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lon-acoustic compressive and rarefactive double layers in a warm multicomponent plasma
with negative ions
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Propagation of ion-acoustic double layers has been studied in plasma consisting of warm positive- and
negative-ion species with different masses, concentrations, and charge states along with electrons with two-
electron temperature distributions. It is found that there exist two critical concentrations of negativegons,
andag . One of them &g) generally decides the existence of the double layer, whereas the othewrgne (
decides the nature of the double layer. It is found that the system supports ion-acoustic double layers only when
the negative-ion concentratigm) is greater than the critical concentratiag . It is also found that below the
critical concentrationvg, compressive double layers exist and above it rarefactive double layers exist. For
some values of cold-electron concentratiépg it is found that if the temperature of the negative-ion species
is higher than the positive-ion species, then the system supports compressive double layers for all values of
lying in the range & a<aq . The dependence of the critical concentrations on the temperatures of the two-ion
species and on the concentration of cold electrons has also been investigated.
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. INTRODUCTION negative-ion plasmas containing kand Sk~ ions, in which
the electron fraction becomes as small asd<10* at a
In the past few years, the double layer has been a topic a§r; gas pressure=5x 10 * Torr.
significant interest because of its relevance in cosmic appli- Two-electron temperature distributions are very common
cations[1-4], confinement of plasma in tandem mirror de- jn the laboratorf17—20,28, as well as in space plasmi.
vices[5], for ion heating in linear turbulence heating devicesThe ion-acoustic double layers in the two-electron tempera-
[6], etc. The ion-acoustic double layers in plasmas have beefyre plasma have been investigated extensively, theoretically
extensively studied theoretically’—14] as well as experi- [13,14 as well as experimentallyf19,20. lon-acoustic
mentally[15-20. The experimental observation of a strong double layers have also been observed in the auroral and
double layer in a plasma consisting of positive ions, negativenagnetosphere plasmas, where the two-electron species exist
ions and electrons, has been reported by Merlino and Loomi 21]. Therefore, it is interesting to investigate the ion-
[18]. lon-acoustic double layers have also been observed ifcoustic double layer in a plasma, with negative-ion species
auroral and magnetospheric plasmga21]. Using the and two-electron temperature distribution present simulta-
reductive-perturbation method, several auth®<0,13,14  neously.
have studied weak ion-acoustic double layers in different The aim of this paper is to study the ion-acoustic double
plasma systems. layers in a multicomponent plasma consisting of warm
In the past few years there has been considerable intereggsitive- and negative-ion species along with hot electrons
in understanding the behavior of plasmas containing positivgyith two-electron temperature distributions. The salient fea-
ions, electrons, and a significant concentration of negativeure is to demonstrate the existence of compressive and rar-
ions. Negative-ion plasmas are found in beegion of the  efactive ion-acoustic double layers in a plasma with two-ion
ionospherg22], plasma processing react¢23], and neutral species having different masses, concentrations, charge
beam sourcef24]. With recent technology, it is possible to states, and temperatures. Using the reductive-perturbation
produce plasmas in which the negative-ion density is muchmethod, we have derived a modified Kdivi-KdV) equation
higher than the electron density. Negative ions are producethat admits a double-layer solution. We have investigated the
by electron attachment to neutral particles when an eleceffect of mass, concentration, and temperature of different
tronegative gas, i.e., a gas with a large electron-attachmein species on the characteristics of ion-acoustic double lay-
cross section(e.g., halogens and hexafluoriglésintroduced ers in detail. Furthermore, for numerical illustrations, we
into electrical gas discharges. Wong, Mamas, and Arnuskake some realistic examples of plasmas containing the ions
[25] have described a method for producing plasmas wittspecies (Af,SkK~), (Arf,F7), (H",0,7), and (H,H7).
nearly all electrons replaced by negative ions. In their experiThe (Ar",F~) plasma composition has been frequently used
ment they made use of §Fa gas of great electron affinity in experimental investigations of ion-acoustic wave propaga-
especially for T,<0.2eV and obtained a negative-ion tion by Doucef29], Wong, Mamas, and Arnugi25], and in
plasma with = a<102 at a neutral gas pressure of 5 ion-acoustic solitons by Nakamura and Tsukabay#30i
X104 Torr, wherea=n_/n,~1—(n./n,). Later, Her- and Nakamurd31]. The (Ar",SFK;~) plasma composition
shkowitz and Intrator[26] also obtained a negative-ion has been used in the experimental investigation of strong
plasma with +a=<10 2 at a neutral pressure less than double layers by Merlino and Loom[d8]. The (H",0,7)
10~ * Torr. Sato[27] has reported that it is possible to obtain and (H",H™) plasma compositions are expected to occur in
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the D region of the ionosphere and have also been consid- B
ered by Tagare[32], Tagare and Reddy33], Mishra, np= VEXP{m(l’], (6)
Chhabra, and Sharm®4], and Mishra and ChhabriB5]
among others.

