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MWPC: Multi-Wire Proportional Chamber

MPGD: Micro-Pattern Gas Detector

RPC: Resistive Plate Chamber

DEM/DTM: Digital Elevation Model / Digital Terrain Model
CAD: Computer-Aided Design

PMT: Photomultiplier Tube

WLS: Wavelength Shifting optical Fibres

REGARD: Innovative Gaseous Detector Development Research Group (original name:
RMKI-ELTE GAseous detector Research and Development)

CCC: Close Cathode Chamber
FWHM: Full Width at Half Maximum
PCB: Printed Circuit Board

EDM: Electrical Discharge Machining
DAQ: Data Acquisition

ADC: Analog-to-Digital Converter
THP: Temperature, Humidity, Pressure
ABS: Acrylonitrile Butadiene Styrene
GEM: Gas Electron Multiplier

TPC: Time Projection Chamber

CT: Computed Tomography

PET: Positron Emission Tomography
FBP: Filtered BackProjection

ML-EM: Maximum Likelihood, Expectation Maximization
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Chapter 1

Introduction

Muography is a novel imaging method that utilizes the muon particles present in the cos-
mic rays on Earth. These naturally occurring high-energy muons are able to penetrate even
kilometers of rock, but denser matter absorbs more muons, similar to X-rays in bones. To
a first approximation, the detected muon flux (normalized count rate) depends only on the
zenith angle of the arriving particles and the material density integrated along the muon path
(density-length). The strictly monotone function between the muon flux and density-length
is the core of absorption muography, thus providing a powerful tool to image the average
densities of 10-1000 m rock layers by measuring muon trajectories in a given direction unit.
The geometric constraint of muography is that the altitude of the particle tracking detector
must be lower than the examined object level: no muons come from or below the horizon.
However, if the geometric constraint can be overcome, then muography can provide supe-
rior imaging resolution compared to other non-destructive geophysical techniques (such as
gravimetry, seismic, or electric resistivity survey). Applications arise in multiple disciplines,
including volcanology, mining, archeology, or civil engineering, by locating density anoma-
lies like unknown cavities, erosion zones, high-density ore bodies, or even dynamic density
changes. In some cases with multiple detector locations, even 3D density reconstruction is
possible.

Different muon tracking detector technological directions evolved for muography, orig-
inating from the high-energy particle physics experiments. Our detector concepts in the
REGARD group' are based on the MWPC (Multi-Wire Proportional Chamber) gaseous de-
tector type, which is an inexpensive, reliable, robust, low gas and power consumption design
with sufficient tracking resolution (below 10 mm). However, the detectors also have to meet
further challenges due to the fact that muographic data collection typically takes months in
the harsh environment of a remote field.

The research group I am working in is also involved in developments for the cutting-edge
tracking technology of Micro-Pattern Gaseous Detector (MPGD), which enjoys widespread
popularity in high-energy particle physics. The MPGD can also be a promising choice for
specific muography applications, especially if high resolution and monitoring is required,
yet detectorphysical challenges can arise in terms of signal gain homogeneity or production
defects.

The motivation of this PhD dissertation is to demonstrate my contribution in the research
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and developments of gaseous detectors and the application for muography, aiming to meet
the aforementioned requirements and elaborate further on the muographic data evaluation
processes, ultimately leading to radiographic or tomographic imaging. More specifically, 1
elaborate on my developments for the advanced MWPC for the applicability in a wide range
of muography situations, present the research on low gas consumption in order to significantly
reduce the detector maintenance, introduce our MPGD scanner and my developments on it
in the aim of an exclusive gain examination, and finally I describe my efforts to produce
muographic images to reconstruct density distributions.

Chapter 2 is a literature review on muography, the cosmic muon physics, and muon
tracking possibilities. All the following chapters include different aspects of my research
work on the subject, where the line of reasoning from section to section start with its own
introduction about research preceding my work, then elaborate on the thesis statements,
and finally the results and conclusions are drawn. In the last chapter, an outlook are given
about preliminary results and future perspectives of my research work which are awaiting
publication.



Chapter 2

Principles of Muography

2.1 Cosmic muon physics

Cosmic radiation on the surface of the Earth is a natural phenomenon known for a century,
based on the pioneering work by V. Hess [1] amongst others. He measured an increasing
ionization rate with increasing altitude by the famous balloon experiment, thus proving that
this radiation originates mostly above and not below the surface of the Earth. Later, between
1930 and 1950, cosmic rays were the main experimental source for the discoveries of early
particle physics until the appearance of particle accelerators. The most relevant to this thesis,
the muon (u) particle was discovered in 1936 by C.D. Anderson and S.H. Neddermeyer in a
cloud chamber [2], which is shown in Fig. 2.1.

Figure 2.1: The discovery of the muon particle (1936) [2] in the cosmic rays by a cloud
chamber experiment. Due to the curved track of the new particle in a magnetic field, its
mass was determined to be between those of an electron and a proton, and its charge is
positive or negative.
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Regarding the origin of these muons on Earth, we now know that they are produced
by high-energy collisions of cosmic rays in the upper atmosphere. The protons (and a small
fraction of heavier nuclei, and also electrons, positrons, and antiprotons) that originate mainly
from galactic radiation and hit the Earth are called primary cosmic rays (Fig. 2.2). Once
reaching our planet, they collide with the nuclei of the upper atmosphere, and due to the
laws of strong nuclear interactions, a shower of secondary particles, e.g., pions (7 +, 7, %),
kaons (K+, K—, K3, K?), and their cascade decay products (driven by the weak nuclear
interactions), most notably muons (u*, u~) are produced.
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Figure 2.2: Left: Cosmic particle flux versus energy at the top of Earth’s atmosphere. The
the energy bands marked as yellow, blue, and purple are attributed to solar, galactic, and
extragalactic cosmic rays, respectively. Right: Primary cosmic rays collide with the nuclei of
the upper atmosphere and create a shower of secondary particles. Through a cascade decays,

large number of muons are produced which can reach the surface of the Earth (image: Javier
Zarracina/Vox; NASA)

Muography, as the name suggests, utilizes the muon component of the cosmic rays, which
is the largest portion of the ionizing cosmic particles on sea level (order of magnitude more
than protons and neutrons, and two order magnitude more than electrons or pions), arriving
at a rate of 100-200 Hz/m?[3]. The energy of the muon is inherited from the primary cosmic
particle ancestor, and the higher was the energy of the primary, the higher is the energy
of the new born muon (due to the conservation of momentum). The birth rate and energy
depends on the mean free path of pions and kaons in the atmosphere (do they interact with
something before decaying into muons). Eventually, this depends on the altitude of the
high-energy collision, the angle of arriving primary particle, the complex process of cascade
decays, and the density of the atmosphere. The initial energy distribution of muons receives
a special attention in Sec. 4.1 as it plays a key role in calculating the number of muons, thus
creating a muographic image. In advance, it is important to mention that typically the high-
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energy (>1 GeV) muons are interesting for us. For this reason, the muon rate is constant
(in a first approximation) day and night, throughout the year, because the high-energy part
of the muon spectrum originates from the galactic or extragalactic sources and not from the
Sun.

Like the well known electron, the muon also belongs to the lepton particle family, but
it is ~200 times heavier than an electron. It is unstable, decaying into lighter particles
(ut — e"v,ve and p= — e v, 7,) with a mean lifetime of 7 ~ 2.2 ps at rest. Considering that
most muons are produced around 15 km above sea level, by classical mechanical calculation
(considering light speed and the given lifetime) they should not reach the surface of the
Earth. A remarkable evidence for Einstein’s theory of special relativity is that due to the
high momentum of the muon, the relativistic dilation increases the observed lifetime by the
Lorentz factor (y = 1/4/1 — 2, where 5 = v/c is the speed of the muon relative to the speed
of light). For example, a muon with 4 GeV energy corresponds to v ~ 20, thus the decay
length is yor ~ 24km'.

Nature is kind to us: the atmosphere has the right thickness for muons to produce and
reach the surface, and also the penetration of muons into rock is high enough to reach even
multiple kilometer deep under the surface. Due to the attenuation in the rock, the rate of the
muons in a given depth is proportional to the amount of material along their path length.
This is why muon imaging of the irradiated rock is possible and the energy deposition of the
muon in different materials is a key factor in these investigations. Fig. 2.3 shows the muon
stopping power in different mediums on different energy scales.
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Figure 2.3: Left: Muon stopping power (Bethe formula normalized to density) in copper,
over nine orders of magnitude in momentum. Vertical bands are the characteristic points of
the curve. Arrows and dashed lines indicate specific effects on the Bethe formula. Right:
Muon stopping power in different materials. Note, that the muon energy loss in higher atomic
number materials is less due to the % dependence. Figures are adapted from [4].

The mean energy loss of a charged particle is expressed in the Bethe formula[4] as

!This calculation is not taking into account the continuous slow-down which can be relevant at lower
energies, but negligible in higher energies.
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where z is the charge number of the incoming particle (z = 1 for muons), Z and A the atomic
and mass number of the medium, K, Wi, I, and §(B7) are coefficients of the medium
for a given incoming particle (proportionality coeffitient, maximum kinetic energy transfer,
and mean excitation energy, density effect correction), m. and ¢ are universal constants
(electron mass and speed of light). The energy deposition of muon results mostly from
electromagnetic interactions (the radiative losses, like pair production and bremsstrahlung,
become significant only in very high energies). The function follows a —(In 8y — 8v)/8y
nature (if 0.1 < v < 1000), which has a minimum around 0.25 GeV/c momentum (called
minimum ionizing particle or MIP), and above that, the curve is almost completely flat. As
mentioned before, the muon energies above 1 GeV are interesting for us, and since the muon
momenta above TeV are rare, the relevant part of the spectrum is the 1-1000 GeV range.
In this range, the incoming muons with different speeds have almost the same energy loss
rate in the medium (and in the detector) due to the flatness of the curve. This means that
measuring the speed of cosmic muon is nearly impossible at high energies without stopping
them, and challenging in the intermediate energies (0.1-2 GeV). The latter is important for
background filtering, but besides that, we do not actually need to measure the muon energy
for muography. We are only interested in their directions because the muon rate data in a
given direction includes the density information concerning the volume of interest.

2.2 Muography

The muon rate from a given direction is inversely proportional to the amount of material it
travelled through as a consequence of the continuous energy loss. This is the basic principle
of the “absorption muography”, similarly to the X-ray of bones but for large objects or rock
layers in the range of 10-1000 m rock thickness. The muon rate is defined by the muon flux
(® [m2srls!]) which is the number of muons (Ny.;) detected in a given direction (6, ¢ being
the usual geodesic zenith and azimuth angles of the horizontal coordinate system, shown in
Fig. 2.4 top left panel) and normalized by the 'Acceptance’ effective detector surface (Aeg,
including detector efficiencies), solid angle bin of direction (£2), and measurement time (7):

Ndet(97¢> t)
Ag(0,0) - Q-1

(0, ¢, t) = (2.2)

As a first approximation, the muon flux depends on the path length (L) and average
density (p) traveled by the muon through the material: ®(L -p). Here L-p = g is defined as
density-length, also called “opacity” [5], in the usual unit of g/cm? or m.w.e. (meter-water-
equivalent, equivalent of g/mm?). The distance traveled in the air is neglected and later the
altitude correction will contain it. The strictly monotone mapping between the two quantities
(® — p) is the core of absorption muography, that allows for locating density anomalies like
unknown cavities, erosion zones, high-density ore bodies, or even dynamic density changes
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in result (for more details, see Sec. 4.1). This method was used to map the internal density
structure of Satsuma-Iwojima Volcano shown as an example in Fig. 2.4. Muons are traversing
through the volcanic cone, and the amount of absorbed particles strongly depends on the
filling of the magma conduit-reservoir system. The same method can be applied, just to name
a few, in archaeology, mining, or civil engineering, to localize density anomalies (significant
muographic density deviations from an expected average density).

Figure 2.4: The schematic view of the interior structure of the Satsuma-Iwojima Volcano
(top right) and the muography detection principle (top left). The resulting muographic
density image of the upper few hundred meters of the volcanic cone (bottom) [6].

The first significant pioneering applications of absorption muography was demonstrated
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by Alvarez et al. [7] in 1970, but the phenomenon has been investigated even prior [3]. I
would also mention here that the effect of an underground tunnel on the muon flux has
also been noticed in the Hungarian Janossy laboratory in the early sixties [9], which was
one of the top cosmic ray physics research complex in that time. However the cosmic muon
absorption and its utilization was known for a long time, the technology had to improve a
lot to be feasible. Since the beginning of the twenty-first century, the number of muography

research results are growing ever since [10], influencing a wide range of fields, including
volcanology|[6, 11, 12, 13, 14, 15,16, 17, 18, 19]; mining[20, 21, 22, 23]; archaeology[24, 7, 25];
civil engineering[26, 27, 28]; speleology[29, 30]; ice-[31], water-[32, 33, 34], and atmosphere-
monitoring[35, 36]; just to mention a few.

Muography relies on the tracking of cosmic muons, in other words the measurement
of particle paths travelling through a detector. The high-energy muons travel in straight
lines. Small deviations could be caused by multiple Coulomb scattering [37] but it is usually
negligible and only measurable in lower energies [38]. So essentially, we measure the rate
of muons in a given direction by fitting straight lines to each incoming ionizing particle.
Arguments to support the assumption that most of these straight ionizing particles are in
fact high-energy muons coming through the examined object, is discussed in Sec. 2.3.2. The
details of the conversion between the muon flux (a normalized quantity of the muon rate),
and the density-length (the product of rock length and density) is derived in Sec. 4.1. After
this conversion, a muographic image can be provided, showing the static density distribution
or dynamic density changes inside the object. It is important to note though, that 2D
muography (muon radiography) can provide only the average density in the given direction
(a low density region without cavities can provide the same image than a high density region
with cavities). To get a 3D density distribution (muon tomography), multiple viewpoint data
and the process by a tomographic inversion algorithm required, similar to the case of medical
CT imaging. This is described in Sec. 4.2.

There are alternative approaches to utilize the naturally occurring muons for imaging.
The “scattering muography” method can produce information about the atomic number and
density distribution in an examined volume (up to a few cubic meter). The basic principle is
that muons at intermediate energies can suffer multiple scattering (see Eq. 4.13 below) more
likely in higher Z - p materials, so mapping the voxel space by scattering power results in an
image sensitive to the Z - p contrasts (see Fig. 2.5).

This method was proposed first in 2003, by Borozdin et al. at Los Alamos[10]. Recently,
Niederleithinger et al. showed a detailed study of this method, comparing the imaging
capabilities with radar, ultrasound, and X-ray laminography[!!]. Applications of scattering
muography focus mainly on nuclear cargo imaging, nuclear waste monitoring, and reinforced
concrete condition assessment (see, for example, applications reviewed by P. Checchia[12]).

Another alternative muography method was proposed in 2016 by I. Bikit et al.[13] at
Novi Sad, in collaboration with our group at Budapest. As muons pass through matter,
interactions result in secondary particles (mostly electrons and gamma photons) and the
cross sections of the processes vary by the density and the atomic number of materials.
This technique could be used to investigate mainly the low atomic number content of the
target. Recent results are summarized by G. Galgéezi et al.[11]. The combination with the
previously mentioned methods are also proposed by groups from Hengyang, China[15], and
from Bremerhaven, Germany[10].
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Figure 2.5: First scattering muography image of two Fe and a Pb blocks from our research
group in Wigner RCP [39].

Muography in general is a prospering new science field with numerous multidisciplinary
applications, but like many other things, it also has its limitations. One issue is the relatively
low muon rate: 100-200 Hz/m? as mentioned before, or an illustrative example, roughly one
muon pierces our palm in every second. For a sufficient statistical certainty, usually hundreds
of thousands or even millions of muon tracks are needed from one viewpoint of a muographic
survey, depending on the required resolution. This can be achieved in three ways: either
by large telescopes, an array of (many) telescopes, or long measurements. In the first two
cases, the limiting factor is the available space (e.g., underground) or the budget. In the
latter case, the data allocation time is typically weeks or months. Another important issue is
that muons only come from above. Therefore, we cannot image from the horizontal direction
of the detector and below. The altitude of the detector always has to be lower than the
examined object. The decrease of muon flux depends on the arrival zenith angle (0) which
can be roughly approximated with a cos?(f) function in open air and gets more complicated
in rock, as discussed in details in Sec. 4.1.

In conclusion, a field muographic survey generally requires at least some of the following
preparations (although not all are always readily available):

e Collecting all the available preliminary information about the location (DEM/DTM
surface maps, tunnel maps, rock compositions, average densities, etc.)

e Planning the most suitable measurement positions and viewing angle
e Estimating the required duration for each data collection in different viewpoints

e Preparing the infrastructure (power or batteries, internet or manual data collection,
detector transportation, etc.)

e Muon flux and uncertainty calculations, simulations.

After this short overview in this section, the interested reader is invited to find out more
details about muography in the following review articles: [10, 3, 17, 18] or in the book from
Oléh et al. [19].
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2.3 Detectors used in muography

Muon detectors originate from the high-energy particle physics experiments. The continuous
push to the technological limits for more than a century has improved the technologies
to the level that current detectors are capable of tracking charged particles in 3D with a
resolution of tens of micrometers, and are read out digitally at an amazingly high rate.
Answering fundamental scientific questions not only provides more knowledge about our
world, it also contributes to the society by technological advancements and spin-offs for
applications. Muography is the application of particle detectors for geosciences, archaeology,
or civil engineering, and although experimental particle physics knowledge is necessary, we
cannot use the same detectors one-to-one from those of fundamental sciences. Imaging usually
requires remote field data collection in harsh environments, so detectors need to step out of
the comfortable laboratories. In contrast to the high-energy physics experiments, muography
is not exposed to such a high particle rate (as it was discussed in the previous section), and
the required resolution is also lower depending on the specific application. In turn, the
robustness against environmental and transportation stress, mobility, autonomy, low gas and
power consumption, safety, and cost efficiency are the most important driving factors for
R&D.

There are three main technological families in muography, namely gaseous, scintillator,
and emulsion detectors. The attributes and different sub-branches of these families is dis-
cussed below. The muography detectors can be categorized not only based on technological
aspect. It is also an important factor for the detector design if it is placed underground or at
surface, and the detector requirements in these cases are discussed in the subsections after
the next one.

2.3.1 Detector families and sub-types

Gaseous detectors: A gaseous tracking detector developed in the REGARD group is shown
as an example in Fig. 2.6.

Figure 2.6: One of the gaseous detectors developed by the REGARD group[50]. Left: the
inner structure contains wires which provide the coordinate information of the passing par-
ticle. Right: photo from the assembled detector, containing the custom designed electronics
and a gas inlet tube (green).

10
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The operational principle of gaseous detectors is that the passing particle ionizes the
atoms (or molecules) of the gas in a chamber, leaving a trail of electrons and ions. Due
to high voltage applied to the anode, the electric charges are collected resulting in signals
on the anode. Usually a noble gas is used as ionizing medium (since they have the lowest
electron affinity), but in most cases other gases, called quenching gas, are also mixed in
for stability [51]. Anodes are usually thin wires (~20pm diameter), and the cathode is
the wall of the detector itself. Gaseous detectors can be categorized — based on the gas
amplification processes — into ionization detectors, proportional chambers, and Geiger-Miiller
counters. Ionization detectors are utilized in special cases (high-dose rate measurements,
gas chromatography) and Geiger-Miiller counters are widely used in dosimetry due to their
simplicity. Beyond these, most of the gaseous detectors in the technological frontiers are
applied in the proportional region. This means that a so-called Townsend avalanche of
secondary ionization electrons appear in the gas volume due to the high voltage around the
anode (Fig. 2.7 right), causing a gain before the signal formation. The energy - deposited
by a passing particle in the gas - is proportional to the signal amplitude, hence the name
“proportional chamber”. Energy deposition can be useful information but eventually we want
to measure the position where the particle passed through the detector. A simple solution is
to stretch multiple anode wires next to each other and the position of the wire which provides
signal is the coordinate of the passing particle (Fig. 2.7 left). This gaseous detector type
is called MWPC (Multi-Wire Proportional Chamber), invented by G. Charpak [52] who has
been awarded for his work with Nobel Prize in 1992.

Although MWPCs revolutionized the particle detector technology in the 70s, they re-
quired heavy mechanical support structures and constant environmental parameters for sta-
bility. Advanced versions, developed for muography by our group, is described in Sec. 3.1.
The resolution can be further improved without the risk of sparking by applying micro-
structure technologies, this is discussed in “Micro-Pattern Gas Detectors” Section 3.2. There
are other techniques used in muography as well with enhanced resolution, like the drift tube

technology [53, 5] (separated gas volume per wire, the constant “drift” speed of the ionized
electron towards the anode is used for the position fine-tuning) or the RPC (Resistive Plate
Chamber) [55, 56, 21, 57] (highly resistive plates make it possible to place the anodes closer

without sparks) but these are beyond the scope of this dissertation.
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Figure 2.7: Left: schematic of the classical MWPC detector (image: N.B. Budanur; ITU).
Right: avalanche formation around the high voltage anode wires, adapted from [51].
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Scintillator detectors: Scintillation is the physical phenomenon where a material, called
scintillator, emits UV or visible light under excitation from an incoming particle. This
material can be made of inorganic crystals (with so called activator impurity in them), or
organic materials (plastics, liquids, or gas). In muography, the plastic scintillators have
spread, because of the relatively easy fabrication and low production cost. Fig. 2.8 shows
the potential energies of a molecular chain depending on the distance between atoms.

Figure 2.8: Left: illustration of energy states and excitation process in organic scintillators
(modified figure from Ref. [58]). Right: schematic of scintillator coupled with a photomulti-
plier tube.

Excitation can occur due to particle radiation (Ag— A; transition) which de-excites to the
minimum energy state By via heat release. From here, it returns to the ground state by emit-
ting a photon (transition from B to By) which is not absorbed because its energy is smaller
than that needed for excitation (B; — By < A; — Ap). The scintillator is therefore transparent
to these photons, and by detecting the photons, the properties of the ionizing particle can be
measured. The most common tool for scintillation photon detection is the Photomultiplier
Tube (PMT) which contains a photon-to-electron conversion plate (photocathode) and mul-
tiplier electrodes with stepwise increasing voltage (dynodes) in a vacuum tube. International
literature recognises L.A. Kubetsky (USSR) and V. Zworykin (RCA group, USA) amongst
others who invented the PMT, but that time it was only used for radio signal amplification.
An uncredited pioneer of PMT was Hungarian physicist Zoltan Bay who first proposed the
application of PMT for individual electron and gamma photon detection [59] and later devel-
oped the device for detecting alpha-, beta-, and X-rays as well. The PMT is still common in
scintillator technology (low noise, low dark current, simple response function, less sensitive
to temperature), but nowadays the solid-state silicon photomultipliers (SiMP) have a great
impact too (low price, high signal gain, insensitive to magnetic fields, etc.).

Considering the scintillator detectors for particle tracking, the usual arrangement is long
scintillator bars (or fibers, or other shapes) next to each other and another layer of bars
perpendicular to the first one. Similar to that in case of gaseous detectors, the positions of
the channels producing signal are the coordinates of the passing particle. The rectangular
cross-section bars have simple construction with a well defined resolution depending on the
width of the bar (Fig. 2.9 left). The resolution can be enhanced by triangular shape (Fig.
2.9 right) which are slightly more complicated to produce, but this way a passing particle
affects two bars, and with a center of gravity algorithm, the position can be fine-tuned.

