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The results are presented of an investigation of the fine structure of transverse shock waves in a colli
sionless plasma at Mach numbers M < 2.5. The distribution of the magnetic field was measured with 
the aid of a special probe, which made it possible to obtain a resolution down to 0.1 mm, and the dis
tributions of the other quantities on the front were determined from the H(x) profile with the aid of the 
mhd equations. On the basis of the experimental data, it is suggested that in the case of an initially 
isothermal plasma the ion-acoustic instability develops after preliminary heating of the electrons 
either as a result of Joule dissipation by the classical resistance, or as a result of two-stream insta
bility. The distribution of the quantities in the turbulent region of the front agrees with the assumed 
linear (resonant) mechanism of the interaction of the phonons with the hot ions. At the same time, the 
experimental value of the parameter A, which characterizes the nonlinear interaction, differs from 
the predicted one by at least one order of magnitude. 

INTRODUCTION 

AT present it can be regarded as established that the 
existence of collisionless shock waves in a plasma 
placed in a magnetic field is connected, in a wide range 
of parameters, with the phenomenon of anomalous re
sistance. Although the available experimental data have 
made it possible to conclude that the most probable 
cause of the anomalous resistance of the plasma is the 
development of ion-acoustic turbulence, [1-SJ there is 
still no complete physical picture of the processes in 
the shock front. In particular, one of the most important 
questions remains open, namely that of the mechanism 
limiting the growth of the amplitude of the turbulent 
fluctuations. The equilibrium level of the fluctuations 
determines the effective frequency of the electron-ion 
collisions, and consequently the dissipative properties 
of the plasma and the structure of the shock front. We 
note that the question of the mechanism of saturation of 
ion sound lies beyond the scope of the problem of colli
sionless shock waves and is important in all cases when 
the processes in the plasma are accompanied by the de
velopment of ion-acoustic instability. 

vestigation an improved probe procedure, which made 
it possible to improve considerably the resolution com
pared with earlier methods (for example, compared with 
the usual loop-type magnetic probe). 

In the analysis of the observed structure of the mag
netic field we shall use a system of equations in the 
mhd approximation, describing the resistive shock front 
in the form given in the paper of Galeev and Sagdeev:l 7 l 
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where p = min is the plasma density, v is the transla
tional velocity of the ions in the wave system, p = nT is 
the pressure, and creff is the effective conductivity of 
the plasma. 

For simplicity we introduce the dimensionless quan
tities 

h=H I IJ, = 1 + 11H I H,. w =vI u = n, In, 
~ = 8JtnT I H,', M '= uy4nn,m, I H,. 

From the first three equations, which are the laws of 
conservation of the mass flux, momentum density, and 
energy density, we can obtain the functions w(h) and 

An exhaustive answer can be obta1ned by measuring 
the turbulence spectrum E(w, k). The first measure
ments in the long-wave part of the spectrum were based 
on the Raman scattering of radio waves r 4 l or made with 
the aid of probes. £l, 2 l At present results are available 
on small-angle scattering of a laser beaml 5 l and on the 
Stark effect. reJ However, such important information 
as the form of Ohm's law, which characterizes the 
anomalous resistance of the plasma,- can also be ob
tained by investigating details of the behavior inside the 
front of such quantities as the magnetic field or the po
tential. To this end it is necessary to obtain sufficiently 
high spatial and temporal resolution in the registration 
of the indicated quantities. As will be shown below, none 
of the methods used to date are applicable from this 
point of view, and therefore we used in the present in-
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and from the fourth equation of the system (1) we can 
determine the conductivity inside the front. 

APPARATUS AND INITIAL CONDITIONS 

The experiments were performed with the UN -4 ap
paratus.£1l The hydrogen plasma was produced in a 
cylindrical glass volume of 16 em diameter and 100 em 
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length with the aid of an induction discharge. The plas
ma density in the different regimes and its distribution 
over the volume were determined by the microwave
interferometry method. cal Operating control over the 
initial concentration n0 and the electron temperature 
Teo was with the .aid of a triple Langmuir probe. [9 l The 
degree of ionization was approximately 50% at no .$ 5 
x 1013 cm-3 and reached 80-90% at no> 5 x 1014 cm-3 • 

The initial electron temperature under typical regimes 
ranged from Teo = 0.5 eV to Teo = 2 eV. The ion tem
perature was not measured directly, but one could ex
pect Tio Rj Teo• since the lifetime of the plasma up to 
the instant of generation of a shock wave, 3 x 10-s sec, 
was much longer than the time of temperature relaxa
tion, 5 x 10-7 sec (at Teo = 1 eV and no -1014 cm-3 ). 

