atmosphere

Review

An Audiovisual Introduction to Streamer Physics

Christoph Kéhn

check for
updates

Academic Editor: Alessandro Ursi

Received: 18 March 2025
Revised: 11 June 2025
Accepted: 16 June 2025
Published: 20 June 2025

Citation: Kohn, C. An Audiovisual
Introduction to Streamer Physics.
Atmosphere 2025,16,757. https://
doi.org/10.3390/atmos16070757

Copyright: © 2025 by the author.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department for Space Research and Technology (DTU Space), Technical University of Denmark, Elektrovej 348,
2800 Kongens Lyngby, Denmark; koehn@space.dtu.dk

Abstract

Streamers are small, thin plasma channels that form the precursors of hot lightning leaders
and that are associated with phenomena such as transient luminous events or terrestrial
gamma-ray flashes. We provide an easily accessible audiovisual introduction for students
and early researchers, serving as a supplement to traditional review papers. This overview
contains an introduction to the collision-dominated motion of electrons in an ambient field
and an ambient gas, including a discussion of cross-sections and friction force. Based on
this, we will discuss electron avalanches before moving to streamers. Here, we will focus
on the avalanche-to-streamer transition and present properties and different modeling
approaches. Finally, we will discuss streamers in different gas mixtures as well as their
relation to lightning and plasma chemistry. The viewer of the supplementary video will
receive a first overview of streamer physics.

Keywords: streamers; audiovisual introduction; modeling

1. Introduction

Streamers are thin, small (at standard temperature and pressure, i.e., at a temperature
of 300 K and a pressure of 1 bar) and cold plasma channels that form the precursors of
long, hot lightning leaders [1-5], appear as transient luminous events (TLEs) above thun-
derclouds [6-9] and play a crucial role in plasma technology, such as in combustion [10,11],
plasma medicine [12,13] or switch technology [14-18]. Streamers occur in different polari-
ties with different propagation mechanisms [19-22] and are associated with the emission of
energetic X-rays in laboratory discharges [23-28] as well as of terrestrial gamma-ray flashes
(TGFs) in thunderstorms [29-34]. Although the majority of research in discharge physics
concerns streamers in air, more and more research is performed regarding streamers in
non-terrestrial gas mixtures such as N»:CHj (as on Saturn’s moon Titan) [35], in Jovian and
Venusian atmospheres [36], for Primordial Earth [37] or in air with admixtures of methane
used for combustion [38].

There are plenty of books and review papers [1,39-42] addressing the physics, model-
ing and laboratory experiments of streamers. However, for new students and researchers,
the available material might be overwhelming and it might be difficult in the beginning to
sort out the relevant information. Additionally, it cannot be assumed that those universities
and research institutes that research atmospheric electricity or plasma physics, including
the investigation of streamers, offer courses covering streamer physics on an undergraduate
level. Subsequently, it will take a significant amount of time for students to dive into the
field of discharge physics, which is missing from the actual student or research project.
Thus, we are concerned about how to provide easy access to this vivid research topic.

Additionally, previous research has shown that the attention span of an average human
is in the order of tens of seconds up to tens of minutes [43-45] and also that the brains of
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different people work in different ways; for some, it is easier to process information visually
while others have an advantage in processing data in an audio manner. Thus, we here
present audiovisual access to streamer physics, which can be regarded as easy access and a
supplement to more sophisticated literature on discharge physics. Finally, in recent decades,
public outreach has become more and more important for the scientific communities [46,47],
see [48] for an example of how lightning in the atmosphere of Primordial Earth was made
more accessible to a broader audience. Although the present audiovisual review is tailored
to the academic community, it might give concepts of how to present discharge physics to
the public.

2. Conceptualization and Structure of This Introduction

The idea of such a review originated from a Zoom meeting in 2020 where we presented
an introduction to streamer physics to the scientists at the St. Andrews Centre for Exoplanet
Science [49] in Scotland, working on exoplanets and needing insight into lightning physics.
In order to conserve the provided information for later use and check, this Zoom call
was recorded. In the following years, we used this video as an introduction for students
working on various projects of discharge physics. This raised the idea of publishing such
an audiovisual introduction for the scientific community.

