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finds b„z,„„/a= 4.57 &&10 'E"".) All such cal-
culations are invalid because all neglect the
quantum frequency limitations.
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Turbulent low-Mach-number electrostatic ion shocks are observed when ion reflections
ahead of shocks are controlled by new methods. The spatial growth of the turbulence is
mapped by a test-wave method and correlated with the distribution of reflected ions. Dis-
agreements with computer experiments are explained.

We wish to report controlled observations in
the evolution of turbulent shocks from laminar
shocks' due to the presence of reflected ions.
Although such reflected ions have been predicted
theoretically, ' no conclusive experimental evi-
dence has been reported which describes how

turbulent shocks are generated by reflected ions
in either magnetic or electrostatic shocks. The
pulsed nature of past experiments" often made
it difficult to measure microscopic quantities
(such as distribution functions and the growth and

decay of various Fourier components in the tur-
bulent spectrum) which would have clarified the
correlations between reflected ions and turbu-
lence. The presence of a magnetic field further
eomplicates the picture by permitting a much

larger class of instabilities.
In our present experiments new methods of

controlling the amount of reflected ions are used
which keep all other plasma parameters constant.
No magnetic field is imposed on the plasma and

only ion acoustic waves are involved. Detailed
measurement of each individual Fourier compo-
nent in the turbulent spectrum by a test-wave
technique revealed that the turbulence is ion
acoustic in nature; the initial spatial growth
rates of ion waves are correlated with the ion
distribution functions measured by an energy ana-
lyzer in situ and the results can be understood
ilualitatively by a beam-plasma stability analysis.
Qur results differ considerably from those of a
number of computer experiments' ' in which the
assumption of one-dimensional nature could se-
verely limit the growth of ion-wave turbulence.

We have employed two methods to create a
large reflected ion beam: (1) operated at a rela-
tively low electron-to-ion temperature ratio (T, /

T; = 16), such that there is a sufficient number
of ions traveling near the shock velocity; (2) op-
erated in an argon plasma with a small addition
of helium at a high electron-to-ion temperature
ratio, ' T, /T; = 50; the helium ions are the prin-
cipal reflected component. The shocks are pro-
duced in the University of California, Los Ange-
les, double-plasma device which consists of cy-
lindrical dc discharge plasmas produced in two
chambers insulated from each other and separat-
ed by a grid with a mesh spacing less than the
Debye length. The grid is biased negative so that
the electrons in one plasma are isolated from the
electrons in the other plasma while ions can Qow
from one plasma to the other. The plasma poten-
tial in each chamber can be varied by varying the
wall potential. Shocks are produced by raising
the plasma potential of the driver plasma above
that of the target plasma by means of a linear
voltage ramp applied to the wall of the driver
plasma. The method of production is described
more fully in Ref. 1.

Typical operating conditions are a neutral ar-
gon pressure of = 5~10 ' Torr; a plasma densi-
ty N= 10' cm '; 1.0& T, & 5.0 eV; and an ion tem-
perature T& =0.1 eV. The chamber dimensions
are length=diam=30 cm. The plasma is essen-
tially collisionless for ion-acoustic wave phe-
nomena.

(I) Shocks at different T, /T i.—Figure 1 shows
the difference between a typical. laminar shock
at T, /T; = 50 and a typical turbulence shock when
T, /T, is lowered to a value of 16. Both shocks
can be described as laminar at x = 2.0 cm. (Dis-
tances are measured from the separation grid. )
As the shocks propagate away from the forma-
tion region, small-amplitude oscillations are ob-



VOLUME 27, +UMBER 1$ PHYSICAL REVIEW LETTERS 11 OCTOBER 1971

T

, „T —50
I

Te

T
—16

0O—
0~O

LA
CV

X-2CV

X= 3.15

X=4.3

X=5.4 5

F;(E) X =3.15

0
Q ~ ~

~4 .. REFL
IO

R
is

z

5p S/DIV

)
~ ~

a
4 I ~

0
N

k I

10pS/DIV

-7.75

IX=10

(a) {c)(b)
8FIG. 1. (a) Propagating laminar shock iu argon plasma with T,/T&=50 and few reflected ious. N=8&10 cm

