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Abstract

This thesis investigates the potential detection and physical characteristics of Terres-
trial Gamma-ray Flashes (TGFs) from a ground-based perspective, especially focus-
ing on the Umweltforschungsstation Schneefernerhaus (UFS) in the German alps at
2650 m altitude above sea level. While TGFs are primarily observed by satellites,
this work analyses how high-altitude stations can mitigate atmospheric attenuation
to study these millisecond high-energy bursts. Utilizing the MEGAIlib framework and
GEANT4, a comprehensive simulation environment was developed that incorporates
the complex topography of the Zugspitze and its Schneeferner glacier as well as the
strcutural environment of the detector housing at the UFS, called Kugelalm. The the-
oretical framework for v-rays from lightning discharges is grounded in the Relativistic
Runaway Electron Avalanche (RREA) model and the Relativistic Feedback Mechanism
(RFM). Using satellite data from the Gamma-ray Burst Monitor (GBM) onboard the
Fermi satellite, typical spectral and temporal parameters of TGFs have been extracted
to estimate the integrated flux of the TGFs and the hardness ratio. The hardness ratio
describes the hardness of a spectrum, it compares the amount of photons in a hard
energy band with the amount a defined soft energy band where both bands are defined.
The result reveals a strong energy-dependency regarding TGF detectability. For lower
input energies of Ej, <1MeV, detection is statistically improbable due to a photon
survival probability of 1072 form a 10km altitude while the detector is located at an
altitude of 2657m. At E;,—10MeV, the survival probability increases to 10~* indicating
the trend towards detectability of high-energy photons. The input energy also limits
the maximum distance from which a TGF can be observed. The maximum distance for

! was determined to 5,34 km. Given this maximum distance,

a luminosity of 10! phs~
resulting observation window amounts to 63 monthly thunderstorm hours, totaling in
756 thunderstorm hours per year. With a TGF-to-flash of 1073 — 1072 this would re-
sult in up to 7 observable TGFs per year at the UFS. For a distance of 500 m between
detector and TGF source the number of detectable photons including atmospheric at-

tenuation is in the order of magnitude 107 while for a distance of 5km it decreases to



174. Tt was also shown that for higher energies it is more favorable placing the detector
in the Kugelalm with the ratio of counts with house vs counts without house being ap-
proximately 1.5 for E;,=10 MeV. For high-energy photons the house acts as a scatterer
which creates a lot of secondary particles. These secondary particles are then detected
more frequently and increase the number of detected events. These findings establish
a quantitative baseline for the energy response of scintillators in high-mountain envi-
ronments and confirm that the UFS is a suitable location for monitoring high-energy

atmospheric phenomena, particularly in the range around and above 10 MeV.



Abstract - German

Diese Arbeit untersucht die mogliche Detektierbarkeit und die physikalischen Eigen-
schaften von Terrestrial Gamma-ray Flashes (TGFs) von einer bodengestiitzten Per-
spektive aus gesehen. Dabei wird besonderer Fokus auf die Umweltforschungsstation
Schneefernerhaus (UFS) gelegt, welche sich in den deutschen Alpen auf 2650 m Hohe
iiber dem Meeresspiegel befindet. Wihrend TGFs primér mit Satelliten beobachtet wer-
den, soll diese Arbeit analysiere wie hochgelegene Messstationen atmosphérische Damp-
fung minimieren kénnen, um diese im Millisekundenbereich auftretenden hochenergetis-
chen Strahlungsausbriiche zu erforschen. Indem das MEGAIlib framework und GEANT4
genutzt werden, wurde eine umfassende Simulationsumgebung erstellt, welche die kom-
plexe Topographie der Zugspitze mit deren Schneefernergletscher sowie die strukturelle
Umgebung der UFS, die Kugelalm, miteinbezogen. Das theoretische Framework fiir -
Strahlung von Blitzentladungen ist auf dem Relativistic Runaway Electron Avalanche
(RREA) Modell und dem Relativistic Feedback Mechanism (RFM) begriindet. Mithilfe
von Satellitendaten des Gamma-ray Burst Monitor (GBM), welcher auf dem Fermi-
Satelliten monitiert ist, werden typische spektrale und zeitliche Parameter von TGFs
extrahiert, um den aufintergrierten Flux von TGFs, sowie den hardness ratio abschétzen
zu kénnen. Der hardness ratio beschreibt die Hérte eines Spektrum, die Anzahl an
Photonen in einem ‘harten’ Energiebereich wird mit der Anzahl an Photonen in einem
‘weichen’ Energiebereich verglichen wobei beide Energiebereich definiert sind. Dieses
Ergebnis offenbart eine starke Energieabhéngigkeit beziiglich der TGF-Detektierbarkeit.
Fiir kleinere Einfallsenergien von F;, <1 MeV ist die Detektion statistische gesehen un-
wahrscheinlich, da die Photonen mit einer Wahrscheinlichkeit von 107'? den Detektor
erreichen wenn dieser auf einer Hohe von 2657 m platziert ist und die Photonenquelle
sich auf 10km hohe befindet. Fiir hohere Energien von FEj,=10MeV hingegen erhoht
sich die Wahrscheinlichkeit der Detektierbarkeit auf 10~%. Die Einfallsenergie limitiert
auch die maximale Distanz, in der ein TGF gemessen werden kann. Ausgehend von einer
Luminositit von 10! phs™! betrigt die maximal messabre Distanz 5.34 km. Mit dieser

Distanz ergibt sich ein effektives Beobachtungsfenster von 63 monatlichen Blitzstunden,



das sich auf 756 jahliche Blitzstunden aufsummiert. Mit einem TG-to-flash Verhalt-
nis von 1073 — 1072 ergeben sich damit jahrlich 7 beobachtbare TGFs an der UFS.
Fir eine Distanz von 500 m zwischen Detektor und TGF Quelle bewegt sich die An-
zahl der dtektierbaren Photonen unter Beeinflussung atmosphéarischer Démpfung in der
Grofenordnung 107, withrend fiir eine Distanz von 5km 174 Photonen detektierbar sind.
Es wurde ebenfalls gezeigt, dass es fiir héhere Energien vorteilhafter ist, den Detektor
innerhalb der Kugelalm zu platzieren, da das Verhéltnis von Detektorevents mit Haus
vs Detektorevents ohne Haus fiir E;,=10MeV im Bereich von 1.5 liegt. Fiir hochener-
getische Photonen fungiert das Haus als Streukorper, wodurch viele Sekundéarteilchen
erzeugt werden. Diese Sekundérteilchen kénnen dementsprechend ofter detektiert wer-
den und erhchen damit die Anzahl an detektierten Events. Diese Ergebnisse bilden eine
quantitative Grundlage fiir die spektrale Antwort von Szintillatoren in hochgelegenen
Umgebungen und bestétigen, dass die UFS ein passender Standort fiir die Beobach-
tung von hochenergetischen atmosphérischen Phénomenen ist, vor allem fiir Energien
im Bereich und oberhalb von 10 MeV.
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1 List of Abbreviations

TGF

UFS

STP

CG

TLE

GEANT

BATSE

CGRO

RHESSI

GBM

AGILE

ASIM

RREA

GRB

Terrestrial Gamma-ray Flash

Umweltforschungsstation Schneefernerhaus

Standard Temperature and Pressure

Cloud-to-Ground

Transient Luminous Events

Geometry And Tracking

Burst And Transient Source Experiment

Compton Gamma Ray Observatory

Reuven Ramaty High Energy Solar Spectroscopic Imager

Gamma-ray Burst Monitor

Astro-rivelatore Gamma a Immagini Leggero

Atmosphere-Space Interactions Monitor

Relativistic Runaway Electron Avalanche

Gamma Ray Burst
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GCR Galactic Cosmic Rays

SCR Solar Cosmic Rays
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TUM Technische Universitat Miinchen

JMU Julius-Maximilians-Universitat Wiirzburg

PMT Photo-Multiplier Tube

FWHM  Full Width at Half Maximum
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Geomega Geometry for MEGALlib

Cosima Cosmic Simulation for MEGAlib

HEP High-Energy Physics
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PDF

NASA

MPE

TTE

DRM

MCMC

Monte Carlo Simulation

Probability Density Function

National Aeronautics and Space Administration

Max-Planck Institute for Extraterrestrial Phyiscs

Time-Tagged Event

Detector Response Matrix

Markov Chain Monte Carlo
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2 Introduction

Thunderstorms are some of the most impressive but least understood meteorological
phenomena seen on Earth. The mechanical and thermodynamical processes of building
a thundercloud structure and lightning processes in general have been intensively stud-
ied over three decades [Mazur} 2016] in which it has been shown that thunderclouds also
work as natural particle accelerators |Paras and Poojaj, 2021]|. The discovery of highly
energtic radiation bursts originating from Earths atmosphere was the start of a new
research chapter regarding atmospheric physics. These so-called Terrestrial Gamma-
ray Flashes (TGFs) have been a topic of interest for researchers since then [Dwyer and
Uman) 2014]. They consist of pulses of ultrashort gamma rays with energies of up to
tens of mega eletron volt — an energy range which is ususally expected for astronomical
objects.

The research on TGFs ranges over multiple scientific areas. There are open funda-
mental electrodynamical questions on how the particles can be accelerated to sufficient
velocities before being slowed down by scattering at air molecules [Dwyer and Uman),
2014, [Kohn et al., [2020]. Researching TGFs is not just about scientific understanding,
it is also of practical importance since air radiation has effects on radiation exposure
for high-altitude flights [Dwyer et al., 2012]. Even though there are satellite-based
measurements, the microphysics and the connection between lightning dynamics and
TGF creation and acceleration is still not fully understood [Marisaldi et al., 2013} Wada
et al., [2025].

A big challenge for TGF research is the atmosphere and its associated absorption of
high-energy photons when the goal is to perform ground-based measurements. Since
satellite detectors measure at high altitudes of around 560 km, this absorption effect
appears predominantely for ground-based stations |[Hongbo et al| 2019a]. The re-
search station Umweltforschungsstation Schneefernerhaus (UFS) which is located at
the Zugspitze mountain, the highest mountain in the German alps, takes a key role.
Since it is located at an altitude of 2650 m it is closer to possible TGF source regions

originating from thunderclouds. The high altitude makes absorption less relevant and
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Introduction

therefore the detectability is increased. For measuring and interpreting TGF data at
the UFS, a lot of different factors come into play which are evaluated in the follow-
ing thesis. The detection of photons is not just dependent on the source strength but
also on atmsopheric scattering, the local topography and shielding by different struc-
tures. Therefore, detailed modeling is necessary. The goal of this study is to evaluate
the origin and propagation of TGFs and the associated measurement of these through
three-dimensional Monte Carlo simulations. By systematically varying parameters it
is shown how different effects and material structures contribute to the resulting spec-
trum. The final goal of this thesis is to estimate the detection frequency of TGFs with a
dedicated gamma-ray detector inside the Kugelalm. This thesis is structured as follows:
Section is introducing the theoretical knowledge about thunderstorms in general.
Thunderstorms build the basis of the phenomena which we simulate in this thesis and
are an essential part of the physics we are interested in. Section then describes
particle interactions between photon and matter. These interaction not just appear
in the thundercloud, they also describe the interaction mechanisms happening in the
detector. It is necessary to know about the possible interaction to be able to analyse
the resulting spectra of the simulations. Section describes the main phenomenon
which should be simulated and researched: TGFs. Main properties like energy range
or duration of TGFs are mentioned as well as the most common models which describe
TGFs are explained. This section closes with previously performed TGF measurements
to which the simulation results can be compared with. Section shows the basics
of natural radioactivity and other underlying background radiation like Solar particle
Events (SPEs). Since this background radiation is constantly there it is of importance
to evaluate the measured background to see if the TGF signals are influenced by this.
Section starts with introducing the measurement site with its surrounding environ-
ment, the UFS and the Kugelalm where the detector is located. The detector and the
detection principle is explained in Section in detail. Section outlines the main
goals of the thesis and what the simualtion results should be evaluated after. Simula-
tions are an essential part of this work so the simulation environment is introduced. The
most important tools and properties are introduced and explained. Also, the simulation
principle behind this machinery is explained more detailed in Section [5.3] Section
describes the application of MEGAIlib: the used model is shown as well as the moun-
tain range surrounding the UFS. The inclusion of the surrounding structures is from
utmost importance since this is affecting the resulting spectra and data which should
be analysed.

The last chapter describes the simulation results which are analyzed. Section first

describes the probability of a thunderstorm occurring in a specific radius around the

18



UFS. Due to the fact that TGFs are connected to lightnings the occurrence of a thun-
derstorm is a necessary condition for measuring a TGF. The next section Section
evaluates the probability of a TGF to be measured by calculating the atmospheric
transmittance. This is done for monochromatic energies and input angles. Section
compares different detector materials. Also, the difference between placing the detector
in the Kugelalm or leaving the Kugelalm out is shown. By doing this it can be seen
how strong the shielding effect of the Kugelalm affects the measurement. Section
analyses the resulting y-ray spectrum for several input energies and input angle combi-
nations. Also, the total amount of detected counts is evaluated both with and without
the Kugelalm. By doing so, the spectral effect of the Kugelalm is visualized. Since
this spectrum is the detector response it is important to see the expected signals for
different energies and input directions. This leads to conclusions of TGF properties
like favorable input energy and direction. Chapter [7] performs a time-resolved analysis
of TGFs measured by Fermi-GBM. To gain insights about the TGF source a Bayesian
analysis by utilizing the 3ML framework is performed with a fixed dataset. As a result,
the parameter distribution of the TGF parameters are analyzed. Also, a powerlaw sim-
ulation with the determined parameters and the given Geomega setup is carried out.
This spectrum is analyzed for the cases of implying atmospheric atetnuation or leaving
it out. Finally, Chapter [§|shows the expected spectra of radioactive decays measured by
the detector placed inside the Kugelalm. These spectra are compared to the powerlaw
spectrum which describes the real signal to make conclusion if the natural radioactivity

background needs to be taken into account.
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3 Theoretical Background

The following chapter gives an overview about the theoretical background of the physics
of thunderstorms, particle interactions, TGFs, natural radioactivity and the measure-
ment site. This is necessary to understand the physical processes which are simulated

in this thesis and to be able to interpret the results.

3.1 Physics of Thunderstorms and Electrical

Processes

TGFs are deeply connected to thunderstorms and lightnings. In order to understand
TGFs, we first need to lay down the theoretical groundwork regarding thunderstorms.
The following chapter explains the physics behind the creation and the properties of

thunderclouds as well as the formation of lightnings.

3.1.1 Structure and Development of Thunderclouds

A thunderstorm is a complex meteorological phenomenon, fundamentally consists of
several distinct regions, and characterized by convective activity which are called thun-
derstorm cells |Britannical. For these cells to be created they need to pass through
three specific phases: The initial phase is called the building phase and starts with the
formation of an ordinary cumulus cloud. At this point it is important to note that
a necessary condition for thunderstorms to develop is the existence of an updraft of
warm air which permeates the entirety of the cell but is counterbalanced by a gen-

tle downdraft occurring in the surrounding environment. This creates a temperature
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3.1 Physics of Thunderstorms and Electrical Processes

difference where the temperature is much higher inside the internal cloud than in the
external atmosphere. Possible mechanisms for the rise of warm air can be topographic
uplift due to the terrain or heating of a layer of air that’s closer to the Earth’s surface
[Skybrary|. If this warm air ascends, a point of saturation is reached, leading to the
formation of clouds, whereas the latent heat released during the condensation of atmo-
spheric moisture further warms up the air. As the cells develop and continue to grow in
size, an increasing volume of water condenses out of the updraft due to the temperature
drop which accompanies the elevation to higher altitudes. As the temperature of these
droplets drop below the freezing point with higher altitudes, they become supercooled
and join togeter to form ice particles. If this accumulation of water becomes excessive
in volume or in drop size, the resulting particles begin to precipitate and the next stage
is initiated. The subsequent stage of a thunderstorm cell is initiated, which is called
the mature stage. It starts with precipitation when the top of the cloud reaches great
heights so that a downdraft starts to develop where previously the updraft existed. The
falling rain thereby drags air down where it becomes more dense |[Byers and Braham,
1948|. To properly understand the downdraft formation it is important to understand
the mixing of a vertical air column with the ambient atmosphere. This mixing continues
until the warmer updraft air inside the cloud has the same temperature lapse rate than
the environment. The lapse rate describes the rate at which an atmsopheric parameter
falls with increasing altitude. In this case this means that the mixing continous until
the temperature drop rate inside and outside the cloud are equal. With the falling rain
and the downdraft, additional air is added to the downstream, mostly from outside of
the cloud, as long as sufficient rain remains |Byers and Braham)| [1948|. To sum it up,
the entire thunderstorm cell has convergent flow with divergent outflow at the base of
the cloud and the very high altitudes between 10 km — 14 km. When the rain falls down
the air is cooled down and friction between the ice particles carried by the updraft and
the ice particles descending through the cloud appears. This friction creates a static
field where the positive charge moves to the top of the cloud, whereby the negative
charge is at the bottom of the cloud. Afterwards, the top of the cloud flattens out to a
Cirrus like cloud, giving it an anvil shape [Skybrary].

The final phase of the thunderstorm cell is referred to as the dissipation or anvil phase.
It is characterized by the widespread distribution of the downdraft across the lower lev-
els of the cell, leading to a lower importance of the updraft activity. At this point, there
is negligible vertical motion in higher levels since the entire lower levels at altitudes be-
tween 1km and 3km of the cell have a slight downdraft. This slight downdraft will
persist and remain for as long as precipitation continues to fall from the cloud. Once

the rainfall stops, the previously dominating large-scale vertical movements dissipate,
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Fig. 3.1: The life cycle of a thundercloud. Phase one (left) is the building phase where
by updrafts of warm air and condensation of water the thundercloud is created.
Phase two (middle) is called the mature stage where the cloud starts to cause
precipitation. Here, the upper part of the thundercloud is developed and with a
downdraft, the charge is separated in a way that a potential difference appears.
The last phase (right) is called dissipating phase. There is no more motion in
the upper part of the cloud so that the borders dissolve. Also, the downdraft is
getting slower, keeping on as long as the rain is falling [from Skybrary]|.

resulting in the boundaries of the cell becoming indistinct and difficult to differentiate
[Byers and Braham| [1948|. The entirety of this process is summarized in Fig. while

the basic structure of a thundercloud is shown in Fig. 3.2

3.1.2 Charge Distribution in Thunderclouds

One of the simplest but also most spread pictures of the charge distribution in thun-
derclouds is the tripole model [Dwyer and Uman, 2014]. This model contains a main
negative charge in the center of the thundercloud, a main positive charge center on
the top of the cloud and a small positive charge distribution on the bottom, below
the negative charge. This main structure is visualized in Fig. [3.3 The separation of
charged particles is thought to originate from slow hydrodynamic processes inside the

thundercloud like updraft currents or advection. While the updraft drags small and
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3.1 Physics of Thunderstorms and Electrical Processes
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Fig. 3.2: A towering thundercloud is created when the atmosphere is forming strong up-
drafts and downdrafts, as indicated by the arrows. It can happen that the
updrafts are strong enough to extend the top of the thundercloud so that the
cloud is extended into the tropopause, which is the upper limit of the tropo-
sphere. A typical scale with altitudes at which the clouds stay is given [from

Britannical.

light positively charged ice fragments, heavy negatively charged hailstones preferably
fall downward due to gravity |[Surkov and Hayakawal, 2012a]. A central part of this

mechanism is the generation of free electrons by either collisions between ice particles

and atmospheric molecules or through external sources like cosmic rays. Since the
current inside the cloud goes upward but is approximately zero outside, a charge sepa-
ration occurs. The current inside of the cloud works as a battery for the generation of
upward- or downward-directed lightning discharges. Due to this current, the lightning
can be operative as long as the current inside can separate the charges and provide

the top of the thundercloud with enough positive charges. The so called fair weather

current outside is a weak current flowing to the ground [Surkov and Hayakawa), 2012a).

Apart from these three main charges the surrounding air can be seen as an additional
fourth negative screening charge layer because the air outside the cloud has a higher
conductivity compared to the air inside of the cloud. The reason for this is the quick
attachement of the free electrons to ice particles or atomic molecules inside of the cloud
[Dwyer and Uman, [2014].