The video is provided as Supplementary Materials and covers the following topics:

*  collision-dominated electron motion in gases, cross-sections

¢ electron avalanches

e  streamer discharges (avalanche-to-streamer transition, properties, modeling, streamers
in other atmospheres)

¢ relation to lightning and chemistry

Copyright details are provided in Table A1.

3. Contents of the Video: From Electron Avalanches to Streamer Discharges

The supplement video provides an in-depth introduction to electron avalanches and
streamer physics, focusing on the avalanche-to-streamer transition as well as the physics,
properties, and occurrences of streamers. The video covers various aspects, including
technological applications, the nature of streamers, and their relation to lightning and
plasma chemistry, which will be summarized in the following subsections.

3.1. Introduction to Streamers (Slide 3)

Streamers occur both in nature as well as in applications and experiments. The most
common occurrence is probably in lightning [50], which is mediated and facilitated by
streamer discharges. Hence, if streamers are absent in a given atmospheric gas composition,
then lightning cannot appear. Above thunderstorms, transient luminous events (TLEs) [6]
partly or fully consist of streamers. They can also occur in technological or experimental
setups. Applying a voltage between two electrodes (e.g., a needle and a plate electrode) [51]
will trigger a discharge which, under some circumstances (see Section 3.3) will be a streamer
discharge. Streamers can be used for combustion [38], switching applications [52], or
plasma medicine allowing the treatment of wounds.

3.2. Fundamentals of Electron Motion in Gases (Slides 4-8)

The physics of streamers really is determined by the collective motion of individual
electrons in an ambient gas; see Figure 1 for the general setup. Let us assume that we have
two electrodes. If there were no gas in between, electrons would accelerate in the ambient
field generated by the two electrons, and we could simply apply the laws of electrodynamics
to describe the motion of the electrons. This picture changes completely when we consider
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an ambient gas between the electrodes since the electrons will then interact with the gas
molecules. There are different collision channels, such as elastic scattering, and when
electrons have reached sufficiently high threshold energies, excitations, as well as electron
impact ionization, liberate new electrons from the orbitals of the ambient gas species, thus
leading to electron multiplication. While elastic scattering mostly conserves the electron
energies, electrons lose energy through excitations and ionization; hence, there is a balance
between energy gain through the ambient electric field and energy loss through collisions.
In the following, let us consider air (consisting of 80% molecular nitrogen N, and 20%
molecular oxygen O;) at standard temperature and pressure (300 K and 1 bar), but the
general concepts can, of course, be applied to other mixtures.

++++++++++++++++++++
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Figure 1. General setup of the electron motion in an ambient gas: While electrons accelerate in the
ambient electric field E,,;;, they collide with the gas molecules. They scatter elastically as well as
excite (orange) or ionize (blue) the gas molecules.

The scattering probability within a time step At (see Section 3.5 for details of the time
stepping) is given by
P=1-— efnambv(e)At‘Ttat(e) (1)

where 1,,,; is the ambient gas density, v is the electron velocity, depending on the electron
energy €, and oy, (€) is the total collision cross-section, which is the sum over all cross-
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section 0; ; of all considered processes. With the help of the cross-section, we then can also
define the effective friction force of electrons in an ambient gas as [3]

F =) nioij(€)Ae;; 2)
i

where i indices the species of the gas mixture and j is the index of the actual collision
process (e.g., elastic scattering) per species i. n; is the partial density of species i [m~3],
Ae; j is the average energy loss electrons through the collision process j at gas species i, and
0;,j(€) is the corresponding cross-section of collision process j of electron scattering off gas
species 1.