12
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Figure 2.9: Examples for scintillation plastic shapes used in muography. Left: square cross-
section bars with wavelength shifting optical fibres (WLS) guiding the light to a position
sensitive PMT (MEV project, University of Catania [00]). Right: triangular bars with WLS
guiding the light to SiIMPs (Mu-Ray experiment, INFN-Napoli [61]).

Emulsion detectors: The nuclear emulsion solid-state detector is a special type of
the well known photographic emulsion film with monodispersed silver halide crystal grains.
Charged particles passing through a nuclear emulsion leave tracks by interacting with the
grains, and after the chemical development of the emulsion layer (below 100 pm thickness),
particle tracks can be identified with an optical microscope scanner (Fig. 2.10). Track
reconstruction is carried out by focusing to multiple depth in one emulsion layer, and a
laminographic image processing recognises the related points of a so-called microtrack. Dif-
ferent microtracks in different layers are connected, eliminating the background noise in the
images and providing exceptionally high position resolution (micrometers).

Figure 2.10: Left: Process of emulsion scanning and track reconstruction [62]. Right: Photo
of an emulsion detector [63].

Emulsion technology provides passive detectors, which means that tracking is not real-
time, in exchange they have zero consumption in the field. In practice, layers are produced in a
lab, transported to a measurement site, exposed to the cosmic rays in a viewpoint, transported
back to the lab, developed, and the muographic data is available after the scanning of the
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Table 2.1: A comparison of detector technologies for some design parameters [3, 19].
* High one-time investment for the optical scanner and production line system, but low film
production cost.

Gaseous detectors Scintillators Nuclear emulsion
MWPC ‘ MPGD rect. ‘ triang.

Resolution 1-10 mm 0.1-1mm | 1020 mm | 1-5 mm | 0.01-0.1 mm
Monitoring Yes Yes Yes Yes No

Weight Medium Medium High High Low

Cost Low High Low Medium | High capital*
Production intricacy | Moderate Complex Easy Moderate | Easy
Consumption Power, Gas | Power, Gas Power Power None

layers. In consequence, the layers are exposed to the cosmic rays also outside the measurement
site resulting in unwanted extra background. The solution for this problem is that detector
layers (each contains a double emulsion layer with a plastic base and aluminum coating for
protection) are transported separately to the site, and at the beginning of the measurement, at
least two detectors are aligned to each other. At the end of the measurement the detectors are
detached, therefore the coupling of tracks in the different detectors provides the muographic
data collected only in the viewpoint.

Tab. 2.1 summarizes a comparison between the three main detector families (and some
of the sub-types). The comparison provides a relative estimation between the technologies
for some basic requirements such as position resolution, weight, cost, and consumption.

There are many more particle detector technologies besides the above mentioned ones,
but those are not so common in muography. Nevertheless, two more detector families may be
worth mentioning as those have been applied in muography so far. Cherenkov detectors
utilize the Cherenkov photon emitted by the high-energy charged particle when passing
through a dielectric medium (at a speed greater than the phase velocity of light in that
medium). It is possible to use it directly for tracking [6-1], but the most promising application
is background filtering [65, 6], combining it with some of the conventional technology for
tracking [17]. Another type is the semiconductor position-sensitive detector (e.g.,
silicon micro-strips or pixels) which has potentially very high resolution, and could be useful in
high radiation, compact environment, or space applications [67]. Generally, these alternative
methods have much higher cost per sensitive area ratio and therefore are very expensive for
muography since the size is an important factor, but still can exist thanks to the fundamental
scientific experiments.
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2.3.2 Surface detectors and background suppression

Due to the fact that cosmic-ray induced muons are produced in the upper atmosphere, the
detector must always be placed on a lower altitude than that of the target. Therefore, the
detector is often placed underground (under the examined region), or on the surface by
viewing the upper part of a protruding object from the side (see, for example, in Fig. 2.11).
In the latter case, usually the environmental stress is an important challenge, like the daily
and yearly temperature variation, or storms (humidity, wind, dust, lighting, etc.) [68]. Some
protection against storms can be achieved by a proper shielding such as placing the detector
in a container or a tent. It is more difficult may be to protect against temperature which can
cause stability issues. Preparing the detector to tolerate very high temperatures (>40°C [69])
could pay off in the long-term due to the simplicity and cost efficiency (but of course heat
exchanger can be an option too if sufficient power is accessible).

Figure 2.11: Schematics of surface measurement in case of a volcanological application [70,

.

The most important issue on surface is the high rate of background particles originating
from cosmic radiation and mimicking high-energy muons, which actually do not pass through
the examined object but result in fake tracks in the detector, blurring the muographic image.
This “high” rate is an elusive concept and depends on many things (the number of detector
layers, zenith angle, topography, altitude, solar activity, temperature, etc.), but the level
of background can be quantified by the minimum flux value which can be measured by the
detector. Since the muon flux and density-length are inversely correlated, this value basically
provides a maximum rock thickness which can be imaged (with an estimated average density).
Measuring this value is simple: since we expect essentially zero muons from the horizon or
in the direction of very large rock thicknesses (>1 km), the muon flux from this direction is
the level of background. Without any background suppression, this level (translated to rock
thickness) could be even below 100 m, so a sufficient background filtering can be a key factor
for imaging larger rock thicknesses.

To suppress this background as much as possible, we must first understand its origin.
High-energy muons traversing through the examined object leave straight line tracks in the
detector as described in Sec. 2.2. However, there is a large portion of low-energy particles (<1
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GeV) on the surface of the Earth, such as hadrons (protons, neutrons, pions, etc.) and leptons
(electrons, positrons, and low-energy muons) originating from the primary cosmic rays. Most
of these particles are usually absorbed or scatter even in thin layers of material such as the
detector walls, but there is a finite probability that, despite scattering and absorption, some
particles are still able to leave a straight line in the detector.

Figure 2.12: Four cases of possible muographic background. Top left: hadrons creating new
particles in front of the detector. Top right: cosmic shower creates straight-line coincidence
event (combinatorical background). Bottom left: low-energy muons scatter in the detector
from the object. Bottom right: low-energy muons scatter backward [3].

Some possible scenarios are outlined in Fig. 2.12. The dashed line represents the re-
constructed track which mimics a high-energy muon travelled through the examined object.
Four cases are usually examined in muography:

1. hadrons reaching the surface and producing new particles in the direction of the detector
view (top left),

2. different components of a hadronic shower accidentally imitating a straight track (top
right),

3. muons scattered into the detector in front of the object (bottom left),

4. muons scattered backwards up in the detector to the direction of the object (bottom
right).
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In case 2, the more detector layers we have, the smaller the chance for this combinatorial
background. The 1, 3, and 4 cases are basically intermediate energy particles (0.1-1 GeV [72],
or in some cases even up to 5 GeV [73]) which have enough energy to leave a straight line
in the detector. The most effective (simple and cost-efficient) protection against them is a
scattering/absorbing wall (usually made of lead) between the tracking detector layers which
alters the path of these intermediate energy particles [71]. The exact energy cut depending on
the thickness of the scattering wall can be derived from detailed simulation studies. However,
a consequence of this protection is that this way every particle is effected, even the originally
high-energy muons which attenuated to an intermediate energy during the travel in the
examined object. Thus, we lose some portion of the useful signals as well. This is usually a
tolerable loss since the integral of the muon spectrum in this region is much smaller than the
rest of the integral of the spectrum. Another issue could be the high weight of the scattering
wall, reducing the portability of the detector. There are alternative methods to reduce the
background, e.g., Cherenkov detector application for energy measurement, or a time-of-flight
(TOF) measurement to distinguish backward going muons. [75].

2.3.3 Underground detectors and their requirements

If there are artificial tunnels or natural caves are available under the examined object or rock
layer, it is advantageous to collect muographic data from those places, but this underground
muography has its limitations. The choices for viewpoints are constrained by the accessible
area, and the environment is often not friendly there too, although arise different challenges
than those on the surface. Two examples of underground detectors installed in a cave and a
tunnel are shown in Fig. 2.13.

Figure 2.13: Examples of muon detectors installed underground. Left: Photo taken in
the Ajandék cave near Budapest, which is a good example for humid environment. Right:
Installation in the Esztramos abandoned mine system in Hungary, which illustrates well the
limited space and the importance of portability [30].

17



Chapter 2. Principles of Muography

Extreme temperatures are rarely a problem underground and the temperature is usually
constant, but humidity (or even water droplets) and dust are frequent issues for which the
detector must be prepared for. The required level of protection depends on the site, since
each site has different environmental parameters, such as temperature, humidity, and pH
level. The IP54 standard? is sufficient in most cases. Power supply can also be an issue if the
location does not have electricity. In this case, low power consumption could be mandatory
and the battery charging or replacement can be challenging. It is worth noting, that the
application of a solar panel near the entrance of the underground facility can be simple and
reliable if the detector is not too far (150-200 m) from the entrance.

Borehole detectors are a new technological frontier in underground muography [76, 77,
78, 79]. Boreholes are artificially drilled holes (around 5-30 cm in diameter) cutting through
the rock sequence with up to kilometers of lengths for geoscientific examinations (rock com-
position, temperature, etc.), mineral exploration, or resource extraction (water, gas, or liquid
hydrocarbons). Since this provides direct information about the geology, it is a widely used
but remarkably expensive survey method compared to other indirect non-destructive meth-
ods like gravity, seismic surveys, magnetic surveys and electric resistivity etc. Regarding
geophysics, the commonly used strategy for mineral exploration is to start with the cheapest
and easiest method which usually has low resolution, and progress in the direction of more
expensive methods with higher resolution, ending with multiple borehole drills. Muography
could be included among the traditional methods, providing the highest resolution around a
given borehole, and reducing the required number of boreholes.

Figure 2.14: A schematic example is shown on the top figure for borehole detector applica-
tion [3]. The photos at the bottom show the 10 cm diameter prototype of a gaseous borehole
detector developed by the REGARD group [30].

International standard of ingress protection (IP) code: iec.ch/ip-ratings (Accessed: 2023-05-30)
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Chapter 3

Gaseous detector developments for
muography

3.1 Innovative Multi-Wire Proportional Chambers

Close Cathode Chambers: Our research group in the Wigner Research Centre for Physics
has been developing gaseous detectors for fundamental research, and applications like muog-
raphy for more than ten years. One of the new designs was the reconsideration of the
classical MWPC detector. Motivated by designing a detector for the proposed ALICE Very
High Momentum Particle Identification Detector (VHMPID) [30], the Close Cathode Cham-
ber (CCC) [81] has been developed. The detector concept appeared to be an ideal choice for
application in the emerging science field of muography as well due to its excellent stability,
resolution, and cost-effectiveness attributions [82]. The CCC technology is still present in
our detector supply although it is beyond the scope of this dissertation. However, a short
introduction is needed to understand the origin and motivations of the advanced MWPC
detector technology which is the main scope of the present work.

Figure 3.1: Left: Schematic cross section of the CCC detector concept. Right: Relative gas
amplifications as a function of lower cathode and wire plane distance d with different Ug/Ug
voltage ratios normalized at d = 1.75 mm [31].
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The wires in the Close Cathode Chamber are not symmetrically centered — as the name
suggests — but closer to one of the cathodes (see Fig. 3.1 left), unlike in the conventional
MWPCs. This results in a sharper charge distribution of the passed ionizing particle. The
closer cathode has copper 'pad’ strips (typically 4 mm wide, created by conventional PCB
etching) for providing one coordinate, and the perpendicular wires (specifically the Field
wires, ~100 pm diameter EDM wire) provide the second coordinate of the passed particle,
resulting in 3-4 mm FWHM position resolution in both directions [32]. The Sense wires
are the anodes (20-25 pm diameter gold-plated tungsten wire). The position resolution can
reach even 200 pm FWHM with 2 mm pad width and analog position channel readout if
required [33].

Classical MWPCs have a notorious problem with stability and homogeneity of the gain,
a.k.a. the gas amplification, that is, the number of electrons after the development of the
Townsend avalanche which sparked by one primer electron. The gain is very sensitive to
the geometry: the wire distances to the cathodes and to each other. Hence, the wires
must be stretched to the limit in order to avoid instabilities. Thus a massive chamber wall
structure is needed, and the wires can easily break. The most important innovation of the
CCC technology is that the ratio of the Field and Sense wire potential (Ur/Ug) has been
optimized againsts the wire—cathode distance (d), and such a ratio has been found where
there is no dependence from d (Fig. 3.1 right). This means that the gain is not sensitive
to small geometric deformations and therefore there is no need for heavy frames or intensive
wire stretching, and the detectors are less sensitive to transportation or mechanical influences.
Even 1 m x 0.5 m size detector chambers have been demonstrated [33].

In summary, the CCC technology combines multiple ideas, which work efficiently together
and provide solutions for a number of typical MWPC problems:

e Field wires are applied to stabilize the electric field.

e Ar:CO, mixture of 82:18 (commercial Ferroline C18) non-flammable, non-toxic, non-
aging gas can be used, since there are no special issues to overcome which is common
in other gaseous detector technologies.

e The position information is collected in the Field wires (instead of the Sense wires,
which is the general method). This way the signal is very similar to the pad signals
and similar electronics can be used for both coordinates. Furthermore, the Sense wires
are coupled together, and provide a good quality trigger signal for the Data Acquisition
(DAQ) system.

e Field wire and pad signals are converted to 1 bit information and a shift register circuit
collects them to a single board Raspberry Pi mini computer. ADC information from
cach channel would enhance the resolution by more than a factor of 6 [33], but the
power consumption and cost would be significantly higher, not to mention the more
complicated DAQ system.

e Cathode planes can be commercial PCB (instead of foils), made from FR4 material
with copper surface, since material budget is not an issue in muography. This gives
extra robustness and cost-effectiveness to the system.
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Photos about the CCC detectors are shown in Fig. 2.6 in the previous Chapter. This
detector technology has been performed successfully in a wide range of applications so far.
The beautiful Hungarian caves were one of the first muographic field trials to develop robust,
autonomous, and mobile detectors, which are able to resist high humidity and mechanical
stress of transportation [29]. These detectors were installed in the Molndr Jénos cave (Bu-
dapest, Hungary) and in the Ajéndék cave (Pilis mountains, Hungary) where no significant
unknown cavities have been found. A further measurement has been performed in the his-
torical limestone mine of Kébanya (Budapest, Hungary) where a known blowhole shaft has
been examined. In each case, the measurements have been verified by comparison with the
surface topography. A detailed verification of muographic cavity measurement in the Janossy
Pit underground laboratory in the campus of the Wigner RCP also has been carried out [$1].
The muon intensity in the Felsenkeller shallow underground laboratory (Dresden, Germany)
has been investigated by studying the muon induced events, background, and for planning
an active veto of accelerator-based underground nuclear astrophysics experiments [85]. A
proposed next generation ground-based gravitational detector’s location has also been ex-
amined in combination with seismic and infrasound noise, electromagnetic attenuation, and
cosmic muon radiation measurements in the underground Matra Gravitational and Geophys-
ical Laboratory near Gyéngydsoroszi, Hungary [0].

Advanced Multi-Wire Proportional Chambers: In muography applications, it is
clear that one of the main detector requirements is the size (active area) since the muon
rate is relatively low. Thus, to collect sufficient statistics in a remote field, it is not only
important that detectors are stable for long periods of time, but they must also maximize
the detector area which fits to the measurement location (keeping in mind the portability).
Based on the experiences with the CCC detectors, the need arose for large-size, cost-efficient,
and mass producible detectors. It is also worth mentioning, that with increasing detector
size, the target object is usually also larger, and since the detector should be considered to
be point-like, the position resolution is also allowed to reduce. To satisfy these needs, the
following ideas helped to develop a new, advanced MWPC design in addition to the CCC
ideas:

e Sparser wire spacing, symmetric cathode-wire-cathode planes, and larger ionization
length (2 cm gas gap): if there is more distance between the wires and the cathodes
then the gain stability requires no geometric asymmetry.

e Field wires on ground potential: since the new design is expected to be sufficiently
stable, reducing the number of high voltage channels greatly simplifies the power supply
and electronics, the MWPC geometric sensitivity has been tested with Field wires (also
as the Pads and the cathodes) on ground potential (Ref. [33]).

e Pick-up wires: pads are thick wires instead of copper strips. Since PCB etching in large
size is problematic, replacing the cathode strips with wires (practically using the same
type of wires as for the Field wires) is much more convenient.

The schematic structure of the advanced MWPC design is shown in Fig. 3.2 (from now
on, 'MWPC’ refers to this design). The top and bottom figures show two perpendicular cross
sections. In large chambers, the cathode surface flatness is supported by 3D printed pillars.
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In the middle of the gas volume, the 100 pm Field wires (ground potential) and the 20-25 pm
Sense wires (anodes) are stretched with a 6 mm spacing between each other. The Pick-up
wires (100 pm on ground potential) are located 2 mm from the bottom cathode plane. The
anodes are interconnected and are typically around +1700 V high-voltage potential, around
which the electron avalanche (gas amplification) forms, and provide the trigger and amplitude
measurement for readout as mentioned before. The Field and Pick-up wires provide the x
and y coordinate information of the passing particle. The Pick-up wires have 4 mm spacing
and connected in groups of three, thus the segmentation pitch is the same as for the Field
wires.

Figure 3.2: Perpendicular cross section view of the advanced MWPC design, showing the
geometric configuration of the structure and the soldering points between the wires and the
readout electronics [37].

From the Sense wire signal, two output signals are formed (after preamplification and
shaping). One is a direct analog output for amplitude measurement, and the other is a TTL-
compatible (Transistor-Transistor-Logic) discriminated trigger signal, which are forwarded
to the DAQ. The trigger signal is created only when the amplitude reaches a certain level
of threshold, with a 2ps delay timing to the mean maximum of the signal. Each chamber
provides a trigger signal for the DAQ, and if a predefined number (usually 3 or 4 out of
6-8 chambers) of signals appear in coincidence, the DAQ start the readout of all the Field
and Pickup channels. This way a large portion of possible noise or background event is
eliminated. A photo of the DAQ system and the Front-End electronics is shown in Fig. 3.3,
all of them custom designed (except the minicomputer) and developed by our research group
for muography purposes. The hearth of the DAQ is a Raspberry Pi (RPi) minicomputer
running a debian based linux kernel. Thus, compatibility, access (SSH, Wi-F1i), file operations,
and programming (C, C++4, Bash) are simple. The GPIO (General-purpose Input/Output)
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pins are custom programmed to communicate with the DAQ Board, and through that, all
electronic components. The main data stream is a synchronous parallel readout of several
data-lines, mostly containing the 1-bit info of the channels stored in shift registers, while
all other devices (ADC, THP sensor, high voltage supply unit) use a similar scheme with
specific decoding. The analog amplitude signal is also digitised via 10 bit ADCs. The total
data stream during an event is only around 100 bytes, and since the cosmic event rate is
usually well below 100 Hz, we are able to use a simple, low-power RPi computer. The dead
time for the total DAQ readout of an event — during which the system is not able to record
another event — is below 400 s, which is acceptable at this event rate. The rate capability has
been checked with a 3.5 kHz ?°Sr source irradiating the detector on a spot of about 20 cm?
area, whereas the cosmic event rate corresponded to 0.2 Hz/cm?, and no tracking efficiency
loss has been observed [37]. In the present work, the background and noise performance have
also been checked by comparing the real event trigger rate with a 110 Hz random oscillator
triggered data, concluding that pure electronic noise is negligible (below 10°) and background
rate is four orders of magnitude below the true event rate.

Figure 3.3: Left: Photo of a 32-channel digital front-end card and an ADC card attached on
an MWPC. Right: Photo of the DAQ system, containing the HV-unit, DAQ Board, DC-DC
converter, RaspberryPi, and a THP (Temperature-Humidity-Pressure) sensor.

A MWPC tracking system usually contains 6-8 chambers, each providing two dimensional
information of hit patterns for each event. In most cases, the traversing particle affects several
adjacent channels. These groups of hits are called clusters. The size of these clusters depends
on many factors (angle, energy, gas amplification, background, etc.), but after a sufficient
filtering, the true location of trajectory intersection is expected to be at the center of the
cluster. Therefore, the muon tracking algorithm takes into account all the cluster centers
in both dimensions, and fits a straight line by the least square method. This recorded
track is also checked for straightness by Chi-squared test to filter out low energy particles,
which suffered multiple scattering inside the detector (as described in Sec. 2.3.2). The
tracking data are also used to continuously monitor the performance of the chambers. When
a well defined single track is found, excluding any chamber from the tracking can be used
to check the efficiency of the excluded chamber. This allows for the evaluation of efficiencies
related to triggering, or tracking (detecting a hit or a cluster), which may vary based on
time or location. Performance plots showing the 2D tracking efficiency and time dependent
parameters are shown in Fig. 3.4.
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Figure 3.4: Left: Track hit location dependent efficiency of an MWPC chamber, where
the effect of pillars can be identified (note the scale starts from 90%). Right: Time depen-
dent parameters during an outdoor measurement, with temperature (top), amplification gain
(middle), and tracking efficiency (bottom) [37].

The gain also provides significant performance information, which is highly sensitive to
the gas quality and the electric field around the Sense wire. The gain is measured as the
mean of the signal amplitude for identified tracks. The high voltage is well regulated, a slight
deviation occurs only at high temperatures (above 40°C, see details later). The gain also
depends on the density of the gas (temperature and pressure). At a given high voltage and
constant environmental parameters, the gain only depends on the gas purity, since gaseous
detectors in general are very sensitive to any electronegative molecule which can capture the
ionized electron (oxygen, water vapor, etc.). In order to understand the sensitivity of the
MWPC, a study has been performed with the injection of ambient air in the gas system.
Five chambers have been used, and the gas (Ar:COy mixture with respective ratios of 82:18)
serially flows from Chamber 1 to 5. Prior to the measurement, the system has reached a
stable equilibrium of every performance parameter at 1 1/h gas flow rate at 1 atm. At the
beginning of the study, 166 cm? air has been injected into the gas line between Chamber 1
and 2. Fig. 3.5 shows the gain change relative to the first detector layer which quantifies the
effect of air contamination.
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Figure 3.5: Relative gain (mean signal amplitude) of detector layers in the air contamination
study, where the amount of injected air was 1.3% of the volume of one chamber at ¢t = 0
before Chamber 2. The numbers in the legend refer to the number of the chamber. The
contamination propagates and cleans out exponentially in time, and the predicted functions
are indicated as solid lines [37].
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The pattern follows a clear exponential function in time, and the propagation of contam-
ination into the consecutive chambers is also predictable [37]. It is also worth noting that
the tracking efficiency did not drop at all during the entire measurement. This means that
even the 34% gain drop — as with the Chamber 2 at the beginning — is tolerable, and that
corresponds to 1.3% air contamination (or 2500 ppm Os).

From the above, we conclude that these innovative gaseous detectors fulfill the most
significant requirements for muography and those can be summarised as:

e large sizes besides portability at a sensible cost,

e robustness (mechanical, environmental) and stability for long term outdoor operation,
e high tracking efficiency with low noise and background,

e sustainable and safe operation with low gas and power consumption.