The quasistationary initial magnetic field Ho was var
ied in the range 100-2000 Oe; the degree of inhomo
geneity of H0 in the region of registration of the shock 
wave did not exceed 2%, c1oJ and the characteristic vari
ation time was 250 IJ.Sec. In accordance with the indi
cated initial conditions, the relative pressure (30 

= 81moT0/Hg assumed values from 0.005 to 0.05. 
The cylindrical shock wave was excited with the aid 

of a magnetic piston by discharging a capacitor into a 
surge turn of 30 em width. The amplitude of the piston 
under typical conditions was 2-3 kOe, and its growth 
time was 400 nsec. The magnetic field of the piston and 
the initial field H0 were parallel and had the same di
rection. 

REGISTRATION SYSTEM 

To obtain maximum spatial resolution in measure
ments of a magnetic field by a loop probe it is neces
sary that the characteristic dimension in the direction 
of propagation of the wave be small. However, a de
crease of this dimension is limited by technical diffi
culties connected, for example, with the need for pro
viding reliable electric insulation of the measuring cir
cuit from the plasma. Therefore the presently attain
able resolution 0.4-0.5 mm is probably the limit for 
probes of this type (see also Clll). 

We propose in this paper a probe of new design, mak
ing it possible to improve greatly the resolution of the 
fine structure of the magnetic perturbations. In the case 

FIG. 1. Exterior view of the sector probe (a) and magnetic field re
gistration scheme (b): 1-cylindrical volume, 2-loop-type magnetic 
probe, 3-sector probe, 4-wave front. 
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FIG. 2. Distribution of magnetic field (a), conductivity (b), the ra
tio vd /v0 (c), and A (d) in wavefront. Hydrogen, n0 , = 1.5 X 1014 cm-3 , 

H0 = 700 Oe, M = 2. 

when the measured fields have axial symmetry, such a 
probe is a circuit made of thin insulated wire (0.1-
0.2 mm) in the form of a sector of radius L = 20-40 mm 
and arc l = 3-10 mm (Fig. 1a). The vertex of the sector 
is placed on the axis of the plasma volume, so that the 
arc is "parallel" to the front of the wave (Fig. 1b). For 
the stationary case, the induced emf in the circuit is 
given by the expression 

<. 1 diD 1 
iff= -;;-;;t ~ --;u11H(t), 

so that by measuring the wave velocity u it is possible 
to determine the absolute value of the magnetic field 
H = Ho + aH(t) at the point with radius r = L.u The 
aperture angle (} and the value of the resistance R were 
chosen such that the inductive reactance of the probe 
was much less than the load resistance. In the per
formed experiments, the angle (} ranged from 5 to 30 ", 
and the resistance built into the probe ranged from 0 to 
500 ohm. 

Notice should be taken of the stringent requirements 
that are imposed on the manufacturing quality of probes 
of this type and on the accuracy of their placement in 
the working volume. Maximum resolution and the exact 
value of the amplitude can be obtained only if the arc of 
the sector probe is strictly "parallel" to the front, and 
the lateral components are radially directed. In this 
case the resolving power is limited by two factors: the 
diameter of the wire of which the probe circuit is made 
(b) and the frequency band of the measuring channel. 
(The apparatus used in the present investigation had an 
attenuation of 3-6 dB at f0 = 1000 MHz.) Thus, no dis
tortion will occur in the registration of magnetic
perturbation details having spatial dimensions larger 
than d and u/f0 • In our case the limiting resolution 
reached 10-2 cm, providing an appreciable gain over the 
probes used heretofore.[!• 12• 13 l 

To measure the potential of the electric field in the 
wave, we used electric probes with a temporal resolu
tion up to several nanoseconds (corresponding to a spa
tial resolution up to 10-2 em). The construction of the 
probe and a simple outline of the operating theory of 
such probes are given in (14 J. 

I) Simultaneous measurement of the magnetic perturbations by loop 
and sector probes made it possible to obtain such quantities as the dis
tribution of the phase velocity of the magnetic perturbations (i.e., the 
degree of stationarity of the wave), the plasma pressure on the piston, 
the exact value of the amplitude of the reflected wave, etc. 
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FINE STRUCTURE OF THE FRONT 

1. The question of the fine structure of the front of a 
transverse shock wave arises in connection with at
tempts to construct a detailed picture of the occurrence 
and dynamics of the development of the anomalous re
sistance of the plasma in the transition layer, inasmuch 
as there is a unique inverse connection between the 
spectrum of the turbulence excited in the front and the 
shock-wave structure. Nor is it known which processes 
precede the development of the ion-acoustic turbulence 
in an initially isothermal plasma. To investigate these 
questions we used a method based on measurement of 
the detailed distributions of the values of H and qJ in
side the front. 

