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Results of an investigation of the microstructure of a collisionless shock front are presented. The in-
vestigation is performed by means of special probes with high spatial resolution. It is found that at
Mach numbers exceeding a certain critical value M., ~ 2.8-3 a narrow region is formed in the tran-
sition layer. In a practically stationary magnetic field, the potential experiences a sharp jump (iso-
magnetic discontinuity) in this region. The width 6 of the region is apparently of the order of several
Debye radii rp. Further increase of the Mach number leads to the disappearance of the discontinuity
at M = Mg, ~ 4.5-5.5. It is suggested that the appearance of the isomagnetic jump is connected with
the formation of an electrostatic ion-acoustic wave in the transition layer. The cause of this phenom-

enon is a nonlinear slope increase which cannot be compensated by dissipative front broadening at

M > Mg, . Disappearance of the jump at M ~ M,

is apparently due to reflection of some of the ions

by the front and is similar to destruction of a strong electrostatic wave at large Mach numbers. De-
struction of the isomagnetic discontinuity, which is accompanied by formation of a multiple-velocity
plasma flow, can be interpreted naturally as breaking of the shock wave.

INTRODUCTION

EXPERIMENTS on collisionless shock waves in a
rarefied plasma show that the character of the flow and
the turbulent processes in the shock transition are sen-
sitive to the Mach number M (M =u/vp, u is the wave
velocity, va = H,/V4mym; is the Alfven velocity in the
initial plasma). In particular, it was noted as far back
as in 1965[% 21 that starting with values M = 3 and
above, a qualitative change takes place in the profile of
the magnetic field (a forward-elongated ‘‘pedestal’’ ap-
pears, and the transition layer broadens). Additional
information was obtained after performing a series of
experiments with simultaneous sounding of the magnetic
field H and the plasma concentration n in the wave
front.[31 It was established in these measurements that
in definite plasma shock flow regimes, the character of
the distribution of the parameters inside the front
changes qualitatively, namely, a tendency is observed
towards establishment of a ‘‘discontinuous’’ distribution
of the concentration at a relatively smooth variation of
the magnetic field. This phenomenon, called the ‘‘iso-
magnetic jump,’’ agrees with the hypothesis advanced
in the theory that breaking of strong shock waves in a
plasma is possible when, with increasing slope, the
wave front passes through the stage of discontinuous
density distribution.!*) What was left open, however,
was the question whether the observed jumplike distri-
bution of the concentration is only a short intermediate
phase prior to the wave breaking, or whether it is a
stable structure that is conserved as the wave moves.

The noted phenomenon of the isomagnetic jumps in a
collisionless shock front has an analog in gasdynamics.
We have in mind the isothermal jump that can arise un-
der certain conditions in a shock wave in a gas.t®) An
analogous phenomenon was predicted theoretically also
for the gas of a collisional shock wave in a dense plas-
ma (see, for example, [°1),

Among the experiments pointing to a critical depend-
ence of the state of the plasma in the transition layer on

the Mach number, one should include microfield meas-
urements, which have shown that the occurrence of the
pedestal correlates with changes in the spectrum of the
electromagnetic fluctuations.t”?

In recent work on the determination of the ion-veloc-
ity distribution functionf®J it was observed that the de-
scribed rearrangement of the magnetic structure of the
front is accompanied by increased ion heating, whereas
the opposite tendency was established earlier for the
component.t?!

The totality of all these and other data gives grounds
for stating that the character of plasma flow in a shock
transition, the structure of the front, and the type and
nature of the dissipation undergo qualitative changes at
certain critical Mach numbers. The relation between
these phenomena and their physical basis still remains
unclear, however.

One can hardly expect to solve such a problem by
further accumulation of averaged characteristics of the
transition layer. From this point of view, the most vital
need at present is for qualitative improvement of the
measurement technique, aimed at attaining spatial and
temporal resolutions sufficient for the registration of
the minimal characteristic scales of a collisionless
plasma, and the establishment of the temporal correla-
tion of the processes inside the transition layer. Such
an attempt was made in the present investigation.

