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Large-amplitude pulse response at the plasma boundary in an ion-beam system
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The reflection and transmission of a plane ion-acoustic soliton from a steep density gradient in front of
a sheath have been investigated experimentally in an ion pulse beam system. An incident pulse tunnels
through the space-charge sheath area without time delay and separates into three pulses at the plasma-
sheath boundary. These pulses consist of a reflected and two transmitted pulses. One of them is a pulse
of a fast ion-beam mode, while the others are ion-acoustic waves. The model for interpreting the phe-

nomena is discussed.

PACS number(s): 52.35.Sb, 52.35.Mw

I. INTRODUCTION

Experimental and theoretical studies of the reflection
and transmission of plane ion-acoustic solitons from and
through the plasma boundary have been performed by
many researchers. Aksornkittiet et al. [1] and Schott [2]
have shown the reflection of linear ion-acoustic waves for
the mesh reflector. Dahiya, John, and Saxena [3] have
shown the reflection of an ion-acoustic solitary wave
from the nonuniform plasma density. They claimed that
the reflection occurs from the sharp density gradient, the
scale size of which is of the same order or even smaller
than the initial wave width. Ishihara et al. [4] have sug-
gested that long-wavelength waves are reflected before
they reach the supersonic flow region within a sharp den-
sity gradient region in front of the electrode, where shock
formation can absorb short-wavelength waves which are
of the same order or even smaller than the initial wave
width. Nishida [5] has pointed out that the reflection
coefficient for the metallic disk or insulator sheet reflector
depends on the sheath thickness in front of the reflector,
and its coefficient is smaller than it for the metallic mesh
reflector. Popa and Oeltl [6] have shown the efficient
reflection properties of an ion-acoustic wave or soliton
using a bipolar potential structure, and Raychaudhuri
et al. [7] have proposed that this reflection mechanism is
the reexcitation structure which is produced by ion per-
turbation explained by Gabl and Lonngren [8]. Nakamu-
ra, Ito, and Koga [9] have shown that for the metal disk,
reflection and excitation of an ion-acoustic waves of large
amplitude are observed when the bias on the disk
reflector is positive, but they become small when it is neg-
ative and the excited wave is same as outgoing wave ob-
served by Cooney, Gavin, and Lonngren [10]. A non-
linear ion-acoustic soliton with large amplitude has been
investigated [11,12] for clarifying reflection and transmis-
sion phenomena, and the authors have pointed out that
these phenomena can be explained by the nonlinear
Snell’s law [11]. However, the mechanism of these phe-
nomena is not completely understood yet. Nishida,
Yoshida, and Nagasawa [13,14] have shown that an ion-
acoustic soliton tunnels through the sheath area without
time delay, and the wave is resonantly absorbed when
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D =L, where D is the spatial width of the wave and L the
characteristic gradient scale length of the sheath in front
of the reflector. Also, Nagasawa co-workers [15,16] have
shown that an incident soliton splits into reflected and
transmitted waves at the sheath edge, and the reflection
and/or transmission coefficients are a function of the ve-
locity ratio of the reflected and incident waves. These re-
sults can be compared with the theoretical results [17],
showing fairly good agreement.

In this paper we wish to show the results of the experi-
mental observation on the reflection and transmission of
plane ion-acoustic solitons at a plasma boundary per-
formed in the ion-pulse-beam system produced by large
applied pulse voltage. The results show the evidence of
the tunnel effect, such as found in Refs. [13] or [14], even
in the ion-beam system. And this tunnel effect decreases
as the velocity of the incident pulse increases.

The present paper is organized as follows. The experi-
mental apparatus and conditions are shown in Sec. II,
and the experimental results are given in Sec. III. The
discussions are presented to give the interpretation of the
tunneling physics in Sec. IV. Finally, all the results are
summarized in Sec. V.

