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EFFECTS OF SLOW MODE PHASE

VELOCITY ON NON-LINEAR WAVE STRUCTURES
IN TWO-TEMPERATURE NON-ISOTHERMAL PLASMA

In a collisionless, unmagnetized and non-relativistic plasma consisting of warm adiabatic pos-
itive and negative ions, warm isothermal positrons and two-temperature non-isothermal elec-
trons, slow mode non-linear wave structures are investigated by the Sagdeev pseudopotential
method. The “dispersion relation” is derived from the basic set of normalized fluid equations
under the condition of solitary wave solutions and the slow mode phase velocity (Vs) is then
obtained analytically. The effect of the normalized phase velocity (Vs ) on large amplitude slow
mode solitons and small amplitude slow mode double layers is comprehensively analyzed using
the profiles of the Sagdeev potential function 1 (@), first- (¢1) and second-order (p2) solitary-
wave solutions and the double layer solutions ¢pL in a two-temperature non-isothermal electron
plasma.

Keywords: slow mode and fast mode phase velocity, non-isothermal plasma, Sagdeev pseu-

dopotential, slow mode compressive solitons and double layers.

1. Introduction

Ton-acoustic slow and fast mode solitons and double
layers in nonequilibrium plasmas have been studied in
a magnetized or unmagnetized multicomponent plas-
mas comprising positive ions, negative ions and elec-
trons by some researchers [1-18]. The temperatures
and concentrations of the two kinds of ions are fully
responsible for the development of two modes of soli-
tons and double layers. For equal ion temperatures,
Tagare [19-20] studied slow and fast mode solitons
along with their widths and amplitudes in an un-
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magnetized isothermal and non-isothermal electron
plasma containing positive and negative ions. Using
the reductive perturbation method, Mishra et al. [21]
investigated the slow and fast mode phase velocities
in a magnetized low [ — plasma consisting of warm
negative and positive ions for a single temperature
isothermal electrons. Maharaj et al. [22] studied large
amplitude slow and fast mode solitons and double
layers for cool and hot ions with cool and hot elec-
trons by the Sagdeev pseudopotential method. In a
five-component plasma, Sijo Sebastian et al. [23] also
investigated slow and fast mode solitons. Ion-acoustic
slow and fast mode solitons and double layers in
magnetized or unmagnetized plasmas with or with-
out dust particles are studied by many researchers
[24-25]. Dubinov et al. [26] investigated the slow and
fast mode solitons in their studies. Using the Sagdeev
pseudopotential method, Mushinzimana et al. [27]
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studied the ion thermal and electron superthermal ef-
fects on large amplitude slow ion-acoustic solitons, su-
persolitons and double layers in a warm positive and
negative ion plasma for Kappa-distributed electrons.

Mishra et al. [28] investigated the ion-acoustic com-
pressive and rarefactive double layers in a warm mul-
ticomponent plasma with negative ions and obtained
some interesting results. Kim and Schamel [29-30]
studied the slow ion-acoustic double layers which
move with a velocity near the ion thermal speed. Un-
der appropriate double layer conditions, Sutradhar
and Bujarbarua [31] also obtained slow ion-acoustic
double layer solutions with non-isothermal electron
distributions.

In this paper, the author investigates the large am-
plitude slow mode solitary waves and small amplitude
slow mode double layers corresponding to slow mode
phase velocities in a two-temperature non-isothermal
electron plasma consisting of warm positrons and
warm adiabatic positive and negative ions using the
Sagdeev pseudopotential method. The effects of the
normalized phase velocity (Vs) on nonlinear wave
structures such as large amplitude slow mode com-
pressive solitons and small amplitude slow mode com-
pressive double layer profiles of the Sagdeev pseu-
dopotential function ¥ (¢) as a function of the elec-
trostatic potential ¢, the first- (¢1) and second-order
(¢2) solitary wave solutions as functions of 7 and
the double-layer solutions (¢py,) as functions of n are
comprehensively analyzed, where 7 is defined by the
Galilean transformation.

2. Formulation

Considering a collisionless, unmagnetized and non-
relativistic plasmas consisting of warm positive ()
and negative (j) ions, warm positrons and two-
temperature non-isothermal electrons (n.) and treat-
ing positive (i) and negative ion (j) species to be the
colder and hotter adiabatic fluids, the normalized ba-
sic equations [19] along x-axis for positive (i) and neg-
ative ions (j) are written in the following way:

Bni 0

o oz (niug) = 0, (1)
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The Poisson equation is formulated for warm positive
(i) and negative (j) ions, warm positrons and two-
temperature non-isothermal electrons [32-33] in the
following normalized form:

82
a—aj:neferanfnp. (7)

The normalized positron density is
n, = xe 7r?. (8)

The normalised electron density for two-

temperature non-isothermal electrons is
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Here Ngy, Nj, Ne, Np; Uiy Ujs Piy Pjs Oiy 045 Za Qv z, ta
. Xs Ops tts v, B, Brs Bus oo, bw, 0V, B35 T, T T,
and T,g denote the concentrations of positive ions,
negative ions, electrons and positrons; velocities of
positive and negative ions; pressures of positive and
negative ions; temperature ratios of positive (nega-
tive) ions to effective electrons; charge of ions, mass
ratio of negative (m;) to positive (m;) ions; space co-
ordinate, time, electrostatic potential, concentration
of positrons at ¢ = 0, temperature ratio of effective
electrons to positrons, unperturbed number density
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of low- and high-temperature electrons, temperature
ratio of free electrons at low and high temperatures,
temperature ratio of free and trapped electrons at low
temperatures, temperature ratio of free and trapped
electrons at high temperatures; non-isothermal pa-
rameters connected with §; and S; temperatures of
positive ions, negative ions, positrons and effective
temperatures of electrons; T,y and Tey,, ¢ are the tem-
peratures of free electrons at low and high tempera-
tures; T, + and Tep ¢ are the temperatures of trapped
electrons at low and high temperatures.