In the classical, non-quantum interpretation, the cross-section ¢ can be considered the
interaction area

o=r(r+ rz)z 3)

of two colliding bodies with radii r; and rp (Figure 2). For example, if we use the
classical electron radius 7, = 2.8179 X 1071 m and the van-der-Waals radius
TNy, vanderWaals = 155 X 10712 m for molecular nitrogen, the cross-section for electron scat-
tering off N is approximately ¢ ~ 7 x 10729 m?. However, this definition is problematic as
electrons and gas molecules are quantum particles. Hence, we cannot define a fixed radius
for the interacting particles. Additionally, we cannot use such a geometric approach, but
need to consider the scattering as a quantum process, where we have to consider electrons
before scattering as a free wave, which is modified at the collision center (the molecule).
Hence, cross-sections depend on the kinetic energy of electrons. As an example, Figure 3a
shows the cross-section of the elastic scattering of electrons from air molecules [53]. It
shows that the order of magnitude is indeed ~7 x 102’ m?, but that the cross-section
actually depends on the electron energy, including resonances. Panel (b) shows an example
of an excitation channel [53]. As aforementioned, excitations and ionization collisions
require a minimum electron threshold energy. Hence, such cross-sections are only valid for
larger energies.

Figure 2. Geometric interpretation of electrons (small black circles) with velocity v colliding at air
molecules (red circles) within a time step At. The yellow area symbolizes the cross-section as a
geometric interaction area (3).

Starting with the collision probability (1), we can define the mean free path, which is
the average distance an electron travels between two collisions, as

Apmrp = (nambgtot(e))71 4)
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and rewrite Equation (1) as

Az

P=1—¢ Awmrp 5)

where Az = vAt is the travelled distance during time step At. This allows us to derive some
fundamental scaling laws about the electron motion and collisions in a gas. Equation (5)
indicates that the collision probability scales with the inverse of the mean free path (4),
which in turn depends on the ambient density. Therefore, typical length scales of the
collision-dominated electron motion scale with AZNn;r;b. The electron energies depend on
the energy threshold energies of the excited states of the gas molecules as well as on the
ionization energies, hence ewngmb. As the velocities depend on the electron energy, it is
o~n? = and thus Atwn;r;b for typical time scales. Now, the applied voltage in a laboratory
discharge or the available voltage in a thundercloud does not depend on the ambient gas
density, but since the electric field is defined as voltage (or potential) per length, it scales
with ~n,,,;, which motivates the definition of the reduced electric field.

E

Namb

[Td = 10-2'Vm?]. (6)

This basically means that the physics of the electron motion is unaltered when you scale

the ambient field and the ambient density by the same factor, with the exception that time

and length scales are proportional to na_r;b'
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Figure 3. (a) The elastic scattering cross-section of electrons at N, and O, and (b) the total cross-
section for an excitation channel of Ny and O; as a function of electron energy [53]. The blue line
depicts the geometric cross-section of 7 x 10720 m? (which is approximately the same for N, and O5).

Figure 4 shows the friction force (2) for electrons in air [3,54]. The friction force
determines the electron motion in air. If the friction is zero, i.e., if there is no ambient gas,
the motion is purely determined through the Lorentz force

dp _
T qE (7)

where g is the electron charge. If there is an ambient gas and thus a friction force F, this
equation changes to

dp _
i gE —F(e, 1), 8)