II. EXPERIMENTS

The experiments are performed in a double plasma de-
vice produced in a stainless-steel chamber, the wall of
which is covered with many multidipole permanent mag-
nets. A plane stainless-steel grid (150 mesh/inch) for the
plasma separation is fixed (see Fig. 1). The copper mesh
reflector (30X 35 cm?, 15 mesh/inch) is movable in its an-
gle to change the incident angle of the wave onto the
reflector, and the electrode can be biased from about —23
V (floating potential) through —200 V with respect to the
grounded target chamber. The velocity of an ion beam
injected into the target plasma from the driver plasma
can be changed by V, (bias voltages between two plas-
mas). The typical plasma parameters are the electron
density n,=(2-5)X10® cm ™3, the electron temperature
T,=(1-3) eV, and the ion temperature T; =T, /(10-12)
eV, measured by the Faraday cup in an argon gas at a
pressure of P=(3-4)X 10~ * Torr. The pulses are picked
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FIG. 1. Schematic of the experimental apparatus.
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up by a cylindrical Langmuir probe (0.1-mm diameter by
1.0-mm length) which is biased slightly above the plasma
potential in order to detect perturbations in the electron
saturation current, and hence in the electron density.
The signals are displayed on an oscilloscope screen, or
analyzed with a boxcar integrator and recorded on an X-
Y recorder.

A large-amplitude ion wave is excited by a double-
plasma action, by applying a large positive pulse to the
driver plasma. The shape of the pulse is a half of the
sinusoidal wave, and its width is typically 10 u sec.

III. EXPERIMENTAL RESULTS

Typical wave forms are shown in Fig. 2, where the in-
cident pulse of the fast ion-beam mode denoted as Wy,
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FIG. 2. Example of the propagation characteristics of the
ion-beam pulses (Wg,W1g) and the ion-acoustic waves
(Wx,Wr). z>0 stands for the incident side, and z <0 for the
transmission side. The incident angle is 8, =0°, and the voltage
on the reflector V, is at a floating potential.
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the reflected ion-acoustic pulse Wj, the transmitted pulse
of the fast ion-beam mode Wrg, and a transmitted ion-
acoustic pulse W, are seen. The incident pulse is
reflected at the sheath edge in front of the reflector,
which is biased in deep negative voltages. After passing
through the reflector, the transmitted pulse is split into
two pulses, as also seen in the figure. Here z <0 is an in-
cident side and z > 0 corresponds to a transmission side.

The loci of the maximum amplitude of each pulse are
shown in Fig. 3. The velocity of the incident pulse corre-
sponding to Wiy is v;5=4.9C;, 2.2C, and 2.2C;, respec-
tively, in Figs. 3(a), 3(b), and 3(c). The reflector for Figs.
3(a) and 3(b) is biased to the floating potential, and the in-
cident angle for both cases are 0°. In the case of Fig. 3(c),
the bias voltages on the reflector are —160 V. Here C; is
an ion-acoustic speed. As seen from Figs. 3(a) and 3(b),
the time shift (A7) between two pulses produced at the
sheath area becomes larger as the velocity of the incident
pulse becomes smaller, i.e., the incident pulse is shifted to
an earlier time than that expected from the incident time
delay at the sheath area. This means that the time delay
within the sheath becomes negligibly small as the pulse
velocity is smaller. The reflected pulse Wy is produced
at the sheath edge, while the transmitted pulse appears at
the sheath edge in the opposite side of the reflector, and
this pulse splits into two pulses. One of them, denoted
W, propagates with smaller velocity than the incident
pulse, while the other, denoted Wiy, has a faster speed
and it is almost the same speed as that of the incident
ion-beam pulse. In Fig. 3(a), the velocity of Wy is
vg =0.2v;5=0.95C,, v;=0.14v,53=0.68C; for Wr, and
vrg=vg=4.9C, for Wrg. In Fig. 3(b), the velocity
for each pulse is vg =0.33v;3=0.73C;, v;=0.22vp
=0.5C,, and vy =0.94v;5 =2.1C, respectively. Conse-
quently, we can see that the velocity of the reflected pulse
becomes larger as the velocity of the incident pulse be-
comes larger. One of the transmitted pulses has also the
same character, but the other transmitted pulse W g has
nearly the same velocity as the incident pulse. When the
bias voltage on the reflector becomes deeply negative, the
sheath width formed in front of the reflector becomes
larger, and the points of the reflection and/or transmis-
sion are away from the reflector electrode, resulting in
the time shift (A7) becoming larger, as shown in Fig. 3(c).
However, the velocity of each pulse in the uniform plas-
ma area does not change with the bias voltages on the
reflector.

