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Compression of the multiple ion-acoustic soliton at the bottom of the space potential

T. Nagasawa and Y. Nishida
Department of Electrical and Electronic Engineering, Utsunomiya University, Utsunomiya, Tochigi 321, Japan
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Detailed experimental investigations on compressive phenomena are performed using a double-plasma-type
device. When the incident multiple ion-acoustic soliton propagates to the ion-sheath edge, which is produced
by the biased reflector to deep negative potential, this multiple soliton is compressed by the accelerated
velocities of the second and third pulses and becomes a single soliton at the reflection point. It then resumes the
form of a multiple soliton, as if via a recurrence phenomenon, and each pulse of this multiple soliton propa-
gates toward the reflector. These phenomena are caused by an uneven space potential, which in turn is
produced by deep negative voltage on the reflector and ion wakefield. Also, the reflection soliton is produced
at this reflection pointfS1063-651X97)01910-1

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

[. INTRODUCTION the sheath area, though the velocity of the first pulse of the
djnultiple soliton hardly changes, each velocity of the second
and third pulses is very accelerated just before the reflection
point, and decelerated just after it. Consequently, those

rence of the Korteweg—de Vrig&dV) soliton by numerical pulses are compressed by these effects, and become a single
soliton. After that, the soliton again becomes a multiple soli-

calculation. Ikez{2] and Watanabe, Ishihara, and Tang&h ton resembling its incident. This appears to be a recurrence

have shown experimentally the recurrence of the ion- . .
) . ; . phenomenon of a plane soliton. The reflection and/or trans-
acoustic soliton using a double-plasma device.

Nishida, Nagasawa, and Kawamata have shown expenrplssmn of the incident soliton, of course, are caused by these

L ) L . velocity changes at the reflection point. Just after compres-
mentally that the initial ion-acoustic cylindrical soliton _. ; " .
o . sion, second and/or third pulse velocities of the transmitted
passes through the cylindrical plasma column with strong . S
: . . o : oliton become much smaller than those of the incident mul-
interactions and without losing its identif¢,5], and that two . . : o .
: . . M . tiple soliton. The velocity ratidincident pulse velocity to
plane ion-acoustic solitons resume the initial soliton shap

[6,7] after the resonant interaction of their solitons. The phe?ransmltted pulse velocitydepends on the bias voltage on

. 7 the reflector.
nomena of the reflection and/or transmission of the planée . . .
The present paper is organized as follows. The experi-

ion-acoustic soliton at a plasma boundary has also been ir}ﬁental apparatus and plasma parameters are presented. in
vestigated, both experimentall{8—15 and theoretically PP P P P

[16—19. Nagasawa and Nishidg0] have shown that the Se(_:. II, and experimental result_s on the compress_ive_ multiple
reflection and refraction of two-dimensional solitons Complysollton structure and the reflection and/or transmission coef-
with nonlinear Snell's law. Nishida, Yoshida, and NagasawdciCient as a function of the velocity ratio of incidence and
[21,22 have pointed out experimentally that the soliton tun_tran_smlssmn are given in Sec. II_I. The experlmenFaI and the-
nels through the sheath area without time delay, and that it jgretical results are compared in Sec. IV and final results
resonantly absorbed near the sheath aré@=at., whereD  Summarized in Sec. V.
is the spatial width of the incident soliton ahdis the char-
acteristic length of the sheath, e.g., a scale length of a density
gradient in front of the reflector. Using inverse scattering, Il. EXPERIMENTAL APPARATUS
Matsuoka and Yajim@l9] have shown theoretically that the , ) )
reflection and refraction coefficients of two-dimensional 'N€ experiments were_aarned out in argon plasma at a
shallow water solitons depend on the velocity ratio of thePressure ofP=(3-4)x10"" Torr. The plasma was pro-
refraction and incident solitons. Nagasawa and Nishidgluced in a double-plasma device using multidipole magnets.
[23—25 have shown that the experimental results of the reThe typical parameters were as follows: plasma density
flection and/or refraction coefficients of the single plane soli-=5%10° cm™>; electron temperaturg,=2.0-3.7 eV; and
ton at the plasma boundary are in reasonable agreement withn temperaturd;=T./(10—12 eV) measured from the Far-
the theoretical results of Matsuoka and Yajifi®). aday cup. The geometry of the experimental setup is shown
In this paper, we present experimental results that shoun Fig. 1. The reflector, a copper me$B50x 300 mnt, 6
evidence of a new mechanism for the compression of thenesh/cm, transparency 64%could be rotated through an
multiple ion-acoustic soliton caused by the velocity changeangle (0% ,<<60°) around its axis, and be biased at the
of each pulse of the incident multiple soliton at the reflectiondesired potential/,, with respect to the plasm@oating po-
point (bottom of the space potential near reflector with deegential = —25 V<V,<—-500 V). The axis of the reflector
negative voltagelL z. The results were as follows. When the was set at 15 cm from the separation grid of the double
initial multiple ion-acoustic soliton is incident obliquely into plasmas.

