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Summary

In recent years, electric discharges have been found to be prolific sources of high-energy radiation
[2, 1252, [267]. In particular, terrestrial gamma ray flashes are observed in correlation to lightning
activity |725] and bursts of X-rays are measured in experiments with laboratory sparks [517]. The
gamma/X-ray photons are produced from Bremsstrahlung (braking radiation) of fast electrons
scattering from atomic nuclei present in the vicinity of the discharge. The fast electrons may
themselves either be spawned by cosmic radiation or accelerated in very intense and localised
electric fields in the discharge.

The latter mechanism (acceleration) is the one studied in this thesis and denominated as
“thermal electron runaway”. In the current state of knowledge, it poses many challenges to our
understanding of discharges. For instance, the fluence of X-rays (number of photons traversing
a unit area) surpasses the one predicted by current models of thermal runaway in discharges.
Concretely, the probability of accelerating a thermal electron to high energies, where it radiates
through bremsstrahlung, is found to be too low at typical electric fields encountered at the head
of streamers (self-sustained ionisation waves). Conversely, the plausibility of very high electric
fields which enable thermal runaway is uncertain.

From the modelling perspective, the abundance of thermal runaway electrons has been found
to depend strongly on the model chosen to represent electron scattering with molecules [169,
218, 1677|. In particular, in a comparative study [811], we showed that various models of elastic
scattering give significantly different distributions of high-energy electrons.

Hence, we identify two necessities precluding a sound study of thermal runaway:

1. Find a physical environment, composed of the electric field and the state of air, that fosters
the conditions which enable thermal runaway. Then, in this environment, be able to model
events of extreme rarity, down to arbitrarily low probabilities.

2. Possess a highly reliable and accurate modelling of electron-molecule collisions, consistent
throughout a broad energy range: from zero to several MeV.

The first necessity is answered by the first part of the thesis where we investigate the abun-
dance of high-energy electrons obtained in Monte Carlo simulations under various conditions of
the electric field, the air composition and temperature. In a second article [813], we adapted the
Monte Carlo importance sampling methodology into a “compaction” algorithm which enhances
the statistics of high-energy electrons to an arbitrarily low probability of occurrence, however,
at the cost of deteriorating the resolution of low-energy electrons.

The second necessity is addressed in the second part of the thesis, where an almost complete
set of electron-molecule cross sections has been assembled independently from the databases that
are currently in use. The assembly combined an exhaustive gathering (up to 2022) of experi-
mental cross sections, accurate quantum mechanical calculations and simple analytical represen-
tations. The modelling of elastic scattering is based on our third article [812] for calculating
differential cross sections of electrons scattering elastically from diatomic molecules.
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viii SUMMARY

Furthermore, this thesis also contains a third part which supplements the first two parts
with a thorough documentation of the process for constructing the new cross section database.
It provides an overview of techniques for fitting experimental data and comparisons of various
electron-molecule cross section databases currently in use.

So far, most of the literature has focussed on plausible mechanisms which lead to formation
of intense electric fields in ionisation fronts. In this thesis, we turned toward a less frequented
perspective by considering the change in chemical composition of air due to the discharge activity
preceding thermal runaway. Contrary to the wont applied to dissertations in the sciences, this
thesis is an original work which does not include text extracted from the publications written
during the doctoral program. It is therefore not to be regarded as a reformulation of the content
of these articles [811-813|, but as the prime continuation thereof.

With the wherewithal that we developed — the compaction algorithm and the new set of
cross sections — we have probed preliminarily the phenomenon of electron thermal runaway in
hitherto understudied territories; low electric fields and varying gaseous compositions. As an
open conclusion, we fancy that preconditioning of the gaseous medium by streamer coronas is
relevant to unveil some of the mysteries shrouding our current understanding of thermal runaway.

Publications of the present author

811. Schmalzried, Luque, “Influence of Elastic Scattering on Electron Swarm Distribution in
Electrified Gases”, |J. Geophys. Res.: Atmos. 125, ¢2019JD031564 (2020) M '
(117} 1399} (534, [546), [557)).

812. Schmalzried, Luque, Lehtinen, “Combined molecular and atomic potentials for elastic
cross sections of electrons scattering off diatomic molecules at intermediate energies”,

Phys. Rev. A 106, 082813 (2022) (i} v 9 s, B2, G0} 70} 72 {400} 03} 112} 563).

813. Schmalzried, Luque, Lehtinen, “Enhancing higher-energy spectral resolution for electron
particle simulations in air”, | Comput Phys Commun 277, 108366 (2022) M
[LO1H102] (104} [150} [217]).



http://dx.doi.org/10.1029/2019JD031564
http://dx.doi.org/10.1103/PhysRevA.106.032813
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2022.108366

Resumen

Desde hace poco se sabe que los rayos de tormentas en la Tierra son fuentes prolificas de radiacion
de alta energia 2,252, 267]. En particular, se han observado destellos terrestres de rayos gamma,
con duracion de poco mas de 1 ms asociados a la actividad de rayos de tormenta |725]. Asi mismo
se han detectado estallidos de rayos-X emitidos por chispas en laboratorios |517]. Los fotones
gamma o X de estos destellos estan producidos por Bremsstrahlung (radiacion de frenado) de
electrones rapidos desviados por los ntcleos de los atomos presentes cerca de las descargas. Esos
electrones rapidos pueden ser engendrados como productos secundarios de ionizacién por rayos
cosmicos o bien ser acelerados desde energias méas bajas en campos eléctricos en las descargas
muy intensos y localizados.

Este altimo mecanismo (la aceleracion) se conoce como runaway térmico y su estudio es el
tema principal de la presente tésis. Actualmente, desconocemos la relaciéon precisa entre estre
proceso y la fisica de las descargas. Por ejemplo, la fluencia medida de rayos-X (ntimero de fotones
atravesando una superficie unitaria) supera las predicciones de modelos teoricos del runaway
térmico en descargas. La probabilidad de acelerar un electron térmico hasta energias altas en las
cuales empieza a irradiar por bremsstrahlung es demasiado baja en los campos eléctricos cerca
de las cabezas de los dardos (canales de ionizacion llamados streamers en inglés). Los campos
eléctricos necesarios para el runaway térmico son atun mas altos y por tanto poco plausibles.

En los modelos fisicos, la abundancia de electrones térmicos en runaway depende mucho de
como se describe la dispersion de electrones por moléculas [169, 218 677]. En particular, en
un estudio comparativo [811], hemos demostrado que varios modelos de dispersion elastica dan
lugar a distribuciones significativamente diferentes de electrones de alta energia.

De ahi, hemos identificado dos necesidades para dar una base sélida al estudio del runaway
térmico:

1. Hallar un entorno fisico apropiado, incluyendo el campo eléctrico y el estado del aire. Es
necesario tener la capacidad del modelizar eventos de rareza extrema en este ambiente, con
probabilidades arbitrariamente bajas.

2. Poseer un modelo altamente fiable y preciso de la colisiones de electrones con moléculas
que sea consistente en un rango amplio de energias: desde cero hasta varios MeV.

La primera parte de la tesis da respuesta a la primera necesidad; en ella investigamos la
abundancia de electrones de alta energia obtenidos en simulaciones Monte Carlo bajo varias
condiciones de campo eléctrico y de composicién y temperature del aire. En nuestro segundo
articulo [813], adaptamos la técnica del muestreo de importancia (importance sampling) en simu-
laciones de Montecarlo para implementar un algoritmo de compactacién que mejora la estadistica
de electrones de alta energia a cambio de deteriorar la resolucion sobre electrones de baja energia.

La segunda parte de la tesis abarca la segunda necesidad. En esta parte compilamos una
coleccion casi completa de secciones eficaces de colision entre electrones y moléculas independiente
de bases de datos actualmente usadas. Empleamos una recopilaciéon exhaustiva hasta 2022 de
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X RESUMEN

secciones eficaces experimentales, cdlculos precisos de mecéanica cuantica junto a representaciones
analiticas sencillas. El modelado de dispersién elastica estd basado en nuestro tercer articulo
[812], en el que calculamos seciones eficaces diferenciales de dispersion eléastica de electrones por
moléculas diatémicas.

Ademas, la tésis contiene también una tercera parte que suplementa las dos primeras y con-
tiene una documentacién minuciosa del proceso de construccién de la nueva base de datos de
secciones eficaces. Provee una resena de técnicas de ajuste de datos experimentales y compara-
ciones entre varias bases de datos de secciones eficaces de colisiones entre electrones y moléculas
actualmente usadas.

Hasta ahora, la mayoria de la literatura se ha centrado en vias plausibles de formacion de
campos eléctrico intensos en frentes de ionizacién. En esta tesis hemos cambiado la perspectiva
hacia el efecto que conlleva un cambio en la composicién quimica del aire debido a la actividad de
descarga que precede el runaway térmico. La tesis extiende y completa los trabajos publicados
anteriormente [811-813)|.

Con los medios que hemos desarrollado —el algoritmo de compactacion y la nueva base de
datos de secciones eficaces— hemos explorado el fenémeno de runaway térmico de electrones en
territorios hasta ahora poco estudiados: en campos eléctricos mas bajos y en composiciones
gaseosas variables. Planteamos la hipétesis de que el preacondicionamiento del medio gaseoso
por coronas de dardos es relevante en el proceso de runaway térmico.



Resumo

En lastaj jaroj, elektraj disSargoj estis trovitaj esti produktivaj fontoj de alt-energia radiado
[2, 252 267]. Aparte, surteraj gamaradiaj ekbriloj estas observitaj en korelacio al fulmagado;
kaj ekestoj de Rentgenradioj estas mezuritaj en eksperimentoj kun laboratoriosparkoj [517]. La
gama/Rentgen-fotonoj estas produktitaj el Bremsstrahlung (bremsa radiado) de rapidaj elek-
tronoj dispersantaj de atomkernoj ¢eestantaj en la najbareco de la dissargo. La rapidaj elek-
tronoj povas esti generitaj aii per kosma radiado at akcelitaj en tre intensaj kaj lokalizitaj
elektraj kampoj en la disSargo.