For two-temperature non-isothermal
plasmas
0< Yy orbh<%and0<bl(l) orbg) <%.

In the above equations, all physical quantities are
normalized in the following way:

The densities n;, nj, n. and n, are normalized by
the unperturbed electron (or negative ions) density
no [nO = nio+njo = Nceo T Mheo = B+ V = ]-]a
ion pressures p; and p; are normalized by the char-
acteristic ion pressure po(= noKgpT;), the length
x is normalized by the characteristic Debye length

1
ADe = (KBTj/47r62njo) 2 and the time t is normal-

electron

ized by the plasma period w,} = (mj/47762nj0)%
where Ky is Boltzmann constant. The ion veloci-
ties u; and u; are normalized by ion-sound velocity
Cqg = (KBTeg/ma)% where m,, is the mass of ions
[« = i for positive ions and « = j for negative ions]
and the electrostatic potential ¢ by (KpTes/e).

The boundary conditions are

n; — N0, Ny — 150,

Pi — Dio, bj %pjoa
¢ —0at |z| — co.

’LLZ'—>0, ’LL]'—>O,

ne — 1,n, = X,

The charge neutrality condition is

nio—‘rX:l-i-Z?’Ljo. (11)

Using the above boundary conditions (10) and the
Galilean transformation n = x — Vt, where V = (CLS)
is the phase velocity of the wave i.e., the phase ve-
locity V is obtained from the velocity (v) of the non-
linear structure in the inertial frame normalized with
respect to ion-sound velocity Cg, it is observed that
the equations (3) and (6) are consistent with the equa-

3 n;\3 .
Pio ( ) and p; = ij(nTJO) in one-

Ny

tion of state p; =
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dimensional motion and henceforth the author takes
Pio = 1 and Pjo = 1.
By using the Galilean transformation and bound-

ary conditions (10), the Egs. (1)-(7) are trans-
formed as follows
- CZZ; + dif] (niu;) =0,
du; du; idp; d

—Vdu uidu %d]; dff;:(),
—VCZ; +u Ccllpz +3p CZ; =0,

V% + % (nju;) =0, (12)
R T
—V%—F ffip] +3p Cfiuj =0,
426

d—n2 =Ne —Nj + ZN; — Ny

From the above equations after solving and using
the boundary conditions, one can find n? and n? in
terms of the electrostatic potential ¢.

3 ,
n? = lio {V2+?m—2¢}i
60; Nio
2
. 120,12
+ \/ {V2 39 2¢} girz (13)
Mo Mo
3
. Qn, { , 30 2Z¢}
n? = v2y 2% 229l
! 60] l ano Q
30, 27¢ 120,12
4|V + +} — 14
{ an, 0 Qny (14)

In this paper the author considers only the slow mode
solitary waves and double layers. The slow and fast
wave modes are distinguished based on the range of
their phase speeds with respect to ion thermal speeds
in the following way:

VUte < Uslow < Uth < Vfast < Utce <

(15)

< Vel.acoust < Uthe;

where Utc, VUslow; Uth,; Vfast; Utce; Vel.acoust and Uthe
are thermal speeds of cold positive ions, slow mode
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ion velocity, thermal speeds of hot negative ions, fast
mode ion velocity, cold electron thermal speed, elec-
tron acoustic speed and hot electron thermal speed in
non-normalized form. For further study, the author
adopts the following inequality for the fast (vp) and
slow (vg) mode phase speeds in which the fast mode
phase speed lies between the thermal speeds of hotter
ion species and the colder electrons in non-normalized
form:

Vie < Vs < Vgh < VF < Vgee-

The above inequality can be normalized by the ion-
sound velocity Cg in the following form:

30; 30, v
Vo < Vs < < Vp < X2
Nio ano Cs
Now by basic assumptions and from normalized in-

equality (16), the present author obtains after sim-
plifying from equations (13) and (14)

(16)

5o\ 3
S (e o
Qn? /3 * oz |

50 )

n; 120_j [{( ano +V> + Q¢} +
2 1

| 30, 27 |”

+{< o V) + Q(;s} . (18)

Substituting the values of n., n;, n; and n, into
Eq. (12), a differential equation involving the electro-
static potential ¢ is obtained which can be written as
Newton’s equation in the following form:

d*¢

¢ _ o9
d172_ ¢’

where ¥(¢) is the Sagdeev potential function. Mul-
tiplying this equation by % and integrating with
boundary conditions (10), the energy-like equation is
obtained as

1 (doY B
:>2<d77) +¢(¢) =0.
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Here the Sagdeev potential function v (¢) is given

in the following form:

12
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The restriction on ¢ is

2 2
Q 30'7' 1 3Ui
- — -V O < - |V —4 .
2Z Q’I‘Ljo < < 2 Nio
The requirements for soliton formation

Sagdeev potential function ¥ (¢) are

() =0 at ¢ =0 ande = ¢y,

oy B

%—Oatgﬁ—o,

0%

Wﬁ()at(b:o,

P (¢) <0for 0 < ¢ < ¢y, and ¢ > oy,
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for positive (compressive) potentials solitons.

oY
—>0at 9=
for positive (compressive) potentials solitons.