The change of the amplitude of each pulse is shown in
Figs. 4(a) and 4(b) as a function of the distance, z, mea-
sured from the reflector. In Fig. 4(a), the incident pulse
observed in the beam mode decreases its amplitude as the
pulse approaches the reflector, while other pulses attenu-
ate as they propagate away from the reflector. Here, the
beam velocity in this example is 8.5X10° cm/sec. The
empirical relationship is given by the equation

O z=? , 1
n

with p=0.43-0.48 for Wy, p=0.8 for Wy, and
p=0.62 for W, respectively, and «a is constant. From
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these results, we can see that the damping rate of the
transmitted pulse of the beam mode is smaller than those
of other pulses. The reflected pulse has the largest damp-
ing rate of all the pulses. When the incident pulse W is a
soliton with large amplitude, as is shown in Fig. 4(b),
p=0.44 for W and p=0.1 for Wy. As seen in Fig. 4(b),
the amplitudes of the transmitted pulses are larger than
the reflected ones. This character is different from that of
the beam mode shown in Fig. 4(a).

The dependence of the reflection ¥z and transmission
coefficients ¥ on the reflector voltages is shown in Fig.
5. As the bias voltages V, on the reflector become deep
negative, the coefficient for the transmission of the ion-
beam mode Wiy decreases, while those of pulses W, and
Wpr increase.

The reflection and transmission coefficients of the ion-
beam mode Wiy as a function of the incident pulse am-
plitude is shown in Fig. 6(a) as a parameter of the bias
voltages on the reflector. When the bias voltages become
deeply negative, the transmission coefficient decreases,
but the reflection coefficient increases. The differences in
the magnitude of these coefficients with parameter varia-
tion become smaller as the incident pulse amplitude be-
comes larger. In all these cases, the velocity of the in-
cident pulse is kept constant at v;5 =6.3C,. Figure 6(b)
shows the case of the soliton being injected. As seen from
this figure, the reflection and transmission coefficients
show an inverse character compared with the case of the
beam mode [Fig. 6(a)]. In the case of the reflection
coefficient, no difference appears for the bias voltages on
the reflector. Here the incident angle is kept constant
6,=0".

Figure 7 shows the reflection coefficient Y, or the
transmission coefficient ¥ of the pulses Wy and Wiy,
W as a function of the incident angle 6, to the reflector.

reflector is located at z=0 and 6,=0".

The transmission coefficient of Wiy increases strongly
with the incident angle compared with the cases of other
pulses. Here the equivalent sheath width could be es-
timated to be Ly=L,/cosf;, where L, is the sheath
width measured at 6;,=0°. The bias voltages on the
reflector in this case are at floating potential. From these
results we can say that the transmission coefficient for
Wrg has strong dependence on the equivalent sheath
width Lg, while other coefficients of W and Wy have
weak dependences on the sheath width.

Figure 8 shows the velocity change of each pulse vg,
vg, or vy as a function of the velocity of the incident
pulse v;z. Here, the data marked A4 show the case of an
ion-beam velocity of 0, and, of course, Wg, and so vy,
do not appear in this case. The velocity of the transmit-
ted beam component, vyg, increases in proportion to the
incident-beam velocity, v;g. However, it becomes smaller
than v;g for larger values of vz, showing saturation
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FIG. 4. Amplitude vs the position measured from the
reflector in the (a) ion-beam system, and (b) the system without
ion beam. 6;=0° and V, is the floating potential.
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FIG. 5. Reflection and/or transmission coefficient vs the bias
voltage on the reflector. Open circles stand for the transmission
coefficient for the Wy, closed circles for the transmission one
for the Wy, and triangles for the reflection one for the Wg;
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characteristics. The velocity of the reflected pulse v; and
the transmitted one vy are not influenced by vg, and are
almost constant, although the velocity of the reflected
pulse is slightly larger than that of the transmitted one.