Many phenomena of solitons have been extensively stu
ied both theoretically and experimentally by a number of
authors. Zabusky and Kruskdl] have pointed out the recur-
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Vex % L FIG. 2. Profile of the electron saturation current as a function of
) the distance from the reflector. The reflector is set=a0, incident
FIG. 1. Schematics of the experimental apparatus. angle is keptd,=30°, V,, is bias voltage on the reflectax=Lg:

Point of the sheath edde is the distance from the reflecjor

lll. EXPERIMENTAL RESULTS . . . . .
pulse with a half of the sinusoidal wave forpulse width is

The traces of electron saturation current are shown as kept around 1Quseq to the driver plasma.
function of the distance from the reflector in Fig. 2, and the Typical wave forms are shown in Fig(8, wherel, R;,
reflector is biased to a deeper negative voltage than thR,, andT are the incident soliton, reflected soliton, reflected
plasma potential. Here, the bias voltage can be set arbitrarilyvave, and transmitted soliton, respectively. As each pulse of
As seen from the figure, the electron saturation current dethe incident soliton is piled up near the reflection point, the
creases greatly near the reflector. We define the ion-sheaihcident multiple soliton is compressed to become a single
edge g=Lg) as the intersection of two tangent lines for soliton. After passing through the reflection point, the single
rising and/or saturation areas of the electron curkgntThis  soliton again becomes a multiple solitdip and moves to-
sheath edgee.g., z=Lg=1.8-2.0 cm, forV,=—-50V, ward the reflector that was biased on the deep negative volt-
wherez is a distance from the reflector on the center of theages.
cylinder and the incident angle is kept constantat 30°) Loci of the maximum amplitude of each pulse of multiple
moves with a negative bias voltage away from the reflectorsoliton are shown in Fig.(8). From this figure we can obtain

The ion-acoustic solitons were picked up with a tiny cy-the velocity of each pulse. As can be seen, when the multiple
lindrical probe(0.1 mm diameter by 1 mm lengtlon which  soliton goes into the reflection point, though the velocity of
a slightly positive potential relative to the plasma potentialthe first pulsel ;) is hardly changed, the velocities of the
was maintained in order to collect the electron component ofecond and/or third pulsds,), |3 are greatly accelerated
the wave. Signals from the probe were displayed on an ogust before the reflection point and decelerated just after it.
cilloscope or analyzed using a boxcar averager. The wav@he reflection solitonR; is produced at this point. Each
was excited by a double-plasma action by applying a positivgpulse which passes through the deceleration area goes toward

3.07 (%)