APPARATUS AND DIAGNOSTICS

The experiments were performed with the UN-4 set-
up.t” ¥1 In different cases we used hydrogen, helium,
or argon plasmas which were produced with the aid of
an induction discharge in a cylindrical volume of 16 cm
diameter. The concentration of the initial plasma n,
was set in the range 10°-10"* ¢cm™3, the intensity of the
initial quasistationary magnetic field was H, = 100-
2000 Oe. A cylindrical shock wave was excited by a
magnetic piston by discharging a capacitor into a surge
coil.
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FIG. 1. Diagram of electric probe.

For the diagnostics we used magnetic and electric
probes, with the aid of which we determined the distri-
butions of the magnetic field and of the electric poten-
tial in the front of the shock wave.

To register the magnetic field we used open-loop
magnetic probes, and also special probes with high spa-
tial resolution, a description of which is given in {3,

The electric probe, a diagram of which is shown in
Fig. 1, was intended to measure the potential of the
electric field in the wave. To attain maximum spatial
resolution in the radial direction, the electrode b was
made in the form of a flat surface oriented parallel to
the wave front and coinciding with the section plane of
the glass insulator, so that the finite dimensions of the
construction did not limit the resolution of the probe in
the direction of the radial coordinate. The electrode a
was placed on the axis of the system and served to pro-
vide a reference to the potential ahead of the wave
front (¢ =0). The resistance R built into the probe was
intended to limit the current drawn from the plasma,
and ranged from 0.2 to 8 kilohms in the experiments,
depending on the purpose of the probe. Namely, in those
cases when good temporal resolution of the probe was
needed, and also a sufficiently high signal level, which
is usually needed when high-frequency recording appa-
ratus is employed, we used resistances R =0.2-0.3kQ.
In measurements of the absolute value of the potential,
the resistance R was increased to 6-8 k2. The dis-
tance L between the electrodes ranged from 2 to 4 cm,
the area of the gathering surface of electrode b was
s =107°-10"% cm™.

Each probe electrode acquired, during the course of
the measurement, a potential due to the local state of
the plasma and, generally speaking, different from the
spatial potential of the plasma. Therefore the level of
the signal from the probe differed from the measured
potential difference by an amount that can be regarded
as the measurement error. In the concrete scheme
used in the present investigation, during the course of
the entire quasistationary phase of the process up to the
cumulation instant, the potential of the axial electrode a
was @3 ~ 0 owing to the low electron temperature of
the initial plasma (Tg, =0.5-2.0 eV). We can therefore
confine ourselves to consideration of the phenomena
near the electrode b during the passage of the shock
wave past this electrode, when the potential behind the
front increases to a value ¢ = @,.

Neglecting edge effects, the ion current to the flat
electrode can be written in the form
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I; = snev,

where v is the plasma velocity relative to the probe.
We disregard here the thermal motion of the ions, since
in the main their thermal velocity is vj << v. For the
electronic component, to the contrary, the thermal mo-
tion is the principal effect, which determines the elec-
tron current

1. = —sneyT./2am. exp (edg [ T).

Here 6¢ is the difference between the plasma potential
and the electrode potential. The total probe current is

I'= sne[v — yT./2am, exp (edg/T.)].

Assuming that this current is sufficiently small, we ob-
tain the two components of which the error is made up:
the floating potential

T. T.
(6(p)p= T2 In 2nm.v*

(1)

and the voltage drop across the resistance rp of the
plasma-probe transition layer

T.

sne*v®

(6@);):——1[1 (1)

An analysis of expression (1) together with the ex-
perimental T¢(M) dependencet®? has shown that the
quantity (6¢)¢/¢, remains in the range 0.1-0.2 in the
greater part of the investigated interval of values of M,
reaching a maximum value of 0.3 near M = 2.5. In fact,
the error can be much smaller if account is taken of the
presence of the magnetic field and of the secondary
emission of the electrons from the surface of the probe.
It is clear that the quantity (6¢)¢/¢, is determined by
the state of the plasma (i.e., in final analysis, by the
Mach number), whereas the voltage drop (6¢)p can be
made negligibly small by decreasing the current drawn
from the plasma and by increasing the electrode area s.
For example, for an electrode of 0.3 mm diameter,

(s =7 x 1072 cm®) and a resistance R = 3.5 k2, the ratio
(6@)p/ @, in a hydrogen plasma is less than 10% for all
the Mach numbers and for all the employed concentra-
tions (n, 25 x 10® cm™®),

The Mach number of the shock wave was calculated
from the formula M = (u/Ho) vV 4mnym;, using the meas-
ured values of the wave velocity u, the initial concen-
tration n,, and the magnetic field H,. The systematic
error in the value of M determined in this manner did
not exceed 15%.