The condition for the existence of solitary wave so-
lution is represented by the following non-linear dis-
persion relation

82
l‘ <0
8(;52 »=0
Z2’ﬂj0
130 Q
et L <l @2)
0 © Qnjo
From (22), the linear dispersion relation is
Zznjo
Nio Q _
V2 _ 30 + V2 _ B0 L+ x0op. (23)
mi0 - Q’I’Ljo

Equation (23) after simplification gives,

4 03 9
vl H<mo " in,»())} -
o ool

Q [ niomjo

N0

1 Z%n.,00;
¢ =) =0.
+3< +X0p>{( njo - Nio )H

This is a quadratic equation in V2. The roots of this
equation are the critical values of phase speeds (Veyit)
of the linear wave modes. It is found that three dis-
tinct positive roots exist of which the smallest value of
Vit 1s identified as a slow ion — acoustic mode (Vy),
the intermediate is a fast ion — acoustic mode (V)
and the largest root is an electron- acoustic mode
(Viel.acoust)- In this paper, the author is discussing the
large amplitude slow mode compressive solitons and
small amplitude slow mode compressive double layers
corresponding to the slow mode phase velocity (Vs).
From Eq. (24) after simplification it is found

3 o ;i
el
2{ nyo  Qnjo

(o ) + +22njo>}2_
140 ano

Q’nio + Zano] V2 +
3Q (1 + xop)

(24)

(Qnio + Zznjo)]
3Q (1+ Xap)

+

3Q (1 + xop)
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1
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(25)
The minimum values of V' (= Vg) are

3 o 0; (Qnio + Z*njo)
Varie = 2=[( + j>+ 5| -
t o 2{ 150 ano 3Q (1+X0'p)

— l{(gi + % ) + (Qnio +Zan0)}2_
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Vi =Vi=
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(27

+

1

)
Equation (26) gives the slow mode phase velocity (V)
and it is the minimum velocity. Now from Eq. (26)
by Taylor series expansion to the zeroth order, it is
found approximately as

+—
Mo Q(1+Xap)

Nio

Equation (27) gives the fast mode phase velocity
(Vr) which is known as the intermediate root and
after Taylor series expansion from that equation to
the zeroth order, it is also found approximately from
(27) as

Z2ﬂjo
Q1+ xop)

- 30’j + Nio + 30’¢
Qnjo (14 x0p)  nio
30,
Qnj,”
Again from analytical expressions (26) and (27), it
is found that Vi > V.
Thus, the relation between Vg and Vg is finally

obtained as ,/% < Vs < 5;20 < Vp.

Vi

+

which shows Vg >
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3. Solitary Wave Solutions

In order to study the solitary wave solutions, the au-
thor discusses the nature of the energy equation for
different orders of the electrostatic potential ¢. By
Taylor series expansion of ¢(¢) in powers of ¢ from
Eq. (19), it is found that

d? 5
pa DO A16— Asg? + Ag? — At +
1o}
N *a%’ (28)
where
—1
A1: 1—ni0{V2—?m’} -
0
30,1 "
_ZanO {QVQ _ ]} +Xap )
50
by + vbp B3
sl
3 (u+vp)?
-3
Agzl M+Vﬁ22 _ n (V /3Uz>
2 M‘f‘Vﬁg) 2v 30; Z00)

32
Z°nj,

(V \/i)} 262%{@ 520)
f) )

(ubz(l) + Vbil)ﬁzg )

+

_|_

A4 = é 5 )
S (n+upsy
A 11 ptvps (V /3@) °
> 213 (/1'+V62) 2\/30’1 M50

42
Z ng,

—(V+ ?m)s 2 My [ 3
0 2Q2 3Qa] Qnjo
-5
Ay |30 X%
an) 15

Taking terms up to gb%, the Eq. (28) can be written as

(29)

a2¢
d 2
510

A1¢ A2¢2 . (30)

The first-order solitary wave solution (¢1) [34-35] is

_ 5A 4 A1
¢1—<4A)s ch ( 1677) (31)
and the first-order width (¢1) is
4
==, 32
b1 \/Zl ( )
where A; > 0.

Similarly, taking terms up to ¢2, the Eq. (28) can
be written as

d*¢
O = A1¢ — Asp? + Az¢?. (33)
The second-order solitary wave solution (¢2) [34—
35] is
34, 34,\ 34,
o= o=y Gr) o

2
1 9A2
h(=4/A 4
x Sec (2 L 954, ) (34)
And the second-order width (¢3) is
2

P2 = B e PR (35)

A 2

T 2545

where A1 — 25142 > 0.

Finally, after substltution of the appropriate value
of Vg for slow mode phase velocity in place of V in
Egs (31) and (34), the large amplitude slow mode
compressive solitary wave solutions of first (¢1) and
second (¢2) order in two-temperature non-isothermal
electron plasmas are obtained.

4. Double Layers

A double layer is a non-linear wave structure formed
sometimes for a short duration of time in plasma. In
this study, the author investigates the small ampli-
tude slow mode compressive double layers. The slow
mode compressive double layers are found from such
values of the slow mode phase velocities (Vg) which
exceed the upper limiting values of the slow mode
solitons.
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The boundary conditions for double layers are

Y(¢) = 0for ¢ =0 & pu; 25822 = 0 for ¢ = 0
2
& ¢ar and 55|, o, <0, ga > 0.

For small amplitude double layer solutions, after
expanding 1 (¢) in power series in ¢ up to ¢2, the
energy Eq. (19) reduces to the form

d? 3 0
dnf — A6~ Aah o+ Aai? = -5, (36)
where
1., 2, 5 1, .
Y (¢) = _§A1¢ + 3A2¢2 - §A3¢ . (37)

After applying the boundary conditions, Eq. (37)
is obtained by integrating Eq. (36). Here A, Ay, As
are defined previously in Eq. (29).

Now by applying the boundary conditions of double
layers on Eqgs (36) and (37), the values of A; and A,
in terms of A3 are obtained as A; = %¢dlA3 and
Ay = 294 As.

Substituting these values of Ay and Ay in Eqgs (37)
and (36), the following equations are obtained finally

V(0) = s As® (VB /aa)
o

a((;b) = —%Asﬁb (ﬁ - \/&11)(3 \/a -2 ¢dl)’ (39)

2
¢pL = i%z [1 — tanh (\/ A;idl 77)] ;

“where Az > 0.”

The stable structure of double layer solution is
found for A3 > 0 and this gives the physically ac-
ceptable values of the double layers which also satisfy
the necessary boundary conditions.