FIG. 3. (a) Typical wave forms of the excited
ion-acoustic soliton. I: Incident soliton; T:
Transmitted solitonR;: Reflected solitonR,:
Reflected wavesV,, is the floating potential, and
6,=30°. (b) Loci of the maximum amplitude of
each pulse. (1), (2), and(3) are the first, second,
and third pulses of the incident soliton, respec-
tively. At and 6t are time gap of the first and
second pulses before the sheath e@gel g) and
time gap of those at the compression pofnt
=Lg), respectively.
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0 2 4 6 ond pulse of the incident and transmitted multiple solitons, respec-
Z (cm) tively. 6,=30°. Solid lines are calculated results from Ed$) and

FIG. 4. Amplitude of each wave as a function of the distance
from the reflector. 1,y First pulse of the incident multiple soli-
ton; R; : Reflected solitonR,: Reflected wave. V,, is the floating
potential, andg,=30°.

the reflector with large accelerated velocity by deep negative), s yolta,

potential on the reflector, and another reflection wRyds
produced near the reflector. Here, the velocity of each of th
pulses can be represented as)=v )=V 3=V
=(2.7-3.1)x 10° cm/sec, where (1), v|(2), andv, ) are

(17).

second pulses of the incident multiple soliton & ,)/n
=15-17 % anddn;(;)/n=10-12% under these experi-
mental conditions, respectively.

Figure 6 shows the amplitude ratio as a function of the
ges on the reflector. He@n,/n is the amplitude
of the compressed soliton at the reflection point, and
%nl(l)/n is that of the first pulse just before the sheath edge.
The amplitude of the compressed soliton becomes slightly
larger than that of the first pulse, and increases with the

the velocities of the first, second, and third pulses of thenegatively biased voltages on the reflector.

incident multiple soliton and the velocity d®; and R, is
vr1=(0.94-1.0p, andvg,=(0.35-0.41p,, respectively.

Dependence on the axis (the center of the cylindgrof
the maximum amplitude of each waug;),R;,R;) is shown

Each relationship of the velocity ratiag,) and «(y) for
the incident angle, is shown in Fig. 7. The closed and open
circles represent, respectively, the experimental results of the
first pulse and the second pulse of the incident multiple soli-

in Fig. 4. The incident multiple soliton goes into the reflec- oy The reflection occurs in the hatched area, where the
tion point accompanying decay of the amplitude, but its amy,e|ocity ratio is larger than unity. The solid line far,y and
pI|tUd§ increases sllghtly at the compressed posmonj.. Théhe hatched area show the calculated results for &yand
amplitudes of the reflection pulses can be shown emp|r|call3(18), respectively, which will be discussed later. We can see

as in this figure that the velocity ratie ;) of the second pulse
is much larger than the velocity rati®, of the first pulse.
When the incident angle increases, the velocity ratig of
the second pulse increases slightly, byt of the first pulse
is independent of the incident angls and maintains its

on(z
( ) :Kzfpi

(i=1,2, (1)

wherep;=0.94 forR; and p,=1.6 for R,. The amplitude
decay ofR, for z is much larger than that oR;. Also,
althoughR; shows characteristics of a plane soli{@3], the
wave width and velocity oR, are, respectively, larger and
smaller than those of a plane soliton.

The reflection and transmission coefficiemtsand vyt are
shown in Fig. 5 as a function of the velocity ratig,,)
=v)2) /v Of the second pulse of the incident multiple soli-
ton. Here,v+(, is the velocity of the second pulse of the
transmitted multiple soliton. The solid lines indicate the the- -40 -60
oretical results, which will be discussed later. As seen from
the figure,yg increases withy(,), and the experimental re- Vo (V)
sults are in reasonable agreement with the theoretical ones. F|G. 6. Amplitude ratio 6n,/n)/(n, 3 /n) as a function of the
y7., however, is nearly independent of the velocity ratio, anthias voltages on the reflectat,, where sn,/n and ny(;,/n are
the experimental values are smaller than the theoretical onee amplitudes of the compressed soliton at the reflection point and
[Egs. (16) and (17)]. Here, the amplitudes of the first and those of the first pulse of the incident soliton, respectively.
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incident angled,. Solid line: Calculation result from Eq.7).
Hatched area: Theoretical result given by Ef8) and «(;)>0. _ _ )
Closed and open circles correspond to the first and second pulses of FIG. 8. Loci of each pulse as a function of the distandeom

the incident multiple soliton, respectively. the reflector.Vy, is the floating potentialg,=30°. Amplitude of
the first pulse of the incident soliton &n,;y/n= (a) 6.2, and(b)
14%.