2. Figures 2a, 5a, 6a, and 7a show typical oscillo
grams of the magnetic perturbations, as obtained with 
the aid of the sector probe in a hydrogen plasma at dif
ferent initial concentrations. The first interesting fact 
is that these oscillograms differ from the signals ob
tained in analogous regimes with the aid of loop probes 
having diameters on the order of 1-3 mm. First, we 
see that the profile of the magnetic field becomes steep
er up to the very crest of the wave; the values of the 
derivatives of the magnetic field and of the drift veloc
ity can in this case be 3-5 times larger than the mean 
values obtained for these quantities by reducing oscil
lograms from a loop probe. 

The second feature is that under typical experimen
tal conditions, one observes on the magnetic-field pro
file a more or less clearly pronounced kink (Fig. 2a). It 
has been observed that the relative position of this kink 
depends on the initial conditions, for example, it shifts 
towards the crest of the wave when the initial concen
tration is increased. 

It must be ascertained, however, whether the indi
cated effects are due to operating singularities of the 
sector probe. For example, the continuous increase of 
the slope of the registered signal could, generally 
speaking, be a consequence of the nonstationary char
acter of the process if the phase velocity of the pertur
bation of the magnetic field increases continuously with 
increasing depth in the interior of the transition layer. 

To answer this question, simultaneous measurements 
were made of the magnetic field with sector and loop 
microprobes with resolving power 0.5 mm. Figure 3 
shows the derivative of the magnetic field registered 
with the aid of a microprobe in a regime close to that 
indicated in Fig. 2 (the front terminates at the instant of 
time t ~ 23 nsec). One can see clearly the two-compo
nent structure of the signal, i.e., in the case of rela
tively low concentration the readings of both probes 
practically coincide, thus indicating that the plasma 

FIG. 3. Magnetic-field derivative registered with the aid of a loop 
microprobe with dimensions 3 X 0.4 mm. (Termination of the front at 
t = 23 nsec). Hydrogen, n0 = 1.3 X 1014 cm-3, H0 = 550 Oe. 

FIG. 4. Signal from sector probe (a) 
averaged over the dimension of a loop 
probe of 1.8 mm diameter (b) (n0 = 6.5 
X 1014 cm-3, M = 2.4). Curve c-profile of 
H(x) given in [ 12 •13 ] (n0 = 6.2 X 1014 cm-3, 

M= 2.5. 

flow in the transition layer is stationary. When the ini
tial concentration is increased by 4-6 times (i.e., when 
the absolute dimension of the front A is decreased by 
a factor 2-2.5) the microprobe no longer resolves the 
indicated details, whereas the signal from the sector 
probe remains qualitatively unchanged. We see there
fore that for a correct measurement of the magnetic 
field in the wave one cannot use probes with a resolu
tion worse than 0.1 A. (In the regime with Ilo =1014 cm-3 

this requirement was satisfied: A "" 5 mm and the mi
croprobe resolution is 0.5 mm). It is now obvious that 
the previously obtained c1, 3• 13• 15 l profile of the mag
netic field in the shock wave is distorted to one degree 
of another. The distortion is the largest in the case of 
a hydrogen plasma at Mach numbers M < 3 and Ilo 
> 1014-2 x 1014 em - 3• 

It can be clearly verified that this distortion is due 
to averaging of the magnetic field over the dimension 
of the probe loop. Figure 4 shows the signal from the 
sector probe (a) under the conditions M = 2.4 and Ilo 
= 6.5 x 1014 em-s, as well as its transformed appearance 
after averaging over the probe loop dimension 
D = 1.8 mm (b). In [s, 11• 12 l, where the loop diameter 
was only 0.6 of the front width, the distortions of the 
profiles should be appreciable. Moreover, when the 
magnetic-probe signals given in the cited papers are 
compared with the readings of the sector probe (Fig. 4c ), 
it can be noted that the difference between them cannot 
be attributed only to averaging over the loop dimension 
D = 0.9 mm. It can be assumed that the reason lies in 
the design of the probe. For example, since the loop is 
placed in the tube, the averaging is over a dimension 
equal, in the extreme case, to the external diameter of 
the tube. Moreover, in this case the signal can broaden 
and contract additionally because of the finite time of 
diffusion of the magnetic field from the plasma into the 
tube and partly because of the diamagnetic effect, as was 
demonstrated in c16 l. Favoring these assumptions is 
also the distribution H(x) itself, which, unlike the dis
tribution of the potential, does not have a clearly pro
nounced crest. A strong distortion of the measured mag
netic field may possibly be another reason why the nor
malized magnetic profile lags the potential profile in the 
cited papers. 

