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Wide Solitons in an lon-Beam—Plasma System
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Solitons are experimentally found in a double plasma device when an ion beam is present with
beam velocityv, in the rangel < v,/c; = 2.2, where ¢, is the ion acoustic velocity. These
one dimensional solitons have an unusually large width (parallel to the direction of propagation)
W = 14Ap(8n/n)~"/2, where A, is the Debye length andn/n is the maximum normalized density
fluctuation. The amplitude, width, and velocity characteristics of the solitons are found to be in
good agreement with the soliton solution to the Korteweg—de Vries equation in an ion-beam—plasma
system. [S0031-9007(96)00856-3]

PACS numbers: 52.40.Mj, 52.35.Mw, 52.35.Sb

The term “soliton” was coined by Zabusky and Kruskalthat there were beam ions as well as the stationary back-
[1] to describe pulselike solutions to the nonlinear Korte-ground ions.
weg—de Vries (KdV) equation [2]. They showed that soli- The experiment described here was carried outin a triple
tons have the following properties: the soliton velocity isplasma device [16] operated as a DP device. The plasma
proportional to the maximum normalized density fluctua-parameters for this experiment are the source chamber
tion 8n/n; solitons traveling in the same direction survive plasma density, =~ 8 X 108 cm™3, target chambet, ~
collisions with only a change of phas&,/» and the soli-  (5-10) X 107 cm™3, electron temperaturk, = 1.5 eV in
ton widthW parallel to the direction of propagation satisfy both chambers, and the argon neutral pressudes X
(6n/n)W? = const; and arbitrary initial compressive den- 10~* torr. Plasma is produced by energetic electrons emit-
sity perturbations evolve into one or more solitons. ted by hot filaments. In such filament discharge plasmas,

Washimi and Taniuti [3] showed that weakly nonlinearthe ion temperatur@; is typically an order of magnitude
ion acoustic waves, in stationary plasmas with one cold iottess than?, [17]. The plasma production in this experi-
species, were described by the KdV equation. Since thahent differs from that of previous soliton experiments in
Letter, there have been many experimental and theoretictthat filaments are located in only one chamber (the source
studies of ion acoustic solitons in plasmas [3—14]. Thechamber) of the DP device rather than both chambers. The
KdV equation for a plasma with finite ion temperature data were taken with a Hewlett-Packard 54512B oscillo-
was described by Tran [9]. Gell and Roth [10], building scope. Plasma densities were measured with a 0.64 cm di-
on the work of Tran, derived the KdV equation for a ameter, one-sided Langmuir probe biased-&0 V with
plasma containing an ion beam and background plasmaespect to ground. Plasma potential measurements were
Here we report what we believe is the first experimentamade by emissive probes [18].
observation of soliton generation in an ion-beam—plasma When the target chamber plasma potentiain the DP
system. The amplitude, width, and velocity characteristicglevice is adjusted to b&.5-2)T,/e below the source
of these solitons are in good agreement with the theory [10¢hamber plasma potentigh, = +50 V), alow frequency

and have the interesting feature that the pro@@eyn)W?,  instability (=2 kHz), much lower than the ion plasma fre-
while still approximately constant, is much greater than forquency, is observed. Adjustment @f is accomplished
solitons in stationary plasmas. by varying the potential difference between the grid bias

Many soliton experiments have been carried out in(V, = +10to +15 V) and filament bias(V; = 0 V).
double plasma (DP) devices [15]. Solitons are usuallyThe instability is not observed whenevef, — ¢, <
generated [4] in these devices by applying pulsed biasds5T,/e or >2T,/e. We have measured this instability’s
(approximatelyT,/2¢) between plasmas produced sepa-dispersion relation and identified it as an ion-ion beam
rately in two adjacent chambers. The applied pulsed biinstability [19]. Representative data showing the temporal
ases create initial spatially localized density perturbationehavior of the target chamber ion density (determined
from which the solitons evolve. For the experiments prefrom the ion saturation current) and the target chamber
sented here, the potentials of the source and target chamb@asma potentiaky, (determined by an emissive probe)
plasmas were adjusted so that a steady beam of ions passeé given in Figs. 1(a) and 1(b). Note thaf(¢) is ap-
through the background plasma. This resulted in an instgproximately half-wave rectified. We will refer to the flat
bility, which in turn created the initial density perturbations positive amplitude half of the cycle as the “plateau.” Dur-
from which the solitons evolved. Hence, the experimentsng the plateaug, is constant and is approximately 1.5 V
presented here differ from previous soliton experiments idess than the source chamber plasma potegtjalwhich
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FIG. 1. (a) A typical example of the temporal behavior of the =
target chamber density (i.e., ion saturation current) showing the 8 9 cm \,
soliton (denoted by arrows) and the ion-ion beam instability =
associated with it (arb. units). (b) The corresponding temporal = 10 ¢
behavior of the target chamber plasma potentia(10 V/div). m / \\
Note that¢, is saturated during the plateau of the ion-ion beam
instability.
11cm /
I ] 1
is fixed. Hence, during this timé, — ¢, = 1.0T./e and Time'(25us/div)

