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Electrostatic Instabilities at High Frequency in a Plasma Shock Front *
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New electrostatic instabilities in the plasma shock front are reported. These instabilities are driven by the electro-

static field which is caused by charge separation and the parameter gradients in a plasma shock front. The linear

analysis to the high frequency branch of electrostatic instabilities has been carried out and the dispersion relations

are obtained numerically. There are unstable disturbing waves in both the parallel and perpendicular directions

of shock propagation. The real frequencies of both unstable waves are similar to the electron electrostatic wave,

and the unstable growth rate in the parallel direction is much greater than the one in the perpendicular direction.

The dependence of growth rates on the electric field and parameter gradients is also presented.

PACS: 52.35.Tc, 52.35. Py

Plasma shock and shock front have been stud-
ied widely since the 1950s. In most cases, except
for a few early studies,'=3 the plasma shocks are
treated as quasi-neutral shocks and described by the
single plasma fluid or magneto-hydrodynamic equa-
tions. In the early 1960s, Greenberg et al.l'?l and
Jaffrin and Probstein/®! found that the plasma shock
front is usually non-neutral, and there are charge sep-
aration and electrical field in the shock front. Green-
berg et all!l indicated that the electrical field can
reach 4.17 x 10°V/m at low Mach numbers. These
electric characteristics of a plasma shock front have
been further confirmed by the numerical simulation of
implosion shock in single bubble sonoluminescence.[*!
In the simulation, the authors found that there is an
extreme electrostatic field in the shock front (the typ-
ical value can reach about 10'° V/m). This is caused
by the charge separation due to the difference of the
electron fluid velocity and ion fluid velocity. The dif-
ference of velocities is caused by the huge inertial dif-
ference and different diffusion rates of electron and
ion fluid. In the shock front, extremely high density
and temperature gradients appear. Thus, the particle
and heat diffusive fluxes caused by the density and
temperature gradients are very large and the corre-
sponding difference between the electron and ion dif-
fusive fluxes will produce large charge separation in
the front. The steady state profiles of plasma param-
eters in a non-neutral pure plasma shock front have
been shown in Refs. [5-7] (one-dimensional case) and
Ref. [8] (two-dimensional case). The one of the effects
of this electrostatic field on the non-neutral shock is
that itself or it together with the parameter gradi-
ents can drive several instabilities in the equilibrium
(steady state) shock front. These instabilities are a
kind of new electrostatic mode, which are qualita-
tively different from those well-known neutral modes

(e.g. Rayleigh-Taylor or Richtmyer—Meshkov insta-
bility) driven only by the parameters gradient in the
neutral shock front or discontinuity. In this Letter,
as a primary example, we discuss the mentioned elec-
trostatic instability at high frequency (w > wye) in a
plane (one-dimensional) plasma shock front.

For the purpose to show the electrostatic instabil-
ity driven by the electric field or/and parameter gra-
dients, we take shock wave propagating in the e, di-
rection. Therefore, the basic equations are composed
of the two-fluid equations and the Poisson equation in
the one-dimensional case,[°!

Oina +V - (nocuoc) =0, (1)
Ot (Mmanats) + V- (Mmanauat,)
+ VP, —en,E=0, (2)
o (%manaui + gPa) + V- {(émanaui + gPa)ua]
—eqNauy - E =0, (3)
V- E =4we(Zn; — n.), (4)

where n,, u,, P,, are the number density, veloc-
ity, and pressure. FE is the electrostatic field in the
shock front, e, is the charge of the ion and electron
(e; = Ze,e. = —e). In this study, we take the equa-
tion of state as the perfect plasmas P, = n,T,.

In the linear evolving phase, the disturbed part
Ai(r,t) of each parameter A(r,t) is always much
less than the corresponding steady (equilibrium) state
part Ag(z). Thus, we have

A(r,t) = Ao(z) + Ay (r,t), Ai(r,t) < Ao(z). (5)

The steady quantity Ay is « (one-dimensional) de-
pendent, while the disturbed quantity Ay is » (three-
dimensional) dependent. Then, let the disturbed
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quantities behave as a plane wave

Ai(r,t) = Ay exp(ik - r — iwt), (6)

where w and k are the frequency and the wave vector,
respectively.

Firstly, we consider the case that the wave vector
is parallel to the shock propagating direction (k =
krez). In this case, let

Al(x’t)
Al = (nelauela: - uel;Tel7E1)- (7)

= A, exp(ikz — iwt),

The profiles of the steady parameters
(neo, Ueo, Ten, Eo) in the shock front are taken from
Fig. 3 in Ref. [6], as shown in Fig.1. The scale length
of the parameters gradient in the shock front is
L = 2d = 8000\p. (d is the thickness of shock).
In our calculation, the wave vector of the perturba-
tions is k = (0.01 — 1)/Ap., and the wave length
A = (200m — 2m)Ape, which is much less than L
(A < (dln Ag/dz)~1). Due to the fact that the steady
parameters are almost invariant in a disturbed wave-
length A\, we ignore the parameter gradients in this
case. Furthermore, considering that the ions do not
respond to the high frequency (w > wye) disturbance,
the ion distributions to the unstable disturbance will
be omitted, i.e. let n;; = 0,u;; = 0,731 = 0).