EXPERIMENTAL RESULTS

The investigation procedure reduced mainly to
registration of the magnetic and electric fields simul-
taneously at two radially separated points r; and r».
This yielded, by the same token, the distribution of the
quantities H and ¢ in the transition layer, the evolu-
tion of the front at a distance Ar =r,—r,, i.e., the de-
gree of its stationarity, and finally the propagation ve-
locity of the shock wave. These data were obtained by
successively varying the initial state of the plasma in
the indicated Mach-number range from 1.3 to 6.

At relatively small values of M, the front has an
aperiodic monotonic character, and the distributions of
the potential and of the magnetic field AH =H — H, are
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FIG. 2. Isomagnetic potential jump in transverse (a) and oblique
(b) shock waves: a—M = 4, Hy = 330 Oe, no =2 X 10" ¢cm™, helium;
b-M = 2.5, Hy = 310 Oe, ng = 7.5 X 10'3 cm™, 6 = 20°, hydrogen.

qualitatively similar. In [ there is a detailed inves-
tigation of the shock front at Mach numbers M < 2.5,
with emphasis on features of the occurrence of insta-
bility and the mechanism of saturation of the turbu-
lence.

A qualitatively different behavior of the potential is
observed when the Mach number becomes larger than a
certain critical value M, = 2.8-3. At M > Mg, there
is observed on the crest of the wave a sharp peak in the
profile of the potential, in the form of a jump with width
6 much smaller than the width A of the magnetic profile
(Fig. 2a). The magnetic field remains practically un-
changed over the width 6, so that the observed jump is
isomagnetic. Experiments have shown that the isomag-
netic jump is formed in a wide range of initial param-
eters no and H,, in hydrogen, helium, or argon plasma,
and that its amplitude depends only on the Mach num-
ber.

The qualitative similarity of the phenomenon is re-
tained also in shock waves propagating at an angle to
the magnetic field. Figure 2b shows an oscillogram ob-
tained in an oblique wave at 8 =20° and M =2.5 (0 is
the angle between the direction of the magnetic field and
the plane of the front), With changing angle, however,
definite differences from the case 6 =0 appear. Ina
transverse wave, near the Mach number Mg¢,, a change

1s observed in the profile of the magnetic field H
(broadening of the signal, appearance of a pedestal). In
the earlier experiments,t™'] this was precisely the at-
tribute according to which the critical Mach number

was introduced. The relation between this phenomenon
and the isomagnetic jump will be examined in detail
later on, but it must be emphasized even now that in an
oblique wave the formation of the potential jump occurs
with conservation of the oscillatory structure of the
front. A tendency towards establishment of a monotonic
H(x) distribution is observed at much larger Mach num-
bers. In other words, the occurrence of a potential jump
and the transformation of the magnetic profile differ in
their physical nature, and it is therefore necessary to
distinguish between the effects themselves as well as
between the characteristic Mach numbers at which they
take place.

The discrepancy between the calculated Mg,(6) de-
pendence given in {27 and the experimental curve of
[11 js apparently due to the fact that different critical
Mach numbers were investigated in these studies.

The isomagnetic jump was investigated in greatest
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detail in a transverse wave, so that the exposition that
follows pertains to this case.

Experiments on the isomagnetic jump can be grouped
as follows: 1) measurement of the width of the isomag-
netic jump; 2) determination of the dependence of the
jump amplitude A¢ on the Mach number; 3) establish-
ment of the limits of existence of the isomagnetic jump
(in terms of the Mach number); 4) the study of other
phenomena accompanying the isomagnetic jump, such as,
for example, the change of the total value of the poten-
tial @, behind the wave front, and the pedestal on the
profile of the magnetic field.