Ci-lasta mekanismo (akcelado) estas tiu studita en & tiu tezo kaj nomita “termida elektrona
fugo”. En la nuna stato de scio, gi prezentas multajn defiojn al nia kompreno de disSargoj.
Ekzemple, la flueco de Rentgenradioj (nombro de fotonoj transirantaj unuareon) superas tiun
antatidiritan de nunaj modeloj de termida fugo en disSargoj. Konkrete, la probableco de akceli
termikan elektronon al altaj energioj, kie gi radias tra bremsstrahlung, estas trovita esti tro
malalta ¢e tipaj elektraj kampoj renkontitaj ée la kapo de fluajoj (mem-subtenaj jonigaj ondoj).
Inverse, la kredebleco de tre altaj elektraj kampoj, kiuj ebligas termidan fugon, estas necerta.

De la modeliga perspektivo, la abundo de termidaj fugaj elektronoj dependas forte de la
modelo elektita por reprezenti elektrondisperson disde molekuloj [169, 218, 677]. Aparte, en
kompara studo [811], ni montris ke diversaj modeloj de elasta disperso donas signife malsamajn
distribuojn de alt-energiaj elektronoj.

Tial, ni identigas du necesajojn malhelpadas solidan studon de termida fugigo:

1. Trovi fizikan medion, kunmetitan de I’ elektra kampo kaj la stato de aero, kiu krei la
kondi¢ojn kiuj ebligas termidan fugigon. Tiam, en tiu medio, povi modeli okazajojn de
ekstrema maloftajo, al arbitraj malaltaj probablecoj.

2. Posedi tre fidindan kaj precizan modelon de elektrono-molekulo kolizioj, kohera éie energioj:
de nul gis pluraj MeV.

La unua neceso estas respondita per la unua parto de la tezo, kie ni esploras la abundon
de alt-energiaj elektronoj akiritaj en Monte Carlo simuladoj sub diversaj kondi¢oj de la elek-
tra kampo, la aera kunmetajo kaj temperaturo. En dua artikolo |813], ni adaptis la Monte
Carlo gravecprovajmetodaron en "kompaktigan" algoritmon kiu plifortigas la statistikojn de alt-
energiaj elektronoj al arbitre malalta probableco de okazo, aliflanke, je la kosto de plimalbonigado
de la difino de malalt-energiaj elektronoj.

La dua neceso estas traktita en la dua parto de la tezo, kie preskati kompleta aro de elektron-
molekulaj latiaj sekcioj estis kunvenita sendepende de la datumbazoj nuntempe uzataj. La
asembleo kombinis gisfundan kunvenon (gis 2022) de eksperimentaj laiiaj sekcioj, precizaj kvan-
tumaj mekanikaj kalkuloj kaj simplaj analitikaj reprezentadoj. La modeligado de elasta disperso
bazigas sur nia tria artikolo [812] por kalkuli diferencialajn sekciojn de elektronoj dispersantaj
elaste el diatomaj molekuloj.

xi



xii RESUMO

Cetere, @ tiu tezo ankail enhavas trian parton, kiu kompletigas la unuajn dua partojn per
gisfunda dokumentado de la procezo por konstrui la novan laiian sekcian datumbazon. Gi disponi-
gas superrigardon de teknikoj por konvenado de eksperimentaj datumoj kaj komparoj de diversaj
elektron-molekulaj latiaj sekciaj datumbazoj nuntempe uzataj.

Gis nun, la plej granda parto de la literaturo temis kredindajn mekanismojn, kiuj kondukas
al formado de intensaj elektraj kampoj en jonigaj frontoj. En tiu tezo, ni turnis nin al malpli
vizitata perspektivo konsiderante la Sangon en la kemia kunmetajo de aero pro la disSarga agado
antall termida fugo. Kontratie al la kutimo aplikita al disertacioj en la sciencoj, ¢i tiu tezo estas
tute originala verko sendependa de la artikoloj publikigitaj gis nun dum la doktora programo.
Tial gi ne devas esti rigardata kiel reformulado de la laboro realigita en tiuj artikoloj [811-813],
sed kiel la ¢efa datirigo de §i.

Kun la rimedoj, kiujn ni ellaboris — la kompakta algoritmo kaj la nova aro de latiaj sekcioj
— ni sondis antatitempe la fenomenon de elektrona termida fugo en gis nun nesufice studitaj
teritorioj; malaltaj elektraj kampoj kaj S8angadaj gasaj kunmetajoj. Aperta konklude, ni imagas,
ke antatikondi¢igo de la gasa medio per fluajaj coronoj estas temrilata por malka8i iujn el la
misteroj, kiuj kovras nian nunan komprenon pri termida fugado.



Preface: how to read this thesis?

The research conducted in this thesis was originally motivated by helping to understand the
mechanism, known as electron thermal runaway, whereby high-energy electrons are being pro-
duced from the acceleration of free electrons in electric discharges in the atmosphere.

As often happens in scientific investigation, during the process of obtaining results, we realised
that the data upon which our modelling relied were outdated and required thorough revision.
After a careful consideration, we took the decision to undertake the revision ourselves despite
the risks involved of not succeeding.

The creation of a new database entailed the extension of the thesis to its present length*]
In exchange, this enabled us (i) to establish more steady foundations for the investigation of
electron thermal runaway in discharges and (ii) to improve the applicability of simple models to
the representation of electron-molecule collisions useful for modelling weakly ionised plasmas.

Structure of the thesis
The present thesis is structured into three parts each composed of six chapters.

e Part I investigates the main objective of the thesis about electron thermal runaway in
atmospheric gases.

e Part II sets the foundations for revising the cross sections for collisions between electrons
and molecules.

e Part III gathers and complements the research in part II in order to provide data required
as input to part I.

The first two parts follow a parallel structure of 6 chapters.

i) Context. The first chapters are an introduction into the topic and motivation in relation to
the thesis.

I. chapter [1] is a phenomenological introduction to electric discharges, including high-
energy processes, occurring in the atmosphere.
II. chapter[7]introduces basic notions of electron scattering with molecules, how they are

measured and calculated.

ii) Model. The second chapters introduce the theoretical background used to construct the
physical model.

*For an efficient browsing through the hyperlinks embedded in the electronic version of the thesis, please check
your .pdf reader’s navigation shortcuts. For many readers, the shortcut is A1t + «, — to quickly switch back
and forth.

xiil
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I. chapter 2] explains how electrons are modelled in weakly ionised plasmas, particularly
in the framework of Monte Carlo simulations.

II. chapter[§presents the modelling of electron scattering off molecules from the quantum

mechanical perspective based on the optical potential approach.

iii) Numeric. The third chapters present the numerical methods required to implement the
physical models.

I. chapter [3| regroups the methods used by Monte Carlo simulations of electron swarms.

II. chapter[Jexplains how to calculate differential cross sections from an optical potential.

iv) Critique. The fourth chapters contain information about difficulties encountered in the
construction and implementation of the models used.

I. chapter [4] is a collection of points that require attention when modelling electron
swarms in gases from the Monte Carlo approach and how to assess the validity of the
simulations.

II. chapter is an extended discussion and comparison of approximations and semi-
empirical models used to calculate electron-molecule cross sections in the optical po-
tential approach.

v) Results. The fifth chapters present the results obtained from the application of the model
and its numerical implementation after it has been examined in the preceding chapter.

I. chapter [5| presents Monte Carlo simulations of electrons in gases and a specific empha-
sis on the production of high-energy electrons through thermal runaway acceleration.

II. chapter|11]assembles the necessary information (theoretical, experimental) in order to
produce concrete electron-molecule cross sections classified according to their reaction
channel.

vi) Discussion. The sixth and last chapters provide an overview of the work done, highlight the
main points found in the results chapters and propose perspectives for future investigation.

I. chapter [6] connects and comments the results obtained for electron thermal runaway
in relation to the context described in the first chapter.

I1. chapter|l2]summarises the results obtained of electron-molecule cross sections for each
atmospheric species: No, Oo, NO, Ar, O and N.

The structure of the third part is different.

Appendices. The first two chapters are appendices to the work done in chapter

e chapter [13]is a detailed presentation of how we fitted analytical expressions to exper-
imental data.

e chapter|14]is a collection of analytical formulae obtained in the first Born approxima-
tion for representing elastic scattering of electrons from molecules at high energies.

Database. The next two chapters present the newly constructed database of cross sections.

e chapter [I5] explains how the database was created from the information in chapter [I]]
and how to use it.



XV

e chapter [16] compares the new database to other existing databases hosted on [LXCat
and to experimental data.

Comments. The last two chapters are comments of the author about the thesis.

e chapter is a comment on the importance of having an international language for
science.

e chapter|1§is a personal comment about the challenges and issues encountered during
the thesis, concluded by acknowledgements.

Readers that are interested in the new material can refer to the lists in the conclusion sections

and or directly consult:
e the particle compaction methodology that we developed in section

e the elastic differential cross sections which we obtained in section [11.1]

e the analytical impact excitation cross sections in section and the ensuing sections,
e the binary-encounter-dipole model for impact ionisation which we improved in section[I1.5.3]
e the revised database in chapter

e and of course, the chapter about results of electron swarms and runaway electrons in
chapter [5

Finally, users of the new database can directly skip to section where the table
presents an overview of how the database was constructed.

Before plunging into the reading, in the following sections, the readers can acquaint them-
selves with the notation and abbreviations that we use throughout the thesis. An overview
specific to the atomic system of units is given at the end of chapter

|
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Notation

The mathematical symbols typewritten in this thesis try to follow the guidelines of the revised
standard ISO 80000-2 [432]. In particular the usage of italic versus roman font is reminded
below:

Italic font is reserved for:

v physical variables or constants (e.g. x,y, z for space coordinates or ¢, h, e for speed of light
in vacuum, Planck’s reduced constant or the elementary charge)

v’ subscripts which relate either to a continuous or discrete variable/quantity. Thus the
molecular polarisability may be written as ag signifying its parametric dependence on the
interatomic distance R of molecular hydrogen Hy. The spatial components of a vector
Dz, Py, D> to denote the projections in each of the Z,, Z directions. All indexes 4, n,m that
count objects in a sum or that designate elements (A;;) in a tensor/matrix shall be written
in italic as well.