As a consequence of this ‘stacked” model there is a temperature difference across the

single layers. Depending on the height of the thunderstorm itself, the size of the charge

layers can vary. The thickness of the positive upper layer can range between about

8-15km in summer storms and about a few km in winter storms [Dwyer and Uman)
2014).
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Fig. 3.3: Different lightning types. The picture shows: cloud-to-air, intracloud, intercloud
and cloud-to-ground lightning [Dwyer and Uman) 2014].

3.1.3 Streamer and Leader Formation

As described in the section above there is charge separation in a thundercloud, which
leads to free electrons. These free electrons quickly attach to oxygen molecules, forming
negative ions. Before undergoing 2-body or 3-body attachment processes, the electrons
experience multiple scatterings with the surrounding air molecules. These attachment
processes describe the capture of free electrons by neutral molecules to create nega-
tive ions. Since this capture does not happen immediately, the electrons travel with
a constant average velocity as they experience scattering. By increasing the electric
field due to the charge separation inside the cloud, the velocity of the electrons also
increases, so at large enough fields, a fraction of electrons will have enough energy to

ionize the air. This ionization is mostly due to the impact of the electrons with the air

molecules which then creates additional electrons [Dwyer and Uman, 2014]. For small

electric fields the number of free electrons rapidly subsides, since the growth in the
number of electrons competes with its decrease because to attachment processes. For
higher electric fields the ionization rate surpasses the attachment rate. This happens
at around Fr = 3 x 10Vm™! x n,;, which is called the conventional breakdown field
where na; = Nair/Nstp. Nair is the number density of air and Ngrp is the number
density of air at standard temperature and pressure (STP). For electric fields E > Ej
the number of electrons grows exponentially with time and distance along the direction
of the electric field. As a starting condition for this effect, there needs to be a high
energy seed electron which has the function of starting the electron avalanche. This

seed electron could have different origins, such as cosmic rays, natural radioactivity, or

24



3.1 Physics of Thunderstorms and Electrical Processes

N,

T

Fig. 3.4: The model of a positive streamer where vg is the streamer velocity, r, is the
streamers heads curvature radius, N}, is the number density of uncompensated
positive charges, Ej, is the electric field in front of the streamer head and Eg
is the electric field inside of the streamer. Taken from |[Surkov and Hayakawa,
2012a).

solar particle events [Dwyer and Uman|, 2014, [Dwyer et al. 2012].

The increasing number of electrons polarizes the medium, and this polarization en-
hances the electric field at the avalanche front, accelerating its growth. Because the
avalanche carries the high field required for avalanche multiplication it is able to self-
propagate into lower ambient fields. This self-propagating structure is then called a
streamer |Dwyer and Uman|, 2014, |Surkov and Hayakawa, 2012a]. Streamers can have
lengths of about several meters with a propagation velocity of about 10°ms™! and con-
sist of a propagating compact volume of positive space charges, called the ‘tip’. The
tip is followed by a tail of negligibly conducting plasma with low conductivity, which
prevents it from a complete breakdown |Petersen et al.| 2008|. Even though the stream-
ers appear because of high electric fields, their current is mostly weak and in the range
of microamperes [Dwyer and Uman, 2014, Mazur, 2016|. The typically high currents
occuring in lightnings are not measured in the streamer which describes the tip of the
lightning channel but in the plasma channel behind the streamer. The currents in these
plasma channels reach up to 15A — 2.1kA [Mazur, 2016]. As seen in Fig. which
shows a positive streamer, the charge density is larger at the streamer tip. This density
can be so large that the electric field in the vicinity of the head can reach values of

up to 4 — 7 times the value of Fy. Since the streamer carries a charge there are two
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types of streamers depending on the charge they carry: positive and negative streamers.
While negative streamers propagate due to ejection of electrons from its head, positive
streamers propagate due to injections of seed electron avalanches from surroundings.
The seed electrons therefore can be created just by the high rate of impact and pho-
toionization caused by the strong electrical field of the tip which is due to the spatial
charge of the head |[Surkov and Hayakawa, |2012b]. Also, the electric field for initiat-
ing positive or negative streamers are different. Positive streamers need a minimum
critical field of E., = 440kV /m at ground pressure and E., = 150kV/m at an altitude
of 6.5km. In contrast, the critical field for negative streamers is more than twice as
high with E., = 1250kV/m at ground pressure and F., = 300kV /m at 6.5 km altitude.
This larger electric field for sustaining the negative streamer is due to the self-diffusing
nature of the discharge [Petersen et al., 2008|. Because of this, the probability for posi-
tive streamers in low ambient fields, which are in the order of magnitude of E.,, is way
higher compared to negative streamers.

A necessary criterion for the transition of an electron avalanche to become a streamer
is the radius of the avalanche region to enhance the electric field with a localized space
charge and the critical number of avalanching electrons. When these streamers then
propagate through high electric fields, the charge accumulates at the tip of the streamer
and may become sufficiently large enough that the streamer splits up into two or more
streamers. This may repeat so that at the end a network of positive and/or negative
streamers is created. The number of corresponding electrons is then at the order of
10® — 10? for a single leader or in the range of 10'% — 10! for a streamer system [Mon-
tijn and Ebert} 2006, Wada et al., [2025].

If the currents produced by the streamers are large, another effect occurs: the streamer
heats the air, which increases the conductivity, allowing more current to flow, which
again causes more heating, and the whole process repeats itself. This instability leads
to a concentration of the current along a small hot channel in the air since the resistance
is the smallest in the center of the path. For temperatures 7' > 1500 K the conductivity
of the air quickly rises due to the rapid detachment of electrons from negative ions.
For high electron densities and temperatures we can then see thermalization, as well as
impact ionization between ions and neutral particles, that becomes important. These
narrow hot channels with temperatures of 5000 K or higher are often called leaders
which are a prerequisite for lightnings [Dwyer and Uman, [2014]. The final stage of
the leader process occurs when the downwards facing leader connects with an upward
directed dischrage. This contact results in a short circuit occuring between the Earth
and cloud discharge. Even though the electrons move downward, the current and the

luminosity have an upward direction of propagation due to the already ionized path
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of the preceding leader [Dwyer and Uman, [2014]. When a return stroke occurs, the
air in the lightning channel gets suddenly heated to 30 000°C which expands the air
and creates a shock wave. This shockwave is audible as thunder. The peak current for
the first return stroke is at the order of 30 kA with possibly reaching up to 300kA in
positive lightning discharges. There is also the possibility of multiple return strokes,
seperated by time intervals of 40 — 50 ms [Dwyer and Uman) 2014}, Mazur, 2016|. There
are different types of leaders being generated in lightnings: stepped leader, dart leader,
and bidirectional leader, as explained in the following and visualized in Fig. [3.5]

A stepped leader is a type of electrical discharge in a gas, characterized by an expand-
ing filament of hot, highly electrically conductive gas preceded at its tip. This type of
leader is the initial discharge for Cloud-to-Ground (CG) discharges [Dwyer and Uman,
2014, [Petersen et al., 2008|. The movement of the stepped leader is not continuous
but rather in discrete luminous segments of tens of meters of length for a duration of a
microsecond. After a short pause the next step joins and so. This short pause between
two steps is in the range of 10 — 100us [Dwyer and Uman) 2014]. The movement of
the steps works as follows: negative leaders produce steps by creating a plasma channel
in the volume front of an old leader channel which is then called a space stem. This
space stem thermalizes and becomes a space leader which evolves bidirectionally with
the positive end, moving backward to the main leader and the negative end propagating
forward, extending the leader tip. Afterwards the positive space leader merges with the
tip of the negative leader. When the space leader connects with the primary leader,
its current will traverse upwards regarding the leader channel direction, completing the
step process [Dwyer and Uman, [2014].

A dart leader is a leader which propagates continuously along the defunct return stroke
channel. Due to the fact that they move along the main channel of the ionized preced-
ing leader channel they are responsible for the subsequent return strokes in lightning
bolts and therefore they are the reason for multi-stroke lightnings. They move with

1

a velocity of around 10”ms~' and deposit not as much charge as the stepped leader

[Dwyer and Uman), 2014].
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Fig. 3.5: A negative leader propagates from a charged cloud to the ground (CG lightning).
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The principle of a stepped leader is shown since the lightning stroke moves in
different distinct steps. After the return stroke propagated back to the cloud
and leaves behind an ionized channel the dart leader travels through this channel
back to the ground. This results in a second return stroke, showing how multiple
stroke lightnings are created. Taken from [Dwyer and Uman), [2014].
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3.1.4 Lightning Phenomenology

To characterize lightnings, we need to differ between two cases: lightnings that bridge
the gab between cloud and Earth which are called CG lightning and those that do not.
Those who will not cross the gap are called cloud discharges. We can specify these
further: if the lightnings happen to appear inside one cloud they are called intracloud
lightning, if they occur between two clouds they are called intercloud lightning, and if
they start in a cloud but end in the air they are called cloud-to-air lightnings. These
four types of lightnings are illustrated in Fig. 3.3

There are four different types of lightning flashes occurring between thunderclouds and
Earth, shown in Fig. 3.6

There is a difference in the lightning charge and leader propagation direction. In about
90% of the cases the lightning has negative charge and a downward-propagating leader
while the other 10% have a positive charge and a downward-propagating leader. The

cases for upward-propagating leaders are rather uncommon — they are mostly initiated

(a) Downward negative lightning (b) Downward positive lightning

+
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(c) Upward positive lightning (d) Upward negative lightning

Fig. 3.6: Different types of cloud-to-ground lightnings. Taken from \ 2019].
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at manmade objects like tall towers or similar, towards the charged clouds [Dwyer and

Uman), 2014|-

It was discovered that these positive CG lightning discharges lower positive charges
from clouds to ground and then can trigger further processes, so-called transient lu-
minous events (TLEs) |Surkov and Hayakawa, [2012a]. TLEs are large-scaled optical
events which occur at altitudes between 40 km and 90 km and are directly related to
the thunderstorm below. Depending on their properties, they can be separated in dif-
ferent types such as Sprites, Blue jets, Elves and recently discovered Blue starters and

Gigantic jets. The different types of TLEs are shown in Fig. and their properties

are summarized in Tab. [3.1] [Kim et al., 2018].

Type Duration (ms) Size (km) Velocity (km/s) Altitude (km)
Blue jets up to 250 3-20 12 20-40
Gigantic jets less than 1 20-30 70-90 70-90
Sprite 1-10 25-50 104 40-90
Elves less than 1 over 300 10° 84— 87
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Table 3.1: Properties of different types of TLEs.
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Fig. 3.7: Different types of TLEs. Taken from |Kim et al., |2018].
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Fig. 3.8: The mass attenuation coefficient shown for sodium iodide (Tellur doped). The
resulting summed up graph consists of the three processes: photoelectric ab-
sorption, Compton scattering and pair production. Taken from |Kierans et al.
2022|.

3.2 Photon - Matter Interactions

When we want to detect photons they need to interact with matter - either with the
surrounding matter or with the detector material itself. These interactions happen in
different ways, which is shown in Fig. 3.8 In this section these interactions between

photons and matter and the relating processes are shown and described in detail.

3.2.1 Photoelectric Absorption

Fig. shows that for low-energy photons E < m.c* where m.c? is the rest energy
of an electron, the dominant interaction process in Nal is photoelectric absorption. In
this process a gamma ray is interacting with a bound atomic electron in a way that
it transfers all of its energy to the electron. Some of the energy is used to overcome

the electron binding energy and most of the remainder is transferred to the electorn
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Fig. 3.9: Photoelectric mass coefficient of Nal. It is seen that the lowest shell (K shell)
appears at the highest input energy and the outermost shell has the lowest
input energy. This is due to the fact that the binding energy is lower for
outer shells so the electrons can be released more easily. Since there are more
electrons in outer shells the mass attenuation coefficient is higher for lower
energies. After a shell is emptied, p decreases until the input energy is high
enough to overcome the binding energy from the electrons in the next shell.
Taken from |Farzanchpoor Alwars and Rahmani, [2021]

as kinetic energy while a very small amount of the incident photon energy is used to
conserve momentum and therefore remains as recoil energy with the atom. This so

called photoelectron is then ejected with an energy of
E.- =hw— E, (3.1)

where Fj, is the binding energy of the electron [Karpius and Reilly, 2024]. The prob-
ability of this process happening strongly depends on the input energy of the photon
and the atomic number of the material. The more tightly an electron is bound, the
higher the probability is that a photon is interacting with this electron. Knowing this,
the K-shell electrons are the most likely to participate in this process. So, if the photon
energy is slightly above the binding energy for K-shell electrons but below the electron

rest energy, the cross-section is given by

(3.2)

O Photoabsorption —

321202 2% (mec? 3
3 hw

where o« = 1377 ! is the fine structure constant, r, = 2.818 x 10 m is the electron

radius, Z is the atomic number, m, = is the electron mass and Aw is the photon energy
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[Leo, 1994, |Dwyer and Uman) 2014].

At lower energies, electrons from multiple atomic shells also contribute to the interac-
tion. Generally, the attenuation coefficient p increases as the incident photon energy
decreases. This trend is characterized by absorption edges: as soon as the energy ex-
ceeds the binding energy of a more deeply bound inner shell, y increases abruptly.
Between these edges, p decreases with increasing photon energy until the threshold of
the next inner shell is reached. The linear attenuation coefficient p is directly pro-
portional to the cross-section through y = no where n is the number density. This
procedure is shown in Fig. [Longair, 2014].

The complete absorption of the photon energy is the physical basis for the photopeak
which can be observed in 7-ray spectroscopy. Since during photoelectric absorption the
entire energy is deposited into the detector material, the resulting signal corresponds

to the total energy of the incident gamma ray.

3.2.2 Compton Scattering

Compton scattering describes the interaction of a photon with a free or weakly bound
electron, so I/, > E,. The photon transfers part of its energy to the electron so that
the outcome of this interaction is a scattered photon and a free electron (Fig. [3.10).
When the electron is not bound tightly, photoelectric absorption is forbidden, and only
Compton scattering is allowed since the atom cannot absorb the recoil energy. Because
of energy and momentum conservation just a partial energy transfer is possible and
allowed |Karpius and Reilly, 2024].

Knowing that weakly bound electrons are needed for Compton scattering we know that
this process preferably happens at the outer shell electrons and after the interaction

the electron becomes a free electron with energy
E-=FE,—E, (3.3)

where E, is the energy of the input photon and E; the energy of the scattered photon.
The energy of the scattered photon can be calculated with

B Me B E,
1—cos@—|—gj 1—1—5—1(1—0059)

E, (3.4)
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Incident
photon

Fig. 3.10: Compton scattering of a photon with incident energy Ey = % at a bound

electron. The result is a scattered electron and a scattered photon of energy
Ey = % [Ahmed, 2015].

where 6 is the angle between the incoming and the scattered photon. Depending on
how much energy is transferred during the interaction the direction of the electron and
the scattered photon do change [Nelson and Reilly, (1991].

According to Equation , the minimum energy occurs during a collision where the
scattering angle becomes # = 180° and the electron moves in the same direction as the
incident photon. The other extreme of scattering occurs at a very small angle (6 = 0°).
In this case, the energy of the scattered photon is very close to the incident energy so

the scattered electron barely absorbs energy from this interaction [Karpius and Reilly}

2024]. For E, > ¢ the resulting minimum and maximum energies of the scattered

photon are
min moc2
EO" = and (3.5)
2
max moc
EX™ =FE, — 5 (3.6)

The cross section for this process can then be calculated with the Klein-Nishina for-

¥2(1 — cos 0)?
1+ (1 —cos?)

mula: J ) )
o r
29 _ e 1 29
dQ 2 (14 (1 —cosf))? ( oSO

(3.7)

where v = E. /m.c* and . is the classical electron radius. The cross section for Comp-
ton scattering can be achieved by integrating over the solid angle dQ2 and gives |Leol,

1994]

T4+ (2(14+7) 1 1 1+ 3y
.= 27r? — —In(1+2 — In(1+2y)— ———]. (3.8
o= 2mr? (L5 (A - Do)+ Loy - 1 E20). 6y
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Closely related to Compton scattering are Thomson scattering and Rayleigh scattering
- the difference is that in these processes there is no energy transfer but a directional
change of the incoming photon. Thomson scattering describes the scattering of photons
off of free electrons and the cross section can be calculated from the Klein-Nishina

formula for small energies:

8
or = —Wrz (3.9)
3
On the other hand, Rayleigh scattering is the scattering of photons at atoms and its
cross sections is )
243k (ni —1
= F,(k 3.10
o= (2 5) R (3.10)

where k is the wavenumber of light, NV is the number density of gas, ny is the wavenum-
ber dependent real refractive index and F,(k) is a factor which accounts for depolariza-
tion |Thalman et al., 2014].

3.2.3 Pair Production

The process known as pair production can be described as a high-energy photon un-
dergoing the creation of a electron - positron pair. In order for this event to oc-
cur, it is necessary that the photon possesses an energy threshold of 1.022 MeV since
E, > 2m.c* = 1.022MeV. This process is only possible in the presence of an elec-
tric field, which is typically provided by the nucleus of an atom. Now we can differ
between two distinct scenarios: the case to which we refer to as intermediate pho-
ton energies and the one where the photon energies are in the ultra-relativistic limat.
For the intermediate energy range, the pair production process occurs at distances
from the nucleus where the electrostatic screening through atomic electrons can be
neglected. This absence of screening is valid when the photon energy satisfies the con-
dition 1 < hw/m.c* < a~1Z5. In this regime, the photon energy is sufficient to probe
the nuclear field directly, yet remains low enough that the electron cloud does not signif-

icantly shield the nuclear charge |Longair, 2014]. The cross section for this interaction

28 2hw 218
OPair — OdeZ2 <§ In (mec2) — 7) (311)

is given by:

Full photon screening is present at Aw/m.c* >> a~'Z 5 and describes the scenario
where the nuclear charge is completely shielded by the atomic electron charge, which

results in the reduction of the effective interaction strength and cross-section. The cross
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section then becomes

28 (183 2
Opair = o2 Z? (3 In (Zé ) - §> (3.12)

3.2.4 Atmospheric Absorption Effects

If a TGF created in a thundercloud is to be measured on Earth there is a probability
for these y-rays to be attenuated or absorbed while traveling through the atmsophere.
The transmissivity for y-rays to traverse the atmosphere and reach the detector can be
described by

Ty (0, Ein) = exp (—Colserou(Ein)e—? : (1 - edHe>) (3.13)
where 6 describes the zenith angle which is the angle between zenith direction and
upwards oriented z-axis. Fj, is the initial energy of the incoming photon, d represents
the spatial separation between the TGF source and the detector, H = 8500 m is the
constant scale height of the atmosphere, pg is the air density at sea level, u(E) describes
the energy dependent mass attenuation coefficient and hp is the altitude at which
the detector is placed. p(E) was determined through |[Mass attenuation coefficient]
where the input atmospheric components were set to N (78.084%), Oy (20.946%), Ar
(0.934%) and CO, (0.036%). Fig.[3.11]shows the transmissivity for different input angles
0. This equation includes the exponential decay of the air density which occurs with
increasing altitude. In addition to this transmission probability there are atmospheric
absorption effects which highly influence the measurement of TGFs on Earth-based
stations, especially regarding the attenuation of the flux, the change of the energy
spectrum or the creation of secondary effects like photoneutrons. This attenuation is
strongly dependent on the column density I(z) = fzoo pdz where z is the altitude and
p is the mass density of air.