Simplicity is proven useful for education purposes as well [35]. From high school to uni-
versity level students can join and experience research and development of the advanced
MWPC technology and muography, take part in the construction, and conduct laboratory
experiments with these devices.

My work in the REGARD group also started as an intern during university studies,
evolved and completed into the present dissertation. In the following subsections, my re-
search is explained in detail, focusing on the developments achieved in the MWPC technol-
ogy. The next subsection discusses the achieved construction methodology and developed
components which contributed to the effective production, robustness, and stability of the
large size MWPC detectors. Subsection 3.1.2 describes the wide range of detector assembly
variations and resolution studies for the different types of demand arising in the muography
field. Subsection 3.1.3 and 3.1.4 demonstrate the low gas consumption and stability in harsh
environments, with dedicated test measurements as well as in real remote field surveys. Fi-
nally, in subsection 3.1.5 I demonstrate the result of MWPC developments on application
examples.

3.1.1 Construction

Unfortunately MWPCs — and in general, gaseous detectors — cannot be purchased from the
market and this is probably one of the most important disadvantage compared to other de-
tector technologies. However, since they are developed in research laboratories, the hardware
can be easily adapted to specific scientific purposes. I developed a cost and time efficient con-
struction methodology of the advanced MWPC chambers, which consequently have already
been produced for more than 300 copies in four different size variations so far. The growing
number of applications demanded to increase the production, for which the Vesztergombi
laboratory complex has been established. Now around half m? detector per month can be
produced and this capacity can be increased if necessary. The applications are summarized
in Chapter 5, focusing on the projects where I also participated in addition to the detector
development contribution.

Construction methodology: A chamber is constructed mainly out of fiberglass: G-10
glass fiber reinforced epoxy sidewalls, FR-4 cathode planes and printed circuit soldering point
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components. All components are jointed together by two-component epoxy glue (Uverapid-
5, or similar), taking care of the outgassing and electric resistance properties of the glue.
This ensures gas tightness and similar thermal behaviour between the components (i.e., no
mechanical tension in case of temperature cycling) due to the similarity of the material basis.
Given the relatively large area, the distance between the cathode planes must remain at the
nominal 22 mm with reasonable precision. In order to achieve this, I designed 3D printed
support pillars which are glued between the wires, as demonstrated in Fig. 3.6 above, in a
pattern to minimize plate bulging. These pillars, made out of insulating and non-outgassing
material (ABS), do not touch any of the Field and Sense wires. The pillars were placed
closer to the field wires, with around 0.5 mm clearance, which leaves approximately 2.5 mm
distance from the Sense wire. The field lines still terminate on the Sense wires near a support
pillar, therefore the detector remains sensitive to the traversing particles, with only tiny local
tracking efficiency loss around the pillars, as shown previously in Fig. 3.4. Construction takes
place on an optical table to ensure precise joints, and surface flatness.

Figure 3.6: Left: an open large-size (120 cm x 80 cm) detector chamber under construction
on an optical table, showing the inner structure — pillars and wire supports — before closing
with the upper cathode plate. Right: zoom into the chamber, showing the main support
structures and wires (Field and Sense wires run from left to right) [39].

Taking into consideration the relatively long epoxy glue hardening time (12-24 hours)
and the time requirements of the work processes, I considered the following easy to track
work steps:

0. Parallel processable works: preparing the epoxi rods (sanding, cleaning, jointing the gas
connectors and soldering circuits), 3D printings, and cables (data, trigger, high voltage,
ground, etc.).

1. Base plate construction: gluing the first layers of soldering circuits, wire supports, and
epoxy walls.

2. Pickup wire plane construction: positioning and fixing the base plate to a custom
designed wire stretching device, then winding the wires (Fig. 3.7 left); soldering the
wires and cutting off the wire parts that overhang the detector; gluing the next layer
of soldering circuits and epoxy walls.
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3. Sense and Field wire plane construction: repeating the previous steps with a different
wire distancing (12 mm separately for the Field and Sense wires).

4. Closing: gluing the last epoxy walls, and the 3D printed pillars; gluing the top cathode
plate.

5. Final preparations: mounting the readout cards, connectors, groundings, shieldings
(Fig. 3.3 left).

6. Tests, calibrations: testing gas tightness, high voltage; trigger level calibration; Track-
ing and outgassing test.

The steps outlined above are grouped into more or less one-day jobs, leaving time for glue
hardening at nights. The work can also be shared with multiple technicians for time-saving,
cross check, and the parallel construction of multiple chambers. Each time two chambers are
built simultaneously with one wire stretching system by fixing a base plate to each side of a
wire stretching frame.

Figure 3.7: Photos of the main construction steps. Left: the first prototype of wire stretch-
ing and winding during usage. Top center: gluing, weighting down, and positioning the
components on top of an optical table. Bottom center: positioning and fixing the prepared
plate to the wire stretching frame. Right: soldering the wires to the circuits, and later the
overhanging part of the wires are cut off.

Chamber size variations: Different muographic applications may benefit from different
sizes of detectors. In surface muography, the size is generally not limited. Thus, larger
sizes are advantageous, meanwhile underground applications require smaller and portable
detectors. Maximizing the size is also an aspect underground, but usually the available space
is the limitation, e.g., in a mine tunnel even cubic-meter detector could fit, but archaeological
or natural underground passages usually allow much smaller dimensions. In the REGARD
group, we developed four MWPC chamber sizes so far to cover as many application fields as
possible.
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Figure 3.8: Photo of the four size variations of the advanced MWPC chambers.

The 80 cm x 80 cm size variation (abbreviated 'type 80) was the first in historical
orders [37]. The segmentation of the wires is 12 mm, connected to an electronic readout
channel. One custom designed readout card (current version called DIN632) can handle 32
channels. This chamber variation is equipped with two readout cards on each side. Pro-
duction experience allowed us to expand the next generation to 120 cm X 80 cm (3 x 2
readout cards 'type 120), and a small version with 40 cm x 40 cm size (1 x 1 readout cards
‘type 40’) was also developed for laboratory tests, both with 12 mm segmentation. Practical
demands arose to develop a 50 cm x 50 cm version with 9 mm segmentation (2 x 2 readout
cards "type 50’) for underground and civil engineering applications, where the size can be a
limiting factor but good resolution is needed. The above mentioned chamber variations are
shown together in Fig 3.8. For comparability, the properties of the different MWPC chamber
variations are summarized in Table 3.1.

Table 3.1: A summary of the main properties of the different MWPC size variations.

| 40 x 40 | 50 x 50 | 80 x 80 | 120 x 80
Outer dimensions | (42 cm)? | (59 cm)? | (82 cm)? | 122 X 82 cm?
Sensitive area | 0.15 m? | 0.33 m? | 0.59 m? 0.88 m?
Volume (inner) 3.351 7.31 13.21 19.81
Weight (gross) 2.7 kg 3.1 kg 6.3 kg 11.2 kg
Segmentation 12 mm 9 mm 12 mm 12 mm

28




Chapter 3. Gaseous detector developments for muography

Developed components and supplementary instruments: In the following para-
graphs, some of my mechanical developments are presented regarding to the effective pro-
duction and applicability of large size MWPCs. The creative work includes the designing,
manufacturing, assembling, testing, and commissioning.

The wire stretching system consists of a chamber fixing frame and a wire dispenser spool.
The operation scheme is shown in Fig. 3.9 left. Before winding a layer of wires, two chambers
are fixed to an aluminum frame with bearings and stands for rotation. The frame is carefully
designed for simple installation to reduce possible errors, and adjustable positioning with
guiding grooves to precisely aim the wires to the soldering points (Fig. 3.9 right). The wires
must be stretched with a unified force — which is necessary for the homogeneous electric field
strength inside the chamber — in such a way that the wires do not break during transport
or high thermal expansion. The fracture of the 100 pm brass EDM wire occurs at a load of
around 410 g, and the 20-25 pm tungsten wire around 90 g, but much lower tension is enough
for gain homogeneity: 80-100 g and 15-20 g, respectively. Before winding, the EDM wire
is also cleaned and spooled over to a smaller spool, attached to a DC motor which provides
the consistent stretching force. This process is semi-automated by a custom designed wire
dispenser system which is shown in Fig 3.10.

Figure 3.9: Left panel shows the scheme of wire stretching [85]. On the right, the developed
chamber fixing frame can be seen with type 80 chambers under construction. The device
provides simple installation and precise wire alignment, and also functions as a soldering
station.

I introduced 3D printing technology to the research group which proved indispensable
ever since. We use Zortrax machines' which apply Layer Plastic Deposition technology:
depositing melted plastic material layer by layer onto the build platform. In most of our
applications, the material is an ABS (Acrylonitrile Butadiene Styrene) blend, namely the Z-
Ultrat [90], which is generally a durable thermal and electric resistive filament. 3D printing
of the components is not only useful for rapid prototyping, but takes advantage of the ability
to produce very complex shapes or geometries that would be otherwise infeasible to construct

Thttps://zortrax.com/ (Accessed: 2023-05-30)

29


https://zortrax.com/

Chapter 3. Gaseous detector developments for muography

Figure 3.10: The components of the wire dispenser system (figure from Laszl6 Tercsi).

by any subtractive manufacturing. Therefore, multifunctional tools can be created to meet
special needs. The positioning precision of the nozzle is 1.5um and the resolution of the
extruded material is 90-300 pm. Thus, the quality enables us to use these components in a
wide range of mechanical applications even in harsh environments. Some of these 3D printed
designs are shown in Fig. 3.11, containing alignment and spacer supports, gas pipe adapter,
snap fit joints, and high-voltage connectors.

Figure 3.11:  Some of the 3D prints designed for special mechanical purposes. The insulat-
ing material allows custom designed connectors, and the high precision enables fine-tuning
alignment or support components.
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I also contributed to the construction tasks by designing support stands and casing boxes
which satisfies special needs for muography. I designed a support stand for surface muography
application which can accept type 80 or 120 chambers and 400-800 kg lead absorbing wall.
Furthermore, it can be tilted by 10-20°. A photo and a schematic picture is shown in Fig.
5.2. Underground applications require a much more compact mechanical structure, and
since the detectors and the support structures are custom designed, I intended to include as
many features as possible. Besides that the boxing fulfills the requirements established in
Sec. 2.3.3 (IP54 protection against water droplets, dust, etc.), they are dismantleable (have
access to all sides), lightweight, impact and wear resistant due to the aluminum support and
polycarbonate casing, and the angular direction can also be adjusted. Examples of different
underground detector modules are described in the next section, with photos about these
assemblies shown in Fig. 3.13.

3.1.2 Detector assembly variations and resolution

A REGARD muon tracking detector system uses eight layers of multi-wire chambers by
default (may vary case by case). Although only a straight line must be fitted to the measured
points which would not require eight points at the first glimpse, it is still advantageous to
used as many as possible for multiple reasons. The fit is more accurate with more points,
and the efficiency and muon flux calculation is much more reliable. Moreover, the detector is
more robust against chamber malfunction. The high number of layers also helps to filter out
low energy background particles. In case of surface muography, when lead scattering walls
are applied between the detector layers [71], the tracks must be reconstructed before and
after each lead wall, so the background suppression depends on the accuracy of the tracking.
In case of underground muography, natural radioactivity (especially in, e.g., uranium mines)
can create fake straight line tracks, but the probability of this can be reduced with more
tracking points.

Our surface muography detectors, that contain MWPC chambers and lead scattering
walls, are called MMOS (MWPC Muography Observation System [91]). Usually 80 or 120 cm
versions are applied in vertical alignment with multiple 2-5 ¢m thick lead walls, spreading
along a 2 m long telescope length (see an example in Fig. 3.12), where the telescope length
is defined by the distance of the first and last tracking points of a perpendicular muon track.

For underground applications [30], the main design driving factor is portability (in addi-
tion to all the other requirements mentioned in the previous sections), and considering the
relatively much lower background than on surface, lead scattering walls are not used. The
chambers lie horizontally on top of each other, and the precise alignment and spacing of the
layers is solved by 3D printed elements. The detector systems, containing 80 x 80 chambers,
are called MTL-X (Muon Tomograph Large, with a serial number in the place of 'X’) and
the detectors that contain 50 x 50 chambers named MTS-5X (Muon Tomograph Small, with
a serial number starting from 50). Three different mechanical designs have been constructed
for the MTL detectors: MTL-1 has a two-axis rotatable and tiltable stand (72 cm telescope
length), in MTL-2 the chambers have been grouped to two separate box and a spacer can be
included to enlarge the telescope length (43430 cm telescope length), and MTL-3 has the
simplest construction with one box (42 cm telescope length) and a one-axis tiltable stand.
Images of the MTL and MTS detectors are shown in Fig. 3.13.
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Figure 3.12: A MMOS module at the Sakurajima Muography Observatory [92]. The MWPC
modules and absorber/scattering lead walls are arranged vertically, and the DAQ system is
located at the center.

Figure 3.13: Photos of the underground MWPC modules: 'MTL-1" in top-left (muograph
with type 80 chambers, on its inclinable rotatable support), '"MTL-2’ in top-right (80 cm
muograph with two detachable parts), 'MTL-3" in bottom-left (an 80 cm muograph deployed
in the Kemi mine, Finland), and "MTS-50’ ingg)ottom—right (compact type 50 muograph).
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The MTL-4 and MTL-5 detectors follow the MTL-3 design. The MTS detectors also have
a simple design like the MTL-3 (scaled down to their size), of which MTS-50 and MTS-51
have been already constructed and operating. Furthermore, additional detectors are under
construction. Type 40 chambers do not have a dedicated support-casing system, but these
chambers are very useful for laboratory calibration measurements. The total weight (with
casing and stand) of an MTL is around 70-90 kg, and the MTS series are below 50 kg.
Standard FC18 gas cylinders (e.g., 50 1, 10 I, 51, or 2 1, on 200 bar) can be attached. For
instance, a 10 liter bottle could last for more than a year. The total power consumption of
a detector is 56 W, thus a 12 V 100 Ah battery can last ~240 hours. Solar panels, and
custom designed low-noise UPS system can be integrated as well.

The angular resolution of a tracking detector could be defined as the full width at half
maximum (FWHM) of the response function from a point source. In muography it is difficult
to produce point source muons, but a simplistic solution is to define angular resolution by
the ratio of the segmentation size (dp) and telescope length (1)

)
dw = arctan o ~ _p‘

s (3.1)

On one hand, the issue with this quantity that it is not including the possible detectorphysical
flaws like segmentation inequalities, discretization errors, channel cross-talk, missing or noisy
channels, etc. On the other hand, it is an overestimation since clusters usually contain
multiple channels, and by the cluster center weighting, the resolution should be better than
what Eq. 3.1 implies.
A fair question is how the above men-
tioned issues affect on the theoretical an-
gular resolution. A simple method is pre-
sented here to measure directly the angular
resolution. [ extended the telescope length
by adding an extra tracking layer 4 meters
away from the bottom of the detector un-
der investigation, which ultimately reduces
the angular resolution by roughly an order
of magnitude. Using the high-precision track
measurement as point source like reference,
I determined the FWHM of the Gaussian re-
sponse function for multiple tilt angles of the
detector. I calculated the quantities for the
X-Z and Y-Z projection of the detector sep-
arately (the Z “view” axis always perpendic-
ular to the layers). An explanatory sketch of
the procedure is shown in Fig. 3.14. When
a real track arrives vertically, the tracking Figure 3.14: Sketch of the direct measurement
algorithm does not necessary fit a perfectly of angular resolution for tracking detectors.
vertical line to the clusters due to the limited
resolution (dashed green line), although the extended fit (black line) is sufficiently precise.
The FWHM resolution derives from the histogram of the angle deviations in a given tilt
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angle.

The results of the MTL-4 detector are shown in Fig. 3.15. In this case, the detector is
tilted around the X axis, so the angular resolution is expected to decrease cos-like in the X-Z
projection (X resolution), and cos?-like in the Y-Z projection (Y resolution), because by an
a tilting, the telescope length is effectively longer by " =/ cos . In the Y-Z projection the
apparent segmentation is also smaller by a factor of dp’ = 0p - cos . It is worth noting, that
the resolution expected from Eq. 3.1 is 28 mrad (12 mm segmentation, 420 mm telescope
length). However, the peak of the direct measurement of the raw resolution (Fig. 3.15 left)
only 23 mrad. On the right, the tracks have been corrected channel-by-channel to avoid
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Figure 3.15: Results of the resolution measurements of the MTL-4 detector. The FWHM of
the angle deviation is plotted as a function of detector tilting angle. On the right, tracking-
based smoothed data are presented, on the left, the raw data are shown.

the possible interference-like patterns in the high resolution muon flux image, caused by
the above mentioned detectorphysical flaws like segmentation inequalities or discretization
errors. The details of this correction is beyond the scope of this work, but the effect can be
directly measured by this method which ultimately smoothes the Gaussian curve. The effect
of smoothing naturally lowers the resolution but only with less than a factor of two and the
data fit perfectly to the expected tendencies.

For different variations of the detectors, the angular resolution changes linearly with the
segmentation size, and changes inversely for the telescope length. For example, it has been
confirmed that the MTL-2 detector with the extra 30 cm spacer (73 cm total telescope
length) has a resolution of 10.6 mrad FWHM in the X-Z projection, and 12.2 mrad in the
Y-Z projection (at zero tilting angle). Furthermore, for the MTS-50 it is 16.7 mrad and 20.0
mrad, respectively. Our surface detectors — which has at least 2 m telescope length — can
reach 5 mrad resolution [7].

The determined angular resolution sets the smallest physically meaningful angle binning
size, in which the muon flux, detector efficiencies, and other quantities are calculated later.
The suitable resolution depends on the application, specifically on the expected size of the
examined object and the distance of the detector, the ratio of which should be above the
detector resolution. Other important factors to consider are the relatively low muon rate and
possible multiple scattering of muons in the target material as mentioned before. Therefore,
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it is not advisable to use angle bins that are too small and preceding calculations are required
for optimization.

3.1.3 Low gas consumption for autonomous operation

For any gaseous detector, sufficient gas purity must be maintained, since the working gas can
be contaminated by electronegative substance (e.g., oxygen, water) by either diffusion, leak,
or outgassing from construction materials [93] which obstructs the formulation of Townsend
avalanches in the detector. One way to maintain the purity is ’sealed mode’ which means
that the gas system is closed and the detector is well protected against any contamination.
It is actually possible to construct large size cosmic detectors using sealed proportional coun-
ters [94], at the cost of relatively low position resolution. A small-size portable muograph
telescope was proposed using gas-tight RPCs [95], whereas under laboratory conditions as
much as half a year sealed operation was demonstrated [96]. An alternate method for pre-
serving gas purity involves the continuous flushing of gas. This approach is beneficial because
it facilitates the construction and reduces the weight of the detector structure, as some degree
of gas flow is permitted. This is due to the ambient pressure variation: the system is open-
ended, therefore the inner gas pressure follows the atmospheric pressure to avoid mechanical
stress on the containment structure. A detailed study [97] denotes possible sources of con-
tamination, as well as the importance of gas autonomy in field applications, and a solution
for low gas consumption by using a recirculating gas system with turbines and contamina-
tion absorbers. It is important to highlight low gas consumption, since regular gas system
maintenance (gas cylinder replacement) in remote field applications can be complicated and
unsustainable. Therefore, the key question I addressed [98] is how to achieve as low input
gas flow as possible in a realistic outdoor muography system in the most simple way (without
expensive and power consuming recirculation system).

For all discussions below, we define ’outgassing’ as gain reduction relative to the pure gas
(high flow) case. In fact, outgassing is a very broad and complicated term, which includes
electronegative molecules from construction materials, but also ambient oxygen from diffusion
through detector walls, or water which changes the electron drift velocity. This outgassing
also includes even tiny leaks if exist, and air propagation into the sensitive volume from the
open end of the gas system. The contamination can be translated to effective air content,
which would correspond to the same gain reduction what was examined in Fig. 3.5. The
outgassing rate can be quantified from the time derivative of the gain reduction, assuming
closed system with constant environmental conditions (sealed mode).

I investigated the following effects in the aspect of low gas flow operation:

e Intrinsic detector outgassing: A test system was assembled for chamber outgassing
measurement (gain drop in sealed mode).

e Tubing radial diffusion: A sealed-mode outgassing measurement does not address the
issue of contamination propagation through the gas connection tubes or other parts of
the gas system, which has been examined separately.

e Axial diffusion from open end: at very low gas output flow one must take into account
that contamination can propagate by diffusion from ambient air through the outlet of
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the gas system in the gas medium. Therefore the diffusion coefficient of air in argon
carbon-dioxide medium has been determined.

e Breathing effect due to ambient temperature (or pressure) variation: Since the tem-
perature drop causes gas volume contraction inside the detector, air can flow into the
sensitive volume if the gas flow is lower than the flow caused by the contraction.

The effects are most apparent for large detector volumes, which are difficult to reduce
without performance loss (reducing volume at a given area means reducing detector chamber
thickness, leading to construction issues mentioned previously). As an example, one single
MMOS module has typically a sensitive volume of 100-160 1, and an input flow of 2 1/h was
typically used before. Adding a buffer at the end of the gas line, which has a sufficiently
large volume, and at the same time long enough to restrict axial diffusion, is a very practical
solution. This possibility is investigated below and allows us to reduce input flow at least an
order of magnitude which is a significant reduction.

Chamber outgassing in sealed-mode: Gas contamination, including diffusion through
chamber walls and gas release from internal components, is a fundamental limiting factor for
the operation of low-flow detectors. In our case, this is measured by the gain reduction,
because of the short electron drift length it correlates with the tracking performance.

The test detector system dedicated for the low gas consumption experiments is shown
in Fig. 3.16, with a photo and a schematic view about the setup. Eight pieces of type
120 chambers lie horizontally on top of each other and cosmic muon tracks provide the gas
amplification signal for the standard REGARD DAQ. The gas flows serially — as in all of our
detectors — and the gas line order is indicated by blue arrows.

i Protective coverageT \Muon track i
i | Chamber-7 X | i
E | Chamber-6 ;g i E
i | Chamber-5 \* | i
' Gas buffer | l
: | Chamber-4 X |
i L‘% 1 Chamber-3 ;‘ I |
E T ! | Chamber-2 ;{( i

i Open end 1 Chamber-1 ;F i

E |_ Chamber-0 ;‘ i

Figure 3.16:  Left: The measurement setup installed outdoor, with protective coverage
removed. The structure is the same as the one used for outgassing tests in the laboratory
conditions. Right: Scheme showing the detector setup with eight MWPC chambers. The gas

flows serially through the chambers according to the blue arrows, followed by a buffer tube
with open end [98].
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The first series of measurements were aimed at quantifying the outgassing of the chambers,
which is defined as the rate of gain reduction in sealed mode. For this, eight 120-type
chambers were installed under laboratory conditions. For a sufficiently long period of time,
a constant gas flow was driven through all chambers. After reaching stable gain, the gas line
was rearranged so that some of the detector chambers along the chain were isolated (sealed),
and the remaining still received the constant flow. This way, the latters could be used as
references, relative to which the gains of the plugged detector chambers were measured.

