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Phenomenological Analysis of Shock-Wave Propagation
in Weakly Ionized Plasmas
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and
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Shock propagation into weakly ionized gases shows several features differing markedly from conventional,
nonionized-gas shock structure. Phenomenological analysis of general macroscopic features of the previously
observed plasma shock effects allows only two possible interpretations: existence of an energy (momentum) flux
toward the wave precursor or volumetric energy release (exothermic phase transition) in the upstream portion of
the wave (precursor) followed by reverse transition in the downstream portion of the wave. It is shown that known
microscopic mechanisms are not capable of producing such a flux or energy release: Typical processes involving
electrons, ions, and excited species do not couple strongly to neutral atoms and molecules, and there is not enough
energy stored in these species because of the low ionization fraction. The theoretical basis for phase transitions in
low-density, weakly ionized plasmas also is unknown. Analysis of the steady two-wave system created by either of
the two effects raises a question as to whether the observed plasma shocks are stable objects. Another question
is whether there exists phase transition within the plasma shock. It also remains unclear to what extent two-
dimensional thermal inhomogeneity effects contribute to the observed phenomena. Answering these fundamental
questions requires additional experimental studies of the problem.
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Nomenclature
specific heat, J/kg/K
diffusion coefficient, m2/K
shock separation, m
electric field, V/m
reduced electric field, V • m2

electron charge, C
external force per unit area, N/m2

enthalpy, J/kg
current density, A/m2

Boltzmann constant, J/K
rate of atom deexcitation by electrons, cm3/s
rate of atom excitation by electrons, cm3/s
ionization rate, cm3/s
rate of excited atom quenching by ground-state atoms,
cm3/s
recombination rate, cm3/s
spatial scale, m
shock thickness, m
shock Mach number
species mass, kg
concentration, m~3

species number density, m~3

pressure, Pa
heat addition, J/kg
Q-q/pu
heat flux, W/m2

entropy, J/kg/K
temperature, K
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t = time, s
u - flow velocity, m/s
vs = shock velocity, m/s
W = work by external force, J/kg
jc = axial coordinate, m
y = specific heat ratio
sa = excited atom energy, K
so = dielectric permeability of vacuum, V • m/C
X = heat conductivity, W/m/K
//, = dynamic viscosity, kg/m/s
v = collision frequency, s"1

f = Thompson heat coefficient, V/K
p = density, kg/m3

a = collision cross section, m2

r = normal stress, N/m2

(p = electric potential, V
a) = wave frequency, s"1

Subscripts

A = in front of a shock
a = excited atom
B = behind the shock
cr = critical
e = electron
en = electron neutral
fin = final
gd = gasdynamic
/ = ion
in = ion neutral
init = initial
n = neutral
tr = transverse
1 = first (upstream) shock
2 = second (downstream) shock

I. Introduction

SHOCK-WAVE propagation in weakly ionized plasmas (ne/N~
10~8-10~6) has been studied extensively for the past 15 years,

mostly in Russia1"11 and recently in the United States.12 The follow-
ing anomalous effects have been observed: 1) shock acceleration,
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2) nonmonotonic variation of flow parameters behind the shock
front, 3) shock weakening, and 4) shock-wave splitting and spread-
ing. These effects, observed in discharges in various gases (air, CO2,
Ar, He) at pressures of 3-30 torr, and for Mach numbers M ~ 1.5-
4.5, are surprisingly similar in both atomic and molecular gases,
despite fundamental differences in mechanisms of ionization and
molecular energy transfer. They also persist for a long time after the
discharge is off (~1 ms in air2'9).

