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palavras-chave

resumo

Deriva de electroes, gases nobres, electroluminescéncia, detectores gasosos
baseados em micro-estruturas, experiéncia NEXT.

Uma descrigao detalhada do processo de electroluminescéncia é um pré-
requisito na optimizag@o de detectores gasosos para sistemas de imagiologia,
astrofisica, fisica de altas energias e experiéncias de eventos raros.

Neste trabalho, é apresentada e caracterizada uma nova e versétil plataforma
de simulagao da emissao de luz durante a deriva de electrées em gases
nobres, desenvolvida usando os programas Magboltz e Garfield. Propriedades
intrinsecas da electroluminescéncia em gases nobres sédo calculadas e
apresentadas em fungao do campo eléctrico aplicado, nomeadamente
eficiéncias, rendimento e flutuagdes estatisticas associadas. Sao obtidos
resultados em grande concordancia com dados experimentais e simulagdes
Monte Carlo anteriores.

A plataforma é usada para determinar as condigdes éptimas de funcionamento
de detectores como o NEXT (Neutrino Experiment with a Xenon TPC) e outros
baseados nas micro-estruturas GEM (Gas Electron Multiplier) e MHSP (Micro-
Hole & Strip Plate).
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abstract

Electron drift, noble gases, electroluminescence, micro-pattern gaseous
detectors, NEXT experiment.

A good understanding of electroluminescence is a prerequisite when optimizing
gaseous detectors for imaging systems, astrophysics, high energy physics and
rare event experiments.

In this work, a new versatile simulation toolkit for calculating the emission of
light through electron impact on noble gases, developed using the Magboltz
and Garfield programs, is presented and characterized. Intrinsic
electroluminescence properties of noble gases, such as efficiencies, yield and
associated statistical fluctuations are calculated and presented as a function of
the electric field. Excellent agreement with experiment and with early Monte
Carlo simulations is obtained.

The toolkit is used to determine optimal operation conditions of detectors such
as NEXT (Neutrino Experiment with a Xenon TPC) and those based in the
GEM (Gas Electron Multiplier) and MHSP (Micro-Hole & Strip Plate) micro-
structures.
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Electroluminescence (EL) is an important process of signal amplification in particle
gaseous detectors working with scintillating gases such as noble gases and/or CH,
and CF,4. The process allows high gains that are very competitive when compared to
those achieved when charge avalanche signals are used. In addition, the fluctuations
associated with the production of secondary light (EL) are much lower than those
associated with avalanches thus allowing to achieve very good energy resolutions. Using
appropriate light readout systems it is also possible to integrate tracking capabilities
in EL based detectors. The use of EL enables the operation of detectors without risk
of sparks since the involved electric fields are much lower than those needed to produce
avalanches and the amount of secondary charges, if produced, is very small. This makes

EL based particle detectors very robust and stable.

Those properties of EL make it attractive for experiments with low event rates
and/or high background levels, where the highest possible gain in the detector, together
with outstanding energy resolution and tracking capability, are needed. Nowadays two
main fields of Physics research have promoted such experiments: direct Dark Matter

and neutrino-less double beta decay searches.

Weakly Interacting Massive Particles (WIMPs) are leading theoretical Dark Mat-
ter candidates. They are extremely massive and interact very weakly with normal
matter. There is a great interest on the direct detection of those particles and on the
measurement of the WIMP-nucleon collision cross section. With this aim, noble gas
dual-phase liquid/gas Time Projection Chambers (TPCs) have been or are being devel-
oped. XENONT100 [1] is a 100 Kg xenon detector currently operating in the Gran Sasso
Underground Laboratory, Italy. Also in this laboratory, the WIMP Argon Programme
(WARP), with argon at 87 K, is being operated [2, 3]. The Large Underground Xenon
(LUX) [4] is a xenon detector and water shield that will be installed at Sanford Deep
Underground Laboratory at the Homestake Mine, South Dakota. WIMPs are expected
to interact with the nuclei in the dense liquid phase producing both primary scintil-
lation and ionization. The electrons produced at this stage are driven to the gaseous
phase where electroluminescence amplification happens due to a suitable electric field.
In this way two light signals are obtained and the ratio between them is a unique
signature of each elementary particle, which allows separating the WIMP signal from

background.

During the last decade, different experiments have shown that neutrinos mix and
have mass [5]. This property can be explained both by the Majorana or the Dirac
nature of the neutrino. If the neutrino is a Majorana particle it is its own antiparticle
and the neutrino-less double beta decay (83%), a Standard Model forbidden process,

is possible in some istopes, including 1*Xe [6]. Besides giving an experimental proof of
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the Majorana nature of neutrinos, the measurement of the half-time of the 35" decay
would allow the determination of the absolute scale of neutrino masses, a demanding
and essential task in the understanding of these particles. Based in '*%Xe, there are
two main experiments being developed for the detection of this decay. The Enriched
Xenon Observatory (EXO) [7] is a detector using 200 Kg of liquid enriched Xe, currently
being installed at the Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico,
USA. The Neutrino Experiment with a Xenon TPC (NEXT) [8, 9, 10] is a 100 kg,
high-pressure gaseous xenon Time Projection Chamber, approved for operation in the
Canfranc Underground Laboratory (LSC), Spain. The two high energetic electrons
emitted in the 88% decay produce both primary scintillation and primary charge in
the xenon volume. In EXO the primary scintillation is detected with Large Area
Avalanche Photo-Diodes (LAAPDs) and the primary charge is amplified and collected
by crossed-wire grids. In the case of NEXT the primary charge is amplified through
the EL process and thus, both the primary scintillation and the ionization produce,
ultimately, light signals to be detected with Photomultipliers (PMTs).

The high complexity and high cost of these detectors make it impossible to perform
experimental R&D in the final prototypes. Thus, the understanding of the microscopic
process of secondary light emission, EL, and the assessment of its different properties
through detailed Monte Carlo tracking of electrons in gases, namely the yield and the
corresponding fluctuations, is of great importance towards the design and construction
of such detectors. With these parameters in hand, it is possible to predict the light
gain and the energy resolution that are achievable with a particular detector geometry

and its optimal conditions of operation.

Garfield is a widely used program for the detailed simulation of the drift of electrons
in gas based detectors. It allows simulating nearly arbitrary field geometries thanks to
its interfaces to finite element and boundary element methods programs. Among its
various drift techniques, the Monte Carlo “microscopic technique” tracks the electrons
at the molecular level using procedures and cross-sections available in Magboltz. The
latest was developed to calculate the drift parameters of electrons in nearly arbitrary
gas mixtures under the influence of electric and magnetic fields. It integrates an up-to-
date database of electron-atom and electron-molecule cross sections for about 60 gases,
obtained through detailed and careful compilation of data available in the literature.
As an example, beyond cross sections for elastic collisions and ionizations, the program
parametrizes the excited energy levels of argon and xenon as functions of 44 and 50
energy groups, respectively. Garfield and Magboltz are therefore extensively used and
recognized by the international scientific community that develops gaseous detectors for

High Energy Physics and other areas of research. Recently, an open-source and freely



CONTENTS 11

available new simulation toolkit, implemented in C++ and based in these two state-of-
art programs, was created. It provides a versatile and comprehensive parametrization

of the microscopic physics processes involved in gaseous detectors.

The work presented in this document was developed during the design and imple-
mentation of this simulation toolkit, in close collaboration with their authors. Dis-
cussion, suggestions and benchmarking contributed for the actual form and available
tools. Namely, work needed to provide the toolkit with capabilities for simulating the
EL produced in gases, particularly neon, argon, krypton and xenon, was done. In the
present thesis this toolkit is described and used. Simulations of the intrinsic proper-
ties of EL and detector performances, predicted by applying the method to particular
geometries, namely to Micro-pattern Gaseous Detectors (MPGDs) and to NEXT, are

presented.

This thesis is divided in 8 chapters. Along the document, are presented illustrations
and plots which were created specially for this work, unless otherwise indicated in their
caption. This includes illustrative example simulations, performed with Garfield 9,

which help on the understanding of the studied microscopic processes.

Chapter 1 is intended to give some background in the physical processes involved
in the studies done along the work. In a first stage, a summary of the most important
interactions with matter of X- and y—rays and fast electrons (the particles with interest
in the applications considered in this work) are presented. After, the two types of signal
amplification used in gaseous detectors (charge avalanches and EL) are also presented
and characterized. An historical overview of the main devices using these two types
of signal amplification is made. Since EL amplification is the topic of interest of this

document, the most recent experimental measurements of its properties are presented.

In Chapter 2 the process of EL in pure noble gases, namely neon, argon, krypton and
xenon, is reviewed. Since EL is the consequence of the de-excitation of atoms excited
through electron impact, the atomic energy structure of such noble gases is shown and
the decay channels of their excited states are analyzed. Infra-Red emission is addressed
to atomic transitions between states in different excited shell configurations and VUV
emission is addressed to excimers formed through three-body collisions of the excited

atoms with the ground state atoms.

Chapter 3 describes the simulation toolkit developed and used in this work. The
programs in which it is based, Garfield and Magboltz, are reviewed and their capa-
bilities are shown. The model applied to the information about the excited atoms,
produced during the drift of electrons under the effect of electric fields, is presented.
With this model it is possible to predict the different EL properties, both in the Vis-IR

and in the VUV regions, for a given detector setup.
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In Chapter 4 the intrinsic properties of EL in pure neon, argon, krypton and xenon
are assessed using the simulation toolkit. Electrons drifting in uniform electric fields
are considered. This geometry, by its simplicity, allows a powerful understanding of the
microscopic processes involved in EL. Properties related to the electron drift process
itself, as collision rates and kinetic energy distribution as functions of the field, are
presented. Regarding VUV EL, electroluminescence efficiency and yield are calculated,
and the toolkit is validated by comparing the obtained results with earlier Monte Carlo
simulations and measurements available in literature for argon and xenon. For the
first time, the statistical intrinsic fluctuations associated with VUV EL are calculated,
confirming that they are smaller than those related with primary and secondary charge
production. The Vis-IR EL yield is estimated for argon and xenon by considering two
initial possible approaches. Recent measured data, available in literature for argon,
is compared and found to be between the considered approaches. This agreement
states an initial starting point for the accurate simulation of Vis-IR light emitted after
electron impact in noble gases.

Chapter 5 shows the results obtained by applying the simulation toolkit to the con-
ditions of a cylindrical Gas Scintillation Proportional Counter, in order to extrapolate
and evaluate the behavior of a plane of wires as an EL amplification device. This wire
plane can overcome mechanical constraints in the construction of wide uniform electric
field gaps needed at high pressures and allow the operation at lower voltages.

Also the EL produced during the avalanche developing in Micro-pattern Gaseous
Detectors (MPGDs), when measured by Large Area Avalanche Photodiodes, can be a
good option for signal amplification in certain applications, since it is possible to reach
high gains by using low voltages. Thus, the EL response of MPGDs, namely the Gas
Electron Multiplier and the Micro-Hole & Strip Plate, is estimated through simulations
and compared with measurements in Chapter 6.

In Chapter 7 the simulation toolkit is used to estimate the signal response of the
NEXT-EL detector and to determine the best voltages to be used. The light gain and
the energy resolution which can be achieved, as a function of the applied electric field
and for different photodetection efficiency scenarios, are presented.

In the conclusions, Chapter 8, the main results achieved in this work are described
and some possible applications of the toolkit are presented. Future work, to be done

in the sequence of this thesis, is also discussed.
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Gaseous detectors are widely used in High Energy Physics, as well as in X-ray spec-
trometry and imaging systems. In general, a gaseous detector consists of a container
filled with an active gas. Usually, pure noble gases or mixtures based on them are
used. A schematic representation of the general gaseous detector concept is presented
in Figure 1.1. An ionizing particle traversing the gas interacts with its atoms/molecules
through a process that depends on the nature of the particle and on its energy (see
Section 1.1 for further details). Whatever kind of particle or its energy, the final result

is the production of excited and ionized molecules and/or atoms of the gas.

\ P

--------

| amplification stage
| readout

I

Figure 1.1: Schematic representation of a gaseous detector. A muon, e.g., traversing
the detector volume and the negative charges created along its track are
also represented.

Excited atoms can decay through the emission of light, usually in the range between
Vacuum Ultraviolet (VUV) and Visible-Infrared (Vis-IR), producing what is called the
primary scintillation. Although in many applications this light is not used, it can be
detected with appropriate readouts and used for trigger or start-of-event signals. In
noble gases, the de-excitation of excited atoms to the ground state happens through
the intermediate formation of excimers, as explained in Chapter 2.

Each ionization produces an ion pair that consists in one ion and one free electron.
In this way, the passage of the incoming particle leaves behind a trace or a cloud of
primary charge carriers, depending on the nature of the particle. Due to their low
mobility when compared with electrons, the ions produce very slow signals that are
not suitable for most of the applications. Therefore, the detectors are usually developed

in view of the drift of electrons and thus this document will focus the analysis on them.
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If the number of primary electrons, generated by the energy deposition of the in-
coming particle, is high enough so that their signal is above the electronic noise, they
can be directly collected without further amplification. This can be done by applying
an electric field — the drift field — so low that electrons can collide only elastically
with the gas atoms but high enough so that they don’t recombine with the ions. This
concept is explained in Section 1.2, where the example of the ionization chamber is
presented.

In most of the applications, the number of primary electrons is low and can not be
distinguished by the electronics or leads to poor Signal-to-Noise Ratio (SNR) signals.
In this case, the primary charge signal needs to be amplified and thus the primary
electrons are driven, under the effect of a drift field, to a region where higher fields are
applied.

If the electric field is kept above the so-called excitation threshold of the gas and
below the tonization threshold, the electrons are accelerated between collisions and
gain enough energy to excite but not to ionize the gas atoms. The excited atoms,
produced along the drift path of electrons, decay emitting secondary light called elec-
troluminescence (EL). In this way, each primary electron can produce several photons
and a measurable light signal is produced in suitable readout systems as explained in
Section 1.3.2, where some examples of detectors based on EL are presented.

If the amplification field is higher than the ionization threshold, between collisions,
the primary electrons gain enough energy to ionize new atoms of the gas, producing
additional ion pairs and thus secondary electrons. Furthermore these secondary elec-
trons can gain energy from the field and ionize more atoms. In this way, a charge
avalanche is produced, ending up with a number of charge carriers orders of magnitude
higher than the number of primary electrons. This amplification type is explained in
Section 1.3.1 where some detectors are presented as examples. In this avalanche mode,
electroluminescence is also produced since the electric field is higher than the excitation
threshold.

1.1 Interaction of particles with matter

The purpose of gaseous detectors is to detect, identify, track and characterize particles.
In order to design them, it is of major importance to understand in detail how the
particles to be detected interact in the active volume, the gas. This Section has not
the aim of covering all kinds of interactions undergone by all elementary particles.
Instead it is intended to give the reader enough information about the main processes

involved in the detectors and applications analyzed in this work. Considering X-ray
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and / or Gamma-ray spectrometry and neutrinoless double beta decay studies the
important particles to be studied are X- and Gamma-photons (for simplicity both are

called in the following as y-rays) and high-energy electrons.

1.1.1 Gamma-rays

When a mono-energetic beam with a given number of ~-rays, Iy, passes through a gas
volume with a thickness ¢, the number of transmitted photons, I, follows an exponential
dependence with ¢ [11]:

I = [Oef“t (11)

The linear attenuation coefficient, u, is the probability per unit path length that a
~v-ray is removed from the beam and includes the contributions of the three physical
processes by which this can happen: photoelectric absorption, Compton scattering and
pair production. This parameter, divided by the density of the medium, p, is the mass

attenuation coefficient (fu,, = p/p) which is shown in Figure 1.2 for e. g. xenon.

I I
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Figure 1.2: Total mass attenuation coefficient of xenon for v-rays as a function of their
energy. Partial coefficients of separated processes are also presented. The
data was taken from [12].

For energies up to few hundreds of keV, involved in the applications mentioned in
this work, the main process of interaction of v-rays with the gas is the photoelectric ab-
sorption. In this process, the y-ray ejects one electron from one shell of the atom, with

higher probability for the most tightly bound K- and L-shells. The removed photoelec-
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tron has an kinetic energy, E.-, given by the difference between the incoming photon

energy, hr, and the binding energy of the shell where the photoelectron originated, Ej:

E, =hv—E, (1.2)

The photoelectric mass attenuation coefficient (presented in Figure 1.2) is propor-
tional to £ [11], where E is the photon energy, but attenuation peaks are observed
for energies corresponding to the binding energies of K- and L-shells. For energies
slightly below each edge, only electrons in less bound shells can be removed from the
atom. But, for energies slightly above, the electrons of the following shell can now be
removed and therefore the probability of attenuation increases abruptly.

After the ejection of the photoelectron, the vacancy in a shell of the positive ion
is quickly filled with one electron from an outer shell. This transition is accompanied
by the emission of a fluorescent X-ray, with energy equal to the difference between the
two shells, or by non-radiate processes as the emission of an Auger or Coster-Kronig
electrons. In the latter case, the emitted electron has an energy equal to the difference
between the electronic transition and the ionization energy of the shell from where the
electron was emitted. If a fluorescent X-ray is produced it can be absorbed elsewhere
in the gas producing additional photoelectrons.

The photoelectron ejected in the first step of the photoelectric absorption, the Auger
or Coster-Kronig electrons, and the photoelectrons resulting from the absorption of
fluorescent X-rays undergo several collisions in the gas. They have enough energy to
ionize atoms ejecting further electrons which, in turn, have energy to produce extra
ionizations. This process takes place until all electrons are thermalized and produces
the primary electron cloud, i.e, the set of primary electrons that are the result of
the energy deposition, in the form of ionizations, of the incoming ~v-ray. During the
formation of the primary cloud also excited atoms are formed, which decay by emission
of photons in the range between VUV and Vis-IR, giving rise to the so-called primary
scintillation.

As previously mentioned, the main physical process of interaction of y-rays with
matter, for the energies considered in this work is the photoelectric absorption. How-
ever it is worth to briefly describe the other two possible processes. Compton scattering
is dominant for energies between 0.3 and 6 MeV and consists in the transfer of partial
energy from the incident photon to an electron of the outer layers of the atom — the re-
coil electron. The photon can be deflected in any direction and therefore the Compton
spectrum is a broad continuum.

For energies above twice the rest mass of the electron (1.02 MeV) it is possible to

produce one electron-positron pair. This process is called pair production and results
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from the interaction of the y-ray with the Coulomb field of an atom’s nucleus. The
photon disappears and the excess energy above 1.02 MeV is transferred as kinetic
energy to the electron and to the positron. The latter undergoes collisions with the
medium until being thermalized and annihilated, producing two ~-photons of 511 keV

each, in opposite directions.

1.1.2 Fast electrons

High-energy electrons follow a tortuous path when depositing energy in a material.
Since their mass is equal to that of the orbital electrons of the atoms, a large fraction
of their energy can be lost in each collision.

In addition to the Coulomb interactions (excitations and ionizations), fast electrons
can lose their energy also by bremsstrahlung. Through this process electromagnetic
radiation is emitted when the electron is inelastically deflected in the electrostatic field
of the nucleous or of the orbital electrons. The bremsstrahlung yield increases with the

electron energy being dominant for energies above few MeV.
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Figure 1.3: Total stopping power of xenon as a function of the electron energy. Sep-
arated contributions of the collisional and radiative losses are also shown.
Values are normalized to the density of the gas. Data was taken from ref-
erence [13], where collision stopping powers are calculated from the theory
of Bethe [14, 15] and radiative stopping powers are evaluated using theo-
retical bremsstrahlung cross sections described by Seltzer and Berger [16].
In the plot, it is also represented, with a gray vertical line, the energy of
each of the two electrons emitted in the *%Xe 83% decay: 1.229 MeV.

The linear stopping power, also called specific energy loss, is defined as the differ-
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ential energy lost in an infinitesimal path length of the particle track:

dE
S(E)=—— 1.3
(B)=—— (1.3)
In Figure 1.3 it is shown the total stopping power of electrons in xenon as a function

of the electron energy. It is the sum of the collisional and radiative contributions, also

plotted:
dE dE dE
== _— 1.4
dx (daz)c+<dx)r (14)

The two electrons emitted in the neutrinoless double beta (83%) decay of the 13¢Xe
isotope (a detailed description of this process is presented in Chapter 7) are examples
of fast electrons, with an initial energy of 1.229 MeV each (represented in Figure 1.3
as a gray vertical line). As each electron drifts in the gas with decreasing energy, the
stopping power increases and a peak of energy deposition is formed at the end of its
trajectory — the Bragg peak. This phenomenon leads to a specific topological signature

of the 3% decay, similar to a “spaghetti with two meat balls”, as shown in Figure 1.4.
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Figure 1.4: The topological signature of the 33% decay in 3Xe: a “spaghetti with
two meat balls”. The track of each electron ends in a blob, corresponding
to the Bragg peak. Figure retrieved from [10].

1.1.3 W-value and the Fano factor

Whatever the particle and the physical process by which it interacts on a gaseous
detector, the practical and final result is the excitation and/or ionization of gas atoms.

The de-excitation of atoms is made through emission of light that can be used as
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trigger or start-of-event signal. The free electrons produced in the ionizations are the
basic constituent of the electric signal developed by the detector, regardless of the
amplification type.

The energy necessary to remove one electron from the less bounded shell is 21.56,
15.76, 14.00 and 12.13 eV for gaseous neon, argon, krypton and xenon, respectively [17].
However, the average energy required to produce an ion pair — the W-value — is sub-
stantially higher since other mechanisms, such as excitations, are possible: 36.6, 26.4,
24.1 and 21.9 eV for each of the gases [18, 19]. The average number of primary electrons

produced by an incident particle, N, will be proportional to its energy, E:

N.= — (1.5)

Similarly, it is possible to define the mean energy, deposited by the incident particle,
that is necessary to produce an excited atom and consequentially an EL photon, Ws.
Values for gaseous xenon have been reported between 72+6 and 111+16 eV [20, 21, 22].

