
VOLUME 77, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 12 AUGUST 1996

t with
e
ation)
y
e in
lasma

1290
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Solitons are experimentally found in a double plasma device when an ion beam is presen
beam velocity yb in the range1 # ybycs # 2.2, where cs is the ion acoustic velocity. Thes
one dimensional solitons have an unusually large width (parallel to the direction of propag
W ø 14lDsdnynd21y2, wherelD is the Debye length anddnyn is the maximum normalized densit
fluctuation. The amplitude, width, and velocity characteristics of the solitons are found to b
good agreement with the soliton solution to the Korteweg–de Vries equation in an ion-beam–p
system. [S0031-9007(96)00856-3]

PACS numbers: 52.40.Mj, 52.35.Mw, 52.35.Sb
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The term “soliton” was coined by Zabusky and Krusk
[1] to describe pulselike solutions to the nonlinear Kor
weg–de Vries (KdV) equation [2]. They showed that so
tons have the following properties: the soliton velocity
proportional to the maximum normalized density fluctu
tion dnyn; solitons traveling in the same direction survi
collisions with only a change of phase;dnyn and the soli-
ton widthW parallel to the direction of propagation satis
sdnyndW2  const; and arbitrary initial compressive de
sity perturbations evolve into one or more solitons.

Washimi and Taniuti [3] showed that weakly nonline
ion acoustic waves, in stationary plasmas with one cold
species, were described by the KdV equation. Since
Letter, there have been many experimental and theore
studies of ion acoustic solitons in plasmas [3–14]. T
KdV equation for a plasma with finite ion temperatu
was described by Tran [9]. Gell and Roth [10], buildi
on the work of Tran, derived the KdV equation for
plasma containing an ion beam and background plas
Here we report what we believe is the first experimen
observation of soliton generation in an ion-beam–plas
system. The amplitude, width, and velocity characteris
of these solitons are in good agreement with the theory
and have the interesting feature that the productsdnyndW 2,
while still approximately constant, is much greater than
solitons in stationary plasmas.

Many soliton experiments have been carried out
double plasma (DP) devices [15]. Solitons are usu
generated [4] in these devices by applying pulsed bia
(approximatelyTey2e) between plasmas produced sep
rately in two adjacent chambers. The applied pulsed
ases create initial spatially localized density perturbati
from which the solitons evolve. For the experiments p
sented here, the potentials of the source and target cha
plasmas were adjusted so that a steady beam of ions p
through the background plasma. This resulted in an in
bility, which in turn created the initial density perturbatio
from which the solitons evolved. Hence, the experime
presented here differ from previous soliton experiment
0031-9007y96y77(7)y1290(4)$10.00
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that there were beam ions as well as the stationary ba
ground ions.

The experiment described here was carried out in a tr
plasma device [16] operated as a DP device. The pla
parameters for this experiment are the source cham
plasma densityne ø 8 3 108 cm23, target chamberne ø
s5 10d 3 107 cm23, electron temperatureTe ø 1.5 eV in
both chambers, and the argon neutral pressureø3.5 3

1024 torr. Plasma is produced by energetic electrons em
ted by hot filaments. In such filament discharge plasm
the ion temperatureTi is typically an order of magnitude
less thanTe [17]. The plasma production in this exper
ment differs from that of previous soliton experiments
that filaments are located in only one chamber (the sou
chamber) of the DP device rather than both chambers.
data were taken with a Hewlett-Packard 54512B oscil
scope. Plasma densities were measured with a 0.64 cm
ameter, one-sided Langmuir probe biased at260 V with
respect to ground. Plasma potential measurements w
made by emissive probes [18].

When the target chamber plasma potentialft in the DP
device is adjusted to bes0.5 2dTeye below the source
chamber plasma potentialsfs  150 V d, a low frequency
instability sø2 kHzd, much lower than the ion plasma fre
quency, is observed. Adjustment offt is accomplished
by varying the potential difference between the grid b
sVg  110 to 115 Vd and filament biassVf  0 Vd.
The instability is not observed wheneverfs 2 ft ,

0.5Teye or .2Teye. We have measured this instability’
dispersion relation and identified it as an ion-ion bea
instability [19]. Representative data showing the tempo
behavior of the target chamber ion density (determin
from the ion saturation current) and the target cham
plasma potentialft (determined by an emissive probe
are given in Figs. 1(a) and 1(b). Note thatftstd is ap-
proximately half-wave rectified. We will refer to the fla
positive amplitude half of the cycle as the “plateau.” Du
ing the plateau,ft is constant and is approximately 1.5
less than the source chamber plasma potentialfs, which
© 1996 The American Physical Society
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FIG. 1. (a) A typical example of the temporal behavior of t
target chamber density (i.e., ion saturation current) showing
soliton (denoted by arrows) and the ion-ion beam instabi
associated with it (arb. units). (b) The corresponding tempo
behavior of the target chamber plasma potentialft s10 Vydivd.
Note thatft is saturated during the plateau of the ion-ion be
instability.

is fixed. Hence, during this timefs 2 ft ø 1.0Teye and
in the target chamber there is an ion beam with ene
ø1.5 eV and normalized velocityybycs ø 1.4. During
the negative half of the instability cycle,ft varies with
time in a sinusoidal fashion, decreasing by 20 V befo
coming back to the constant plateau potential. Solito
were observed at the trailing edges and, to a lesser ex
at the leading edges of plateaus [as seen in Fig. 1(a)].