small value @(;)=1). Consequently, the reflection wake
is produced by the velocity change of the second pulse of the
incident multiple soliton at the reflection poibg. that when the amplitude of the first pulse is about 5%, both
Loci of the solitons are shown in Figs(aé8 and &b). In the first- and second-pulse velocities are changed as in Fig.
the experimental conditions of each case, the incident anglé&(@), and the reflection wave produced by these velocities is
and/or bias voltage on the reflector are equal, but the initiahlso changed. However, when the amplitude becomes larger
soliton amplitude shown in Fig.(8 is smaller than that than 5%, although the change in the velocity of the first pulse
shown in Fig. 8b). As seen from these figures, when theis reduced, that of the second pulse becomes larger, and a
amplitude of the initial soliton is small, the velocity of the reflection wave like that in Fig.(®) is produced. When the
first pulse is changed in equivalence with that of the secondmplitude of the first pulse becomes larger, the nonlinearity
pulse at the reflection point, but each velocity ratio of thebecomes strongdi5]. This means that the velocity change
first and second pulses becomes, respectively, smaller arzhd reflection coefficient of the first pulse is decreased, but
larger with the amplitude increases, as seen in Hig). 8 the velocity ratioa(,) of the second pulse is increased and
Figure 9a) shows the velocity ratio at the reflection point thereby produces a reflection wave. The velocity ratio is also
Lr as a function of the amplitude of the first pulgg,,,/n changed by the bias voltage on the reflector, as seen in Fig.
of the initial multiple soliton. When the amplitude of the first 9(b). In this case, the value of the velocity ratig,) of the
pulse increases, the velocity ratiqq) of the first pulse de- first pulse at the reflection poiritg remains small ;)
creases as it approachesg;)=1, while that of the second =1), buta(,) of the second pulse becomes larger with the
pulse increases to apparent saturation. These results suggespatively biased voltages on the reflector.
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FIG. 9. (a) Each velocity ratioe;), @) as a function of the amplitude of the first pulse of the incident soliop,y/n. Open and
closed circles correspond tg1y=v, (1) /v1(1) anda(y=v 2y /v 1) , respectively, where, ;) ando, ) are velocities of the first and second
pulses of the incident multiple soliton, respectively;, andvy,) are velocities of the first pulse and the second pulse of the transmitted
multiple soliton, respectively. V,, is the floating potential ané, =30°. (b) Each velocity ratiav(;), @(,) as a function of the bias voltage
on the reflectorV, . Each pulse amplitude of the incident soliton is kept constant. Incident angle=i80°. Open and closed circles
correspond tay(;y and e(,), respectively.
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IV. DISCUSSION

A. The locus of the second pulse of the multiple soliton

Based on the deep negative voltage on the reflector in Fi

2, we can assume that the electron densitand ion density
n; become as shown in Fig. @), and thus that Poisson’s
equation becomesd?¢y(z)/dZZ=4me(n,—n;)<0(Lg<z
<Lg),>0(Lr<z<LpR),<0(0<z<Lgr—D;), and the static
space potentiapy(z) adopts the shape shown in Fig.(a9.

