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Abstract

The construction of new accelerators goes along with the development of advanced
detectors and instrumentations. Since many scenarios of new physics Beyond the
Standard Model (BSM) of particles involve hadronic-decay channels, efforts are made
to develop modern calorimetry systems. All experiments designed for future linear col-
liders foresee the implementation of a (semi-)Digital Hadron Calorimeter ((s)DHCAL)
as a key-element for their expected performance.

The present work targeted the development of a large-area, robust, thick detec-
tor concept, suitable as sampling element in a sSDHCAL and for other applications
requiring particle imaging at moderate, sub-mm spatial resolution over a large area.
As a solution, the few-mm thin Resistive-Plate Well (RPWELL) sampling element
concept, developed at WIS, was suggested: a single-sided Thick Gas Electron Mul-
tiplier (THGEM) electrode coupled to the readout anode through a highly Resistive
Plate (RP).

Several detector prototypes, reaching a size of 500 x 500 mm?, were built. They
incorporated either Semitron ESD225 acetal, or silicate doped-glass Resistive Plate
(RP). Methods were developed for effectively coupling the RP to the readout anode.

The detector prototypes underwent various systematic investigations - both in the
laboratory, and with muon and high-rate pion beams at the European Organization

for Nuclear Research (CERN)-Super Proton-Synchrotron (SPS).



The presented results allow for a deeper understanding of the RPWELL detector
concept and properties. Moreover, they are essential for optimizing the design of
future large-area prototypes and their performances for different applications.

Their main properties are: stable operation with Ne/(5%)CH,, Ar/(5%)CH, and
Ar/(7%)CO4 gas mixtures. High efficiency (>98%) at low average pad multiplicity
(~1.2). Position resolution of 0.28 mm. These properties make the RPWELL a
competitive technology, compared to other candidate sampling elements for sDHCAL
or Digital Hadron Calorimeter (DHCAL).

Based on this study, the preferable RPWELL detector configuration for future
(s)DHCAL would include a 3 mm drift gap, single-sided THGEM electrodes with seg-
mented holes pattern (segmentation similar to that of the readout anode), Semitron
ESD225 or doped silicate-glass resistive-plate coupled to the anode through graphite/epoxy.
The preferred operation gas mixture is the non-flammable Ar/(7%)COs.

Future RPWELL-based (s)DHCAL prototypes will be read out by the (s)DHCAL-
dedicated MICROROC readout electronics [5] - the next step towards the integration
of RPWELL sampling elements into a full (s)DHCAL prototype.



Chapter 1

Introduction

Elementary particles and their interactions are described by the Standard Model (SM)
of particle physics. In the last 50 years, thousands of experiments have been performed
in the field of particle physics, and none have shown and confirmed deviations from
the predictions of the SM. However, the SM fails to explain fundamental phenomena
such as gravity, neutrino masses, dark matter and more. These shortcomings indicate
that the SM must be extended.

A precise measurement of the properties of the Higgs boson, its mass, decay
products, branching ratios, and coupling to other SM particles, is a key ingredient
in the foreseen high energy physics program. Any deviation from the SM-predicted
values could indicate upon the nature of new physics BSM. The current experimental
data from the Large Hadron Collider (LHC) permits a branching ratio for Higgs
decay to BSM particles as high as 20% [6]. Indeed, some BSM theories predict a
branching ratio of Higgs decay to new singlet scalars or new fermions as high as
10% (depending on their masses). An improved precision yielding sensitivity to new
scenarios is foreseen with the High-Luminosity LHC (HL-LHC) data [7]. Nonetheless,

it is already clear that even with the foreseen upgraded detectors, the precision that
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can be obtained for some important scenarios using the HL-LHC data is insufficient.
For example, in some scenarios, a branching ratio of the of Higgs decays to new
light scalars below the 5-10% level can not be excluded [0 §]. In addition, the
QCD background in hadron colliders inherently reduces the sensitivity for measuring
coupling of the Higgs to certain quarks, e.g. the charmed quark, and to gluons [9].

These considerations motivate the development of future electron-positron collid-
ers such as the International Linear Collider (ILC) [10], the Compact Linear Collider
(CLiC) [11], the Circular Electron Positron Collider (CEPC) [12], and the Electron-
Positron Future Circular Collider (FCC) [I3]. Those could cover larger areas in the
parameter space of BSM physics as well as allow reaching, in some of the key channels,
precisions higher than that foreseen at the HL-LHC.

The construction of new accelerators goes along with the development of advanced
detectors and instrumentation, without which the potential of these facilities cannot
be fully exploited. Since many BSM scenarios involve hadronic-decay channels, efforts
are made to develop modern calorimetry systems. The current target performance
is driven by the desire to enable good mass separation between the weak bosons
(W and Z) in their hadronic decay mode; this will allow, for instance, measuring the
branching ratios of the Higgs boson’s decay to Z and W to precisions better than 1.9%
and 0.44% (RMS) respectively [9]. Such precision requires jet-energy resolution of at
least 30%/+/E which corresponds to 0/E=3% for 100 GeV jets (see for example [I0]),
close to the resolution of the ZEUS calorimetry system [14] and three times better
than the one measured with the A Toroidal LHC Apparatus (ATLAS) and Compact
Muon Solenoid (CMS) calorimeters |15, [16].

The present work aims at the development of the Resistive-Plate Well (RPWELL)
detector [I7], as a potential sampling element for hadronic calorimetry in future
particle-physics experiments. After a brief historical perspective on radiation de-

tectors (section [L.1]), Micro-Pattern Gaseous Detectors (MPGDs) will be presented
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in section [I.2] A deeper look into the role of resistive materials in gaseous detector is
the topic of section [I.3] In Section [I.4] after an introduction to THGEM detectors,
the main subject of the present work: the RPWELL concept [I7] will be presented.
While it could become a detector of choice for moderate-resolution radiation track-
ing, we will put an accent on its potential application in (s)DHCAL in future linear
colliders: ILC [10], CLiC [11], CEPC [13, 18], and in the FCC [12]. Potential target
experiments would be the Silicon Detector (SiD) [19], or the International Linear De-
tector (ILD) [20] designed for ILC. The semi-Digital Hadron Calorimeter (sDHCAL)
concept and the requirement imposed on its sampling elements are discussed in sec-

tion [L5I

1.1 Brief history of radiation detectors

”Just as modern biology was launched with the invention of the micro-
scope, in physics, too, areas for investigation have been opened with the

development of new observational tools. ]

Towards the end of the XIX century, almost at the same time two major discover-
ies happened: different kinds of natural radiation originating from several materials,
and an unavoidable background of penetrating ionizing radiation coming from the
upper atmosphere. A new unexpected window to nature opened up: that of nuclear
and cosmic ray physics. The question about the source and the nature of these un-
known kinds of radiation motivated many physicists to investigate them both exper-
imentally and theoretically. Experimentally, the challenge was clearly making these
elusive objects visible and measurable. Thus, the development of adequate imaging

instruments became of capital importance. Since 1911, the fortunate invention of an

V. L. Fitch, Elementary Particle Physics: The Origins [21]
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imaging instrument, the cloud chamber [22], allowed photographing the tracks of
cosmic particles.

The cloud chamber was developed to study the effects of light in the clouds, but it
soon became the principal instrument to look at nuclear interactions and cosmic rays.
In one of the first observations, the track left from an electron-like particle having
opposite charge was captured. It was recognized by Anderson as the positron [23],
predicted theoretically a couple of years earlier by Dirac, as a result of its relativiza-
tion of the Shrodinger equation. Occhialini and Blackett confirmed the nature of the
new particle [24] by observing the production of electron-positron pairs in showers
originating from cosmic rays (a new phenomenon called electro-magnetic showers).
Using a y source, they also demonstrated experimentally for the first time the trans-
formation of radiation into matter. In their experiments, the cloud chamber expansion
was triggered by the passage of a cosmic ray, using Geiger-Miiller tubes [25] and a
coincidence circuit. It was remarkably the first time that a triggering system has been
used; a concept which implementation became a crucial aspect of modern high-energy
physics experiments. Other than for triggering, counting devices [26] like Geiger-
Miiller tubes and scintillators with photo-multipliers were also used for timing
measurements. This was necessary, for example, for the measurements of particles
lifetime, especially important to understand the nature of the interactions underlying
the decay.

From the theoretical point of view, an idea was diffused that the particles consti-
tuting the cosmic rays could be related to the components of atomic nuclei and their
interactions, which are the source of radioactivity. Yukawa theorized that nuclear
interactions might be mediated by a particle yet to be discovered [27]. Some events
confirming this theory had been already observed a few years earlier, in 1947 by
Perkins, Occhialini and Powell using photographic emulsions (for a deep overview

see Powell’s Nobel prize speech in 1950 [28]). In this technique photographic plates
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are impressed by the passage of charged particles and the tracks left are then ana-
lyzed under microscope. The thickness of the track indicates the amount of deposited
energy Together with its range, it gives an estimation of the mass.

The possibility to bring these very compact detectors to high altitudes (by balloon,
airplane or at the top of mountains) allowed measuring the primary constituents of
the cosmic radiation - mainly H and He with small fraction of light atomic nuclei -
and their nuclear decays when interacting with the atmosphere. A two-body decay of
a primary particle, which was called ﬁ—mesonﬂ or pion, to a secondary one p-meson or
muon, and one neutral particle (recognized as the neutrino emerging from a 3 decay)
was recorded. A photographic emulsion is very suitable to measure such reactions,
because its density is large enough to stop mesons and look at their decay at rest.
Subsequent mass measurements from twenty events resulted in the pion and muon
masses; the pions were the particles postulated by Yukawa. This led to the conclusion
that most of the mesons observed at sea level are penetrating muons arising from the
in-flight decay of pions created in nuclear disintegrations, higher up in the atmosphere.

Many more particles were discovered in the same way, including the T lepton and
strange mesons (decaying with lifetimes incompatible with their strong interaction):
neutral V particles (today A and K) and others. The study of cosmic rays with
cloud chambers and emulsions remained the only source of information about the
new particles through most of the 1950s.

The last significant experiments using a cloud chamber were the observation of
associated production of strange particles in Brookhaven (in this case with a dif-
fusion chamber [29]), and the search for the predicted long-lived K meson. Then
accelerator experiments took over, yielding high-rate production of particles with in-

creasing masses. A new device, the bubble chamber, inspired by a glass of beer in

2currently called p lepton
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a pub, was ideally suited for use with accelerators and soon took over as the visual
detector of choice. As Glaser, the bubble chamber inventor, described in his Nobel
lecture [30], the requirements posed by accelerator experiments were demanding and
called for new technologies: there was a need for a particle detector of high density
and large volume - tens to hundreds of liters - in which tracks could be photographed
and scanned, and in which precision measurements of track geometry could be made.
When large proton synchrotons in the few GeV energy range came into operation
in the early 1950s, expansion cloud chambers were not suitable anymore; the syn-
chrotrons had pulse repetition frequency of a few seconds, while the expansion cloud
chambers (which operated with internal gas pressures up to 300 atmospheres) required
waiting times of 15 to 30 minutes between expansion cycles.

The bubble chamber concept is based on the thermodynamic instability of a su-
perheated liquid, that can be used to detect minimum ionizing radiation if the density
of ionization energy deposited in the liquid along the path of the particle is sufficient
to form a vapor bubble nucleus large enough to grow to photographable size.

Bubble chambers became widespread over many facilities having new acceleration
complexes. Being complex, bubble chambers required the collaboration of many spe-
cialized technicians and large teams of people to scan and analyze the figures. Already
at that time, scientists dreamed of computers capable of recognizing specific particle-
track patterns and analyzing the experimental results. An important result obtained
at the European Organization for Nuclear Research (CERN), with the Gargamelle
bubble chamber in a neutrino beam was the proof of the existence of sub-nuclear
constituents (quarks) and the observation of neutral current interactions, in support
of the theory for the unification of the electromagnetic and weak forces.

Due to the need for higher acquisition rates than what a bubble chamber could pro-
vide, and the need to trigger detectors on specific pre-selected events, new technologies

were developed. The first were different categories of photographic but triggerable
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spark chambers and streamer chambers [31]; they were vastly used in numerous
particle-physics and cosmic-ray experiments (see for example [32] and [33]). Next
came electronically-recorded spark chambers, with increased operation rates. For an
historical perspective on the transition to electronic radiation imaging detectors, the
Nobel lecture of Georges Charpak is a noticeable synthesis [34].

A Spark chamber consists of a stack of conductive plates or wire planes in a gas
medium; when an ionizing particle passes through it, a high voltage pulse is applied
between the plates (upon the appearance of a trigger signal) - resulting in a track of
local discharges. The track image can be recorded by photography, or recording the
current pulses induced on the wires. Standard spark chambers were simple to operate,
yielding over 100-fold higher operation rates - but did not provide the localization
resolutions of a bubble chamber, compromising, for example, on the details of some
interaction vertexes. For this reason, spark chambers were introduced in most cases
as a supplement to bubble chambers. An important result obtained with a spark
chamber system was, for example, the measurement of muon neutrinos [35]. The
more complex streamer chambers, requiring very fast and very high voltage pulses
yielded, by photographic means, resolutions close to that of bubble-chambers.

Other than acquisition rates, one of the major advantages of electronic devices was
the new possibility to record signals automatically through a computer (developed in
the same period); this also opened the possibility to automatically analyze large sets
of data.

A detector that literally revolutionized the field of particle physics is the Multi-
Wire Proportional Chamber (MWPC) developed by Georges Charpak (Nobel
prize in 1992) in the late sixties. These detectors, often called ”wire chambers” [36],
consist of a central plane of thin anode wires kept at high positive voltage, interposed
in-between two segmented cathode planes (with wires or strips at different angles).

Their operation, in a gas-avalanche mode, is similar to that of Geiger-Miiller tubes.
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Charged particles (but also x-rays or neutrons) ionize the gas, releasing electron-ion
pairs; electrons drift (driven by the electric field) towards the anode wires, where
charge-multiplication occurs in an avalanche mode under the very intense electric
field. The resulting electronic signal is proportional to the primary charge deposited.
Avalanche electrons are promptly (within ~ns) collected by the anode wires, while
avalanche ions slowly drift away - inducing charge signals on the anode wires and on
the segmented cathode planes. The resulting anode and cathode signals are amplified
by electronic circuits; data are collected and digitized by advanced computer-driven
acquisition systems.

Wire chambers permit reaching data-acquisition rates approaching a MHz/cm?.
A good example of large MWPC detectors are that of CERN-UA1 experiment - the
first multi-purpose experiments at CERN - which permitted the direct observation
of the W and Z bosons (Carlo Rubbia, Nobel prize in Physics), mediators of the
weak interactions [37]. In this detector, the internal region around the beam was a
large drift chamber for precise track reconstruction, and the external part after the
calorimeter was tiled with small-gap wire chambers for muons localization.

A more advanced wire-chamber configuration is the drift chamber [38], in which
anode and cathode wires are alternated, and the localization is done by measuring
also the drift time (to the anode wires) of the primary charge. These detectors permit
recording the track in 2D, with superior position resolutions with respect to a normal
MWPC.

A similar combination of time and position measurements is implemented in large
volume Time Projection Chambers (TPCs) [39]. Measuring the primary elec-
trons drift time over a long distance until reaching a MWPC plane where they are
collected and multiplied, the 3D track can be reconstructed with a performance com-
parable to that of cloud or bubble chambers. Installed in numerous particle-physics

experiments, TPCs record precisely and simultaneously multiple events originating
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from particle interactions The acquisition rate is limited by the drift time of electrons
and ions in the large gas volume.

The most modern TPCs in use are the CERN-LHC ALICE TPC [40] and that
of BNL-RHIC STAR experiments [41], recording with great precision, with large
wire-arrays, hundreds of particles per relativistic-ion collision. The development of
low-noise, very large scale integrated readout electronics, made it possible to design
enormous detection systems acquiring information from tens of thousands of channels
simultaneously and yielding resolutions below 100 pum.

Some wire-chamber systems yield resolution times of a few tens of ns at rates close
to a MHz, making it possible to study rare phenomena which were beyond the reach of
optical detectors. MWPCs are still widely used in current high-energy experiments;
an example of one of the world-largest wire-chamber system is the ATLAS muon
system, using thousands of Thin-Gap Chambers (TGCs) [42], developed and built at
WIS [43].

Modern high-granularity ”electronic detectors” equipped with fast readout chan-
nels, certainly marked the end of the bubble chamber era.