The velocity ratio of each pulse to the incident pulse
velocity is shown in Fig. 9 as a function of the sheath
width. Here the velocities of the reflected pulse v, corre-
sponding to the pulse Wy of the transmitted beam vy to
W, and of the transmitted pulse vy to W, are shown.
The velocity ratio for vyg and vy increase slightly, while
that of v, decreases with the sheath thickness, where the
incident angle 6, =0 is kept constant. Here we varied
bias voltages on the reflector ¥, from —23 (floating po-
tential) to —200 V in order to change the sheath thick-
ness. It is reasonable to mention that the width of the
sheath area becomes larger as the bias voltages on the
reflector become more negative.

In earlier work [13,14], the “tunneling effect” of the
electrostatic wave has been observed, but in the ion-beam
mode no such phenomenon has been found so far. In the
present investigation we have observed that the incident
pulse propagates through the sheath area without time
delay, such as the “tunnel effect” in the ion-beam mode,
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FIG. 6. Transmission and reflection coefficient vs the ampli-
tude of the incident pulses. (a) Ion-beam system, vip =6.3C;.
(b) The system without ion beam, v;=C; and ;=0°. Closed
circles to ¥, = —40 V, open circles to ¥, = —80 V, and triangles
toV,=—120V.
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FIG. 7. Reflection coefficient for Wy, and transmission
coefficient for Wyg and W vs the incident angle of the pulse.
V, is the floating potential.

but the velocity [v;g=(1.6-2.2)C,] of the incident pulse
is smaller than what [v;5=(3.2-4.1)C,] which is shown
in the earlier work [13,14]. Consequently, time shifts
(A7) between the incident pulse Wiy and the transmitted
pulse Wig are produced, and this difference becomes
larger as the voltages on the reflector increase in negative
side and/or the velocity v;g of the incident pulse de-
creases. As soon as the incident pulse propagates
through the opposite side of the sheath, it has been ob-
served that the pulse splits into two pulses.

IV. DISCUSSION

A. Characteristics of each pulse

As seen from Fig. 5, the transmission coefficient of the
transmitted pulse decreases as the bias voltage on the
reflector becomes more negative. This phenomenon can’
be explained by taking into consideration the sheath
thickness. Its thickness increases with negative bias volt-
ages on the reflector, and as a result it is hard to propa-
gate through the sheath area for the incident wave. Also,
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FIG. 8. Velocity change of the reflected pulse vy and the
transmitted pulse vrg and vy vs a function of the velocity of the
incident pulse vip. ¥ is the floating potential, and 6, =0".
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the ion beam hits the sheath edge to produce multiple
pulses, and their amplitudes depend on the rate of the ve-
locity change at the sheath edge.

Now let us discuss the characteristics of the pulses pro-
duced near the sheath edge by discussions in Refs.
[18-20].

All the perturbation parts are set as follows:

f1=\flexplilkz —wt)} , )
and we assume the charge neutrality in the steady state is
ni0+nb0=neo 5 (3)

where k is a wave number,  is a frequency, and the equi-
librium density n;, (j =i, e, and b for ion, electron, and
beam, respectively). From the equations of motion, con-
tinuity, and Poisson’s equation,

2xy —x*

=1+T+¢ 3
(y—x)—

4)

where, x=v,,/C,=V2AV/T,; AV is the voltage
diﬁ‘erence between the target and the driver plasma,
y=w/kC,, C, is the ion-acoustic speed, T=T,;/T,
and T, are ion and electron temperatures, respectively,
€=nyg/n,y and n=n,, is the plasma density. Here we
assumed that w? <<(kvy,)? and (kp /k )?>> 1, where vy, is
the electron thermal velocity and kj is the Debye wave
number. The results of the numerical calculations of Eq.
(4) are shown in Fig. 10 for T=0.1 and €=0.02. In this
figure the experimental results are put together. From
this figure, the incident and transmitted pulses (Wg, and
Wig) could be identified as the fast ion-beam mode.
However, the reflected pulse and the other transmitted
pulse (Wy and W) are ion-acoustic modes, because their
velocities are independent of the beam velocity.

