charge is the sum of the charges collected by
the single channels, and the channel to which the event is assigned is the
one that received the most charge in the interaction. Additionally, the event
has an attribute defining the number of hits that it was composed by. The
clusterized list of events is saved to disk in custom binary format and is then
readable from the other applications of the GEM-GUI software to display
information about the data.

The clusterization algorithm is open source and can be updated, fixing
issues encountered during experimental campaigns, and making it suitable
for different uses and conditions.

3.3.2 Data visualization

The GEM-GUI software has been mainly developed with the aim of being a
user-friendly tool, giving the ability to access and visualize data coming from
the GEM detector. Through the main window of its graphical user interface
(Figure 3.11), the user can access four main kinds of plot for the experimental
sessions: time traces, heatmaps, energy spectra and spectrograms.

Time traces (Figure 3.12) are histograms displaying the number of events
detected for a certain unit of time. Since the acquisition is asynchronous
among channels, there is not a fixed time resolution for the display, but
instead the time binning for the plot is chosen by the user, down to the
limit of tens of nanoseconds. Heatmaps (Figure 3.13) are images of the
spatial distribution of the events integrated on user-chosen time frames. The
channels are displayed on a grid and each one is coloured on the basis of
the number of events that it recorded. The energy spectra (Figure 3.14)
are histograms of the number of events in a time frame, integrated over
energy bins, again with a choice from the user for what concerns the binning.
Spectrograms (Figure 3.15) are a 2D distribution of the events in terms of
both time and energy binning.

The software is designed to allow, for each plot, different filters on the
events, on the basis of their timestamps, energy, or on the number of hits
composing the events themselves. All of these features are accessible with
buttons and checkboxes, and for every plot the data can be exported to
CSV files (in the case of the heatmaps, a video of the sequence of frames
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Figure 3.11: Main window of the GEM-GUI software.
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Figure 3.12: Example of time trace displayed by the GEM-GUI software.
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Figure 3.13: Example of heatmap displayed by the GEM-GUI software.
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Figure 3.14: Example of energy spectrum displayed by the GEM-GUI software.
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Figure 3.15: Example of spectrogram displayed by the GEM-GUI software.

can be produced as well). Additionally, different aspect of visualization
are available, as the selection between linear and logarithmic scales for the
axes or the possibility to switch between the absolute number of events
and the count rate. The software also manages autonomously the cases
in which the data to display would be too much for the plots to process,
taking into account a fixed maximum number of events and subdividing the
visualization in multiple time frames whenever it is surpassed, to guarantee
fluid response as much as possible. For every plot, clicking on a point gives
information about the data at that position, it being the number of events
and corresponding event rate for a bin of the time trace, for a channel of the
heatmap, for a bin of the spectrum or for one of the spectrogram.

All the different plots are interlinked via software. For example, cursor
selection of one or more channels in a heatmap can produce, on a new win-
dow, the corresponding energy spectrum or time trace for those channels
with the same parameters. Also, a range selector on the time traces allows
to visualize the spatial or the energy distribution of the detected radiation
for that period, with additional possible frame subdivision, and so on. All of
these functionalities help in the data analysis processes, allowing to compare
directly plots generated with different visualization parameters.

The GEM-GUI software has been used extensively in the activities of
this work, but also on other projects of the research group. For this, in
addition to the main functionalities described above, additional capabilities
have been developed and implemented, to be used in the specific cases of
different kinds of GEM detectors or different experiments. For example, in
the cases of different anode geometries the heatmaps are built differently to
represent, correctly the spatial distribution of the channels. In the cases of
applications for soft X-ray detection on tokamaks, instead, the fast Fourier
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transform spectrogram plot has been added. For the analysis of data in the
HVPTF experiments, an additional graph allows the display of the X-ray
signal detected by the GEM detectors together with the signals coming from
other diagnostics, mainly the current, voltage and pressure collected by the
analog system. Also, an algorithm has been implemented to cross-correlate
the signals, achieving an approximate temporal synchronization for a more
correct visualization and comparison between the time traces of the different
instruments.
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Chapter 4

Experimental Activities

During the last years, many studies have been performed in different elec-
trode configurations at the HVPTF facility. One of the main focuses has been
the analysis of the X-ray radiation coming from the chamber at the occur-
rence of electric discharges in conditioning experiments, which was correlated
with the voltage and current signals of the power supplies. For the analysis
of the radiation, LYSO and LaBrs(Ce) scintillators were used initially. These
detectors offer high detection efficiency and spectroscopic capabilities with
a good energy resolution.

Gas Electron Multiplier detectors have been added to the HVPTF set of
diagnostics to offer a complementary measurement focused on the flux of soft
X-rays, with an acquisition resolved in time, space and energy altogether.
Different GEM-based detectors have been developed, tested and used for
data collection. This chapter documents the main developments and results
of the experimental activities throughout the years, both in laboratory tests
and at the facility.

Three different detector models in particular have been employed, with
the characteristics described in Table 4.1. For each one of them, the pecu-
liarities in development and the installation and uses are described.

Identifier GEM coating Channels Channel structure
XR-GEM-1 aluminium 256 6 mm sided pads
XR-GEM-2 copper 512 X-Y strips
XR-GEM-3 copper 384 3mm and 6 mm sided pads

Table 4.1: Details of the different GEM detectors installed and used in HVPTF.

45
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4.1 Detector characterization

The first aspect to consider in the development of a detector, after its design
and assembly, is characterization. For every detector described in the follow-
ing, the procedure of calibration of each channel follows the same concept, so
it is described just once, with later references to the changes implemented in
specific cases. The calibration process allows to link the Time-over-Threshold
information of each event to the correspondent value of charge collected at
the anode, which is then related to the energy deposited by the particle in
the gas volume of the detector. The empirical relationship between ToT and
charge (q) is in the form:

ToT(q)za+b-q—L (4.1)
q-d
Which is the combination of a linear trend for high charge values and a
non-linear asymptotic component for ¢ ~ d, a value related to the voltage
threshold imposed on the Time-over-Threshold circuit (Vg in Figure 3.8)
[Cancelli et al., 2022]. The charge value obtained from this equation can be
related to the energy loss of the incoming photon through:

q(E)=G(HV)- Ea 1 6.101¢ (4.2)
Wi
Where W; is the average energy necessary to produce an electron-ion
pair in the gas (see section 3.1.2), about 28 ¢V for the common Ar-COy 70-
30% mixture. G is the gain factor, a function of the cumulative voltage
difference set among the GEM foils HV. The values of this function can be
experimentally measured (see details in chapter 7 of [Sauli, 2023]), but they
are often taken from reference look-up tables, depending on the detector
geometrical configuration and gas mixture. The function G(HV') employed

for the detectors of this work is plotted in Figure 4.1.

The calibration procedure aims at finding, for each channel, the values
of the four free parameters a, b, ¢ and d, through a best fit of experimental
data obtained for peaks of known energy.

Conventional calibration procedures for radiation detectors rely on the
use of multiple radioactive sources emitting at different energy values, span-
ning over the range of interest, in order to interpolate a continuous curve.
In the case of the GEM detectors developed in this work, however, a differ-
ent principle is exploited to give equivalent results with a limited number of
materials.

A portable X-ray gun, the Amptek Mini-X2 X-ray tube [MiniX2, 2025, is
used to direct a beam of Bremsstrahlung photons to a solid target (as for ex-
ample titanium, copper or molybdenum), which produces quasi-monochromatic
characteristic fluorescence emission in response. The detector is placed to
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Figure 4.1: Tabulated values of gain as a function of voltage difference for the
triple-GEM with the geometrical configuration used in this work.

collect this quasi-monochromatic beam, without being influenced by the pri-
mary beam coming from the Mini-X2, as sketched in Figure 4.2.

The high voltage applied to the foils is varied, modifying the gain ratio
of the detector (factor G of Equation 4.2), thus obtaining different values
of collected charge (and ToT) at the channels for incoming photons of the
same energy. An example of the shift to higher values of ToT with increasing
voltage differences is displayed in Figure 4.3.

Each channel of the detector must be calibrated independently. Using
low energy X-rays that have a high chance to interact through photoelectric
effect in the gas (releasing all of their energy, as explained in section 3.1.1),
the probability of producing small clusters of electrons is also maximized,
leading to the collection of the whole charge from a single channel of the
anode. Thus, by considering only the events that are clusterized from a
single hit, Equations 4.2 and 4.1 can be applied.

The calibration algorithm is designed to collect data from consecutive
measurements at different values of high voltage and fit Gaussian curves on
the fluorescence peaks of the ToT spectra for each channel. Particular care
is taken to correct for possible experimental issues in this procedure, as for
example the influence of electrical noise on any channel. The calibration al-
gorithm implemented in the GEM-GUTI software is able to discern the correct
position of the photoelectric interaction peak even in presence of the intense
signal at low energies characteristic of noise, as shown in Figure 4.4.
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Figure 4.2: Sketch of a top-down view of the fluorescence setup for detector cali-
bration. [Caruggi et al., 2023]
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Figure 4.3: Example of ToT shift for the same energy peak for the GEM detector
at the variation of high voltage on the foils. [Caruggi et al., 2023]
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Figure 4.5: Example of a fitted calibration curve for a channel. [Caruggi et al.,
2023]

The mean value of the interpolated Gaussian peak is then compared with
the expected charge value, which depends on the detector gain. The resulting
points are fitted on a ToT-charge graph following the formula of Equation 4.1,
to find the best values for the free parameters for each channel. The resulting
ToT-charge curve for a single channel is presented in Figure 4.5.

The GEM-GUI software calibration algorithm is also equipped with rou-
tines to automatically check the quality of the experimental points obtained
for the curve and to verify the final result as well. Experimentally, other
fluorescence materials with different characteristic energy can be used after
calibration to confirm that the measurements still fit the expected results.
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Figure 4.6: Sketch of the phenomenon of copper fluorescence induced noise in
conventional GEM detectors. [Caruggi et al., 2023]

4.1.1 Characterization of Al-coated GEM foils

The first GEM detector employed at HVPTF, as presented above, uses foils
coated in aluminium instead of the more traditional copper. Standard GEM
detectors present a peculiar issue when employed for the analysis of soft
X-ray radiation (in the range from 2keV to 20keV), in the sense that the
copper used for coating (and other components of the detector as well) can be
the source of a non-negligible background signal. Copper has a characteristic
fluorescence emission with K, line at 8.05keV, which can occur in case of
interaction of higher energy X-rays with it. These characteristic X-rays may
then be collected as an external event by the detector, acting as a source of
unwanted noise on the measurements, as sketched in Figure 4.6.

The use of another metal, for example aluminium, as coating can help
in removing the background signal in the energy range of interest, since its
K, emission line is located at 1.5keV. Prototypes of Al-coated foils were
produced in collaboration with CERN, using a DC magnetron sputtering
machine for vacuum deposition. The initial thickness of the coating was
about 10 pm, later reduced to 5 nm by chemical etching. The manufacturing
of Al-coated foils is also different for the fact that it does not require the
placement of a chromium substrate between kapton and metal coating, which
is needed in traditional foils. This absence actually avoids another potential
source of unwanted background, since the K, emission of chromium is at
5.411keV, still in the region of interest.

The performance of a detector with Al-coated foils has been tested in
laboratory against a conventional one with Cu-coated ones. Having verified
that the operational working parameters were sufficiently close between the
two, the comparison was made on their spectral response to the characteristic
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fluorescence emission of different materials, with the same setup described
above for detector calibration. The resulting plots, for fluorescence of tita-
nium (K, = 4.5keV), copper (K, = 8.05keV), and molybdenum (K, =
17.4keV) are shown in Figure 4.7.
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Figure 4.7: Energy spectra of fluorescence peaks, with interpolation of Gaussian
peaks. Left: AI-GEM, right: Cu-GEM. Adapted from [Caruggi et al., 2023]
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Figure 4.8: Picture of the XR-GEM-1 detector as installed at HVPTF.

4.2 The XR-GEM-1 detector

4.2.1 Installation

The first GEM-based detector to be installed at the High Voltage Padova
Test Facility was an Al-coated triple-GEM setup, equipped with a 256-pad
collection anode as the one shown in Figure 3.6. As mentioned above, each
pad measures 6x6 mm?, and is treated by the acquisition system as a stand-
alone channel for data collection.

The detector was mounted on the side of the vacuum vessel of the facility,
as depicted in Figure 4.8, on supports that allowed for movement on the
radial direction of the vessel itself.

The line of sight of the detector was defined by the position of a CF40
flange and a lead collimator mounted on its front, constituting a pinhole
optical geometry (Figure 4.9).

The flange was equipped with a Beryllium window, 25 pm thick and with
a diameter of 13 mm, to allow for the passage of low energy X-rays outside
the chamber. This setup implies that the range of view of the detector inside
the chamber is enlarged or narrowed depending on the distance between the
detector and the flange window, allowing for more or less of a magnification
effect of the objects in view, with a related higher or lower average count rate
of the detector. Some preliminary measurements had thus to be performed
not only to define the correct operational parameters for the detector, but
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Figure 4.9: Schematic representation of the installation of the GEM detector at
HVPTF.

also to choose its position on the line of sight, with a trade-off between the
level of detail of the view and the statistical accuracy of the data collected.

4.2.2 Preliminary tests on insulators

The first experimental sessions of HVPTF after the installation of the XR-
GEM-1 detector were a series of electrical tests of a set of ceramic insulators
designed for the MITICA facility (the full-scale prototype for the ITER neu-
tral beam injector). The measurements were aimed at testing their ability
to withstand the electrical load necessary for their application on MITICA,
resulting in the ability to keep the required voltage for long times with small
leak currents [Marcuzzi et al., 2015|. Pictures of the insulators mounted on
the supports of the vacuum chamber, and as seen from the window of the
GEM line of sight, are shown in Figure 4.10.

During the experiments, electric discharges were expected, with a quasi-
uniform distribution of X-ray emission from the middle of the chamber. This
could be used as reference profile to define the correct working parameters
for the XR-GEM-1 detector. The analysis also helped in showcasing the in-
novations that the GEM-based detectors introduced in the set of diagnostics
of HVPTF. The ability to produce maps of the spatial distribution of the
incoming radiation can enable tomographic reconstruction of the emissivity
profile in the chamber. Also, the better temporal resolution with respect to
the previously available scintillator allows to follow the fast transient and
gain new insight on the dynamics of the phenomena on shorter time scales.

Multiple experimental sessions were performed, with data collection from
the XR-GEM-1 detector, with varying values for HV (thus signal gain) and
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Figure 4.10: Pictures of the installation in the HVPTF vessel of an alumina in-
sulator prototype for MITICA. (a) Photo of the open vessel with the insulator on
one support. (b) Photo of the view from the window at the GEM detector line of
sight.

25 mm : > 75 mm : > 100 mm

Figure 4.11: Images of the X-ray emission of the same object taken at three dif-
ferent distances (25, 75 and 100 mm), to highlight the change in the range of view
of the GEM detector.

distance between detector and window. The data showed confirmation of
the magnification effect expected, as can be seen in Figure 4.11, with a set of
three images taken in the same configuration of the experiment but at three
different positions.

The preliminary tests resulted in a fixed value of HV, translating in a gain
factor of about 5-10% that would be kept for the following experiments. The
values used for the next detectors were then close to the same. The detector
was fixed at a 20 cm distance from the window, focusing the analysis on the
emissivity from the space between the electrodes at small distances.

4.2.3 Needle-plane configuration

After the tests on the insulator, the XR-GEM-1 detector collected data dur-
ing the conditioning experiments of a set of needle-plane electrodes (shown
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Plane (anode)

Figure 4.12: Picture of the needle-plane electrodes inside the HVPTF chamber
studied in the experimental sessions with the XR-GEM-1 detector.

in Figure 4.12) on single polarity (i.e. with only the needle electrode brought
to negative voltage, and the planar one kept at ground), with a gap length
of 36 mm.

Unfortunately, one of the FPGAs connected to the system sustained some
damage during the first measurements at the facility, thus preventing acqui-
sition of data from one quarter of the detector. The line of sight was adjusted
as well as possible to account for this fact, capturing the emission coming
from the electrodes with the functioning parts of the acquisition chain.

The conditioning procedure of the electrodes followed the scheme de-
scribed in section 2.4. The observation of the temporal evolution of the
X-ray emission collected by the detector started first with reference to the
current and voltage signals coming from the analog readout of the power
supplies.

The conditioning ramp profiles already displayed in chapter 2 are re-
ported again in Figure 4.13a, with a closer look at a subsection of the ramp
in Figure 4.13b. As already described, the X-ray emission is absent at the be-
ginning of the conditioning, until the threshold for field emission is reached,
after which an almost steady-state signal value is detected. The reference
spatial profile collected by the GEM detector is presented in Figure 4.14,
with a sketch indicating the location of the electrodes in the range of view.

As it can be seen from the plots of Figure 4.13, the quasi-steady dark
current signal is interspersed with spikes, both in current and in X-ray sig-
nal, linked to drops in voltage. These are the micro-discharges described in
chapter 1, and a strong correlation can be seen between the electrical sig-
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Figure 4.14: Heatmap of the radiation observed with the XR-GEM-1 detector for
the dark current signal in the needle-plane electrode configuration, with indications
for the positioning and size of the electrodes expected from geometrical considera-

tions.
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Figure 4.15: Spectrum of the radiation observed with the XR-GEM-1 detector,
integrated over all the detection area and the whole conditioning ramp.

nals and the X-ray emission, as mentioned above in relation also to different
works. [Spagnolo et al., 2021, Kushoro et al., 2022].

The correlation between measurements can be justified considering that
the majority of the X-rays observed by the detectors are those produced by
Bremsstrahlung radiation of the electrons involved in both the field emission
and the discharges. In the following, more details on the studies of the X-
ray emission collected with the XR-GEM-1 are presented, for what concerns
both the general characteristics of radiation during the conditioning ramps
and the detailed analysis of the single micro-discharges.

Observations on energy spectra

The first analysis performed on the data was focused on the energy spec-
trum of the radiation collected by the GEM detector, and its comparison
with the data collected by the other X-ray diagnostics. All the channels
were considered together in this case, producing an integrated spectrum of
the total detection area. The spectrum integrated in time for a whole con-
ditioning ramp is shown on a logarithmic scale in Figure 4.15, for energies
up to 30keV.

As it can be seen, the spectrum exhibits the characteristic shape of the
Bremsstrahlung radiation recorded with the scintillator detectors (see sec-
tion 2.3), even in the small range of energies relevant for a GEM detector.
In addition to the Bremsstrahlung radiation, however, an emission located
between 5keV and 8keV is present. This contribution was identified as a
possible characteristic emission of AIST 304 (of which a plot is presented in
Figure 4.16), which the electrodes and chamber are made of.
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Figure 4.16: Characteristic X-ray fluorescence spectrum of AISI304 stainless-steel
[Kawai et al., 2004].

This hypothesis was later confirmed by comparison with a spectrum col-
lected by a commercial silicon drift detector (SDD) in an experimental setup
similar to that of HVPTF. The distance between electrodes of this second
experiment was smaller, and the voltage difference involved was lower (which
was instrumental for the chance to use an SDD without paralysing it), but
the materials were the same. The spectrum collected by the SDD is shown
in Figure 4.17, with clear peaks at energy values around the same region of
the emission observed with the GEM detector.