3. The front width is usually defined by 

/ dB' d=(H.-H,) - , 
dx >nax 
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where H2 is the magnetic field behind the wave and 
dH/dxlmax is the maximum value of the derivative in 
the transition layer (see, for example, Fig. 4b ). How
ever, an examination of the signal from the sector 
probe (Fig. 4a) offers evidence that such a definition is 
arbitrary. 

Paul et al. [ 12• 13 l define the front width as the char.
acteristic width of the potential profile. In this case the 
uncertainty is automatically transferred to the concept 
of the potential-front width, but there is also a more 
serious objection to such a definition: since the proc
esses in the resistive front are due to diffusion of the 
magnetic field, the width of the front should be deter
mined from the profile of H. In addition, the potential 
profile at M = 3-5 differs significantly from the profile 
of the magnetic field. [ 14 J 

Returning to Fig. 2, we see that the front has two 
characteristic points corresponding to the kink of the 
magnetic field and to the crest of the wave. The possi
bility of using these points to determine the width of the 
front will be considered below. 

DETERMINATION OF THE PLASMA PARAMETERS 
INSIDE THE SHOCK-WAVE FRONT 

1. The experiments of [1, 3• ~6 J have demonstrated 
that at M < 2.5-3 the total pressure behind the front 
of the resistive wave is p = n(Te + Ti) ~ nTe, and in the 
system (1) we shall therefore neglect the ion pressure 
compared with the electron pressure also in the interior 
of the front ( {3 = f3e). We are interested in the distribu
tion of the quantity vd/ve over the front (here Vd 
= (c/4me)dH/dx is the drift velocity and ve =v'Te/Me 
is the thermal velocity of the electrons), and also in the 
distribution of T e/Ti. The ratio T e/Ti in the initial 
section of the transition layer (ahead of the kink of H) 
will be calculated by assuming the ion temperature to 
be equal to the initial temperature. We shall see subse
quently that this assumption is valid in a wide range of 
initial parameters. 

2. Figures 2b and 2c show the distributions obtained 
in this manner for the quantities aeff, aei• and vd/ve, 
corresponding to the experimental variation of the mag
netic field in the transition layer (Fig. 2a). Here 
aei (/) T:/ 2 is the classical conductivity due to the elec
tron-ion collisions. It is seen from Fig. 2b that imme
diately behind the kink of the magnetic field there is ob
served a strong difference between aeff and aei· There 
is an equally strong drop in the drift velocity of the elec
trons Vd (Fig. 2c). This means that the region of anom
alous resistance begins behind the kink. We shall hence
forth call this the turbulent region. We shall consider it 
in greater detail in the next section, and turn at present 
to the region of the front preceding the development of 
the turbulent resistance. One can expect the distribu
tion of all the quantities in this region to be determined 
by the classical conductivity aei• since the condition 
for the development of two-stream instability (vd 
> ve)[ 17 J and one of the conditions for the buildup of 
ion-acoustic instability (T e >> Ti) are not satisfied. 

We can now explain the observed structure of the 
magnetic field (Fig. 2a) in the following manner. Inas
much as the initial plasma is isothermal, a certain time 
is required for the condition Te>> Ti to become estab-
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FIG. 5. Distribution of H, vd /v0 , and a in the front. Hydrogen, 
n0 = 1014 cm-3 , H0 = 925 Oe, M = 1.65. 

lished in the plasma. The increase of the electron tem
perature is due to the Joule dissipation of the current 
in the front on the classical (Coulomb) resistance. With 
increasing h(x), the change of the parameters inside 
the transition layer occurs in such a way that the in
equalities Vd > cs and Te >> Ti (cs =v'Te/mi is the 
speed of sound) are satisfied simultaneously at a cer
tain instant of time, and then the plasma becomes unsta
ble against the buildup of ion-acoustic oscillations. This 
instant correlates with the registered sharp drop of the 
effective conductivity. The front structure is subse
quently determined by the value of the turbulent resist
ance. We note that in the investigated regimes the 
threshold value of the ratio Te/Ti lies in the limits 
5-7. 