Roman upright font is used for a wide range of cases:

V' International units: meters m, nano-seconds ns, kelvins K, Rydbergs Ryd, etc.
v Abbreviations of chemical elements and excited states

v Mathematical constants: notably Euler’s constant — e — root of the natural logarithm, and
the imaginary number — i.

v Mathematical operators, in particular the differential dx instead of carelessly dx; and
named functions : ‘sin’ for sine, ‘In’ for natural logarithm and *J,,(r)’ for Bessel’s function
of the first kind and of degree n.

V' subscripts of variables or a quantities that refer to an abbreviation, to a concept or a notion.
As an example, the energy in the relative frame is typewritten e, not g¢, or the ionisation
cross section is o; not gz.

This prescription was transgressed in the particular case of the velocity — v. I chose to
preserve a consistent typewriting between the velocity as a vector, its norm and components.
Thus, if v represents the velocity (vector) of a particle:

[v]| =v but not : >,
v-FE =vg but not : =g .

This is because the ‘italic’ font for v looks too much like an ‘upsilon’ v. I decided to reserve
v =0,1.. only for the vibrational excitation quantum of diatomic molecules.



NOTATION

Next, I reserve some special meaning to accents:

q:
a:

W]

a unit vector

a unit complex number

a cumulative integral (can be normalised)

an average or a magnitude factor’

: an average over a discrete set or continuous space

5(x):

a reference, an accurate estimation of a quantity

an approximation, correction, perturbation, fluctuation

Xvil

~ |4l =
~laj=1
f; d—gd:p
— é(:(}) = ([101(31—0) with x € [.’Eo,wl]
zo dz 4%
_ s(z,y) f(y)dy
- S(l') = Y1 d
v (W) dy
Ly
> (s)=—=) s
N iH

e.g. : §(x) could be $(x) -5

Abbreviations
Part I Part II
Acronyms Acronyms
+ EEDF : electron energy distribution func- % a.u. : atomic units
tion

O

O

+ BED : binary encounter dipole (model)

MC : Monte Carlo

+ CS : cross section

— PIC : particle-in-cell

— DCS : differential cross section

RREA : relativistic runaway electron — SDCS : singly differential CS
avalanche

— DDCS : doubly differential CS
TEB : terrestrial electron beam — TDCS : triply differential CS

TGF : terrestrial gamma-ray flash

VLF : very low frequency
Indexes

‘a’ or ‘att’ : attachment

%

‘b’ : binary

¢’ : critical

%

¢’ : collision (index)

ICS : integral cross section

MTCS : momentum-transfer CS
* DFT : density functional theory

— KDF : kinetic density formulation
EELS : electron energy loss spectrum
+ FCF : Franck-Condon factor

FEG : free electron gas

‘- drift + HF : Hartree-Fock (variational method)

e’ : electron

+ MERT : modified effective range theory

#This could either be a constant or a function if the average is performed on a sub-dimensional space of a
multi-variable function
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. excitation

— ‘diss’ : dissociation

— ‘el’ or ‘e’ : elastic
— ‘® : inelastic
— ‘elt’ : electronic
— ‘rot’ : rotational
— ‘vib’ : vibrational
¢ )
g’ gas
‘I’ or ‘ion’ : ionisation

‘k’ : breakdown
‘m’ : momentum transfer or measurement

‘r’ . runaway

‘s’ : super-electron (or streamer)
‘th’ : threshold
‘tot’” : total

! centre-of-mass frame

(prime) :
‘+’ : posterior to a collision

‘-7 : prior to a collision

‘0’ : initial (also before a collision)
‘1’ : primary (in impact ionisation)
‘2’ : secondary (in impact ionisation)
. target (compaction)

oo’ : nominal/stationary (compaction)

+ MPSA : molecular phase shift analysis
* OS : oscillator strength

— OOS : optical oscillator strength
— DOS : dipole oscillator strength

- GOS
strength

generalised  oscillator

* Og spectrum :

— HPC : Herzberg pseudo-continuum
— SR : Schumann-Runge (continuum)
— LB : longest band
2B : second band

+ PCI : post-collision interaction (after
ionisation)

+ PWBA : plane-wave (or first) Born ap-
proximation

— IAM : independent atom model

— SR : screened Rutherford (differen-
tial cross section)

+ RBEH : relativistic binary encounter
Bethe

%+ SC : semi-classical

— SCF : semi-classical Fermi (free
electron gas)

Indexes
e ‘d’ : dipole

e ‘1’ : relative (centre of mass)

¢ Y

e ‘r¢’ : residual elastic
e ‘rm’ : residual momentum transfer
e ‘rd’ : residual dissociation

“also RBEQ = RBEB with a Q parameter
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Glossary

Part 1
Einstein coefficient (A™") <
electric acceleration (eE/me)

angle between electric and magnetic fields
Townsend’s first ionisation coeff. : «a; <
(“magnetic field”) magnetic flux density
impact parameter
magneto-electrostatic drift velocity : g4 <
speed of light = 299792458 m/s

|E: D } e
swarm diffusion coeff.

1LE : D,
duration At or distance Ar >
small timestep (0t), energy interval (de) >
electric field
elementary charge
Euler’s number
excitation energy
electron kinetic energy
average friction force
energy distr. func. : fe

velocity distr. : f, ¢ distribution

phase space : f(r,v,t)
azimuthal angle in the plane 1 E

azimuthal angle
index for a gas species O

Lorentz relativistic factor

predissociation ratio : npq <
angle between velocity and electric field

scaling energy in the first Born approx.
Boltzmann’s constant : kg <

distance travelled by an electron

electron mean free path : A <
Coulomb logarithm : A. <
electron’s mass

electron’s mass

mass of a molecule/atom

Q

o oI
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Part 11
scattering length
atomic radius in exp(-r/a)
> ag : atomic Bohr radius
~ 0.00729735 : fine structure constant
> aq : molecular dipole polarisability
binding energy in an atomic orbital (B,)

e~ velocity in relativistic units 8 = v/c
=1/aa.u. ~ 137.036 a.u.

static dipole moment

forbiddance degree in o o< 1/e?
< energy difference AE
O &y : phase shift bound to the ¢ wave

=1.602176634 x 107 C = 1 a.u.
~ 2.718 282

energy of a system, a state

generalised oscillator strength

optical oscillator strength
scattering amplitude

atomic orbital wavefunction

> ¢p : Coulomb interference term
rotating the scattering plane

degeneracy degree of a state
=1/\/1-(v/c)?

resonance width (energy)

Hamiltonian operator

screening parameter 7 = 1/(2ka)?

polar angle from the internuclear axis
ionisation potential

quantum number for rotational excitation
reactance matrix

electron wave number

> L : orbital angular momentum operator
e -molecule total angular momentum
harmonic degree of a molecular potential
e~ angular momentum quantum number
decay rate in Yukawa/Slater potentials
projection of L on the internuclear axis
angular momentum projection on the z-axis
D> me ~ 9.10938 x 10731 kg

projection of rotational angular momentum
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cosine of scattering angle cosf
electron mobility : pe <
number of electrons in a swarm : N, <

electron : mn .
density

gas : Ngas

total collision : Vit

electron avalanche : v, rate

runaway production : v,
electron kinetic momentum
kinetic momentum of a molecule (or ion)
probability
heating rate

electron position
source term in kinetic equation

(unbiased) standard deviation
cross section
temperature

time
relaxation : 7
mean free : 7; time

average runaway : Ty
electron scattering angle

e~ kinetic energy in a bound orbital

electron velocity

molecule velocity

super-electron statistical weight

instance from a random uniform variable
a ratio

ionisation degree : (; <
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z-projection of total angular momentum
e~ reduced mass u=meM /(M +m)

number of electrons in a molecule/orbital

principal quantum number in an orbital
O index for degree or order

Legendre polynomial

static quadrupole moment
momentum transfer in a collision
internuclear separation

radial position

electronic density in atoms
scattering matrix

e molecule spin

electron spin projection on the z-axis

transition matrix

resonance lifetime

reduced potential : U(z) =2V (z/k)/k?
| evolution operator (unitary)
radial function (partial wave)
= k in atomic units
vibrational quantum number
atomic/molecular potential
a weight factor w < 1
position-spin coordinate x = (r, s)
a variable in a series
atomic charge number
dimensionless variable used in integrals
total electron-molecule wavefunction
electron scattering wavefunction
vibrational /rotational angular frequency
solid angle of scattering
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Electron swarms in electrified gases






NOTATION 3

Prologue

Like most scientific research conducted nowadays, it is hard, at first glance, to figure out the
purpose behind a study such as “electron swarms in electrified gases”. Although we are fortu-
nate to live in a technologically developed environment to start unfurling words to defend our
cause — such as laser, discharge lamps/tubes, plasma air purifiers, chemical reaction catalysers;
plasma needles, bullets, beams for biomedical treatments, microelectronic ashing and etching,
arc discharge prevention in electronic/electrical equipments; and then, of course, the delight of
measuring gas properties derived from swarm experiments that give cross-sections, excitation,
ionisation and transport coefficients; — still, in almost any application, the connection with
the present study is far from obvious, even for specialists. This leaves us with the last, oldest
and unrelenting purpose of science: to study natural phenomena, such as lightning. Therefore,
it should not be surprising that despite all the possible industrial applications aforementioned,
this thesis has been fundamentally motivated with the aim to help understanding some of the
numerous mysteries about the sensational characteristics of lightning.

