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1 Prologue

This PhD dissertation covers the interaction of cosmic particles with
matter from satellites to muography. The common theme among the sections
is understanding how particles interact with particle detectors. Six topics are
covered: three describes the residual background and the signal to noise ratio
in satellites. One covers the residual background in volcano muography. The
�fth one describes a novel material analysis method using cosmic muons.
The last topic covers the residual background in a novel neutron detector.

The exponential growth of the microelectronics industry in the
twenty-�rst century made it possible to develop cost a�ordable and
su�ciently small particle detectors and read out electronics for scienti�c
researchers to open new frontiers in high energy particle physics.

The idea of using cosmic muons to reveal the inner structure of large
scale objects (muography) is not new. Luis Alvarez in the 1960s proved that
muons can be used to determine the inner structure of the second pyramid
of Giza. He utilized the so called spark chambers. Since then several other
detector types have proven their capability of measuring cosmic muons.

In recent years the focus of the muography community has remained
on the study of volcanoes. Forecast of volcano eruptions has so far relied
on seismological and topographical data. With the help of muography the
inner structure of the volcanoes and the state of the magma chamber can be
understood. This poses a novel challenge since due to the changing dynamic
of the volcano time resolution is needed.

Our research group at the Wigner Research Centre has developed a cost
e�ective detector system Muography Observatory System (MOS). It consists
of several multi-wire chambers and lead absorbers between them to suppress
particle background. Several of these systems have been monitoring the
Sakurajima volcano in Japan for� 4 years. We have proven that the detector
is capable of revealing changes of the inner structure of the volcano. As
described inSection 2. we have developed an arti�cial intelligence tool to
further suppress the current particle background in order to achieve a higher
signal-to-noise ratio.

Our research group works together with the group led by prof. Bikit at
the University of Novi Sad developed a novel concept for material analysis
with cosmic muons. In Section 3. I describe how we have proven that
cosmic muons crossing a target produce di�erent amounts of electrons and
gamma-ray depending on the density and the atomic number of the material.
This novel technique could be used to analyze the material composition of
objects which contain metal (therefore can not be investigated by X-rays) and
can not be irradiated with hadrons due to activation concerns, eg. meteorites.
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Cosmic rays are widely studied in astrophysics as well as a tool to
understand the high-energy universe. In recent years the detection of�
100 gravitational waves led to the renaissance of high energy astrophysics
since the afterglow of the neutron-neutron (or black hole-neutron star) star
mergers provides additional information on the source of the waves. Since
the atmosphere is not transparent to gamma-ray, satellites with expensive
large detectors were developed. Until recent years there were only a handful
of satellites equipped with gamma-ray detectors. Due to the fact that
gamma-rays are hard to focus and have a long mean free path in material
the angle resolution of these detectors is very low.

In recent years several private entities have started to o�er space for
CubeSats on their rockets for Low Earth Orbit (LEO). This has pushed down
the cost of sending a small satellite to orbit to� 100 000$. This has made
launching satellites a�ordable and therefore led to a "space race" for scienti�c
missions. Currently there are several collaborations working on CubeSats for
the detection of gamma-ray transient sources. An international collaboration
led by Prof Werner consisting of Czech, Japanese, Slovak and Hungarian
researchers developed and launched one of the �rst of such satellites called
GRBAlpha which is the precursor of the planned CAMELOT mission.

In Section 4. I describe how we have proven that such CubeSats are able
to detect several astrophysical transient sources. GRBAlpha and CAMELOT
satellites both rely on novel solid state detectors called Multi-Pixel Photon
Counters (MPPCs). These are coupled to dense CsI(Tl) scintillators in which
optical photons are created by extraterrestrial gamma-rays. Due to their
limited size and weight new challenges have emerged. Older satellites were
protected from high energy proton induced activation with shielding which
can not be included in our satellites. Therefore it is a must to understand
the level of activation and its contribution to the background.

In Section 5. I describe the software toolkit for the simulation of
activation background for high energy detectors onboard satellites that I
have developed. The framework employs direct Monte Carlo and analytical
calculations allowing computations two orders of magnitude faster and more
precise than a direct Monte Carlo simulation. The framework was developed
in a way that the model of the satellite can be replaced easily. Therefore the
framework can be used for di�erent satellite missions. As an example, the
proton induced activation background of the HERMES CubeSat is quanti�ed.

Not only CubeSats but also agship missions face background issues. For
example, 40% of observations of the XMM-Newton telescope is signi�cantly
contaminated by soft proton induced background ares. It was not foreseen
that protons with very low kinetic energy can scatter through the X-ray optics
into the detector of the satellite. In order to minimize the background from
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such low-energy protons for the next generation of agship X-ray satellites:
Advanced Telescope for High ENergy Astrophysics (ATHENA) introduced
a novel concept, the so called Charged Particle Diverter (CPD). It is an
array of magnets in a Hallbach design, which deects protons below 76 keV
before they would hit the Wide Field Imager (WFI) detector. In Section 6.
I describe how I have proved that the level of background "leaking" into the
detectors will be below the required level.

