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Preface

Muography (or muon radiography) is an imaging technique that relies on the
use of cosmogenic muons as a free and safe radiation source. It can be applied
in various fields such as archaeology, civil engineering, geology, nuclear reactor
monitoring, nuclear waste characterization, underground surveys, etc.

This thesis reports on the development of portable muon detectors (or “muo-
scopes”) which are based on Resistive Plate Chambers (RPC), planar detectors
that use ionization in a thin gas gap to detect cosmic muons. Portable muon
telescopes can be used for applications where confined space is available to
deploy the detectors, e.g. speleology, archaeometry, mineral searches, as well
as the imaging of cultural heritage, such as monumental statues and building
decorations. For the latter type of applications, imaging methods based on
other forms of radiation (X rays, neutrons) have been used with success in some
cases, but become infeasible when the objects of interest are too large to be
transported to a properly equipped laboratory.

In this context, our goals include portability, robustness, safety and autonomy.
Portability imposes strong limitations in both weight and size; robustness
means the ability to operate in a wide range of ambient conditions; safety is
particularly important in confined environments, and it is not trivial for gaseous
detectors; and autonomy means that the detectors should run for extended
periods without human intervention, for example by using a battery-based,
very low-power readout and control electronics able to adapt to changing
environmental conditions.

In the aim of providing full understanding for both experts and non-experts,
the chronology of the dissertation is organized as follows:

Chapter one, gives an extended description of cosmic rays, cosmic muons,
the production of cosmic muons, and muography. And also explains various
applications of muography as well as current detector technologies we use in
muography. The second chapter provides a genaral comprehension of RPC
detectors. In Chapter three, we discuss the design and production of the
first muoscope prototype at UCLouvain. In Chapter four, the design and
manufacturing processes of the trigger system of the muoscope are discussed
in detail. In addition, the calibration procedure for the trigger is covered
in this section. The semi-conductive coating on the resistive plates is one
of the RPC’s primary components. The manufacturing method for resistive
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plates is described in Chapter five, including discussion of the production and
calibration of a few detector parameters, as well as long-term investigations
of the resistivity measurements. Chapter six, offers understanding of the
muoscope’s various readout boards; it elucidates the rationale behind each
new version of the readout boards.

While the most significant advancements in hardware are covered in chapters
four, five and six, Chapter seven discusses the background noise that was
present in the RPC lab as well as the steps that were taken to eliminate it.
Chapter eight, interprets the performance experiments that were carried out
with the RPC and DAQ systems. This chapter, also, covers in details the
modifications that were made to the FPGA programming of the DAQ system
so that it could function with the trigger system. The last chapter contains
a discussion of the results that we have previously obtained from various
performance studies, as well as a brief description of our future plans about
the scope of the project.
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Cosmic muons and Muography

1.1. Cosmic rays

Cosmic rays play the most significant part of the muography, by supplying
cosmic muons, the radiation source of the muography. This radiation was first
observed in 1912 [1], when Victor Hess ascended to 5300 meters, on board of a
balloon, and measured the rate of ionization in the atmosphere finding that it
increased to about three times that at sea level. Since then cosmic rays were
largely measured and studied.

These high-energy particles from space are mostly (89%) protons, i.e. the
nuclei of hydrogen, the lightest and most common element in the universe.
They also contain (10%) nuclei of helium and (1%), nuclei of heavier elements
upto uranium. Typically, these particles are referred to as primary cosmic rays.
Scientists have also found a small flow of energetic electrons and positrons,
equal to about 1% of the flow of hadrons. Part of this flux is probably caused by
the pion-muon-electron (or positron) decay chain, which is caused by energetic
collisions of the primary hadronic component with the interstellar medium
and interactions with the background radiation field.

The energy spectrum of these primary particles has been measured to be
between about 1 GeV and over 10" GeV. Figure 1.1 shows the overview of the
measurements over 25 years [2]. The main four parts of the global spectrum
can be described by an inverse power law, I(E) « E™%, with a varying value
of a. The spectral index is & ~ 2.7 from 10 to 10° GeV, a ~ 3 from 10° GeV
to 10” GeV, and above 10° GeV, the spectrum goes back a = to 2.6, and then
around 10'? GeV, after this region, cosmic flux is moving from galactic cosmic
to extra galactic cosmic. The knee and the ankle that connect the first and
second regions and the second and third regions.The mentioned power laws
do a good job of describing the four regions, but there are important signs of a
finer structure within them.

When primary cosmic radiation passes through the Earth’s atmosphere, it
interacts with the atoms and molecules that make up the air. All particles are
affected by hadronic and/or electromagnetic processes, which create a large
shower of particles with a hadronic core and a photon-electron part that grows
mostly in electromagnetic cascades that start when neutral pions decay into
two photons.
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Energies and rates of the cosmic-ray particles
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Figure 1.1. | Overview of energy spectra of cosmic rays of all types. Figure from [2]

1.2. Cosmic-ray muons

The muon (u) is a type of elementary particle that shares most of its quantum
numbers with the electron but has a mass that is approximately 200 times
greater than that of the electron. It is abundantly and freely produced in the
interaction of primary cosmic rays with the upper atmosphere.

The discovery of the muon in 1937 [3] was the result of years of research into
cosmic sea-level radiation [4]. The muon was first associated with the particle
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proposed by Yukawa [5] to explain the restricted range of the nuclear binding
force. However, investigations conducted between 1943 and 1947 revealed that
the muon had low or no nuclear interactions with matter [6], contradicting
its characterization as a nuclear force mediator. In 1947, Lattes, Muirhead,
Occhialini, and Powell established that cosmic muons are produced by the
decay of hadrons [7], the most abundant of which is the charged pion with a
mass slightly bigger than the muon.

1.2.1. Production of cosmic muons

The muons we use for imaging are called "atmospheric" because they originate
in our planet’s atmosphere (typically 15 km above sea level), or "cosmic" because
of their origin. The primary cosmic rays entering the atmosphere collide with
atmospheric nuclei (mostly Nitrogen and Oxygen), producing hadrons that
can interact with the atmosphere further unless they decay.In these collisions,
pions (no,n+,n_) and kaons (KO,K+,K_) are formed in large quantities, and
when they are charged, their predominant decay modes create muons. See
Figure: 1.3.

nt— yi +VH(VH) (1.1)

K* = u* +v,(v,) (1.2
The branching ratios of these two are 99.99% and 63.5% respectively.

At rest, muons have a lifetime of 7 = 2.2 us before they decay into electrons and
neutrinos, however a well-known relativistic phenomenon causes this lifetime
to be extended by the Lorentz factor (y):

y=1/y1-p
where = v/cis the relativistic speed.

Most muons reach sea level due to the relative hardness of the atmospheric
muon spectrum;the majority of atmospheric muons are created at a height of
around 15 km, while the Earth’s atmosphere is mostly confined inside 16 k.
The great majority of charged particles at sea level are muons, which arrive
at a rate of about 100 Hz/m? [8]. Protons, electrons, and positrons make up
the majority of the other charged particles produced in the cosmic shower that
can reach Earth’s surface; even though they do not decay, these background
particles vanish or lose energy much more quickly than muons due to their
stronger interactions with matter: The energy loss through bremsstrahlung
depends on 1/m?, where m is the mass of the particle, making bremsstrahlung
for muons 40,000 times smaller than for electrons and positrons. Moreover,
positrons quickly annihilate with the electrons of the atmospheric atoms.
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Nuclear interactions influence protons but are absent for muons. The overall
background flux is considerably less than the muon flux due to these factors [8].

For the angular and energy distributions of cosmic muons at sea level or
moderate altitudes, several parameterizations exist [9].

Figure 1.4 shows the muon flux (both y* and p”) flux in the sea level. The
vertical intensity peaks at the kinetic energy of, k; = 4 GeV. And the muon
charge ratio reflects the excess of 7" over n~ and K™ over K".

The mean energy of muons arriving at sea level is around 4 GeV, and the mean
number of particles traversing a horizontal detector is of the order of 1 cm™
min~* [8]. For detailed calculations, one has to take into account the variations
in these quantities, which are due to the altitude and geographical location
(especially latitude). On a large time scale, solar effects may also modify the
numerical values of the measured flux [10].

1.2.2. Interaction with matter

Muons lose a fraction of their energy when passing through matter, but unlike
other particles, they are able to penetrate through hundreds of metres of rock
without being totally absorbed. This characteristic makes muons appropriate
for examining the interiors of large bodies, such as volcanoes, pyramids, etc.
Following the passage of muons through matter, the most significant impacts
are:



6 Cosmic muons and Muography

generated muon spectrum

J— Muons

ot :;':i —— All muons

_ o
107°
1:&—‘

-.-’##1 1 : ﬁ

10

107

Vertical intensity[1/m*2/s/sr/Mev]

W

1077

E

10 10° 10° 10* 10°

—

L] 7 ] 9
10" k'3 _Muoh eV

Figure 1.4. | Muon Flux at sea level (Generated with CRY Generator by Marwa Al
Moussawi (CP3,UCLouvain)).

¢ Energy loss
e Trajectory variation (multiple scattering)

Both of these impacts can provide information regarding the composition of
the material being traversed.

Energy loss

The mean energy loss per unit length (also called the stopping power) for any
charged particle traversing a block of matter is governed by the Bethe-Bloch
equation:

— ‘32

) 2,52 2T2
< dE>_K 2Z 1 [%ll’l mec ﬁ Y Lmax (1.3_)

B\ 71 o)
ax A ‘32 12 2
The stopping power of the Equation 1.3 and 1.4 are expressed in MeV gcm_l,
K is a proportionality coefficient, and z is the charge number (in multiples of
the electron charge) of the incident particle (z = 1 for muons). Z and A are the
atomic number and mass of the absorber, and I is the mean excitation energy,
where m, is the mass of the electron, and T,,,, is the maximum kinetic energy
transfer in a single collision, and 6(By) is a correction related to the density

effect.

Muons are relativistically significant, heavy, and charged particles. They mostly
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lose energy by ionising and exciting the atoms of the medium with which they
interact. The following describes the average stopping power of a muon in a
given reference [11].

dE

0= = a(E) + b(E)E (1.4)

where a(E) accounts for ionization and atomic excitation, b(E) accounts for
radioactive processes, i.e., bremsstrahlung, pair production, and photo-nuclear
interactions. The first term, dominating at low energies, below 100 GeV'.

Muons lose energy due to inelastic collisions with the electrons of matter, as
seen by the first term in Equation 1.4. The radioactive processes that contribute
to the muon energy loss are formalized in the term b(E)E, where b(E) is a
slowly varying function of energy that is asymptotically constant and can be
expanded as the sum of three terms: by, + i, + b,y c) from bremsstrahlung,
pair production, and photo-nuclear interactions respectively. The reflection
of these processes on the muon stopping power law is widely discussed and
formally derived in [11].

Multiple scattering

When travelling through a medium, muons can experience multiple Coulomb
scattering (mcs) [12] from atomic nuclei. The muon’s interaction with the
nuclei releases almost no energy. For the simple reason that nuclei are so much
heavier than muons, even slight scatterings can throw off the muon’s path.
The msc can be understood as the cumulative result of numerous independent
scatterings.

The Rutherford formula accurately describes the single scattering cross section,
as seen in the equation 1.5 below.

do(0) ( 1 )2 72 e 1
= (1.5,

dQ \dmey) 2.2 c* gt sin'(6/2)

Here, Z is the atomic number of the medium’s constituent atoms, ¢ is the
electron charge, m,, is the mass of the muon, € is the permittivity of free space
and 0 is the scattering angle.

Multiple Coulomb scattering, entails repeated random deviations from the
muon’s trajectory and results in a net exit angle of 0. A schematic of this effect
is shown in Figure 1.5.

If the average number of scatterings is larger than 20 and the energy loss is
negligible, which is usually the case for muographic applications, the distri-
bution of the net diffusion as a function of the thickness can be derived by
statistically treating the process, as in Moliere’s theory [13]. For numerous
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Figure 1.5. | A schematic view of multiple coulomb scattering process.

applications, the net scattering distribution can be represented using the central
limit theorem, which asserts that the sum of a large number of distributions,
in this case the single Coulomb scatterings, can be approximately Gaussian.
Following is an expression for the root mean square (rms) of the computed
Gaussian distribution of the projected angle, 0:

Bep Xy

13. 2
g, = DOMeV X 1+0.0381n(x22)] (16)

Xop

where p, ¢, and z are the particle momentum, velocity, and charge (for the
muons z = 1), x is the path length from entry to exit, g = 0,55, =1/ \/EGQZZSW
and X is the material radiation length, defined as;

A

X, = 716.4 2
0 glem Z(Z +1)In (287/NZ)

(1.7.)

where Z represents the atomic number and A represents the atomic mass.
Several applications of muon radiography rely on the measurement of muon
deflections to evaluate the properties of the deflectant material; more informa-
tion is provided in the following sections.

1.3. Muography

The absorption and multiple scattering of cosmic muons can be used to image
objects. This is called muography. The fundamental idea of muography is to
utilise the attenuation or deviation of cosmic muons to visualise large and/or
dense objects that conventional methods are unable to handle. Muography by
absorption is called muon radiography and muography by multiple scattering
is known as muon tomography. The brief introduction to both methods are
described below.

1.3.1. Muon radiography

Muon radiography by absorption is a technique that measures the extent to
which muons are absorbed when passing through a specific volume of material.
By doing so, it indirectly determines the average density of the materials that
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the muons have passed through or identifies any density irregularities such as
empty spaces or high-density deposits. These irregularities are visible as an
excess or deficit of muons, respectively.

The mechanism is quite similar to that of standard X-ray radiography, which
is used to scan the human body or small objects, with the difference that the
source in muography is natural (cosmic muons), hence the flow is fixed and
multi-directional. Another significant distinction is that muons can penetrate
hundreds of metres of rock [14], whereas X-rays cannot survive more than
around 10 metres. This feature makes muons more suitable for scanning larger
objects than X-rays.

Muon radiography involves measuring the transmission of muons through
a target object. This is done by comparing the muon flux upstream and
downstream of the object, as a ratio that varies with the zenithal and azimuthal
angles (0 and ®). For large targets, it is not practical to place a detector directly
above the object to measure the upstream flux, so a "free sky measurement" is
used instead. This involves measuring the flux in angular regions away from
the target, either within the same field of view or in a different direction. To
reduce systematic errors, these measurements are usually made using the same
detector as used for the downstream measurements. However, corrections
may be required to account for differences in data taking duration (if free sky
measurements are made in a different run) or detection efficiency (if different
detectors or angular regions are used). The effective muon transmission ()
is determined by comparing the corrected angular distributions N;(6,®) and
Nps(0,P) measured downstream from the target and looking at the free sky,
respectively [15] [16] [17].

N(6,®)

0.2 = N 50, @)

(1.8.)
A comparison with a simulation is necessary to obtain information on the
density distribution inside the target volume. A realistic muon flux charac-
terising the angular and energy spectra at ground level, complete exterior
geometry of the volume under inspection as viewed from the detector’s point
of sight, and an approximated average value of the volume density must all
be included in simulations. When the measured transmission is compared to
several simulations, each of which is run under different assumptions about
the average density, the result is a full 2D average density map distribution as
viewed from the detector’s perspective.

This kind of analysis relies on the accurate reconstruction of muon tracks.
Hence, the spatial resolution of the picked tracking technology has a significant
component, as the corresponding angular resolution is one of the parameters
that determines the precision of a density map. Most muon radiography
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trackers have angular resolutions ranging from a few milliradians to a few tens
of milliradians.

1.3.2. Muon tomography

Muon tomography is a distinct muographic technique that takes advantage of
the multiple Coulomb scattering mechanism. It is based on the measurement
of the deviation of muons through the investigated object. The technique is
appropriate for investigating volumes with thicknesses less than tens of metres
and involves the installation of detectors to monitor muons before and after
they penetrate the object.

Simplifying equation 1.6, the standard deviation of the scattering for a cosmic
muon passed through a object of momentum p can be approximated by:

- 13.6MeV 19
0~ cp XO (1.9,

where x is the path length from entry to exit, and X is the radiation length.
Very accurate estimations for X exist in equation 1.7 [18]. From equations
1.9 and equationl.7, the standard deviation of the deflected angle is directly
related to the Z of the object. Therefore scattering muography could be used to
identify high Z material with respect to low Z material.

1.4. Applications of muography

The initial practical utilisation of muography can be traced back to the 1950’s [19].
E.P George conducted a study to assess the viability of utilising a Geiger counter
telescope to deduce the thickness of ice located above a tunnel situated in an
Australian mine. The detector did not provide any directional information;
however, it was capable of being relocated within the tunnel. The focus of
interest pertained to the correlation between the position and the muon flux.
During the 1960s, a group of researchers, headed by Alvarez, introduced
the initial application of archaeology [20]. Their muon telescope utilised a
configuration of spark chambers to effectively reconstruct particle trajectories.

Subsequent to that point in time, significant advancements have been made in
the field of muography. The following section provides a concise overview of
the various applications.