T =5 OeV; M. =1.15; T& =0.1 eV. (b) Propagating turbu1ent shock in argon plasma with T~/T& 16~and more reflect-
ed ious (-5%). N=6 5x10 .cm; T,=1.6 eV; M=1.05; T&=0.1 eV. (c) Icn distribution function at x=3.15 cm:
(i) before the shock arrives; (ii) at the reflected iou peak; (iii) after the shock. (Not to scale. )

served to develop into large-amplitude fluctua-
tions in the transition region.

The rate of spatial growth can be estimated by
a theory which considers the stability of an ion-
beam-plasma system which approximates the
situation just ahead of the shock. The dispersion
relation considered by Fried and Wong' for a
homogeneous beam-plasma system is

-2~ I+~ —',V T;
N T, ' (2)

where V, is the beam velocity, a; = (2T, /M)'" is
the ion thermal velocity, kD,

' =4vNe'/T, , Nb is
the beam density, and Z'(s) is the derivative of
the plasma dispersion function, " We have also
assumed that the phase velocity &u/k is small
compared to the electron thermal velocity. The
Maxwellian assumption for the beam ions is
much better in the case of light ions reflected
from a heavy-ion shock since almost all light

where species a has distribution f„(V) and plas-
ma frequency cu „=(4mN„q/Mg'". If Maxwellian
distributions are assumed and we specialize to
the case where the ions of the beam and the plas-
ma have equal mass and temperature, we have

ions can be reflected. In the case of pure argon
the distribution is more likely to be distorted.
However, the present estimate suffices for a
qualitative description.

By inserting in Eq. (2) the beam velocity V,/C,
=1.25 [C, is the ion acoustic wave speed, =(T,/—
M)'"] and beam density Nb/N= 0.05 as measured
by an energy analyzer for the turbulent shock
shown in Fig. 1(b), the maximum spatial growth
rate k, /k, =0.4x10 ' is found for an optimum
frequency &u/~b, . =0.6. Experimentally the aver-
age growth rate of the turbulence is measured
to be k; /k„= 0.2 x10 ' and the dominant ion fluc-
tuation frequency is ~/~b, =0.6+ O.l.

(II) Shocks tilth reflected light ions.—A new
method of controlling the amount of reflected
ions in the shock front and hence the degree of
turbulence without changing other plasma param-
eters is accomplished in an argon plasma with a
small amount of helium ions (= 3%). The temper-
ature ratio was maintained at the high value of
50 so that most of the reflected ions belonged to
the lighter helium species and the turbulence
could be switched on or off depending whether the
helium ions were present or absent. In order to
identify positively the nature of the turbulence,
the wavelength and growth rates of the various
Fourier components in the turbulent spectrum
were measured by propagating a small-amplitude
test wave of frequency ~ ahead of the shock as
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FIG. 3. Growth rate of Fourier components from lin-
ear theory and from experiments as done in Fig. 2. It
was necessary to plot O'N„~~/6&, p~g because both
the wave and the shock decay with distance as a result
of geometric effects and charge exchange (t—= 10 cm for
charge exchange).
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FIG. 2. Propagating shock in argon plasma with light
ions added (-3% helium) which demonstrates the spatial
growth of the injected test wave. The test wave first
decays spatially because of linear damping but grows
when the reflected beam overtakes the wave. %=8.5

10 cm; T =5.0 eV M=1.16 T~=0.1 eV.

mentally measured beam velocity and density in
a form similar to Eg. (2), pa. rticularly with re-
spect to the frequency of maximum growth rate.
Theoretical results for both 0.5% and 1.0% beam
density are presented in Fig. 3 to account for un-
certainties in the beam densities. It is interest-
ing to note that light ions have been shown to be
effective at enhancing Landau damping of ion
waves of small amplitude" (ey/T «1). However,
when the ion wave has sufficiently large ampli-
tude to reflect the light ions, as in the case of
shock waves, these light ions amplify ion Quctua-
tions by the mechanism of beam-plasma interac-
tion.

