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1 Introduction

The Standard Model of particle physics describes successfully the

building blocks of the material and their interactions, which are

confirmed by most of the experimental observations. However, there

are several open questions, e. g. how the Universe was created or

where the missing antimatter is? We can answer these questions

by new or upgraded experiments. In these experiments, we apply

particle detectors to measure the particles originated from colliders

or high-energy cosmic rays. This Ph.D. thesis focuses mainly on the

research and development of particle detectors.

The ALICE experiment at the Large Hadron Collider (LHC) of

the European Laboratory for Particle Physics (CERN), investigates

the quark gluon plasma (QGP), which is produced in heavy-ion col-

lisions. ALICE has a complex apparatus consists of tracking, iden-

tification and calorimeter detectors. To measure more precisely the

properties of QPG, the increase of energy and luminosity of collisions

is necessary. This implies the better understanding of the operation

of subdetectors of ALICE and their upgrades.

The development of the instrumentation and the methods of par-

ticle physics led to the appearance of new applications. The muon

radiography or muon tomography is an imaging method which is

based on cosmic muon tracking. This is applicable to image large-

size and high-density objects. With an appropriate instrument, we

can measure the change of the density in volcanoes in real time and

predict even their eruptions. If the imaging of low-Z materials can

be realised, that led to a non-invasive medical imaging procedure.
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2 Objectives

I did my scientific work as a member of the MTA Lendület Innovative

Detector Development Researchgroup (REGARD) of the Wigner

RCP and the ALICE Experimental Collaboration. The motivation

was the project oriented research and development of gaseous detec-

tors for high energy physics experiments, upgrade of large particle

physics detector systems, and applications.

We developed the new variant of multi-wire detectors with low

material budget and optimised position resolution in the REGARD

group. We demonstrated that the developed Close Cathode Cham-

ber (CCC) and the upgraded Multi-Wire Proportional Chamber

(MWPC) were applicable for tracking of charged particles.

The aim of my scientific work was to develop, build and apply

detector systems based on the multi-wire detectors, especially:

1. Prepare the ALICE subdetectors for the high-luminosity pe-

riods of the LHC: investigation of the operational parameters

and the ageing of the High Momentum Particle Identification

Detector (HMPID) with the analysis of the measured data.

2. Research and development of reliable, low-power, portable de-

tector systems with optimised position and angular resolutions

for muon radiography.

3. The experimental verification of that, the developed gaseous

detector systems are applicable for muon radiography.

4. The imaging of low-Z and small-size materials by cosmic muon

tracking.
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3 Applied research methods

I developed a data analysis software in the ALICE Analysis Frame-

work to investigate the ALICE HMPID. I reconstructed the data

of the proton-proton (p-p) and proton-lead (p-Pb) collisions of the

LHC in ALICE Grid to produce the data for the investigations. The

data analysis software applies the tracking and Cherenkov-ring re-

construction algorithms which were developed by the HMPID group.

Thereafter, the selection of the events and the particle trajectories

are performed, then the charge distributions and the number of pho-

toelectron clusters are determined. The software fits the charge

distributions and calculates operational parameters: the gas gain,

and the single-photon detection efficiency. I implemented the re-

sults of data analysis into the simulation of the HMPID detector,

and I calculated the quantum efficiency of the photocathodes by the

reproduction of the measured number of photoelectron clusters.

I developed an analysis software to calculate and optimise the op-

erational parameters of the tracking systems which were developed

for muon radiography and to calculate the the flux of cosmic muons.

This consists of two main parts. The pre-analysis performs the deter-

mination of the global position of the chambers and their alignment;

it excludes the noise channels of the Front-End Electronics from the

further analysis. Thereafter, the main-analysis calculates the posi-

tion and angular resolutions, the tracking efficiency, the flux, and

other parameters, e. g. the gas gain.

I developed the reconstruction algorithms of the data analysis

software. The cluster finding algorithm reconstructs the pad and
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wire groups, which show the position where the particles penetrated

through the chambers. It calculates the position of cluster centres

and the size of clusters chamber-by-chamber. The reconstruction of

the trajectories of particles is performed by a combinatorial algo-

rithm. It reconstructs the track candidates from the clusters, then

selects the best fitted candidate with its slope, intercept, and the

goodness of the fit (χ2/NDF).

I developed a further combinatorial algorithm to calculate the

efficiencies of the chambers. It omits the investigated chamber,

reconstructs the subtracks, and extrapolates them to the omitted

chamber. In the last step, it investigates that, there is any cluster

near the position of extrapolated coordinate.

To suppress the electrons and low-energy muons in the MWPC-

based tracking system, I investigated within the GEANT4 frame-

work the amount of absorbers needed and the placement of the

chambers. The analysis of the generated data was performed by

the same procedure which was applied on the measured data. The

deflection of the particles with different energies were characterised

by the goodness of their trajectories. The survivor probability (ra-

tio of the number particles which penetrated through the detector

system to the number of generated particles) was determined as a

function of energy.