Volcanology

Since absorption muon tomography utilises cosmic muons that traverse a por-
tion of a solid structure and are partially absorbed relative to those coming
from the open sky, it is of great interest in the exploration of hidden parts of
mountains, active or potentially active volcanoes. In the years since Nagamine
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etal. in [21] and Tanaka et al. [22] used this concept, many different projects,
prototype detectors, and operational activities have been done. The Japanese
team led by Tanaka [16,22-25] used a muon telescope composed of multi-
ple detection planes with scintillators and PMTs separated by lead plates;
the Diaphane Collaboration conducted measurement campaigns in multiple
countries [26-29](France, Italy, and the Philippines) using muon telescopes
based on scintillators; and the TOMUVOL Collaboration used resistive plate
chambers [30]. Also, a muon telescope built from scintillator strips and SiPM
photosensors was used in the MU-RAY Project [31,32] to investigate Mt.
Vesuvius in Italy.

Figure 1.6. | Sketch of muographic measurements aimed at a 3D reconstruction of a
volcano (image from [15]).

There are two main reasons why this topicis intriguing: first, muon tomography-
based techniques have the potential to shed light on previously unknown inte-
rior features of mountains, such as cavities or variations in density. Moreover,
there is also the hope of improving resolution and gaining the ability to monitor
the subsurface structures’ temporal evolution in real time, thereby predicting
explosions and lava eruptions.

Underground measurements

Although absorption muon tomography excels at examining geological sites,
underground cavities, caverns, mines, and tunnels. Several publications [33-35]
illustrate this method’s effectivity in these scenarios.

The range of rock thickness for many of these uses is typically on the order of
tens of metres, which is significantly less than the values of interest in large
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volcanic structures. Because it is possible to set up the detector in locations
other than those required for volcanic investigations, this method will likely be
used more frequently in the near future to probe subterranean environments.
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Figure 1.7. | Muon Detector in a underground tunnel.

Archaeology

Alvarez and his colleagues used a muon detector inside an Egyptian pyramid
to look for possible hidden chambers [20]. This is one of the first examples of
absorption muography. Still, there is a lot of interest in studying these very old
structures, and in 2017 [36], the ScanPyramid Project [37], reported that they had
found a very large (~30 m), unknown chamber in the Great Pyramid of Khufu.
Such a void was first looked into with nuclear emulsions. Then, measurements
with scintillation hodoscopes and gas detectors confirmed what the nuclear
emulsions had found. Thisis a good example of how different ways of observing
point to the same body of evidence. In the last few years, more examples of how
the muon absorption method has been used for archaeological studies [38,39] .
One of these is a study of the density anomalies in the Teotihuacan Pyramid of
the Sun [39].

Homeland Security

This method was proposed as an effective replacement for more conventional
approaches to inspecting and scanning a large volume, in light of the chance
that unauthorized fissile substances (uranium or plutonium) could be shipped
inside containers. Two good muon tracking detectors, one above and one
below the volume to be examined, are needed for a muon tomograph that
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uses the scattering process. The amount of scattering experienced by a muon
can be estimated by reconstructing its path above and below the volume, and
in the simplest method (where a single scattering centre is assumed), the
so-called POCA (Point of Closest Approach) algorithm is used to find the 3D
coordinates of the scattering point [40]. It is possible to construct 2D and 3D
tomographic images by collecting a big enough number of individual tracks
that traverse the volume in any direction 1.8. Based on the tracking detectors,
a muontomograph'’s performance can be measured in terms of its spatial and
angular resolution, its overall detection efficiency, which in turn affects the scan
time, its ability to identify high-Z elements and discriminate them from lighter
elements, and its responsiveness to false-positive events, all of which require a
longer scan time.
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Figure 1.8. | Illustration depicting the experimental rig used for cargo container muon
tomography. Reconstructing muon tracks before and after they traverse the container’s
contents requires the use of two muon tracking detectors, one above and one below the
container.

The problem of scanning the contents of a cargo container for concealed high-Z
materials is an important one in the context of homeland security, and it was
the focus of a number of applications. The sheer number of containers moving
around the globe makes it difficult to monitor the contents of all of them.
Currently, only a fraction of them are scrutinised. Small-scale prototypes using
different detection methods such as gas chambers, segmented strip scintillators,
resistive plate chambers, and GEM have been developed using this method
over the past few years. Several research groups have reported significant
advancements in this area by creating both portable and large - scale detectors
for muon tomography [41-46].
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Nuclear reactors and nuclear waste imaging

Over the course of several decades, a tremendous quantity of spent fuel has
been generated; the vast majority of it is currently being kept in spent fuel
pools or dry storage casks. After being filled with used fuel, these canisters
are sealed, making it impossible to inspect the contents. So, keeping a close
watch on radioactive waste is crucial for ensuring the site’s security. Several
studies have shown that muon radiography may be used to successfully explore
nuclear waste storage silos, whether in muon absorption or muon scattering
mode [47-52].
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Figure 1.9. | Sketch of Muon scattering tomography is used for the interrogation of
nuclear waste casks.

Other applications

Muon tomography can theoretically be used to examine dense structures using
either the muon absorption or scattering processes. Muon telescopes were used
to image water towers [53], calibrating the detector’s response as a function
of the water content within the tower. Cosmic muons can be used as a useful
probe for the monitoring of civil buildings and structures by the study of
the angular distribution of muons detected in coincidence between a tracking
detector on the ground and a set of additional detectors mechanically linked to
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the structure being monitored. Any movement of the structure relative to the
ground will result in a small change in the orientation distribution of cosmic
muons detected in coincidence [54].

Some muography teams are attempting to use muography for the purpose of
monitoring cultural heritage; In fact, the objects being monitored are fragile,
and the researchers are unable to move them or use other monitoring methods
such as X-rays because the majority of the artefacts are housed in museums
or other crowded locations. Therefore, muography would be an excellent
candidate for scanning these kind of objects.

In this section, only a few muography applications are described for the reader’s
comprehension. More information about applications can be found at the cited
source [55].

1.5. Detector technologies in muography

As muography has so many potential uses, detectors must often meet a wide
range of conditions that aren’t always necessary or even of interest in traditional
particle physics. A muography particle detector, in general, needs to be robust
and easy to use from a distance. Depending on the setting of deployment,
power consumption may be a crucial factor to consider. Due to the low rate of
events, the data rate and speed of the data acquisition (DAQ) and front-end
electronics (FEE) are not crucial. Generally speaking, various muographic
uses call for various detector geometries and detection methods. Hence, many
different types of muon detectors have been suggested and constructed during
the last few decades, with just a small number of traits in common. One of
these is that, despite being highly wanted and potentially a game-changer for
muography, it is currently not possible to detect the muon momentum on a
per-particle basis.

If the detector system is designed for scattering muography, the muon trajec-
tory must be reconstructed with high precision (typically 1 mrad or higher
resolution) before and after the passage through the investigated target. A
typical detector geometry is depicted in Figure 1.8, with one of the two tracking
systems positioned above (upstream) the target and the other below (down-
stream). This configuration takes advantage of the greater muon flux from the
zenith, thereby reducing the data acquisition time. This is the case, for instance,
with muon portals designed for homeland security (Section 1.4), in which data
must be acquired as quickly as feasible. Nevertheless, the optimal geometry
for particular use cases can vary, as illustrated in Reference [47], where the up-
stream and downstream tracking systems are positioned on the sides of a large
cylindrical cask of expended nuclear fuel (Figure 1.9). In order to maximise
muon acceptance, detectors tend to be comparatively large (1— 10m?)due to the
ensemble’s limited geometric factor.
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Where absorption muography is applied, such as for imaging of large man-
made structures (~ 10-100 m) or extremely large targets such as volcanoes, a
relatively small detector can be positioned laterally to the target, as depicted in
Figure 1.6. Installed at a predetermined distance from the target, the typical
detector configuration resembles a muon telescope composed of position-
sensitive layers. Due to the effect of multiple scattering, the angular resolution
is restricted to 10 mrad or greater. For a given X-Y spatial resolution of a
single detection plane, a telescope’s angular resolution largely depends on
the distance between the first and last planes. A greater distance increases
the angular resolution but diminishes the telescope’s acceptance. When a
muography is required of a subterranean target, this telescope geometry can
only be utilised if tunnels exist below the target. Given the high cost of drilling or
excavating underground, absorption muography detectors that can be inserted
into boreholes have been proposed and developed for use in the absence of
a suitable tunnel. The first proposal for a borehole detector for muography
was published in reference [35], where simulations for a mining application
demonstrated promising results in comparison to the telescope option. For a
more recent example, see [56].

1.5.1. Scintilator detectors

Plastic scintillators are commonly used for muon tracking due to their quick
signal response, large area production, adaptability in severe environments, etc.
As atoms in scintillating materials relax after being stimulated by the passage
of a charged particle, light is released by fluorescence. The amount of energy
released by the impinging muon via ionisation in the scintillating material
is determined by the electronic signal produced by the photomultiplier’s
collection of this light. Crystal, plastic, and liquid scintillators are just a few of
the materials used in physics labs and radiation detection applications. Plastic
scintillators are widely used in muon imaging (and particularly muography)
because they are regarded as being sturdy, dependable, and easy to use. They
are best suited for applications where spatial resolution and hence angular
resolution is not essential. Systems based on fast responding plastic scintillators
can be produced at appropriate cost-to-performance ratios and are suited for
application in demanding situations. Moreover, plastic scintillators are simple
to form into a variety of geometries (such as square, rectangular, or triangular
bars), making it simple to alter the geometry of the detector.

1.5.2. Nuclear emulsion detectors

Nuclear emulsions are analogous to photographic emulsions in that they are
used to detect ionising particles passing through a medium by documenting a
three-dimensional track. Typically, nuclear emulsions consist of AgBr crystals
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interspersed with a polymer (of animal origin). A traversing ionising particle
would sensitise the crystals, leaving a latent image. The process of development
causes metallic Ag to coalesce on the sensitised site, resulting in the growth of
folded filaments on the order of 100 nm to 1ym in length. Granules are aligned
along the path of the particle in the medium, making nuclear emulsions a
natively 3D particle tracking detector with typically sub-micrometric precision.
Nuclear emulsions are sensitive from the time they are produced until they
are developed, and the latent image is even more susceptible to chemical
reactions than it is to thermal effects and humidity. They can attain angular
resolutions of a few mrad, are inexpensive, and do not require an external
power source [57]. However, there are significant concerns regarding their
use. Initially, the emulsion film begins to document particle tracks upon its
inception. As a result, an emulsion sandwich must be created precisely at the
start of the observation campaign in order to terminate the information on
previously recorded tracks.The OPERA experiment [58] which was designed
to identify the extremely rare interactions between neutrinos and matter, had
invested significant resources in the development of automated motorised
optical systems that scan the plates and use pattern recognition to reconstruct
candidate tracks in a reasonable amount of time (typically hours per cm®). Few
laboratories in the world possess these microscopes, making their use more
difficult.
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Figure 1.10. | Typical emulsion film structure with double coating on a plastic substrate.
Ionising tracks in the sensitive gel produces microtracks. Over the base, two microtracks
can be connected to form base-tracks. Picture from [57].

In spite of this, emulsion films have been utilised successfully in a variety
of muography experiments and have demonstrated excellent performance in
environments ranging from alpine tunnels [59, 60] to pyramids in deserts [36]
and Mediterranean volcanoes [61], during measurement periods lasting several
months.
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1.5.3. Gaseous detectors

There are different types of gaseous detectors used in Muography. In this
section few of them are briefly explained.

Multi-wire proportional chamber

In 1968, George Charpak developed the Multi-Wire Proportional Chamber
(MWPC) [62], which revolutionised the field of particle detectors due to its
position sensitivity and ability to measure rates higher than any other device
before. The MWPC consists of a gas-filled enclosure with an anode wire plane
and two cathode planes that can be realised with wire, strips, or pads. To
determine the avalanche position in two dimensions, at least one cathode wire
or strip should be perpendicular to the anode wire plane. A typical MWPC
is shown in Figure 1.11. When a charged particle passes through the detector
volume, it creates primary electrons in its path, and the primary electrons
drift towards the anode plane. The field strength is inversely proportional
to the distance to the wire, which is why multiplication takes place within a
few tens of microns of regions around the wire. A signal is obtained from the
wire(s) as well as from the nearby cathode strip(s) due to capacitive coupling.
The rate capability of the MWPC is limited by space charge effects, which are
addressed by a new generation of detectors known as Micro-Pattern Gaseous
Detectors (MPGDs). These detectors are manufactured using microelectronics
techniques, ensuring precision gaps and strips up to a few microns. MPGDs
are renowned for their spatial resolution, timing response, energy resolution,
rate handling capability, and radiation hardness. An example for MWPC in
muography can be found here [63].
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Figure 1.11. | A schematic representation of a MWPC.

Drift chambers

A drift chamber is a particle tracking device that measures the spatial position
of an ionising particle based on the drift time of ionisation electrons in a
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gas [64]. The primary purpose of these detectors is to measure the time it takes
for electrons released by the interaction of an incident muon with an active gas
mixture to reach a high-voltage anode wire. This is done by using a sequence
of cathode strips driven by high voltage, resulting in a drift field between two
PCBs. The anode generates a signal in response to the electrons, which is
picked up by the system’s electronics and directed by the electromagnetic field.
One three-dimensional track point requires two perpendicular detectors, as
the interaction location is measured in one dimension by the drift chambers.

As may be seen from the references that follow [65-67], numerous different
research groups take advantage of drift chambers for muon scattering tomog-
raphy.

Micromesh gaseous structure (Micromegas)

The Micromegas [68] are parallel plate detectors with micromesh a few hundred
microns above the anode result. The micromesh splits the detector into two
parts: the drift gap and the amplification gap. The field strength in the
amplification gap is high enough that when the primary waves made in the
drift region enter the gap, they cause an avalanche. Due to the small size of the
amplification gap, the effects of the space charge are also not very important.
The micromesh bends towards the anode plane because there is a strong electric
field in the amplification gap. Adding gaps that make more dead areas solves
the problem. Also, discharges can damage the anode reading directly and can
spread through the electronics.

Resistive plate chambers (RPC)

This thesis work is based on RPC detectors. A detailed description about RPC
is included in the chapter 2.

1.5.4. Summary of the Detectors

Summary of various detector as included in the table 1.1.
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Cathode strips

Figure 1.12. | Principle of operation of a gaseous detector. (Top) A position sensitive
layer is constructed using cylindrical close-walled tubes. (Middle) Multi-wire chamber
approach uses segmented cathode strips for dual coordinate readout. (Bottom) Principle
of operation of a drift chamber.The figure is reproduced from [15].

Type Surface | Resolution | Construction | Readout | Cost
Plastic Scintillators
square bars 1-4m? > 10 mrad Simple Simple Low
Triangular bars 1-2m? <10 mrad Simple Medium Medium
Scintillating Fibres 1-2m? 0.1 mrad Medium Complex High
Gaseous detectors
Proportional tubes 1-4m> 10 mrad Simple Simple Low
Multi-wire chambers >4m? < 1mrad Medium Simple Medium
Drift Chambers >4m? 0.1 mrad complex Complex High
Res. Plate Chambers >10m? 0.1 mrad Simple Medium Low
Nuclear Emulsion >4m? 0.1 mrad Simple Complex Low

Table 1.1. | Summary of comparison of various detectors in muography [15]. Note that
in this table, it discusses the standard use case of RPCs, which is for very large areas. In
our project, we are developing small-scale RPCs, which entails different challenges.
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2.1. Brief history

Gaseous detectors are one of first devices used to detect radiation. The first
gaseous detectors were built on a cylindrical geometry: the primary electrons
formed by the crossing ionising particle were gathered at a central wire, and
the avalanche processes happened in the region immediately around it.

Santonico and Cardarelli created the first prototypes of modern RPCs at the
beginning of the 1980s using phenolic laminate, commonly known as bakelite,
compressed under high pressure. They functioned at atmospheric pressure
and did not require as long and complicated a process to manufacture the
electrodes [69]. They named this newly created particle detector Resistive Plate
Counter (RPC), however we now call them Resistive Plate Chambers.

The following features of Modern RPCs were included in Santonico and
Cardarelli design.

* Geometry of planar surfaces (with the consequent advantages of time
resolution).

¢ The electrodes are made of resistive materials, which allows for detector
self-quenching and eliminates the necessity for a pulsed operation mode,
as well as high-voltage (HV) removal following the passage of an ionizing
particle and subsequent discharge.

¢ HV is applied to the electrodes through a signal-transparent resistive layer.

¢ The concept of producing detectors that are simple to assemble in order to
cover broad areas.

In the original design, two electrodes are kept separate and parallel to one
another by inserting a rectangular frame. The surfaces of the bakelite plates
facing the gas have been polished and painted with a Linseed oil-based paint.
The electric field is applied to the counter by connecting the conducting paper
foil to the high voltage and the copper foil to the ground. The output pulses are
read out by copper strips applied outside the counter [69]. From this design,
they were able to achieve an efficiency of over 90 percent.

Throughout RPC’s development history, various working mode [70-72], gas
combinations [73,74], and new detector designs have been developed [75,76],
resulting in additional detector improvement. RPCs were a natural choice for
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muon chambers and/or trigger detectors in multipurpose experiments such as
CMS [77] or ATLAS [78], time-of-flight detectors in ALICE [79], calorimeters
with CALICE [80], and muography detectors [30] as well due to their low
construction costs and easily attainable large detection areas.

2.2. Working Principle

O(mm)

/ Om)

Figure 2.1. | Simple schematics of a single gap RPC. (1) Bakelite/glass electrodes with
(Semi-)resistive coating ((3) in the diagram), (2) gas gap, (4) Mylar insulator, (5) readout
strips.