The number of primary electrons, N, produced by an incident particle is not al-
ways the same, having statistical fluctuations associated with it. If each ionization
could be considered independent of the others, a Poisson process would describe these
fluctuations and the variance would be 02, . = N.. However, it was experimentally
verified that the processes that give rise to the creation of charge carriers are not inde-
pendent, and the value of the observed variance is lower than that given by the Poisson
distribution. For this reason it was introduced, in 1947 by U. Fano [23], the so-called
Fano factor that is the ratio between the observed variance, o2, and the predicted by

the Poisson statistics model:

(1.6)

The literature of work measuring experimentally the Fano factor is extensive, re-
porting values between 0.19 and 0.23 for pure gaseous argon, between 0.17 and 0.23
for krypton and between 0.13 and 0.17 for xenon [24, 25, 26, 27, 28, 29, 30, 31, 32].

1.2 Detecting particles without amplification

The direct collection of the charge produced by an incident particle, with no additional
amplification of its signal is the simplest method of detecting radiation. This process
is used in ionization chambers, which are the simplest gas-filled detectors. Since the
signal of these devices is due to the drift of the charge carriers in the gas under the

effect of low electric fields, until they are collected by the electrodes, it is important to
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understand the properties associated with the drift of ions and electrons.

The ions are heavy particles and thus, between collisions, are only slightly accel-
erated. Also due to their high mass, in each collision they lose a substantial fraction
of its energy. Therefore, ions drift in gases following the field lines with only minor
thermal fluctuations. Electrons are much lighter and thus can be highly accelerated
between collisions. In addition, they lose only a small fraction of its energy since the
ratio between their mass and the mass of the atom is very low. Therefore, their direc-
tion of motion is often changed and their path is a sinuous line with just a tendency
to follow the field lines. This tendency usually increases with the increase of the field
intensity.

The drift velocity of electrons is typically 1,000 times higher than that for ions,
which makes the signals from electrons much faster. This is the reason why, in most of
the applications, only the signal component of the electrons is used. For high radiation
rates, the extremely low drift velocity of ions can even generate space charge effects
distorting the electric field.

1.2.1 Diffusion, recombination and attachment

As mentioned previously, the propagation direction of electrons can be abruptly changed
in each collision. Although, on average, they follow the direction of the electric field
— the longitudinal direction — they diffuse transversely. A point-like primary electron
cloud, drifting under the effect of a uniform electric field, spreads into a Gaussian spa-
tial distribution (as illustrated in Figure 1.5) whose standard deviation projected into

an arbitrary transverse axis, o, will increase with time, t:

ox = V2Dt, (1.7)

where D is the transverse diffusion coefficient.

Collisions between electrons and positive ions may result in recombination. In
this process the electron is captured by the ion, forming a neutral atom or molecule
and, therefore, does not contribute anymore to the signal collected in the detector.
The frequency of the collisions leading to recombination is proportional to both the
concentrations of electrons, n~, and ions, n". The recombination rate can be written
using the recombination coefficient, ayec:

+

+ —
dn” _dn_ _ —Qecn M (1.8)

. dt
There are two types of recombination: columnar recombination and volume recom-

bination. In the first case the primary electrons are captured by positive ions still in the
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Figure 1.5: (a) Simulated 2D projection of the sinuous trajectories of 10 primary elec-
trons starting at (x,y,z) = (0,0,0). A nearly uniform electric field of 500
Vem ™! along the y-axis is considered. The filling-gas is xenon at 293 K and
1 bar. (b) Spatial distribution projected into the z-axis, after 1 cm of drift
at the same conditions as (a), of 1,000 primary electrons. The simulations
were performed using Garfield 9.

region where the incoming particle deposited its energy. This type of recombination
can be suppressed by applying a suitable and low electric field (usually with an inten-
sity of a few hundred Vem™! for fast electrons and photons) which cause the ions and
electrons to drift away from their formation point, in opposite directions. The volume
recombination happens between electrons and ions of independent incoming particle
hits since, specially for high rates, several tracks can be formed during the time that

ions take to drift all the way towards the electrodes.

If the gas consists of a mixture containing an electronegative substance or if it
contains impurities, there is the probability, in some collisions, of attachment of the
drifting primary electron with a neutral atom or molecule. The resulting negative ion
has similar properties as the ones created during the ionization process but drifts in
the opposite direction due to its negative charge. Attachment, as recombination, also
leads to the loss of the electron’s contribution to the overall signal. When using noble
gases, if their purity is carefully kept at high levels, attachment is unlikely and can be

neglected.
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1.2.2 Ionization Chamber

Ionization chambers are the simplest gaseous detectors since they directly collect the
primary charge produced by incident particles, without additional amplification of its
signal. They are often used as radiation dose measurement devices since they are able to
measure irradiation rates. Figure 1.6 illustrates their operating principle. An electric
field, below the excitation threshold of the gas, is created by applying an external
voltage V' inside a gas volume. FEach incident particle creates a track of ion pairs.
The motion of both electrons and ions, under the effect of the electric field, generates
an electrical current which can be measured by an ammeter. If this volume is under
steady-state irradiation and if the electric field is such that recombination is negligible,

the electrical current is proportional to the radiation rate.
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Figure 1.6: Operating principle of an ionization chamber. The yellow line represents
schematically the trajectory of an hypothetical incident particle which cre-
ates ion pairs along its track. Red lines represent the trajectories of the
ions that follow the field lines (a uniform field is considered in this scheme)
and orange lines are the paths of the electrons, drifting sinuously in the
opposite direction.

1.3 Detecting particles using amplification

When the number of primary charges produced by each incident particle is not suffi-
cient to allow the generation of appropriate signals through its direct collection, signal
amplification is needed. In the case of gaseous detectors, there are two different types
of such process which are explained in the following sections: Townsend avalanches

(charge amplification) and electroluminescence (light amplification).

1.3.1 Charge amplification

Under the effect of an electric field, the electrons are easily accelerated because of their
reduced mass. If the applied electric field is sufficiently high, between collisions with

gas atoms, the electrons can acquire energy above the ionization potential of the gas -
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the field is thus above the ionization threshold. In this case, some of the collisions lead
to ionizations of the gas producing additional negative charges - secondary electrons.
These electrons, in turn, can also produce new ionizations as they are also under the
influence of the same field. It is thus created a cascade charge multiplication, known
as Townsend avalanche.

The fractional increase in the number of electrons, n, per unit path length, z, is
described by the Townsend equation:

d;n = adxz, (1.9)
where « is the first Townsend coefficient of the gas. This parameter is dependent on
the strength of the electric field, being zero for values bellow the ionization threshold
and usually increasing with the field above this value. From Equation (1.9) it results
that, if the field is constant « is also constant, and the average number of electrons
in the avalanche per primary electron — the gas multiplication factor or gain, M —

increases exponentially with the distance:

= M = . (1.10)

If the intensity of the electric field is not constant, the gain is obtained through

integration along the avalanche average path, I':

In M = /a(l)dl. (1.11)

Each primary electron undergoes a process of multiplication ending up with a final
number of charges, A, that fluctuates from avalanche to avalanche. The fluctuations
are introduced by deviations of the electron trajectories relatively to the average path
and by the the fact that the energy acquired from the electric field is shared also with

excitations. The relative variance of A is given by:

f= (‘%‘)2, (1.12)

The gain is the average multiplication factor from all the avalanches:

M = iZAZ:Z. (1.13)

The relative variance in the detector pulse amplitude, @, is due to the fluctuations
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in the creation of primary electrons, as explained in Section 1.1.3, and to variations in

the gain:

(%) () <G

Since each avalanche is independent of the others we can apply the error propagation

obtaining:

oy = =03 (1.15)

and re-write Equation 1.14 as:

00\ _(o:\*, 1 (04" (00) _F+/f
<@) ‘(m) *NG(Z) © (@) . (1.16)

The parameter f describes the single-electron multiplication fluctuations and, under
common operating conditions, is usually much larger than F' (typical values between 0.2
and 0.6), being the critical parameter in the energy resolution optimization of detectors
based in charge amplification. Geometries with higher gradients of the electric field,
as Micro Pattern Gaseous Detectors, present lower avalanche fluctuations than others,

as Proportional Counters [33].

1.3.1.1 Proportional Counter

The Proportional Counter (PC) is a type of gaseous detector introduced in the late
1940s and is used in low-energy X-ray spectroscopy and neutron detection [34].
Usually, its typical geometry consists of a grounded tube (cathode) with a thin wire
(anode) passing at its axis, where a positive electrical potential, V| is applied. If a and
b are the wire and tube radii, respectively, the electric field at a radial distance from

the axis, r, is given by:

vV
rln (g)

The previous dependency of the electric field intensity with the radial distance is

IE()| = (1.17)

schematically plotted in Figure 1.7a). An incoming particle interacts in the detector
creating a set of primary electrons, whose number is proportional to the energy of the
particle. These electrons drift towards the anode, in the drift region, under the effect
of an increasing electric field lower than the ionization threshold of the gas. When a
primary electron reaches the region where the field is higher than this threshold — the

multiplication region —, the avalanche multiplication begins (see Figure 1.7b). In the
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end, an electrical signal is produced resulting from the contribution of all produced
secondary electrons.

The shape of the electric field in a proportional counter, given by Equation 1.17,
allows the creation of a multiplication region confined to a very small volume when
compared to the total volume of the detector. Therefore, most of the primary electrons
are produced outside the multiplication region, undergoing the same multiplication
gain on average, and generating an electrical signal with amplitude proportional to the

number of primary electrons an thus, to the energy of the incoming particle.
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Figure 1.7: (a) Schematic dependence of the electric field in a Proportional Counter
with the radial distance to the wire axis. Most primary electrons are formed
in the drift region and drift toward the anode, entering in the multiplication
region and undergoing an avalanche multiplication. (b) Development of
a single-electron amplification near the anode wire. The simulation was
performed using Garfield 9 considering xenon as the filling-gas at 293 K
and 1 bar. The tube and wire radii were considered as 3 cm and 100 pm
respectively.

1.3.1.2 Multiwire Proportional Chamber

The Multiwire Proportional Counter (MWPC) is based on the Proportional Counter
and was introduced in 1968 by Georges Charpak [35], Nobel Prize laureate in 1992.
It consists of a grid of thin wires between two large flat metal planes that run as
cathodes. In Figure 1.8 the field lines and the equipotentials of such arrangement are
shown. The primary electrons formed after interaction of the incoming particle drift
under the effect of a nearly uniform drift field toward the plane of parallel wires. As

each primary electron approaches the wire plane, the electric field increases and directs
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it to one of the wires, where it undergoes an avalanche multiplication, similarly to what

happens near the PC anode.
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Figure 1.8: Field lines and equipotentials created in a Multiwire Proportional Counter.
The device consists of a grid of thin wires between two large flat metal
planes.

In the wire where the avalanche is collected a large induced signal appears, while
in the neighboring wires a smaller signal is also induced. The position of a given point
of the particle track can be measured by direct identification of the largest signal,
corresponding to the closest wire, with a spatial resolution approximately equal to the
wire spacing (typically between 1 and 2 mm). Resolutions better than the wire spacing
can be achieved if the centroid is determined using also the signals from the neighboring
wires. The wires can also be interconnected with resistors and, using center of charge

algorithms, it is also possible to achieve spatial resolutions better than the wire spacing.

As signals, although less intense and of opposite polarity, are also induced in the
cathodes, these can be fabricated as planes of strips, interconnect by resistors, and the
same principle of charge division can be applied. The strips in one of the cathodes can
be oriented orthogonally to the strips of the other, allowing simultaneous 2D spatial

discrimination of the particle track.

Multiwire Proportional Chambers are, due to their economic construction and ro-
bustness, suitable for particle identification and tracking in High Energy experiments,

easily covering large areas.
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1.3.1.3 Time Projection Chamber

The first Time Projection Chamber (TPC) was proposed by David Nygren aiming full
reconstruction of events of up to 20 particles resulting from electron-positron collisions
in the PEP4 experiment [36, 37].

One of the main uses of this device is the reconstruction of trajectories of particles
resulting from collisions in beam pipes. Usually the device consists of a cylinder with a
long drift region. The particles resulting from the collisions leave a track of ionizations
in their path. If the particle is charged, this track is curved by an external magnetic
field and the radius of the trajectory gives information about its momentum. The
electrons produced along the track, in the absorption / drift region, drift toward a
multiplication and readout device with 2D spatial discrimination, usually placed at
one or the two ends of the cylinder. The time that each primary electron takes to
arrive to the readout system is a measurement of the third coordinate allowing 3D

reconstruction of the track.
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Figure 1.9: (a) Wire geometry of an ALICE TPC MWPC readout chamber [38]. All
the wires are in the azimuthal direction. One of the metal planes of the
standard MWPC is replaced by two layers of wires: the gating and the
cathode grids. The other cathode is segmented in individual pads which
provide 2D discrimination. (b) Reconstructed events of the first lead ions
collisions at a centre-of-mass energy of 2.76 TeV per nucleon pair, recorded
by ALICE in last November 8" 2010 [39]. Each collision produces thou-
sands of tracks.

The typical readout system, as used e. g. in the ALICE TPC [38], part of the
LHC machine [40], is made of individual modular MWPC chambers with azimuthal
wires. One of the large metal planes of the standard MWPC is replaced by two layers
of wires: the gating and the cathode grids (see Figure 1.9a)). If all the gating grid

wires have the same potential, electrons from the drift volume enter the amplification
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region. To reduce the charge deposit on the anode wires during background events,
in the absence of a valid trigger, the gating grid is biased with a dipolar field, which
prevents electrons from entering the amplification region. The other large metal plane
is segmented into individual pads which provide polar position discrimination of the
tracks (r and ¢) through acquisition of the induced signals in those electrodes. The
specific energy loss (explained in Section 1.1.2), dE/dz, as a function of the energy
(or momentum) is different for each type of particle and thus, the pulse height of the
signal induced in each wire is used to measure this quantity which, together with the
momentum information, allows the particle identification.

In this way, the TPC provides 3D track recognition, momentum measurement and
particle identification in a compact device, nowadays with event reconstruction ca-
pability for events with up to thousands of particles by making use of high density
electronics (the reconstruction of a lead-lead ion collision is shown in Figure 1.9b) as

an example).

1.3.1.4 Micro-pattern Gaseous Detectors

The invention of the MWPC was an impressive breakthrough allowing to easily track
particles, as seen in Section 1.3.1.2. However, due to the long distances that ions
formed in the process of avalanche multiplication need to travel until being collected
and to their low drift velocity, in high rate environments (higher than 103> Hz mm™—2),
these devices have limitations. In these conditions, the ions are not drained at the same
rate at which new ionizations are created and accumulate in the gas volume, distorting
the electric field and decreasing the gain. This is the so-called space-charge effect. In
addition, as MWPC is based on an open geometry, the photons emitted during the de-
excitation of excited atoms that are produced during the avalanche process can induce
new undesirable avalanches by removing electrons from the walls of the detector and
/ or from the metal electrodes — photon feedback.

The technologies on precision circuit board printing techniques, available in the
1980s, triggered the creation of the Micro-pattern Gaseous Detectors (MPGDs), with
very small distances between electrodes (a few dozens of ym) when compared to the
spacing between wires in the MWPC, avoiding the space-charge effect and thus allowing
higher rate capability. The first introduced detector was the Micro Strip Chamber
(MSG), still an open geometry structure, but soon other close geometry structures
appeared with reduced photon feedback effects, such as the Gas Electron Multiplier
(GEM) or the more recent Micro-Hole & Strip Plate (MHSP), among others.

Nowadays, MPGDs are characterized by very good spatial resolution, fair energy

resolution, high rate capability, operational stability and radiation hardness. It is
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also possible to cover large sensitive areas. Due to these features, MPGDs are used
in several particle, nuclear and astro-particle physics experiments. There is also a
very strong interest on the R&D of these devices, carried out by the “CERN - RD51
collaboration” that involves 73 institutes from 25 countries, including the DRIM group,

from University of Aveiro.

Micro-Strip Plate

The Micro-Strip Plate (MSP) was the first MPGD to be created and was introduced
by Anton Oed [41] in 1988. It consists of a series of small metal strips (anodes and
cathodes placed alternately in the same plane) supported by an insulator substrate.
The anodes are constructed to be thin while cathodes are wider. As an example, the
original MSP had a pitch of 200 ym, with anode and cathode widths of 10 and 100 pm,
respectively, being their centers separated by 100 gum. A schematic view of the MSP
structure is shown in Figure 1.10. When a suitable voltage (much lower than those
needed in MWPCs) is applied between anodes and cathodes, the electrons, arriving
from the drift region, are focused toward the anodes, around which a strong electric
field is created, and undergo multiplication. A gas-filled detector working with a MSP
is commonly called Micro-Strip Gas Chamber (MSGC).

y-AXxis [um]

Figure 1.10: Schematic 3D view of the MSP structure. The device consists of a series
of anodes and cathodes placed alternately on the the top of an insulator
plane. Anodes are thin while cathodes are wider.

The difference in the amplitudes or in the time of arrival of the signals induced in
the strips can be used to discriminate one of the coordinates. This can be done by

reading the signal from each strip independently or interconnecting them by resistive
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lines and applying center of mass algorithms to the signals arriving at both ends of the
lines. To determine the second coordinate, strips can be etched on the opposite side
of the substrate, perpendicularly to the anode strips, and the same principle can be
applied.

Energy resolutions of about 18 % for X-rays of 6 keV have been achieved for rates
of up to 100 kHz mm~2 using MSPs [42]. Spatial resolution of about 70 pm (FWHM)
was obtained for minimum ionizing particles with momentum of 9 GeV/c [43]. More
recently, spatial resolutions between 0.1 and 0.6 mm (FWHM) for gains between 8000
and 40000 and rates of up to 400 kHz mm~2 were reported [44].

Gas Electron Multiplier
The Gas FElectron Multiplier (GEM) was invented by Fabio Sauli in 1996 [45],

initially as a pre-amplification stage to allow other devices, as MWPCs, to operate
with larger gains and / or in less critical conditions, specially at high rates. The device
consists of a thin Kapton® foil of typically 50 um thick. The foil is covered on both
sides with 5 pm thick layers of copper and etched with an hexagonal pattern (with
140 pm long edges) of bi-conical holes. A simulated view of the GEM is presented in
Figure 1.11. Applying a suitable potential between the upper and the lower electrodes
of the structure, it is possible to create a very high electric field inside the holes.
Electrons traveling from the drift region are focused inside the holes and undergo
a multiplication process, under the effect of the strong field that exists there. The
photon feedback effect is reduced in this structure since almost all of the excitations
and ionizations happen in the lower half part of the structure and most of the photons,

emitted during the avalanche development, are blocked by the structure itself.

With the developments made over the time, GEM developed into a detector by
itself, no longer being just a stage of pre-amplification. Cascading several GEMs, it
is possible to reach high gains (up 10° for triple GEM) without discharges. Energy
resolutions around 20 % (FWHM), achieved at rates of up to 1 MHz mm ™2, are gener-
ally sufficient for most applications [46]. By placing a charge pick-up electrode bellow
the last amplification stage it is possible to add position discrimination to a GEM de-
tector. Using thin multi-layer boards, made of thin polymer foils with pads or strips
interconnected in various patterns, it is possible to achieve FWHM 2D position reso-
lutions of about 40 pm [47]. It is also possible to fabricate large area structures (up
to 1,000 cm?) as the triple GEMs used in the Common Muon Proton Apparatus for
Structure and Spectroscopy (COMPASS) [48] and in the Total Elastic and Diffractive
Cross Section Measurement (TOTEM) [49] tracking detectors, both at the LHC. Re-
cently, GEMs with different shapes, namely cylindrical [50] and spherical [51], have
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been constructed.
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Figure 1.11: Simulated 3D views of a GEM: (a) hexagonal pattern of the holes. (b)
Detail of an avalanche undergone by one primary electron. The simulation
was performed using Garfield 9 considering xenon at 293 K and 1 bar as
the filling-gas. The drift and induction fields were both of 0.5 kVem™!.
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Figure 1.12: Schematics of GPMs constructed using triple GEMs with: (a) semitrans-
parent and (b) reflective photocathodes. Images retrieved from refer-
ence [52].

In addition, the GEM mirostructure can be used to construct Gaseous Photomul-
tipliers (GPMs), with sensitivity in the VUV range and aiming applications in Ring
Imaging Cherenkov (RICH) detectors [53, 54, 55]. If a quartz window is used and a
Csl layer deposited on it (that runs as semi-transparent photocathode), incident VUV

photons will extract photoelectrons from the photocathode, which will undergo the
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common avalanche multiplication along the GEM stages (see Figure 1.12a)). It is also
possible to deposit the Csl layer directly on the top of the first GEM (in this case the
photocathode is reflective). The amplification of the photoelectrons is similar to the

previous case (see Figure 1.12b)).

Micro-Hole & Strip Plate

The high gains that can be achieved with GEMs, mentioned in the previous section,
imply the use of cascades of structures, since a single GEM has a modest performance
in terms of gain (~ 300) before electrical breakdown. In this sequence, J. F. C. A.
Veloso developed the Micro-Hole € Strip Plate (MHSP) in 2000 [56]. It is made of a
50 pm thick Kapton® foil, copper-clad on both sides. A GEM pattern is etched on one
side, and a MSP pattern on the opposite side, with the holes emerging in the cathode
strips. In this way, the MHSP is an hybrid structure that combines, in a single device,
the features of the GEM and of the MSP. Figure 1.13 shows the arrangement of the
MHSP electrodes and holes. Applying suitable potentials on each of the electrodes,
a strong electric field is created inside the holes, but also near the thin anodes of the
MSP side. Electrons coming from the drift region are focused inside the holes, where
an initial avalanche occurs. When the electrons emerge on the MSP side they are
directed toward the anode strips, where they undergo a second charge multiplication.
Thus, the MHSP is a device with two charge multiplication stages and has achieved
charge gains higher than those of a single GEM (above 10?), with energy resolutions of
14 % for X-rays of 5.9 keV [57]. Due to the MHSP geometry, a substantial fraction of
the ions created in the avalanches can be trapped on the cathode strips [58], reducing
space-charge effects in high rate applications . In fact, it has worked at rates of 500
kHz mm ™2 with gain variations below 5 % [59]. Another advantage of this device is

that it combines in one single structure the amplification and readout systems.