The results of the measurements are shown in Fig. 3.17. In the displayed results three
chambers where measured for 14 days for outgassing, and similar results were obtained from
other measurements for the rest. The conclusion of the measurement is that the outgassing
of these units under laboratory conditions is below 0.3% gain drop per day. Since even a 30%
gain reduction causes no efficiency loss, this means that the full volume can be exchanged in
100 days if we assume linearity. In this case (eight detector chambers with total volume of
160 1), it means that the lower limit of flow is 0.07 1/h (1 cc/min, or 1.6 1/day).

Figure 3.17: Measurements of detector outgassing (gain drop in sealed mode) under labora-
tory conditions. Chambers 2, 3, and 5 were measured for 14 days for outgassing in this run,
the rest were reference with constant gas flow which were used for gain normalization [95].

This attractively low outgassing of the single chambers means that we do not actually
need a high flow of clean gas to maintain sufficient tracking performance, the detector could
work for even a few months without any new gas input. However, it is still beneficial to
run some fresh gas because of the usually much longer muography survey campaigns. The
questions are what the practical lower limit in real outdoor scenario is, and how to protect
against the contamination effects. If we wish to use a buffer tube which feeds gas back to
the system in case of contraction, candidates for such buffer tubing need to be characterized
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for outgassing as well.

Tubing radial diffusion: Tubes in the gas system contribute to contamination due
to the diffusion through their walls in radial direction. Potential gas tube material choices
have been tested and selected for acceptable outgassing. I have found that some samples of
PVC tubes strongly reduce gain. However, PU (polyurethane), PA (polyamide), and PE-RT
(polyethylene raised temperature resistance) have acceptable outgassing levels for MWPC.
Furthermore, copper and stainless steel perform excellent (no measureable outgassing) as
perhaps expected for metallic connectors.

The following measurements were carried out in order to quantify gas tube outgassing.
Using the standard setup with a serial gas line running at constant flow (with the smaller
type 40 chambers in order to amplify the relative effects), the tube section under study was
connected between two chambers. In this setting, the chambers before the test tube act as
references, and the gain reduction can be measured using the detector chamber after the test
tube. The flow and tube length were chosen such that the gas spends a characteristic time in
the tubes similar to real conditions. To further minimize systematic errors, we removed the
test tube after reaching the saturated constant gain and reinstalled the original (minimum
length) gas connection. This action promptly restored the reference gain value. Examples
are shown in Fig. 3.18, both for the stability of the reference, as well as the level of gain drop
after the test tubes.

Figure 3.18: Tubing radial contamination diffusion measurement for a 50 meter long PE-RT
tube with 16 mm inner diameter at 1 1/h flow, and a 10 m long 4 mm inner diameter PA
tube at 0.12 1/h flow. The measurement started days before hour 0 to reach the stationary
conditions. The reference chambers are indicated by purple color. At hour 40 and 50 respec-
tively, the test tubes were removed and the gains clearly returned to the reference [93].

In conclusion, specific gas tube samples could be selected for sufficiently low outgassing,
including a small (4 mm inner, 6 mm outer diameter) PA used for gas connections, and a
large (16 mm inner, 21 mm outer diameter) PE-RT tube for buffer tube. The previously
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showed measurements indicate that gas contamination is low in these tubes even if the gas
dwells for a long time, but note that in practice the gas stays in them much less.

Axial diffusion: The process of air diffusion in one dimension along tubing from the
open end is referred to as axial diffusion. The laws of diffusion (Fick’s laws) provide a
very clear analytic description and therefore there are very clear predictions about what to
expect. A set of measurements were designed in order to test how quantitatively the system
follows these predictions, first to ensure that in a complicated ambient condition one clearly
understands the governing effects and second, to demonstrate that there are no additional
effects beyond the pure diffusion.

The experimental setup contained six pieces of type 40 detector chambers to reduce
measurement time and effects related to volume change, and the event rate was increased
with a beta source. The underlying principle can be described as follows: variable length of
test tubes were connected to the outlet of the final chamber in the gas chain. At the start
of the measurement, the gas supply to this particular chamber was sealed off. As a result
of diffusion, the gas within the exhaust tube gradually becomes mixed with air, eventually
reaching the detector. After a certain time (depending on the length of the test tube), air
also diffuses into the sensitive volume. This diffusion process results in a reduction in the
gain. The test tubes had an inner diameter of 16 millimeters and was connected to the last
chamber via a negligible volume of connecting tube with a fixed length of 14 centimeters and
an inner diameter of 4 millimeters. Therefore, the gain of the last chamber — more specifically
the derivative of the gain reduction — directly indicates the air concentration at the end of the
test tube closer to the detector. These measurements were conducted under stable ambient
conditions, with both temperature and pressure remaining constant.

In the case where the test tube length is zero (no test tube attached), continuous diffusion
of ambient air from the external environment is present from the onset of the measurement,
and therefore one expects a constant gain change (constant time derivative of the gain).
This constant corresponds to the “pure air” concentration, serving as a reference relative to
which a particular air concentration (at the end of the test tube near the detector) can be
determined by the measured gain derivative. The results of these measurements are shown
in Fig. 3.19 and confirm this expectation: gain change rate at the 0 m test tube length is
indeed constant (normalized to 1 in the figure). The figure shows that 1 m, 2 m, and 4 m
test tube lengths feature a considerably slower gain change. The rate of change approaches
the ambient concentration after a long time.

In the general case, air concentration (c¢) along the tube is governed by the drift-diffusion
equation

ot Ox? Ox
where D is the diffusion coefficient, v is the flow velocity in the tube, and Dpg is the radial
diffusion. The radial diffusion has been discussed previously, and found to be negligible. For
this measurement setup, the gas movement along the tube (due to breathing effect) is zero
now, so v = 0. After these considerations, the solution of the pure diffusion equation for air
concentration (¢) in an infinitely long tube is
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Figure 3.19: Air concentration at the detector end of the variable length exhaust tubes,
obtained from the gain change rate (normalized time derivative) of the last chamber where
the test tube connects. 0 m length corresponds to contact with pure air, therefore the gain
change rate is constant. Solid lines show prediction with a D + 30% bracket [95].

where Lgig is the tube length from the open end. For our measurement, the boundary
condition at the detector end of the test tube is such that the flux is nearly zero (the short
connection tube is much thinner than the test tube). Using the relevant solution, shown
with solid lines in Fig. 3.19, one gets a nice agreement with the measurement at the diffusion
constant value D = 20.1 + 0.7 mm?/s. Systematic errors up to 30% could not be ruled
out (based on the upper estimation from the results). Therefore, dashed upper and lower
envelope curves are also plotted. It is remarkable to observe the scaling behaviour: a 4 m long
tube takes 16 times longer time to reach the same concentration by diffusion. There is no
indication of deviation from the “diffusion-only” behaviour after 30 hours, due to outgassing,
radial diffusion, or leaks. In practice, due to diffusion only, the air contamination in a tube
— initially filled with pure gas — reaches approximately 1250 ppm after 24 hours, measured
at a distance of 6 meters from the open end (or the same contamination level occurs after 6
hours at 3 m distance), according to Eq. 3.3.

Axial diffusion can be significantly reduced by choke elements in the exhaust tube.
Fig. 3.20 illustrates a thermal conduction analog simulation of three different choke place-
ment configuration in a 1 meter long exhaust tube. Each choke element has a constriction
(1 cm long and 4 mm diameter passage). In the first case, the simulation does not include a
choke element, resulting in an equivalent situation to the “1 m” diffusion case in Fig. 3.19.
The “1 choke” case consists a choke element at the end of the tube, and the “2 chokes” case
consist one in the end and one in the middle.
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Figure 3.20: Simulations of air concentration if 4 mm diameter choke elements are applied
in a 1 m exhaust tube. No-choke element is the same as the 1 m case in Fig. 3.19 [99].

Breathing effect from temperature cycling: Since the pressure and temperature
inside the chambers follow the external conditions, the density of the working gas stored in
the given detector volume also varies with the ambient parameters. Therefore, without any
input flow, the volume of the gas inside the detector shrinks or expands due to the gas laws,
resulting inlet or outlet flow at the open end which is referred to as “breathing effect” here.
In field applications, the daily temperature fluctuations pose a significant challenge when the
input flow is low. If the input does not supply an adequate amount of working gas, external
air may be drawn in through the exhaust. I present here my measurements and quantification
of this effect.

The measurement setup is shown in Fig. 3.16, which is installed on a flat rooftop outside
the laboratory building in a sunny weather in order to affect the system with a high gradient
of daily temperature changes. A light box, as well as reflective coverage, was used to protect
it from rain and direct sunlight. The eight 120-type detector chambers, each with a 20-liter
volume, were operated from a variable flow gas source, fed from the inside of the building.
As presented in the schematic figure, the ordering of the chambers in the serial gas line was
such that the gas entered at the bottom and then fed the top chambers, with the middle
chambers at the end of the chain (exhaust after Chamber 3), this way compensating for
possible temperature gradient effects inside the box.

When the temperature drops, it is predictable — or can be derived from the combined gas
laws and the continuity equation — at which point the exhaust flow I, (expressed in units
of 1/h) becomes negative at given input flow I;;, and temperature change

AT — AP’
At ’
where T" = (T — Ty) /Ty and P = (P — Py)/ Py are the relative (Kelvin) temperature and

Iout = [in + VE) : (34)
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pressure values, against fixed Ty and P, references, and V4 is the total gas volume in the
detector at reference state. However, the effect of pressure was insignificant, so it was ne-
glected. Thus, the equation means that the exhaust flow turns negative if the volume change
over time is greater than the input flow due to relative temperature change. In order to test
this prediction, I have measured the gain of the last chamber in the chain without buffer
tube (only a negligible volume connection tube attached to it).

Therefore, a sharp gain reduction is expected when the I,,; turns negative and air rapidly
enters into the last chamber. The results of one measurement are shown in Fig. 3.21,
indicating the breaking point (“Backflow”) where the gain change appears at a given (0.8 1/h)
input flow. The breaking point and the corresponding temperature derivative is determined
by interpolation. The top panel shows the absolute values (temperature and gain), whereas
the lower panel is the numerical time derivative, which carries the quantitative information
for Equation 3.4.

The measurement was repeated for multiple days with different input flows, attempting
to observe the gain drop, and determine the corresponding critical temperature drop rate
for the various gas input flow values. Fig. 3.22 shows the measurements with well identified
breaking points as a function of input flow, which indeed follow the direct prediction, and
confirm the quantitative parameters of the system.
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Figure 3.21: Measurement of gain change in the last chamber of the gas chain at 0.8 1/h flow
during the period of gradual cooling of the system. The top panel indicates the temperature
and gain (normalized) values, and the bottom panel shows the time derivatives of the backflow
breaking point (marked by a black dashed vertical line) and the corresponding temperature
derivative [98].
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Figure 3.22: The critical temperature reduction rates at different flow values, where the
gain drop was observed due to air backflow (I, < 0) [9].

In conclusion, the buffer volume must be larger than the total gas volume contraction
due to temperature drop, and the length must be greater than the total axial diffusion length
during contraction time. The geometric parameters of the buffer can be calculated from
the above mentioned equations, assuming that the volume of the detector and the expected
highest temperature (and pressure) changes are known.

3.1.4 Stability

I performed several different measurements and analysis for the stability and calibration of
the detectors for long term outdoor operation. First, a surface outdoor test of low flow (below
3 1/day) operation is demonstrated with a continuously running measurement that lasted for
more than a month. The technical implementation of low flow is not trivial, but it can be
achieved by high—precision flow meters, a needle valve with a calibrated static permeation,
or timed gas injections with an electronic valve. The test system was the same as the one
described in the previous section (Fig. 3.16 rooftop measurement with 160 1 detector volume),
and a sufficiently long buffer tube has been attached after the last chamber in the gas line, as
shown in Fig. 3.23. The required buffer volume can be derived from Eq. 3.4 e.g., by taking
an upper estimation with neglected input flow

‘/buffer = ‘/0 ’ (Télax -1,

A 50 m long PE-RT tube with an inner diameter of 16 mm was chosen. That has nearly
10 liters of total volume. The maximum expected temperature drop is 15 °C which would
correspond to an 8 1 volume to be supplied from the buffer tube (40 m), with an extra
length (+10 m) to compensate for daily axial diffusion. The purpose of the test was to
demonstrate the practical applicability of low flow operation by testing all the contamination

effects covered in the previous section at the same time.
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Figure 3.23: The 50 m long 16 mm inner diameter PE-RT buffer tube attached to the end
of the gas chain containing eight type 120 MWPC chambers [99].

The measurement was 50 days long, during which the system was running continuously.
The working gas was supplied from the laboratory through a 10 m long PU connection tube.
The overview of the measurement results and conditions is shown in Fig. 3.24. The flow was
2 1/h during the first 3 days, which was constant for a sufficient time before the beginning of
the measurements. Then, for 4 days, the flow was set to 0.32 1/h. As the gain did not show
signs of significant deterioration (no leak or major flaw), the flow was reduced to 0.12 1/h.
For 36 days, the system was running at this input flow, when it was raised back to 2 1/h in
order to confirm return to the original gain value. The “normalized gain” is the gain relative
to the mean of the first 3 days. The figure shows the environmental conditions on the middle
panel, with considerable daily temperature oscillation, as well as stormy periods with high
humidity and pressure swings. The dark current of the high-voltage circuit is also monitored,
since it has a correlation with the gain which is explained later (Fig. 3.26).

During the low-flow operation for more than a month, the gain was gradually decreasing
and saturated at around 87% of the original gain, which is a minor reduction leading to no
visible tracking or trigger efficiency loss (as concluded previously). It is also worth mentioning
that the last chamber in the gas line, which received gas from the buffer every day due to
breathing, was not significantly contaminated compared to the mean gain of all chambers.

The evolution of the corrected normalized gain chamber-by-chamber (Fig. 3.25) corre-
sponds to the expectation from the lab measurements, with a gradual decreasing trend due
to outgassing. At this flow value, the equilibration time is long: only 3 liters of gas are
supplied each day, or in other words, it takes one week for the gas exchange of the entire
volume of one chamber. If only pure intrinsic chamber outgassing would have happened then
chambers later in the chain should have lower gains. Since it is apparent that all chamber
gains had similar behaviour, this must have been due to contamination received before the
detector system in the gas input line, probably due to the long PU connection tube. However,
even this was tolerable for the detector system. The gas line integrity is demonstrated by
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the sequential cleaning of the chambers after switching to the standard 2.0 1/h flow on 29th
August. The measurements indicate that this detector system can be operated safely and
without performance loss at a flow of 0.12 1/h (3 1/day) in ambient field conditions with the
described gas buffering scheme.

Figure 3.24: Top panel: normalized gains (relative to the gain during the first 3 days),
over 50 days of measurement. Purple thin line represents the average gain of all chambers
without any correction, and green thick line shows the TPI (temperature, pressure, current)
correction. Blue dashed line represents only the last chamber gain (divided with the overall
average gain), showing that the air did not reach the detector from the open end (there is
no rapid gain drop). Middle and bottom panels: environmental parameters (temperature,
pressure and relative humidity) and the anode current in mA. The flow settings are indicated
by arrows, the flow was constant at 0.12 1/h during 36 days [95].

The daily gain oscillation due to the correlation with pressure and temperature is evident

from the raw data (as the uncorrected gain data shows in Fig. 3.24, purple line). This
is mainly caused by the gas density variation which has a direct impact on the Townsend
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Figure 3.25: Normalized gains (relative to the mean of the first 5 days) for the individual
chambers. High gas flow (2.0 1/h) was restarted on 29th Aug, after which gas cleaning
proceeds in all chambers resulting in a sharp rise in gains [98].

avalanche formulation [93]. Correcting for this is important for reducing gain uncertainty and
to validate, that the gain drop due to outgassing was indeed saturated. In order to calibrate
for the dependencies on the environmental parameters, I provide a brief summary about the
process of electron avalanche in wire chambers and a simplified model of the governing effects.
The gas gain (G = N/Ny) is defined as the ratio of the number of electrons after the
development of the Townsend avalanche (V) to the number of primer electrons (Ny). The
exponential growth of the avalanche over a unit length of path (ds) can be described as

dN = Nads, (3.6)

where «a(F, p) is the Townsend empirical coefficient which depends on the electric field F
and the gas density p (for a given gas composition). So, basically the gain depends on «, and
the path length of the avalanche. The starting point of the electron multiplication process
depends on the minimal electric field (E,,,) derived from the energy needed to accelerate the
primer electron so it can ionize further gas molecules, divided by the mean free path between
collisions (therefore Ep,(p) is proportional to the gas density). The electric field near an
anode wire is given by the charge per unit length (\), as a function of the radius (r)

E(r) = A (3.7)

2mer’

where € is the vacuum permittivity. By integrating Eq. 3.6 from the starting point of the
avalanche (Syin) to the anode radius (a), and inserting Eq. 3.7 one gets

N “ B o(E) E@ \a(E)
G = N = exp/ a(s)ds = exp/ —sdE = exp /Emm 27r60E2dE' (3.8)
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From here, multiple different methods are outlined in the literature. I summarize briefly
the formula from Diethorn [100], which assumes « to be proportional to E (a reasonable
assumption typically in the case of MWPCs with heavy noble gases such as argon). The
proportionality is related to the average energy required to produce one more electron (AV').
The number of generations (Z) of doubling the electrons in the avalanche (G = 27) relates
to the potential difference between a and sp,;,. Thus,

®(a) = ®(Smin)
AV ’

Z = (3.9)
which corresponds to Eq. 3.8. Therefore, putting together what we have, the the gain
dependence can be derived as

In2 X A
| = 1 )
nG AV 2me . 2mega Emin

(3.10)

As we stated earlier that the F,,(p) = Emin(po)p% is proportional to the density, the variance

of the gain can be expressed as
dG Aln2 d
& Ane 9 (3.11)
G AV2rey p
In practice, the variation of gas density typically results in a factor of 4 to 8 variation
in the gain. In our case, we identified three parameters affecting the gain which can be
measured separately: relative temperature (7”), relative pressure (P’), and dark current (7).
Consequently, the measurable linearized correction factors can be written as

InG=mGy+ecr T +cp-P+c- 1. (3.12)

Note, that the value of pressure correction factor is negative (since it is linearly propor-
tional to the density), and the temperature correction is positive but not equal in absolute
value with the pressure correction due to the temperature dependence of the amplification
of front-end electronics. Furthermore, the current correction also negatively correlates with
the gain, because the dark current reduces the effective anode voltage and thus the electric
field strength.

I determined the correction factors, shown in Fig. 3.26, by taking reference data from the
measurements where all the parameters are constant besides the examined parameter. The
left panel shows that the normalized measured gain change depends linearly on the the relative
pressure change, where P’ = (P —966)/966 (here P is measured in mbar). The middle panel
shows the correlation with the relative temperature change, where 7" = (7" — 293) /293 (here
T is measured in Kelvin). The correction factors can be translated as 0.7% gain change per
°C, and 4.4% gain change per 10 mbar pressure variation. We have identified an additional
variable which affects the measured gain: this is the current (/) drawn on the high voltage
(anode) as it decreases the operating voltage due to the high output resistance of the used HV
unit. This dark current originates from temperature-dependent resistance of the construction
materials of these chambers, and is significant above 35 °C (though not leading to efficiency
loss). The gain correlates linearly with the current, as shown in the right panel of Fig. 3.26,
which matches with the output impedance of our high-voltage power supply. Since all these
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Figure 3.26: Measured correlations between the relative pressure (P’), relative temperature
(T") and current (/) and the measured gain. The straight line fits (blue, red, yellow, respec-
tively) are used for the correction [95].

correlations (7, P, I) could be quantified, the measured gain has been corrected for, as shown
on the top panel of Fig. 3.24.

In addition, we performed some further important stability checks including temperature
resistance, and static and dynamic mechanical stress tests. Required tolerances of mechanical
stability are a key question for practical outdoor measurements to ensure resilience against
transportation, or accidental hits in harsh environments, and to avoid cracks, leaks, inhomo-
geneity, or efficiency loss, or any malfunction that may jeopardise the whole measurement.
Therefore, we traced the performance of the detectors during extreme conditions. The gain
map (the mean signal amplitude over the sensitive surface) of a type 80 MWPC is measured
with cosmic data and shown in Fig 3.27. In the first case (left), a normal condition are
observed without stress. The second case (middle) shows a 1.5 mbar overpressure in the
chamber. A slight bulging is expected which is held against by the support pillars. Over-
pressure could occur in practice during very high flushing flow (above 10 1/h) e.g., at the
beginning of a measurement to quickly clean the detector gas volume, or if the gas line is
unintentionally choked somewhere. The third study (right) involves placing two 1 kg weights
on the surface of the detector. The results show robustness against these stress tests which
is mainly due to the support pillars.

The strength of the epoxy resin has also been tested where potentially weakest material
joints are used in the MWPC construction [69]. The measurement of the tensile strength
between the G10 and copper plated FR4 glass reinforced epoxy has been conducted. These
materials are bonded together using the Uverapid-5 two-component epoxy resin, contributing
to the overall structural integrity of the detector. Furthermore, the joint between the ABS-
based polymer pillars and copper plated FR4 has also been tested. The results are shown
in Fig. 3.28 left, both cases repeated three times so that the measurements strictly and
reproducibly support the result. The adhesive area between the pillar and FR4 plate were
22.4mm?, and 200 mm? between the G10 element and the FR4 plate, which indicates the
pressures of 5.7 MPa and 1.5 MPa, respectively. It is worth drawing attention to the fact that
the tensile strength is much higher for the 3D printed pillars due to the special design of the
adhesive surface which also realizes a shape-locking connection. After careful modal analysis

48



Chapter 3. Gaseous detector developments for muography

Figure 3.27: Gain map of an MWPC detector layer in horizontal configuration, under various
test conditions. (a) is the reference and (b) shows the map for 1.5 mbar overpressure, (c)
with two test weights (1 kg each) placed directly on the top of the detector [37].

measurements and finite element simulations, the stress caused by random vibrations of
transportation has been examined, applying the ASTM D 4728 standard [101]. The results
showed that the pillar-FR4 and G10-FR4 glue joints have a safety factors of 3 and 10,
respectively, on the highest level of assurance. Therefore, the chambers can be transported
without a problem. This played a role to develop the world’s largest muographic volcano
monitoring system operating in Japan but produced in Hungary.

Figure 3.28: Left: The tensile test of the different material joints. Right: The “tempering”
effect. After every heat cycle the total current is getting lower at higher temperatures. This
can be used to prepare the chambers for field applications where temperature fluctuations
are high [69].

The upper boundary of temperature resistance of the MWPC chambers has also been

tested by a dedicated “heat box” setup: chambers have been operated inside an insulated
box with heating circulation where temperature can reach up to 60°C. As mentioned before,
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dark current can appear in high temperatures, depending exponentially on the temperature
(Fig. 3.28 right). This current have no effect on the detector performance until reaching
1000 nA, and it only becomes significant above 2000 nA, but for the safe long-term operation,
it is recommended to keep it below 1000 nA. As shown in the figure, this level corresponds
to at least 45°C temperature.