As is well known, shock-wave acceleration can be explained qual-
itatively by gas heating in the discharge and/or by energy relaxation
of the species excited in a discharge. A number of models have
been proposed that predict acceleration of the shock traveling in a
vibrationally excited gas, e.g., moist nitrogen, or across an axial tem-
perature gradient.13"15 Energy relaxation models also predict non-
monotonic variation of flow parameters behind shocks in molecular
gas plasmas. However, they fail to explain why these effects occur
in monatomic gases such as argon, where much less energy is stored
in the internal degrees of freedom. Further, the existing models do
not explain effects 3 and 4, that is, anomalous shock absorption
and dispersion. In the experiments at P = 10-30 Torr, the shock is
observed to split into a series of two or more individual shocks at
ionization fractions as low as ne/N ~ 10~8 (see Fig. 1, taken from
Ref. 12). These individual shocks become separated by tens of mil-
limeters at ne/N ~ 10~6 (see Fig. 2, taken from Ref. 9). We believe
that understanding these effects, in particular, is the key to the whole
problem. We analyze two stages of shock propagation in plasmas:
initial shock-wave splitting and sustaining the steady-state system
of two shocks. This very elementary analysis leads to some general
conclusions as to the nature of the mechanism involved.
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Fig. 1 Optoacoustic signal from a shock wave (density gradient) in a
30-torr axial glow discharge in argon12 (M = 1.7). The discharge tube
diameter is 5 cm.
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Fig. 2 Density profile across the plasma shock in transverse glow dis-
charge in air (T = 350 K, P = 12 torr, initial shock velocity vs = 500 m/s,
jtr = 30 mA/cm2; 1, in plasma; 2, without plasma).

II. Shock-Wave Splitting
It is well known16 that absorption and dispersion of a wave in a

relaxing gas become important only when the product of the wave
frequency and the relaxation time cot is comparable to 1. For the
initial regular shock, this can happen only if t is comparable to
the gasdynamic collision time rg£j. Therefore, an energy relaxation
process can affect the shock front structure (to produce wave dis-
persion) only if it occurs at frequencies equal to or greater than the
gasdynamic collision frequency. Note that energy absorption would
reduce the shock-wave speed, whereas only a release of energy
would produce shock acceleration. Therefore, the energy must be
released in the upstream part of the wave. It is also clear that what-
ever the mechanism is, a significant portion of the incident flow
energy should be absorbed (or released) to considerably alter the
shock strength and velocity. For these reasons, relaxation processes
cannot be responsible for the shock absorption and dispersion. For
most of these processes, e.g., vibrational and metastable species re-
laxation, chemical reactions, the characteristic time is far too long
(t ^> fgd) at the low gas temperatures involved. All electron and ion
impact processes also happen on a much longer timescale because
of the low ionization fraction. Finally, species that can be excited (or
quenched) rapidly cannot store much energy. Slow relaxation pro-
cesses might become important in the shock-wave energy balance
only after the wave front transforms from a well-defined shock to
a dispersive structure, so that lower harmonics appear in the wave
Fourier integral. For example, for vs = 1 km/s and t ~ 10~4 s (char-
acteristic time for collisional vibration-vibration exchange in air at
P = 10 torr, T = 300 K), the absorption and dispersion would be
maximum for a shock thickness of / ~ 10 cm (at least 103 mean free
paths). Similarly, the characteristic ionization/recombination scale
is / ~ vs/kKCne ~ / — 100 cm.

Energy addition by a discharge as well as discharge-related in-
stabilities (heating instability, stepwise ionization instability, etc.)
can be ruled out as possible mechanisms of shock splitting for two
reasons. One is that, again, all of these processes in weakly ionized
plasmas are far too slow compared to the heating rate in a shock
wave.17 The other is that the observed plasma shock effects per-
sist after the discharge is off. For a glow discharge in air at P = 10
torr, T = 300 K, j = 100 mA/cm2, E = 100 V/cm (ne/N ~ 10~6,
E/N - 3 x 10-16 V-cm2, Te ~ 1 eV) one has dT/dt ~ 106

K/s (gas heating in an M = 2 shock occurs at a rate of ~109 K/s).
The characteristic spatial scale for the discharge energy addition is
/ ~ 10 cm.

Finally, experiments involving strong shocks (M~4) (Ref. 10)
have shown that the shock-splitting mechanism is definitely self-
feeding and cannot be due to the discharge energy addition. Well-
pronounced shock spreading, to over ~100 mm, and acceleration
have been observed in cold air plasmas even when the energy addi-
tion by a discharge was about 25 times less than the shock stagnation
enthalpy (~50 J/g vs ~1300 J/g). At these conditions, the only en-
ergy reservoir available was the incident flow kinetic energy.