The good performance of the MHSP in terms of charge gain and energy resolution
make it suitable for single photon counting X-Ray imaging. In order to provide 2D
position discrimination, the device can be slightly modified. If the anode strips (in
the MSP side) are interconnected with a resistive strip and the signals from both sides
of it are collect, it is possible, by center of mass algorithms, to determine one of the
coordinates. The GEM side can be segmented in zig-zag strips, perpendicular to the
anode strips and aligned with the holes of the structure. By interconnecting these strips
with a resistive line and applying the same principle, it is possible to discriminate the
other coordinate. This device, with 2D spatial discrimination, has been successfully
used in radiography achieving FWHM resolutions of 300 and 600 pm in the x and y
directions, respectively [60]. It has been used also in Computed Tomography (CT)
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Figure 1.13: Simulated 3D views of a MHSP: (a) hole pattern following the cathode
strips and avalanches initiated by some primary electrons coming from
the drift region (behind the microstructure). (b) Average drift lines of
electrons (in blue) together with the sinuous trajectories of two primary
electrons (in orange) — the trajectories of secondary electrons are not
represented. In both cases, the simulation was performed using Garfield
9 considering xenon as the filling-gas at 293 K and 1 bar. The drift and
induction fields were considered as 0.1 kVem™!.

having the capability of correcting the intensity distribution of the acquired images,
affected by distortions due to the X-ray transmittance difference of adjacent materials,

using the energy information — Energy Weighting Technique [61, 62].

1.3.2 Electroluminescence amplification

As discussed in the previous Section, the charge amplification is implemented by apply-
ing electric fields that are above the ionization threshold, in order to provide electrons
with an energy higher than the ionization potential of the gas and produce secondary
charges. Another type of amplification — electroluminescence amplification — can be
used if the field is such that electrons acquire, between collisions, enough energy to
excite atoms of the gas but not to ionize them. In the de-excitation process of the
atoms, light in the range from VUV to Vis-IR is emitted, as explained in Chapter 2.
This light can be detected with suitable readout systems.

This method allows to achieve, in principle, unlimited gains, by extending the am-
plification region indefinitely. The number of emitted photons per primary electron

and per unit path length is defined as the electroluminescence yield, Y. This pa-
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rameter increases linearly with the electric field for fields between the excitation and
the ionization thresholds — the proportional region. Above the latter, the behavior is
usually exponential reflecting the light produced also by the secondary electrons that
meanwhile are created through avalanche multiplication.

Electrons traversing an EL region produce a given average number of photons, N,
However, each electron produces a number of photons slightly different from the others.
These statistical fluctuations are introduced by the random nature of the electron drift
and decrease as the electric field is increased within the proportional region range, at
the same time that the fraction of energy supplied by the electric field that is spent in
excitations increases up to more than 80 % in noble gases. To describe the fluctuations
in EL it is used the parameter J, similar to the Fano factor F' (see Section 1.1.3), that is
the ratio between the variance in the number of emitted photons per primary electron,

o2, and the variance if the process was described by the Poisson model, Ngy:

2
J = 2EL (1.18)
NEL

In some documents, this parameter as also been referred as Jgp, in honor to the
pioneering contributions of C. A. N. Conde and A. J. P. Policarpo, from University of
Coimbra, to the development of EL as a technique.

The intrinsic relative variance associated with the detection of radiation using EL
of a given gas is thus due to the fluctuations in the primary charge formation and to

variations in the number of photons produced per primary electron:

oo\’ oo\’ 1 (o 2 1 J
Q Ne Ne NEL Ne NEL

For the field ranges used in proportional electroluminescence the only process com-

peting with excitations is the elastic scattering which introduces a very slight variation
in the electron energy in each collision. Thus J is usually much lower than F' and f,
the latter being the parameter that characterizes the fluctuations in avalanche mul-
tiplications (defined in Equation 1.12). This is the reason why EL based detectors
achieve high performances in terms of energy resolution. Note that to obtain the en-
ergy resolution of an EL based detector, one needs to sum in quadrature the intrinsic
relative variance defined in Equation 1.19 with the relative variances related to the

photon detection, a topic discussed in Section 1.4.

1.3.2.1 Gas Scintillation Proportional Counter

The Gas Scintillation Proportional Counter (GSPC) is an EL based detector intro-
duced by C. A. N. Conde and A. J. P. L. Policarpo in 1964 [63]. GSPCs usually
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work with pure noble gases and make use only of the VUV light emitted during the
de-excitation of atoms of the gas, since its intensity is about one order of magnitude
higher than that of Vis-IR light. This device is used mainly for X-ray spectrometry, for
energies up to 100 keV [64], in astronomy, medical instrumentation and High Energy
Physics combining good energy resolution with large areas, high rate capability and re-
duced space charge effects, when compared to proportional counters. A GSPC consists
of a drift region, where the incident X-ray interacts and produces the primary charge,
which is directed to the electroluminescence region (sometimes also called scintillation
region), where the primary electrons are accelerated, exciting atoms that consequently
emit light. Over time, different GSPC shapes were considered, namely cylindrical (de-
vices similar to proportional counters but working with lower potentials) and spherical.
However the most used type of GSPC works with a nearly uniform electric field cre-
ated by parallel meshes. In Figure 1.14 is shown the components and the principle of

operation of a GSPC implementing a parallel field geometry.
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Figure 1.14: Schematics and operating principle of a GSPC. The primary electrons are
produced by the incident ~-ray in the drift region and drift toward the
EL region, where are accelerated and produce EL light.

The VUV photons can be detected by special VUV-sensitive Photomultiplier Tubes
(PMTs) [65] or by standard tubes after a wavelength shifting to the visible range, using
organic materials. Photodiodes can also be used for light readout, namely the recent
Large Area Avalanche Photodiodes (LAAPDs) [66]. Since they can directly detect
both VUV and X-ray photons, LAAPDs allow a quantification of the absolute number
of VUV-photons produced per primary electron — the total electroluminescence yield —
given the quantum efficiency of the device and its implicit solid angle. Recent works
have measured absolute electroluminescence yields of pure argon and xenon, both in
uniform and non-uniform fields, using these devices, by comparing the pulse amplitude

of the full absorption of monochromatic X-rays in the gas with that of direct interaction
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in the LAAPD [67, 68, 69]. Since the number of primary electrons is proportional to
the energy of the incident X-ray and each primary electron produces, on average, the
same number of VUV photons, the signal collected by the photon detection system is
also proportional to the energy of the X-ray. FWHM energy resolutions of 8 % and 4
% have been reported for 5.9 keV and 22 keV X-rays, respectively, obtained by GSPCs
working with xenon [70]. The energy resolution performances are the main figure of

merit of these devices.

1.3.2.2 Scintillation Drift Chamber

The Scintillation Drift Chamber (SDC) was invented in 1978 [71]. Like in a TPC,
the device measures one of the coordinates of the particle track points using the time
that primary electrons take to arrive to the readout plane. In the case of a SDC, the
detection of the electrons, instead of being through charge multiplication, is made by
collection of the EL light produced in a region where the electric field is between the
excitation and the ionization thresholds. A SDC working with a uniform field created
by two parallel meshes and constructed with 19 PMTs has achieved resolutions of
3.6 % in energy, 3.7 mm in (x,y) and 0.6 mm in z for 59.6 keV X-rays, using high
pressure pure xenon (9 bar) [72]. A modern large SDC is being developed by the
NEXT collaboration, to search for the neutrino-less double beta decay (33%) in %Xe
(described in Chapter 7). The choice of a SDC is related to the very high energy
resolution that can be achieved using EL, of major importance in 83% searches.
Noble gas dual phase liquid / gas SDCs have been used for direct detection of
Weakly Interacting Massive Particles (WIMPs), the leading theoretical Dark Matter
candidates [1, 2, 3, 4]. These particles, in principle, interact with the nuclei in the
dense liquid phase producing both primary scintillation and ionization. The electrons
produced at this stage are driven to the gaseous phase where EL amplification produces
a second light signal. The ratio between the two light signals (one from primary scin-
tillation and the other from EL) allows to separate the WIMP signal from background

since it is a unique signature of each elementary particle.

1.3.3 Hybrid concepts

In some applications it might be interesting to combine the light amplification with
charge amplification or to use the EL light produced in avalanches, in order to obtain
better performances in specific applications. In this case, we are facing a new type
of detectors: the hybrid detectors. In this section, three devices of such type are
presented: the first two use MPGDs coated with Csl as VUV photosensors to detect
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the EL produced in GSPCs (instead of the traditional PMTs); in the third the EL light
is used as intermediate process for de-coupling charge amplification stages in order to
reduce the ion backflow, extremely important for GPMs aiming sensitivity in the visible

range and TPCs working at high rate environments.

1.3.3.1 GSPC/MSGC hybrid detector

The photosensors commonly used for detecting the VUV EL light in GSPCs, the PMTs,
are limited to small areas. In order to increase the detection area, usually several PMTs
are arranged in a plane of detection. This type of arrangement involves an increase
in the difficulty of the detector construction as well as an increased complexity and
cost of the electronics needed to read and correlate electric signals. Also, sometimes
it is necessary to increase the gas-filling pressure in order to increase the detection
efficiency, which implies the use of thick quartz scintillation windows that absorb much
of the light to be detected. To overcome these limitations, in 1996, J. F. C. A. Veloso
has proposed a xenon-GSPC/MSGC hybrid detector [64]. The arrangement and the

principle of operation of the detector is schematically represented in Figure 1.15.
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Figure 1.15: Schematic and principle of operation of the xenon-GSPC/MSGC hybrid
detector proposed in reference [64].

The detector consists of a common GSPC with an absorption region where the
external radiation produces primary electrons. These are driven, under the effect of
a drift field that avoids recombination, toward a first grid G1. Bellow the grid G1 a

MSP structure is placed. Both are polarized in such a way that an EL region with a
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nearly uniform electric field is created in most of the volume between G1 and the MSP.
In the vicinity of the MSP, it is created a confined charge multiplication region. A
Csl photocathode is deposited on the top of the MSP. A fraction of the VUV photons
emitted in the EL region impinges the photocathode and, with a given probability,
extracts photoelectrons from it. These undergo avalanche multiplication, characteristic
of a MSP, around and near the thin anode strips that collect the resulting negative
charges.

This detector can be a good alternative to the use of PMTs and other photosensors
when compactness, large detection areas, low cost and low power consumption are
key features. It can also be useful when insensitivity to magnetic fields is needed, an
application where usually PMTs are useless. Energy resolutions of 5.5 % and 3.4 %
for 22 keV and 60 keV X-ray photons, respectively, were achieved with this detector
using xenon at 2 bar [73], which represents only a slight deterioration relatively to the
common GSPCs instrumented with PMTs.

1.3.3.2 2D-MHSP GSPC gamma camera

Gamma cameras are detectors used for nuclear medical vy-ray imaging. Solid scintilla-
tors are usually used in these applications due to their high photon detection efficiency.
However they are characterized by poor energy resolution and by spatial resolutions
not better than 4 mm. Thus, there is a demand for the development of alternative
detectors with better performances.

Gaseous detectors represent an alternative to the solid state detectors, although
their detection efficiency is in general low for high energy v-photons. A way to increase
this efficiency is to increase the gas-filling pressure. This represents, in charge multi-
plication based detectors, a decrease in the achievable gain since higher voltages are
needed and consequently the probability of sparks increases, resulting in a degradation
of the position resolution. The EL amplification is thus the natural option, although
the use of PMTs or LAAPDs for the light readout would also imply a poor spatial
resolution besides a high cost in the detector construction. In this context, and due to
their intrinsic high spatial resolution capability and to the possibility of being used as
photosensors, MPGDs play a role.

In Figure 1.16 it is represented an hybrid gamma camera constructed by making use
of a MHSP with 2D spatial discrimination capability (2D-MHSP) [74]. Three metal
meshes are placed above the 2D-MHSP and polarized in such a way that an absorption
region, an EL region and a photoelectron drift region are created. The external y-rays
interact in the absorption region, preferentially by photoelectric absorption produc-

ing a cloud of primary electrons. These drift toward the second mesh from which a
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EL electric uniform field exists. The primary electrons produce, between the second
and the third meshes, VUV EL photons which are emitted isotropically. A fraction
of them impinges on a Csl photocathode, deposited on the top of the 2D-MHSP, ex-
tracting photoelectrons from it, which are focused into the holes, undergoing avalanche
multiplication typical of a MHSP. This detector is hybrid since the EL is used as an in-
termediate amplification process, happening before an avalanche multiplication which

can now be made smaller. With this detector, spatial resolutions of 1.2 mm for a

xenon-filling pressure of 2.9 bar were achieved using 59.6 keV ~y-photons [74].
y-ray

I EL region

Photoeletron
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Figure 1.16: Schematic and principle of operation of a gamma camera constructed with
a 2D-MHSP coated with a Csl photocathode. Image extracted from [74].

1.3.3.3 PACEM

As mentioned previously, positive ions produced in electron avalanches can cause sec-
ondary effects, limiting the performance of detectors. In e.g., TPCs working at high
rate environments, ions flowing back to the drift region accumulate in the volume mod-
ifying the electric field and causing track recognition distortions. Furthermore, e.g.,
in GPMs, the backflow of ions toward the photocathode cause its physical and chem-
ical ageing as well as the possible start of new undesirable secondary avalanches by
removing new photoelectrons from the photocathode. This causes gain limitations and
position resolution deterioration. Thus, the reduction of the ion backflow (IBF) is of
major importance in such applications.

Recently, in 2006, J. F. C. A. Veloso has proposed the Photon-Assisted Cascaded
Electron Multiplier (PACEM) as a concept for IBF suppression [75]. The schematics of
the PACEM concept is presented in Figure 1.17. Photoelectrons produced in a reflective
photocathode of a GPM or primary electrons created along a particle track interacting
in the absorption / drift region of a TPC, are focused into the MHSP holes and undergo
avalanche multiplication both inside the hole and near the anode strips. The VUV

photons produced in the avalanche are used for signal amplification and transmission
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to the next cascade element, which is coated with a thin layer of Csl in order to
convert the VUV light into photoelectrons. The last undergo the normal avalanche
multiplication typical of MPGDs. The ions created in the avalanches developed in the
MHSP are collected by its cathodes and by a grid, placed between the MHSP and the
second cascade element and under the effect of a suitable potential. In this way, and
using optimal voltage configurations, only about 20 % of the ions originating in the
first stage drift back through the MHSP holes. In addition, the presence of the grid
ensures that, regardless of the total gain of the cascaded multiplier, only ions produced

in the first stage flow back to the drift region.
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Figure 1.17: Schematic and principle of operation of the PACEM concept. Image re-
trieved from [76].

This concept, which consists in the opto-coupling between two charge multiplication
systems, can be implemented in many configurations of cascaded multipliers, although
the choice of the MHSP as the first stage shows advantages due to its intrinsic IBF
reduction capability. The IBF is defined as being the fraction of ions reaching the drift
region in the case of a TPC (or the photocathode in the case of a GPM), relative to
the total number of electrons collected in the readout anode. Using a MHSP - GEM
configuration working with pure xenon, IBFs of around 10~* for gains of 10* and 10~°
for gains of 10° have been achieved [76], which are suitable values for applications in
TPCs.
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1.4 Energy Resolution

2
The relative variance of a gaseous detector pulse amplitude, (LQ) , can be obtained

by summing in quadrature the contributions of all processes hap(?nning until the signal
(in charge or light according to the used method) is collected. This sum can be done
because we can consider each of the processes independent from the others. Once the
pulse amplitude relative variance is determined, or equivalently the relative standard
deviation (UTQ), it is possible to calculate the Full-Width-at-Half-Maximum (FWHM)

Q
energy resolution achieved by a given detector:

Rp =2V2In2 (%Q) ~2.35 <%Q) (1.20)

In the previous expression the factor 2v/21n2 corresponds to the relation between the
FWHM and the standard deviation, o, of a given probability distribution (FWHM =
2v/21n 20 ~ 2.350).

For instance, in an ionization chamber, the only contribution comes from the statis-

tical fluctuations in the number of primary electrons created by the incident particle:

2
0’6
R =235 (ﬁ) (1.21)

This is the intrinsic FWHM energy resolution of a given gas, and is established by the
Fano factor, the W-value and the energy deposited in the gas by the particle, F, (see

Equations 1.5 and 1.6):
|W

In a proportional counter or in a gaseous detector based in charge amplification,
the fluctuations in the avalanche multiplication, described by the parameter f (Equa-
tion 1.12) should be added (see Equation 1.16) [77]:

Ry = 2.35 % (F + f) (1.23)

As seen in Section 1.3.1, under typical conditions of operation, f is much larger than
than F' and thus the energy resolution of gaseous detectors using charge multiplication
is dominated by the fluctuations in the single-electron multiplication.

In the case of an EL based detector, like a GSPC or a SDC, the contributions of
the fluctuations due to the photon detection system should be added to the intrinsic

EL pulse amplitude fluctuations in the gas (defined in Equation 1.19). In many cases,
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and in those analyzed in this work, the photons are detected by a PMT and thus the
fluctuations in the number of photoelectrons extracted to the PMT photocathode per
incoming particle, Npe, and in the PMT’s single electron pulse height, Gy, are those

to be considered:

oo\ 2 1 o 2 o 2 1 oo\ 2
Rg =2.35 (—) +— <_EL) + (_—p) +— <_—q) (1.24)
N, No \ NgL Nope Npe \Gq

The conversion of VUV photons into photoelectrons follows a Poisson distribution and

thus age = N,.. The fluctuations in the photoelectron multiplication gain within the

2

PMT can typically be described by an exponential distribution and thus (%) = 1178].
q

The average number of photoelectrons extracted to the PMT per incoming particle,

N

pe, can be obtained as:

N,e = kN N, (1.25)

where k is the fraction of EL photons produced per incoming particle that gives rise
to the production of a photoelectron and depends on the implicit solid angle and on
the quantum efficiency of the photocathode. Taking into account the relations (1.5),
(1.6), (1.18) and (1.25), Equation (1.24) can be rewritten as follows [70]:

w 1 2
=235 F4+-—1J+ - 1.26
e \/ NEL< kr)) (126)

Usually J is much smaller than F' and, in addition, it is divided by the average

number of EL photons produced per primary electron, before summing with it. Thus,
the energy resolution of an EL detector is attributed only to the fluctuations in the

primary charge production and in the photon detection system (in this work PMT’s

W 2
Rrp ~235/— | F+ —= 1.27
- \/E < k:NEL) (127)

The second term in Equation (1.26) can easily be made smaller than f by using several

are considered):

PMTs in order to increase the geometric detection coverage or by increasing the light
gain, Ngr,. This is the reason why EL based detectors achieve much better performance,
in terms of energy resolution, than those based in avalanche charge amplification.
Measuring the energy resolution of an EL detector and extrapolating this quantity
to infinite light gain, it is possible to determine the Fano factor of a gas, given the

W -value.
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The process of electroluminescence in pure noble gases is related to the atomic
energy structure. The drifting electrons collide with gas atoms and transfer energy to
them in the form of motion, excitations or ionizations. In the last two cases the excited
atoms or ions, respectively, undergo various physical processes that result ultimately

in the emission of photons in the VUV to IR range.

2.1 Atomic energy structure of noble gases

The valence electrons of an atom of neon, argon, krypton or xenon in the ground state
have the shell configuration np®. The excited states are produced by the transition
of one of these electrons into more energetic orbitals (n's, n'p, n'd, ...). The excited
electron stays, in average, at a great distance from the atomic core (np®). The spin-
orbit interaction of the electrons of the atomic core is thus greater than the electrostatic
interaction of them with the excited electron and the so-called jl coupling scheme
should be considered [79].

A state is described by the quantum numbers (n’, j, K, J), where n’ is the principal
quantum number of the excited electron, j is the total angular momentum of the atomic
core (the result of the spin-orbit coupling of the core), K represents the coupling of
the total angular momentum of the atomic core with the orbital angular momentum
of the excited electron, [, and J = K £ 1/2 is the total momentum of the atom that

takes into account the spin-orbit coupling of the excited electron [13].

In the Racah notation [80], an excited state is represented through the notation
n'l[K]; or n'l'[K];. The prime after the [ in the second option means that j = 1/2
(j = 3/2 in the first option). The first four excited levels of the gases studied in this
work, e.g., are (n+ 1)s[3/2]5, (n+ 1)s[3/2]], (n+ 1)s'[1/2]; and (n + 1)s'[1/2]] in
the Racah notation, where n is the principal quantum number of the last shell when
the atom is in the ground state. The “0” in upperscript stands for odd parity and is

beyond the scope of this work.

Figures from 2.1 to 2.4 show the atomic energy level diagrams of neon, argon,
krypton and xenon, respectively. The energy levels were taken from [81] and the
ionization thresholds from [17]. In the diagrams are represented the stronger dipole-
allowed transitions [82] taken from [83], [84], [85] and [86]. Continuous arrows (purple)
correspond to Vacuum Ultraviolet (VUV) emissions, dash-dotted arrows (red) to visible
and dashed arrows (brown) to Infrared (IR).
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Figure 2.1: Simplified energy level diagram of neon and stronger dipole-allowed tran-
sitions. The lines of levels 3p[5/2]3, 3p[5/2];, 3p[3/2]5, 3p’ [3/2]5, and
3p’ [1/2]] were horizontally prolonged with dashed lines because some tran-
sitions from upper levels end on them.
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Figure 2.2: Simplified energy level diagram of argon and stronger dipole-allowed tran-
sitions.
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Figure 2.3: Simplified energy level diagram of krypton and stronger dipole-allowed
transitions. The lines of levels 5p [5/2]3, 5p [5/2]; and 5p [3/2]] were hori-
zontally prolonged with dashed lines because some transitions from upper
levels end on them.
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Figure 2.4: Simplified energy level diagram of xenon and stronger dipole-allowed tran-
sitions. The lines of levels 6p [1/2]7,6p [5/2]3, 6p [5/2]5 and 6p [3/2]; were
horizontally prolonged with dashed lines because some transitions from
upper levels end on them.
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2.2 Electroluminescence modes

As stated in Chapter 1, in a gaseous detector, primary electrons are produced in the
absorption / drift region as result of the interaction of incoming radiation with the
gas. These primary electrons are driven, under the effect of a weak electric field that
avoids recombination with ions, to the amplification region where a stronger electric
field exists. In the case of ionization chambers, the amplification region does not exist
in reality, there is only the drift field that guide the primary electrons to the collection
electrodes. However, in order to easily generalize, this particular field will also be called
the amplification field in the following lines.