The profiles of Sagdeev potential function ¢ (¢) as
a function of ¢ and the double layer solutions ¢py, as
functions of n for small amplitude slow mode com-
pressive double layers are obtained after substituting
the appropriate values of slow mode phase velocity
Vs in place of V.

(38)

(40)

5. Results and Discussions

In this paper, the author discusses the large ampli-
tude slow mode compressive solitons and small am-
plitude compressive slow mode double layers in two-
temperature non-isothermal electron plasmas con-
taining warm adiabatic negative ions, warm adiabatic

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 6

positive ions and warm isothermal positrons. Under
different variations of the slow mode phase velocities
(Vs), the author has tried to show the formation of
fully non-linear slow mode compressive solitons from
Sagdeev potential function 1)(¢) as a function of ¢,
slow mode compressive first (¢,) and second (¢2) or-
der solitary wave solutions as functions of 7, small
amplitude slow mode compressive double layer pro-
files from Sagdeev potential function 1 (¢) as a func-
tion of ¢ and their corresponding double layer solu-
tions ¢pr, as functions of 7. All these are obtained
with respect to the slow mode phase speed and the
range of this slow mode phase speed follows the in-
equality vie < VUslow < Ugh Where vie, vy and Vgiow
are, respectively the non-normalized thermal speed
of the colder positive ions, hotter negative ions and
slow mode phase speed. Actually the phase speed of
slow mode solitons depends on the choice of normal-
ization and plasma parameters. The arbitrary param-
eters used in this problem satisfy the boundary con-
ditions, charge neutrality conditions and the condi-
tions of solitary wave solutions. In this problem, the
different slow mode phase speeds (Vs) are taken for
showing the effects of the slow mode solitons such
that they always satisfy the normalized phase speed

30i Yy < )2

Nio ano
slow mode compressive double layers are found from
such values of the slow mode phase velocities (V)
which exceed the upper limiting values of the slow
mode solitons.

inequality < Vp. Again the

It is found in this plasma model that slow ion-
acoustic solitons appear from the value of the slow
mode phase velocity Vs = 0.93 to 1.20 under some
restrictions. It means that at some fixed values of
Njo, 0i, 0 and @, slow ion-acoustic solitons occur
for some values of V (= Vg) which exceed the crit-
ical values V... Slow ion-acoustic solitons cease to
exist for such a value of V (= Vg) which either lies on
V(= Vs) = 1.21 or above it such that for Vg > 1.21,
the Sagdeev potential function ©(¢) no longer has
a positive root. Moreover, for fully non-linear stan-
dard slow mode solitons, it is observed in this plasma
model that the temperature of negative ions (o) is
greater than that of positive ions (o).

Fig. 1, a shows the Sagdeev potential function ¥ (¢)
as a function of ¢ for V (= Vg) = 0.93, 0.94 and 0.96
denoted respectively by the curves cg, cg and c¢1g when
njo = 0.05, njy = 0.88, uo = 0, ujo =0, 0; = 1is,
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Fig. 1. Sagdeev potential function ¥ (¢) as a function
of ¢ for slow mode compressive soliton in a two-tem-
perature non-isothermal electron plasma under variation
of V(= Vg) for njo = 0.05, njo = 0.88, ujo =0, ujo =0,
Q=19 x=0.17, 0, =041, f1 =0.25, Z =1, p = 0.15,
v =085, b = 0.15, b, = 0.4, b = 0.24, bV = 0.51:
0i = 1t5, 05 = =35 when V (=Vs) = 0.93, 0.94, 0.96
(a), V(=Vs) = 0.95, 097 (b); 05 = 35, 05 = 35
when V (= Vg) = 1.01, 1.058426, 1.106725, 1.152678 (c),
when V (= Vg) = 1.16, 1.17, 1.18, 1.19, 1.20 (d), when
V(=Vs)=1.21, 1.22, 1.23, 1.245638 (e)
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0j = 35, x =017, 0, = 041, Q = 1.9, 5 = 0.25,
=015, v = 0.85, b = 0.15, b, = 0.4, b\ = 0.24,
b;bl) = 0.51, Z = 1. The amplitudes of slow mode
solitons increase for higher values of V (= V).

Fig. 1, b shows the Sagdeev potential function v (¢)
as a function of ¢ for V (= Vg) = 0.95, 0.97 denoted
respectively by the curves ds and ds when njo = 0.05,
Ny = 088, U0 = O, Ujo = 0, g; = ﬁ, g = %,
Q=19 x=017 0, =041, 51 =025, Z =1
p=0.15 v =085 b = 0.15, by = 0.4, b") = 0.24,
bg) = 0.51. In this case, the amplitude of the curve
ds is larger than the amplitude of the curve d, for
these plasma parameters.

In Fig. 1, ¢, the Sagdeev potential function v (¢) as
a function of ¢ for large amplitude slow mode solitons
is obtained for V (= Vg) = 1.01, 1.058426, 1.106725
and 1.152678 denoted respectively by the curves ag,
aip, 11 and ai2 when Njo = 005, N;o = 088, U0 = 0,
ujo = 0, 07 = 35, 05 = 55, X = 0.17, 0, = 0.41,
Q=19 1 =025 p = 0.15 v = 0.85, b = 0.15,
bp = 0.4, bV =0.24, b)) = 0.51, Z = 1. It is also ob-
served from this figure that the amplitudes are larger
for higher values of V' (= Vg).