in the target chamber there is an ion beam with energy
~1.5 eV and normalized velocity,,/c; =~ 1.4. During  FIG. 2. lon density (arb. units) associated with soliton vs time
the negative half of the instability cycles, varies with (25 us/div) at various axial position: (cm). With increasing

time in a sinusoidal fashion, decreasing by 20 V beforer: the width of the soliton decreases while its amplitude
creases. For clarity, the densities shown at the varipus

coming back to the con_s.tant plateau potential. Soliton re vertically displaced from one another in the figure and a

were observed at the trailing edges and, to a lesser exteRgrtical line is drawn through the peak in densityzat 9 cm.

at the leading edges of plateaus [as seen in Fig. 1(a)]. The data shown in this figure are the average of the data taken
Figure 2 shows soliton density on [as compared tdrom 100 triggerings of the oscilloscope.

Fig. 1(a)] an enlarged scale. lon density vs time is shown

in Fig. 2 at various axial positions. The grid is locatedwhere W is the width of the soliton andSn is the

atz = 0. For clarity, the densities shown at the variousamplitude of the soliton. The product of the width and

z are vertically displaced from one another in the figureamplitude satisfy

and a vertical line is drawn through the peak in density at 2
. s én (W P
z = 9 cm. As can be seen from Fig. 1, there was signifi- =_— =) =6— (3)
cant variation in the amplitudes and widths of the soli- n \Ap 0
tons observed at a given axial location. The data shown iand
Fig. 2 are the average of the data taken from 100 trigger-
. . . .. 1 én 1+ 601
ings of the oscilloscope. Two soliton characteristics can Veoliton = 4| 1 + — — ————L— |, (4)
‘ 3 n (1+ 36,32

be qualitatively seen in the data of Fig. 2: As the soliton
amplitude increases (with increasing the velocity of the  where#; is the ratio of ion to electron temperature and
soliton increases and the width of the soliton decreases. is the phase velocity of linear waves. Equations (3) and
To quantitatively compare the observed soliton charac¢4) are the quantitative soliton characteristics to which the
teristics with theory, consider the KdV equation [2] for an data will be compared.
ion-beam—plasma system [9,10]: To compare the data with Egs. (3) and (4), the phase
velocity u must be known a®, Q, and v, depend
ong” e " _ @ on u. Figure 3 shows the calculated dispersion relation
aT ¢ 9& 2 &3 ’ of the ion-beam—plasma system [10] corresponding to this
experiment. Solid lines are the real parts and dotted lines
wheren) is the first order perturbation of the electron are the imaginary parts of the solutions. Ragy/C, =
density, 7 is the time normalized by the ion plasma fre- 2.2, the branches can be identified as the “fast beam
quency(r = w,;t), ¢ is the spatial coordinate measured mode,” “slow beam mode,” and “plasma” branches, and
in units of the electron Debye lengtlf = z/Ap), andP for v,/C, = 2.2, the branches can be identified as the
andQ depend on the plasma parameters and the phase Viast beam mode and the “unstable mode.” The observed
locity of linear waves in the system [9,10]. The solution solitons can be identified with the unstable mode branch of

of Eq. (1) yields a solitary wave pulse the dispersion relation. Only the real part of this branch
was used in the calculation & andQ; the imaginary part
nV) = snsech(z — vsoriton?)/ W1, (2)  was assumed to be insignificant.
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6 6(Q/P) = 200 (see Fig. 4). At the end of the plateau, a
drop in¢, of approximately 20 V begins. We note that the
plateau lifetime is approximately the transit time across the
target chamber of ions with, /C,; = 1.4, i.e., the drop in
¢, begins at about the time that the first ions to enter the
target chamber during the plateau cycle reach the end of the
target chamber. Further, the dropdn lasts for approxi-
mately the same amount of time, i.e., the minimumgin
occurs at approximately the time that the last ions to enter
the target chamber during the plateau cycle reach the end
of the target chamber. At thé; minimum, v, /C; = 5,
which is in the stable regime. The potential recovers and
once again enters the plateau phase of the instability cycle.
The value ofv,/C; is in the range corresponding to
the maximum value of)/P during the plateau and dur-
ing the leading and trailing edges of the plateau, but not

