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On a highly ionizing shock wave in a gas of high atmospheric pressure
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The shock wave in a medium is a propagating disturbance. It is charactdsyzan abrupt, nearly
discontinuous change (shock) in thermodynamic parameters of the medaiusinfplicity, we consider
only the perfect gas). In a case of the plane shock wave the gas parar(@essure, temperature,
density) before and after the shock are constant and homogenesdisranstrong wave they can be

interrelated like the following [1] :
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here the subscripts 1 and 2 are referred respectively to the gas dtate ded after the shock front,
M - Mach number is the ratio of speed of shock wave front and the spesolofl in a gas before the
front, y = % is the ratio of the heat capacity at a constant pressure and the heaityapa constant
volume (for one atomic gag= 5/3). These states are related to the non-isothermal shock. In a case of
the isothermal shock when the thermal conductivity (for ex. thermal radjatica medium is quite high

the relation (1) will transform into the following [1]:
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From this it follows that ay = 1 the right hand-side will become unity, hence in such a medium the shock
wave does not exist. However, it does not mean that nonlinear wawesotaxist in such a medium.
For example (we will demonstrate it further down), in such a medium the petjpen of a soliton is
possible whereas the medium state before the wave front side and behimatthside of the front does
not change.
Let us return to the shock waves and discuss the structure of the trateytr(wave front width) in
a gas. There are a lot of works devoted to such a problem mainly related etk shocksM ~ 1).
The waves with the arbitrary intensity were considered by I. Y. Tamm in 19éWever the work was
first published in 1965 [2]. In a case of the weak shock waWe{1) the structure of the transition layer
defined in a framework of hydrodynamics is given by the following formula:
_ Ptk
PR—P

wherel - mean free path of gas particles. From Eqg. (3) it follows that the fronthwiilgreater than the

d 5, 5=1.28, (3)

free path and with an increase®f/P; - d — d limits to the mean free path.
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In a case of the strong shock wa® (P, >> 1) the wave front width obtained in [2] is the following:
d=0.503; = 2.012,, 4

wherel1 andl, are the particles free paths in the front side and back side of the sheekragpectively.
The results obtained in the work [2] in the hydrodynamic approximation veened in a good agreement
with those obtained in a frame of the Boltzmann approximation, i.e. in the kinetiogippation. How-
ever, a simplified approximation was used: Boltzmann equation with an acebilre elastic collisions
in a framework of the hard spheres. In gases of high pressure (dteraspnd higher one) the struc-
ture of the strong shock waves described in [2] is too simplified. At Machbar greater than 10 due
to the gas heating the gas ionization and generation of highly ionized plasmaccustwhat was not
taken into consideration in [2]. As a result, the structure of the strong ianizave must have few pecu-
liarities. Namely, right behind the front side of the shock wave at a fréelpagth the gas temperature
gets increased to several electron-volts leading to the gas ionizationramatifan of a strongly ionized
non-isothermal plasma. The electron temperature in such a plasma is obbedgas atom ionization
potential whereas the ion temperature is much less than that of electrons. gstrite time according to
the gas-phase approximation Debye electron radius is less than eleegqrath. This phase transition
occurs at an electron constant temperature of order of an atom ionipatiential. It lasts for few orders
of an inverse ionization frequencies until the whole gas gets ionized. Tdtk of this domain amounts
to few ionization free paths. As a result the fully ionized non-isothermahpdasith the electron tem-
perature of order of few atom ionization potentials gets formed behinddheifr which the shock wave
should travel. We should ask ourselves: “Is this possible ?”. - “ No , ibt§' iThe point is that the acous-
tic oscillation mode in non-isothermal highly ionized plasma exists only whesn> T, - the ion sound is
an isothermal sound witji= 1 (Te=const due to the high electron thermal conductivity) [3, 4]. Accord-
ing to Eq. (2) the isothermal shock in a neutral gag atl is not possible. As it will be demonstrated
below, in non-isothermal plasma whé&g>> T, only the propagation of a solitary wave (soliton) with
the half-width equal to the Debye electron radius is possible. This wavesemnts the double electric
layer in which the electrons (electron layer) overtake the ions (ion layerpall them on. The electric

potential of the double layer can be described as a weakly nonidealbydtie following equation [4]:
Ter3ed?®  Te
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hereé = x— ut, rpe = /Te/41E%No- Debye electron radius, wheng = ng - exped/Te), Vs = /Te/M -
ion sound velocityu - to be determined velocity of a soliton equal to the velocity of the shock wave.