Further studies on the energy spectrum focused on the endpoint variation
as a function of the voltage difference between electrodes. The hypothesis
was that, even by having a detector with significant efficiency only for soft
X-rays, the characteristics of the energy spectrum could still be indicative of
the maximum energy of the Bremsstrahlung electrons.

Figure 4.18 shows the sequence of four spectra, integrated on time in-
tervals corresponding to different values of voltage difference between elec-
trodes, with indication of the linear fits performed to calculate the spectrum
endpoint on each one.

The high-energy end of a Bremsstrahlung spectrum should follow:

N(E)=A-e*E (4.3)

Where N (FE) is the number of photons detected at energy F, k is related
to the maximum energy of the electrons producing the Bremsstrahlung ra-
diation and A is a normalization constant. Taking the natural logarithm of
both sides, the relationship becomes linear:

In(N(E)) = In(A) - kE = b+ mE (4.4)
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Figure 4.17: X-ray spectrum collected with a silicon drift detector on experimental
conditions similar to those of HVPTF.
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Figure 4.18: Spectra of the radiation observed with the XR-GEM-1 detector, in-
tegrated over all the detection area at different electrode voltage difference. (a)
Spectrum taken at 127keV. (b) Spectrum taken at 137keV. (c) Spectrum taken
at 146keV. (d) Spectrum taken at 152keV.
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Voltage difference Calculated endpoint

(127+1)keV  (22.967 +0.401) keV
(137+1)keV  (25.529 +0.327) keV
(146 + 1) keV  (27.726 +0.324) keV
(152+1)keV  (30.144 + 0.348) keV

Table 4.2: Endpoints calculated for the XR-GEM-1 spectra at different values of
voltage difference between electrodes.

Interpolation was thus performed using a linear fit on the data points of
the logarithmic spectra, considering only a reduced energy range. The first
12.5% of data points were excluded, in order to take into account only the
high-energy tail and neglecting the effects of possible noise and background.
The last 20% of data points for each spectrum were also excluded for the
low count rates they represented and the related high statistical uncertainty.
After finding the coefficients b and m of the linear fit, the endpoint of the
spectrum was calculated as the energy value for which the linear fit falls
lower than 0.1 counts per second:

_ In(0.1) -b

m

Ey (4.5)

The resulting endpoints for the four spectra are summarized in Table 4.2,
with errors defined by uncertainty propagation.

An additional linear fit was then performed to derive a relationship be-
tween the GEM spectrum endpoint value and the value of the voltage dif-
ference between electrodes. The result is shown in Figure 4.19, with the
coefficients of the linear fit shown in the legend.

This analysis proved that even if the GEM-based detectors are only sen-
sitive to low energy X-rays, the characteristics of the spectrum that they col-
lect in these experimental conditions can still be used to derive information
about the Bremsstrahlung radiation produced by the electrons accelerated
in the high voltage gap, allowing for more accurate considerations in the
following studies.

Observations on spatial distribution

After considering the energy spectra collected over the entirety of the detec-
tor, the focus was shifted to the analysis of the signals in relation to their
spatial locations, discriminating among different regions of the range of view
as sources. The heatmaps and histograms in Figure 4.20 show that the previ-
ously mentioned emission around 5keV to 8 keV, attributed to characteristic
fluorescence of AISI304, is prominent only in the spectrum recorded by chan-
nels that have a direct line of sight pointing to the plane electrode, and it is
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Figure 4.19: Linear fit of the endpoint value for the XR-GEM-1 spectra depending
on the value of voltage difference between electrodes.

relatively lower for channels pointing at other sections of the chamber.

An additional consideration on this emission was possible after new ex-
perimental sessions, that were performed at higher pressures, making use of
the injection systems that can introduce different gases in the chamber. The
pressure level was raised to the value foreseen for the conditions in MITICA
during beam operations, of about 10~# mbar, in order to observe any possible
change in the breakdown voltage.

The resulting experimental data for the XR-GEM-1 showed that the
stainless-steel characteristic emission from the plane electrode was greatly
reduced. In particular, a filtering operation was implemented in the GEM-
GUI software, to produce heatmaps displaying on the ratio, for each channel,
between the events in a certain range of energy and the total recorded:

counts between 5keV and 9keV
channel events = (4.6)
total channel counts

Figure 4.21 shows the resulting heatmaps with the filtering option active,
comparing the measurements of a session at 107" mbar and one with the
argon atmosphere at 10~* mbar. The heatmap on the left shows clearly that
the emission in the range around 5keV to 9keV is important on the region
of the plane for the case of chamber kept at lower pressure, while it is much
reduced from the same region in the case of argon insertion, shown on the
right.

Following the observations reported here, new experimental tests can be
planned, in order to study more accurately the effect of gas insertion in the
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Figure 4.20: Comparison of heatmaps and corresponding energy spectra for the
X-rays collected by the XR-GEM-1 detector, between pixels with a line of sight on
the electrode (on the left) and pixels with lines of sight on the chamber (on the
right).
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Figure 4.21: Comparison of heatmaps with filtering option and corresponding
energy spectra for the X-rays collected by the GEM detector, between a run in
vacuum (on the left) and one with argon insertion (on the right).
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chamber during the conditioning sessions. Additionally, a more in-depth
analysis of the characteristic emission could be performed by collecting data
from conditioning of electrodes of different materials.

Study on breakdown precursors

Other studies performed on the data acquired by the GEM detector were fo-
cused on the search of breakdown precursors in the micro-discharge patterns,
with the long-term aim of finding some method to foresee the occurrence of
breakdowns and mitigate or prevent completely their effects. The main ap-
proach for this analysis was to find a transformation of the collected data
that could be translated to a Figure of Merit (FoM) for the micro-discharge
observation and the breakdown prediction.

The idea behind this study is that detection of X-rays in almost instan-
taneous, and a quantity based on the measurements of the GEM detector
can be derived and monitored in real-time, identifying micro-discharge or
breakdown occurrence ahead of standard electrical measurements. Different
combinations of data were thus tested, with different integration times and
on different runs. The most promising candidate that was pursued was the
measurement of the ratio between the intensity of the X-ray signal coming
from between the electrodes, with respect to the one coming from the plane
electrode itself:

Fol - cps between electrodes

cps from plane (47)

This quantity can be calculated directly as the ratio between the number
of events of two sets of pixels in the chosen time frame (in this example,
the green and orange regions on the reference heatmap of Figure 4.22). The
simple arithmetic basis of this measurement would allow to easily implement
the calculations on a real-time system as for example a FPGA.

The Figure of Merit chosen qualitatively presents correlations with the
evolution of current and pressure measurements (as shown in Figure 4.23)
and, thanks to the temporal resolution of the GEM detector, it could be
calculated on shorter timescales with respect to the analog measurements
(as portrayed in Figure 4.24).

The search of the precursors, and the definition of a suitable Figure
of Merit based on X-ray data collection, could not be developed in detail
due to the lack of synchronization among the diagnostic systems installed
at HVPTF. Defining whether a quantity changes before or after another is
dependent on their data being based on the same time definition. Additional
studies on the matter have thus been held off to focus on the development and
installation of a system for synchronization of the diagnostics, as described in
section 4.5. Future experimental sessions featuring this system will allow for
more detailed and conclusive studies on the search for breakdown precursors.
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Figure 4.22: Sketch of the regions used in the heatmaps for the calculation of the
Figure of Merit. Green region corresponds to the emission from the space between
the electrodes. Orange region corresponds to the emission coming from the plane
electrode.
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Figure 4.23: Observation of correlations between the FoM time trace and the
current measurements, on a large timescale.
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Figure 4.24: Observation of the FoM signal preceding the rise in pressure registered
by the analog system, on a small timescale.

Micro-discharge fine analysis

Other studies on the data collected with the XR-GEM-1 detector, as men-
tioned before, were aimed at a finer characterization of the micro-discharge
phenomenology. An algorithm was developed in order to automatically ex-
tract small temporal slices of signals around each micro-discharge from the
full data of the experimental sessions. This was done by sampling the X-
ray signal with a binning of 10 ms and searching for peaks above a fixed
threshold. The timestamps of the peaks were used as reference to isolate the
current, voltage and X-ray data contained in a time window of about 0.15s
around each one of them.

Details of current, voltage and X-ray trends on a smaller timescale than
before are shown in Figure 4.25, which presents data recorded over a single
micro-discharge time window.

This graph suggests that each micro-discharge event, appearing in the
plots of Figure 4.13 as a single point spike, may have a finer structure be-
neath. The current signal shows two consecutive rising features, with the
second one being interpreted as the reaction of the system to recover the
voltage level after its drop.

The plot shows also why the readings of the analog diagnostic system
are not sufficient for detailed studies, as both the full scale and the sampling
frequency of the measurements are limiting or impeding the possibility of de-
riving meaningful data about the dynamics of the micro-discharges. Looking
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Figure 4.25: Time evolution of X-ray signal in a single micro-discharge with about
a 0.15s window.

at the X-ray signal plot instead, which has a denser binning, more features
about the emission can be observed. It can be seen that the intensity of the
signal during the micro-discharge is orders of magnitude higher than during
the field emission, and also that following the spike the emission is absent
for some time, until the voltage is brought back to nominal value.

Considering only the data collected by the GEM detector, the sampling
time can be reduced further and the finer structure of the time evolution
can be studied. In this context, some preliminary studies showed that the
counting rate during the discharges was so high that, even with the good
performances of a GEM-based detector, saturation was reached. This im-
plies that the detector, for the duration of the more intense discharges, was
paralysed (i.e. some events were lost) or, more probably, suffered from event
pile-up (i.e. multiple events were recorded and clusterized as a single one).

As a result of this, the further analyses presented in this section have
been performed with no clusterization of the data, meaning that the events
plotted in the graphs correspond to the charge collection from each individual
channel. The occurrence of pile-up may also cause overflow errors in the
acquisition chain for the Time-over-Threshold measurements, preventing an
accurate conversion of the ToT to charge and energy values. Because of this,
the study on the micro-discharge events was limited to the time traces and
heatmaps of the radiation, without considering the energy spectra.

A plot of the evolution of the X-ray signal with a sampling time of 100 ns,
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Figure 4.26: Time evolution of X-ray signal in a single micro-discharge, with ref-
erence to an arbitrary ¢y chosen as start of the discharge itself.

is presented in Figure 4.26. The plot shows firstly a peak of small intensity,
bifurcated, lasting for about 1yps, followed by some silence (i.e. absence
of counts at the detector) with a duration of approximately 2 s, and then
the true high-intensity spike of the micro-discharge. The maximum point
observable is about 400 units, that would correspond to 4 Gcps over the
digital acquisition chain, further indicating a saturation condition for the
system, rather than the real value that should have been recorded. After
the spike, the plot shows a lower intensity plateau, lasting for about 15 s,
followed by another drop to zero counts. This last region is the absence of
emission corresponding to the drop in the voltage of the electrodes, which
has a duration of about 20ms, orders of magnitude longer with respect to
the whole dynamics of the micro-discharge itself.

The evolution of the observed data during few microseconds after the
start of a discharge was found to be highly consistent, both during a single
conditioning ramp and across multiple experimental sessions. The time bins
of every micro-discharge were aligned with reference to the features found in
the time trace described above, in particular the high spike, and the counts
could be summed up for each bin without changes in the features of the plot
and obtaining features in the spatial distribution of the summed counts that
were similar to the single micro-discharges. This allowed for derivation of
more statistically sound data.

A combined study of the distribution of the events in both space and
time was thus performed. Gathering together the channels with the same
signal features, three main groups were discerned, represented with coloured
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Figure 4.27: Reference time evolution of all micro-discharges, with the groups
distinguishable by colours.

borders both in the sketched reference time trace of Figure 4.27 and in the
reference heatmap of Figure 4.28. The first group of pads, that have sig-
nal only during the first 5 ps of the discharge approximately, as shown in
Figure 4.29, are those that do not have a direct line of sight towards the
electrodes, and thus receive signal mainly due to emission coming from the
chamber walls. The channels looking at the plane electrode instead, which
are the ones collecting signal for the field emission during the rest of the
experimental run, actually exhibit no counts during the spikes of the micro-
discharge, and contribute to the signal only on the plateau after the 5 ps
mark. In particular, the signal collected until 15 pus from the start of the
event comes from the pixels that have lines of sight pointing at the space
around the plane electrode, as shown in Figure 4.30, while the ones that
look to the centre of it show counts only in the end of the micro-discharge
development (see Figure 4.31).

The increase in the statistics achieved with the sum of the different micro-
discharges allowed also to produce heatmaps of consecutive frames, 100 ns
each in length, of the cumulative time dynamics plot. The reference time
trace is shown once again in Figure 4.32. The distinct regions are now
four instead of the previous three, since the bifurcated spike has a different
observable dynamic evolution with respect to the high spike. Figure 4.33
shows the evolution of the emission during the first peaks of signal of the
plot, Figure 4.34 shows the X-ray distribution during the high spike of sig-
nal, Figure 4.35 refers to the evolution up to the 15ps mark, and finally
Figure 4.36 presents the evidence of the emission returning to the source it
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Figure 4.28: Heatmap of radiation for the micro-discharges, with groups distin-

guishable by colours (the orange group comprises all the pads external to the green
and blue lines).
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Figure 4.29: Time evolution of X-ray signal for the chamber pads for the cumulative
MDs.
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Figure 4.30: Time evolution of X-ray signal for the around-plane pads for the
cumulative MDs.
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Figure 4.31: Time evolution of X-ray signal for the center-plane pads for the
cumulative MDs.
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has for the dark current during the rest of the experimental session.
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Figure 4.32: Reference time evolution of all micro-discharges with the 4 groups
distinguishable by colours, and reference to Figures 4.33 to 4.36. Dashed lines with
arrows correspond to the temporal marks of the frames selected for the heatmaps.

The results obtained with the XR-GEM-1 detector were instrumental in
the characterization of the microscale dynamics of the emission of X-rays
during the micro-discharge phenomena in HVPTF, but they also served to
highlight some potential areas of improvement with the experimental setup.

Firstly, the extreme counting rate experienced by the single channels was
high enough that saturation was reached even with this detector, and the
true count of events was not well known. Secondly, while the images obtained
corresponded to the expected view on the basis of the geometry of the setup,
the details were minimal. A detector with better spatial resolution (thus
with more numerous and smaller channels) could help both in limiting the
number of events per channel and in allowing for better imaging capabilities.
New prototypes were thus developed and installed, as described in the next
sections. Unfortunately, due to shortage of components and an issue with
the production of aluminium GEM foils, the other detectors had to rely on
the use of more conventional copper coated foils.

Additionally, the data analysis performed with the first GEM detector
exposed the need for the development of a system for the synchronization
of the data acquisition procedures of the different diagnostics, in order to
allow for direct comparison among various signals and easier study of the
correlations and of the time sequence of the processes involved in the dis-
charge phenomena. The development of this system, both in its hardware
and corresponding software components, is described in section 4.5.
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Figure 4.33: Spatial distribution of the detected radiation during the bifurcated
peak of the micro-discharge. (a) Frame taken at 0.8 ps. (b) Frame taken at 0.9 ps.
(c) Frame taken at 1 ps.
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Figure 4.34: Spatial distribution of the detected radiation during the high spike of
the micro-discharge. (a) Frame taken at 3.8 ps. (b) Frame taken at 3.9 ps.
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Figure 4.35: Spatial distribution of the detected radiation during the descent of
the micro-discharge. (a) Frame taken at 5.6 us. (b) Frame taken at 7.1 ps.
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Figure 4.36: Spatial distribution of the detected radiation during the final bumps
of the micro-discharge. (a) Frame taken at 15 ps. (b) Frame taken at 15.8 ps.

Finally, the innovative observations made on the data collected from the
XR-GEM-1 detector sparked the interest in developing a simulation model
that could justify the experimental findings. The description of this software
tool is presented in chapter 5.
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Figure 4.37: Diagram of the X-Y strip structure with indication of the dimensions.

4.3 The XR-GEM-2 detector

The second GEM-based detector developed to be installed at HVPTF dif-
fered from the previous one for the use of a X-Y strip structure for the
collection anode. The structure of these strips is shown in Figure 4.37. The
size of the strips is designed for equal charge sharing between the two direc-
tions. [Ketzer et al., 2002]

The detector was assembled employing a conventional triple-GEM struc-
ture and Cu-coated foils (due to the procurement issues of Al-coated ones
mentioned above). The electronic readout system was the same as the pre-
vious detector, with the addition of new FPGAs, due to the increase of the
total number of independent channels to be read up to 512, with 256 strips
in the X direction and 256 strips in the Y direction. The collection anode
still covered approximately the same surface area of the previous detector
(about 10x10 cm?).

4.3.1 Counting rate characterization

The use of a two-coordinate readout structure introduced the need for ad-
ditional pre-processing routines in the GEM-GUI software, keeping into ac-
count the identification of coincidence events among the strips to localize
them in the X-Y plane. The reconstruction of the events is done with the
charge centroid method (for details see |Lavezzi et al., 2017]). The clusteri-
zation algorithm follows firstly the same logic described in section 3.3.1 for
the X and the Y strips separately. Having reconstructed single X and Y
value for each event, a merging operation is then performed between the two
sets in order to localize the events on the plane.

This software routine imposes an additional operational limit on the high-
rate capabilities of the detector, due to the chance of production of artefacts
in the reconstructed image when multiple events happen within a single
merging time window. An example of this phenomenon is sketched in Fig-
ure 4.38. Considering a charge collection event located at the crossing point
of green lines and another one located at the crossing point of the orange lines
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Figure 4.38: Sketch of the events leading to the production of artefacts in the
location of events on the X-Y strip plane.

(interaction points A and B of the picture on the left), the events recorded
at the corresponding X and Y strips can be correctly paired without issues
when there is a time difference between them higher than the merging win-
dow. If the charge collection events from the four strips fall in the same
window, however, it may be possible to pair the two solid lines for one event
and the two dashed lines for the other, leading to the production of the
artefact points of the picture on the right.

During the characterization of the strip detector, thus, operation at high
rates was tested in consideration of this aspect. Stainless-steel masks with
different numbers and distributions of holes were placed in front of the de-
tector during a fluorescence measurement session.

An example of the results can be seen in Figure 4.39, with the comparison
of two heatmaps. The one on the left was taken with the detector registering
an average count rate of 6.81x10° Hz, and the two diagonal holes of the mask
can be clearly seen, with the absence of additional features. The image on the
right was reconstructed from a measurement with the same mask, but with
an average rate of 4.29 x 10% Hz, and it can be clearly seen that the algorithm
has wrongly matched any X and Y events, leading to the introduction of two
additional holes as artefacts, located at the opposite angles of the real ones,
just as shown in the sketch above.