We conclude that the observed simultaneous shock dispersion and
acceleration might be sustained by a kinetic process that absorbs
energy behind the shock, transports it across the shock front, and
adds energy ahead of the shock front. This suggestion is consistent
with observations of fast-moving precursors ahead of the shock
front. This process must meet the following requirements:

1) The velocity of the energy carriers should be greater than the
shock velocity.

2) The energy should be absorbed and released sufficiently fast
(t < fgd).

3) The energy reservoir must not be related to the discharge.
4) The resultant energy flux should be comparable to that of the

shock wave.
By this process, the precursor ahead of the shock can be sustained
by the remainder of the shock wave.

III. Steady-State Two-Wave Systems
For analysis of steady-state finite amplitude perturbations in plas-

mas (plasma shocks), we use the one-dimensional conservation
equations of mass, momentum, and energy of a fluid in a reference
frame moving with the wave18:
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A(pw) = 0

A(PU2 + P) = (tfin - Tbit) +

A(u2/2 + h) = [(rfinWfin - TinitWinit) ~ (tffin ~ '

(1)

H G

In Eqs. (1), the normal stress r and the heat flux # exist in the flow
due to as-yet unspecified effects. The subscripts init and fin refer to
conditions in front of and behind the wave. Note that this system is
written for the whole flow, rather than for each species present in the
flow. It therefore does not matter whether the flow is ionized or not,
as long as the presence of the charged component does not sig-
nificantly change both the thermal (P = pkT/m) and the caloric
(h = cp T) equations of state, which is true for weakly ionized plas-
mas. For steady adiabatic conditions, rfin = Tinit = gfin = ginit =
T — W = Q = 0, one always obtains the Rankine-Hugoniot re-
lations across the steady perturbation, regardless of the nature of r
and q or what happens within the perturbation region.

In classical gasdynamics, two normal (adiabatic) shocks cannot
travel at the same velocity because the flow behind the upstream
shock is always subsonic. However, such shocks can exist if they
are allowed to exchange energy with each other while remaining
globally adiabatic. Let us consider such a globally adiabatic system
of two locally nonadiabatic normal shocks. Let us also assume for
simplicity that the waves cannot exchange momentum and that there
are no external forces. In Fig. 3, we consider a control volume
around each wave, and an outer control volume comprising the far
field, where all flow parameters are constant. For each wave, the
system of Eqs. (1) is applicable:

= P2BU2B =

(2)

•B/2 + cpriB - u\J2 - cpTiA = G ~ <7/P" = G
;B/2 + C/,r2B - M*A/2 - CpT2A = -Q + q/pu = -Q

Solutions of Eqs. (2), which determine the Rayleigh line on the T-
S diagram (Fig. 4), are well known. They demonstrate the following
features:

1) Both perturbations are compression waves only when Q > 0
(wave 1 absorbs energy, SIB > SIA). Note that this is the typical
situation observed in experiments on plasma shocks; the existence
of an entropy overshoot can be inferred from the simultaneously
measured density and pressure profiles in a plasma shock.9'10 If
G < 0, one of the perturbations is always a rarefaction wave. From
now on, we assume that Q > 0.

2) If G < Gcr, where

Gcr - 2(y - (3)

there exist two different solutions for the flow parameters between
the waves (Fig. 4); sonic transition can occur in either wave 1 or
wave 2. If Q = Qcr, the solution is unique and the flow between the
waves is sonic. For Q > QCT, there is no steady solution.

It is evident that Q should be comparable to the incident flow
enthalpy cpT\A in order to change substantially the shock strength

qiA=0

M,A>1

IB

#1

qiB=q2A=q 2A 2B

#2

q2B=0

M2B<1

Qi Qi=-Q2=Q Qi

Fig. 3 Steady globally adiabatic system of two waves.

#2,Q<0
rflrcfAction

#2,Q>0
compression

"Regular"
\ normal shock\

/ M>1

SlB=S2A SlA S2B SlB=S2A g

Fig. 4 T-S diagram of steady two-wave system.

