
Does the shock wave in a highly ionized non-isothermal plasma really exist?
A. A. Rukhadze, S. P. Sadykova, and T. G. Samkharadze 
 
Citation: Journal of Applied Physics 118, 103305 (2015); doi: 10.1063/1.4930157 
View online: http://dx.doi.org/10.1063/1.4930157 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/118/10?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Laminar shocks in high power laser plasma interactions 
Phys. Plasmas 21, 022112 (2014); 10.1063/1.4864328 
 
Study of nonlinear electron-acoustic solitary and shock waves in a dissipative, nonplanar space plasma with
superthermal hot electrons 
Phys. Plasmas 21, 012102 (2014); 10.1063/1.4861257 
 
Influence of ionization on reflection of solitary waves in a magnetized plasma 
Phys. Plasmas 20, 092113 (2013); 10.1063/1.4820779 
 
Arbitrary amplitude solitary and shock waves in an unmagnetized quantum dusty electron-positron-ion plasma 
Phys. Plasmas 20, 082303 (2013); 10.1063/1.4817817 
 
Stability of shock waves in high temperature plasmas 
J. Appl. Phys. 110, 083512 (2011); 10.1063/1.3653253 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

134.94.122.17 On: Mon, 05 Oct 2015 13:24:29

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/220118377/x01/AIP-PT/JAP_ArticleDL_092315_2/AIP-2639_EIC_APL_Photonics_1640x440r2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=A.+A.+Rukhadze&option1=author
http://scitation.aip.org/search?value1=S.+P.+Sadykova&option1=author
http://scitation.aip.org/search?value1=T.+G.+Samkharadze&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4930157
http://scitation.aip.org/content/aip/journal/jap/118/10?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/21/2/10.1063/1.4864328?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/21/1/10.1063/1.4861257?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/21/1/10.1063/1.4861257?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/20/9/10.1063/1.4820779?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/20/8/10.1063/1.4817817?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/110/8/10.1063/1.3653253?ver=pdfcov


Does the shock wave in a highly ionized non-isothermal plasma really exist?

A. A. Rukhadze,1,a) S. P. Sadykova,2,b) and T. G. Samkharadze3

1Prokhorov General Physics Institute, Russian Academy of Sciences, Vavilov Str. 38., Moscow 119991, Russia
2Forschungszentrum Julich, J€ulich Supercomputing Center, J€ulich, 52428 Germany
3Moscow State University of Instrument Engineering and Computer Science Moscow, Stromynka str. 20,
107996 Moscow, Russia

(Received 13 March 2015; accepted 25 August 2015; published online 14 September 2015)

Here, we study the structure of a highly ionizing shock wave in a gas of high atmospheric pressure.

We take into account the gas ionization when the gas temperature reaches few orders above

ionization potential. It is shown that after gasdynamic temperature-raising shock and formation of

a highly-ionized nonisothermal collisionless plasma Te � Ti, only the solitary ion-sound wave

(soliton) can propagate in this plasma. In such a wave, the charge separation occurs: electrons and

ions form the double electric layer with the electric field. The shock wave form, its amplitude, and

front width are derived. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4930157]

I. INTRODUCTION

The shock wave in a medium is a propagating disturb-

ance. It is characterized by an abrupt, nearly discontinuous

change (shock) in thermodynamic parameters of the medium

(for simplicity, we consider only the perfect gas). In a case

of the plane shock wave, the gas parameters (pressure, tem-

perature, density) before and after the shock are constant and

homogeneous and for a strong wave, they can be interrelated

like the following:1

P2

P1

¼ 2c
cþ 1

M2;
T2

T1

¼ 2c c� 1ð Þ
cþ 1ð Þ2

M2;
n2

n1

¼ cþ 1

c� 1
: (1)

Here the subscripts 1 and 2 are referred, respectively, to

the gas state before and after the shock front, M—Mach

number is the ratio of speed of shock wave front and the

speed of sound in a gas before the front, c ¼ Cp

Cv
—adiabatic

exponent, the ratio of the heat capacity at a constant pressure

and the heat capacity at a constant volume (for one atomic

gas c ¼ 5=3). These states are related to the non-isothermal

shock. In a case of the isothermal shock when the thermal

conductivity (for example, thermal radiation) in a medium is

quite high, the relation (1) will transform into the following

constraint:1

P2 > P2min; P2min ¼ P1

cþ 1

3� c
: (2)

At c¼ 1 P2min ¼ P1, hence in such a medium, the shock

wave does not exist because P2 becomes equal to P1.

However, it does not mean that nonlinear waves cannot exist

in such a medium. For example (we will demonstrate it fur-

ther down), in a plasma, the propagation of a soliton is possi-

ble, whereas the plasma state before the wave front-side and

behind the back-side of the front does not change, whereas

in a gas, the states are different.