As defined also in Chapter 1, the electroluminescence yield, Y, is the number of
emitted photons per primary electron and per unit path length. Here we are interested
in studying the behavior of these quantities as functions of the applied amplification
electric field, |E|| = E. However, the atom density of the gas — the number of atoms
per volume unit, N — varies with pressure and temperature. As N is changed, the
mean free path of the electrons varies and thus the energy available for excitations,
transferred to them between collisions, is different. Therefore, the dependence of Y
with FE is different for different pressure and temperature conditions and it is useful to
normalize the relation between the yield and the field. Usually it is used the reduced
EL yield — the number of emitted photons per primary electron and per unit of path
length divided by the atom density, (%) — as a function of the reduced electric field
— the electric field intensity divided by the atom density, (%
these two quantities, in the EL proportional region, is thus valid for any macroscopic
conditions of the gas phase. The SI unit of (%) is Vm? but usually the Townsend (Td)

is used: 1 Td = 1072! Vm? [87]. Often, in many experimental descriptions, it is also

). The relation between

used the reduced EL yield as a function of the reduced field in pressure units. Instead
of being normalized to the atom density, Y and E are divided by the pressure of the
gas, p. As a consequence, the dependence of (%) with (%) varies with temperature,
a fact that should always be taken into account when using this description.

Electroluminescence light in two different ranges can be produced using pure noble
gases: VUV and Visible-IR (Vis-IR). Thus, it is convenient to define two different EL
yields: (%)VUV and (%)VistR for each of the ranges, respectively. Let’s consider by
simplicity a uniform field in the following analysis.

Between collisions, the primary electrons are accelerated and their kinetic energy is
increased. For low values of (%), this energy is below the first excitation potential of
the gas (see Figures 2.1 to 2.4) and thus electrons can collide only elastically with the

gas atoms. Elastic collisions allow to transfer only kinetic energy to the atoms' that

LA very small fraction of the electron kinetic energy is transferred to the atom in an elastic collision
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does not lead to the emission of any kind of EL light: both (%)VUV and (%)V.IS_IR are
null for low values of (%)
From a given field value — the VUV electroluminescence threshold, (%)i%v — it

becomes possible that in some collisions the electrons have kinetic energy equal or
slightly higher than the excess energy of the first excited state of the atom, (n +
1)s[3/2]5. Thus, it becomes possible that the drifting electron transfers energy to the
atom exciting it. The excited atom returns to ground state emitting a VUV photon, as

will be described in the Section 2.3. As (%) is increased, after an excitation collision,

¥ vuv

increases approximately linearly, since the available energy for excitations is directly

the electron can acquire again enough energy for other excitations and thus (

proportional to the applied electrical potential.
The increase of the field also opens new channels of excitation — it is possible

to excite the atom to new more energetic levels. At a certain point — the Vis-IR
thr

Vis—IR
the atoms to shell configurations higher than np®(n + 1)s'. Atoms in these excited

electroluminescence threshold, (%) — electrons can acquire enough energy to excite
configurations transit, emitting a Visible or an IR photon (see Section 2.4), to one of
the np3(n + 1)s! levels which decay after to the ground state with emission of a VUV
photon. Thus, each of these excited atoms leads to the emission of two photons: one in
the VUV range and other in the Vis-IR range. In Figures 2.1 to 2.4, some of the stronger
Vis-IR transitions are represented. As the field is increased, the available kinetic energy
also increases and (%) grows linearly, although its slope is substantially lower
Y
than the one of (N)VUV'
more likely to be produced than the higher ones and, in addition, after a Vis-IR photon

also a VUV photon is emitted.

Vis—IR
In fact, since their energy is lower, np®(n + 1)s! levels are

Continuing to increase the electric field, above a certain value — the ionization
threshold, (%)f:; —, the electrons acquire now enough energy to ionize gas atoms. Ad-
ditional secondary electrons will be then produced which, similarly to the primary
electrons, undergo the same acceleration by the field and therefore also produce VUV
and Vis-IR photons as well as new ionizations. In addition, the ions can also produce
ultimately VUV EL photons after recombination with thermalized electrons (this pro-
cess will be described in Section 2.3). As the number of secondary electrons increases
vov a4 (F) i
(%) In this way, EL and avalanche multiplications happen simultaneously.

In Figure 2.5 it is schematically shown the behavior of (%)VUV and (%)Vis—IR with
the reduced amplification electric field. The VUV EL, the Vis-IR EL and ionization

electric field thresholds are indicated in the plot.

exponentially with the field also (%) increase exponentially with

due to the high difference of the collision partners masses.
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VUV i

VUV EL threshold
Visible-IR EL threshold

Y/N

1onization threshold
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Figure 2.5: Reduced VUV EL and Vis-IR yields, (%)VUV and (%)Vis—IR

as schematic functions of the reduced amplification electric field, (%)

respectively,

2.3 VUV emission

Since their excitation potential is the lowest, the levels of the np’(n + 1)s! electronic
shell configuration are the most populated through direct electron impact. These levels
are also populated ultimately after the creation of excited atoms in shell configurations
with energy higher than that of np3(n + 1)s' (as suggested by the Vis-IR transitions
represented in Figures 2.1 - 2.4 and explained in Section 2.4). They are represented in
Racah notation as (n + 1)s[3/2]5, (n + 1)s[3/2]7, (n + 1)s'[1/2]; and (n + 1)s'[1/2]].
Two of them are metastable: (n+1)s[3/2]; has lifetimes of 38 s, 39 s and 43 s in argon,
krypton and xenon [88, 89], respectively; and (n + 1)s'[1/2]; has lifetimes of 128 ms
in xenon [90]. The other two are resonant: (n + 1)s[3/2]] and (n + 1)s'[1/2]] have
lifetimes of 20.5 ns and 1.7 ns in neon [91], of 8.6 ns and 2.15 ns in argon [92], of 4.6
ns and 4.4 ns in krypton [93], of 3.8 ns and 3.2 ns in xenon [94], respectively.

VUV photons emitted during atomic transitions from the resonant states are promptly
re-absorbed by ground state atoms through the so-called radiation trapping mechanism,
which implies a long effective lifetime. Indeed, as the pressure is increased above a few
tens of mbar, the atomic emissions are progressively replaced by molecular emissions
characterized by continua spectra, as observed in proportional scintillation [95, 96, 97].
As the pressure increases, the average time between collisions of the atoms decreases
and start to be lower than the effective atomic radiative lifetimes, thus the probability

of excimer formation gets large.
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Excimers — electronically excited molecules, R3* — are formed through three-body

collisions between an excited atom, R*, and two atoms in the ground state, R:

R +2R — R + R. (2.1)

Three-body collisions dominate at pressures above few tens of Torr making the
excimer formation the main channel of de-population of excited atoms [98]. The rate
constant of process (2.1) is 6.6 x 1073 cm® !, 44x 10733 cmSs~! and 25x 10733 cmfs™,
for argon, krypton and xenon [99]. This implies excimer formation times lower than
260 ns, 40 ns and 70 ns in each of the cases, respectively, at atmospheric pressure and
room temperature. These values further decrease with the square of the pressure. In
this work it is assumed that other processes, e. g. associative ionisation which affects
highly excited states that are not frequently produced, contribute negligibly [100, 101].

The excimers involved in the VUV electroluminescence are mainly 'S+ and 3
[102, 103] with very different radiative decay rates: '37 has radiative lifetimes of 4.2
ns and 5.5 ns in argon and xenon, respectively; and *3F has lifetimes of 3.2 us, 1.7
ps and 96 ns in argon, krypton and xenon, respectively [95, 104]. They are formed
through process (2.1) in high vibrational states and can decay to the repulsive ground
state, '3, emitting a VUV photon:

Ry — 2R + huy, (2.2)

or they can collide with ground state atoms losing vibrational energy:

R+ R— R+ R. (2.3)

In the latter case, the resultant excimer in a low vibrational state, R} , emits a

VUV photon with slightly lower energy:

R; — 2R + huy. (2.4)

The electronic transitions of excimers follow the Franck-Condon principle. It states
that an electronic transition is so fast that the internuclear distance can be considered
as fixed [105], corresponding to vertical arrows in a molecular energy diagram (as that
of Figure 2.6). In this diagram, a vibrational state is represented by an horizontal line.
The quantum theory shows that, in the fundamental vibrational state (v = 0) of each
electronic molecular level, the atoms are most likely to be found in the equilibrium
position. However, for higher vibrational states it is more probable to find the atoms
near the intersection of the horizontal lines with the potential curve. A transition is

favored if it occurs for an internuclear distance such that the vertical line connects
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probable states of the molecule (represented as blue shadows in Figure 2.6). The
potential energy of, e.g. the 'X1 excimer of a noble gas, as a function of nuclei-nuclei
distance, r, is depicted schematically in Figure 2.6. The potential curve of the ground
state molecule, 'Y}, is also presented [102]. A (v # 0)' X excimer decays into the
weakly bounding region of the ground state at large internuclear distance ry such that
both vibrational wave functions overlap, giving rise to a narrow first continuum. A
(v = 0)1 Y1 excimer decays into the repulsive region of the ground state, which leads to
the dissociation of the atoms. The kinetic energy of the formed atoms is not quantised
resulting in the broad second continuum [106]. The two continua, the first at higher
and the second at lower frequencies, are observed experimentally for low pressures

(< 100 mbar).
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Figure 2.6: Energy diagram of the ground state 'Y} and the 'S excimers [102]. The
curves are not precise. The amplitude of the shallow potential well of the
ground state is exaggerated. The red lines represent vibrational states.
Blue shadows show the most probable regions of finding the valence elec-
trons, for each vibrational state.

At high pressures, typically above 400 mbar, the proportional electroluminescence
spectra show only the second continuum because process (2.3) dominates over process
(2.2) [95]. The second continuum is approximately Gaussian with a wavelength mean
of 82.2 nm, 128 nm, 147 nm, and 173 nm and a FWHM of 3 nm, 10 nm, 12 nm and
14 nm for neon, argon, krypton and xenon, respectively [95, 96, 97, 107].

As seen, in a pure noble gas, each excited atom, in whatever state it was produced,
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leads ultimately to the emission of a VUV photon. Thus, the VUV electroluminescence
threshold corresponds to the minimum electric field that allows the electrons to acquire
energy equal or higher than the first excitation potential. In literature, Monte Carlo
calculations report values for (%)glév of 0.77 Td for neon, 3.6 Td for argon, 2.72
Td for krypton and between 2.87 and 2.89 Td for xenon [108, 109, 110]. The best
experimental works report thresholds of 2.35 Td for argon, 2.36 Td for krypton and
3.39 Td for xenon [67, 68, 111]. Experimentaly, curves for ( %)VUV
have been determined only for argon and xenon, using GSPCs with uniform electric

fields and LAAPDs for light readout and yield calibration [67, 68].

as a function of (%)

VUV emission from ions

In the case that the electric fields used for signal amplification are higher than
the ionization threshold of the gas, ion pairs are produced, each one constituted by
one secondary electron and one ion, R™. For noble gases at atmospheric pressure or
higher, the ions form quickly (< 5 ns) molecular ions, RS, by colliding with atoms in
the ground state [112]:

R*+R— Rf +R. (2.5)

These molecular ions can recombine with thermalized electrons forming highly ex-

cited atoms, R**, through a process called dissociative recombination:

Rf +e — R+ R. (2.6)

Although, in principle, there are not thermalized electrons in the amplification
volume since all of them are being accelerated by the electric field, this reaction can
happen with electrons from the cathode, when the ion is collected. The highly excited
atoms collide with other atoms of the gas forming excimers in highly energetic electronic
states, R5** which, on their turn, collide with further ground atoms forming normal

excited atoms (equal to those produced through direct electron impact):

R™+2R — R+ R (2.7)
Ry* + R — R* 4+ 2R (2.8)

The excited atoms R* undergo the processes from (2.1) to (2.4) giving rise to VUV
photons as described previously. In this way, when charge amplification is involved,
VUV photons are emitted after ionizations, in addition to those from excited atom

de-excitations.
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2.4 Visible and Infra-Red emission

As suggested by the energy diagrams presented in Figures from 2.2 to 2.4, after the
excitation of noble gas atoms through electron impact to shell configurations with
energies higher than those of np®(n + 1)s!, photons in the Visible and Infra-Red range
are emitted. In fact, light of this nature has been observed experimentally by applying
EL electric fields to electrons produced by incident radiation at atmospheric pressures.
The spectra consist in atomic lines corresponding to wavelengths between 580 nm
and 725 nm, 695 nm and 845 nm, 755 nm and 895 nm, 820 nm and 885 nm for
neon, argon, krypton and xenon, respectively [113]. These lines are attributed to
transitions from the levels in the np®(n+1)p! shell configuration to those of np®(n+1)s!
configuration [114]. Atoms in the np®(n+1)p! configuration can be directly created by
electron impact or by cascade population from highly excited states, namely np®nd!
and np®(n + 2)s' [115, 116]. This population from upper levels can happen through
collisions between the excited atom and a ground state atom, or through radiative
transitions. In the last case the involved wavelengths (> 1 pum) are out of the spectral
sensitivity range of conventional light readout devices.

Regarding the Vis-IR reduced EL yield, only recently was measured experimentally
(Y )ViS_IR as a function of ( %) for a uniform electric field, and this only for argon [117].

N
In this reference a Vis-IR EL threshold of (%)iz;m = 6.43 Td is reported.
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Up to now, for calculating the electroluminescence yield and efficiencies, a three-
dimensional Monte Carlo program of the electron drift in xenon and xenon-neon mix-
tures [109, 108] and an one-dimensional program for krypton and argon [110] existed.
Although validated, they are not open-source nor freely accessible, unlike the toolkit
described in this document. These programs were built aiming the determination of the
intrinsic properties of rare gases VUV electroluminescence, like yields and efficiencies,
but are limited to implementations of uniform electric fields. The toolkit presented
in this document provides a versatile and comprehensive microscopic parametrization
of the physics processes involved in the drift of electrons in gaseous detectors. With
it, it is possible to calculate yields and efficiencies not only of VUV EL, but also of
Vis-IR EL. Nearly any arbitrary geometry can be considered due to interfaces with fi-
nite elements and boundary element programs for field calculations. It uses a detailed
up-to-date database of electron-atom and electron-molecule cross sections for about 60
gases, which provides the potential to simulate EL of nearly arbitrary gas mixtures.

The simulation toolkit was developed using the new C++ implementation of the mi-
croscopic technique of Garfield [118]. This is a Monte Carlo technique which tracks the
electrons at the atomic level using, currently, cross sections and routines of Magboltz
8.9.5 [119].

3.1 Garfield

Garfield is a program widely used for the detailed simulation of gaseous detectors [120],
developed by R. Veenhof. In order to perform these simulations, the knowledge of the
electric field vector, E= (Ey, Ey, E.), in each point of the trajectories described by the
electrons and/or the ions is mandatory. Garfield has its own library for analytically
calculating electric fields when the detector geometry can be decomposed in equipoten-
tial planes, wires and tubes without intersections. For the remaining geometries, the
program provides interfaces with finite element programs and efforts are being done in
order to interface the recent developed Nearly Exact Boundary Element Method [121].

Considering only electrostatic fields, and if the electrons produced by the incoming
radiation traveled in vacuum they would have a deterministic trajectory in the detector,
given their initial position and velocity. This trajectory would be such that the position

as a function of the time, 7 (¢), should obey to the following differential equation:

d?7(t)
dt?

where m and e are the mass and the electric charge of the particle. Garfield implements

m — eE (7 (1)) (3.1)

the Runge-Kutta-Fehlberg method to solve numerically this differential equation and



60 Simulation toolkit

determines the trajectory that ions or electrons would have in vacuum. In a real
gas, one ion, due to its high mass, follows this trajectory with very small thermal
fluctuations. This is the method that Garfield uses to drift ions also in real gases,
given their mobility as a function of the electric field for calculation of the time of
drift. In the case of electrons, since they are extremely light, they change abruptly
their direction of motion in collisions with the atoms and the trajectories obtained by
solving Equation (3.1) do not provide a real parametrization, although they can be
viewed as the paths traveled on average by the electrons (the blue paths presented in
Figure 1.13b) were obtained with this method).

In order to correctly simulate the drift of electrons in real gases, Garfield has other
integration method named microscopic technique. 1t is a Monte Carlo method that
tracks electrons at the atomic/molecular level by using procedures and cross-sections
available in Magboltz. The implementation of the technique is described in more detail
in the next Section. In noble gases each collision is classified as elastic, excitation or
ionization but the program can deal with other processes, typical of molecular gases, as

attachment and super-elastic collisions (a process in which the electron gains energy).

3.2 Magboltz

Magboltz was developed by S. Biagi, to calculate the transport parameters of elec-
trons drifting in gases under the influence of electric and magnetic fields [122]. For
this purpose, the program contains, for 60 gases, electron cross sections for all relevant
interactions with atoms and/or molecules. The cross sections used for neon, argon,
krypton and xenon in version 8.9.5 of the program (the one used in this work) are
plotted in Figures A.1 and A.2. In Tables A.1 — A.4 are shown in detail the con-
sidered separated groups of interactions for these gases and the corresponding spent
energy. Regarding excitations (the key process for EL simulations), cross sections are
available for 45, 44, 4 and 50 levels/groups of each gas, respectively. These cross sec-
tions are part of the LXcat project [123], which is an open-access website that collects
ELECtron SCATtering cross sections and swarm parameters required for modeling low

temperature plasmas.

Electron transport

As seen before, each electron follows a sinuous path drifting in the gas. This is the
combination of the parabolic vacuum trajectories between collisions with the abrupt
changes in the direction of motion during collisions. If the electron starts its drift in

the position 7o = (2o, ¥o, 20) and with an initial velocity vy = (voz, voy, vo.), and if
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the electric field is considered constant, immediately before its next collision with an
atom, happening in a time interval At after the previous collision, the new position

71 = (21, Y1, 21) and velocity v1 = (v, v1y, v12) of the electron will be:

T1 = To + Vo At + %ﬁExAtQ
Y1 = Yo + Vo, AL + L£ By AP (3:2)
21 = 20 + vo: At + 2L B AL
and
Vig = Vor + o B AL
vy = Voy + = B, At (3.3)
v, = Vo, + S E.AL

Determined the position and the velocity just prior to a collision, these quantities
are updated accordingly to the collision type, after which they are considered as new
vacuum drift initial conditions and the process repeated. But for this, the free time of

flight between each pair of collisions, At, should be known.

For a fixed velocity of the electron, At follows an exponential distribution centered
at the mean free time between collisions, 7. The probability of having a free time of
flight At is thus:

P (At) = exp (-%) (3.4)

or equivalently, using the mean collision frequency, v = 1/:

P (At) = exp (—vAtL) (3.5)

The mean collision frequency can be calculated from the gas atom density, N, and

from the total cross section, o:

v = Nvo (3.6)

The total cross section is obtained summing the cross sections off all possible interac-

tions for the considered velocity of the electron, o;:

o= Zoi (3.7)

Taking into account Equation (3.5), between each pair of collisions, the free time of
flight could be obtained using a random number with uniform distribution, S € ]0, 1],

through:
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At = —v In (S) (3.8)

But, in reality, the mean collision frequency varies along the parabolic path between
collisions due to the change on the electron velocity. The probability of having a free

time of flight At is in this case:

P(A#) = exp <_ /tAOt 1(EEe=1) dt) (3.9)

and At could be determined using a uniform distributed random number, S, and the
relation P (At) = S. The numerical determination of At through this relation, with a
reasonable accuracy, is extremely computationally time consuming and not suitable for
practical applications. In order to overcome this limitation, the null-collision technique

is used in Magboltz.

Null-collision technique

In the null-collision technique, introduced by H. R. Skullerud in 1968 [124], it
is considered a trial collision frequency, v/, which is greater than the actual collision
frequency for all the velocity range achieved between collisions, v (v). The use of a large
collision frequency is compensated by considering a given fraction of the collisions as
null collisions — with null momentum transfer and thus that don’t affect the electron
path. In this way, the trial collision frequency is the sum of the actual and the null

collision frequencies:

V' =v(v) + vy (3.10)

The probability of a null collision is thus:

Vnull_l V<U)
vy

P = (3.11)

The simulation procedure is as follows:

1. Given the initial velocity vy and position 7y of one electron, v/ is chosen to be
greater than v (v) over a velocity range corresponding to at least one mean free

time between collisions.

2. Using ¢/, a trial free time of flight At’ is randomly generated according to rela-

tion (3.8), which can lead to two diffent cases:

(a) ' = v (v) for t €10, At']:

The electron collides at the instant ¢t = At’ through a real or a null collision.
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The decision is made through the generation of a random number uniformly
distributed S € ]0, 1], according to Equation (3.11):

i. If S < v(v)/V/, then a true collision happened and the free time of

flight is determined. The position of the electron is updated according
to Equation (3.2). The velocity vector is updated according to the
collision process (elastic, ionization or excitation). This update takes
into account the energy loss, €, associated with the process and the
anisotropic distribution in the scattering angle. The process is repeated
from step 1 with the new initial conditions and a new /.
In the case that the collision is an excitation, in addition, an EL simu-
lation model is applied as will be described in Section 3.3. In the case it
is an ionization, initial conditions for a new electron are generated and
put on a stack for later simulation.

ii. S > v(v) /v, then a null collision happened. The velocity vector is
updated according to Equation (3.3), a new trial collision frequency is
chosen and the process is repeated from step 2 until a true collision has

happen.
(b) v/ < v (v) for some value of ¢t € |0, At']:

A too low trial collision frequency has been chosen for some fraction of the
trajectory. According to Equation (3.11) this would imply a negative prob-
ability for the null collisions. The electron is brought back to the conditions
where v/ equaled the true collision frequency v (v). This happened for a
velocity vy, (determined through the relation between v and v) and at the

instant of time:

2 2
At = Y m YL ~ Yol (3.12)

| £ ]

= |

m
where vy, and vy are the perpendicular and parallel components of the ve-
locity immediately after the previous collision, relatively to the local electric

field vector, respectively.