The main finding of our investigation is that double layers 1
exist in plasmas with negative ions provided the negative-ion Ne=u exp{m ¢] : Y
to positive-ion concentration ratidw) exceeds a critical
value ag and the nature of the double lay@ompressive or
rarefactive is determined by another critical concentration
ratio ag. The system supports ion-acoustic double layers
only for the values ofv> a. It is also found that there exist

For small ¢, from Egs.(6) and(7), we have

1(utvpd) , L(u+vp®

ranges of negative-ion concentration below and above the Me=NMhtNc=1+¢+> (ut 82 ? T8 (utvB)?
critical concentrationag, in which the system supports
compressive and rarefactive double layers, respectively. It te (8)

has also been found that for some values of cold-electron
concentrationw), the critical concentratiomvg is zero. For  where
these values ofy, if the temperature of the negative-ion spe-

cies is higher than the positive-ion species, compressive (n+ as?) N 7 M
double layers exist for all the values aflying in the range P A T 2 =t =2
0<a<agq. Our investigation shows that the amplitude of n(l-ae,) N{” Zy M

the compressiverarefactive double layer decrease@n-
creaseps with increasing negative-ion concentratidi),

whereas, the width of the compressitrarefactive double B= E u= Moo _ %, Ulzh,
layer increase&decreaseswith increasing negative-ion con- Th No No Tett
centration.
The paper has been organized as follows: In Sec. I, the
. . . Ti» NoThTe
normalized fluid equations for the system have been pre- op=— and Tgg=——————.
sented. Using the reductive-perturbation method, m-KdV Tef (NeoTh+ NpoTe)

equation has been derived in Sec. Illl and in Sec. IV the _
double layer solution of the m-KdV equation has been ob- In the above equation®y;, V; andN,, V, are the den-
tained. A discussion is given in Sec. V and the main conclusities and fluid velocities of the positive- and negative-ion

sions have been summarized in Sec. VI. species, respectively, Ny andN{®, N | are the equi-
librium densities of two-electron components and of the two-
Il. BASIC EQUATIONS ion components, respectively,is the electrostatic potential,

) o N 71s the mass ratio of the negative-ion species to the positive-

We consider a plasma consisting of warm positive- anqon speciesg is the equilibrium density ratio of the negative-
negative-ion species and isothermal electrons, which are djgn. 1o the positive-ion species, arg is the charge multi-
vided into two groups: a hot component with densifyand  pjicity ratio of the negative-ion species to the positive-ion
temperaturel, and a cold component with density and  gpecies,
temperatureT;. The nonlinear behavior of ion-acoustic |y Egs.(6) and(7), the electron density distributions are
waves may be described by the following set of normalizedtonsidered to be of the Maxwell-Boltzmann type. In Egs.
fluid equations: (1)—(7) above, velocities \(1,V,), potential(¢), time (t),

and space coordinat®) have been normalized with respect

<9_'\|1Jr i NV =0 1 to the ion-acoustic speed in the mixtug, thermal poten-
o T ax(NVD=0, @D fal T /e, inverse of the ion-plasma frequency in the mixture
w&l, and Debye length, respectively. lon densitieN;
Vv, V4 1d¢p o7 1 dNg andN, are normalized with their corresponding equilibrium

—tVi =T o oo (2)  values. Whereas, electron densitigsandn, are normalized
8Zy Ni dx ' . ) ;

by ng. In the mixture, the ion-acoustic spe€, the ion

N plasma frequency,,;, and the Debye lengthy are given by

2

J
7+5(N2V2):0, ©)

S

Tei0Z, |2 40?2z, 5|12
Ce= ,wp= ||

No N (e 98 02 1Ny . M, M
7 Voox TSy ox emzng k@ N I
and A\p=|——=5—
b 477n590)82
Ry N, ag,
_2:nh+nc_ + N2! (5) . L. .
Ix (1-aey) (l-ae,) The charge-neutrality condition is expresseduasv=1.
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Ill. DERIVATION OF THE MODIFIED-KdV EQUATION

To derive the m-KdV equation from the basic set of equa-

tions, viz., Eqs(1)—(7), we introduce the following stretch-
ing of coordinategé) and(7):

£=e(x—SY (93

and

r=g5t, (9b)
wheree is a smallness parameter a8ds the phase velocity
of the wave, to be determined later.

