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Ton-acoustic solitons in a three-component plasma which consists of electrons
and positive and negative ions have been investigated experimentally. When
the concentration of negative ions is smaller than a certain value, positive or
compressive solitons are observed. At the critical concentration, a broad pulse
of small but finite amplitude propagates without changing its shape. When the
concentration is larger than this value, negative or rarefactive solitons are
excited. The velocity and the width of these solitons are measured and com-
pared with predictions of the Korteweg-de Vries equation which takes the
negative ions and the ion temperature into consideration. Head-on and over-
taking collisions of the rarefactive solitons have been observed to show that the
solitons are not affected My these collisions.

1. Introduction

Ion-acoustic solitons have been frequently investigated experimentally over
a period approaching a score of years. Experiments originally for planar and
one-dimensional solitons have been extended to cylindrical and spherical cases
and to oblique collisions of two propagating solitons. Various aspects of these
soliton phenomena have been reviewed by several papers (Ichikawa & Watanabe
1977; Tkezi 1878; Tran 1979; Nakamura 1982; Lonngren 1983). These solitons
are compressions of plasma density, i.e. their electric potential is positive. A
broad compressive perturbation of large amplitude breaks up into a number of
solitons as it propagates, whereas a rarefactive perturbation generates a sub-
sonic wave train (Okutsu & Nakamura 1979). No rarefactive or negative soliton
exists in a plasma composed of positive ions and electrons.

Das & Tagare (1975) and Das (1977) have theoretically derived the Korteweg—
de Vries equation for nonlinear ion-acoustic waves in a plasma which contains
contaminating negative ions from a fluid model of the plasma. They showed
that rarefactive or negative solitons can propagate when the concentration of
negative ions is larger than a certain critical value which depends on the mass



ratio of the negative ions to positive ones and on the temperature ratio of ions
to electrons. The rarefactive soliton has not been observed so far except as
reported in Ludwig, Ferreira & Nakamura (1984). It is the purpose of the
present paper to report experimental results on the propagation of rarefactive
solitons and to compare them with predietions of the Korteweg—de Vries (KdV)
equation. The linear dispersion relation and the KAV equation for ion-acoustic
waves for the plasma with negative ions are introduced in §2. In §3 the experi-
mental procedure is described. The experimental results are stated and dis-
cussed in §4. §5 gives the conclusions.

2. Theory

The dispersion relation for ion-acoustic waves in a three-component plasma
which has one species of contaminating negative ions is easily obtained from
the fluid model and is given by
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where K = kfk,, Q = ofw,;, T = T,/T,, p = M_[M,, %, = (4nnet/xT )t and
Wy = (dmn,e?/ M, ). Furthermore, M_and M, are the mass of the negative
and positive ions, respectively, n and », are the density of the electrons and
the positive ions, respectively, and » = n_/n,. Here charge neutrality, i.e.
7, = n+n_, where n_is the density of the negative ions, and equal temperatures
for the positive and negative ions are assumed.

The phase velocity w/k when K < 1 obtained from (1) has two values. When
p > 3T, which applies in the present experimental conditions, one mode, called
a fast mode, becomes the ion-acoustic wave of the positive ion when r = 0 and
the other is a virtual mode with w/k = (3«7}/M_)} at the limit » = 0 (D’ Angelo,
Goeler & Ohe 1966). The fast mode has been observed experimentally, and its
ion-acoustic velocity C, (i.e. w/k when K < 1) was found to agree with the
prediction of (1) (Wong, Mamas & Arnush 1975; Ludwig et al. 1984),

The KdV equation for the thres-component plasma, derived from the fluid
model which takes finite and equal ion temperatures into consideration, is
written as (Das 1977, 1979)
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¥ is the perturbed electron density én normalized to n, § = C,/(xT./M, ]},
7= kL4 and § = k(2—C;t). In the previous paper (Ludwig et al. 1984), the
fon temperature was assumed to be zero.




Equation (2) has a soliton solution given by
_ Ao\ A¢, Gt
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where 3, is the height or depth of solitons. The Mach number M of solitons, i.e.
the velocity divided by the ion-acoustic speed C,, is

M = 1+ 4y,/3BS, (3)

which indicates that the velocity increment from O, is proportional to the
amplitude. The width of solitons normalized to the electron Debye length
A= 1/k,} satisfies the relation

(D/AY ¥y = 6/4A. 4)

Equation (4) shows that the square of the width times the amplitude is constant.
The above two relations are definite characteristics of KdV solitons, which are
often used to identify solitary waves observed experimentally.

