STRUCTURE OF A STRONG SHOCK WAVE IN A PLASMA
V. G. Ledenev UDC 533.951

According to existing concepts as a result of high electronic thermal conductivity
an extended region of hot electrons is formed in the front of a rather strong shock wave
propagating in a plasma and an abrupt (isothermal with respect to the electron temperature)
density jump, due to the ion viscosity, . is introduced into that region [1, 2]. The isothermal
jump is a necessary consequence of the high electronic thermal conductivity [1, 3]. As the
Mach number increases, however, the thickness of the density jump decreases while the mean
free path of the particles increases and when these quantities become equal, the hydrodynamic
approximation becomes unacceptable, generally speaking.

Moreover, with increasing Mach number M the energy of the directed motion grows in
comparison with the thermal energy of the plasma. When this inequality becomes strong,
virtually the entire energy of the directed motion of the ions will be expended on heating
the electrons [4]. Since the ions almost do not heat up in this process, it thus follows
that the density jump in the shock-wave front should be due to not to the ionic viscosity
but to other effects. On the basis of these concepts, we propose a shock-wave structure in
which the balance of the material, momentum, and energy fluxes is ensured by the formation,
in the wave front, of a collisionless potential jump corresponding to the ionic-acoustic
shock wave [5-7] and dissipation of the flux of ions reflected from that potential jump.

On the basis of general concepts let us analyze the structure of strong shock waves in
a plasma without a magnetic field. As is known [1], jumps in the parameters in a shock-
wave front in a plasma as in an ordinary gas satisfy the relations

Nyl = Nylly, Po + nymu® = py 4 nzmu%1 (1)
W + uf2 = Wy + u§/2

where the subscr1pt()perta1ns to parameters of .the unperturbed plasma and the subscript 2

pertains td parameters behind the shock-wave front, p = n;T; + n.T, (n;, n. are the ion and

electron densities), w = (y/{(y — ))T; + T.) is the enthalpy, u is the velocity of the shock
wave, and y is the adiabatic exponent.

The relations taking into account the conservation of the fluxes of matter, momentum,
and energy in a collisionless ionic-acoustic jump with allowance for the jump in the electric
potential generated by reflected ions have the form [7]

(ny — n)uy = ngus, nou? exp 1 + (7 + nu,? =
= nyu,? 4 nyus’ exp P,
W2 + g = (UDugt+ $us, ny + n, = (2)

= ny expYP;, Ny = Ny eXp Y.

Here no is the concentration of the unperturbed plasma, ui is the velocity of the matter (in
the system of the wave) directly in front of the ionic-acoustic jump, n2 and u2 are the plasma
density and velocity behind the shock-wave front, nr is the density of reflected ions, nf is
the density of ions running into the ionic-acoustic jump, ¥1 = e91/Tg is the potential produced
by the reflected ions, and ¢ = ep/Te is the total potential jump in the shock wave.

Equations (2) are valid, generally speaking, for specific values of M at which the poten-.
tial distribution in the wave front is monotonic. At other values of M the potential distri-
bution becomes oscillatory [6, 7] and Eqs. (2) give a fairly accurate estimate of the average
values of the parameters behind the icnic-acoustic jump.
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From (2) we obtain the following expression for the Mach number Mi at the ionic-acoustic .
Jump:

3 1 ;
(1+M9en{7(M§—M9]—M;—1=0 (3)
M, = wy/ug, My = uy/u,, u, = V T.im).

The solution of Eq. (3) reduces to a search for those values of the function F(z) = (1 + 2%
exp [—(1/2)z%], to which two different values of x correspond. The graph of the function F(x)
is shown in Fig. 1. Clearly, x =M1 at x > 1 and x = M2 at x < 1. At F(x) = 1 we have the
limiting value M1 = 1.6, which accords with the result of [5].

We must ascertain how the general relations (1) can be satisfied with allowance for the
fact that a potential jump corresponding to the collisionless ionic-acoustic shock wave des-
cribed by Eqs. (2) is formed in the shock-wave front. Since the plasma temperature does not
change at the potential jump in the ionic-acoustic shock wave, the heating indicated by the
general relations should occur during dissipation of the fiux of ions reflected from the
potential jump. The reflected ions relax mainly on electrons [4] and the distance over which
the reflected ions relax is substantially shorter than the size of the hot electron zone.

The corresponding density (pedestal) can be assumed to be isothermal and electrons here are
described by the Boltzmann distribution while the width of the jump is determined by the mean
free path of the reflected ions.

Obviously, the general relations (1) should be satisfied at the complete density jump,
taking into account the jump upon dissipation of the flux of reflected ions and the collision-
less jump. Since the ions remain practically cold, in order to ensure the necessary pressure
jump the electron temperature directly behind the density jump should be twice as high as
follows from the general relations (1) on the assumption that the plasma is isothermal behind
the front. Only in this case will the general relations be satisfied as a result of the equa-~
lization of the temperatures. We have in mind here the dissipation of the reflected ion flux
in Coulomb collisions, but the qualitative picture is preserved for dissipation in collective
effects as well.