in principle allowing the analytic or numerical calculation of the average motion of an elec-
tronin a gas. However, this is a very simplified approach and only valid for the average mo-
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tion since the friction force depends on the cross-sections (2), which—as aforementioned—
reflects the quantum nature of electrons at air molecules. Hence, Equation (8) does not
take into account the randomness of the electron-molecule collisions. Note that the force
F and the electric field E are equivalent and only differ by a factor ¢y ~ 1.602 x 1017
which is the elementary charge allowing the relating of the friction force to the electric
field strength or vice versa. If |¢gE| = |F|, then there is a net acceleration/deceleration; if
leoE| = |F|, electrons have reached an equilibrium point where their energy is conserved.
As an example, let us apply a field of Ex = 3.2 MV m~!, which is the breakdown field at
standard temperature and pressure in air (see Section 3.3), and let us start with electrons
with an initial energy of ~1 eV. Although there are electron-molecule collisions (with their
quantum nature), there is a net acceleration, and electrons gain sufficient energies to excite
or ionize air molecules. Although some of the electrons lose some of their energy, there is an
overall acceleration. At approximately 20 eV, the electric force and the friction force reach
an equilibrium point (indicated by the green lines), limiting the electron energy. Because of
the random nature of collisions, some electrons might not collide and gain more energy.
However, in this case, the friction force becomes larger than the electric force, decelerating
electrons down to the equilibrium point. The maximum of the friction force in air occurs at
approx. 100-200 eV, and one needs electric fields on the order of 8-9Ej to overcome this
friction barrier; for larger energies, the friction decreases. This is what we call the runaway
regime where electrons keep being accelerated systematically while their acceleration to
higher energies is rather stochastic due to the quantum nature of collisions. Such electrons
can almost reach the speed of light and are connected to high-energy phenomena, which is
out of the scope of this paper.

102 g g g g — T g g
E,=26 MV m™
10' } -1 1
E,=3.2MVm
= o |7 stable run-away
IE 10 L
>
L e T
2107 } Ey=02 MV m™" -
L
10‘2 3 lonization E
Ll

107" 10° 10" 10% 10° 10* 10° 10° 10" 10°
e [eV]
Figure 4. The friction force of electrons in the air as a function of the electron energy [3,54]. The
dotted lines show the characteristic fields for runaway breakdown (Ey;), classical breakdown (Ey),

and thermal runaway (E;). The green arrows indicate the equilibrium point of the friction force and
the breakdown field Ey. The red arrow indicates the runaway regime.

3.3. Electron Avalanches and the Avalanche-to-Streamer Transition (Slides 9-13)

The first step towards a streamer discharge is an electron avalanche formed through
electron impact ionization in the electric field of two electrodes (Figure 5). For a given
electron number N, moving towards the anode, the number dN, of new electrons within a
distance dx is

ng - N@(“Z‘On - aatt)dx (9)
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where «;,, is the ionization coefficient, and a4 is the attachment coefficient for electrons
attaching to molecules yielding a negative ion, both depending on the local electric field.
The solution of Equation (9), determining the electron number N, (x) at position x, is

Ne(x) = N, getion=8att) (10)

where N, g is the initial electron number. This is what we refer to as an electron avalanche.

Visualisation of an electron avalanche

Anode
LYYy :
v ‘KV‘)\K \,‘/{ DC Voltage
Electric I/ Souree
fiteld K":‘-\_/ ' )

O~ 0riginal ionisation event

Cathode

lonisation event

H
lonising electron path ~ §

H
—— Liberated electron path Not to scale

Figure 5. Visualization of an electron avalanche [55]. In the electric field between the cathode and
anode, electrons move and ionize air molecules, yielding an electron avalanche.

After producing electron-ion pairs, electrons typically separate from the ions due to
their lighter mass and create so-called space charge effects [1]. The corresponding space
charge electric field is determined through

eo(ny —n_)
V-E = 11
space P (11)
where n, is the density of positive ions, n_ is the density of negative charges (ions and
electrons), and where ¢y ~ 8.85 x 10712 A s (V m)~! is the vacuum permittivity. The
avalanche turns into a streamer when

Espace Z Eamh- (12)

Under this condition, there is a local amplification of the electric field, energizing electrons
further yielding additional ionization. This is the self-sustained streamer discharge with its
accelerated growth of the electron number as well as electrons reaching energies sufficiently
high to excite ambient gas molecules to states where they can emit visible photons. The
Raether-Meek criterion [56,57] states that the condition (12) is typically obtained after
18-20 avalanche processes, i.e., (@jo;, — tatt)d ~ 18-20, or equivalently after creating

e(o‘ion_“att)d ~ 108 — 109 (13)

electrons in air in the absence of any electrodes or other conductive material. However, the
number of 18-20 avalanche processes really depends on the gas mixture of the effect of
electrodes or hydrometeors, see [58,59].