1) Measurements of the time width of the jumps on
the oscillograms obtained with the aid of the described
electric probes have shown that in the presence of a
certain statistical scatter, the minimum value of 7 is
1-1.5 nsec, which is at the limit of the bandwidth of the
transmitting circuitry (f, £ 1 GHz). The observation
results therefore make it possibly only to estimate the
upper limit of the width of the jump, which in our case
amounts to ur~ 2 x 10 cm (u $2 x 107 cm/sec).

For a correct comparison of the width of the jump
and the characteristic scales of the magnetized plasma,
it is necessary that the values of the limiting spatial
and temporal resolutions be smaller than the character-
istic scales in the plasma (the Debye radius rp and the
respective values of rp/u). In hydrogen, under typical
experimental conditions (n, > 5 x 10 ¢m™), this re-
quirement cannot be satisfied, but in the case of heavy
gases the problem becomes simpler, since rp/u
» vmj/n,. In addition, owing to the large mass of the
ions, it is possible to generate shock waves at relatively
low concentrations. The width of the isomagnetic jump
observed in an argon plasma, 2 x 10 -2 cm, turned out to
be of the same order as the Debye radius. This result
indicates that the mechanism forming the isomagnetic
jump ensures establishment of an equilibrium width of
the jump 6 up to scales on the order of the Debye ra-
dius.

It is important to note that the considered structure
of the shock wave with isomagnetic jump is repeated in
the experiments with good reproducibility. Simultaneous
registration of the potential at two points radially sepa-
rated by 10-15 mm has shown that such a structure re-
mains unchanged as the wave moves. These facts point
to the possible existence of a stationary shock wave with
an isomagnetic jump.

2) Further increase of the Mach number (M > M,,)
is accompanied by a growth of the relative value of the
isomagnetic jump of the potential A¢. As seen from
Fig. 3, the value of A @/, reaches a maximum value
(A@/¢@,)max ~ 0.5 at M = 4.5. (To reduce the influence
of the nonstationarity factor, the curve was plotted by
using only oscillograms for which the relation M
=h(h + 5)/2(4 — h), which is valid for a stationary shock
wave, was satisfied with sufficient accuracy. Here
h =Hz/Hy.)

3) As seen from Fig. 3, the region of existence of
the isomagnetic jump is limited with respect to the Mach
number not only from below but also from above. The
lower limit corresponded to the critical Mach number
M, ,, and the upper to M;,. The noticeable scatter of
the points in the region 4.5 <M < 5.5 may be con-
nected with the fact that the critical M, is sensitive to
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FIG. 3. Dependence of the relative amphtude of the isomagnetic
jump on the Mach number. Hydrogen.
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FIG. 4. Formation of pedestal and destruction of the isomagnetic
jump: a—M = 4, H, = 300 Oe, ny = 3.4 X 10" cm™, hydrogen; b—M =
5, Ho =250 Oe, ny = 2.1 X 10 cm™, hydrogen.

the initial parameters of the plasma (for example, to the
value of T /T¢), and the scatter of these parameters
can lead to a ‘‘smearing’’ of the upper limit of the re-
gion of existence of the isomagnetic jump.

When M > Mc,, the front of the potential again be-
comes gently sloping and similar to the front of the
magnetic field, but its width is larger by approximately
one order of magnitude than the shock-front width
measured at small Mach numbers (Fig. 4b)."

4) An interesting regularity is observed in the be-
havior of the level of the potential ¢, behind the wave
front when the Mach number is varied. It was already
noted earlier!”? that at large Mach numbers ¢, de-
creases in comparison with

mu

2e2(1_%) =%

and approaches 5/2. At the same time, at small values
of M in the case of a resistive dissipation mechanism,

@z is close to ¢. It is seen from Fig. 5 that the section
in which the ratio ¢,/¢ changes from 0.8-1 to 0.5 oc-

curs in the interval M¢; =Mc,.

It is important to note that the potential drop behind
the front of the wave correlates with a deformation of
the magnetic profile (the appearance of a pedestal,
broadening), which at M > M¢; can no longer be de-
scribed within the framework of the resistive model, as
was done in [*°3,

These and a number of other facts (for example, the

DWe note that at higher initial densities, when the wave is stationary
over scales on the order of ¢/§2,, monotonic, “smeared-out” profiles of
H and ¢ with width A ~ ¢/, are observed at M > M.
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FIG. 5. Dependence of the relative magnitude of the potential be-
hind the wave front on the Mach Number. Hydrogen.
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increase of the ionic heating in the region M > Mg, °?)
indicate that when M > Mg, there is another mechanism
in the front, besides the resistive friction, leading to
dragging of the ions and to their heating. This mecha-
nism is apparently due to the collective interactions in
the collisionless plasma, and it can be regarded as an
effective ion viscosity.

