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Nonhnear Reflection and Refraction of Planar Ion-Acoustic Plasma Solitons
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Experimental observations on the reflection and refraction of a planar ion-acoustic soliton from a
metallic mesh electrode are performed in a uniform double-plasma device. Reflection and refrac-
tion angles are observed to depend on the incident wave amplitude, showing a nonlinear Snell's
law.

PACS numbers: 52.35.81, 43.25.+y, 52.35.Fp, 52.35.M~

Experimental and theoretical studies of the reflec-
tion of linear and nonlinear ion-acoustic waves in a
plasma with a sharp density gradient have been per-
formed by many researchers. '2 Dahiya, John, and
Saxena3 have shown clear evidence of the reflection of
solitary waves (solitons) by the density gradient. They
claimed that the reflection occurs from the sharp den-
sity gradient, the scale size of which is of the same or-
der as or smaller than the width of the initial soliton.
Nishida' has pointed out that no appreciable depen-
dence of the reflection coefficient on the incident
wave amplitude and on the sheath thickness is ob-
served in the case of disk reflectors, while the reflec-
tion coefficient varies with these parameters in the
case of a mesh reflector. He also predicted that the re-
flection angle might change with the reflection rate
and wave amplitude. Raychaudhuri and co-workers2
also have shown the existence of the reflected soliton
from reflectors with various shapes. Self-refraction
has also been studied for nonlinear ion-acoustic waves
in a uniform plasma.

In this Letter we wish to show the first experimental
observation of the reflection and refraction angles
which depend on the incident amplitude of the soliton
at the boundary. In the usual systems, such as for an
acoustic wave or an electromagnetic wave in a uniform
medium, it is popularly known that the reflection
andi'or refraction angle should be the same as an in-
cident angle, if the medium is uniform enough. This
is because in most of the cases the waves considered
have small amplitudes and the phenomena should be
linear. When large-amplitude waves are considered,
however, the situation would be changed and non-
linear effects could be expected. Here in the present
investigation, ~e are interested in a large-amplitude
ion-acoustic wave, i.e., soliton. It is shown for the
first time, to our knowledge, that the reflection angle,
and the refraction angle as well, changes with the wave

amplitude at the constant incident angle. ~e call this
phenomenon a nonlinear Snell's law for convenience.
This phenomenon ~ould be expected to occur univer-
sally for a large-amplitude wave in many other fields.

The experiments were performed in a double plasma
device covered with many permanent magnets (see
Fig. 1), in which a plane separation grid is fixed but
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FIG. 1. Schematics of the experimental apparatus. 6 is a
separation grid for exciting solitons and R is a metallic mesh
reflector (6 mesh/cm).

the metallic mesh reflector (30x 35 cm; 6 mesh/cm)
can be adjusted to the desired angle to the incident
planar ion-acoustic soliton. The reflector electrode can
be biased from about —23 V (floating potential) to
—500 V with respect to the grounded target chamber.
The argon plasma parameters are typically electron
density n, = (2-5) x 108 cm 3, electron temperature
T, = 2.0-2.5 eV, and ion temperature Tt = T,/(8-10)
in a neutral gas of pressure P = 3&10 torr with base
pressure 7X10 7 torr. The waves were picked up by a
tiny (0.1 mm in diameter by 1.0 mm in length)
cylindrical Langmuir probe biased slightly above the
plasma potential in order to detect perturbations in the
electron saturation current, and hence in electron den-
sity. The signals were displayed on an oscilloscope
screen or analyzed with a boxcar integrator and
displayed on an XYrecorder.

Typical examples of the wave form of the incident
(I), reflected (R), and transmitted (T) waves are
demonstrated in Fig. 2 at three different bias voltages
on the reflector. There are two types of reflected
waves with different polarities. In Fig. 2(a) for the re-
flector potential floating, we can clearly see that the
wave with negative polarity is reflected back propagat-
ing to the x direction (z=const see Fig. 1). It is
shown in Fig. 2(b) for a negatively biased reflector
with bias voltage —150 V that both positive- and
negative-polarity reflected waves exist at the same
time, but their amplitudes are quite small compared
with those in Fig. 2(a); thus reflections are hardly ob-
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FIG. 3. Typical examples of the wave front of incident
solitons and reflected waves. The incident soliton amplitude
refers to Bn/n =7% (open circles) and 17'/o (filled circles)
and both of the incident angles are 67'. R is a reflector.
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FIG. 2. Typical examples of the wave form. (a) Reflec-
tion of negative pulse: Vb;„=—25 V (floating), (b) no re-
flections: I'b; = —150 V, (c) reflection of positive pulse:
Vb; = —500 V, and (d) transmitted wave: Vb;„=—50 V.

served. This situation corresponds to the "matched
terminal condition" in electric circuits. However, as is
shown in Fig. 2(c), the positive reflected wave ap-
pears, propagating to the x direction, with a deep nega-
tive bias voltage of about —500 V on the reflector,
and the wave with negative polarity disappears. In Fig.
2(d), an example of the transmitted wave is shown,
and the transmission rate of the incident wave is about
30% in this example. In most of the cases for
8 n/n & 25%, the transmission rate is constant at about
30% regardless of the wave amplitude, where &n/n is
the ratio of the perturbed to unperturbed density.
However, the transmission rate strongly depends on
the bias voltage of the reflector. In all of these exam-
ples, the incident wave amplitude is kept almost con-
stant.