The simulation of one electron stops when it hits a metal conductor (electrode) or
an insulator. The secondary electrons that possibly were created through ionizations
are then tracked, one by one, through the same methodology. In Figure 3.2 it is
represented the flow-chart of the simulation performed by Magboltz. Each time S is
used, it is given a new value to it. Nijon, Nyvuv and Nyis_1r are counters to determine
the number of secondary electrons, VUV and Vis-IR photons produced per primary

electron, respectively.
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Anisotropic scattering

In each real collision, the anisotropic angular distribution of the scattering angle is
considered. In literature, it is available experimental data on the differential scattering
cross section, ogi (6), of some gases [125, 126]. This quantity is related to the proba-
bility of the electron being scattered according to a given angle, 6, and gives a direct
information for Monte Carlo simulations. Moreover, the total cross section is defined

as the integral of the differential cross section over all possible scattering angles:

o= 27T/ oait (0) sin 0d6, (3.13)
0

Although the information about the differential cross section gives a direct method
to implement an anisotropic scattering in Monte Carlo simulations, Magboltz imple-
ments a different formalism, in order to cover generally all gases contained on its
database. This formalism is based on the fact that the scattering angle can be ram-
domly sampled using the ratio between the momentum transfer cross section, o, and

the total cross section, which can be expressed as [127]:

Om(e) 1€ <(1+§) I8 —zg) , (3.14)

oe)  2¢ 1-¢
where € is the kinetic energy of the electron and £ is an energy dependent parameter.

The momentum transfer cross section is a measure of the loss of forward momentum

of electrons drifting through the gas and defined as [128]:

Om = 27T/ oair (0)sin @ (1 — cos ) d6. (3.15)
0

The parameter ¢ is determined, in each collision, by solving numerically Equation (3.14),
given that o, and o are known. After, the scattering angle is determined using a uni-

formly distributed random number, S, in the interval |0, 1[:
25 (1 —¢€)
0= 1]——— 1
arccos( T+ E1=29) (3.16)

In Figures A.1 and A.2 the elastic momentum transfer cross section of each gas is

represented as EMT and the total elastic cross section as ELT.

3.3 C++ toolkit

The toolkit used for the simulations performed during this work consists on a library
of C++ classes, which implements the microscopic technique that was already avail-

able on Garfield 9 (implemented firstly in Fortran) and described in the previous two
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Sections. This collection of C++ classes, written by H. Schindler and R. Veenhof, can
be interfaced with more general simulation platforms, widely used in the simulation
of particle detectors as e. g. GEANT4 [129, 130]. The last is a toolkit for the simu-
lation of detectors in high energy, nuclear and accelerator physics, medical and space
science, and has some limitations leading with gaseous detectors. These are treated
through parametrization of their macroscopic properties that sometimes are not enough
for accurate and detailed results. In this point, the new C++ implementation of the
microscopic technique of Garfield will certainly play a role.

The toolkit is interfaced with ROOT [131], a C++ framework developed at CERN
for data analysis in High Energy Physics, which provides visualization of the detector
geometries, electric fields, electron and ion tracks, among other capabilities. This
interface with ROOT also allows the user to perform further data analysis, expanding
very significantly the toolkit versatility.

For each collision, information about the collision type, the (x,y, z) position, the

instant of time and the energy loss (according to Tables A.1 — A.4) is available.

Simulation of EL

Regarding the excitations, the level /group to which the atom transited is also avail-
able. A part of the work developed for this thesis consisted in the implementation of
the decay processes described in Sections 2.4 and 2.3, given the detailed informations
about each excited atom obtained through the toolkit, in order to assess the EL prop-
erties of pure noble gases in several detector geometries. As outlined in Figure 3.2, all
excitations and ionizations imply ultimately the emission of a VUV EL photon. In the
case that the result of one excitation is an atom in a shell configuration different than
np® (n + 1)s!, a possible Vis-IR photon is also considered to be emitted.

Regarding the VUV EL, one important quantity to determine is the EL efficiency,
which implies to know the energy (or equivalently the wavelength) of the emitted VUV
photon. The spectra of the VUV EL at the atmospheric pressure or higher, can be
considered as a Gaussian distribution with a mean of 82.2 nm, 128 nm, 147 nm, and
173 nm and a FWHM of 3 nm, 10 nm, 12 nm and 14 nm for neon, argon, krypton and
xenon, respectively. The wavelength of each VUV photon is generated according to
these distribution using the gaussian random number generator of the TRandom3 class
of ROOT.

Although this work has been focused in the study of EL of pure noble gases, po-
tentially the toolkit is not limited to that. It has potential to simulate EL of several
mixtures of any of the 60 gases available in the database. An interesting gas is, e.g.,

tetrafluoromethane (CFy) due to its high EL yield. Recently, D. Nygren has proposed
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the addition of small quantities of trimethylamine (TMA) or dimethylamine (DMA)
to gaseous xenon in order to further decrease the fluctuations in the primary charge
creation (described in Section 1.1.3) [132]. These molecules will potentially have a Pen-
ning effect, reducing the fluctuations in the creation of primary charge, at the same
time that emit light in the 280 — 310 nm range. The Penning effect happens in mixtures
where one of the gases has an ionization potential lower than the other. One atom of
the second gas, excited through electron impact, can transfer in collisions its excess
energy to one atom of the first gas ionizing it and producing additional secondary elec-
trons. However, further studies are needed in order to confirm these properties and to
determine the optimal conditions of operation such as concentrations to be used and
electric fields to be applied. In this context, the C+-+ toolkit described and used in
this work will be of major importance.

In order to simulate EL in such mixtures, a detailed radiative and collisional decay
model can be constructed and implemented for each mixture. Unlike in pure noble
gases, this is not an easy task for mixtures, since many decay channels exist and
absolute and accurate decay rates for each of them should be first experimentally
determined. Anyway, work has already been done in order to include Penning transfers

in the simulations of electron drift in argon based mixtures [133].
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In order to understand in detail the microscopic processes related with electrolu-
minescence in noble gases, it was considered as a first approximation the case when
electrons drift in a volume where a uniform electric field is applied. This geometry, due
to its simplicity, allows in an intuitive way, to evaluate the different intrinsic properties
of EL.

In this chapter, the collision rates of each of the levels/groups used in Magboltz
are determined as functions of the reduced electric field. This analysis gives an idea of
the most produced excited states for each value of electric field and therefore, allows
to assess which contribute more significantly for EL. With this information in hands,
the excitation efficiency can be estimated. The distribution of the kinetic energy of
electrons prior to each collision is presented for different values of the electric field.
The VUV EL efficiency and the corresponding yield are also calculated for all the
studied gases and compared with experimental data and some earlier Monte Carlo
work available for argon and xenon. For the first time, the fluctuations in the number
of emitted VUV photons per primary electron are calculated as a function of the field.
Finally, the Vis-IR EL yield is estimated for pure argon and xenon, being the results

obtained for argon compared with very recent experimental measurements.

4.1 Simulation details

In order to obtain the simulation results presented in the next Sections of this Chapter,
the primary electrons were considered to drift in a gas volume between two infinite par-
allel plates that create a uniform electric field. The starting direction of each primary
electron was sampled isotropically and the starting energy was distributed according
to the energy distribution given by Magboltz for the considered reduced electric field,
which makes that electrons were already in equilibrium with the electric field when
released. More details about other conditions as the gas temperature and pressure, the
number of simulated primary electrons, N,, and the distance traveled by each of them,

will be given in each following section.

4.2 Collision rates

Figure 4.1 presents the average number of collisions, undergone per primary electron,
corresponding to some of the levels/groups of Magboltz, as a function of the reduced
electric field. The number of simulated primary electrons used in the calculations was,
at least, 3 x 10*. All electrons were left to drift over 2 cm along the direction of

the electric field. The considered temperature and pressure were 293 K and 1 atm,
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respectively.
The np® (n + 1)s! states represent ~90 % of all excitations in the proportional EL

region. This is due to their energy being the smallest of all possible excited levels,
which makes them the more likely to be produced. The next higher energy states,
those of np® (n + 1)p' shell configuration, represent 5 — 10 %, depending on the gas
and on the intensity of the field. The remaining states represent a negligible fraction

EL in uniform electric field

off all excitations, at least in the field range of this study.
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Figure 4.1: Average number of collisions (elastic, ionizations and of some excitation

groups/levels) per primary electron drifting over 2 cm of gas at 293 K and
1 atm. The collisions experienced by secondary charges when ionization is

possible are also included.
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4.3 Energy distribution

Figure 4.2 shows the distributions of the electron kinetic energy before collisions, €, for
some values of the reduced electric field and for all the studied gases. As the electric
field increases, between collisions, the electrons are more accelerated and can achieve
higher energies. Also, for the same fluctuations in the electron mean free path (related
to the stochastic nature of the electron drift), higher fields imply higher variations in
the electron energy and thus, the distributions get broader. Higher energies imply an
higher number of possible excitation channels, which also contributes to this effect.
Figure 4.2b resumes the behavior of the maximum energy of electrons as well as their
mean energy. The graphs of both figures were constructed, for each gas, considering
one electron drifting until 10° collisions have been totaled. The collisions experienced
by secondary electrons when ionization is possible were also included. The considered

temperature and pressure were 293 K and 1 atm, respectively.
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Figure 4.2: Distributions of the electron kinetic energy before each collision, for some
values of (%) and for the gases studied in this work.
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Figure 4.3: Mean and maximum kinetic energies, & and e, respectively, reached by
the electrons before collisions, as functions of the reduced electric field.
These quantities were obtained by analysis of the electron energy distribu-
tions (some of them present in Figure 4.2).

4.4 Excitation efficiency

The excitation efficiency, Qexc, is defined as the fraction of energy acquired by the N,
primary electrons drifting under effect of the electric field, F, that is spent in excitations
[109]. It can be calculated through:

1=TNexc

§ i1
T Eexc

i=1
exc — 4.1
@ ezNFE (4.1)

where ney is the number of excitation levels/groups available in Magboltz for the
studied gas, n’ the number of excitations to the i*® group produced by the primary
electrons, €' . the corresponding energy loss, z the projection of the distance traveled
by each primary electron into the electric field direction and e the elementary charge.

Figure 4.4 shows the excitation efficiency, for each of the studied gases, as a function
of the reduced electric field. The temperature and pressure used in the simulations were
293 K and 1 atm, respectively. The number of simulated primary electrons used in the
calculations was, at least, 3 x 10* for each value of the field. All electrons were left to
drift over 2 cm along the direction of the electric field.

When the electric field supplies to electrons enough energy that excitation starts



Excitation efficiency 75

to be possible, the corresponding cross sections increase abruptly and Qe begins
with a fast increase. Increasing the field, a plateau is reached until the field is high
enough to provide electrons with enough energy for ionizations. After that, also the
additional produced secondary electrons can excite atoms and thus, Qey. reaches values
much higher than 100 %. This quantity, in argon, krypton and xenon, agree for high
(£) with earlier Monte Carlo simulations [109, 110]. Below 8 Td the values in this
work are ~ 10 % lower in the case of argon and xenon. The difference increases with
decreasing field. Anyway, this region is not interesting for operating detectors based
on electroluminescence amplification because of the large statistical fluctuations and

the low EL yield (see Sections 4.5.2 and 4.5.3).
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Figure 4.4: Excitation efficiency, Qexc, as a function of the reduced electric field. The

results obtained in this work are compared with those of earlier Monte
Carlo work [109, 110].

The high values of excitation efficiency achieved before ionizations (>80 % for all
gases) means that almost the energy supplied by the electric field is spent in excitations.
Knowing that, as described in Chapter 2, when using a pure noble gas, all excited
atoms produce ultimately a VUV photon, this means that the VUV EL yield should
be high and the associated fluctuations should be low, since the exchange of energy
with other processes is small. After all, it should be noted that Qe is not 100 % for
any field in the proportional EL range. The remaining fraction of energy is lost in
elastic collisions. In each of them, the electron loses a very small amount of energy
(due to the very small ratio between its mass and the mass of the atom). This means

that, between excitations, a big number of elastic collisions happen (this can be also
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found in Figure 4.1). This highlights the need to ensure experimentally an extremely
high purity of the gas. If even a small fraction of electronegative impurities exists in
the gas, the electrons would lose energy in processes such as attachment, not reaching

enough kinetic energy for excitations.

4.5 Intrinsic properties of VUV EL

In this Section, the intrinsic properties of VUV EL of pure noble gases are presented
as functions of the reduced electric field. The number of primary electrons simulated
and used in the calculations, for each value of (%), was varied between 3 x 10* and
2 x 10° in order to keep the variation in J (defined in Equation (1.18)) below 2 % in
the last quarter of iterations (see Figure 4.9 for examples of the variation of J with the
number of simulated primary electrons.). All primary electrons were left to drift over
2 cm along the direction of the electric field. It was considered a temperature of 293

K and a pressure of 1 atm.

4.5.1 VUV EL efficiency

The VUV electroluminescence efficiency, Qvuv, is defined as the ratio between the
energy emitted in the form of VUV photons and the energy acquired by the electrons
during the drift:

i=Nexc J= =n'
2 2 e
=1 j=1

4.2
ezN FE ( )

QVUV

Where 5 is the energy of the VUV de-excitation photon of the j™ excited atom in the

b group through excimer decay, generated randomly according to the characteristics
of the second continuum.

Figure 4.5 shows the obtained Qvyyv as a function of the reduced electric field.
The behavior of this quantity is similar to that of the excitation efficiency, already
analyzed in Section 4.4. One difference is that QQyyv is always lower than the exci-
tation efficiency, due to the loss of vibration energy from excimers before they emit
a VUV photon, and to Vis-IR radiative transitions from levels of shell configurations
with energy higher than np® (n + 1)s! — the Vis-IR EL. In the case that these levels
are de-populated through collisional transitions, the lost energy also contributes to the
difference between Qvyv and Q. The ratio between Qvyyv and Qe represents the

fraction of energy transferred to atoms as excitations that is emitted in the form of
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VUV photons and is represented in Figure 4.6. With the increase of the field, elec-
trons achieve higher energies, exciting atoms to higher states and losing more energy
per excitation. However, the energy of each VUV photon is more or less the same
(according to the distribution of the second continuum) and thus, the ratio slightly
decreases. This means that, for higher fields, more energy is lost as Vis-IR transitions
or collisions involving highly excited atoms, leading ultimately to the population of the
np® (n + 1) s! states.
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Figure 4.5: VUV electroluminescence efficiency, Qvuy, as a function of the reduced
electric field. The results obtained in this work are compared with those
of earlier Monte Carlo work [109, 110].

4.5.2 VUV EL yield

The reduced electrolumienscence yield, previously defined in Section 2.2, is a very im-
portant quantity to be evaluated since, with it, one has information about the number
of EL photons that can be produced in a detector implementing a uniform field geom-
etry, for a given value of the field. This quantity can also be used to estimate, through
extrapolation, the number of photons produced in other geometries.

Figure 4.7 shows the reduced VUV EL yield, (%)VUV,

a function of the reduced electric field. Results of earlier Monte Carlo simulations

obtained in this work, as

for xenon [109] and measurements for argon and xenon [68, 67] are also presented.
The linear trends of all curves presented in the Figure are systematized in Table 4.1.
The overall agreement consolidates the assumption that the channels of de-population

of excited atoms produces ultimately VUV photons through excimer decay. If other
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Figure 4.6: Fraction of energy transferred to atoms as excitations that is emitted in
the form of VUV photons, as a function of the reduced electric field.

processes contribute they should also lead to the emission of VUV photons. The
exception in the agreement is argon below 8 Td which is under investigation. The
good agreement between the simulated values and measurements available for argon

and xenon also consists of a validation of the toolkit.
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Figure 4.7: Reduced VUV EL yield, as a function of the reduced electric field, compared
with earlier Monte Carlo simulation data for xenon [109] and measurements
for argon and xenon [68, 67].
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Work ‘ Linear trend
Ne
This work (%) vuy = (0.0727 £ 0.0006) (£) — (0.110 + 0.003)
Ar
This work (%) vy = (0.105 £ 0.001) (%) — (0.43 £ 0.01)
Measurement [68] (%)VUV =0.081 (£) —0.190
Kr
This work (%)vuy = (0.116 £0.001) (£) — (0.30 £ 0.01)
Xe
This work (%) vy = (0.134£0.001) (£) — (0.39 £ 0.02)
Monte Carlo [109] | (%)yyy = (0.1389 (%) — 0.4020) £ 0.0328
Measurement [67] (%)VUV =0.140 (£) — 0.474

Table 4.1: Linear trends of the reduced VUV EL vyield dependence with the re-
duced electric field of the data plotted in Figure 4.7. (£) is given

N
in Td (1Td = 107'7 V cm? atom™) and (%)VUV is given in units of
1

10~'7 photons electron™ ¢cm? atom™'.

The reduced VUV EL yield increases approximately linearly with (%) at low fields,
even when some ionization is produced (see Fig. 4.8). Above ~7 Td, ~15 Td, ~18
Td and ~22 Td respectively for neon, argon, krypton and xenon, secondary electrons,
exciting and producing additional EL, change the linear behavior of (%)VUV. These
thresholds are in good agreement with those calculated for neon and xenon in refer-
ence [134]. For lower values of ( %), the probability of ionization is too low for changes

in the linear behavior of the yield to be detected.

The slopes increase from the lighter to the heavier gas and reflect the decrease in
the minimum energy required to produce one excitation. The ground atoms of each
gas have one more filled electronic shell than the previous. The additional shell shields

the attraction of the valence electrons by the nuclei, thus decreasing the excitation
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potential.

Xenon is the gas that gives the highest VUV EL gains in the linear region, followed
by krypton, argon and neon. Extrapolating the yield, the VUV EL threshold, (%)316\/’
was determined to be 1.51 +£0.04 Td, 4.1 £0.1 Td, 2.6 £ 0.1 Td and 2.9 £ 0.1 Td for
neon, argon, krypton and xenon, respectively, in good agreement with earlier Monte
Carlo calculations [110, 134].

Neon, although it has the highest minimum excitation energy, has the lowest VUV
EL threshold. This is due to neon having the smallest elastic cross section of all gases
studied. Thus, the energy needed for excitations is achieved for lower fields than in the
case of the other gases (see Figure 4.3).

The first Townsend coefficient, «, measures the amount of ionizations produced
per unit length path of the electrons. The values obtained dividing the number of

ionizations per primary electron by the drift distance, are shown in Figure 4.8.
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Figure 4.8: Calculated First Townsend coefficient, «, as a function of reduced electric
field for all studied gases at 293 K and 1 atm.

4.5.3 Fluctuations

The fluctuations in the number of produced EL photons are an important parameter to
be evaluated since, together with the fluctuations associated with the primary charge
production, it gives information about the intrinsic energy resolution [70]. This intrinsic
resolution corresponds to the better performance that can be achieved by using a
given gas, regardless of the photodetection system. The contribution of the VUV EL

fluctuations are usually neglected since they are small when compared to the primary
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charge fluctuations. But, the simulations performed in this work allow to calculate
them and to confirm if indeed they can be neglected.

The fluctuations associated with VUV EL are described by Jyyvy, defined more
generally for any type of EL in Equation (1.18):

2
a
Jvuy = =2 (4.3)
VUV

where o2y is the variance in the number of VUV photons emitted per primary elec-
tron, Nyyy. The calculation of this parameter requires a minimum number of simulated
primary electrons in order to reach the suitable statistics. The last depends on the used
electric field. As an example, in Figure 4.9 it is shown, for xenon, the convergence of
Jyuv with the number of simulated primary electrons used for the calculations. For
fields where excitations happen but not ionizations, the convergence of Jyyy is fast
(see Figure 4.9a)). For higher fields, the convergence is much slower due to excitations
produced also by secondary electrons. In the plot of Figure 4.9b) are visible the abrupt
changes in the value of Jyyv, for low statistics, when the additional primary electron

causes an avalanche.
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Figure 4.9: Convergence of Jyyy with the number of simulated primary electrons for
(a) (£) =10 Td — bellow the ionization onset; (b) (£) = 18 Td — above
the ionization onset, obtained simulating electrons drifting over 2 c¢m of
xenon at 293 k and 1 atm.

Figure 4.10 shows the value for which Jyyy converged, as a function of the reduced
electric field. Xenon is the gas that exhibits the lowest statistical fluctuations, followed
by krypton, argon and neon. For electric fields above the VUV EL threshold, as the

field increases, Jyyv decreases until the onset for ionization collisions is reached. At
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Figure 4.10: Fluctuations in VUV EL, described by Jyuv, as a function of the reduced
electric field, for 2 cm of drift in each gas (at 293 K and 1 atm).

this point, Jyyy begins to increase because the higher fluctuations in the secondary
charge gain start to dominate.

It is possible, through analysis of Figure 4.10, to confirm that the statistical fluctu-
ations associated to proportional VUV EL are much lower than those in both charge
avalanche multiplication and primary electron cloud formation (typical values of F' are
between 0.17 and 0.23, and of f between 0.2 and 0.6, as mentioned in Section 1.3.1),
reinforcing the benefits of using EL as amplifying method of the charge signal created

by particles in gaseous detectors.

