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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

~Received 2 June 1997!

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 point.@S1063-651X~97!01910-7#

PACS number~s!: 52.35.Sb, 52.35.Mw
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I. INTRODUCTION

Many phenomena of solitons have been extensively s
ied both theoretically and experimentally by a number
authors. Zabusky and Kruskal@1# have pointed out the recur
rence of the Korteweg–de Vries~KdV! soliton by numerical
calculation. Ikezi@2# and Watanabe, Ishihara, and Tanaka@3#
have shown experimentally the recurrence of the i
acoustic soliton using a double-plasma device.

Nishida, Nagasawa, and Kawamata have shown exp
mentally that the initial ion-acoustic cylindrical solito
passes through the cylindrical plasma column with stro
interactions and without losing its identity@4,5#, and that two
plane ion-acoustic solitons resume the initial soliton sh
@6,7# after the resonant interaction of their solitons. The p
nomena of the reflection and/or transmission of the pl
ion-acoustic soliton at a plasma boundary has also been
vestigated, both experimentally@8–15# and theoretically
@16–19#. Nagasawa and Nishida@20# have shown that the
reflection and refraction of two-dimensional solitons comp
with nonlinear Snell’s law. Nishida, Yoshida, and Nagasa
@21,22# have pointed out experimentally that the soliton tu
nels through the sheath area without time delay, and that
resonantly absorbed near the sheath area atD>L, whereD
is the spatial width of the incident soliton andL is the char-
acteristic length of the sheath, e.g., a scale length of a den
gradient in front of the reflector. Using inverse scatterin
Matsuoka and Yajima@19# have shown theoretically that th
reflection and refraction coefficients of two-dimension
shallow water solitons depend on the velocity ratio of t
refraction and incident solitons. Nagasawa and Nish
@23–25# have shown that the experimental results of the
flection and/or refraction coefficients of the single plane s
ton at the plasma boundary are in reasonable agreement
the theoretical results of Matsuoka and Yajima@19#.

In this paper, we present experimental results that sh
evidence of a new mechanism for the compression of
multiple ion-acoustic soliton caused by the velocity chan
of each pulse of the incident multiple soliton at the reflect
point ~bottom of the space potential near reflector with de
negative voltage! LR . The results were as follows. When th
initial multiple ion-acoustic soliton is incident obliquely int
561063-651X/97/56~4!/4640~7!/$10.00
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the sheath area, though the velocity of the first pulse of
multiple soliton hardly changes, each velocity of the seco
and third pulses is very accelerated just before the reflec
point, and decelerated just after it. Consequently, th
pulses are compressed by these effects, and become a s
soliton. After that, the soliton again becomes a multiple so
ton resembling its incident. This appears to be a recurre
phenomenon of a plane soliton. The reflection and/or tra
mission of the incident soliton, of course, are caused by th
velocity changes at the reflection point. Just after compr
sion, second and/or third pulse velocities of the transmit
soliton become much smaller than those of the incident m
tiple soliton. The velocity ratio~incident pulse velocity to
transmitted pulse velocity! depends on the bias voltage o
the reflector.

The present paper is organized as follows. The exp
mental apparatus and plasma parameters are present
Sec. II, and experimental results on the compressive mult
soliton structure and the reflection and/or transmission co
ficient as a function of the velocity ratio of incidence an
transmission are given in Sec. III. The experimental and t
oretical results are compared in Sec. IV and final resu
summarized in Sec. V.

II. EXPERIMENTAL APPARATUS

The experiments were carried out in argon plasma a
pressure ofP5(3 – 4)31024 Torr. The plasma was pro
duced in a double-plasma device using multidipole magn
The typical parameters were as follows: plasma densityne

553108 cm23; electron temperatureTe52.0– 3.7 eV; and
ion temperatureTi5Te /(10– 12 eV) measured from the Fa
aday cup. The geometry of the experimental setup is sho
in Fig. 1. The reflector, a copper mesh~3503300 mm2, 6
mesh/cm, transparency 64%!, could be rotated through a
angle (0°,u I,60°) around its axis, and be biased at t
desired potentialVb with respect to the plasma~floating po-
tential 5225 V,Vb,2500 V!. The axis of the reflector
was set at 15 cm from the separation grid of the dou
plasmas.
4640 © 1997 The American Physical Society
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56 4641COMPRESSION OF THE MULTIPLE ION-ACOUSTIC . . .
III. EXPERIMENTAL RESULTS