It is worth to point out that, in addition to this, the strip readout im-
posed another change in the characterization procedure for the XR-GEM-2
detector. In particular, each channel could not be calibrated independently
on the full value of charge collected for the photons. To account for the fact
that each event is shared at least between two strips (one in the X direction
and one in the Y direction), two approaches were considered: either cali-
brating the single strips on half of the charge value each, or calibrating each
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Figure 4.39: Example of production of artefacts by the reconstruction algorithm
used for the strip detector. (a) Heatmap of a run with average rate of 6.81 x 10° Hz.
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sjua
SUE

crossing of strip pairs as if it was a pad of a conventional readout anode. The
latter solution has been chosen, as the accuracy of the charge sharing could
not be verified in laboratory tests. Thus, the calibration was performed in-
dependently on the 256-256 crossings of the strip channels. Other than this,
the algorithm followed the exact same procedure described at the beginning
of the chapter, with the addition of the merging among X and Y events in
the clusterization mentioned above.

4.3.2 Imaging characterization

Additional tests were performed during the characterization of the XR-GEM-
2 detector, to verify the improvements of its application in terms of spatial
resolution. X-ray transmission imaging was performed on bone mock-ups.
The experimental setup of the measurement is shown in Figure 4.40. The
specimens were placed between the detector and the X-ray tube, which was
operated at a voltage of 10kV and a current of 511A. Acquisition time was
kept under 10s for each sample.

Various bone structures were employed, among which the mock-up of an
ankle, one of a broken femur (with a fracture about 0.5 mm wide), and one
of a metallic implant inserted in a radius. The corresponding comparisons
between pictures and reconstructed images are shown in Figure 4.41.

These images show qualitatively the improvement of spatial resolution
that was achieved with the new detector prototype, which gave the chance
to distinguish structures smaller than a millimetre.
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Figure 4.40: Picture of the setup for bone mock-up imaging.
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Figure 4.41: On the left, picture of the bone mock-ups used for measurements. On
the right, corresponding heatmaps of data captured with the strip GEM detector.
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Figure 4.42: Picture of the strip GEM detector as installed at HVPTF, with its
own stand-alone support structure.

4.3.3 Installation and use at HVPTF

After characterization, the detector was brought to HVPTF and installed
on the same line of sight of the previous one. A new stand-alone support
structure was designed and built to allow for a more stable positioning of
the detector, as shown in Figure 4.42.

The XR-GEM-2 detector was used for data collection during new condi-
tioning experiments, still with a needle-plane electrode configuration, but in
a double polarity condition (i.e. with both electrodes brought to high volt-
age, one of them positive and the other negative). Unfortunately, unforeseen
issues related to electrical grounding arose when employing the positive elec-
trode power supply together with the negative one. This lead to the presence
of high intensity noise in the data collected, preventing additional studies on
the micro-discharge characterization.

Some data was still reconstructed via software exploiting an additional
functionality developed for the GEM-GUI named "transmission mode". This
works by plotting, for each channel on the heatmap, the ratio of the num-
ber of events of two runs, both normalized by their acquisition time. This
method allows to filter out unwanted noise, or to make comparisons when
testing similar experimental conditions with small variations. In this case,
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Figure 4.43: Reconstructed heatmap of the radiation observed with the XR-GEM-2
detector for the dark current signal in the needle-plane electrode configuration.

the functionality was used to observe the signal collected for the dark current
emissions, while filtering out the noise, taken as reference from acquisitions
performed with the power supplies on, but low voltage applied to the elec-
trodes.

Examples of the best reconstructed data obtained with the strip readout,
showing emission coming from the plane electrode, are shown in Figure 4.43.
The round-shaped distributions of counts that are apparent in the images
are thought to be other kinds of possible artefacts from the clusterization
software, but no further study was advanced on them because the detector
was considered not employable in the noise conditions of the experiment
and was dismissed, to be potentially upgraded and brought back in future
studies.

The results obtained with the XR-GEM-2 detector, while not instrumen-
tal in advancing the characterization of the micro-discharge emissions, were
useful in confirming that a better spatial resolution was useful in the manage-
ment of the signal intensity per channel. They also helped in understanding
the need for a more electrically stable readout system, which was then ad-
dressed in the development of the following detector prototype, described in
the next section.
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Figure 4.44: Picture of the XR-GEM-3 detector collection anode.

4.4 The XR-GEM-3 detector

The new GEM-based detector developed for HVPTF, and currently installed
at the facility, is designed similarly to the previous ones, in that it still em-
ploys a triple-GEM structure, with copper coating on the foils. The collection
anode, in this case, is composed by 384 independent channels, with 256 of
them arranged in a central square and having a side of 3mm, and the re-
maining 128 placed around to form a larger square structure, and each with
a side of 6 mm, as shown in Figure 4.44.

The detector is also designed to be encased in a metal structure, with
better grounding connections, in order to reduce the unwanted noise in the
experimental setup that was experienced with the XR-GEM-2 detector. In
addition to the improvements in the detector design, to account for the previ-
ously experienced grounding issues, the clock and trigger signals for the read-
out electronics are carried from the acquisition PC with sets of transceivers,
forming an optical bridge in order to obtain electric decoupling between the
two parts of the system. The combination of these factors allows for a sig-
nificant reduction of noise, resulting in a much cleaner signal to be acquired,
so that the detector can be used more extensively.

The detector was recently installed at the facility, on the same line of sight
of the previous ones, employing the same stand-alone support structure as
before, as shown in Figure 4.45.

Preliminary data has been collected with the XR-GEM-3 during new ex-
perimental sessions, mainly the observation of spark-gap electrodes designed
for the MITICA facility, and in the conditioning experiments with a sphere-
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Figure 4.45: Picture of the XR-GEM-3 detector as installed at HVPTF.

plane electrode configuration. These data sets were used as benchmark to
verify the solutions implemented for grounding issues and to test the correct
operation of the synchronization system. The detector will be ready to col-
lect data in the next experimental sessions of the facility, to serve for further
studies on the characterization of the micro-discharge emissions.
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4.5 The synchronization system

The measurements performed at HVPTF with the first GEM detector, as
mentioned in the previous sections, highlighted the need to have temporal
synchronization of the signals collected by the various diagnostics of the fa-
cility. This is of paramount importance in any experiment to make both
comparisons and to develop multi-approach analyses for the solution of the
problems at hand. In a good operational environment, all the data collec-
tion instruments should have a common external reference clock signal, and
they should have the same physical reference as starting time of the mea-
surements. Additionally, the automation of the data acquisition processes
for the different diagnostics is preferable, so that the operator can control
and monitor all the relevant data from a central hub.

This section presents the development of a system to generate clock and
trigger signals for the instruments installed at HVPTF, and the development
of a software to control and monitor the data acquisition systems remotely.

4.5.1 The hardware and firmware setup

The main hardware components used for the development of the synchro-
nization system for HVPTF are a RFSoC4x2 board and a series of electro-
optical converters for the signals. The RFSoC4x2 is a development board
from AMD-Xilinx, developed by the PYNQ team in partnership with Real
Digital, designed around the Zynq Ultrascale+ Radio Frequency System-on-
Chip (RFSoC) device. A picture of the board is presented in Figure 4.46.

The board features both a programmable logic (FPGA) component and
a processing system (ARM core), combining them with high-accuracy ADCs
and DACs operating at giga samples per second and a series of other 1/O
interfaces, making it suitable for numerous applications, as for example high-
speed data acquisition and digital signal processing. The corresponding block
diagram is shown in Figure 4.47. Particular attention was put on the PMOD
channels, two sets of eight pins each (named PMOD-A and PMOD-B) that
act as I/O interfaces and are controlled by the programmable logic compo-
nents of the board.

The board also features the capability to load overlays, pre-packed de-
signs that bridge the connection between the programmable logic compo-
nents and the processing system, while also giving the chance to externally
interact with the system to change parameters and monitor the board activ-
ities. In the case of application of HVPTF, a custom overlay has been built.
This instructs the firmware of the programmable logic components to scale
the internal clock produced from the oscilloscope of the processing system to
the values necessary to operate the acquisition systems of the different diag-
nostics. A scheme of the block diagram of the overlay firmware is presented
in Figure 4.48.
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Figure 4.49: Rendering of the electro-optical converter board developed for the
synchronization system of HVPTF.

As it can be seen, the main components of the system act so that the
base asynchronous 50 MHz clock signal coming from the processing system is
scaled down by either fixed factors or user-defined custom values, read from
a register file. The resulting slower clocks are dished out from the PMOD
pins (from both A and B sets) with numbers from 4 to 7. Additionally, a
custom trigger logic is developed, which outputs a high signal from PMOD
pins 0, 1 and 2 when a button is pressed on the board. This trigger signal
is also raised when a low signal is fed in input to a PMOD pin 3. This is
justified by the use of a passive external switch button, connected to the
PMOD pin 3 and the ground of the PMOD ports. Closing the switch lowers
the signal in input and raises the output trigger consequently.

The electric clock and trigger signals coming from the RFSoC4x2 board
can be connected directly to the different diagnostic systems in HVPTF,
but this could cause serious grounding issues and there is the risk of damag-
ing the equipment in the occurrence of electric surges. In order to preserve
electric insulation among the different instruments, the signals have to be
converted to optical, transmitted through fibres, and then converted back
to electric with different components, each sharing the ground with its ded-
icated diagnostics. Electro-optical converter boards were thus developed, in
collaboration with Nuclear Instruments. The converter boards are based on
the use of transceivers to be used both ways (for the conversion from electri-
cal to optical and the other way around), coupled with an electrical circuit
for stabilization of the signals and removal of noise. A render of the board
layout is shown in Figure 4.49.

The complete system was tested in lab before installation at the facility.
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Figure 4.50: Plot of the consecutive timestamps recorded for the 1kHz clock, with
comparison to the exact curve.

The voltage levels of the signals were tuned to the needs of each acquisition
system, verifying their correct implementation for the diagnostics.

An additional test was performed to check for the possible presence of
issues in the clock signals coming from the system. A clock with a frequency
of 1kHz produced by the RFSoC board was fed to an input channel of
a CAEN DT5730SB digitizer (the same model used for acquisition of the
scintillator signals in HVPTF), and the period of the cycles was sampled for
a total of 24 h. Figure 4.50 shows the trend of the timestamps sampled as a
function of their number. The fact that the curve is rectilinear and does not
change steepness shows the absence of drifting effects during the acquisition
time, further confirmed by the coincidence with the "ideal 1kHz" line, drawn
by simply dividing the number of sample by 1000. Figure 4.51 presents a
histogram of the time difference recorded between consecutive events, in
logarithmic scale for the y axis, with the zero value referred to the exact
1ms difference. The plot shows two full bins around the center (the fact
that it is not a single one is due to rounding errors in the calculation of the
timestamps), and two other bins on either side, representing the occurrence
of jittering, the intensity of which is limited to approximately 2ns (0.002 ps)
either way (positive or negative).

4.5.2 The synchronization software

The physical synchronization of the clock and trigger signals for the diagnos-
tics of HVPTF, as mentioned above, was accompanied by the development
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Figure 4.51: Histogram of the time difference between consecutive events of the
1kHz clock, referred to the exact value.

of a software to manage and control simultaneously the various data acqui-
sition software running on each of the diagnostic computers. The algorithm
was written in Python, with a combination of finite state machine struc-
ture, a server-client logic for the computers, and an asynchronous messaging
protocol for network communication.

The code is based on the use of the libraries pysm and pyzmq to achieve
the functionalities just mentioned, in combination with custom Application
Programming Interfaces (APIs) and process spawning features to interact
with the specific data acquisition software suites.

The role of server computer is assigned to the machine in control of the
main interface of the HVPTF system, i.e. the supervisor system described
in section 2.3, with a platform based on a LabVIEW interface. When the
synchronization algorithm is started, it uses the ZeroM(Q messaging function-
alities provided by the pyzmq library to connect to the network, bind the TP
address of the machine, listen to the messages incoming from the supervisor
on a predefined port, and broadcast correspondent instructions on the net-
work to the connected clients. The other computers run the client version
of the algorithm, which tries to establish connection to the server, and goes
on to receive the instructions coming over the network and acting appropri-
ately, in a manner dependent on the specific diagnostic system connected to
the computer. The first development has been focused on the connection of
the main HVPTF system with the scintillator diagnostics, that make use of
a CAEN DT5730SB digitizer for signal collection, and the GEM detector,
which has its own data acquisition system described in the previous chapter.
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The CAEN digitizer is controlled from the acquisition computer of the
scintillators with the use of the ABCD software, a distributed Data Acquisi-
tion (DAQ) framework developed in C/C++ by researchers of the European
Joint Research Center (JRC), with the aim of acquiring data from signal dig-
itizers in Nuclear Physics experiments [ABCD, 2025]. The term distributed
refers to the fact that, in this framework, each task related to the DAQ runs
in a separate process. The software can be controlled with a web-based user
interface, but there are also external communication APIs, which are invoked
by the finite state machine algorithm, mainly by calling a custom startup
script and then interacting with the same socket interface which is the base
of the communication among processes in ABCD.

The GEM detector acquisition software runs similarly to ABCD, in the
sense that it also has an underlying C/C++ code running multiple processes
simultaneously, with the choice between a web-based user interface or com-
munication via sockets for its interaction and control. It is thus easy to follow
the same logic for both the client-side algorithms, with only small changes
in the details of the API calls, to obtain solid results.



Chapter 5

Modelling and Simulation

The experimental observations based on the data collected with the XR-
GEM-1 detector, described in the previous chapter, motivated the search for
a model to try and justify the considerations derived about the phenomena
observed. In particular, the analysis of the X-ray emission during the micro-
discharges on the short temporal scale presented in section 4.2.3, sparked the
interest to develop simulation tools that could reproduce phenomena similar
to what was observed in the experiments.

This chapter presents the development of such a model, composed of a
combination of different parts and developed across multiple software, that
can act as a full framework for analysis and validation of the phenomenology
and dynamics of the micro-discharges in vacuum of HVPTF.

5.1 Theoretical basis

The model considered in this work is based on the concept of an interchange
of electrons, ions and photons between cathode and anode. [Trump and Van
De Graaff, 1947|. Electrons are emitted from the cathode in the vacuum gap
between the electrodes, they are accelerated by the electric field, and can
produce secondary emission upon their collisions with the anode. The species
extracted from the surface are mainly photons or ionized heavy atoms of the
material constituting the electrode. These can then be directed back towards
the cathode (especially the ions, under the influence of the electric field),
where they impinge and may produce other electrons, advancing the process
in time and leading to potential avalanche occurrences. The discharge, in the
hypothesis followed here, can occur when the number of secondary electrons
produced in the system diverges to high values.

A sketch of the condition described by this model, for the ideal case of
two parallel planar electrodes, is shown in Figure 5.1, where the quantities
I' represent fluxes of particles, with the subscript referring to the particle
species and the superscript referring to the electrode at which the flux is
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Figure 5.1: Sketch of the theoretical model describing the interchange of charged
particles and photons between electrodes in vacuum.

observed. The directions of the arrows define the sign conventions for the
the model.

With reference to the sketch, the fluxes of particles going towards and
leaving each electrode can be related, introducing some coefficients represent-
ing the production of secondaries. Letting A be the number of ions extracted
in average by an electron impinging on the anode, for example, the relation
between the flux of electrons impinging on the anode and the flux of ions
leaving it can be written as:

rd=4.r4 (5.1)

Similar relations can be written for all species by implementing other
coefficients. Thus, B is defined as the average number of electrons extracted
at the cathode per incident ions, C' corresponds to the average number of
photons produced at the anode per incident electron, and D is the average
number of electrons produced at the cathode by an incident photon.

Other physical aspects of the system can be introduced to make it more
realistic. A fixed term of production of electrons at the cathode is added,
corresponding to the contribution of the Fowler-Nordheim current described
in section 1.2.2, here indicated as I'py, and written with an explicit depen-
dence on the electric field. The simplest set of equations that describes the
system can be written as follows:

I¢=B-T¢+D TS +Trn(Ec)
rd=4.1

r4=c.ri

I¢+1¢ =T4+1¢

(5.2)

Where the last equation is a balance expressing the conservation of charge
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between anode and cathode in the ideal system. For the real case of study
of HVPTF, additional considerations have to be made to take into account
other phenomena occurring in the system. In particular, the process of gas
desorption from the surfaces of electrodes can play an important role in
the matter. [Diamond, 1998] The presence of additional molecules, even if
in small number, in the interspace between the electrodes, can lead to a
multiplication of the electrons in their path, producing at the same time
additional positive ions that can travel towards the cathode and augment
the processes described above. In addition to this, past experimental obser-
vations at HVPTF have shown that the electric discharges occurring in the
system can involve the walls of the vacuum vessel too, since the latter can
act as a third fixed voltage level in the system. This means that the charge
balance written above needs an additional term to account for the current
flowing towards the walls of the chamber.

The equations of the ideal system are thus modified with the introduction
of a coefficient F', that represents the average number of electron-ion pairs
generated by each electron travelling between the electrodes. This coefficient
depends on the quantity of molecules desorbed from the surfaces and avail-
able to be ionized. One final consideration to be made is that, in general,
photons travelling from one electrode to the other could incur in reactions
with the other species present in the space. This can be taken into account
with the introduction of a last coeflicient GG, representing the average effect of
any occurrence of photon multiplication. The system of equations describing
the case of study thus becomes:

I¢=B-I¢+D TS +Tpy(Ec)

rd=4.74

r4=c.r

r¢=rd4+r.1¢ (5.3)
r'4=(1+F)-r¢

rf=G-1s

(T +TC) = (T + g = (Tghamber g rghamber)

The coefficients defined to model the terms of production of secondaries
are summed up in Table 5.1.

This set of equations contains terms that interact with one another and
may not be easy to calculate or deduce directly. The approach for a solution
in this work is thus to break up the problem in smaller parts, finding the val-
ues of the coefficients needed to describe the system, and to combine all the
effects afterwards in a single framework modelling the remaining phenomena
not solved for, as explained in the following sections.
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Coefficient Physical term

Number of ions extracted per electron at the anode
Number of electrons extracted per ion at the cathode
Number of photons extracted per electron at the anode
Number of electrons extracted per photon at the cathode
Number of electron-ion pairs produced in the gas
Multiplication factor for travelling photons

QT QW

Table 5.1: Definition of the coefficients for the model equations.

5.2 Single phenomena simulations

As mentioned above, the full problem to be solved was segmented in parts,
and single aspects of the system were modelled and simulated with dedi-
cated software. In particular, the coefficients corresponding to the average
production of secondary particles from the interactions of primaries (coef-
ficients A, B, C and D of Equation 5.3), were retrieved with the Monte
Carlo codes Geant4 and TRIM. In addition to this, the profiles of pressure
in space and time deriving from outgassing of the surfaces were calculated
with the Molflow software. This section presents the assumptions performed,
the development of the single code simulations, and the results obtained.

5.2.1 Geant4 simulations

Geant4 is a Monte Carlo based toolkit for the simulation of the passage of
particles through matter. It is applied in various areas of study, mainly for
high energy, nuclear and accelerator physics [Agostinelli et al., 2003, Allison
et al., 2006, Allison et al., 2016].