[ #o(2)

D=1 po(2)+ a(2)

as seen in Figs. 182 and 1@a3). So the second pulse is
accelerated dtg<z<Lg+ D, by the space potentiahy(z),
and more decelerated dtr—D;<z<Lg by potential
?0(2) + ¢1(2). At the same time, the third puldg;) is more
accelerated atg<z<Lr+D; by ¢o(2) + ¢1(2). Therefore

T. NAGASAWA AND Y. NISHIDA

for 14, at 0<z<Lgr+Dy,
for I(z) at LR_D1<Z<LR,

56

Here, the change of5y(z) at z=Lg (reflection point in-
creases with the negative bias voltagg on the reflector.
Also, we assume that an ion-wakefield potent28] ¢,(2)

as shown in Fig. 1@2) is produced in the area>Lg—D;
gby the first pulsd (1) which behaves like an ion-beam bunch
in the arem®<Lg— D/ for the deep negative potential on the
reflector, whereD, is the width of the first pulsé ) of the
incident multiple soliton. Sap,(z) increases with the inci-
dent amplitudesn;(;y/n of the first pulse. Consequently, all
space potentials are as follows:

for |(2) at LR<Z<LR+D1
for |(3) at LR<Z<LR+D1

)

D,}—|Vy/12.5, V,=—50V; when we set¢(z)= ¢o(2)
=Vpe ?’=-50e ? eV in the area &z=<1.0[27], the equa-
tion

U(Z)/U|(2):\/1+23.%7Z (0<Z$10) (6)

the velocity change of the second pulse at the reflection point

Lr increases with both the amplitude of the first pulseshould be satisfied. In Fig. 1), the calculated results of
ony1y/n and the negatively biased voltage on the reflectorEqgs.(4)—(6) for the locus of the second pulse are shown with

Vy, as seen in Figs.(8) and 9b), respectively. The second

pulse is also reflected by this velocity change at the reflectiofia| results ford,=30° andV,

point Lg.

solid lines, and closed and open circles show the experimen-
50 V.
Also, the width of the sheath area €@<Lg) expands

Here, we focus our discussion on the locus of the secongdiith the incident angled, by the relationL=L,/cos,
pulse from the point of view of the energy conservation law(z=, is the sheath edge for the incident ang|e=0°), so

and employing the following particle model:

2ed(z
oo @ g

)

that the acceleratioh, and/or deceleration ardg expands.
By these effects, the velocity ratie,(6,) for the second
pulse increases with the incident angle as shown by the
solid line in Fig. 7.

Therefore we think that the rate of the velocity change of

wherev, ;) andv(z) are the velocities of the second pulse atthe second pulse at the reflection point is proportional to the

z>2 andz=<2, respectively¢(z) is the space potential at

width of the acceleration and deceleration areas, and we set

z<2, andM is the ion mass. Therefore it is appropriate tothe velocity ratio of the second pulse as the following func-

place ¢(2)= ¢o(2)=—|Vp/o|sinf(z—1.5)m/2D,} eV in
areal,. Here,V,=—50V ando=12.5 is the best fitting
value for the experimental results. Poirst 1.5 corresponds
to the reflection pointLg=Lg— D1 in this experiment condi-
tion, as seen in Fig. 3. Consequently, using &), the ion
velocity v(z) in arealL, can be given as

v(2)lvy=V1+1.91sifz—1.0m/2D, (1.5<z<2.0),
4

where we setv;=3.18<10° cm/sec atz>2.0, D,

=0.5cm: half-width of the first pulsgsoliton), z=1.5

=Lg: reflection point,z=2.0=Lr+D,; also set, in area
Lo,

v(2)/v(2=2.91-2.61siMfz—1.00m/D; (1.0<z<1.5),
5

where the electron temperatukd .= 3.68 eV and the ion-
wakefield potential| ¢1(2)|=kT.on/n=1.47 V (amplitude
on/n=40%), such that we arrive at, approximately,

d(2) = ¢o(2) + ¢1(2) = — (1.47+|V,/12.5)sin{(z—1.0)m/

tion of the incident anglé, :

@(2(0)
COS 6,

a(z)(0|): (Oog 0|$90°). (7)

Here, @(;)(0)=1.9 is the value most in agreement with the
experimental results.