Resistive plate chamber detector is a gaseous particle detector that uses a
continuous and uniform electric field created by two parallel electrode plates,
made with resistive coating (carbon based) applied on a high bulk resistivity
material (Typically glass or bakelite). The gap between the electrodes is filled
with a gas mixture (More details are in section 2.5) used to produce primary
ionisation in the gas volume. The schematics of a RPC detector is shown in a
Figure 2.1. The gas molecules are ionised by a charged particle, such as a muon,
as they pass through the detector, resulting in the creation of an ionising track
in accordance with the Bethe-Bloch formula [81] for the gas being used. This
leads to the release of free electrons and ions.

When an unbound electron within a gas is subjected to acceleration due to the
electric field, it will undergo diffusion upon encountering gas molecules in its
vicinity. This recurrent deflection, occurring across numerous collisions and
trajectories, eventually leads the electrons to attain a steady speed known as
the drift velocity, vp. This velocity is a function of electric field strength and
gas density (or pressure).

When electric fields reach a certain intensity, the rate of ionization will surpass
the rate of attachment. As a result, an unbound electron will initiate a cascade of
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additional electrons. This phenomenon is known as Townsend avalanche, named
after Johh Sealy Townsend, the scientist who first identified this mechanism in
the 1890s. The fractional increase in the number of electrons per unit length is
given by Townsend equation:

d—n =a-dx (2.1)
n

Here « is called the first Townsend coefficient for the gas. Its value is zero for
electric field values below a threshold value. Likewise, the attachment coeffi-
cient, denoted as f3, is characterized as the quantity of attachments occurring
per unit of distance. For parallel detector structure a and f8 are constant and so
the solution for the equation will be exponential as follows:

n(x)=ng- ela=Prx (2.2)

where,
* 1, : number of primary electrons in the initial position
* o : First Townsend coefficient.
* f: Attachment coefficient.
* x : Distance from the initial position.
Figure 2.2 illustrates the exponential expansion of single-electron avalanches

when a surpasses . As the count of electrons reaches approximately 100, the
avalanche experiences rapid exponential growth.
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Figure 2.2. | Avalanches started by a single electron at x = 0 for @ =13 mm ™! and p=35
mm ™. The exponential growth e @P)I¥ g clearly visible when the number of electrons
is sufficiently large. Figure from [82].
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Figure 2.3. | Waveforms of signals at various operating voltages The typical duration
of the avalanche signal (a, 9.4 kV) is 4-5 ns FWHM. A streamer signal appears 38 ns
(b, 9.6 kV) after the avalanche. The avalanche-streamer delay gradually decreases at
increasing voltages (c, 10.2 kV), and eventually (d, 11.4 kV), the avalanche-streamer
signals combine into a single pulse. Additionally, multi-streamer signals are seen [70].

Let Q be the total charge produced by avalanche process:

Q=ny-e-M (2.3.)
Where:
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* 1, : number of primary electrons.
* M : multiplication factor.
* ¢ : charge of the electron.

An essential component of particle detection with an RPC is the avalanche
process although RPCs can only operate in the avalanche mode (M < 10°) when
the electric field is strong enough. If not, it won’t be able to detect anything
because the signal is too weak (drift-only regime).

Streamer mode (also known as spark mode) is another method to use an
RPC. If the electric field is increased past avalanche mode, this regime can be
attained [70]. Sparks appear when the total charge in the avalanche is close to or
exceeds 10° electrons M > 108)(the so-called Raether limit [83]). Although the
electrode generates a larger (almost 100 times greater) charge, the recharging
process takes more time. As a result, this regime has greater dead time, which
results in a rate constraint.

2.3. Signal formation

The process of signal generation in RPCs is straightforward and is applied in
many gas-filled ion chambers, proportional counters, and even semiconductor
detectors. The signals produced by these detectors result from the movement of
electrically charged particles (electrons) once they are created by the incoming
radiation.

The signal induced by the movement of charged particles on a conductor was
described by the Shockley-Ramo theorem. This theorem originated from the
works of William Shockley in 1938 [84], where he presented a method for
calculating the current induced in a conductor by a nearby moving charge.
Simon Ramo further contributed to this theorem a year later by providing a
more comprehensive and mathematically detailed explanation [85].

This theorem is founded on the principle that instantaneous electric currents
in a conductor, induced by external moving charges, result from the change in
electrostatic flux lines across that electrode. Using Green’s Theorem, Shockley
and Ramo derive the following formula:

E,(R(1) - 3((1), )
% 4

w

i(t) = (2.4.)
Where, v(t) is the instantaneous velocity vector of a point charge g, and Eﬁw isa
weighting field with the weighting potential V,,. The weighting field is calculated
for each electrode by setting it to the potential V,, (Usually 1 V) while all other
conductors are grounded (Figure 2.4). The weighting vector field explains how
much of the charge particle’s motion contributes to the formation of an electric
current in the electrode. It effectively quantifies the electrode’s sensitivity to
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particle motion, offering insight into the overall current generated based on
the movement characteristics of the charge. Note that quantity E_;U /V,, has
dimensions m ™" although equation 2.4 is often cited in a way that drops V,,,
suggesting the wrong V m™ dimensions.

I_1(t) vey
=vo
Q1) ) ] ( 1 ) v=0
@ Qa2 ) E.(x) ' 2
9~ x( 7 — Voo W( ) —
™ T_2(t) ' ™, —7L
Qi ) a ) =
I 3(t) N ——I—;

Figure 2.4. | Visualization illustrating Ramo’s theorem and the concept of weighting
field. It computes the current induced on a grounded electrode by a charge q travelling
along a trajectory.

In a simple case where E_)w (X) =E, , = E,, uniform with x and y components

are equal to zero, and drift velocity of the charge particles are assumed as vy,
in the medium, the current induced i(f) can be written as:

-

E .

-e-N(t) (2.5.)

w

where, e is the charge of the electron and N(t) is the electrons at time ¢.

The Shockely-Ramo theorom mentioned above is only valid if the electrodes are
ideal conductors surrounded by insulators that produce instantaneous currents.
Since RPC detectors have resistive elements, W. Riegler extended the Ramo
theorem to deal with this. More thorough discussion on signal genaration was
discussed in the refernce [86] including the effects from detector geometry.

2.4. Electrodes of the RPC

The electrodes of the RPC have two components. The high-resistivity material
and the semi-resistive (in some references, it is mentioned as semi-conductive)
coat applied to one side of the electrode material. This section gives an overview
of the importance of selecting the electrode material and the semi-resistive
coating.
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2.4.1. Electrode material

There are several factors involved while selecting the electrode material. The
spatial resolution is diminished if the bulk resistivity is too low, as the signal
will extend across the plate. If the resistivity is quite high, it will take longer
for the electrodes to recharge, which is inconvenient for high-rate events. The
resistivity of a material used in RPC should remain stable; otherwise, the
rate capability would be compromised. This issue is caused by the ageing
of a detector, and it affects a large number of RPCs made from bakelite. It
is important to maintain the smoothness of the surface of the electrode since
it improves the noise characteristics of the detector [87]. Usually, bakelite
is coated with linseed oil to obtain a smooth surface. The resistivity of the
materials used at making RPCs are ranging from 10° to 10 Q.cm. Table 1
shows the most common RPC electrode materials, Where ¢, is the relative
relative permeability of the material.

Material Bulk resistivity(Q.cm) | e,
Glass 10" -10" ~7
Bakelite 10" - 10" ~4.7
Doped ceramics (SiN/SiC) 10° ~8.5

Table 2.1. | Properties of the most used electrode materials for RPCs.

Each of these materials has it’s own pros and cons. But due to the low cost
and no ageing effect and low rate capabilities doesn’t affect when dealing
with cosmic muons, we use floating glass for develop RPCs for muography
applications.

2.4.2. Resistive coating

Resistive layers serve a crucial role as indispensable components of RPC
detectors. These layers receive the working voltage and have to distribute
it uniformly across the electrode surface in order to ensure a homogeneous
electric field across the gas gap, and the charge of an avalanche also dissipates
through them. The surface resistivity of these layers is a crucial parameter that
must be precisely adjusted. it should be low enough to ensure uniform HV
distribution and sufficiently high to be “transparent” for the avalanche-induced
signal. If the surface resistivity is less than a few hundred kQ/0O, the induced
signals will propagate through the resistive layers over a large area, resulting
in a large cluster size [88] and if the surface resistivity is excessively high,
however, a large electric potential difference will form along the detector’s
surface. This will decrease the effective working voltage in regions far from the
injection site of working voltage, particularly for RPCs with very large sizes
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and in high irradiation conditions. In this instance, the surface resistivity must
be regulated between several hundred kQ/0 and several MQ/0 [89].Resistive
layer is usually made with graphite, carbon based inks [90] or conductive
sheets.

2.5. Gas Mixture

Aswith RPCs, the gas is, in a sense, the "heart" of a gaseous detector. Particularly,
RPCs necessitate the use of gas compositions with few characteristics for efficient
operation [91] :

e High primary ion-electron cluster density to ensure high detection effi-
ciency.

¢ It should have relevant quenching features in order to reduce the ionization
from UV protons and to avoid the sparks.

* Being electronegative, to reduce the transversal side of the discharges and
improve its localization.

¢ Possibly, it should not be hazardous to human health or the planet.

The first RPC [69] was operated in streamer mode with a mixture of Argon
and butane (50%/50%), a standard mixture use in multi-wire proportional
chambers. This mixture maximized the number of primary charge carriers
freed in the gas by ionising particles and used the Townsend coefficient of
Argon to determine the multiplication and attachment of primary ionisation
electrons. Prior to the discovery of the avalanche mode, the rate capability
of RPCs in streamer mode was a concern due it long propagation time (See
Figure 2.3). To improve performance, the fast charge ratio in signal development
could be increased, reducing the charge induced per avalanche. Studies using
Freon-based quenchers, such as CF;Br, showed that a lower induced charge
could improve rate capability [70]. This led to the discovery of the avalanche
mode, which confirmed that smaller induced charges improved RPCs’ rate
capability.

The typical gas mixture used in RPCs operated in avalanche mode is consist of
following three gases:

1. Tetrafluoroethane (C,F,H,), also known as Freon or R134a, is the predomi-
nant component of RPC gas mixtures, accounting for a typical proportion of
over 90%. It is used due to its high effective Townsend coefficient and large
average fast charge, which permit the detector to operate with a higher
threshold than, for instance, Argon, which has a comparable effective
Townsend coefficient but a lower fast charge. To operate under comparable
conditions, Argon would require a stronger electric field, resulting in a
greater proportion of streamers and thereby limiting the detector’s rate
capability.
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2. Isobutane (i-C,H;,), which is only present in a small percentage of gas
mixtures, is utilised for its UV-suppressing properties, thereby preventing
avalanche streamers caused by UV photon emission.

3. Sulphur hexafluoride (SF;) is utilised in extremely small amounts due to
its strong electro-negativity. The compound absorbs excess electrons, pre-
venting the formation of streamers. However, a percentage of SF, greater
than 1% will not provide any additional benefits in terms of streamer
cancellation power, but will increase the operating voltage [74].

In our muoscope prototype, we are currently using a gas mixture of C,F,H,
(95.4%), i-C4H; (4.5%) and SF4 (0.3%).

Moreover, C,F,H, and SF, are greenhouse gases. Finding a gas mixture that is
less harmful to the environment is the subject of current research [92-94].

2.6. Performances of RPC
2.6.1. Detection efficiency

A RPC’s detector efficiency is primarily determined by gas multiplication.
Variations in the gap’s width can affect the gas’s multiplication. The charge
distribution differs between narrow and broad gaps. For narrow gaps, the
number of events with minor induced charges is always greater than for wide
gaps, where the number remains constant and decreases g;,,; — 0 [95], where
inq 1s the charge induced on the pick up electrode. Figure 2.5 demonstrates
this conduct. Small induced charges necessitate high-quality amplifiers, low
thresholds, and low noise. Therefore, wider distances are more effective,
although higher HVs are needed.

For a signal to be detectable, the gas gain or multiplication must be set high
enough to generate a sufficient avalanche. Electrons initiating an avalanche
across the entire gap width will generate the strongest signals. Avalanches that
began further away from the cathode may not grow large enough to generate a
detectable signal. There is a minuscule chance that the first millimetre closest
to the cathode has no primary ionisation. In this case, the probability of
generating a detectable signal depends on the remaining distance from which
a cluster may form and grow. With a large separation, there is more space for
an avalanche to reach the detection threshold. Wider gaps tend to have a lower
probability of streamers for the same detection efficiency as narrow gaps [95]
because the gain can be set to a lower value in a wider gap. However, wide
gaps have a lower time resolution because the electrons must travel further.
Variations in gap width are significantly worse in narrow gaps than in wide
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Figure 2.5. | Charge spectra for a narrow and wide gap [95].

gaps. Variations in the gap width by 100 micrometres can already result in a
variation in gain by a factor of 2500 for a 2 mm narrow gap [96].

2.6.2. Timing resolution

RPC detectors are well known for their excellent timing resolutions. A sim-
plified way to compute the timing resolution is given in [82]. Let’s consider a
signal - in terms of induced current - of a primary electron inside the gas gap:

ipa(t) =1, - @ 7P (2.6.)

Where I, is the signal current amplitude, exponentially distributed around an
average amplitude and different from event to event. So the time t where signal
crosses a threshold I;;, can be written as,

I
t:;.lnt_h
(a=p)-vp I

s
After the corresponding calculation (See reference [82] for detailed calculation)
the simplified formula for the timing resolution of the RPC can be written as:

(2.7.)

1.28

where,

a : First Townsend coefficient
B : Attachment coefficient

vp : Drift velocity of electrons.

The units of vp is cms™" while the units of a and p are mm™". However the
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units of o, will be in seconds (or nanoseconds after calculations).

2.6.3. Spatial resolution

Spatial resolution in RPCs is typically pretty good (O (1mm)), butitis dependent
on various parameters, most notably the strip width and the mean cluster size,
i.e., the number of strips hit concurrently, both of which are directly connected to
plate resistivity. Indeed, the resistive coating will disperse the signal, reducing
spatial resolution. And if the layer’s resistance is too high, we will have issues
with recharging time and voltage drop. It is then critical to find a balanced
compromised value.

This chapter provides an in-depth look into single gap resistive plate chambers.
However, within the context of our current configuration, our current main
goal is good spatial resolution rather than time resolution. And to understand
the behaviors of gas-tight RPCs detectors.
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Muoscope at CP3/UCLouvain

This chapter describes the construction of mini glass-resistive plate chamber.
This provides information about the first muoscope prototype, including
hardware and software development.

The muoscope consists primarily of two distinct parts: the RPC detector and the
data acquisition system (DAQ). There are 4 identical RPC layers, each hosted
in a gas-tight aluminium box and the DAQ system is integrated with high
voltage power supply. Each RPC consists of two glass plates with a thickness
of 1.1 mm and a gas layer of 1 mm. A uniform gap between the glass plates was
obtained by placing nine-round edge spacers made of polyether ether ketone
(PEEK).The readout board of the RPC is made with sixteen copper strips. Each
strip is 9 mm wide and separated by a 1 mm gap, thus yielding a pitch of 1 cm.
The DAQ electronics consist of two front-end boards (FEBs) borrowed from the
RPC system of the CMS experiment [97,98]. Each FEB can handle 32 analog
inputs channels, each consisting of an amplifier, a discriminator, a monostable
and a LVDS driver. The LVDS outputs of all the FEBs are connected to a
System-on-Chip module, which is installed on a carrier board with a wireless
connection (See Figure 3.1).

3.1. RPC Detector
3.1.1. Detector Casing

The casing for the RPC is an aluminium box, Figure 3.2 with dimensions of
38 cm X 29 cm which has holes for the high voltage connector, gas inlets and
a connector for readout strips. The detector casing is air-tight and in the final
test with a vacuum pump, it reached the leak rate of 10~ mbar.l.s~" and was
considered as air-tight. The leakage tests were done in both CRC, UCLouvain
and UGhent. Every time the detector is opened, a vacuum grease is applied to
the seal.

3.1.2. Glass plate and resistive coating

The glass plates selected for RPC was 20 cm X 20 cm with the thickness of
1.1 mm and ordered from Verrerie Villeurbannaise. The glass plates were
painted with a conductive coating in order to create a semi-resistive layer that
would result in a uniform voltage distribution. CPM10C Colloidal Dispersion,
which contains a colloidal dispersion of antimony-doped tin oxide in water in
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Figure 3.1. | Muoscope at CP3/UCLouvain, The four RPC layers are on the right side,
and the data acquisition (DAQ) system is on the left. The four RPC layers are connected
to the DAQ system with 34-wire ribbon cables. The 14-inch laptop computer is on the
top of DAQ to give the reader an understanding of the size of the full setup.

$10399UU0 \H

Gas inlet 2

Figure 3.2. | Aluminium casing. Figure from [99].

proportions of 20% powder to 80% water, is used to create the conductive paint.
The final mixture of this conductive paint and methanol (which evaporates as
it is painted) contains 3 cc of each ingredient.The glass plates are evenly coated
with a roller after they have been meticulously cleaned. The edge spacers are
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kept out of the active area related to the strip size using a masking tape made
of Kapton tape (See Figure 3.3).