While the present work deals with novel gas-avalanche chambers, it is worth men-
tioning that in parallel to the progress in gaseous detector techniques there has been
enormous progress in modern semi-conductor detectors. Even though they are much
more costly than gaseous detectors, they are widely used as high precision (few pm),
fast (<ns) tracking devices in most particle-physics experiments, constituting the core
of the vertex reconstruction systems (as a latest development see for example [44]).
In addition, solid-state detectors, e.g. silicon photo-multipliers [45] are replacing in
many cases traditional photo-multiplier tubes and can be used also in calorimetric

systems E|

3Bubble chambers and emulsions are still used in current low rate experiments and give unbeat-

able performance in terms of track reconstruction and energy deposition precision.
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In the last decades, the industrial development of Printed Circuit-Board (PCB)
technology opened up many possibilities for obtaining high electric-field configurations

in a gas. A new entire family of detectors has been developed: that of Micro-Pattern

Gaseous Detectors (MPGDs) [46].

1.2 Micro-pattern gaseous detectors

MPGDs, produced by the modern photo-lithographic technology on glass and on
flexible and standard PCB supports are replacing the old generation MWPCs [36].
They play a pivotal role in large particle physics and nuclear physics experiments and
in applications such as x-ray [47, 48], UV [49] and visible-photon [50] and neutron [51]
imaging reading the signal with electronics systems, or with optical recording from
the light emitted by fluorescence of the gases in the multiplication process. For a
complete review on MPGDs see the book [52].

Like in MWPCs, in MPGDs the detection is based on charge-avalanche multipli-
cation in high electric-fields in a gas. Thus, a fundamental understanding of electron
and ions interactions with different gas molecules under various condition (pressure,
field, etc.) becomes crucial. For this reason, together with the experimental efforts,
different sets of simulation tools were developed, for example Garfield [53] and Mag-
Boltz [54]. The development of MPGDs progressed in parallel with that of readout
electronics, with two main outcomes: 1) the integration of an increasing number of
readout channels in a single chip board allowed for very fine readout segmentation
and therefore higher rate capabilities 2) improving the sensitivity and lowering the
electronic noise allows for efficient operation at gas gains as low as ~100-10000, de-
pending on the specific application.

Examples of MPGD technologies are Micro Strip Gas Chambers (MSGCs) [55]
with thin strips patterned on an insulator (glass); Gas Electron Multipliers (GEMs) [56],
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with arrays of tiny holes etched in a thin double-sided copper-clad Kapton sheet;
Micro-mesh gaseous structure (MICROMEGAS) [57], where the multiplication oc-
curs between a micro-mesh and the readout anode; and the more recent Thick Gas
Electron Multiplier (THGEM) [49] and THGEM-based COBRA [58] and WELL con-
cepts [59], with the avalanche occurring in sub-mm diameter hole-arrays drilled in
a PCB. Other examples are the MHSP [60], multi-layer THGEM [61], Micro-Pixel
Chambers [62], capillary gas detectors [63], InGrid detectors [64] and many others.
Detectors based on these technologies and concepts have been used for numerous ex-
periments and are being designed for future ones [65, 66, 67, 68, 69, [70]. An active
R&D activity is ongoing with the emergence of new detector structures to improve
their performances in terms of spatial resolution (tens of microns to sub-millimeter
scales - according to experimental needs), fast response (ns scale, recently reaching
ps in specific configurations [71]), pulse-height resolution, photo-detection, and high
counting rate capability (reaching MHz/mm?).

With their versatility and properties, MPGDs are applicable in numerous fields,
including in noble-liquid based detectors [72, [73], [74, [75], [76, [77]. MPGDs permit
operation also at very low gas pressures [78] [79]. For recent reviews on the history
of MPGDs and their latest developments and applications see for example [46] [80]
and references therein. In recent years some effort has been put into the development
of new materials both as substrates (see for example [81]) and as readout electrodes
(see for example [82]). The second case, the use of resistive electrodes, is one of the
most recent trends in MPGD research; it aims at limiting intense occasional electrical
discharges, often due to highly ionizing events. The latter can damage both detector
and electronics and induce dead-time. We will discuss in more detail in section [L.3]

the role of resistive materials in gaseous detectors.
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1.3 Electrical stability of gas-avalanche detectors

and the use of resistive materials

1.3.1 Electrical breakdown in gaseous detectors

Electrical breakdown is an issue common to all gaseous detectors and in particular to
MPGDs, that typically do not have discharge self-quenching mechanisms (as MWPCs
do [83]). A spark or discharge between electrodes in a gaseous environment is the
development of a conductive and self-sustained plasma that connects them, causing
a large amount of charge to flow.

Experimentally, discharges in gaseous detectors are associated with highly ion-
izing events (with higher probability to occur under high irradiation rate) or other
processes such as photon feedback, spontaneous electron emission or avalanche gain
fluctuations. These mechanisms point to the same generally accepted picture: when
the total charge density in an avalanche becomes higher than 107 -10® electron-ion
pairs - known as the Raether limit [84] - the avalanche may evolve into a discharge.

Considering the detection of Minimum-Ionizing Particles (MIPs) (e.g. relativistic
muons). The most probable number of Primary Electrons (PEs) left by a MIP in a
few mm gas is around 10-15. For this signal to be detected, gas amplification of the
order of 10% is needed. Therefore, ionization processes inducing more than 10? primary
electrons over distances comparable to the typical lateral extent of an avalanche (a few
100 wm) carry the risk of leading to discharges by avalanches surpassing the Raether
limit. Such ionization levels are possible but less common for MIPs (due to their
typical energy deposition). They easily reached by interactions in the detector gas
or detector materials resulting in heavily ionizing particles from natural radioactivity
and experimental radiation background (e.g. neutrons).

It is commonly accepted that sparks are initiated by the formation of a streamer [85]:
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a filament of plasma developing in the presence of high electric fields when the space-
charge distribution in the head and tail of the avalanche is large enough. The streamer
is developing in space until it connects the anode and cathode electrodes and a spark
occurs [86], 87]. Normally the discharge is terminated when the spark current leads to
a sufficient reduction in the voltage, and therefore in the electric field and so to a local
gain reduction. This self-terminating discharge mechanism is observed in THGEM
detectors, while for example GEMs need an external intervention to end the discharge
and avoid a current trip.

Even though the general picture is clear, it is not trivial to get a detailed descrip-
tion of the dynamic process leading to a discharge; it depends on the specific gas mix-
ture, density, and detector geometry and operation. It is a complex physical process
involving electron transport in variable fields, electron multiplication in high fields,
space-charge distorted electric field, emission of photons able to photo-ionize the gas
at a certain distance. Several attempts have been made to study this phenomenon,
trying to compare experimental data with both analytical and computational results.

UV photons are emitted by atomic de-excitations in an avalanche process. In a gas
mixture, those photons could be energetic enough to extract photo-electrons outside
the avalanche from the gas molecules. Those electrons could contribute to maintain
the streamer expansion at its tail. This is not the case in pure noble gases where the
excitation photons do not have enough energy to ionize gas molecules. In parallel-
plate geometries there is also the possibility that UV photons extract electrons from
the electrodes, those electrons can start secondary avalanches that can sustain the
streamer formation. In MPGDs with avalanches occurring in holes, namely in ” closed
geometries” | this effect is reduced. On top of these processes, it has been shown in [8§]
that diffusion alone could provide a sufficient mechanism for positive streamer front

propagation in some simplified (but quite reasonable) conditions.
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In recent studies, conducted with COMSOL Multiphysics simulation softward?]
the charge multiplication process was simulated using hydrodynamic equations for
a gas of electrons and ions, and parametrized curves as inputs for the physical pro-
cesses governing the transport and production of charges. The studies show (even
pictorially) that indeed the streamer propagation to the cathode can be sustained by
ion diffusion in high field only, without the aid of photons [89JF] A recent attempt
to relate the simulated charge density to discharge probability measurements in a
quantitative way is presented in [90]. The simulation was done using GEANT4 soft-
ware [91]. The critical charge density leading to the formation of a spark in a GEM
hole is found to be within the range of (5-9)-10° electrons after amplification (close

to the Raether limit), and it depends on the gas mixture.

1.3.2 The use of resistive materials in gaseous detectors

As explained in [92], most MPGD detectors lack an avalanche saturation mechanism
like the one available for example in MWPCs [48], and they are therefore limited in
their dynamic range by the occurrence of discharges.

Resistive materials have been used as electrodes (especially anodes) in gaseous
detectors for a few decades. They were introduced in an attempt to prevent discharges
and/or quench their energy, thus, stabilizing the detector performance, minimizing
the discharge-associated dead time and protecting the readout electronics.

The concept relies on the fact that anodes or cathodes with high resistivity block
the instant drain of charge deposited by the electric breakdown through the following
mechanism: the charge accumulating locally in the resistive material for a relatively

long of time produces a local drop in the electric field. This causes self-quenching

4https://www.comsol.com
5The details of this simulation were presented in December 2017 during RD51 open lectures at

CERN| based on a previous work by Paulo Fonte.
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of the discharge, or even stops the streamer development at an early stage. In the
first case, the amount of charge involved in the discharge (which for fully conductive
anodes is limited only by the total charge stored in the assembly of the participating
electrodes) is then reduced; in the second case, the discharge doesn’t occur, and the
end result is just a large avalanche.

A successful application of resistive materials to gaseous detectors is the Resistive-
Plate Chamber (RPC) detector [93]. Based on original works from Pestov [94], the
Resistive-Plate Chamber (RPC) consists in a parallel-plate chamber whose plates are
made of a thick (~mm) resistive material of typical bulk resistivity of 107 -10'? Qcm.
In the RPC operated in spark mode, when the gas is ionized by a charged particle, a
discharge is originated by the electric field (similarly to a spark chamber). However,
due to the high resistivity of the electrodes, the electric field is strongly reduced in
a limited area around the point where the discharge occurred, so that the latter is
prevented from discharging the entire charge stored in the plates; out of this area
the sensitivity of the counter remains unaffected [95]. For a review on RPC detectors
see [96].

An undesired effect of using electrodes with large resistivity is the gain drop and
hence efficiency loss observed under high irradiation rates. In fact there is a trade-
off between the high resistance needed for effective discharge quenching and the low
resistance required for operating efficiently at high particle fluxes. For this reason, the
resistive plate should be optimized for the usage in specific applications. In order to
choose the best resistive material and its geometry, it would be important to know its
recovery time constant, and its quenching power - i.e. the entity of the local reduction
of the electric field due to the charge deposited during a discharge.

A model describing these effects was proposed for example in [97] and reviewed
in [98] (a similar one was recently used in GEM coupled to a resistive layer [99]).

Depending on the resistivity of the material and the geometry of the detector, the
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charge produced in the avalanche process is evacuated through the resistive material
within a finite time, T, corresponding to an equivalent RC circuit. If this time is
long enough, the charge accumulating causes a local potential drop which prevents
the discharge from evolving. An attempt to model this phenomenon in RPCs was
introduced in [I00]; a column with cross-section O and a height equal to the layer
thickness D has a resistance of R= pD/O, where p is the bulk resistivity of the
material. The virtual capacitance of this column equals to C= €qe;0/D, where
€; is the permittivity of the material. The product of the column resistance and
capacitance is a time constant T= €g€,.p , which does not depend on the layer thickness
and can be associated with the recovery time of a potential charge on the layer surface.
This simple model is not supported by the results shown in [I0T] where the gain
drop in RPC detectors at increasing particle fluxes depends on the plate thickness.
The authors argue that the resistive plate does not behave as a simple RC circuit.
Therefore, in addition to the bulk resistivity and the dielectric constant, also the
surface and the thickness of the plate are important and change the RC response of
the plate. Since in RPCs there is current flowing both on the surface of the plate and
through the bulk of the plate, there must be a lower limit in resistivity and thickness,
below which sufficient current can flow through the plate to sustain the discharge.
Another attempt to identify the parameters involved in discharge quenching can
be found in [102]. The authors point out that resistive materials lie in between
two limit cases depending on the typical effective response time RC of the resistive
electrode, being R the resistance and the C the capacitance effectively involved in
the streamer formation process. The case RC= oo is when the electrode is a perfect
insulator. In this case, charge accumulates until there is no electric field; the case
RC= 0 is when the electrode is a perfect conductor, so the field is maintained until
discharge fully develops. In order to quench the discharge, the resistive material

RC time should be longer compared to the development time of the streamer. Even
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if this simple model is correct, any estimation of the values of the effective R and
C is highly non-trivial; on top of that, the streamer development itself is not fully
understood (see section . In the same presentation, the author shows a test
done with six MICROMEGAS prototypes with the same resistive layer thickness but
different total resistance, placed in a high-intensity hadron beam behind an absorber
(1 MHz 150 GeV pion beam showering inside a 2 interaction-lengths steel block).
It was shown that below a certain value of the resistance, the mesh current during
an accelerator spill fluctuates, just like a non-resistive prototype subject to sparking.
Above a critical value of the resistance, the current is somewhat constant as if due
only to the normal ionization and multiplication process. This critical resistance
value suggests that there is a threshold RC above which spark suppression becomes
effective. The author gives also an estimation of the capacitance involved in the
process and compares the resulting RC with the avalanche development time, (e.g.
~10 ns in the specific case of resistive MICROMEGAS).

Other than introducing a spark quenching mechanism and rate limitations, an-
other effect of resistive materials on the detector operation is its influence on signal
development, both in time, amplitude and space. As an example in [103] the effect of
resistive anode strips on the signal shape is described. A theoretical and systematic
approach to this issue is given in [104]. Resistive layers play an important role also
in the detector’s spatial resolution. In the TGC [42], for example, graphite-coated
insulating foils were used as cathodes to decouple the readout from the gas volume.
In that specific case the very thin resistive layer was grounded at its sides to cause
the avalanche charge spreading in the layer before evacuating. This configuration was
coupled to a segmented readout electrode to induce signal on several channels allow-
ing for improved spatial resolution [43]. The same idea was later applied to MPGDs,
for example to GEM [105] and THGEM [106].

The use of resistive materials in MPGDs to quench discharges has been imple-
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mented mainly in the form of thin resistive films, where the resistance is developed
on the surface of an insulating sheet (for example in MICROMEGAS [107], GEM [99],
and THGEM (section [1.4))). Methods of ”embedded resistors” were investigated as
well [I08]. A special case is the one of the RETGEM [109], in which the multiplier
electrode itself is resistive, rather than the anode.

In [I10] it was suggested that using the resistance through the bulk of a thick
material, like the resistive plates in RPCs, may be applied to MPGDs, with the
advantage of obtaining higher-rate detectors. Indeed, this idea has been successfully
employed in the Resistive-Plate Well (RPWELL) detector [17], which is described
in detail in section [[.4, One of the advantages of this concept of coupling a RP to
the anode rather than a resistive layer is the smaller avalanche-charge spread across
the surface; this should, for example, result in a lower pad multiplicity in ”digital”
detectors. Another advantage demonstrated in this work is that a resistive plate can
quench discharges more effectively than a thin resistive film, as discussed in section [I.4]

when comparing Resistive Well (RWELL) and RPWELL detector results.

1.4 The THGEM and Resistive Plate WELL de-

tectors

1.4.1 The THGEM detector

The THGEM [49] 1T1] was developed and intensively investigated by the WIS ra-
diation detection physics team and collaborators. R&D research was conducted at
room temperature [112, 106, 113, 114, 115, (116, 017, 118, 58, 119, 120, 121, 122,
123], 124, 125, [126], 17, 127, 59, 128, 02), 129, 130, [, B, 2] and in cryogenic environ-
ment [131) [132] 75, [133] [76 134]. Advances in the development of this multiplier
have been also achieved by the Trieste team [65, 135, 136] and recently by oth-
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ers [137, 138, 139, [140]. Being simple, robust, economically produced, and rather fast
(ns scale), the THGEM has been attracting significant attention, due to its poten-
tial applications to large-area particle tracking at moderate localization resolutions.
With its sub-millimeter spatial resolution [106, [4], ns-scale time resolution [115] and
high counting-rate capability [112], this MPGD is suitable to cope with the needs
of large particle-physics and astro-particle physics experiments as well as inspection
applications over very large detection areas. Csl-coated THGEM-based UV-photon
imaging detectors were developed at WIS, as potential photo-sensors for Ring-Imaging
CHerenkov detector (RICH) [141], 142]; THGEM-based UV detectors have been cho-
sen for the upgrade of the RICH detector of Common Muon and Proton Apparatus
for Structure and Spectroscopy (COMPASS) experiment at CERN, requiring ~6 m?
coverage of UV-photon detectors. It is the first particle physics experiment to use
THGEM-based photon detectors [136].

A standard THGEM electrode (figure [1]) consists of 0.4-0.8 mm thick FR4 plate,
copper-clad on both sides. Holes of typically 0.5 mm diameter are mechanically
drilled through the plate, with an hexagonal or square pattern of typically 1 mm
pitch; etching is used to remove sharp conducting edges from the holes, resulting in
an insulating rim of typically 10-100 pm width. The operation principle of a standard
single-THGEM detector configuration is shown in figure [T}b.