There are many ways in which an investigation about phenomena related to lightning could
be made. With the bountiful means of the present time, we would typically combine observations
with many different instruments positioned at various viewpoints: through electric field mills or
antennas positioned on the ground surface just below or hundreds to thousands of kilometers
from the thunderstorm activity; with local balloon and in-situ probe measurements, planes flying
nearby, above or venturing inside thunderclouds; or even from very distant places such as satellites
or monitors located on the ISS comfortably watching the spectacular scene from space.

Next, we would conduct experiments from small sparks in glass tubes, electrodes in labo-
ratories to outdoor majestic discharges with massive power-voltage generators, or going as far
as bridging the gap with the natural scale of lightning through rocket-triggered strikes that
take advantage of the great potential difference present in thunderstorms. Then, launch numer-
ous simulations each more sophisticated than previous ones, starting from individual electron
swarms (of which this thesis covers a small part), fluid models of streamers, adding leaders,
then deriving electromagnetic emission activity from electric currents, black-body radiation of
heated air, molecular de-excitation, electron bremsstrahlung emission, sometimes just focussing
on high-energy particles, othertimes on thermal ones, looking how this radiation provokes tran-
sient luminous events elsewhere in the atmosphere, etc. In other words, much has already been
done, and much more is yet to be done, as always; not least in assembling the research into a
comprehensive (and hopefully comprehensible) scientific field.

Faced with this impressive, indeed staggering amount of investigation, I would nonetheless
like first to turn towards somewhere we typically look less frequently for cognitive insight about
lightning : namely cultures |265]. In a world where we have access to unrivalled, accurate and
reliable information from measurements and simulations, looking at how humans regard lightning
through their cultural background seems naive. As it turns out, this is actually a very good start;
for naiveness in science is often well rewarded.

It is needless to remind what tight link lightning and thunder has to religions and deities.
Both were personified as the deeds of a supernatural being. While lightning strikes were almost
invariably thought of a fiery projectile: slingshot, stone, axe, bolt; hurled to the ground or into
the air, the rumbling and clashing of thunder had diverse interpretations. In northern Europe
and Indian, thunder could be the rolling of a heavenly chariot ridden by the god of lightning. In
Asia, it rather was the beating of drums, while in some American and African cultures it was
the flapping of the wings of a giant Thunderbird whose eyes blinked to launch strokes.

The overwhelming power of thunderstorms compelled many cultures to regard gods of light-
ning also as sovereigns over all atmospheric phenomena including rain and wind. They ranked
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among the highest positions in the vast majority of pantheons and sometimes, as in Greco-Roman
mythology, the god of lightning (Zeus/Jupiter fig. was considered the supreme leader that
dispensed justice upon the world. The belief that storms, rains and strikes were wilful divine
feats, inevitably led to attempts of attracting the god’s favour. Rituals, offerings and often
sacrifices were conducted to attract good rains in regions where harvests were at the mercy of
droughts, such as in Mayan and Inca cultures. Sometimes, lightning was associated also with
fertility, as in Shintoism and native American religions. The Incas even characterised intra-
cloud as male lightning and cloud to ground as female, thinking the latter could somehow affect
pregnancy.

The destructive capabilities of lightning strikes in-
spired fear and awe toward gods. As the only natural
force that can be channelled into singular destinations
(rocks, trees, buildings, tall pointy objects, and also peo-
ple), it shouldn’t come as a surprise that lightning was
long believed to emerge from divine will of punishment
or as ominous signs to mortals.

Places struck by lightning were invariably thought
as chosen or targeted by the gods. The implications of
a strike were diverse. Etruscans would interpret ani-
mals and humans struck as sanctified and they would
bury them on the spot. Occasionally, shrines would
be erected on spots stuck by lightning. The physical
damage after a strike was almost universally imputed
to divine projectiles whose remains — “thunderbolts” or
“thunderstones” — possessed magical protective powers.
As a consequence, many fossils, crystals and prehistor-
ically carved stone tools were misidentified as thunder-
bolts and carried as amulets, mounted on rooftops or
door lintels, or used in rituals to ward off lightning
strikes; believing that the gods had no apparent reason
to strike the same spot twice.

The dilemma of recognising both the destructive and
beneficial power of lightning was deformed by Christian
religious crisis into a witchcraft paranoia that, notwith-
standing our technologically advanced society, still per-
sists today in some rural regions of the globe. From the
fifteenth to the early eighteenth centuries, damage by
lightning or storms was almost systematically imputed
to some dark plotting of mortals along with the devil to Figure 0.1: Statue of Jupiter holding
take abuse of divine powers. a thunderbolt at the Musée du Louvre

In modern times, although our interpretations of in Paris. , p.20]
lightning changed drastically, our nature remains un-
changed and our beliefs recycled. It is thus not unusual to be tempted by the zeitgeist thinking
that lightning could or should be harvested in some way to help us overcome the foretold energy
crisis. In connection with lightning hazards, fortunately no one will be accused of wizardry,
tortured and burned; though damage to buildings and electrical equipment can be imputed to
inadequate engineering design. More than ever, lightning (or simply electric discharges) is pic-
tured as a spark of fertility through experimental evidence of laboratory-triggered snow [471],
rain provoked from clouds, and speculations that lightning activity might have played a role in




NOTATION 5

life formation [647]. Belief in superpowers is not necessarily shaken either, simply restated. A
person witnessing and surviving a lightning strike hitting in the vicinity of a few meters where no
other pointy or conductive object could have scientifically justified its landing, will be strongly
tempted to ascribe such fortune to a sort of divine intervention, or simply luck. There is always
room for new beliefs or postulates to emerge and the puzzling phenomenon of ball lightning is,
in this respect, one of the most fertile fields. An extensive discussion of the folklore and myths
inspired by lightning and thunder can be found in Sibley [850|, a somewhat shorter introduction
to its cultural aspect is given in Elsom [265].

Regardless of its hundreds of actual and potential technological applications, it should be
pointless to justify the use in studying lightning from a natural point of view. Whereas techno-
logical achievements magnify the illusion of our omnipotence and can at times promote distrust
by pushing afar the boundaries of fatality, a natural perspective to science restores the primal
interest we have about lightning : why there, why then, how thus ?

It is unfortunately not the aim nor even the capacity of this thesis to answer these questions.
However, despite not giving clear answers, we strive to provide new or updated tools to help
in elucidating one of the numerous mysteries about lightning : namely its relationship to high-
energy radiation.






Chapter 1

Context

An extremely insightful experience a scientist can make without equipment, budget and prelim-
inary research is to ask a random person on the street: how do electrons relate with lightning?

Depending on whether we feel too complacent about the wealthy and rigorous vocabulary
we are wont to employ, we would either see the person as utterly untaught or on the contrary,
realise how often knowledge can be overridden by our intuition and way of expressing ourselves.

In reality, such a benign question might equally stun one speechless, as if being asked what role
does water play in life. For that reason, without falling to the temptation of wielding equations
to glue our reasoning, we will first slowly descend in conceptualisation, from thunderstorms to
lightning, through discharges, to swarms and individual electrons. Hoping on the way, that we can
grasp the great scales of magnitude over which electrical phenomena unfold in the atmosphere.
This chapter should prepare us to frame better the research of this thesis centred on electron
swarms.

1.1 Lightning in nature

From a global perspective, lightning is now recognised as part of an immense power generator
to the global electric circuit in which the Earth can be seen as a conductive sphere coated by an
insulating positively-charged layer of atmosphere that steadily recovers its conductivity above 60
km of altitude at the base of the lower-ionosphere. At such heights, the conductivity is mostly
due to the presence of free electrons seeded (directly or through ionisation) by perpetual cosmic
and solar radiation. For this reason, this conductive layer is referred to as the “electrosphere”,
sustaining a positive potential difference to the ground of 300 kV.

This fact uncovers a new fictional futuristic scenario for an electrified world with appliance
cords hanging here and there from the sky. Nonetheless, in our modest realistic scenario, it
instructs us to continue learning about atmospheric electricity.

Naturally, this potential difference causes electrons to leak continuously from Earth into the
atmosphere. Thunderstorms complete the cycle by replenishing electrons to the ground. We
start describing the basic meteorological mechanisms driving thunderstorms.

1.1.1 Thunderstorms

Clouds form as the ground, heated by the sun, supplies and warms moist parcels of air, rising
into the atmosphere as their thermal expansion lowers their local air density. In normal weather
conditions, the moisture in parcels condensates as the temperature drops at higher altitudes and
forms suspended water droplets that compose cumuli, i.e. regular clouds. Depending on the

7
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temperature profile of the atmosphere and the humidity of the air, the updraft can be stronger
and further lift the air parcel several kilometers above the cloud base altitude usually between 700
to 1 km above sea level. This leads to the creation of cumulonimbi or thunderclouds which can
tower up to 18 km in height. At some point in altitude, known as the tropopause, the atmospheric
temperature goes through a minimum before rising again. This stops the mechanism (buoyancy)
by which warm parcels ascend and they spread horizontally instead, giving to thunderclouds
their typical anvil shape. An example of a temperature profile with a tropopause at 16 km is
displayed in figure

Along the ascent, as the local temperature cools below the freezing point depending on
pressure, the water contained in the air can adopt a great variety of forms. Some droplets
can crystallise while others remain liquid: they become known as supercooled water droplets
Tiny ice crystals ¢ can grow in size as supercooled droplets and other ice crystals aggregate
to create heavier particles known as graupel ©'. The various water particles populating clouds
are generically named hydrometeors. Through the competitive force of gravity and updraft,
a velocity differential is created among particles varying in size which then collide. Whereas
smaller ice crystals are carried by the updraft and soar, heavier graupel fall slowly or at best
remain in suspension where the updraft is still strong enough. Their collisions result in a charge
exchange reaction whose effectiveness and sign is conditioned by the ambient temperature.