It follows from all the foregoing that our assumption 
Ti ~ Tio ~Teo in the region of the front up to the kink 
is justified, since in classical heating the ion tempera
ture increases more slowly than the electron tempera
ture by a factor (vd/cs)2 • 

The qualitative picture of the development of the 
process in the transition layer remains similar also for 
the case when the kink of the magnetic field is not so 
strongly pronounced as on the considered oscillogram 
(Fig. 2). It can be shown that the ratio of the deriva
tives dH/dx on the left and on the right of the kink de
pends on the initial conditions; for example, at fixed T0 

and {30 , the ratio of the derivatives decreases with de
creasing Mach number, i.e., the kink becomes less dis
tinct or disappears completely (Fig. 5a). 

3. Let us consider now, for comparison, the distri
bution of the quantities in the transition layer under 
conditions of a relatively large initial concentration 
(Fig. 6, no = 6.5 x 1014 em - 3). As expected, in this case 
the kink of the magnetic field has shifted towards the 

FIG. 6. Distribution of H, vd /v0 , 

the relative pressure f:l ( c, curve I), and 
!:lei (c, curve 2). Hydrogen, n0 = 6.5 X 
!014 cm-3, H0 = 900 Oe, M = 2.4. 
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end of the front, i.e., the proposed region of pair colli
sions has broadened appreciably. Indeed, almost up to 
the very crest of the wave, the effective conductivity 
turns out to be close to aeio and only at the end of the 
front is there a break in the drift velocity (Fig. 6b). The 
absence of turbulent resistance in the greater part of 
the transition layer is connected with the fact that the 
condition T e > 5T i R:: 5T eo is satisfied only when the 
instant t R:: 25 nsec is reached (Fig. 6c, curve 1). The 
condition for the buildup of the two-stream instability 
is likewise not satisfied, since vd < ve. 

Although the front is formed in this case almost en
tirely at aeff R:: aei• the contribution of the collisionless 
heating to the total heating of the plasma behind the 
wave is appreciable. In Fig. 6c, curve 1 represents the 
distribution of the total pressure, and curve 2 gives the 
contribution made to the heating by the Coulomb colli
sions. The last quantity was calculated from the for
mula. 

c dH 
1=--. 

41t d:z: 
(4) 

We note that with increasing Do the contribution of the 
classical heating in the turbulent region, ~Peio in
creases (~Pei/ ~p = 0.3 as against 0.08 in the case of 
Fig. 2), and the width of the turbulent region decreases 
both in absolute magnitude (0.3 rom as against 3 rom) 
and with respect to the total scale of the perturbation. 
Therefore in a regime analogous to that shown in Fig. 6 
it is very difficult to measure the quantities character
izing the turbulent state of the plasma, such as Veff• 
vdfve, E(k), and others. 

Consequently, the study of the turbulent processes 
themselves in shock waves are best carried out at low 
initial concentrations (Do .$ 1014 em-s), i.e., in those re
gimes where the region of the anomalous resistance is 
sufficiently large, and the turbulent processes reach a 
quasistationary phase in their development. 

4. In order to visualize the structure of the shock 
wave at still higher concentration, we proceed as fol
lows. 

We obtain the distribution of the quantities H, n, T e• 
and vdlve inside the transition layer at a = aei enT~12 
(in analogy with l 181 ). Calculation shows that in a wide 
range of values of the initial parameters H0 , T0 , and u 
there is satisfied the inequality cs < vd < ve, provided 
only Do > 5 x 1013 c m -s. As to the condition T e 
> (5-7)Ti, the value of h(x) at which it is satisfied in
side the front depends on /30 and on the Mach number 
M; for example, when M = const and /30 increases, the 
condition Te R:: 5 Ti is satisfied closer to the end of the 
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FIG. 7. Distribution of Hand 
vd v/. in the regime n0 = 3.5 X 1013 
cm-3, H0 = 1000 Oe, M = 1.3, hy
drogen. 

front and at a certain /30 the electron temperature does 
not reach the level 5 Teo even behind the wave front. 
Consequently, the width of the turbulent region will de
crease until it vanishes completely, and the profile of 
the wave will be determined to an ever-increasing de
gree by the paired collisions. 

5. Thus, from the a(x) distribution we can construct 
the profile of the magnetic field in the front. If a en T:( 2 , 

then the spatial dimension of the transition layer ~ de
pends on the initial conditions in the form ~/H~ (at 
M = const), i.e., with decreasing Do the absolute value 
of ~decreases and the drift velocity increases, with 
Vd/Ve en H~/~ 12 • 

The increase of the drift velocity with decreasing 
initial concentration no makes it possible to explain the 
experimentally observed profiles of the magnetic field 
in the case of low concentrations. 