Examples of reflection angles for the incident wave
with amplitude Bn/n =7% and 17% are shown in Fig.
3, in which the reflection angles are different between
the two waves. Namely, the wave with Bn/n = 7'/o has
reflection angle 56', while the wave with Bn/n =17%
has 51' measured from the normal to the reflector
plane, for a constant incident angle of 67'. lt should
be pointed out that the reflection angle is a function of
the initial soliton amplitude for a constant incident an-
gle (81). The reflection angle (Hn) becomes smaller
as the initial soliton amplitude increases as shown in
Fig. 4. In Fig. 4(a) the reflected wave has negative po-
larity. The characteristics of this negative wave show
that thc vclocltp 1s sobsomc aIld 1ts %'1dth 1s alnlost thc
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FIG. 4. Reflection angles 8~ vs incident wave amplitude
for constant incident angle Hl. The reflected wave has nega-
tive polarity in (a) and positive polarity in (1). Solid lines
are calculated from Eq. (2).

same as that of the planar soliton. It has been con-
firmed that the negative wave is a hole5 excited by a
small amount of ion beams ejected from sheath areas.
It is also found that the reflection angle of the positive
wave changes with the amplitude of the initial soliton
[see Fig. 4(b)]. The reflected wave in this case has su-
personic velocity and its characteristics have been con-
firmed as showing the soliton natures.

The refraction angles of the transmitted wave are
also measured as a function of the incident wave am-
plitude; an example is shown in Fig. 5. It should be
recognized that the refraction angle also becomes
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smaller with the increase of the incident wave ampli-
tude, but its dependence is even weaker than that for
the reflected wave. Furthermore, in the limit of zero
amplitude of the incident wave, there is a difference in

angle between the incident and reflected waves, which
has not been observed in the wave reflection.

The ion-acoustic soliton has been well established to
have the velocity given by6

where u and C, are respectively the velocities of the
soliton and of the ion sound wave and n is constant
equal to about 0.5 in most of our experiments
(theoretically n = —,

' ). When we recall Snell's law, the
relation between an incident angle 81 and a reflection
(or refraction) angle 8~ (8r) is given by

+R(n 1+~(sn/n)R(T)
ul I + o. (on/n )I

sin~g t' T)
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where & is measured from the normal axis to the re-
flector plane and suffixes stand for the reflected (R),
transmitted (T), and incident (I) wave, respectively.
By considering the experimental values, we can calcu-
late the reflection and refraction angles as a function
of the incident wave amplitude, after measuring the
reflection coefficient and the transmission rate. The
calculated results are shown in Figs. 4 and 5 by solid
lines. Here„ in the case of a negative reflected pulse,
we also applied Eq. (2) with u(R) negative as is ob-
served experimentally. The results show reasonably
good agreement with the experimental observations
except for the angle difference at (5n/n) T

——0 in the
wave refraction. This difference is qualitatively inter-
preted as follows. W'hen the wave comes through the
mesh electrode, the incident wave of about 60'/0 —70'/0

in its amplitude is absorbed. Thus, this situation cor-
responds equivalently to the wave propagating through
from a medium I to II with different index of refrac-
tion, although the actual plasma is quite uniform ex-
cept for the narrow sheath region ~here the strong
wave absorption occurs. Therefore„we may expect re-
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FIG. 5. Refraction angle HT vs incident wave amplitude
for constant incident angle Hl. Solid lines are calculated
from Eq. (2).

fraction at the sheath area of the mesh electrode even
in the small-amplitude limit. The refraction angle also
depends on the bias voltage to the reflector but it is
essentially determined by the ratio of the amplitude of
the incident to transmitted ~ave within our experi-
mental errors.

The reflection rate changes also with the bias voltage
on the reflector. ' In the present experiment, the am-
plitudes of the reflected waves with negative and posi-
tive polarities are observed separately. The results
show that an originally large-amplitude negative pulse,
which is identified as a hole at the floating potential on
the reflector, diminishes with the increase of the bias
voltage on the negative side, while the positive pulse,
which is identified as a soliton, increases in amplitude
with negative bias voltage. At the bias voltage about
—200 V under some conditions, the positive and neg-
ative pulses have the same amplitude to cancel out
each other, and no reflection has been observed. In
analogy, the negative-pulse reflection corresponds to
short-circuit termination in an electric circuit, while
the positive-pulse reflection to open-circuit termina-
tion and no reflection to matched termination.

We also found that the reflection layer is located
even farther from the reflector surface in the case of a
positive pulse (soliton), while the origin of the nega-
tive pulse (hole) is closer to the electrode. The spatial
difference is about 0.2-0.5 cm which is several tens of
Debye length. Therefore, the hole is excited well
within a sheath around the reflector.

In conclusion, the first experimental observations
on the reflection and refraction angles of the large-
amplitude ion-acoustic wave have been performed,
showing both the reflection and refraction angles to be
determined by the incident wave amplitude: nonlinear
Snell's law. By taking into account the soliton nature
in the wave velocity, the Snell's law interprets the ex-
perimental results of dependence of reflection and re-
fraction angles on the incident wave amplitude. How-
ever, the refraction angle is always smaller than the in-
cident angle even in the limit of zero amplitude. This
fact implies that the absorption of the wave in a sheath
region around the reflector is essential to the refrac-
tion phenomena.
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