Figure 3.3. | Method to apply the resistive coating on glass plates, (left) Masked glass
plate before applying paint, (middle) Roller used to spread paint, (right) Painted a glass
plate. Figure from [99].

3.1.3. Spacers for gas gap

The gas gap between two glass plates are made with nine round edge spacers
made in PEEK (Polyether ether ketone)(See Figure 3.4). Flat round spacers
with a diameter of 2cm and 1.1mm thick and non-flat spacers are available
to construct the gap between the glass plates. The latter have a thickness of
1.1mm on the outer corona and 3.1 mm on the inner corona, with a diameter of
1.1cm. They are used to wedge the glass plates in the appropriate way due to
their non-flat nature. The second plate is then topped with flat spacers, and
they can be screwed together inside the box. (Holes in the detector casing were
provided for that).

Figure 3.4. | Round edge spacers.Figure from [99].
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3.1.4. Readout board (Version 1.0)

The printed circuit boards (PCB) are made up of 16 strips, each measuring 16
cm in length and having a 1 cm pitch (See Figure 3.5). A jumper is soldered on
the metallic band near the readout. It is positioned there to create a connection
between the readout strips and the high voltage masses. Avoiding large loops
is its main goal. The holes that were bored to secure the PCB with tiny screws
inside the detector enclosure were visible. For connection with a front-end
board, the readout wires are attached to an adapter board. PCB piece is inter-left
between the hole in the detector casing and a metallic piece.

-J

Figure 3.5. | Printed circuit board. Left : Drawing. Right : Physical PCB. Figure
from [99].

3.1.5. High voltage connection

A wire compatible with high voltage is soldered between the HV connector
from the gas-tight aluminium box and the copper strip glued to the resistive
coating of the glass plate, figure 3.6. The same procedure was followed to
connect the ground cable to the glass plate. A Kapton tape is used to insulate
the inactive part of the glass plate.

3.2. Data acquisition system
The DAQ system of the muoscope consists of following sub systems.

¢ Computer

FPGA+CPU module (Trenz Electronic TE0720-03-1CF, Figure 3.10) [100]
¢ high-voltage power supply (iseg DPS mini DPn, Figure 3.8) [101]

¢ CMS Front end module electronics board(Figure 3.8) [98]
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Figure 3.6. | High voltage connection.Figure from [99].

High-voltage controller

Digital to analog converter (Analog Devices AD5316) [102]
Analog to digital converter (Analog Devices AD7417) [103]
I/0 expander for I2C bus (NXP PCF8574AT) [104]

3.2.1. Front End Electronics

The muoscope is consists of two front end electronic boards (figure 3.8
(left))which developed for the CMS experiment [97,98].The electronic board
first amplifies and discriminates the induced signals from the RPC readout
strips, and then sends the digitised signals to the trigger electronics (FPGA)
via twisted pair cables. The total of 32 channels is provided by the four chips
contained in each front-end board (FEB), with each FEB being used for two
chambers. Each channel is composed of an amplifier with a charge sensitivity
of 2 mV/fC, a discriminator, a mono-stable, and an LVDS driver. A single-
channel block diagram is shown in Figure 3.9 Each front-end board (FEB) has
4 chips, containing 8 channels which gives a total of 32 channels. Therefore
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Figure 3.7. | Schematics of the RPC detector with its data acquisition system [105].

one FEB is used for 2 chambers. The discriminators is used to convert the
analog RPC signal to a digital pulse and monostable creates a fixed width to
the discriminated pulse. The LVDS drive convert the digitize pulse to a signal
that could read by FPGA.

Figure 3.8. | CMS RPC front End electronic board (left) and Iseg DSP mini high voltage
supply (right).

3.2.2. High-voltage controller

The high-voltage controller can control up to four high-voltage power supplies.
The DAC and ADC intergrated circuits are used to control and monitor the
output voltage and current of the power supply.
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Figure 3.9. | Single channel block diagram. Figure from [97].

3.2.3. FPGA+CPU module

Figure 3.10 shows the layout of the Trenz Electronic TE0720031CF FPGA+CPU
module. The Xilinx Zynq XC7X020 system-on-chip (SOC), which combines an
FPGA and a dual-core ARM Cortex-A9 CPU on a single integrated circuit, is the
foundation for the Trenz Electronic TE0720-03-1CF FPGA+CPU module.The
coincidence-detecting algorithm and the time-to-digital converter (TDC) are
implemented using the FPGA. The Linux operating system and the data
gathering software can both run independently on the CPU’s 1 GB of memory.It
is possible to communicate to an external computer using either the on-board
Gigabit Ethernet interface or a USB-connected WiFi module. The SD card is
used to contain the Linux operating system, the FPGA configuration files, and
the data acquisition software during data acquisition runs.

memory
DDR3
SDRAM

)

SD card

Ethernet
cable |GbEPHY
OOO0OCO | Marvell | <=
88E1512|

CPU
ARM
Cortex-A9)

=1

FPGA
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AN | Wi

A

Xilinx
7 series

module

Xilinx Zynq
XC7Z020

Figure 3.10. | Structure of the FPGA+CPU module [105] (left) Physical view of the
module (right).

3.2.4. 12C Bus

All controllable integrated circuits on the high-voltage controller and on the
front end modules are connected to the same I°C bus which is controlled by
the CPU on the FPGA+CPU module.
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3.3. Software Layer

As previously mentioned (In Section 2.3),information is acquired by detecting
the electrical signal produced by the avalanche of ion pairs inside the gap.
A time window of 80 ns opens up after a pulse is detected, and all pulses
that occur during this time are added (OR-operation between all channels
combined). Pre-amplifiers must be utilised to make up for the relatively weak
signals acquired in the avalanche mode due to the low electric field. The
front-end electronics are located there; they are the electronics that enhance
the RPCs’ incoming signal and transform it into a logical signal.
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Figure 3.11. | Software subsystems of the data acquisition system.

As shown in the figure 3.11 there are few subsystems in the logical layer. The
external computer is used to connect to the DAQ via Ethernet port or WiFi.
There is a GUI to control the DAQ), or it can be done using command lines via
the terminal. The computer sets the threshold and mono-stable values for data
acquisition and the high voltage value, and also monitors set values. After
getting commands from an external computer, the CPU inside the DAQ sends
HYV values to the high voltage controller, threshold and monostable values to
CMS FEE (See section 3.2.1), and configures the FPGA for data acquisition.
After data acquisition starts, the CPU monitors the acquisition and stores the
data on the SD card.



External scintillator trigger

In the first prototype of the muoscope, there was no trigger system to start the
data acquisition process. It was operated in self-trigger mode, which starts
the data acquisition when there is a hit in the first layer of the RPC stack
(typically Chamber A or the top layer). But with this configuration,It is difficult
to properly characterise the RPCs and understand their performances in the
assessment of large noise.

This section gives a detailed discussion about the external scintillator setup.

4.1. Design and production

The basic idea of the external scintillators was to place them top and bottom
of the muoscope. So initially two identical scintillators were designed and
produced. The main features of the trigger setup are follows:

¢ Portable, to be used out door if needed.
¢ Should cover the active area of the RPC.
* The Photo multiplier tube (PMT) could be powered with low voltage.

With all the key features mentioned above, the final design included following
features:

* A plastic scintillator (16 cm X 16 cm X 2.9 cm).
* Ablack plastic housing with mounting mechanisms for PMT, (See figure 4.1)
¢ Hamamatsu H11411 Photo-multiplier tube.

4.1.1. Housing for Scintillator

The housing, a plastic box for the plastic scintillators, was designed by Nicolas
Szilazi (The mechanical engineer of CP3). The cross section of the housing
is in the figure 4.2. The white box is the plastic scintillator hosted inside the
box. Four plastic pillars are placed on the bottom corners of the box, and a
rectangular piece is mounted to the cap of the box to hold the scintillators. On
one side, a hole with a diameter of 6 cm is connected to a 3D-printed frame to
mount the Hamamatsu H11411 PMT. The bottom of the housing has four holes,
which match the holes in the aluminium box (Figure 3.2), so the scintillators
would be exactly on top of the active area of the RPC. In order to mount the
PMT properly, a spring mechanism is used with long screws (see figures 4.2,
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Figure 4.1. | CAD model of the external look of the final design of the external trigger
setup.
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Figure 4.2. | The cross section of the housing for the trigger scintillator.

4.1.2. Hamamatsu H11411 Photo-multiplier tube

The H11411 is a photomultiplier module that combines a high-voltage power
supply circuit with a 51 mm diameter head-on photomultiplier tube. With a 46
mm diameter effective photo-cathode area. As this PMT is integrated with a
high-voltage supply, to control the gain, it only needs a control voltage supply
varying from 0.5 V to 1.8 V. The exact control voltage has to be calibrated with
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the experimental data. The photocathode is sensitive to light with a wavelength
of 300 nm to 600 nm. A circuit was designed with a potentiometer to power
the PMT and set the control voltage (see section 4.1.3).
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Figure 4.3. | The Hamamatsu H11411 photomultiplier module (left) and the gain of the
PMT with respect to the control voltage (right) [106].

4.1.3. Potentiometer board for PMT

The purpose of this unit (Figure 4.4) is to power up the PMT and adjust the
control voltage of the PMT. It consists of two banana female connectors, which
could power the system with a power supply of +15 V and a 67WR500KLF
trimmer potentiometer [107] that could be adjusted by a screwdriver in order
to change the control voltage of the PMT and a 71251-040/0800 DIN female
connector [108] which is compatible with a DIN 4 male connector. This was
designed and produced in the CP3 Electronic lab. There is a pin to monitor the
control voltage via voltmeter.

4.1.4. Assembly process of the trigger system

The system was produced and assembled over the course of several steps. In
the first stage, two plastic housings were created, and two plastic scintillators
were cut to specific measurements, polished for greater light transmission, and
examined with RPCs for any light leaking through corners. This was done in
the Cyclotron workshop at UCLouvain.

Next, white reflecting sheets were wrapped around the polished scintillators,
excluding the hole for the PMT, to improve the scintillating light’s reflection
towards the photocathode. The little pillars were affixed to the plastic box’s
bottom corners to ensure that the scintillator was positioned correctly.
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Figure 4.4. | (a) potentiometer board with banana connectors (red and black color)
and DIN female connector, (b) rear view of the board, (c) DIN 4 male connector, (d)
71251-040/0800 DIN female connector.

The photocathode was treated with optical grease in the final phase, and the
PMT was fastened to the box with long screws. Optical grease is used to
improve optical contact between the PMT’s scintillator and photocathode. The
box’s cover is put in place and fastened using 16 nuts and bolts after the PMT
has been fixed. Black tape was used to seal up all edges to prevent light from
passing through. The final product is shown in figure 4.5.(d). Two identical
systems were assembled.

4.2. Testing and Calibration
After assembling the two scintillator detectors, the next stage is to calibrate the
system and evaluate the output signal of the PMT for cosmic muons.
There are 2 main key calibrations to be done before introducing this trigger
system to the muoscope.

¢ Control voltage calibration.

* Threshold calibration for the discriminator.

¢ Efficiency of two scintillators.
For this, the following modules and instruments were used.

e QL355TP dual channel power supply. [109]

* LeCroy quad discriminator (Model 821CS) module

¢ LeCroy quad coincidence (Model 622) module
CAEN N415A 8 Ch autowalk constant fraction discriminator(CFD) [110]
* Dual timer (IPC type 2255 series)
Two dual scalers (IPC type DS2)
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Figure 4.5. | Assembly process of the external trigger.

¢ Preselection timer counter

* NIM power supply (IPC NPS 100)

¢ Teltronix TDS 3014 four channel digital oscilloscope [111]
e LEMO cables and onnectors

¢ delay module

¢ Two Hamamatsu R9800 PMT + 10 cmXx 10cm scintillators
e CAEN HV supply

4.2.1. Initial signal test

Two scintillators were named "top (A)" and "bottom (B)" to distinguish them
separately. Then both top and bottom were powered by the QL355TP dual-
channel power supply, which has two separate voltage outputs. The control
voltage was set to 1.75 V (the reference value of the data-sheet [106]) for each.
The output of the PMT was connected to the Teltronix TDS 3014 four channel
digital oscilloscope using a standard LEMO connector. The signal observed for
the cosmic particles is shown in figure 4.6.
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Figure 4.6. | Oscillogram of the scintillator signal of Top(A) PMT . The input impedance
of the oscilloscope is 50€) , voltage scale is 200 mV /square, and the time scale is 40
ns/square. The trigger of the oscilloscope is set to -380 mV.

4.2.2. Coincidence circuit

The coincident circuit was designed with two PMTs in order to evaluate the
trigger system’s performance. Two scintillator boxes were kept one above the
other as in the figure. The readout was created using NIM electronics for ease
of use. Figure 4.9 depicts the circuit diagram of the coincidence circuit with
two scintillators and a PMT arrangement. After initial PMT signal testing, the
two signals are sent to the LeCroy quad discriminator (Model 821CS) module
for digitization. However, it has been determined that PMT B is faster than
PMT A, so the signal from PMT B must be delayed. Nevertheless, the time
delays span from 15 to 35 nanoseconds and are not stable. A delay of 18-20 ns
was obtained after using the CAEN N415A 8 Ch autowalk constant fraction
discriminator (CFD) (see figure 4.8(left)).

The signals are in the same time window after the delay has been adjusted (See
figure 4.8). Then, the coincidence module was provided with two signals. The
coincidence window’s time window was adjusted to 70 ns (Figure 4.10). And
the setup is ready for the calibration of control voltage.

4.2.3. Calibration of control voltage

In counting applications in which the photomultiplier signal is analysed by a
discriminator, a straight forward method for determining the working voltage
is to conduct a so-called plateau measurement. This entails measuring the
total count rate from the counter-discriminator as a function of the applied
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Figure 4.7. | Orientation of two scintillator setup for coincidence measurements.
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Figure 4.8. | Analog and digitized signal before the delay. Blue and green lines are
digitized signal using discriminator (left). The two digitized signals with delay of 20ns
in the digitized signal (green) of PMT B (right). control voltage was set at 1.75 V and
threshold of the discriminator was at- 1.5 V.

photomultiplier voltage, similar to the plateau curve for Geiger counters [112].
With the external trigger setup (Schematics in figure 4.9) and an additional
timer the number of coincidence were taken for 2 cases, while threshold value
of the discriminators were set to following values. The experimental setup was
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Figure 4.10. | Coincidence window (pink) of 70 ns with two digitized signal from PMT.
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changed w.r.t setup in figure 4.7, by changing the distance between 3 scintillators
for maximum solid angle. The experimental setup is in the Figure 4.11.

Table 4.1. [ Setup values of each NIM unit.

PMT | (Threshold + 0.001)/V
A 1.062
B 1.042

Case 1: The control voltage of the PMT A was set to 1.8 V, which is the upper
limit for the H11411 PMT. Then the total number of coincidences between two
PMTs was counted for 100 seconds while changing the control voltage of B
from 0.5V to1.8 V.

Case 2 : The control voltage of the PMT B was set to 1.8 V, which is the upper
limit for the H11411 PMT. Then the total number of coincidences between two
PMTs was counted for 100 seconds while changing the control voltage of A
from 0.5V to 1.8 V.

NIM electronics for

counting

s

Figure 4.11. | Setup for the calibration for the control voltage.

The control voltages were measured from the plateau of the graph of control
voltage vs coincidences (See figure 4.12).

Control voltage of A =1.25 V (middle point of the plateau)
Control voltage of B = 1.25 V (middle point of the plateau)



50 External scintillator trigger

Coincidents
—— PMTA
—— PMTB

450

400

350

Coincidents per 100s

300

250

200

150

100

50

van

0.8 1 1.2 14

. N

o
o

6 1.8
Control voltage [V]

Figure 4.12. | Graph of control voltage vs the coincidences counts for both PMTs. The
lower limit of plateau of B, 1.05 V and upper limit is 1.4 V. The lower limit of plateau of
A, 1.15V and upper limit is 1.4 V.

4.2.4. Calibration of discriminator threshold

After fixing the control voltage to 1.25 V, the next test was done to find the
optimal value for discriminator. The experiment was done in two cases:

Case 1: The discriminator threshold of the PMT A was set to - 0.3 V (which
corresponds to -30 mV), which is the lower limit of the LeCroy quad discrimi-
nator (Model 821CS) module. Then the total number of coincidences between
two PMTs was counted for 100 seconds while changing the threshold value of
discriminator of PMT B.

Case 2 : The discriminator threshold of the PMT B was set to - 0.3 V (which
corresponds to -30 mV), which is the lower limit of the LeCroy quad discrimi-
nator (Model 821CS) module. Then the total number of coincidences between
two PMTs was counted for 100 seconds while changing the threshold value of
discriminator of PMT A.

The coincidence plot can be seen in the figure 4.13 the counts don’t vary
dramatically from -0.3 V to -1 V, so we decided to use -0.5 V as the threshold
value.

4.2.5. Efficiency of PMTs

Since the threshold value and control voltage of the PMTs are fixed, the next
step is to calculate the efficiency of the PMTs separately. For this purpose, two
sets of Hamamatsu R9800 PMT + 10 cmx 10cm scintillators were used. The
setup is simple. Both Hamamatsu R9800 were already calibrated for the high
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Figure 4.13. | Graph of discriminator threshold vs the coincidences counts for both
PMTs.

voltage and threshold values. For ease of use, they were named "Top" and
"Bottom", which are placed at the top of trigger setup A and below trigger setup
B, as in figure 4.14. The LeCroy quad discriminator (Model 821CS) module
was used to set the signal threshold for both PMTs. High voltage was supplied
by the CAEN HV module.