The overall charge structure of a thundercloud is therefore layered according to its temper-
ature profile (which depends on the latitude, season, orography, climate, etc.). It is most often
modelled as a tripole with a main upper positive charge region between 6 to 14 km and -20
to -40°C, a main negative charge in the middle between 2 to 7 km around -10°C and a lower
positive layer at the cloud base and above 0°C. As a response to the electric field, layers of
screening charges form in the more conductive regions of the surrounding environment. Thus,
the cloud boundaries can be shrouded with a screening layer, essentially negative at the top.
Additionally, the ground below the thunderstorm reflects the tripolar structure by accumulating
negative, positive and again negative charges in roughly concentric regions right below to far
from the thundercloud base. The right of figure illustrates the basic electric structure of a
thunderstorm in relation to the altitude and temperature.

The charge accumulated in the main regions can range from a few tens to over a hundred
Coulombs (~10—100 C). Their separation up to several kilometers leads to potential differences
typically around 10100 MV and once reported up to a GV [386]. From ground to cloud top,
the electric field profile varies and changes in direction each time a layer of opposite charge is
crossed [631].

At ground level, an accumulation of charges in tall structures (trees, buildings, etc.) enhances
the local electric field. This enhancement, if intense enough, may lead to the formation of a special
kind of discharge called ‘corona’, the physics of which are introduced later in section [[.:2.2] The
current generated by the corona redistributes charges in the vicinity of the field-enhancing object
until this field becomes screened. The charges filling this volume form a corona ‘space charge’.
They are represented around the miniature tree and house on the bottom right of figure [I.1]
Finally, the effect of this corona is to screen the field measured at ground to a range of 1-10kV/m
[866]. In absence of corona charges (such as on plane surfaces like desert plains or lakes), the
electric field can reach up to a hundred kV/m [933].

Maximum fields inside clouds are between 100—300kV/m [764] p.83:table 3.2|. Further ele-
vation of this field can occur in areas of higher charge concentration and especially through the
enhancement at the tip of ice crystals. Initiation of electric discharges is likely to emerge and
attach at those tips when the local field enhancement is close to the electric breakdown threshold
of air. One can see how this threshold varies with altitude on the scaled axis in the middle of

figure
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Figure 1.1: Formation and structure of thunderclouds according to the temperature profile of the
troposphere calculated with the NRMLSISE-00 atmosphere model. The tropopause corresponds
to the first minimum in the temperature profile. Convection stalls at the tropopause, but there
may be a slight overshoot marking the top of the thundercloud.

Thunderstorms develop through various phases. The formation phase is characterised by
a strong updraft carrying moist parcels of air and benefiting great birds such as hawks and
eagles gliding, soaring and most probably being thuswise at the origin of the Thunderbird myth
[265, Chapter 1 §The Americas|. As the cloud swells, graupel is generated and the charge
separation mechanism takes place, giving way to occasional breakdowns laying out a soft rumbling
of thunder. At some point the supply of warm air depletes, the updraft weakens and heavier
particles start to engender a downdraft which permeates the core of the cumulonimbus, stifle
the remainder of the updraft and provoke the outburst of downpour. More turbulence agitates
the cloud’s core and fosters electrical activity. In case of a simple unicellular storm, there is no
adjacent cell or region that can resupply the cloud with water droplets and crystals. After a few
hours, the thundercloud subsides, dissipates and clears the sky.

Although the mechanism described so far is generic to many thunderstorms, these can adopt
very complex structures and present many variants. The convection can be either induced by
orography (i.e. by mountains, hills), or by cold air fronts. A storm can comprise multiple cells
or supercells with coexisting regions of intense updrafts and downdrafts, it can also be linked
to cyclones. Broader information about the physics and variety of thunderclouds can be found
in Cotton et al. [195]. Nevertheless, we suggest Cooray [189] for its insightful explanation of
thunderstorm structures. Quantitative information and detailed referencing has been gathered
in Rakov and Uman [764, Chapter 3, p.67-93]. Of course, lightning is not exclusive to hydro-
clouds and occurs in volcanic or nuclear plumes, sandstorms and other planetary atmospheres
with different chemical compositions. We now turn ourselves to the observed characteristics of
discharges in thunderstorms in the next section.


https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php
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1.1.2 Lightning Discharge

So far, we have depicted thunderstorms as a sort of gigantic machines that separate and unevenly
distribute charges over vast volumes in the troposphere and over the ground. The overall result
is that the space is permeated by an increased electric field. Generally, any mechanism which
restores fully or partially the charge balance between regions of opposite polarities can be called
a “discharge”. Therefore, this applies to any electric current, insofar as it depletes a charge
imbalance, weak as it may be. We have already seen above that the corona is a kind of discharge
whose effect is to slowly dissipate the regions of accumulated charges in objects on the ground.
However, we most often associate the term “discharge” with a more spectacular phenomenon
such as lightning. In this case, the discharge is accompanied by breakdown. This term might
seem obscure and ambiguous as it could point toward various aspects which “break down™

1. Breakdown of resistivity: air transformed into a (weakly ionised) plasma channel ceases to
be an electric isolator.

2. Breakdown of the mediu air blazes, molecules dissociate, atoms ionise.

3. Breakdown of the electric field: the charges are transported in a fraction of a second and
rapidly screen the field much faster than the charging of clouds.

In this section, we present the basic mechanism by which this “triple breakdown” occurs.

Electron avalanche. The initiation of breakdown is a stochastic process that triggers under
certain conditions: when the electric field is above a certain threshold over a certain volume for
a certain period and with a source of free electrons. Apart from local build-ups of free charges
created by background (natural and cosmic) radiation [795|, those conditions are best met at the
tip of hydrometeors [745] where charges accumulate both through migration and polarisation of
the material [741]. At standard ground atmospheric conditionﬂ, the conventional breakdown
threshold of dry air is at 3 MV /m. As the air becomes rarer at higher altitudes, this threshold
decreases as shown on figure [I.T}right by numbers scaled on a vertical axis. Free electrons in the
vicinity of threshold fields start ionising the surrounding air whereby they multiply and create
local avalanches converging toward the hydrometeor tip |777]. The availability of electrons in air
is strongly hampered by the ability of oxygen molecules to detain them and form negative ions.
This process is known as electron attachment. Thus, an electron may not travel long distances
in air while staying free and the inception of an avalanche is subject to the local production of
electrons within the enhanced field region of the hydrometeor.

Avalanche to streamer. Under more specific conditions, which are actually still subject to
active research, the initial avalanches can expand by carrying an accumulation of charges which
sweeps forward, leaving behind a channel of weakly ionised air known as a streamer 606, 704,
Chapter II]. This corresponds to the first stage of breakdown: the resistivity of air drops several
orders of magnitude from ~10*-10'° Qm down to 10310 Qm [762, p.343] due to the presence
of free electrons inside the channel which carry the electric current as they drift in the field. A
streamer’s growth is conditioned by the external electric field [299] and the composition of air
which may eventually be preionised or preconditioned to have metastable species. Together, the

*This is not considered as being encompassed by the traditional terminology of breakdown. Nonetheless, we
propose it here as a useful additional classification to refer to different stages of a lightning discharge.
fThere are many “standards” (and they changed throughout history). Ours adopts 15°C and 1013.25 hPa,

see later section @


https://www.engineeringtoolbox.com/international-standard-atmosphere-d_985.html

1.1. LIGHTNING IN NATURE 11

electric field and gas composition affect the production and depletion balance of free electrons
in the streamer channel [356]. In virgin air, free electrons may be produced from ionisation
in a number of different ways: from high-energy radiation to radioactive decay. Nonetheless,
streamers, once formed, do not depend on external sources of free electrons. They are self-
sustainable discharges that ionise air ahead and may propagate until they slow down to a halt
after then enter regions where the electric field is below a certain critical threshold [733].

Streamer to leader. During the evolution of a streamer, the air in the weakly ionisation
channel is gradually heated by the electric current. Initially, the channel’s conductivity, although
much higher than virgin air, is still relatively mild, and therefore Ohmic heating is fostered until
the second stage of breakdown occurs at higher temperatures: the breakdown of air. At this state,
the molecules in air are mostly (oxygen) or partly (nitrogen) dissociated into atoms and a small
but non-negligible fraction (>1073) of ions is present [762, p.344]. Whereas streamers’ conductiv-
ity at ambient temperatures is hindered by collisions with diatomic moleculef*|and attachment to
oxygen, the present sharp rise in conductivity beyond several thousand kelvins (21500—2000 K|11,
311, p.1343, §3.3|) is due to an increase of availability of free electrons and maybe even their mo-
bility [376, fig.3]. The resistivity of this plasma could be between 10721074 Qm. This evolution
stage is known as a leader: it leads a corona of streamers (or streamer zone) attached at its tip,
to ionise the air ahead and allow for further propagation.

By now, the initial hydrometeor should have vaporised through the intense heating induced by
the electric current of ~ 100 A. Core temperatures attain 6000 K or higher |11}, 311} §4, fig. 13].
At the other end of the leader, the channel propagates in the opposite direction feeding new
charges into it. The leader becomes bidirectional, curiously like the thunderbolts held by Zeus,
Jupiter or Sumerian gods of lightning as in figure [0.1, Both ends are of opposite polarity and
assimilate pools of opposite charges as they propagate. Furthermore, the structure of leaders
can become complex as new branches can emerge, and old branches can die or revive again,
depending on the competitive demand in electric current necessary to maintain a channel alive.
Initially a submetric stem, leaders can extend over several kilometres in total length. An image
of a leader during a lightning strike can be seen on the upper-right side of figure [I.2

The polarity of a leader/streamer’s tip determines the direction of the electric field ahead
(outward or inward). Positive (negative) tips attract (repel) electrons, creating avalanches inward
(outward) through impact ionisation of air molecules. In both cases, the channel propagates
faster than the electrons drift and, in a metaphor of snowploughing, accumulates a dense region
of charges at the front [733]. Typical velocities of streamers are around ~ 10% m/s [517, §3.1] and
depend on their size [109, fig. 7b], on the gas density and on the external field [578|. In order to
propagate further, streamers require that the external electric field be above a certain threshold
[299]. This is known as the stability ﬁeldm [109) §3.3] which is about 5kV/cm for positive [733]
§1] and 10—12kV/cm for negative streamers [704, §3.5] in air at atmospheric pressure.