4.6 Vis-IR EL yield

As mentioned in Section 2.4, light in the Vis-IR range has been experimentally ob-
served together with VUV EL. This light is attributed to radiative electronic transi-
tions from levels in the np® (n + 1) p! shell to those of the np® (n + 1) s!' configuration.
Atoms in the np® (n + 1) p! configuration can be directly created through electron im-
pact or simultaneously by cascade population from highly excited states as np®nd! or
np® (n + 2)s'. However, the model that represents the overall set of transitions be-
tween these levels is not well established, being difficult to determine what and which

fraction of transitions give rise to Vis-IR photons. Thus, in a first attempt to simulate
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and reproduce the measurements recently published by A. Buzulutskov et al [117], in
this work two approaches were considered: the first assumes that only np® (n + 1) p'
levels give rise to Vis-IR photons; and the second assumes that any level in a shell con-
figuration different of np® (n + 1)s! produces ultimately a Vis-IR photon (the second
also includes the levels considered in the first). In principle, the actual curve of the
reduced Vis-EL yield, as a function of the field, should be between the curves given by
these two approaches.

In order to compare the results obtained through simulations with those obtained
experimentally, the same macroscopic conditions of the gas were considered: a tem-
perature of 163 K and a pressure of 0.60 atm. The simulation of exactly the same
conditions is important for electric fields for which ionization is possible, since different
conditions imply different absolute quantities of secondary charges (that also produce
EL). The curves of (%)VE?IR

field ranges, according to the absolute number of produced secondary electrons. The

as function of (%) have slight different shapes for these

simulations were performed for argon and also for xenon, the gases most interesting
from the standpoint of possible applications. It was considered an EL gap of 2 mm,
being the starting vertical position (perpendicular to the infinite planes that create the
field) uniformly sampled along the gap. The number of simulated primary electrons

used in the calculations was 3 x 10%, for each value of (%)
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Figure 4.11: Reduced Vis-IR EL yield for argon, as a function of the reduced electric
field, for the two considered simulation approaches. The results were

obtained considering a temperature of 163 K, a pressure of 0.60 atm and
a EL gap of 2 mm width. The VUV yield is also included.

In Figure 4.11 it is shown the reduced Vis-IR yield for argon, as a function of the re-
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duced electric field, for the two considered approaches. In this case, in order to perform
the same analysis considered in reference [117], it is used the average electron drift path
(1 mm) instead of the width of the EL gap. As a reference, the VUV yield, obtained
under the same simulation conditions, is also presented. Whatever the approach, a
Vis-IR EL threshold of ~6 Td was obtained, in agreement with the measured value
of 6.5 Td reported in reference [117]. In order to compare the results with those of
reference [117], the reduced yield was normalized, dividing the reduced Vis-IR yield by
the total number of charges collected in the anode electrode, per primary electron. The
result is shown in Figure 4.12, together with the measured data. Indeed, the measured
reduced yield is, within errors, between the two considered approaches, which make of
them a starting point for the accurate simulation of Vis-IR EL in gaseous detectors.
The reduced yield normalized to the produced secondary charge decreases after ~35
Td because the secondary electrons produce EL between their point of creation and
the anode, a path which length is lower than that traveled by the primary electrons.
This effect is higher for higher fields because a larger number of secondary electrons

are produced more close to the anode, producing a small amount of EL photons.
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Figure 4.12: Reduced Vis-IR EL yield for argon, normalized to the total charge col-
lected in the anode, as a function of the reduced electric field, for the two
considered simulation approaches. The results were obtained considering
a temperature of 163 K, a pressure of 0.60 atm and a EL gap of 2 mm
width. The VUV yield is also included.

In Figure 4.13 is shown the simulated reduced Vis-IR EL yield for xenon, obtained in
the same way as for argon. Xenon is an interesting gas in terms of possible applications

but for which there is not measurements to compare. A Vis-IR EL threshold of ~11
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Td is obtained.
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Figure 4.13: Reduced Vis-IR EL yield for xenon, as a function of the reduced electric
field, for the two considered simulation approaches. The results were
obtained considering a temperature of 163 K, a pressure of 0.60 atm and
a EL gap of 2 mm width. The VUV yield is also included.

In both gases (argon and xenon) although one order of magnitude lower than the
VUV yield, the obtained Vis-IR EL yield shows that the light produced in this range
can be an interesting option to explore. It could allow to use cheaper and less com-
plex readout systems as standard PMTs for the Vis-IR range. These have an higher
detection efficiency than those used for VUV light and don’t need to be covered with
wavelength shifters or to use quartz windows; advantages that could overcome the low
magnitude of the yield when compared to VUV light.

The use of signal amplification through Vis-IR EL can be specially interesting for
detectors operating in avalanche regimes as PCs; MWPCs or MPGDs. At high fields,
typical of these regimes, the fraction of produced excited levels through electron impact
which give rise to the production of Vis-IR photons approaches the fraction of those
giving rise only to VUV photons (a tendency which can be observed in Figure 4.1).
This is a consequence of the increase in the mean kinetic energy of the electrons with
the increase of the applied electric field, which makes increasingly likely levels with
higher energies to be produced.

In order to be possible a more accurate simulation of the Vis-IR secondary light
emission in these themes, a detailed model of decay among the several states that
populate the np® (n + 1) p' configuration, and also of the decay of the last to the
np® (n + 1) s!, should be constructed and implemented. With it, the band shown in
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Figures 4.11 - 4.13, which width represents the uncertainty in the current simulations,
would become thinner. This work is already scheduled in collaboration with R. Veenhof
(the creator of Garfield), S. Biagi (the creator of Magboltz) and A. Buzulutskov (who

measured experimentally the yield for argon).

4.7 Discussion

With the C++ toolkit developed with basis in Garfield and Magboltz 8.9.5 it is possible
to obtain extensive information about the excitations happening due to electron impact
in pure noble gases. In this Chapter, the toolkit was applied considering a uniform
electric field, a geometry that, due to its simplicity, allows to assess important intrinsic
properties of EL. which lead to a better understanding of this process.

Properties related with the drift of electrons process itself were evaluated and pre-
sented, as the collision rates of each level /group and the kinetic energy distribution. It
was confirmed that the four states which are part of the np® (n + 1) s electronic shell
configuration are the most frequently produced, in accordance with reference [95].

Assuming that every excited atom leads ultimately to the emission of one VUV
photon it was possible to calculate the VUV electroluminescence efficiency. It is, under
optimal conditions, higher than 70 % for all gases meaning that a big fraction of the
energy supplied to the electrons is converted into VUV light.

As a consequence of the efficient conversion of electron kinetic energy into VUV
photons, pure noble gases present high values of VUV EL yield. This quantity was
calculated as a function of the applied electric field and a very good overall agreement
with earlier Monte Carlo simulations [109] and measurements [68, 67] was obtained for
argon and xenon. This agreement worked as a validation for the toolkit indicating that
it can be applied to other geometries.

The statistical fluctuations associated to VUV EL were also calculated as functions
of the electric field. It was found that, after the VUV EL threshold, they decrease
as the field increases until the ionization onset, for which the fluctuations in the sec-
ondary charge production start to dominate. It was also confirmed that the statistical
fluctuations associated to proportional VUV EL are lower than those in both charge
avalanche multiplication and primary electron cloud formation. To the best of the
author knowledge, up to now, there were not consistent values for Jyyy published in
literature, being thus the first time that these parameters are presented for the studied
gases.

A first attempt was also made in order to simulate the electroluminescence in the

Vis-IR range in argon and xenon. Two approaches were considered: one considering
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that only np® (n + 1) p! levels give rise to Vis-IR photons; and the other considering
that any level in a shell configuration different of np° (n + 1)s! produce ultimately a
Vis-IR photon. It was found that the measured curve of the reduced Vis-IR yield as
a function of the field, reported in reference [117], is between the curves given by the
considered two approaches. This states a starting point for the accurate simulation
of Vis-IR light emitted by noble gases. Although, further work is needed in order to
improve the model of decays between the different levels / configurations higher than
np® (n + 1) s'. The use of Vis-IR EL can be specially interesting for detectors operating
in avalanche regimes in which the fraction of produced excited levels through electron

impact giving rise to the production of Vis-IR photons is high.



88

EL in uniform electric field



CHAPTER 5

VUV EL in a cylindrical geometry
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VUV EL in a cylindrical geometry
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The construction of the common used uniform electric field gaps for EL production
in SDCs (introduced in Section 1.3.2.2) is difficult due to mechanical constraints. Once
electrical potentials are applied, electrostatic forces are generated and the electrodes
(usually metallic meshes) are deformed. In order to ensure that an high fraction of
the volume between the meshes is under the influence of an electric field, as uniform
as possible, the EL gaps tend to be wide. At high pressures, the use of wide gaps
implies high voltages in order to achieve the optimal operational fields. To overcome
these problems; in reference [135] D. Nygren has proposed an alternative field geometry
for EL production in SDCs, based in the MWPC and consisting of a plane of parallel
wires. Such detector was proposed to operate with electric fields below the ionization
threshold of the gas, which implies the use of much lower voltages than in a parallel
geometry but in principle still producing enough EL photons. Each of the wires would
run as an individual cylindrical GSPC (see Section 1.3.2.1).

The C++ simulation toolkit, presented in Chapter 3 and validated as described in
Chapter 4, was used to estimate the properties of VUV EL produced in such proposed
geometry. As an initial approximation, it was simulated the EL produced in a cylin-
drical GSPC, filled with pure xenon, which allows fast simulations and extrapolation

for a plane of wires.

5.1 Simulation details

The simulated setup consists of a cylindrical volume delimited by a metallic tube with
a diameter of d; = 6.0 cm and a length of 2.0 m, working as cathode. Inside the tube,
a wire is aligned with the axis of the tube (which coincides with the zz’ axis). The
diameter of the wire, d,, was varied between 0.1 mm and 1.0 mm. The origin of the
position frame is at halfway between the ends of the wire. The tube is grounded and a
voltage V' is applied to the anode in such a way that electrons drift towards the anode.
The schematics of the simulated geometry is presented in Figure 5.1.

In such geometry, the intensity of the electric field increases from the cathode to
the anode, according to Equation (1.17). Thus, the starting point of each primary
electron, (0,ys,0), was calculated as a function of the pressure p, the wire and tube
diameters, and the applied voltage, so that the electron starts 1 mm outwards the EL
region. This region consists of the coaxial volume between the surface of the wire and
the cylindrical surface for which the VUV EL threshold of xenon, (%)316\/ ~ 3 Td (see
Section 4.5.2), is attained. It was used xenon at a temperature of 293 K and pressures

of 1 and 10 bar. The starting energy of electrons was sampled randomly according to
thr

vuy and the starting direction

the energy distribution given by Magboltz 8.9.5 for (%)
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Figure 5.1: Schematics of the simulated cylindrical geometry. The wire diameter is 6.0
cm and its length is 2.0 m. The starting point of each primary electron,
(0,ys,0), was calculated so that the electron starts 1 mm outwards the EL
region.

of each primary electron was sampled isotropically.

5.2 EL Yield

The number of VUV photons produced per primary electron — the total electrolumi-
nescence yield, Nyyy — as a function of the potential applied between the anode and
the cathode is shown in Figure 5.2a) and Figure 5.2b) for xenon at 1 and 10 bar, re-
spectively. Curves for the different wire diameters are shown. The points where the
smaller fluctuations in the VUV EL are achieved, before the fluctuations associated
with ionizations start to dominate, are also indicated (see also Figure 5.3).

The maximum intensity of the electric field is reached always in the vicinity of the

anode wire surface. According to Equation (1.17), this intensity is given by:

Vv

dw di

For a given voltage, the value of FE,,,, decreases with the increasing wire diameter,

Erax = (5.1)

dy. The electrons are therefore less accelerated, reaching less kinetic energy and pro-
ducing less excitations. Thus, the VUV yield achieved for a given voltage and pressure
decreases with the increase of wire diameter.

The VUV yield that can be reached before the worsening of the fluctuations due
to ionizations increases as d,, increases. In order to understand this behavior, let’s

consider an initial situation where the value of the field near the anode is equal to
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Figure 5.2: Average number of VUV photons produced per primary electron, Nyuv,

as a function of the applied potential, V', for different wire diameters (indi-
cated in the labels near each curve). The tube diameter is d; = 60 mm in

all the cases. The black dashed lines connect points where, for each wire

diameter, the minimum Jyyy is achieved (see Figures 5.3a) and 5.3b)).

The xenon temperature is 293 K in both cases and the pressure is 1 bar in
Figure 5.2a) and 10 bar in the case of Figure 5.2b).
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the ionization onset. Keeping the same voltage, if the wire diameter is increased,
EL..x decreases. However, the field corresponding to the ionization onset can be again
achieved near the surface of the anode, by increasing the applied potential. The increase
in the potential means that each primary electron produces excitations over a longer
distance, since the field threshold for excitations, E'™ is reached for a farther distance

from the center of the wire:

eV (5.2)

exc ln (5_;> Ethr

exc

Thus, the total number of excitations produced for the lowest fluctuations increases

with d,,, although higher voltages need to be applied.

Comparing the curves obtained for different pressures, it appears that the achievable
yield with low associated fluctuations increases with pressure. The electrons produce
excitations over the same path but in a gas with higher densities thus, the total prob-
ability of excitations increases. However, higher voltages need to be used in order to

create the same reduced electric fields, <%>

5.3 Fluctuations

In Figures 5.3a) and 5.3b) it is shown the simulated values of Jyyy, which describes
the fluctuations in the VUV EL, for the considered cylindrical geometry at 1 and 10
bar, respectively. The fluctuations are presented as functions of the applied voltage
and for different values of the wire diameter. Similarly to what happens in the case
of a uniform electric field (see Section 4.5.3), as the voltage increases, Jyyy decreases
until fluctuations due to the production of secondary charges start to dominate. Values
smaller than the Fano factor, although not so low as in a uniform geometry, are achieved

for optimal voltages that increase with the wire diameter.

The lowest fluctuations that can be achieved depend slightly on the wire diameter
getting worse as the diameter increases, as can be seen from the black dashed line shown
in both plots. This line connects points where, for each wire diameter, the minimum
value of Jyyy was achieved. This behavior, in a first analysis, seems to contradict
the increase of the VUV total yield (achievable without fluctuations associated to
ionizations) with increasing values of the wire diameter, as explained in the previous
Section. This effect needs further clarification and efforts are currently being done in

order to find the correct explanation.
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Figure 5.3: Fluctuations associated with VUV EL produced in a cylindrical geometry,
described by the parameter Jyyy, as a function of the applied potential, V.
Curves for different wire diameters (indicated in the labels near each curve)
are shown. The tube diameter is d; = 60 mm in all the cases. The black
dashed lines connect points where, for each wire diameter, the minimum
value of Jyyy is achieved. The xenon temperature is 293 K in both cases
and the pressure is 1 bar in the case of Figure 5.3a) and 10 bar in the case

of Figure 5.3b).
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5.4 Spatial distribution of excitations

Figures 5.4 and 5.5 show the distribution of the planar position, (x,y), where exci-
tations occurred, for xenon at 1 bar and 10 bar, respectively. Results for some of the
simulated wire diameters are presented. The wire is represented, in each plot, by a
gray circle and the region within which 95 % of the excitations happened is surrounded
by a black circunference. The distributions are shown, for each wire diameter, consid-
ering the voltage for which the minimum value of Jyyy was achieved (see Figures 5.3a)
and 5.3b) for 1 bar and 10 bar, respectively).

All the distributions show that the excitations, and thus also the emission of VUV
photons, occur in a very confined region in the vicinity of the wire, predominantly on
the side of the wire where the primary electrons came from. Considering the same
pressure, as the wire diameter decreases, its dimensions approach progressively the
free path of electrons and thus, the distribution surrounds a higher fraction of the wire
perimeter.

By comparing the distributions obtained for the same wire diameter but for the
different pressures, it is possible to conclude that the projection into the transversal
direction (za’ axis) is thinner for higher pressures. As the pressure increases, the
number of collisions per unit of electron path length also increases due to the higher
atomic density. A higher number of collisions means that the electron loses more energy
for the same traveled distance and has a higher tendency to follow the electric field

lines, i. e., the transversal diffusion is lower.

5.5 Discussion

The C++ simulation toolkit, presented in Chapter 3, was used to estimate the total
yield and associated fluctuations of VUV EL produced in a simple cylindrical geometry,
consisting of a cylindrical wire inside and aligned with the longitudinal axis of a metallic
tube.

It was found that the VUV EL yield that can be reached before the worsening of
the fluctuations due to avalanche multiplication is higher for wider wires and higher
gas pressures. The lowest achievable EL fluctuations worsen with the increase of the
wire diameter.

The spatial distributions of the excitations were also evaluated, suggesting that
the emission of VUV EL photons is confined to the vicinity of each wire and happen

predominantly on the side of the wire where the primary electrons came from.
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Figure 5.4: Spatial 2D distribution of excitations produced by 1,000 primary electrons,
for different wire diameters (illustrated with a gray circle). The voltage
that minimizes Jyyy is considered (see Figure 5.3a)). The tube diameter
is 60 mm in all the cases. Xenon at 293 K and 1 bar is used. Black
circumferences surround the region within which 95 % of the excitations
happen.
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Figure 5.5: Spatial 2D distribution of excitations produced by 1,000 primary electrons,
for different wire diameters (illustrated with gray circles). The voltage
that minimizes Jyyy is considered (see Figure 5.3b)). The tube diameter
is 60 mm in all the cases. Xenon at 293 K and 10 bar is used. Black
circumferences surround the region within which 95 % of the excitations
happen.



CHAPTER 6

VUV EL in MPGDs




100 VUV EL in MPGDs



Electric field maps 101

In the Section 1.3.3.3 of this document, it was presented the PACEM as a device
with IBF suppression capabilities. This device is appropriate for GPMs with sensitivity
in the visible spectral range since ions, flowing back to the photocathode, cause its
aging and can induce undesirable secondary photoelectron emissions. The PACEM is
also suitable for TPC readouts, avoiding space charge distortions of the drift electric
field. The principle of operation is the opto-coupling between two charge multipliers
(MPGDs), achieved by taking advantage of the VUV EL produced during the avalanche
development in the first amplification stage. The concept can be implemented in many
configurations making use of different microstructures.

Cryogenic noble gas dual-phase liquid/gas detectors have been or are being de-
veloped for direct detection of WIMPS (Dark Matter candidates) [1, 2, 3, 4]. These
particles are expected to interact with the nuclei of the liquid phase of such detectors
producing both primary scintillation and primary ionization. The resulting electrons
are extracted to the gaseous phase and their signal is amplified. The ratio between the
primary ionization and the primary scintillation signals is a unique signature of each
type of particle that can be used to separate the rare WIMP events from the back-
ground. The simplicity, low cost, radiation hardness and the possibility of constructing
large areas, make MPGDs good candidates for the amplification of the primary ioniza-
tion signal [136, 137]. However, in these experiments, it is of major importance to have
the highest possible gain in order to efficiently discriminate the Dark Matter events.
The use of the charge signal produced in MPGDs is thus not suitable for such applica-
tions since the charge gain of these devices, working at cryogenic temperatures is low.
Thus, the use of the VUV EL signal produced during the avalanches undergone by
primary electrons in these microstrutures appears as a good alternative. It represents
also a good alternative to the commonly used parallel gaps for EL production since
high light gains can be achieved by using much lower voltages.

In order to assess the feasibility of the use of VUV EL produced in MPGDs for the
applications mentioned in the previous lines, it is of major interest to determine its
properties, specially its total EL yield. In this Chapter the light responses of the GEM
and MHSP are simulated and studied in detail using the C++ toolkit. The obtained

EL yields are compared with recent measurements published in reference [138].

6.1 Electric field maps

Electric fields present in microstructures like GEM and MHSP can not be determined
analytically due to their complex shape and the presence of insulators. Thus, in order

to perform the simulations, field maps were constructed using Ansys12® [139], which
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calculates the electric potential in the nodes of a mesh, by using the Finite Element
Method (FEM) [140]. The electric field vector in any point can then be calculated
through interpolation. The 3-D 10-Node Tetrahedral Electrostatic Solid finite element
was used since it is suitable for modeling irregular meshes that need to adapt to curved
edges. This finite element consists of a tetrahedron with curved edges and 10 nodes (4
in each of the vertices and 6 in the middle of each edge). The use of 10 nodes allows
a second order polynomial interpolation for the electric potential as a function of each
of the cartesian coordinates. Polynomials are not solutions of the Maxwell equations
and, although the electric potential is constrained to be continuous in the border of
elements, the electric field (being the gradient of the potential) is discontinuous having
a linear dependence on x, y and z inside each element [141]. This represents the main
limitation of the FEM method that usually gives poor precision in field calculations.
However, at the time that the simulations were performed, the C++ toolkit didn’t
have interface to any other field calculation method, as e.g the recently developed
nearly exact Boundary Element Method that uses Green’s functions, that are solutions
of the Maxwell equations [121].

Since the hole and electrode patterns of the GEM and MHSP are periodic, unitary
cells were constructed being the longitudinal axis of the holes parallel to the zz’ axis.
Mirror symmetries applied in the zz’ and yy’ directions were used, creating maps of
ideal microstructures with infinite areas. These unitary cells will be presented later

when describing the simulation details for each of the simulated microstructures.

6.2 GEM

6.2.1 Simulation details

A standard GEM was considered, consisting of a 50 ym thickness Kapton® foil covered
with 5 um thickness copper layers on both sides and perforated with bi-conical holes
of 50 and 70 um diameter at the inner and outer apertures respectively, arranged in
a regular hexagonal layout with an edge of 140 ym. The considered unitary cell is
represented in Figure 6.1b).

In reference [138], the primary charge was generated using a collimated 22.1 keV
X-ray beam and the VUV EL photons were measured by a LAAPD placed below
the GEM. The drift and induction fields were 0.5 and -0.1 kVem™! respectively (the
experimental setup is depicted in Figure 6.1a)). The unusual reversed induction field
was used experimentally so that no charge readout below the GEM was needed and
that the LAAPD could replace it. This experimental field setup was implemented in

the field map calculations performed in the simulations.
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Figure 6.1: a) Experimental setup used in the GEM EL yield measurements of refer-
ence [138] and simulated in this work. b) Unitary cell used in the field map
calculations performed with Ansys12®.