The traces of electron saturation current are shown a
function of the distance from the reflector in Fig. 2, and t
reflector is biased to a deeper negative voltage than
plasma potential. Here, the bias voltage can be set arbitra
As seen from the figure, the electron saturation current
creases greatly near the reflector. We define the ion-sh
edge (z5LS) as the intersection of two tangent lines f
rising and/or saturation areas of the electron currentI e0 . This
sheath edge~e.g., z5LS>1.8– 2.0 cm, for Vb5250 V,
wherez is a distance from the reflector on the center of
cylinder and the incident angle is kept constant atu I530°!
moves with a negative bias voltage away from the reflec

The ion-acoustic solitons were picked up with a tiny c
lindrical probe~0.1 mm diameter by 1 mm length! on which
a slightly positive potential relative to the plasma poten
was maintained in order to collect the electron componen
the wave. Signals from the probe were displayed on an
cilloscope or analyzed using a boxcar averager. The w
was excited by a double-plasma action by applying a posi

FIG. 1. Schematics of the experimental apparatus.
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pulse with a half of the sinusoidal wave form~pulse width is
kept around 10msec! to the driver plasma.

Typical wave forms are shown in Fig. 3~a!, whereI , R1 ,
R2 , andT are the incident soliton, reflected soliton, reflect
wave, and transmitted soliton, respectively. As each puls
the incident soliton is piled up near the reflection point, t
incident multiple soliton is compressed to become a sin
soliton. After passing through the reflection point, the sin
soliton again becomes a multiple solitonT, and moves to-
ward the reflector that was biased on the deep negative v
ages.

Loci of the maximum amplitude of each pulse of multip
soliton are shown in Fig. 3~b!. From this figure we can obtain
the velocity of each pulse. As can be seen, when the mult
soliton goes into the reflection point, though the velocity
the first pulseI (1) is hardly changed, the velocities of th
second and/or third pulsesI (2) , I (3) are greatly accelerate
just before the reflection point and decelerated just afte
The reflection solitonR1 is produced at this point. Eac
pulse which passes through the deceleration area goes to

FIG. 2. Profile of the electron saturation current as a function
the distance from the reflector. The reflector is set atz50, incident
angle is keptu I530°, Vb is bias voltage on the reflector.z5LS :
Point of the sheath edge~z is the distance from the reflector!.
,
c-
FIG. 3. ~a! Typical wave forms of the excited
ion-acoustic soliton. I : Incident soliton; T:
Transmitted soliton;R1 : Reflected soliton;R2 :
Reflected waves.Vb is the floating potential, and
u I530°. ~b! Loci of the maximum amplitude of
each pulse. ~1!, ~2!, and~3! are the first, second
and third pulses of the incident soliton, respe
tively. Dt and dt are time gap of the first and
second pulses before the sheath edge~z.LS! and
time gap of those at the compression point~z
5LR!, respectively.
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4642 56T. NAGASAWA AND Y. NISHIDA
the reflector with large accelerated velocity by deep nega
potential on the reflector, and another reflection waveR2 is
produced near the reflector. Here, the velocity of each of
pulses can be represented asv I (1)>v I (2)>v I (3)5v I
5(2.7– 3.1)3105 cm/sec, wherev I (1) , v I (2) , andv I (3) are
the velocities of the first, second, and third pulses of
incident multiple soliton and the velocity ofR1 and R2 is
vR15(0.94– 1.0)v I andvR25(0.35– 0.41)v I , respectively.