Another effect is the modification of the y-ray energy specturm after traveling through
the atmosphere. For ground-based observations it is mostly the low-energy photons
which are strongly attenuated before reaching the detector. As a consequence, the signal
primarily consists of photons with energies above 1 MeV unless the event is very nearby
which was found by GEANT4 simulations |Abbasi et al. [2019]. Also, the estimated
time of arrival at the detector for the photons is broadened. Low-energy photons have

a longer accumulated path length than high-energy photons due to multiple Compton
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Fig. 3.11: Transmissivity calculated with Equation for different input angles 6.
The density of air is set to pg = 1.225kgm™3, the detector altitude is fixed
to hget = 2657m and the vertical distance between detector and TGF source
is set to d = 7434 m, locating the source at an altitude of 10 km. The energy
dependent mass attenuation coefficient p(F) is taken from [Mass attenuation
coefficient].

scatterings which results in dispersed arrival times. Time delays of up to 100 ms can
be observed for TGFs created below 20 km which is quite important since TGFs exist
on such short time scales. However, this time delay is way smaller for ground-based
observations since the photons dont need to travel hundreds of kilometers to be detected.
If the TGF contains enough high energy photons with energies £ > 10 MeV there is a
chance for photonuclear reactions happening in the atmosphere such as

UN 4+ v — BN + n and %0 + v — O + n. This reaction creates fast neutrons
and after these are thermalized by mainly elastic scatterings with 4N, neutron capture
happens through the reaction N + n — ®N. The isotope °N is an excited state so
it immediately emits nuclear v-rays and de-excites within picoseconds |Lieb, [1966]. A
measurable burst of decaying y-rays is called TGF afterglow which is dependent on the
timescale of the thermalization but typically lasts for about 200 ms [Wada et al., [2019al,
2025|. These photonuclear reactions are illustrated in Fig. [3.12]
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Fig. 3.12: (a) Possible photnuclear processes happening during a lightning discharge.
(b) Drift of the positron-emitting cloud and diffusion of neutrons which are
produced in photonuclear processes during lightning discharges. Taken from
[Enoto et al., 2017].
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3.3 Terrestrial Gamma-ray Flashes

In this chapter, an overview of TGFs is given and their physical properties and pro-
duction mechanisms are described in detail. Previous measurements and works are

explained, especially these with comparable setups and assumptions.

3.3.1 Overview and Physical Properties

TGFs are characterized as intense bursts of gamma rays on a sub-millisecond timescale,
representing the most intense radiation generated naturally on Earth. These bursts are
believed to originate from thunderclouds within the Earths atmosphere and are predom-
inantly detected by satellites [Hongbo et al., 2019b, |Wada et al., 2019b]. The initial
measurement of TGFs was conducted by Fishman et al.| [1994], utilizing the Burst And
Transient Source Experiment (BATSE), which was mounted on the Compton Gamma
Ray Observatory (CGRO) |Dwyer and Uman, 2014]. Initially, TGFs were mistakenly
associated with Sprites occurring at altitudes exceeding 30 km. This association was
later disproved by Dwyer et al. [2005] and it was shown that they originate from thun-
derclouds at comparatively lower altitudes of around 10 — 15 km. While TGFs are pri-
marily observed by satellites like the Reuven Ramaty High Energy Solar Spectroscopic
Imager (RHESSI), the Fermi Gamma-ray Burst Monitor (GBM), the Astro-rivelatore
Gamma a Immagini Leggero (AGILE) or the Atmosphere-Space Interactions Monitor
(ASIM), as used by [Skeie et al. [2022] and |Liu and Dwyer| [2013]|, they are associated
with the leaders of mostly intracloud lightning discharges occurring near the top of
the thunderclouds. There have also been reports of their detection at ground level or
at altitudes typical for aircrafts at around 10km — 15km [Wada et al. 2019b, |Abbasi
et al.| 2019, Paras and Pooja, 2021, Dwyer and Uman), 2014].

TGFs are primarily generated within thunderclouds or just above at altitudes ranging
from 9km to 21 km which is part of the tropopause as seen in Fig. [3.2] One reason for
this observation is the presence of spectral characteristics that are incompatible with
sources originating from greater altitudes (>21km) [Skeie et al. 2022|. Interstingly,
downward-directed TGF are more frequently located at considerably lower altitudes,
such as those documented during winter storms in Japan which have altitudes of around
2.5km |[Wada et all [2019b]. In the initial measurement conducted with BATSE, the

duration of TGFs was approximated to be within the millisecond range. However, it
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was subsequently discovered that these findings were adversely affected by the substan-
tial dead-time and trigger bias of the measurement instruments. Further investigations
revealed that the duration of TGFs varies from approximately 10 us to several hundred
ps with a median TGF pulse duration of 100 us [Dwyer and Uman| 2014]. TGFs con-
sist of either a single pulse or multiple pulses, as shown by later experimental results
[Dwyer et all, [2017]. The fluency of those events is approximately 0.1 phcm™2 at an
altitude of 500 km. This suggests a number of runaway electrons originating from the
thunderclouds source, estimated to be around 10'" [Dwyer et al., 2012, 2017].

An analysis of the cumulative spectrum of 100 recorded AGILE TGFs indicates the
presence of a high-energy power-law component up to an energy of about 40 MeV.
The spectrum for higher energies is not further consistent with that predicted by the
Relativistic Runaway Electron Avalanche (RREA) process followed by bremsstrahlung
emission |[Dwyer et al., [2012, Marisaldi et al., [2013]. The RREA model predicts an av-
erage energy of the runaway electrons at around 7.3 MeV and with this a strong decline
for energies surpassing 40 MeV [Liu and Dwyer} |2013|. In comparison to the spectra
of Gamma Ray Bursts (GRBs), other cosmic sources and solar flares, the spectrum of
TGFs has been acknowledged to exhibit significantly harder characteristics than those
of other sources, i.e. a powerlaw spectral index of >1.0 [Marisaldi et al., 2013|. For
the TGFs to be measured they need to traverse the atmosphere in which Compton
scatterin is happening. Due to this scattering effect the spectrum is slightly soften and
the arrival times are delayed |[Dwyer et al., 2012].

It has been established that TGFs are deeply correlated with lightning phenomena, as
they generally coincide with the observable electrical activities associated with thun-
derstorms. Lyu et al.| [2015] showed the strong correlation between Electric In-cloud
Pulses (EIPs) and TGFs. Usually, TGFs manifest during the initiation phase of the
lightning discharge, concurrently with the presence of robust electric fields at the tip of
the lightning leader that are necessary for the acceleration of electrons to higher ener-
gies. These flashes are created during the upward negative breakdown phase that marks
the start of intracloud lightning discharges [Hongbo et al.| [2019b|. Furthermore, it has
been observed that TGFs predominantly occur after the initiation of lightnings, specif-
ically during the initial phase of positive intracloud lightning when a negative leader
traverses the space between the main negative and positive region in a thundercloud
[Dwyer and Uman)|, 2014} [Skeie et al., 2022|. Very Low Frequency (VLF) radio atmo-
spherics, commonly referred to as sferics, generated by lightnings, occur concurrently
with TGFs within a temporal window of several hundred microseconds. This temporal
association has been justified by measurements from both RHESSI and AGILE |[Dwyer
and Uman, 2014, Dwyer et al.| 2017]. |Ostgaard et al.| [2008] concluded that the TGF-
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associated radio signals are produced either by the hot-leader lightning channel or the
TGF or a combination of the two |[Paras and Poojal 2021]. In general, there are three
different types of interaction between sferics and TGF: simultaneous occurrence, a few
milliseconds of temporal difference or when the radio signal is hundreds of milliseconds
subsequent to the TGF. The radio signals that have been measured may originate di-
rectly from the runaway electrons and the associated currents generated by low-energy
electrons and ions [Lindanger et al., 2022].

In conclusion, it is relevant to highlight the significant distinction between TGFs and
other atmospheric phenomena related to lightning. TGFs are fundamentally shorter in
duration compared to gamma ray glows, which can persist for several minutes. Despite
their common origin, TGFs are differentiated by their duration, luminosity and tempo-
ral alignment concerning lightning discharges. This similarly applies also to the relation
with Blue Jets and Gigantic Jets, as these phenomena occur over a significantly longer
period of time compared to TGFs. While TGFs duration is in the range of milliseconds
the duration of Jets exceeds to up to a few tens of milliseconds [Dwyer and Uman), [2014]
Surkov and Hayakawal [2012a)].

3.3.2 Relativistic Runaway Electron Avalanche

The leading central approach for describing and explaining high energy atmospheric
phenomena, especially TGFs, is the so-called RREA model, schematically shown in
Fig.[3.13] Even though this model is widely spread and accepted, there are still several
aspects which cannot be explained. For instance the highest achievable energies of up
to 100 MeV which translate into the maximum voltage drop that can be established
in the thunderclouds [Marisaldi et al., 2013]. Also, the connection with lightnings and
cloud microphysics or the overall occurrence of TGFs are a topic of current research
[Dwyer and Uman), 2014} Marisaldi et al. 2013].

The main idea of runaway electrons was already introduced by |[Fishman et al.| [1994].
Gurevich et al. [1992] expanded this concept by showing that after including Mgller
scattering, the runaway electrons undergo an avalanche multiplication. Magller scat-
tering describes the scattering of high-energy electrons with atomic electrons which
leads to the multiplication effect. So, RREA in general is described as an avalanche of
electrons with relativistic runaway energies which increase exponentially with time and
distance [Marisaldi et al., 2013, Dwyer and Umanl 2014].

In order to create RREAs some of the scattered atomic electrons need to have energies
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Fig. 3.13: Sketch of the RREA model. Taken from \ 2021]

E above a threshold energy so that they also become runaway electrons which run away
with the initial electrons whereby the avalanche gets strengthened. The threshold field

to create the necessary energies was found to be

Fy = 2,84 x 107 x L (3.14)
m

I

where n is the density of air and ny is the density of air at STP [Dwyer, 2003, |2008].
While the previously introduced electric field Ey describes the field where a plasma

channel is created, the field E, relates to the acceleration of electrons. Electric fields
of this magnitude were already measured and proven to exist inside of thunderclouds
[Abbasi et al.,[2019]. Ey, is slightly larger than the break-even field, describing the min-

imum value of the ionization energy loss curve [Marisaldi et al., [2013]|. Although the

RREA mechanism is frequently referred to as runaway breakdown, it is not a true elec-
trical discharge since it typically relies on an external source for it to happen. This could
be high-energetic natural radioactivity, cosmic rays and/or solar particle events (SPEs)
[Dwyer}, [2008]. This mechanism can become self-contained in the extreme electric fields
near lightning leader tips. In these regions, thermal runaway processes accelerate the
high-energy tail of the electron population into the runaway regime. This internal
injeciton allows the RREA to proceed independently of external radiation |[Marisaldi
, . Because the RREA mechanism relies on external seed electrons to initiate
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runaway avalanches, the resulting runaway flux is dependent on the flux of inital seed
electrons. Consequently, while RREAs increase the total number of runaway electrons,
this output remains linked to the availability of seed electrons. This relationship, where

the RREA serves as a multiplier of the initial population, can be described by:

L
dz L
FRREA = Fseed exp (/ 7) = Fseed exp (X)? (315)
0

with L being the vertical acceleration length in z-direction, A being the avalanche length
which is the characteristic length scale and Fi..q is the flux of initial seed electrons in
electrons cm~2s~! [Marisaldi et al., 2013, [Wada et al. 2019a]. One can compare RREAs
to low-energy electron avalanches, except the length scale A for avalanche multiplication
is different. This so-called e-folding length describes the distance at which the number
of runaway electrons increased exponentially by a factor of e and can be described
with
7.3 x 10V

A= 3.16
E—276x10°Y x (3.16)

ng

where 7.3 MeV is the average energy of runaway electrons which was estimated from
Monte Carlo Simulations and is the elctric field in Vm™! [Dwyer, 2008, Dwyer and
Uman, 2014]. While for low-energy electron avalanches with energies of a few eV, A
is in the range of sub-millimeters, for RREAs it is in the range of tens to hundreds of
meters |[Dwyer and Uman) 2014, Marisaldi et al., 2013].

RREA models of TGFs are tied to the source of the energetic seed electrons and produce
a unique energy spectrum which is nearly independent of the surrounding conditions
like gas density, electric field strength or the details of the seed population [Dwyer,
2008]. After a few avalanches this spectrum approaches a steady state configuration, so
the overall shape of the spectrum does not change, even though the number of electrons
is increasing. The reason for this is that the individual electrons gain energy on the one
hand but on the other hand create new low-energy electrons through Mgller scattering.

This steady state runaway electron energy distribution becomes

FrrEA —€
- fRREA o "€ 1
fre = T3 ey P <7.3MeV) (8.17)

where Frrga is the given flux and ¢ is the kinetic electron energy [Skeltved et al.l
2014).
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Fig. 3.14: Sketch of the RREA model with feedback mechanism. The origin is a high
energy seed electron which travels down the thundercloud and creates more
free electrons due to Mgller scattering. This avalanche production is described
by the RREA model. Reaching the end of the avalanche the electrons get
scattered back to the beginning of the avalanche to create more subsequent
avalanches there, increasing the flux and the number of free electrons over all.
Taken from [Dwyer et al., 2012

3.3.3 Feedback Mechanism

After describing the RREA model in Section [3.3.2]it is to mention that there are several
challenges for explaining TGFs utilizing this model. Therefore, proposed
a new additional mechanism referred to as the relativistic feedback, aimed at addressing
the limitations of the previous RREA model, which modifies the dynamic of runaway
electron production [Dwyer and Uman| 2014]. This feedback mechanism, the so-called
Relativistic Feedback Mechanism (RFM), builds upon the principles studied by
11925 who described the energy gain of electrons in an electric field. He proposes a

positive feedback effect by incorporating the physics associated with backscattered -

rays and positrons resulting from ~-ray pair production where both propagate to the
initiation point of the avalanche region and generate new avalanches. Through this
procedure an exponential growth in avalanches is created which is schematically shown
in Fig. [3.14] The whole process is analogous to the Townsend discharge where positive
ions and UV photons produced by the electrons in an avalanche may interact with at-
mospheric constituents, producing additional free electrons and consequently secondary

avalanches [Kelley et al.| 2015, Dwyer and Uman, 2014].
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The RFM is predominantly comprised of two distinct processes. The first one is the
positron feedback mechanism wherein runaway electrons emit bremsstrahlung X-rays
that leads to pair production within the atmosphere. The resulting positrons are
subsequently accelerated in the electric field, opposing the direction of the electrons.
Upon reaching the start of the avalanche the positrons can generate additional runaway
electrons through hard elastic scattering with atomic electrons present in the air (i.e.
Bhabha scattering) whereby secondary avalanches are created as a result. This positron
feedback is typically predominant for lower electric field strengths £ < 750kVm~!xn
[Dwyer and Uman, 2014, Dwyer et al., 2012].

An alternative process is the v-ray feedback wherein bremsstrahlung X-rays or v-rays
undergo Compton backscattering. When these backscattered photons reach the start
of the avalanche and generate runaway electrons through Compton scattering or pho-
toabsorbtion, a secondary avalanche is created. This feedback mechanism prevails for
higher electric field strengths £ >750kVm ! X n,;, where ney is the density of air
relative to that at sea-level at standard conditions, as it requires shorter avalanche
lengths in comparison to the the positron feedback. This is due to the fact that the
photons created through Compton scattering have a shorter attenuation length relative
to runaway positrons. While the positrons are able to travel in the range of a kilometer
on sea-level, photons have a range of a few hundred meters [Dwyer and Uman), [2014].
A very important factor or property for describing the RFM is the so-called feedback
factor v which describes the relation between the amount of runaway electrons com-
pared to the amount of runaway electrons in the previous cycle. If this feedback factor
exceeds the value 1 the whole discharge process is called self-sustaining and independent
of the amount of seed particles. Once the relativistic feedback becomes self-sustaining,
this state is referred to as relativistic breakdown. Unlike the runaway breakdown from
Section the relativistic breakdown produced by the RFM is a true electrical break-
down since the discharge is self-sustaining and results in a collapse of the electric field.
With this breakdown happening, the large-scale electric field will be discharged in less
than a millisecond and moreover the resulting flux of runaway electrons is up to 103
times larger than from the RREA mechanism alone [Dwyer and Uman| 2014, Dwyer,
2008]. So, including the relativistic feedback mechanism is one approach to explain the
high fluxes and short durations of TGFs.

The relativistic feedback limits the RREA multiplication factor to below v < 10° which
is a reasonable factor for thundercloud fields |[Dwyer et al., [2012]. TGFs can consist
of either a single pulse or multiple pulses. These multiple pulse signals can also be
generated by the relativistic feedback streamers. This pulsing behavior is due to the

interplay of low-energy electron and ion currents which impact the electric field in the
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avalanche area. Specifically, when the flux of runaway electrons becomes too large due
to the feedback mechanism, the feedback factor v is decreased because of the discharge
at the end over the avalanche by low-energy electrons. This then terminates the run-
away electrons and hence the gamma-ray pulse. After the pulse the current in the
region behind the avalanche region is increased over a few milliseconds which then puts

the feedback factor v again > 1 [Dwyer and Umanl 2014].

3.3.4 Previous Measurements

This section summarizes key quantitative and observational results from both space-
born instruments and ground-based experiments investigating TGFs. These measure-
ments provide crucial constraints on theoretical production models, in particular the
RREA mechanism and its extension through relativistic feedback, which together form
the foundation of current TGF theory. TGFs have been extensively studied through
observations from space-based instruments such as BATSE, RHESSI, AGILE, Fermi
GBM, and ASIM and, more recently, from ground-based facilities |Marisaldi et al.,
2013, [Dwyer et al., 2017, Collier et al., 2011}, Chaffin et al., 2024]. These measurements
have provided critical constraints on the intrinsic physical properties of TGF sources,
including their altitude, energy spectrum, duration, and fluence.
A central aspect of TGF research is the determination of the source altitude, as both
the particle acceleration process and the resulting photon spectrum strongly depend
on the atmospheric density at the emission site. Systematic analyses combining Monte
Carlo simulations with spectral observations have since placed strong constraints on the
source location. Comparisons between simulated bremsstrahlung spectra and RHESSI
observations indicate that upward-directed TGFs originate predominantly in the tro-
posphere and lower stratosphere, at altitudes between approximately 15 km and 21 km
above sea level [Paras and Poojaj, 2021}, |Collier et al., 2011, Dwyer and Smith|, [2005].
Source altitudes exceeding 24 km are generally incompatible with the observed spec-
tral hardness due to excessive atmospheric attenuation |Gjesteland et al.; 2011} |Carlson
et al], [2012]. Measured RHESSI spectra are illustrated in Fig. [3.15

In addition to space-based observations of upward-directed TGFs, ground-based ex-
periments have provided important insights into downward-directed events, which im-
ply significantly lower source altitudes. Measurements during winter thunderstorms
by Wada et al.| [2019b]| revealed downward TGFs consistent with source altitudes of

2500 £ 500 m, as constrained by Monte Carlo simulations and ionization chamber data.
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Fig. 3.15: (a) TGF photon spectra measured by RHESSI and BATSE, showing the char-
acteristic hard spectrum extending up to tens of MeV. The lower four coloured
curves show the X-ray emission spectra calculated by the Monte Carlo sim-
ulation for different values of the electric field in the avalanche region. The
black solid curve was corrected for the instrumental response with the source
asusmed to be located at an atmospheric depth of 50 gecm~2. This corresponds
to an altitude of 21 km. The bottom RHESSI data was corrected for the instru-
mental response assuming a E~! powerlaw. (b) TGF count spectra measured
by RHESSI as well as the X-ray emission spectra which are corected for the
instrumental response. The spectra were simulated using Monte Carlo simula-
tions with a runaway breakdown field of E = 400kVm ™! and four atmospheric
depths. The spectra are normalized to the 10 MeV RHESSI point. Taken from
[Paras and Poojal, 2021].
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Such low altitudes are characteristic of the charge structure of winter thunderclouds.
While no direct TGF measurements have yet been reported from the Zugspitze research
station, extensive modeling has been performed for comparable high-altitude experi-
ments, such as the Gamma-Flash experiment at Mt. Cimone (2165 m a.s.l.) [Ursi,
. These studies define a ‘detectability region’” within which TGFs can survive at-
mospheric attenuation and be detected at ground level. For a typical TGF emitting
~ 10'8 photons within a 40° half-angle, visualized in Fig. this region extends up
to approximately 4km in horizontal distance and up to 10km in altitude above sea
level. The shape of this region is governed by the atmospheric mass content, which
decreases exponentially with altitude. used GEANT4 simulations to model
the propagaiton of the v-rays through the atmosphere and employed a cutoff powerlaw
at 6.6 MeV as the source energy spectrum. The researchers determined that the de-
tectability region experiences significant lightning activity with an estimated 60 — 730
lightning flashes per year in their investigable area.