B. Traveling time in the sheath area

Now we define the time &¢, which is the necessary
duration for a pulse going through two points, one locat-
ed at the front (P;) and the other at the back of the
reflector (P,), with a separation of 12 cm (see the inset in

FIG. 10. Successive velocity change vs the ion-beam velocity.
Closed circles refer to Wig, open circles to Wyg, closed trian-
gles to Wy, and open triangles to Wy. Solid lines represent the
calculated results from Eq. (4) for T=0.1 and £ =0.02.

Fig. 11). The results of the variation of &¢ as a function of
the incident angle 6; is shown in Fig. 11. As seen from
the results, 8¢ decreases with the incident angle. Here the
bias voltage on the reflector is at a floating potential
throughout the experiments. From simple geometrical
traces, the time duration 8¢ required for the signal start-
ing at position P, to reach P, may be given by the rela-
tion

Loy
cosf; ’

11

V1B Us

(5)

where vg is the incident velocity of the signal in the uni-
form plasma, and vg is that in the sheath area Lg. The
numerical example is added to Fig. 11 by a solid line,
where vy =10X 10° cm/sec and L,=2.5 cm are obtained
from Figs. 3(a) and 3(b). As seen in the figure, experimen-
tal results are in good agreement with ones calculated in
case (2), but those of case (1) do not agree. The reason for
this is as follows: in case (1) the beam group B is reflected
by the sheath in front of the reflector, and the amplitude
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FIG. 11. (a) The change of the traveling time 8¢ as a function

of the incident angle 6,. (b) Typical example of the wave pat-
tern. The velocity of the pulse (1) is v;3 =3.6X 10° cm/sec, and
that of (2) is v;3=4.9X10° cm/sec. B in the figure is the
reflected beam. Solid lines are calculated from Eq. (5).
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of the transmitted pulse decreases. The velocity v of
the incident pulse is smaller than that of the pulse in case
(2), the velocity in this case being 4.9 X 10° cm/sec, while
that in pulse (1) is 3.6 X 10° cm/sec.

C. Phase gap in the sheath area

Figure 12 shows the dependence of the time shift A7 on
the beam energy. Here A7 has been defined in Figs. 3(b)
and 3(c). In this case, the incident angle is 6; =0° and the
bias voltage on the reflector is at a floating potential.
From this result, we can see that the time shift between
two pulses decreases with the ion-beam energy. Conse-
quently, the tunneling effect does not appear clearly for a
high-energy ion-beam mode [13,14], but the pulse with
small ion-beam energy shows clear evidence of the tunnel
effect in the sheath area even in a beam mode. These
phenomena can be understood by the following equation;

1 1

AT=L,
VUi Us

, (6)

Here, the velocity of the pulses is given in Fig. 10 by the
following relation:

UIBECs'H’bO (Cs <Ub0) N (7)

where v,,=2.19VE X 10° cm/sec, E (V) is the beam en-
ergy, and C,=2.04X10° cm/sec in the present parame-
ters. The tunneling time and the width of the sheath area
can be obtained from results in Figs. 3(a) and 3(b) as
Ly/vg=2-3 psec and Ly=2.5 cm, respectively. These
results are shown by the hatched area in Fig. 12. Reason-
able agreement with experimental results can be seen.

V. CONCLUSION

The reflection and transmission of pulsive, large-
amplitude ion-acoustic solitons have been investigated in
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FIG. 12. Time shift A7 between the incident W, and
transmitted pulse measured at the sheath area as a function of
the beam energy E. Hatched area shows calculated results of
Eq. (6). V, is the floating potential, and 8; =0°.

the ion-beam mode. The incident soliton pulse is split
into three pulses at the sheath area around the reflector
electrode. These pulses are the fast ion-beam mode and
two ion-acoustic modes. The incident pulse makes a time
shift (phase gap) after traveling through a sheath area,
and its shift increases as the beam energy becomes larger.
This phenomenon can be interpreted by taking into con-
sideration the beam velocity and the velocity in the
sheath area. The numerical results show fairly good
agreement.
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