To check the stability, we exposed the chambers to heat treatment multiple times, and
we actually observed a significant decrease of the dark current after each heat cycle. This
must be due to the applied epoxy resin which acts as an insulator between the ground and
the high-voltage elements of the detector circuit, which can allow leakage current at high
temperatures similarly as semiconductors. However, the high temperature can also cause a
“tempering” effect, since at the chamber construction the polymerization of the epoxy glue
is usually not perfect, but the high temperature can catalyze this process improving the
polymerization and resulting in a higher resistivity against leakage current. This is evident
in Fig. 3.28 right, after three heat cycles this chamber could be tempered so it can be safely
operated even up to 50°C.

3.1.5 Applications

The first application of the advanced MWPC detectors was at the Sakurajima volcano,
Kyushu, Japan, in collaboration between Wigner Research Centre for Physics, the Univer-
sity of Tokyo, and the NEC corporation starting from 2016 (patented as MMOS: MWPC
Muography Observation System [91]).

The structure of one MMOS surface muograph detector module was shown previously in
Fig. 3.12, and a photo of multiple modules is shown in Fig. 3.29 right. The structure of the
MMOS modules, background suppression, and the first results obtained from the Sakurajima
Muography Observatory (SMO) are described in [71].

The joint Hungarian-Japanese SMO facility has been developing ever since, and the num-
ber of MWPC modules reached 11 in the SMO so far (8.7 m? sensitive area) [102, (5, 39, 92]
resulting in the largest muograph monitoring system in the world. The applied flux calcula-
tions and the effect of multiple scattering are shown in [37].

Extensive geoscientific research have been carried out until now, by the muographic imag-
ing of the Sakurajima volcano (Fig. 3.29 left), including the observation of a plug formation

beneath active craters [I1], hydrogeomorphic changes induced by post-eruptive lahars and
erosion [103], machine learning with muographic images for eruption forecasting examina-
tion [104, ], and volcanic conduit imaging to explain the relation between eruption fre-

quency and ground deformation [106].

Further applications of the advanced MWPC detectors are described in the Outlook
section (see also, for example, [30]).
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Figure 3.29: High-definition muographic observation of the Sakurajima volcano, Japan. The
photograph of the mountain (a) and muon projection image (b) are shown, and the density
distribution is superimposed in the latter as an inlet [10], (¢) a photo of the MWPC based
detector modules.

3.2 Micro-Pattern Gaseous Detectors

The Micro-Pattern Gaseous Detector (MPGD) is currently one of the cutting-edge technolo-
gies for large-size tracking, triggering, or even Cherenkov detectors [107] by taking advantage
of the rapid development of PCB, photolithography, and microelectronics industries in the
90s. Most important advantages over the MWPC technology are high resolution and high
rate capability. The MWPC technology has reached its physical limit since wires cannot
be positioned closer without sparking, and the high particle rates demanded by high-energy
physics could not be handled due to a relatively large space charge from avalanches resulting
in relatively long dead times. One innovation, developed in CERN (European Organization
for Nuclear Research) and later in the RD51 collaboration?; is to apply high electric field
not by wires, but micro-structured gas-amplification devices. In general, MPGDs have a rate
capability above 100 kHz/cm? due to the reduced ion backflow, and a spatial resolution even
below 100 pm thanks to the micro-structures that act as a preamplification stage, thus anode
segmentation can be placed in close geometry with lower voltages without the risk of sparks.

Many different micro-pattern structures have been developed over the decades to optimize
the technology, but I only describe two wide-spread branches that affect my work presented

Zhttps://rd51-public.web.cern.ch/ (Accessed: 2023-05-30)
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here: the Gas Electron Multiplier (GEM) [108], and the Micromegas [109], shown in Fig.
3.30. On the left, there is a microsopic image of a GEM layer and a schematic cross section
showing the process of avalanche formation and electric field structure. The GEM is a
perforated kapton or PCB with two metallic side on different high voltage potential. Due to
the high electric field strength inside the holes, the electrons are multiplied as they approach
the readout, which can be a conventional multi-wire or cathode strip structure. Multiple
GEM layers can be employed to reduce even further the ion backflow.

Figure 3.30: The two main technological branches of MPGDs: the GEM on the left is a
perforated thin amplification layer, where the potential difference between the two sides of
the GEM drives the avalanche through the holes. On the right, in the Micromegas a metallic
mesh separates the amplification stage from the conversion region, which allow very high
electric fields and thus gains.

Fig. 3.30 right shows a scheme of the Micromegas detector. A metallic wire mesh (Mi-
cromesh) separates the conversion drift region from the amplification stage. In the drift
region, the ionization electrons drift with a constant speed towards the mesh due to a rela-
tively low homogeneous electric field, and after the mesh they are multiplied in a high electric
field. Finally, the signal appears on the corresponding anode strip after a 10° gain in the
amplification region. It is also necessary to mention here, that not only 2D track detect-
ing chambers providing the two coordinates by perpendicular readout channels, but also the
so-called Time Projection Chambers (TPC) [107]. The principle of operation of the TPC
is that by utilizing the constant speed of electrons in the drift region, the third coordinate
can be calculated by measuring the time difference between the readout channels and an
independent fast trigger signal. This way the 3D particle track can be projected back into
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Table 3.2: A list of some applications of MPGD technology in high-energy particle physics.

Experiment Physics MPGD application
3 Physics of strongly interacting r.n?th— About 90 m? volume with TPC in
ALICE ter at extreme energy densities .
the forward region
(e.g., quark—gluon plasma)
4 E?cplorlng Tev cLersy scal(?s (e-g. 1000 m? planned surface with triple
CMS Higgs boson, searching evidences GEM in the forward reeion
for Beyond Standard Models &
Confirmations or improved mea- | 1200 m? planned tracking system
ATLAS® surements of the Standard Model | with Micromegas in the forward re-
(Higgs boson), and beyond gion.
. .| Detecting particles scattered at
COMPASS® i?:js&grit;zré EZ dtr}(l)il :ugiificzpln small angles with both Micromegas
P PY- | and GEM.
PHENIX" Heavy ion physics, electron tag- | Hadron Blind Detector (HBD) with
ging. GEM.
Measurement of total cross section,
TOTEM?® elastic scattering, and diffractive Extended tracker system formed by
circular GEM trackers.
processes.
TOK® Neutrino experiments (e.g.: discov- | The readout of the near TPC de-

ery of the neutrion oscillation)

tector is based on Micromegas

the drift space. The drift length can reach even meters, and the readout can be realized with
MWPC or any MPGD technology, providing an excellent but low material budget tracking
method with economic channel numbers and particle identification capabilities.

Without claiming to be complete, I listed some applications of MPGD detectors in high-

energy physics in Tab. 3.2.

The extended use and future plans with MPGDs in basic

research show a high potential of applications with this technology. Indeed, I demonstrate
some ongoing and planned spin-off uses outside the high-energy physics research in the next
section, focusing more on the muography implementations.

3https://alice-collaboration.web.cern.ch/
4https://cms.cern/

Shttps://atlas.cern/
Shttps://wwwcompass.cern.ch/

"https:/ /www.phenix.bnl.gov/
8http://totem-experiment.web.cern.ch/
9https://t2k-experiment.org/
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3.2.1 Review of MPGD detector applications for muography

MPGD-type muon detectors are well suited for muography applications, if high resolution or
volume detectors are required [I10]. A recent collaboration, ScanPyramids, has successfully
measured several unexplored cavities in the Khufu pyramid, Egypt, where Micromegas-based
detectors were also used (CEA, France) in combination with emulsion (Nagoya University,
Japan, and Cairo University, Egypt) and scintillator detectors (KEK, Japan) [21]. In the
imaging surveys of the Khufu pyramid all detectors encountered rough environmental condi-
tions for long periods of time from outside the pyramids (surface muography), and provided
useful data for the discovery [111]. The applied detectors are shown in Fig. 3.31. The CEA

Figure 3.31: The applied detectors at the Khufu pyramid in the ScanPyramids collaboration.
f and g show emulsion detectors in two different positions inside the pyramid, h shows the
scintillator detector of KEK, and in i the Micromegas detectors provided by CEA are shown

[24].

team is also working on a Micromegas-based TPC detector for borehole applications [112],
with the main advantages of a bigger acceptance with a single telescope, and a compact size
which can fit in medium-size (15 cm in diameter) boreholes for mining and civil engineering
purposes (Fig. 3.32).

In the Low Background Noise Under-
ground Research Laboratory (LSBB) of Rus-
trel, France, the monitoring of the water
level behind a dam has been demonstrated
with Micromegas-based TPC detectors. The
objective of the T2DM2 project (Tempo-
ral Tomography of Density by Muon Mea-
surement) is to characterize the dynam-
ics of water transfer processes in the crit-
ical zone, and in particular that of the
Fontaine-de-Vaucluse (world’s fifth largest Figure 3.32: The Micromegas base of a bore-
karst aquifer) [113]. The advantages of the hole TPC from the CEA team [112].
application of MPGD technology is the high
position resolution in confined environment (underground) with a large acceptance and com-
pact detector size (small telescope length). In Fig. 3.33, the muon flux measurement is
shown in correlation with the linear regression of the water level as the dam is emptied (daily
oscillations are due to temperature variation).
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Figure 3.33: Temporal evolution of water level (blue) of the dam and the recorded muon flux
(orange) [113].
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Besides absorption muography, scattering muography is also a promising area for MPGD
applications. MPGDs has generally high resolution which is needed for efficient scattering
measurement. The high angular resolution is needed for the precise energy discrimination of
the intermediate-energy muons by measuring the scattering angle in different materials. A
team at the Florida Institute of Technology has applied GEM detectors to test the imaging
capability of high atomic number materials (Fe, Pb, Ta) by this non-destructive imaging
method [111]. The small size prototype (30 cm x 30 cm detector surface) is shown in Fig.
3.34.

Based on the technological advancement and above examples, I would recommend the
application of MPGD detectors in muography when high resolution and/or monitoring is
required, especially in compact sizes (e.g., in borehole muography). Scattering muography
with MPGD in smaller sizes (cargo imaging up to a cubic meter) is also a very underutilized
application gap, which chould be considered due to the provided high resolution for scattering
angle measurements.

Figure 3.34: The GEM detector prototype for muon scattering tomography [114].
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3.2.2 Quality assurance for GEM detectors

The REGARD group is actively conducting the research and development of MPGD detectors
for multiple scientific purposes. The TCPD (Thick GEM + CCC Photon Detector) has been
developed to unite the features of the micro-pattern GEM technology and the stability of the
CCC wire chamber as readout [115]. This provides a robust and efficient detector concept
for single photoelectron detection in Cherenkov detector applications. Our group is also
developing a double-GEM Tandem TPC with 1 dm? drift volume and custom designed FPGA
(Field-Programmable Gate Array) data acquisition for particle beam diagnostics [116]. We
also took part in the TPC upgrade project of the ALICE experiment for Quality Assurance
(QA) of GEM detectors, which means that approximately 32 m? of four-layer GEM detectors
(130 m? of GEM foils) has been subjected to quality control.

The complex geometry of micro-structures make the optimization of parameters chal-
lenging, while the detailed investigation is still an active part of recent R&D. MPGDs use
production technologies which are under continuous development, leading to a steady im-
provement in the detector quality. Such measures of quality include operational stability
(sparking rate), gain uniformity, and production defects. It is often unclear how these are re-
lated: do these defects lead to destructive instability, or simply to a minute loss of efficiency.
A Gain Scanner detector has been developed [117] for the QA of ALICE TPC upgrade to
control GEM production defects and gain uniformity. Together with an optical scanning
system (measuring precisely the GEM hole diameters), developed by the Helsinki Institute
of Physics (HIP) [l18], the Budapest Quality Center has been established with a cleanroom
and supplementary equipment |1 19] which contributed to the selection of the best GEM foils
for the ALICE detector system. The system is shown in Fig. 3.35.

The problem with the previ-
ously existing GEM examination
tools is that they are not able
to provide precise local gain in-
formation below the resolution of
the micro-structure segmentation,
which are important data not just
for QA, but also for the opti-
mization of the micro-structures,
the validation of simulations, and
the effective improvement of the
GEM detectors. Based on the
fact that GEM (first demonstrated
in the so-called "Thick GEM’[120])
is applicable for Cherenkov detec-
tion [121], a high resolution surface
scanning system of Thick GEM Figure 3.35: The Helsinki Optical Scanner in the back
with focused UV light for single and the Wigner Gain Scanner in front in the cleanroom
photoelectron detection has been of the Budapest QA Center.
developed in our group [122]. The
Thick GEM layer under study is hosted by a TCPD detector (but it was also tested with
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Micromegas readout [123]) and through a fused quartz window, a scanning system excites a
photoelectron from the surface of the Thick GEM by a pulsing UV light. This way the scan-
ning system can measure separately the GEM gain (order of 10-100) and the photoelectron
detection efficiency unlike in the case of continuous illumination. The scanning system, nick-
named 'Leopard’, maps the gain and the detection efficiency in sufficiently high resolution to
identify the micro-structures and measure local detector properties individually hole-by-hole.
Therefore, the Leopard is a promising tool for GEM QA (gain homogeneity, stability, and
defect effects) and for micro-structure optimization. Optimization can result in the preven-
tion of sparks and the mitigation of edge-effects (systematically different gains near edges)
by well designed micro-structures which could be tested by the Leopard. I was motivated by
the opportunity to join the research and development of this cutting edge technology, and
the examples shown previously that MPGD detectors can be useful in muography as well.
I further developed the Leopard scanning system to be able to measure standard GEMs as
well, and within the framework of the EU funded AIDA-2020 (H-2020) and RD51 common
project, we demonstrated a large-size prototype which is able to host ALICE and COMPASS
GEMs, and now the Leopard is part of the Budapest Quality Center. In the following, I
describe the current Leopard system, my development work, and the main results (effect of
edges and defects in different GEM types) which can contribute to the improvement of the
GEM detectors.

The schematic figure of the key components and a photo of the actual large-size Leopard
system is shown in Fig. 3.36. The optical system is equipped with a UV source (pulsed
LED or continuous deuterium lamp), a pinhole (with a diameter of 30-100 pm, depending
on the desired size of the focused light spot), a focusing lens, and a digital USB microscope
(for fast optical checking, and calibration). The optical system is movable linearly in three
perpendicular directions, driven by 2.5 pum resolution stepper motors and ball spindles.

UV Source

Pinhole

Moveable Optics

Lens

7,

Fused Quartz Window
. C.ath.od.e %ricl

e o o o o o o o

PE (T)GEM
2 .0, . A V4 .. V. W A

Field Wire Sense Wires
. ) . [ ] [ ] . [ ] .
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Figure 3.36: Left: Schematics of the main components of the UV optical system of the
Leopard scanner. Right: Photo of the large scale prototype in operation with a Thick GEM
from COMPASS RICH Hybrid [1241].
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The UV light is focused on the surface of the GEM inside the TCPD detector and the
emitted single photoelectron is amplified in a hole. A CCC based post-amplification (am-
plification region after the GEM) and readout with a single channel is used after the GEM
layer, but as mentioned before, Micromegas can also be used. There are two options for
UV source: pulsed LED, or continuous deuterium lamp. My comparative analysis yielded
the following results: using a pulsed LED the light intensity is lower, in exchange the signal
reading can be triggered by a pulse signal (typically with 130 kHz) so the electrical noise is
clearly separable and detection efficiency can be calculated. In continuous illumination with
a deuterium lamp, we use self-trigger. Therefore noise separation requires extra calibration
but the signal readout is significantly faster due to the higher UV light intensity.

The DAQ system coordinates the movement of the actuator, the LED pulsing, the data
collection, and the analysis. The photoelectron spectra (signal amplitudes) are recorded in
every pixel of a predefined 2D region on the GEM with custom designed PCB boards [125]
responsible for power supply, signal shaping, ADC, and a RaspberryPi which collects the dig-
itized data. Several thousands of events are recorded in each point, but the light intensity and
duration is calibrated so that only ca. 1% of them are photoelectrons (to avoid multi-electron
events). By analyzing the histogram data, the photoelectron yield and the detector gain can
be determined. Photoelectron (PE) responses are shown in Fig. 3.37 with varying photon
yields. The noise (zero PE case) is clearly recognizable as a Gaussian distribution around the
pedestal. The distribution has an exponentially decaying tail with a good approximation, as
expected from the avalanche statistics [93].

Figure 3.37: Example spectra of single photoelectron (PE) responses with different UV light
intensity. The Gaussian noise is clearly distinguishable from the exponential photoelectron
signal [122].
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Figure 3.38: A gold-plated Thick GEM corner scan (800 um pitch, 400 pm hole diameter).
The holes can be identified in the PE yield map and the gain is constant around each
hole [124].

The GEM gain and PE yield can be computed by cutting the Gaussian noise from the
spectrum and fitting an exponential function on the histogram (f(Q) = ée_Q/ G where Y is
the PE yield, G is the gain, and @ is the Coulomb charge of the signal). The photoelectron
yield is computed as the integral of the density function above the cut (that is, the total
number of photoelectrons during the measurement). The gain is independent from the yield,
as Fig. 3.37 indicates (the slope does not change in different light intesity). To obtain purely
the GEM gain, the effect of the post-amplification stage can be eliminated from the total
detector response with a preliminary measurement by applying low voltage (around 50 V)
on the GEM. This way the PE is amplified only in the post-amplification region.

The results of the GEM gains and PE yields over the scan region are visualized as col-
ormaps where colors represent the resulting quantities. Such maps are shown in Fig. 3.38
with comparison of a microscope photo of the examined area of a gold-plated thick GEM.
As it is evident in the maps, the micro-structures are well recognisable (PE yield map looks
similar to the spotted pattern on a leopard’s fur, hence the nickname of the scanner) and
quantities describe the local behaviors: no yield in the center of the holes, also inconclusive
in the symmetry centers, and the gain is uniform around a hole but fluctuates from hole to
hole. The results are pointing to the fact that the gain depends more on the hole geometry
and less on the position where the electron enters.

The optical system needs careful calibration and focal adjustments for the best per-
formance. I designed adjustable 3D printed optical elements, so the optimal object-image
distances of the UV light spot can be fine-tuned. My developments aimed to enhance the
system resolution so not just Thick GEMs (300-400 pm hole diameter) but standard GEM
foils (50-70 um hole diameter) could be scanned. Furthermore, not just gold plated surfaces
but the widespread copper-plated ones (much lower quantum efficiency, thus PE yield) could
be measured efficiently due to the enhance photon densities. I achieved these developments
by applying an aspheric lens, smaller pinhole, focused UV source, optimized focal length,
and covering aluminum elements which can blur the imaging due to reflection.

Next I describe the focal calibration which validates my efforts for higher scanning res-
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Figure 3.39: An optimal delay time profile for the stepper motors was determined by modal
analysis to achieve faster vibration decay. The figures show the damping of the vibrations
after stopping the optical head, measured with accelerometers, without (left) and with (right)
the application of vibration damping step profile.

olution. First, I considered the vibration of the system due to the scanning steps which
blurs the image. As a result of the modal analysis of the system (which was carried out by
P. Santha under my supervision'?), we could determine the optimal delay time after a step
when the vibrations subside, and an optimal speed profile has been determined to increase
the damping (Fig. 3.39).

Figure 3.40: Left: An X-Z measurement of the photoelectron yield to determine the focus
and resolution. Right: Photoelectron yield as a function of X position on the focus level of
the X-Z map (Z = 16.5 mm), with a Gaussian fit. The highest resolution of the Leopard
system is presently 30 pnm FWHM as extracted from the fit.

Ohttps:/ /regard.wigner.hu/Publikaciok /Disszertaciok/ P. Sdntha, BSc Thesis, HU (Accessed: 2023-05-30)
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These upgrades proved to be useful to reduce the scan time and to sharpen the measured
images. The scanning resolution must adapt to the size of the light spot. I used thin
wires (thickness of 25 pum and 100 pm) horizontally above the detector to quantify the
resolution (size of the light spot) [122]. The photoelectron yield is measured perpendicularly
(X direction) to the wires at different vertical positions (Z direction). An example of a
measured X-Z photoelectron yield map is shown in Fig. 3.40.

The focus level is where the FWHM of the shadow of the wires is the lowest. The
resolution of the Leopard system, by definition, is the FWHM of the photoelectron yield
drop of the 25 um wire when the system is in focus. It is practical to adjust the focal level
of the microscope camera to the same level so one can find the focus easily with the video
stream of the microscope. As shown in the figure of the focus measurement, 30 pm FWHM
resolution could be achieved which is below the standard GEM hole sizes. Thus they can be
examined as well.

In the following, I describe in a few words the regular operation of the Leopard, considering
the measurement time and important steps required for the setup of the Leopard. First of
all, the GEM to be tested must be installed into the TCPD in a cleanroom, and the hardware
and cabling must be assembled. The detector must be flushed with gas for a sufficient time
and high voltage must be applied to the GEM and to the anode. After the system is fully
operational and the focus is set, a reference point must be found on the GEM with the
microscope camera from where the optics can be navigated to the measurement area. The
stability of the measurement must be ensured with a few minutes of continuous illumination.
When the measurement parameters are selected, the stepping resolution, the size of the
statistics, and the scan area needs to be considered depending on the size of the micro-
structures. The surface material also influences the procedure, because different materials
have different quantum efficiencies (for example, copper has lower quantum efficiency than
gold resulting in fewer photoelectrons). The duration of each measurement strongly depends
on the selected parameters and the surface quality. It is given by the statistics per trigger
frequency multiplied by the number of pixels (movement time is approximately 10% of the
total data collection time). Omne pixel is measured in around 0.2—2 s. The time required
for a good quality scan time strongly depends on the above mentioned aspects, but typically
it takes about 5-30 minutes with a deuterium lamp. We have two variations for readout
detector chamber. A small-scale prototype chamber can host GEMs and Thick GEMs up
to the standard 10 x 10 cm? (Fig. 3.41 left) for R&D purposes, or in the case where high
signal-to-noise ratio is needed.

The new large-scale prototype chamber has an active area of 90 x 48 cm? in which the
GEMs from CERN ALICE TPC1[118], and Thick GEMs from CERN COMPASS RICH
Hybrid [126] (Fig. 3.41 right) can be measured. The MPGD layer is held in place via
an interchangeable layer (the Support Plate), to any shape and size within the limits that
can be investigated. The cathode top box is interchangeable and has six openings for UV
transparent quartz windows (Fig. 3.36 right).

Finally, I present my results about some of the relevant GEM examinations. I demon-
strated the practical application of the achieved high resolution on standard geometry GEM
detectors. Fig. 3.42 shows that the micro-pattern structure is still clearly identifiable even
on this scale, the scan can effectively be carried out on relatively large areas (not just a few
holes), and the detector response (PE yield and gain) remains stable.
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Figure 3.41: Left: Photo of the small scale Leopard detector containing a standard 10 x
10 cm? GEM. Right: Thick GEM from COMPASS RICH Hybrid on the Support Plate.
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Figure 3.42: Leopard scan on standard geometry (60 pm hole diameter) GEM layer, PE yield
map (top) and GEM gain (bottom). Left is a a gold-plated, the right is a copper plated
GEM scan. This demonstrates the imaging applicability of the Leopard in this scale.