Upon application of a voltage difference across the THGEM electrodes, a strong
dipole field is created (typically 10-20 kV/cm) inside the holes; each of them acting

as an independent electron multiplier. The detection process is as follows:

e PEs extracted from the gas by ionizing radiation in a conversion region above
the electrode, or produced on a solid radiation converter (e.g. a photocathode),
are drifted towards the THGEM holes along the drift field applied between its
top face and the cathode.
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Figure 1: a) Typical THGEM electrode with hexagonal hole pattern. The relevant
parameters are shown. b) Scheme of the single-THGEM detector concept with in-

duction gap. ¢) Scheme of a double cascaded THGEM configuration.

e The PEs are focused into the holes by the strong local dipole field; a drift field
of order 0.5 kV/cm typically results in high focusing efficiency [112].

e An avalanche ionization process develops in the holes, resulting in electron mul-
tiplication. The detector gain is a function of the voltage applied across the

THGEM electrodes, and the gas type and pressure.

e The electrons (ions) are drifted towards the anode (THGEM-top or cathode)
and collected. The movement of the electrons and ions induces a current pulse
which is typically recorded from the anode; its amplitude is proportional to the

deposited energy (number of PEs).

Different THGEM-based detector structures are shown in figure 2] Their opera-
tion principles, as well as the main associated R&D results (figure [2) are summarized
in [59]. The original THGEM concept is that of a double-sided electrode with in-
duction gap (figure [2ta). The Thick Well (THWELL) structure corresponds to a
single-sided electrode directly coupled to the anode, (figure b). In the RWELL,
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a resistive layer deposited on an insulating sheet is inserted in a THWELL-like con-
figuration in-between the THGEM electrode and the anode (figure [}c). In the
Segmented Resistive WELL (SRWELL) the resistive layer is segmented into elec-
trically separated regions prevents lateral charge spread (figure d). Finally, the
Resistive-Plate Well (RPWELL) described in section is depicted in figure [}e.

drift electrode
(a) = B (b) drift electrode
= e Earire - T
T Etrif!

THGEM IS — single-faced
Inductionjgap- Eina THGEM I I_I ] )
< Readout pads v Readout pads

(c) drift electrode
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single-faced laver
THGEM | =
' = ~FR4
Readout pads
(d) drift electrode (E) drift electrode
single-faced Ir:j:;tlve single-faced esistive
THGEM [ TT_I |-='1 THGEM plate
> 7 -
R ReadoutpaFCu grid Readout pads

Figure 2: Different THGEM configurations. a) Double-sided THGEM with induc-
tion gap. b) Single-sided THGEM in WELL configuration. ¢) Resistive WELL. d)
Segmented Resistive WELL. e) Resistive-Plate WELL.

A main feature of all THGEM detector configurations is the avalanche confinement
within the holes, which considerably reduces secondary effects; it allowed reaching sta-
ble high-gain operation (in excess of 10* -10° depending on the ionizing source) in a
large variety of gas mixtures, including noble gases [I11]. In the original THGEM
detector, the electrode is separated from the readout anode by a few-mm wide induc-

tion gap (e.g. figure b), it is possible to configure the voltages in order to extend
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the charge-multiplication region outside of the THGEM holes towards the induction
gap [126].

Cascading two or more THGEM elements (figure [I}c) permits reaching higher
gains, required for example for single photo-electron detection in RICH [141], [142] or
in cryogenic Gaseous Photo-Multipliers (GPM) [133] developed at WIS for radiation
imaging with liquid-xenon detectors for future Dark-matter experiments and for ra-
diography with fast neutrons and vy rays 70} [77]. The role of various geometrical and
operational parameters in multi-stage configurations has been established, for opti-
mal electron collection into the holes and the efficient transfer of avalanche electrons
into successive multiplier elements [I11].

Compared to single-element configurations, cascaded structures allow for higher
maximal achievable gains and lower discharge probabilities (due to reduced charge
density in the multiplier holes). On the other hand, multi-stage THGEM configura-
tions are more expensive and, due to their larger thickness, they are less suitable for
applications requiring few-mm thick detectors - like sampling elements in a (s) DHCAL
(see section . Therefore, in the present study, the efforts have been focused on
the development of single-element multipliers.

The THWELL, RWELL and SRWELL detectors are thin (~5-6 mm excluding
readout electronics) single-element structures (without induction gap); they were
studied extensively in the laboratory and in accelerator test-beam, giving satisfac-
tory results in terms of gain and rate dependence [125] 127, 128, 92 129]. On the
other hand, the local resistance provided by a thin resistive film was not large enough
to avoid discharges; in fact they were found to occur in RWELL detectors at the same
rate as in THWELL [92], but with reduced intensity [59]. This lead to the idea of
substituting the resistive layer with resistive-plates similar to the ones used in RPCs.

This is the RPWELL concept [17] described in details in the next section ( [1.4.2)).
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1.4.2 The RPWELL detector

The Resistive-Plate Well (RPWELL) [I7] consists of a THWELL configuration
in which the single-sided THGEM electrode is coupled to a segmented readout anode
(e.g. pads or strips) through a high bulk resistivity plate (figure 2}e¢). The RPWELL
combines the properties of THWELL and RPC detectors. The latter employs anodes
of highly resistive bulk materials (107-10'? Qcm), that fully damp sparks but cause
rate limitations, as explained in section [I.3]

Extensive laboratory studies of 30 x 30 mm? RPWELL prototypes, with vari-
ous resistive materials, operated in Ne/(5%)CH, [I7] demonstrated discharge-free
operation at high gas-avalanche gains and over a broad ionization range, making
it a suitable concept for the detection of minimum- as well as highly-ionizing par-
ticles. The gain-dependence on the incoming particle flux, demonstrated with the
RPWELL with 0.6 mm thick Semitron ESD225 resistive plate was slightly better
than the RWELL with 1 MQ/0O resistive film, with a 30% pulse-height drop over

2 This result can

a 3 orders-of-magnitude increase in rate: from 10 to 10* Hz/mm
be compared to the performance of multi-gap RPCs made of ceramics, plastics and
doped glass of lower resistivity values (107 -10'° Qcm), that permit reaching rate
capabilities of up to several 10° Hz/cm? [143] only.

The results obtained with a charge-injector (a primary charge multiplier added
to mimic highly ionizing events [92]), showed that the RPWELL configurations are
robust relative to the THWELL and the RWELL [17, 02]. From these studies it
appears that the onset of discharges occurs at the same number of primary electrons
for the THWELL (no resistive layer) and for the RWELL with 1 MQ /00 and 10 MQ/O
thin resistive films. On the other hand, the RPWELL configurations did not spark
even at hundred-fold higher injected charges. This hints to the fact that the role of

the resistive layer at the tested resistivity values is not reducing the discharge rate,
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but quenching the intensity of the discharges, as discussed in section [1.3| and shown
for example in [129] for different RWELL detector configurations.

The stability of the RPWELL indicates upon its potential stable operation in
the presence of highly ionizing events. The drop in gain due to the high injected
charge, was more pronounced for electrodes with the highest resistivity: glass and
Bakelite. The discharge damping, rate dependence of the gain and the drop in gain
with highly ionizing events can be explained by the long time-constant of the highly-
resistive plates (see section ; it can be estimated by approximating the detector
as a parallel-plate structure, using T= p - €, where T is the time constant, p is the
bulk resistivity, and € is the dielectric constant of the plateﬁ.

While some of the operation principles of the RPWELL are similar to that of the
RPC, the RPWELL offers some advantages. First, the region of multiplication is
confined to the holes. As a result, the RPWELL can be preceded by large conver-
sion/drift volumes and the total charge produced in the avalanche does not depend
on the position of the interaction. The closed geometry also limits the avalanche di-
vergence by photon feedback and the RPWELL can operate with standard counting
gases like Ne/(5%)CHy or Ar/(7%)CO,, compared to RPCs where very specific gas
mixtures are needed. These, together with the field structure, also reduce the oper-
ation voltage of the RPWELL to lower values compared to that of RPC chambers.
Note that, contrarily to the RPWELL case (in which the anode is grounded), in the
RPC the high resistivity material is kept at few kV potential, requiring a perfect
surface for stable operation and limiting the choice of available materials to the ones
capable to sustain such High Voltage (HV) values without changing their properties.

In the present work, which aims at a DHCAL application (section , we will

demonstrate that this thin (~4-6 mm excluding readout) single-element detector can

6Under the caveat discussed in section m
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satisfy all the requirements of a sampling element, and it can operate efficiently in
a discharge-free mode over a broad dynamic range also when assembled in large

prototypes.

1.5 Particle flow and Digital Hadronic Calorime-

try (DHCAL)

Since the discovery of the Higgs Boson, the challenge for the high-energy physics com-
munity is measuring precisely its properties and determining its nature. A precise
knowledge of its mass, its decay products, branching fractions and couplings to the
standard model particles will provide an important insight into fundamental ques-
tions such as the mechanism by which elementary particles acquire mass, and how
massive matter was formed in the early universe. However, some of these questions
cannot be answered at the LHC; others cannot be answered with sufficient precision.
This, together with the hope to discover BSM physics, motivates the design and de-
velopment of future colliders and experiments. Among the candidate projects are
various electron-positron colliders; the ILC [10], the CLiC [11], the CEPC [I3] and
the ee-FCC [12].

Many new physics scenarios, and the measurement of different characteristics of
the Higgs boson, involve hadronic-decay channels which require excellent jet-energy
resolution. Therefore, future high-energy physics experiments place severe demands
on hadronic calorimetry. For example, in the specifications of the calorimeters for
experiments at the ILC, the required jet-energy resolution is 30%/v/E or better [10]
(corresponding to o /E= 3% for 100 GeV jets). This resolution is roughly three times
better than that achieved with the ATLAS and CMS calorimeters, even with the
implementation of Particle-Flow (PF) techniques [15] [16].
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In the PF approach the jet energy is reconstructed combining the information from
all the detector subsystems, trying to measure separately the energy of all visible
particles in an event. The reconstructed jet energy is the sum of the energies of
the individual particles. Charged particles constitute over 60% of the particles in a
jet, and their momentum can be measured with the highest precision in the tracking
system, whereas photons and neutral hadrons deposit their energy in the calorimeters
only.

The main idea of PF is to improve the jet-energy resolution by minimizing the
use of the Hadron Calorimeter (HCAL), where large fluctuations due to fundamental
hadronic processes are unavoidable. The PF method relies on the imaging capability
of segmented calorimeters, and on the correct assignment of calorimetric energy depo-
sition to individual particles. In this application, the pattern recognition performance
of the reconstruction software - the Particle-Flow Algorithm (PFA) - becomes crucial;
the jet energy resolution is a combination of the intrinsic detector performance and
the performance of the PFA software.

At low energies, the intrinsic calorimeter resolution is the main factor limiting the
jet energy resolution, whereas at high energies (more than 100 GeV) the jets become
more collimated, and the confusion in the energy depositions assignment to the in-
dividual particles becomes the dominant limit. The most advanced PFA is Pandora
PFA [144] specifically developed in the context of the ILC detectors. SiD [19] and
the ILD [20], both incorporating PFA as a basic element of their philosophy and de-
sign, including a highly segmented Electromagnetic Calorimeter (ECAL) and HCAL.
The study presented in [I44], considering an analogue scintillator tiled calorimeter
demonstrates that PF calorimetry with Pandora PFA can meet the challenging ILC
jet energy resolution goals.

An example of a simulated 100 GeV jet event in the ILD seen from the PFA

approach is showed in figure [3fa. A schematic description of the ILD quadrant is

35



shown in figure [3}b; it comprises a powerful silicon-pixel vertex detector, silicon-strips
tracker, silicon-tungsten ECAL, highly segmented HCAL, and a muon identification
system. Notice that both the ECAL and the HCAL are located inside the 5 T
magnetic field created by a superconducting solenoid, necessary for applying the PF
analysis. PF calorimetry places stringent requirements on the granularity of the
ECAL and HCAL. For the entire SiD HCAL, with 10?2 m? total volume, the total
number of readout channels will be 4-107 which is one of the biggest challenges for the
HCAL system. To overcome this problem, the possibility of using a digital readout
rather than analogue one was proposed, namely a DHCAL. The DHCAL concept
relies on the linear relation between the number of pads fired and the incoming hadron
energy.

In this context, gas detectors (such as RPC, cascaded GEMs, THGEM and MI-
CROMEGAS) become potential sampling element candidates.

The baseline design of the SiD hadronic calorimeter is a DHCAL comprising 40
layers of stainless steel absorber plates separated by 8 mm gaps, which should incor-

2 square pixels and readout

porate the active sampling elements with their 1x1 cm
electronics. The DHCAL sampling elements (glass RPC in the baseline design) need
to fit within the 8 mm gaps between the absorber plates (together with the read-
out electronics), and should perform at the highest efficiency (close to 100%) and
lowest average pad multiplicity (ideally 1 pad firing per track segment), to provide
the conditions for the PFA to work at its best. Confusion between hits belonging to
closely-spaced showers, and non-linearity between shower energy and number of dig-
ital hits in the calorimeter are two main challenges to a proper event reconstruction.

A worldwide collaboration - Calorimeter for the Linear Collider Experiment (CAL-

ICE)IZI (including the WIS team) - is active in the particle-flow calorimetry concept

TThe CALICE collaboration
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Figure 3: a) Pandora PFA reconstruction of a 100 GeV jet in the MOKKA simulation
of the ILD detector. In the particle-flow approach, calorimeter hits are grouped into
clusters that are associated with a specific particle initiating a shower. The energy of
neutral particles is measured by counting the number of hits in the calorimeter cluster.
Calorimeter clusters associated with a track in the tracking system are identified
with charged particles and their momenta are measured with better precision. b) A

schematic view of the ILD detector with its components: TPC, ECAL and HCAL.

R&D. Several calorimeter prototypes were built and tested in beam, and the results
were compared with that of Monte Carlo simulations. The most recent results of this
effort are summarized in [145].

Beam tests of a 1 m®* RPC-DHCAL prototype [146] gave a first demonstration
that digital hadronic calorimetry, based on hit counting only, works both conceptu-
ally and technologically. Single-particle energies were reconstructed with a resolution
comparable to that obtained with analog methods [147, [145]. On the other hand,

digital reconstruction schemes have not yet been implemented into the Pandora PFA,
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therefore estimations of a DHCAL jet-energy resolution are not yet available. For the
same reason, no detailed study addressed the effect of the average pad multiplicity
on the hadron energy reconstruction and close showers separation in DHCAL (some
preliminary studies on RPC digitization can be found in [148]). However, the com-
mon paradigm is that the lower the average pad multiplicity the better the energy
resolution and the shower-to-shower separation. Under this assumptions, we can com-
pare the results obtained by the different technologies considered for future DHCAL
applications.

Sampling elements based on RPCs, the baseline technology for the SiD hadronic
calorimeter, have yielded so-far an average multiplicity of 1.5-2 at 90-95% efficiency [149].
Elements based on MICROMEGAS, have demonstrated superior properties: 98% ef-
ficiency with a 1.1 average multiplicity [I50]. Elements based on the double-GEM,
have shown a multiplicity of 1.3 at 95% efficiency [I51]. THGEM -detectors were
first suggested by the WIS team as potential sampling element for the SiD DHCAL
in [125]. This possibility was studied further with 100 x 100 mm? THGEM and
THWELL detectors. Using thin (<6 mm) configurations (to cope with the thin sam-
pling gaps requirement), a detection efficiency greater than 98% was reached at pad
multiplicity in the range 1.1-1.2 [127, [128].

In parallel to the DHCAL concept, a sSDHCAL with two different energy-threshold
values is being developed. The advantage would be to overcome the non-linear re-
sponse (between the number of fired pads and the energy of the incoming hadron) of a
DHCAL at high energy, when the hadron shower density becomes comparable to the
readout segmentation. Results obtained with a glass-RPC sDHCAL prototype [152]
show that the measured degradation of the energy resolution for high-energy hadrons
(above 30 GeV) can be mitigated by a proper calibration of a three-thresholds read-
out.

Since THGEM-based detectors are proportional ones, namely the amplitude of
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the measured signal is proportional to the deposited energy, they would be suit-
able candidates also for SDHCAL. These results place THGEM-like detectors as very
competitive sampling-element candidates for sSDHCAL. Hence, further investigations
were conducted, focusing on the RPWELL detector; the results obtained during the

present work are presented in chapter [3

39



Chapter 2

Methods

2.1 The RPWELL detectors

Different RPWELL prototypes of increasing size (up to 500 x 500 mm?) were built
with two main purposes: demonstrate the capability of the RPWELL concept to meet
the requirements of a DHCAL or sDHCAL, and to scale up the detector to large areas.
The latter is a mandatory step towards the realization of a (s)DHCAL prototype as
well as the usage of the RPWELL detector in other applications requiring large area
coverage. When relevant, the assembled prototypes were used for dedicated stud-
ies of RPWELL-related physics characteristics. Examples are the study of position
resolutions and the study of the effect of frames edges on the detector performance.