Table 4.2. | Setup values of PMT units for efficiency calculation.

Scintillator+ PMT Threshold/V | High voltage/V
Top (10cmx 10cm) -0.4978 1450
A (16cmx16cm) -0.5018 1250%)
B (16cmx16cm) -0.5006 1250%)
Bottom (10cmXx 10cm) -0.5030 1450

) This is the high voltage corresponding to the control voltage of 1.25 V in PMT [106]

The coincidence circuit was made as similar to the section 4.2.2 for coincidences
between the following detector configurations.

¢ Coincidence between Top and Bottom

¢ Coincidence between Top, Bottom and A

* Coincidence between Top, Bottom and B

Timer was set to 30 minutes. The total counts were recorded and efficiency was
calculated.
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Figure 4.14. | Arrangement of PMT for efficiency measurement of the two scintillators.

Table 4.3. | Experimental values for efficiency calculation

Top & Bottom | Top & Bottom & A | Top & Bottom & B
counts 169 156 153

o Top N Bottom N A o
Efficiencyy(e,) = Top 1 Bottom x 100% (4.1)

. Top N Bottom N B o
Ef ficiencyg(ep) = Top 1 Bottom x 100% (4.2)

Table 4.4. | Efficiency of PMTs

Scintillator + PMT | Efficiency(%)
A 93.30 + 0.92
B 90.53+ 1.11

4.3. External Trigger with RPC

Implementing the external trigger system within the RPC was the next step
for the system. Before connecting it to the muoscope’s data acquisition system,
the delay between the RPC and PMT signals is measured, as the RPC signal is
faster than the PMT signal.

There are two unused I/O pins in the FPGA [100]; two wires were soldered to
the FPGA board to be used as inputs for the signals of two PMTs. The signals
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of the PMTs were discriminated by the CAEN CFD module [110]. Then the
discriminated signal was fed to the timer module to use it as a monostable. The
monostable signal was converted to an LVDS signal using an LVDS drive to
feed it to the FPGA in the DAQ system.The 2 signals from monostable unit and
LVDS units are shown in the Figure 4.16.

Figure 4.15. | Three modules used for connect external trigger to DAQ (left). The
electronic setup DAQ system with external trigger (right).

In the DAQ software, the 2 least significant bits of the time buffer was used to
store data from 2 PMTs. The mono-stable value was set to 40 ns after verifying
the signal was acceptable for FPGA in DAQ (Figure 4.16). The PMT counts
were performed on the same data set using both a DAQ and an external NIM
counter to confirm the system’s functionality. The data in the Table 4.5, verified
the DAQ system reads PMT counts properly.

Table 4.5. | DAQ and External counters hits.

Counter Top PMT | Bottom PMT | coincidence
DAQ 2470 3511 614
NIM Ex. counter | 2474 3512 614

The changes made with the DAQ programs to implement the external trigger
is discussed in the performance study section.
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Figure 4.16. | Oscillogram of the LVDS output and monostable output. In the channel 1
(Yellow), it shows the output from monostable and in channels 3 and 4 (blue and green
respectively) shows to output from 2 lines of LVDS module.
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5.1. Surface resistance and Surface resistivity

"Surface resistance and surface resistivity, also referred to as sheet resistivity,
are characteristics of materials typically used to describe insulators or semicon-
ductors. These two concepts can be confusing at times. In this section, we will
provide a brief introduction and explanation of both surface resistivity and
surface resistance because they play a significant role in the production of RPC.

U
L

AN

material with
thickness, t electrodes

Figure 5.1. | Basicsetup for surface resistance and surface resistivity measurement [113].

Surface resistance, R, is defined as as ratio of a DC voltage U to the current, I
flowing between two electrodes of specified configuration that are in contact
with the same side of a material under test (Figure 5.1) [113].

R == (5.1.)

And surface resistivity p, is determined by the ratio of DC voltage U drop per
unit length L to the surface current I; per unit width D.

ps = (5.2.)

Ol =S
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From the equations 5.1 and 5.2, it is obvious that the physical units of both
surface resistance and surface resistivity unit are same Ohm ((), in order to
distinguish between the both, the surface resistivity is frequently stated in
Ohm/square(Q/0), which is not a valid unit from the dimensional point of
view.

The concepts of current density (J) and surface current density (J,) is useful when
deriving a relationship between the surface resistance and surface resistivity.
Consider the two samples made of same material with different dimensions
(Figure 5.2), the current flow through two sample is different under the same
voltage, U. But when the voltage remains constant, the current passing through
a unit area perpendicular to the flow direction remains the same.

()
‘\_j {LT‘
) o/
D _~material L
- material
- D """" \' """ J0/2
””” I‘Di’?””""”"
) = - electrodes
elecirodes

(a) Sample #1. (b) Sample #2.

Figure 5.2. | Current density [113].

The current density (J) can be expressed as following when the voltage keeps
at constant value:

J=< (5.3)

Where [ is the current following and S is the Surface area perpendicular the
flow and ] is measured in A-m 2. Let’s consider the Figure 5.1, since both
electrodes are in the same side, it’s assumed that current only flows through
the surface. In reality current passes through the bulk of the material, but we
consider extremely thin material (Where, t << D), so the thickness can be
neglected. So the surface current density (J,) is defined as:

I

Js = i) (5.4

where D represents the width of the electrode, while ¢ corresponds to the
thickness of the material used to measure the surface resistance.
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5.1.1. Surface resistivity and surface resistance
measurements using concentric ring probe

By determining a surface current density in the space between rings, it is
possible to determine the relationship between surface resistivity and surface
resistance for a concentric ring probe design. The electric field intensity
between the electrode rings can be calculated from the surface current density
(Figures 5.3(left)). Where,

n

D

Figure 5.3. | Surface resistivity and resistance measurement configuration for concentric
electrodes (left). Concentric ring probe (right) [113].

R1: Outer radius of the center electrode. R2: Inner radius of the outer electrode.

Surface current density (J,) of the concentric ring electrodes can be written as,
I, is the surface current.

IS

Js = (5.5.)

T 2nmr

radius r varies from R1 to R2. The relationship between a current density |
and an electric field intensity E is described by Ohm’s law. Also valid surface
currents:

E
Js=— (5.6.)
TP
From equations ( 5.5) and ( 5.6). the E could be written as,
IDSIS
E=Lss 7.
2mr (6.7.)

The voltage (Ug; g,) between electrodes can be found by integrating the electric
field E from R1 to R2:
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R2
uRl,RZ = / Ed?’
R1

R2
_ [ ek, (5.8)
Rl 2mr
psly . R2
B P
2n 'R1
we can write that, u
Rs = Z (5.9.)
From equations ( 5.8) and ( 5.9;)
P, R2
R.,=—=2In— 10.
T 2r 'Rl (5.10.)

After the equation is rearranged, the surface resistivity is related to the surface
resistance by a constant that depends only on their shape or geometry.

k (5.11.)

We could purchase probes on the market that are made to have a k value with
a straightforward integer. The probe we use at CP3 Lab, for instance, has a
coefficient factor of 10.

5.2. Resistive Plates version 1.0

These are the plates used in the first prototype of muoscope. The resistive
paint is coated in by a hand roller in CP3 lab. The detailed description of
the production of the resistive coating on the glass plate is included in the
section 3.1.2. As seen in the figure 3.3 the resistive coating is not uniform,
and so the resistivity of the glass plates was not uniform. This results in a
non-homogeneous electric field in the air gap and affects the behaviour of the
RPC.

5.3. Resistive plate version 2.0

The 1°' generation of resistive plates (version 1.0) has a tendency to provide some
unfavourable non-uniformity in the coating quality (layer thickness, resistivity
value), which is known to have a negative impact on gRPC performance.The
second version of resistive plate was done using a method called Serigrphy at
CEA, Saclay in France.

In serigraphy, also known as screen-printing, paint is transferred using a
mesh to a surface, in the current instance, glass plates, with the exception
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Figure 5.4. | Production process of the resistive plate in Serigraphy Method. (a)
Cleaning glass plates with methanol before placing in the serigraphy machine. (b)
Mixing two components of the resistive paint. (c) glass plates are placed in the
serigraphy machine. (d) Placing painted glass places in the oven. (e) Poured paint on
the mesh of the serigraphy machine. (f) painted Kapton sheets (g) glass plates after
painted. (h) Measuring the surface resistance.

of the parts where the stencil has been blocked to prevent the paint from
penetrating. We recently acquired glass plates with uniform resistive layers
using the Saclay, France, CEA facility. Making the conductive compound, or
paste, is the initial step in applying coating with serigraphy. To generate this
paste, conductive EDAG PM 404 and the neutral EDAG 6017SS component were
combined. By altering the quantity of conductive component in the mixture
and measuring the ensuing surface resistivity, which is shown in conjunction
with an exponential fit in the Figure 5.5, it is possible to identify the precise
amount of each component in the mixture. 10.5% conductive component was
added to the formulation for our glass plates to achieve a surface resistance of
2 MQ/0. After the mixture is prepared, serigraphy is done on a kapton sheet
before moving on to the glass surface. The glass is then cured for 4-5 hours
at 180°C in a oven. Nine separate locations in the glass were used to test the
surface resistivity; a sample measurement is displayed in figure 5.6.

5.3.1. Long term study of the surface resistivity

We produced 8 glass plates with 2 MQ/0 and studied the variation of surface
resistivity for a long term. The surface resistivity was measured in 9 different
places in the glass plate (See 5.12(right)) and the temperature and humidity of
the lab was measured when the resistivity was measured.



60 Resistive plate production

Resistivity measurement in Glass
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Figure 5.5. | Surface resistivity (in MQ)) as a function of conductive component of the
paste (in%). The black data points are used for fitting, resulting in the solid red line
with equation R = 13.94.e 1?2, This graph is used to determine the quantity of the
conductive component needed to achieve a specific desired resistivity.

Figure 5.6. | Surface resistivity (in M(Q/0) measurement for one of the glass plates
at 9 different locations. In color code 1 represents the highest value of the resistivity
measurement in the plate.

Being interested in long-term variations of surface resistivity, eight selected
glass plates are being measured since February 2020 in order to check the
stability of the resistivity with the time and with respect to the environmental
conditions, i.e. temperature and humidity. We present out data in figure 5.7.
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Figure 5.7. | Evolution with time of the following observable of interest. Top: average
surface resistivity of eight selected glass plates. The vertical bars represent the standard
deviations of the measurements at nine different locations on the same plate. Middle:
ratio, for each of the same glass plates, between the resistivity at the center and the
average resistivity of the other eight locations. Bottom: temperature and humidity as
measured externally (i.e. data from the local weather casting) and internally (i.e. data
from an internal Arduino-based sensor).

The large gaps in the time axis are due to Covid-19 pandemic lockdown in
Belgium, that limited the access to our laboratory.

The top panel shows, for each glass plate and for each time, the average and
standard deviation of the nine different measurements. A clear upward trend
is visible with time. Given the interest in spatial uniformity, in the middle panel
we show the ratio of the surface resistivity of the central region of each plate to
the average of the other eight regions of Figure 5.12(right). Unlike the increasing
trend in the overall surface resistivity, the fact that these ratios have been more or
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less constant so far is rather reassuring, as it indicates that non-uniformity does
not increase with time. Finally, in the bottom panel,it shows the humidity and
temperature at the time of resistivity measurement. Initially, the temperature
and humidity from the local weather casting (‘external’ measurements, in
black) could only be taken, and then, for the last six months, the temperature
and humidity during the resistivity measurements themselves were able to be
measured using an Arduino-based sensor (‘internal’ measurements, in blue).

The new RPCs were assembled in beginning of the year 2022, so the resistivity
data are only available upto December 2021.

5.4. Resistive plate version 3.0

Due to the cost and difficulty of accessing a serigraphy printer, the next set of
resistive plates developed in the CP3 lab. Both the serigraphy technique and
the hand-painted technique used in the initial prototype provided inspiration
for the production process.

The goal is to finish production domestically. Glass plates of various thicknesses
and surface resistivity ranges can be tested. The entire production process is
explained in this section.

5.4.1. Instruments and Materials

We are using few different instrument and material in this process. A detailed
description is provided below.

Glass Plates

The glass plates with three different thicknesses were bought from "VERRE
INDUSTRIE" with a size of 20 cm X 20 cm and different thicknesses of 0.7 mm,
1.1 mm and 2 mm.

Resistive paint

There are 2 different components for the resistive paint:
* Conductive ink - LOCTITE Electrodag 60175S
* Non conductive ink - LOCTITE Electrodag PM 404

The mixing of these 2 components in different mass ratios will allow to obtain
certain resistive values. m,
r,=—-"'— (5.12.)
m, +m,
where:
® r.-mass ratio
* m, - mass of conductive ink

* m, - mass of non-conductive ink
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The reference values for different compositions are given by the manufactures,
see figure 5.8.

Electrodag 6017SS | Electrodag PM-404 (@ 25pm dry coating
(% by weight) (% by weight) thickness

100 0 35

90 10 50

80 20 70

70 30 105

60 40 170

50 50 290

40 60 675

30 70 2160

25 75 4500

20 80 35,000

10 90 >1e9

Figure 5.8. | Blending ratios of LOCTITE EDAG PM 404 E&C and EDAG 6017SS, Dried
5 minutes @ 120 ° C, QQ / O [114].

These two components are specially designed for the screen print method, so
we have to adapt the composition for painting with a hand roller. The idea
is to make plates with 500 KQ / O, surface resistivity. So with the data in
the Figure5.8, the r, value we expected is less than 0.2, and we decide to test
different values and also different techniques for painting.

Thinner

2-butoxy ethyl acetate (butylglycol acetate) is used as the thinner for the two
components.

Mixer

One of the most important steps in the procedure is the mixing of the two
components (and thinner, if required). Therefore, we choose to combine the two
components using a vacuum mixer called the SmartMix X2, which is commonly
used in the dental sector. The specialty of a vacuum mixer is that it generates a
vacuum in the container while mixing, preventing the formation of air bubbles
during mixing, which results in paint that is homogeneous. There are different
containers for this machine with different volumes from 100 ml to 1 litre.

This machine is programmable for few parameters.

¢ Name - P02
¢ Mixing time - 5 minutes
* Mixing speed - 350 rpm
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* Pre-mixing time - 20 seconds
* Pre-mixing speed - 150 rpm
* Pre-vacuum - 10 seconds

The machine can be programmed for 10 different presets, we set the mixing
time from 10 seconds to 5 minutes. The speed of the mixing blade can be
adjusted from 150 rpm to 550 rpm. The function of pre-mixing is to mix before
fast mixing at a lower RPM. Pre-vacuuming creates a constant vacuum before
the mixing process.

Oven for curing

The lab oven, UF750plus, was obtained for the "cooking" process of the glass
plates after painting. This oven could be controlled over a computer or remotely
via the internet and monitor the temperature in real time with an interface
connected via the internet. The temperature deviation is less 2% for 120 ° C
and there is an integrated fan to circulate the temperature inside the oven so
the glass plates will cook evenly.

5.4.2. Painting Procedure

The painting procedure is done in few steps.

Step 1: Cleaning glass plates.

The glass plate is cleaned with Ethanol and dried with micro-fiber cloth.
Step 2: Making the resistive paint.

The scale was set to zero after the mixing container placed on it so that we can
measure the precise amount of paint. We used a syringe to add the two halves
of each paint ingredient. Before pouring the paint into the plastic containers,
they were thoroughly agitated.

The cover with mixing blade was placed in the beaker after precisely measuring
the masses of both components, and the blade was then fastened to the mixer.
Using the preset p02 in SmartMix X2 (mentioned in section: 5.4.1), components
were blended.

Step 3: Painting

After the completion of the mixing process, the beaker was removed from the
SmartMix X2 and left for 15 minutes to settle before the weight of the empty
syringe was measured. The mixture was then extracted with the syringe, and
the weight was noted.Following that, as seen in the figure 5.10(a), the paint was
poured on the glass plate. The paint is applied on the glass plate uniformly
using the roller until there are no more holes in it. After painting, the glass
plate’s weight was measured and it was then baked for five minutes at 120°C.
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Figure 5.9. | (a) Measuring the wights of the component. (b)SmartMiX X2 mixer while
operating. (c) Two components of the resistive paint.

Naming the resistive plates

The resistive plates should be carefully labelled for later identification and
testing after being cooked. Four key elements were written on the plate, as seen
in the figure 5.12 left). The plate’s name or identification number can be found
in the bottom left corner. The resistive mixture’s composition is then recorded.
There, the first number indicates the proportion of PM404, and the second
number indicates the percentage of 601755’s composition. The following value
indicates the paint coverage on the plate as determined by the measurements
made before and after painting. When measuring resistivity, the final dot
represents the ninth position.

Calibration of mass ratio

The calibration of the mass ratio 5.12 for surface resistance of two components
were done after the resistivity was measure for different compositions. The
plot in Figure 5.13 shows the calibration curve of the mass ratio (r,) 5.12. Note
that the values in horizontal axis is (1 - 7,.).