TGF energy spectra are notably hard, with a power-law index around —1, placing

Feoll

\J

Fig. 3.16: Schematic (L,H) diagram of a TGF emission with half-angle «. Radiation
emitted from a source at altitude z crosses different atmispheric layers at alti-
tudes H with different average densities p(H). reon describes the radius of the

dome which is housing the -ray detector. Taken from 2021].
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strong constraints on the underlying acceleration mechanisms, most probably being
bremsstrahlung. Photon energies typically extend up to 20 MeV, with several measure-
ments reporting energies reaching 40 MeV. Early AGILE observations even suggested
spectral components approaching 100 MeV. However, subsequent studies demonstrated
that these high-energy features can be reconciled with standard RREA-based spectra
when instrumental effects such as dead time and pulse pileup under high-flux conditions
are properly modeled |[Marisaldi et al., 2019]. Overall, the intrinsic source spectrum is
well described by bremsstrahlung emission from RREASs, typically modeled as a power
law with an exponential cutoff, with a characteristic e-folding energy of approximately
7.3 MeV. This e-folding energy represents the energy interval over which the spectral
flux decreases by a factor of e within the exponential tail. [Paras and Pooja, 2021].

The observed TGF photon spectrum can be described by a power law with an expo-

nential cutoff, expressed as

AN EN\! E
b ¢ - 1
dE (Epiv> P < Ecutoff) 7 (3 8)

where K is the normlaization constant, E;, is the pivot energy and E.uox describes

the cutoff energy. The observed photon spectrum is strongly influenced by atmospheric
propagation effects and the angular distribution of the emission. TGFs are inherently
anisotropic, emitting radiation into a relatively narrow cone aligned with the local elec-
tric field while the width of this emission cone is related to the geometry and electric
field of the source region. Spectral softening is observed at large viewing angles (> 40°)
due to enhanced Compton scattering which provides an important constraint on the
beam geometry. These measurements indicate typical emission half-angles in the range
of 30° < a < 40°, consistent with production in a vertical or near-vertical electric field
|Gjesteland et al., |2011].

Temporal measurements provide valuable insights into the involved discharge processes.
Observed durations are mostly in the sub-millisecond range, with T values (containing
the central 50% of counts) ranging from 20 us to 1 ms|Dwyer et al., 2017]. Ground-
based observations of downward TGFs reveal even finer temporal structure, consisting
of multiple discrete pulses with individual durations of < 10 us spread over several
hundred microseconds, originating at altitudes of a few kilometers above ground level
[Abbasi et al., 2019]. It has been suggested that the smoother and longer-duration
pulses observed from space result from atmospheric scattering processes, particularly
Compton scattering, which temporally broaden and merge these short emission com-
ponents. A measurement of multiple TGF pulses is shown in Fig. [3.17]
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Fig. 3.17: Lightcurve measurement of GBM TGF110828435. The dotted lines show the
fits of the single pulses. The overlapping of several pulses is visible. Taken
from [Foley et al., 2014].

Beyond spectral and temporal properties, the observed intensity of TGFs provides one
of the strongest constraints on their production mechanisms. To create these intensities,
the production of 10'¢ to 107 runaway electrons with energies exceeding 1 MeV is nec-
essary, depending on the source altitude [Dwyer, 2008|. Ground-based measurements
of downward TGFs for energies >1 MeV suggest even larger particle numbers, with es-
timated avalanche electron counts of 8% x 10'® for source altitudes near 2.5km [Wada
et al., 2019b|. These large particle numbers indicate that the basic RREA process must
be significantly amplified, often requiring the inclusion of the relativistic feedback mech-
anism. Wada et al.| [2019b] performed measurements using BGO crystal scintillators
and ionization chambers to measure the TGF and the correlated total radiation dose.
They also performed Monte Carlo simulations employing GEANT4 to translate the
dose measurements into physical parameters. Key findings were a TGF duration of less
than 1 ms with a separation time of about 0.7 — 1.5 ms. They confirmed that the TGFs
were intense enough to trigger photonuclear reactions in the atmosphere, which was
evidenced by a sub-second decay of v-rays from neutron capture and a 10s afterglow
from positron annihilation.

TGFs exhibit a strong temporal and spatial correlation with lightning activity. Cross-
correlation studies using RHESSI and the World Wide Lightning Location Network
(WWLLN) show that TGFs typically precede the associated lightning discharge by ap-

proximately 0.77 ms, suggesting that y-ray emission occurs during the initial stages of
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lightning development rather than during the return stroke |Collier et al., 2011, Chaffin
et al., 2024]. TGFs are usually associated with IC lightnings while a subset of TGFs
is correlated with a distinct radio signature where the temporal shape of the signal
matches the duration of the TGF. These include slow pulses, whose microsecond-scale
durations closely match those of TGFs. They are commonly interpreted as the output
of the RREA process itself, as well as EIPs, which are characterized by exceptionally
high peak currents. EIPs associated with TGFs have been observed with peak currents
exceeding 200 kA, particularly during the negative leader stage of positive intra-cloud
lightning [Dwyer et al., [2017, [Hongbo et al., 2019a].

3.4 Background Radiation And Disturbances

This section provides an overview of the various sources of background radiation and
disturbances that can impact the detection and analysis of TGFs. Understanding these
sources is crucial for accurately interpreting TGF measurements and distinguishing
genuine TGF signals from background noise. The main sources of background radiation
include natural radioactivity, cosmic rays, and SPEs. Each of these sources contributes
to the overall radiation environment in which TGFs are observed and can influence the

detectability of TGFs measured at high altitudes or in space.

3.4.1 Natural Radioactivity

Natural radioactivity is an omnipresent process on Earth and has to be taken into
account when observing TGFs. There are two main sources of natural radioactivity,
namely terrestrial radioactivity and cosmogenic radioactivity. The majority of the
measurable radioactivity originates from the terrestrial radionuclides, which naturally
occur in the ground and stones so they are abundant in Earth’s crust and mantle. There
are two possibilities for the origin of natural radionuclides: either they have a half-life
time comparable to the Earth’s age or they are continuously created. The members
of the former case are called primordial radionuclides with typical representants being
uranium (?*8U, 235U), thorium (***Th), and potassium (*°K). The v-ray spectra of
these isotopes are shown in Fig. [3.18 The radioactive decay of these isotopes is the

reason for approximately half of the Earth’s internal heat balance. When working
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Fig. 3.18: y-ray lines for the four isotopes: (a) 233U, (b) 23U, (c) 2*2Th, and (d) “°K.
The spectra for the isotopes were obtained by performing simulations with
the geometrical model used in this work. The shown v-ray peak conicide with
literaure values found at []Gamma—ray spectraﬂ.

with Naturally Occuring Radioactive Material (NORM) one is primarily interested in
the primordial radionuclides as well as in the resulting decay products. These are of
primary interest because their high geological half-lives ensure a universal presence in
the Earth’s crust, serving as the constant source for long decay chains that produce
radiologically significant daughter isotopes. [Romano et al., 2021} |Kovler et al., [2017].
When radionuclides decay there are three main modes as shown in Fig. a-decay,

B-decay and y-deexcitation. a-radiation consists of a “He nucleus with 2 protons and 2

neutrons. This composition gives it a high mass compared to the products of other decay
processes. Its ionizing effect is very high, so as a consequence the penetrating power
is low, making it unable to penetrate a piece of paper. [-radiation on the other hand
is composed of high energy electrons (57) or positrons (57). ‘During a S~ -decay the
radionuclide transforms a neutron into a proton while emitting a high energy electron,

while in a S*-decay the radionuclide transforms a proton to a neutron while emitting
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Fig. 3.19: A ‘parent’ nuclide decays into a ‘daughter’ nuclide by emitting particles and
energy. The main types of decay are: (a) a-decay: a radionuclide emits an
a-particle which is a He core composed of 2 neutrons and 2 protons while the
resulting nuclide is reduced by these four nucleons; (b) S~ -decay: a neutron
is transformed into a proton while a high-energy electron is emitted; (c¢) 8-
decay: a proton is transformed into a a neutron while a positron is emitted;
(d) y-deccay: a radionuclide in an excited state reaches a lower energy state
by emitting y-rays. Taken from [Romano et al., 2021].

a high energy positron.” The ionizing effect is lower compared to a-radiation which

results in a higher penetration power. v-radiation consist of high-energy photons which

is released when the radionuclid makes a transition from an excited state to a state of

lower energy. Because photons have no mass and charge, they interact less frequently

with matter compared to charged particles. This results in a lower ionization density

of y-radiation, making the penetration power high [Romano et al., 2021].
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3.4.2 Cosmic Rays and Solar Particle Events

Cosmic rays are a second source of natural radioactivity and can function as the origin
or seed of TGFs as mentioned in Section [3.3.2l They can be divided in two compo-
nents: galactic cosmic rays (GCR) and solar cosmic rays (SCR) which are created
during SPEs.

GCRs are produced and accelerated in general as a consequence of stellar flares, super-
nova explosions or as a side product of pulsar acceleration or outbursts of active galactic
nuclei. They are composed mainly of protons (~ 95%) and a-particles (~ 3.5%) while
the rest are heavy nuclei with atomic numbers 3 < Z < 90 |Bell, 2013, |(O’Brien et al.|
1996]. It is to mention that electrons and photons are emitted by GCRs but their
contribution at the terrestrial radiation dose is negligible. The energy distribution of
cosmic rays follows approximately £~ with v =~ 2.6. Above energies of 1PeV the
spectrum steepens to v =~ 3 |Bell, 2013, (O’Brien et al., |1996].

When the GCRs travel through the solar system solar modulation can happen because
the solar system is filled with an expanding completely ionized plasma (the solar wind)
which contains frozen-in irregular magnetic fields. By scattering at these irregularities
the cosmic radiation loses energy. Since this is a result of the solar flares or Coronal
Mass Ejections (CMEs) , the flux as well as the composition of the cosmic rays hitting
the Earths atmosphere and in general the frequency of appearing SPEs varies with the
11-year solar cycle — with increasing solar activity the intensity of GRCs is decreasing
|O’Brien et al., [1996].

As soon as the GRCs interact with the atmosphere, secondary particles are created so
the cosmic radiation field near the ground consists almost exclusively of secondary par-
ticles, namely muons and neutrons. Also, the interaction of GCRs with the atmosphere
creates cascades of secondary particles and cosmic radionuclides like Carbon (*C),
Tritium (*H), Sodium (**Na), and Beryllium (°Be) |[Masarik, 2009]. This interaction
starts right at the top of the atmosphere, reaching a maximum at an atmospheric depth
of 100 — 200 g cm~2 and the energy spectra of these interactions reach up to several hun-
dreds of GeV |O’Brien et al., [1996|. Expressed as mass thickness, this unit represents
the integrated columnar density along the particle’s path, effectively normalizing the
variable atmospheric density. This allows for a consistent description of the depth at
which the primary flux has undergone sufficient collisions to maximize secondary par-
ticle production.

While cosmic rays have their origin outside of the solar system, SPEs are created inside

of the Sun since they are high energy particles created through solar flares or CMEs.
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\ Flares CME Shocks
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Fig. 3.20: Two types of SPEs: impulsive events (left) and gradual events (right). Impul-
sive events are produced by solar flares, populating the interplanetary mag-
netic field lines connected to the flare site. The gradual events are produced by
large-scale CME driven shock waves which accelerate particles and populate
interplanetary magnetic field lines over a large longitudinal area. Taken from
[Hu, [2017].

There are mainly two types of SPEs: impulsive and gradual events, which is illustrated
in Fig. 3.20f Impulsive events are directly connected to solar flares. These are ener-
getic explosions at the surface of the Sun, occuring when built up magnetic energy in
the solar atmosphere is suddenly released. The events produced here create a stream
of high energy particles which are oriented along the magnetic field lines of the flare.
CMEs are the drivers of gradual events. These involve large eruptions of the corona at a
location up to several solar radii away from the Sun. The events produced there involve
energetic particles which interact with collisionless shock waves so they are propagating
in every direction, populating magnetic field lines over a broad range of longitudes [Hu,
2017).

3.4.3 Radiation Background in Alpine Environments

The detector setup takes place in the German-Austrian alps so it is quite important to
take into account the radiation we measure there as a background. Therefore we need
to keep in mind that as well as the cosmic radiation changes with altitude and latitude
the NORM also changes with rock formation and soil composition. As mentioned in
Section the most common occuring natural radiation materials are Uranium,
Thorium and Potassium. Since the dose of 2*U is 20 times less than the dose of 28U
the main focus is on the 238U, 232Th and “°K series. The decay chains of 238U, 23°U,

232Th, and ‘'K are visualized in Fig. [Romano et al., [2021, Kovler et al., 2017].
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Fig. 3.21: (a) Decay chains of: 238U, 235U, and 232Th. (b) Decay scheme of 'K
from [Porcelli and Baskaran, 2020, [Fiorentini et al., 2007].
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4 Measurement Site and Detector

System

The experimental setup and its environment are decribed in this chapter. Since the

measurement site can influence the detection of TGFs it is explained in detail here.

4.1 Zugspitze Research Station UFS

The UFS is located near the summit of the Zugspitze mountain, on the German-
Austrian border, at 47°24’59.8" N longitude (lon) and 10°5846.5" E latitude (lat).
The station consists of three measurement platforms, all constructed from concrete.
While some laboratories are located inside the building, most scientific instruments are
installed outside to allow for the direct observation of atmospheric and environmental
conditions at high altitude. The UFS and its location are shown in Fig. [£.1] The UFS
is operated by a consortium of various partners, including research institutes such as
the ‘Deutsche Zentrum fiir Luft- und Raumfahrt’ (DLR) as well as universities like
the Technische Universitdat Miinchen (TUM) and the Julius-Maximilians-Universitét
Wiirzburg (JMU). As a result, a wide range of scientific experiments are conducted
at the station. The main research areas include cloud dynamics and atmospheric pro-
cesses, cosmic rays and radioactivity, hydrology, and satellite-based Earth observations
[Schneefernerhaus, [2025].

There are several compelling reasons to conduct TGF measurements at the UFS. Firstly,
its high-altitude location near the summit of the Zugspitze significantly reduces the
atmospheric attenuation of 7-rays, increasing the likelihood of detecting TGFs from
closeby thunderstorms. Additionally, the alpine region is regularly affected by thun-
derstorms, providing frequent opportunities for TGF-related observations. The UFS
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Fig. 4.1: The UFS located at the mountainside of the German-Austrian alps. It consists
of several measurement platforms concisting of concrete. Several institutes col-
laborate to this research station.

is also equipped with extensive scientific infrastructure, including power supply, data
acquisition systems, and meteorological instrumentation. This existing setup greatly
facilitates the implementation of a TGF experiment, reducing the effort and complexity
compared to deploying a similar system at a remote or undeveloped location.

The Kugelalm shown in Fig. is the hut where the scintillation detector for perform-
ing the measurements will be placed, located at 2657 m altitude on the lowest one of
the concrete measurement platforms. It is of triangular shape and its roof consists of
a wooden and an aluminum layer. This is to protect the inside from snow, wind and
cold temperatures and moreover, it is heated to 15°C during winter. It houses several

detectors and electric equipment to measure y-rays and SPEs, among others.
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Kugelalm

Fig. 4.2: The Kugelalm houses several scientific instruments. The detector used in the
simulations is located inside the Kugelalm, shielding it from the weather.

4.2 Detectors and Detection Principle

The detection principle for the type of detector used in this work is described in this
chapter. It is further explained how imaging and spectral response of this detector type

works.

4.2.1 Concept of Detector Response

To investigate incoming ~-rays, the application of scintillation detectors such as Nal(T1)
is extensively utilized. The concept of the 7-ray detection process is illustrated in
Fig. It starts with the penetration of particles or 7-rays into the scintillation
crystal. It is important to mention that this process is stochastic, meaning that not
every photon of the same energy creates the same pulse which leads to an energy
resolution. The atoms and molecules interact with the incoming photons, resulting in
the excitation and ionization of them. These excited atoms and molecules return to
their ground state by emitting a photon characterized by a specific energy. This emitted
photon then traverses to the photo cathode of the detector whereby photo electrons are
emitted. By integrating a Photo-Multiplier Tube (PMT), the amount of photoelectrons
can be multiplied to generate a voltage pulse at the anode. This pulse can then be be
subjected to analysis and recording. By measuring the energy of the emitted photons
and their corresponding secondary particles, one can infer properties related to the

initial input.
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Fig. 4.3: Sketch of a scintillation detector

Imaging Response

An imaging response characterizes the systems ability to detect radiation as a function
of its incoming direction. For the case used in this thesis this response is anisotropic
due to the fact that the utilized detector is cylindrical and this detector is placed at
the Kugelalm which is of triangular shape.

The primary metric for the imaging response is the effective area A.z(0, ¢), represent-
ing the product of the geometric cross-section with the detector efficiency. Since the
detector is located inside the UFS infrastructure the reponse needs to account for the
shielding effects of the Kugelalm roof and the surrounding mountainside topography.
To quantify this, the imaging response is determined through Monte Carlo simulations.
By simulating either a single far-field source with varying energy or multiple far-field
sources distributed across the entire upper hemisphere, a response model is generated
that accounts for both the intrinsic angular dependence of the scintillator and the ex-
trinsic shielding caused by the local horizon and structural materials. These simualtions
are carried out as described in Section [6.4] where the procedure is described in more
detail.
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Fig. 4.4: Curve of the energy resolution (a) and the FWHM (b) as a function of the input
energy of a Nal detector. Taken from |Demir and Kuluozturk} 2021|.

Spectral Response

The spectral response describes the transformation of the incident photon energy into
a measured energy distribution. This process is characterized by the detector’s energy
resolution and its specific interaction probabilities. Due to the statistical fluctuation in
the scintillation process and the subsequent electron multiplication within the PMT,
monochromatic radiation results in a Gaussian-shaped distribution rather than a dis-
crete line. The energy resolution is typically defined by the Full Width at Half Maximum
(FWHM) of the photopeak. Since Nal is a widely used reference material in scintilla-
tion measurements, Fig. [£.4] illustrates the typical energy resolution and FWHM for a
Nal detctor with cylindrical shape.

Furthermore, the spectral response accounts for partial energy depositions. While the
photopeak represents the full absorption of a photon, the Compton continuum arises
from photons that scatter within the crystal and subsequently escape. In the context
of the UFS research station, the spectral response is also affected by spectral softening
caused by the surrounding structure and the atmosphere. Photons may undergo Comp-
ton scattering in the roof of the detector housing before reaching the active volume of
the Nal crystal, shifting the detected energies to lower values. This is detailed out
further in Section [6.4
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5 Simulation and Modeling

Framework

This chapter introduces the simulation framework used to model the detector response
and the TGF detection probability at the UFS. It outlines the strategy and goals of the
simulations, followed by an introduction to MEGAIlib, the primary software utilized for

conducting the simulations.

5.1 Strategy and Goals of the Simulation

The goal of the simulations and this thesis is to be able to achieve an estimate on the
detection probability of TGFs with different detectors inside the Kugelalm at the UFS.
To do so, idealized and literature based assumptions are used. This work wants to find

out which detector performs best and how many TGFs can be detected with it.

5.2 Introduction to MEGAIib

All of the simulations are performed utilizing the same framewok, which is explained
in detail in this chapter. The different components as well as the machine behind this

framework are described.
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5.2 Introduction to MEGAIib

5.2.1 Components and Tools

The main machinery at which the whole simulation procedure is based on is called ME-
GAlib (Medium-Energy Gamma-ray Astronomy library), which is a C++ library and
consists of a set of programs, used for gamma-ray instrumentation |Zoglauer} [2006a].
The main focus of MEGALlib is on making the whole path from simulations and measure-
ments to high-level data analysis as easy as possible. MEGALIib is based on GEANT4
which is the general-purpose Monte Carlo simulator for everything. To effectively carry
out simulations, MEGALIib is equipped with a variety of tools, each strictly designed to
address a specific task within the broader simulation process |Zoglauer} |2006a].

The initial tool that must be employed is called Geomega (Geometry for MEGALib)
which is the universal geometry and detector description library and has the purpose
of building a mass model of the geometry to be simulated. To do so, Geomega uses
different file types: for building the central input volume (.geo.setup), for defining sub-
volumes (.geo) and for describing detector characteristics (.det). Geomega is able to
create, place and define specific volumes to build a whole setup as accurate as pos-
sible. Therefore, it is possible to choose between different shapes and materials and
give certain properties to these volumes. A necessary step in Geomega is to define the
detecting volume. By doing this, one is able to define distinct energy resolutions or
trigger thresholds which might affect the resulting simulations. At the end Geomega
works like the following: The basis of the geometry is a so called WorldVolume - all
of the volumes a setup is built of are placed inside such an empty WorldVolume. This
WorldVolume also contains a Surrounding Sphere, which is essential for the simulation
part since it defines the starting point and direction of the simulated particles. As soon
as this procedure is done, the simulated particles are started from a plane tangential to
the surrounding sphere, as seen in Fig. [5.1 When the 3D geometry is set up, the next
tool to use is Cosima (Cosmic Simulation of MegAlib) [Zoglauer, 2006a].

