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As 1s well known, in shock-wave physics one encounters critical Mach
numbers (Mcl’ Mc2’ .) at which a qualitative change takes place in the struc-

ture of the front. One example, in ordinary gas dynamics, is the isothermal
density discontlnuity produced in a shock-wave front in a gas having a high
thermal conductivity [1]. In magnetogasdynamlics a shock wave can experience
also an isomagnetic density discontinuity [2]. Analogous phenomena occur also
in the collisionless shock waves in plasma. Thus, i1f the dissipation is due
to anomalous (turbulent) resistance, then (M > Mcl) the close of the density

front increases continuously (dn/dx * ©®) as the Mach number approaches a cer-
taln critical value [3]. In gas dynamics, a similar growth of the front slope
is limited ultimately by the viscosity. In a collisionless plasma this mecha-
nism does not exist, and it was therefore initially assumed that the transi-
tion through the critical value Mcl is accompanied by formation of mutually-

interpenetrating plasma streams. As will be shown below, however, as M - Mcl

under conditions of an increasing slope of the density profile, a major role
is assumed by charge-separation effects, which prevent the collapse of the
resistive front. This results in a narrow transition region of width § ~ rps

in which the density changes appreciably while the magnetic field remains
practically constant. In fact, we have here a nonlinear electrostatic wave
"superimposed" on the resistive shock front.

The present paper is devoted .
to a study of the electrostatic dis-

continuity in a collisionless shock AN, Qe 7/7
front in a plasma. Such a dis- A a Nk
continuity was first observed in [4] 44
with a microwave interferometer. It so0r-
was established that the density Goaf- ‘”)/
discontinuity appears at M 2 3 (the unob- . // 7-45
Mach number is M = u/V,, where u is s
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the wave velocity and V, the Alfven RS T s
velocity in the initial plasma). m,” 20 0 o0 ¥/%,
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has therefore not permitted a de- L
talled investigation of the phenom- 200k
enon. We used a simpler method,
namely probe measurements of the i
potential ¢(x), the distribution e Aawv_h__,,— 9
of which is qualitatively similar o = ‘” 10 t,nsec
to the density distribution. This
has made it possible to reduce ghe
temporal resolution to (1.5 - 2) X
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tial scale is of the order of 2 X b o & 5.5, n =°310 0o, np = 7.5.x
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Flg. 1. Isomagnetic discontinuity of the
potential in a transverse shock wave
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distributions of the magnetic field

a9/p, H and of the potential ¢ in a

Yy transition layer of a transverse
shock wave (a) and an oblidue one

Py, ’ (b). The profile of ¢ revealed a

a lH& fundamental singularity, namely,
I { the potential experiences a dis-
'l s continuity on the end of the front

02 . II at an almost constant magnetic field.
We have investigated in greatest de-

0 a_lly y . tail a transverse wave, so that the

2 J ¥ 5 5 ~ exposition that follows pertains

mal .

Fig. 2. Re}ative amplitude of the iso- bieﬁlisigﬁﬁigﬁeghiﬁaﬁaiﬁe diz_has

magnetic discontinuity vs. the Mach continulty on the potential profile

number (hydrogen). is formed in a wide range of initilal

parameters, in plasmas of different
gases (Hz, He, Ar), for all Mach numbers lying in the interval between the
first critical value M, = 2.8 - 3 and the second M., = 4.5 - 5.5. Within the

interval from Mcl to Mc2’ the discontinuity amplitude A¢, normalized to the

value of the potential ¢2 behind the wave front, depends on M. An experimental
plot of this dependence is shown in Fig. 2.

Measurements of the time width of the discontinuity yielded a value of T
lying on the limit of the pass band of the circuit (f¢ = 0.8 - 1 GHz), so that
this value should be regarded only as the upper limit of the width of the dis-
continuity. In special regimes, however, (low concentration, heavy gas -
argon), is was possible to ascertain that the measured value 2 x 10~° cm is of
the same order as the Debye radius.