The coefficient of the nonlinear term in the KdV equation (2} vanishes at a
certain value of v, which is determined from 4 = 0, for fixed z and 7'. The value
of B is positive in the whole range of r. Therefore, when r is smaller than the
critical value, compressive solitons can propagate since the coefficient is
positive. When r is equal to the critical value 7, which is 0-102 when g = 0-476
for Ar+ and F- ions and 7 = ¢, the nonlinear term vanishes and the KdV
equation becomes linear. When » > r,, as the coefficient is negative, rarefactive
solitons are expected to be observed.

The existence of negative solitons is interpreted as follows. A relation which
indicates the phase between the perturbed density én; and the wave potential ¢
is easily obtained from the equation of motion and the continuity equation used
for the derivation of (1), and is given by

%(,,e_vﬂg)=m
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Here the subscript j implies each species of the plasma component, g, is the
electric charge, M is the mass, n, is the unperturbed density and v, is the phase
velocity. The ratio of specific heats y; is  for elecirons and 3 for both positive
and negative ions. For the present wave, since

vy € «TL/M, and o2 > S«T_JM_> 8T, /M,

dn, and &n, are in phase with ¢, and dn_ is out of phase with ¢. Therefore, a
rarefactive wave pulse (rarefaction of positive ions and electrons) which has a
negative potential is related to a compression of negative ions. The nonlinearity,
i.e. the displacement of the negative ions in the pulse, steepens the wave shape
at the leading edge when the negative ion density is larger than a critical value.
The steepening is balanced by a negative dispersive effect to form a negative
soliton.
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Fieure !. Schematic diagram of the experimental apparatus. 4: magnets enclosed in
thin aluminium pipes which are used as the anode. E: retarding energy enalyser. F: fila-
ments. &: floating grid. I ionization gauge. P: plane Langmuir probe.

3. Experimental procedure

The experiment was carried out in a multi-dipole double-plasma machine
shown schematically in figure 1. The inner diameter (plasma diameter) of the
device is 40 cm and its total length is 90 cm. The chamber is divided into a
source and a target section with a floating grid. The grid consists of a mesh
(20 lines per inch) made of 0-1 mm molybdenurn wires. The cathodes consist of
0-1 mm diameter tungsten filaments and are placed at 6 cm from the surface of
the anodes. Each plasma section has fifteen filaments with a length of 5 cm.
The chamber is evacuated down to 1x 1078 torr by a turbo-molecular pump.
Argon and sulphur hexafluoride are introduced into the chamber under con-
tinuous pumping. The maximum partial pressures of argon and sulphur hexa-
fluoride are 1-5 x 10~ torr and 4 x 10~ torr, respectively. The discharge voltage
is 50 V and the discharge current in each section is 70150 mA. Plasma para-
meters are measured by a plane Langmuir probe with a diameter of 5 mm
and a retarding ion energy analyser. The back of the probe is covered with
a ceramic insulator. The electron density n = 108-10% cm~3, the electron
temperature T, = 1-5-2-3 eV and the electron to positive ion temperature ratio
T,/T, = 10-20.

Ton-acoustic perturbations are excited by either & positive or negative
sinusoidal voltage pulse which is applied to the anode of the driver section.
Signals are detected with the axially movable plane Langmuir probe. It is
biased positively against the plasma potential to collect the electron saturation
current and is therefore sensitive to the perturbed electron density. The signals
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Fi1aURE 2. A measured dispersion relation. Argon pressure = 1-1 x 10~ torr. SF,; pressurs
= 1-5 x 10-% torr. , estimated fast mode from (1) for ¢ = 0-3¢ and T,/T", = 0-07, - - -,
linearized (2) for the same » and T,/T.

are fed into either an oscilloscope or a boxcar integrator whose output is re-
corded on an (z, y) recorder versus position.

4. Experimental results and discussion

Bombardments of SFy molecules by 50 ¢V primary electrons lead mainly to
the formation of negative F- ions due to dissociative attachment processes
(Asundi & Craggs 1964). Negative SFy and SF; ions are also formed by the
capture of low-energy plasma electrons, and cross-sections indicate that for an
electron temperature of 2 eV the production rate of SFg ions is much larger
than SFy jons. Furthermore, the ionization of SF; molecules by primary
electrons leads to the formation of positive ions such as SFF, SF}, SFf, ete.
Therefore, the plasma consists of several species of positive and negative ions.
However, it is easily seen from the dispersion relation of ion-acoustic waves in
a plasma which includes multi-component of ions that the phase velocity of the
fast mode depends strongly on light ion concentration, which has been con-
firmed by experiments (Tran & Coquerand 1976; Nakamura, Nakamura & Ttoh
1976). The coefficient of the nonlinear term in (2) also depends mainly on light
ion concentrations (Ludwig et al. 1980). Hence we assume that the plasms is
composed of Art ions, F- ions and electrons and the contribution of other
heavier positive and negative jons is neglected. The method of obtaining the
concentration of ¥~ jons experimentally from a measured dispersion relation is
described below. '

An example of measured dispersion relations is shown in figure 2. The solid
curve is obtained from (1) where r and T are chosen to give the best fit to
the experimental result. The temperature and density of electrons used for the
calculation have been measured by the Langmuir probe. As a result of this, the
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Time (10 ps/div)
Frcure 3. Electron density perturbation versus time with the distance from the grid as a
parameter, v = 0-23. The top trace is the applied signal.