The different detectors assembled are listed in table 2.1, along with their main
properties and experimental usage. Detailed description of each detector including

the main assembly stages is given in appendix [A]
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2.1.1 Resistive Plate choice and assembly methods

Two different commercial materials were selected for the Resistive Plates (RPs):
Semitron ESD225E] electro-static dissipative polymer and a doped silicate-glass [153],
having typical bulk resistivity values of 10° Qcm and 10'° Qcm respectively. This
choice is driven by experience gained in previous studies which showed that good per-
formance can be obtained with an RPWELL detector using materials in this range of
resistivity [I7, [154]. In particular, discharge-free operation was achieved at the cost
of relatively moderate gain loss (30%) over 4 orders of magnitude of the incoming
particles ﬂuxE].

From the practical point of view, it is difficult to find commercial materials that
present at the same time the desired mechanical and electrical properties. The
Semitron ESD225 polymer is a good candidate, but it has the disadvantage of being
available only in thick plates of several mm, which requires precise and costly ma-
chining to reduce its thickness to sub-mm values. Moreover, some mechanical aspects
make Semitron ESD225 problematic: it cannot be glued properly by common epox-
ies; it absorbs humidity and suffers from large humidity- and temperature-dependent
expansion coefficients. The doped silicate-glass does not have these problems, but

2. Furthermore, it is fragile when

it can be produced only in area of 300 x 300 mm
produced in sum-mm thicknesses, making the coupling of the glass RP to the anode
challenging. It is likely that the conception of large-area RPWELL detectors will
require the development of industrially-made application-tailored RP materials.
Other than the RP material itself (its electrical and mechanical properties), a

proper coupling to the readout anode is essential for ensuring the required detector

performance. Thus, the coupling of the RP to the anode deserves careful considera-

lwww.quadrantplastics.com
2Tt should be emphasized that the exact mechanism of discharge quenching by a RP is not yet

well understood. Thus, the RP is chosen based on experience and available materials in the market.
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tion. Two different approaches were investigated:

e Keeping the RP electrically decoupled from the anode. In this case, the charge
produced by electron multiplication in the gas does not reach the anode. The
charge movement induces a bipolar signal on the anode, and it must be neutral-
ized via an additional path to ground. Such a scheme is implemented for exam-
ple in detectors with a resistive layer like RWELL [129], MICROMEGAS [103] or
TGC [43]. Since the signal lateral spread on the readout anode is usually large,

we used this approach in a small prototype dedicated to position-resolution

studies (see section [A.4.1)).

e Granting a direct conductive path between the RP and the anode. In this
configuration, the charge is collected and neutralized on the readout anode and
the induced signal is contained within a smaller region. This option is more
suitable for a DHCAL application, where the readout-anode is pixelated into
small pads (e.g. 10 x 10 mm?); in a digital recording of individual particles, the
average pad multiplicity per hit must be kept minimal - as close as possible to

1.

We developed two different methods for direct coupling of the RP to the readout
anode (the second option above): a) one-to-one contact and b) graphite/epoxy glue.
One-to-one contact between the RP and the readout segments requires patterning
the RP with conductive paint in accordance with the readout segmentation, coupling
them one by one with a conductive glue [1]. The limitation of this procedure is that
it can be applied easily only to anodes which are pixelated into large pads. Gluing
the RP to the anode with the graphite/epoxy procedure described below is a simpler
method. Furthermore, it can be applied to any anode geometry, including small

pads and thin strips. The method consists in coating the RP with a graphite film
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of several M/ resistivity and then gluing it with epoxy to the anode. The epoxy
mixes with the graphite, resulting in an intermediate layer having relatively large
surface resistivity and moderate bulk one (as confirmed by the dedicated experiment
described in appendix . Thus, the preferred path to ground is through the resistive
layer to the readout anode.

The one-to-one contact technique was used in the assembly of the detectors de-

scribed in sections [A.1] [A.2] |A.3l Graphite/epoxy gluing was used in the assembly

of the prototypes described in sections[A.4] and [A.5] and it was tested in a dedicated
experiment described in appendix Bl More details about the techniques and their
implementation methods are available in appendix [A] along with the description of

the assembly of the different RPWELL chambers.

2.1.2 RPWELL chambers design and assembly

In parallel to the physics studies, effort was made to evolve from an R&D-oriented
design to an experiment-targeted prototyping approach. In the R&D-oriented design,
the electrode structures were mechanically mounted inside gas vessels using screws
and nuts, leaving the possibility to modify them at will. In the experiment-targeted
prototyping approach, the detector parts were assembled and glued permanently in a
determined configuration. This is a fundamental step towards the production of large
prototypes for target applications, that require optimized dimensions of the elements,
optimized material thicknesses and gas gaps, minimal dead areas, etc. It requires
careful design of the detector parts and a well-defined assembly protocol to produce
reliable detector elements and reproducible results.

The largest R&D-oriented RPWELL assembled was 300 x 300 mm? large, with a
Semitron ESD225 RP directly coupled to the anode patterned into 10 x 10 mm? read-

out pads. Following the experiment-targeted approach, several prototypes of different

43



sizes ranging from 100 x 100 mm? to 500 x 500 mm? were designed, assembled and
investigated. A summary of the produced and tested chambers is given it table [2.1]
The detectors are described in details in appendix [A]
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2.1.3 Operation gases

All the RPWELL detectors were operated in flow mode in Ne/(5%)CH, gas mixture
prior to their operation in argon-based gas mixtures: Ar/(5%)CH, and Ar/(7%)CO,.
For the first time, single-stage THGEM-based detector was capable of operating with
Ar-based gas mixtures in a discharge free mode.

The operation in argon mixtures required higher applied potentials with respect
to neon, to reach similar avalanche gains. However, argon mixtures present two main
advantages: (1) larger average number of MIP-induced electron-ion pairs; e.g. in 1 cm
of gas in standard conditions the numbers are 94 in argon, and 39 in neon [48], allowing
to use a smaller conversion/drift gap while maintaining high detection efficiency.
(2) Argon is considerably cheaper than neon, hence more attractive for applications
requiring large-area coverage, such as the (s)DHCAL.

It is mainly for the second reason that the successful transition from neon-based
to argon-based gas mixtures is a major success of this research. Among the different
argon-based mixtures, the usage of the non-flammable CO, instead of CH, as a UV
photon quencher could be convenient for safety reasons. The final gas mixture should
be optimized for the foreseen application, taking into account other properties. Ex-
amples are electron diffusion, which affects the position resolution (see section ,

electro-negativity, which affects the down charging processes [159], [156], etc.

2.2 Laboratory test setups

2.2.1 Large area x-y scanner

A fully-automated x-ray scanning machine (installed at the TGC production facility
at WIS (figure ), was used for performing a ”preliminary”, pre-test-beam stress-test
of the largest 500 x 500 mm? RPWELL detector; it aimed at enlightening eventual
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weak points or "hot spots”. The irradiation facility consists of an Amptec mini-X
x-ray gun with silver target providing a photon beam peaked at 22 keV, mounted on
a X-y stepper motor system which is able to scan a surface of a few m2. This setup
was used to characterize the entire active region of the 500 x 500 mm? RPWELL
detector described in section over a wide range of irradiation fluxes. Different
collimators of 5 mm and 30 mm diameter were used, scanning with step sizes of half
the collimator size. During a scan, a measurement of the current drawn by each
electrode (2 THGEM sectors and the cathode) was performed, using a software kit
that synchronizes and stores the x-y position with the HV power supply monitoring.

The current value was sampled at 1 Hz rate. The energetic x-rays did not permit
a direct measurement of the detector gain; the resulting x-ray induced photoelectrons
(~22 keV) have a ~cm range in Ar/(7%)CO, gas at atmospheric pressure, with a
random emission direction. Hence, the total number of electrons extracted in the
detector drift gap fluctuates greatly from event to event.

The 500 x 500 mm? detector was investigated as following:

1. Stability: the detector was irradiated with maximum x-ray flux for 9 hours,
at the position of a spacer, and at another position far from any spacer. (see
appendix for the detector geometry). With this test, charging-up effects

should become visible, through variations in the measured current.

2. Uniformity and stability: the entire detector area was scanned by the broader
x-ray beam (30 mm collimator) in steps of 15 mm, with different irradiation
times of 30 s or 120 s per spot, at different detector voltages and x-ray fluxes.

In addition, a finer scan of the area of a single resistive-glass tile was performed.
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Figure 4: The 500 x 500 mm? RPWELL prototype mounted in the large x-y scan

system with the silver x-ray gun (at the left-top corner of the chamber).

2.2.2 Cosmic rays test-bench

Cosmic rays were used in the laboratory to characterize the detector response prior
to test-beam experiments.

The setup was very similar to the one described in section based on the
APV25/Scalable Readout System (SRS) readout electronics [I57, [158], but without
tracking system. Three scintillators were used in coincidence to select the events
occurring in a 100 x 100 mm? detector region. The data were also analyzed in a

similar way as described in section [2.3.1

2.3 Test-beam experiments

Test-beam experiments were carried out at the CERN-SPS H4 beam line, with
150 GeV muons and pions at flux in the range between 10? - 10° Hz/cm?. All the
100 x 100 mm?, the 300 x 300 mm? and the 500 x 500 mm? RPWELL detectors de-

scribed in section have been tested in this beam. A schematic representation of
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the test-beam setup is shown in figure ol It consists of scintillators operated in coin-
cidence, providing the trigger to the readout electronics; a MICROMEGAS tracker,
and the tested RPWELL chambers, which were placed along the beam line in-between

two tracker elements.

Scintillator S3
Scintillator S2

THGEM

detector 2
THGEM
detector 1

Scintillator S1

MM tracker 2

MIP g MM tracker 1

Figure 5: The test-beam setup scheme, comprising RPWELL prototypes mounted

in-between the tracker elements.

2.3.1 The slow control, tracking and readout system

The tracking system (based on the CERN-RD51 telescope [159, [160]), the data ac-
quisition system (based on the APV25/SRS readout electronics [I57, [158]) and the
analysis framework are described in detail in [I]. The tracker comprises three scintil-
lators in coincidence to provide a clean trigger, and three MICROMEGAS chambers
for precise track reconstruction. All the electrodes of the RPWELL and of the tracker
were individually biased using CAEN A1833P and A1821N HV power-supply boards,
remotely controlled with a CAEN SY2527 unit. The voltage and current in each

channel were monitored and stored. All HV inputs were connected through low-pass
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filters. We could also monitor the current flowing through the RPWELL detector
anode as a function of time, using a sensitive ammeter [I61]. The MICROMEGAS
chambers were operated in standard gas mixture (Ar/(7%)CO;) and HV configura-
tion to provide high detection efficiency and precise localization. All the detectors of
the tracker and the tested RPWELL were read out by APV25 chips; their shaping
time of ~75 ns is much shorter than the full RPWELL typical rise-time (1-2us).

2.3.2 DAQ and analysis framework

All the APV25 chips connected to the tracker chambers and the tested RPWELL
detectors were read out using the mmDAQ software [162]. Dedicated pedestal runs,
in which the trigger is provided by the system clock, were taken before each physics
run. mmDAQ uses the pedestal to extract the baseline and noise level for each
channel. The baseline is corrected for, and a channel-by-channel on-line threshold is
set using a common Zero-order Suppression Factor (ZSF) (for details see [1]).

The raw data are stored in a root tree which comprehends for each hit: chip id,
channel id, signal peak (10-bit ADC value), time-stamp. In the offline analysis, each
channel id was mapped to a specific position in the relevant detector. For every event,
the hits in each detector element were grouped into clusters of neighbors; the position
of the cluster being defined as the charge-weighted average of the channels position.

A dedicated software [160] provided the slope of the reconstructed track and its
position in the telescope coordinates system. The RPWELL local coordinate system
was aligned with that of the tracker using a dedicated alignment analysis, which

applied a linear fit to the correlation plot of the clusters positions in the two systems.
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2.3.3 Definition of the main measured properties

The global detection efficiency of the RPWELL detector was calculated as the fraction
of particle tracks matched to a cluster within a certain distance W. The average pad
(or strip) multiplicity was the average number of channels contained in a cluster.

Using the current monitor, the discharge probability was defined as the number
of measured current spikes divided by the number of hits in the active region of
the detector (i.e., in the total area covered by the crossing beam). The number of
discharges was extracted directly from the power supply log files by counting the
resulting spikes in the supplied current monitor. Due to the low rate of the muon
beam, only pion runs were used to estimate the discharge probability. Since pions are
prone to induce highly-ionizing secondary events, this study yielded an upper limit
of MIP-induced discharge probability.

In the measurements of position resolution, the residual is defined as the distance
between the track position and the position reconstructed by the RPWELL. In the
simulation (section[2.4), the residual is defined as the difference between the simulated

muon position and the position reconstructed by the RPWELL.

2.3.4 Detector working point

The THGEM electrodes were biased at a negative voltage. The difference with respect
to the grounded anode (AVgpwgLr) was varied throughout the experiments. The
drift voltage was kept constant (except in some dedicated measurements): AV g p=
250 V -corresponding to a drift field of ~0.5 kV/cm across the 5 mm drift gap.
Measurements at different AVgrpwgr, values were analyzed to fix the optimal working
point, scanning the off-line ZSF and the W parameters.

The detector working point, in terms of AVgpwgry, ZSF and W values, was

adjusted to optimize its performance in each gas mixture. In the detectors with pads
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readout aiming at a DHCAL application, the target was reaching high global detection
efficiency at low average pad multiplicity. In the detector with strips readout, the

target was achieving the best position resolution.

2.4 Monte Carlo Simulations

A microscopic simulation of the RPWELL operation was implemented. The main

tools used and their role is schematically presented in figure [6}

e Garfield simulation framework [53] - includes all relevant physics processes gov-

erning the electron and ion interactions and transport in gases.

e neBEM solver [163] - produces a field map, solving the Maxwell’s equations in

the provided geometry and voltage configuration.

e Heed [164] - provides the energy and position of PEs extracted by charged

particles depositing their energy in a gas

e Magboltz [54] - contains the parameters of charge transport in gas

C++ scripts and ROOTﬂ were used to produce the relevant calculations and plots.

2.4.1 Position resolution

To study in detail the localization properties of the 100 x 100 mm? tiled glass-RPWELL
detector with strips readout, a Monte Carlo simulation was implemented. The simu-

lation was performed on an event-by-event basis. For each event, we used as an input

3https://root.cern.ch
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Electron Tracking
and
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Figure 6: The simulation tools scheme.

a combination of measured quantities (such as signal shape) and simulated quantitieﬁ

(such as electrons drift), to reproduce the following physics processes:

1. Ionization of PE clusters in the drift gap, along the trajectories of a 150 GeV

muon.

2. PEs drift into the THGEM holes (including longitudinal and transverse diffu-

sion).

3. The avalanche formation in the high-field region within the THGEM holes.

4. Current-signal induction on the anode strips by the drifting charges. Both the

drift of the electrons towards the anode and the drift of the ions towards the

THGEM top were considered.

4The simulation tools were Garfield simulation framework [53], together with the neBEM

solver [163], Heed [164] and Magboltz software [54]
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5. Reconstructed position and the residuals pattern.

The details of the simulation process are given in [4].
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Chapter 3

Results

As described in chapter [I} the present research aimed at developing large-area cost-
effective detector concepts with moderate, sub-mm, position resolution for efficient de-
tection of charged particles. In particular, the detectors were investigated in the con-
text of sampling elements in DHCAL or sSDHCAL for experiments in future electron-
positron colliders.

For that purpose, different RPWELL detector prototypes were developed as sum-
marized in table[2.T]and detailed in appendix[A] With these prototypes, the scalability
of the RPWELL concept from 100 x 100 mm? to 500 x 500 mm? was demonstrated.

In the framework of the (S)DHCAL application, prototypes of 100 x 100 mm? and
300 x 300 mm? area, with 10 x 10 mm? pad readout were assembled. The different
prototypes were built using two different RP materials, that were coupled to the
readout anode in two ways (section . The prototypes were characterized in
test-beam under muon and high-rate pion beams at CERN-SPS (section . Their
response in terms of gain, detection efficiency, pad multiplicity, rate capability, posi-

tion resolution, and stability was investigated in different gas mixtures.

o6



A 500 x 500 mm? RPWELL prototype with strips readoutﬂ was designed and
assembled, as a step towards the production of large-area sampling elements for
(s)DHCAL. Systematic investigations of this detector were carried out both in the
laboratory, with cosmic rays and an x-ray scanning-machine, as well and in test-
beam; being the first-ever built 500 x 500 mm? RPWELL, attention was paid to the
operation stability and uniformity under different irradiation conditions (section .