I also checked the spatial and time stability of the GEM measurement system. The local
gain variation has been measured in a one dimensional line scan repetitively using different
optical arrangements to check the spatial reproducibility of the measurements. As shown in
Fig. 3.43, the gain values fluctuate equally within the significance level with different light
intensities. The time stability is checked by standing in one point above the GEM active
surface with the Leopard, and consecutive one-minute measurements has been performed
without movement. The possible gain time instability is also a known issue with GEM
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detectors. The phenomenon is called “charge-up” [107] which means that due to high rates,
the insulator inner wall of the GEM holes can electrostatically charge up as a result of
adhering ions, and this distorts the electric field inside the hole where the electron avalanche
takes place. On Fig. 3.44 right, a charge-up measurement shows that gain variation is small
(with this particular GEM), and this variation also saturates over time. One of the strengths
of the Leopard is that this effect can be examined on different GEMs or within a particular
GEM location independently.

However, an even more interesting phenomenon has been observed with the Leopard: the
photoelectron yield can also change over time. This practically means that the quantum
efficiency of the electron release from the surface in continuous UV illumination is growing,
as shown in the time dependent PE yield plot during the charge-up measurement in Fig.
3.44 left. This effect is not yet fully understood and needs more investigation, especially
because effects increasing quantum efficiency may be very useful in multiple applications. I
observed this effect in different GEMs and Thick GEMs with Cu and Au surface materials
in Ar:CO, (FC18) gas mixture, which generally inhomogenous in terms of the PE yield
change distribution. Preliminary it can be stated that the PE yield is growing in time due
to UV illumination, and surface treatment (cleaning with propanol and polyester wipers)
homogenizes this effect, so it is expected that some kind of surface deposition charge-up
is behind this effect. Nevertheless, increase in the PE yield is not significant (until single
PE excitation occurs) from the point of view of gain measurement, because it is measured
independently.

Figure 3.43: Spatial gain reproducibility measurement. The gain is measured to be approxi-
mately the same in two different light intensity scans (but the noise level with 30 um pinhole
is larger than that in 100 um)

The high resolution gain map allows us to directly measure the “edge-effect”, i.e., the
gain of holes located near an edge compared to the middle ones. According to simulations
it is expected, that the electric field differs in the edges, because of the lack of holes in one
side, but the extent of the distortion and its effect on the gain remain unknown. This so-
called “edge-effect” can be examined with the Leopard system which is demonstrated in Fig.
3.45 that exhibits a Cu GEM with four different hole size segmentations. This shows gain
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Figure 3.44: Time stability of PE yield and gain under continuous UV illumination of a GEM
surface. Left: the PE yield change. Right: the gain charge-up is shown.

dependence on the distance from corners and edges which also varies on the shape of the hole
arrangement and size. A more detailed study is expected about the edge-effects in the future,
with the aim of designing an optimized MPGD geometry to reduce gain inhomogeneities.

Figure 3.45: Cu GEM measurement with four different hole diameter segmentations.

Another important goal of the Leopard system is to measure GEM defects resulting from
manufacturing. The Leopard system offers a possibility to measure the effect of these defects
on the microscopic scale. Fig. 3.46 shows an example scan of a rip in the GEM (due to
over-etching), and the corresponding PE yield and gain maps around the defect. The PE
yield and gain drop down drastically in a few hole surroundings around the defect. However
the hole GEM is still operational in this case. In the future, the Leopard can join quality
assurance task even for large-scale industrial applications.

In summary, the Leopard high-resolution gain scanner is a powerful tool for comparison
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Figure 3.46: Example measurement around a large over-etching defect on a standard GEM
foil showing the microscope photo, the PE yield map, and gain map [121].

of MPGD geometries, GEM quality control or for the studies of local detector effects. The
basis of operation is single photoelectron PE emission from the GEM surface by a spot UV
light. The close-to-exponential PE spectra are measured and the PE yield and gain are
calculated for each pixel of a 2D region with a RaspberryPi based DAQ system. The results
are visualized as a map of the measured quantity. Thick GEM and standard GEM scans
demonstrated that holes are identifiable and gain is constant around each hole. Example
high-resolution gain maps showed the effects of edges and local production defects. The
Leopard system is applicable for large area MPGDs as well. Thus it can enhance the quality
control of mass production.
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Chapter 4

Muographic imaging data evaluation

4.1 Radiographic image production

In the previous chapter, we discussed the hardware developments of contemporary gaseous
detector systems which resulted in high performance detectors (tracking efficiency, stability,
resolution, homogeneity) detectors with low cost, low gas and power consumption, and low
weight, which are well applicable even on the field. Now we row on the topic of the data
evaluation provided by the muon tracking detectors to produce muographic images which can
be interpreted by geoscientists, archaeologists, or civil engineers. In the first section of this
chapter, we elaborate on producing a muon flux image from one detector view: a 'projectional
radiographic’ image that is related to the integrated material density in the given directions
of the image pixels. This can already provide useful information concerning the interior of
the imaged rock layer by temporal imaging (e.g., magma dynamics, water level monitoring)
or directional observation of relative density anomalies compared to a reference region.

The process of a radiographic image creation is discussed in this section: calculation
of the muon flux from the raw tracking data, converting the muon flux to the density-
length (opacity), taking into account the errors, and comparing the results with a priori
information. The data processing is also important in “reverse mode” for the planning
of a muographic survey. Furthermore, for the determination of the spatial distribution of
rock density (the distance from the detector, not just the direction), we need multi-view
measurements concerning the observed object (e.g., a cavity or high density ore body). The
tomographic methods we tested are discussed in the next section.

4.1.1 Muon flux calculation and conversion to rock density

As a first step I introduce the tracking algorithm by explaining some tips and tricks to
determine the muon flux, i.e., the normalized muon rate in a given direction, as defined in
Eq. 2.2. Recalling that the basic tracking data provided by the DAQ from Sec. 3.1 consist of
6-8 layers of 2D hit patterns (clusters) for each track event if at least 3 or 4 coincidence are
detected, and the tracking software calculates the 3D straight line tracks (after preprocessing)
which are later grouped into angle bins for muon flux calculation. In more detail, a linear
fit can be decoupled into X and Y projections (where Z axis is generally perpendicular to
the detector layers) with possible fine-tuned chi-square cuts separately due to the slightly
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different nature of signal pickups. Different filtering algorithms are also applied to reduce
noise and secondary electrons which tend to have a large-size cluster. The track selection
is quite conservative due to a combinatorial algorithm: finding the sequence of K out of N
(usually 6 of 8) hits providing the best straight line fit disregarding the most outlying point,
if exists. Thereby, even a higher tracking efficiency can be ensured for the total detector
system than that of a single chamber. A linear fit on the hit combinations produce the track
candidates — the smallest chi-square is favoured — and if it is below the chi-square threshold
that is selected as the reconstructed muon track [74]. Track candidates with higher number
of clusters (chambers) could be favoured with non-equal chi-square thresholds. In the next
step, the “fiducial area” of all detector chambers are defined, such that the local efficiency
is above 75% (excluding, e.g., the wire support regions or malfunctioning channels). Finally,
only those tracks out of the reconstructed tracks are selected which crossed the fiducial area
of all the 8 detectors. The reason for the rather strict selection criteria are the reduction
of the systematic errors from the estimated efficiency, at the cost of reduced statistics and
viewing angle because the tracking efficiency affects the muon flux calculation. Therefore,
the data are used to continuously monitor the performance (depending on both hit location
and time) of the chambers by excluding any chamber from the tracking and then perform
the tracking without it, this way checking the efficiency of the excluded chamber (being an
independent entity) [37].

Since all tracks are summed over the detector surface when the muon flux is calculated for
a given angle bin, the calculated muon flux must be normalized. The detector acceptance is
defined as the active surface of the detector system for incoming muons at a given angle [32].
The acceptance can be described in a simple case for 8 point tracks

A = ¢ -max(L, —d - s4,0) x max(L, — d - s,,0), (4.1)

where s, = cos - tana; s, = sin § - tan « are the tangent slopes (a is the angle with the Z
axis, and (3 is the rotation angle around the 7 axis), L,, L, are the detector side dimensions,
d is the telescope length, and ¢ is the total tracking efficiency. Note that the acceptance is
slightly larger if the required number of track points is reduced [127].

Assuming the detector is placed horizontal or close to horizontal, the muons are measured
coming from a ~90°cone, and discretized (binned) into disjoint solid angle ranges (A,
steradian) — on which the detector integrates the muon arrivals — with the geodesic direction
angles of zenith (#) and azimuth (¢) in the center. The size of these solid angles depends on
our choice, considering the required statistics or the most convenient gridding, but limited
by the detector angular resolution. The final ingredient to determine the muon flux from
the detector data (Eq. 2.2 left) is to normalize with the measurement live time (total time
minus dead time), which can be estimated from the distribution of the event time differences.
Therefore, the measured muon flux ®(6, ¢) is the total number of muon counts in the given
measurement live time 7, solid angle bin AQ, and effective detector surface Ag(6, ¢) corrected
with the tracking efficiency €. If we are interested in time-dependent effects (muon flux
variations, or checking the stability of the tracking efficiency), the time bins of the data
allocation must be chosen adequately.

This is where my work is involved in the muographic data processing. In the next step,
I provide an overview concerning strategies how to derive conversion between the muon flux
and the density-length of the imaged rock (® <+ p) in a given direction. The reason for the
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plural is that unfortunately we cannot obtain an exact formula because of the complexity of
the issue. First of all, the function of the density-length and the muon flux is nonlinear and
strongly depends on the zenith angle () of the arriving muon (cos? § tendency at lower muon
momenta and secant-like in higher energy ranges). Thus, a simple formulation of the function
is not resulting in an an accurate conversion method. The problems are compounded by the
presence of multiple potential systematic uncertainties which must be checked or corrected.
These are discussed later in this section. A direct measurement of the function, or the direct
validation of the model is also unfeasible because of the high range of the parameters usual
in muography applications (10-1000 m path lengths, 0-80°zenith angles). Therefore, only
indirect measurements can validate a specific muon flux calculation method, usually in a
specific muon energy range.

There are two different main approaches for muon flux estimation in the muographic
literature: the integrating methods and simulation tools. The integrating methods are based
on a cosmic muon spectrum ¢ = ¢(Ep, ), depending on the initial muon energy (Fy) and
zenith angle (6), and a function of minimum muon energy (Fui,(0)) required to survive a
given density-length (9). Thus, the integrated muon flux can be derived as follows

d(0, o) :/ ©(FEy, 0)dEy. (4.2)
Enin(0)

The muon spectrum can be obtained from cosmic ray physics based computations or
empirical parametrizations. Based on literature research, I outline the most frequently oc-
curring models, which I found to be accurate enough for muography and later implemented
to create my own flux-opacity converter software. One of the most common base models
is from Gaisser [128]. It is widely used for cosmic background estimation for underground
measurements, but the model is only valid if the curvature of the Earth is neglected, i.e.,
the initial zenith angle # < 70°) and the muon decay is negligible (E, > 100/cosf GeV).
Therefore, in muography applications, some kind of modification is required. One of the

modified Gaisser models is from Guan [129], where the muon spectrum is described as
dd { E ( 3.64GeV )} T 1 0.054
04| = (14 x : - (43)
aB, GV U B feosf) Ly MEe T e

with 6* taking into account the curvature of the Earth (due to the geometric difference of
the zenith angles between the surface of the Earth and higher altitudes where the muon is
produced)

2 2 Ps Ps
cos§* — \/(cos 0)2 + P? + Py(cos0)Ps + Py(cos6) (4.4)

1+ PP+ P+ Py ’

where the coefficients are:
P, =0.102573 P, = —0.068287 P; = 0.958633 Py, = 0.0407253 P5 = 0.817285. (4.5)

Another strategy to derive the muon spectrum is an empirical fit to the experimental
data. Reyna [130] found a simple parametrization covering all zenith angles and a wide
range of muon momenta (1-2000 GeV/cosf). He based his formula on Bugaev [131] where a
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parametrization was derived from nuclear cascade models for the propogation of high-energy
nucleons, pions and kaons in the atmosphere. Reyna enhanced this work by introducing

P(E,,0) = cos’(0) v (C) (4.6)

angle relation, where ¢ = E, cos¢ and ¢y is the vertical muon flux formulated by Bugaev

_ —(ca+c3logyg C+cqlog2y CHes logs, ¢
py = Cl( 10 10 10 )7

(4.7)
and the coefficients

c1 = 0.00253 ¢ = 0.2455 ¢35 = 1.288 ¢4 = —0.2555 ¢5 = 0.0209 (4.8)

are improved by fitting to six different experimental cosmic ray data sets. The comparison
of the Guan and Reyna spectra is shown in Fig. 4.1.
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Figure 4.1: Differential muon spectra at sea level from the Guan and Reyna parametrizations
at 0 and 75 degree zenith angles. The discrepancies (ratio between the two calculation
methods) are shown in the bottom figure.

The minimum energy function can be derived from the energy loss for standard rock,
governed by the ionization interaction of muons and the rock, provided by the Particle Data
Group!, for a variety of materials and a wide range of energy. I applied the parametrization

Thttp://pdg.Ibl.gov (Accessed: 2023-05-30)
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by Lesparre [5] which uses the so-called ’standard rock’ ((Z/A) = 0.5 and p,, = 2650 kg m™),
and a fourth order polynomial fit to the energy deposition function

dEsr
do

4 3 2
_ _10l4y +l3y°+lay +lly+lo, (49)

where y = log F,,., with F,. in GeV, the parameters are:
I, =0.0154 I3 = —0.0461 I, = 0.0368 I; = 0.0801 Iy = 0.2549, (4.10)

and the relative error never exceeding 2% (Fig. 4.2 left). After that, the minimum energy
required for a muon to reach a given density-length is derived by

 dE,,
Fnin = By + /0 a0 do, (4.11)
where E,; is the muon rest energy. This provides the association between minimum energy
and density-length which is essentially used in Eq. 4.2. Fig. 4.2 right shows F,,;, as a function
of the standard rock thickness. Note that this kind of minimum energy assumes a sharp cut
of the surviving muons (zero muons are assumed to be detected after a given density-length
if their initial energy is lower than the cut), but more sophisticated models can be obtained
by simulations [103].
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Figure 4.2: Left Top: energy loss for standard rock provided by the Particle Data Group
(symbols) and fourth-order polynomial fit (solid line). Left Bottom: relative error between
Particle Data Group values and the polynomial approximation. Right: Minimum energy
obtained by solving Eq. 4.11 as a function of the standard rock thickness [5].

Due to the extensive literature of muon flux spectrum measurements and parametriza-
tions, this review is not supposed to cover all calculation methods but only those that I tested
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and applied to our detectors so far. Eq. 4.2 provides the relation between the density-length
and the muon flux. The representation of the integrated muon fluxes at different zenith
angles and opacities are shown in Fig. 4.3 right.

Monte Carlo simulations are a more sophisticated, but also more complicated method
for the flux calculations. The different stages of the muon’s life can be simulated separately
or altogether, beginning from the high-energy proton collisions in the upper atmosphere,
through the cascade decay processes of particle showers in air, the attenuation of muon in
the atmosphere (considering detection altitude, atmospheric pressure and temperature effects,
geomagnetic effects, etc.), energy deposition and multiple-scattering in material, background
particles, and detector response [3, 17, 18]. For example, CORSIKA software package is one
of the state-of-the-art simulation tool for the production of extensive air-showers[132]. Sim-
ulation tools are especially profitable answering complex questions, or applying in unknown
situations, but building up and verifying a model takes a lot of time and resource.
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Figure 4.3: Integrated muon fluxes are shown in different depth, depending on the arrival
zenith angle of the muon, calculated by the Guan method. A particular depth means a
simplified detector placement scenario underground, assuming homogeneous rock density
and a plane surface. Note, that the given depth is valid only in the zenith 0 direction, and
the thickness is growing with the zenith angle by cosine. It is also interesting to note that
in most cases the muon flux follows a cos? tendency (dashed lines), and only in high angles
and at long path lengths differs significantly. The relative discrepancies between the Reyna
and Guan methods are shown in the bottom using the same colour notation as in the upper
panel.
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4.1.2 Muographic image production

Now we can obtain muon flux and density-length information from the directional tracking
measurement data. However before we proceed to construct our muography image it is an
important last step in most cases to compare the measured data with expectations (this step
can be omitted for time-sequential muography but it is still recommended). This means that
we must have geodetic information about the examined object, mainly about the surface (for
the surface model or topographic corrections) but also underground structures if known as
those clear the picture of what is known and what is unknown in the measurement data.
Starting this in a simple case when we only have DEM data about the surface, the expected
density-length comparable to the measurement in a given direction bin can be produced if we
compute the distance between the surface and the detector and multiply it with the average
density.

However, this is easier said than done because there is no simple software solution in the
market, the DEM data always have to be checked for deviations, missing parts, overhangs,
not to mention the dozens of different data and file extension formats or coordinate systems
in which DEM data is received. It is also worth noting that some kind of interpolation is
needed to determine the average surface intersection distance in the cone of the direction bin.

I have developed a software? which can handle the following subtasks for a set of direc-
tional vectors (appointed by the measurements) at a given detector location:

(A) Generate rock length from DEM input data (= expected rock thickness)
(B) Generate flux from a density-length value (= expected flux, forward problem)

(C) Generate density-length from a muon flux value (= measured density-length, inverse
problem).

The software was written in C programming language, and it was developed and tested on
Ubuntu operating system.

For subtask (A), the input is a point cloud file with UTM (Universal Transverse Mercator)
X, Y, Z data or any similar coordinate system (like the Hungarian EOV "Egységes Orszdgos
Vetiilet’), in metric dimensions. Note that different Digital Elevation Models exist, as the
Digital Terrain Model (DTM) which describes the shape of the ground surface, or the Digital
Surface Model (DSM) which includes landmarks like vegetation or infrastructure. For my
software, the DTM can be used, since vegetation has insignificant impact on the muon flux
(relative density-lengths are negligibly small), and the building structures are usually much
more complex than the DSM data suggest. Therefore infrastructure needs to be considered
in a different way (see CAD modeling later in this section).

My algorithm calculates rock thickness by integrating in a given directional vector step-
by-step, starting from the detector position in the coordinate system of the DEM. At each
step, the algorithm determines whether the step point is above or below the closest elevation

2Current version: FluxConverter-v20220510.run available on reasonable request.
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Figure 4.4: Topography around a surface measurement location. The red lines indicate muon
trajectories which are detected at the observation site (the convergence point of the lines). In
the interesting region, the muons travel in air in the valley between two hills (Tiindér-szikla
and Jénos Hill, Budapest). The panels on the right show topographic elevation as a function
of distance for selected azimuth directions.

points. If the point is below, it is considered to be in rock and the algorithm sums the
length of the step size. If the point is above, it is considered to be in air and the integration
does not sum. To calculate the most accurate surface intersection point, a function is used
which searches the DEM at each iteration step and calculates the altitude data. Specifically,
the function finds the distance of the four closest points in the four quadrants of the X-Y
plane, and then calculates the average altitude of the surface above or below the iteration,
weighted by the reciprocal square distances. A constant distance of 0.1 meter radius is used
for smoothing. If the integration goes further than the available data set, the program uses
one of the closest available data points. In the step when the surface is just crossed, the rock
length is weighted with the distance below the surface. The direction bins can be imported
from a measurement data file, or an artificial grid of bins can be generated.

An example about a topography and integration lines from the detector is shown in Fig.
4.4, with three different azimuthial sections showing the actual DTM data and an integration
line from side view. Within a cone of direction with a fixed zenith and azimuth angle bin,
the surface can fluctuate so it can occur that only one line of integration is not accurate
enough. For this reason, multiple — settings dependent and evenly distributed — lines of
integration are averaged in one solid angle bin. In conclusion, this algorithm provides a
simple method to calculate the rock thickness in meters for a given set of directions. The
advantages of this program scheme are the easy parametrization, and the capability for using
in not just underground but surface detector setups as well, since it can handle multi-hill cross
section scenarios (when the line of sight includes multiple hill-like topography with valleys
between them). However, the disadvantage is that it cannot handle overhanging topography
or cavities under the surface, since in that case the mapping from the surface to the X-Y
plane is surjective, therefore the integration in those parts is undefined.

If complex geometries are to be considered, then my software cannot be used and the rock
length calculation (buildings or underground structures) becomes more challenging, but not
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impossible. To overcome this problem another rock thickness calculation method has been
developed in our group. We have to create a 3D Computer-Aided Design (CAD) model from
the available data (laser scanning, technical drawing, or other sources). Automatic triangu-
lation algorithms can generate good quality CAD surfaces or bodies if we have a sufficiently
high resolution point cloud, but sometimes it has to be done in the hard way, making a CAD
model from sketch manually. The obtained 3D model is then fed into a simulation which
propagates the particle through matter (specifically, we use Geant4 [133]). An example of the
comparison between the converted muon flux measurement and the expected rock thickness
is shown in Fig. 4.5, where the expected rock volume is calculated from a 3D model. The
measurement was performed under Royal Palace in the Buda Castle, and the 3D model of
the building frame structure has been used to calculated the integrated rock length from the
ground level. The “missing rock” of the measurement (the difference of the expected and the
measured rock thickness) perfectly (below 0.5°precision) indicates the walls of the palace.

Figure 4.5: Left: the muographic data are shown in the “missing rock” colormap represen-
tation with geodesic angle coordinate system (also overlapping the contour lines of expected
wall thicknesses). Right: the corresponding expected rock lengths by simulation (integrating
from the ground level of the building). Images from G. Surédnyi.

For subtask (B), the inputs are the rock thickness, a density value, and a zenith angle,
from which the algorithm calculates the direct problem of Eq. 4.2. This means that first
the minimum energy is calculated from the density-length by Eq. 4.11, using the Lesparre
parametrization Eq. 4.9. After that, Eq. 4.2 is solved by the preselected muon spectra (Guan,
Eq. 4.3 or Reyna, Eq. 4.6). An extra value can also be added to the minimum energy for the
compensation of the energy cut of the detector, since the scattering of low-energy particles is
filtered out (the quantity of which must be determined by external calculation or simulation).
The subtask (B) computation results in the expected muon flux if a homogeneous compact
rock layer is assumed with the input average density. Continuing the calculation with Eq. 2.2,
the expected numbers of muon counts can be obtained together with the statistical errors.
This conversion is important for the muography survey planning to estimate the required
duration of the measurement at the given significance level.

75



Chapter 4. Muographic imaging data evaluation

Subtask (C) is the actual muography measurement data processing. To obtain the mea-
sured density-length from the muon flux, the subtask (B) computation must be done in
“reverse” mode. I solved this by creating a reference parameter table, calculating the direct
problem in high resolution (in density-length and zenith angle dimensions as well) in the
range of 0-5000 m.w.e. and zenith angles of 0-85°.

As a first step, the density-length value is estimated based on the lookup tables, then
the algorithm derivatively iterates one or two steps by calculating the direct problem until
the relative difference is under 1%. The statistical uncertainty is also propagated using the
uncertainty calculation of the flux. The usual approximation of the expected variance is the
number of muon counts (0% = N = ®(p) - Aeg - 7), since it follows a Poisson distribution.
Note, that the standard deviation of the flux is therefore o = on/(Aes - 7). The deviation
of the density-length is derived from a first-order Taylor expansion of the o(®) function

ol = (%)2- (Aj:T)?' (4.12)

Finally we are able to create an image from the muographic data. Gridding the view
cone and plotting the results into an image has the same distortion issues as projecting a
spherical sector onto a flat plane (like mapping the surface of the Earth). At a raw data
level, we usually apply coordinates which are natural for the detector system: tangent slope
of the angle bins (s,, s,, unit length divisions in X,Y axes).

