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Observation of Ion-Acoustic Rarefaction Solitons
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The propagation of ion-acoustic solitons in a plasma with negative ions has been ob-
served. For sufficiently large concentration of negative ions, applied rarefactive (nega-
tive) voltage pulses break up into solitons, whereas compressive pulses evolve into wave
trains, with exactly the opposite behavior as that for a plasma composed only of positive
ions. There is a critical value of the negative-ion concentration for which a finite-am-
plitude pulse propagates without steepening.

PACS numbers: 52.35.Mw, 52.35.Dm, 52.80.Dy

It is well known from the nonlinear fluid theory
of ion-acoustic waves, in a plasma consisting of
positive ions, that an initial compressive pertur-
bation breaks up into a number of solitons, where-
as a rarefactive perturbation generates a subson-
ic wave train. ' Theoretically, it has been shown,
from the solution of the Korteweg-de Vries (KdV)
equation, that rarefaction solitons can be excited
in multicomponent plasmas with negative ions. '
The rarefaction soliton, which corresponds to a
depression in the plasma potential, is actually
related to a compression of the negative ions, in
such a way that the steepening in the leading edge
of the propagating pulse is balanced by the nega-
tive dispersive effect in the ion-acoustic regime.

This Letter reports the experimental observa-
tion of rarefaction solitons in plasmas produced
by a filament-anode 50-V dc discharge in a mix-
ture of argon and sulfur hexafluoride. The experi-
ment was performed in the Institute for Space
Research (INPE) double-plasma (DP) machine.
This DI' device is 30 cm in diameter and its total
length is 75 cm. The plasma is surface confined
by a multidipole magnetic field and the discharge
current is approximately 200 mA. Typical operat-
ing parameters in argon at a pressure of about
3~10 mbar are n, =—1.3&10' cm ', T, =—2.3 eV
(Langmuir-probe data), and T; =0.3 eV. The dc
potential difference between the two plasmas was
adjusted so that no ion beam was present, as con-
firmed by electrostatic ion-energy-analyzer
measurements. Compressive and raref active
pulses were launched in the target plasma by the
application of voltage pulses to the driver plasma.

A plasma with negative ions can be easily pro-

duced by the introduction of a gas with a large
electron-attachment cross section, such as SF„
into the discharge chamber. 4 Bombardment of
SF, molecules by the 50-eV primary electrons
leads mainly to the formation of negative F ions
as a result of dissociative attachment process-
es." Negative SF, and SF, ions are also
formed by the capture of very-low-energy plasma
electrons, a simple calculation showing that for
an electron temperature of 2.3 eV the production
rate of SF, ions is much larger than that of SF, .
Furthermore, the ionization of SF, by the pri.-
mary electrons leads to the formation of SF, ,
SF3', SF4', etc. , where SF,' is the most abun-
dant species according to mass- spectrometric
studies. ' These considerations lead us to con-
clude that the plasma produced is essentially a
four-ion-species plasma, composed of positive
Ar ions, positive SF,' ions, negative F ions,
negative (SF, ) ions, and electrons.

The production rate of F divided by the produc-
tion rate of SF, is proportional to the ratio be-
tween the primary, n„and plasma, n„electron
densities. Therefore, for a constant discharge
current, the concentration of F ions is much
smaller than that of SF, ions when the partial
pressure of SF, in the discharge chamber is low
(n,/n, «1). If we introduce a larger fraction of
SF, gas, the total negative-ion concentration in-
creases (n, decreases), the density of F ions
relative to SF, ions increases, and the lighter
ions rapidly dominate the propagation character-
istics of ion-acoustic waves. This simplified de-
scription of the plasma is justified by the good
agreement between experimental and theoretical
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values for the ion-acoustic sPeed, as a function of the ion concentrations, as shown in Fig. 1. The ion-
acoustic speed for the fast mode'' in a four-cold-ion-species plasma composed of Ar'+SF, '+ F
+SF, , normalized to the ion-acoustic speed for a pure cold argon plasma, is given by

c, 1 —(r —r/v, „)p+((r-p )/w +a /q ']~)"*
(0 ST, /m „,)"' 1 —r
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()t Ar++ )t SF +) r and p fl SFS /(BF +7ESF ) The
maSS ratiOS are i/ =~ F

- /m A
+ = 0.4't 6 r P + =m $ FS+/

m A, +=3.18, and p,
' =mSF, /m-Ar+=l/. +. Experi-

mentally, the negative-ion concentration, r, was
determined from the relative changes in the elec-
tron and ion saturation currents. It can be shown
that

(0) l&2 p+I„',I;, p, ,
where I and I P) are the saturation currents with
and without SF„for constant partial pressures
of argon (there is no appreciable change in the
electron temperature). The ratio between the
density of contaminating SF, ions and the total
density of positive ions is given by

P+ —&V + (+SF /PAr)(l ++V + +SFS/I Ar)

where P refers to the ion-gauge readings of the
partial pressures for each gas and & is the pres-
sure-reading correction factor which, for a 50-V
filament-anode discharge potential and a 200-V
potential at the grid of the Bayard-Alpert gauge,

becomes"