Let us stop to discuss, finally, the influence of the
errors of the electric probes on the form of the experi-
mental plots (Figs. 3 and 5). The dependence of A@/@,
on M was determined from measurements of the poten-
tial with electric probes having resistances R =200~
400 ohms. The main cause of the error is in this case
the underestimate of ¢, compared with the true value,
owing to the presence of a floating potential and a finite
resistance ry of the transition layer. As a result, the
position of the experimental curve turns out to be too
high within limits determined by the error in the meas-
urements of the potential ¢,. For the same reason, the
position of the curve on Fig. 6 is too low, but to a lesser
degree, since the probes used in the corresponding ex-
periments had R = 6-8 kQ and the influence of the re-
sistance rp was practically eliminated.

DISCUSSION OF RESULTS

Nature of isomagnetic jump. As already noted, at suf-
ficiently small Mach numbers the main dissipative
mechanism in the shock-wave front is resistive friction.
It is known, however, that at M = 2.76 the resistive
front becomes unstable against an unlimited increase of
the slope of the density profile. The existence of an
equilibrium shock transition at M > 2.76 is possible
only if, besides the resistive dissipation, there act in
the transition layer other mechanisms that effectively
counteract the increase of the slope of the density front.
From this point of view, it is natural to assume that the
experimentally observed tendency towards establishment
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of a discontinuous distribution of the potential is due to
the nonlinear increase of the slope, and the existence of
a stationary structure with an isomagnetic jump is the
result of the action of some new mechanism that leads
to broadening of the profile of ¢. Such a mechanism can
presumably be the electronic thermal conductivity, ion
viscosity, or dispersion of ion sound.

The effective frequency of the electron-ion colli-
sions veff in a turbulent plasma determines both the
conductivity and the electronic thermal conductivity.
Therefore it is possible to compare these two types of
dissipation and to ascertain the role of the electronic
thermal conductivity in the formation of the front struc-
ture. The corresponding magnetic-viscosity and ther-
mal coefficients are expressed in terms of veff in the
following manner:{**1

_ ¢ m.c*
e 4o 4anet
Hence Xg|/Nm = 87nTe/H2.

Figure 6 shows a plot of xp /7y, behind the shock-
wave front against the Mach number. As seen from the
plot, when M 2 Mg, we have x| /nm 2 0.4, i.e.,ina
strong wave the contribution of the thermal conductivity
to the dissipation is appreciable. It is clear at the same
time that the electronic thermal conductivity cannot be
the mechanism stabilizing the isomagnetic jump, for in
this case its width 6y would be of the order of xe 1/u,
i.e., it would amount to 30-40% of the total width of the
front, whereas the experimentally observed width of the
isomagnetic jump & can be smaller than 0.01 A.

The obtained experimental data’*? and the results of
theoretical investigations on shock transitions with
turbulent ion viscosity™? are presently insufficient to
explain, on the basis of this model, the existence of an
isomagnetic jump, its evolution, and its destruction
with increasing Mach number.

A more realistic model is the representation pro-
posed in 11 wherein the isomagnetic jump has a dis-
persion character. In this case the jump is a nonlinear
electrostatic wave, and the effect compensating for the
nonlinear increase of the slope of the front is the dis-
persion of the ion sound. Favoring such a model is the
fact that the existence of ion-acoustic shock waves has
by now been proved experimentally and confirmed by
results of a numerical simulation with an electronic
computer.t¥s 81 It was established in these investi-
gations that laminar electrostatic waves exist only in
a definite range of Mach numbers Mg, which depends
strongly on the ion temperature (Mg = vgVmj /T, where
vg is the velocity of the electrostatic wave). When a
certain critical Mach number value Mg = M{ is reached,
the electrostatic wave is destroyed by reflection of
some of the ions from the front of the potential. It can
be assumed that this effect takes place also in the iso-
magnetic jump of a magnetosonic wave; this explains
the vanishing of the jump at M =Mg,. The width of the
front of an isomagnetic jump with a dispersion struc-
ture should be of the same order as the Debye radius
rD, a fact that does not contradict the experimental re-
sults of the present paper.