The simulations have been developed with the simplest approach possi-
ble: a beam of particles in vacuum, impinging on a solid surface, at different
energies and angles, with no external electric field applied. The surface is
modelled as a wall of stainless steel, 5 cm thick and 10 m wide on the other
two dimensions. A sketch of the geometry is shown in Figure 5.2.

The beam is defined as a general particle source, with 1e8 primaries, emit-
ted from a planar square surface posed at 1cm from the wall. Beam energies
and angles of incidence span the range from 10keV to 300keV at steps of
10keV, and from 0° to 80° at steps of 5°. The physics list for the simulations
was built with a modular constructor, including the G4EmLivermorePhysics
and G4DecayPhysics libraries.

The simulations have been performed for beams of both electrons and
photons, collecting as result the number of particles coming back out from
the stainless-steel wall into the vacuum, grouped by kind (photons, electrons,
ions). In this way, both the coefficients C' and D (respectively, photons ex-
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Figure 5.2: Sketch of the geometry used for simulations in Geant4, with indications
of the components. The angle of incidence of the beam is 6. (image not to scale)

tracted per incident electron and electrons extracted per incident photons)
could be retrieved, as well as coefficient A (ions extracted per incident elec-
tron). The resulting values, plotted as function of energy of the primary
beam, are shown in Figure 5.3 and Figure 5.4, for a few angles of incidence
as an example.

For what concerns coefficient A, the simulations performed in the energy
and angle ranges considered never lead to any event of ion extraction by the
impinging electron beams. For the purposes of the model, consequently, it
is assumed to have a value lower than le — 8 and thus be negligible.

The results obtained with the Geant4 simulations are of the order of
le — 3 for both coefficients C' and D, with the exceptional case of gamma
rays impinging at grazing angles on the surfaces. Since the aim of this study
is ultimately to find the conditions for which the process of electron produc-
tion diverges (in order to achieve an avalanche phenomenon), it has been
concluded that these processes of production of secondaries is not influen-
tial, and it has been thus neglected from the combined simulations that are
described below. The model has been developed to be flexible, however, so
that in future studies the simulations can be easily repeated with different
ranges and materials involved, potentially finding conditions for which these
processes are major contributors in the development of a discharge.
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Figure 5.3: Plot of coefficient C' obtained from Geant4 simulations, as a function
of primary beam energy, for different angles of incidence.
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Figure 5.4: Plot of coefficient D obtained from Geant4 simulations, as a function
of primary beam energy, for different angles of incidence.
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5.2.2 TRIM simulations

The average number of electrons extracted from the stainless-steel wall by the
incident ions, corresponding to coefficient B of Equation 5.3, was calculated
with the Transport of Ions in Matter (TRIM) software. It uses a quantum
mechanical treatment of ion-atom collisions to model the interactions of im-
pinging ions on a surface, calculating the resulting 3D distribution of the
ions and simulating the phenomena associated with the energy loss of the
ion, as target damage, sputtering, ionization and phonon production [Ziegler
et al., 2010].

The simulations were again developed following the simplest approach
possible: single atom ion beams were fired at a stainless-steel surface, span-
ning ranges of energy and angle of incidence. The results for the total ion-
ization energy deposition as a function of depth were collected. For what
concerns the impinging ions considered, it is expected that the outgassing
process from the surfaces in HVPTF involves both atmospheric gases as ni-
trogen and oxygen, and organic residuals (hydrocarbons) derived from sur-
face cleaning. This assumption is confirmed by the experimental readings
of the residual gas analyser installed at the facility. The simulations were
thus performed in this preliminary stage of development for ion beams of
hydrogen, carbon, nitrogen and oxygen. The choice of values for energy and
angle of incidence was the same as for the Geant4 simulations (10keV to
300keV at steps of 10keV and 0° to 80° at steps of 5°).

For the calculation of coefficient B, the approach presented in [Kire-
eff Covo et al., 2006] was followed. The ionization energy released by the
impinging ions (Erpgry) was divided by the average energy to free an elec-
tron inside the material (J), and the contributions from each unit of depth
were summed, weighting them with an exponential model of radiation trans-
port in matter to account for the chance of the electrons to reach the surface
and be extracted. The production of electrons in the material was considered
isotropic, so the probability for the emitted electrons to be directed back to-
wards the surface rather than deeper in the material (P) has been fixed at
0.5. An additional factor was also introduced to account for the processes
involved in the interactions of impinging ions heavier than hydrogen (Cpy).
Coefficient B was thus calculated as:

d

E

B=Cy-P-Y %M(x)e—m (5.4)
x=0

Where d and L represent the depth of the electron escape layer and the
mean attenuation length for electrons in metals. They were fixed, respec-
tively, at 20A and 10A. The values for coefficient B resulting from the
formula are shown, for some atoms and angles as example, in Figure 5.5.

The species considered in this study are expected to be ionized in their
molecular form rather than as single atom ions. Thus, entire molecules
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Figure 5.5: Plot of coefficient B for single atoms obtained from the simulations, as
a function of primary beam energy, for different angles of incidence.

should be modelled as particles impinging on the surfaces. However, for
the energy ranges considered it is safe to assume that, upon striking the
metal, molecules dissociate in their atomic components. Therefore, the B
coefficient for molecules may be calculated as the weighted sum of the ones
for the single atoms, based on the relative mass of each atom in the molecule.
As an example, the resulting values of B for the CO4 and the HoO molecules
are plotted in Figure 5.6.

It can be seen from the plot that these resulting values are more sig-
nificant than what found for coefficients A, C' and D above. In particular,
being above unity, coefficient B could be one of the major contributors to
the development of discharges, leading to multiplication of the electrons in-
volved in the system. The values obtained for the different molecules were
thus exported to be used for the complete simulation model described in the
following.

5.2.3 Molflow simulations

Molflow is a Monte Carlo software, developed at CERN, which allows the
calculation of pressure in an arbitrarily complex geometry in vacuum con-
ditions, where the molecular flow is to be considered. The code uses the
test-particle Monte Carlo method, in which virtual gas molecules are gener-
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Figure 5.6: Plot of coefficient B for molecules obtained from the simulations, as a
function of primary beam energy, for different angles of incidence.

ated from a source and tracked to absorption. Physical quantities such as
pressure, density and impingement rates can be calculated on the basis of
the number of hits between the virtual molecules and geometrical polygons
defined in the environment [Kersevan and Ady, 2019].

The HVPTF vessel has been modelled geometrically in the software, for
the needle-plane electrode configuration with a distance of 36 mm, starting
from a simplified CAD section of the chamber, with the addition of two
regions for the pump and the main pressure sensor respectively. The resulting
geometry is shown with a wireframe structure in Figure 5.7.

Two separate sets of simulations have been performed. The first regarded
steady-state conditions, referring to the average value of pressure in the
chamber in operational conditions. The second set of simulations concerned
with the evolution in time of the pressure profile in the chamber, following
the emission of a quantity of gas from the planar electrode. This is meant
to represent the phenomenon of desorption of gas from the surface of the
electrode during conditioning experiments, as mentioned in section 1.2.3.

Steady-state simulations

Steady-state simulations have been performed considering a fixed outgassing
rate from all the internal surfaces of the HVPTF vessel. To reproduce the
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Figure 5.7: Plot of the geometry of HVPTF as reconstructed in Molflow, with
indications of the electrodes and the regions mentioned in the text.

value of the average pressure observed during the experimental sessions,
which was about 2 x 107" mbar, considering a pumping speed of 500Ls™,
and a surface area of about 11.8 m?, the outgassing rate has been calculated
as:

-T
bog = % =8.475x 10" mbarLs™ cm ™2 (5.5)

The resulting value is reasonable for AISI304L after cleaning and pol-
ishing [Fedchak et al., 2021]. The steady-state simulations verified that the
resulting value of average pressure in the chamber is in accordance with the
experimental measurements, and that pressure is evenly distributed across
the volume.

Time dependent simulations

The time dependent simulations have been set to calculate the evolution in
time of the pressure profile following an outgassing burst from the surface
of the plane electrode. The hypothesis at the basis of this approach, as
mentioned above, is that, during the conditioning experiments at HVPTF,
the electric discharges between electrodes are caused by an increment of
molecules available for ionization in the gap, with a magnitude sufficient to
cause electrons to multiply and produce an avalanche discharge. The emis-
sion of gas is confirmed by the experimental measurements of the pressure
level inside the chamber and the readings from the residual gas analyser. The
source of gas is considered the plane electrode, subjected to a combination
of phenomena: vacuum and thermal outgassing, electron bombardment, and
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Desorption rate Pulse duration

7.5mbar Ls™ 10 ps
10mbarLs™* 7.5ps
12.5mbarLs™! 6 s
15mbarLs™? 51us
20 mbarLs™! 3.75 ps
37.5mbar Ls™! 2ps
75mbarLs™! 1ps

Table 5.2: Details of different desorption pulses considered for the Molflow simu-
lations.

outgassing due to high voltage levels can all contribute to produce the onset
of gas release, as described in [Diamond, 1998]. The aim of the simulation
work is not to justify the origin of the gas, but only to model what are the
conditions deriving from a defined burst.

The magnitude of the outgassing burst was fixed at 7.5 x 107 mbarL,
after some preliminary trial-and-error simulations, to get a resulting profile
for the sensor region consistent with the data recorded experimentally from
the pressure sensor. The number of particles released was calculated from
the integral value of the pulse (which corresponds to the product of pres-
sure and volume), following the ideal gas equation, at standard temperature
(293.15K):

pV [, pulse 15

i T 1.85-10 (5.6)

Considering that the gas is emitted from a surface of approximately

81 cm?, this value corresponds to about 2% of a monolayer of adsorbed gas
(about 10' molecules/cm? per monolayer [Diamond, 1998)).

The simulations have been performed considering different combinations
of values for the intensity and duration of the gas injection, as shown in
Table 5.2, keeping constant the pulse integral value. This allowed to observe
the influence of the free parameters on the results of the simulations without
affecting the long-term average pressure profile in time of the chamber.

The simulations were performed with a custom incremental sequence
of time steps, spanning over multiple orders of magnitude, as reported in
Table 5.3, so that the full dynamics of the phenomena could be represented
and understood.

The case with an pulse of 15 mbar Ls™! lasting 5 pis is considered as refer-
ence for further considerations. Figure 5.8 shows the evolution of the pressure
profile in time as seen qualitatively in Molflow, for successive time steps, with
coloured tiles on the relevant positions of measurement.
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Figure 5.8: Resulting pressure profile in Molflow with the example gas desorption
pulse. (a) Pressure profile after 30 s (zoom near the electrodes). (b) Pressure
profile after 300 ps. (c¢) Pressure profile after 3 ms.
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Range start Range step Range end Integration half-window

Ops 1ps 20 ps 500 ns
30 s 10 ps 150 ps BRI
200 s 100 ps 1000 ps 50 ps
2ms 1ms 10ms 500 ps
20 ms 10ms 100 ms 5ms
200 ms 100 ms 1000 ms 50 ms
2s 1s 10s 500 ms

20s 10s 100s 98

Table 5.3: Sequence of time steps considered for the Molflow simulations.

The evolution in time of the average pressure has been calculated sep-
arately for the entire geometry, for the region between electrodes, and for
the region of the pressure sensor, considering also the background pressure
found with the steady-state simulations. The resulting graph is reported in
Figure 5.9.

As it can be seen from the plot, the distance between the sensor region
and the middle of the chamber implies that there are delays in the response
of the system to the outgassing bursts, as the sensor region registers a change
from the steady-state background pressure value only about 1ms after the
pulse, when the average pressure in the gap region has already diminished
by orders of magnitude. This also implies that a small variation of pressure
at the sensor can be related to a much more intense change between the
electrodes, encouraging the hypothesis that the discharges may develop as
classical avalanches due to the presence and ionization of enough gas ex-
tracted from the electrodes.

As mentioned before, different values for the intensity and the time dura-
tion of the gas desorption pulse have been tested, keeping constant the total
number of particles produced (the integral of the pulse curve). The profiles
resulting from the set of simulations, for the sensor region only, are shown
in Figure 5.10.

As it can be seen from the plot, the differences in shape (height and
length) of the outgassing pulse cause no change in the profile for the sensor
region.

Figure 5.11a presents the profiles of the average pressure in the inter-
electrode gap region for the different pulse shapes, showing that the long-
term behaviour is again the same for all simulations. Figure 5.11b, instead,
highlights that the short-term trend of the curves depends on the character-
istics of the pulse. The numerical results, in terms of peak pressure values
and corresponding timestamps, are reported in Table 5.4.

The results obtained with this set of simulations imply that reproducing
the experimental measurements for the pressure sensor does not fully deter-
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Figure 5.9: Plot of the evolution in time of the average pressure calculated with
Molflow, for the entire chamber, the space between the electrodes and the sensor

region, with a single pulse shape.
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Figure 5.10: Plot of the evolution in time of the average pressure calculated with
Molflow, for the sensor region, for different pulse shapes.
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Average Pressure in gap region for different pulse shapes
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Figure 5.11: Plot of the evolution in time of the average pressure calculated with
Molflow, for the inter-electrode gap region, for different pulse shapes. (a) Plot of
the profile for the full length of the simulations. (b) Zoom on the initial region of

the plot
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Desorption rate Pulse duration Peak pressure Peak timestamp

7.5mbarLs™ 10 s 0.0280 mbar 11 ps
10mbarLs™* 7.51s 0.0360 mbar 8 s
12.5mbar Lis™! 6 115 0.0425 mbar 7ps
15mbar Ls™ 5pus 0.0461 mbar 6 ps
20 mbarLs~! 3.75 s 0.0560 mbar 4ps
37.5mbar Ls™! 2ps 0.0729 mbar 2ps
75mbarLs™! 1ps 0.0957 mbar 2 s

Table 5.4: Peak pressures reached for different pulse parameters in the Molflow
simulations.

mine the phenomenology of gas desorption in the microscale for time and
space. That is instead more influenced by the peak pressure value reached
on the short-term time trends, as detailed in the next section.

5.3 Integrated simulations

Once the simulations of single phenomena performed with the various codes
described above produced their results and the necessary information were
retrieved, a full model was built to account for all the contributions, simu-
lating the motion of electrons and ions in the environment of the HVPTF
vacuum chamber. The software of choice for this complete model was COM-
SOL, a multiphysics finite element simulation tool developed for engineering
and physics applications. In the following, the components of the model are
presented and explained.

The model has been built as a 2D axisymmetric domain. The geom-
etry of the transverse section of the HVPTF chamber is the same as for
section 5.2.3, without the pump and sensor regions. It is directly imported
from a CAD design, with default repair tolerance. The geometrical plot is
shown in Figure 5.12.

The geometry is composed by a solid volume, corresponding to the vac-
uum environment, and multiple boundaries, representing the electrodes, their
supports and the external walls of the chamber. Materials "Air" and "304L
[solid, polished|" were chosen from the library for the volume and the bound-
aries respectively, setting all the properties needed for electrical studies.

An interpolated function was defined to account for the B coefficient
calculated from the results obtained with SRIM (the nitrogen molecule curve
has been considered for preliminary studies), depending on the energy and
the angle of incidence of the particle colliding with the surface. The values
of coefficients A, C and D retrieved from Geant4, as mentioned before, were
considered too small to be of real significance in the simulated conditions,
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Figure 5.12: Plot of the geometry imported in COMSOL for the HVPTF vessel,
with indications of the main components.

and they were neglected. The pressure profile in space and time found with
Molflow was interpolated in COMSOL as well. It was defined just as an
external function with no direct physical meaning, in order to be used only
in the relevant context of calculations. Implementing a full modelling of the
corresponding pressure field, which is the more rigorous approach, would
have lead to additional complications in the definition of the simulation.
Two more functions were defined for the COMSOL model, to account
for the other phenomena considered. A random function is used to assign
the value of angle of incidence to the incoming particles when modelling
secondary electron extraction from ion impingement on the walls. This is
done because, without it, all charged particles in the simulation would al-
ways hit the metal surfaces of the boundaries perpendicularly. In the real
case of the experiments this is not completely true, as the roughness of the
surfaces may cause the particles, travelling at high velocities, to hit the ex-
isting microscopic defects and protrusions at different angles. The random
function simulates this stochastic behaviour as a first approximation. The
last function defined in the model is used to account for the dependence
of the ionization cross-section of the gases on the energy of the travelling
electrons. It has been interpolated on the basis of the data gathered from
the main libraries found on the open-access website LXCat [Carbone et al.,
2021]. The databases considered for this study were: Morgan |[LXCat -
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Figure 5.13: Plot of the interpolated curve for the ionization cross section of the
electrons to be used in the COMSOL simulations.

Morgan, 2025|, Phelps [LXCat - Phelps, 2025|, Biagi [LXCat - Biagi, 2025|
and IST-Lisbon [LXCat - IST-Lisbon, 2025], which are the more widely em-
ployed. The cross-section values were interpolated, as first approximation,
for a mixture of nitrogen and oxygen with atmospheric percentages, and
extrapolated following a 1/FE trend up to the energies of interest of the elec-
trons in the HVPTF environment. The plot of the resulting curves is shown
in Figure 5.13.

The physical processes considered in the model are defined in two mod-
ules taken from the COMSOL library: Electrostatics and Charged Particle
Tracing. The former solves Gauss’ Law for the electric field using the scalar
electric potential as the dependent variable, in order to compute the electric
field and other quantities of interest in the domain. Axial symmetry and
charge conservation are included in the formulation by default. Initial and
boundary conditions are defined in order to set a fixed voltage level on the
two electrodes (in particular, —150kV on the needle cathode and ground
on the planar anode), and fixed ground on the chamber walls. The result-
ing voltage map, with streamlines representing the electric field, is shown in
Figure 5.14.

The second module, Charged Particle Tracing, is responsible for the sim-
ulation of the movement of the electrons and ions in the domain, based on
the solution of the corresponding equations of motion. In this work, two
species of particles are defined: electrons, which have default properties for
mass and charge, and gas molecules. For the definition of the latter, the
mass is calculated as weighted average of air molecules (4.81 x 1026 kg), and
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Figure 5.14: Plot of the voltage map calculated with COMSOL for the HVPTF
geometry, with grey streamlines indicating the electric field.
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unitary positive charge is considered as first approximation.

For the wall boundaries of the geometry, the freeze condition is employed
(i.e. particles stop on their tracks but keep their final speed value), in order
to visualize the impact point of the particles at the end of the simulation.
Additionally, a secondary emission feature is defined to simulate the extrac-
tion of electrons from the surfaces upon ion impingement. The secondary
emission is enabled only for positively charged incoming particles, and the
number of secondary electrons extracted is sampled from the interpolated
function corresponding to the B coefficient calculated from TRIM, account-
ing for a randomness of the angle of incidence as mentioned above.

Primary electrons are introduced in the simulation with an inlet bound-
ary, located at the tip of the needle cathode. Due to the way that the
simulation of particle currents is handled in COMSOL, it was preferred to
have electrons released as single particles and at fixed timestamps, in order to
approximate the behaviour of the system at different conditions of pressure
distribution in the volume. Many electrons are released each time, to derive
statistically relevant results from each simulation. This approach implies
that the effects of space-charge density have to be neglected, and the electric
field cannot be influenced by the presence of the particles. Considering the
small experimental values of currents in HVPTF and the high electric fields
calculated, however, this was considered a justified approximation.

