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More than 99% of all visible matter in the universe is in the
plasma state, and plasmas are present in a wealth of inter-
esting phenomena from astrophysics to everyday devices.
Yet, this is an area completely underrepresented in phys-
ics teaching at schools and in physics teacher education.
Therefore, a journey into plasma physics is undertaken to
discover the ,hidden champion®, providing some reasons
why the topic of plasma is important for a ,general culture”
in physics. Plasma phenomena from the universe to the
Earth, from materials science to gas conversion and further
to plasma fusion are covered, regarding its societal impor-
tance.

Plasma is considered as an additional state of matter next
to solid, liquid, and gas. It is distinguished by a substantial
number of free charge carriers such as electrons and ions
resulting in a collective behavior, that is, the plasma reacts
as an ensemble to external electromagnetic fields. Plasma
activation occurs when electrons are ripped off their atoms
or molecules by receiving energy. The energy can be de-
livered by heating or by electromagnetic fields, in special
cases also by chemical reactions (as in a fire) or friction
(triboplasma). A fully ionized plasma by heating requires
high temperatures of several 10‘000 K (thermal plasma).
Plasma activation by electric fields, on the contrary, result
in heating the electrons up to several electronvolt (1 eV cor-
responds to about 11600 K). Since the heavy gas patrticles
remain at much lower temperatures, a non-equilibrium state
(non-thermal plasma) is formed, which is only weakly ion-
ized. As sufficient energy needs to be provided for ionization
in order to sustain the plasma, numerous inelastic collisions
occur to excite atoms and to dissociate molecules, also

causing the emission of light. If for example air is activated
into the plasma state — as in auroras (polar lights) or light-
ning — a multitude of reactive species is formed, comprising
reactive oxygen and nitrogen species (RONS), positive and
negative ions, electrons, and phonons. Hence, a plasma
also induces physicochemical effects. It is argued that or-
ganisms exposed to strong lightning in clouds and in volcan-
ic activity, therefore, had to develop antioxidant strategies,

Figure 1: Electrically activated, non-thermal plasmas: a) lightning
(air plasma at atmospheric pressure), b) plasma lighter (air plasma
at atmospheric pressure, around 1°000°C), c) plasma ball (neon /
5 % xenon plasma at 1000 Pa), and d) lab-scale plasma reactor
(CO, plasma at 10 Pa).




helping them to get more robust and eventually evolve into
higher life such as animals and plants living on land. Some
examples of electrically excited plasmas are displayed in
Figure 1.

During the evolution of the universe, shortly after the big
bang, particles were formed by cooling to about 100°000 K
that were fully ionized (age of ions). Further cooling below
about 60000 K allowed the formation of neutral atoms (age
of atoms) that contributed to the formation of stars by gravity
(age of stars and galaxies). The core of a star became hot
again to start a thermal plasma and fusion reactions, also
emitting high energetic radiation. By flooding the universe
with such electromagnetic energy, reionization started re-
sulting in a fully ionized interstellar space at very low pres-
sure. The stars — as our Sun — also emit charge carriers,
the solar wind. A planet protected by an electromagnetic
field — as our Earth — screens most of the energetic plas-
ma particles, however, at the polar regions, these particles
can follow the magnetic field lines. Thus, the upper atmos-
phere can be activated forming auroras, that is, a non-ther-
mal plasma at low pressure. Lightning is another electrically
excited plasma — at atmospheric pressure. Their different
plasma characteristics, resulting in an extended plasma or
a channelized arc, are related to the different pressure rang-
es in which they occur. Nature thus tells us about thermal
and non-thermal plasmas, existing at low and atmospheric
pressure.

Can plasma also be exploited for technology? Indeed, and it
has a strong impact on our way of life. Non-thermal plasmas
benefit from their non-equilibrium conditions, since only the
electrons are picking up energy from the electric field within
collisions with heavy particles, which remain cold. Electron
impact reactions can thus be used to generate light or to
drive chemical reactions in dry and low-temperature condi-
tions by providing the right energy per molecule in the range
of several eV. Plasma-based gas conversion allows ozone
synthesis (in an oxygen plasma), purification of exhaust air
(by fragmentation of volatile organic compounds) or valori-
zation of climate gases such as CO, and CH, into useful raw
materials (hydrogen and organic carbon-based materials).
The latter might contribute to the storage of surplus energy
from renewable sources.
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ever, is microelectronics. Conductive, semiconducting and
insulating films are deposited at the nanoscale combined
with etching steps to build transistors and other elements for
integrated circuits, solar cells, and LEDs. This way, plasma
largely contributes to meet ,Moore‘s law“. Gordon Moore
(Intel) predicted in 1965 that the number of transistors on an
integrated circuit might double every two years with minimal
rise in cost. Further reducing structure widths (currently at
3 nm) and exploiting 3D architectures might allow to fulfill
Moore's law for another couple of years. These develop-
ments have already changed our life — consider for example
the capabilities of a smart phone — and are further driven by
the required computational power for artificial intelligence
(Al) and robotics.

Finally, also thermal plasmas are used by mankind. Plas-
mas at ,moderate” temperatures around 10000 to 20°000 K
enable plasma welding and plasma cutting as well as waste
treatment by providing a local, switchable heat source. But
also much higher temperatures in the range of 100 Mio. K
can be induced by plasma technology, contributing to the
research on fusion for energy production. While magnetic
confinement fusion requires extended plasmas at low pres-
sure confined by complex electromagnetic fields, inertial
confinement fusion is based on plasma shock waves, com-
pacting a fuel in small bullets to extremely high densities
and temperatures to start fusion reactions.

The plasma state thus covers a remarkably wide range of
densities and temperatures (Figure 2). Although life on earth
happens in life-friendly conditions allowing the coexistence
of water as ice, liquid, and vapor, cascades of plasma events
were required to enable life: steady energy delivery from the
sun as well as ionized solar wind interacting with the earth
magnetic field and lightning, both delivering RONS. By man-
kind, plasma technology has been developed to provide a
powerful tool to modify materials, to conduct chemical re-
actions at low temperature, or to use thermal plasma appli-
cations that all play a role in our daily life. Plasma physics
might thus be well-suited for physics teaching, as well, and
collaborative work of plasma physics specialists and phys-
ics education experts should be undertaken in order to de-
velop approaches to include plasma physics in high school
physics teaching in a fruitful way.

Furthermore, non-thermal plasma enable the el

modification of material‘’s surfaces. During plas-
ma-surface interaction, again, energies in the
range of eV are deposited, allowing to steer chem-
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ical reactions, densification, and ablation. As a
standard process to clean and activate surfaces,
plasmas are thus used for adhesion promotion.
More sophisticated applications are enabled by
plasma deposition and plasma etching process-
es, typically conducted at low pressure. From hy-
drocarbon gases, hard diamond-like carbon films
(around 1-3 um thick) are deposited, e.g., on tools
and engine parts, to enhance wear resistance and
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ymer films on contact lenses increase the wear- 100

er's comfort, while hydrophobic plasma coatings
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can replace PFAS (per- and poly-fluorinated alkyl
substances causing environmental and health
issues) on textiles, membranes etc. The largest
field benefitting from plasma processing, how-

Figure 2: Variety of technically used plasmas (bold) and natural plasmas (toned
down). While non-thermal plasmas are weakly ionized comprising hot electrons
and cold gas particles (non-equilibrium conditions), thermal plasmas can be
fully ionized obtaining high temperatures.