I simulated the measurements performed in the Jánossy pit in

the GEANT4 framework and compared to the measurements.

I determined the time data taking which is necessary to detect

an underground cavern with the confidence level of 3σ (99.7%) with

GEANT4 simulation.
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4 Results

Here I summarise the main results in following thesis points:

1. I determined the operational parameters (gas gain, single-pho-

ton detection efficiency, and number of detected photons) of

the HMPID detector during the first run of the LHC (2010-

2013) by the analysis of p-p and p-Pb collision datasets col-

lected by ALICE [13, 14]. I calculated the variation of the

quantum efficiencies of photocathodes with Monte Carlo sim-

ulation [14]. The operational parameters and the quantum

efficiencies were in agreement with the values determined after

the construction of all modules of the detector, except mod-

ule RICH2. None of the photocathodes shows ageing effects.

These results show that the ALICE HMPID can provide reli-

able data until the end of the third LHC period (2023).

Besides my individual results, I contributed to the upgrade of

the ALICE Time Projection Chamber (TPC) [15]. I built a

detector with the REGARD group for the quality assurance

of the Gas Electron Multiplier-based (GEM) tracking layers

of the TPC by the measurement of their gas gain map. I

participated in the test beam measurements of the GEM foils

at the CERN Protons Synchrotron (PS) and Super Proton

Synchrotron (SPS) accelerators [15]. I contributed to the de-

velopment of the Very High Momentum Particle Identification

Detector (VHMPID) with the construction of CCC chambers

and their beam test measurements at the CERN PS accelera-

tor [16, 17, 18].
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2. I developed and built a portable, low-power (<6 W) detec-

tor system for the measurement of the flux of cosmic muons

and muon radiography using the CCC chambers [1, 2, 7, 8]. I

performed measurements to determine and optimise the opera-

tional parameters of the detector system. I demonstrated that

the tracking efficiency of the detector system is above 99 %,

and its angular resolution is better than 15 mrad.

I developed and built a detector system for muon radiogra-

phy using the new variant of MWPC chambers [3]. I deter-

mined the main operational parameters with measurements:

the tracking efficiency of the detector system is better than

99 % and its position resolution is better than 4 mm. The de-

tector itself causes a negligible (2.2 × 10−4) background on

the measured muon flux, and it operates stable in varying

environmental parameters (temperature, humidity, air pres-

sure). I demonstrated that the thickness of lead absorbers can

be reduced from the usually applied 100 radiation length to

16 radiation length. With these results, I contributed to the

development of the first prototype of the “Muographic Obser-

vation System”, which was developed to image the interior of

large-scale objects, e. g. active volcanoes with muography [6].

3. I demonstrated that the portable muon telescopes operate reli-

ably outside of the laboratory, as well as can be applied to mea-

sure the flux of cosmic muons, and detection of underground

caverns [1, 2, 7, 8, 9, 10]. I measured the angular distribution

of cosmic muons in Kőbánya tunnel system. The measured dis-
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tributions correlated well with the geodesic measurements and

detected the blow-holes. I measured and simulated the flux of

muons in the Jánossy pit, which is located on the Campus of

Wigner RPC. The measurements were in aggreement with the

simulations and visualised the underground tunnels. For the

future measurements, I determined the reqired time of data

taking to detect hidden caverns with 3σ (99.7%) confidence

level.

Furthermore, I measured the flux of cosmic muons at the place

of a proposed experiment in Felsenkeller, Dresden. I calculated

the expected cosmic background of the future experiment and

contributed to the determination of the place of the proposed

detectors [11, 12].

4. I contributed to the development of a novel imaging method,

which is based on the tracking of cosmic particles and appli-

cable for imaging of small-size and low-Z materials [4, 5]. The

novel method is based on the simultaneous detection of cos-

mic particles and photons created by the interaction of cosmic

particles within the body of interest. Imaging systems which

consist of photon detector (High-Purity Germanium detector,

HPGe or scintillator) and tracking detector were built to vali-

date the method. I built and tested the tracking detector for

these imaging systems. With the analysis of measured data, I

demonstrated that, the imaging systems reconstruct the tra-

jectories of cosmic particles with efficiency of about 99 % and

the resolution of the image of the investigated object is better
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than 2.5 mm. I contributed to the imaging procedure with

the reconstruction of the tracks of cosmic particles and the

determination of their positions in the body of interest. Us-

ing our novel method, an investigated copper sample and the

aluminium endcap of the HPGe detector were discriminated,

as well as a bone placed inside the scintillator detector was

imaged by measurements were taken only one day duration.

An important advantage of the novel imaging method is that,

the investigated body is under only natural radiation exposure

during the measurements. In the near future, the developed

method may can be applied for medical imaging as well.
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