Electric force is applied to all the particles in the domain, based on the
calculations of the Electrostatics module. Particle-particle interactions are
considered as well, with Coulomb interaction forces being included in the sim-
ulation. Finally, collisions of the electrons with the background gas are im-
plemented as well, considering the average molar mass of air (28.96 gmol_l)
and a temperature of 293.15 K as parameters. The density of the molecules
in the domain is calculated on the basis of a pressure distribution inter-
polated from the results of Molflow, following the ideal gas law. Particle
counters help in keeping track of the number of primaries introduced from
the inlet boundary and the number of secondaries produced in time from the
interactions modelled.

A free triangular mesh, generated with the default options for the mod-
ules considered in the simulations, was applied to the geometry. An addi-
tional refinement was performed in the space between the electrodes, and
another one to further increase the density of the elements near the tip of
the needle electrode, where the electric field is expected to be most intense,
leading to abrupt accelerations for the electrons moving in the vacuum.

The first simulations showed that the physical aspects were modelled
consistently with what expected. Figure 5.15 show the electrons (green dots),
being injected from the needle cathode point, moving in the space between
the electrodes, following the field lines, and producing ions (magenta dots)
through ionization of the gas desorbed from the front of the plane electrode.

The positive ions were then observed moving back towards the cath-
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Figure 5.15: Plot of the electrons (green) travelling from cathode to anode and
producing ions (magenta) from the gas, as modelled in COMSOL. Electron tracks
are plotted in grey and appear different from single lines due to limited COMSOL
visualization capabilities.

ode again, impinging on the surfaces and extracting secondary electrons, as
shown in Figure 5.16.

The main result collected from the simulations was, for each injection
timestamp, the ratio between the number of secondary electrons produced
and the primaries generated, with the divergence condition (and thus the
possible onset of an electric discharge) defined as this ratio being greater than
unity. Preliminary analysis of the simulations assessed that the probability of
divergence was maximized around the time when the value of pressure in the
region between the electrodes reached its maximum, as could be expected.
Consequently, the simulations were focused on the timestamps surrounding
the pressure peak of each pulse shape, reported in Table 5.4.

The main influencing factor for the results of the simulations is the ion-
ization process occurring for the electrons travelling in the gap between the
electrodes. This, as stated above, is handled by COMSOL with a Monte
Carlo approach. As a consequence, the number of secondaries produced can
vary a lot for the same simulation due to the randomness in the system. This
was taken into account in the study by running multiple simulations with
the same parameter values and averaging the results. Figure 5.17 shows, as
an example of this concept, the plot of the ratio between secondaries and
primaries as a function of injection timestamp for the case of the burst of
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Figure 5.16: Plot of the ions (magenta) travelling from anode to cathode and
producing secondary electrons (green) upon impact, as modelled in COMSOL.

duration 1 ps.

The results obtained by these simulations lead to two main considera-
tions. Firstly, it was confirmed that the maximum ratio of production of
secondaries is obtained for the timestamps around the maximum value of
pressure found with the Molflow analysis, allowing to carry on the studies
focusing only on those frames. However, as it can be seen from the plot, the
very low values of ratio indicated that the pressure field directly interpolated
from Molflow is not intense enough to approach the divergence condition and
thus justifying an electron avalanche.

A custom multiplying factor was thus introduced in the model, to be
implemented in the calculations of gas density in the domain carried on
by the ionization module. This parameter could in principle be varied to
model a higher magnitude of outgassing, to find the parameters needed to
reach the divergence conditions without having to repeat the simulations in
Molflow, which are more time-consuming with respect to the ones run in
COMSOL. The use of the multiplication factor can be justified by the fact
that the relevant time scales to be modelled are short, and the crucial factor
is the maximum pressure established in the gap between the electrodes, as
shown above. This was confirmed practically by comparison between two
simulations in COMSOL, one run with the standard Molflow field and a
multiplying factor of 10, and the other considering the pressure field obtained
by a Molflow simulation with 10 times the outgassing burst intensity. The
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Figure 5.17: Plot of the trend of the ratio between secondaries and primaries, as
a function of injection timestamp. The data from single simulations is plotted to
highlight the variance in results, together with the final average.

two simulations produced results in accordance with each other.

A plot of the results of the COMSOL simulations as function of the
multiplying factor is shown in Figure 5.18, for few of the different outgassing
pulse shapes defined previously. The plot has been produced by considering
the maximum value of ratio in each simulation, and averaging the results
of the multiple simulations run for every set of parameters, as mentioned
above. The full range of multiplying factor values was simulated only for
one reference pulse shape, and the following simulations focused only on the
relevant region of the range (between 8 and 10).

As it can be seen, the ratio of production of secondaries in the system
increases with increasing multiplying factor, up to the point where the di-
vergence condition previously defined is met. With the current setup for the
simulations, the factor has to be set to a value of about 9 to 10 in most
of the cases of study, with only small difference depending on the choice of
outgassing pulse profile. The following section presents detailed considera-
tions about these results and an outlook on future and improved works on
the matter.
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5.4 Considerations and outlook

This chapter presented the development of a simulation tool based on a
very simplified model, which contains many approximations and takes into
account only a fraction of the many concurring physical aspects of the dy-
namics of the discharges. The results show that the simulations managed
to reach the divergence condition, defined as the production of a number of
secondaries larger than the primaries injected in the system. This is surely
an important preliminary achievement, confirming the soundness of the the-
ory behind the model. However, in order to reach the desired outcome, a
value of at least 9 of multiplying factor was needed to be applied to the pres-
sure profile. This fact highlights the need for additional improvements and
considerations, both in the single phenomena analyses and in the integrated
model, before arriving at definitive conclusions.

The calculations performed with the Geant4 and TRIM software, in their
simple context, should be already representative of the phenomena they try
to replicate, but more details could be included in the respective models. In
combination with this, new experimental tests could be planned in order to
better analyse and verify the results obtained for the single processes.

The pressure profile calculations performed with Molflow would probably
benefit the most from a refinement of the geometry, in particular with more
realistic representations of the pressure sensor and the pump regions. In this
case as well, definition of a new set of experiments in a test bed environment,
with better control of the conditions and easier to reproduce, could help
in achieving validation of the single aspects involved in the desorption and
diffusion of the gases in the chamber. Another aspect involves the outgassing
burst. For the study presented here, the desorption process involved the
whole front surface of the plane electrode. Future works could expand on
this, modelling desorption from a reduced area, in order to see if the same
divergence conditions can be met with a lower quantity of particles desorbed
and thus lower pressures overall.

One of the main issues of the COMSOL simulations is probably the fact
that they considered ionization caused only by the electrons travelling in
the gap between the electrodes, with a single possible ionization state for
the background gas. Future work on the matter may focus, for example,
on the inclusion of the ionization processes caused by the positively charged
ions as well, or the production of different ionization states and ions with
charge values higher than unity. This could help in reaching the divergence
conditions at lower pressure values with respect to what used in the analysis
presented in this work. In addition to this, the model takes into account
for now just a single gaseous specie with properties calculated as weighted
average of atmospheric gases. Improvements of the simulations could focus
also on the representation of multiple different gases in the mixture, po-
tentially implementing the experimental data coming from the residual gas



116 CHAPTER 5. MODELLING AND SIMULATION

analyser to measure their ratio. In the same context, the secondary emission
of electrons from ion bombardment could also be improved by the definition
of different components to consider the separate effect of the various species
that take part in the process.

In conclusion, the work presented in this chapter constitutes the first
step towards a complete and modular simulation framework for the study of
micro-discharges in the HVPTF facility. By combining the use of different
tools for the simulation of single processes to be considered, the integrated
model yielded preliminary quantitative results that are already of signifi-
cance. While further refinements of the model and experimental validation
of the calculations are required to reach more relevant conclusions, the frame-
work has been built as flexible and can be extended and improved by further
studies. It will work as a good first basis to plan new experimental cam-
paigns and gain new insight, with the ultimate aim of characterizing and
reproducing completely the micro-discharge phenomena in vacuum.



Conclusions and perspectives

The realization of the ITER reactor prototype is currently the main focus of
the research for nuclear fusion power production of the European commu-
nity. Its aim of achieving power production with a gain factor of 10 is one
of the fundamental steps for the advancement of the overall research plans.
One of the main systems to provide the external heating necessary for the
fusion reaction is the Neutral Beam Injector, based on the extraction and
acceleration of a negative deuterium ion beam, followed by its neutralization
and injection in the plasma. The full-scale prototype of the NBI, the MIT-
ICA experiment, is facing the criticalities in the development of the system,
among which high voltage insulation is one of the most important. The
High Voltage Padova Test Facility has been developed to study the electric
discharge phenomena that may occur in MITICA, focusing mainly on condi-
tioning experiments and on the study of micro-discharges and breakdowns.
In recent years, the analysis of X-ray emissions in this context has proven
to be particularly instrumental in the progress for the characterization and
understanding of the discharge phenomenology.

The development of X-ray GEM-based detectors for the analysis of micro-
discharges in HVPTF has been presented in this thesis. The data collected
by the first prototype, the XR-GEM-1 detector, allowed for accurate analysis
of the spatial and temporal characteristics of the X-ray emission during dis-
charges, leading to innovative insights on the processes involved and proving
the additional capabilities that this kind of instruments adds to the diag-
nostic set of the facility. Development of new and improved prototypes,
the XR-GEM-2 and XR-GEM-3 detectors, has helped to further add to the
quality of the studies, highlighting different areas of improvement for the
experimental setup. Chapter 4 presented also the development and instal-
lation of a synchronization system for data acquisition of the diagnostics
at HVPTF, based on the combination of hardware and software compo-
nents. Its implementation will allow for more accurate and easier analysis
of the comparisons and correlations among the different signals, leading to
improvements in the analyses already performed and in understanding of the
discharge phenomena.

In combination with the experimental activities, a simulation model for
the micro-discharge phenomenology in HVPTF has been developed, as de-
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scribed in chapter 5. The model, based on the combined use of Monte Carlo
codes and of finite element analysis software, allows for the reproduction of
the motion of the charged particles in the electric field of the domain, consid-
ering also the effects of collisions with the gas desorbed by the surfaces during
the discharges. The results obtained with the model have shown agreement
with the experimental data, but also implied the need for additional im-
provements in order to better reproduce the phenomenology observed. The
model will be further developed in the future, including more physical pro-
cesses and refining the definition of the current ones, in order to improve its
accuracy and obtain a better understanding of the discharge dynamics.
The activities presented in this thesis represent a first step in the devel-
opment of new diagnostic and modelling tools for the studies at the High
Voltage Padova Test Facility, achieving important preliminary results and
leaving room for new developments and further improvements. Both the
diagnostic tools and the simulation model will be implemented in future
studies at the facility, which may focus on new aspects of the discharge phe-
nomenology to gain new insights on the discharge phenomena. This will
ultimately aid in the design and operation of the MITICA system and in the
development of the Neutral Beam Injector for the ITER tokamak.
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The study of Soft X-ray emission can be a source of fundamental information, particularly for what concerns
tokamaks and plasma diagnostics, but also in general in the fields of high energy and nuclear physics. Detection
systems based on Gas Electron Multipliers (GEM) technology can be of particular use in the context of X-ray
analyses, being relatively low cost while maintaining good spatial and temporal resolution and capability to
sustain high counting rates (up to MHz/mm?). The development of these new and improved detectors is thus
of interest, especially in the research about diagnostic and control of machines for fusion energy. In this work,
the performance of a new triple-GEM detector, characterized by an aluminum metallic coating on both layers
of the GEM foils, is presented and a comparison is made with the more conventional design employing copper
coating. The performances of an aluminum-coated GEM (Al-GEM) detector and of a standard copper-coated
GEM (Cu-GEM) detector in revealing quasi-monochromatic X-ray beams coming from different fluorescence
materials are compared. The Al-GEM detector is shown to less suffer the issue of unwanted background on
the signal caused by the presence of copper inside the detector itself. The suppression of this noise source
encourages the use of Al-GEM detectors to perform spectroscopy in harsh environments, such as tokamak
machines, where soft X-rays are useful probes to control different plasma properties and parameters.

1. Introduction INtegrated Interface) and a custom made FPGA (Field Programmable
Gate Array) board. The system can be used for both neutron (if a
suitable converter is employed) [5-8] and SXR detection [9,10]. The
key-points of this GEM-based detection system, for the SXR case, are
good spatial resolution (few mm) and timing resolution (sub-ms), excel-
lent rate capability (up to MHz/mm?), intrinsic insensitivity to gamma

and neutron radiation and relatively low cost.

The measurement of Soft X-ray (SXR) radiation is nowadays fun-
damental for many applications, especially in the context of plasma
diagnostics and magnetic fusion devices [1,2]. In this environment, the
analysis of this kind of emission, in the energy range between 2 and 20
keV, is a unique source of information, allowing for the study of various
plasma parameters and for equilibrium control during tokamak opera-
tion [3]. For this task, detectors with high count rate capability, good

temporal and spatial resolution and, most importantly, stability and
radiation hardness are required. The Gas Electron Multiplier (GEM) [4]
detector, one of the most widely employed Micro-Pattern Gaseous
Detectors, is a gas proportional counter that exploits the ionization
of a noble gas by the incident radiation photons, and the subsequent
multiplication of the liberated electrons, through high-intensity electric
fields. The GEM detector described in this paper is coupled with an
Application Specific Integrated Circuit (ASIC) called GEMINI (GEM

1.1. The GEM detector

A standard GEM foil is a thin (50 pm) foil of kapton (a plastic
insulator), metal-coated on both sides with a 5 pm layer of copper.
A high-density pattern of bi-conical micro-holes (140 pm apart) is
produced on the foil by chemical etching. A voltage difference of a few
hundreds Volts is applied to the metal faces, which therefore behave as
electrodes, generating a high electric field inside the holes. Electrons
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Fig. 1. Schematics of a triple-GEM detector.

are thus accelerated in their passage through the holes and the number
of charge carriers is multiplied. Multiple GEM foils can be arranged in a
cascade layout, to obtain higher overall gain values with lower voltage
differences on each electrode, reducing the risks of discharges which
could damage the detector. [4]

The configuration for SXR detection described in this work is the
triple-GEM detector, made up of three GEM foils aluminum-coated, as
shown in Fig. 1. The photoelectric interaction of the impinging photons
and the first gas ionization occur in the drift zone between the cathode
(which consists of a thin aluminized Mylar window) and the first GEM
foil. The number of electron-ion pairs generated is proportional to the
energy of the incoming radiation [11]. The primary electrons, carried
by the electric field, drift towards the GEM foils, traverse the holes,
and are multiplied in each of the three stages of the cascade. In the
final induction region they are carried to a padded anode, made of 256
gold-coated copper pads of 6 x 6 mm?, producing a detectable signal
for each original incoming photon. The voltage difference (HV) on each
GEM foil is set independently with a custom designed High Voltage
module called HVGEM [12]. Fig. 2 shows a single GEM foil and the
padded anode employed for the detector.

1.2. The readout system

The GEMINI ASIC is a fully-integrated analog front-end electronic
system, custom developed for GEM detectors, in 0.18 pm CMOS tech-
nology [13]. It features 16 channels, each one with the architecture
of Fig. 3. The current signal coming from the detector anode (igp )
is collected by the feedback capacitance (Cy) of a low-noise charge-
sensitive preamplifier (CSP). The voltage output (Vp,e) is fed to a small
built-in hysteresis comparator. The comparison is made with a fixed
threshold (V,;,) coming from a R-2R Digital to Analog Converter (DAC),
and set through an I?C interface, which defines the minimum detectable
charge for a given configuration (in terms of gain) of the detector.
The digital output of the comparator (Vp,;¢) is then converted by a
dedicated driver into LVDS (Low Voltage Differential Signal) standard.
The output signal contains information about the Time of Arrival (ToA)
of the event and its duration over V,,, called “Time-over-Threshold”
(ToT), the latter being proportional to the input charge. An example of
this principle of operation is shown in Fig. 4.

The signals coming from the GEMINI ASICs are read by a custom
made FPGA board, able to collect information from a total of 256
GEMINI channels. The firmware of the board is made of a series of Time
to Digital Converters (TDC), sampling the input with a frequency of
2 GHz (time resolution of 0.5 ns). For each signal, the ToA and the ToT
information and the channel ID of the event are registered and packed
in a 64-bit word routed to the board output. The DAQ PC is connected
to the FPGA through an optical fiber, which has a theoretical bandwidth
of about 10 Gbit/s, limiting the maximum rate on the detector to about
125 MHz [14].

Nuclear Inst. and Methods in Physics Research, A 1047 (2023) 167855

Table 1

Characteristics of the two detectors. The width of the different regions is given going
from top to bottom with reference to Fig. 1, so it corresponds to the order: DRIFT,
Transfer 1 (T1), Transfer 2 (T2), INDUCTION.

Al-GEM Cu-GEM
GEM foil coating: Aluminum Copper
Width of regions (mm): 4,1,2,1 4,1,2,1

Number of pads at anode: 256 256
Dimensions of single pad: 6 X 6 mm? 6 x 6 mm?
Gas mixture (% vol): Ar-CO, 70-30 Ar-CO, 70-30

1.3. Issues with standard copper GEM foils for SXR detection

While being suitable for various applications due to their many
aforementioned qualities, the standard GEM detectors present a par-
ticular issue in being used for analysis of SXR radiation, in the energy
range 2 to 20 keV. The copper used for the coating of a standard GEM
foil, in fact, can be the source of a non-negligible background signal,
because of the possibility that the incoming X-rays pass through the
drift region without interaction with the gas and cause excitation of
the Cu atoms instead, with subsequent emission of their characteristic
K, fluorescence X-ray at 8.05 KeV (see Fig. 5). This value of energy lays
in the band of interest for the analysis of the SXRs, thus introducing a
unwanted source of noise on the otherwise clean signal.

To overcome the issue, a new type of triple GEM detector is studied
in this work, following the same concept proposed in [15]. The dif-
ference with respect to conventional GEM detectors is that the metallic
coating of the foils is not made of copper, but of aluminum instead. The
use of Al as coating should not generate a background signal in the band
of interest, since the Al K, emission line is located at an energy of 1.5
KeV. The aluminum coating is obtained by vacuum deposition using a
DC magnetron sputtering machine. The initial thickness is in the range
of 10 pum, reduced later on at 5 pm by soft phosphoric acid chemical
etching. The aluminum coating is also void of the chromium substrate
which is placed between kapton and copper for traditional GEM foils,
avoiding another potential source of unwanted background (Cr K, line
is at 5.411 keV). The performance of the new detector (identified as
Al-GEM) is tested against a conventional copper-coated GEM detector
(referred as Cu-GEM). The parameters of the two systems are reported
in Table 1.

2. The experimental setup

Both detectors operate with a flowing Ar-CO, mixture at atmo-
spheric pressure, and the composition of the mixture is controlled by
two digital thermal mass flow controllers [16]. The voltage difference
for each GEM foil is controlled by the HVGEM module. The same
electronic readout configuration is used for both detectors.