Residual background has to be taken into account at the several
detectors which were designed for the cutting edge neutron source, located
at the European Spallation Source European Research Infrastructure
Consortium (ESS ERIC). It is currently under construction in Lund,
Sweden, and aspires to become the most powerful pulsed neutron source
in the world. The produced neutrons are destined to serve a variety
of instruments for reectometry, di�raction, spectrometry and imaging
purposes. Reectometry is an experimental technique present at every
neutron source. Hence, two of the �rst instruments approved for construction
at ESS are reectometers. It is expected that the peak instantaneous rate of
the neutron detectors could reach 100 kHz/mm which causes new challenges.
In Section 7. I describe in my work how I have quanti�ed the background of
the planned detectors due to the scattering of neutrons on di�erent parts of
this novel detector.
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2 Background suppression for volcano
muography with machine learning

2.1 Muography of volcanoes

Muography (imaging with "cosmic" muons) was applied to a large-scale
structure �rst in the 1960's by Luis W. Alvarez [1]. He proved that muons can
be used to determine the inner structure of the pyramids by measuring the
muon ux and calculating expected one. The excess in ux can be attributed
to voids in the structure where the material does not absorb muons.

The muons utilized are called "cosmic" because they are created as a
result of the interaction of high energy protons with the upper atmosphere.
These collisions yield air showers that mostly consist of hadronic cascades.
The end product of these interactions contain kaons and pions which then
decay into muons in the following processes:

� � �! � � + � � =� �

K � �! � � + � � =� �

K L �! � � + e� + � e=� e

K L �! � � + � � + � � =� �

K S �! � + + � �

The energy spectrum of the muons depends on the zenith angle as can
be seen in �gure 1. Since the amount of air the muons need to pass through
is the least from the zenith, the spectrum will be the softest in that case.
Gaisser et al. [2] derived the "classic", probably currently most used model
for muon energy spectrum as follows:

dN� 0

dE� 0d

�

0:14E 2:7
� 0

cm2srsGeV

�
1

1 + 1:1E � 0cos�
115

+
0:054

1 + 1:1E � 0cos�
850

�
(1)

whereE � 0 is the measured muon energy in units of GeV and 
 is the angle
between the incoming particle and the normal of the upper atmospheric layer.
However for the low energy regime (� 100 GeV) this model overestimates
the number of muons. Tang et al. [3] modi�ed the model because of the
latter reason and the original one ignored the curvature of the atmosphere,
which causes deviations at large zenith angles.

dN� 0

dE� 0d

� A

0:14E 
� 0

cm2srsGeV

�
1

1 + 1:1 �E � 0cos� �

115

+
0:054

1 + 1:1 �E � 0cos� �

850

+ r c

�
(2)

,
where  is the power index andA is the overall scaling factor.r c is the

ratio of prompt muons to pions.
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where p1=0.102573, p2=-0.068287, p3=0.958633, p4=0.0407253, and
p5=0.817285.
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. The value ofr c and A depends on the

muon energy as follows:
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Muons interact with material through four interactions. Ionization,
Bremsstrahlung, pair production and photonuclear interactions. The
cross-section of these processes depends on the muon energy. For medium and
lower energy muons (< 300 GeV) the energy loss is mainly due to ionization
(see �g. 30).

Muography uses the absorption of cosmic muons in order to determine
the amount of material the muon has passed through similar to an X-ray
device. For a large scale object one needs to calculate the average density of
the object and the length the muon travels in it. Assuming that the muon
loses energy by only ionization the continuoes slowing down approximation
[4] can be applied to calculate the energy the muon will lose. Assuming that
all muons with an initial energy larger than the latter will pass through the
object one can calculate the expected ux by integrating the initial muon
spectrum from the cuto�. Subtracting the expected ux from the measured
one we can derive how much material is missing from the large scale objects,
eg. hidden chambers in pyramids or magma chambers in volcanoes.

Muographic images have been taken of several volcanoes and in recent
years this technique proved that it is capable of showing changes in volcanoes
before and after an eruption. Asama, Japan [5], Satsuma-Iwojima, Japan [6],
Showa-shinzan, Japan [7], Usu, Japan [8], Unzen, Japan [9], La Sour�ere,
France [10], Puy de Dome, France [11], Stromboli, Italy [12] and Etna, Italy
[13].

In general there are three main detector types that are being used in
muography of large scale objects: scintillators, gaseous detectors and nuclear
emulsion detectors. The latter one is the best choice when time resolution is
not needed. Nuclear emulsion does not require any kind of on site support,
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Figure 1: Cosmic muon spectrum for di�erent zenith angles [3]. Muons
coming from the zenith have a softer energy as they have to cross less air.

no electricity and no inert gas. They can be left at any place for months and
once collected read out layer by layer. Gas detectors are generally lighter and
cheaper compared to scintillator detectors. They can also be transported
easier. Their only drawback is that they require constant gas ow. Our
group has proven that the gas ow can be reduced to� 1 lh� 1 making it
possible to operate for months without human intervention. Although there
are a few applications, eg. borehole detector where only scintillators can be
considered with the current technology.

Our research group has developed a detector system called Muography
Observation System (MOS) [14, 15]. There are 7-9 multi-Wire Proportional
Chambers (MWPCs) which register the direction of the incoming particles.
Each detector has a set of wires in one direction and a set of pads segmented
in the other one. This way we cost-e�ectively register the 1D projection of
the track in both directions. In most cases Argon-Carbon dioxide gas is used
in the detectors. Between the MWPC detectors a set of lead absorbers are
placed. This is needed for background suppression which is detailed in the
following subsection.

More than ten detectors of our group have been working on-site at the
Sakurajima volcano providing insight into the volcano [17]. The system has
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