Ancillary R&D studies were conducted on small- and medium-size detector pro-
totypes. Using a 100 x 100 mm? RPWELL with strips readout, its intrinsic posi-
tion resolution was assessed. Complementary to the test-beam measurements, Monte
Carlo simulations were performed in order to understand the underlying physics pro-
cesses governing the detector performance; the results are presented in section [3.2]
The effects of edges and frames on the detector performance was studied in the labora-
tory using a dedicated 30 x 30 mm? RPWELL detector; the experiment is presented
in appendix [C] and its results are compared with test-beam measurements of the
500 x 500 mm? detector with strip readout (section .

Overall, the present results prove the capability to operate a 500 x 500 mm? RP-
WELL detector compatible with the requirements of a DHCAL or sDHCAL and place
the RPWELL as a competitive technology for these applications. They provide valu-
able input for possible future optimization of the design of these sampling elements,
as well as a deeper understanding of the RPWELL detector operation in its basic

principles. A comprehensive discussion of the present findings is given in chapter [4]

'Tn this prototype, the usage of the strip anode rather than a pad one was motivated by cost
considerations. The goal was to study the detector design and assembly. Thus, the most economical

solution was preferred. The same procedures can be applied identically to any anode pattern.

o7



3.1 In-beam evaluation of RPWELL prototypes
with padded readout

Various RPWELL prototypes with padded-anodes of 10 x 10 mm? size (see table
were evaluated in four test-beam campaigns in winter 2014 [I], summer 2015 [2, 3],
and summer 2016 [4]. Considering the requirements of a DHCAL, the performance
of the detectors was studied in terms of effective gain, average detection efficiency,
average pad multiplicity, rate capabilities and stability under high irradiation fluxes.

Two different methods to couple the RP to the anode were investigated: 1) by a
channel-by-channel conductive path (section and 2) through an epoxy/graphite
layer (section [3.1.2)). The main achieved results are presented for the two methods.

The geometry and assembly methods of the detectors are described in detail in
appendix [A] For the details about the RP choice and its coupling to the readout
anode see section R.1.11

3.1.1 Channel-by-channel conductive path coupling

Two RPWELL detector prototypes were built using this technique, 100 x 100 mm? and
300 x 300 mm?, as described in appendices and respectively. They were

operated in the test-beam in three gas mixtures: Ne/(5%)CHy4, Ar/(5%)CH, and

Ar/(7%)COq. The results obtained with these prototypes are summarized below.

Details can be found in [11, [3, 2].

A remarkable achievement was the ability to operate the RPWELL detector in a
discharge-free mode also in argon-based gas mixtures, at low average pad multiplicity.
No other single-stage THGEM- or GEM-based detector has these capabilities, which
were demonstrated with small- (100 x 100 mm?) and large- (300 x 300 mm?) area

detector prototypes [2].
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Efficiency and pad multiplicity

Figure [ta shows the Most-Probable Value (MPV) of the charge spectrum, as a func-
tion of the RPWELL operation voltage AVgpwgrr. Figure [7}b shows the detection
efficiency as a function of average pad multiplicity. Both measurements were carried
out with the 100 x 100 mm? detector prototype at ~100 Hz/cm? muon beam. The
corresponding measurements, conducted with the 300 x 300 mm? detector prototype,
are shown in figure [§ For both prototypes, the drift gap was 5 mm, and the detector
was operated in Ne/(5%)CHy, Ar/(5%)CHy4 and Ar/(7%)CO; at effective-gain values
ranging from 130 to 1.5-10*. The operation voltage AVgpwrr, Was ranging from

800 V to 950 V in Ne/(5%)CHy, and from 1550 V to 1750 V in argon mixtures.

(b)

—
&
~—

g . o qf
o - O I R T
a . 5098 L%
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1 0.9+ 2
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Figure 7: Using the same data-set: a) The charge MPV measured by the
100 x 100 mm? RPWELL detector in ~100 Hz/cm? muon beam for different opera-
tion voltage (AVrpweLL) values in the three gas mixtures Ne/(5%)CHy, Ar/(5%)CHy,
Ar/(7%)CO4. b) The detector efficiency as a function of the pad multiplicity. Data
recorded by APV25/SRS readout electronics.
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At an effective gain of 2.7-10° (measured charge MPV of ~2 fC), corresponding
to a gas gain of ~10%, an efficiency of more than 98% at a pad multiplicity of 1.2
was reached in all gas mixtures, with both detectors. These results were obtained
using the APV25/SRS readout. Note that the optimal operation conditions depend
on both the detector response and the readout electronics used. Thus, the quoted

results are not independent of the readout system.

(a) (b)
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3) . & . .
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AVepwew [V multiplicity

Figure 8: Using the same data-set: a) The charge MPV measured by the
300 x 300 mm? RPWELL detector in ~100 Hz/cm? muon beam as a function of
the operation voltage AVrpweLr. b) The global detection efficiency as a function of
the average pad multiplicity for different AVgrpwgr, values. The detector was op-
erated in ~10? Hz muon beam in Ne/(5%)CH,, Ar/(5%)CH, and Ar/(7%)CO, gas
mixtures. Data recorded by APV25/SRS readout electronics.

The tracker precision allowed studying local effects like the efficiency and pad

multiplicity as a function of the track distance from the pad border. This is shown in
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figure [9] and figure [10] for the 100 x 100 mm? and for the 300 x 300 mm? RPWELL
detectors respectively. For both detectors, while the efficiency remains constant, the
multiplicity increases when approaching the pad border. In the 300 x 300 mm? de-
tector, the multiplicity increase is sharper in the x direction. This is attributed to the
hexagonal geometry of the THGEM holes pattern (compared to the square pattern
of the 100 x 100 mm? detector, see appendices and , having a different pitch
along the x and y directions, and the PEs focusing into the THGEM holes. Labo-
ratory and simulation studies aiming at to decoupling the different physics processes
governing the pad multiplicity (charge spread, electronics crosstalk, etc) are subject

for future studies and are beyond the scope of this work.
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Figure 9: The detection efficiency (a) and the average pad multiplicity (b) as a
function of the distance from the pad boundaries along one axis on the detector plane
measured by the 100 x 100 mm? RPWELL detector, in Ne/(5%)CH, gas mixture.
The detector was operated at the nominal conditions under a ~500 Hz/cm? muon

beam. Data recorded by APV25/SRS readout electronics.
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Figure 10: Using the same data set; the local average pad multiplicity as a function of
the track distance from the pad boundary along the detector’s x-axis (a) and y-axis
(b) measured by the 300 x 300 mm? RPWELL detector, in Ne/(5%)CH, gas mixture,
under a ~10% Hz/cm? muon beam. Similar results were obtained with the argon gas

mixtures. Data recorded by APV25/SRS readout electronics.

Rate dependence and stability

Figures [11] and [12| show the results of measurements with increasing pion fluxes for
the 100 x 100 mm? and for the 300 x 300 mm? RPWELL detectors respectively. In
both cases, the AVgrpwgLL value was fixed to the one at the beginning of the efficiency
plateau, as measured in a dedicated run with low rate muons. Consistently for all
three gas mixtures, the global detection efficiency remained unaffected until rates of
~10* Hz/cm?. An efficiency drop of a few % was observed while approaching rates
of ~10% Hz/cm?, due to some tens % gain loss measured at these rates (figure b),

possibly resulting from the charging up of the holes and avalanche build-up limitations
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on the resistive anode [165] 166, [156].

To demonstrate the electrical stability of the RPWELL, we measured the current
flowing through the anode using a sensitive ammeter [I61], while irradiating the de-
tector with pions at different rates. figures[II}b and [I3]show the current and the pion
rates as a function of time for the 100 x 100 mm? and for the 300 x 300 mm? RP-
WELL detectors respectively. Similar results were obtained in all three gas mixtures.
As expected, the small current spikes, correlated with the beam spill-structure, in-

creases smoothly in amplitude with the particle rate.

(a) (b)
’ Ar/(5%CH ) - 1770V
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Figure 11: Global detection efficiency of the 100 x 100 mm? RPWELL detector
as a function of the incoming particle flux in Ne/(5%)CH,, Ar/(5%)CHy and
Ar/(7%)CO4 gas mixtures. The values of AVgpwgLr, were 880 V, 1700 V and 1770 V
respectively. b) Current flowing through the detector during pion runs at different
rates in Ar/(5%)CHy. The beam spill-structure is clearly visible. Data recorded by
APV25/SRS readout electronics.

A stable operation of the detector was demonstrated over time, under 10*-10° Hz/cm?
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Figure 12: For the same data set; the global detection efficiency (a) and the
charge MPV (b) as a function of the particle flux. Measurement performed by
the 300 x 300 mm? RPWELL detector operated at a potential AVrpwrLr= 880 V,
1700 V, 1770 V in Ne/(5%)CH,, Ar/(5%)CH,, and Ar/(7%)CO, gas mixtures re-
spectively. Data recorded by APV25/SRS readout electronics.

pion fluxes, as shown in figure[14]and [L5|for the 100 x 100 mm? and for the 300 x 300 mm? RP-
WELL detectors respectively. The applied voltages were the same as those of the mea-
surements presented in figure [[T] and [I2] No significant gain variations were observed
along ~1 hour of operation in all three gas mixtures for both detectors. The values
of global detection efficiency and average pad multiplicity during these measurements
also remained unaffected.
The discharge probability was measured during the high-rate pion runs presented
in figure [14] and No discharges were observed in the 100 x 100 mm? detector in
any of the gas mixtures while irradiating the detector with over 10® pions; therefore

the resulting value of 1078 is a lower limit for the discharge probability in the present
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Figure 13: Current flowing through the 300 x 300 mm? RPWELL detector detector
anode during pion runs at different rates in Ar/(5%)CH, gas mixture. The beam spill

structure is clearly visible.

RPWELL configuration. Since pions are prone to induce highly-ionizing secondary
events, this is an additional indication on the broad dynamic range of this detector.
The 300 x 300 mm? RPWELL showed some sporadic discharges when operated in
argon mixtures, as shown for example in figure [I5}b, during the measurement in
Ar/(5%)CH,. Since discharges were recorded also in the electrode segments located
outside the beam area, they are most likely related to ”weak points” in the modular
detector prototype design: an open path along the support pins, leading to discharges
propagating between the THGEM segment edge and the anode (see appendix .
This conclusion is supported by the suppression of those discharge events when rubber
o-rings were inserted around each pin in between the THGEM and the spacers. Such
open paths were avoided in the next iteration of the detector design (used for the

assembly of the 500 x 500 mm? detector).
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Figure 14: Gain stability of the 100 x 100 mm? RPWELL detector over time un-
der a high-rate (10%-10° Hz/cm?) pion flux in Ne/(5%)CH4, Ar/(5%)CH, and
Ar/(7%)COs gas mixtures. The operation voltage AVgpwgLr values were 830 V,
1700 V and 1770 V respectively. Data recorded by APV25/SRS readout electronics.
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Figure 15: For the same data set; (a) Gain stability (charge MPV) as a function of
time at moderate pion fluxes. Measurement performed by the 300 x 300 mm? RP-
WELL detector operated at a potential AVgypwrrL= 880 V, 1700 V, 1770 V in
Ne/(5%)CHy, Ar/(5%)CHy, and Ar/(7%)CO, gas mixtures respectively. (b) Current
supplied to the three couples of THGEM segments 1-2, 3-4, 5-6 (shown in ﬁgura),
during 1 hour operation at ~10° Hz/cm? particle flux in Ar/(5%)CH,. The beam

was focused on the center of segment 3.
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3.1.2 Epoxy/graphite based coupling

As described in section[2.1.1} coupling the anode to the RP through an epoxy /graphite
layer has potentially several advantages. The 100 x 100 mm? tiled Semitron-RPWELL
prototype with pads readout (section |[A.4.2) was built to study the effect of the

epoxy/graphite layer on the detector performance, especially on the pad multiplicity.

Efficiency, pad multiplicity and rate dependence

The 100 x 100 mm? tiled Semitron-RPWELL (section performance in terms of
efficiency and pad multiplicity is shown in figure[16| This performance is compared to
that of the prototypes assembled using the channel-by-channel technique (figure @
The detectors were operated in the same Ar/(7%)CO2 gas mixture. As can be seen,
using epoxy/graphite coupling similar performance was recorded. In particular, no
significant increase in the average pad multiplicity was observed; it remained at ~1.2
at 98% efficiency.

Based on these results, it can be concluded that the presence of a resistive epoxy/graphite
layer between the anode and the RP does not increase significantly the lateral spread
of the avalanche electrons. Further studies (see appendix have shown that, despite
the fact that the epoxy is a good insulator, there is a finite resistivity between the
RP and the anode through the epoxy. Thus, the least resistance path to ground for
the avalanche electrons is through the RP, and the charges do not spread sideways.

The response of the detector to increasing pion fluxes is shown in figure [I7} the
performance is very similar to the one observed with the prototype assembled with
a channel-by-channel coupling technique (figure . This indicates no degradation
due to the different anode-RP coupling methods.

Based on these results, this simple RP coupling technique through a graphite /epoxy
layer was adopted for the assembly of the 500 x 500 mm? RPWELL prototype.
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Figure 16: The measured efficiency as a function of the multiplicity in the tiled
Semitron-RPWELL detector, in Ar/(7%)CO; gas mixture. The RP-anode coupling
through a graphite/epoxy layer does not affect the pad multiplicity. Data recorded
by APV25/SRS readout electronics.
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Figure 17: The measured global detection efficiency (a) and the charge distribution
MPV (b) as a function of the particle flux in the tiled Semitron-RPWELL detector,
in Ar/(7%)CO; gas mixture. Data recorded by APV25/SRS readout electronics.
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3.2 Position resolution of RPWELL detectors

3.2.1 Position resolution: measured data

The 100 x 100 mm? tiled silicate-glass-RPWELL detector (section [A.4.1]) with strips
readout was operated in Ne/(5%)CH, gas mixture and characterized in the test-beam.
It was exposed to a flux of 150 GeV muons at ~10? Hz/cm?, and its localization
properties were studied taking advantage of the tracking system (setup and methods
are described in section [4]. A typical cluster charge spectrum is showed in
figure [I8] The fit to a Landau distribution show a good separation from the noise.

Ne/(5%)CH, - AVgpye =975V

-150GeV muons - 100Hz | Entries 4116
X2/ ndf 138.3/97

Constant 340.9 + 8.6
MPV 15.18 £ 0.25

Sigma  6.182 +0.155

:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\
% 0 20 30 40 50

cluster charge [fC]

Figure 18: Cluster charge spectrum from muon beam, recorded with the
100 x 100 mm? glass-RPWELL. The fit is to a Landau distribution. Detector oper-
ated Ne/(5%)CH, gas mixture at AVgpwrrr= 975 V. Data recorded by APV25/SRS

readout electronics.

The main conclusion from this study is that the holes pattern and pitch are the
leading factors limiting the position resolution. In figure (19} an example of the residu-

als histogram with its Gaussian fit (residuals are defined in section as the distance
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between the particle track and the charge centroid reconstructed by from the detec-
tor) is shown. The corresponding position resolution (RMS-value of the distribution)
is 0.28 mm. This result was obtained at the highest achievable operation voltage of

AVRPWELL =975 V.

Ne/(5%CH,) - AVgpyer = 975V

r150GeV muons - 50H
1200 ! ‘

RMS= 0.28mm

number of tracks

—
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o o
o o

T T

3 2 -1 0 1 2 3

x residual [mm]
Figure 19: The residuals histogram recorded with the 100 x 100 mm? glass-RPWELL
operated in Ne/(5%)CH, gas mixture, fitted to a Gaussian, of which the RMS de-
fines the detector position resolution (here 0.28 mm RMS). The operation voltage
was AVrpwrrL= 975 V. The anode-strips pitch was 1 mm. The particle beam was
50 Hz 150 GeV /c muons at normal incidence. Data recorded by APV25/SRS readout

electronics.

Figure 20la depicts the measured position resolution as a function of AVgrpwgLL-
As can be seen, the position resolution improves when increasing the operation volt-
age. Because of the low density of multiplier holes (here the hole pitch is 0.96 mm,
and the hole diameter is 0.5 mm), most of the PEs ionized by muons traversing the

detector orthogonally is focused in a single hole. Only a small number of PEs; if any,
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reaches the neighboring holes. Every PE originates an avalanche. On average, the
avalanche that develops in a neighboring hole starts from small number of PEs and
thus has little charge. At higher gains (voltages), the signal-to-noise ratio improves
also for avalanches starting from smaller number of PEs. This results in a better
sensitivity also to avalanches developing in the neighboring holes, and an improved
position resolution.