The two detectors are studied and compared in their response to the
fluorescence radiation emitted by different metallic targets. Titanium
is used at first to find suitable working conditions for the detectors
(in terms of voltages and thresholds), and to perform the calibration
of the detector responses. Copper and molybdenum are then used for
testing and comparison of the results. The X-ray tube [17] produces
a continuum bremsstrahlung emission superimposed with Ag K-lines
at 22 keV and 25 keV. The X-ray beam is directed onto the target,
from which fluorescence X-ray lines are emitted, resulting in a quasi-
monochromatic radiation with an energy depending only on the chosen
material for the target, which can be used as a reference. Fig. 6 shows
a picture of the setup, together with a sketch of the process.

3. Detector characterization
3.1. High Voltage scan and Threshold scan
The characterization of the detectors to find the right working

conditions is performed through the “threshold (THR) scan” and the
“High Voltage (HV) scan”.
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Fig. 2. (a): Picture of a GEM foil covered with aluminum. (b): The detector anode made of 256 pads.
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Fig. 4. Principle of operation of a single GEMINI channel [9].

The goal of the first procedure is to find a suitable threshold value
(V,,, of Fig. 4) for the ASICs: the value must be high enough to stop ex-
cessive background noise from being detected, while being low enough
not to lose the actual signal. The setup features the following values
of electric field (with reference to Fig. 1): 1 kV/cm for the drift region
(Ep), 3 kV/cm for both the transfer regions (E;; and Er,) and 5 kV/cm
for the induction region (E;). Using the titanium target for fluorescence
(K, = 4.5 keV), the rate of detection is recorded and plotted versus
V,, (see Fig. 7), while keeping fixed the potential difference on each
GEM foil, all set to 370 V (the detector gain corresponds to a voltage

of 1110 V in total). As it can be seen, the curve begins with a sharp
drop, representing the cut on the background noise, followed by a
plateau, which represents the threshold range for which the incoming
signal is being cleanly detected. A minor downward slope indicates
that, as expected, increments of the threshold cause some signal loss.
The operational V,, is set to the value of 70 LSB for both detectors.

The HV scan aims at finding a good value of cumulative voltage
difference (and thus gain) for the GEM foils. This value must be high
enough to make sure that all the incoming particles of relevant energy
produce a readable signal, while being kept low enough not to incur
in risk of discharges or spurious signals. The procedure consists again
in irradiating the detector using the titanium target for fluorescence,
while the same values of electric field are employed, but this time a
fixed value of threshold is set for the ASICs, while varying the voltage
applied to the GEM foils. Fig. 8 shows the trends of counting rates as
function of this variation of HV. A plateau is clearly visible for each
curve, representing the conditions of full charge collection and thus the
suitable operative ranges for the detectors. The operational value of HV
for both detectors is chosen at 1110 V.

The pictures of both the THR and the HV scan show some little
differences between the detectors. In particular, for what concerns the
HV scan, it seems that the Al-GEM needs a voltage higher of about 20
V to reach the same counting plateau of the Cu-GEM. This difference
could be accounted for by use of different voltage-gain relationships for
the two detectors, but as better explained below it is preferred to keep
the differences on the HV value since it is an operational parameter
easier to correct.
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Fig. 5. Sketch of Cu excitation effect on conventional GEM detectors.
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Fig. 6. (a): The experimental setup of the GEM detector inside the X-ray chamber. The Al-GEM detector, the X-ray source and copper target for fluorescence are visible. (b) Simple
sketch of a top-down view of the fluorescence setup.
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4. Detector calibration and analysis

As mentioned above, the raw output of the detection system consists
of 64-bit words containing information about the ToA, the ToT and the
channel ID for the incoming signals. In order to obtain the value of
charge (which can then be related to the energy) deposited on the pads
for each event, the detector response has to be calibrated. The relation
between ToT and deposited charge q is
ToT (9)=a+b-q- —— ey

q—d

The calibration procedure aims at finding the values of the free
parameters a, b, c and d for each individual pad, by fitting experimental
data on a reference fluorescence peak. The calibration curve has a
linear trend for high values of charge, while it is non-linear in the lower
region, where ¢ ~ d. More details on the process of calibration can be
found in [9]

4.1. Calibration procedure

The experimental setup is the same illustrated for the HV scan. The
titanium target is exploited again for fluorescence, and the counting
rate is recorded for a variation of the value of HV (and thus the gain)
applied to the GEM foils, while keeping constant the threshold value

and the magnitude of the electric fields between them. The energy
deposited by the incoming X-rays in the drift and conversion gap is
fixed, so the variation of gain influences linearly the deposited charge
on the pads, following
— coin. E -19

q(E) = Gain - W, -1.6-1077C 2
where W, is the average energy required to create an electron-ion pair
in the gas (about 28 eV for the chosen mixture), so that E/W; is the
number of primary electrons produced. The conversion factor from HV
to detector gain is taken from previously published data [18]. As briefly
mentioned above, the voltage-gain relationship is in principle different
for each GEM detector, and new proper curves should be calculated and
employed. However, gain measurements are harder to perform than HV
scans. Thus, on the basis of the hypothesis that the functional form of
the voltage-gain relationship is the same, an alternative approach is
to shift the focus on changing, for different detectors, the operational
conditions easier to control (i.e. the HV value). This choice will result
in different calibration curves, which should take already into account
the effect, allowing to use the same voltage-gain relationship in the
different detectors. The impact of this approximation will be studied in
the future, after a full characterization of the gain of the two detectors
is done.

Following the experimental procedure described above, the ToT
peak corresponding to full X-rays energy deposition will be shifted
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Fig. 11. Energy spectra of different fluorescence peaks for the two detectors (Al-GEM on the left and Cu-GEM on the right).

as a function of HV, as displayed in Fig. 9, since the number of
produced secondary electrons varies with the gain for the same number
of primaries. Knowing the theoretical energy value of the target K,
fluorescence peak, experimental data can be fitted using Eq. (1), finding
the required parameters for each pad. An example of fitted calibration
curve for the same pad on the two different detectors is shown by the
red lines in Fig. 10, clearly displaying the transition from the non-linear
behavior at low values of charge to the linear trend at the higher ones.
The error bars on the points represent the sigma parameter (which is

related to the standard deviation) of the fitted Gaussian peaks for the
titanium fluorescence in the ToT spectra.

4.2. Energy spectra of different targets

After the calibration procedure, the ToT values read from the de-
tectors can be converted to charge and energy signals, giving the
possibility to directly analyze energy spectra of the incoming radiation
for all the anode pads. Different fluorescence targets are thus used to
compare the overall response of the two detectors. A copper target (K,
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Fig. 12. Comparison of energy resolution between the two detectors.

= 8.05 keV) and a molybdenum target (K, = 17.4 keV) are used, in
order to analyze the full range of study for SXR radiation and to put
in evidence the differences between the two detectors. The spectra,
resulting from the counts collected over the whole GEM surfaces (from
the entirety of the pads), are shown in Fig. 11. All the energy peaks
have been fitted with a standard Gaussian shape, with mean value and
standard deviation reported in the legend. The y-axis label, relative
counts, refers to the fact that the number of events for each bin has
been divided for the total number of events in the spectrum, so that
the integral of the full spectrum gives one.

5. Comparison between Al-GEM and standard Cu-GEM detector

From the first two graphs (Figs. 11(a) and 11(b)) it can be seen that
the calibration procedure allows now to convert the ToT signal of the ti-
tanium peak to the right energy value (K, = 4.5 keV), within acceptable
statistical errors and without significant differences in the comparison
between the two detectors. The same can be said for Figs. 11(c) and
11(d), where the copper peak (K, = 8.05 keV) is shown. The last two
graphs (Figs. 11(e) and 11(f)), resulting from the molybdenum target
fluorescence (K, = 17.4 keV), are key to highlight the main difference
between the two detectors. The high energy of the X-rays coming from
the target allows to clearly discern two separate peaks in the pictures,
one corresponding to the molybdenum emission itself and another one,
which can be referred again to a copper fluorescence. This second peak
is generated from the presence of Cu components inside or outside the
detector (e.g. surrounding chamber and read-out electronics), and it
represents a source of background on the signal, to be kept as low as
possible for a clean readout of the incoming radiation.

The study of the detector response to the molybdenum emission,
thanks to the presence of these two separated peaks, can be useful for
different reasons. First of all, a calculation of the ratio of the positions of
the fitted Gaussian curves can be an additional indicator of the success
of the calibration, giving the possibility to check that the procedure
was effective over all the energy range of interest. This was done for
all the single pads of both detectors, and the result, in terms of average
value, is shown in Table 2, together with the comparison with the
true value, K, ;,/K,c,. Following this, the relative intensity of the
two peaks has been taken into account. Due to the differences in the
fitted peak positions and standard deviations, a common set of energy
values has been arbitrarily chosen for both the detectors, identifying the
copper peak in the energy range 6.0-10.0 keV, and the molybdenum
one in the range 13.5-21.5 keV. These values are not to be taken
as representative of a physical phenomenon, but rather as convenient
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boundaries to perform a comparison between the spectra. Figs. 11(c)
and 11(e) already act as indicators of the results: the copper peak
registered by the Al-GEM appears visually of almost half intensity with
respect to the one calculated from the Cu-GEM. The average of the
analytical results calculated separately for each pad of the detectors
are reported in Table 2. The comparison indicates thus clearly that the
X-ray emissions from the copper cladding of the Cu-GEM has a non-
negligible effect on the spectrum, as it is responsible of almost doubling
the intensity of the background noise seen by the Al-GEM detector in
the same conditions.

An additional aspect of comparison of the two detectors is presented
in Fig. 12 , where a plot of the energy resolution values (calculated as
ratio between FWHM and position of the fitted peaks) is displayed as
function of energy. As it can be seen, the resolution of the Cu-GEM
detector is better for all three comparison points. This fact could be of
importance in the choice of the detector to employ for a specific use,
with a trade-off between lower background signal and worse energy
resolution.

A last analysis was performed on both the detectors, to see what
is the result of applying a correction on the energy spectra seen,
depending on the variable efficiency that the detector presents over
the full range of interest. Seeing as the intensity of the radiation on
the detector is about uniform, the length of the drift zone is taken
as representative of the average thickness that the incoming particles
traverse (in the real case there are particles coming from different
angles and traveling longer or shorter than this in the gas, and other
not stopping at all). The correction is thus calculated on the basis of
the stopping power of the gaseous mixture employed for the detector,
following:

1 1

ef ficiency(E) ~ 1 — e—#(E)Ip
where p is the X-ray attenuation coefficient of the gaseous mixture
(which is a function of energy), and [, is the length of the drift zone.

The correction is applied simply by multiplication of the counts
detected for each value of energy and the results, for both the molybde-
num spectra studied above, is shown in Fig. 13. As clearly visible, the
correction is quite relevant, modifying the spectrum considerably and
the height of the molybdenum peak increases, making it predominant
with respect to the copper one (for the case of the AlI-GEM, the ratio
between the heights of the peaks goes from less than 1 to about 7).
Again, the difference between the detectors, in terms of integrated
counts of molybdenum and copper emissions, was calculated, with the
results reported in Table 2.

3)

correction(E) =

6. Conclusions

The new type of GEM detector employed in this work, with alu-
minum coating on the foils (Al-GEM), is shown to provide results
compatible with the ones given by the more traditional Cu-GEM design,
demonstrating also the validity of previously exploited methods (as the
calibration procedure) on the new different design. The comparison
between the two instruments, performed with reference to a molyb-
denum fluorescence energy spectrum, puts in evidence in particular
the unwanted amplification of the copper background in the Cu-GEM
response, arising from the interaction of the incoming X-rays directly
with the metallic cladding of the GEM foils. The same background, even
if still present, is greatly reduced in the Al-GEM spectrum. The new
detector prototype is thus a good candidate to be used in the detection
and analysis of SXR emission, particularly for plasma diagnostics. The
results of the application of the efficiency correction, at the end, show
also that it is possible to reconstruct a more realistic energy spectrum
of the incoming radiation, based solely on the data gathered by the
GEM detector and on the knowledge of the operational parameters of
the instrument. Future studies on this matter could aim at a validation
of the final results obtained, by comparison with a different detection
system, possibly one more accurate in terms of energy resolution.
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Fig. 13. Energy spectra of molybdenum fluorescence peaks, corrected for the detector efficiency (AI-GEM on the left and Cu-GEM on the right).

Table 2
Results of the comparison between detectors, based on the molybdenum emissions of Fig. 11.
Quantity Al-GEM Cu-GEM
Kot Ko cu 2.367 + 0.543 2.053 + 0.292 Expected value: 2.161
T/ To 0.674 + 0.125 1.007 + 0.147 Ratio: 0.669
(With efficiencyenergy correction) 0.075 + 0.013 0.129 + 0.021 Ratio: 0.581
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Abstract—The MITICA experiment, under construction at
Consorzio RFX (Padova, Italy), is the full-scale prototype for the
Neutral Beam Injector (NBI) of the ITER tokamak. One of the
critical aspects for the ion beam accelerator is high voltage
holding over long vacuum gaps (up to 1 MV from the ion source
to the enclosing vessel), with the main issue being the occurrence
of discharge events, which could severely damage the machine.
To study this phenomenology, with the aim of prevention of
discharges, the High Voltage Padova Test Facility (HVPTF)
experiment is in operation. The setup of HVPTF consists in a
cylindrical vacuum vessel, with stable pressure control, in which
two replaceable electrodes are mounted with an adjustable gap
width. The electrodes are powered by independent power
supplies, allowing for a total voltage difference up to 800kV.
Current and voltage of the power supplies, as well as the
pressure and the gas composition inside the chamber are
monitored at a sampling rate of 100 Hz. Additionally, the
bremsstrahlung X-ray emission produced by the accelerated
electrons during discharges is monitored by means of
scintillators at higher rates (up to 1 MHz). Data from past
experimental campaigns have been analyzed and correlations
between the current/voltage signals and the X-ray emission have
been highlighted. Recently, a new detector, based on the Gas
Electron Multiplier (GEM) and optimized for X-ray detection,
has been installed at HVPTF. The detector acts as a very fast
single photon counting system (with rates up to about 125 MHz),
allowing for real-time measurement of the X-ray emission rate,
which could be used as basis for the development of a feedback
control system for the prevention of discharges. The aim of this
work is to illustrate the development of a new data analysis
software, tailored on the data read by the GEM detector,
displaying some of the first results obtained from the recent
experimental campaigns. Future perspectives will also be
drawn, for the next steps to take towards the realization of the
breakdown prevention system.

Keywords—ITER, MITICA, HVPTF, X-Ray Detection, Gas
Electron Multiplier
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I. INTRODUCTION

The MITICA (Megavolt ITER Injector and Concept
Advancement) experiment, currently under construction at
Consorzio RFX in Padova (Italy) [1], represents the full-scale
prototype of the Neutral Beam Injector (NBI) system for the
ITER tokamak, i.e. an external heating apparatus able to
provide power to the plasma through injection of a neutral
beam with an energy of 1 MeV, and energy transfer through
collisions. This is achieved through the extraction,
acceleration, and neutralization of a beam of negative ions [2],
using a multi-aperture, multi-grid system in vacuum. One of
the major challenges for the MITICA experiment is to
maintain the required high voltage differences over long
vacuum gaps between the acceleration grids, with the main
issue in this context being the occurrence of "discharge
events", i.e., spikes in current flowing between electrodes
(combined with drops of the applied voltage difference).
These occurrences are commonly distinguished in
"microdischarges", events characterized by fast timescales
and small values of current, and "breakdowns", disruptive
events longer in time and with higher currents, which could
damage the instruments. Microdischarges are potentially
precursors of breakdown events, thus the study of these
shorter phenomena can be of great interest in the efforts for
the prevention of breakdowns and the mitigation of their
damage. In this framework, the High Voltage Padova Test
Facility (HVPTF) experiment has been developed, for the
analysis of the phenomenology of in-vacuum discharges
between electrodes up to voltage differences of 800 kV [3] [4].
Discharges are characterized by a flow of electrons stripped
from the cathode and accelerated towards the anode, incurring
in collisions and emitting bremsstrahlung X-rays. The analysis
of the HVPTF experiment is thus performed with a focus on
this kind of emission.
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II. THE HVPTF EXPERIMENT III. THE XR-GEM DETECTOR

The experimental setup of HVPTF consists of a cylindrical The Gas Electron Multiplier (GEM) [9] is one of the most
vacuum vessel of AISI 304 stainless steel, with a diameter of ~ widely employed kinds of Micro-Pattern Gaseous Detectors.
1200 mm and 2400 mm length. Through the use of suitable It is a gas proportional counter, exploiting ionization of a
vacuum pumps, the internal pressure of the chamber can be ~ noble gas, and acceleration and multiplication of the extracted
stably controlled in the range 102-107 mbar. Two stainless- electrons with high-intensity electric fields. GEM-based
steel electrodes are installed inside the vessel, separated by an ~ detection systems have been employed for detection of both
adjustable gap which can be regulated from a few mm up to  neutrons (with the usage of converter materials) [10] [11][12]
250 mm. The electrodes are replaceable, so that different and X-rays [13][14]. The XR-GEM, tailored for the detection
geometries can be tested (e.g., sphere, plane, needle). Two of Soft X-Rays (especially in the range 2-20 keV) can achieve
independent Cockroft-Walton power supplies feed the good spatial and temporal resolutions, maintaining excellent
electrodes, allowing for a voltage difference up to 800 kVp, rate capabilities and relatively low cost, and being intrinsically
with the vessel walls kept at ground. Current and voltage insensitive to incoming gamma and neutron radiations. Details
outputs of the power supplies, together with the pressure about the detector characterization can be found in [15].
inside the chamber, are sampled at a frequency of 100 Hz. A o
picture of the experimental setup, comprising also additional A. Gas Electron Multiplier
instruments, is shown in Fig. 1. Fig. 3 displays the schematic of a triple-GEM detector.
The incoming radiation interacts in the drift region, ionizing
the gas and producing primary particles (electron-hole pairs).
The multiplication of the signal carriers (i.e., the electrons) is

X-ray emissions can be read by two scintillators, installed
behind glass windows, at a distance of about 2 m from the

electrodes: an enhanced Lanthanum Bromide (LaBr3) [5] an obtained in the transfer regions by passage through multiple
a LYSO crystal [6], both manufactured by Saint-Gobain.  gpsequent GEM foils. Each foil is a sheet of plastic insulator
Previous studies have already demonstrated the presence of (Kapton) 50 pm thick, metal-coated on both sides by a thin (5
correlatioqs between analog signals (cu.rre.nt gnd voltage) and um) layer of aluminum, and chemically etched to obtain a
X-ray emissions [7] [8], but some limitations have been  hioh_density pattern of bi-conical micro-holes (140 um apart).
discovered, with pile-up issues occurring in case of discharge Applying a voltage difference of few hundred Volts between
events at high voltages, where the emission intensity increases  the metal faces generates a high electric field inside the holes,
drastically. Re(.:eqtly, a new detector, bgsed on the Gas allowing for acceleration and multiplication of the passing
Electron  Multiplier technology and tailored on X-ray  ¢jectrons. The multi-step cascade arrangement of 3 GEM foils
detection (XR-GEM), has been installed at HVPTF (shown in allows for high gains without too high potential differences on

Fig. 2). The instrument is placed on a movable tray, so thatits  e;ch electrode, reducing the risks of damage to the instrument.
distance from the electrodes can be adjusted, with a direct line Finally, the electrons are carried in the induction region

of sight to the center of the chamber through the beryllium .40 o padded anode, composed by 256 individual 6x6
window of a pinhole collimator. The detector is equipped with | . pads. A module called HVGEM [16] allows for

a digital acquisition setup, so that it can be used as a very fast i qependent setting of the voltage difference on each foil (Va1,
single photon counting system, so that even in the case of v/ 'y, 3).

discharges with the higher values of voltage, pile-up effects
are not a relevant issue. B. Readout system

The readout system of the GEM detector exploits a
combination of GEMINI (GEM Integrated Interface) ASICs
and FPGA (Field Programmable Gate Array) boards. The
former is a fully integrated analog front-end electronic system,
developed in 0.18 um CMOS technology for GEM systems
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Fig. 3. Schematics of a triple GEM detector.
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30
Authorized licensed use limited to: CNR Area Ricerca Milano 1. Downloaded on October 29,2025 at 15:14:40 UTC from IEEE Xplore. Restrictions apply.