Dependence on thez axis ~the center of the cylinder! of
the maximum amplitude of each wave~I (1) ,R1 ,R2) is shown
in Fig. 4. The incident multiple soliton goes into the refle
tion point accompanying decay of the amplitude, but its a
plitude increases slightly at the compressed position.
amplitudes of the reflection pulses can be shown empiric
as

dn~z!

n
5kz2pi ~ i 51,2!, ~1!

wherep1>0.94 for R1 and p2>1.6 for R2 . The amplitude
decay of R2 for z is much larger than that ofR1 . Also,
althoughR1 shows characteristics of a plane soliton@23#, the
wave width and velocity ofR2 are, respectively, larger an
smaller than those of a plane soliton.

The reflection and transmission coefficientsgR andgT are
shown in Fig. 5 as a function of the velocity ratioa (2)
5vI(2) /vT(2) of the second pulse of the incident multiple so
ton. Here,vT(2) is the velocity of the second pulse of th
transmitted multiple soliton. The solid lines indicate the th
oretical results, which will be discussed later. As seen fr
the figure,gR increases witha (2) , and the experimental re
sults are in reasonable agreement with the theoretical o
gT , however, is nearly independent of the velocity ratio, a
the experimental values are smaller than the theoretical o
@Eqs. ~16! and ~17!#. Here, the amplitudes of the first an

FIG. 4. Amplitude of each wave as a function of the distancz
from the reflector. I (1) : First pulse of the incident multiple soli
ton; R1 : Reflected soliton;R2 : Reflected wave. Vb is the floating
potential, andu I530°.
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second pulses of the incident multiple soliton arednI (1) /n
515– 17 % anddnI (2) /n510– 12 % under these exper
mental conditions, respectively.

Figure 6 shows the amplitude ratio as a function of t
bias voltages on the reflector. Here,dnp /n is the amplitude
of the compressed soliton at the reflection point, a
dnI (1) /n is that of the first pulse just before the sheath ed
The amplitude of the compressed soliton becomes slig
larger than that of the first pulse, and increases with
negatively biased voltages on the reflector.

Each relationship of the velocity ratiosa (1) anda (2) for
the incident angleu I is shown in Fig. 7. The closed and ope
circles represent, respectively, the experimental results of
first pulse and the second pulse of the incident multiple s
ton. The reflection occurs in the hatched area, where
velocity ratio is larger than unity. The solid line fora (2) and
the hatched area show the calculated results for Eqs.~7! and
~18!, respectively, which will be discussed later. We can s
in this figure that the velocity ratioa (2) of the second pulse
is much larger than the velocity ratioa (1) of the first pulse.
When the incident angle increases, the velocity ratioa (2) of
the second pulse increases slightly, buta (1) of the first pulse
is independent of the incident angleu I and maintains its

FIG. 5. gR and gT are the reflection and transmission coef
cients as a function of the velocity ratioa (2) of the second pulse
wherea (2)5v I (2) /vT(2) ; v I (2) and vT(2) are velocities of the sec
ond pulse of the incident and transmitted multiple solitons, resp
tively. u I530°. Solid lines are calculated results from Eqs.~16! and
~17!.

FIG. 6. Amplitude ratio (dnp /n)/(dnI (1) /n) as a function of the
bias voltages on the reflectorVb , wherednp /n and dnI (1) /n are
the amplitudes of the compressed soliton at the reflection point
those of the first pulse of the incident soliton, respectively.
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56 4643COMPRESSION OF THE MULTIPLE ION-ACOUSTIC . . .
small value (a (1)>1). Consequently, the reflection waveR1
is produced by the velocity change of the second pulse of
incident multiple soliton at the reflection pointLR .

Loci of the solitons are shown in Figs. 8~a! and 8~b!. In
the experimental conditions of each case, the incident a
and/or bias voltage on the reflector are equal, but the in
soliton amplitude shown in Fig. 8~a! is smaller than that
shown in Fig. 8~b!. As seen from these figures, when t
amplitude of the initial soliton is small, the velocity of th
first pulse is changed in equivalence with that of the sec
pulse at the reflection point, but each velocity ratio of t
first and second pulses becomes, respectively, smaller
larger with the amplitude increases, as seen in Fig. 8~b!.