Leader propagation can be notably different from streamers. Negative leaders can proceed
through rapid (< ps) expansions called steps, repeatedly interrupted over 5—80 ps. Steps can span
gaps as wide as ~ 0.5—100 meters. A similar phenomenon was also observed for positive leaders
in laboratory sparks 341} 536] as discontinuous current pulses, when the air absolute humidity
is high (~ 10g/m?) [582] or during the initial development phase for slowly rising voltages at the
electrode (< 5kV/ps) [340].

*The actual picture is more complex. What distinguishes a leader from a streamer is a much larger density
(over 1000x) of free electron in the channel. In air, this is marked even more by the occurrence of attachment
which significantly depletes free electrons in the wake of a streamer.

"This concept is nonetheless hard to define since the electric field is rarely homogeneous and it is not straight-
forward to differentiate what is the “unperturbed” field if the streamer were not present.
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Figure 1.2:
Photograph
of a light-

ning strike in
Waterloo (Bel-
gium). The
luminosity and
structure of a
return  stroke
on the left may
be compared
to a branched
leader emerg-
ing from the
cloud base on
the right.

Most of the time however, positive leaders propagate continuously and the nature of their pulsed
propagation is thought to be radically different from the stepping observed in negative leaders,
which is reflected in a different terminology for those pulses, namely: restrikes , pulse-
wise propagation .

The average propagation speed of leaders is an order of magnitude slower ~10°m/s than
streamers, with a somewhat faster (slower [70]) tendency for negative (positive) types [536].
Nevertheless, external conditions and the development stage of leaders can greatly affect their
progression rate which can be slow to ~10*m/s p.5:84] or peak around 10°m/s .

Leader touchdown. Ultimately, the conductive channel of the leader clears out a route for the
charges to flow between two separate regions of different electric potential. When this potential
difference is evened, the third stage of breakdown has been accomplished: the breakdown of the
electric field.

The path traced by a leader can go, for instance, from the main negative layer to the main
positive layer of the same cloud (intra-cloud), between layers of different neighbouring clouds
(inter-cloud); it could stop outside the cloud in a patch of air (cloud-to-air) as on the right side
of fig. or make its way completely to the ground (cloud-to-ground) as seen on the left side
of figure [L.2]

In this latter case, the leader connects to the ground at one or several attachment points.
The attachment process is complex because the ground reacts to the nearing presence of a
highly enhanced field carried at the tip of the leader. Very often, streamers emerge from the
ground at local points of higher charge density. If a tall conductive pointy object stands erect
nearby, an upward leader springs from its tip and rushes to the encounter of the descending
leader . When the connection between the counter-propagating leaders establishes through
their streamer zones, a surge of current known as the return stroke, runs through the channel
upward at about ~ 108m/s, a significant fraction of the speed of light. This peak of current at
some tens of kA, ignites the channel blazing at 30000 K fig. 6d], and produces the
flash visible to the eye. The same channel can flare up several times by subsequent surges of
current. Each subsequent stroke is preceded by the retracing of the channel by dart leaders
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that rush steadily at higher speeds ~ 10" m/s, unless they are stepped, in which case they pace
slower ~ 108 m/s. Between consecutive strokes, the channel can be kept active by a continuous,
eventually fluctuating, current of a few ~ 100 A for a typical interval of 1—100 ms. When no more
charges can be fed into the channel, it finally dissipates.

1.1.3 Repercussions

The traces left behind by a flash are many and profound. Most obvious to us is the acoustic
shockwave from the sudden expansion of the superheated channel which produces thunder in
a concerto of rumbling, roaring and booming notes. Next, the currents in the channels emit
radio-waves that can be measured at far distances from the storm. Some special frequencies are
selected through resonance in the gap formed between the surface of the Earth and the ionosphere.
They constitute Schumann resonances that perennially permeate the globe. Furthermore, the
excitation, dissociation and ionisation of air prepare the molecules for various chemical reactions
to take place. New species are created, notably traces of CO, NO, NOs, ozone O3 and their ions
can be detected after a flash occurred.

In case of cloud-to-ground strokes, severe physical damage can result from intense electric
heating at the attachment point. Notably, the humidity contained within a material can instantly
vaporise and produce a spectacular explosion of tree trunks and parts of a wall or roof. Dry
burnable materials can be set ablaze whereas dry sandy grounds are fused together and produce
tubular structures known as fulgurites, literally “lightning-rocks”. Those should probably be the
scientific equivalent of the mythical thunderbolt.

After the flash is over, a massive amount of charge, several tens of Coulombs, has been dis-
placed over a large hecto- or kilo-metric distance in just a fraction of a second. The total effect is
measured as a charge moment change of most often several hundreds [447| but sometimes reach-
ing up to some thousands of C x km [59]. This sudden change in electric configuration induces
a response from charges contained in the upper parts of thunderclouds. A whole range of events
were identified in connection with large charge moment changes (2 1000 Cxkm) [409} figs. 4&6|
such as sprites, jets and halos; each with their own phenomenology and typology. Additionally,
the electromagnetic pulses produced by current surges induce an expanding glowing ring in the
ionosphere known as an ELVE. All those phenomena are regrouped under the terminology of
transient luminous events.

Finally, the implications of lightning extend also to the range of high-energy physics.
Recently, it was found that:

1. leader steps are accompanied by X-ray bursts [252|;

2. strong beams of gamma rays known as terrestrial gamma-ray flashes (TGF) were detected
from space [291], onboard planes [857] and on ground [239] in connection to intense lightning
activity;

3. the gamma rays produce photo-nuclear reactions in the atmosphere leading to emissions
of fast neutrons from nitrogen nuclei [267].

The common root to those high-energy events is the production of gamma photons through
bremsstrahlung radiation of very fast electrons deviated by atomic nuclei. The acceleration
mechanism capable of turning slow ambient electrons into high-energy ones is called thermal
runaway. Its conditions of occurrence are not well understood and constitute the main drive for
this thesis.
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1.2 Discharges in laboratories

Electric discharges produced experimentally differ mainly from natural lightning both in scale
and through their initial charge distribution fixing the electric field. Instead of spreading over
large areas as in thunderclouds, charges in laboratory experiments are densely accumulated on
conductive surfaces called electrodes. They are shaped as a spike, a sphere or a plane; and
eventually some combination, like an array of spikes on a conductive plate. The negatively
(positively) charged electrode, releasing (capturing) electrons is called the cathode (anode). The
nomenclature is due to Faraday in 1834 [271], on the suggestion of W. Whewell in analogy to
hydraulic flow: the higher (drodos) and lower (kdfodos) paths from and to which the electric
current (going opposite of the electrons) flows in the medium between electrodes. Just as near the
tip of hydrometeors, the electric field is greatly enhanced around sharp contours of the electrodes’
surface. A historical introduction to the realm of laboratory discharges can be found in the first
chapter of Hirsh and Oskam [404].

1.2.1 Discharge typology

A rich variety of distinct discharge types is revealed through different configurations of the ex-
perimental conditions. One can change: the electrode shape, its material type, the gas filling the
chamber (composition, pressure, temperature), the gap length between the electrodes, the resis-
tance of the external circuit, the voltage applied and its rise temporal steepness and eventually
frequency.

If the voltage is low (not much more than a few hundred volts)
and electrodes are relatively flat, the gap would only hold a very
weak current of slowly drifting ions and electrons sparsely pro-
duced by natural radioactive decay and cosmic ray ionisation. As
the voltage rises and by stimulating the cathode to emit elec-
trons, a (dark) Townsend discharge unravels by an acute increase
of current. At low pressures (a few hPa=mbar) and sufficiently
large gaps, the discharge starts glowing diffusely and more or less
uniformly in the gap as in photograph [I.3] This is used in low
pressure gas discharge lamps for street and office lighting. Rais-
ing the pressure and shortening the gap gives way to small and
bright arc discharges flushing a peak of current (about 1 A) in
an instant (some tens of ms). At high pressures, high voltages
and large gaps, a corona of dim filaments (fig. may form
in high-electric field regions from convex electrode contours. The
from a positively charged occurrence of corona streamers is due to a high concentration of
electrode at the top given a charges at the electrode. This effect can be enhanced by taking
pulse of 14.6kV with 15ns pointy instead of plate or spherical electrodes. The corona pro-
duces free electrons and ions that sustain a current between the
distanced electrodes as can be fancied from photographs [T.4b&4c
At this point, only a slight increase of voltage or reduction of the
gap length may trigger a spark from the sustained corona dis-
charge (fig. . Here, we excluded the very broad domain of
pulsed and oscillating-field discharges. We redirect the reader to-
ward Raizer |762] for a seminal description of discharge typology.

Figure 1.3: A diffuse glow
discharge in air at 25hPa

rise time and 10ps decay
time. The photograph ex-
tracted from Nijdam et al.
[703] fig. 5|, was exposed for
about 2ps.
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(a) Diffuse Corona (b) Streamer Corona

(c) Pre-arc corona

(d) Spark

Figure 1.4: Photographs of 1ms exposure of corona and spark discharges between spherical
electrodes (and a plate electrode on the left of fig. [b)) separated by a gap of 4cm in a laboratory
experiment at the Instituto de Astrofisica de Andalucia in Granada. Courtesy: Oscar Van del
Velde (2019) from Kieu [501, p.6:fig.1.5]

1.2.2 Sparks and coronas

Of all the types of discharges introduced, it is the latter two: spark and corona discharges,
that present most likeness to natural lightning. Powerful long sparks produced in laboratory
or outdoors display identical leader structures ended by a streamer zone (or streamer corona),
progressing through steps or continuously according to their polarity. Also, it is not improbable
that coronas form at the tip of hydrometeors |745| when the electric field reaches its maximum
value before lightning initiation occurs. Therefore, considerable insight about the mechanism
behind lightning initiation can be gained from studying laboratory sparks [652].
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Coronas may be of two types: diffuse and filamentary as seen by comparing figure and
@. A diffuse corona is a volume discharge in which the electrons converge to (positive) or diverge
from (negative) the electrode. If filamentary, the corona is composed of many streamers that
emerge from the connection point near the electrode and expand further until they vanish or
merge into a leader. Of important note, one must mind the integration time used in photographs
of coronas. Longer exposure times blur together light emissions at different times. Therefore,
it is not certain whether the diffuse image of corona in figure unlike the glow discharge at
25hPa in figure was (or not) composed of many streamers which emitted light at different
moments and positions so as to give a uniform glow over 1 ms.