( S Fr, +/ Ar+)sp eV 0 60l
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The ratio p between the density of contaminat-
ing SF, ions and the total density of negative ions
was estimated to vary between 0.95 and 0.65 for
the lowest and the highest values, respectively,
of the partial pressure of SF, used in the experi-
ment. Nevertheless, the experimental results
clearly indicate that the effect of SF, ions on the
propagation of ion-acoustic waves is much small-
er than that of the lighter F ions. The agree-
ment between the theoretical and experimental
values in Fig. 1 will be even better if one takes
into account finite-ion-temperature effects. Fig-
ure 2 shows the formation and propagation of a
rarefaction soliton excited by a pulsed negative
potential difference applied between the plasmas.
This figure clearly shows the steepening of the
wave front and the development of an oscillatory
structure (the time-stationary hump is a direct
coupled signal). The amplitude, width, and veloc-
ity dependence of the leading peak, at large dis-
tances from the separating grid, were determined
for a variety of experimental conditions and are
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FIG. 1. Normalized ion-acoustic speed of the fast
ion mode in a plasma with negative ions. Solid lines
indicate Eq. (1), with heavy lines corresponding to
asymptotic behavior. Curve numbering indicates the
pair of values (p+, p ). Point numbering indicates the
measured values of p+.
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FIG. 2. Electron density vs time, with distance as
parameter, for y = 0.24 and p+ = 0.38. The Mach num-
ber is ~=1.09.
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FIG. 3. Experimental and theoretical results for the
ratio (M-1)/(bn/n) as a function of r. Solid lines in-
dicate Eg. (2). Numbering is as in Fig. I.

FIG. 4. Expenmental and theoretical results for the
product (D/A, ) (dn/n) as a function of r. Solid lines
indicate Eq. (3). Numbering is as in Fig. 1.

consistent with the general properties of a soliton
given by Eels. (2) and (3) below. The second peak
roughly satisfies these requirements but the re-
sults are not yet conclusive.

Plots of velocity versus amplitude allow the
determination of the experimental ratio (M- 1)/
(6n/n), where M is the Mach number, as shown
in Fig. 3. Below a certain critical value of &

-0.1 compression solitons are excited in the (Ar'

+ SF,'+ F + SF, ) plasma, whereas above this
critical value only rarefaction solitons can propa-
gate. This property of a plasma with negative
ions is correctly described by the KdV equation
for weakly nonlinear ion sound waves":

g y(1) g g y(1) f g3y(1)
@(1)
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where
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and B =1/C, in the cold-ion limit. There is a
critical concentration of negative ions, equal to
0.102 for an (Ar'+ F ) plasma, for which & =0.
When & is close to this critical value the nonline-
ar term in the KdV equation vanishes; the deli-
cate balance between nonlinearity and dispersion,
necessary to the production of a soliton, is bro-
ken and it becomes impossible to excite a soliton.
K this case, a finite-amplitude pulse can propa-
gate without steepening, an interesting result
confirmed by our experiment. For concentrations
greater than critical the coefficient & becomes
negative. For soliton solutions, the dimension-
less electric potential, p =e p/kBT„must also be
negative. Hence, the KdV equation predicts cor-
rectly the existence of rarefaction solitons in a
plasma with a sufficiently large fraction of nega-
tive ions. However, the theoretical values for

!the soliton Mach number and width are quite dif-
ferent from those obtained experimentally. This
is illustrated in Figs. 3 and 4, where the theoreti-
cal and experimental values of (M-1)/(&n/n) and
(D/A, ,)'(5n/n) are compared (D/+, is the soliton
width normalized to the electron Debye length).
The theoretically predicted values are

M =1 + Q/3BC, )(hn/n), (2)

D/~. = [(6/~)/(( n/n) ]"'.
As can be seen, the observed values of M are

tluite larger (and the observed values of D small-
er) than predicted by the solution of the KdV equa-
tion derived from the simple fluid model with
cold ions and isothermal electrons. The inclu-
sion of finite-ion-temperature effects does not
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improve matters in this respect. In order to re-
move the discrepancy between theory and experi-
ment kinetic effects, such as negative ions and
electrons reflected by the negative potential well
plus trapped positive ions, have to be included in
the theoretical model. Fluid models such as the
simple KdV equation do not give a satisfactory
fit to experimental data for solitons in a multi-
ion plasma. ' It must be pointed out that, with use
of the pseudopotential approach" in the analysis
of time-independent solutions, the fluid model
predicts the existence of solitons with very large
Mach numbers. Indeed, the maximum Mach num-
ber for rarefaction solit.ons has no upper limit
when the concentration of negative ions exceeds
a critical value, smaller than 0.5. Furthermore,
the pseudopotential approach predicts a range of
values of r and M for which compression and
rarefaction solitons exist simultaneously. This
aspect was, at least qualitatively, confirmed by
experiment.

In summary, the observation and systematic
study of fast ion-acoustic rarefaction solitons in
plasmas with negative ions has been presented.
The simple KdV equation gives a qualitative ac-
count of these rarefaction solitons, but the quan-
titative comparison requires the inclusion of kine-
tic effects in the theoretical model. A more com-
plete description of the pertinent theoretical and

experimental work will be reported elsewhere.
One of the authors (G.O.L.) acknowledges help-
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