Figure 9~a! shows the velocity ratio at the reflection poi
LR as a function of the amplitude of the first pulsednI (1) /n
of the initial multiple soliton. When the amplitude of the fir
pulse increases, the velocity ratioa (1) of the first pulse de-
creases as it approachesa (1)51, while that of the second
pulse increases to apparent saturation. These results su

FIG. 7. Each velocity ratioa (1) and a (2) as a function of the
incident angleu I . Solid line: Calculation result from Eq.~7!.
Hatched area: Theoretical result given by Eq.~18! and a (2).0.
Closed and open circles correspond to the first and second puls
the incident multiple soliton, respectively.
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that when the amplitude of the first pulse is about 5%, b
the first- and second-pulse velocities are changed as in
8~a!, and the reflection wave produced by these velocitie
also changed. However, when the amplitude becomes la
than 5%, although the change in the velocity of the first pu
is reduced, that of the second pulse becomes larger, a
reflection wave like that in Fig. 8~b! is produced. When the
amplitude of the first pulse becomes larger, the nonlinea
becomes stronger@5#. This means that the velocity chang
and reflection coefficient of the first pulse is decreased,
the velocity ratioa (2) of the second pulse is increased a
thereby produces a reflection wave. The velocity ratio is a
changed by the bias voltage on the reflector, as seen in
9~b!. In this case, the value of the velocity ratioa (1) of the
first pulse at the reflection pointLR remains small (a (1)
>1), but a (2) of the second pulse becomes larger with t
negatively biased voltages on the reflector.

of FIG. 8. Loci of each pulse as a function of the distancez from
the reflector.Vb is the floating potential,u I530°. Amplitude of
the first pulse of the incident soliton isdnI (1) /n> ~a! 6.2, and~b!
14%.
d
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e
s

FIG. 9. ~a! Each velocity ratioa (1) , a (2) as a function of the amplitude of the first pulse of the incident solitondnI (1) /n. Open and
closed circles correspond toa (1)5v I (1) /vT(1) anda (2)5v I (2) /vT(2) , respectively, wherev I (1) andv I (2) are velocities of the first and secon
pulses of the incident multiple soliton, respectively,vT(1) andvT(2) are velocities of the first pulse and the second pulse of the transm
multiple soliton, respectively. Vb is the floating potential andu I530°. ~b! Each velocity ratioa (1) , a (2) as a function of the bias voltag
on the reflector,Vb . Each pulse amplitude of the incident soliton is kept constant. Incident angle isu I530°. Open and closed circle
correspond toa (1) anda (2) , 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
2, we can assume that the electron densityne and ion density
ni become as shown in Fig. 10~a1!, and thus that Poisson’
equation becomesd2f0(z)/dz254pe(ne2ni),0(LR,z
,LS),.0(LR,z,LR),,0(0,z,LR2D1), and the static
space potentialf0(z) adopts the shape shown in Fig. 10~a2!.
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Here, the change off0(z) at z5LR ~reflection point! in-
creases with the negative bias voltageVb on the reflector.
Also, we assume that an ion-wakefield potential@26# f1(z)
as shown in Fig. 10~a2! is produced in the areaz.LR2D1
by the first pulseI (1) which behaves like an ion-beam bunc
in the areaz,LR2D1 for the deep negative potential on th
reflector, whereD1 is the width of the first pulseI (1) of the
incident multiple soliton. Sof1(z) increases with the inci-
dent amplitudedni (1) /n of the first pulse. Consequently, a
space potentials are as follows:
f~z!5 Hf0~z! for I ~1! at 0,z,LR1D1 , for I ~2! at LR,z,LR1D1

f0~z!1f1~z! for I ~2! at LR2D1,z,LR , for I ~3! at LR,z,LR1D1
~2!
f
ith
en-

of
the
set
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e
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as seen in Figs. 10~a2! and 10~a3!. So the second pulse i
accelerated atLR,z,LR1D1 by the space potentialf0(z),
and more decelerated atLR2D1,z,LR by potential
f0(z)1f1(z). At the same time, the third pulseI (3) is more
accelerated atLR,z,LR1D1 by f0(z)1f1(z). Therefore
the velocity change of the second pulse at the reflection p
LR increases with both the amplitude of the first pu
dnI (1) /n and the negatively biased voltage on the reflec
Vb , as seen in Figs. 9~a! and 9~b!, respectively. The secon
pulse is also reflected by this velocity change at the reflec
point LR .