Eq. (5) known as the Korteweg&de Vries equation (KdV Eq. for short) has the following explicit

solution:
cDmax
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As one can sea > V, i.e. the velocity of a solitary wave is almost equal to that of an ion salindhe

wave full width at half maximumA > rpe and decreases with increasing wave amplitude.

Discussion of theresults and quantitative estimations

Egs. (6) and (7) are exact on implementation domain and describe exacHyplitaey wave (6) in
a plasma of the highly ionizing shock wave with temperaflye 3l; ~ 3-10° K, wherel; ~ 10 eV -
gas atom ionization potential. At a atmospheric gas pressye~ 7- 10~ cm and the mean distance
between plasma electrong s~ 3107 cm, i.e. the gas-phase approximation conditich<(< r3,)
is satisfied. According to Eg. (7) potential amplitude increases with deogeAsand atA = 3rpe (the

minimum magnitude at which the equations (5) - (7) are valid) becomes equal to:
Emax < 10°V /cm, (8)

There exists another constraint for the implementation domain of Eq. (6),lyatme small plasma

disturbance by a soliton field when

E < /4meTe ~ 10°V /cm (9)

This field is one order higher than the field (8). The fiéld= 10’ V/cm is high enough to create the
electric discharge in a solid body (for example in a glass). When the cond@)da violated then the
plasma gets exploded, electrons will break apart of ions and get aateeldry the field. However, this
stage is out of our consideration and requires a more detailed investigation.

The realization of the above process in atmosphere at normal conditiokstienumber of the shock
wave must be of ordevl ~ \/ﬁ ~ 33. When the Mach number is quite high then the plasma explo-
sion occurs forming the electron gas where the field will exceed the magri@i@ad the front width
will increase with increasing field. This stage is out of our consideratios inehis work.

In this way the strong ionizing shock wave in a gas must have a very comipletwse: right in the
back side of the front at a length of the mean free path of gas particlesebigfe front, the temper-
ature increases to few electron volts and the gas ionization occurs. lorthed plasma behind this
temperature-raising shock traveling only of the ion-sound soliton is pos3ib&esoliton half-width is
of order of hot electrons Debye radius. In a case of the strong shack the ion-sound soliton gets

transformed into the extended double layer with the following electric field [5]:

E ~ \/4meTe = /41meToTe/To = My/4mme Ty, (10)

whereTy -gas temperature in the front-side of the fravit>> 1 - Mach numbem, - density of a plasma
formed behind the front which is close to the neutral gas density. Relafiah¢vs that compared to the
normal gas where the pressure behind the front of the strong shaekistd? higher than that in front-
side, in a plasma, the plasma gets polarized behind the front of the shoekpwaducing the field with

the same pressure. According to the above description, in non-isothglemala formation, propagation
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of the ion-sound soliton (and not of the shock wave) is possible. Fraan(Byand (6) it follows that the

soliton represents the blob of a electromagnetic field revealing not only $hearce formation of the

soliton but also that the soliton is a resonator itself having the electromagnktiefiech can lead to the

electric discharge at soliton disturbance for ex. at a collision with the hagdttike glass. The latter,

discharges inside the window glasses, was revealed after the Chekyaisiteor explosion that entered
Earth’s atmosphere over Russia on 15 February 2013 at about O&iRU. Y7]

It is particularly interesting to discuss the concept of the shock wavessmplawhich got increased
attention in the literature [8]-[11]. The short overview of these worksviergin monography [12]. The
authors discuss plasma and the long-range Coulomb interactions of ddagena particles. However,
they consider plasma as an one-atomic gas with the adiabatic copsteBt3 and the ion temperature
T, > Te. At the same time, it is well known that the Coulomb system of charged partiatebetreated

as a plasma only when the Langmuir plasma frequency is much greater thaectinerecollisions:
Whe >> VE. (11)

We would like to note that the sound in a plasma is isothermal (hgneel) and can exist in non-
isothermal plasma only witfe >> T;. Namely in such a plasma the density and temperature shocks are
impossible, while only solitary waves can propagate therein. If the inversgtraint (11) is satisfied then

the peculiar plasma properties cannot be revealed; plasma becomes simitgstofaneutral particles
with remaining charged particles playing no principle role. In our point ofvvige authors of works
[8]-[11] meant such plasma and the words (here citation): “ In a plasnedeatron is strongly bound to

the ion by the charge separation field and they move together as a whole avethbthing to do with

the plasma.
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