We have seen previously in section [I.1.1] that one effect of the electric current generated in
corona discharges is to disperse an initially high concentrated region of charges over a greater
volume and thereby to reduce the potential drop at the electrode (or charged object) to which
the locally enhanced electric field is related. The repeated exposure to corona discharges can
cause the gas to reach temperatures of about ~1000K [311} 404, p.248, §3.2]. More insightful
information about coronas can be found in the reference book Goldman and Goldman [339].

Experiments [109, [341} 582] show that coronas emerge under lower electric fields at the anode
(+) than at the cathode (—). Physically, this is explained |575] by electrons converging toward
higher electric fields near the tip; whereas electrons around cathodes diverge (move away) from
the high-field region. From this reasoning, we may infer that the electrodes on the left (right)
of figures are anodes (cathodes). Similarly, one may suppose that in thunderclouds, positive
streamers emerge before negative ones. This would imply that for downward negative cloud-to-
ground lightning, it is actually the positive end that forms first; pointing upwards (downwards)
at the base (top) of the main negative charge layer.

The inception time of coronas and sparks depends on the availability of free electrons to start
the initial avalanches near the electrode and on the formation time of the streamer (usually much
shorter). Free electrons may either be ejected from ionisation by cosmic rays or be detached
from negative oxygen ions. The presence of electronegative species to which electrons may
attach greatly affects the time lag, formation and properties of streamers. The implications of
attachment and subsequent formation of negative oxygen ions in air are far-reaching. As will be
introduced in the forthcoming sections, it is suspected [621] that leader stepping and therefore
X-ray bursts are some consequences of attachment to oxygen.

A general introduction to spark discharges and the streamer initiation mechanism subjected
to a stochastic inception time can be found in Loeb and Meek [606]. An excellent recent review
of streamer physics is given by Nijdam et al. [704].

1.2.3 Stepping

A major insight on negative leader stepping was gained from high-resolution images of sparks
in laboratories. Each step is characterised by a sudden extension of the radiant leader channel
followed by burst of streamer corona at the newly formed tip, as nicely photographed in[L.6p. As
seen in the previous section, the corona is a complex system of streamers through which electric
current flows and a global space charge is deposited in the volume ahead of the leader tip.
Each individual streamer propagates until it reaches a region where the electric field emanating
from the leader head is screened by the corona space charge to the point where it is below the
threshold to sustain further streamer propagation. Even though streamers eventually subside,
in their passage they leave behind charge carriers that precondition the air [39] for fostering
subsequent breakdown.



1.2. DISCHARGES IN LABORATORIES 17

In particular, small glowing patches spontaneously
appear in the wake of negative streamers. Their ori-
gin is still under debate. In photographs of laboratory
discharges , fig. 10], they are observed as small iso-
lated round weakly shining dots left behind bright neg-
ative streamer heads circled in blue on the right of fig-
ure [1.5] Theoretically, their emergence was proposed
621] as resulting from a disruption of the conductiv-
ity in the streamer channel reinforced by instability of
electron attachment to oxygen, conducing to a region
of enhanced electric field and glow through molecular
de-excitation. Those small dots are sometimes named
‘beads’ §6] but are possibly another manifestation Stem < 2 Bead

of the structures that are sometimes called space stems
[69, [311, 583) [621]. Formation of beads is not exclu-
sive to negative streamers, similar glowing structures
have been observed in sprites after the passage of posi-
tive streamers. The connection remains, however, quite
mysterious as the ambient air density is much lower

at sprite altitudes (~50-80km and starting at ~ 70km
737, fig. 4]). emerge. Extracted from Kochkin et al.

Local and regularly spaced disruptions in conductiv- ’ fig. 10:(a) right and (b)-left].

ity are suspected to form a succession of beads left by

the passage of a streamer head. This suggests that the ideal model of a negative streamer as a
uniformly-stretched weakly conductive channel of electrons is too simple and does not take into
account the limitations imposed by electron attachment to oxygen molecules. Instead, a quick
degradation of the conductivity in the channel takes place as electrons deplete §5.1].

What distinguishes a bead from a space stem is uncertain §1]; the same dilemma might
be given to a botanist about when to call a germ ‘a sprout’, or when to call a sprout ‘a stem’
(to keep the analogy) and whether the sprout and the germ are words of distinct etymologies for
the same concept. Intuitively, we may designate by ‘bead’ the round shiny balls that the name
suggest. When a bead ‘grows’ (if it grows and does not vanish) it may be called a space stem as
described in the next paragraph.

The evolution of a space stem is a mysterious and presently actively discussed phenomenon.
On photographs, space stems seem to give birth to a series of small interrupted streamer corona
expansions of both polarities and follow the trail of the negative corona . A glimpse was
caught in figure where the negative (positive) streamers point downward (upward). Those
bipolar systems of counter-propagating coronas are called pilot (systems) , .

The growth pattern of pilots is rather atypical in the realm of discharges. In a first stage,
positive streamers emerge almost perpendicularly from the sides of the glowing stem and then
curb toward the positive electrode along the electric field lines, avoiding the path previously
traced by the passed negative streamer. This ‘U’ shape can be noticed on the left photograph
of figure where lateral positive streamers emerge from space stems of which one is circled in
violet . After a while, it seems, from the structure on photograph ., that a central corona
of positive streamers forms connected to the space stem and propagates toward the electrode
while new negative streamers emerge from the opposite end of the space stem. The system may
now be called a pilot composed of two coronas of opposite polarities and direction of propagation.
The relationship, if any, between the first generation of (lateral) ‘U’ positive streamers left)
and the central positive streamer corona ) is undetermined and poses another intrigue.

Figure 1.5: Photographic 50ns ex-
posure image of beads (blue circle)
‘sowed’ by negative streamers and
evolving later into space stems (violet
circle) from which positive streamers
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Figure 1.6: Different scales involved in negative leader stepping. (a) : Photograph from Biagi et
al. |69] of space leader glowing bead ahead of a natural lightning leader channel. (b) Photograph
from Kostinskiy et al. [536] of a streamer corona burst after a step in a negative lab discharge.
(c) : Photograph from Kochkin et al. [518] of pilot systems emerging from local space stems in
the wake of a negative streamer corona burst.

As it grows and stretches, the channel between the positive and negative coronas is disrupted
(or so it looks on the photographs) and the system eventually wanes out. Nevertheless, a new
space stem emerges from the previous point where the negative corona subsided and the process
may thuswise repeat several times 311} §3.6.1]. It would not be inadequate, that being said, to
adopt the Phenix as the totemic animal of negative leaders in lightning.

There may be several space stems launching new pilot systems in the area swept by a negative
streamer corona. The current generated by the pilots flows into the space stem and gradually
heats the region subtended between the coronas to about a thousand kelvins [581]. The critical
temperature for the streamer to leader transition is situated between 1000—2000 K when the
release of attached electron to oxygen anions induces a surge of current 311, §3.3]. If this
current is maintained long enough to support the continuation toward leader formation, maybe
through the connection of several aligned pilot systems, the heated space stem may eventually
reach temperatures comparable to leader cores; it is then called a space leader |583|. Those latter
were observed in fast-camera pictures of triggered downward negative lightning leaders [69]. As
opposed to space stems which look like faintly glowing dots that follow the trail of negative
streamer coronas [340], space leaders grow bidirectionally into elongated streaks and glare with
the same brightness as the main channel in figure [T.6h. Gradually, the interstitial region between
the main and space leader channels shrinks. The systems of opposite streamers emanating from
the main and space leader tips interpenetrate and are sometimes observed [518| or thought to
collide into each other [190|. Their embrace is concluded by a sudden elongation of the leader
accompanied by a bright burst of corona streamers |68, p.8161-2].

In brief: another step has been taken.



1.3. HIGH-ENERGY RADIATIONS 19
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Most interestingly, X-rays were observed in correlation to the corona burst concluding the
step in long spark, just as in natural lightning. Furthermore, even beams of fast neutrons were
reported in laboratory experiments |6]. In the next section, we explore this intriguing high-energy
facet of discharges.

1.3 High-energy radiations

The energy of elementarily-charged particles in electric fields is most commonly described in
electron-volts (eV) which is simply the energy that an elementary charge e = 1.602 x 10719 C
gains from a potential difference of one volt. The domain of “high energies” is always relative
to the phenomenon studied. When mentioning X-rays and gamma-ray photons in relation to
lightning activity, we will consider the range between 10 keV and 100 MeV as the high-energy
domain of lightning radiation. For practical purposes, the traditional terminology qualifies “soft”
for less and “hard” for more energetic photons in the domain defined previously.

Although high-energy photons can be produced in various ways, their primary origin in
discharges is acknowledged as bremsstrahlung (braking radiation) from fast electrons scattering
off atomic nuclei or (to a lesser extent[’]) electrons [528]. Actually, any charged particle deviated
by an electromagnetic field induces an electromagnetic perturbation that can propagate as a
real photorm. However, “bremsstrahlung” in the rest of this thesis will exclusively refer to the
electron-nucleus context. How many “fast” electrons can be obtained in a given electric field will
be briefly introduced in the next section before turning into the primary concern of this thesis.