A case example is shown in Fig. 4.6, where I processed a muographic data and the different
processing stages are presented as a summary of the methodologies explained above. The
data are from a one month measurement with the MTL-4 detector from the survey in the
Buda Castle for civil engineering and archaeological purposes (see Sec. 5.2 for more details).
The first step is to produce a map of integrated muon fluxes in each direction from the
tracking data, as it shown in Fig. 4.6 left, where color scale indicates the flux values and X,Y
axes represent the tangent slopes of each angle bin. In the next step, my software computes
Eq. 4.2 inversely, thus providing an density-length map from the measured muon fluxes (Fig.
4.6 middle). The density-length map extracted from the measurement can already provide
useful interpretation for relative or dynamic muography analyses.

For the estimation of the “missing rock” or the measured mean density in a given direction,
we need to calculate the expected path lengths in the examined medium. This can be carried
out either by CAD modeling and simulation (recommended in case of complex topography),
or by integrating the line of sight from the detector under the surface (recommended in simple
cases, using DTM data) with my algorithm. The ratio of the measured density-length and
the expected rock length results in the measured mean density distribution obtained from the
muographic measurement. If we have a reliable average density expectation in a region, we
can derive the lengths of “missing rock” by dividing the measured density-length with this
assumed density, and subtract it from the expected path length (Fig. 4.6 right). This way
we get a map of probable rock length anomalies such as cavities or high-density bodies. The
uncertainty calculation originates from the raw number of counts in one angle bin, and this
is propagated throughout the calculation processes by Eq. 4.12 (note, that the systematic
effects add up).
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Figure 4.6: Example image series of the muographic data process, where the color coded
data are represented in the tangent slopes of detector direction angles. Solid and dashed lines
showing the boundaries of 5% and 3% uncertainties, respectively. Top Left: first, the muon
flux is obtained from the raw detector data. Top Left: the muon flux must be converted
to density-length for geological density analysis. Bottom Right: rock length anomalies can
be interpreted as the “missing rock” from the measurement compared to the expected one.
Bottom Left: mean density is the ratio of the density-length and rock length.

Of course, multiple other representational combinations can be created from these above
mentioned muography data, depending on the questions we want to be answered. For ex-
ample, we could plot the ratio of density-length and expected rock thickness to derive the
measured average density angular distribution, the representation of the rock length anomaly
in the dimension of statistical significance (ratio of missing rock and o,), or cutting off the
data in any representation below a given statistical significance in order to emphasize only
the anomalies.
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4.1.3 Systematic uncertainties

To a first approximation, the open-sky muon flux of high-energy muons in a given direction
is constant day and night, throughout the year. Less than a few percent time dependent
fluctuation of the integrated muon flux of high-energy muons (meaningful for muography,
ie., £, > 1 GeV) could exist due to the following reasons:

e Geomagnetic effect: When the low energy primary cosmic rays propagate through the
magnetosphere of the Earth, it acts as a cut-off rigidity (threshold) filter depending on
the latitude. This is negligible at high geomagnetic latitudes (near the geomagnetic
poles), but at low altitudes, this affects the low energy part (< 5 GeV) of the muon
energy spectrum [5].

e Solar wind: The solar activity (wind velocity) modulates the low energy proton spec-
trum that interacts with the atmosphere. On the surface of the Earth, this results
in a 1% variation in the differential muon flux at a momentum of 10 GeV (and 10%
variation at 1 GeV) between minimum and maximum solar activity cycles [5].

e Atmospheric temperature: As mentioned in Sec. 2.1, the creation of muon after the
high-energy collisions in the atmosphere strongly depends on the density of the air. This
can be translated to an average T,gx temperature where the creation takes place. The
dependence can be written as A® = arAT.g, where A® is the observed relative muon

flux change in %, the temperature is in Kelvin, and the coefficient ap = (1 + Eﬁﬂ)

depends on the minimum energy of the initial muon. This means that this effect is
relevant at higher energies. For example, +(5-10) K seasonal effective temperature
change causes +£5-10% integrated flux change below 300 m of rock underground [5].

This effect has been also examined in [103] for muography applications.

e Atmospheric pressure: The barometric pressure (measured around the detector) affects
the flux due to the atmospheric absorption of the muon. The quantity of the effect
reported in the literature are in the order of 0.5% decrease per 1 mbar increase for
energies around 10 GeV, and becomes insignificant above that [5].

Further time-independent systematic errors could arise in the flux determination due to:

e Altitude: The dependence of the muon flux on the detector distance above sea level
(h [m]) is driven by the length between muon creation and observation point, since a
longer path length gives room for absorption and decay. The differential muon flux
increases with the altitude by ¢(E,,0,h) = exp(—h/hgy) - p(E,,0,h = 0), where hy =
49004750 E,, is an empirical characteristic length and is valid above 10 GeV minimum
energy and between 0 and 1000 m altitude [1341]. This causes an 8% integrated flux
increase in extreme cases (around 50 m.w.e. if the altitude is 1000 m instead of 0 m),
and becomes less than 1% above 300 m.w.e. The correction for this effect is included
in my Flux Converter software.

e Discrepancies in the different muon spectrum data and parametrizations: As I showed
earlier, the discrepancies in Fig. 4.3 and Fig. 4.1 between two different flux calculation
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methods which describe most accurately the muon spectra relevant for muography,
can reach even 20% difference in the integrated flux in certain cases, not to mention
other muon spectra and minimum energy calculation. For a simple muon spectra
parametrization, there is currently no accurate method available but detailed Monte
Carlo simulations are needed for the realistic estimations. My conversion algorithm
calculates by both Reyna and Guan methods, and if the absolute value of the muon
flux is to be calculated, then the systematic uncertainty of the parametrization can be
estimated from the discrepancy.

e Detector energy cutoff: At some point of the tracking algorithm must decide if a muon
trajectory was a straight line or it is only some noise or low energy particle scattered
in the sensitive volume (in our case, we use a chi-square threshold as it was described
in Sec. 4.1.1). This inherently means that there is an energy cutoff for the detection
of the incoming muon spectra. I implemented in my software an effective energy cutoff
(adjustable) parameter which is added to the minimum energy during the calculation,
but this parameter must be calculated in advance (e.g., by detector simulation [11]), in
any case the estimation of the energy cutoff is an additional systematic uncertainty for
the muon flux calculation.

e Chemical composition of the imaged objects: As already mentioned for the minimum
energy calculation at Eq. 4.9 the exact energy deposition depends on the material, and
a so-called ’standard rock’ is used for the Lesparre parametrization. However, it was
shown that the integral of Eq. 2.1 Bethe formula to find the total “continuous slowing-
down approximation” [1] can significantly differ from Geant4 simulations at 1 TeV
muon energy for silicon dioxide [103, |. Furthermore, different paramterizations of
the minimum energy function on density-length exist for different materials [136]. For
example, Reichenbacher [137] showed that the minimum energy function of the rock
composition in the Soudan iron mine in northern Minnesota, US (p & 2.85 g/cm?, Z =
12, A = 24) significantly deviates from the standard rock. The latter parametrization is
also implemented in my software as an optional minimum energy calculation method.

These effects generally mean a first order homogeneous base line shift for the muon flux
map. They may result in a few percent uncertainty in the absolute value of the flux, but
the relative value between different angle bins are not affected. However, the following issues
may result in angle-dependent flux errors.

e Multiple scattering: The muons are deflected in the material of the object due to a series
of Coulomb scatterings on the nuclei of the medium. The distribution of scattering
angles after a small amount of medium follows a zero-centered Gaussian distribution
with a root mean square approximated as

13.6MeV [ L L
~ 11 4+0.0381n — 4.1
dons Z X { +0.0381n Xo} : (4.13)

where E, is the energy of muons, and L/X is the ratio of density-length of the medium
and the radiation length [37]. The total scattering of the muon across the medium is
obtained by the sum of small scatters along the path. As the muon loses its energy
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through the medium, scattering angles are increasing. The total scattering in usual
muography applications is mostly below 10 mrad, and is significant especially at low
muon momenta (< 2 GeV) which can be suppressed with appropriate filtering (see Sec.
2.3.2 for details). The effect of multiple scattering is noticeable when the contour edge
of a density anomaly (high gradient in the flux map) is about to be determined. For
example, the shadow of walls in Fig. 4.5 areblurred by the scattering.

e Geodetic and geologic deficiencies: Although somewhat trivial it needs to be men-
tioned for the sake of complete picture that the DEM data, the detector position, and
pointing direction angle measurement also include errors, which must be considered for
uncertainty calculations but should be as precise as possible.

e Detector efficiencies: Last but not least, we should not forget about the tracking ac-
curacy (for angular resolution) and efficiency (for flux determination) inherited from
the detector system. The angular resolution measurements of our detectors are shown
in Fig. 3.15 with the discussion of potential detectorphysical issues (segmentation
inequalities, discretization errors, channel cross-talk, missing or noisy channels, etc.).
The effective detector surface computation, and tracking efficiency are discussed in Sec.
4.1.1. The latter is continuously monitored during data collection, and these effects are
included in Eq. 4.1.

4.2 Tomographic inversion for spatial density distribu-
tion reconstruction

Muography measurements used for tomography, involving the three-dimensional reconstruc-
tion of density distribution from two-dimensional muon flux maps resembling radiographs,
present distinct challenges. The optimization of the detector’s field of view and coverage
becomes crucial, taking into account the reduction in muon flux at greater zenith angles and
the available options for detector placement. The equation system of the inverse problem —
from directional muon fluxes to 3D density map — is usually underdetermined (more density
values are desired than available measurements) which can calculation instability due to the
partial coverage and uncertainties. These problems can be solved by simplifications, lin-
earizations, and geologically relevant Bayesian constraints. While the Bayesian principle can
lead to parameter bias and artifacts, utilizing back-projection of measurement uncertainty
weights can effectively remove blind spots in a specific measurement setup, and any artifacts
can be assessed through point response analyses. Consequently, this approach allows for the
mitigation of most parameters that contribute to instability.

In section 4.2.1, I cover some of the important issues in the absorption-based muography
inversion which is transmission tomography in nature. In the following section Sec. 4.2.2, 1
present some strategies to obtain the spatial location of a density anomaly, in more details
with the application of a linearized (density length based) Bayesian inversion method. Af-
ter testing the procedure on simulated data, I processed an actual high-quality muography
measurement data set with my flux calculation software from 7 positions in the Kiralylaki
tunnel, Budapest (Sec. 4.2.3), which was used as an input for the inversion. The result
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demonstrate the tomographic imaging of a complex karstic crack zone and provides details
on the complicated internal structures of the rock layers above the tunnel. The existence of
low-density zones in the imaged space was verified by samples from the core drills.

4.2.1 Summary of the muographic inverse problem

An inverse problem is the process of calculating from a set of observations the causal fac-
tors that produced them. For example, imaging the structure of human tissues with X-ray
computed tomography (CT), source reconstruction in acoustics, calculating the density dis-
tribution of the Earth from gravitational field measurements, or unfolding distributions from
particle interaction measurements. They are called inverse problems because the inputs are
the effects and the aim is to calculate the causes.

The topic of inverse problem theory and methods for model parameter estimations, es-
pecially in geophysical applications, is well covered in the book from Tarantola [138]. The
introduction of the basic mathematical concepts is also included there and not the subject
of this dissertation. However, muography inversion — being a very young scientific field in
geophysical applications (Sec. 2.2) — faces special challenges which are active part of recent
R&D, and this is discussed in the followings.

A tomographic muon measurement is rather complex and requires not only high statistics
of data, but systematic errors need to be well controlled from the multiple points of views.
A simplified linear matrix equation, as a base to describe the muograph data inversion, is

e=F-p, (4.14)

where g is the combined vector of directional density-length measurements, p is the combined
vector of the searched densities in all the voxels of the domain space, and F is the matrix
of mapping from the voxels of the imaged space to the directional measure bins (integral
projection along the cone of solid angle). If put simply the inversion problem of muography
is to find the inverse of matrix F.

The linear inversion based on the least squares method was introduced for the muography
application by Nishiyama et al. [139], adopting a Bayesian approach in order to incorporate
a priort information, and the method has been successfully used for volcano imaging, in a
joint inversion with gravity data [110].

Filtered back projection of muographic images was described by Nagahara and Miyamoto
[141]. The filtered back projection algorithm is based on the Radon and Fourier transforma-
tions and commonly used in medical applications, such as X-ray CT. The adaptation of the
method has been demonstrated in [112].

Muographic surveys may invoke other measurement techniques for a comparison or joint

inversion, such as gravity [110, 143, 144, 145] or electric resistivity [1410].

Muon tomography has been successfully applied earlier, for instance to identify under-
ground density increase by an ore body [147] and decrease by cavities [148, , 150], and to
image the internal structure of a volcanic cone [151] or nuclear reactor [152].

The most straightforward way to determine the spatial location of an anomaly is, how-
ever, to look at the data with the naked eye before turning to the mathematical formalisms
of inversion. If an anomaly is identifiable from different viewpoints, the distance of the recog-
nised feature can be estimated by the angles and the distance of the detector positions by
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triangulation, similarly as our two eyes can sense the depth and distances. Similar consid-
eration led to the assumption of the size and location of a previously unknown big void in
the Khufu Pyramid (Egypt) [24], or the discovery of a corridor-shaped structure in the same
pyramid [111]. Triangulation has been used to find new chambers in the hellenistic necropolis
of Neapolis (Naples, Ttaly) [153].

The above mentioned tomographic methods were all based on the attenuation of the
cosmic muons, but it is worth reminding the reader here that 3D imaging based on multiple
scattering or the secondary radiation production of the cosmic muons also exist, as introduced
in Sec. 2.2.

Now I briefly summarize my thoughts about the issues and challenges arising in absorp-
tion muography inversion which must be controlled or regularized in order to obtain usable
reconstructed density data:

e Relatively low statistics (compared to e.g., medical imaging), which is heavily zenith
angle dependent.

e Strictly limited detector positioning (constrained by the surface or accessible under-
ground facilities) and inherently one-sided imaging, since the detector altitude always
has to be lower than (or equal to) the examined object (muons do not arrive from below
the detector horizon).

e “Dead zones” appear in the mapped space, because the cones of the full detector views
do not overlap the entire examined object, but these zones which are observed only by
one detector also affect the inversion. The problem is outlined in Fig. 4.7 left.

e The system of equations for inversion is usually underdetermined considering the above
mentioned issues, and the angular binning of the radiographic imaging is under a
trade-off relationship between size of the anomaly, density contrast, and exposure time.
Therefore the spatial voxels outnumber the directional muon flux measurements.

e Discretization error occurs, since the projection cones widen with the distance from
the detector. Therefore the voxels of the mapped space can never be perfectly assigned
to unique projection cones (the covariance matrix is not entirely diagonal resulting in
artifacts).

e The detector size is not negligible (Eq. 4.1) if the imaged feature is of similar magnitude
in size and distance as the detector. The solid angle bins of directions are overlapping,
causing a parallax error as it is outlined in Fig. 4.7 right. Note however that we can
actually turn this to our advantage by applying a ’back-projection’ algorithm [115],
providing a method for object distance estimation from single detector position.

e There may be systematic uncertainties as reviewed in Sec. 4.1.3.

4.2.2 Inversion methodology developments for muography

The forward problem, that is, the muon flux estimation based on the expected rock thickness
and assumed average density in a given direction, has been well covered previously in Sec. 4.1.
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Figure 4.7: Left: A scheme for the “dead zone” issue in an underground muography example
when the detector viewing cones do not overlap entirely in the examined region. Therefore,
the location of the anomaly (e.g. a cavity) is underdetermined after the mapping to the
detectors (yellow squares): is it one larger anomaly in the center (represented with larger
dark blue circle) or two smaller in the dead zone (light blue circles). This problem can be
overcome by adding extra views. Right: the parallax error is outlined when the size of the
detector is not negligible and therefore the solid angle bins are overlapping.

In this section, I show my efforts to solve the inverse problem, particularly a triangulation
method, a maximum-likelihood based iterative method, and a linear matrix inversion with
Bayesian constraints. Furthermore, I present a certain (241D) slicing of the imaged domain in
order to reduce the number of parameters by an independent sum of 2 dimensional problems,
and the testing of the procedure on synthetic data is demonstrated. The application of the
inversion methods for a case example in the Kiralylaki tunnel, Budapest, with the geological
relevance and the validation is presented in the next section 4.2.3).

Triangulation method: Manual triangulation, that is, editing the cross-section of spa-
cial directions of the same anomaly from different detector views, can be feasible in muogra-
phy if the geometry is not too complex, since usually not too many detector view is available.
In the previously cited examples (Khufu Pyramid, Neapolis), the editing of spatial lines
happened along well-recognizable features of the anomaly (edges, corner points), and the
intersection of these determines the location of the feature.

However, such well-defined shapes cannot be found in all cases. Therefore, my approach
was slightly different for triangulation. I used a CAD software to create drawings of the
detector positions. In each of these positions, I placed all the measurement direction vectors
with the lengths of the “missing rock”. An example is shown in Fig. 4.8 with three detector
positions and three anomalies, where the data were taken from a real-case muography survey
(Kiralylaki tunnel) for cavity search. The drawings indicate inclusion and exclusion zones
in which the cavity can or cannot be, the center of the identified anomalies, and the most
probable zone of anomalies (ellipses) based on the cross-section of “missing rock” lengths.
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This method only works if each anomaly is uniquely identifiable, and no positive and negative
“missing rocks” are overlapping.

Figure 4.8: Triangulation method for anomaly distance estimation. “Missing rock” direc-
tion vectors drawn from the detector locations are guiding the editing of the most probable
location of the anomalies.

Iterative method: I also experimented with the evaluation of Eq. 4.14 by a Maximum
Likelihood (ML) based iterative reconstruction method called "Expectation Maximization’
(EM), known in medical imaging [154]. The method is originally developed for emission
tomography (such as Positron Emission Tomography, PET) to reconstruct the isotope dis-
tributions in organs. A simple formula can describe the iteration steps [155] (the derivation
of which can be found in the cited book chapter, or also described in the lecture notes of D.
Légrady?)

ntl _ o 1 va oiFix
where 7 index denotes the measurements, the k index runs over the volume elements (voxels),
and the m index denotes a section of the measurement line in a voxel. This calculation

3https://dtk.tankonyvtar.hu/xmlui/handle/123456789/7835 (Accessed: 2023-05-30)
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process essentially means that the algorithm steps through the voxels and “corrects” the
previous concentration estimate by re-integrating the line of response corresponding to the
given voxels.

I used this algorithm for muography with the consideration that the concentration of
isotopes can be translated to the concentration of density, but it is important to note that
the ML-EM method is not valid for uncertainty calculation in this translation. So, in the
future, the formula must be definitely upgraded for this purpose if is to be used. Nevertheless,
I still experimented with this algorithm to test the muographic applicability and convergence
of an iterative approach. For this purpose, I examined what kind of solutions I can get in a
synthetic example of an underground muography case where the imaging is only one sided, so
basically a Limited Angle Tomography (LAT, when only a limited number of two-dimensional
projections are available). In Fig. 4.9, a cavity corresponding to 20% density anomaly is
simulated in a homogeneous medium (the original distribution is shown in subfigure A), and
in the following subfigures the reconstructed distributions are shown. In subfigure B, the
inversion has been performed after a Radon transformation of the original distribution with
a 180°rotational angle of detector around the object. Subfigure C is similar but the synthetic
data is randomly scattered with a Gauss of 5% standard deviation, and the last figure (D)
shows the most realistic case with 90°rotation angle and 5% uncertainty. The algorithm
converged in around 50 steps in each case. The conclusions are that iterative methods may
also be used in muography, since they can provide results even in underdetermined cases
(artifacts can arise as subfigure D) shows), but I also had the important observation that the
inversion (as all inversion) is very sensitive for the rotation angle in LAT cases, so the widest
possible coverage of viewpoints is more advantageous than better statistics or more detector
positions in smaller rotation angles.

Figure 4.9: ML-EM iterative reconstruction algorithm tested using synthetic data with
different detector direction vectors and data uncertainty.

Bayesian linear matrix inversion: In the following, I describe our adaptation of a
linear inversion, based on weighted least squares fitting method and Bayesian approach for
regularization [156]. The derivation of the mathematical formalism and the calculation of
the inversion with this method is the credit of my colleague L. Balazs and is described in full
detail in [156], but I summarize the basic points below.

The distance of the reconstruction from the measurement g,,, that is, the vector norm of
Ap = o,, — Fp (derived from Eq. 4.14), is the basis for the inversion. Using density-length
0,, instead of muon flux ®,, as measurement input data do not only result in an easier
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interpretation by geoscientists, but linearizes the inversion problem since the density-length
is an additive quantity.

The method of parameter fitting (density reconstruction) is determined by the error model
associated with the imaging. It also determines the functional (quadratic form, @) to be
minimized during parameter fitting process. The error of the measured data can be considered
as Poisson distribution, of which the maximum likelihood principle leads (approximately) to
the weighted least squares fitting, minimizing the following functional

Q, = (0,, —Fp)"W,(0,, — Fp) . (4.16)

The weight matrix elements (taking care of error propagation) are related to the trans-
formation between flux and density length

®,. . \> 1
0 m) (4.17)

W i1 — Ae 2 .
eis = (AetT) ( Do Niet,i

The density-length covariance matrix (C,) is assumed to be diagonal, neglecting the small-
scale data correlations (due to the transformation, multiple scattering, or parallax error).
Expressing with the weight matrix

-1

C, =W, , (4.18)
where 03 is the calibration factor for the posterior C, which can be estimated from the
post-fitting value of normalized (),. The first step is to adapt the grid to the geometry of
the domain to be mapped. Then a back-projection of the direction-dependent weight of the
measurements are prepared

N
Wy, = ZszW i s (4.19)
i1

where the index ¢ runs over the number of measurement bins, and index k runs over the
number of volume elements (voxels).

This can be used to filter out blind spots in a given measurement configuration (kernel
of Jacobian and grid elements, with negligible contribution). Thus, most parameters causing
instability can be eliminated. In addition, changing the grid size locally can also improve the
weight of a grid element. The model error from the discretization cannot be estimated during
the fitting procedure. It is worth noting that the topographic error appears as a parameter
error, a small near-surface density anomaly after the fit. The data can also be checked for
the detectability of possible density anomalies before the fit. The feasibility conditions for
muographic surveys have been examined in multiple papers (see, for example, [5] and [10]).