Figure 7a shows the distribution of the magnetic 
field H(x) in the wave at Do= 3.5 x 1013 cm-3; from this 
distribution it can be found, by the method descl"ibed 
above, that vd ~ ve in the forward narrow jump 
(Fig. 7b), and that the electron temperature increases 
by approximately five times. Consequently, in this case, 
too, the kink of the magnetic field is followed by a tran
sition-layer region in which ion-acoustic turbulence 
probably develops, since vd drops in this region to the 
level 0.2ve, a fact that can be attributed to the sharp de
crease of the conductivity. The difference b~tween this 
wave and those considered above (Figs. 2 and 4-6) lies 
in the method whereby the nonisothermy of the plasma 
is reached. In the cases shown in Figs. 2, 5, and 6, the 
preliminary "heating" of the electrons is due to paired 
Coulomb collisions, whereas in the presently considered 
case the natural "heating" mechanism is the Buneman 
instability, since the ratio v dlv e is limited to a value 
on the order of unity. l 17 l 

The same sequence of development of instabilities in 
the collisionless front and a similar magnetic-field pro
file were established earlier in experiments with an ar
gon plasma.U01 

At a still lower initial concentration, one can expect 
the time of passage of the plasma through the "Cou
lomb" section of the front to decrease to such an extent 
that the two-stream instability has no time to develop. 
This will occur if the time during which the condition 
Vd ~ ve is satisfied inside the plasma turns out to be 
shorter than A/y ( y is the increment of the two-stream 
instability and A is the Coulomb logarithm). Following 
this, the main mechanism blocking the further increase 
of the slope will be not dissipation but the dispersion of 
the magnetic sound, as a result of which a laminar os
cillatory wave is formed. Such a transition was ob
served earlier in the investigation of shock waves in 
heavy-gas plasma at regimes where the resolution of 
the loop probes was sufficient. llO l 

6. Returning to the determination of the front width, 
it should be noted that since the location of the "kink" 
of the magnetic field relative to the crest of the wave 
depends on the initial conditions, such a concept as the 
"width of the turbulent region of the front" is likewise 
not universal. A definition independent of the initial con
ditions can be introduced for the case of a "fully" turbulent 
transition layer (i.e., in the case Te0 >> Ti0), if the width 
of the front is arbitrarily assumed to be the region in which 
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FIG. 8. Experimental profile of H(x) (c) and the profiles con
structed under the assumption of a "linear" interaction at vd/v0 = 0.23 
(b) and a "nonlinear" interaction at A = 10"2 (a). 

scale of the profile (a) to approach the experimental 
one, it is necessary to take in (5) a coefficient A ~10-3 •2 > 

The other and more detailed analysis method con.: 
sists in constructing distributions of the quantities 
v dlv e and A inside the transition layer. The calcula
tion is based on the system of equations (1) with allow
ance ior the ratio Te/'fi ~ vd/cs. As seen from Figs. 
2c and 2d, in the turbulent region the ratio vd/ve is 
practically constant and is close to the theoretical value 
(me/mi)114, whereas A is smaller by one order of mag
nitude than the theoretical value 10-2, and what is more 
important, is not constant. 

2. Similar results were obtained by two other inde
pendent methods. One of them is based on measurement 

. . . of the distribution of the electric potential inside the 
the most stgmftcant change of H takes place, for example, front. If the potential <P(x) is known then we obtain 
from a value H * = Ho + (H2- Ho)/e to H = H2, where from the equation of motion of the i;ns (neglecting the 
e = 2.71. ion pressure) 

In the case when Teo = Tio• this definition can also be 
used if the "Coulomb" region of the front terminates at 
H << H *. Under these assumptions, the width of the 
front for M = 2 is close to (6-7)c/wp· 

MECHANISM OF SATURATION OF ION -ACOUSTIC 
TURBULENCE IN THE SHOCK-WAVE FRONT 

1. Thus, it follows from analysis of the structure of 
the magnetic field that satisfaction of the conditions T e 
> (5-7)Ti and Vd > cs is reached inside the front by 
one method or another, depending on the initial condi
tions, after which the plasma resistance increases 
strongly. It is precisely these conditions, as is well 
known, that are necessary for the development of ion
acoustic instability. At the present time there are two 
hypotheses, based on different assumptions with respect 
to the interaction of the phonons with the ions, and con
sequently determining two types of shock-wave struc
tures. 