Let us return to the shock waves and discuss the struc-

ture of the transition layer (wave front width) in a gas. There

are a lot of works devoted to such a problem mainly related

to the weak shocks (M ’ 1). The waves with the arbitrary in-

tensity were considered by Tamm in 1947. However, the

work was first published in 1965.2 In a case of the weak

shock wave (M ’ 1), the structure of the transition layer

defined in a framework of hydrodynamics is given by the fol-

lowing formula:

d ¼ P2 þ P1

P2 � P1

d; d ¼ 1:28l; (3)

where l—mean free path of gas particles. From Eq. (3), it

follows that the front width is greater than the free path and

with an increase in P2=P1 - d ! d limits to the mean free

path.

In a case of the strong shock wave (P2=P1 � 1), the

wave front width obtained in Ref. 2 is the following:

d ¼ 0:503l1 ¼ 2:012l2; (4)

where l1 and l2 are the particles free paths in the front-side

and back-side of the shock wave, respectively. The results

obtained in the work2 in the hydrodynamic approximation

were found in a good agreement with those obtained in a

frame of the Boltzmann approximation, i.e., in the kinetic

approximation. However, a simplified approximation was

used: Boltzmann equation with an account of the elastic col-

lisions in a framework of the hard spheres.

II. STRONG IONIZING SHOCK WAVE

In this work, we consider the physical problem whether

the non-isothermal fully ionized plasma, once formed, can

support another shock wave by comparing with the similar

problem of formation of a shock wave in a gas and by deter-

mining an ion-acoustic wave profile. The plasma is consid-

ered in a framework of the Vlasov collisionless model.

Hence, in our case, the adiabatic exponent c does not

change.
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In gases of high pressure (atmospheric and higher one),

the structure of the strong shock waves described in Ref. 2 is

too simplified. At Mach number greater than 10 due to the

gas heating the gas ionization and generation of highly ion-

ized plasma must occur what was not taken into considera-

tion in Ref. 2. As a result, the structure of the strong ionizing

wave must have few peculiarities. Namely, right behind the

front-side of the shock wave at a free path length, the gas

temperature gets increased to several electron-volts, leading

to the gas ionization and formation of a strongly ionized

non-isothermal plasma. The electron temperature in such a

plasma is of order of a gas atom ionization potential, whereas

the ion temperature is much less than that of electrons. At

the same time according to the gas-phase approximation,

Debye electron radius is less than electron free path. This

phase transition occurs at an electron constant temperature

of order of an atom ionization potential. It lasts for few

orders of an inverse ionization frequencies until the whole

gas gets ionized. The width of this domain amounts to few

ionization free paths. As a result, the fully ionized non-

isothermal plasma with the electron temperature of order of

few atom ionization potentials gets formed behind the front

in which the shock wave should travel.

We should ask ourselves: “Is this possible?”.—“No, it is

not!” The point is that the acoustic oscillation mode in non-

isothermal highly ionized plasma exists only when Te � Ti—

the ion sound is an isothermal sound with c¼ 1 (Te¼ const

due to the high electron thermal conductivity).3–6 According

to Eq. (2), the isothermal shock in a neutral gas at c¼ 1 is not

possible. As it will be demonstrated below, in non-isothermal

plasma when Te � Ti, only the propagation of a solitary wave

(soliton) with the half-width equal to the Debye electron ra-

dius is possible. This ion-acoustic wave represents the double

electric layer in which the electrons (electron layer) overtake

the ions (ion layer) and pull them on. The electric potential of

the double layer can be derived using the following system of

equations of motion of the plasma:

@v

@t
þ v

@v

@x
¼ � e

M

@U
@x

;
@ni

@t
þ
@ nivð Þ
@x

¼ 0

@2U
@x2
¼ �4pe ni � n0eeU=Te

� �
;

(5)

here v—plasma velocity, U—plasma electric potential,

ne ¼ n0 � expðeU=TeÞ, ni—electron and ion densities, respec-

tively, n0—density of the electrons and ions at U ¼ 0 (for

simplicity Z¼ 1). Having solved the system, one can get the

following equation for the electric potential described as a

weakly nonideal wave:4

Ter2
De

2e

d2U

dn2
� Te

e
1� Vs

u

� �
Uþ 1

2
U2 ¼ 0; (6)

here n ¼ x� ut; rDe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Te=4pe2n0

p
—Debye electron radius,

where Vs ¼
ffiffiffiffiffiffiffiffiffiffiffi
Te=M

p
—ion sound velocity, u—to be determined

velocity of a soliton equal to the velocity of the shock wave.

Equation (6) known as the Kortewegde Vries equation

(KdV equation for short) has the following explicit solution

or one-dimensional ion-acoustic wave profile (see Fig. 1):

U ¼ Umax

ch2 n=Dð Þ ; (7)

where

1� Vs

u
¼ eUmax

pTe
� 1;

eUmax

6Te
¼ r2

De

D2
� 1: (8)

As one can see, u � Vs, i.e., the velocity of a solitary wave is

almost equal to that of an ion sound, D—the wave full width

at half maximum, D > rDe and decreases with increasing

wave amplitude.