As Equation (10) indicates, the growth of electron avalanches and streamers depends
on two competing processes, depending on the electric field: electron impact ionization
liberating new electrons from the molecules and the attachment of electrons to air molecules.
The equilibrium point
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aion(Ek) = D‘utt(Ek) (14)

determines the classic or breakdown field above which there is a net growth of the electron
number and thus of the electron avalanche or streamer and below which the avalanche
ceases to exist. Figure 6 shows the ionization and attachment rates for air (80% Ny and 20%
O3) as a function of the reduced electric field E/n,,,;. It shows that the equilibrium point
(14) is obtained for a reduced field of approx. 125.6 Td, which equals Ey g ~ 3.2 MV m!,
as used in Section 3.2, for an air density of 71,,,, = 2.547 x 10?> m~3 at standard temperature
and pressure on Modern Earth (ME). Note that this particular value of E; scales with the
ambient gas density (see Section 3.2).

108

Xatt
Qion

10" 102 10°
E/Ngmp [Td]

Figure 6. The ionization («;,,,) and attachment (x4;) flux coefficients of electrons in air as a function
of the reduced electric field E/#,,,;,. The black circle indicates the equilibrium point (14) defining the
breakdown field Ej. The data are reproduced from [60].

3.4. Propagation and Properties of Positive and Negative Streamers (Slides 14-16)

Streamers occur in two different polarities: negative and positive streamers. Negative
streamers propagate through the electron motion out of the streamer head, against the direction
of the electric field, hence towards the positive electrode (anode), which is very similar to what
we discussed in Section 3.3, but now adding the effect of space charges. As mentioned before,
the negative front mainly moves by electron impact ionization, multiplying the electron number
and creating electron-ion pairs at the tip [1]. As the ions are much heavier than electrons, we can
consider them immobile. These positive charges attract those electrons from the previous tip
such that their charges partially cancel. In contrast, as the new electrons are much lighter than the
ions, they drift outside of the streamer head and move towards the anode, leading to an excess
of negative charge and thus forming the new tip of the negative streamer. Figure 7 sketches the
density of electrons 7, and positive ions 1, as well as the charge difference An = n, —n, — ny;
note that the density of negative ions 7, originating from the attachment of electrons to gas
molecules, is typically a few orders of magnitude less than the densities 7, and 1. The figure
indeed shows that inside the channel, the positive and negative charges mostly cancel each
other, while at the tips, there is a small space charge layer at the tips that enhances the electric
field at the tip. This elongates the discharge channel, and the process (electron impact ionization,
neutralization of positive ions and the old tip electrons, and motion of new electrons to the
anode) repeats, leading to the continuous growth of negative streamers. Note that although
other processes (such as photoionization) mediate the motion and growth of negative streamers,
the main process is electron impact ionization. Through the formation of new electrons at the tip,
the space charge layer (Figure 7c,d) and thus the electric field at the streamer tip grow beyond
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the ambient electric field. In contrast, in the channel, the electric field is screened because of the
similar amount of positive and negative charge (Figure 7).

E;

1.0e+15

(a) 7, (b) 1
1.9e+20+4
1.8e+20.
1.7e+20
1.68+20
1.58+20
1.48+20
1.38+20
1.28+20
1.1e+20
1e+20
— 1.5e+20

Pe+19.

_ le+20 8e+19

An [m~3]

Te+19.

— Se+19

68+19.

5e+19

48419

3e+19

2e+19
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“2e+19.

-3e+]
odez  odos  odos  wdos ol odiz 0l
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(c) An (d) An on the symmetry-axis

Figure 7. A sketch of the electron (a) and positive ion density (b) of a streamer discharge in air
at x = 0 in an ambient field of —50 kV cm™! after 1.11 ns; the negative tip propagates upwards
while the positive tip propagates downwards. (c) The space charge density An = n, — n, — n, is the
density difference of positive and negative charges; (d) the space charge density as a function of z for
x=y=0.