The primary electrons were released isotropically 250 um above the GEM (measured
in the zz" direction), in a region where the equipotential surfaces are completely flat and
the electric field is uniform. The (z,y) coordinates of the starting point were sampled
randomly according to an uniform distribution along the area equivalent to the unitary
cell. Each electron started with a kinetic energy sampled randomly according to the
energy distribution given by Magboltz for the drift field. A set of 500 primary electrons
was simulated in order to obtain an error in the yield bellow 10 %. Pure xenon at 300 K

and pressures of 1.0, 1.5 and 2.5 bar was used.

6.2.2 VUV EL yield

The calculated total VUV EL yield is shown in Figure 6.2 as a function of the potential
applied between the top and the bottom electrodes of the GEM, Vgrwm. Results for the
different simulated pressures are compared with those of the measurements reported
in reference [138]. For a given pressure, the simulated yield has the typical exponential
dependence with Vggy. As the pressure increases, the voltages needed to obtain the
same yield increase. This results from the decrease of the mean free path of electrons
with the increase of pressure due to the higher atomic density. Electrons travel a shorter
distance between collisions and are less accelerated, achieving lower kinetic energies, an

effect that can be compensated by the increase of the applied voltage. The maximum
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value of this voltage is limited experimentally due to discharges that can happen since

the distances between electrodes are very small.
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Figure 6.2: Average number of VUV photons produced per primary electron, Nyuyv,
as a function of the potential applied between the top and the bottom
electrodes of the GEM, Vggm, shown for different pressures of xenon at
300 K. The simulated results (lines) are compared with the total VUV EL
yield measured in [138] (filled symbols).

Specially for high voltages, the simulated VUV EL yield approaches the experimen-
tal results (which have an associated uncertainty of the order of 20 %). However, some
differences between the data are present.

Micro-pattern structures are difficult to construct and, although devices with good
performances can be obtained with careful methodology, it is not guaranteed that the
shape of the insulator and electrode parts are exactly as projected. Namely, the shaping
of the bi-conical holes and of the sharp electrode’s edges are the most challenging tasks.
Thus, the differences between the simulated and measured yields can be associated with
imperfections introduced during the construction of the GEM relative to the projected
shape, specially for high gains (higher voltages).

During a charge avalanche developed in a MPGD that includes an insulator, elec-
trons and ions can end their track on the insulator surface and accumulate. The
accumulated charges can distort the electric field and thus, change the VUV EL yield.
This is the so-called charging-up effect that can play some role and was not considered
in the simulations. Currently, efforts are being done in order to assess the contribution
of it in the calculations, by constructing field maps iteratively and taking into account

the deposited charge between iterations.
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The uncertainties associated with the FEM method can also have some contribution

to the disagreement due to the discontinuous nature of the generated electric field, as

described in Section 6.1.

6.2.3 Spatial distribution of excitations
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Figure 6.3: Distribution of the z coordinate of the points where excitations and ion-

izations occurred, shown for some voltages applied along the GEM’s holes.
For each case, a set of 10 primary electrons was simulated for xenon at 1.0
bar and 300 K. The edges of the microstructure are proportionally repre-
sented at each plot. The electrons enter the GEM hole for positive values
of z and drift toward negative values.
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In Figure 6.2 it is possible to observe that the disagreement between the simulated
and the experimental VUV yield is higher for lower voltages. In the experimental
setup [138], it is not possible to record all the VUV photons. The LAAPD has a
subtended solid angle that need to be considered in the calibrations.

The plots of Figure 6.3 show the distribution of the z coordinate of the points where
excitations occurred, for some applied potentials and for xenon at 1.0 bar and 300 K.
In the same plots, it is included the z distribution of the ionization points.

For low voltages, the number of produced secondary charges is low (this can also
be observed in Figure 6.4) and the microstructure works almost only in EL mode. The
regions where more atoms are excited reflect the volumes where higher electric fields
exist. The fraction of excitations and thus, of VUV photons emitted in the upper half
part of the holes is roughly the same as that in the lower half part. As the applied
voltage increases, the size of the avalanche increases and, due to its cascade nature,
an high fraction of secondary electrons is created in its last stage (bellow the bottom
electrode). These secondary charges also excite atoms and thus induce the emission of
VUV photons. The fraction of photons emitted in the upper half part of the holes is

now much lower than that of photons originated in the lower half part.
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Figure 6.4: Average number of secondary electrons produced per primary electron (in-

cluding the latter), N, as a function of the potential applied between
the top and the bottom electrodes of the GEM, Vggm, shown for different
pressures of xenon at 300 K.

The previous analysis allows the conclusion that the solid angle subtended by the
LAAPD is dependent on the VUV EL yield. The experimental calibration was made
considering the same subtended solid angle for all the conditions, giving more impor-

tance to photons produced in the lower half part of the holes, which is appropriated
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only for high VUV EL yields. Thus, for lower voltages, the measured total yield is
underestimated since the GEM itself blocks a big fraction of photons from the upper
half part.

6.2.4 Number of VUV photons vs number of electrons

The distributions presented in Figure 6.3 show that, in a GEM, the number of excita-
tions produced in the avalanches is much higher than the number of ionizations. The
ratio between these two numbers is shown, as a function of the voltage applied to the
GEM and for the different simulated xenon pressures, in Figure 6.5.

For the same value of Vggy, as higher pressures are considered, the maximum
energy acquired by electrons between collisions decreases, since their free path is lower.
Since the energy threshold for ionizations is higher than for excitations, the latter are
more likely for higher pressures. Considering the same pressure and starting with low
voltages (V' = 200 V), the ratio initially grows since the electric field is increasing
and the maximum kinetic energy reached by the electrons is enough for excitations
but hardly enough for ionizations. For a certain voltage, at some of the collisions,
electrons can achieve an energy slightly higher than the ionization threshold. At these
energies, the ionization cross section is higher than that for excitations, as shown in
Figure A.2b), and thus the ratio starts to drop.
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Figure 6.5: Ratio between the number of excitations and the number of ionizations
produced during avalanches developed in a GEM, shown as a function of
the voltage applied between the top and the bottom electrodes, Vagn, and
for different pressures of xenon at 300 K.
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6.3 MHSP

6.3.1 Simulation details

A standard MHSP was considered, consisting of a 50 m thickness Kapton® foil covered
with 5 um thickness copper layers on both sides and perforated with bi-conical holes
of 50 and 70 pum diameter at the inner and outer apertures respectively, arranged in an
hexagonal pattern. The hole-pitch was 200 pm along the xzz’ direction (perpendicular
to the strips) and 140 um along the yy’ direction (parallel to the strips). The width of
the cathodes and anodes was 100 and 20 um respectively. The considered unitary cell

is represented in Figure 6.6b).

uv Csl Semi-transparent
Lamp e Photocathode |

=]
Drift Region T ED_‘:Q =
il

10imm Charge
C)
=)
— — — Q)

Avalanche Multiplication
Induction Region

-
2
mm l Eina °
=TT PR TUE G
Extraction Region = H :
lEExtract s
)

2mm
Csl Reflective
Photocathode -

Vuv
('/Scintillation

(a) (b)

Figure 6.6: a) Experimental setup used in the MHSP EL yield measurements reported
in [138] and simulated in this work. b) Unitary cell used in the field map
calculations performed with Ansys12®.

In reference [138], the primary charge was extracted from a semi-transparent Csl
photocathode by photons emitted from a UV lamp. The VUV EL photons produced
in the avalanches impinged on a reflective CsI photocathode extracting photoelectrons
from it that were collected by a metal mesh. The amplitude of the current induced
in the mesh by the photoelectrons is proportional to the number of VUV photons
emitted during the avalanche. The drift and induction fields were 0.1 and -0.1 kVem ™!
respectively (the experimental setup is depicted in Figure 6.6a)). This field setup was
implemented in the field map calculations.

The primary electrons were released isotropically 250 pm above the MHSP (mea-
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sured in the 22’ direction), in a region where the equipotential surfaces are completely
flat and the electric field is uniform. The (x,y) coordinates of the starting point were
sampled randomly according to an uniform distribution along the area equivalent to
the unitary cell. Each electron started with a kinetic energy sampled randomly ac-
cording to the energy distribution given by Magboltz for the drift field. A set of 500
primary electrons was simulated in order to obtain an error in the yield bellow 10 %.

Pure xenon at 1.0 bar and 300 K was used.

6.3.2 VUV EL yield

The calculated total VUV EL yield is shown in Figure 6.7 as a function of the total
voltage, Vietal- The latter is the sum of the potential applied between the cathode and
the top electrodes, Vor, with the potential applied between the anode and the cathode,
Vac. The results are compared with the measurements reported in reference [138]. The
experimental and simulated yields obtained for the case of GEM are also included in
the plot. The two exponential regimes typical of the MHSP are clearly visible: the first
corresponds to the increase on Ve while Vac = 0 V, and the second to an increasing
Vac while the value of Vior is kept constant.
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Figure 6.7: Average number of VUV photons produced per primary electron in a
MHSP, Nyuy, as a function of the total applied voltage (Vigtal = Vor+Vac).
The results are shown for xenon at 1.0 bar and 300 K. Those obtained
through the simulation (green line) are compared with the total VUV EL
yield reported in [138] (filled squares). The results of simulations and mea-
surements for the case of GEM are also included in the plot.

The absolute value of the VUV EL yield is very different from the one measured
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in [138]. However, it is close to the experimental and simulated yields of the GEM (with
holes of the same geometry and dimensions), for the points where Vac = 0 V (the initial
exponential regime). For both the GEM and the MHSP setups, the induction fields
have the same orientation and, for Vac = 0 V, the higher fields exist inside or in the
vicinity of the holes, in both cases. Thus, in this regime, the MHSP yield should indeed
be similar to that of the GEM.

In the experimental setup reported in [138], for the case of the MHSP, the gas
purification was achieved by diffusion, unlike as in the case of the GEM, for which it
was achieved by convection. The xenon purity was thus affected, being possible that
the measurement underestimated the VUV EL yield of the MHSP.

As mentioned in the previous section, the building of micro-pattern structures is
difficult and the elements of the final devices can have slightly different dimensions
than those that were projected. Beyond the possible imperfections introduced in the
shape of the holes, the MHSP can present additional imperfections in the anode strips,
where a charge multiplication stage occurs and a big fraction of the VUV photons are
emitted, as can be observed in Figure 6.8. This can be also a source of the observed
disagreement with the experimental data.

The charging-up effect (which was not considered in the simulations) can also play
some role. In the case of the MHSP, beyond the hole’s surface, the electrons can

accumulate in the exposed kapton surface between the cathode and the anode strips.

6.3.3 Spatial distribution of excitations

In Figure 6.8, it is shown the distribution of the (x, z) coordinates of the points where
excitations occurred, for Vor = 450 V and Vac = 250 V (the maximum voltages
considered in the simulations). The two regions with higher intensity reflect the two
charge multiplication stages, one in the exit of the hole and the other in the vicinity of

the anode strips.

6.4 Discussion

In this Chapter the total VUV EL yield of the micro-pattern structures GEM and
MHSP working in xenon was estimated. Since, in these cases, the electric field can not
be obtained through analytical solutions, the program Ansys12®. based in the Finite
Element Method and interfaced with the C++ toolkit, was used to produce the field
maps needed for the tracking of electrons and avalanches.

The simulation toolkit was able to approximately reproduce the experimental mea-

surements performed for the case of the GEM. Some disagreement between the data can
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Figure 6.8: Distribution of the (x,z) coordinates of the points where excitations oc-
curred, shown for Vor = 450 V and Ve = 250 V. The distribution refers
to 2 primary electrons undergoing multiplication in a MHSP working with
xenon at 1.0 bar and 300 K. The edges of the microstructure are propor-
tionally represented at the same plot.

be attributed to imperfections introduced during the construction of the microstruc-
ture, that can have a strong effect in the yield. It was also found that the solid angle
subtended by a VUV photodetection device, placed below the GEM, is dependent on
the total light gain, since the distribution of the vertical coordinate of the points from
where VUV photons are emitted gets more asymmetric as the VUV yield increases.
The ratio between the number of VUV photons and the number of produced secondary
charges is higher for higher pressures and decreases as the voltage applied along the

holes is increased and one enters in the avalanche regimes.

The results obtained for the case of the MHSP are not consistent with measure-
ments, although the typical two exponential regimes are present in the obtained curve.
However, the comparison between the experimental yields for GEM and MHSP, when
the voltage between the anode and the cathode of the latter is null, are unexpectedly
very different. In these conditions, the MHSP can be viewed as working in GEM mode
and, since the geometry of the holes is the same in both structures, the VUV EL yields
should be similar. The disagreement suggest possible imperfections in the MHSP used

in the measurements. It can also be due to the possible experimental underestimation
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of the yield, since a gas purification method that does not ensures an extremely low level
of impurities was used. This structure has additional possible sources of imperfections

due to its more complex shape, relative to the GEM.
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7.1 NEXT & 33" decay searches

During the last decade, different experiments have shown that neutrinos have mass
and mix [5]. This opens the possibility for the Majorana nature of these particles. If
the neutrino is a Majorana particle then it is its own antiparticle and the neutrino-less
double beta decay (33%), a Standard Model forbidden process, is possible in some
istopes, including *®Xe [6]. Beyond giving an experimental proof of the Majorana
nature of neutrinos, the measurement of the half-time of the 3% decay would allow
the determination of the absolute scale of neutrino masses, a demanding and essential
task.

The Neutrino Experiment with a Xenon TPC (NEXT) will search for the 83%
decay in 1%%Xe using a 100 kg, high-pressure gaseous xenon, electrominescent Time
Projection Chamber (HPXe TPC). The detector can be considered as a Scintillation
Drift Chamber (SDC) according to the description presented in Section 1.3.2.2. The
project is approved for operation in the Canfranc Underground Laboratory (LSC),
Spain. The TPC will have separated readout systems for calorimetry and tracking to

facilitate both measurements (see Figure 7.1).
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Figure 7.1: Schematic representation of the Neutrino Experiment with a Xenon TPC
detector and of the topological signature “spaghetti with two meat balls”
of the two electrons emitted by the 33% decay.

The two electrons emitted by the 33% decay transfer their energy to the medium
through ionizations and excitations of the gas atoms. Due to the dependence of the
stopping power of fast electrons on their energy, explained in Section 1.1.2, the topo-

logical signature of this decay is similar to a “spaghetti with two meat balls”. The
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excitation energy results in the prompt emission of VUV light — primary scintillation.
The ionization tracks (positive ions and free electrons) left behind by the two fast
electrons are prevented from recombination by a suitable drift electric field. Negative
charge carriers — primary electrons — drift toward the TPC anode, entering a region with
a more intense electric field created by two parallel meshes separated by a gap of 5 mm
width (EL region in Figure 7.1). There, they are accelerated exciting atoms of xenon,
which de-excite emitting EL. VUV photons, as described in Section 2.3. Therefore, in
such an electroluminescent TPC, both the scintillation and ionization processes ulti-
mately produce VUV photons, to be detected by an array of PMTs, located behind the
cathode. The detection of the primary scintillation light constitutes the start-of-event,
to, whereas the detection of VUV EL by the PMTs provides an energy measurement.
Electroluminescent light is used also for tracking, as it is detected by a second array of
photosensors (MPPCs in this case) located behind and close to the EL region [10].

The tracking function will allow to highly suppress background events, by recog-
nizing the topological signature of the 33% decay. In addition, also the energy dis-
crimination will be used for the decay identification. In this context, an outstanding
energy resolution (below 1 %) will be needed in order to distinguish the 33% peak at
Qpp = 2.458 MeV [142] from its natural neighbor background peaks, mainly the ~-ray
of 2.447 MeV emitted by 2*Po after the beta decay of 24Bi (in 1.57 % of the cases).
The de-excitation v-ray of 2.614 MeV emitted by 2°*Pb after the beta decay of 2°°TI
is also a source of undesirable events.

In this Chapter, the C++ toolkit is applied to the conditions expected to be used
in NEXT in order to determine the best parameters of operation, specially in terms
of the applied electric fields. With the calculated VUV yield and the corresponding
fluctuations in hands, the energy resolution in the region of interest of the experiment
is predicted for two different scenarios in terms of photon detection efficiency: one more

optimistic than the other.

7.2 Simulation details

Each primary electron is allowed to drift a distance of d = 5 mm under the influence
of a uniform electric field. The effect of the field distortion near the meshes is not
considered since it has no significant effect [68]. It is assumed that the gas is at a
pressure of p = 10 bar and at a temperature of 293 K. A set of N, = 4 x 10* primary
electrons is simulated for each value of the voltage applied between the parallel planes,
V. The starting direction of each primary electron is generated isotropically. The

starting energy is generated according to the energy distribution given by Magboltz
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for the actual reduced electric field (in pressure units), (%) = dxp (see Figure 4.2).
According to Section 2.3, it is assumed that every excited atom gives rise to the isotropic

emission of a VUV photon.

7.3 VUV EL yield

The reduced electroluminescence yield in pressure units, (%), as a function of the
reduced electric field is shown in Figure 7.2. Like the results obtained in Section 4.5,
the behaviour of (%) with (%) is approximately linear even if some ionization occurs.
This happens for a < 0.1 ions cm ™!, being « the first Townsend coefficient (see Figure
7.3).
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Figure 7.2: Reduced VUV EL yield as a function of the reduced electric field (pre-
sented in pressure units). The linear trend of the proportional EL region
is represented. Experimental measurements [67] are also shown.

7.4 Fluctuations and energy resolution

As seen in Section 1.4, the FWHM energy resolution of NEXT, an EL based detector
using PMTs, is given by:

w J 2
Rg =235y — <F + =+ = ) 7.1
- \/Qﬁﬁ Ngr  kNgp (1)

Using the data obtained through the simulation, the energy resolution which can

be achieved by the NEXT detector was estimated. It was assumed that all the energy
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Figure 7.4: Fluctuations in the number of emitted EL photons as a function of the
reduced electric field, as described by the parameter Jyyy. It is also shown
the Fano factor for high pressure xenon.

of the two 33" decay electrons, Qg = 2.458 MeV, is deposited in the gas medium,
with an average energy lost per ion pair formed of W = 21.9 eV [32, 135]. Taking
into account the intensity of the electric fields planned to be used, in the drift and
in the EL regions, it was assumed that all the primary electrons arrive to the EL
region and cross the first mesh without either any recombination or attachment to
electronegative contaminants in the drift region. The Fano factor was considered as
F = 0.15 [135]. In the literature, the reported values are between 0.13 and 0.17 for
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Figure 7.5: Distribution in the number of emitted EL photons per primary electron,
Ngp,, during the drift along d = 5 mm of xenon at 10 bar and 293 K, for
different values of the reduced electric field.

pure xenon [24, 25, 26, 27, 32| which were used to estimate the overall energy resolution
error bars presented in Figure 7.6 and Figure 7.7.

Figure 7.4 shows the VUV EL fluctuations as described by Jyuyy as a function
of the reduced electric field. As the electric field increases, the fluctuations decrease
until secondary electrons begin to be produced and the avalanche fluctuations start to
dominate. The parameter Jyyy is smaller than the Fano factor, in optimal conditions,
namely for reduced electric fields between 1.5 and 3.5 kV cm ™" bar™ '
better understand the effect of avalanche fluctuations in VUV EL, Figure 7.5 shows

the distributions of the number of VUV photons emitted per primary electron, Ngy,

In order to

for four different values of the reduced electric field. The effect of secondary charges

is clearly visible, since a long tail in the distribution appears for higher values of the
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electric field (Figures 7.5¢) and 7.5d)).
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Figure 7.6: FWHM energy resolution, Rg, as a function of the reduced electric field for
two different scenarios: an optimistic (circles, k = 0.06) and a conservative
(squares, k = 0.005). The values of Rg if only each of the three terms of
Equation (7.1) would contribute are also shown.

The FWHM energy resolution obtained using the simulated yield and fluctuations in
Equation (7.1), Rg, is shown in Figure 7.6 as a function of the reduced electric field, for
two different scenarios in terms of VUV photodetection efficiency: an optimistic (k =
0.06 [135]) and a conservative (k = 0.005 [10]). The parameter k is the fraction of VUV
photons produced per 35% decay that are converted into photoelectrons in the PMT
photocathode. This fraction depends on the implicit solid angle associated with the
array of PMTs and on the quantum efficiency of the photocathode. The contributions
of each of the three terms of Equation (7.1) are also shown in Figure 7.6. The optimal
energy resolution, below 0.4 % for both the considered scenarios, is achieved for electric
fields that are higher than the one marking the beginning of ionization, shown in
Figure 7.4 as the reduced field value minimizing the value of Jyyy. The reason is
that the still small additional fluctuations introduced by the production of secondary
charge are compensated by the increase in the number of photons produced per primary
electron due to the increase of the EL yield. As expected, the reduced electric field
value which gives the best energy resolution increases as k decreases, and the best value

of Rg is worst for lower values of k. For the conditions considered here, the best energy
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resolution is obtained for (%) between ~ 3.5 and ~ 5.0 kVem  'bar~!.

MWPC as an alternative VUV EL amplification stage

Taking a reference value for the optimal reduced electric field of 4.0 kVem ™ 'bar™!

Y

a voltage of 20,000 V needs to be applied along the parallel gap (d = 5 mm). This
implies the use of special and expensive power supplies and very careful design and
construction of the electrodes in order to avoid mechanical deformations by the created
strong electrostatic forces.

As seen in Chapter 5, D. Nygren has proposed the MWPC geometry as an alter-
native for EL production in SDCs [135], as in the case of NEXT. Also in Chapter 5, a
simulation of the VUV EL produced in a simple cylindrical geometry was performed,
being determined the total yield and associated fluctuations. In a MWPC, the volume
in the vicinity of each wire is well described by the cylindrical shape of the electric field
considered in the simulations (see Equation 1.17). As the production of EL is highly
localized (see Figure 5.5), the EL response of a MWPC can be easily extrapolated from
the results obtained for the simple cylindrical geometry.