1.20

0.0 0.2 0.4 0.6 0.8 1.0
z/d

Fig. 1. Steady profiles of a one-dimensional plasma shock
front, Py — Py indicate the point at different positions in
the front, respectively. The abscissa is z/d (d is the cal-
culation width of the shock front), and the ordinates are
Pe(ﬂf) = neO(m)/neupstreamy te(w) = TeO(w)/Teupstreamy
and £ = EO(m)Ed/kBTeupstream (er(z) = Fe/neﬂ(m)y
I'. = constant).
By using Egs. (5) and (7), the linearized mode
equations of Egs. (1)—(4) are

— twner + tkUeoNer + thnegte; = 0, (8)
- iwme(ueonel + neouel)
+ ikmeueO (2n€0u€1 + ueOnel)

+ Zk( e0Tlel + neOTel)

+ 6(neOE1 + EOnel) = 07 (9)
— Eiwmeueo@neoud — UeTNe1)
3.
- Ezw(neoTel + Teoner)
+ Eikmeugo(?)neouel + ueOnEI)

5.
+ ilk(nEOTeouel + neoueOTel + ueOTeOnel)

+ e(neoteo B1 + teg Egner + neoEptier)
=0, (10)
tkE; =

—4mene,. (11)

kXDe

Fig. 2. Normalized real frequency and normalized growth
rate as function of kAp. when instable wave propagates in
shock propagating direction (k = kzez). The instability
is driven by the steady electric field in shock front.

The dispersion relation of unstable wave A; can be
obtained from the numerical solutions of Egs. (8)—(11)
(k) = i (k) + ().

The normalized real frequencies w, /wpe vs kAp. and
growth rates v/wpe vs kAp. at different positions in
the shock front are shown in Fig.2. Py, Ps, Py and
Py in Fig. 2 indicate that the values of steady param-
eters (Neg, Ueo, Teo, Fo) are taken from the profiles in
Fig. 1.1 Figure 2(a) shows the real part of frequen-
cies of unstable wave w, /wye Vs kApe, which are very
similar to those of the electron plasma wave. Figure
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2(b) shows that the electric field can drive electro-
static instabilities in shock front, and the correspond-
ing growth rates v/wp. vs kApe is in order of magni-
tude 1076, Compared Fig. 2(b) with Fig. 1, it is found

v/wpe (107%)

kADe

that the growth rates increase (decrease) with the in-
creasing (decreasing) electric field Ey(z). Near P,
the electric field Ey(x), hence the growth rates v/wpe,
reaches its absolute maximum, respectively.

L (b)

7/wpe (107%)

001 02 0.4 0.6 0.8 1.0

¥/wpe (1078)

0.01 0.2 0.4 0.6 0.8 1.0
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Fig. 3. Normalized real frequency and normalized growth rate as the function of kAp. when instable wave propagates
perpendicular to the shock direction (k = kyey). (a) The real part of frequency vs wave-vector. (b), (c) and (d) The growth
rates vs wave-vector in the case that the instabilities driven by electric fields, parameter gradients, and electric field plus
parameter gradients, respectively. The steady profiles of the shock front are taken from Fig. 1.

Then, we consider the case that the wave vec-
tor is perpendicular to shock propagating direction
(k = kyey). Assuming that there is isotropy in the
perpendicular direction, we can only take the follow-
ing disturbed electrostatic mode (k, = k)

Ai(r,t) = A1(y,t) = Aq exp(iky — iwt),
Ap = (Ne1, Uery = Ue1, Ter, Er). (12)
In this case, both the electric field and parameter (ve-
locity ueo and temperature Tro) gradients can play im-
portant roles in driving the instability. With Eq. (5)
and (12), we can obtain the linearized mode equations

from Egs. (1)—(4) with d,, = d/dxz,

— iwney + thneoter + (dptiep)ner =0, (13)
— 1WMeNeoUel + 1kTeoner + thnegTer + engo By = 0,
(14)

1 3
— iiwmeuﬁonel — iiw(neoTel + Teoner)

1. 3
+ Ezkmeneouiouel + Emeneouig (dmueo)nel

5. 5
+ ElkneOTeouel + §T60(dzu60)nel

(15)
(16)

5
+ EueO(dzTeo)nel + eueOEOnel = 07

kB, = —4mene.

The dispersion relation can be obtained from the
numerical solution of Egs. (13)—(16). Figure 3(a)
shows the normalized real frequency w, /wpe vs kApe,
which is also very similar to the one of electron elec-
trostatic (plasma) wave. Figures 3(b)-3(d) show the
growth rates 7v/wp. vs kAp. for the steady electric
field and parameter gradients taken from different po-
sitions of shock front. In Fig.3(b), the growth rates
is calculated when the unstable wave driven only by
electric field Ey(x), which is favourable to the shorter
wavelength (larger k). Figure 3(c) shows the insta-
bility is driven only by the parameter gradients [i.e.
d.Ao(z), Ag = (ueo,Teo)], which is favourable to the
longer wavelength (smaller k). Figure 3(d) gives the
total growth rate driven by both Ey(z) and d,Aq(x),
which is insensitive to the wavelength (or k). We can
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also find that the growth rates increase (decrease) with
the increasing (decreasing) electric field or/and the pa-
rameters gradient. However, the growth rate in per-
pendicular direction is only in the order of magnitude
v/wpe = 107¥, which is much less than the one in the
parallel direction (where v/wp. &~ 1076).

In conclusion, we have given examples that the
electrostatic field or/and parameter gradients in a
non-neutral plasma shock front can drive new elec-
trostatic instabilities at high frequency (w > wpe). In
both the parallel and perpendicular directions, there
are unstable waves. Their real parts of dispersion rela-
tions are similar to the dispersion relation of the well-
known electron electrostatic wave, and their growth
rates increase with the electric field or/and param-
eter gradients. However, the value of growth rate
(v/wpe = 107°) in the direction of shock propaga-
tion is much greater than the one (y/wpe ~ 107%) in
the perpendicular direction of shock propagation. The

dependencies of real frequencies and growth rates on
the steady profiles of n.o(x), ueo(z), Teo(z) and Eo(x)
are shown in Figs.2 and 3 by a numerical solution
in a one-dimensional shock front given in Ref. [6] and
shown in Fig. 1.
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