Now we expand the field quantities in the following form:

1
N, 1 NG NS NS
Vi|=| 0] +e V(ll) +&2 V(lz) +g3 V(13)
Vs 0 vey V2 Vi
¢ 0 ¢< 1) ¢<2) ¢(3)
+- (10

On substituting the expansidi0) into Egs.(1)—(7), using
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2
(L, loetmon) (L1 (oot noy)”
2 26pZ, 2 2697,

1 e (0'2-1—0'1018%) 172 16

77\ Zy T (d—asp || - 19

The positive(negative sign in Eq.(16) is for the fast(slow)
wave mode. For the further study we will consider only the
fast wave mode.

Now taking the next-higher order, i.eQ(¢®), of Egs.
(1)—(4), and using the first-order solutions, we get the fol-
lowing second-order solutions:

Egs.(8) and(9), and equating terms with the same powers of

e, we obtain a set of equations for each ordes.iiThe set of
equations(1)—(4) at the lowest order, i.eQ(&?), gives the
following first-order solutions:

N 5218221— D (11)
2= (57;25522—02) o 12
V(ll):%%(ﬁ(l)’ (13)
VU B— (19

(69Z,S*— 0p)

On using Eqgs(11) and (12) in Poisson equatioKb) to the
lowest order, i.e.O(¢e), one gets the following linear disper-
sion relation:

2
aez

7, 1
2 + 2
(1-aey) [(62,8°=01)  (69Z,S°—0))

=1. (15

The above equation is quadratic 83, therefore the inclu-

2_
NG IS 21 (302:5°~ o) V4 $2
L (62,8—01) | 2 (62,8 —01)? ’
(17)
2
N — Z2 22 (3992,5°~ 02) PTG
2 (5772132_02) 2 (5772132_02)2 '
(18)
2_
V&Zgi% 1+01M (1?2
26S (5218 _0'1) (5218 _O'l)
1 0'1
falll POV S PYE
st e —ap | (19
vz Z2 +0(35L82_“2) (1?2
2 7 267S (692, —05) 2(692,5°—0,)°
_fz g2 (2)
ons| M nz =00 20
The Poisson equatioff) at O(¢?) gives
QoM’=0, (21)

where

4 [(302,82—01) 4 (369Z:SP— )
Q™ 21 aey) | (2. 5—00)° L (o0Z:F— )
1 (u+vp?
__M_ (22
2 (utvp)

Since M0, therefore Q” should be at least of the order
of & and now Q™" becomes of the order 0&3; so it
should be included in the next order of Poisson’s equation.

The next higher order, i.eQ(e2) of the Poisson equation,
on using first and second-order solutions, gives the following
m-KdV equation

a3¢_
9E

a3
€

>
€

d¢

P—+ +R 0, (23
JaT

sion of a finite-ion temperature gives rise to two ion-acoustic

modes propagating with phase velocities

where

046402-3



M. K. MISHRA, A. K. ARORA, AND R. S. CHHABRA

Y
(1_ 0[82)

! + ag’ 7
(02,8~ 01)* X602, S~ 0,)*

(24)
and

1 (382,
1+_( 1 01)
2 (62,57~ ,)?

|

1

R= (1—-aey)

z3 (
(62,8°—07)°

(62,4 0y) + = ——L
( 1 0’1) 3 (52182_0_1)

z;
+ —
a82(5772152_02)3
1(3692,S—o
« l+—( 7 12 23
2 (57]218 _0'2)
1 (o) }

1 (u+vp®
3 (692, 0,)

(69Z2,S%+ 0y)

6 (ut+vpB)*

In Eq. (23), ¢ is used in place o) for brevity.

+ (25

IV. DOUBLE-LAYER SOLUTION

For the steady-state solution of the m-KdV equat(i28),
we use the transformation

{=¢&—urT, (26)

whereu is a constant velocity. Using E6) in Eqg. (23) and
integrating with respect tg, we get

de)\? B
2\dz +V(¢)=0, (27)
whereV(¢) is the Sagdeev potential, given by
V($)=—3Pug?+3Qe°+iRe*, (28)

In the derivation of Eq(27), we have used the following
boundary conditions: Ag— 0,

d¢ d?¢
dg a7 %

However, for the double-layer solution, the Sagdeev poten-

tial should be negative betweef=0 and¢,,, whereg¢,, is
some extremum value of the potential.