III. DISCUSSION OF THE RESULTS AND
QUANTITATIVE ESTIMATIONS

Equations (7) and (8) are exact on implementation domain

and describe exactly the solitary wave (7) in a plasma of the

highly ionizing shock wave with temperature Te � 3Ii � 3

�105 K, where Ii � 10 eV—gas atom ionization potential. At

a atmospheric gas pressure rDe � 7� 10�7 cm and the mean

distance between plasma electrons ra � 3� 10�7 cm, i.e., the

gas-phase approximation condition (r2
a � r2

De) is satisfied.

According to Eq. (8), potential amplitude increases with

decreasing D and at D ¼ 3rDe (the minimum magnitude at

which Eqs. (6)–(8) are valid) becomes equal to

Emax � 107V=cm: (9)

There exists another constraint for the implementation do-

main of Eq. (7), namely, the small plasma disturbance by a

soliton field when

E �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pneTe

p
� 108V=cm: (10)

This field is one order higher than the field (9). The field

E ¼ 107 V/cm is high enough to create the electric dis-

charge in a solid body (for example, in a glass). When the

condition (9) is violated, then the plasma gets exploded,

electrons will break apart of ions and get accelerated by the

field. However, this stage is out of our consideration and

requires a more detailed investigation.

For realization of the above process in atmosphere at

normal conditions, the Mach number of the shock wave must

be of order M �
ffiffiffiffiffiffiffiffiffiffiffiffi
Te=T0

p
� 33. When the Mach number is

quite high, then the plasma explosion occurs forming the

electron gas where the field will exceed the magnitude (9)

and the front width will increase with increasing field. This

stage is out of our consideration here in this work.

In this way, the strong ionizing shock wave in a gas

must have a very complex structure: right in the back-side of

the front at a length of the mean free path of gas particles

before the front, the temperature increases to few electron

volts and the gas ionization occurs. In the formed plasma

behind this temperature-raising, shock traveling only of the

ion-sound soliton is possible. The soliton half-width is of

order of hot electrons Debye radius. In a case of the strong

shock wave, the ion-sound soliton gets transformed into the

extended double layer with the following electric field:6
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E �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pneTe

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pneT0Te=T0

p
¼ M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pneT0

p
; (11)

where T0—gas temperature in the front-side of the front,

M� 1—Mach number, ne—density of a plasma formed

behind the front which is close to the neutral gas density.

Relation (1) shows that compared to the normal gas where

the pressure behind the front of the strong shock wave is M2

higher than that in front-side, in a plasma, the plasma gets

polarized behind the front of the shock wave producing the

field with the same pressure.

According to the above description, in non-isothermal

plasma formation, propagation of the ion-sound soliton (and

not of the shock wave) is possible. From Eqs. (6) and (7), it

follows that the soliton represents the blob of a electromag-

netic field revealing not only the resonance formation of the

soliton7 but also that the soliton is a resonator itself having

the electromagnetic field which can lead to the electric dis-

charge at soliton disturbance, for example, at a collision with

the hard target like glass. The latter, discharges inside the

window glasses, were revealed after the Chelyabinsk meteor

explosion that entered Earth’s atmosphere over Russia on 15

February 2013 at about 09:20 YEKT.8

It is particularly interesting to discuss the concept of the

shock waves in plasmas which got increased attention in the

literature.9–12 The short overview of these works is given in

monography.13 The authors discuss plasma and the long-

range Coulomb interactions of charged plasma particles.

However, they consider plasma as an one-atomic gas with

the adiabatic constant c ¼ 5=3 and the ion temperature

Ti 	 Te. At the same time, it is well known that the Coulomb

system of charged particles can be treated as a plasma only

when the Langmuir plasma frequency is much greater than

the electron collisions frequency

x2
Le � �2

e : (12)

We would like to note that the sound in a plasma is isother-

mal (hence c¼ 1) and can exist in non-isothermal plasma

only with Te � Ti. Namely, in such a collisionless plasma,

the density and temperature shocks are impossible, while

only solitary waves can propagate therein.

If the inverse constraint (12) is satisfied, then the pecu-

liar plasma properties cannot be revealed; plasma becomes

similar to a gas of neutral particles with remaining charged

particles playing no principle role. In our point of view,

the authors of works9–13 meant such plasma and the words

(here citation): “In a plasma, an electron is strongly bound

to the ion by the charge separation field and they move

together as a whole unit” have nothing to do with the

plasma.

The solution for the KdV-equation for a weakly noni-

deal case is exact. However, we are planning to run simula-

tions for a strongly nonideal case.
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FIG. 1. A one-dimensional ion-acoustic wave profile equation (7).
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