PB/PA - To reduce the shock strength at M = 2 in argon at T = 300 K
and P = 10 torr by half, the magnitude of the heat source/sink
should be Q ~ Q ~ 0.35 • cpTiA = 55 J/g_, or, alternatively, the
magnitude of the heat flux should be q
M = 4, 1.9 • CpTiA = 280 J/g and q

Qpu ~ 75 W/cm2. At
'760W/cm2.

The two-shock system also can be analyzed using the one-
dimensional Navier-Stokes equations, including both regular trans-
port phenomena (viscosity and heat conduction) and anomalous heat
flux/source. These equations are the one-dimensional differential
forms of Eqs. (2). Because the nature of Q and q in these equations
is unknown, they are treated phenomenologically, by imposing a
spatial distribution for these quantities.

In these calculations, the width of the heat addition/loss re-
gions was varied, the quantity Q = Gi = — 62 = 0.3 • cpT\A was
kept constant, and global adiabaticity of the flow was preserved
(Gi + Gz = 0)- One of the two steady solutions is obtained, de-
pending on the initial conditions (Fig. 5). It can be seen that, for
G < Gcr, the steady system of two compression waves always con-
sists of a discontinuous shock with a thickness on the order'of the
mean free path and a compression wave the thickness of which is
determined by the width of local heat addition/loss region (Figs. 5a
and 5b). This is exactly what has been observed in experiments9'1()

(Fig. 2). Note that a compression wave (subsonic-to-subsonic or
supersonic-to-supersonic), where heat is added to or removed from
the flow sufficiently fast (on a timescale comparable to the heating
in a regular shock) may look like a shock (see Fig. 5a). At Q = Go-
the flow discontinuity disappears, and a shockless transition to a
subsonic flow is realized (classical Rayleigh flow).

When a regular shock wave decomposes into a system of two
energy-exchanging waves in a globally adiabatic flow, the density
behind this unsteady shock is greater than its steady-state value
(Fig. 6). Comparing Figs. 2 and 6, one can see that, under the con-
ditions of the experiments of Ref. 9, this effect should occur about
t = 0.35 - L/vs = 1.15- d/vs ~ 200 /zs after the shock encounters
the plasma. Here d ~ 50 mm is the shock separation (Fig. 2), and
L = 5d is the spatial scale (see Fig. 6). Indeed, the interferometric
measurements in Ref. 9 were made at a distance of 150 mm from the
discharge boundary, so that the shock residence time in the plasma
was ~300 ji6S. This shows that the observed density and pressure
increase behind plasma shocks in air9'10 are due to unsteadiness of
the flow at the initial stage of the shock splitting. The same effects
occur in steady but globally nonadiabatic flows, where density and
static pressure behind the cooled (Gi + 62 < 0) two-wave system
increase compared to the values given by the Rankine-Hugoniot
relations.

Note that all of these results are independent of the mechanism
of heat addition/loss and heat transfer. If the two waves exchange
momentum and external forces are present, the qualitative features
of the solutions of the governing equations, which then would define
the Fanno lines on the T-S diagram, would be the same as described
earlier.
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Fig. 5 Steady-state density profiles in a globally adiabatic system of
two interacting shocks (argon at TIA = 300 K, Pu = 10 torr, MU = 2,
L = 10 mm, Q = 0.3 • CPT^A)' a) narrow and b) wide energy release/
absorption zones (shown at bottom).
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Fig. 6 Time-dependent density profiles for a two-shock system shown
in Fig. 5b.

This analysis suggests that there are only two possible explana-
tions for the steady plasma shock:

1) anomalous heat and/or momentum flux from the downstream
wave to the upstream wave (q = 102-103 W/cm2 at P ~ 10 torr), in
which case, however, it is unclear what controls the wave separation;

2) volumetric heat addition (exothermic phase transition) in the
upstream wave followed by the reverse endothermic process in the
downstream wave (Q ~ 102 —103 J/g at P ~ 10 torr), a mechanism
known to produce shock-wave splitting in solids.19 In this case no
anomalous fluxes are present, but the caloric and the thermal equa-
tion of state change, and the wave separation is determined by the
lifetime of the new phase.