Figure 2 shows soliton density on [as compared
Fig. 1(a)] an enlarged scale. Ion density vs time is sho
in Fig. 2 at various axial positions. The grid is locat
at z  0. For clarity, the densities shown at the vario
z are vertically displaced from one another in the figu
and a vertical line is drawn through the peak in density
z  9 cm. As can be seen from Fig. 1, there was sign
cant variation in the amplitudes and widths of the so
tons observed at a given axial location. The data show
Fig. 2 are the average of the data taken from 100 trigg
ings of the oscilloscope. Two soliton characteristics c
be qualitatively seen in the data of Fig. 2: As the solit
amplitude increases (with increasingz), the velocity of the
soliton increases and the width of the soliton decrease

To quantitatively compare the observed soliton char
teristics with theory, consider the KdV equation [2] for a
ion-beam–plasma system [9,10]:

≠ns1d
e

≠t
1 Pns1d

e
≠ns1d

e

≠j
1

1
2

Q
≠3ns1d

e

≠j3  0 , (1)

where ns1d
e is the first order perturbation of the electro

density,t is the time normalized by the ion plasma fr
quencyst  vpitd, j is the spatial coordinate measure
in units of the electron Debye lengthsj  zylDd, andP
andQ depend on the plasma parameters and the phas
locity of linear waves in the system [9,10]. The solutio
of Eq. (1) yields a solitary wave pulse

ns1d
e  dn sech2fsz 2 ysolitontdyW g , (2)
e
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FIG. 2. Ion density (arb. units) associated with soliton vs tim
s25 msydivd at various axial positionz (cm). With increasing
z, the width of the soliton decreases while its amplitu
increases. For clarity, the densities shown at the variouz
are vertically displaced from one another in the figure and
vertical line is drawn through the peak in density atz  9 cm.
The data shown in this figure are the average of the data ta
from 100 triggerings of the oscilloscope.

where W is the width of the soliton anddn is the
amplitude of the soliton. The product of the width an
amplitude satisfy

dn
n

µ
W
lD

∂2

 6
P
Q

(3)

and

ysoliton  u

∑
1 1

1
3

dn
n

1 1 6ui

s1 1 3uid3y2

∏
, (4)

whereui is the ratio of ion to electron temperature andu
is the phase velocity of linear waves. Equations (3) a
(4) are the quantitative soliton characteristics to which
data will be compared.

To compare the data with Eqs. (3) and (4), the pha
velocity u must be known asP, Q, and ysoliton depend
on u. Figure 3 shows the calculated dispersion relat
of the ion-beam–plasma system [10] corresponding to
experiment. Solid lines are the real parts and dotted li
are the imaginary parts of the solutions. ForybyCs $

2.2, the branches can be identified as the “fast be
mode,” “slow beam mode,” and “plasma” branches, a
for ybyCs # 2.2, the branches can be identified as t
fast beam mode and the “unstable mode.” The obser
solitons can be identified with the unstable mode branch
the dispersion relation. Only the real part of this bran
was used in the calculation ofP andQ; the imaginary part
was assumed to be insignificant.
1291
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FIG. 3. Analytically calculated dispersion relation in an io
beam–plasma system. All solid lines (exceptvyk  yb) are
real parts and dotted lines are imaginary parts of the solut
of the ion-ion dispersion relation.

Results of the calculation of6sQyPd are shown in Fig. 4
Following prescriptions given in Refs. [9,10], Fig. 4 sho
6sQyPd vsybyCs whenm  1 (wherem is the plasma ion
to beam ion mass ratio), the beam ions are cold (i.e., t
temperature is small enough that it can be neglected),ui ø
0.1 and a ø 0.25, where a is the ratio of unperturbe
ion beam density to electron density. Note that these
the parameters of the experiment and are typical of
conditions for the observations being discussed. As
be seen in Fig. 4,P and Q values have three distinctiv
regions,ybyCs ø 0, 0.7 # ybyCs # 1.7, and ybyCs .