It must be noted that the historical classification of X- and gamma rays is not based on
energy but on their mechanism of emission. While X-rays are associated with electron processes
such as bremsstrahlung and de-excitation of higher energy states to core orbitals in heavy atoms;
gamma rays were the third type (after alpha and beta) of radiation from radioactive decay (i.e.
atomic nuclei). Although it is certainly true within this context, that gamma rays tend to be

*This is because radiations from binary electron collisions arise from the quadrupole moment as opposed to
the dipole moment in electron-nucleus collisions

"When it comes to observers in different frames which are not bound by a Lorentz transformation, radiation
is subject to the reference frame considered. This was a long-lived stimulating paradox [783| and still perplexing
nowadays.
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more energetic than X-rays from atomic deexcitations; a “bremsstrahlung-ray”, which should
pertain to the definition of an X-ray, can perfectly span over gamma energy ranges. In lightning
research, there is not (yet) a consensus for strict terminology, and many authors tacitly adopt the
conventional boundary of 50 keV. Nevertheless, there is a growing trend [250, §2.4] to separate
gamma rays - as photons that emanate inside the thundercloud, from X-rays - as linked to
stepping of long-sparks and lightning leaders reaching ground levels.

In the rest of this section, we will follow this tentative line of distinction between gamma-
ray (thundercloud) and X-ray (leader) emissions in connection to lightning activity. Below, we
present some of their characteristics and mention other forms of high-energy radiation in a third
subsection. At last, we will end this section by covering the hypothesised production of fast
electrons that prefigure gamma-ray emissions.

1.3.1 Gamma-rays

Once emitted by bremsstrahlung, gamma rays interact with molecules as they propagate through
air in the following four ways:

e Coherent Rayleigh scattering : deviation without loss of energy;

e Incoherent Compton scattering : with the ejection of an electron formerly bound to an
atom /molecule, whereupon another photon is re-emitted with a different wavelength;

° Photo-absorptio : upon ionising or (super)exciting a molecule, the photon is fully ab-
sorbed;

e Pair production : production of an electron-positron pairﬂ under the influence of the electric
field of a nucleus.

We redirect the reader to Hertel and Schulz [400] for an introduction to these interactions.
The combination of those processes implies that the original gamma rays get strongly attenuated
as they propagate through thick layers of the atmosphere; they deviate from their original trajec-
tory and thus can occasionally be detected at larger angles (from their supposed location source);
and most importantly, they leave behind traces of their interaction with matter: production of
more electrons, positrons and other species. The graphs in figure give an idea of the relative
importance of each interaction according to its cross section with nitrogen atomﬂ along photon
energy. As we will clarify below, a careful consideration [724] of those effects is instrumental in
interpreting measurements of gamma rays emanating from thunderstorms.

To-date, there are two classes of events identifying gamma-ray emissions from thunderstorms.
The first (historically |735]) is the gamma-ray glow which lasts long from seconds [521] to several
minutes [179, [935], whereas the second is the terrestrial gamma-ray flash (TGF) which usually
lasts less than a millisecond. Those two classes are also very well distinguished by clear evidence
showing glows often appearing as terminated by lightning [255, [521} 636, 949] whereas TGFs
relate simultaneously to discharges taking place in thunderclouds.

* Abbreviation to the full term: “photo-electric absorption”. Sometimes it would seem that the term “photo-
ionisation” is used as a synonym of “photo-absorption”. We deprecate this usage for two reasons: (1) A high-
energy photon can be fully absorbed but only lead to an excitation (inner core electrons of heavy elements) and
(2) Compton scattering also ionises (but a photon is remitted).

"Muon pairs could be produced too if the photon energy were high enough (2200 MeV), usually only the case
for cosmic rays.

fAt energies >keV, one can assume that the photon cross section with a molecule is simply the sum of the
cross-sections with each atom in the molecule. More will be disclosed in the second part of this thesis.
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Figure 1.7: Gamma-ray interaction with nitrogen atoms® : cross-sections for Rayleigh, Compton
scattering, Photo-electric absorption and pair production from the EPDL [744].

Gamma-ray Glows. The conditions for gamma-ray glowing are thought to be quite straight-
forward [256,, 637|: electric fields high enough and over sufficiently long distances (several hundred
of meters) [934) 935] to permit self-sustained avalanches [47] of fast electrons seeded by cosmic
rays [369]. However, if the field is close to the breakdown threshold, a discharge can set off;
and thereby abate the ambient electric field through screening by the space charge effectively
displaced [255]. Prior to the abatement, the electric field is locally boosted by the charge accumu-
lated at the leader tip. As a result, depending on the geometry of the glowing region with respect
to the leader propagation, glows can intensify both in particle flux [636] (number of counts per
second) and in hardness [947| (larger fraction of higher-energy counts) before an abrupt stop.
In one case, a glow was seen to give way to a TGF before a lightning flash quelled the electric
field |971]. Furthermore, it appears that the amount of charges displaced inside the cloud by the
electric current of a glow is non-negligible compared to that of lightning [484], suggesting that
glows and lightning flashes are rivalling mechanisms of electric discharge.

Terrestrial Gamma-ray Flashes. On the other hand, the mechanism(s) by which Terrestrial
Gamma-ray Flashes are produced, constitute a fervently discussed field of research. Known in
short as TGF, they are reputed to be the latest discovery, only thirty years ago [291], of high-
energy phenomena in connection to lightning. They are observed from space |78, 639} |695| 858,
919|, on airborne detectors [99, 857] and from ground |1, [246| 385] as very intense but short
spurts of gamma rays beamed in a relatively narrow cone. Their characteristics described below
are illustrated in figure [[.§ In this hypothetical scenario, the TGF resulting from a relativistic
runaway electron avalanche (RREA sec. was seeded from a cosmic ray at 12 km of altitude
in the high electric field region of a thundercloud.
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Time

The duration of a single TGF is typically [725] < 1ms: mostly between a few tens to about
500 ps [628, figure 5|. However, a burst can sometimes be composed of multiple pulses with a
separation time of a few milliseconds [292, 628, figure 8, table 2]. Photon detection requires
a certain reading time during which the detector cannot process new information. This lapse
of insensitivity is referred to as deadtime. In some cases, short <500 ps double-pulsed TGF can
emerge as an artifact from the detector’s deadtime causing paralysis [335] figure 5].

Multi-pulsed TGF are more frequently observed from ground as shorter pulses [2] < 10 ps
separated by a few hundred ps, or even < 2pus over a total of 16 ps [943|. It is probable that
actual TGF durations are shorter than observed on average due to significant delaying by scat-
tering in the atmosphere [162]. Sometimes, pulses emitted from the same thunderstorm region
separated by several seconds (2 10s) would rather be considered as two separate consecutive
TGF [874) table 1]. They suggest that TGFs are capable of significantly discharging a cloud
region which needs some time to recharge. Other temporal characteristics can be retrieved from
their lightcurve displaying the photon counts along their time of arrival. A majority (about 2/3)
of pulses have asymmetrical [297] time profiles. Their rise time can be very short < 50 ns [292,
630] while fall times are usually longer. Also, harder photons tend to arrive before softer ones
[692]. Asymmetry is compatible with the Compton scattering [162]; both softening and delaying
photons as they make their way out of the atmosphere [354].

Spectrum

One of the most distinctive feature of TGFs is their spectral hardness [627, figure 2|. It presents
an inverse power-law in energy [859, figure 2-right| in accordance with photon distribution from
bremsstrahlung [515, Table I] and a steeper decrease beyond 10 MeV explained by the exponential
cut-off energy about 7 MeV for relativistic runaway spectra 245, §8] which will be described
below. Deviations from power-law spectrum can be explained with photo-absorption effects
below 50 keV and softening of harder photons by Compton scattering above 1 MeV [245| sec.3|.

The maximal gamma-ray energy observed kept breaking records for a decade [627, 1859} |918].
For a while, it had been thought that TGFs reach up to 100 MeV [918]. It was later shown
[629, figure 5] that this had been an instrumental artifact known as pile-up, where two (or more)
photons enter and deposit their energy into the detector within the same “reading time” and
so are confusedly counted as one harder photon. Nevertheless, the upper energy limit [627]
could possibly lie around 40 MeV. This is a quite challenging energy since, under an electrostatic
assumption, a free electron would need to traverse from the main negative layer to cloud top
in a massively charged thundercloud to reach such an energy. On top of that, it should remain
unscathed by the dangers of losing energy through collisions with molecules. A mechanism
known as relativistic feedback presented later could explain this energy by seeding high-
energy electrons at the foot of the high electric field region.

Fluence

At spacecraft altitudes, on average each cm? will be traversed by 1 gamma-ray during a TGF
event [110, 630, §2.3] (the definition of fluence). The flux density, expressing the count rate per
second per unit surface, estimated to peak [110] at several thousand photons/(s.cm?) leaves not
enough time for the detectors to recover (deadtime) and thus is often difficult to derive. Fluences
on ground are highly dependent on the relative detector location to the TGF beam [2]| and can
be as high as almost a million photons [970] passing in a cm? !
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In total, a TGF can produce around 10%° [630] to 10'® [970] photons in the brightest cases.
However, this number is more meaningful when a lower energy threshold is fixed and depends on
how losses by absorption and pair production are taken into account. The detection efficiency
also plays a significant role in the fluence estimation. The detector’s deadtime is responsible
for a loss of photon counts [354] when their flux is too high. Correction of this effect implies
that there could exist fainter TGFs comprising 10'* or even 10'2 photons, suggesting a higher
occurrence of 35 TGFs/min |723).

Geometry

Temporal, spectral and flux properties of TGFs are obviously affected by the geometry between
the source origin, its orientation and the point of observation. As a result of more absorption
and scattering, TGFs observed at larger angles from their source present a softer spectrum [724],
fainter, flatter and longer light-curves [391]. Combining the source geolocation and spectra of
observed TGFs, the average beaming half-angle of a TGF was estimated to lie between 30°and
40°, with 20°being the maximal deviation of the electric field from the vertical [334].

Production Altitude

Localising the origin of TGF in altitude accura