F- concentration r is obtained. The dotted curve is the linearized (2}, which is
caleulated for the same parameters as the solid curve. Both curves agree when
k/k, < 0-5, for the reason that the KAV equation is valid for the perturbation
whose characteristic length is much longer than the Debye length.

An example of observed signals for a negative initial pulse whose width is
much wider than i/k, when v > 7, is shown in figure 3. When the sign of the
signals is inverted, development of the pulse is similar to the case of a com-
pressive pulse in a plasma without negative ions, which was observed and
compared with numerical integrations of the KdV eguation by Okutsu &
Nakamura (1979). The leading part of the pulse steepens since it propagates
faster and since the effect of dispersion is much smaller than the nonlinearity (3-7
and 5-8 ¢m in figure 8). The steepening caused by the nonlinearity makes the
role of dispersion larger and the first soliton is created when the nonlinearity
balances the dispersion (79 and 9-6 cm). At the same time, the second soliton
begins to emerge, and so on. The humps seen at the time of the applied pulse
are directly coupled signals (Nakamura & Nomura 1980). Under the same plasma
condition, a positive pulse has been transmitted. As the pulse propagates, the
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F1ourE 4. Wave response to a pulse excitation for several distances from
the grid as a parameter. r =2 0-14.

leading part becomes gentle and steepening occurs not at the rising (leading)
part but at the falling part of the pulse. As a result of this, oscillations instead
of solitons appear eventually. This phenomenon is the counterpart of the pro-
pagation of a rarefactive pulse in a plasma with no negative ions, which
breaks up into oscillations (Okutsu & Nakamura 1979). The result also suggests
that the coefficient of the nonlinear term in the K3V equation is negative in
the present plasma condition (r =~ 0-23 > r,).

Observation of the propagation of a positive pulse when r ~ r, is shown in
figure 4. Although the amplitude of the pulse is not small enough (én/n~ 0-1)
to be considered linear, it does not show steepening at the leading edge but
propagates like a linear wave without change of its shape except by damping.
This is because the nonlinear term of the KAV equation disappears. When the
amplitude is increased further, a higher-order term of nonlinearity should be
considered, which results in the modified KdV equation (Nakamura & Tsuka-
bayashi 1984). The measured critical concentration r (= 0-14 + 0-04) agrees with
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Ficore 5. Measured Mach nurnbers of (i} compressive solitons (» = 0}, (ii) positive pulses
{r = 0-13) and (iii) rarefactive solitons (r = 0-42) az a function of the normalized ampli-
tude.

the prediction of (2}, which confirms that the dominant species of ions are Ar+
and F-.

The measured velocities of compressive solitons when r = 0, rarefactive
solitons when r = 0-42 and of the positive pulses when r = 0-13 are plotted in
figure 5 as a function of the normalized amplitude. The velocity is measured
only for the first soliton shown in figure 3 since the adjoining second and the
third solitons are not separated completely yet (Okutsu & Nakamura 1979). The
height or depth of solitons is varied by changing the excitation voltage applied
to the anode of the source chamber. For both compressive and rarefactive
solitons, the result indicates that (M — 1) is linearly proportional to the ampli-
tude, which is consistent with (3) and which has already been measured for
compressive solitons in plasmas without negative ions (Ikezi 1973; Watanabe
1975; Okutsu & Nakamura 1979).

When » = 0-13 which is a little smaller than the experimental r, {(0-14), the
measured wave is not a soliton but a positive pulse. However, the velocity
increment is also proportional to its amplitude as explained below. Since the
width of the pulse is much wider than the Debye length, the dispersion term in
(2) is much smaller than the nonlinear term within a distance of 15 em, where
the velocity has been measured. As a result of this, (2) predicts that the velocity
of the peak of the pulse in the frame of reference moving with the ion-acoustic
speed is proportional to its height.