2. When ybyCs ø 0 or .2, 6sQyPd ø 6 and Eq. (1)
admits the usual ion acoustic soliton solution.

The parameterybyCs varies throughout the instabilit
cycle. During the plateau,ft saturates at a value approx
matelyTeye below the source potential. The correspo
ing normalized velocity isybyCs ø 1.4, which is both in
the unstable regime (shown as the dotted lines in Fig
and in the regime corresponding to the maximum valu
in
ed.

nt

1292
FIG. 4. Calculated6sQyPd vs ybyCs.
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6sQyPd ø 200 (see Fig. 4). At the end of the plateau,
drop inft of approximately 20 V begins. We note that th
plateau lifetime is approximately the transit time across
target chamber of ions withybyCs ø 1.4, i.e., the drop in
ft begins at about the time that the first ions to enter
target chamber during the plateau cycle reach the end o
target chamber. Further, the drop inft lasts for approxi-
mately the same amount of time, i.e., the minimum inft

occurs at approximately the time that the last ions to en
the target chamber during the plateau cycle reach the
of the target chamber. At theft minimum, ybyCs ø 5,
which is in the stable regime. The potential recovers a
once again enters the plateau phase of the instability cy

The value ofybyCs is in the range corresponding t
the maximum value ofQyP during the plateau and dur
ing the leading and trailing edges of the plateau, but
during most of the negative half of the instability cycl
The solitons shown in Fig. 1 begin at approximately t
times at which the potential first starts to drop from
plateau value. The peaks in the solitons occur appr
mately at the time when the value ofybyCs leaves the
regime of maximumQyP. Specifically,6sQyPd ø 200
until the potential drops to approximately 3 V below th
source potentialsfs  50 V d, i.e., until ybyCs becomes
greater than approximately 2. As the trailing edge occ
when fs 2 ft . 3 V [and, hence,6sQ, Pd , 200], we
measure the width of the soliton between the peak and
leading (left) edge of the soliton rather than between
peak and the trailing edge or between the leading edge
the trailing edge.

Normalized soliton amplitude and width data are sho
in Fig. 5. As was noted above, there was significa
variation in the amplitudes and widths of the solito
observed at a given axial location (e.g., see Fig. 1).
arrive at the data shown in Fig. 5, the amplitudes a
widths of 100 solitons at each axial location were averag

In Fig. 5, the s’s show the product of normalize
soliton amplitude and width squaredfsdnyndW2yl

2
Dg,
)
f

FIG. 5. The s’s show the product of normalized soliton
amplitude and width squaredfsdnyndW2yl

2
Dg vs axial position

Z. The dotted line shows the theoretical soliton solution
the ion-beam–plasma system for which the soliton is observ
The h’s show300dnyn vs Z and then’s show0.7W 2yl

2
D vs

Z. The sdnyndW2yl
2
D data are in good quantitative agreeme

with the theory and vary less than thednyn andW 2yl
2
D data.
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FIG. 6. The soliton velocity as a function of its amplitud
The solid line is a least-squares fit of measured data.
dotted sTi  0d and dashedsTeyTi  10d lines are calculated
from the soliton theory.

the h’s show 300dnyn, and then’s show 0.7W2yl
2
D.

The density n was taken to be directly proportion
to the current drawn by the negatively biased Langm
probe at a time just prior to the onset of the solito
while dn was taken to be the difference between t
n and the density when the soliton peaked. The rea
may wish to note thatn monotonically decreased from
approximately 6.5 3 108 cm23 at z  6 to 4.5 3

108 cm23 at z  10. The soliton widthW was taken to
be the half width (between the peak and left side of
soliton) at 0.42 of peak, i.e., where sech2 is half its maxi-
mum value. The dotted line shows the theoretical soli
solution in the ion-beam–plasma systems for wh
the soliton is observed. As can be seen from Fig
the sdnyndW2yl

2
D data are in good quantitative agre

ment with the theoretical soliton solution [Eq. (3) wi
6sQyPd ø 200] in the ion-beam–plasma system. As c
also be seen from Fig. 5, thesdnyndW2yl

2
D data vary

less than thednyn andW2yl
2
D data.

Note that this soliton has an unusually large width
compared to the width of an ion acoustic soliton in
stationary plasma without an ion beam. From Eq. (3) w
6sQyPd ø 200, the width of the soliton shown here
ø14lDsdnynd21y2 whereas that for an ion acoustic solito
in a stationary plasma without an ion beamf6sQyPd ø 6g
is ø2.5lDsdnynd21y2.
e

r

r

,

The data quantitatively agree with Eq. (4) as we
Figure 6 showssysoliton 2 udyu vs dnyn. The data were
fit by assuming theu of the unstable mode. The relation
[see Eq. (4)] between a soliton’s velocity and itsdnyn as
derived from the KdV equation are shown by the dott
sTi  0d and dashedsTeyTi  10d lines in Fig. 6. The
solid line in Fig. 6 is a least-squares fit to the measu
data. As can be seen in Fig. 6, theysoliton anddnyn data
are in good quantitative agreement with Eq. (4).
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