Fig. 1, d shows the fully nonlinear large ampli-
tude slow mode solitons from Sagdeev potential func-
tion ¢ (¢) as a function of ¢ for V (= Vg) = 1.16,
1.17, 1.18, 1.19 and 1.20 denoted respectively by
the curves bs, bs, b7, bg and by when n;, = 0.05,
nip = 0.88, uyp = 0, ujo = 0, 0; = 55, 0; = 35
x =017, 0, =041, Q = 1.9, 81 = 0.25, u = 0.15,
v =0.85, b = 0.15, b, = 0.4, b{") = 0.24, b\ = 0.51,
Z = 1. Once the upper limit V(=Vs) = 1.20 cor-
responding to njo = 0.05 has been exceeded, slow
ion-acoustic solitons are no longer possible such as
for V (= Vg) = 1.21 shown in Fig. 1, e, the Sagdeev
potential function ¥ (¢) becomes complex valued long
before a positive root of ¥ (¢) can be attained.

In Fig. 1, e, the Sagdeev potential function v (¢)
as a function of ¢ for V (= Vg) = 1.21, 1.22, 1.23 and
1.245638 denoted respectively by the curves ¢y, cs,
c¢ and c¢; is shown for the non-streaming ions when
njo = 0.05, njo = 0.88, ui0 = 0, ujo =0, 0y = 30,
o = 207x—017 op =041, Q@ = 1.9, 1 = 0.25,
p =015 v = 085, b = 0.15, b, = 0.4, b{") =
—0.24, b = 0.51, Z = 1. It is found from this figure
that the slow mode soliton formation disappears for
these values of V (= Vg), since the concentrations are
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complex after crossing the said values of V (= Vg) =
= 1.20 for this plasma model.

In connection with this plasma model, the other
important topic is the slow mode compressive solitary
wave solutions of first (¢1) and second (¢2) orders as
a function of n which are mentioned in Figs. 2 to 3.

Fig. 2, a represents the first-order (¢1) slow mode
compressive solitary wave solutions as a function of
n under the variation of V (= Vg) for n;o = 0.05,
N0 = = 0887 U0 = O, Ujo = O7 Q = 1.9, X = 017,
op =041, 1 =025, Z =1, p = 0.15, v = 0.85,

b =0.15, b, = 04, b = 0.24, B = 051, ¢; =
— L o, = & when V (= Vs) = 1.058426, 1.106725,

1.152678 and 1.16 denoted respectively by the curves
g1, 92, g3 and g4. The first-order slow mode soli-
ton attains larger values as V gradually increases. In
this figure, the author is only showing the effect of
V (= Vs) on the first-order slow mode compressive
solitary wave solutions.

Similarly Fig. 2, b shows the second-order (¢s) slow
mode compressive solitary wave solutions as a func-
tion of n under the variation of V (= Vg) for njo =
= 005, N0 = 088, U0 = 0, ujo = 0, Q = 1.9,
x =017, 0, =041, g =025, Z =1, p = 0.15,
v =085, b = 0.15, by = 0.4, bt = 0.24, b<1>7051
o = %7 0j = 35 When V( Vs) = 1.058426,
1.106725, 1.152678 and 1.16 denoted respectively by
the curves g5, gs, g7 and gg. In this plasma model,
it is seen in this figure that the highest and low-
est values of the second-order solitary wave solu-
tion profiles are observed when V (= Vg) = 1.16 and
V (= Vs) = 1.058426 at which the slow mode solitons
exist perfectly.

In Fig. 3, a, the first-order (¢;) slow mode com-
pressive solitary wave solutions as a function of n are
shown under variation of V (= Vg) for n;o = 0.05,
nyo = 088, U0 = 0, Ujo = 0, Q = 1.97 X = 017,
op =041, 1 =025, Z =1, p = 0.15, v = 0.85,
by = 0.15, by, = 0.4, b = 0.24, b = 0.51, 0; = L,
oj = 2—10 when V (= V) = 1.17, 1.18, 1.19 and 1.20
denoted respectively by the curves hi, hs, hs and
ha. As the values of V' (= V) increase, the peak of the
first-order slow mode solitary wave solution (¢7) pro-
file increases gradually, reaching its maximum when
V (= Vs) attains the value 1.20 at which slow mode
soliton exists and it is also mentioned in this plasma
model that the slow mode solitons will no longer be
observed when V (= Vg) > 1.20.
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Fig. 2. First-order slow mode solitary wave profiles ¢1 as func-
tions of n for two-temperature non-isothermal electron plasma
with varying V (= Vg) for njo = 0.05, njo = 0.88, u;0 = 0,
ujo = 0, Q = 1.9, x = 0.17, 0 = 041, 31 = 0.25, Z = 1,
po= 015 v = 085 b = 0.15, b, = 0.4, b\ = 0.24,
bV = 051, 05 = &, 05 = & when V(= Vi) = 1.058426,
1.106725, 1.152678, 1.16 (a). Second-order slow mode soli-
tary wave solutions ¢2 as functions of n for two-temperature
non-isothermal electron plasma under variation of V(= Vg) for
njo = 0.05, njo = 0.88, ujo =0, ujo =0, Q = 1.9, x = 0.17,
op =041, f1 =0.25, Z =1, p = 0.15, v = 0.85, b; = 0.15,
by = 04, B = 0.24, 5" = 051, 0y = &, 05 = &
V(= Vg) = 1.058426, 1.106725, 1.152678, 1.16 (b)