According to the hypothesis of nonlinear 4amping of 
the ion -acoustic waves on ions,[? • 19 1 the effective col
lision frequency for the electrons is equal to 

v. T, 
Veff = Aw.--, 

Ve Te 
w, = V 4l-tne' , A = 10-'. 

m. 
(5) 

In the case of linear interaction between the phonons 
and the high-energy ions,[ 201 we should have in the 
steady state 

v. I v, - (m, I m,) '1• (6) 

(for hydrogen, (me/mi)1 / 4 = 0.15). 
Knowing the distribution of the magnetic field inside 

the front, we can establish which of the indicated mech
anisms is realized in experiment. There are several 
equivalent methods for this purpose. For example, it is 
possible to use Eq. (5) or (6) to obtain a theoretical pro
file of the magnetic field (at least in the turbulent region 
of the front), which is then compared with the experi
mental one. Figure 8 shows the profile of H(x) obtained 
with the aid of the sector probe at M = 2 (curve c) and 
the calculated profiles obtained by numerical integra
tion assuming linear (b) and nonlinear (a) interactions 
of the phonons with the ions. As seen from the figure, 
the experimental profile coincides with the one con
structed in the linear-interaction approximation when 
v dlv e = 0. 23. At the same time, in order for the spatial 

v = uy1 - 2e<p I m,u', (7) 

after which we find the distribution of all the remaining 
quantities that enter in the system (1). Measurement of 
the potential was carried out with the aid of probes of 
special design, [ 14 l having a resolution down to a frac
tion of a millimeter (Fig. 9). 

The second method is the method of local diamagnetic 
probes and makes it possible to obtain directly the dis
tribution of the electron pressure nT e over the front, in 
accordance with the relation 

p, = nT, = (H.'- II,') I Srr, (8) 

where Hi= H is the field in the plasma and He is the 
field inside a glass tube directed parallel to the force 
lines of the magnetic field. The distribution of the den
sity and of the electron temperature can be calculated 
with the aid of the second equation of the system (1) in 
the following manner: 

w=..!:...=-'---~+h'=1+1-h.' (9) 
u p,u' 2111' 2M' ' 

In this paper we used an improved procedure for meas
uring Pe (compared with that described in [16 1). None
theless, when this method is used it is difficult to ob
tain a resolution better than 1 mm, and it is therefore 
used for measurements only in a sufficiently rarefied 
plasma (no .:S 1014 em -3). 

Analyzing the experimental results obtained by these 
three methods and pertaining to the distribution of the 
quantities H, <fJ, vd/ve, and A inside the front, we can 
state that to explain the structure of the shock wave it 
is preferable to use the model based on the linear inter
action between the ions and the phonons. 

3. In conclusion, let us compare the described ex
perimental data with the results of [3 • 5 • 11• 21 1. In [3 , 

5 • 111 the Thomson scattering of laser light was used to 
determine the electron temperature behind the wave 

2)The weak dependence of the spatial scale on the coefficient A is 
connected with the fact that in the case of shock waves the quantities 
in the right-hand side of expression (5) depend on A. If we take this 
into account and rewrite ~'off as a function of h (or x) only, then it turns 
out that v0 !1' "'A 113. Therefore, we have also for the spatial scale .6. (/)A 113 
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FIG. 9. Distribution of tbe magnetic field and of the potential in 
the transition layer, n0 = 1.8 X 1014 cm-3, H0 = 8500e,M = 1.7, hydro
gen. 

front. The effective collision frequency averaged over 
the front was then estimated and compared with the 
quantity calculated from formula (5) at the average ex
perimental parameters. Although the deviations of these 
quantities from one another amounted to a factor rang
ing from 0.2 to 0.6, the discrepancy between the theo
retical value of A, namely 10-2 , and the experimental 
one turned out to be much larger, in view of the Veff 
<Z> A 113 dependence (see footnote 2). It is precisely to 
reconcile the measured and calculated values of Veff 
that it is necessary to choose A in the interval 10-4 

<A<2xl0-3 • 

Experiments on small-angle scattering of light[ 5 , 13 l 

cannot yet yield the distribution of veff inside the front, 
since the region of the possible values of Veff is quite 
broad and depends on the assumed concrete form of the 
turbulence spectrum E(k). In addition, there is also a 
purely technical difficulty connected with decreasing the 
laser-beam diameter. (At the present time a beam of 
diameter 2 mm is used for a front thickness 1.5 mm.[ 5 , 

13 J .) 

In [21 l are given preliminary results on the meas
urement of the energy spectrum of ions in the front of a 
turbulent shock wave. The presence of high-energy ions 
containing the main fraction of the entire ion energy has 
been observed, and the temperature of the "hot" ions is 
close to T e• something that can be explained within the 
framework of the model in which linear damping of the 
ion-acoustic waves by ions is assumed. 