In order that the Sagdeev potentM(¢) give rise to a
double-layer solution, it should satisfy the following condi-
tions:

V(¢p)=0 at =0 and ¢= ¢, (299
V'(¢$)=0 at =0 and ¢p=¢,, (29b
V"(¢)<0 at =0 and ¢=¢,,. (290

Applying the boundary condition29a and (29b) in Eq.
(28), we obtain
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FIG. 1. Variation of the amplitudbp,,,| (shown by solid curve
and widthd (dashed curveof the ion-acoustic double layer with
negative-ion concentratiofw) for an (Ar",Sk,~) plasma withZ,
=1,7Z,=1,¢,=1, »=1.9,8=0.1, andu=0.01, for different val-
ues ofo; ando,. CurvesA andB refer to| ¢,,| andd for two sets
of values of ¢;,05,)=(0.01,0.001) and0.001, 0.0}, respectively.
The subscript€C and R with A and B correspond to compressive
and rarefactive double layers, respectively.

_< R ) 2
u=| — ﬁ d)m (30)
and
2Q
=3 R (31
Using Eqgs.(30) and(31) in the Eq.(28), we get
R 2
V(d)= o (- b)% (32

The double-layer solution of Eq27), with Eq. (32), is

given by
[1—tanr{

It may be noted from the above equation that for the exis-
tence of a double layer, the coefficient of cubic nonlinear
term of the m-KdV equation, i.eR, should be negative. It
may also be noted from E¢B1) that the nature of the double
layer, i.e., whether the system will support a compressive or
a rarefactive double layer, depends on the sigQoff Q is

_ &m

5 . (33

¢

R 1/2
-4 ¢m<§—ur>]
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FIG. 3. Variation of the amplitudbs,,,| (shown by solid curve
and widthd (dashed curveof the ion-acoustic double layer with
negative-ion concentratiofw) for an (Ar*,F") plasma withZ,
=1,272,=1,e,=1, =0.476,3=0.1, andu=0.05, for different
values ofo; ando,. CurvesA andB refer to|¢,,| andd for two
sets of values of «;,0,)=(0.01,0.05) and0.05, 0.0}, respec-
tively. The subscript€€ andR correspond to compressive and rar-
efactive double layers, respectively.

FIG. 2. Variation of the amplitudbp,,| (shown by solid curve
and widthd (dashed curveof the ion-acoustic double layer with
negative-ion concentratiow) for an (Ar",SR,”) plasma withZ,
=1,7Z,=1,¢,=1, =1.9,8=0.1, andu=0.05, for different val-
ues ofo, ando,. CurvesA andB refer to| ¢,,| andd for two sets
of values of ¢,0,)=(0.01,0.05) and0.05, 0.0], respectively.
The subscript€ andR correspond to compressive and rarefactive
double layers, respectively.

the existence of a weak double layer the coeffic@nmnust
positive, a compressive double layer exists whereas for negée of the order ok.
tive Q, a rarefactive double layer exists. We have calculated the amplitude and width of the ion-
The thicknesdl of the double layer is given by acoustic double layer using Eq81) and(34), respectively.
In Fig. 1 curvesA show the variation of the amplitude
(shown by full ling and the width(shown by dashed linef

ol = E vz the ion-acoustic double layer with the negative-ion concen-
R tration («) in an (Ar",SK;,~) plasma for a set of values of
d=—— (34 (04,0,)=(0.01,0.001) amounting t®,,/T;,=10; curvesB
| dml

show similar variations for parameter setoq(oy)
=(0.001,0.01). Curved. andB represent the variation of
V. DISCUSSION the ampljtude(shown by soliq ling and the width(shown by
dashed lingof the compressive double layers. For the values
We have done numerical calculations to investigate thef the negative-ion concentratien™> ar, as we increase the
existence regions and nature of the ion-acoustic double layregative-ion concentration, the amplitude of the compressive
ers for four different plasma systenig: an Ar" plasma with  double layer decreases till approachesyg. If we further
SFK;,~ negative ions(ii) an Ar* plasma with F negative increase the value of, such thata> ag, then the system
ions, (iii) a H" plasma with @~ negative ions, antv) a H* supports rarefactive double layers whose amplit(efewn
plasma with H negative ions. Our investigations show that by solid curvesAg andBg) increases by increasing On the
the presence of negative-ion species drastically affects thether hand, the width of the compressive double layer
existence regions and nature of the ion-acoustic double layshown by dashed curveés: andB) increases by increasing
ers. Equation$22) and(25) show that the coefficient® and  « and asa approaches the valuey, its value increases rap-
R are functions of the negative-ion concentratenFor a idly. Whereas, the width of the rarefactive double layer
given set of parameters the coeffici@becomes negative as (shown by dashed curvels; andBg) decreases rapidly with
« exceeds the critical concentratiarg, and hence the sys- increasinga and then becomes nearly constant. For a given
tem may support ion-acoustic double layers. Moreover foset of parameters witha>ag, there exist ranges
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FIG. 4. Variation of the amplitudbs,,,| (shown by solid curve
and widthd (dashed curveof the ion-acoustic double layer with 54 widthd (dashed curveof the ion-acoustic double layer with