Numerical simulation with a computer, carried out
in [#21 for the case of an oblique shock wave, confirms
the possible existence of an electrostatic isomagnetic
jump.

Vetty  KeL =
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Thus, within the framework of the assumptions
made, the observed phenomena can be explained quali-
tatively in the following manner.

In the region of small values of M, the main mecha-
nism of dissipation in the shock front is turbulent re-
sistance, and at M > 2.5 some contribution is made
also by the electronic thermal conductivity. The den-
sity profile is similar to the magnetic-field profile in
accordance with the MHD model of the resistive front.
With increasing Mach number, the velocity of the ion-
acoustic oscillations cg, behind the front increases,
approaching the plasma velocity v, (in the system of the
wave); simultaneously, an increase takes place in the
slope of the density profile. This phenomenon, however,
does not lead at large M to a destruction of the laminar
flow of the plasma (wave breaking), since dispersion of
the ion sound comes into play at scales on the order of
the Debye radius. As a result, at M = Mg,, the growth
of the slope stops and an isomagnetic jump of the den-
sity and of the potential is produced. This instant cor-
responds to satisfaction of the equality cg, =v,. In es-
sence, the jump is an electrostatic shock wave with a
width equal to several Debye radii; its relative ampli-
tude A¢/@, is determined by the Mach number and in-
creases with increasing M.

An important effect influencing the structure of the
transition layer and the region of existence of the iso-
magnetic jump is the reflection of some of the ions
from the front of the potential, occurring as a result of
the thermal scatter of the ion velocities. As is well
known, this effect is the cause of the destruction of
electrostatic waves of large amplitude.!®3 In our case
the isomagnetic jump is destroyed at M = M, for the
same reason. Together with the destruction of the
jump, there vanishes the mechanism that restrains the
unlimited growth of the slope, as a result of which the
shock wave breaks. In the laboratory system, this is
expressed in the fact that the ions from the side of the
piston overtake the front, greatly disturbing the single-
velocity flow of the plasma. The front of the potential
then becomes gently sloping, and approaches in shape
the profile of the magnetic field (Fig. 4b).

It is difficult at present to describe exhaustively the
processes occurring in a shock wave with M > Mc,.
The available experimental data indicate that besides
resistive friction, an important role in dissipative proc-
esses inside the transition layer is played by the effec-
tive ion viscosity, which results from the presence of
multivelocity flow of the plasma.l”?

An interesting effect observed simultaneously with
the isomagnetic jump is the formation of the so-called
‘‘pedestal’’ on the profiles of the magnetic field and the
potential (Fig. 4a). It is most natural to attribute this
effect to reflection of some of the ions from the wave
front in the presence of a finite ion temperature. In a
quantitative analysis of this phenomenon (see, for ex-
ample, [*7), it must be borne in mind that the ions in
the front have, in all probability, an essentially non-
Maxwellian velocity distribution.!?*? Most of them are
at a temperature close to the temperature of the initial
plasma, and only a small fraction (10 -20%) is heated to
a temperature close to Te.

It is curious that the Mach number at which the ped-
estal becomes noticeable is close to M¢,. However, the
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aggregate of the experimental and theoretical data still
does not give grounds for stating that formation of the
pedestal is a consequence of the appearance of the iso-
magnetic jump.

Estimate of critical Mach numbers. Under the as-
sumptions made above, the Mach number Mg, that cor-
responds to the occurrence of the isomagnetic jump can
be determined from the equation cg, =v,, where cg,
=V(Tez +viTjz)/mj. At Tj =0 this equation yields M,
= 3.46. Allowance for the finite ion temperature leads to
a decrease of M¢,. For example, at (Tj/Te), = @,
=0.15 we can obtain Mg, = 3.12 (for y; =3).