(III) Broadening of the transition layer An. —
estimate of the broadening can be obtained if the
enhanced ion fluctuations are assumed to cause
a local enhanced viscosity. In the fluid approxi-
mation of Moiseev and Sagdeev, ' the ion equation
of motion then becomes

shown in Fig. 2. As the shock overtakes the test
wave, the reflected beam ahead of the shock en-
ables the precursor wave to grow. The spatial
growth rates of test waves of various frequencies
are measured successively with relative ease
and are plotted in Fig. 3. The velocity of the re-
flected helium beam was measured by an energy
analyzer to be 1.15 times the shock velocity, in-
stead of twice the speed of the shock as might be
expected from a straightforward picture of re-
flection from a shock front in a one-dimension
theory. One possible physical explanation is that
the three-dimensional nature of the problem al-
lows a beam to interact with ion acoustic waves
at an angle even though V~ &C,. Ion acoustic
waves thus generated can scatter the particles,
preventing them from reaching their final veloci-
ty of twice the shock speed. ""

There is good qualitative agreement between
exp

Bv Bv 8 g Bv B+Mn —+Mn —————= -en
Bt Bx Bx 2 Bx Bg ' (3)

where the electrons are treated isothermally and
the enhanced viscosity coefficient q is given by a
quasilinear calculation similar to that done by
Schmidt and Yoshikawa". q = C(ey/T, )'. A com-
puter solution of Eq. (4) gives a shock solution
with the width of the transition layer increasing
as the viscosity q is increased. This is in quali-

! tative agreement with our observations. Mea-
surements of the distribution functions shown in
Fig. 1(c) also support this picture of wave-parti-
cle scattering.

(IV) Discussion and conclusions. —Tidman"
has proposed a turbulent electrostatic shock mod-

erxment and theory which uses the expen
with the resulting Poisson equation,

d ' "' M V,' M'V, 'N[V, ' (2e(p/M)]'" -)'
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el. The model consists of a high-Mach-number
adiabatic shock with the turbulence driven by in-
terpenetrating ion streams. The source of the
stream in the Tidman model is the forward dif-
fusion of hot subsonic gas behind the shock. Our
experiment does not deal with this situation.
The shocks discussed here have low Mach num-

bers, the electrons are isothermal, and the tur-
bulence is driven by a beam of ions reflected
from the shock front.

We would also like to distinguish between the
turbulent shock reported here and the turbulent
shocks studied in the magnetic-piston experi-
ments. "The turbulence in the magnetic shocks
is attributed to electron drift instabilities or
cross-field instabilities. The inability of elec-
trons to neutralize ion effects across the mag-
netic field makes the resulting ion waves quite
different in character from the nonmagnetic case
reported here and studied theoretically.

To our knowledge this is the first experiment
which directly demonstrates the turbulence as
arising from reflected ions and the broadening of
the shock transition region as a consequence of
turbulence. The absence of a magnetic field and
the high T, /T, all bring this experiment closer
to the regime of approximations underlying cur-
rent nonlinear theories on saturation effects.

In the course of the experiment we have found

that the simple linear stability theory not only
gives a reasonable estimate of the spatial growth
rates at small amplitudes (as expected) but also
predicts the dominant frequency in the saturation
spectrum as well. This prediction remains to
be justified theoretically. On the other hand the
absence of turbulence in one-dimensional com-
puter experiments in contrast to the present lab-
oratory observation does point to the need of a
two-dimensional computer- simulation procedure
in which the reflected ion beam can interact with

ion acoustic waves at an angle. Finally the ex-
perimental techniques of controlling the reflect-
ed ions and the test-wave precursor method could
find applications in other shock-wave experi-
ments.
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