B. Calculation of the reflection and/or transmission
coefficients from the conservation laws of momentum
and/or energy in a plane system

The plane soliton is shown by the equation

a=A sech(Kz—Qt), (8)
whereA is an amplitude an& and () are the characteristic
wave number and frequency, respectively. The momentum
|P|=P and energyE of the plain soliton may be given as

p:f A secl(Kz—Ot)dz= \6A, 9
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Z(cm) wherev, andv+ are the velocities of the incident and trans-
mitted solitons, respectively, and where it is assumed that

FIG. 10. (al), (a2 Schematics of the space potentia(z)
and/or incident solitorh. ¢¢(2) is the static space potentiab, (z)
is the ion-wakefield potential.z: Reflection point.D;: Soliton
width of the first pulse of the incident solitofh) Solid line is the
calculated results of Eq$4)—(6). Closed circles are experimental

sin 6,=sin 6.
The reflection coefficienyg=Agr/A, is defined by using
Egs.(13)—(15) as follows:

results, and incident angle & =230°, and bias potential i¥,= AR\ Y2 12 V1—(sinté, /a(z))z—coa9| lay)
—50V. Ly: Acceleration areal,: Deceleration areal(;=L, A YR T - > .

. . ) v1— +
=D;). Lg: Point of the sheath edgeg: Reflection point. ! 1=(sint/e(z))"+ cost [ az) (16)

E:f A? sec(Kz— Qt)dz= \/W (10) Also, from Eqgs.(10) and(12), the transmission coefficient
' yr=A7/A, is given as

Here, we applied a soliton’s charact&iD?=6. Now, the
conservation of the momentum and/or energy of the solitons
consisting of the incident solitonl ), reflected soliton R),
and transmitted solitonT() can be written as

yr=(1= 79" (17)

Consequentlyyg andyt are dependent on the incident angle
and the velocity ratio of the second pulse.
P,=Pg+P7, (11) i, Here, the condition of the reflection is given by Ed6)
E| = ER+ ET . (12) -
\/1_(S|n9|/(1(2)) —(COS9|/a(2))>O. (18)
From Egs.(9) and(11) the parallel and perpendicular com-

ponents of the momentum to the reflector surfé&eand  Consequently, we can take>1 from Eq. (18), where

P, , are given as @(2)>0. The hatched area in Fig. 7 shows these results.
\/Esina, - \/A_TSin6T+ \/A—RSineR' Py (13 C. Compressive phenomena at the reflection point
VA, cos, = JA;co9r— VARCOSR, P, (14) The velocity of the first pulse of the incident multiple

soliton with large amplitude is hardly changed just before the
whereA,, Ag, andA; are the maximum amplitude of the reflection pointLy, but velocities of the second and/or third
incident soliton, of the reflected soliton, and of the transmit-pulses are more accelerated by the uneven space potential
ted soliton, respectively, and whetg, 6g, and 6; are the  ¢(2)= ¢o(2) + $1(2) as seen in Fig. 1&3. Consequently,
incident angle, reflection angle, and transmission angle, rezach pulse of the incident multiple soliton is piled up at the
spectively. reflection point, its soliton is compressed, and a single soli-

Also, we can arrive at the following equation by Snell’s ton is shaped.

law: Next, we introduce the relation
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At multiple soliton is piled up and compressed at the reflection

=5 (19 point, but the velocity of the first pulse hardly changes at the

reflection point. After passing through the reflection point, it

Here, 7 shows the intensity of the coupling of the first and @gain assumes the form of a multiple soliton, much as the
second pulses at the reflection point, and it is shown as #cident soliton does. This result is similar to the recurrence
function of the velocity ratia,, of the second pulse in Fig. Phenomenon, except that it is compulsory and dependent on