30™ International Symposium on Discharges and Electrical Insulation in Vacuum

[17]. In each channel, as shown in Fig. 4, the feedback
capacitance (Cr) of a low-noise charge-sensitive preamplifier
(CSP) collects the signal incoming from the anode of the
detector (igem). The output voltage (Vpre) is compared with a
fixed threshold (Vi) by means of a small built-in hysteresis
comparator. The threshold represents the minimum detectable
signal for a given voltage (and thus gain) of the detector foils.
The final output, Vpis, is converted into Low Voltage
Differential Signal standard and contains information about
the Time of Arrival (ToA) and the "Time-over-Threshold"
(ToT) of each event. The latter, as shown in Fig. 5, is the
length of time where the signal stays over Vi, and it is
proportional to the charge deposited by the primary radiation.

Data coming from the ASICs are sent to a series of
custom-made FPGA boards. Their firmware is composed by a
series of Time to Digital Converters (TDC), sampling the
input at a frequency of 2 GHz. Each signal received by the
boards is registered and packed in a 64-bit word containing the
ToA, the ToT and the channel ID of the event, to be then
routed to the DAQ PC by means of optical fiber. The
theoretical bandwidth of the latter, of about 10 Gbit/s, limits
in the end the maximum detectable rate on the detector to
about 125 MHz. [18].

C. Data analysis software

To analyze the data coming from the GEM detector, a new
software is under development. The code is mainly written in
Python, it is provided with a graphical user interface (GUI),
and it exploits C++ routines for pre-processing functionalities.
It focuses on various different aspects of data visualization,
e.g. the temporal evolution, 2D imaging, and energy spectra
of the incoming X-rays. The GUI allows to interact with the
graphs, displaying additional information, or giving the
possibility to perform quick analyses, e.g. event filtering, rate
calculations, spectra endpoints and integrals or curve fitting.
One functionality in particular used for the analyses on the
HVPTF experiment is “heatmap filtering”. It allows, the user
to display an heatmap representing, for each pad, the
percentage of events (out of the total events registered) falling
in a user-defined energy window. This helps highlighting the
presence of spatially localized signals of defined energy
ranges, as for example the characteristic X-ray emissions of
particular materials. In addition to the data analysis software,
a spatial reconstruction algorithm is being developed, in order
to exploit the spatial resolution of the detector to obtain,
starting from the intensity of radiation detected, the
reconstruction of X-ray emissivity of the source.

IV. ANALYSES AND DISCUSSION

Data coming from a few experimental sessions of HVPTF
have already been studied with the newly developed software.
One of the most important innovations that the use of a GEM-
based detector offers is the possibility of spatial localization
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Fig. 5. Principle of operation of a single GEMINI channel

of the radiation, and thus 2D imaging. The range of view of
the detector, when placed in front of a collimator, is bi-conical,
as portrayed in Fig. 6. This configuration allows also to obtain
different levels of magnification (zoom) of the incoming
image, just by varying the distance between detector and
collimator. This effect was made evident in the analysis of an
experimental session performed for tests on an insulator,
during which the detector distance was changed between
every run. The result is shown in Fig. 7, for three different
values of distance. The magnification is enhanced when the
detector is moved away from the collimator, making possible
to discern more details of the same picture. This advantage,
however, comes intrinsically with the drawback of a
worsening of the statistics: moving the detector farther lowers
the count rate obtained in the same conditions.

Further analyses were conducted on a series of
experimental sessions with needle-plane electrodes. Being a
commonly studied case, this can be the starting point for
various considerations about the characterization of the
discharge phenomenology. Unfortunately, during these
experimental sessions, a component of the readout electronics
of the detector was damaged. Thus, all the heatmaps have a
quarter of the detector with no counts at all. As it can be seen
from Fig. 8, the localization of the radiation registered by the
GEM detector seems to suggest that the main source of X-ray
emission of the chamber is concentrated in proximity of the
electrodes, particularly the plane. Preliminary results of the
emissivity spatial reconstruction code mentioned above seem
to confirm this observation.

In Fig. 9, an heatmap with the filtering functionality
described in the previous section allows to identify the
presence of an emission in the energy range around 7.5 keV,
localized only in the direct neighborhood of the electrodes,
while the surrounding regions, and in particular the volume
behind the needle electrode (corresponding to the supporting
structure) is void of the emission itself. The result is confirmed
by looking at the spectra produced for pads from different
regions of the detector, as displayed in Fig. 10, where each
spectrum is shown besides the heatmap with the rectangle
selector placed on the corresponding pads. This emission
could be caused by the fluorescence of sputtered material
coming from the electrodes. Future studies on the matter,
combined with more developed and accurate spatial
reconstruction processes, will be aimed at confirming or
denying this theory.

GEM Detector

' s
Fig. 6. Sketch of the view range of the GEM detector, with
magnification effect.

Object

8,

25 mm

100 mm

Fig. 7. Result of the magnification effect on a series of GEM
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Fig. 8. 2D image of needle-plane emission obtained with GEM.
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Fig. 9. 2D heatmap with filtering in range 6.5-8.5 keV.
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Fig. 10. Comparison of spectra from the plane electrode and
chamber.

V. FUTURE PERSPECTIVES AND CONCLUSION

The use of the GEM-based detector for the analysis of X-
ray emissions can be appealing for the case of study of
HVPTF. The possibility of 2D imaging, combined with the
algorithm of spatial reconstruction and the good energy
resolution of the detector, can give new insights on the physics
of the discharges. The excellent rate capabilities of the GEM
can also be exploited as the basis for the future
implementation of a feedback control system, for prevention
and mitigation of the discharges. Future perspectives for the
use of the XR-GEM diagnostics feature the analyses of data
coming from the next experimental campaigns, in parallel
with further development of the data analysis software. The
development and installation of an additional GEM detector,
on a line of view orthogonal with respect to the current one
has been proposed, aiming at the possibility of a full 3D
reconstruction of the X-ray emissivity within the vacuum
chamber.
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1 Introduction

Imaging techniques have become widespread and much useful in various fields of study, allowing
for non-destructive investigation of different samples, especially in material science [1] and cultural
heritage [2, 3] studies. In this context, both X-rays and neutrons are employed, giving complementary
information about the observed objects. The research for faster and more accurate radiation detectors,
together with the development of new and better data analysis software and reconstruction techniques
are needed for the betterment of imaging studies. In this framework, detectors based on the Gas
Electron Multiplier (GEM) principle can be employed, both for X-rays and neutrons (exploiting
suitable converters). This kind of detectors features great temporal resolution, high-rate capabilities
and radiation hardness, combined with good spatial and energy resolution altogether. In the following,
the description of the system and its working principle will first be presented, to then describe the
characterization, as well as preliminary results of X ray imaging on different samples. Perspectives
for the upgrade of the system for neutron detection will be presented as well.

2 STRIP-GEM detector

The gaseous detector developed in this work is based on the interaction of incoming X-rays with a
mixture of Ar-CO2 (70-30%) in the active volume, with ionization and production of electrons. Gas
Electron Multiplier (GEM) foils are sheets of kapton, 50 pm thick, metal-coated on both sides (5 pm
layer of Copper), with a high-density pattern of biconical holes etched inside. [4] A microscope image
of the hole patterns is shown on the left in figure 1. The application of a voltage difference between
the two metal sides of the foil produces concentrated dipole electric fields in the holes, accelerating
and multiplying the electrons in their passage. The use of multiple GEM foils in a cascade setup
allow for high gains without too high voltage differences on the single foil. A scheme of the detector
structure can be seen on the right in figure 1.

The signal is formed at the charge collection anode, featuring two perpendicular sets of 256 strips,
with a pitch of 400 pm and separated by polymer ridges of 50 pm. The different width of the X and Y
strips is optimized to obtain equal charge sharing on the two axes for each event. A scheme of the strip
structure is shown in figure 2. The active area of the detector is approximately 10x10 cm?.
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Figure 1. On the left, microscope image of the GEM foil hole pattern. On the right, schematics of the
Triple-GEM detector.

Figure 2. Schematics of the XY-strip structure of the anode.

The readout electronics is a fully digital chain composed of a combination of custom-made
GEMINI ASICs [5] and FPGA boards, registering time of arrival, channel and time-over-threshold
(ToT) for each event. The detector is a very fast and accurate single photon counter. Upon calibration,
the information about ToT of each event can be translated in charge (and energy) of the incoming X-rays.

The application of a suitable converter, either deposited on the GEM foils [6] or in the active
volume gas mixture [7], would allow for the detection of neutrons through the products of their
conversion, with the same detector concept. The same system presented in this work will be modified
to be employed for neutron imaging, following the same concept illustrated in [6].

3 Detector characterization

The optimal value for the detector parameters, namely the cumulative voltage difference across the
foils (HV) and the threshold for each channel, have been found by analysis of the detector response
in terms of counting rates. The HV parameter has been optimized to obtain full charge deposition
of the incoming events (see [8] for details on the procedure), and the thresholds have been adjusted
on the basis of the suppression of noise in the experimental environment. Charge calibration has
been performed observing a single photo-emission peak (Ti fluorescence was used, with an energy of
4.5keV), based on the variation of ToT values depending on the HV value applied, as described in [9].

Reconstruction of the single events is done through center-of-gravity method, with separate
analyses of X and Y strips followed by event merging. This procedure imposes an operational limit
on the high-rate capabilities of the detector, due to the production of artefacts in the image caused
by the algorithm. Operation at high-rates has been studied with the use of stainless-steel masks.
The detector was irradiated by X-rays, with covers on the window having different numbers of holes
drilled at various locations. As an example, figure 3 shows the comparison of the image obtained



at an average count rate on the detector of 6.81 - 10° Hz (on the left), where the two diagonal holes
in the mask can be clearly seen with no other features in the 2D map, with respect to another image
taken with the same mask at an average rate of 4.29 - 10° Hz (on the right). The software algorithm
is not fully capable of reconstructing all events in the right places, and some X and Y events are
wrongly matched, leading to the appearance of two additional holes in the opposite angles of the real
ones. Additional dedicated studies will be focused on the algorithm to understand if it is possible
to correct for these artefacts in some way.
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1.20e+04 1.20e+04
1.00e+04 1.00e+04
8.00e+03 T 8.00e+03
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2.00e+03 2.00e+03
0.00e+00 0.00e+00

Figure 3. Example of production of artefacts in the reconstruction algorithm, with comparison of images taken
at different rates (6.81 - 103 Hz on the left, 4.29 - 10° Hz on the right).
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4 Bone imaging

In order to demonstrate the capabilities of the new detector developed in this work, X-ray transmission
imaging was performed on bone mock-ups. The experimental setup of the measurement can be
seen in figure 4. The specimens were put in between the detector and the X-ray source. The X-ray
tube was operated at a voltage of 10kV and with a current of 5 pA. Irradiation lasted less than
10 seconds for each sample.

Figure 4. Experimental setup of the bone transmission measurements.



Different bone-like structures were observed. Figure 5 shows the resulting images, obtained by
plotting directly the data coming from the detector, with a simple normalization to the empty beam
image (i.e. the count rate obtained without samples in between the X-ray gun and the detector). The
color scales of the images were adjusted to obtain a visually pleasing results and were not result of
contrast optimization or other post-processing operation.

Figure 5. On the left, picture of the observed bone mock-ups. On the right, corresponding images captured
with the detector.

The images show qualitatively the good spatial resolution that can be achieved with the use of the
XY-strip anode structure, being able to distinguish structures smaller than a millimeter. It is to be
noted that the measurement was only a preliminary observation: the parameters of the setup, namely
voltage and current of the X-ray gun, as well as distance and position of the sample and the detector,
can be subject to optimization to lead to better results. Additional dedicated studies will be also
performed to quantify more accurately the spatial resolution obtainable.



5

Conclusions and perspectives

In this work, the development of a new GEM-based detector with a XY-strip anode pattern was

presented. The properties of this kind of detector offer good perspectives for the analysis of different

samples through X-ray and neutron imaging techniques. The characterization of the detector was

presented, and a first demonstration of its capabilities was shown.

Future perspectives include the possibility of advanced studies on high-rate measurements and

optimized imaging experiments. In addition, the upgrade of the system with the addition of a suitable

converter, to be used for neutron imaging, is under way.
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Federico Caruggi. The high voltage Padova test facility (HVPTF) is an experiment set in Padova, Italy,
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operating in the framework of the Neutral Beam Test Facility project of the International
Thermonuclear Experimental Reactor (ITER). One of the purposes of HVPTF is to
study the phenomenology of discharge events occurring between electrodes at high
Funding information voltage dlfferegces over long vacuum gaps, Wthh‘ is crucial in tbe d?velopment of the
BEUROfusion, Grant/Award Number: 101052200 neutral beam injector foreseen for ITER. The facility hosts a cylindrical vacuum vessel
with stable pressure control, where two electrodes of different possible geometries can be
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mounted. Two independent power supplies allow for total voltage differences up to
800 kVpc with adjustable gap widths up to 250 mm. Among the diagnostics, a gas
electron multiplier (GEM) detector is installed for acquisition of x-ray emission on a radial
line of sight of the vessel. This paper presents a study of the experimental sessions
featuring stainless-steel needle-plane electrodes. The analysis is based on the GEM data,
in relation to the information on current and voltage of the two power supplies. The
events are characterised in terms of both temporal and spatial evolution, providing
sequential emission profiles with spatial resolution of tens of millimetres on timescales of
the order of hundreds of nanoseconds.

1 | INTRODUCTION energy production through magnetically confined nuclear
fusion reactions with a Q-value of 10. Among the external
In the framework of the research for nuclear fusion power heating systems needed by the plasma, the use of neutral beam

production, the International Thermonuclear Experimental injectors (NBI) is foreseen. The device is designed to perform
Reactor (ITER) is under construction in Cadarache, France. acceleration of a negative ion beam with a current of 40 A up
The aim for this device is to demonstrate the feasibility of  to energies of 1 MeV, followed by its neutralisation and direct
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injection in the plasma, where energy can be transferred
through collisions. ITER requires two NBIs, each one to
deliver 16.7 MW power for up to 3600 s [1].

In the context of the Neutral Beam Test Facility, the pro-
gramme responsible for the research and development of the
NBI, the megavolt ITER injector concept advancement
(MITICA) experiment is under commissioning in Padova, Italy
[2]. It consists of a full-scale prototype of the NBI, featuring the
use of five accelerating grids in vacuum (each gap with 200 kV
voltage difference) to obtain the high beam energies required. A
representation of the device is displayed in Figure 1.

One of the major challenges in its operation is thus high
voltage holding capabilities over long vacuum gaps. The main
issue in this context is the occurrence of electrical discharges,
phenomena observable as spikes of current concurrent with
voltage drops that can prevent the system correct operation. In
this work, discharges are classified either as micro-discharges,
which are those from which the system can recover autono-
mously, or breakdowns, more violent occurrences where the
system fully switches off, and manual intervention is needed to
restore operation. Events of the latter kind can cause serious
damage to the equipment as well. The study of micro-
discharges and breakdown precursors can be of help in the
design of a control system for breakdown prevention and safe
operation of the MITICA accelerator.

In order to gain a better understanding of the phenome-
nology of discharges, the high voltage Padova test facility
(HVPTF) experiment has been set up in support of MITICA
operations [3]. It consists of a large vacuum vessel (about
2.4 m’) in which two electrodes are mounted. Electrodes of
various shapes can be used to study different configurations,
and their distance can be varied up to 250 mm. Two inde-
pendent power supplies provide voltage differences up to
800 kVp¢ with the possibility to use single or double polarity.
Current and voltage of both power supplies are monitored
with a sampling frequency of 100 Hz together with the pres-
sure inside the chamber (measured by different instruments
located in multiple positions around the wall of the vacuum
vessel). Additional diagnostics feature a residual gas analyser
for the composition of the gas mixture going out of the
chamber and multiple cameras for various light spectrum re-
gions and with various sampling rates. During operation, the
vessel is also characterised by emission of x-rays, mainly pro-
duced by Bremsstrahlung radiation of the electrons extracted
and accelerated in the discharges. These are monitored as well,
with the combined use of inorganic scintillators and, since
2022, gas electron multiplier (GEM)-based detectors. A picture
of the rear of the HVPTF vessel with the scintillators is shown
in Figure 2. Correlations between the dynamics of the power
supply currents and the x-rays have been observed in the past
already [4, 5]. Because of the higher speed of the signal, a more
detailed analysis of the emitted radiation can be of help in the
search for breakdown precursors, and real-time analysis of the
emission profiles can possibly aid in the design of a feedback-
loop control system for the experiment with the aim of
granting safe operative conditions in the context of the
MITICA experiment and the ITER NBI as well.

MITICA (vertical section)

Accelerating
grids

FIGURE 1 View of a 3D rendering of the ITER NBI and section of
MITICA. ITER NBI, International Thermonuclear Experimental Reactor
neutral beam injector and MITICA, megavolt ITER injector concept
advancement.

FIGURE 2 Picture of the high voltage Padova test facility vacuum
vessel and setup.

2 | GEM DETECTORS

A GEM foil [0] is a thin sheet of kapton (50 pm thick), with
both sides covered by a layer of metal coating (commonly
Cu, 5 pm thick but Al can be the choice as well [7]), in which
a series of micro-holes is etched with a high density pattern.
The application of a voltage difference between the two
metal faces produces high dipole fields in the holes. This
property can be exploited for electron multiplication and
signal amplification.