ESTIMATE OF THE ACCURACY OF THE RESULTS 

The method of determining the distribution of the 
main quantities inside the transition layer from meas
urements of the magnetic perturbations, which is em
ployed in the present work, makes use of the conserva
tion laws in the shock wave. One of the most essential 
assumptions made by us is the condition LlPi << LlPe· 
This condition is satisfied with great accuracy in the 
Coulomb region of the front, but in the turbulent region, 
generally speaking, it is necessary to take into account 
the relation dT e/dTi = v dies,[? l which yields in accord
ance with Figs. 2c and 5b T/T e ~ 0.1. Allowance for 
this correction, however, does not influence the qualita
tive course of the obtained distributions of vd/ve, A, and 
others, and the quantitative value changes in the range 
10-20% .. For example, the level of vd/ve increases by 
1.05 times, the value of A decreases by a factor 1.1, 
and aei by a factor 1.2. It is clear that the presence of 
this correction is not fundamental and can readily be 
taken into account. 

Thus, the main error arises in measurements of the 
magnetic fields in the wave. As already mentioned, the 
errors in the determination of vd from measurements 
made by ordinary probes with measuring-loop diameter 
D = 1-2 mm can reach 200-500% at the end of the front. 
The use of sector probes with a resolution down to 0.1-
0.2 mm has made it possible to avoid an essential dis
tortion of H(x) and by the same token eliminate the er
ror in the measurement of the magnetic field. 

In the calculation of the distributions of v eff• v d/v e 
and of other quantities by the method indicated above, 
there may, in the case of sufficiently large Mach num
bers, be an increase in the errors connected with the 
presence of the electronic thermal conductivity, which 
is not taken into account in the system (1). It is easily 
shown that the ratio of the coefficients of turbulent ther
mal conductivity and the magnetic viscosity is close to 
0.15 at M = 2, but reaches 0.3-0.35 already at M = 2.5. 

Other measurement methods using the registration 
of cp(x) or the simultaneous measurement of He and 
Hi are, generally speaking, less accurate: in the me as
urements of the potential, the limitations are due to the 
presence of a floating potential, while the diamagnetic
probe method has a resolution 3: 1 mm. Their value 
lies in the fact that, being independent methods, they 
confirm qualitatively the main conclusions obtained with 
the aid of the sector probe. 

The parameters of the initial plasma T 0 , 11o, and H0 

are determined with accuracy 10-20%. These errors 
can result in random variations of the general level of 
the calculated quantity from one series of measurements 
to another. For example, the level of the "plateau" on 
the vd/ve distribution fluctuates between 0.22 and 0.33 
for different cases. It should be noted that whereas at 
vd/ve = 0.22 the mean value of A is close to 10-3, at 
Vd/ve = 0.33 the value of A decreases to 3 x 10-4 • No 
noticeable dependence of the v d/v e level of the initial 
conditions (llo, H0 , and {30 ) was observed. 

CONCLUSIONS 

To obtain maximum spatial resolution in measure
ments of the magnetic field, we used a sector probe, 
which made it possible to observe the fundamental fea
tures of the fine strur.ture of the shock front in a hydro
gen plasma: first, the presence of two regions inside 
the front, separated by a more or less distinct kink of 
the magnetic field, and, second, an increase of the de
rivative on approaching the crest of the wave. On the 
basis of a study of the detailed distribution of the plas
ma parameters inside the front, it is shown that in the 
former region the electrons become heated because of 
Coulomb collisions (at 11o > 5 x 1013 cm-3 ) and that at 
low density (llo < 5 x 1013 em - 3) another possible heating 
mechanism is two-stream instability. Thus, towards 
the end point of the first region both conditions neces
sary for the development of ion-acoustic instability, 
namely Vd > cs and Te > (5-7) Tb are satisfied. 

In the turbulent region, the ratio v dlv e is almost 
constant and is close to the theoretical one (me/mi)114 , 

whereas A is smaller by approximately one order of 
magnitude than the theoretical value A = 10-2 , [ 19 l and 
is not constant. A comparison with the results published 
in other papers also leads to the conclusion that the 
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most probable mechanism for the damping of ion-acous
tic oscillations in the front of the wave is their linear 
interaction with the ions. [ 20 l 

The authors are grateful to R. Z. Sagdeev for inter
est in the work. 
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