11. As can be seen from this figure,increases with the an external condition, that is, it is different from the self-

velocity ratio. That is, compression of the first and secondecurrence of the KdV-type soliton. Also, the reflection and

pulses becomes strong with the velocity ratio of the secondansmitted solitons are produced at the reflection point, and
pulse. these amplitudes are dependent on the velocity ratio of the

second pulse of the incident multiple soliton.
V. CONCLUSION Finally, the velocity ratip of the incident and transmitted
solitons depends on the bias voltages on the reflector and on
When the multiple soliton propagates obliquely towardsthe amplitude of the incident multiple soliton.
the reflector that is biased to deep negative potential, the
velocities of the second and/or third pulses are accelerated
just before the reflection poinzLg), and decelerated just
after it (z<Lg) by the uneven space potential that is pro- A portion of the present work was supported by a
duced by both the deep negative voltage on the reflector an@rant-in Aid for Scientific Research from the Ministry of
an ion wakefield. By these effects, each pulse of the incidenEducation, Science and Culture, Japan.

ACKNOWLEDGMENT

[1] N. J. Zabusky and M. D. Kruskal, Phys. Rev. Let6, 34 [15] S. Raychaudhuri, H. Y. Chang, E. K. Tsikis, and K. E.

(1965. Lonngren, Phys. Fluid&8, 2125(1985.
[2] H. lkezi, Phys. Fluidsl6, 1668(1973. [16] O. Ishihara, I. Alexeff, H. J. Doucet, and W. D. Jones, Phys.
[3] S. Watanabe, O. Ishihara, and H. Tanaka, Plasma Phys. Fluids 21, 2211(1978.

345(1975. [17] 1. Ibrahim and H. H. Kuehl, Phys. Fluid&7, 962 (1984).
[4] Y. Nishida, T. Nagasawa, and S. Kawamata, Phys. Rev. Lett{18] K. Imen and H. H. Kuehl, Phys. Fluid30, 73 (1987.

42, 379(1979. [19] C. Matsuoka and N. Yajima, J. Phys. Soc. Jp8, 3939
[5] T. Nagasawa and Y. Nishida, Plasma P3&;.575(198J). (1989.

[6] Y. Nishida and T. Nagasawa, Phys. Rev. L4§.1626(1981). [20] T. Nagasawa and Y. Nishida, Phys. Rev. LB6,.2688(1986.
[7] T. Nagasawa and Y. Nishida, Phys. Rev28, 3043(1983. [21] Y. Nishida, K. Yoshida, and T. Nagasawa, Phys. Lettl34,

[8] I. Alexeff and R. V. Neidigh, Phys. Rev. Leff, 223 (1961). 83 (1988.
[9] L. Schott, Phys. Fluid26, 3431(1983; 29, 846(1986. [22] T. Nagasawa, K. Yoshida, and Y. Nishida, 1989 International
[10] W. D. Jones and I. Alexeff, ifProceedings of the 7th Interna- Conference on Plasma Physics, New Delhi, India, edited by A.
tional Conference on Phenomena in lonized Gaséited by Sen and P. K. Kawunpublishegl
B. Perovic and D. TosiGrade-vinska Knjiga, Belgrade, [23] T. Nagasawa and Y. Nishida, Phys. Lett.182 278(1992.
1966, Vol. 2, p. 330. [24] T. Nagasawa and Y. Nishida, 1992 International Conference
[11] P. D. Golden and W. M. Leavens, Phys. Flui 433(1970. on Plasma Physics, Innsbruck, 1992, edited by W. Freysinger,
[12] R. P. Dahiya, P. I. John, and Y. C. Saxena, Phys. 658, K. Lackner, R. Schrittwieser, and W. Lindingempublished
119(1977. [25] T. Nagasawa and Y. Nishida, Phys. Rev4& 4442(1994).
[13] Y. Nishida, Phys. Fluid®7, 2176(1984). [26] Y. Nishida, T. Okazaki, N. Yugami, and T. Nagasawa, Phys.

[14] Y. Nakamura, T. Nomura, and T. Itoh, in Proceedings of the Rev. Lett.66, 2328(1991).
International Conference on Plasma Physics, Nagoya, 198[R7] Y. Nishida, K. Yoshida, and T. Nagasawa, Phys. Fluid§,B
(unpublished 722 (1993.