A GEM detector is a gaseous detector in which the signal is
generated by the gas ionisation in the drift region of the active
volume caused by the incoming radiation (x-rays in this case).
The extracted electrons are accelerated towards the foils by the
electric field and are multiplied as they traverse the holes.
Multiple foils in cascade are commonly employed in order to
achieve high gain levels without having to apply too high
voltage differences across a single foil. The signal is collected
by a pixelated anode at the end, providing information about
the spatial distribution of the incoming radiation. A schematic
representation of the detector is shown in Figure 3, referencing
three GEM foils which delimit four volumetric regions, and
the different values of voltage imposed on each channel of the
HV module. The detector employed in this work consists of a
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FIGURE 3 Schematic representation of a triple GEM detector. GEM,
gas electron multiplier.

stack of three foils metal-coated with Cu. It contains a mixture
of Ar-CO; 70%—-30% and the collection anode is composed by
256 pads, 6 X 6 mm” each with a total active area of 100 cm”.

The detector is coupled with a digital readout chain made
by the combination of custom-made application-specific inte-
grated circuits (ASICs) named GEM integrated interface
(GEMINI) [8] and field programmable gate arrays, able to
record, for each event, the timestamp, the incidence position
on the anode (each pixel, or pad, correspond to one channel)
and some information about energy through the use of the
time-over-threshold measurement (more details can be found
in Muraro et al. and Cancelli et al. [9, 10]). The detector can be
thus used for fast and accurate single photon counting. The
system features both great temporal resolution (< 1 ms) and
good spatial resolution (in the order of few mms), together
with a decent energy resolution (20% at 6 keV).

GEM-based detectors are especially useful for charged
particle tracking and x-ray detection, for various applications
[11, 12], but with the use of suitable converters they can also be
adapted for fast or thermal neutron detection [13-15].

It must be mentioned that unfortunately one of the ASICs
connected to the detector was damaged during the experi-
mental runs, thus the images of the spatial distribution of the
radiation reported in the following sections have always one-
quarter (the top left one) void of counts.

2.1 | Data clusterisation

In common practice, the analysis of data collected from a
pixelated anode, as the one used in the GEM detector, foresees
a process called clusterisation. The passage of a single photon
in the active volume produces generally more than one elec-
tron, so that multiple channels collect charge for the same
event. The clusterisation process consists in the aggregation of
the signals of the single pads, depending on timestamps and
position, to reduce them to a single event corresponding to the
photon with its total deposited charge. A first analysis of the
data collected in this work, however, showed signs that the
detector reached counting saturation during the discharges, so
that it got paralysed (meaning that it lost some events) or, more

probably, it reached the conditions of pile-up on the events
(meaning that multiple events are recorded as a single one).
Because of this, the analyses presented in the following were
performed without clusterisation of the data, meaning that for
each time a pixel collected charge, a separate event was
recorded. The intensity of the x-ray signal in the time traces of
this text will thus be represented as arbitrary units instead of
number of incoming x-rays. The pile-up issue can additionally
cause overflow of the time-over-threshold measurements, so
that the information cannot be converted accurately to charge
and energy values. For this reason, in the following analyses,
the radiation spectra were not taken into account.

3 | DATA COLLECTION AND ANALYSIS

During the experimental sessions considered, the detector was
installed on a radial line of sight of the HVPTF vacuum vessel,
behind a Beryllium window which allows passage of the x-rays.
The flange has a support for a Pb collimator to be mounted in
order to reduce the incoming flux of particles on the detector
but for the data collected for this work the full flange width
was used (13 mm diameter). A schematic of the configuration
is displayed in Figure 4, and a picture of the setup in Figure 5.
Moveable components (represented in the scheme by the
double dashed grey arrows) of the GEM support allowed for a
variation of the range of view, depending on the distance be-
tween the detector and the collimator (the further away the
detector is placed, the more restricted is the view range and the
more magnified the objects are seen).

A stainless steel needle, 29 mm long, was used as cathode,
whereas the anode was a plane of 108 mm diameter, also made
of stainless steel. The distance between the electrodes was fixed
at 36 mm. A picture of the electrodes mounted inside the
chamber is shown in Figure 6. During the experimental ses-
sions examined, single polarity was used, which means that the
cathode was brought at negative voltages and the anode was
kept at ground.

The experimental procedure consisted in the application of
successive voltage steps in order to achieve what is called
electrode conditioning, which refers to the development of the
capabilities of the electrodes themselves to sustain high voltage
differences without breakdowns (a more detailed description
of the process can be found in Pilan et al. [16]). In this
instance, the GEM detector was able to observe the emission
of Bremsstrahlung x-ray radiation produced by the electrons
extracted during the discharges and impinging on solid ob-
stacles, giving information about the dynamics of the phe-
nomena. A needle was chosen as cathode in order to have
more favourable conditions for electron extraction (because of
the strongly divergent electric field), hence the occurrence of
micro-discharges, mainly with the aim of obtaining large
datasets in relatively short time for extensive analyses. Exam-
ples of additional results obtained for the same experimental
sessions, not mentioned in this work, were presented in Car-
uggi et al. [17]. All the studies described here were performed
with the use of a custom data analysis software developed by
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FIGURE 4 Schematic representation of the GEM detector setup on
HVPTE. GEM, gas electron multiplier and HVPTFE, high voltage Padova
test facility.

FIGURE 5 Picture of the gas electron multiplier detector installation.

the authors, tailored for the display of GEM detector data and
for the comparison with the analogue signals of HVPTE.

3.1 | Time traces

The first analysis was performed on the temporal evolution of
the x-ray emission collected by the detector with reference to

Plane (anode)

FIGURE 6 Picture of the electrodes inside the high voltage Padova
test facility vessel.

the current and voltage signals coming from the analogue
readout of the power supplies. A first view of a full condi-
tioning ramp is displayed in Figure 7a, displaying current,
pressure, voltage and x-ray signals. As can be seen, at the
beginning of the steps the x-ray emission is absent, and it starts
to be detected after reaching a high enough value of voltage on
the negative electrode, approximately 120 kV. Following that, a
continuous background of counts is recorded by the detector,
interspersed with signal spikes, occurring in correspondence of
spikes in the current signal and drops of voltage. These are the
micro-discharges mentioned above, superimposed, for what
concerns the x-ray signal, to the continuous dark current
emission developing between the electrodes (i.e. the Fowler—
Nordheim emission current), a phenomenon analogous to
what is described in Spada et al. [18].

A more detailed view is shown in Figure 7b which better
highlights the strong correlation between the analogue and x-
ray signals, in the sense that, for each current peak and
voltage drop, there is a corresponding structure on the x-ray
emission profile (a fact that can be seen here more clearly
with respect to the full-ramp picture). As previously
mentioned, these correlations were already observed in the
past (see e.g. [4, 5]) and they can be justified considering that
the majority of the x-rays observed come from Bremsstrahlung
radiation of the electrons involved in the discharges.

In the final section of the ramp, the voltage value is kept
constant to try and reach stability in the system (ideally the aim
is a situation where micro-discharges are absent), and after the
last voltage step the breakdown happens, meaning that the
voltage drops too much for the system to recover, and the
system itself shuts down. From the figures, we can also see
that the system experiences an increase of pressure at the end
of the conditioning ramp, where the micro-discharges are
more frequent. This is possibly caused by gas desorption from
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FIGURE 7 Time evolution of analogue and x-ray signals during the experimental session studied. (a) View of the signals during the full 700 s ramp.

(b) Zoom of the graph in (a) from 2205 to 2250 s.

the electrode surfaces caused by the discharges them-
selves [19].

Details on an even smaller timescale are shown in Figure 8,
with plots showing current and voltage signals from the
analogue system and x-ray signal from the GEM detector,
during a single micro-discharge (over a 0.14 s time window).

Firstly, we can see that the micro-discharge, appearing in
Figure 7 as a single point spike, has more structure underneath:
the current signal shows two rising features, one right after
another. Here, it is assumed that the first one corresponds to
the micro-discharge spike itself, whereas the other is intrinsi-
cally produced by the system, needing to feed current to in-
crease the voltage after its drop. It can be also seen that the
analogue system alone is not enough to perform a detailed
analysis of the phenomena, because of the limited full scale of
the current measurement which caps at 1 mA and the sampling
frequency which is quite low (100 Hz). Additionally, the fact
that the current is measured at the power supplies implies that
the signal is not really representative of what happens between
the electrodes, because of the presence of additional elements
in the interposed electrical circuit with their own contributions.
Because of these issues, it becomes unfeasible to derive
meaningful data about the dynamics of the micro-discharge
from the analogue measurement alone. Analysis of the x-ray
signal plot instead, with a denser binning, shows more fea-
tures about the emission. The continuous background already
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FIGURE 8 Time evolution of x-ray signal in a single micro-discharge
with a 0.14 s window.

mentioned before is still present, but we can see that its in-
tensity is much lower in relation to the signal spike during the
micro-discharge. The latter appears again as a single short
spike, after which the emission switches off until the voltage is
brought back up to nominal value. The capability of the GEM

detector to measure the spatial distribution of the incoming

radiation can be also firstly exploited, as shown in Figure 9, to
see that the continuous background (the picture shows the
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cumulative events of a 10 s window) comes from a region
where we expect to monitor radiation coming directly from the
plane anode (a reference schematic is superimposed to show
the expected positions of the electrodes in the view range of
the GEM detector).

We can exploit the great temporal resolution capabilities
of the GEM detector to have much lower sampling times
and again look at the dynamics underneath what appears, on
larger timescales, as a single spike. Figure 10a shows a plot
of the evolution in time of x-ray radiation detected for a
single micro-discharge with a sampling time of 100 ns, and
new details appear. The plot shows firstly a peak with small
intensity, bifurcated, which lasts for about 1 ps. This is
followed by some silence (absence of counts of the detec-
tor), with a duration of approximately 2 ps, and then the
real spike of high intensity. Here the limit of the detector
can be seen, since the peak is not a single point but a
capped rising feature. The maximum reached is about 400
units, corresponding to 4 Geps for the digital acquisition
chain. After the spike, we can see from the plot a lower
intensity plateau, lasting for about 15 ps, followed by again
absence of counts. This is the silence caused by the drop in
system voltage and has a duration of about 20 ms, orders of
magnitude longer with respect to the micro-discharge itself,
as seen from the previous plot of Figure 8.

This observed dynamics is heavily consistent across all the
micro-discharges analysed, so that the counts per bin can be
summed up to have more statistics on the data taken into
account. The resulting graph of the cumulative counts in time
for a full conditioning ramp is shown in Figure 10b, and it can
be seen that all the features just observed are still recognisable
with a smoother plotted curve. The consistency was found also
across the various conditioning ramps taken into account for
this study, even if only a single set of data is presented here in
detail for the sake of simplicity. Multiple consecutive

Reference x-ray signal heatmap

X-rays (a.u.)
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0.00x10°

FIGURE 9 Heatmap of the x-ray detected for dark current signal
(with a 10 s sampling window), with schematic representation of the
expected placement of the electrodes.

conditioning ramps, among which the detector distance was
changed, still showed the same dynamics in the time evolution
of the signal, with the only difference being in the spatial
distribution of the radiation (as mentioned before, with the
view range and level of magnification depending on the po-
sition of the detector on the supports).

3.2 | Space-time analyses

Following the first analysis, the capabilities of the GEM de-
tector were exploited to perform a combined study of the
distribution of events in both space and time, looking at the
time dynamics of the signal collected by each channel and
grouping together pads with the same evolution. Again, the
counts from all the micro-discharges of a conditioning ramp
are summed to achieve better statistics. The analysis shows the
presence of three of these groups, the characteristic dynamics
of which are illustrated in the following, Figure 11a displays the
reference time trace with the three regions highlighted in
different colours, and Figure 11b shows the reference image of
the dark current counts to identify the position of the pads in
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FIGURE 10 Time evolution of x-ray signal in the micro-discharges,
with reference to an arbitrary £, chosen as start of the discharge itself.

(a) Single micro-discharge view. (b) Cumulative signal across all micro-
discharges.
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the GEM view range, with the same colour code for the
groups as the former (the yellow pad group is made of all the
pads that have no coloured border).

The pixels that have a line of sight towards the chamber
walls (surrounding the space where the electrodes are placed)
show signal only during the first 5 us approximately, contrib-
uting only to the first bifurcated peak and the full spike
(Figure 12a). The pixels looking at the plane electrode instead,
which are the ones detecting the continuous background of
counts (dark current signal) during the whole run, exhibit no
signal during the spikes, and they have counts only after the
5 us mark. The appatent plateau of the previous subsection is
shown instead as a gradual descent (Figure 12b), pertaining
only to some pads that have a line of view of the space
immediately around the plane. Two final increments of counts
can be seen on the time trace of the pixels looking directly at
the centre of the plane electrode (Figure 12c).

The consistency of the time dynamics across all the micro-
discharges mentioned before also allows to have enough sta-
tistics to produce the images of the single frames corre-
sponding to the cumulative time dynamics plot. The reference
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FIGURE 11 Space-time analysis of the micro-discharges.

(a) Reference time evolution of all micro-discharges. (b) Heatmap of
incoming radiation, with the groups distinguishable by colours.

time trace is shown once again in Figure 13, with regions
highlighted similatly to the previous analysis. In this case, there
are four distinct colours as the first bifurcated spike shows
a different dynamics with respect to the high peak.
Figures 14-17 show the sequences of frames for the different
regions of the time trace, calculated for the time values

(a) Pad group 1
20000 il
15000

=
<
E 10000
.20
72]
“ 5000

0

0 5 10 15 20
t— t() (}lS)

(b) Pad group 2

400

=300
3
&b

%200
§4
e

100

0

0 5 10 15 20
t— t() (11%)
(©) Pad group 3
500
400
<

;300
5
w2

§ 200
P

100

0

0 5 10 15 20
t—to (ps)

FIGURE 12 Time evolution of x-ray signal for the three pad groups
for the cumulative micro-discharges. (a) Chamber pads. (b) Around-plane
pads. (c) Centre-plane pads.
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indicated by the dashed lines in the main picture, and with
borders of the corresponding colour. In particular, Figure 14,
corresponding to the bifurcated spike, shows that the emission
of x-rays, initially located around the anode, diverges outward
to the edges of the detector view range. This phenomenon can
be interpreted as the fact that the electrons which emit
Bremsstrahlung radiation are deviated from their path towards
the anode to go towards the chamber walls and surroundings.

Cumulative sum of MDs - 100 ns sampling
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FIGURE 13 Reference time evolution of all micro-discharges with the
four groups distinguishable by colours, and reference to Figures 14-17.
Dashed lines with arrows correspond to the temporal marks of the frames
selected for the heatmaps.
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This is observed twice, in correspondence to the two bi-
furcations of the spike. Figure 15, taken from frames in the
high peak, shows contribution to the signal from all the pixels
except for those looking at the plane electrode. During the
descent, as mentioned before and as shown in Figure 16, only
the pads with lines of sight around the plane have counts, as if
the electrons were hitting a different larger surface around it.
After the 15 us mark, as presented in Figure 17, the radiation is
back on the pixels receiving signals from the central part of
the plane, as is the case of the dark current signal, just before
the micro-discharge is over with the event counts dropping
to zeto.

3.3 | Considerations

The dynamics of the micro-discharges that were observed and
presented above can suggest a combination of the effects, for
example, of virtual anode and plasma sheath. The dynamics of
the electron trajectories can be inferred from the Brems-
strahlung x-ray emission profiles as previously mentioned.
From the GEM-collected data we can thus deduce that, at the
beginning of the micro-discharges, electrons that normally are
going towards the anode are deviated on their path towards the
chamber walls. This, as previously mentioned, can be the effect
of a local modification of the voltage around the plane elec-
trode (see Figure 14). It is worth pointing out that, as already
stated, the experimental session was performed in single
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FIGURE 14 Evolution of the spatial distribution of the detected radiation during the bifurcated peak of the micro-discharge. (a) Frame taken at 0.8 ps.

(b) Frame taken at 0.9 ps. (c) Frame taken at 1 ps.
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FIGURE 15 Evolution of the spatial distribution of the detected radiation during the high spike of the micro-discharge. (a) Frame taken at 3.8 us. (b) Frame

taken at 3.9 ps.

85US01 SUOWIWIOD aA 181D 8|qeotjdde ay) Aq pausenob ae sl O ‘8sn Jo S9N 10} ArIq1T 8UIUO AS]IAR UO (SUONIPUOD-PUR-SLLBIW0D A8 1M AJelq 1 puljuo//:Stny) SUORIPUOD pue WS 1 8L 89S *[520z/0T/8z2] Uo AkeiqiTauliuo (1M ‘oue(IN JuD AQ Z#00L ZoAY /60T OT/I0p/Loo" A8 1M Alelq i jBulUO"yoIeesa 19 1//:Sdny W) papeo|umod ‘v ‘GZ0Z ‘v9z.L6€2



CARUGGI ET AL.

1051

X-Rays (a.u.)

(a)

Cumulative sum of MDs - ¢, 4 5.6 jis

(b) X-Rays (a.1.)

Cumulative sum of MDs - ¢, + 7.1 jis

100

FIGURE 16 Evolution of the spatial disttibution of the detected radiation during the descent of the micro-discharge. (a) Frame taken at 5.6 us. (b) Frame

taken at 7.1 ps.
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FIGURE 17 Evolution of the spatial distribution of the detected radiation during the final bumps of the micro-discharge. (a) Frame taken at 15 ps.

(b) Frame taken at 15.8 ps.

polarity, so that the anode was kept at ground, the same po-
tential level of the surrounding structures in the chambers
(walls and electrode supports). This could imply that the
variation of local electric field around the plane electrode
needed to achieve the deviation effect is not very high. Sec-
ondly, we observed from the data that, during the actual spike
of emission of the micro-discharge, no x-ray emission is
arriving at the GEM detector from the planar anode (as seen in
Figure 15). This could indicate the presence, in this time frame,
of a plasma layer around the plane electrode itself, which
prevents electrons from impinging directly on the plane and
stops the Bremsstrahlung radiation going out of the chamber.

4 | CONCLUSIONS AND FUTURE
PERSPECTIVES

In this work the analyses performed on the x-ray data collected
with the GEM detector installed at HVPTF in 2022 were
presented. The needle-plane electrode configuration was
observed in order to have large statistics on the micro-
discharge occurrence. The study was related to successive
high voltage ramps corresponding to conditioning procedures
for the electrodes.

The analysis of the temporal evolution of the incoming
radiation was useful to identify the microscale dynamics of the
emission, becoming visible below the ps sampling time, and

common features were made recognisable across all the micro-
discharges considered. Additionally, the capabilities of the
GEM detector were exploited for a combined space-time
analysis, in which the evolution of the spatial distribution of
the emission was observed and the contributions of the
different channels of the detector commented.

In the context of future analyses concerning HVPTE, a
simulation code is under development, based on the calculation
of the voltage profiles in the vacuum chamber (with different
electrode configurations) and the transport of electrons in said
profiles. This could help in an attempt of reproduction of the
observed dynamics, in order to understand the conditions that
lead to the occurrence of the various phenomena observed and
develop a theory to justify them. Additionally, new experimental
sessions have been set up at the facility, in order to study different
electrode configurations as well (sphere-plane, for example), and
a new GEM detector is under development to take the place of
the previous one. The new concept has an anode with smaller
pads in the middle of the active area (3 X 3 mm?), in order to
avoid detector saturation and to be able to analyse the micro-
discharge spikes in finer detail.
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