Positive streamers move in the direction of the electric field which seems to be puzzling
in the first place since electrons move against the electric field and since ions are too heavy
to contribute significantly to the dynamic motion of positive streamers. For the propagation
of positive streamers, we need a source of new electrons, or to be more precise, electron-
ion pairs, ahead of the streamer tip [1]. There are different processes that can generate
new electron-ion pairs, e.g., background ionization or photoionization. In air, the typical
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mechanism for photoionization is as follows [19]: An electron collides and excites nitrogen
(N2 + e~ — N3 +e™), which then emits a UV photon during deexcitation (N5 — Ny + y{7v).
This photon subsequently ionizes molecular oxygen (O, + yyy — O; + e~) creating a
new electron-ion pair. Note that photoionization could also occur when energetic electrons
create photons through the Bremsstrahlung process. The new electrons then move towards
the positive tip, neutralizing with existing positive ions and shielding the field behind the
tip, similarly to the shielding for negative streamers, see Figure 7. Subsequently, the new
positive ions form a space charge layer (Figure 7c,d), becoming the new positive tip of the
streamer channel with an enhanced electric field.

3.5. Streamer Modeling (Slides 17-22)

There are different ways of modeling electron avalanches and streamers. One approach
is fluid modeling, where we apply the drift-diffusion equations for the densities of electrons
(11¢), positive ions (1), and negative ions (1)) [61]

on
a—: + V- (=DeVine — peneE) = Sy + Si— Satt — Lep (15)
ony
on
aitn Satt — Lpn (17)
together with the Poisson equation
AU = —2(n, —ny —np). (18)

Here, the temporal evolution of electrons and ions depends on the rates S; for electron
impact ionization, S ph for photonization, S, for attachment, as well as electron-ion (L))
and ion-ion (Lp;) recombination. As we have discussed in Section 3.3, we need to take into
account space charge effects created through electrons and ions by solving Equation (18)
for the potential U which allows the calculation of the electric field through E = —VU.
Charge separation results from the fact that we consider ions, which are much heavier than
electrons, as immobile. Hence, for electrons, we also take into account their drift and their
diffusion through

V- (=D.Vn, — pen.E) (19)

where p, is the electron mobility, depending on the electric field, and D, is the
electron diffusion.

The other approach to model streamers is particle modeling [62] where we actually
trace individual electrons and integrate Newton’s equations

d
LTIZ — ek (20)
dr
rri v (21)

with the electron charge ¢y and the electric field Ey, which is the superposition of the space
charge field and the ambient field. Note that integrating (20) and (21) is not trivial, as
the electric field generally depends on space and time, and we need to apply numerical
schemes. There are two time steps: the time step ¢ to update the electric field, as well as
the collision time step t. < tg, which is typically smaller than the electric field time step,
hence there are some collisions within one field update. In between updating the electron
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momentum (20), we check for collisions where the probability is given by Equation (1).
This allows the implementation of the physics for all collision types individually, i.e., elastic
scattering, excitations, attachment, electron impact ionization and Bremsstrahlung for
electrons. Hence, we can keep track of the individual positions, velocities, and energies of
the particles. We solve Equations (20) and (21) and perform electron-gas collisions a couple
of times until we have reached the electric field update time step and solve Equation (18)
similar to the fluid code.

Both models have different advantages and disadvantages: The advantage of the fluid
code is that it is relatively fast as we do not consider individual electrons; however, we lose
physical accuracy because we do not describe individual electrons. The particle approach is
normally more accurate but also much slower, although this really depends on a numerical
experiment to be simulated.