After the calibration, we produced resistive plates with ~ 500 kQ/ 0 and placed
in a controlled environment for study the surface resistivity variation with
time.
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Figure 5.10. | (a) Fixed glass plate with poured paint. (b) painting the plate with the
hand roller. (c) Painted plate before cooking.

Figure 5.11. | UF750plus lab oven (left). Painted glass plates placed in the oven for
curing (middle). The cured plates stored in a white room after measuring the resistivity
(right).



Painting Procedure 67

1 2 3
4 5 6
7 8 9
.

RP 001 85% - 15% ~29 .

Figure 5.12. | Sketch of glass plates with labeling (left). Nine positions used to measure
the resistivity of the paint (right).
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Figure 5.13. | Surface resistance as a function of 1 - r,. The blue points denote experi-
mental data points and red line is the linear fit. With equation of R =20.5.(1-r,) —17.2.
This graph is used to determine the quantity of the conductive component needed to
achieve a specific desired resistivity.
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Chapter

Readout boards

There are a few different signal readout boards that have been used in the
muoscope project so far. The pitch and width of the all readout boards are 1 cm
and 0.9 cm, giving a gap of 0.1 cm between two consecutive strips. And each
board consists of 16 strips due to the limitation of readout channels in the DAQ
system. Because the current DAQ only have 64 inputs and we need minimum
4 RPC for tracking a path of a muon. They were named in the chronological
order of the production. The key factors for using each readout board and their
differences will be covered in this chapter.

6.1. Readout version 1.0

This is the readout board used in first prototype of the Muoscope. The detailed
description about this readout board is included in the section 3.1.4. The
absence of a protective coating caused the copper strips to deteriorate over time
(See figure 6.1). And after opening the chamber, it was clearly visible that we
needed new readout board.

i
i

Figure 6.1. | Readout board (V1.0) from with a degraded copper strips.
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6.2. Readout version 2.0

The next readout board, which named as version 2.0 is a handmade readout
board. There were few doubts regarding the RPC readout board’s signal
transmitting lines and connector.

6.2.1. Production

The next readout board was made with the same dimensions as the readout
version 1.0. The printed circuit in version 1.0 is reused. So, the drilling holes
for fix the resistive plates is not needed. For the readout strip, adhesive copper
tapes with 9mm width is used. The gap between two strips were kept at Imm
in order to get a 1 cm pitch. Following are the major steps of production:

Step 1

There were few spared readout boards from the first muoscope prototype.
They were already damaged as in Figure 6.1. The first step was to remove all
the copper tracks and 34 pin male connector. The connector was removed by
desoldering all the pins using a soldering iron and desoldering pump. Then
all the copper tracks were removed using a sharp blade. Then all the PCB was
cleaned.

Step 2

The next step was to mark the tracks on the plate so the adhesive copper tape
could be aligned properly. After marking all the tracks on the plate, The copper
tapes were placed on the marked tracks. and copper tape was place on the
back side of the PCB perpendicular to the tracks in one side of the PCB in order
to use as common ground connection of the readout strips.

Step 3

In the next step a 34 pin female connector (17 pairs of signal and ground) was
made with flat cable with a length of 10 cm. Then signal/ground pair was
soldered to each strip while the both cable from 9th pin was soldered to the
ground (It's the ground pin in CMS FEB).

Step 4

In the final stage, all the connections were checked using multi-meter to ensure
soldering were properly done and to make sure no any grounding errors.

The few steps of the production process is shown in the figure 6.2.

6.3. Readout version 2.1

Version 2.0 of the readout board has been upgraded to version 2.1. We
discovered that the impedance mismatch between RPC, the signal transmission
line (a 34-pin flat cable) from RPC to DAQ, and the internal impedance of the



Simulation study of reflection 71

Figure 6.2. | Placing copper adhesive tapes on the marked tracks on the cleaned PCB
(left). The 9 mm wide readout strips with 1 mm gap after removing excess tapes from
top and bottom of the PCB (middle). Final readout board with soldered flat cable (right).

DAQ FEE caused the reflection of the signal, which resulted in noisy data reads
from V2.0 in DAQ.

6.3.1. Simulation study of reflection

A simulation study was done with LTspice simulation software to understand
about the signal reflection. LTspice is a strong, quick, and free SPICE simulator
software, schematic capture, and waveform viewer that includes upgrades
and models for enhancing analog circuit simulation. Its graphical schematic
capture interface allows you to probe schematics and generate simulation results,
which can be further investigated using the built-in waveform viewer [115].
The figure 6.3 shows the simulation setup of the LTspice used to investigate
reflection.

Strip_impedence Td=15n Z0=110

R2

Lo
T+

3l 48

=
(=]
=l

. trapsmit_wire
Noise Signal R1

10k

=

<H

~

Figure 6.3. | The sketch of the RPC (with readout V2.0) and DAQ with components
related to impedance. In the RPC side, The signal mimics the RPC signal and random
noise was implemented on the top of the signal. The resistor name as "strip impedance”
denotes the impedance of one readout strip. The transmit wire denote one pair of cables
of flat cable and Td is transmission delay corresponds to the length of the wire (~ 5ns
per 1m) and wire impedance is denoted by Z0, The values are from [116]. The input of
CMS FEB are from [98], in the DAQ section.
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Figure 6.4. | Simulated signal with reflection on the RPC end.

In the figure 6.4, the horizontal axis is the time, and the vertical axis denotes
the voltage. The first peak on the negative side of the voltage axis is the actual
signal, and the other peaks at 30 ns and 60 ns are from reflections. These
reflections didn’t cause noise in the DAQ system.

Figure 6.5. | Simulated signal with reflection on the DAQ end.

In the figure 6.5, the horizontal axis is the time, and the vertical axis denotes
the voltage. The first peak on the negative side of the voltage axis is the actual
input signal, and it appears 15 ns after the signal is produced from the RPC
(which corresponds to the transmission delay of the wire). Other peaks at 45 ns
and 75 ns are from reflections. These reflected signals can be detected by DAQ
electronics and cause false counts. This reflection appeared in the system due
to mismatching of the impedance of the system and mainly the transmission
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line [117]. This can be minimized by terminating with proper resistors. 100
Q) resistor is used to terminate the RPC end of the wire as in the simulation
sketch in figure 6.6.

RPC DAQ

Strip_impedence Td=15nZ0=110

L0

Il R2
[

—
o
=

Ly 48
100_>Termination  transmit_wire
Noise Signal R1

10k
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Figure 6.6. | The simulation sketch with 100 Q resistor between signal and ground
wires of the RPC strip. The rest of the setup is same as in figure 6.3.

Figure 6.7. | Simulated signal with both RPC end (Green signal) and DAQ end (Red
signal).

As seen in the figure 6.7, after terminating the readout strip with a 100 Q
resistor, the signal reflection at the DAQ end is eliminated. The reason for
using a 100 Q resistor is that it is a readily accessible resistor that is near to the
transmission wire’s impedance.

6.3.2. Production process

The readout version 2.1 was simply made by soldering a 100 Q2 resistor between
the readout strip and the ground of the readout version 2.0. The connector end
of the readout version 2.1 is shown in the figure 6.8.
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Figure 6.8. | The resistors soldered on signal end and ground end of the strip (Left and
center figures, respectively). Readout board with 34 pin connector (right).

The performance studies of the readout board will be discussed in the perfor-
mance study section of the thesis.

6.4. Readout version 3.0

The readout version 3.0 was designed in UCLouvain and produced in a external
company, who provides the service for printed circuit boards. This board was
made to test the RPC with Nuclear instrumentation modules (NIM) without
using the DAQ of muoscope.

The new readout board consists of coaxial cable directly connected to the
readout strips (see figure 6.9.(a)). A new "piece" is made to seal the chamber
while the 16 coaxial cables come out of the aluminum chamber. Then this cable
can be mounted to a board with 16 NIM outputs 6.9.(b). The coaxial cable
is small, so we cannot connect that cable directly to the standard 50 {3 NIM
connectors. That’s the reason for connecting coaxial cables to external boards
with standard NIM female connectors.

The RPC chamber is filled with the typical gas mixture; R134a Freon (95.2%),
Isobutane (4.5%) and SF; (0.3%) and the pressure inside the chambers keep
bit higher than 1 atm (~ 0.1 atm). The RPC chamber is sandwiched between
two external scintillators + PMT, as shown in figure 6.10. The chamber was
powered by the DAQ’s integrated high-voltage power supply, while each PMT
is powered by a 15 V power supply through voltage regulators. The NIM
connector board is taped to the table for the moment. The output was fed
into the oscilloscope to see the raw PRC signal. The signal is shown in the
figure 6.11. Few studies were done with this setup in order to understand the
behavior of the RPC and to see the noise in the lab.
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Figure 6.9. | a).Readout board inside the Chamber (b).Board with 50 Q NIM standard
female connectors. (c) New sealing "piece" for RPC.

Figure 6.10. | RPC setup with scintillators.

6.4.1. Cross talk study

The unwanted propagation of signal in neighboring strip due a signal can be
simply describes as the cross-talk of a signal. This often happens in RPCs due
to the fact that the distance between two consecutive strips are small (in order
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Figure 6.11. | Signal from the PRC readout strip (Blue line is the trigger scintillator and
Green line is the RPC signal). The RPC signal was faster than the scintillator signal. A
delay of 34 ns was introduced to the system using 3 LEMO cables (10 ns + 16 ns + 8 ns).
The trigger was setup to qualify the mode on the oscilloscope.

of mm). Few studies done on cross-talk study can be found in refs. [118,119].

The cross-talk between the adjoining strips is discussed in this section. In
figure 6.12 the pink signal denotes the signal that the green signal, or cross talk,
caused in the neighbouring strip as opposed to the expected avalanche signal
from the RPC. The signal due to cross talk is always with phase difference of
180 °.
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Figure 6.12. | Signal from a single strip of the RPC for HV = 2600, blue line is the trigger
scintillator signal; the green is from the RPC; and the red is the cross-talk of the next
strip in the RPC lab.

The signal strip was fixed and cross talk signal was measured for different strip
from closest strip to furthest strip and signal to cross-talk ratio was calculated.
See figure 6.13.
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Figure 6.13. | Cross-talk to signal ratio in relation to the location of the individual
readout strip. Since the triggered strip is not clearly visible beyond 5 cm, the data was
only obtained from the first 5 cm of the strip.

A large cross talk between strips was observed, as seen in Figure 6.13; in
particular, neighboring strips have a cross talk of 35%. And it decrease with
the distance.

6.5. Readout version 4.0

The readout version 4.0 was produced by an external company for printed
circuit boards after being developed at UCLouvain. After Version 2.1 produced
findings that were deemed acceptable, this board was created. A 34-pin male
connector and locations for soldering appropriate resistors are included in the
design. The signal is transferred to the copper strip with Imm copper tracks
from the RPC’s 16cm X 16 cm active area. 100 Q) resistors were soldered as
in the readout version 2.1 in order to avoid the reflections. The high quality
copper was used in this strips. See figure 6.14. The copper tracks from strips
to connector were placed with maximum distance possible to get minimum
cross-talk between tracks.

Two RPC chambers were assembled with readout board version 4.0 and tested.
Results are shown in Performance study section.
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L

Figure 6.14. | Printed readout board with better quality copper and connection for flat
cable (compatible with DAQ) with 100 Q termination.



Noise study in RPC lab

There was a background noise which affect the detector performance in the
RPC lab. This chapter describes the study of noise and some discoveries about
the noise.

7.1. Baseline noise of RPC

There was a baseline noise in the RPC. It is common to have noise, but the base
line has a high amplitude level. Which makes the signal-to-noise ratio low, and
DAQ will read this noise as a signal. The Figure 7.1 shows the baseline noise in
the RPC inside the RPC lab at UCLouvain. As seen in Figure 7.1, the amplitude
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Figure 7.1. | Base-line noise oscillogram when connected to the RPC readout strip.
There is no signal from the RPC since it is powered at a high voltage of 4 kV, which is
lower than its operating voltage. In the oscillogram horizontal axis denotes the time
axis and vertical line denotes the voltage.

(peak to peak) of the noise is around 20 mV, and the baseline in Figure 7.2
shows that the typical baseline should be less than 5 mV (peak to peak). So the
RPC readouts catch noise from somewhere. The first assumption was that it
was generated by the high-voltage power supply, so a test was done to verify if
there was any relation between the high-voltage power supply and the noise.
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Figure 7.2. | Base-line oscillogram when RPC is not connected to the oscilloscope.

7.2. Baseline noise and high voltage supply

Since the mean value of the amplitude of the noise signal is close to zero, the
standard deviation of the signal amplitude was calculated for different high
voltage values. To calculate the standard deviation (sigma), 500 different noise
signal were recorded from the oscilloscope and plotted. The standard deviation
of amplitude of noise signal for 800 V is shown in the figure 7.3.
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Figure 7.3. | The standard deviation of noise amplitude. The high voltage supplied for
RPC was 800 V.

The mean value of sigma of noise was measured for various high voltages and
plotted against, high voltage value in order to understand the behaviour of
noise as a function the high voltage.
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Figure 7.4. | Mean of standard deviation with respect to high voltage of the RPC, note
that data point with (*) symbol is the Mean of standard deviation of noise amplitude
when high voltage supply disconnected from the RPC.

In the plot in figure 7.4, it is clearly visible that the noise doesn’t change with the
supplied voltage to the RPC, because the curve only deviates within small range
of values. So it conclude that readout strip is sensitive to some background
independent of the RPC.

7.3. Frequency of the noise

As the source of the noise was external, the first step was to determine what
type of noise it was. As seen in figure 7.1, it has a pattern, so the frequency of
the signal can be calculated. The frequency distribution of the noise is shown
in the figure 7.5.

The mean value of the frequency was 141 MHz. This belongs to the frequency
range of the radio signal. It concludes that the experiment is affected by a
radio signal and we hypothesise that copper strips or aluminum box act as an
antenna for this signal.

7.4. Shielding the chamber

The simplest method to eliminate this electromagnetic interference was to
construct a Faraday cage around the RPC. In the first attempt, one chamber
was covered with bubble wrap (See figure 7.6(left)) and then covered with
aluminium foil (kitchen-use foils with a thickness of 16 micrometres). At the
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Figure 7.5. | The frequency distribution of the noise, calculated from the signal pattern
of the oscilloscope.

same time, the signal from this configuration and the signal from the uncovered
RPC were analysed. However, there was no impact on the noise level.

The RPC was inserted inside a cardboard box and then wrapped in aluminium
foil as shown in the figure 7.6(right), for the next attempt. The signal from
this configuration and the signal from the uncovered RPC were analysed
simultaneously.

Figure 7.6. | The wrapped RPC with bubble wrap before covering it with Al foil (left) .
The cardboard box covered with Al foil after placing RPC inside the box.
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Three tests were done with Faraday cage’s ground connection and Noise ratio
was calculated with respect to the noise of uncovered RPC.

A = (7.1)

Where,

A, : Noise ratio

Ay : Peak-to-peak amplitude of signal from RPC covered with Faraday cage
A, : Peak-to-peak amplitude of signal from uncovered RPC

The figures 7.7, 7.8, 7.9 depict the two signals: Ch2 (pink) is the signal from the
exposed RPC, while Ch4 (green) is the signal from the RPC inside the Faraday
cage for various grounding experiments.

7.4.1. Baseline noise with the Faraday cage without
connecting to ground

In this test, the Faraday cage was not grounded, and A, 7.1 was calculated from
the amplitudes of two channels (See figure 7.7).
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Figure 7.7. | Two signals from Ch2 and Ch4 when Faraday cage without connecting to
ground.

From equation 7.1, noise ratio:
A, =049
7.4.2. Baseline noise with the Faraday cage connected to
the electric ground
In this test, the Faraday cage was connected to the electric ground of the lab.
And A, was calculated from the amplitudes of two channels (See figure 7.8).

From equation 7.1, noise ratio:
A, =076
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Figure 7.8. | Two signals from Ch2 and Ch4 when Faraday cage is connected to the
electric ground of the lab.

7.4.3. Baseline noise with the Faraday cage connected to
the real ground
In this test, the Faraday cage was connected to the floor of the lab using a copper

tape and wire. And A, was calculated from the amplitudes of two channels
(See figure 7.9).
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Figure 7.9. | Two signals from Ch2 and Ch4 when Faraday cage connected to the real
ground.

From equation 7.1, noise ratio:
A, =0.37

From the noise ratio value, we can get a understanding about effect of the
Faraday cage. When Faraday cage is not grounded, it reduce the signal
amplitude by ~ 50% while the grounding the Faraday cage through electric
ground reduce the amplitude by ~ 25%. And when Faraday cage is grounded
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through floor of the lab, it reduces the amplitude of the noise signal by ~ 65%.
This gives an important information about the electric ground that it’s not
properly grounded.

The next step is to find the source of this ~ 141 MHz signal affecting the
experiment.

7.5. Source of VHF radio frequency noise

In order to find the noise source we borrowed ANRITSU MS2713E spectrum
analyzer [120] from the electronic engineering department of UCLouvain. This
is a portable device with 3-D antenna, and it will output the power of the signal
as a function of the frequency of the signal.
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Figure 7.10. | ANRITSU MS2713E spectrum analyzer [120] (left). The screenshot of
the screen of spectrum analyzer in the RPC lab, there is signal of frequency 144.5 MHz
signal in the lab (right).