Cosima is essentially simulating particles passing through the geometry defined in Ge-
omega and generates Monte Carlo simulations. It is a framework built for carrying out
the actual simulation. This is done through an ASCII input file - called ‘source file’
(.source) - which is then passed to Cosima. The source file contains all of the necessary
simulation properties and has five main sections. First of all there is the geometry sec-
tion where the previously built geometry is included. Internally, the geometry is loaded
by Cosima and the for the simulation necessary parts are translated into GEANT4 ma-
terials, volumes, placements and sensitive detectors |Zoglauer et al.| [2009]. The physics

section describes the required physics list which should be chosen depending on the
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Detector

Fig. 5.1: Sketch of the surrounding sphere to visualize where the simulated photons are
started. Inspired from |Zoglauer| [2006b]

given simulation situation since each option has different properties which are applied
in each run. The following section is the output format. Here, information about the
simulation output is adjusted i.e. if the simulation history is stored, if the entering and
exiting particles are marked or how many significant digits are in the output file. After
this the simulation run is specified with either one or multiple runs. A run is described
by an output file name and a stop criterion like the running time or triggered events and
one or more sources whereby the source itself has the physics of the simulated particles.

Necessary attributes like the particle type, total flux, total energy or energy spectra like

monoenergetic, linear, power law or more attributes are defined |Zoglauer et al., |2009].

The primary output of this process is the simulation file (.sim), a structured ASCII file
that provides a multi-layered record of the detection process. Fig. shows the struc-
ture of a .sim file. While the source file defines the ‘intent’ of the simulation, the .sim file
documents the ‘result’ by categorizing data into three main sections: event metadata,
physical interactions, and detector hits. The first layer contains global metadata for
each simulated particle, such as the unique event ID, the absolute starting time, and
the total energy deposited. Crucially for studies involving shielding or environmental
structures, the header also tracks energy lost in non-sensitive volumes, labeled as passive
material depositions. This allows for a quantitative assessment of how environmental
components, such as a ‘house’ or detector housing, degrade the primary signal or atten-

uate the flux before it reaches the active detector volumes. The second layer consists of
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1} simulation data file
2# Created by Cosima and Geant4 version Name: geant4-10-02-patch-03  (27-January-2017)

3
4Type SIM

5version 101

6 Geometry  /home/pehrmann/Pehrmann/RealisticModel/UFSheasured. geo. setup
7

8 pate 2026-02-08 21:52:59

9MEGAlib  4.00.00

10

11 seed 6342542

12

13 simulationstartAreaFarfield 1.9635e+07
14 BeanType Farfieldpointsource 0 0

15 SpectralType PowerLaw 10 10000 1.0745
16

1778 0

18

195

2010 1 20062

2171 0.000000010

220 423.288

23EC 0
24N 0

25IA INIT 1; 0;0;0.000000000000e+00;1726.23916; 233.20144;2500.00000;0; 0.00000; 0.00000; ©.00000; 0.00000; 0.00000; 0.00000; ©.000;1;-0.00000;-0.00000; -1.00000; 0.00000; 0.00000; 0.00000;  423.288
26 TA ENTR  2; 1;4;7.571904960998e-08;1726.23916; 233.20144; 230.00000;1;-0.00000; -0.00000; -1.00000; ©0.00000; 0.00000; 0.00000;  423.288;0; 0.00000; 0.00000; 0.00000; 0.00000; ©.00000; 0.00000; 0.000
27 TA COMP  3; 1;4;7.580249557218e-08;1726.23916; 233.20144; 227.49835;1; 0.79309;-0.39323;-0.46516; 0.00000; 0.00000; 0.00000; 60506; 0.30000;-0.73750; ©.00000; ©.00000; 0.00000;  103.879
28 TA COMP 4; 1;4;7.580345319041e-08;1726.26193; 233.19015; 227.48500;1; 0.48360;-0.79425;-0.36783; 0.00000; 0.00000; 0.00000; 68989; 0.67956;-0.24951; 0.00000; ©.00000; 0.00000;  23.508
29 TA COMP 5; 1;4;7.598899621221e-08;1728.95193; 228.77219; 225.43897;1; 0.52572;-0.39142;-0.75525; 0.00000; 0.00000; 0.00000; 00190;-0.80070; 0.59906; .00000; ©.00000; 0.00000;  18.265
30 TA COMP 6; 1;4;7.606397280367e-08;1730.13362; 227.89239; 223.74135;1;-0.82905; 0.46003;-0.31789; 0.00000; 0.00000; 0.00000; 76102;-0.49622;-0.41787; ©.00000; ©.00000; 0.00000;  116.914
31IA RAYL 7; 1;4;7.607471762422-08;1729.86657; 228.04057; 223.63895;1;-0.82436; 0.43864;-0.35780; 0.00000; 0.00000; 0.00000;  150.912;0; ©.00000; 0.00000; 0.00000; 0.00000; ©.00000; 0.00000; 0.000
32TA COMP 8; 1;4;7.608321596557e-08;1729.65654; 228.15233; 223.54779;1; 0.84171; 0.53989;-0.00664; 0.00000; 0.00000; 0.00000;  110.584;3;-0.96972; 0.03868;-0.24115; 0.00000; ©.00000; 0.00000;  39.273
33 TA PHOT 9; 1;4;7.610050271129€-08;1730.09275; 228.43212; 223.54435;1; 0.00000; 0.00000; 0.00000; 0.00000; 0.00000; 0.00000; ©.000;3; 0.37878; 0.92445;-0.04384; 0.00000; 0.00000; 0.00000;  77.420
34 TA PHOT 10; 1;4;7.610050271129€-08;1730.09275; 228.43212; 223.54435;1; 0.00000; 0.00000; 0.00000; ©0.00000; 0.00000; 0.00000; ©.000;1; 0.30543; 0.52611;-0.79367; 0.00000; 0.00000; 0.00000;  28.306
35 IA PHOT 11;10;4;7.610560699643e-08;1730.13949; 228.51263; 223.42290;1; 0.00000; 0.00000; 0.00000; ©0.00000; 0.00000; 0.00000; 0.000;3;-0.25449; 0.92907;-0.26846; 0.00000; 0.00000; 0.00000;  23.752

36 HTsim 4;1720.00000; 230.00000; 190.00000; 423.28813;0.00000e+00;3;4;5;6;8;9;10;11

Fig. 5.2: Structure of a simulation file. The first part describes the simulation input
parameters like geometry, physical input parameters or the date. Next comes
the header section with main information about the simulated photon, followed
by the interaction section which describes the interaction this photon has made.
The interaction section contains information about the process itself, the energy
deposited, the direction and the origin of the photons.

the interaction list, which represents the ‘Monte Carlo Truth’. Every physical process is
recorded with its precise spatial coordinates, timing, and energy transfer to secondary
particles (e.g., recoil electrons). These entries are organized through a parent-daughter
tracking system, enabling the reconstruction of the complete interaction tree for every
incident particle. Finally, the hit section represents the digitized detector response. In
this stage, all energy depositions occurring within the same sensitive detector volume
like a specific pixel or crystal bar are spatially and temporally integrated. While the
physical truth may consist of multiple discrete interactions within a single volume, a
physical detector has finite spatial and temporal resolution. Consequently, the recorded
energy in a hit entry is the sum of all kinetic energy deposited by secondary charged
particles that are stopped within that specific detector element. This hierarchical out-
put format enables a clear distinction between the microscopic physical truth and the
macroscopic signals that would be recorded by the actual detector hardware, provid-
ing the necessary data for subsequent event reconstruction and analysis of shielding

efficiency.

5.2.2 GEANT4 - The Machine Behind

GEANT4 is a comprehensive software toolkit for simulating the interaction between

particles and matter. It serves as a powerful foundation to model physical processes
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and detector configurations with high precision and flexibility. GEANT4 is the successor
of GEANTS3, which was known as the world-standard for High-Energy Physics (HEP).
It is one of the first successful attempts to redesign a new CERN software package for
the next generation of HEP experiments. This implementation of an object-oriented
environment took place in C++ in 1995. Since it is created from a worldwide collab-
oration of physicists and software engineers it can expand without impairment of the
original purpose. Moreover, the object-oriented approach grants a simplified expansion
of the toolkit in a way that the physics implementation is transparent so that new
models can easily be added |Allison et al., 2006, |Agostinelli et al., 2003, |Asai, 2006].
In its core, GEANT4 provides the fundamental properties and skills for modelling ex-
perimental setups. This firstly comprises the tracking of particles through matter when
doing simulations and the description of detector and model structures. The defini-
tion of the participating specific materials as well as the management of events and
(simulation) runs is part of the core of GEANT4. In these simulation runs, different
physics models are provided which makes it able to access different physical processes.
GEANT4 provides comprehensive coverage across a vast energy range, supporting elec-
tromagnetic, hadronic, and optical processes for a wide variety of particles, including
leptons, photons, and ions. To ensure accuracy, the toolkit allows users to select from
various physical models based on theoretical frameworks, experimental datasets, or
empirical parametrizations. Its applications are widespread like medical physics, nu-
clear physics but also particle accelerator design and astrophysics |Allison et al., 2000,
Agostinelli et al., [2003].

As a huge difference compared to previous simulation toolkits, GEANT4 does not de-
fine the cutoff, which represents the range of secondary particles, through an energy
but through a length. This makes more sense physically since the range of a particle
is stronlgy dependent on the particle and the material. This does not mean a track is
killed at a specific energy, it is traced down to zero kinetic energy. Another feature is the
cut-per-region. This allows GEANT4 to regionally specify the production thershold,
which is the minimum range a secondary particle must be able to travel in a material
to be generated as a discrete track e.g. low thresholds for high-sensivity detectors and
high thresholds for low-sensivity detectors. By doing this the running time of a simu-
lation can be reduced significantly without affecting energy deposition accuracy. This
feature is not included in MEGALlib for the general purpose which would make native
GEANT4 simulations always faster. The GEANT4 toolkit has the option of variance
reduction which reduces the statictical uncertainty while saving time |Zoglauer], 2006b),

Allison et al., 2006], Agostinelli et al., 2003, |Asai, |2006].
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5.3 Simulation Setup and Execution

This section describes the main principle behind the simulations as well as the different
parameters which are varied to investigate the detector response and the TGF detection

probability.

5.3.1 Monte Carlo Simulation Principles

Monte Carlo Simulations (MCSs) are based on iterative stochastic sampling and sta-
tistical modeling to derive outcomes and emulate complex systems. It is frequently
used in scenarios that are not analytically solvable. Thus, the MCS typically follows
a systematic approach. It starts with the modelling and preparation — prior to any
actions being made, a deterministic statistical model must be constructed to describe
the system. This system is subsequently characterized as a sequence of Probability
Density Functions (PDFs), starting with the formulation of a deterministic model that
utilizes the most probable values. To find the appropriate distribution, numerical mod-
els are employed and calibrated to historical data in a way that reflects the reality to
the greatest extent possible. To select the correct parameters, methodologies such as
the maximum likelihood estimation are used. By defining the PDFs, risk components
which originate from the stochastic nature of the input variables, can be introduced to
the model since the PDFs work as a source for the input parameters. The next step
is the sampling: random variates are drawn from the distribution so that one set of
random variates describes the input parameters for a simulation run. After choosing
input parameters they are put into the deterministic model to get a set of output pa-
rameters. This whole process is then repeated multiple times to get a sample of output
values. The analytic properties of MCSs are based on the fact that independent and
identically distributed random numbers can be generated and furthermore transformed
to get a sample from a non-uniform distribution. The entirety of the output values
is statistically analysed so that typical parameters like mean values, variances or the
shape of the PDFs can be derived.
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5.3.2 Parameter Variations and Studied Scenarios

To investigate the detectability of TGFs, it is essential to examine various parameters.
The first thing we look at is the material to gain insights regarding the effective area,
thereby enabling informed conclusions about the optimal detector materials. The ef-
fective area quantifies the detector’s sensitivity to incoming radiation and is influenced
by the chosen material and detector geometry. By systematically varying the materi-
als, we can assess how different materials affect the detector’s response to TGFs. The
simulations are conducted with a fixed input energy while the zenith angle is system-
atically varied to get the detectors response for specific angular configurations. This
procedure is being repeated for several materials, as well as considering scenarios where
the detector is either unshielded or located inside of a surrounding structure, namely
the Kugelalm. A single material is selected and utilized consequently throughout the
following simulations. The detector which will be placed inside the Kugelalm is made
out of Nal which is also a common material for v-ray detectors so this is the material
of choice used for all further simulations.The following stage involves the reverse of the
previous approach: maintaining a constant angle while varying the energy to derive a
precise energy response function for the detector. Given the asymmetrical nature of the
hut in relation to the zenith angle, this analysis is performed across diverse configura-
tions of both # and ¢.

Beside of the spectral response of the detector we are also interested in the directional
response since the surrounding of the detector is not symmetric. To gain insights about
the directional response, isotropic simulations for the range 0° < # < 90° and 0° <
@ < 360° are performed. By evaluating this scenario, the directional response can be
genrated. This procedure is then repeated for several monoenergetic simulations to

analyze the energy-dependence of the directional response.

5.4 Simulation Methodology

This section describes the used setup for the simulations as well as the assumptions
and simplifications made to perform the simulations. The influence of the surrounding

environment and the corresponding detection influence is shown as well.
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Fig. 5.3: The used Geomega setup. The cylindrical detector is made out of Nal and placed
inside the Kugelalm (red): a triangular hut with a roof consisting of wood and
aluminum. The big blocks (green) are the different measurement platforms on
the UFS, made out of concrete. Other significant objects like the poles (green),
the stairs (yellow), the roof (purple) or some detector setups (cyan, blue) are
also included since they may be in the field of view of the detector located inside
the Kugelalm.

5.4.1 Source and Geometry Models

The used geometry model which rebuilds the UFS environment is shown in Fig. It
shows the different measurement plateaus (green) which are made out of concrete as well
as several features built on there: the stairs (yellow), the roof (purple) when entering
the outer part of the UFS and different measurement setups (green, blue, cyan). The
most important part is the Kugelalm (red) which is the triangular hut and consists
of a wooden and aluminum roof (pink). The detector is placed inside the Kugelalm
on a horizontal plank. This setup is used for all further simulations. To build the
Geomega model the station and the necessary structures were measured by hand with
a measuring tape. While the measurement structures outside are permanently set up,
the interior of the Kugelalm is variable. Additionally, the detector will be placed in the
upper part of the Kugelalm while the majority of the existing setup is located in the

lower part which makes it not necessary to rebuild this in the simulation.
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Fig. 5.4: Three-dimensional model of the UFS environment. The station is situated on
a steep rock face, with topography defined by elevation data from [UFS Ele-
where the area around the UFF and the surrounding mountains were
manually selected. The model uses a resolution of 1 arc-second, corresponding
to approximately 30 m.

5.4.2 Influence of Topographic Effects

The complex topography surrounding the UF'S significantly influences the detection of
TGFs. Given that the UFS is located in the alpine region on a rock face, as depicted
in Fig. [5.4] the observation capacity of the measurement instruments placed in this
location is constrained. Due to the measurement apparatus not being placed at the
summit of the Zugspitze, certain directional views are obstructed by the surrounding
mountains. The mountain peaks near the UFS can partially shield the detector from
photons arriving at lower elevation angles. To quantify this influence and gain a more
comprehensive understanding of the obstructed directions, a horizontal profile can be
constructed. Fig. [5.5] illustrates the outline of the mountains from the perspective of
an observer positioned at the location of where the detctor is located in the Geomega
model. Since some directions are blocked by the mountains, this should be taken into

account when doing simulations and measurements.
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Fig. 5.5: A two dimensional horizon profile of the UFS if an observer is standing where
the detector will be placed. The blue line shows the silhouette of the mountains,
defining the areas where no signal can be detected. The red dashed line describes
the baseline as the position where the detector is placed. This profile was
derived from the elevation data in Fig. by calculating the maximum elevation
angle for each azimuthal direction. A direction angle of 0° corresponds ot the
geographic direction north.

5.4.3 Assumptions and Simplifications

First of all, we posited that the TGF source is a point source. Given the uncertainty
regarding the precise mechanisms underlying the formation of TGFs and the fact that
a source of any shape can be modeled as a collection of point sources, this simplifiac-
tion fits the conditions necessary for doing simulations. The atmospheric model does
not incorporate specific elements and densities, instead we employ a transmittance to
characterize the photons traversing the atmosphere. This atmospheric component was
excluded during simulations involving different materials or angles. This is because the
simulation time would increase by several orders of magnitude due to the exponential
increase number of scattering processes. Concerning the model utilized for the simu-
lations, it was presumed that the measurement platforms are solid and constructed of
pure concrete. The chemical composition of the materials used in the Geomega setup
are summarized in Tab. 5.1l Since the concrete platforms are located in front of the
mountain as seen from the detector point of view, this direction is blocked for detect-
ing TGF signals. Only the measurement instruments beside of our detector, which
might influence the measurement of TGFs due to geometric constraints are included,
as illustrated in Fig. The effects of snow or rain on the platforms were entirely
disregarded since this is not the default weather condition at the Zugspitze. Regarding

the impact of natural radioactivity, only the outer 30 cm layer of concrete is considered
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Material | Density gcm™ | Composition element | Percentage
H 0.01
C 0.0001
9) 0.529107
Na, 0.016
Mg 0.002
Concrete 2.35 Al 0.033872
Si 0.337021
K 0.013
Ca 0.044
Fe 0.014
Aluminum 2.7 Al L
Fe 0.712890625
Cr 0.17578125
Ni 0.08203125
Steel 7.87 Si 0.009765625
Mn 0.009765625
C 0.009765625
C 0.505
0 0.43
Wood 0.76 H 0.064
N 0.001

Table 5.1: Chemical composition of the materials used in the Geomega simulation.

to contribute. For material located at greater depths, self-absorption occurs, effectively
preventing this radiation from reaching the detector. The natural radiation is presumed
to originate from concrete itself since concrete and rock are the typical emittors for nat-
ural radioactivity. By assuming the same radioactive decays happening in the concrete

and in the mountains it is sufficient to consider the natural radioactivity originating

from the concrete close to the detector.
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6 Results

This chapter describes the results of the thunderstorm probability as well as the de-
tection probability of TGFs at the UFS. Different detector materials are compared and
the detector response is analyzed in detail. In both cases it is compared if the detector

is simulated with or without the Kugelalm.

6.1 Thunderstorm Probability

For determining the probability of a measureable thunder occuring with a TGF signal,
a lower estimation based on monthly thunderstorm hours is used. This estimation is
derived, using the publicly accessible WWLLN data stored on the WWLLN| website.
This work is using annual files between 2013 and 2024, thus averaging over 11 years.
According to |DiGangi et al.| [2022], a thunderstorm hour requires the detection of at
least two lightning discharges within a 15km radius of a specific grid point during a
one hour window. To implement this, a 0.05° x0.05° latitude-longitude grid is setup
and each cell is evaluated by setting their value to 1 if the necessary conditions are met.
Otherwise the value is set to 0.