At small Mach numbers (M < Mcl)’ the profiles of the magnetic field and of

the potential are similar and are in good agreement with the MHD model of the
resistive front. In the region M > Mc2’ the distributions of H and ¢ have a

monotonic form without singularities, with a width & v ¢/Q@ (& - ionic plasma
frequency). : ’ Yo p p

An interesting regularity is observed in the dependence of the potential
¢2 behind the wave front on the Mach number. At M < Mcl the value of ¢2 is

close to ¢ = (mu?/2e)(1 - 1/h?) (h = H2/Ho 1s the reiatige amplitude of the
wave). In the interval between M,, and M,, the ratio ¢2/¢ decreases gradu-

ally to 0.5 - 0.6, and then remains practically constant.
The foregoing experimental data agree with the assumption’ that the iso-
magnetic jump is produced at M = Mcl by the charge-separation effects, il.e.,

it has an electrostatic character. This plcture agrees with the results of
measurements of the width of the discontinuity and the qualitative form of the
dependence of A¢/¢ on M. In addition, it becomes possible to explain the van-
ishing of the isomagnetic discontinuity at M = Mc2.

Tt is known that the cause of the collapse of an electrostatic wave of
large amplitude 1s the reflection of a certain fraction of the ions from the
potential front; thils collapse is due to the thermal veloclty scatter of the
ions. The critical Mach number at which the electrostatic wave collapses,

M§A= us/cS (cS = VTe7mi), depends strongly on the ratio Ti/Te [5]. To esti-
mate Mc2 it is necessary to connect the Mach number MS of the electrostatic
wave with M. Within the framework of the magnetohydrodynamics this cam be done
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by using the laws of conservation of the energy and momentum fluxes on the
isomagnetic discontinuity. It is necessary here to take into account the heat
flux produced as a result of the good thermal conductivity of the electrons
and directed away from the lisomagnetic discontinuity (as well as from the iso-
thermal one for electrons) to the resistive section of the front. It is easy
to show that the thermal flux is

q, =n T, In(u, /vy

where u, ug and vz denote, in the coordinate frame of the wave, the velocity
of the plasma ahead of the wave, ahead of the discontlnuity, and behind the
wave front. It is known that Mg = 1.6 for Ti = 0. This yields Mc2 = 6.2,
Allowance for the finite ionic temperature leads to a sharp decrease of Mc2'
For example, i1f we have directly ahead of the discontinuity Ti/Te = 0.1, then
Mg decreases to 1.3, and we obtain Mc2 = 4.3. Such a strong dependence of Mc2
on Ti i1s apparently the cause of the appreciable scatter of the points on Fig.
2 in the region M ~ Mc2'
The ions reflected from the wave front (when M < McZ) are the reason for

the appearance of the characteristic pedestal on the profile of the magnetic
field. It is interesting that in a transverse wave the pedestal appears at
Mach numbers close to Mc In an obligue wave, however, the value of M at

1°
which the oscilllatory structure disappears and the pedestal appears exceeds
Mcl' The reflection of the ions is equivalent to a certain thermalization of

them, and the appearance of an effective ion temperature and hence of an ion
pressure p; decreases the potential ¢, behind the wave front compared with ¢,

as is indeed observed in the experiment.

[1] L.D. Landau and E.M. Lifshitz, Mekhanika sploshnykh sred, Gostekhizd:c
1953, p. 421 [Fluid Mechanics,” Addison-Wesley, 1958]; Ya.B. Zel'dovich
and Yu.P. Raigzer, Fizika udarnykh voln i vysokotemperaturnykh gidrodi-
namicheskikh yavelenii, Nauka 1966, p. 368 [Physics of Shock Waves and
High-temperature Hydrodynamic Phenomena, Academic Press, 1966].

[2] W. Marshall, Proc. Roy. Soc. A233, 367 (1956).

[3] A.A. Galeev and R.Z. Sagdeev, Lectures on the Non-linear Theory of Plasma,
Trieste, September, 1966.

[4] R.Kh. Kurtmullaev, V.L. Masalov, K.I. Mekler, and V.I. Pil'skii, ZhETF
Pis. Red. T, 65 (1968) [JETP Lett. 7, 49 (1968)7.