The relationship between the position resolution and the hole multiplicity is ex-
plained in more detail in section |3.2.2] when discussing the Monte Carlo simulation
results.

The effect of the drift field on the position resolution was found to be negligible,
as shown in figure 20}b; this suggests that the transverse electron diffusion in the
5 mm drift gap in Ne/(5%)CH, does not contribute significantly to the detector
performance.

Figure RI}top shows the reconstructed beam particles position along the x-axis
as measured by the tracker for the same data set as in figure [19] The equivalent
measurement by the RPWELL detector is depicted in figure [2I}middle. The mea-
sured RPWELL detector distribution clearly reproduces the THGEM-holes pattern
shown in figure [36] This effect results from the primary charges focusing mostly into
individual THGEM holes, suggesting that the THGEM-electrode geometry plays a
significant role in determining the detector’s position resolution. For the same mea-
surement, figure 2I}bottom shows a 2-D representation of the measured residuals as
a function of the track position.

A measurement of the position resolution at different particle-incidence angles is
shown in figure 221 The typical local residuals pattern shown in figure 21}c vanishes
at large angles (figure a), since the fraction of primary charges reaching each hole
is no longer correlated uniquely with the muon trajectory. This effect results also

in a degradation of the position resolution, as reflected in the residuals histograms
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Figure 20: Data recorded by the 100 x 100 mm? glass-RPWELL detector operated
in Ne/(5%)CH,4 gas mixture. a) The measured RMS position resolution as a func-
tion of AVgrpwerr. b) The position resolution at the maximum achievable voltage
(AVgrpwrLrL= 975 V) for different values of the drift field. The readout anode-strips
pitch was 1 mm. The beam was 50 Hz 150 GeV/c muons at normal incidence. Data

recorded by APV25/SRS readout electronics.

plotted in figure [22}b. In figure [22}c we show the position resolution as a function
of the incidence angle. At 40° the position resolution is 0.82 mm RMS about a 3-fold

degradation compared to the perpendicular incidence case.
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Figure 21: Data recorded by the 100 x 100 mm? glasssRPWELL detector in
Ne/(5%)CH, gas mixture, operated at AVgpwrrLr= 975 V. The particle beam was
50 Hz 150 GeV /c muons at normal incidence. For the same run; (Top) The recon-
structed muon-beam distribution along the x-axis measured by the tracker. (Middle)
The reconstructed beam distribution recorded by the 100 x 100 mm? glass-RPWELL
detector. (Bottom) Local residuals pattern. The peaks in RPWELL detector distri-
bution correspond to the holes locations. The strips pitch was 1 mm. Data recorded

by APV25/SRS readout electronics.
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Figure 22: Data recorded by the 100 x 100 mm? glasssRPWELL detector in
Ne/(5%)CHy gas mixture, operated at AVrpwrrLL= 975 V: a) The measured local
residual value vs particle location at a muons incidence angle of = 40°, after linear
correction. Distributions of the residuals (b) and RMS position resolution (c) for

different particle-incidence angles. The strips pitch was 1 mm. Data recorded by

APV25/SRS readout electronics.
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3.2.2 Position resolution: Monte Carlo simulations

To study the physics processes governing the RPWELL position resolution measured
in the test-beam, detailed Monte Carlo simulations were performed. The simulation is
described in section More details can be found in [4]. Figure[23}a shows the simu-
lated residuals histogram for the 100 x 100 mm? glass-RPWELL detector’s operation
in Ne/(5%)CH, gas mixture, yielding the best experimental position resolution, with
AVgpwrLL= 975 V.

The simulated RMS value of 0.22 mm is slightly better than the experimental
one (0.28 mm) shown in figure [19] This discrepancy is partly due to the measured
electronic noise of 10 ADC counts RMS (average on all the channels). Once the noise
is included on the simulation as a ”"white” Gaussian fluctuation of the strips baseline,
a value of 0.24 mm RMS is obtained, closer to the measured one.

Figure[23}b (top) shows the simulated cluster position along the x-axis. The profile
is in good agreement with the experimental distribution shown in figure b (top),
with peaks corresponding to the THGEM holes. This structure is attributed to the
combined effect of charge focusing into the holes and charge sharing between holes
being very close to one. In figure b (bottom), a 2-D representation of the simulated
residuals as a function of the event position is shown. Also here, the characteristic
pattern due to primary-charge focusing into the holes is clearly visible.

Comparing the simulated local residuals in figure 23}b (bottom) with the mea-
sured ones in figure b (bottom), the patterns are very similar, with the residuals
reaching zero values in correspondence to THGEM holes and the central region be-
tween holes; the latter being due to charge sharing. The simulation confirms the
measured degradation of the position resolution at increasing angles (figure c).

In addition to the simulation of the RPWELL detector with Ne/(5%)CH, gas

mixture, the properties of RPWELL operated with argon mixtures were studied. .
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Figure 23: Simulated RPWELL performance in Ne/(5%)CH, gas, operated at
AVgpweLL= 975 V. a) Residuals histogram, with the resulting 0.22 mm RMS posi-
tion resolution value. b) Simulated detector response, along the x-axis, to a broad

beam (top), and local residuals pattern (bottom).

The simulated position resolution of an of RPWELL operated with Ar/(5%)CH, as
a function of incidence particle angle is shown in figure R2}c. It is compared to the
measured and simulated position resolution of RPWELL operated with Ne/(5%)CH,,
for the same 5 mm drift gap. The noticeable improvement (10% and 22% for incidence
angles of 0° and 40° respectively) is due to the larger number of PEs extracted by a
MIP in argon compared to neon, as shown in the simulated distributions in figure 24} a;
the larger density of PEs clusters along the muon trajectory, improves the correlation
between the track trajectory and the holes participating in the charge multiplication.

The electron transport properties (diffusion) in the different gas mixtures affect
the detector response. This could have different implications depending on the target
application. In particular, a detector optimized for position resolution could benefit

from larger diffusion while smaller diffusion is needed to minimize the average pad
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multiplicity.

Implications for a (s)DHCAL

It was shown (section that the main factor limiting the position resolution in
the RPWELL detector is the THGEM holes pattern. In particular, the worst perfor-
mance is obtained when the holes multiplicity is exactly 1 (no primary charge shar-
ing among neighboring holes). Comparing the Ar/(7%)CO, and Ar/(5%)CH, gas
mixtures, while the number of extracted PEs in both gas mixtures is similar (fig-
ure 24}b), the transverse electron diffusion coefficients are different: 100 pm/cm for
Ar/(7%)CO4 and 620 pm/cm for Ar/(5%)CH, at 0.5 kV /cm drift field [167]). More-
over, compared to neon-based gas mixtures, in argon mixtures the operation voltage
is relatively high, resulting in an enhanced focusing of the electrons into the THGEM
holes. These two effects combined together result in a lower PEs charge sharing
between neighboring holes for Ar/(7%)COsx.

As an example, the resulting average holes multiplicity in a 1 mm holes pitch
RPWELL with 3 mm drift gap, operated at AVrpwgerLr= 1900 V, for a 150 GeV
muon traversing the detector in the middle of a THGEM hole is 1.01 and 1.55 for
Ar/(7%)COq and Ar/(5%)CH, respectively. Monte Carlo simulations shows that the
fact that in Ar/(7%)COz the average hole multiplicity is very close to 1, results in a
slightly worse position resolution of 0.24 mm, compared to 0.22 mm in Ar/(5%)CHj.
From these considerations, the Ar/(7%)COy mixture would be optimal for an ap-
plication like (s)DHCAL: in case that the THGEM holes pattern would match the
segmentation of the readout (e.g. pads), a hole multiplicity close to 1 would give a

minimal pad multiplicity, which is the important feature for that application.
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Figure 24: Simulated primary electrons distributions extracted by 150 GeV muons in
5 mm Ne/(5%)CH, or Ar/(5%)CHy (a) and in 3 mm Ar/(5%)CH, or Ar/(7%)CO, gas

mixtures (b).

3.3 Large-area RPWELL prototype

The target detector area is 500 x 500 mm?. The design and assembly of such proto-

type presents many technological challenges. Among others:

e Building a detector with uniform response over the whole detection area.

e Maintain discharge-free operation. In particular, ensuring the protection of the

anode at the interfaces between two RP tiles.

e Minimizing the dead area and the effect of the edges.

Focusing on overcoming these technological challenges, the large 500 x 500 mm? pro-

totype was assembled with a strips readout anode (significantly cheaper than a padded
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one).

In this section, we present the main results obtained with this prototype: re-
sponse uniformity in normal operation conditions, stability under harsh irradiation
conditions, detection efficiency in Ar/(7%)CO, gas mixture. These positive results
were obtained with a thin RPWELL configuration with 3 mm drift gap. It is con-
sidered an important achievement, given the demanding thickness requirements for

DHCAL or sDHCAL sampling elements.

3.3.1 Laboratory studies

As a first step, preliminary to a test-beam campaign (section|3.3.2)), the 500 x 500 mm? de-
tector prototype described in section was tested in the laboratory to ensure effi-

cient detecion of MIPs, and stable operation under harsh radiation environment.

Cosmic-rays measurements

Cosmic rays spectra were recorded with the 500 x 500 mm? RPWELL detector.
The setup described in Sectio, based on the APV25/SRS electronics system
was used. The operation voltage was set to AVrpwgrr,= 1900 V. This value is higher
than the one typically needed to achieve maximum efficiency with RPWELL detectors
of similar geometry with the same readout electronics. It was dictated by the fact
that the induced signal did spread over several strips, and thus the charge per strip
was relatively low (good signal-to-noise separation over several strips is needed for
precise measurement of the cluster centroid position).

2 detector region (selected by scintillators

The spectrum from a 100 x 100 mm
position) is shown in figure . Similar spectra were recorded from all the 4 irradiated
glass-tiles regions (see the detector geometry in appendix|A.5). To avoid noise events,

we considered only clusters with strip multiplicity >5. Considering that on average 13
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electron-ion pairs are produced by a MIP in the 3 mm drift gap in Ar/(7%)CO; (see
figure 24)), and that all of them are collected within ~100 ns, we estimate from the
MPYV of the Landau spectrum an effective gain of 12 fC/13e = 1.5-10% with the present
~75 ns shaping time of the readout electronics. The total gas gain is significantly
higher, due to the 2 ps long signal rise time [I7] that the fast readout electronics
cannot fully integrate. The effective gain was indeed similar to the one reached in the
test-beam (figure , and it is compatible with the gain curve trend shown in with
a 100 x 100 mm? detector in Ar/(7%)CO, with pad readout [2] (figures [7] and [§)).

Ar/(7%CO,) - AVgpye = 1900V

800? cosmic muons
700;* Entries 12197
600 r Constant 4395

F MPV 12.21
500 - Sigma  3.095
400
300
200
100

% 20 20 60 80 100 120

effective charge [fC]

2 region of the

Figure 25: Cosmic rays spectrum measured from a 100 x 100 mm
500 x 500 mm? detector operated in Ar/(7%)CO, gas mixture at a voltage of
AVepwrrL= 1900 V. The fit to a Landau distribution shows a MPV of 12 fC. Data

recorded by APV25/SRS readout electronics.

X-ray stress-test and preliminary uniformity scan

The 500 x 500 mm? RPWELL prototype was tested with the x-ray scanning system
described in section [2.2.1} The detector was operated in Ar/(7%)CO; under a flow of

10 ccem/min. The operation voltage was AVgpwrrr= 1800 V, and the voltage across
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the 3 mm drift gap was kept at 150 V. The effective gain under irradiation could not
be measured directly (as explained in section , but in a similar configuration, in
normal operation (under low rate MIPs) it is ~0.8-10% (figure [7)). Although this gain
is low, due to the large number of PEs, a lot of charge was occupying the holes.
Complementary and prior to the normal operation in test-beam, this measure-
ment served as a stress-test of the detector. The operation under high intensity of
high-energy photon flux demonstrated that it can operate safely under harsh irradia-
tion condition, high rate and high charge, without suffering persistent or permanent
currents after the source is turned off. Moreover, no "hot-spots”, i.e. local sources of
electrical instabilities were found, even close to sensitive regions like the interface in

between glass RP tiles (see figure ).

Stability No significant current increase was observed during 9 hours of constant

2 area at maximum intensity in the same detector po-

irradiation over a 30x30 mm
sition, neither near an electrode spacer (see figure b) nor far away from it. This
indicates that the spacers and the epoxy that glues them to the electrodes are not a
source of electrical instability. An initial current increase from ~700 nA to ~980 nA
was observed in the first hour of operation; then it remained stable or slightly de-
creased to ~940 nA. This could be an indication to some charging up effect, probably
influencing the gain response of the detector [165]. When the x-ray beam was turned

off, the current immediately went back to the baseline value of ~5 nA, indicating

upon the absence of permanent effects.

Response uniformity A scan of the full 500 x 500 mm? RPWELL detector area
was performed using a 30 mm collimator, to estimate its response uniformity and to
find out the presence of eventual hot-spots or defects. The maximum x-ray flux was

used. The operation voltage was AVgrpweLr,= 1800 V (with 150 V across the drift
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gap), and each position was irradiated for a period of 120 s.

(a) (b)
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Figure 26: Average current measured when scanning the 500 x 500 mm? RPWELL
detector with 22 keV x-rays. Detector operated in Ar/(7%)CO, gas mixture at
AVgpwerLr= 1800 V. The scan step was 120 seconds per point, at maximum x-ray

flux. Current recorded from the THGEM (a) and cathode (b) electrodes.

For each beam position, the average current measured on the two THGEM elec-
trodes and on the cathode (the latter due to a fraction of the avalanche ions leaving
the THGEM holes and drifting back to the cathode) is plotted (figure [26).

Under this harsh conditions, it can be seen that the current measured at the
center of each of the 4 glass-RP tiles (figure [40}a) is higher compared to the borders.
This effect could be attributed to a non-uniform pressing of the THGEM during the
gluing process. The latter may result in a thicker layer of graphite/epoxy, and hence
higher resistance, at the borders of each tile. The current flowing to ground through
higher resistance would cause a larger voltage drop, resulting in a lower gain. This

effect seems to be more severe for the right-up tile. The variance in the thickness of
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different glass-tiles might also affect the uniformity.

Figure [27) presents the results of a scan of the right-up glass-tile region, operated
with a finer collimation of 5 mm diameter, at AVrpweLL= 1800 V, for 5 seconds per
point. Mechanical features, like the position of 6 machined wells in the cathode and
dead areas corresponding to the 6 mm diameter spacers between the THGEM and
the cathode, are nicely imaged. The local gain non-uniformities, especially the low
gain in the sides, hint to the above mentioned non-uniformity of the RP gluing to
the anode. This non-uniformity did not show up during regular detector operation
under low-rate MIP-like radiation (see figure [29). Nevertheless, the next prototypes
will be assembled paying careful attention to the selection of the glass tiles and to

the pressing during gluing.

THGEM top-right tile - current [nA] THGEM (Cathode) Current [nA]

0

200 250
x [mm] X [mm]

250

Figure 27: Average current scan of a 250x 250 mm? region (top-right quarter) of the
500 x 500 mm? RPWELL with 22 keV x-rays. Detector operated Ar/(7%)CO, gas
mixture at AVrpwgrr,= 1800 V. The scan step was 5 seconds per point, at maximum

x-ray flux. Current recorded from the right (a) THGEM sector and from the cathode

(b).
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3.3.2 Test-beam studies
Efficiency and gain uniformity

The 500 x 500 mm? RPWELL detector described in section was built as a step
to demonstrate the scalability of the RPWELL concept to large areas. One of the
most important features of a large tracking detector is a uniform response.

Figure [28 shows the cluster spectrum recorded by the 500 x 500 mm? RPWELL
under 10 2 Hz muon beam. The spectrum, fitted to a Landau distribution, shows a

good separation from the noise.

Ar/(7%)CO, - AVgpye = 1900V

600 150GeV muons - 100Hz | Entries 22290
2/ndf 1945792
500 Constant 2083 + 25.0
MPV 5.02+0.05
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Figure 28: Cluster charge spectrum from muon beam, recorded with the
500 x 500 mm? RPWELL. The fit is to a Landau distribution. Detector operated
Ar/(7%)CO4 gas mixture at AVgpwrr,= 1900 V. Data recorded by APV25/SRS

readout electronics.

Figure [29| depicts the local efficiency and the charge spectrum average in a wide
central region of a THGEM sector, measured in low rate muon beam. It can be

seen that efficiency close to 1 is uniformly obtained over the whole detector area, and
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that the gain non-uniformity is much milder than the one appearing in the prelim-
inary measurements with high-intensity energetic x-rays presented in figure As
explained earlier, this behavior indicates upon non-uniform voltage drops observed
only once the detector is exposed to intense irradiation, such that significant current

is flowing through the RP which could result in a voltage drop.