IV. Possible Microscopic Mechanisms
Given the results of Sections II and III, let us consider some sce-

narios to see if they are feasible. Let us first discuss energy transfer
by charged species, ion-acoustic wave and electron heat conduction.

A. Energy Transfer Due to Motion of Charged Species
To study these processes, we developed a one-dimensional hydro-

dynamic kinetic model of shock-wave propagation in weakly ion-
ized nonequilibrium plasma. It incorporates Navier-Stokes equa-
tions for a viscous, heat-conducting gas consisting of the ground
state and excited neutral species, and Navier-Stokes-type equations
for charged species obtained from the Boltzmann equation in the
hydrodynamic approximation20 (see Appendix). The plasma is not
assumed to be quasineutral, and the Poisson equation for the electric
field also is incorporated. The coupling between the charge carriers
and the heavy species is described by heating and drag in electron-
neutral and ion-neutral collisions.

Because the observed plasma shock effects are very similar in
both atomic and molecular gases (see Section I), we limit the anal-
ysis to argon plasma. The simplified kinetic model incorporates the
following energy transfer processes:

Ar + e <*> Ar -f e (elastic)

Ar + e 4> Ar+ -f e + e

Ar + e <+ Ar* + e

Ar* + Ar -> Ar + Ar

(4)

(5)

(6)

(7)

In Eq. (6), Ar* is an excited metastable atom Ar(3P) with the en-
ergy of about 12 eV. The electron-neutral elastic collision frequency
ven, the rates of ionization &ion, recombination &rec, and atom exci-
tation and deexcitation by electrons fcexc and £deexc were calculated
separately by solving the Boltzmann equation21 for electron energy
distribution function in Ar, and incorporated into the model as func-
tions of electron temperature. The rate of excited-atom quenching
by the ground-state atoms, &quench» was taken from Ref. 22. The ef-
fects of vibrational excitation and relaxation, important in molecular
plasmas, can be included easily on the basis of our other existing
kinetic models for N2 and air,23'24 which already incorporate the
Boltzmann equation for electrons.

Some of the steady-state results obtained for the transverse dis-
charge in Ar with the model described above are presented in
Figs. 7-9. The flow and the discharge parameters are P = 10 torr,
T = 300 K, M = 2 (vs = 645 m/s), j* = 100 mA/cm2, Eir/N = 2x
10~16 V • cm2, ne/N = 10~6, na/N ~ 10~3, Te = 3.6 eV.

In Figs. 7 and 8, one can see a structure ahead of the shock front,
or the ion-acoustic wave. The electron and ion concentration dis-
tributions within this structure are in very good agreement with an
analytic result,25 obtained for the quasineutral plasma. This wave can
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Fig. 7 Calculated steady-state species density distributions across the
shock for transverse electric discharge in argon plasma. (P = 10 torr,
T = 300 K, M = 2,/tr = 100 mA/cm2, E^ = 60 V/cm, Te ~3.6 eV,
ne/N ~ 10~6, naIN ~ 10~3, L = 10 mm.) Note the electron density dip
ahead of the ion-acoustic wave.
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Fig. 9 Calculated steady-state electron temperature and potential dis-
tributions across the shock for the conditions of Fig. 7.

propagate forward at an ion sound velocity ~(£7;/m/)1/2 ~ 2700
m/s.25 In particular, the electrons are pushed forward by the electron
pressure gradient in the shock, and decelerated by the induced elec-
tric field. Note that this electric field tends to stop the electrons, i.e.,
reduces their kinetic energy, and so, it cannot produce field-related
ionization. It is the ions that are accelerated by this field. The ions
are being stopped by the ion-neutral drag, which is the principal
mechanism of the ion-acoustic wave damping. The potential drop
across the shock, A<p ~ Te (Fig. 9), is equal to the energy acquired
by the ions and eventually lost in the ion-neutral collisions. In all of
our calculations, the potential drop did not exceed A<p ~ 5 eV. This
result is in qualitative agreement with the potential drop measure-
ments across plasma shocks in air,3 showing, as expected, that the
electron temperatures in both cases are comparable. One can esti-
mate that the maximum energy flux transmitted by the ion-acoustic
wave is q ~ /i/(fc7;/ro/)1/2£7/ ~ 10~3 W/cm2, which is about five
orders of magnitude less than required (see Sec. III). Therefore,
the ion-acoustic wave, although much faster than the shock wave,
cannot transport enough energy to decompose the shock.