Although every discharge starts with a single electron, typical streamer simulations
start with an electron-ion Gaussian patch [22,35,37,63,64]

r2+(z—zo)2

nei(t=0,xy,2) =ne,oe A (22)

where r = \/x? + 2, zg is the initial central height within the simulation domain, 7, is the
initial electron density, and A the Gaussian decay length. Starting with (22) is a compromise
between the computational burden to start with one single electron, developing into
an electron avalanche and then streamer, and physical accuracy as the Gaussian (22) is
designed such that it represents the size of the electron avalanche when the Raether-Meek
criterion (13) is fulfilled, i.e., when the streamer regime starts [1,64]. The typical size A of the
patch is linked to the Raether-Meek criterion, the electron diffusion D, the electron mobility
U, the ambient electric field E,,,;, as well as to the ionization and attachment coefficients
through [56,57,65]

18 -2
A= /4D - 8 0 (23)
(aion - aﬂtt),uEamb

which typically is on the order of 0.2 mm for air at ground pressure. As the total electron
number is the volume integral of the electron density, the initial density can be approxi-
mated as

Moo A 71\1%0 ~10"% -10° m3 (24)
VA
for N, o = 108 — 10” and typical values for A at ground pressure [63].

Additionally, we need to specify the ambient field E,;;;, as well as the ambient gas mixture
and the gas density. As an example, Figure 8 shows the electron density and the electric field
after 1.38 ns for streamers in air (at ground pressure) in an ambient field of E,;;;, = 1.5E; pointing
downwards. Starting from a Gaussian patch, we observe the increase of the electron density
and the electric field on both sides of the simulation domain. The growth on the upper tip is
due to electrons moving upwards and performing electron impact ionization, while the growth
at the lower tip is mediated by photonization (see Section 3.4). This growth is also what we
typically observe in a discharge experiment where light is emitted from excited gas molecules
excited by the electrons produced and accelerated in the streamer discharge. The electric field
is reduced inside the channel and grows at the tips due to the production of electron-ion pairs
and the subsequent charge separation. Inside the channel, there is an almost equal amount of
negative and positive charge such that the field is shielded (see also Figure 7 for a discussion of
space charge effects). Due to their larger mobility, electrons at the tips move away from the ions,
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leading to an increase in the electric field at the tips. The field at the positive tip is typically higher
than at the negative tip. At the negative tip, electrons mainly move out of the tip, widening the
charged region; in contrast, at the positive tip, electrons are dragged into the streamer tip such
that the charge is concentrated on a smaller volume, leading to a higher field than at the negative
tip. Subsequently, positive fronts accelerate more and, at some point, become faster than negative
fronts. Usual velocities of streamers are on the order of 10°~10” m/s. In such a streamer channel,
the majority of electrons have energies of <10 eV; only a few have energies above 10 eV. Those
are the electrons at the tip that ionize or excite the ambient gas. The maximum energy would
typically be on the order of 100-200 eV, limited by the friction, see Figure 4.
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Figure 8. The electron density (contour plot (a) and along the z-axis (c)) and the electric field (b,d) of
a streamer discharge in air after in an ambient field of 1.5E; = 48 kV/cm after 1.38 ns.

3.6. Streamer Properties and Observations (Slides 23-24)

As aforementioned, streamer velocities are on the order of 10°~10” m/s where positive
streamers typically accelerate faster than negative streamers. Heating is negligible, as
streamers are rather driven by the space charge effects (see Equation (18)), causing the
electric field to grow at the tips. The high field at the tips accelerates the electrons, allowing
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them to excite air molecules. When deexciting, some of these states create photons in the
visible wavelengths, becoming manifest as glowing streamer tips. At standard temperature
and pressure (approx. 1 bar and 300 K), the streamer length is on the order of a few
millimeters to centimeters with a width of a few millimeters.

In the previous sections, we have mainly discussed streamer avalanches and
streamer properties in air, but they also appear in other gas mixtures. For example,
there have been laboratory experiments of streamer discharges in a Venus-like atmo-
sphere CO2:Np =96.5%:3.5%, and in the Jovian atmosphere Hj:He = 89.8%:10.2% [36],
while there have also been observations of streamer discharges on Venus [66]. In
previous work, we have simulated streamers in the atmosphere of Saturn’s moon Ti-
tan (N2:CHy = 98.4%:1.6%) [35] as well as in the atmospheres suggested for Primordial
Earth (N»:CO;:H,O:H5:CO = 80%:18.89%:1%:0.1%:0.01% or H,O:CH4:NHj3:H, = 37.5%:
25%:25%:12.5%) [37]. Apart from their relevance as precursors of lightning, streamers in
various gas mixtures also have technological applications, such as N,:O; with the addition
of methane used for combustion [38], or streamers in SFq for switching applications [52].