Since the audibility of thunder varies with different aspects like atmospheric conditions,
distance and terrain, the number of thunderstorm hours is distance dependent. In this
work, radii of up to 10 km are analyzed and taken into account with the location being
the position of the UFS where the detector is located: (lat, lon) = (47.4165, 10.97964).
The averaged results of monthly thunderstorm hours for different radii are illustrated
in Fig.[6.1] The curves for the different radii are calculated and drawn after each other
so for the case 1.b5km < r < 3.5km the curves have the same shape so they are visible
as a single curve. To further analyze the TGF probability, one month is chosen from
Fig.[6.1} July has the most averaged thunderstorm hours with 228 thunderstorm hours
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Fig. 6.1:

Fig. 6.2:
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6.2 Detection Probability

per month, so the following analyses are done with this month. In Fig. the average
thunderstorm hours for the different radii in July are visualized.
For radii r<1.5 km, the average thunderstorm hours were extrapolated using a second-
degree polynomial to provide continuous estimation in this region of interest. Subse-
quently, a powerlaw fit was applied to the combined set of interpolated and empirical
data points to describe the frequency of thunderstorm hours as a function of distance
from the center. The result shows a range of monthly thunderstorm hours between 3
hours for a radius of 500 m and 248 hours for a radius of 10km. The powerlaw fit has
the shape

f(r) =1.413-7** + 3.316 (6.1)

6.2 Detection Probability

In addition to the likelihood of a TGF occurring within a measureable distance, it is
also crucial to know the probability of detecting a TGF. The transmissivity of this
process was calculated utilizing Equation (3.13)) with hp + dcosf being the altitude
of the TGF source which was set to 10km. The calculated transmissivity is subse-
quently calculated and illustrated for various energies and within the angular range of
0° < 6 < 90°, which is shown in Fig. [6.3] For small input energies E;, <1MeV the
transmissivity is significantly lower by 10 orders of magnitude in comparison to ener-
gies By, >5MeV. Electrons with lower energy are more susceptible to being absorbed
during their traversal through the atmosphere, leading to a reduced probability of their
detection. In contrast, for higher energies this effect decreases as high-energy photons
have significant kinetic energy after scattering in the atmosphere, thereby substantially
increasing their likelihood of reaching the detector. This is further shown by the obser-
vation that the transmittance curves are getting closer to each other at higher energies.
As shown in Fig. the input angle significantly influences photon detection, espe-
cially when assuming a constant source height. By incorporating this assumption the
photon trajectory through the atmosphere lengthens progressively with increasing 6.
For smaller energies such as £ = 100keV the transmissivity remains nearly stable for
0° < 6 < 10°, after which it experiences a rapid decline. For higher energies such as
E = 50000 keV the transmissivity remains stable for 0° < 6 < 40°, allowing photons to
be detected with equivalent probability over a significantly larger angular range. Conse-

quently, the detection of TGFs is most effective when measuring high-energy photons at
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Fig. 6.3: Transmittance for different energies, depending on the photon input angle. The
detector altitude is set to 2657 while the source altitude is set to 10km. For
higher energies the angular range for a transmissivity remaining unchanged
is much bigger compared to lower energies. The higher the energy the more
scatterings, resulting in a longer trajectory from source to detector which is
equivalent to a larger angle . For lower energies the transmittance is signifi-
cantly lower.

near-nadir input angles, as this combination minimizes atmospheric attenuation while

maximizing the effective detection area.

6.3 Detector Materials and Shapes

To determine the detector efficiency for different materials we performed simulations
for input angles 6 with an angular range of 0° - 180° in 10° steps. The materials Nal,
Ge and BigGe3O12(BGO) with photons carrying an energy of E =1 MeV were analyzed.
The azimuthal angle ¢ was set to 0° resulting in an input direction through the side of
the Kuglelalm instead of through the aluminum roof for 6 = 90°.

Also, the difference between measurements with and without Kugelalm were analyzed.
The main task of this simulation is to determine and visualize differences between
different detector materials. Therefore, just the Kugelalm and the detector were used
in the simulation’s geometrical model. The concrete platforms seen in Fig. [5.3] were left

out due to computational restraints because they affect all three materials and would
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not get additional information if we are just interested in the effects of the different
materials. The simulations were done for a simulation time T = 300s and a flux F =

1phcem2s~! which converts into an amount of detected particles through
N=A-F-T=(nr*-cosf +2rh-sinf)-F-T (6.2)

where r is the detector radius, # is the zenith input angle, F' is the photon flux and
T is the simulation time. For computational reasons the detector in the simulations
is increased by a factor of ryew = 8 X rgiq and hyewy = 8 X hgq resulting in an effective
area of Aeg new = 512 X Aeg ola. A scaling factor of 512 is a rather lower estimate.
Since the increase in size combines the enlargement of the geometric cross-section and
the microphysical interactions, the effective area is probably incresed even more. The
increased colume improves the inclusion of secondary particles and Compton-scattered
photons which would escape otherwise when using a smaller detector. These effects
are compensated by dividing the effective area in all further formulas by an efficiency
factor that is at least 512. Because the detector is of cylindrical shape with a radius r=
28 cm and a height h = 80 cm, the amount of detected photons changes depending on
the input angle which is seen in Tab. 6.1} Since the detector dimensions are fixed, the
ratio of detector radius r and detector height h is kept constant. The resulting effective
areas for the different input angles are shown in Fig. [6.4]

The intial observation pertains to the higher effective area for the scenarios where the
detector is not placed inside of the Kugelalm. The affected area is assessed through the
equation

N, oto
Aeff = Astart X r])il]t (63)

where Agy represents the starting area determined by the system, Nppoto is the number

of photons which are detected for energies within + 10% of the photopeak and N is
the total number of detected events. When the detector is placed inside the house, the
effective area is reduced due to the shielding effect of the structure. Low-energy photons
become absorbed within the building materials and fail to reach the detector. Other
particles undergo scattering — while some may still reach the detector at a deflected
angle and lower energy, many are redirected away from the detector’s active volume
entirely. A symmetry around § = 90° is visible because the detector is of cylindrical
shape and is not shielded.

When we position the detector inside the Kugelalm several distinct effects become ob-
servable. The presence of the wooden and aluminum shielding layer results in the

scattering of a greater number of photons. More photons are scattered away from the

7



Results

Input angle [deg| | Number of detected photons (x10%)
0 2.36
10 2.07
20 1.74
30 1.62
40 1.58
50 1.58
60 1.62
70 1.74
80 2.07
90 2.36
100 2.07
110 1.74
120 1.62
130 1.58
140 1.58
150 1.62
160 1.74
170 2.07
180 2.36

Table 6.1: The number of detected photons for every input angle 6 for a photon input
energy of By, = 1 MeV.

detector than towards it or get absorbed, which consequently leads to a reduction in
the number of photons detected. Furthermore, the symmetry around ¢ = 90° is no
longer present as the Kugelalm lacks symmetry with respect to the detector along the
z-axis. For angles & > 90° the effective are is increased relative to 8 < 90°. The reason
for that is the reduced thickness of the Kugelalm given that the roof comprises both a
wooden and an aluminum layer whereas the sides consist solely of a wooden layer. In
the applied scenario for 8§ = 0° the photons are simulated for zenith direction while
for # = 90° the photon direction is perpendicular to the lateral wooden wall.

The detector has been positioned in the middle of the Kugelalm resulting in the con-
dition that for 0° < 6 < 70° the photons must pass through aluminum and wood.
Conversely, for 70° < 6 < 90° the photons encounter the wooden lateral wall of the
Kugelalm at an almost perpendicular angle. The absence of the necessity to traverse
aluminum allows for a greater number of photons to reach the detector, thereby ex-
plaining the abrupt increase observed at § = 80°,90°.

In the comparative analysis of various materials, it becomes evident that BGO exhibits
the largest effective area, serving as the benchmark for detection efficiency. As estab-

lished in Section [3.2] the interaction cross-section is strongly correlated with the atomic
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Fig. 6.4: Effective area in cm? for different detector materials (BGO, Nal and Ge) for a
detector placed both inside and outside the Kugelalm. The photon input energy
is £ = 1MeV and we shoot them in vertically from above from zenith angle
0 = 0° that the photon direction is aligned with the positive z-axis. The input
angle is increased in 10° steps to # = 180° and the simulations are performed
for the case that the detector is placed inside or outside the Kugelalm. The red
shaped range shows the angular range in which the photons traverse just the
lateral wooden wall.

number Z. Due to its high Z and density, BGO provides the highest stopping power,
resulting in the largest effective area and detection efficiency. Despite BGO’s efficiency,
other materials are evaluated against it. As compared by [Milbrath et al. [2008], it was
demonstrate that Nal offers a light yield, which describes the efficiency to transform
ionizing radiation into visible light, more than four times higher compared to BGO.
Furthermore, Nal crystals are more commercially accessible and cost-effective to pro-
duce in large volumes. Also, they are easier to grow with high purity. Consequently,
while BGO remains the standard for maximum photon capture, Nal was selected for
the subsequent simulations in this work. This choice allows to prioritize practical feasi-
bility without significantly compromising the required sensitivity. [Wada et al.| [2019Db]
also used Nal detectors in their TGF measurements, which allows us to compare the

simulation results with actual measured values.
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6.4 Detector Response

To gain insights about the detector response, monochromatic simulations ranging from
100 keV to 10 MeV are performed. The resulting plots for the detector’s absorbed energy
spectra are shown in Fig. [6.5] Starting with 100keV, a clear photopeak is visible for
both scenarios. Also, for the case of no house the Compton edge at &~ 75keV is visible.
If the Nal detector is placed inside the Kugelalm the photopeak is significantly smaller
and the Compton edge is not visible. For input angles ¢ = —90° and 6 = 25° there are
slight signs of a peak at 70keV. When the input angle # changes from zenith to § = 25°
there are more detected photons if the Nal detector is not placed inside the Kugelalm.
The reason for that is the increased effective area as already seen in Fig. [6.4]

By increasing the photon input energy to Ej, = 1000 keV the resulting spectra show
a lot more effects. Since the input energy is higher and the scattering effects appear
more often there are more lower energetic photons reaching the detector. If the house
is not included in the simulation, a dip in the spectra in the range of 200 — 700 keV
is visible. For the zenith angle simulation this dip is deeper compared to the other
case. The origin of this dip is Compton scattering since this process dominates in this
energy range. For the zenith direction the effective area is lower compared to the other
direction and a lower effective area results in less scatters. For the case of placing the
Nal detector inside the Kugelalm the photons need to traverse more material so the
probability of multiple scatterings is much higher.

For even higher input energies of 10000 keV the gamma-ray spectrum drastically changes.
The ratio of counts with house compared to counts without house strongly increases
compared to the lower energy scenarios as seen in Fig. [6.60, The Compton dominated
energy range is visible at 700 — 7000 keV where for the scenario of the detector placed
witout the house a dip emerged. As seen in Fig. for this energy range Compton scat-
tering is still the dominant process while for higher energies pair production dominates.
A new feature emerging for high input energies is a peak at Ej, = 511 keV. This peak
originates from pair production and the corresponding electron positron annihilation
when the input energy of photons surpaces the threshold of Fj, = 1.022 MeV.

As illustrated in Fig. detection efficiency is highly dependent on the energy of the
incident photons since more photons are detected for increasing energy. For photons
with energies around a few hundred keV, more counts were observed when the detector
is placed without the Kugelalm. For higher photon energies >1MeV, the amount of
detected counts increases when placing the detector inside the Kugelalm. The total

counts for both cases are shown in Fig. [6.7] The progression of the datapoints is largely
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Fig. 6.7: Total counts for the two cases when (a) the input direction is § = ¢ = 0° and

82

(b) when the input direction changes to ¢ =-90°, § = 25°. In (b) the azimuthal
angle ¢ describes the direction where the photons travel through the aluminum
roof so ¢ = -90° is orthogonal to the Kugelalm roof.



6.4 Detector Response

similar for both cases. In the low-energy regime, the observed increase in total counts
is driven by the dominance of the photoelectric effect, which ensures the complete ab-
sorption of incident photons within the detector volume. Within this range, the mass
attenuation coefficient is significantly higher compared to intermediate energies, leading
to a high intrinsic detection efficiency. As the incident energy increases towards 1 MeV,
the probability of photoelectric interaction decreases. In this intermediate energy range,
Compton scattering becomes the primary interaction mechanism. Since Compton scat-
tering involves only partial energy deposition, there is a higher probability that photons
scatter out of the detector volume without being fully registered, which explains the
observed decline in total counts. At even higher energies (> 1.022 MeV), pair produc-
tion emerges as an additional interaction process. The increase in the pair production
cross-section at very high energies of up to 10 MeV leads to the subsequent rise in total
counts observed in the ‘without house’ data.

Processes such as pair production and subsequent Bremsstrahlung create a multiplica-
tion effect, where a single primary high-energy photon generates a cascade of secondary
photons. These secondary particles are registered by the detector, resulting in the ob-
served peak in total counts at the highest energy.

For the following simulations the Kugelalm is included since the number of total counts
is significantly higher for higher input photon energies. Knowing the detectability dif-
ference of the detector placed inside the Kugelalm or not and the spectral response is
one important thing, knowing the directional response is of similar importance. De-
pending on the input direction there might be a significant difference in the amount
of detected photons. To analyze this, we performed isotropic monoenergetic simula-
tions. The resulting plots which also include effects from the surrounding environment
are shown in Fig. For incident energies of Ej, = 100 keV, the silhouette of the
Kugelalm is clearly visible as a triangular structure in the resulting plot. This pat-
tern, appearing at ¢ = £ 30° and ¢ = 160°, corresponds to azimuthal directions
where the structural material thickness is at its maximum. Consequently, the increased
path length leads to higher photon absorption and a localized reduction in the count
rate, effectively mapping the building’s geometry onto the detection profile. Also, for
some angle combinations there are no measured counts at all. The UFS is located at
the mountainside as seen in Fig. and therefore some input directions like between
@ = 180° and ¢ = 15° as well as between ¢ = —120° and ¢ = —150° are blocked
by the mountains.

For higher energies like Ey, = 10000 keV the input direction does not matter as much
as for lower input energies which can be seen in a way that the pixels in the Fig.

have similar intensity, no matter fomr which direction they originate. In this case the
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Counts 89.37 738.07
[m]
(a) Measured counts per pixel from isotropic sim-  (b) Calculated ~ maximum  distance  for
ulation for E;, = 0.1 MeV E, = 0.1 MeV

Counts 117.62 1493.85
m]
(c) Measured counts per pixel from isotropic sim-  (d) Calculated  maximum  distance  for
ulation for Ei, = 1 MeV Ey, =1 MeV

Counts 143.70 3851.84
[m]
(e) Measured counts per pixel from isotropic sim-  (f) Calculated =~ maximum  distance  for
ulation for E;, = 10 MeV FE;, = 10 MeV

Fig. 6.8: Isotropic simulations for different monochromatic input energies. The counts
per pixel were simulated (left) and with eq. (6.4) the maximum distance between
source and detector was calculated (right).
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amount of maximum counts is decreasing for higher energies. The simulation trigger
criterion was set to 512000 events so what changes is not the amount of detected events
but the distribution of the pixels of these.

A similar behaviour can be seen for the maximum distance in which a TGF source

could be placed to measure a defined amount of photons per TGF. This distance is
calculated with eq. (3.13) through

(I)measured - (Dsource : T'res (64)
Nmin L Nepp 1 hp dcosf
= -——H E _ = 1— _
e~ w0 B () (1= (<577 )
(6.5)

and solved for d. Since this equation is not analytically solvable, a numeric approach is
chosen. By trying to minimize the function f(d) = ®source + Tres — Prmeasured the algorithm
finds exact solutions for d.
The left side of Equation describes the measured flux while the right side is the
source flux multiplied with the resulting transmission probability which results from
Tres = Tatm - Tyeo- The fixed input parameters are the number of simulated events
Ne, the minimum amount of detected photons N;,, the starting effective area of the
detector Agiart, the duration of the TGF ¢, the altitude of the detector hp, the scale
height H, the density of air pg, the energy-dependent mass attenuation coefficient p(F),
the luminosity of the TGF source L and the efficiency factor n which is set to 512. The
variable parameters are the maximum distance d, the simulated counts per pixels Nepp,
and the input angle 6.
Nnin is the key parameter since it gives conclusions about our signal. In this work we
set N to 60 photons per TGF to have comparisons to other works such as |(Chaffin
et al.|[2024]. For RHESSI measurements at least 17 detected photons are required to
identify a TGF signal [Smith et al., 2010]. Fermi GBM uses a minimum number of 20
photons per TGF for measurements with the BGO detectors. Both RHESSI and Fermi
GBM have a lower N, but since they are both space-based detectors, we choose our
threshold to be higher to account for the higher background noise. With 60 counts the
Signal-to-Noise Ratio (SNR) becomes

Nin

SNR = = 7.68 (6.6)
\/Nmin + Nbackground

with a background contribution of 1 photon by natural radioactivity.
The distance plots in Fig. (b), (d), (f) give a good estimation on how the maximum
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Results

Energy interval [keV] Contribution [%]

100 — 500 34.94846
500 — 1000 15.05154
1000 — 5000 34.94846

5000 — 10000 15.05154

Table 6.2: Procentual contribution to the overall flux for the different chosen energy
intervals.

measureable distance evolves with increasing energy. Since a TGF is described by a
powerlaw instead of a monoenergtic emission, the procedure to get the maximum dis-
tance in which a TGF with a reaslistic spectrum can be detected, needs to be adjusted.
A necessary part of this calculation is the energy-dependent effective area. Due to com-
putational reasons it is not possible to use the effetive area for every energy between
100 keV and 10 MeV, which is why an estimation is used. The isotropic simulations are
done for specific energies for which the effective area is then determined. In this case,
the energies 0.1 MeV, 0.5 MeV, 1 MeV, 5 MeV and 10 MeV are chosen. With these ener-
gies, the following intervals are defined: (0.1 MeV, 0.5MeV), (0.5 MeV, 1 MeV), (1 MeV,
5MeV), and (5 MeV, 10 MeV). Since the energy spectrum of the TGF is assumed to fol-
low a powerlaw spectrum it is substantial to know how much every intervals contributes

to the overall flux. To determine this, the following equation needs to be solved for K:

)\
dE— =1L 6.7
/E T aE (6.7)

Fmax E -1
/ dEK ( ) L (6.8)
Erin Epiv

For the given energy range (Fuyin, FPumax) = (100keV, 10000 keV) and different fluxes
(Lunins Liean, Lmax) = (101810, 10%) phs™!, the different K values are calculated to
(K omins Kmneans Kmax) = (2.17147x 1015, 2.17147x 1016, 2.17147x 10'7) ph keV " s~ 1. Know-
ing K, the partial flux contribution of every energy interval can be determined. The
resulting contribution is shown in table Tab. [6.2] With the procentual contributions

the equation to solve for d to get the maximum distance can be set up. To get d it is

important to apply the calculated weightening factor for every energy interval contri-
bution. By doing this, the amount of photons emitted in the specific energy intervals

is taken into account, respective of how many photons they emitted compared to the
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6.4 Detector Response

source flux. The final equation which needs to be solved has the form

4
L dcosf N,

Nuin = E pi (H 1 eXp (C (1 — €Xp ( H ))) N:Aeff,i t) (6.9)
i=1 s

where C' is a factor of the form ——H pou(E;) exp (—%D) For each of the intervals a

cos 0

reference value is chosen whereby our choice is the left boundary of each interval because
by doing doing this we don’t need to interpolate between the values. u(FE;) is the
corresponding mass attenuation coefficient for the chosen energy, p; is the contribution
factor of the corresponding interval and Aes; = %%Z—Ej is the energy-dependent
effective area calculated for the chosen reference energies. This equation needs to be
solved for d, analogous to the monochromatic case. The resulting maximum distance
plots for the different fluxes (Lmin, Lmean, Lmax) to detect 60 photons during a 1 ms TGF

duration are shown in Fig. [6.9]
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502.19 4117.61

831.53 5344.94

1328.47 6802.79

Fig. 6.9: The maximum distance for a TGF emitting a powerlaw spectrum. The plots
show the maximum distance for several assumed source luminosities of (a)
Liin = 108¥phs™, (b) Ly = 10 phs~!, and (¢) Ly = 10?*°phs~! and
assume a minimum of Ny, = 60 photons to be detected during a TGF with a

duration of t=1ms
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7 Fermi GBM TGF analysis

The assumption for the previous simulations so far was either a source of monochro-
matic energy, a constant direction or isotropic simulations. These scenarios were used
to gain insights about the detector behaviour and the Kugelalm response function but
this simplification does not describe what happens in a thundercloud. To come closer
to the realistic scenario we therefore want to figure out a realistic source behavior to
simulate. To do so, we start with assuming that upward going and with satellites mea-
sured TGFs emit the same signal downwards. There are datasets for Fermi GBM found
at [Fermi GBM| which we used to analyse this.

The Fermi GBM is a scientific instrument onboard the Fermi Gamma-ray Space Tele-
scope. It is an international collaboration between the National Aeronautics and Space
Administration (NASA) and the Max-Planck Institute for Extraterrestrial Phyiscs (MPE)
and was launched on June 11, 2008 [Meegan et al., [2009]. The GBM is designed to
monitor the entire unocculted sky and detect photons in the energy range of 8 keV up
to 40 MeV. For measurements, two types of scintillators are utilized: It consists of 12
Nal detectors which are sensitive to low energies from 8keV to 1 MeV and oriented at
different angles to determine the direction of arrival of signals. 2 mounted BGO detec-
tors cover the high-energy range from 200 keV to 40 MeV Thompson and Wilson-Hodge
[2022]. As soon as the on-board software detects a statistically significant increase in
count rates in two or more Nal detectors, the instrument triggers.