From Fig. 9, one can also see that the electron temperature behind
the shock drops by about 10%. This occurs because the gas density
there is greater and the reduced electric field Etr/N is less, so that the
electron heating by the field, as well as ionization, becomes slower.
In fact, a complete discharge extinguishing is observed a few cen-
timeters behind the shock wave. This effect is somewhat reduced
by the energy transfer from the excited Ar atoms back to electrons
in superelastic collisions [Eq. (6)]. The decrease in electron temper-
ature behind the shock has been observed in the calculations in a
range of Mach numbers M = 1.5-5, E^/N = 1 x 10~16-5 x 10~16

V • cm2, and ne/N = 10~8-10~6. It is also expected that a similar re-
sult will be obtained in NI and air. Indeed, solution of the Boltzmann
equation26'27 shows that the electron temperature and the ionization
rate in nitrogen always increase with E/N in the reduced electric

field range that is considered, even though the energy transfer from
vibrationally excited molecules to electrons tends to increase Te and
&ion at the low values of E/N ~ 10~16 V • cm2 and high vibrational
temperatures Tv ~ 0.2-0.4 eV.27 Because of the large electron heat
conductivity, the electron temperature and, consequently, the ion-
ization rate and the electron concentration ahead of the shock also
decrease (Fig. 9). In particular, this means that the electron heat
conduction cannot trigger the ionization instability in the precursor.
Note that this result is also consistent with experimental measure-
ments of plasma conductivity and electron concentration ahead of
plasma shocks in air,3'5 which show the dip in values of both of
these parameters ahead of the shock.

The maximum heat flux that can be transmitted by the electrons
is qe ~ ne(kTe/me)l^2kTe. For the discharge parameters consid-
ered, ne ~ 3 x 1011 cm~3 and Te ~ 3.6 eV, one has qe ~ 10
W/cm2. As expected, electron heat conduction might be capable of
producing the required heat flux. Because the energy stored in the
electrons is minute, the electron heat flux must be strongly coupled
with some energy reservoir, e.g., external electric field or excited
species. We already saw that this coupling, which limits the amount
of energy transferred by electrons, actually results in an electron heat
flux downstream, i.e., in the opposite direction (Fig. 9). The magni-
tude of this heat flux is qe = (ne/N)Xe (dTe/dx) ~ 10'1 W, which
is about three orders of magnitude lower than required. The small
value of the electron heat flux is due primarily to the existence of the
quasisteady state between rapid excitation and deexcitation of Ar
atoms by electrons in process (6), the net energy flow toward elec-
trons being fairly slow. The same qualitative result is expected in N2
and air, where the cross sections of both electron-impact vibrational
excitation and superelastic deexcitation are quite large (or ~ 10~16

cm2),27 which would result in a similar quasisteady state.
Thus, the coupling of electron heat conduction with the electric

field and species excited in a discharge also fails to provide the
necessary heat flux. Also note that this type of coupling requires
energy addition by a discharge, and therefore cannot explain the
dispersion of strong shocks (see discussion in Sec. II). Without an
extremely fast coupling between electrons and the neutral species,
any heat transfer mechanism involving motion of charged species,
e.g., ion-acoustic waves, plasma instabilities, oscillations and waves,
plasma turbulence, becomes irrelevant to the plasma-shock problem.
Even though some of these processes do result in charged species
precursor formation in front of the shock, their effect on the neutral
species remains extremely weak.