when

Fig. 3, b shows the second-order (¢3) slow mode
compressive solitary wave solutions as functions of
n under variation of V (=Vs) for njo = 0.05,
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Fig. 8. First order slow mode solitary wave solutions (¢1) as
functions of n with varying V (= Vg) in two-temperature non-
isothermal electron plasma for njg = 0.05, n;o = 0.88, ujo = 0,
ujo =0, Q = 1.9, x = 017, 0p = 041, 1 = 0.25, Z = 1,
p=0.15 v =085 b = 0.15, b, = 0.4, b{") = 0.24, BV =
=0.51, 0; = 55, 0j = 35 when V (= Vg) = 1.17, 1.18, 1.19,
1.20 (a). Second order slow mode ion-acoustic solitary wave
solutions (¢2) as functions of n under variation of V (= Vg) in
a two-temperature non-isothermal electron plasma for njo =
= 0.05, njo = 0.88, uj0 = 0, ujo =0, @ = 1.9, x = 0.17,
op =041, f1 =025, Z =1, u = 0.15, v = 0.85, b, = 0.15,
bp = 0.4, bV = 0.24, b{") = 051, 0; = &, 0; = 2 when
V(=Vs)=1.17, 1.18, 1.19, 1.20 (b)
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;0 :088, U0 = O, Ujo = O, Q = 1.9, X = 017,
op =041, p1 =025, Z =1, p = 0.15, v = 0.85,
b = 0.15, by, = 0.4, b = 0.24, b)) = 051, 0; = &,
o = % when V (= V) = 1.17, 1.18, 1.19 and 1.20
denoted respectively by the curves hs, hg, hy and
hg. The second-order slow mode compressive solitary
wave solutions (¢2) increase gradually for larger val-
ues of V (= Vg), provided that slow mode solitary
wave solutions must exist for those larger values. The
highest value of the slow mode soliton solution pro-
file is achieved for highest value of V (= Vg) = 1.20
and for V (= Vg) > 1.20, the second-order slow mode
soliton profile is not observed in this plasma model.

The author now considers the small amplitude slow
mode compressive double layers in two-temperature
non-isothermal electron plasmas. The compressive
double layers occur when the slow mode phase veloc-
ity V (= Vg) of the nonlinear wave structure exceeds
the upper limiting values of soliton velocity beyond
which the number density of the cool ions (n;) be-
comes complex-valued. A theoretical examination for
different values of soliton velocity (V') at some values
of the concerned plasma parameters, shows that the
double layer occurs at some values of V = Vy; (> V)
with amplitude ¢ = ¢4;. This indicates the end of the
soliton velocity range before the sonic point with lim-
iting electrostatic potential ¢ = ¢y, is reached where
a1 < ¢ip and concentrations of ions must be real-
valued at ¢ = ¢;;, which defines the existence region of
double layers. After crossing ¢ = ¢;p, the concentra-
tions of ions are no longer real-valued and the double
layers do not exist in those regions for this reason.

The profiles of small amplitude slow mode com-
pressive double layers obtained from the Sagdeev po-
tential function ¢ (¢) as a function of ¢ and its corre-
sponding double layer solutions ¢py, as functions of n
under variation of the phase velocity V = Vy (> V)
in two-temperature non-isothermal electron plasmas
containing warm positrons, warm negative and pos-
itive ions for this model plasmas are shown respec-
tively in Fig. 4 to Fig. 8.

In Fig. 4, a, the small amplitude slow mode com-
pressive double layers obtained from the Sagdeev po-
tential function ¢ (¢) as a function of ¢ are shown
under variation of V' = Vg (> Vg) for njo = 0.05,
N;o = 088, U0 = O, Ujo = 0, g; = 307 0 = % and
Q =19 when V = Vg (> Vg) = 1.65, 1.7, 1.75 and
1.8 denoted respectively by the curves s;, s2, s3 and
s4. In this figure, the double layers are considered in
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Fig. 4. Sagdeev potential function 1 (¢) as a function of ¢
for small amplitude slow mode double layers with varying V =
= Vg (> Vg) for nj, = 0.05, njo = 0.88, Q@ = 1.9, x = 0.17,
op =041, f1 =025, Z =1, p = 0.15, v = 0.85, b; = 0.15,
bp = 0.4, uip = 0, ujo = 0, 0y = %, o; = %: when V =
=V (> Vs) =1.65,1.7,1.75, 1.8 (a), when V =V (> Vs) =
=1.85, 1.9, 1.95, 2.0 (b)

an existence domain where the concentration of pos-
itive ions (n;) is real-valued so that the slow mode
compressive double layers are observed. It is also ob-
served that the amplitudes of the slow mode double
layers corresponding to the curves si, s, s3 and sy
decrease for higher values of V' = Vg (> V). In this
case, the nonlinearity weakens and the potential dif-
ference across the double layer decreases, leading to
reduced amplitude of the electrostatic potential.
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Fig. 5. Sagdeev potential function v (¢) as a function of ¢ for
small amplitude slow mode double layers under the variation of
V =V (> Vs) for nj, = 0.06, n;o = 0.89, @ = 1.9, x = 0.17,
op =041, p1 =025, Z =1, p = 0.15, v = 0.85, b; = 0.15,
by, = 0.4, ujp = 0, ujo = 0, o = %, oj = %: when V =
= Vu(>Vs) =13, 1.31 (a), when V = Vy (> Vg) = 1.35,
1.45, 1.5, 1.65 (b)

Fig. 4, b shows the small amplitude slow mode com-
pressive double layers obtained from the Sagdeev po-
tential function ¢ (¢) as a function of ¢ with varying
V =Vy (> Vs) for njo = 0.05, n;o = 0.88, u;o = 0,
ujo = 0, g; = 3*10, gj % and Q = 1.9 with
V =Vyu(>Vs) = 1.85, 1.90, 1.95 and 2.0 denoted
respectively by the curves ss, sg, s7 and sg. The slow
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Fig. 6. Small amplitude slow mode double layer solutions
(¢p1.) as functions of n with varying V' = Vg (> V) for nj, =
= 0.05, njo = 0.88, @ = 1.9, x = 0.17, 0p = 0.41, B1 = 0.25,
Z =1, p = 0.15, v = 0.85, by = 0.15, b, = 0.4, u;p = O,

0 = 55 when V =V (> Vs) = 1.45, 1.5,

ujo =0, 05 = 35, 0j

1.55, 1.6

mode compressive double layers are observed for the
above values of V = Vy; (> V) where the positive ion
density (n;) will not be complex valued. Again the
amplitudes of the respective double layers decrease
for higher values of V = Vy; (> V).