It should be noted that the distribution functions of
the ions and electrons in the plasma behind the wave
front are apparently far from Maxwellian by virtue of
the specific nature of the turbulent heating.!®1 It is
therefore difficult to expect exact correspondence be-
tween the quantity obtained in this manner and the ex-
perimental value of the critical Mach number M,,.
Nonetheless, this calculation is useful, since it gives an
idea of the degree of dependence of My, on the param-
eter «.

Calculation of the second critical Mach number is a
much more complicated problem. The main difficulty
lies here in the determination of the state of the plasma
ahead of the isomagnetic jump and in a correct allow-
ance for the influence of the reflected ions. We present
here the simplest calculation of the stationary problem
under the essential assumption that the electrons and
ions have Maxwellian distributions on both sides of the
isomagnetic jump.

We choose a reference frame connected with the
wave, and let the indices s and 2 pertain to points
ahead of and behind the jump, respectively.

As a result of the good electronic thermal conduc-
tivity, we can assume that the temperature of the elec-
trons remains unchanged over the width of the isomag-
netic jump (this is equivalent to satisfaction of the in-
equality X g1 >> rpu). Then there should exist ahead of
the jump a heat flux qeg directed towards the initial

plasma,
_ aT. )
Ges = (Xu —E- . .

From the heat-transfer equation for the electrons

ds.
nT’d_t = div(y.VT.)

we can obtain by integration
Ges = Nl es (Ser — Ses).

Here Se¢ is the entropy per electron. Since Sg o Inn
at Te = const, it follows that

g.s = —nul.In(v,/v,).

We write down the equations for the conservation of
the momentum and energy fluxes on the isomagnetic
jump, retaining as a parameter the ratio (Tj/Te)g
= C{S:

mn? + nT. (1 + @) = mnavs® + no (L2 + Ti2),

v, Y
no, |2 )] +e
mn,v [ ) +Y—1 q
* Tt Ta
=mnug[£——|— Y =+ ]
2 y—1 m;
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ber M of the shock wave for the
cases T = 0 (curve 1) and (Tj/ 12
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These equations determine the electron temperature
and the plasma velocity ahead of the isomagnetic jump.
For the normalized velocity w =vg/v, we obtain the
equation
wlnw 2y

(1+f w) T a. +
where f = (h — 1)3/(h +5), h =H,/H,.

The electron temperature is given by the expression

y—1
y+1

Y+1H—

muv,*
14 a;

Calculating from this vg(M) and Tgg(M), we can de-
termme the Mach number of the electrostatic wave

=vgVm; /Teg as a function of M. Figure 7 shows a
plot of Mg(M) for y =°; and two values of ag: curve 1
for ag =0 and curve 2 for ag =0.1. In the case of cold
ions (ag =0) the critical number Ms, as is well known,
is 1.6. This yields Mg, = 6.2. The presence of a f1n1te
ion temperature greatly decreases the value of MS and
accordingly of M¢,. For ag =0.1 we have Mg = 1.3,[%3
which leads to Mg, = 4.3.

We see from this result that the critical Mach num-
ber is very sensitive to the ion temperature. In the ex-
periments performed in a wide range of initial parame-
ters, the ratio Tj/Te did not remain constant, since,
depending on the regime, the initial ion temperature and
the conditions for turbulent heating of the plasma were
varied. This apparently led to a noticeable scatter of
the points on the A@/@, plot (Fig. 4) in the region
M ~ Mg,.

For the reasons indicated above, the results of the
calculation of the value of M¢, require caution when a
comparison is made with experiment, but they can serve
as an illustration of the phenomenon and a basis for
qualitative conclusions.

w1+ f— w).

es —

CONCLUSION

The main result of the present work was an experi-
mental observation of the isomagnetic jump in the front
of a collisionless shock wave and the determination of
the region of the Mach-number values in which this
jump exists. We estimated the width of the jump and in-
vestigated the dependence of its amplitude on the Mach
number. It is shown that in the range M¢, <M < Mg,
the ‘‘discontinuous’’ distribution of the concentration in
the front is stable, and that with increasing Mach num-
ber of the wave this state precedes directly the breaking
of the front at M = M¢,. A hypothesis is advanced con-
cerning the nature of the isomagnetic jump (electro-
static ion-acoustic wave), and an estimate of the critical
Mach numbers Mg, and M., is made on the basis of the
corresponding model.
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