negative-ion concentratiofa) for a (H",0,") plasma withZ,  pegative-ion concentratiofw) for an (H",H™) plasma withZ,
=1,2Z,=167=1, 7=32,=0.1, andu=0.05, for different val- ~ _1 7,—1 ¢, =1, »=1, 8=0.1, andu=0.05, for different values
ues ofoy ando,. CurvesA andB refer to|¢| andd for two sets  of o, andor,. CurvesA andB refer to|¢,,| andd for two sets of

of values of ¢;,07)=(0.01,0.05) and0.05, 0.0}, respectively.  yajyes of ¢r,,0,)=(0.01,0.05) and0.05, 0.0}, respectively. The
The subscript€ andR correspond to compressive and rarefactive subscriptsC and R correspond to compressive and rarefactive

double layers, respectively. double layers, respectively.

FIG. 5. Variation of the amplitudes,,,| (shown by solid curve

of negative-ion concentration below and above the critical i . . .
concentrationyg , in which the system supports compressivemtemhanged’ the variation of the am_phtude and_W|dth IS
and rarefactive double layers, respectively. Outside thesé>hownitby ;h% curveffi ?:dF?R'zlrt]htTihcase Pe::]”ngfl t
ranges(below aq for compressive double layer and above 02, It can be seen 1o 9- at the system supports
aq for rarefactive double laygrwe find that| ¢,,|=1 and compressive d(.)l.Jble Iayefshown byBc) only for a range of
hence the theory for weak double layers is no longer valid. * pelgw the critical concentrationg . We have §hown the.

It is also found that for fixed values of parameters, if Wevarlatlon of the amplitude and width of the ion-acoustic

increase the cold-electron concentratjgnthe critical con- double layers with the negative-ion cancentration in Figs.

centration ay decreases and approaches zero. Thus, ther?—f":’+ fqr three+ d'ﬁf} rent dplas:r"na 7comlposmons,h 1.€., an
exist some values of for which there is no lower critical Art,F), a(H,0, )_an a (H,H") plasmas, ¢ 100SIng
negative-ion concentratiorng). For these values qd, it is the parameters_for whiche=0. We see that for a given set
found that if the temperature of the negative-ion species i?f parameters, if we decrease the mass rgfithe value of
higher than the positive-ion species, the system supportsQ de_creases due to which the existence range of Fhe com-
compressive double layers for all the valuesdfing in the pressive double layer decr_eases_, as may be noted |n_F|gs. 3
range G<a<agq. The condition for the rarefactive double ?;: 5 gnd on the con;rary, '.f WFe. mzrease the valueyahis

layer («>ag) still remains the same. We have shown this g€ Increases as shown in F1g. 4.

case in Fig. 2 for an (Ar,SR,~) plasma. In Fig. 2, foir,
=0.01 ando,=0.05, the curveA. represents the variation
of the amplitude(shown by a solid lineand width (shown
by dashed lingof the compressive double layer. It may be  Our main conclusions are as follows.

noted here that the system supports compressive double lay- (i) For a given set of parameters, there exist two critical
ers for all the values ok lying in the range 6<«<<0.025.  concentrations of negative ions, i.e,z and ag, such that
For the values ofr>0.025, the curvé\g shows the variation «ar generally decides the existence of the double layer,
of the amplitude(shown by solid ling and width(shown by  whereasaq decides the nature of the double layer.

dashed ling of the rarefactive double layer, predicting that (i) It is found that the system supports ion-acoustic
rarefactive double layers exist only for a rangeasofibove  double layers only for the values of negative-ion concentra-
the critical concentratiog . With the values obr; ando, tion a>apg.

VI. CONCLUSIONS

046402-6
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(iii) There exist ranges of negative-ion concentrations beist for all the values ofv lying in the range &<a<aq.

low and above the critical concentratian, in which the

(v) For a given set of parameters, it is found that the

system support compressive and rarefactive double layeramplitude of the compressivgarefactive double layer de-

respectively.
(iv) For some values of cold-electron concentrati¢uaks

creasedincreasep with increasing negative-ion concentra-
tion (), whereas, the width of the compressivarefactive

if the temperature of the negative-ion species is higher thadouble layer increasegslecreaseswith increasing negative-
the positive-ion species, then compressive double layers exen concentration{«).
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