Using the VUV EL total yield and the fluctuations estimated in Chapter 5 for xenon
at 10 bar and 293 K (see Figures 5.2b) and 5.3b) respectively), the FWHM energy
resolution achievable with a MWPC working in ELL mode was determined through
Equation (7.1), similarly to what was done for the uniform electric field. The same
values of F', W and ()3 were used, as well as the same two scenarios in terms of VUV
photodetection (k = 0.06 — optimistic — and k£ = 0.005 — conservative). Figure 7.7
showns the FWHM energy resolution, calculated for some of the wire diameters used
in the simulations and as a function of the applied voltage.

Similarly to what was observed for the parallel gap, the optimal energy resolution,
for each wire diameter, is achieved for a voltage which is higher than the one marking
the worsening of the EL VUV fluctuations (seen in Figure 5.3b) as the electric potential
minimizing the value of Jyyy). As the wire diameter increases, the optimal energy
resolution improves as a consequence of the increase of the total VUV yield achievable
for the same VUV fluctuations (see Section 5.2).

Taking the example of d, = 0.2 mm, it is possible to achieve energy resolutions of
~ 0.34 % in the case of the optimistic scenario and of ~ 0.59 % if the conservative
scenario is considered. These energy resolutions imply the use voltages of the order of
10,000 V, about half of what is needed in the case of the parallel gap of NEXT, for
which resolutions of ~ 0.29 % and ~ 0.39 % are achieved for & = 0.060 and & = 0.005,
respectively (as presented in Figure 7.6). Thus, the use of a plane of wires as the

VUV EL amplification stage in a detector such as NEXT can, in principle, allow to use
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Figure 7.7: FWHM energy resolution of a MWPC working in VUV EL mode, as a
function of the applied potential, for different wire diameters and for two
different VUV photodetection schemes: k£ = 0.06 (circles) and k& = 0.005
(squares). The value of Rg if only the fluctuations in the primary charge
creation would contribute (1% term of Eq. (7.1)) is shown. The tube di-
ameter is 60 mm in all the cases. The results are for xenon at 10 bar and

293 K.



Discussion 123

significantly lower voltages without a big compromise in terms of energy resolution.
It should be noted that the use of a MWPC geometry for VUV EL production in
NEXT would imply modifications on its tracking function. As suggested by Figure 5.5,
the EL. VUV photons are emitted isotropically in a confined region of each wire vicinity.
The majority of the photons are emitted from the side of the wire plane where the
electrons came from. For the measuring of the energy resolution this is not a problem
since the array of PMTs is placed in that side, being the fraction of photons arriving to
the array similar to the case of the parallel gap. However, the array of MPPCs, which
consist in the tracking system of the detector, is in the opposite side. Thus, the wires

block a big fraction of the VUV photons, producing a shadow effect.

7.5 Discussion

In this Chapter, the simulation results for the VUV EL produced in the NEXT 33%
experiment were shown. The VUV yield and the corresponding fluctuations produced
in such a setup, corresponding to a EL region given by a 5 mm uniform electric field gap
of xenon at 293 K temperature and 10 bar pressure, were determined. A FWHM energy
resolution of 0.4% or better at the @ value of the 33% reaction, Qg = 2.458 MeV,
can in principle be obtained, even considering conservative assumptions regarding the
VUV photodetection efficiency.

The simulations indicate that the 1% FWHM energy resolution goal of the NEXT
experiment can in principle be met and even be improved upon, as far as fluctuations
in the primary ionization charge, in the EL, and in the VUV photodetection processes
were considered. This energy resolution goal is one of the main figures of merit for the
NEXT experiment [10].

The FWHM energy resolution achievable by using a plane of wires as the VUV EL
amplification stage, instead of the parallel gap of 5 mm width, was also calculated.
It was found that, in principle, such geometry would allow to operate the detector

using lower voltages with a slightly worse energy resolution (still below the 1 % goal

of NEXT).
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8.1 Conclusions

The C++ version of the microscopic technique of Garfield, allows to gather information
on the excited atoms produced during the drift of electrons through gaseous detectors.
Such simulations rely on detailed cross sections for elastic collisions, excitations and
ionizations as modelled by Magboltz 8.9.5. In this thesis, this information was used
to implement an atomic and molecular decay model and a simulation toolkit for the
EL properties of gaseous detectors. The studied gases were pure noble gases, namely
neon, argon, krypton and xenon, but the toolkit has potential to simulate EL in other
gases including mixtures with molecular substances. By considering that every excited
atom leads to the emission of a VUV photon and that atoms in an higher state than
those of the first excited shell configuration np® (n + 1)s! can emit a Vis-IR photon
before the emission of the VUV light, it is possible to simulate both VUV and Vis-IR
electroluminescence and evaluate its intrinsic properties as well as the responses of

realistic detector geometry setups.

Intrinsic EL properties of noble gases - uniform electric field

In order to assess the intrinsic properties of EL, electrons drifting in pure neon,
argon, krypton and xenon, under influence of uniform electric fields were considered.
Collision rates of each level/group and the kinetic energy distribution of the electrons
were determined. It was confirmed that the atomic states that most contribute to VUV
EL are those of the np® (n + 1) s! electronic shell configuration.

The estimation of the VUV EL efficiency, which is higher than 70 % for all gases
under optimal conditions, confirmed that a big fraction of the energy supplied to the
electrons by the electric field is converted into VUV light. As a direct consequence,
there is a high VUV EL yield, which was calculated as a function of the applied
electric field. A very good overall agreement with earlier Monte Carlo simulations and
measurements was obtained for argon and xenon, validating the toolkit and the used
atomic and excimer decay model.

The statistical fluctuations associated with VUV EL were also calculated as func-
tions of the electric field. It was found that they decrease as the field increases until the
ionization onset, for which the fluctuations in the secondary charge production start
to dominate. It was confirmed that these VUV EL fluctuations are lower than those
in both charge avalanche multiplication and primary electron cloud formation. To the
best of the author knowledge, up to now, there are not consistent values for Jyyy
published in literature, being thus the first time that these parameters are presented
for the studied gases.

Two approaches were considered for simulating the Vis-IR EL in argon and xenon:
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one considering that only np® (n + 1) p! levels give rise to Vis-IR photons; and the other
considering that any level in a shell configuration different of np® (n + 1)s' produces
ultimately a Vis-IR photon. The recently measured absolute reduced Vis-IR yield
was found to be between the curves given by the considered two approaches, which
indicates the high potential of the toolkit to simulate accurately also the Vis-IR EL in

the considered gases.

Cylindrical geometry — Xenon

The total yield and associated fluctuations of VUV EL produced in a simple cylin-
drical geometry were estimated for xenon using the simulation toolkit.

It was found that the VUV EL yield that can be reached before the worsening of
the fluctuations due to avalanche multiplication is higher for wider wires and higher gas
pressures, and that the better EL fluctuations, achievable for a given wire diameter,
worsen with the increase of the latter.

The spatial distributions of the excitations suggest that the emission of VUV EL
photons is confined to the vicinity of each wire and happen predominantly on the side

of the wire where the primary electrons came from.

VUV EL in MPGDs — Xenon

The total yield of VUV EL produced in the microstructures GEM and MHSP
working in xenon was estimated.

The simulations were able to approximately reproduce experimental data for the
case of the GEM. Some of the disagreement can be attributed to imperfections intro-
duced during the construction of the microstructure. It was found that the solid angle
subtended by a VUV photodetection device, placed below the GEM, is dependent on
the total light gain. The ratio between the number of VUV photons and the number of
produced secondary charges is higher for higher pressures and, for avalanche regimes,
decreases as the voltage applied along the holes is increased.

The results obtained for the case of the MHSP are not consistent with measure-
ments. The disagreement between experimental yields reported for GEM and MHSP
suggests the occurrence of some imperfections in the MHSP used for the measure-
ments. The poor gas purification method used during the measurements with which

the simulation results were compared can also explain the disagreement.

NEXT - Neutrino Experiment with a Xenon TPC
The toolkit was used to estimate the properties of the NEXT-EL detector and to
determine the best voltages to be used. The VUV EL yield and the corresponding

fluctuations produced in such a setup, corresponding to a EL region given by a 5 mm
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uniform electric field gap of xenon at a temperature of 293 K and a pressure of 10 bar
were assessed. In principle, a FWHM energy resolution of 0.4% or better at the ) value
of the 33" reaction, Qg5 = 2.458 MeV, can be obtained, even considering conservative
assumptions regarding the VUV photodetection efficiency. This indicates that the 1%
FWHM energy resolution goal of the NEXT experiment can in principle be met and
even be improved upon, as far as fluctuations in the primary ionization charge, in
the EL production, and in the VUV photodetection processes are considered in the
analysis.

The FWHM energy resolution achievable by using a plane of wires as the VUV EL
amplification stage was also estimated. It was found that such geometry can be a good

alternative, allowing the operation with lower voltages and reaching energy resolutions
still below the 1 % goal of NEXT.

8.2 Future work

The simulations performed during this work led to a deeper understanding of the
involved processes and of the properties of electroluminescence produced by electron
impact in pure noble gases. On the other hand they triggered new studies that will
certainly contribute for the improvement of the simulation tools and for the developing
of EL based new technologies. The latter will certainly have applications in the building
of outstanding particle detectors that will contribute for the breaking of Science’s
frontiers, regarding our knowledge of elementary particles.

Some of these studies are already underway and others will be done in the DRIM
group, University of Aveiro, or in collaboration with other national and international

groups:

e In the Chapter 4, the simulation toolkit and the cross sections that Magboltz 8.9.5
uses for the different electron impact processes were validated by comparing the
simulated reduced VUV EL yield of argon and xenon with those measured in
references [67, 68]. The yield will also be measured for the case of krypton in
order to validate also the cross sections used for this gas. This is being prepared
in collaboration with the Grupo de Instrumentagao Atomica e Nuclear (GIAN),
from Coimbra, Portugal. In parallel, S. Biagi, from the University of Liverpool,
UK, is updating the cross sections of krypton in order to describe excitations
in more detail, using a number of split groups of the same order of those used
for neon, argon and xenon (45, 44 and 50 respectively), instead of the actual 4

groups.
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e Also in Chapter 4, two approaches were considered for the atomic decay between

excited atoms. The comparison of the results for the Vis-IR EL reduced yield ob-
tained through these approaches and the available measurements for argon [117]
allowed to conclude that the actual Vis-EL yield can be simulated using a model
between these two approaches. However, the correct ratios of the different branch
decays from each excited state higher than np’ (n + 1)s! (some of them available
in literature) should be implemented for further improvement of the simulations.
This task is underway, in collaboration with S. Biagi and R. Veenhof, under the
CERN RD51 collaboration.

In the Chapter 6, the toolkit was able to approximately simulate the total VUV
EL yield of the microstructures GEM and MHSP, although some disagreement
with measurements [138] is still present. Some imperfections introduced during
the construction of the microstructures can be a source of the observed differences
between the results. In order to confirm this, the experimental yield should be
compared with new simulation results obtained considering the correct geometry

of the devices, that could be obtained using simple imaging techniques.

The charging-up is, at this moment, being studied through simulations that con-
struct iteravely the field maps taking into account the charge deposited in the
surface of the Kapton® between iterations. This work is being developed within

the CERN RD51 collaboration.

The C++ toolkit is currently being interfaced with the nearly eract Boundary
Element Method [121] that calculates the electric potential and field using Green’s
functions, which are solutions of the Maxwell equations, unlike the polynomials
used in the FEM method. The simulations of the GEM and MSHP will be
repeated using this method, in collaboration with the Saha Institute of Nuclear
Physics, Kolkata, India.

Mixtures of noble gases with molecular scintillating gases are also of great interest
in particle detector applications. Tetrafluoromethane (CF,) is one of the most
interesting gases due to its high EL yield. Since these are Penning mixtures,
a detailed radiative and collisional decay model needs to be constructed and
implemented, in order to endow the toolkit with the capability of simulating EL

produced in these gases.

Recently, it was proposed the addition of small quantities of trimethylamine
(TMA) or dimethylamine (DMA) to xenon in order to further decrease the fluctu-

ations in the primary charge creation. These fluctuations are the main drawback
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for the energy resolution and thus, it is of major interest to reduce them. TMA
and DMA have potentially a Penning effect with xenon, reducing the primary
charge fluctuations. At the same time they emit light in the 280 — 310 nm range
when excited. Further experimental and simulation studies will be performed
in order to confirm these properties and to determine the optimal conditions of
operation for such mixtures. This work is to be done in collaboration with D.

Nygren, from the Lawrence Berkeley National Laboratory, Berkeley, California,
USA.
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Cross sections used by Magboltz
8.9.5
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Figure A.1: Cross sections used in Magboltz 8.9.5 for (a) neon and (b) argon. EMT
stands for Elastic Momentum Transfer cross section and ELT for Total
ELastic cross section. The blue lines refer to the first four excited states
of the electronic shell configuration np® (n + 1)s!, the green lines corre-
spond to the 10 levels of the np® (n + 1) p! configuration, and the gray
dotted lines to other sparsely populated levels. The red line corresponds
to ionization (ION).
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Figure A.2: Cross sections used in Magboltz 8.9.5 for (a) krypton and (b) xenon. EMT

stands for Elastic Momentum Transfer cross section and ELT for Total
ELastic cross section. The blue lines refer to the first four excited states
of the electronic shell configuration np® (n + 1)s!, the green lines corre-
spond to the 10 levels of the np® (n + 1) p! configuration, and the gray
dotted lines to other sparsely populated levels. The red line corresponds
to ionization (ION).



collision type | €055 [€V] (13281672?001;)
elastic 0 -

ionization 21.5645 -
excitation 16.6191 3s[3/2]2
excitation 16.6708 3s[3/2]1
excitation 16.7154 3s'[1/2)o
excitation 16.8480 3s'[1/2]1
excitation 18.3816 3p[1/2]1
excitation 18.5551 3p[5/2]3
excitation 18.5758 3p[5/2]2
excitation 18.6127 3p[3/2]1
excitation 18.6368 3p[3/2]2
excitation 18.6934 3p[1/2]o
excitation 18.7041 3p'[3/2]1
excitation 18.7114 3p'[3/2]2
excitation 18.7264 3p'[1/2]1
excitation 18.9660 3p'[1/2]o
excitation 19.6640 45[3/2]2
excitation 19.6882 4s[3/2]1
excitation 19.7606 4s[1/2]o
excitation 19.7798 4s[1/2]
excitation 20.0246 2d[1/2]o
excitation 20.0264 2d[1/2];
excitation 20.0347 2d[7/2]4
excitation 20.0349 2d[7/2]3
excitation 20.0368 2d[3/2]2
excitation 20.0404 2d[3/2];
excitation 20.0482 2d[5/2]2
excitation 20.0484 2d[5/2]3
excitation 20.1361 2d'[5/2]2
excitation 20.1363 2d'[5/2]3
excitation 20.1375 2d'[3/2]2
excitation 20.1395 2d'[3/2]1
excitation 20.1497 | 4p[1/2]:+4p[5/2]34+4p[5/2]2+4p[3/2]1+4p[3/2]>
excitation 20.2592 Ap[1/2)o+4p'[3/2]1+4p'[3/2)2+4p'[1/2]1
excitation 20.3689 4p'[1/2]o
excitation 20.5706 5s[3/2]1
excitation 20.6628 5s'[1/2)1
excitation 20.7023 3d[1/2]:
excitation 20.7087 3d[3/2]1
excitation 20.8055 3d'[3/2]1
excitation 20.9493 6s[3/2]1
excitation 21.0139 4d[1/2]x
excitation 21.0174 4d[3/2]1
excitation 21.0435 6s'[1/2]1
excitation 21.1140 4d'[(3/2];
excitation 21.1464 sum of higher s states
excitation 21.1829 sum of higher d states

Table A.1: Description of the levels/groups used in Magboltz 8.9.5 for neon.

collision type and the energy loss are also included.

137

The



138 Cross sections used by Magboltz 8.9.5

collision type | €055 [€V] (lgfislcﬁlgf'l:l?p)
elastic 0 -

ionization 15.760 -
excitation 11.548 45[3/2]2
excitation 11.624 4s[3/2];
excitation 11.723 4s'[1/2]o
excitation 11.828 4s'[1/2]4
excitation 12.907 4p[1/2]1
excitation 13.076 4p[5/2]3
excitation 13.095 4p[5/2]2
excitation 13.153 4p[3/2)1
excitation 13.172 4p[3/2]2
excitation 13.273 4p[1/2]o
excitation 13.283 4p’[3/2)1
excitation 13.302 4p'[3/2]2
excitation 13.328 4p’[1/2];
excitation 13.480 4p’[1/2]o
excitation 13.845 3d[1/2]o
excitation 13.864 3d[1/2]1
excitation 13.903 3d[3/2]2
excitation 13.979 3d[7/2]4
excitation 14.013 3d[7/2]3
excitation 14.063 3d[5/2]2
excitation 14.068 5s[3/2]2
excitation 14.090 5s[3/2]1
excitation 14.099 3d[5/2]3
excitation 14.153 3d[3/2]1
excitation 14.214 3d'[5/2)2
excitation 14.234 3d'[3/2]2
excitation 14.236 3d'[5/2]3
excitation 14.241 5s'[1/2]o
excitation 14.255 5s'[1/2)1
excitation 14.304 3d'[3/2];
excitation 14.711 4d[1/2]4
excitation 14.848 6s[3/2]1
excitation 14.859 4d[3/2);
excitation 15.004 4d'[3/2)1
excitation 15.022 6s'[1/2)1
excitation 15.118 5d[1/2];
excitation 15.186 7s[3/2]1
excitation 15.190 5d[3/2]1
excitation 15.308 6d[1/2];
excitation 15.351 5d'[3/2]1
excitation 15.360 7s'[1/2)1
excitation 15.366 8s[3/2]1
excitation 15.374 6d[3/2]1
excitation 15.660 sum of higher states

Table A.2: Description of the levels/groups used in Magboltz 8.9.5 for argon. The
collision type and the energy loss are also included.
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. . Description
collision type | €5 [€V] (level / group)
elastic 0 -
ionization 13.996 -
excitation 9.915 5s8[3/2]2+5s[3/2]1+55'[1/2]0+5s'[1/2]1
excitation 11.304 | 5p[1/2]1+5p[5/2]5+5p[5/2]2+5p[3/2]1+5p[3/2]2+5p[1/2]o
4d[1/2)o+4d[1/2]1+4d[7/2]4+4d[7/2]5
o 4d[3/2]2+4d[3/2])1+4d[5/2]2+4d[5/2]3
excitation 11.998 5p'[3/2)14+5p’[3/2]a-+5p'[1/2]14+5p'[1/2]o
6s[3/2]2+6s[3/2]146s'[1/2]o+6s'[1/2]1
excitation 12.750 sum of higher states

Table A.3: Description of the levels/groups used in Magboltz 8.9.5 for krypton. The
collision type and the energy loss are also included.
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collision type | €5 [€V] (13?;;7;:-:)013))
elastic 0 -
ionization 12.1298 -
excitation 8.3153 6s[3/2]2
excitation 8.4365 6s[3/2]1
excitation 9.4472 6s'[1/2]o
excitation 9.5697 6s'[1/2)1
excitation 9.5802 6p[1/2]1
excitation 9.6856 6p[5/2]3
excitation 9.7207 6p[5/2]2
excitation 9.7893 6p[3/2]1
excitation 9.8211 6p[3/2]2
excitation 9.8904 5d[1/2]o
excitation 9.9171 5d[1/2];
excitation 9.9335 6p[1/2]o
excitation 9.9431 5d[7/2]4
excitation 9.9588 5d[3/2]2
excitation 10.0391 5d[7/2]3
excitation 10.1575 5d[5/2]2
excitation 10.2200 5d[5/2]3
excitation 10.4010 5d[3/2]1
excitation 10.5621 7s[3/2]2
excitation 10.5932 7s[3/2]1
excitation 10.9016 | 7p[1/2]1+7p[5/2]3+7p[5/2]2+7p[3/2]1+7p[3/2]2+7p[1/2]0
excitation 10.9576 6p'[3/2]1
excitation 10.9715 | 6d[1/2]o+6d[7/2]4+6d[7/2])34+6d[3/2]2+6d[5/2]2+6d[5/2]3
excitation 10.9788 6d[1/2],
excitation 11.0547 6p’'[3/2]2
excitation 11.0691 6p’[1/2];
excitation 11.1412 6p'[1/2]o
excitation 11.1626 6d[3/2]1
excitation 11.2742 8s[3/2]1
excitation 11.4225 7d[1/2]1
excitation 11.4951 7d[3/2]1
excitation 11.5829 9s[3/2]1
excitation 11.6072 5d'[3/2]
excitation 11.6828 8d[1/2];
excitation 11.7395 8d[3/2]1
excitation 11.7521 10s[3/2]1
excitation 11.8068 9d[1/2]:
excitation 11.8403 9d[3/2]1
excitation 11.8518 11s[3/2]1
excitation 11.8778 7s[1/2)1
excitation 11.8917 10d[1/2]4
excitation 11.9082 10d[3/2];
excitation 11.9177 12s[3/2]1
excitation 11.9416 11d[1/2);
excitation 11.9550 11d[3/2]1
excitation 11.9621 13s[3/2)1
excitation 11.9789 12d[1/2]4
excitation 11.9886 12d[3/2]1
excitation 11.9939 14s[3/2]1
excitation 12.0000 sum of higher states

Table A.4: Description of the levels/groups used in Magboltz 8.9.5 for xenon. The
collision type and the energy loss are also included.
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The C++ code that implements the simulation toolkit is included in the CD at-
tached to this document (see folder “SCD_ROOT_DIR/garf++/").

The instructions for preparing and compiling the code are included in the file
“README.txt”.

It is possible to find an illustrative script for the VUV EL simulation of pure noble
gases in uniform electric fields in the folder “SROOT_DIR/garf++/online”.

For further updates of the toolkit please consult “http://cern.ch/garfieldpp”.
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