Here, we focus our discussion on the locus of the sec
pulse from the point of view of the energy conservation l
and employing the following particle model:

v I ~2!
2 5v~z!21

2ef~z!

M
, ~3!

wherev I (2) andv(z) are the velocities of the second pulse
z.2 andz<2, respectively,f(z) is the space potential a
z<2, andM is the ion mass. Therefore it is appropriate
place f(z)5f0(z)52uVb /susin$(z21.5)p/2D1% eV in
areaL1 . Here,Vb5250 V ands512.5 is the best fitting
value for the experimental results. Pointz51.5 corresponds
to the reflection pointLR5LS2D1 in this experiment condi-
tion, as seen in Fig. 3. Consequently, using Eq.~3!, the ion
velocity v(z) in areaL1 can be given as

v~z!/v1~2!5A111.91 sin~z21.0!p/2D1 ~1.5,z<2.0!,
~4!

where we set v I (2)53.183105 cm/sec at z.2.0, D1
50.5 cm: half-width of the first pulse~soliton!, z51.5
5LR : reflection point,z52.05LR1D1 ; also set, in area
L2 ,

v~z!/v I ~2!5A2.9122.61 sin~z21.0!p/D1 ~1.0,z<1.5!,
~5!

where the electron temperaturekTe53.68 eV and the ion-
wakefield potentialuf1(z)u5kTedn/n51.47 V ~amplitude
dn/n540%!, such that we arrive at, approximatel
f(z) 5 f0(z)1f1(z) 5 2 (1.471uVb/12.5u)sin$(z21.0)p/
nt

r

n

d

t

D1%2uVb/12.5u, Vb5250 V; when we setf(z)5f0(z)
5Vbe2z5250e2z eV in the area 0,z<1.0 @27#, the equa-
tion

v~z!/v I ~2!5A1123.9e2z ~0,z<1.0! ~6!

should be satisfied. In Fig. 10~b!, the calculated results o
Eqs.~4!–~6! for the locus of the second pulse are shown w
solid lines, and closed and open circles show the experim
tal results foru I530° andVb5250 V.

Also, the width of the sheath area (0<z<LS) expands
with the incident angleu I by the relation L5L0 /cosuI
(z5L0 is the sheath edge for the incident angleu I50°!, so
that the accelerationL1 and/or deceleration areaL2 expands.
By these effects, the velocity ratioa (2)(u I) for the second
pulse increases with the incident angleu I , as shown by the
solid line in Fig. 7.

Therefore we think that the rate of the velocity change
the second pulse at the reflection point is proportional to
width of the acceleration and deceleration areas, and we
the velocity ratio of the second pulse as the following fun
tion of the incident angleu I :

a~2!~u I !5
a~2!~0!

cosu I
~0°<u I<90°!. ~7!

Here,a (2)(0)51.9 is the value most in agreement with th
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

a5A sech2~Kz2Vt !, ~8!

whereA is an amplitude andK andV are the characteristic
wave number and frequency, respectively. The momen
uPu5P and energyE of the plain soliton may be given as

P5E A sech2~Kz2Vt !dz5A6A, ~9!
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E5E A2 sech4~Kz2Vt !dz5A6A3. ~10!

Here, we applied a soliton’s characterAD256. Now, the
conservation of the momentum and/or energy of the solit
consisting of the incident soliton (I ), reflected soliton (R),
and transmitted soliton (T) can be written as

PI5PR1PT , ~11!

EI5ER1ET . ~12!

From Eqs.~9! and ~11! the parallel and perpendicular com
ponents of the momentum to the reflector surfacePi and
P' , are given as

AAIsinu I5AATsinuT1AARsinuR , Pi , ~13!