"The equations of conservation of the flux of matter, momentum, and energy on the pedestal
on the assumption of an isothermal density jump have the form

nou = (ny —N.Yug, nyu® = nyug? exp P, +

F (v + murts (U200 = (120t + pa® + k. (4)

These equations, along with (2), form a closed system which determines all the quantities in
the front in terms of the parameters of the unperturbed plasma and the shock-wave velocity.

The structure formed thus is self-consistent in the sense that the reflected ions produce
the conditions for the formation of a collisionless shock wave, which in turn ensures the
necessary flux of reflected ions.

We require that the conditions behind the front of a collisionless ionic-acoustic shock
wave accord with the conditions behind the front of the entire shock wave described by Egs.
(1) (except for the condition of isothermality). Then, using the first of Egqs. (1), we can
rewrite Eq. (3) as:
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2 2
(1 + M3) exp [—;—(Z-gM*z _ M%)] —%%M*z —1=0 (M*= wu). (5)
2

2

It is significant here that M* tends to an asymptotic value when the velocity of the shock
wave increases without bound. We assume that the shock wave propagates in an isothermal
plasma, i.e., Tio = Teo. Since a hot electron zone exists in the wave front, the density
jump moves with an essentially nonisothermal plasma. On the other hand, we know that the
temperature jump in the front of a strong shock wave is proportional to M?, where M =
u/v’§aﬁ:§77ﬁjﬂﬁ. Consequently, M* determined for the density jump from the temperature of
hot electrons differs substantially from the M determined from the temperature of the
unperturbed plasma and tends to a constant value as M increases without bound. Since the
electron temperature in the region of the density jump is twice as high as the temperature
behind the shock wave, then M¥% = MVYTo7Tz. From Eqs. (1) in the case of a strong shock wave
it follows that the asymptotic value is M#* = (y + 1V 2y —1). At vy = 5/3 we have M* = 2.3.

From Eq. (5) at M* = 2.3, i.e., as M > » and n2/no + 4, we obtain M1 = 1.37. From Egs.
(2) for M1 = 1.37 we find v1 = 0.6, nr/no = 0.08, ni/no=1.8, and ¢ = 1.4. As long as the shock
wave is sufficiently strong, M* and n2/no change only slightly as M increases. The value of M1
remains virtually constant in this case. For example, at M = 10 we have M* = 2.27 and na2/no
= 3,88 and the corresponding values are M1 = 1.36 and nr/no 0.07.

As follows from the calculations in [6], M = 10 (M1 = 1.36, Te/Ti ~ 60) corresponds
roughly to the minimum M at which a collisionless potential jump can form (the potential has
monotonic profile). At lower values of M the energy of the reflected ion flux is insuffi-
cient to ensure that the plasma is nonisothermal as required.

The structure of the potential in the shock-wave front and the distribution of the
electron and ion temperatures are shown in Fig. 2. A potential jump with respect to ¥1 is
formed in the relaxation region of the flux of reflected ions. The jump from P1 to ¥
is a collisionless shock wave. The distribution of the electron temperature has a maximum
in the region of the ionic-acoustic jump, since the flux of reflected ions dissipates ahead
of it. The electron temperature then decreases smoothly and the ion temperature rises smoothly
to the value behind the shock-wave front, which follows from the general relations at a shock
discontinuity (1).

LITERATURE CITED

1. Ya. B. Zel'dovich and Yu. P. Raizer, Physics of Shock Waves and High-Temperature Hydro-
dynamic Phenomena [in Russian], Nauka, Moscow (1966).

2. A. L. Velikovich and M. A. Liberman, Physics of Shock Waves in Gases and Plasmas [in
Russian], Nauka, Moscow (1987).

3. L. D. Landau and E. M. Lifshitz, Fluid Mechanics, 2nd ed., Pergamon Press, Oxford (1959).

4. D. V. Sivukhin, 'Coulomb collisions in a fully ionized plasma,” in: Problems of Plasma
Theory. No. 4 [in Russian], M. A. Leontovich (ed.), Atomizdat, Moscow (1964).

5. R. Z. Sagdeev, "Collective processes and shock waves in a rarefied plasma,' in: Problems
of Plasma Theory. No. 4 [in Russian], M. A. Leontovich (ed.), Atomizdat, Moscow (1964).

6. S. G. Alikhanov, V. G. Belan, et al., "Studies of ion shock waves in a collisionless
plasma," Zh. Eksp. Teor. Fiz., 60, No. 3 (1971).

7. V. M. Bardakov, A. G. Morozov, and I. G. Shukhman, "The structure of laminar shock waves
in a collisionless plasma," Fiz, Plazmy, 1, No. 6 (1975).

178