. . . . . during most of the negative half of the instability cycle.
FIG. 3. Analytically calculated dispersion relation in an ion- . 9 . .
beam—plasma system. All solid lines (exceptk = v,) are The sohtons_ shown in F|g.. 1 pegln at approximately t.he
real parts and dotted lines are imaginary parts of the solutionimes at which the potential first starts to drop from its
of the ion-ion dispersion relation. plateau value. The peaks in the solitons occur approxi-
mately at the time when the value of,/C, leaves the
. o regime of maximumQ/P. Specifically,6(Q/P) = 200

Results of the calculation 6fQ/P) are showninFig. 4. yntil the potential drops to approximately 3 V below the
Following prescriptions givenin Refs. [9,10], Fig. 4 showssource potentia(¢, = 50 V), i.e., until v,/C, becomes
6(Q/P) vsv,/C; whenu = 1 (whereu isthe plasmaion  greater than approximately 2. As the trailing edge occurs
to beam ion mass ratio), the beam ions are cold (i.e., the{yhen ¢, — ¢, > 3 V [and, hencep(Q, P) < 200], we
temperature is small enough that it can be neglectedys  measure the width of the soliton between the peak and the
0.1 and @ =~ 0.25, wherea is the ratio of unperturbed |eading (left) edge of the soliton rather than between the
ion beam density to electron density. Note that these argeak and the trailing edge or between the leading edge and
the parameters of the experiment and are typical of thgne trailing edge.
conditions for the observations being discussed. As can Normalized soliton amplitude and width data are shown
be seen in Fig. 4P and Q values have three distinctive jn Fig. 5. As was noted above, there was significant
regions,v,,/Cs; = 0, 0.7 = v,/C; = 1.7, and v, /Cs > variation in the amplitudes and widths of the solitons
2. Whenw,/C; = 0 or >2, 6(Q/P) =~ 6 and Eq. (1) observed at a given axial location (e.g., see Fig. 1). To
admits the usual ion acoustic soliton solution. _arrive at the data shown in Fig. 5, the amplitudes and

The parametep, /C, varies throughout the instability widths of 100 solitons at each axial location were averaged.
cycle. During the plateau), saturates at a value approxi-  |n Fig. 5, the O’s show the product of normalized

mately7, /e below the source potential. The correspond-ggliton amplitude and width squardddn/n)W2/A3],
ing normalized velocity i, /C; = 1.4, which is both in

the unstable regime (shown as the dotted lines in Fig. 3)
and in the regime corresponding to the maximum value of
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FIG. 5. The O’s show the product of normalized soliton
amplitude and width squarddsn/n)W?2/A3%] vs axial position
. , Z. The dotted line shows the theoretical soliton solution in
0 2 4 6 8 10 the ion-beam—plasma system for which the soliton is observed.
vb/c The O's show3006n/n vs Z and theA's show0.7W2/)\§) Vs
§ Z. The(sn/n)W?/Ap data are in good quantitative agreement
FIG. 4. Calculated(Q/P) vs v, /C;. with the theory and vary less than the/n and W2/A3 data.
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0.60 T ' The data quantitatively agree with Eq. (4) as well.

0.50F 0 tine: least-squares fit of data Figure 6 show$vojion — u)/u vs 6n/n. The data were
> dashed fine: saliton theory (T/T, = 10) fit by assuming thex of the unstable mode. The relations
X 0.40F  dotted line: soliton theory (T=0) [see Eq. (4)] between a soliton’s velocity and #s/n as
2 0.30 i /,i;,:..’- derived from the KdV equation are shown by the dotted
' < ont (T; = 0) and dashedT,/T; = 10) lines in Fig. 6. The
2020 g : solid line in Fig. 6 is a least-squares fit to the measured
~ orob e | data. As can be seen in Fig. 6, thgji;on anddn/n data

) AT are in good quantitative agreement with Eq. (4).
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FIG. 6. The soliton velocity as a function of its amplitude.
The solid line is a least-squares fit of measured data. The
dotted (7; = 0) and dashedT,/T; = 10) lines are calculated
from the soliton theory.
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