Figure 7.10(left), shows the spectrum analyzer we used to measure the noise in
the RPC lab and to locate the noise source. The spectrum analyzer connected
to the 3-D antenna (the bulb like antenna) to measure the electromagnetic
spectrum. From the Spectrum analyzer, we measured the exact frequency of
the noise, which is 144.54 MHz with a signal strength of -70.1 dBm.

We measured the signal strength of this 144.5 MHz signal through out the
whole ground floor of the "Marc de Hemptinne" building and in Tower E in
every level, and found that this specific signal is not from a source inside the
building.

And later we found that, a new beacon with 144.4 MHz frequency was installed
in the rooftop of tower E, by Royal Belgian amateur radio association since
late 2019 [121]. We contacted the project co-coordinator of UCLouvain and
switched off the transmitter of 144.4 MHz signal.



86

Noise study in RPC lab



Performance studies

8.1. Data Acquisition system

This section describes a few performance tests conducted using the muoscope
DAQ. These tests’ primary objective was to validate the DAQ’s proper function-
ality.

8.1.1. Channel testing

The objective of this test to check the functionality of the 64 input channels of
the CMS FEBs integrated in the DAQ. For this we feed pulse using a signal
generator TPG 110 10 MHz pulse generator [122] to the each channel of the
DAQ. Note that there are 4 separate 34-pin male connectors in the DAQ named
as A, B, C, D, each of the have 16 channels. Setup is shown in figure 8.1.

Figure 8.1. | The experimental setup of the channel test, DAQ is in the left side and
pulse generator in the right side, and signal was send via coaxial cable.

Features of the test signal :
* Mode - Pulse

Amplitude - 150 mV

Width - 50 ns

¢ Frequency - 1 KHz

Polarity - positive (+)
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In the DAQ setting, the threshold of each channel was set to 60, and the number
of coincidences was set to 1 from the GUI of the muoscope. The data was
collected for 30 seconds for each channel. The number of counts from each
channel was plotted for each of the 16 channels. The results are shown in
figure 8.2.

ChannelTestA ChannelTestB ChannelTesiB
Enlriss ECTHT
Mean 7478
Std Dew. 4027
B I

——
12ghanh®! #

T T T T
2 4 6 8 1 12 Gharldel #

ChannelTestD

ChannelTestC ChannelTestD
24000 - N N - N =
Basso S = [ | Mean 7502 24000 - e < Mean 7478
20000 S m! Dev _ 4033 P D — \\ -] sy 4024
8 . . e x N 20000 5 N N TN
180003 - S S, 18000 RS e
16000 ; 16000 S N e S -

Ty i 6 [ 10 12 Gankbl # 12 Chartté! #

Figure 8.2. | The number of counts for each channel in CMS FEB for connections A, B,
C, and D are shown in four graphs. The three-dimensional visualisation of the plots
makes it easy to distinguish between the channels. The Oth and 15th channels of each A,
B, C, and D module were not included in the plots since the data gathering program
excluded two corner channels because the borders of the RPCs were noisy.

As seen the plots in figure 8.2 clearly, all channels are operational, but the fifth
channel in sector B is more active than the others, and the fifteenth channel
in sector D is less active than the others in that sector. Due to the fact that we
could only control a handful of parameters in the CMS FEB, this behaviour
cannot be adequately explained. However, the front-end board performs as
anticipated overall. Since it worked well with a 1 KHz signal, it could also
manage cosmic muon signals, whose frequency is much lower (about 1 muon
per square centimetre per minute).

8.1.2. Minimal threshold of the DAQ

In the DAQ, one of the two parameters we could control in the CMS RPC
front-end electronic module is the threshold of the discriminator in the readout
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chip. As mentioned in Section 3.2.1, muoscope DAQ consists of two front-
end modules that have eight readout chips. We can change the threshold of
the discriminator of each chip using the control program of the DAQ or the
graphical user interface (GUI) of the muoscope (see figure 8.3.

CONFIGURATION 1.

Read cfg. | | Write cfg. | | Connect  |68.42.1

HIGH VOLTAGE 2.

Voltage Current state =PCF8574 remote
DAC-VSET/ISET : 4700 - 4095 ON
ADC - CONTROL: ADC ADC ADC

DISCRIMINATOR 3.

CHO CH1 CH2 CH3
DAC- Threshold :[ 0 . 160 2 160 . 160
ADC - CONTROL :
CH4 CHS CH6 CH7
100 - (100 | [100 - (100

MONOSTABLE 4,

CHO CH1 CH2 CH3
DAC-Monostable : 1o 2/ (100 |2 (100 (100
ADC - CONTROL :

CH4 CHS CH6 CHT

100 - (100 = [100 < (100

COINCIDENCE 5,

Number of hit detectors | 2

Figure 8.3. | High voltage, threshold and monostable interface.

But this threshold value doesn’t have any units; it’s a conversion value from
digital to analog converter, and there is no way to know the conversation factor
of this number for the actual input value of the discriminator in the readout
chip. So all conclusions are based on experimental values when comparing
thresholds. We are using the term DAQ threshold units for this since it was
setup in the DAQ.

8.1.3. Configuration

The "Read cfg." and "Write cfg" commands are used to save the present config-
uration and read the old configuration that is already saved. The "Connect"
button is crucial as it acts as a bridge between the computer and the CPU of
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the detector (located in the rack). It permits access to the CPU, launches data
acquisition, copies data to your computer using the scp command.

8.1.4. High voltage

The voltage box is used to set the high voltage value in the HV supply. The
Values entered via this interface is DAC units. The conversion of the DAC value
to voltage value can be done using the equation below. And we use term "DAQ
HV units’ for the sake of identifying.

Vi, [DAQ unit]

Vouelvolt] = 4005

x 10000 8.1.)

8.1.5. Coincidence

The amount of coincidence input depends on the number of detectors attached.
This means that if the number of coincidences is four, for example, one hit on
each detector will start the acquisition system. Also, we called this parameter
as online coincidence and the coincidence calculation after analysing the
data as offline coincidences. We did few threshold scan of the DAQ, to get
understanding about the behaviour of the threshold.

8.1.6. DAQ counts without RPC connected

One of the tests we did with DAQ was to see how electronic noise affects
the front-end module of the muoscope. A threshold scan was done with the
following configurations:

¢ Flat cable for signal and HV cable was disconnected

* 2 online coincidences

e HV=0

¢ Threshold from 0 to 200 with step size of 10
15 minutes of data were taken for each threshold value. According to the data,
the electronic noise from the system affects only threshold values of 0, and for

all other thresholds, the data counts were zero. We concluded that electronics
function well.

8.1.7. DAQ behavior with cables

Although the electronics were working fine when the cables were connected to
the DAQ, it caught the noise in the background. The plot in figure 8.5 shows
the threshold scan for both cases with signal cable and without signal cable.
With this noise, we cannot go below the threshold of 50 DAQ units.

The next section will discuss the high-voltage scans and threshold scans of
the RPCs. Note that the below-mentioned tests are done with positive high
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Figure 8.4. | DAQ counts without any connection, The counts observed here are pure
electronic noise from the system.
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Figure 8.5. | Noise scan by signal cable: the blue line corresponds to the threshold scan
when the signal cable is connected to the DAQ, and the red line corresponds to the
threshold scan when the cable is not connected to the DAQ.

voltage supply, which gives the signals a positive polarity until we shift to
the negative power supply. The CMS front end module is capable of reading
signals from both polarities.
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8.2. Self trigger mode

The DAQ was operated under the self-trigger mode, which only considers the
hits on RPC layers depending on the online coincidences (see section 8.1.5) set
in the GUI. As an example, consider the following scenario: When 4 RPCs
are connected to the DAQ, if we enter value 1 in coincidences, the DAQ will
start recording data when there is one strip fired (inducing a signal above
the threshold of the discriminator in the FEB) in any of the chambers. It will
record data for 64 strips. If we enter value 2 in coincidences, the DAQ will start
recording data when there is one strip fired in at least two out of four chambers;
it will record data for 64 strips.

8.2.1. High voltage Scan

In this test, we were trying to understand the behaviour of the RPC as a function
of the high voltage provided to it. We have 4 RPC detectors, and they are
named A, B, C, and D as the connection slots in the DAQ. The RPCs can be
powered in two ways:
1. Built-in power supply in muoscope DAQ or “internal power supply’
2. FuG-Series HCE 35-20000 High voltage supply [123] or ‘external powers
supply’

Figure 8.6. | fug HCE 35-20000 high voltage power supply [123], this can reach high
voltage of 20 kV from 0 V.

Single hits in RPC

In this test, we were trying to understand the behaviour of the RPC as a function
of the high voltage provided to it. We have 4 RPC detectors, and they are
named A, B, C, and D as the connection slots in the DAQ. The RPCs is powered
with internal power supply.

The total number of hit in the detector for 5 minutes is too high in the DAQ. The
total number of muons passed by one detector (with the rate of 1 muon/ cm? /
min) should be around 1300, but it reaches up to the order of 10°. This means
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Figure 8.7. | The total hits in each RPC as a function of High voltage supplies. The left
figure shows the the hits in linear scale and right figure shows the hits in log scale for
better understanding of the counts in low voltages.

the system is exposed to noise, which we didn’t understand at the time of the
test. We selected 115 as the threshold value to get rid of the noise induced in
the signal cables from RPC to DAQ.
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Figure 8.8. | The total hits in each RPC as a function of High voltage supplies with 4
coincidences.

Coincidences in RPC

High-voltage scan was done with four online coincidences. In this test, 3 RPCs
were powered by the ‘external’ power supply at a fixed voltage of 7 kV, and the
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other RPC was powered by the "internal” power supply from ~ 4000 V to 9500
V with a step size of 244.2 V (we used the internal power supply, and this value
corresponds to 100 DAQ units in HV). This scan for all four RPC detectors are
shown in the figure 8.8.

With four online coincidences (see figure 8.8), the number of hits in the detector
is reduced by an order of 10°, but the peaks in every detector don’t have an
explanation except that the proper count is masked by noise induced in the
readout strips. One of the major noise sources that we found was discussed in
Chapter 7. Since we discovered the noise in the lab, we shifted the setup to the
CMS clean room in CP3/UCLouvain with the permission of the CMS group.

We are interest of two major parameters.

Multiplicity - Multiplicity is the total number of strips fired in an event. This
number is between 1 and 16 in our detectors. Offline analysis is used to get less
than multiplicity 3 for clean data.

Occupancy - Occupancy can be described as how many times each strip was
fired for the whole data set, which will give us an understanding of the
behaviour of each strip.

8.2.2. Comparison between RPC lab and Clean room

The same study was done in the RPC lab and CMS clean room to look for better
working conditions for the RPC. The three RPCs were used and stacked as
in the figure 8.9. The online coincidences were set to three, and RPCs were
powered by an internal power supply at -6.6 kV. The data were taken for 12
hours.

RPC with Readout v2.1 (with 50 Ohm
resistar)

RPC with Readout v3.0

RPC with Readout v1.0

Figure 8.9. | Sketch of arrangement of RPCs with different readout boards.

The three RPCs behave differently from one another. The multiplicity of all
chambers is greater than three, and chamber with readout v4.0 is the worst of
them. This is probably due to impedance mismatching in the system. In the
occupancy plot, it’s clear that the corner strips are firing more than the middle
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Figure 8.10. | Multiplicity and occupancy distributions of three different RPCs in the
RPC lab. The green plot represents the readout version 2.1 (see section 6.3), but with
50Q) termination, the blue plot represents the RPC with readout board version 3.0 (see
section 6.4) and red represents the chamber with the readout board Version 1.0 (See
section 6.4)

strips, which is not acceptable, and we found that the 8th strip had a loose
connection with the signal cable, which explains the highest counts, due to the
noise caused by the loose connection.
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Figure 8.11. | Multiplicity and Occupancy distributions of 3 different RPCs in the CMS
clean room. The green plot represents the Readout version 2.1 (See section 6.3), but
with 50Q) termination, the blue plot represents the RPC with readout board version 3.0
(See section 6.4) and red represents the chamber with readout board Version 1.0 (See
section 6.4).

From the figures 8.10 and figure 8.11, it is clearly visible that the total number
of hits, is reduced in the clean room, which therefore reduces the ambient noise
inside the clean room, which is a Faraday cage.
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8.3. Tests with external trigger

The experimental results in the section 8.2 led us to develop an external
scintillator to trigger the setup. The process of developing the system is
described in Chapter 4. The implementation of the external trigger setup in the
performance studies was done in two steps.

8.3.1. PMT to the CMS FEB

Connecting outputs from two scintillators directly to the two connection mod-
ules (34 pin male connectors) in the DAQ, so we don’t have to re-program the
FPGA inside the DAQ for another data acquisition program and solder new
connectors or wires to the main board of the DAQ. So the discrimination of the
PMT signal is done by the CMS FEB. Since the amplitude of the PMT signals
is higher than the RPC signals, we had to use two modules from connections
A, B, C, and D. We chose A and D to connect the PMT + Scintillator setup for
convenience. Since the working threshold of the DAQ varies depending on the
pulse amplitude, we did a threshold scan for the 2 online coincidences of the
DAQ for 2 minutes in each threshold.

7000

@
=1
=3
=]
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Figure 8.12. | The plot of the number of coincidences in PMT as a function of the
threshold. The left figure shows the count axis in the linear scale, and the right figure
shows it in the log scale for better visibility of the plateau.

The scan results are shown in the figure 8.12. The horizontal blue line represents
the roughly expected number of events in 2 minutes, which is 512. The vertical
green line denotes the threshold of 95 DAQ units, which we chose as PMT’s
threshold. Since DAQ was designed and programd for RPCs only, when we
plug in the PMT+Scintillator setup. We needed to adjust the program for both



Delay scan for RPC 97

PMTs and RPCs. After many iterations, we concluded the data acquisition
program as shown in the figure 8.13. New timing parameters were introduced
to the system. We are now able to delay each channel (A, B, C, and D) separately,
and also setup the coincidence window (Equation 8.2) between all detectors.
These parameters can be adjusted from the shell script and both GUIs.

CONFIGURATION HIGH VOLTAGE
Connect | 192168421 Voltage Current State
Read cfg, 0 = | 2085 - ON |
Wirite cfg.
DISCRIMINATOR MONOSTABLE
cHo cH1 =13 €H3 cHO o cHz o3
100 =| [ 100 v 100 =|| 100 - oo = 100 v | 100 = | 100
CHe CHS CHE H7 CH4 [ CHE CH1
100 SALL v 100 =|| 100 : 100 = 100 v| | 100 = | 100
DELAY COINCIDENCE
3 ] c o Coincidence windaw Number of hit detectors

o =0 L =1L s 3

Figure 8.13. | Data acquisition program compatible with PMTs and RPCs.

CoinWindow [ns] = (coinValue [DAQ units] + 2) x5 ns (8.2)

8.3.2. Delay scan for RPC

The RPC signals are faster than the PMT signals (see Figure 8.14). So to find
the calibration for the delay between two signals in the DAQ, an experiment
was designed as follows:
* One RPC chamber sand-witched between 2 scintillators.
¢ High voltage of the RPC : - 6.6 kV
¢ Threshold value of RPC : 50 DAQ units
¢ coincidence window of the DAQ : 20 ns
* Delay : 3 -15 DAQ time units (one time unit in DAQ is equal to 5 ns, which
corresponds to the clock frequency of the FPGA, so it is 20 ns to 60 ns with
the step size of 5 ns)

¢ Time for 1 data point : 10 minutes
The data were taken for each delay value, and the number of coincidences
between PMTs and RPC is shown in the plot in Figure 8.15. According to this

plot, the delay value of 35 ns can be used in the data collection process. This
experiment was done in the CMS clean room.
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Figure 8.14.
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Figure 8.15. | Number of coincidences for different delay values of the RPC signal.

Although the delay scan shows 35 ns is the proper delay, we had to change the
signal cable to be an additional 1 m long for the RPC, so we are using the delay
of 30 ns in the DAQ, which corresponds to 6 DAQ delay units. Since we have a
working external trigger, we proceed with the efficiency calculation of the RPC
using the DAQ system. Before this setup, we could only do it using external
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NIM electronics, and we didn’t have multiplicity data to verify the quality of
the RPC.

8.3.3. High voltage scan with external trigger

The high voltage scan of the RPC D (name of the chamber) with readout board
v2.1 was sandwitched between the two scintillators used in the experiment.
By that time, we already had readout versions 1.0, 2.1, and 3.0. But the data
from v1.0 always had more noise, so we decided to go with v2.1. In this scan,
an internal negative high voltage supply is used to change the high voltage,
and the threshold of the RPC was set to 50 DAQ units. And the time for
each data point was 10 minutes.Online coincidence was set to two. But in the
data analysis, three coincidences were taken into account to account for the
behaviour of the RPC.
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Figure 8.16. | Behaviour of RPCs (blue) and PMTs (red) as a function of the high voltage
supplied. The PMT coincidence count isn’t affected by the high voltage because it’s
powered by a fixed power supply. Note that high voltage is in the DAQ unit (the
conversion factor can be found in equation 8.1)

The efficiency of the RPC as a function of the high voltage is calculated from
the equation A.1. The efficiency variation of the RPC as a function of high
voltage supplies is shown in the figure 8.17. With this setup, we could reach
up to 60% of efficiency.