The gradients of lines like those in figures 5, which are equal to (M — 1)/(én/n}),
are measured and summarized in figure 6. The open circle on the vertical axis
is the case when r = 0, i.e. the plasma includes no negative ions. The solid and
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F1GURE 6. Measured (M 1} divided by the normalized height or depth as a function of
the negative ion concentration r. The solid and dotted curves are obtained from (3) when
2,/T, = 0 and 01, respectively.

dotted curves are 4/3BS8 calculated from (3) when T' = 0 and 0-1, respectively.
The non-zero ion temperature makes the ion-acoustic wave less dispersive with
the results that the speed of solitons becomes faster for the same amplitude than
when T' = 0. The open circles in the upper plane correspond to compressive
solitons except the one for » = 0-13. The point for + = 0-13 corresponds to
the positive pulse shown in figure 5. The data in the lower half plane are for
rarefactive solitons, that is, their density perturbations én/n are negative. The
experimental results are considered to agree with the theoretical predic-
tion,

Another characteristic which is often compared with the theory for the KaVv
soliton is the dependence of the width D of solitons on the amplitude. Measure-
ments indicate that the product of the square of the width and the amplitude is
constant within experimental errors for a fixed r. The width is defined as the
full width at the height of 0-786 times the amplitude of solifons. Measured
products (D/A,)2(8n/n) versus the negative ion concentration are summarized
in figure 7 whose upper and lower half planes correspond to compressive and
rarefactive solitons, respectively. The open circle on the vertical axis is the case
when r = 0. Equation (4) is also shown by the solid and dotted curves when
T = 0 and 0-1, respectively. The wave becomes less dispersive owing to the
non-zero ion temperature, which makes the width of rarefactive solitons
narrower than when 7' = 0. It is similar to compressive solitons (r = 0) studied
by Watanabe (1975). The result shown in figure 7 is considered to agree with
the prediction of the KdV equation.

The properties of the solitary negative waves described above seem to indicate
that the waves are solitons. However, if the observed solitary waves are solitons,
they have to keep their identity after collisions (Drazin 1980, p. 8). To confirm
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Fi1auRg 7. Square of the normalized width times the normalized height or depth of solitons
versus the negative ion concentration. The solid and dotted eurves show (4) for T,/T, = ¢
and 0-1, respectively.

the present solitary negative waves to be solitons, collision experiments have
been performed, which will be described below.,

First, overtaking collisions are observed by applying two negative sinusoidal
pulses which excite two successive solitons at the source anode. When the
amplitude of the leading soliton is much smaller than the overtaking one, the
second catches up with the first. On the other hand, when both amplitudes are
comparable (figure 8), the larger soliton becomes smaller as it approaches the
leading soliton. At the same time, the amplitude of the leading soliton increases,
so that the overtaking soliton cannot catch up with the other. These pheno-
mena are the same as those observed for compressive solitons in a plasma with-
out negative ions (Tkezi, Taylor & Baker 1970).

Next, head-on collisions of rarefactive solitons were investigated in a triple-
plasma device (Nakamura, Nomura & Itoh 1977). The device is constructed with
addition of another source to the double-plasma device. The target chamber
is replaced by a shorter one of 24 em in length. The solitons propagating
in opposite directions are transmitted by applying & negative sinusoidal pulse
to both anodes of the right and left source chambers. An axially movable cylin-
drical probe instead of the plane probe is used to detect counter-propagating
solitons. An example of observed head.on collisions is shown in figure 9,
which is similar to those observed for compressive solitons (Ikezi, Taylor &
Baker 1970; Nakamura 1982). The solitons pass through without change of
their shape. The results of the overtaking and head-on eollisions described above
confirm that the present negative solitary waves are rarefactive solitons.
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FigURE 9. A collision of rarefactive solitons propagating in opposite directions. r ~ 0-48.
The figures show the time that has elapsed since the pulse was applied to the anodes.
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5. Conclusions

Rarefactive solitons which have been predicted to exist in a multi-component
plasma with negative ions are observed experimentally when the concentration
of the negative ions is larger than a certain critical value. The measured
characteristics of the rarefactive solitons agree with the Korteweg-de Vries
equa.tlon derived from a fluid model of the plasma, which takes the ion tempera-
ture into account. However, better agreements are expected by taking multi-
components of both positive and negative ions and higher-order nonlinearity
neglected in the Korteweg~de Vries equation into consideration.

In compressive, positive solitons in a plasma without negative ions, there are
trapped electrons (Pierre ef al. 1983) and resonant ions known as a precursor
(Karpman et al. 1980). On the other hand, in the present rarefactive, negative
solitons, trapped ions are thought to exist, whose effect might be different from
the trapped electrons in the compression solitons, owing to their much heavier
mass. The trapped ions are not investigated in the present experiment, but will
be the subject of a future paper.

One of the authors (Y.N.) would like to thank Professors N. Yajima, Y. Iti-
kawa and S. Watanabe for discussions and encouragement.
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