(a) (b)
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Figure 29: 500 x 500 mm? RPWELL local efficiency (a) and charge spectrum aver-
age (b). Detector operated Ar/(7%)COy gas mixture at AVgpwrr,= 1900 V. Data
recorded by APV25/SRS readout electronics.

In figure [30] it is also possible to see that the effect of a spacer (dead area) is
confined to a region of typically ~10 mm diameter around it. Considering that the
diameter of the spacer itself is 6 mm, with a THGEM region around it without holes
in a circle of 7.5 mm diameter, the presence of the frame is affecting the detection
efficiency up to ~2 mm distance. This result is supported by the dedicated laboratory
study presented in appendix [C} despite the different drift gap and radiation source,

the presence of a frame (edge) inside the gas volume affected a region spanning ~2 mm
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around the frame.

(b)

—~
&
~—

detection efficiency

T | spacer area zoom 1 T
£332- e WENENSINGNNNNS
> T I
X 3300 0.8
g 330 T seee
S e 07 e “ee
: 06 ::: T
- T
326: 0.5 . . . . . .
324 04 WEe con
B s wee Ty
- T T
: 02 WRRRRBRRNRRNRN
320" T I ™Y
C e T T ™Y

0
116 118 120 122 124 126 128 130
track x [mm]

Figure 30: 500 x 500 mm? RPWELL local efficiency (a) around a spacer (b). De-
tector operated Ar/(7%)COq gas mixture at AVgpwrrLr= 1900 V. Data recorded by
APV25/SRS readout electronics.

Based on these results, the design of the future 500 x 500 mm?

detector proto-
types is being modified; the THGEM electrode segmentation and mechanical supports
structure are being optimized to minimize the dead areas and the areas affected by
the presence of insulating edges in the gas volume, in particular, the central spoke

(figurd39}c) needs to be avoided.

Position resolution

A position resolution analysis (similar to the one applied to the 100 x 100 mm? de-
tector described in section was performed for the 500 x 500 mm? prototype.

Although this prototype was not optimized for this study, it was possible to measure
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the position resolution taking advantage of the 1 mm pitch strips. The detector was
operated in Ar/(7%)CO; gas mixture at AVgpwgr,= 1900 V.

In figure [31], the residuals histogram is shown, yielding a position resolution of
~0.4 mm RMS, together with the local residuals structure resulting from the THGEM
holes pattern. The resulting average strip multiplicity was ~5.5.

Compared to the results presented in section [3.2] where the measured position
resolution was 0.28 mm RMS, the worse performance is not due to some misalignment
between the large THGEM electrode and the strips plane; in fact the result does not

improve when considering smaller regions in the y direction.
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Figure 31: a) The residuals histogram recorded with the 500 x 500 mm? RPWELL
prototype with strips readout, fitted to a Gaussian, of which the RMS defines the
detector position resolution (here 0.4 mm RMS). b) Local residuals for the same
data-set. The detector was operated in Ar/(7%)CO. gas mixture at AVypwrLL=
1900 V. The anode-strips pitch was 1 mm. Data recorded by APV25/SRS readout

electronics.
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As shown in section 3.3 the different gas mixture and different diffusion coefficients

2 chamber.

can not explain the worse resolution obtained with the 500 x 500 mm
The worst position resolution value obtained by simulation for hole multiplicity 1,
is ~0.24 mm, to be compared with the 0.4 mm measured in the test-beam. This
discrepancy is explained, instead, by the a measured electronic noise of 16 ADC
counts RMS (which translates to ~0.3 fC). These effects were studied with Monte
Carlo simulations. For each strip, the noise was added to the signal as a random
value drown from a Gaussian distribution centered at 0 width 16 ADC RMS. As can
be seen in figure [32] the simulation reproduces very well the experimental residuals
distribution with 0.4 mm RMS.

This result suggests that, unlike the case of the 100 x 100 mm? detector (sec-
tion , the noise level is in this case the limiting factor determining the position

resolution in the large RPWELL detector.
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Figure 32: The simulated residuals histogram for the 500 x 500 mm?RPWELL de-
tector geometry, fitted to a Gaussian, of which the RMS defines the detector position
resolution (here 0.4 mm RMS). The operation gas is Ar/(7%)CO,, and the voltage
AVgrpweLL= 1900 V. The anode-strips pitch is 1 mm. The particles simulated are
150 GeV /c muons at normal incidence. Noise with 20 ADC RMS was added to reach

the measured performance.
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Chapter 4

Discussion

The present work targeted the development of an RPWELL-based detector as sam-
pling element in a SDHCAL. The basic requirements are large area coverage, thickness
less than 6 mm (excluding readout electronics), high detection efficiency at low av-
erage pad multiplicity, wide dynamic range and moderate rate capabilities. Such
detector is suitable also for other applications requiring particle detection at moder-
ate, sub-mm, spatial resolution over a large area.

All experiments designed for future linear colliders foresee the implementation of
a PF calorimeter as a key-element for their expected performance. Many consider
DHCAL or sDHCAL as a readout option. As an example, the baseline design of
the hadronic calorimeter of the SiD experiment comprises 40 layers of stainless steel

2 of active

absorber plates separated by 8 mm gaps, incorporating about 4000 m
detection elements with 10 x 10 mm? pixels and highly-integrated readout electronics.
The sampling elements must sustain stable operation in hadronic environment, with
high detection efficiency at moderate particle fluxes (1 kHz/cm?), and with minimal

pad multiplicity - ideally 1 readout channel firing per particle.
As a solution, the few-mm thick RPWELL sampling element concept, developed
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at WIS, was suggested. The RPWELL is a single-sided THGEM electrode coupled
to the readout anode through a highly Resistive Plate (RP).
Within the context of the sDHCAL, the main challenges addressed in this work

were:

1. Proof of principle: demonstrating efficient and stable RPWELL operation over
a broad range of primary ionization, required for the detection of minimum

ionizing particles in presence of highly-ionizing background.
2. Construction and characterization of large-area detector prototypes.

3. Improving the configuration for an RPWELL sDHCAL sampling element.

When relevant and possible, studies to assess the physics processes governing the
RPWELL detector performance were carried out. The achieved knowledge helps in
optimizing the detector performance.

Based on previous experience [17], two materials with bulk resistivity in the range
of 10%-10'° Qcm were used as resistive plates: Semitron ESD225 acetal and silicate
doped-glass. They presented different mechanical difficulties. For its availability in
sub-mm thicknesses, the doped glass is currently the best available material. It is
likely that the conception of large-area RPWELL detectors will require the develop-
ment of industrially made application-tailored resistive-plate materials.

Several prototypes were built for different studies (appendix , and systematic
investigations were carried out both in the laboratory, and with muon and high-rate
pion beams at the CERN-SPS beam line. Special attention has been paid to demon-
strate the capability of these prototypes to fulfill the SDHCAL requirements. As
mentioned earlier, the developed detectors are suitable for any application requiring

2

sub-mm position resolution. The size of the largest prototype was 500 x 500 mm~,

demonstrating the scalability of the RPWELL concept to large areas.
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The main achievements of this work are summarized below.

RPWELL as sampling element for sDHCAL: the present research demon-
strates that the RPWELL detector, could be a suitable concept for a sSDHCAL sam-
pling element, being a single-stage, thin (less than 7 mm) detector, capable of operat-
ing reliably and stably in a discharge-free mode, also under moderate pion fluxes. In
particular, Semitron ESD225 based prototypes of 100 x 100 mm? and 300 x 300 mm?,
with 10 x 10 mm? segmented anode, read out by the APV25/SRS readout electronics,
showed stable operation at a gas gain of a few times 10*, resulting in >98% detection
efficiency. Operation at particle fluxes up to ~10* Hz/cm? resulted in ~20% gain
drop leading to ~5% efficiency loss. Under these conditions the recorded average pad
multiplicity was ~1.2 (section [3.1.1)).

This performance is superior to that of the glass-RPC - the current baseline tech-
nology considered for future DHCAL applications (average multiplicity of 1.5-2 at
90-95% efficiency [149]), with the additional advantage for the RPWELL of being a
fully proportional detector, suitable for a sDHCAL. The RPWELL performance is
also comparable to that of other candidate technologies, like MICROMEGAS (98%
efficiency at 1.1 average multiplicity [I50]) and GEM ( 95% efficiency at an average
multiplicity of 1.3 [151]).

Discharge-free operation of the RPWELL was demonstrated for the first time,
with a single-element THGEM-based detector - also under pion flux as high as
~15 kHz/cm?. Tt is important to note that the detector response was equally good
both in neon- and argon-based gas mixtures; the latter, apart from being significantly
cheaper, yields a larger number of primary electrons, therefore allowing for a smaller
drift gap maintaining the same detection efficiency (section .

Robustness, scalability and suitability for mass production: transition

from an R&D-oriented design to an experiment-targeted prototyping approach was
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demonstrated. It included an assembly method by gluing under vacuum, which was
tested first with the 100 x 100 mm? self-supported prototypes and later with the
500 x 500 mm? prototype.

Two different methods for coupling the RP to the readout anode were developed
and investigated (section . A direct coupling providing a channel-by-channel
conductive path gave satisfactory results, but it is complicated to implement and it
cannot be applied easily to finely-segmented anodes. RP coupling through a uniform
graphite/epoxy layer gave comparable performance in terms of average pad multi-
plicity, with the advantage of being simple to apply over large areas to any readout
anode geometry (section [3.1.2)).

A large-area, self-supported 500 x 500 mm? RPWELL detector prototype with
doped silicate-glass RP coupled to readout strips through a graphite/epoxy resistive
film was designed, assembled and tested at the CERN-SPS test-beam. This prototype
operated stably also when scanned by an intense flux of energetic x-rays, showing
no sign of local sources of electrical instabilities (section [3.3.1)). When tested in
muon beam, the detector demonstrated good performance in terms of efficiency and
gain uniformity (section . This characterization constitutes an important step
towards future "mass production” of large-area detectors. The present design can be
further optimized according to the specific targeted application. In future prototypes,
the design should be improved, so that the dead areas due to mechanical supports
are minimized.

Position resolution properties of RPWELL detectors: the position resolu-
tion of the RPWELL detector was found to be 0.28 mm RMS, based on a dedicated
study conducted with the 100 x 100 mm? prototype (section . This result was
supported by Monte Carlo simulations which showed that the main factor limiting

the resolution was the primary charge focusing into the THGEM holes (section E|

'In a similar study conducted with the large 500 x 500 mm? detector a degraded resolution of
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Edge effects: the effect of edges and frames on the detector performance was
studied in the laboratory (appendix|C]) and compared to the results obtained with the
500 x 500 mm? detector in test-beam (section . It was shown that the detector
gain, efficiency and energy resolution, are affected by the presence of an insulating

material (frame edge, supporting spoke, etc) up to 2 mm away from it.

The work presented provides new insights into some of the RPWELL operation
principles and allows for optimizing the detector design and performance targeting
specific applications. Based on the presented results, for the (s)DHCAL application,

we propose the following sampling element configuration:

e Mechanical design: thin 3 mm drift gap. Number of support buttons as small
as possible and no spokes, to minimize the dead area and the regions affected

by the presence of edges inside the gas volume.

e RP choice and method of coupling to the readout anode: the RP should
be Semitron ESD225 or doped silicate-glass, coupled to the anode through a
graphite/epoxy layer. It is likely that the conception of large-area RPWELL
detectors will require the development of industrially-made application-tailored

RP materials.

e Electrode geometry: in order to minimize the pad multiplicity, the pri-
mary charge focusing into the THGEM holes can be optimized. If the mul-
tiplication avalanche involves only one multiplier hole, the induced signal is
located exactly at its center. The single-sided THGEM electrode should there-

fore have a square pattern of holes, segmented into square regions aligned with

0.4 mm RMS was measured. The main limiting factor was found to be an additional electronic
noise, which was at the level of ~10% of the charge (section [3.3.2]). This detector was not optimized

for position resolution.
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the 10 x 10 mm? readout pads. At the border between two readout pads, the
THGEM holes should be distanced by a larger pitch. The current investigated
pitch was 0.96 mm within each square region, and 1.3 mm at the interface, but
this value could be further optimized to get the lowest possible pad multiplicity

without losing detection efficiency.

e Operation gas: the gas mixture should be the cost-effective Ar/(7%)COsfor
two main reasons: a) Due to the large number of primary electrons extracted
by MIPs, full detection efficiency can be obtained with thin (3 mm) drift gap.
b) It is characterized by low electron transverse diffusion, which yields small
charge sharing between neighboring THGEM holes and thus small average pad
multiplicity.

Future studies should focus on the role that the detector parameters (THGEM
thickness, RP thickness and resistivity, etc) play in the signal formation and in the
pad multiplicity. The detector operation stability over long time periods and transient
behaviors due to charging up effects also deserve attention. These properties have
been recently investigated by other members of our group [166], [156].

The future RPWELL-based sDHCAL prototypes will be read out by the dedicated
MICROROC readout electronics [5] developed for sDHCALs applications. This is the
next step towards the integration of RPWELL sampling elements into a full SDHCAL

prototype.
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Appendix A

RPWELL prototypes

A.1 30x30mm? RPWELL detector for edge-effect
studies

A small 30 x 30 mm? RPWELL prototype was assembled in an aluminum chamber
(figure [33ta) to study the edge effects, in particular the gain and energy resolution
variations in proximity of frames.

A 0.6 mm thick Semitron ESD225 RP was coupled to the anode with double sided
conductive tape, as in [I]. The chamber was installed on a moving jig providing X-Y
translation in front of an X-ray tube as described in section 77.

The THGEM was 0.4 mm thick, with 0.5 mm diameter holes (and 100 pm rim
around them) arranged in a square pattern of 0.96 mm pitch, except a central cross
where the pitch was 1.3 mm. In order to study how the signal is affected by the
proximity of a frame (edge effect), a 5 mm thick FR4 bar was placed on one side of
the THGEM at different distances from the center of the last raw of holes: 0.7 mm
and 2.7 mm (figure b and c respectively). The drift gap was 7 mm, and the

cathode was the chamber window itself (an aluminized mylar foil glued with epoxy).
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Figure 33: a) The aluminum chamber containing the 30 x 30 mm? RPWELL detector
for edge effect studies. b)-c) the frame on top of the THGEM electrode at different

distances from the holes line: 0.7 mm and 2.7 mm respectively.

A.2 100x100mm* RPWELL detector with RP di-
rectly coupled to pads readout

A 100 x 100 mm?RPWELL detector was assembled in an aluminum chamber; the
latter had a mylar window for x-ray measurements. The detector scheme is sketched in
figure[34}a. The single-sided THGEM electrode, 0.86 mm thick, had 0.5 mm diameter
holes mechanically drilled in an FR4 plate, copper-clad on one side. 100 pm rims
were etched around each hole to remove sharp metal edges, improving the electrical
stability at high voltage. The holes were arranged in a square lattice (figure b),
with 0.96 mm pitch, so that they cover the underlying 10 x 10 mm? anode pads, but
not their borders, where 0.86 mm wide metal bands are left, as described in [125]. The
THGEM electrode was coupled to the anode pads (figure d) through a 0.4 mm thick
Semitron ESD225 static dissipative acetal plate (2:10° Qcm bulk resistivity). Efficient
clearance of the avalanche electrons was granted by the electrical contact between
the resistive plate and the readout pads: the bottom of the resistive material was
patterned with conductive pads (figure 34tc), (by 1 mm wide, 50 pm deep machined

grooves) into 10 x 10 mm? regions (corresponding to the metal pads of the readout
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electrode); each of them was coated with silver paintﬂ and individually connected to
the anode pads using conductive epoxyﬂ or conductive tapeﬂ The latter is preferable,
since it gives a soft bond that doesn’t break under mechanical stress (due for example
to the acetal expansion when exposed to humidity). The 5 mm drift gap was fixed by
delrin spacers. The THGEM electrode, spacers and cathode were assembled on the
anode using nylon rods and nuts. More details on the detector assembly are given

in [1,3].

'Demetron Leit Silber 200
2Circuit Works
33M Electrically Conductive Adhesive Transfer Tape 9707
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Figure 34: The 100 x 100 mm? RPWELL detector scheme. A single sided THGEM
(b) is coupled to the readout anode through a resistive plate. The anode readout
pads (d) are coupled to conductive pads patterned on the resistive plate (c¢). The
metal bands in (b) are located above the underlying pad borders (c,d).