AAIcosu I5AATcosuT2AARcosuR , P' , ~14!

whereAI , AR , andAT are the maximum amplitude of th
incident soliton, of the reflected soliton, and of the transm
ted soliton, respectively, and whereu I , uR , anduT are the
incident angle, reflection angle, and transmission angle,
spectively.

Also, we can arrive at the following equation by Snel
law:

FIG. 10. ~a1!, ~a2! Schematics of the space potentialf(z)
and/or incident solitonI . f0(z) is the static space potential,f1(z)
is the ion-wakefield potential.LR : Reflection point.D1 : Soliton
width of the first pulse of the incident soliton.~b! Solid line is the
calculated results of Eqs.~4!–~6!. Closed circles are experimenta
results, and incident angle isu I530°, and bias potential isVb5
250 V. L1 : Acceleration area;L2 : Deceleration area (L15L2

5D1). LS : Point of the sheath edge;LR : Reflection point.
s

-

e-

sinuT5
sinu I

a~2!
, a~2!5

v I ~2!

vT~2!
, 0,u I ,uT,

p

2
, ~15!

wherev I andvT are the velocities of the incident and tran
mitted solitons, respectively, and where it is assumed
sinuI>sinuR.

The reflection coefficientgR5AR /AI is defined by using
Eqs.~13!–~15! as follows:

S AR

AI
D 1/2

5gR
1/25

A12~sintu I /a~2!!
22cosu I /a~2!

A12~sinu I /a~2!!
21cosu I /a~2!

.

~16!

Also, from Eqs.~10! and~12!, the transmission coefficien
gT5AT /AI is given as

gT5~12gR
3/2!2/3. ~17!

Consequently,gR andgT are dependent on the incident ang
and the velocity ratio of the second pulse.

Here, the condition of the reflection is given by Eq.~16!
as

A12~sinu I /a~2!!
22~cosu I /a~2!!.0. ~18!

Consequently, we can takea (2).1 from Eq. ~18!, where
a (2).0. The hatched area in Fig. 7 shows these results.

C. Compressive phenomena at the reflection point

The velocity of the first pulse of the incident multipl
soliton with large amplitude is hardly changed just before
reflection pointLR , but velocities of the second and/or thir
pulses are more accelerated by the uneven space pote
f(z)5f0(z)1f1(z) as seen in Fig. 10~a3!. Consequently,
each pulse of the incident multiple soliton is piled up at t
reflection point, its soliton is compressed, and a single s
ton is shaped.

Next, we introduce the relation

FIG. 11. Intensityt5Dt/dt of the coupling of the first and
second pulses as a function of the velocity ratioa (2) of the second
pulse.Dt and dt are the time gap of the first and second puls
before the sheath edge and at the compression point, respecti
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4646 56T. NAGASAWA AND Y. NISHIDA
t5
Dt

dt
. ~19!

Here,t shows the intensity of the coupling of the first an
second pulses at the reflection point, and it is shown a
function of the velocity ratioa (2) of the second pulse in Fig
11. As can be seen from this figure,t increases with the
velocity ratio. That is, compression of the first and seco
pulses becomes strong with the velocity ratio of the sec
pulse.

V. CONCLUSION

When the multiple soliton propagates obliquely towar
the reflector that is biased to deep negative potential,
velocities of the second and/or third pulses are acceler
just before the reflection point (z.LR), and decelerated jus
after it (z,LR) by the uneven space potential that is pr
duced by both the deep negative voltage on the reflector
an ion wakefield. By these effects, each pulse of the incid
.
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the
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multiple soliton is piled up and compressed at the reflect
point, but the velocity of the first pulse hardly changes at
reflection point. After passing through the reflection point
again assumes the form of a multiple soliton, much as
incident soliton does. This result is similar to the recurren
phenomenon, except that it is compulsory and dependen
an external condition, that is, it is different from the se
recurrence of the KdV-type soliton. Also, the reflection a
transmitted solitons are produced at the reflection point,
these amplitudes are dependent on the velocity ratio of
second pulse of the incident multiple soliton.

Finally, the velocity ratio of the incident and transmitte
solitons depends on the bias voltages on the reflector an
the amplitude of the incident multiple soliton.
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