B. Energy Transfer by Hot Atoms and Molecules
Translationally hot heavy species appear in nonequilibrium plas-

mas as products of relaxation processes, such as given by Eq. (7),
where they may acquire large kinetic energies. These could travel
rapidly across the thin shock layer and translationally relax, i.e., heat
the gas, in front of it. However, thermalization normally requires just
a few collisions, and so, the observed large separation between the
shocks cannot be explained.

C. Electromagnetic Radiation
The gas flow in the plasma shock is relatively cold (T < 1500-

2000 K). The blackbody radiation flux, being far from negligible
(q ~ T4 ~ 1 W/cm2 at M = 2, q ~ 75 W/cm2 at M = 4), is still
not large enough. Besides, a weakly ionized cold plasma is trans-
parent. The electromagnetic-wave absorption coefficient at these
conditions is extremely small. One can speculate on the possibility
of microwave radiation and absorption by the neutral species be-
cause of their translational motion, with the dipole moment induced
by the charge separation in the shock front. The wavelength of this
continuous radiation, similar to that which occurs in high-pressure
gases and liquids, is ~15-50 jum. However, the estimated induced
dipole moment, as well as the number density of induced dipoles,
is vanishingly small to explain the observed effects.

Radiation from excited species also can be ruled out. Radiating
electronic states are populated in a discharge by electron impact,
and the resultant energy flux can reach ~1 W/cm2. However, this
mechanism, based on the discharge-energy addition, again does not
provide coupling with the bulk of the flow energy and cannot explain
the spreading of strong shocks (see Sec. II).
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D. Thermoelectric Effects
The presence of weak levels of ionization in the plasma-shock

problem is somewhat reminiscent of the behavior of charge carri-
ers across semiconductor p-n junctions.28 Thermoelectric phenom-
ena such as Peltier heat and Thompson heat could be relevant. The
Thompson heat per unit mass, dQ/dx — tj(j x grad T)/pu, is due
to a reversible volumetric heating/cooling mechanism. Because the
Thompson heat scales linearly with the current density whereas the
Ohmic heating is proportional to j2, it is relevant only for low cur-
rent densities. However, the Thompson heat can be comparable to
the required heat addition estimated above only if f ~ 10 V/K (for
j = 100 mA/cm2). This is several orders of magnitude greater than
the values of IJLT measured in semiconductors.28 Also, the Thomp-
son effect requires the presence of the discharge current and cannot
explain the shock dispersion after the discharge is off.

£. Non-One-Dimensional Effects
At this moment, we cannot rule out the possibility that the ob-

served plasma shock effects are simply due to the distortion of a
plane shock-wave front propagating in a region with a transverse
temperature gradient. Indeed, two-dimensional inviscid calcul-
ations29 demonstrate this kind of distortion and the shock spreading
within a heated cathode layer of a transverse pulsed discharge in
air.10 The gas temperature distribution in the experiment10 has been
measured by optical interferometry. Similar calculations performed
at Princeton University using two-dimensional inviscid code30 also
showed shock dispersion by the transverse temperature gradient.31

However, neither of these calculations shows any shock splitting
outside the heated layer, in a cold plasma flow, where it has been
measured experimentally.10

It remains unclear how much the spatially inhomogeneous gas
heating by a discharge contributed to the shock-wave distortion
in the experiments.1"12 This can be clarified by additional trans-
verse temperature distribution measurements and two-dimensional
Navier-Stokes modeling of shock-wave propagation in a nonhomo-
geneous plasma region.

F. Phase Transitions
At present, we are not aware of any theoretical bases for phase

transitions in low-density weakly ionized nonequilibrium plasmas.
Because the relaxation of energy stored in the internal degrees of
freedom already has been ruled out, the only remaining possibility
here is changing the intermolecular interaction, i.e., condensation.
The idea of formation of a polymer structure with anomalous prop-
erties, e.g., surface tension, elasticity, high speed of sound, in the
plasma shock has been discussed in the Russian literature.32 Some
data (anomalous absorption of 10.4-//,m and 0.3-mm laser radiation
in the plasma shock32) appear to support this hypothesis. However,
these experiments have not been reproduced elsewhere. The phe-
nomenological approach used in the present paper does not allow
any further analysis of this phase-transition hypothesis, which at
this moment remains pure speculation.