Efficiency(e) = % (8.3.)

Where T and B are trigger scintillators place on top and bottom of the RPC.
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Figure 8.17. | Efficiency variation of the RPC as a function of high voltage.

The multiplicity and occupancy plots are shown in the figure 8.18 for the -8 kV
(~ 3277 DAQ unit). In the multiplicity plot more than 80% of hits are with 1 hit
per layer and more than 90% of the data are limited to 2 hits per layer. And
in the occupancy plot, the more hits are in the middle of the RPC and corner
strips fired less than middle, which is expected behaviour of the RPC.

8.3.4. Threshold scan

This section provides an understanding of the lowest threshold we could reach
with the trigger system. The plot in the figure 8.19.
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Figure 8.18. | Occupancy and multiplicity plots for -8 kV of high voltage.
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Figure 8.19. | High voltage scan for different threshold values.

We could reach up to 80% of efficiency with a threshold value of 40. The PMT
coincidences removed the noise we saw in the self-trigger mode.

8.3.5. Joint data taking with UGent detector

We have a collaboration between UCLouvain and UGhent for muography. With
this setup, We did a joint data taking campaign in University of Ghent to cross
validate the performances although the 2 RPCs are slightly different from each
other. The main differences between prototypes 1.L (UCLouvain) and 1.G
(UGhent) are summarized in Table 8.1.

We made a joint data taking of two prototypes connected to the DAQ of
Prototype 1.L in order to cross-validate their performances. Working points
were set to our first estimated values which are HV =7 kV and a threshold
discriminator value of 90 DAQ units. In Fig. 8.20 the occupancy (i.e. number
of times each strip fired throughout the run) and the multiplicity (i.e. total
number of strips fired per event) are shown. Although both detectors have 16
strips, the plots only shows the result from the last 8 strips, as the first 4-5 strips
in the Prototype 1.G were affected by hardware related issues that were fixed
only after this data collection.

In Fig. 8.20, both distributions are normalized to the 1.L active area. The
occupancy distributions of both prototypes are in general agreement. So we
can conclude the two detectors behave in the same way, which cross-validates
each. However, we observe a difference in the multiplicity distribution, which
is higher in 1.G. This could be explained with the difference in the resistivity of
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Property Prototype 1.G Prototype 1.L
Active area 28%28 cm? 16x16 cm?
Gas Flow Continuous Sealed
Glass thickness 1.3 mm 1.1 mm
Strip Width 15 mm 9mm
Strip Pitch 16.6 mm 10 mm
Semi-resistive Hand-sprayer Serigraphy
coating (~ 450 KQ/0) (~4MQ/D)
DAQ NIM + CAEN integrated | Custom made
Portability Not yet Portable

Table 8.1. | Main differences between the two RPC prototypes developed so far [124].

the glass plates, which is smaller for 1.G than 1.L.
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Figure 8.20. | (a) Occupancy: number of times each strip fired throughout the data-
taking run. (b) Multiplicity: total number of strips fired per event. [124]

8.4. PMT to the FPGA through external electronics

8.4.1. FPGA testing

Connecting external trigger directly to the FPGA in the main board of the DAQ
(This is described in the section 4.3). After finalizing the electronics for the
trigger, the DAQ is re-programd with a trigger system. The LVDS termination
is enabled in the FPGA, because we saw some reflections from the FPGA output.
We had to add 2.5 V power supply to the FPGA board.

In the muoscope DAQ, we have pins of the FPGA connected to the LIMO
output cable in order to spy on the signals when needed. We can program this
pin when needed. The blue line in Figure 8.21 is when one of the pins was
programd to output the edge trigger of the PMT signal.
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Figure 8.21. | FPGA output before and after termination enable. The yellow line
corresponds to the output signal from the monostable of the external electronics and the
blue line corresponds to the output of edge detector in the FPGA. Before termination
enables, there are two or more edge detection happens in the FPGA due to the reflections.

8.4.2. Delay testing

We had to measure the time difference between the RPC signal and the PMT
signal because we introduced three new modules to the system. The FPGA
signals of RPC and PMT were output by the two spying pins. Figure 8.22’s
oscillogram displays the signal coming from both RPCs and PMTs. The PMT
signal and RPC signal, which are in the same 20 ns time bin when the RPC is
delayed by 50 ns, are visible in the oscillogram.

LeCroy| LeCroy|

PM signal after dicriminator and monostable PM signal after dicriminator and monostable

it ap MR b o b A ot b o A vt e pa e et A,

LT ey 20 ns oot 20 ns
[ — S —

N
[N g ’V’*/' N R

Figure 8.22. | RPC (green) and PMT (blue) signal without any delay (left).RPC (green)
signal is delayed with 50 ns and PMT (blue) signal without any delay (right).

Delay measurements with DAQ system

With the DAQ, we measured the delay. Two coincident PMT signals are used
as the trigger in the DAQ program, and the RCP’s delay was set to 75 ns. After
the trigger, 50 LVDS input samples were continuously captured. We counted
and showed the number of samples with one hit and with multiple hits (see
Figure 8.23.)
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Figure 8.23. | Hits in RPC after triggering. In this plot, the Y-axis denotes the efficiency
of the detector with respect to the trigger, and X-axis is the time after trigger, the size a
time bin is 5 ns.

After 25 ns, the RPC signal is visible in two consecutive bins in the figure 8.23.
This demonstrates that the RPC signal was delayed by 50 ns, as the RPC signal
was delayed by 75 ns and appeared in the data 25 ns later, concluding that the
time difference between RPC and PTM is 50 ns. We chose a 10 ns coincidence
window for data collection due to the fact that the signal is in two bins.

Validation of delay and coincidence window size

The purpose of this test was to validate the delay value and the extent of the
coincidence window. The coincidence window was set to 10 ns, the delay was
set to 50 ns, and data collection was triggered by a PMT coincidence.

The multiplicity (or hits per detector) and occupancy of the data were shown
in the figure 8.24. The multiplicity of the RPC is limited to the maximum of
three and occupancy is acceptable.
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Figure 8.24. | Multiplicity and occupancy of the RPC with the 10ns coincidence window
and 50 ns of delay setup by the DAQ.

8.4.3. The muoscope’s latest data acquisition program

After several iterations, we decided to use two PMT coincidences as the trigger
and capture 250 data samples in succession after the trigger. The duration of
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each sample is 5 nanoseconds. We delay the RPC signal by 670 nanoseconds.
Thus, we could examine the behaviour of the readout strips (noise) prior to the
avalanche signal and the behaviour of the strips following the signal (tail).

The diagram 8.25 depicts the timing distribution of the latest DAQ program.
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Figure 8.25. | Noise, signal and signal tail of the RPC. The Y-axis denotes the efficiency
with respect to the PMT trigger.

8.4.4. Noise and signal study

This test was done with RPC chamber with readout v2.1. The noise was
observed as a function of efficiency (hits with respect to PMT trigger). The data
were taken with different high voltage values and threshold values.
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Figure 8.26. | Threshold scan for signal and noise in the RPC, the high voltage supplied
for the RPC is -5.8 kV.

The figure 8.26 shows the noise and signal as functions of the threshold. As
seen, for thresholds less than 40 DAQ units, it fires every strip with an efficiency
of 100% and after 40, the noise level goes almost up to 0 and signal efficiency is
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visible. This plot is for -5.8 kV (2400 high voltage DAQ units), see figure 8.17,
which is below the average working high voltage.

The noise as a function of high voltage and threshold is shown in the figure 8.27.
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Figure 8.27. | Noise as a function of threshold and high voltage (left). The efficiency of
the RPC as a function of high voltage and threshold setting. The colour represents the
efficiency, normalised between 0 and 1.

There are a few observations from the plots in the figure 8.27. The noise before
the signal doesn’t change with the high voltage supplied to the detector. and
for low thresholds, it fires every strip. Later, we found that this noise was
reduced with proper grounding of the detector and electronics. For the low
threshold values, the signal is masked by the constant firing of the strips with
noise.The highest efficiency the detector reached was 83% and high voltage
was set to 2700 DAQ HV units, within the threshold of 40.

8.5. Readout Board behaviors

In this section, we are comparing the behaviour of detectors assembled with
different readout boards (v2.1, see section 6.3 and v4.0, see section 6.5). The
data were taken for 15 hours with a high voltage supply of -6.6 kV (~2700 DAQ
HV units) and a threshold of 42. The timing distribution of detector A with a
v4.0 readout board is shown in figure 8.28, and detector D with a v2.1 readout
board is shown in figure 8.29). In both detectors, the noise prior to the signal is
zero, and there are a few tails after the signal. For the moment, we neglect the
post noise. The most needed part is the two signal bins. The efficiency of both
chambers is not the same.

Although the efficiencies of the detectors are different, the behaviors of mul-
tiplicity and occupancy look alike (see figure 8.30). The readout boards are
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working fine, so we decided to go with v4.0 since we can reproduce it easily
via a company.
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Figure 8.30. | Occupancy and multiplicity plots for Chambers A and D.

8.5.1. Current drawn by RPC

To determine the operating HV of the avalanche mode, the ohmic behaviour of
the detector can be used. The current drawn by the detector was measured as a
function of HV. In avalanche mode, the current drawn by the detector behaves
linearly with respect to HV. This determined a working point between 6.4 kV
and 7.0 kV.
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And with the IV curve, we can tell that the detector has some current leakage
through the spacers and connectors. So after assembling a chamber, we do a
current scan before the data collection process using atmospheric air.



Conclusion

Presently, there is an overwhelming demand for research and development
(R&D) related to various Non-Destructive Evaluation (NDE) techniques for
their application in numerous scientific and technological fields. Many imaging
techniques fail in dangerous situations where human intervention is physi-
cally impossible, such as at the Fukushima reactor, the Khufu pyramid, and
active volcanoes, among others. In other situations, partial or total destruction
of targets is frequently required to identify flaws. Muography is a passive,
non-hazardous NDE technique that uses the interaction between muons and
matter to identify and image the target materials. Introduced in the 1950s,
this technique gained popularity in the last decade of the 20th century as an
alternative method for imaging natural and man-made structures. Later, it was
found to have numerous applications in a variety of fields, such as detecting
radioactive materials in cargo containers at borders, managing spent nuclear
fuel and other waste, and monitoring. Numerous scientists all over the world
are working on various aspects of muography, ranging from its instrumen-
tation involving radiation detectors and electronics to the improvement of
reconstruction algorithms and signal extraction via image processing.

This thesis focuses primarily on the development of resistive plate chamber
(RPC) detectors. Typically, RPC detectors operate while the gas is flushing
through the detector, which is not ideal for muography in a variety of applica-
tions. Although RPC detectors have been available since the 1980s, airtight RPC
detectors are a recent development in the fields of muography and high-energy
field physics.

We are part of the CP3 muography team, which is designing portable RPC
detectors for muography, i.e. muoscope with sealed chambers and an integrated
data acquisition system. The current muoscope prototype consists of two major
components: four identical RPCs of 16 X 16 cm? active area housed in an airtight
aluminium box and a data acquisition system (DAQ) with an integrated high-
voltage supply. The initial prototype, however, required a number of upgrades.
The system has a scintillator-based trigger system, and we are evaluating the
system’s RPC performance. Implementing the muoscope’s trigger system was
a significant improvement to the project. The trigger system has now been
propertly tested and calibrated, and we are using it to test each changes in the
RPC like resistive plates with different surface resistivity, different versions of
the readout boards etc. We are interested in the detector’s efficiency, and the
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RPC’s multiplicity and occupancy, and its trigger system.

The RPC detector consists of three major components: the resistive plate, the gas
mixture, and the readout system. In the CP3 laboratory, our RPC detectors use
the gas mixture used in the CMS experiment. In the context of resistive plates,
we use glass plates with a thickness of 1.1 mm. It is the most widely available
and easily handled glass plate on the market. We examined various methods
for applying resistive paint to glass plates with varying surface resistances.
The production of glass resistive plates at the CEA facility in Saclay, France,
using serigraphy method was a success; the RPCs demonstrated acceptable
efficiencies and good multiplicities. With these plates, we observed the long-
term stability of the resistivity. However, the production process is complex and
costly. Thus, we initiated our own production in the laboratory as explained
in the section 5.4. We calibrated the quantities of two components used to
achieve the required surface resistivity values. The production procedure is
accurately calibrated and thoroughly documented for future use. In addition,
we are investigating the consistency of the resistivity of the initial batch. Due
to the fact that we are still investigating the stability of the resistive coating, it
has not been tested in RPC.

Utilisation of the readout board is the next critical aspect of the project. We
determined after testing several boards to use readout version 4.0. Our current
readout board’s spatial resolution is 1 cm, with a width of 9 mm and a gap
of 1 mm between each strip. We are terminating the readout strip with a
100-ohm resistor to reduce reflections on the front-end electronics of the DAQ.
We discovered that this decreased the noise within the DAQ. We created several
new readout boards (v5.0) with a grounding plane, whose investigation will
be the topic of the future study.

We discovered that our laboratory’s electrical grounding is poorly managed,
resulting in enormous system noise. We are grounding our system to a different,
less noisy ground. Even though the electromagnetic noise in the laboratory
is not excessively high after turning off the radio antenna on the roof of our
building, the aluminium chambers act as antennas for these noises and induce
interference in sensitive electronics. With these system enhancements, we now
have a working detector and could achieve efficiencies of up to 80%, which
is an enormous improvement since the project’s beginning. The system is
equipped with the necessary software and hardware to test new prototypes.
We have not conducted a systematic study to determine the stability of the
detector’s performance in sealed chambers over time, although we observed
good performance in the context of the efficiency over 6-8 months after the initial
filling of the chamber. Priority was placed on acquiring properly characterised
and functioning detectors with adequate efficiency and performance. We will
conduct a long-term investigation of detector performance.
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While the first muoscope prototype is still in the research and development
stage, we have laid the groundwork for the next high-resolution prototype.
Since we are observing electromagnetic interference from the aluminium box,
we will replace it with a frame that has been 3D printed. We will achieve
the frame’s gas tightness by adhering the resistive plates to the frame. The
3D printer is currently being tested with various frame materials. We will
use a plastic box for the system’s protection. The CMS front-end module will
be replaced with a 64-channel MAROC 3A chip for each chamber. Thus, we
are able to conduct high-resolution muography with our detector by giving
64 readout strips for each chamber. The spatial resolution must be precisely
determined.
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Additional Material

A.1. Efficiency measurement with standard NIM electronics

This experiment is done with standard NIM electronic instead of the muoscope
DAQ. The experimental setup was made as in the Figure 1.1, with the following
electronic modules and LEMO cables. The NIM modules used in the setup are
shown in the figure 1.2.

—_

3 Lecroy Model 623B Octal discriminator (18 discriminators were used).

1 Lecroy Model 429A Logic fan in/ fan out unit.

1 Lecroy Model 622 Quard coincidence module.

1 borer delay module.

16 Channel counter.

IPC Pre-selection timer counter.

3 Dual scalers.

32 2ns LIMO cables.

18 Ins LIMO cables.

10 LIMO cables (4-8 ns).

. Wave pro 7300 A Oscilloscope.

. RPC with new readout and DAQ intergrated high-voltage power supply
(iseg DPS mini DPn)(figure 3.8 power supply.

13. 2 external scintillators and power supply.

14. Multimeter.

I N A

_ = =
N = O

With this setup, it’s possible to count individual hits from each strip in the RPC
and two PMT counts, coincidences between two scintillators, OR operations
of the 16 strips, coincidences between two scintillators, and OR operations of
the 16 strips. 16 strips of RPC were connected to 16 separate discriminators
(1-16). The threshold of the discriminator was set to -100 mV (-1 V from the
value measured using a multimeter). The output signal was digitised with a
width of 20 ns. There are three different outputs from the discriminator: one is
connected to the 16-channel counter, and another is connected to the Lecroy
Model 429A Logic fan in/fan out unit. The output of this module is the OR
operation of 16 strips. The output of this module is connected to the delay
module, and the delay is set to 35 ns.

The PMTs (T,B) were connected to two discriminator modules with a threshold
of -400 mV (-4V from the value measured using a multimeter) and an output
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Figure 1.1. | Sketch of the Experimental Setup.

signal of 20 ns in width. One output of each discriminator (T, B) is connected
to one channel of the dual scalar, and the other output is connected to the
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Figure 1.2. | NIM crate with all modules.

coincidence module (T&B). The output form (T&B) is connected to a counter and
to another coincidence unit (T&B&RPC) while the other input of T&B&RPC is
the delayed signal of the OR of 16 strips. The output of T&B&RPC is connected
to a single channel of the dual scalar. The IPC pre-selection timer counter
is connected to each counter to provide a signal to start, stop, and reset the
counters. (Figure 1.1).

The counts for 600s from all the 5 scalars were recorded for different high
voltage values from 2400 DAQ units to 3900 DAQ units with an increment of
100 DAQ units. And another set of readings of high voltage values 2540, 2580,
2620, and 2660.
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Table 1.1. [ Setup values of each NIM unit.

NIM Module Threshold Value | Width of output ‘
1-16 Discriminator -100 mV 20 ns
T, B Discriminator -400 mV 20 ns
OR module - 40 ns
T&B Coincidence unit - 40 ns
T&B&RPC Coincidence unit - 40 ns

Delay unit | 35 ns
Timer 600s

RP
Efficiency(e) = % (A1)
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