The GBM provides several types of data: Time-Tagged Events (TTEs) which provide
the highest presicion with 2us time resolution and CSPEC/CTIME which are binned
data types and used for energy analysis |[Meegan et al., 2009]. Between July 2008 and
July 2016, the first Fermi-GBM TGF Catalog was created, including 4135 measured
TGFs. Since the GBM itself can localize bursts to within several degrees, VLF ra-
dioassociation from external networks like WWLLN are often used to pinpoint TGF
locations. Therefore, the dataset size usable for this work reduces to 1544 TGFs |Fermi
GBM]. Fermi is operating in a low-Earth orbit at an altitude of approximately 565 km

and an inclination of 25.6 — 26.5 degrees |[Roberts et al., 2018]. To make conclusions
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Fermi GBM TGF analysis

about measured TGFs it is necessary to know the location of Fermi at the time of
the TGF to determine the location where Fermi ‘sees’ the TGF signal. To perform
this analysis the WWLLN association table from |[Fermi GBM]| is chosen. For spectral
analysis, the TGFs surpassing 110 observed counts are chosen since the SNR is >10 for
these events, ensuring a clear differentiation from the background. The SNR is calcu-
lated through Equation . For the temporal analysis, TGFs with a duration >1ms
were chosen. The reason for that is to ensure enough counts per bin even after dividing
it into intervals. For shorter TGFs the number of counts per bin decreases, making the

analysis more difficult due to the background contribution.

7.1 Spectral analysis

The spectal analysis of TGFs using the 3SML framework follows a multi-step procedure.
The initial stage involves loading the TTE as well as the CSPEC and the response files.

— Light Curve
== Selection
Bkg. Selections
— Background
20000
15000 -
2
C
>
o
O
10000 -
5000 -
| I I
-0.04 -0.02 0.00 0.02 0.04

Time [s]

Fig. 7.1: Temporal evolution and interval selection for TGF090813215 from the Fermi
catalog, measured by a Nal detector. The histogram displays the counts over
time, with the main TGF signal highlighted in green. Shaded pink regions in-
dicate the background selection intervals. An energy range of 10keV to 40 MeV
is used. The intense peak between -0.02 s and -0.01 s corresponds to the
millisecond-scale flash analyzed in the time-resolved spectral evolution
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Fig. 7.2: Detector response matrix of Fermi GBM. The diagonal edge which contains the
majority of the effective area is the photopeak. A lot of off-diagonal elements
are contained because this plot was made for a very large source angle. Taken
from [Fermi GBM DRM].

The TTE files are used for individual photon detection with time stamps, the CSPEC
files provide the binned spectra over time and the response files describe the detector
response. With these files the lightcurve is generated to identify the source and back-
ground intervals. For this study we utilized data from 3 specific detectors, two Nal and
one BGO, that were oriented towards Earth at the time of the trigger. The source and
background intervals of the signals measured by these detectors were manually defined
by inspecting the lightcurves of these detectors, as illustrated in Fig. [7.1]

Once the intervals are defined, 3ML generates ‘SpectrumLike’ objects. These objects
summarize the observed counts in the source interval as well as the estimated back-
ground and the intrumental repsonse matrix. The interaction between the incident flux
and the detector is modeled by the convolution of the theoretical spectral model f(E),
with the Detector Response Matrix (DRM) R. For the Fermi GBM, these matrices are
well-defined and provided as standard calibration products. A DRM of Fermi is visu-
alized in Fig. [T.2l They are precalculated using extensive GEANT4 simulations of the
spacecraft and instrument geometry to account for the effective area, energy dispersion,

and angular sensitivity of each detector. This relationship is expressed as:

Eis
d(E) = AT dE; R(E, Ef)- E 7.1
(B) = AT, . (B, Ey) - f(Er) (7.1)
[AT]=s [Ei]=keV  [R]=cm? [f] = —22

~ keVscm?2
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where the response function R(F;, Ef) maps the true photon energy Ei to the instru-
mentally recorded energy F;. Unlike a photon spectrum the data is shown in ‘detector
space’, namely counts vs. energy bins. This is essential because an instrument does not
measure the physical photon flux directly but instead the incoming photons undergo a
series of physical interactions within the detector crystal, as the ones seen in Fig. 3.8

For the analysis of the measured spectra, several spectral models were compared, in-
cluding a powerlaw, a cutoff powerlaw, and a Band function [Yassine et al., [2020]. The
actual analysis was performed using Bayesian analysis with the EMCEE sampler. The
EMCEE software package is an ensemble Markov Chain Monte Carlo (MCMC) sampler
which was used for fitting the model |[Foreman-Mackey et al |2019]. This approach en-
sures a dense sampling of the high-likelihood regions, allowing for precise quantification
of parameter uncertainties. Our analysis indicates that a simple power law is sufficient
to describe the data since more complex models led to siginificantly larger parameter
uncertainties without a corresponding improvement in the fit quality. The TGFs can
be described through

F(E)=K - (Eff)A (7.2)

where K is the normalization factor and A\ describes the spectral index. After converg-
ing on the median posterior parameters, the resulting model was compared to the raw
data, which is shown in Fig.[7.3] The visualization in the given plot represents the final
stage of the spectral fitting process. The cross-markers represent the observed counts
and the resulting predicted count rates are represented as a histogram to reflect the
discretization of the data into energy bins, allowing for a direct statistical comparison
with the instrumentally recorded counts.

The lower panel in Fig. displays the residuals, which quantify the deviation between
the data and the model in units of standard deviation. The fact that the residuals for
all three detectors fluctuate randomly around the zero-line and remain largely within
the £1.50 range confirms that the power-law model, after accounting for the complex
detector respone, provides a physically and statistically consistent description of the
TGF spectrum over the entire energy range from 10keV to 10 MeV. This modeling ap-
proach, demonstrated above for a single event, serves as the methodological basis for
our analysis. When applying the standardized spectral fitting procedure to every TGF
in our sample, we can move from characterization of individual events to a comprehen-
sive statistical description of a TGF population.

By utilizing the full dataset with the previously mentioned selection criteria, we per-
formed a systematic analysis of 70 individual TGFs to determine the distribution of

their spectral parameters. The resulting distribution for the spectral index and the
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Fig. 7.3: Spectral fit of TGF090813215 from the Fermi GBM catalog using 3ML analysis.
The upper panel displays the count spectra for used detctors (crosses) alongside
their respective power-law model fits (solid lines). The energy range spans from
10 keV to 40 MeV. The lower panel shows the residuals in units of standard de-
viation, indicating a good agreement between the data and the input powerlaw.

hardness ratio are presented in Fig. [7.4l The statistical analysis calculates an aver-
age spectral index of -1.075+0.023 and an average K of 127 +32keV 's'em™2. The
index distribution is roughly unimodal and symmetric with 73% of the values being
concentrated between -1.2 and -0.8. Using the determined parameters for each TGF,
we calculated the hardness ratios for every TGF to characterize the spectral energy
distribution. The hardness ratio is defined as

[P dE F(E)

HR="2 — (7.3)
[o' dEF(E)

Ep

where F(E) represents the power-law model with a pivot energy of Ep;, =100keV. The
boundaries of the soft band are assumed as (Ey, £1) = (100 keV, 300 keV) and the
boundaries of the hard band as (Fs, F3) = (300 keV, 10000 keV) since these bound-
aries are commonly used. The hardness ratio values are broadly distributed between

0.8 and 6.3. To further analyze the connections between parameters the hardness ratio
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Fig. 7.4: The statistical parameter distributions for the power law index (a) and the
hardness ratios (b) after analyzing and averaging over 70 TGFs from the Fermi
catalog. The dashed red lines show the average values of the used dataset.
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Fig. 7.5: (a) Hardness ratio plotted over the integrated flux from 10keV — 10 MeV and
(b) hardness ratio plotted over the spectral index. When higher-energy photons
are emitted, the spectral index is higher but the flux of these photons is lower
compared to lower-energetic photons.

is plotted over the integrated flux from 10keV — 10 MeV and over the spectral index.
This is illustrated in Fig. [7.5

Analysis of the spectral characteristica shows a strong dependence between hardness
ratio and integrated flux or spectral index. Comparing the hardness ratio at different
fluxes, it shows bigger uncertainties for fluxes at around 103 phcm=2s~! compared to
higher fluxes. The reason for this is the lower photon statistics since less photons are
emitted. The hardness ratio is the highest for fluxes in this range with a maximum value
of 6.3. For increasing flux the spectrum starts to soften which is shown through a stabi-
lized hardness ratio at around 1. For higher fluxes in the range of 10° — 10 phem 2571
the uncertainties strongly decrease since more photons are part of the statistics which

increases the accuracy. This shows that for a hard spectrum rather fewer high-energy
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photons are emitted. For a softening of the spectrum, more photons are emitted by the
TGF.

Beside of the integrated flux, the spectral index shows a non-linear correlation with the
hardness ratio. For a spectral index of around -1.64 which corresponds to a hardness
ratio <1 an increase is visible, resulting in a hardness ratio of 6.3 for a spectral index
of about -0.72. Since the data points are oriented along a well-defined curve, the math-
iematical correlation between the hardness ratio and the spectral index is shown.

To validate our findings, we calculated the total luminosity using the derived parame-
ters. We assume that the signal measured by Fermi GBM is not just emitted upwards
but also downwards, which can then be detected at ground-based stations. To calculate
the luminosity, we assume a source distance of d = 15km since thunderclouds appear
at an altitude between 15km and 21 km:

Emax A
L:47rd2/ dEE K ( b ) (7.4)

Emin in

The resulting luminosity of 2.304x10'® phs~! is within the same order of magnitude as
the theoretical assumption of 10! phs~! which is a common approximation in litera-
ture. Although our determined value is slightly lower than the initial assumption, it
confirms that our parameter estimates are physically plausible within the context of
TGF energetic models.

I are emitted. Given a du-

When a TGF happens, an estimated amount of 10" phs™
ration of 1ms, this results in a total number of 10'® photons originating from one
TGF. The upward moving component of the TGF, which was previously measured by
satellite-based measurements like Fermi-GBM, encounters increasingly thinner atmo-
spheric layers and can be detected with minimal attenuation. The downward-directed
component needs to traverse the more dense atmospheric layers near the Earth’s sur-
face which is why the attenuation of this signal plays a crucial role. This attenuation
is energy-dependent, which makes it a big challenge to detect since the air acts as an
absorber for low-energy photons. While the transmissivity between 0keV up to a few
100keV is basically zero as seen in Fig. it increases progressively for energies in
the MeV energy range. This transmissivity changes not only with the distance but also
with the input angle of the TGF photons. Consequently, only a fraction of the flux can
be measured at the Kugelalm. When the photons traversed the atmosphere the last
thing which needs to be taken into account is the local detector environment and the
detector response. Since the detector is shielded this has a big effect on the detection

efficiency, which is determined by the effective area of the detector. By integrating the
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filtered flux, the statitical expectation is drastically reduced, depending on the distance
of the TGF source. To gain better understandings of the spectra which are measureable
for different distances, simulations with a powerlaw emitted by the TGF source were
performed.
Due to computational reasons, a simulation with a flux of 10°phem=2s™! was per-
formed with a duration of 1 ms and a powerlaw with the spectral index given above A
= -1.07444019 between 100keV — 10 MeV. With this input flux the luminosity of the
source can be calculated with

Lgm = 47 -d* - F (7.5)

where d describes the distance between the source and the detector. The flux for
different distances are summarized in Tab. [7.1] By dividing through the bin width, the
resulting spectrum shows the counts per keV and per second of a photon to be detected
in this energy range. Another important thing to mention is the scaling factor. Since
the flux of simulated photons changes with distance we need to calculate a different
scaling factor for each distance to scale the simulated scenario up. The reason why we
need to scale it up is that we want to get the source luminosity of 10 phs=t. This
procedure leaves out the atmospheric transmission probability, so we need to take this
into account to receive the final measureable spectrum of the count rate. The scaling
factor was calculated using L. = « - Ly, where « is the scaling factor and L is the
assumed source luminosity. To calculate the number of photons per cm~2 the number
of simulated particles Lg,, then needs to be divided through the starting area, which is
determined by the system to Ag. = 1.9635 - 107 cm~2. The resulting numbers for the
scaling factor, the number of detectable photons and the photons per cm~2 emitted are
summarized in Tab. [7.I] Since transmission probability is energy-dependent, we need

to calculate the transmission probability for each energy bin. Having a zenith input

Distance [m| Lgmulatea [Phs™!| Scaling factor Number of photons Photons cm™2

500 3.1816x10% 3.1831x 103 3.93x 10" 1.6x108
1000 1.2566x 1016 7.9580% 102 2.46x 108 6.4x108
2000 5.0265x 106 1.9895x 102 7.99x10* 2.6x10?
5000 3.1416x10'7 3.1831x 10! 1.74%x 102 1.6x10%0
10000 1.2566x10'8 7.9580 6.21x107! 6.4x 1010

Table 7.1: Scaling factor, flux of simulated particles in phs~!, the number of detected
photons and the emitted photons per cm™2 for different distances. These
parameters need to be included to scale the simulated scenario to the scenario
of an assumed flux of 109phs!.
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Fig. 7.6: Simulated powerlaw spectra for several distances. The spectra are calculated
for including the atmospheric attenuation and leaving it out. The increase in
distance is reflected in the spectrum: for distances around 500 m low-energy
photons are detected while for distances around 5km the low-energy photons
get absorbed.

direction, Equation (6.4) takes the form
Totm(E, d) = exp (—pu(E) - 7.617276 - 10> (1 — exp (—1.176471-107* - d)))  (7.6)

By multiplying every energy bin with the corresponding transmissivity the attenuation
effects of atmosphere and detector environment are taken into account. The resulting
spectra for different distances between detector and TGF source and with or with-
out absorbing atmosphere are visualized in Fig. [7.6] In the scenarios excluding the
atmosphere, the counts decrease consistently at higher input energies. This behavior
shows the underlying power-law distribution of the source spectrum, resulting in fewer
high-energy photons being emitted. A detection peak is observed in the energy range
between 70 and 80keV. Since a part of the high-energy photons undergoes scattering
and loses energy, the peak of the detected energy distribution remains below 100 keV.
The spectral shape remains identical across all distances when the atmosphere is not
considered. A vertical shift of the curves occurs for the different distances. This shift
is due to the different scaling factors applied for each distance, corresponding to the
geometric attenuation of intensity. A prominent feature in these cases is the peak at
the 511 keV line.

When atmospheric transmissivity is taken into account, the spectra show a steeper in-
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crease, particularly at shorter distances. At the shortest distance between the detector
and the TGF source for d = 500 m, detections begin at approximately 20 keV and in-
crease sharply until roughly 70keV. From that energy on, the rate remains relatively
stable but shows a slight downward trend toward higher energies. With increasing
distance, the slope of the initial rise decreases, while the threshold energy at which
photons are detected shifts to higher values. As the thickness of the atmospheric layers
increases with distance, low-energy photons are absorbed before reaching the detector,
which explains the shift in the detection threshold. Up to a distance of 2000 m, the 511
keV line remains recognizable as a dominant peak. For distances in the range of 500 —

1000 m the detectec counts are at the order of magnitude 10° — 107.

At even greater
distances of up to 5 — 10 km, barely more than 200 photons are detected with a number
of detectable photons of 0.6 for a distance of 10km. The photons measured at these
energy ranges primarily possess energies of several MeV, while photons with energies

below 1 MeV are entirely absorbed by the atmosphere.

7.2 Temporal analysis

Besides the spectral analysis we also performed a temporal analysis of the given TGFs.
To do so, the decisive criterion was not just the detected counts anymore, we also
needed to take into account the duration of the TGFs. Since the minimum time reso-
lution limited by the data is 1 ms we selected the TGFs with a duration > Ims.

To investigate the spectral evolution of TGFs over time, a robust method for splitting
the lightcurve into statistically significant intervals is required. For this procedure the
detector with the brightest lightcurve or the best signal serves as a basis for determining
the intervals. These time intervals defined by the reference detector are then mapped
to all other active detectors. This ensures that the spectral data from all detectors
corresponds to the exact same physical state of the TGF. With this, 3ML generates a
new set of plugins for each time bin. Each bin plugin then contains the count data and
the appropriate instrument for that specific moment — from each active detector. The
notebook then performs the fitting: First, a spectral model is identified. The algorithm
then loads the synchronised data from all detectors and runs a fit to adapt the model
to the data. The resulting parameters are then stored and visualized |[Burst analysis].
This procedure allows for an independent Bayesian spectral fit for each time slice, mean-

ing that the abovementioned Bayesian analysis with the EMCEE sampler is performed
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Fig. 7.7: Time-resolved energy flux distribution (E?F(E) representation) for
TGF090813215 taken from the Fermi catalog. The positive slope in this
representation indicates a hard spectral index, confirming that the power
output is dominated by high-energy emission in the MeV range. The flux is
well-constrained during the peak signal (-0.016 s to -0.013 s), while the larger
uncertainty bands in the pre- and post-peak intervals reflect the decrease in
the signal-to-noise ratio.

for each time bin plugin. This enables us to track the evolution of the flux and accord-
ingly the evolution of the powerlaw parameters throughout the duration of one event.
By utilizing this adaptive segmentation we can move beyond time-integrated proper-
ties and resolve whether the TGF exhibits spectral hardening or softening during its
millisecond-scale lifetime. The resulting time evolution for a single TGF is shown in
Fig. [7.7. The time-resolved energy flux distribution is presented here in the E? F(E)
representation to illustrate the spectral evolution of the TGF across consecutive tem-
poral intervals. While a standard photon spectrum F(E) emphasizes the total number
of photons, the E? F(F) visualization shifts the focus to the power distribution. This
approach identifies the specific energy range where the bulk of the power is emitted,
offering a more direct view of the event’s energetics. Consequently, this representation
allows for a clearer analysis of the physical processes driving the TGF and how the
dominant energy output shifts over time. The different parameters for each time inter-
val are visualized in Tab. [Z.2l

The observed positive slopes of the flux functions on the log-log scale corresponds to

a rather hard power law spectrum. In this representation, an increasing line indicates
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7.2 Temporal analysis

Interval [s] K [keV 'cm™2s7!] A Flux [x10*phem™2s™']  HR

-0.017 - -0.016 0.08117 -0.648 1.064 3.49

-0.016 —-0.015 0.003359 -0.128 0.2131 21.34
-0.015 - -0.014 0.04908 -0.327 1.602 10.627
-0.014 - -0.013 0.09164 -0.457 2.009 6.783
-0.013 - -0.012 12.19 -1.088 7.727 0.761
-0.012 - -0.011 0.08214 -0.935 6.166 1.291
-0.011 - -0.010 0.497 -0.901 3.923 1.452

Table 7.2: Properties of the time-intervals from TGF090813215. The flux was integrated
between 10keV and 10 MeV. The hardness ratio was calculated using Equa-

tion .

that the energy flux is dominated by high-energy photons in the MeV range, which is a
primary characteristics of Bremsstrahlung emission from relativistic electron avalanches
as described previously. A clear distinction is visible between the intervals containing
the TGF signal and the surrounding background. The signal intervals ranging from
-0.016 s to -0.013 s exhibit a high, well-constrained flux progression. In contrast, inter-
vals preceding and following the flash like -0.011 s to -0.010 s show a significantly lower
flux progression and large errors. The flux for the interval between -0.013 s and -0.012s
already shows a decreasing trend, which is also visible in the lightcurve plot Fig.
where the counts for this interval are significantly lower compared to the preceding peak
intervals. Tab. [7.2]shows a lower integrated flux for the time intervals -0.016 —-0.014s,
showing that the flux consists predominantely of high-energy photons.