Fig. 5, a represents the small amplitude slow mode
compressive double layers obtained from the Sagdeev
potential function 1 (¢) as a function of ¢ with vary-
ing V = Vg (> V) for another concentration of neg-
ative ions mjo = 0.06 which is slightly greater than
the previous value njo = 0.05, for u;o = 0, ujo = 0,
ni, = 0.89, x = 0.17, 0, = 041, p = 0.15, v = 0.85,
by = 0.15, by, = 04, 0, = 55, 0 = 35, 1 = 0.25,
Z=1land Q =19 with V =V (> Vs) = 1.3 and
1.31 denoted respectively by the curves b5 and bg.

Fig. 5, b shows the small amplitude slow mode com-
pressive double layers obtained from the Sagdeev po-
tential function v (¢) as a function of ¢ with vary-
ing V = Vg (> V) for another concentration of neg-
ative ion njo = 0.06 which is slightly greater than
the previous value njo = 0.05 for u;o = 0, ujo = 0,
ni, = 0.89, x = 0.17, 0, = 041, p = 0.15, v = 0.85,
by = 0.15, by, = 04, 0, = 55, 0 = 55, 1 = 0.25,
Z =1and Q =19 with V = Vg (> Vg) = 1.35, 1.45,
1.50 and 1.65 denoted respectively by the curves by,
bg, bg and blO-
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In Fig. 6, the small amplitude slow mode com-
pressive double layer solutions ¢pi, as functions of
7 are shown with varying V = Vy; (> Vg) for u;o = 0,
Ujo = 07 Njo = 0.05, N;o = 0.88, X = 0.17, Op = 0.41,
p= 015, v = 085, b = 0.15, b, = 0.4, 0; = 35,
0j = 35, f1 = 025, Z = 1 and Q = 1.9 when
V = Vy(>Vs) = 145, 1.5, 1.55 and 1.6 denoted
respectively by the curves mq, mo, mz and my. As
V = Vg (> Vs) gradually increases, the respective
curves intersect the ¢py-axis at higher values than
the previous ones and it attains the maximum value
when V = Vy (> Vg) equals 1.6.

Fig. 7, a shows the small amplitude slow mode com-
pressive double layer solutions ¢pi, as functions of 7
with varying V = Vg (> Vg) for uyo = 0, ujo = 0,
njo = 005, Ny = 088, X = 017, Op = 0.41,
p=0.15 v = 085, b = 0.15, b, = 0.4, 0; = 55,
oj = 2—10, B = 025 Z =1 and Q = 1.9 when
V = Va(>Vs) = 165, 1.7, 1.75 and 1.8 denoted
respectively by the curves ms, mg, my and mg. The
curve mg for V.= Vy (> Vg) = 1.8 intersects the ¢p-
axis at higher values than the defined curves ms at
V=Vy (> Vs) = 1.65, mg at V = Vy <> Vs) =1.7
and m7 at V = Vy (> Vs) =1.75. AsV =V (> Vs)
increases from 1.65 to 1.8, double layer amplitude
decreases.

In Fig. 7, b, the small amplitude slow mode com-
pressive double layer solutions ¢pi, as functions of 7
are shown with varying V = Vg (> V) for uy = 0,
Ujo = 0, Nnjo = 005, nio = 088, X = 017, Op = 0.41,
po=0.15 v = 0.85, by = 0.15, b, = 0.4, 0y = 55,
oj = 2—10, B = 025 Z =1 and Q = 1.9 when
V =Vy(>Vs) = 1.85, 1.9, 1.95 and 2.0 denoted
respectively by the curves ny, no, ng and ng. It is
further noted that the amplitudes of the double lay-
ers decrease when V = Vi (> Vg) is increasing from
1.85 to 2.0.

In Fig. 8, a, the small amplitude slow mode com-
pressive double layer solutions ¢py, as functions of 7
are shown with varying V = Vg (> V) for u;y = 0,
Ujo = 0, njo = 0.05, Nn;o = 0.88, X = 0.17, Op = 0.41,
p= 015, v = 085, b = 0.15, b, = 0.4, 0; = 35,
0j = 35, f1 = 025, Z = 1 and Q = 1.9 when
V = Vg (>Vs) = 1.29 and 1.3 denoted respectively
by the curves e; and eg. The curve eg intersects the
¢pr-axis at larger values from the origin than the
curve ey.

Fig. 8, b shows the small amplitude slow mode com-
pressive double layer solutions ¢py, as functions of 7
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Fig. 7. Small amplitude slow mode double layer solutions
(¢p1.) as functions of n with varying V' = Vg (> V) for nj, =
= 0.05, njo = 0.88, Q = 1.9, x = 0.17, op = 0.41, f1 = 0.25,
Z =1, p = 0.15, v = 0.85, by = 0.15, by, = 0.4, uyp = O,
ujo =0, 05 = 55, 05 = 55: when V =V (> Vg) = 1.65, 1.7,
1.75, 1.8 (a), when V =V (> Vg) = 1.85, 1.9, 1.95, 2.0 (b)

with varying V = Vg (> Vs) for uio = 0, ujo = 0,
njo = 005, N0 = 088, X = 017, Op = 0.41,
po= 015 v = 085, by = 0.15, b, = 04, 0; = 35,
o; = %, 1 =025 Z =1 and Q = 1.9 when
V = Vy(>Vs) = 1.35 and 1.4 denoted respec-
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Fig. 8. Small amplitude slow mode double layer solutions
(¢p1.) as functions of n with varying V' = Vg (> Vg) for nj, =
= 0.05, njo = 0.88, Q = 1.9, y = 0.17, op = 0.41, 1 = 0.25,
Z =1, pu =015 v = 0.85, b, = 0.15, by, = 0.4, uzo = 0,
ujo =0, 05 = %, oj = %: when V = Vy (> Vg) =1.29, 1.3
(a), when V = Vy; (> VS) =1.35,14 (b)

tively by the curves eg and ejg. The curve ejg in
this figure intersects the ¢pr-axis at higher values
than the curve eg.