A.3 300x300mm* RPWELL detector with RP di-
rectly coupled to pads readout

A 300 x 300 mm? RPWELL detector was assembled in an aluminum chamber with
mylar window similarly to the one introduced in the design of the 100 x 100 mm? de-
tector (section . It comprised a single-sided copper-clad FR4 THGEM electrode
with a nominal thickness of 0.8 mm; its measured thickness (including both Cop-

per and FR4) was 0.96 mm, with variations smaller than 40 um across the surface.
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The electrode had 0.5 mm diameter holes, drilled on a 1 mm pitch hexagonal pat-
tern; chemically etched 0.1 mm rims around the holes prevented sharp edges and
other eventual defects. The 300 x 300 mm? THGEM electrode comprised six electri-
cally decoupled 50x300 mm? segments (figure ); 3 mm gaps were left between
neighboring segments, to avoid inter-segment discharges in case of significant poten-
tial drop on one of them. The readout anode was composed of a 30x30 matrix of
10 x 10 mm? readout pads (figure b); the individual pads were electrically con-
nected to a 0.4 mm thick Semitron ESD225 plate (figure [35(c), in the same way as
for the smaller detector described in section [A.2] Figure 35td shows the positioning
of the resistive plate on top of the readout anode. The 5 mm drift gap was fixed by
delrin spacers (50 mm spaced). The THGEM electrode, spacers and cathode were
assembled on the anode using nylon rods and nuts (figure ). More details on the

detector assembly are given in [2].
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Figure 35: 300 x 300 mm? RPWELL detector prototype parts: (a)(c). (d) Assem-

bling the resistive plate (c¢) on top of the readout anode (b), using conductive tape. (e)
The open detector with all its elements (except the vessel cover): the anode and re-
sistive plate (not visible); the THGEM electrode, with the support nylon pins (white)
and spacers (black); the cathode (lifted on the right side); the aluminum vessel.

A.4 100x100mm? tiled RPWELL detectors

Two RPWELL detectors with an area of 90x90 mm? were designed and assembled.
This was the first attempt to build a prototype where the gas volume is defined by
FRA4 lateral frames glued together with the anode and the cathode (a full FR4 piece
copper clad). The THGEM-electrodes plane was composed of nine 30 x 30 mm? tiles
as shown in figure 36fa (gas nozzles and HV connections are visible). Each 0.8 mm
thick THGEM tile had a 20x20 mm? squared hole pattern: 0.5 mm hole-diameter

(100 pm rim) and a pitch of 0.96 mm, except for a central cross with a 1.3 mm pitch
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(the same as in the detector described in section |A.2]). Two different techniques were
used to couple a doped silicate-glass [I53] and a Semitron ESD225 RP to a strips
(figure [36}b) and a pads anode (figure [36}c) respectively.

(a) (b) ()

! ‘(//
N P

Figure 36: (a) Detector’s THGEM-electrodes plane (cathode removed), made of 9 tiles

with a 0.96 mm pitch square holes-pattern. Note the larger 1.3 mm pitch between
the central holes rows. (b) The doped silicate-glass RP on top of the strips anode.
(¢) The Semitron ESD225 RP coated with graphite just before gluing to the pads

anode.

A.4.1 Doped silicate-glass resistive plate indirect coupling to

anode

A 0.6 mm thick doped silicate-glass piece was glued to a hollow FR4 frame, its bot-
tom side was sprayed with a graphite layer of ~3 MQ /O and then covered with
a 1 mm thick insulating polymeIEI to give support and protection to it. A lateral
copper strip attached to the graphite layer and connected to ground granted charge
evacuation through the surface. The RP was attached to an anode divided in three
regions segmented into 1 mm, 1.5 mm and 2 mm pitch copper strips respectively.

In this configuration, there was no electrical contact between the RP and the an-

4Polymer-G
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ode which is placed at 1.6 mm from the THGEM bottom, 1 mm from the resistive
film; as described in section the signal is induced on the anode, without any
charge actually reaching it. The RP mounted on top of the anode together with FR4
frames is shown in figure b (also the input and output gas nozzles are visible).
The 100 x 100 mm? tiled glass-RPWELL detector scheme and operation principle
are shown in figure [37, Because of the large induced-signal spread onto the readout
strips, due to the lateral charge evacuation across the RP bottom surface and the
large distance between the electron avalanche and the anode, this detector was used

for position resolution studies.

e Ne/(5%CH,) ' Copper
5mm . AV 1 FR4
! Il Glass
J AVrpwer. ®=m Graphite
| | . | wm - Polymer

Readout strips

Figure 37: A schematic view of the 100 x 100 mm? tiled glasss-RPWELL detector

assembly, with anode readout strips, and operation principle.

A.4.2 Semitron ESD225 coupling to anode through epoxy/graphite

layer

The main purpose of this prototype was studying the effect of the RP coupling to the
anode through a graphite/epoxy layer on the average pad multiplicity.

A 0.4 mm thick Semitron ESD225 static dissipative acetal plate was coated with
a thin resistive layer of graphite of ~3 MQ /[ surface resistivity and then glued to

a readout anode with a very thin layer of epoxyﬂ The readout anode was divided

5 Araldite 2011
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into 10 x 10 mm? pads. Under the assumption that the epoxy layer would isolate
the resistive layer from the anode, we attached to the sides of the graphite layer
copper strips connected to ground for charge evacuation; a subsequent experiment
(see appendix showed that this is not the case: the contact of fluid epoxy with
graphite during gluing results in a finite resistivity between the RP and the anode; the
charge is therefore evacuated through the readout pads and it doesn’t travel across
the resistive layer to the side copper strip. This is important because lateral charge
propagation in the resistive layer would cause an increase in pad multiplicity, as
shown in [129]. The main advantage of this assembly method over the one presented
in section is the fact that it does not require any patterning of the RP surface; the
coupling to the anode is uniformly applied (instead of channel-by-channel), so it can
be used indifferently with any readout anode segmentation and size. The Semitron
ESD225 RP coated with graphite, together with the anode spread with epoxy just
before gluing is shown in figure b. The 100 x 100 mm? tiled Semitron-RPWELL

detector scheme and operation principle are shown in figure |38|

mip M Copper
. ] ¢ AV  CIFR4
Il Semitron
AVeewe. =m0 Graphite
- Epoxy

Readout pads

Figure 38: A schematic view of the 100 x 100 mm? tiled Semitron-RPWELL detector

assembly, with anode pads, and operation principle.
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A.5 500x500mm’ RPWELL prototype with RP
coupling to strips readout through an epoxy/graphite
layer

For the first time a 500 x 500 mm? RPWELL chamber was designed and produced.
The resistive plate was made of 4 doped silicate-glass [I53] tiles, 250x250 mm? in
size. The anode was segmented into 1 mm pitch readout strips, and the RP tiles
were coupled to it through a graphite and epoxy layer, using the method described
in section for the 100 x 100 mm? tiled Semitron-RPWELL. As described in ap-
pendix [B] there is a finite conductivity between the RP and the anode strips, therefore
the avalanche charge is collected and neutralized at the anode, minimizing its lateral
spread. An insulating paintf’|was used to fill all the glass interfaces and to cover all the
regions around the tiles, where the anode is directly exposed to the gas and therefore
it is not protected against discharges (figure ). The effectiveness of this method
was proved by the detector electrical stability in normal operation and under very
high intensity x-rays irradiation (section[3.3.1). The electron multiplier was composed
by two 500x250 mm? THGEM segments with a nominal thickness of 0.8 mm; holes
of 0.5 mm diameter, with 0.1 mm etched rims, arranged in a uniform square pattern
of 1 mm pitch. The two THGEMs were connected to a high voltage ruler, so that
they can be biased separately from a connection outside the chamber. The 3 mm
gas gap between the THGEM and a cathode plane was defined by 4 lateral frames,
that together with 34 round spacers positioned over the THGEM area (figure [39}b)
and a central spoke (figure [39-c), serve to press the THGEM electrodes in contact
with the RP. All the parts were machined from polycarbonate. Four gas inputs at

the chamber corners allow for arranging the gas circulation according to the specific
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gas composition and chamber orientation. The central spoke has a hole to let the gas
circulate in between the two sectors of the chamber. All the detector parts were glued
together with epoxyﬂ using a vacuum bag to apply a uniform controlled pressure of
about 0.02 atm? (0.02 kg/cm? corresponding to 10 kg/(glass tile)). This limit is the
minimum pressure that was possible to control. All the parts were glued in different
stages, interleaved by visual inspection and electrical tests both in air and in different

gas mixtures. Here a summary of the assembly protocol:

e All the parts were inspected and their actual dimensions were measured. A

dummy-assembly was performed to ensure that all the parts could fit together.

e The silicate doped-glass tiles were sprayed with graphite and glued to the anode
(figure ).

e After epoxy curing, all tiles interfaces and borders were protected with insulat-

ing paintlﬂ. After curing the excesses were removed and the the surface cleaned.

e The THGEM electrodes were placed on top of the RP (figure b). An elec-
trical test in air was performed to ensure the electrodes quality and the anode
protection. The resistance between strips and from strips to ground were also
checked. Tests in operating gas mixtures (using a plastic bag similar to the one
in figure 40fc) were done to reach operation conditions. At this stage it was

possible to operate the detector and measure signal from a source.

e The lateral frames, central spoke, HV ruler, spacers and gas connectors were

positioned using internal and side jigs and glued under vacuum (figure ).

e The THGEM sectors were connected to the HV ruler and the electrical tests

were repeated.

7 Araldite 2011
8vonRoll Damicoat 2405-02

134



e After removing the internal jigs, the cathode was glued and the chamber was

sealed by filling all the possible gaps with epoxy.

e HV cables were connected to each electrode.

In next prototypes, this same assembly method will be used to couple a 500 x 500 mm? RP-
WELL to 10 x 10 mm? pads readout boards with integrated MICROROC chips [5],
like the ones described in [168].

(a) (b)

RNV RRRRRNRRRVEAR RN TN T R VRN ERE]

Figure 39: a) The glass tiles interface and borders covered with insulating paint. b)

A lateral frame, a support spacer and the HV ruler. ¢) The central spoke.

Figure 40: 500 x 500 mm? RPWELL assembly. a) 4 glass tiles are coupled to the

anode through a graphite and epoxy layer. b) Two THGEM tiles are placed on top

of the RP. ¢) Gluing of frames and spacers pressed by vacuum bag.
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Appendix B

Resistive plate coupling through
epoxy /graphite layer

The resistivity between the RP and the anode in case that they are coupled through
an epoxy and graphite layer, as described in section [2.1.1] was investigated. Dedicated
anodes that allowed for measuring both surface resistivity and bulk resistivity were
prepared. Figure[dI}a shows the experimental setup and the assembly steps. From top
to bottom: the first electrode is the equivalent of the resistive plate in the RPWELL
detector, it has a central FR4 region in between two copper lines for both bulk and
surface resistivity measurements; the second electrode (anode) has a full copper region
that is the equivalent of the detector anode. Following the same procedure used for
the detectors described in sections and [A.5] a graphite layer was spray-painted
on the first electrode, covering also the copper strips. Then a thin epoxy film was
applied with a roller and the two electrodes were glued together under vacuum. As
a comparison, a second assembly was produced without graphite deposition on the

resistive plate. For both setups, two resistance measurements were performed using
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an insulation testerl} surface resistivity (figure {1lb (top)) between the two sides of
the first electrode and bulk resistivity (figure [41}b (bottom)) between the anode and
the two sides of the first electrode. Concerning the possibility that chemical changes
of the epoxy might occur in time, affecting significantly its electrical properties, the
setups were placed in a nitrogen desiccator (20°C, < 5% humidity) for 12 hours and
then measured again. The setups were also warmed in an oven at a temperature
between 40°C and 50°C for about 12 hours, and then measured again after cooling
down to room temperature for one hour. All the results are shown in table [B.1]
together with further measurements several hours after the treatment. The tests on
the sample assembled with graphite and epoxy show that there is a finite bulk and
surface resistivity, stable for relatively long time and after curing with temperature
and dry environment. In the sample without graphite, on the contrary, the resistivity
between the electrodes was very high, more than 22 G2, which was the measuring
instrument limit when operated at maximum voltage of 1000 V. The surface and bulk
resistivity values should be optimized for specific application, by tuning the amount
of graphite sprayed on the RP, to reach the desired conductivity between readout
channels (affecting lateral charge spread and crosstalk) and between RP and anode

(important for efficient charge evacuation).
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Step 1 - Board with two opposite contacts

Step 2 - Graphite spraypainted on top touching both
contacts

Step 3 - Second board with
assymetric copper contact

Step 4 - Epoxy second board over graphite

Figure 41: a) Schematic of the electrodes assembly devised for epoxy conductivity
tests with assembly steps. b) Surface (top) and bulk (bottom) resistivity measure-

ments.

138



surface resis- | Bulk resistance | Bulk resistance
tivity [MQ/0O] | 9.5 mm distance | 1.5 mm  distance
M) M)

before gluing 2.7 - -

after gluing 10.6 8.4 8.9

after 12 h in desic- | 9.8 8 8.3

cator

after 12 h baking | 15 11 11

60°

after 12 h 14 11 8.7

Table B.1: Results from the resistivity tests.
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Appendix C

Edge effects study

The presence of spacers and support structures in gaseous detectors can cause distor-
tions of the electric field and dead areas, affecting their performance, namely detec-
tion efficiency, energy resolution, etc. In order to address this issue systematically, a
set of measurements was conducted with the 30 x 30 mm? chamber described in ap-
pendix [A.1] operated in Ar/(5%)CH, in atmospheric conditions, and irradiated with
a x-ray scanner (figure . As detailed in appendix , to emulate the presence of a
frame in the detector, an FR4 frame was positioned on top of the THGEM electrode,
so that its inner edge distance to the center of the last raw of holes was fixed at 0.7 mm
or 2.7 mm (see figure . The setup comprised an x-ray tub(ﬂ with copper target,
providing a collimated beam (1 mm diameter) of photons peaked at 8 keV. The tested
chamber was assembled on a high precision x-y stepper-motor driven holder, and it
was scanned with a typical step size of 1 mm. In each point a charge spectrum was
measured using a standard preamplifier/linear amplifier/MCA calibrated chain, and
stored for analysis. The main peak in each spectrum was fitted to a Gaussian and

the mean value and the energy resolution - defined as the Gaussian FWHM /mean -

LOxford Jupiter 5000
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were obtained.

Figure 42: The 30 x 30 mm? RPWELL prototype mounted in the small x-y scan

system with the copper x-ray gun.

The detector was scanned along one axis; a spectrum was acquired in each position
for a fixed amount of time. To reduce the systematic uncertainties due to non-
uniformities arising from the electrode thickness and the detector assembly, all the
measured quantities were normalized with respect to a reference measurement in
which the FR4 frame was removed from the detector.

Examples of spectra recorded at different beam positions with the FR4 frame at
0.7 mm from the THGEM holes are shown in figure [43} the x-axis is calibrated to the
total number of electrons in an avalanche. The low charge shoulder appearing when
the beam is at 2 mm from the last hole indicates upon PEs loss on the frame (i.e. a
collection efficiency < 1).

In order to quantify this effect, average quantities were plotted, for both frame
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distances from the THGEM holes (0.7 mm and 2.7 mm). In figure d4la, the spec-
trum integral, normalized to measurement obtained without frame, is plotted as a
function of the x-ray beam position. The spectrum integral can be expressed as I =
NpE-Acollection’ G Nevents, Where npg is the average number of PEs extracted by a x-ray
photon, aconection is the PEs collection efficiency, G is the detector gas gain, and neyents
is the number of photon events recorded. Considering a measurement with the FR4
frame in place, giving Igame, and a measurement without frame, giving Iy, the plotted
ratio Igame/Io gives the ratio of acollection Nevents i1 the two cases. It is possible to
appreciate a loss starting from 1.5 mm from the last hole, more pronounced when
the frame is closer to the holes. Even though it is not possible to directly relate
this measurement to the PEs collection efficiency, it is an indication of the typical
distance at which a frame induces an efficiency loss. Despite the different geometry
and radiation source, this result is similar to what found in test-beam measurement
for the 500 x 500 mm? detector (figure . Figure a shows that the normalized
peak position - representing the gain at full collection efficiency - is not affected by
the frame, when it is mounted at 2.7 mm from the holes, but it increases starting
from 1.5 mm away from the last hole center, when the frame is placed 0.7 mm away.
It is known from previous works [136] that the detector gain increases in the holes at
the edge; this effect is enhanced by the presence of the frame. The energy resolution
when approaching the edge (figure 44tc) gets worse ~1.5 or ~3 times when the frame

is at 0.7 mm or at 2.7 mm from the last hole respectively.
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Figure 43: x-ray spectra recorded at different x-ray distance from the last hole. The

FR4 frame is placed 0.7 mm far from the last hole center.
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Figure 44: For FR4 frame distances of 0.7 mm and 2.7 mm from the THGEM holes:
(a) Spectrum integral; (b) full-collection peak position; (c) energy resolution. All the

results are normalized to a measurement without frame.
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