3.7. Streamers as Precursors to Lightning Leaders and Their Relation to Plasma Chemistry
(Slides 25-26)

After streamer inception, additional processes occur on longer timescales. In particular,
the energy transfer from charged to neutral species, i.e., from the electrons and ions to the
gas molecules, as well as the energy transfer from so-called vibrational to translational
states, increase the energy in the system heating the discharge channel transiting the cold
streamer to the hot lightning leader [4]. The details of this process are out of the scope
of this paper and might be subject to a follow-up video. Just note that the existence of
streamers is necessary to form the km-long lightning channels.

As mentioned in Section 3.1, transient luminous events appear above thunderstorms [6].
Among them, there are sprite streamers, with their large electric fields and their local
heating, triggering the plasma chemistry of the environment [67]. This involves reactions
of nitrogen, oxygen, carbon, and other species in our atmosphere, forming further species
such as methane CHy, ozone O3, nitrogen oxides NOy, or nitrous oxides N,O [67].

4. Conclusions and Outlook

We have presented an audiovisual introduction to streamer physics, which can be
used as an easy introduction for students and early researchers in the field of atmospheric
electricity. The red thread ranges from the motion of single electrons over the formation
of electron avalanches to the formation of streamers, at the end touching upon plasma
chemistry and the formation of lightning leaders. We have provided details about cross-
sections and scattering probabilities, as well as an extended discussion of the friction
force in air. We also describe how to model streamers, explain the different propagation
mechanisms for negative and positive streamer tips, and provide an overview of streamer
properties. Finally, we briefly discuss plasma chemistry and give an outlook on how
streamers turn into long, bright, lightning leader channels. Of course, there is plenty of
more written material that can serve as an introduction to streamer physics with more
depth that can be provided in the supplementary video, among which there are excellent
review papers [40,42,68,69] and books on lightning physics [1,41,70,71] together with the
references mentioned along this review. This introduction might additionally give a hint of
how to present discharge physics to a broader audience. Finally, streamers are just one part
of the research field of atmospheric electricity. This introduction could serve as a stepping
stone for a series of videos reviewing the physics of leaders, transient luminous events,
terrestrial gamma-ray flashes, etc.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/atmos16070757/, Video S1: An audiovisual introduction
to streamer physics. This video provides a first overview of the physics of the collision-dominated
motion of electrons as well as of streamers.
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Appendix A. Acknowledgment for Figures Used in the Presentation

For the following figures from the presentation, we summarize their origin and ac-
knowledge the copyright owner permitting us to reuse the figure, or give licence details.

Table Al. Overview of provided figures in the presentation including reference and copyright.

Slide Figure Reference Copyright/License
3 top left: lightning flash [50] CCBY-5A 4.0
top right: discharge [51] Permission granted by
inception from needle electrode J. Mizeraczyk et al. [51]
bottom left: overview of [6] Copyright ©2003, The American
Transient Luminous Events Association for the Advancement of Science
bottom right: sketch Open Day 2013, Centrum Wiskunde &
of plasma medice device Informatica (CWI), Amsterdam, NL
9 Visualisation of [55] CCBY-SA 3.0
electron discharge
14 negative streamer propagation [1] Copyright by Springer Verlag
Berlin Heidelberg New York
15 positive streamer propagation [1] Copyright by Springer Verlag
Berlin Heidelberg New York
25 right: lightning flash [50] CCBY-5A 4.0
26 top: overview of [6] Copyright ©2003, The American
Transient Luminous Events Association for the Advancement of Science
bottom: excerpt of a [67] Copyright 2008 by the
table of chemical reactions American Geophysical Union
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