V. Summary and Conclusions
Analysis of general macroscopic features of the observed plasma

shock effects (shock dispersion) allows only two possible phe-
nomenological interpretations:

1) Heat and/or momentum flux, comparable to the incident-flow
energy flux, from the downstream wave toward the upstream wave
(precursor).

2) Volumetric heat addition (exothermic phase transition) in the
precursor with a latent heat comparable to the incident-flow en-
thalpy, followed by a reverse endothermic process in the downstream
wave.

None of the known microscopic mechanisms is capable of produc-
ing such a flux. Typical processes involving electrons, ions, and ex-
cited species do not couple strongly to neutral atoms and molecules;
moreover, there is not enough energy stored in these species because
of the low ionization fraction. There is also no known theoretical
basis for phase transitions in low-density nonequilibrium plasmas.

Existence of double-valued solutions for the steady two-wave
structures for Q < Qcr, as well as absence of the steady solution
for Q > Qcr, created by either of the two aforementioned effects,
raises the question as to whether the observed plasma shocks are

indeed stable objects. Another question is whether there exists any
condensation or cluster formation within the plasma shock. Finally,
the suggested method does not allow analysis of the effect of two-
dimensional flow inhomogeneity on the shock-wave structure. Re-
cent calculations show that a strong transverse temperature gradient
might cause shock-front distortion and splitting. It is not clear, how-
ever, to what extent this purely thermal effect contributed to the
observed phenomena.

Answering these fundamental questions might clarify the nature
of the plasma shock phenomena. Tin's will require measuring the gas
density distribution and the infrared emission (absorption) spectrum
across the shock, in a controlled environment where the shock is
stationary and with good spatial and time resolution.

Appendix: One-Dimensional Monatomic Plasma
Flow Equations

Ground-State Atoms
dn [ d(Nu) = Q

du_ duL__l_^_ i 3 /4 dw
dt dx mnN dx mnN dx \3

2tne ne HI
+ Ven(Me - U) ——— —— + V in(w/ -U)—-mn N N

Nk

du\
n^c)

2\dt d
3 „ 2me HI 3
-ven7; —— — + r

Excited Atoms

1 3x J ' ' 3 M k V a * /

P = NkT

dna d(naua) d ( dna\-7— + —«—— = T- At —— I + kexcNnedt dx dx \ dx )

Ions

dt
_

dt ' dx

n '-1UI1- ' "K 'TCC

_l_dPi_ 1 d /4
rc/Ti,- dx m/n/ dx \3

dut I d 3Tt

3 ni

Electrons
dne 3(neue)
~dt~ + dx = kionNne — krecneni

du^ due __1 dPe _l__a_/4 3ue\
dt e dx mene dx mene dx\3 e dx J

-—E -ven(ue -u)me

^
du d / 3Te

Pe = nekTe
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Poisson Equation

dE e
•j- = — («/ -ne)

Transport Coefficients and Kinetic Rates

NDn = 5.42 x 102()(r/300)()-75m-Vs

jit/ = t*n = 2.22.x l(T5(77300)()-75kg • s/m

A,/ = Xn = 1.78 x 10-2(r/300)°-75 W/m/K

NDe = 7.3 x 1024 1/m/s

A6,=4 .3x 10-6kg-s/m

Xe = 2Ax 102W/m-K

a-m = crnn = 6.Qx 10~15cm2

n \nmij

yen = [4.09 + 0.14(£tr/AO + 5.21 x 1012

= (18.07 - 8.447; + 1.28 x Te
2) x 1012 s'1

*ion - exp[-22.69 - 15.80/(£tr/AT)]

= exp(-417.8 + 3240/7; - 6684/T;2) cm3/s

&rec = 3.5 x l(T8cm3/s

*exc = exp[-22.18 - 3.1

= exp(-32.99 + 145.9/7; - 418.8/r/) cm3/s

&deexc = 2.3 x 10~8 cm3/s

^quench = 1 .0 X 1(T15 Cm3/S

[Etr/N = (0.5 - 6.0) x 1(T16 V - cm2, re = 3.0-4.2 eV]
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