A typical muon tomography of cavity exploration sometimes requires even cubic meter
resolution if possible. To make the underdetermination issues (thus parameter correlations)
mathematically tractable, but also geologically relevant, Bayesian maximum a posterior:
probability (MAP) principle was used to set up the fitting criteria. Thus, the functional @,
from the ML principle is complemented by another quadratic form (), for the parameters to
be fitted [135]

QY =QY + QY = (0, —Fp)"W,(e,, —Fp) + (p— p") WD (p - pV),  (4.20)
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where Wgo) = ((Jg)))_1 matrix is the inverse of the covariance matrix of the a prior: distribu-
tion in Bayes’ theorem. The above functional provides a dual metric for fitting the density
vector. The first part is the criterion for the measurement space, the second part is the a
priori requirement for the parameter space: p(® centered on the assumed parameter distri-
bution. For the latter, a so-called half-Gaussian distribution is assumed (but other types can
be considered, such as bimodal Gaussian, especially for cavity search). Under this assump-
tion, the maximum of the distribution is the density of a well-defined solid rock. Deviation
from this towards lower densities is due to screened cavities and fractured zones. The normal
equations associated with parameter fitting

0,0 = ~-F"W,0,, + Rp+ W (p— p®) =0, (4.21)

where R = FTWQF notation has been applied to the symmetric quadratic matrix in the
formula. Hence, the first order estimate of the density distribution is

pV = R+ W) (F"W,0,, + WPp)) . (4.22)

The covariance matrix can be derived from the expected values of the dyadic product of
density distribution vector variation:

C) = E (5p® (3p0)7) (4.23)
where the estimated density vector variation is a function of measured density-length vari-

ations and the prior density variation. The above formula combines the effect of these two
sources of error in a weighted way. After some rearrangement we get

-1
cl = (R+w®) . (4.24)

Based on the known top surface (topography) or possible underground structures of the
domain under investigation, the efficiency and focal area of a given measurement system
can be investigated prior to the measurements, and the parameters of the measurement
system can be optimized. A similar study may also be conducted to test the mathematical
formulations above, in this section mainly with the aim to verify performance and understand
the details of the output. In this example a predefined 3 m diameter cavity (zero density)
is located in the measurement environment (homogeneous 2.5 g/cm?® density) at a depth of
20 m and viewed by intuitively organized series of measurements 50 m below a flat surface.

A key question with the real measurement is finite statistics. Inversion with simulated sta-
tistical uncertainty after collecting 1 month data, assuming a 0.16 m? detector and 1°angular
bins, are shown in the middle panel of Fig. 4.10. The qualitative picture remains the same,
and at the cost of the details, the Bayesian approach suppresses oscillations in the inversion
resulting from a standard maximum-likelihood fit.

4.2.3 A case study in the Kiralylaki tunnel

The REGARD group has a long history with underground muography, especially for cavity
search in speleological applications with CCC detectors, as it was introduced in Sec. 3.1.
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Figure 4.10: Density inversion results with a hypothetical void in a homogeneous rock of
2.5 g/cm?® density: without uncertainty (left), with uncertainty if 1 month measurements
assumed (middle), and the standard deviation of estimated densities (right) in g/cm?. The
scale of axes are not the same [150].

A research survey has also been conducted with first-generation detectors in the Kiralylaki
tunnels in Budapest between 2015 and 2016. This muography survey indicated significant
density anomalies, but the detector performance and the first attempts for inversion proved
insufficient for the reliable spatial distribution determination. A new survey was prepared
five years later with a novel high-resolution detector, named Mts-40 and shown in Fig. 4.11 at
the location of the survey. I joined the implementation of new measurements where I studied
the optimal detector positions based on the direct problem calculations, and I converted
the measured muon flux data with my software for the inverse computations. Based on the
reconstruction results, I estimated closest points and directions of the anomaly for exploratory
drilling. The core drills validated the existence of low-density fracture zones in the rock [156].

Figure 4.11: Images of the tracking detectors consisting Close Cathode Chambers, installed
in the Kirdlylaki tunnel [150].
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Survey configuration: Seven measurements were performed along the tunnel using the
0.16 m? Mts-40 detector with 1° angular bins. The detector were placed in the straight tunnel
to study the density distribution of the overlying rocks for the purpose of cavity exploration.

The measurements were taken over a period of approximately one month per position to
reach the proper variance and detection limit. Fig. 4.12 shows the topography of the examined
region and the geometric configurations of the measurements, where the coordinates are on
the basis of the National Hungarian Grid (EOV). Run numbers and associated arrows indicate
each detector position and viewing direction, collecting data in a ~90°cone in each field of
view. These specific configurations have been chosen based on preliminary surveys to focus
on the most significant and closest density anomalies.

Figure 4.12: Topography and the geometric conditions of the measurements and inversion.
Left: the section of the topography perpendicular to the tunnel. The slices (indicated from
-0.2 to 0.5 by the tangent of their zenith angles) are the 2D planes in which the density
reconstruction were conducted. Right: the section of the topography parallel to the tunnel.
Red arrows show the detector positions and orientations (the dashed line indicates the section
of the left figure) [156].

The detected density-length anomalies (difference between the measured density-length
and that of a homogeneous rock) are presented in Fig. 4.13. The measured density lengths
were the inputs for the inversion.

Inversion of a muon tomography measurement is an inherently three dimensional prob-
lem, but as the nomenclature suggests (‘tomos’ derived from Ancient Greek, meaning “slice,
section” ), some kind of slicing of the domain space is needed for imaging the data. In special
cases, such as those having the measurement locations along a line, the parameter configu-
ration can be reduced to an independent sum of 2 dimensional problems, or to the planes
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Figure 4.13: The detected density-length anomalies (deviations from a homogeneous density)
are shown at the measurement positions in the tunnel, each plotted on a square grid of
horizontal coordinate system. Contour lines represent the detector-to-surface rock thicknesses
from the given point of view [150].

containing (intersecting) the measurement line. Motivated by the fact that the actual mea-
surements presented here bear such property (carried out along a straight tunnel, as shown
in Fig. 4.12), the reconstruction exploited this simplification. In practice, this means that
the inversion is solved for each plane independently as a 2-dimensional problem, and the
3—dimensional density distribution is derived by the projection of the solutions to the voxel
base of the examined space. The slicing that I applied for the evaluation of the inversion is
shown in Fig. 4.12 left.

Density reconstruction: The results of the Bayesian inversion are shown in Fig. 4.14
for each slice with 1.5 m horizontal and 0.5 m vertical equidistant gridding. The coordinates
are as follows: the origin on the vertical axis is at the level of the top of the tunnel, the
horizontal origin is fixed at the end of the Kirdlylaki tunnel (EOV East 647000). The southern
slices (-0.2 and -0.1) do not contain significant anomalies. Accordingly, the resulting density
distribution is essentially homogeneous in the middle part (in the focus area). The north
slices show density anomalies reaching very close to the tunnel.

The inversion works efficiently in the focus area defined by high values of back-propagated
weight (left panel of Fig. 4.15). However, this quantity falsely implies high sensitivity close
to the detectors as well, since those voxels are taken into account by multiple measurement
lines in this nearer region. The standard deviation of the density values (similar in all slices)
are mapped in the right panel of Fig. 4.15.

The proper parameter fit in the measurement space is illustrated in Figure 4.16, where
the data for a selected detector location are compared with the density lengths calculated
from the fitted densities. The asymmetry of the curves can be explained by the topography.
The quality of the fit is similarly excellent at all measurement points. The standard deviation
is minimal in the direction of the focus range. With these measurements the detectability is
also demonstrated: the anomaly compared to the theoretical measurements calculated with
the reference rock density can be detected at the selected 95% confidence level.
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Figure 4.14: The result of the tomographic inversion (a posteriori density distributions) is
shown in relevant slices (as Fig. 4.12). On the 0.1, 0.3, and 0.4 slices purple arrows show the
validation drill locations [150].
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Figure 4.15: Maps of quantities describing the focus area and uncertainties in a chosen 2D
slice (0.2 tangent slope). Left: the logarithmic weight factors (sensitivity map) which relates
to the sum of number of counts from all the measurement lines crossing the given cell. Right:
the estimated errors, propagated by the bias calculations [150].

Figure 4.16:  Left: The density lengths for a selected measurement (Run 5, -0.1 tangent
slope), the result of fitting quality (estimated), and the assumed density lengths for homo-
geneous rock. Right: The density-length anomalies compared to the detection limit (95%
confidence level) [150].
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Validation using drill core samples: The measurements, both viewed as transmission
images or tomographgic results, indicated large anomalies — decreased density regions — which
are promising targets for a direct verification. Drilling seemed possible from the inside of the
tunnel, with positions and directions aiming for anomalies close to the tunnel ceiling.

The length of the exploratory drill holes were limited to 10 m due to technical reasons.
Altogether, three drill holes were drilled between the zenith angle of 3°and 22.5°with the
length of 5.4 m, 5.8 m and 9.2 m, indicated in Fig. 4.14 with purple arrows in slices 0.1, 0.3,
and 0.4, respectively. Although none of the drills found empty voids except the 20-50 cm
space between the brick wall of the tunnel and the original rock body, the validation of the
results were relevant. The low density zones detected by the measurements were large fissures
filled up with altered dolomite powder, that has significantly lower density than the intact
rock of cherty dolomite (~1.8 g/cm?® compared to 2.6-2.7 g/cm?), see Fig. 4.17. The contact
boundaries of the high and low-density zones (the walls of the fissure) were at the position
previously predicted by the muon measurements by 20 cm accuracy. One of the drill holes
went completely through one of the low-density zones reaching the farther wall of the fissure.
Most of the dolomite powder has been washed away by the water of the diamond core driller,
making it difficult to even continue the drilling operation. The extent of the low-density
zone was the same as predicted within a meter precision. Generally, despite the differences
between the predicted and the actual absolute densities measured on the drill cores, the
overall geometrical structure of the fissure zones were detectable at very high precision by
muon tomography.

Figure 4.17: Drill cores with different densities: (a) intact cherty dolomite (2.6-2.7 g/cm?);
(b) slightly altered dolomite close to the walls of the fissures (2.4-2.5 g/cm?); (c) altered
dolomite powder (less than 1.8 g/cm?); (d) the full extent of the last 2 m drill core from one
of the drill holes. Dolomite powder only partially recovered [156].
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Chapter 5

Outlook

In this chapter, I would like to provide insight into some of the ongoing or completed muogra-
phy campaigns that I have been involved in (detector developments, installation, muon flux
analysis), but limiting discussion only to those which are planned to be published.

5.1 Looking through a mountain: quantification of muo-
graphic imaging resolution

The objective of the measurement was to demonstrate the observation of one hill behind
an other, in order to see the shadow of the farther hill through the coverage of hundreds
of meters of rock. The contour of the shadow (high density-length gradient) can provide
quantitative information about the imaging resolution of muography by the determination of
the blurring systematic effects (e.g., multiple scattering) by comparing the measured results
to expectations. This, along with practical considerations, required a very special location.
First, the “target” must be a prominent (background) hill. This should be fully concealed
behind an other foreground ridge, with a valley in between the two. The foreground struc-
ture should not be too thick (10-200 m in our case) in the target direction, and the target
should be at a reasonably high elevation angle, in order to increase the muon flux signal.
Accessibility and availability of power supply were also aspects, so was the availability of
precision topography information. We were surprised to find such a location in the touristic
area of Budapest, and so our target became the highest point within the boundaries of the
city, the "Janos Hill’ (Jdnos-hegy, 528 m a.s.l.). The measurement location (250 m a.s.l.) was
within a campsite at the feet of the spectacular "Fairy Rock’ (Tiindér-szikla, 383 m a.s.l.).

The geometry of the location can also be understood from photographs taken 50 meters
above the measurement location by a drone, shown in Fig. 5.1 left. Viewed from just above
the measurement site, the prominent rock is visible in the foreground. A section of the
topography DTM data, marked with green dashed line in the drone photo, is shown in
Fig. 5.1 right. The contour lines of the relevant features are also labeled. The extra DEM
data are also plotted around the Fairy Rock which has higher accuracy (DTM algorithm cut
off the peak of Fairy Rock, processing it as a building).

The experimental setup was a MMOS type surface detector (Sec. 3.1.2) with 190 c¢m
telescope length consisting of 8 layers of advanced MWPC chambers (a mix of type 80 and
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Figure 5.1: Topography of the Fairy Rock (Tiindér-szikla, Budapest) measurement. The
contour of Janos Hill is imaged through the Fairy Rock from the detector viewpoint.

120) and two lead walls (400 kg) for the background suppression. The configuration is shown
in Fig. 5.2, along with a photograph of the actual system.

The tracking system had to be able to work in outdoor conditions for multiple months.
Therefore some environmental protection was needed. For simplicity, a medium sized tent
served the purpose, and despite its minor capability of reducing humidity and temperature
variations, it proved to be sufficient. The installation time was less than one day in total.

Figure 5.2: The surface detector system constructed for the measurement. On the right,
the detector and absorber layers are outlined.

[37]. The total scattering of the muon across the medium is obtained by the sum of
small scatters along the path. As the muon loses its energy through the medium, scattering
angles are increase. The total scattering in usual muography applications is mostly below
10 mrad but may be significant at low muon momenta (< 2 GeV) which can be suppressed
with appropriate filtering.
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The muon flux data from a 2 month surface measurement is shown on the left in Fig. 5.3,
and the expected muon flux on the right (calculated from DEM data). The contour of Janos
Hill is behind 100-200 m rock, and below that line, the constant flux of 0.01 m2srls?t (>
500 m rock thickness) implies the background level. A remarkable similarity between the two
figures can already be seen, but the quantitative evaluation and publication is in progress.

Figure 5.3: The measured muon flux of the Fairy Rock (left), which is well in line with the
predicted muon flux (right). The angle bins describe the direction of measurements in the
geodesic zenith and azimuth angles, and the color scale indicates the value of muon flux in
mZsrlst [89].

5.2 Archaeology and civil engineering in the Buda
Castle

Archaeological utilization of our detectors emerged within the Buda Castle (Hungary), aiming
to uncover forgotten medieval tunnels. The imaging of a known tunnel has been demonstrated
as Fig. 5.4 shows. After the beginning of the archaeological survey, further applications for
civil engineering followed. The renovation works in the Castle require the detailed exam-
ination of building foundations. The existing tunnel system below the construction area
provides an excellent opportunity for muographic exploration of dangerous cavities or debris
zones. The study of missing rock from multiple positions led to the triangulation of a set of
unknown underground density anomalies (Fig. 5.5). A detailed archaeological evaluation is
expected in the future, but the founding of the examined construction has been confirmed to
be stable. For the ongoing Buda Castle surveys, the MTL-1, MTL-2, MTL-4, and MTS-50
detectors have been used with a total of 20 months of data recorded in 31 positions until
2022 (in addition to the measurements of CCC-based detectors).

5.3 The Sicilian Job: archaeology and volcanology

A new collaboration between Wigner Research Centre for Physics, the University of Cata-
nia, and the University of Tokyo started in 2022. A MMOS system has been developed in
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Figure 5.4: Imaging of a known tunnel and an underground room, which was accessible for
viewing from below. The left panel shows the 'missing rock” muographic image, and the right
panel shows the sketch of the tunnel structure and detector position [30].

combination of a scintillator-based MEV detector [13, 157]. The system was installed at the
Castle of Mussomeli in Italy to look for archaeological cavities inside the castle’s hill 5.6.
Approximately one year data has been collected with excellent performance, and low gas
flow (~0.3 1/h) has been applied during the entire measurement. The system is planned to
be installed on Mount Etna for volcanological purposes in the future.

5.4 Mining in Europe

Case studies were carried out for mining applications in Kemi, Finland. In collaboration
with Muon Solutions Oy, the MTL-3 detector has successfully demonstrated the muographic
imaging capabilities of density contrasts 270 m below the surface during a 6 month muography
survey in two detector positions. A contact boundary layer between the lower density granite
and the higher density magmatic intrusion and ore body has been located in 3D by the
“stereographic” comparison of the two measurement. An even lower density region has been
located. These were interpreted as a likely weathering crust.

For testing mining applications with the advanced MWPC technology, the ability of void
detection has been proven in the visitor mine of St. Christoph, Germany, in collaboration with
Muon Solutions Oy and Saxore Bergbau GmbH, within the framework of the Mine.The.Gap
H-2020 project. For validation, a known vertical shaft has been imaged in 40 m depth from
two points. In addition to the fact that the shaft was clearly identified and located, also
the smaller density anomalies could be located on the surface, probably caused by tailings
or waste rock deposits originated from the mine. Further ongoing muography surveys for
mining applications (exploration and/or monitoring) are in progress, in the framework of the
Horizon Europe projects of “AGEMERA” and “Mine.io”.
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Missing Rock
[m]

b U ibhb Lo NEEND N @O

=1

Figure 5.5: Preliminary results from the Buda Castle muography survey. Left: the missing
rock muographic image from a viewpoint with the overlap of expected wall thicknesses.
Bottom right: the spatially identified anomalies by triangulation (analysis images from G.
Surdnyi, castle photo in the top right panel is from (©) Civertan Bt.; Wikipedia).

Figure 5.6: Photo and preliminary muon flux data from the Castle of Mussomeli, Italy.
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Summary

In my PhD dissertation, I presented my development works related to gaseous detectors
and data evaluation efforts for muography applications in the Innovative Gaseous Detector
Development Research Group (REGARD) at the Wigner Research Centre for Physics.

At the beginning of my thesis, I summarized the literature which relates to muography
and the detector technologies used for imaging with cosmic-ray induced muons. Sec. 2.1 elab-
orates on the creation of muons in the upper atmosphere due to high-energy cosmic particle
collisions, and the physics allowing deep (up to kilometers) muon penetration into the crust
of the Earth. Sec. 2.2 describes the muon flux and the imaging applications by attenuation,
scattering, and secondary radiation measurement, showing a wide range of multidisciplinary
utilization including archaeology, geosciences, or civil engineering. Sec. 2.3 summarized the
detector families, sub-types, and the main design factors in case of surface or underground
applications.

My detector development works were summarized in Ch. 3. At the beginning of Sec. 3.1
the reader was introduced to the innovative multi-wire detectors such as the CCC and the
advanced MWPC detectors, developed by the REGARD group. Sec. 3.1.1 and 3.1.2 expands
my first thesis statement, the development of components and supplementary instruments,
construction methodology, chamber size and detector assembly variations, and the direct
measurement, of angular resolution. This essentially contributed to the applicability of the
advanced MWPCs across a diverse set of outdoor situations, including long-term underground
or surface measurements, fluctuating ambient conditions like temperature, pressure, and
humidity, as well as challenges related to transportation.

The autonomy of the detector, and hence the low gas consumption to reduce maintenance,
can be crucial in specific muography applications, since the remote data collection can take
months. Thus if frequent maintenance required then the survey may be unfeasible in some
cases (usually when infrastructure is not available). Therefore, I investigated (Sec. 3.1.3)
how to operate the gaseous detectors with the lowest possible gas flow, keeping in mind
the simplicity, which still ensures safe detector performance. My second thesis statement
concludes that adding a buffer tube at the end of the gas line, which has a sufficiently large
volume (necessary due to gas volume variation caused by temperature oscillation), and at
the same time long enough to restrict axial diffusion, the advanced MWPC detector can be
operated by even as low as 3 liters/day gas input flow.

The stability of the developed MWPC detectors against the above mentioned challenges
has been demonstrated in Sec.3.1.4, and the application examples in Sec. 3.1.5, in particular
the largest muography monitoring system at the Sakurajima volcano in Japan, shows the
results of the developments.
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Sec. 3.30 reviewed the cutting-edge technology of MPGD detectors, the application ex-
amples in muography, and my research for the quality assurance of GEM detectors. I demon-
strated that the Leopard system can scan standard GEMs in 30 pm resolution which allows
for the examination of local detectorphysical phenomena such as edge-effect or the effect of
production defects (summarized in my third thesis statement). Therefore, the system can
contribute to the optimization of the GEM technology.

Chapter 4 includes my fourth thesis statement, which describes muographic data evalu-
ation processes, and methods for spatial density reconstruction from the muon flux data. I
detailed the operation of the software I created for multiple tasks in Sec. 4.1.2. The software
is able to generate rock lengths from DEM data in given directions, calculate the muon flux
from an expected density-length, and compute the density-length from the measured muon
flux. Possible systematic uncertainties in muography has been summarized in Sec. 4.1.3.

I described muon-tomographic inversion methods in Sec. 4.2, and our adaptation of a
maximum likelihood inversion, based on the weighted least squares fitting method, on a
discretized space with the combination of geologically relevant Bayesian constrains for the
multi-view muographic measurements. The method includes uncertainty propagation, quan-
tifications for the focus zone determination, and synthetic data test. The applicability for
the 3D density estimation is demonstrated for the first time on a high resolution muography
survey of a karstic underground crack zone at shallow depth (40-60 m), and validated by
drill samples.
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Thesis Statements

1. MWPC detector design and construction for muography purposes

I participated in the development of the first advanced MWPC prototypes [37]. Based on
this, I developed underground detector systems, which meet the conditions of long-term au-
tonomous muographic data collection (portability, viewing alignment, dust and water droplet
protection). I participated in the geophysical applications of these detectors, and I developed
a method for the direct determination of the angular resolution of a detector module [30)].

With field applications, I showed that large-surface MWPC-based detectors can be pro-
duced with the 3D printed elements and designed construction processes for producing de-
tectors that can perform stable operation in outdoor conditions for long-term remote field
surveys. The detectors are able to withstand large natural daily temperature fluctuations
(A20 °C) and rapid temperature changes, high absolute temperature (40 °C) and high hu-
midity (90% RH), as well as significant mechanical stresses occurring during transporta-
tion [98, 68, 89]. The developments significantly contributed to the application of the ad-
vanced MWPC detector chambers in the muographic observatory of the Sakurajima volcano
in Japan [102, 92].

2. Low gas consumption for MWPC detectors

I showed that gas consumption can be minimized (even below 3 1/day) in the field application
of MWPC-based detectors with an open gas system if a buffer tube is attached at the end
of the gas line with a non-outgassing material, a volume corresponding to the air backflow
resulting from daily temperature fluctuations, and a length to restrict air diffusion [95].
Diffusion can be further reduced with chokes installed in the buffer tube [99].

3. High resolution UV scan of micro-pattern detectors

I showed that with the Leopard detector scanner that the gain-homogeneity of GEM (Gas
Electron Multiplier) detectors can be examined with a resolution of down to 30 pm and
that the local detector physical properties can also be measured (e.g., edge-effect, effect of
production defects) [6, 10, 21-23]. T have demonstrated that Leopard is capable of industrial
quality control of large-scale GEMs. I presented the possibilities and limits of using micro-
pattern detectors in muography [124].
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4. Muographic data processing and density reconstruction

I investigated the conversion methods between muon flux and density-length. These are nec-
essary for the evaluation of muographic data. Furthermore, I developed a software for the
application of these calculations. I took part in the muography survey for cavity research
in the Kiralylaki Reservoir in the Buda Mountains, and by processing high-resolution and
multi-viewpoint data, I showed that the spatial location of density anomalies can be deter-
mined. Based on my preliminary calculations, I planned drilling points for validation, and
the drilling validated the location of low-density crack zones underground. Based on the muo-
graphic data, I tested the determination of the spatial density distribution using a maximum
likelihood-based tomographic inversion method and showed that the 3D muographic density
inversion can be performed after appropriate linearizations in 241 dimensions in the case
of linear measurement positions, i.e., instead of spatial meshing, it is sufficient to perform a
two-dimensional inversion in the planes intersecting the lines of the measurement points for
more stable convergence [150].
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