The increased uncertainties in the time intervals which do not contribute to the TGF
signal are a direct result of a lower signal-to-noise ratio. In these regions, the model
is constrained by background fluctuations rather than a dominant source signal. The
non-signal intervals are plotted to show the decay of the TGF signal. The plot enables
the tracking of subtle spectral changes throughout the duration of the event. Vari-
ations in the slope and amplitude between individual time slices suggest a dynamic
acceleration process. A noticeable flattening of the slope toward the end of the burst
indicates spectral softening, a common feature in high-energy transients that reflects
the decaying energy of the particle accelerator. Finally, the fact that the energy flux
at energies above 1 MeV is substantially higher than in the 100keV range for the TGF
signal intervals provides a visual validation of the previously calculated hardness ratio.
The hardness ratio increases to 21.38 with the beginning of the source interval, reaching
6.783 towards the end of the source interval. Subsequently, it remains in the range of
1.2 — 1.5. This confirms that the emission during the TGF is significantly biased toward

high-energy photons, as expected from theoretical models.
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8 Natural Radioactivity

To assess the contribution of natural background radiation to the experimental setup
shown in Fig. the decay chains of 238U, 23°U, 232Th and the isotope K were simu-
lated. The emission was modeled from the outer 30 cm layer of the concrete platforms,
assuming all daughter isotopes in the respective chains are present. The source volume
was limited to the outer 30 cm of the concrete, as photons originating from deeper layers
are effectively absorbed by the material before reaching the detector. A simulation time
of 1 ms was utilized for each run, making it comparable to the measured TGF signal
which was assumed to have a length of 1ms.

The resulting spectra of the isotopes U, 22°U, 232Th and “°K are presented in Fig. [8.1]
For the case of not taking into account the atmospheric transmissivity the natural ra-
dioactivity background can be neglected since the signal is four orders of magnitude
weaker. The situation changes for the realistic measureable TGF spectrum which in-
cludes atmospheric transmissivity. It strongly depends on the distance between TGF
source and detector. For shorter distances in the range of a few hundred meters, the
TGF signal is significantly higher than the background noise. By further increasing
the distance to 1 — 2km the natural radioactivity becomes more important and can no
longer be negelcted. The reason for this is the increased threshold energy of the detector
after atmospheric interaction. Since the natural radioactivity originates from concrete
which is in immediate vicinity to the detector, the background radiation is not affected
by atmospheric transmission. Consequently, while the TGF signal is weakened by the
distance, the background remains the same. This results in an increased importance
of the natural background since the TGF signal has fewer counts. For even higher
distances of about 5km the natural radioactivity is the source of detected energies in

the range of up to 1 MeV.
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Fig. 8.1: Simulated spectra for powerlaw simulations with and without taking account
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O Discussion

This study evaluated the detectability of TGFs at the UFS by performing various sim-
ulations and calculating key detection parameters. For existing measurements, a TGF

~1 and a duration of 1ms are widely accepted assumptions. For

luminosity of 10 phs
comparison, (Chaffin et al. [2024] assumes a range from 10'® to over 10'® phs™!, while
Ursi [2021] utilizes 10'® phs™!. The duration estimated and measured by Wada et al.
[2019b] is 1 ms, which is in excellent agreement with the values used in this work. To
account for a broader range of scenarios, the maximum distance at which a TGF re-
mains detectable was calculated for different luminosities. In this work the maximum
distance is evaluated for a minimum number of 60 photons to arrive at the detector.
This threshold for the minimum number of detectable photons is consistent with the
methodology chosen by Ursi| [2021]. While Ursi [2021] also performed GEANT4 simula-
tions, they utilized a power law with a high-energy cutoff at 6.6 MeV, whereas this work
used a standard power law. Their analysis utilized an effective area of 10 cm™2, which
compares well to the maximum effective area of approximately 13 cm™2 determined in
our case.The maximum detection distances calculated in this work were (4117, 5344,
6802) m for luminosities of (10'¥,10'% 10%°)ph s™!, respectively. These values are slightly
higher than the TGF altitude of 2500 =500 m determined by Wada et al. [2019b]. It
should be noted that Wada et al|[2019b] conducted their measurements at sea level
and were thus not limited by mountainous terrain like in our case. Similar results were
achieved by [Ursi| [2021], who calculated a maximum vertical distance of approximately
4km and a horizontal distance of about 10km under similar initial conditions. The
spatial characterization of TGFs could be further enhanced by implementing a stereo
observation network, a method which was successfully employed by Wada et al.|[2019b].
By utilizing a dataset of TGFs measured with Fermi GBM we calculated the number of
photons detected for TGFs originating at several distances. For distances in the range
of 500 — 1000 m there are 10% — 107 detected photons. While the number is quite large
for lower distances it decreases to 174 photons at 5km distance and 0.621 photons for

a distance of 10km. This leads to a distance in which 60 photons can be measured in
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the range of 5500 — 6500 m. This is in good consistency with the range determined by
Ursi| [2021] as well as the range of maximum distances calculated from the simulations
performed in this work.

For measurements of TGFs, Wada et al.| [2019b] utilized networks of detectors spaced
1 — 5km apart. This multi-detector approach allows for the simultaneous capture of
~v-ray signals at different position. This enables a precise location of the TGF position
and the analysis of the TGF source geometry as well as the correlation with lightning
leader propagation. Since the UFS is located in a mountainous region it is difficult to
develop a detector approach. It could be possible to mount detectors on nearby summits
close to the UFS which would increase the measurement precision and detection area.
Beside of the combination of several detectors, [Hongbo et al||2019a] used a different
approach. By combining high-sensitivity magnetic sensors with y-ray detectors this
combination provides a possibility to validate TGF events. By utilizing multi-station
magnetic recordings, Hongbo et al.|[2019a] were able to correlate lightning waveforms
directly with the impulsive v-ray emission.

In their work, [Ursi [2021] estimated a number of 10* — 107 photons to be measured for
horizontal distances below 1km and vertical distances below 4.5km. After comparing
with the numbers calculated in this thesis, these estimates are highly reasonable when
compared to our simulated values, which yielded 10* — 107 photons for distances up to
2km. Regarding energy spectra, this work assumed energies ranging from 100keV to
10 MeV. This is in good agreement with Chaffin et al.| [2024], who measured TGFs in
the 100keV to 9MeV range. However, [Wada et al.| [2019b] noted that TGF energies
typically cluster around 10 MeV but can extend up to 20 MeV. As our current simula-
tions are capped at 10 MeV, expanding the energy range in future analyses could be
beneficial, particularly since low-energy partitions are often nonexistent at higher alti-
tudes.

The simulated flux in this study was calculated to be between 1.6 x 10® — 6.4 x
10'° ph cm ™2 for varying distances between 500 m — 10 km. Experimentally, Wada et al.
[2019b]| determined an on-ground fluence of 4 x 10° phem™2 at the TGF center and
7.3 x 103 phem™2 at a 1km offset. They concluded that their detectors were saturated
and estimated the actual flux to be 4 to 5 orders of magnitude higher. This corrected
estimate coincides well with our simulated flux for the chosen distances. Finally, based
on the calculated maximum distances, we estimated the frequency of measurable events.
Given the propagation of these distances, we expect between around 63 monthly thun-
derstorm hours for a luminosity of 10 phs™!, totaling in 756 hours per year. [Ursi
[2021] calculated bwetween 60 and 730 expected flashes which shows the comparability
of our study. Assuming a TGF-to-flash ratio of 1073 — 1072 similar to [Ursi| [2021], we
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Discussion

can expect up to 8 measurable TGFs per year at the UFS.

Despite the consistency of our results with existing literature, this work faces several
limitations. The energy spectrum in our simulations was capped at 10MeV. Since
downward TGFs can exhibit energies up to 20 MeV or higher as mentioned by [Wadal
et al. [2019b], the simulation might underestimate the flux at larger distances due to
the lower attenuation of high-energy photons. Also, this study assumes a simplified
beam geometry. As explained in |[Ursi [2021], the beam geometry and the halfangle can
vary which has strong influence on the detectability. In reality, these variations in the
beam opening angle and source orientation could lead to significant fluctuations in the
number of arriving photons. Another limitation is the detector itself. As described by
Wada et al.| [2019b], saturation may happen at such events. While our flux estimates
for close-range events are high these instrumental limitations could constrain the mea-
surable data quality of very bright, nearby flashes. What could also be improved is
the single-detector setup. Relying on a single measurement setup without coinciding
radio-frequency observations as done by Hongbo et al.| [2019a] or Wada et al. [2019b]

makes it challenging doing precise localisation meausrements.
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10 Summary

This thesis investigates the detection potential and physical charcteristics of TGFs from
a ground-based perspective. TGFs are intense sub-millisecond bursts of high-energy ra-
diation produced within thunderstorms. While these phenomena are primarily studied
via satellite observation, this research focuses on their detectability provided by the
research station UFS, located at an altitude of 2650 meters at the Zugspitze mountain-
side. By utilizing this high-altitude ground-based station, the study aims to mitigate
the effects of atmospheric attenuation that typically prevents the observation of these
events at lower elevations. Other effects, appearing in the mountainside like topograph-
ical limitations and natural radioactivity background are also included and analysed.
The theoretical foundation of this work describes the mechanisms of particle accelera-
tion in the atmosphere, specifically focusing on the RREA model and the REM. These
processes explain how strong electric fields within thunderclouds can accelerate the seed
electrons necessary for the creation of TGFs to relativistic speeds, leading to the emis-
sion of high-energy bremsstrahlung. This work analyses the spectral properties of these
TGFs, noting that while TGFs exhibit hard energy spectra reaching several tens of MeV
at their source, these spectra are significantly modified by Compton scattering as the
photons propagate through the atmosphere.

A central component of this research involves detailed computational modeling using
the GEANT4 based MEGAIlib framework. The simulations and models accurately
replicate the complex topography of the Zugspitze mountain range and the structural
environment of the Kugelalm measurement hut, where the detector is located. By im-
plementing Monte Carlo simulations, the study evaluates the performance of common
detector materials such as Nal scintillators. It was found that out of the three materials
Nal, Ge and BGO the BGO scintillator performs the best. With a maximum effective
area of 15cm? the BGO detector has the highest effective area for an input angle of
approximately # = 60°. This finding is consistent with the performed isotropic anal-
ysis. For several monochromatic sources of E = (0.1, 1, 10) MeV the expected count

distribution was calculated in which the most counts were detected for ¢ = 90° and
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0 = 60°. These plots also show several features of the detector environment. While for
energies E = 0.1 MeV the data points reflect the triangular shape of the Kugelalm, this
effect fades away for increasing energies. A constant feature throughout all simulations
is the angle configuration (¢, #) which is blocked by the mountains.

This work evaluates the detector response for several monochromatic sources. For lower
energies in the range of 0.1 — 1 MeV the photopeak and the Compton continuum are
clearly visible. By further increase of the photon energy a significant peak at 511 keV
occurs, originatin from pair production. Since the detector is located in the Kugelalm,
the corresponding shielding effect by the Kugelalm roof is also visible. by comparing the
two scenarios there are more low-energy counts when the detector is located inside the
Kugelalm. Since the roof functions as a scatterer, more photons experience energetic
and directional change and get detected after scattering. The corresponding total counts
ratio for counts with and without including the Kugelalm steadily increases. While for
photons energies of E = 0.1 MeV this ratio is approximately 0.6, it rises to 1.4 for photon
energies of E = 10 MeV, making it more advantageous to place the detector inside the
Kugelalm for high input energies. This enhancement at higher energies happens due to
secondary scattering withing the structure. The detected spectrum is dependent on the
input direction, which is shown. By comparing (¢, #) = (0°,0°) with a slightly tilted 6
angle of (p,0) = (25°, —90°) it was shown that the Kugelalm geometry has an effect on
the detection of TGFs. For the zenith direction the ratio of counts with vs without the
Kugelalm was 1.2 for energies of E = 10 MeV instead of 1.4 for zenith direction. Beside
of the shielding effect of the Kugelalm, the atmospheric transmission probability was
calculated. This probability is strongly dependent on energy and input angle of the
incoming photons. For a source altitude of 10 km when the detector is located on an
altitude of 2657 m, the atmospheric transmission probability varies between 14 orders
of magnitude. For photon energies E = 0.5 MeV the probability is on the order of 10~7
since a lot of the low-energy photons get absorbed. The probability further decreases
for higher zenith angles due to the thicker atmospheric layer. High-energetic photons
with E = 50 MeV have a probaility of 1072 to reach the detector.

Using this transmissivity the maximum distance in which a TGF can be measured was
calculated. The minimum number of photons to be detected for this claculation was
chosen to be 60 which results in a SNR of 7.68 and is in good agreement with the liter-
ature and similar simulation setups. For monochromatic energies (0.1, 1, 10) MeV this
distance was calculated to be (738, 1493, 3851) m. To gain a more reaslistic estimation
the maximum distance for a powerlaw spectrum with spectral index -1 emitted by the
TGF was calculated. The monochromatic simulations give a good estimation of the

expected dimensions but does not describe a realistic TGF emission. To calculate this,
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several luminosities of (108,10, 10%°) phs™' which cocincide with literature assump-
tions, were used. With this the maximum distance for a powerlaw is calculated to be
(4117, 5344, 6802) m, respectively.

To make conclusions about the TGF detectability, the occurrence of TGFs was ana-
lyzed. To do so, a lower estimation was made by utilizing a monthly thunderstorm hours
dataset. This dataset was averaged over 11 years. July has the most averaged thun-
derstorm hours with 228 so this month was chosen for further analysis. The monthly
thunderstorm hours were then plotted over the radius so that a powerlaw fit can be
performed. With the given maximum distance this results in a number of 432 — 1283
yearly thunderstorm hours with an average of 756 yearly thunderstorm hours for a
source luminosity of 10* phs™1.

To validate our finidings, TGFs measured with Fermi GBM were utlilized. We used a
total of 70 TGFs, limited to > 110 counts for spectral analysis and a duration of > 1 ms
for temporal analysis. For the spectral analysis, the 3ML framework and Bayesian
analysis was applied to the TGF data. With this procedure the average spectral in-
dex could be determined to A = -1.07444019 for energies between 100 keV and 10 MeV
while the averaged normalization constant is 127 +32keV 's 'cem~2. Knowing the
averaged values the integrated fluxes as well as the hardness ratios were calculated.
By visualizing the hardness ratio with the integrated flux and the index it was shown
that the higher the spectral index the lower the hardness ratio. For high hardness ratio
the integrated flux is lower, showing that the number of high-energy photons (with
energies between 300keV and 10 MeV) emitted is smaller compared to low-energy pho-
tons (with energies between 100 — 300 keV). For increasing flux the spectrum softens
by emitting more low-energy photons. To validate the averaged powerlaw parameters,
the resulting luminosity was determined. For a source in 15km distance a luminosity
of 2.304x10'® phs~! was calculated, being in agreement with the initial assumption of
10 phs~t.

The powerlaw spectra for different source — detector distances were calculated for com-
parison with the calculated values. To do so, an initial luminosity is assumed and used
to calculate the normalization factor K. By defining several intervals (100 — 500) keV,
(500 — 1000) keV, (1000 — 5000) keV, (5000 — 10000) keV the partition of each interval
to the overall flux was determined to use this as a weighting factor. By weighting the
different intervals it was taken into account that some energy range might emit more
photons than others. The resulting spectra were then visualized for the case of inluding
the attenuation of the atmosphere and without this attenuation. For distances in the
range of 500 — 1000 m the number of detected photons is in the range of 106 — 107
with a threshold detection energy of 20 — 80keV. For higher distances this threshold is
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increasing since more photons get absorbed or scattered due to the thicker atmosphere.
A distance of 5 km shows around 174 detectable photons with no significant detections
below energies of 1 Mev. The number of photons detected at different source distances
lets us approximate a distance at which 60 photons can be mesaured. This distance is
evaluated to be in the range of 5500 — 6500 m which is in good comparison with the
calculated maximum distance of 5344 m for a luminosity of 10! phs~1.

The performed temporal analysis clearly shows the hard spectra of a TGF by evaluating
the hardness ratio and spectral index for the whole TGF duration. When the signal
starts, a hardness ratio of 21 is calculated which decreases to a stable hardness ratio of 1
at the end of the TGF signal. For a higher hardness ratio the spectral index decreases,
indicating a hard spectrum. The spectral index increases to around -1 towards the end
of the TGF signal.

The natural background was taken into account since the detector setup is surrounded
by concrete which works as an emitter for natural radioactivity. The decays for the
isotopes 22U, #°U, 232Th, and *°K were simulated for the given setup. Depending
on the distance of the TGF source the natural background can be neglected. While
for lower distances around 500 m the natural radioactivity is surpassed by the actual
signal, for higher distances it plays a more significant role. Due to the attenuation of
low-energy photons for increasing distance the natural rdioactivity can be detected at
lower energies and needs to be taken into account.

This work successfully determines the distance for which a minimum number of pho-
tons emitted by a TGF can be detected. These results are compared and validated
with other works, including a validation of TGF properties such as the hardness of the
spectrum. The calculated values were specifically compared with existing TGFs mea-
sured by Fermi GBM by assuming that the upward part is also emitted downward. This
comparison shows good consistency in the detectable distance for TGFs at the UFS.
The measurement site was successfully implemented, accounting for features such as the
shielding by the Kugelalm or the mountains for specific directions. The role of natural
radioactivity present at the measurement site was also analyzed. Regarding the dataset,
the averaged parameters were determined utilizing 70 TGFs. By using a larger dataset
or including variations of several power-law indices, one might find different averaged
spectral indices or see how the spectrum changes more broadly. Due to computational
reasons, the energy limit in this work was set to 10 MeV. It is suggested that there is
a high-energy component for TGFs by other works, which was not analyzed. Includ-
ing higher-energy photons might change the detected spectrum and result in different
parameters. While several detector materials were compared to see which performed

best for specific configurations, the study did not include how detectability changes
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with various detector shapes or internal detector properties like saturation or pileup.
By varying the shape or including specific property effects, one might find the optimal
configuration for detecting TGF photons. This work also focuses on single TGF pulses.
Since it is reported that a TGF might contain multiple pulses, this could also be further
analyzed. This could also have additional effects on the detector like the summation of
several signals, which was not included in this work. No analysis of real lightning data
was done which would get more insights in the probability of thunder happening at the

UFS measurement site. To get a better estimation this could be analyzed.
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11 Outlook

Building on this thesis, the most significant step for future work is the implementation
of real-time measurements at the UFS. A spare BGO detector which is similar to those
mounted on the Fermi satellite will be built specifically for these kind of measurements.
The installation of this detector and corresponding detection of real-time data might
take place in late 2026. This setup will then provide an opportunity to measure and
record real-time TGF events close to Earths surface in this region. Similar measure-
ments have already been done in Japan or Italy so this would be a possibility to compare
measured TGFs under different conditions. These measurements can be used to analyze
the simulations performed and developed in this work. By comparing simulated results
with the actual measurement data, the simulation setup can be improved and validated.
Future work should also focus on expanding the simulated energy range beyond 10 MeV.
Since it was already suggested that there is a higher-energy component in TGFs, it is
crucial to analyze these higher-energy parts. The analysis should include directional
and spectral response of such signals to gain deeper understanding of the TGF produc-
tion mechanisms. By evaluating the high-energy component of TGFs, the simulations
and models used in this work can be improved. Also, TGFs measured with satelited-
based instruments should be analzed in greater detail. The analysis of more TGF
datasets will improve the statistics of the parameter distributions while making the
model more precise. To specify the results, more instrumental factors can be taken into
account. Utilizing the real BGO detector will allow for a more detailed analysis of how
environmental factors like seasonal snow or rain affect the signal. Analyzing real-time
measurements over a long period of time will show the seasonal effects and can give
insights in when TGF measurement occur most frequently.

To further enhance the detection and localization of TGFs, the installation of a de-
tetor network or the installation of different detectors can be a topic of future work.
The installation of different kinds of detectors allows the measurement of several TGF
features. Not just the TGF signal but also radio signatures coinciding with TGFs and
lightning discharges could be measured. This would be a possibility to expand the range
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of parameters connected to TGFs. Starting with one BGO detector and real-time data,
several detectors will increase the measurement of correlated features, such as radio
frequency signals originating from the same discharge.

Future work should continue to compare TGFs measured by satellite-based instruments
with ground-based data. This comparison will provide insights into the spectral prop-
erties and possible differences in the propagation direction of TGFs. Especially the
use of a BGO detector similar to the ones mounted on Fermi will provide important
measurements as soon as it is ready to be started. Since the detectors are technically
similar, the measured signal does not need to be adjusted for differing detector effects.
It can be directly compared to the Fermi signal, and therefore possible differences be-
tween ground-based and space-based observations can be detected more easily. The use
of this detector will allow good comparison between the different data. It can help to
determine how the global atmosphere modifies the TGF signal as it is measured by a

similar detetor at the UFS and possibly at Fermi.
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