6. Conclusions

In this paper, the author studies the large ampli-
tude slow mode compressive solitons and small am-
plitude slow mode compressive double layers in two-
temperature non-isothermal electron plasmas con-
taining warm adiabatic positive and negative ions and
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warm isothermal positrons using the Sagdeev pseu-
dopotential method. This model is applicable to the
plasma sheet boundary layer of the Earth’s magneto-
sphere and auroral plasmas. In this model, the slow
mode is found when the thermal speeds of positive
and negative ion species are different. For the plasma
composition (Ar*, SFg), the present author inves-
tigates the large amplitude slow mode compressive
solitons and small amplitude slow mode compressive
double layers using the Sagdeev pseudopotential func-
tion ¥ (¢), first-order (¢1) as well as second-order (¢2)
solitary wave solutions supported by the allowed slow
mode phase velocities (Vg) which satisfy the inequal-
ity /3% <Vg < 5%;
of parameters. It is important to point out that there
also exists upper values of V' (= V) for solitons where
the ion number density should not become complex
valued but the larger value of V (> Vg) compared
with the upper limit of the soliton value of V' (= V),
lead to the formation of double layers. The small am-
plitude slow mode double layer profiles obtained from
the Sagdeev potential function ¢ (¢) and double layer
solutions ¢pr, under the variation of the different val-
ues of Vg show the different characteristics of these
nonlinear wave structures.

In this paper, some important observations are
made for slow mode structures:

1. When ion densities are real and Q > 1, 0; > 03,
large amplitude slow mode compressive solitons are

observed for the inequality % < Vg <4/ SZ;O

2. Large amplitude compressive slow mode solitons
are observed from V (=Vg) = 0.93 to 0.97 when
Njo = 0.05, o; = ﬁ, g = 3*10(0']' > O'i), Q = 1.9,
x = 0.17 and from V (= Vg) = 1.01 to 1.20 when
njo = 0.05, 0, = 35, 0; = 55 (0; > 0y), Q = 1.9,
X = 0.17. The values of V (= Vg) differ due to the
changes in the temperatures of positive and nega-
tive ions.

3. The existence domain of large amplitude slow
mode compressive solitons is found for 0.93 < Vg <
< 0.97 when nj, = 0.05, 0; = 155, 0 = 35 (0; > 03),
@ = 1.9 and it will be again found for 1.01 < Vg <
< 1.20 when nj, = 0.05, 0; = %, oj = % (0j > 04),
@ = 1.9. The same large amplitude slow mode com-
pressive solitons is not found for Vg > 1.21 when
njo =0.05, 0, = 55, 0; = 55 (0; > 03), Q = 1.9 and
this is possible due to the change of the temperature
of positive and negative ions.

for the arbitrarily chosen set
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4. Small amplitude slow mode compressive double
layers are found from V = Vg (> Vs) = 1.3 to 1.65
when Njo = 0.06, o; = %7 0; = ?%(Jj > O'i), Q =
=19, x = 0.17, 0, = 0.41 and again the same is
found from V = Vg (> Vg) = 1.65 to 2.0 when nj, =
= 0.05, 0; = %, o = %(O’j >O'i), Q = 1.9, X =
=0.17, 0, = 0.41

5. No solitons are found for V' > V where V is the
soliton velocity and Vj; is the double layer velocity
for Njo = 0.05, 0; = %, 0j = % (O'j > O'i), Q =1.9,
x = 0.17, o, = 0.41. This indicates that the solitons
velocity range is terminated by the occurrence of the
double layers.

The slow mode nonlinear wave structure help
in understanding the complex dynamics of plasmas
in astrophysical systems or laboratory experiments.
The study of slow mode solitons and double layers
helps interpret observations in space plasmas, plasma
technology, fusion research and laboratory experi-
ments. Slow mode solitons and double layers are asso-
ciated with stability and energy transport processes,
wave propagation and particle acceleration occurring
both in fundamental plasma physics and practical
applications.

Future work of the author is to investigate the
large amplitude compressive slow mode double lay-
ers in magnetized plasmas with two-temperature non-
isothermal electrons.
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per to its present form.

1. G.O. Ludwig, J.L. Ferreira, Y. Nakamura. Observation
of ion-acoustic rarefaction solitons in a multicomponent
plasma with negative ions. Phys. Rev. Lett. 52, 275 (1984).

2. R.L. Merlino, J.J. Loomis. Double layers in a plasma with
negative ions. Phys. Fluids B 2, 2865 (1990).

3. B. Song, N.D. Angelo, R.L. Merlino. Ion-acoustic waves in
a plasma with negative ions. Phys. Fluids B 3, 284 (1991).

4. R. Ichiki, S. Yoshimura, T. Watanabe, Y. Nakamura,
Y. Kawai. Experimental observation of dominant propaga-
tion of the ion-acoustic slow mode in a negative ion plasma
and its application. Phys. Plasmas 9, 4481 (2002).

5. L.L. Yadav, R.S. Tiwari, S.R. Sharma. Ion-acoustic com-
pressive and rarefactive solitons in an electron-beam
plasma system. Phys. Plasmas 1, 559 (1994).

6. M.K. Mishra, R.S. Chhabra. Ion-acoustic compressive and
rarefactive solitons in a warm multicomponent plasma with
negative ions. Phys. Plasmas 3, 4446 (1996).

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 6

7. X. Mushinzimana, F. Nsengiyumva. Large amplitude ion-
acoustic solitary waves in a warm negative ion plasma with
superthermal electrons: The fast mode revisited. AIP Adv.
10, 065305 (2020).

8. K. Kumar, M.K. Mishra. Large amplitude ion-acoustic soli-
tons in warm negative ion plasmas with superthermal elec-
trons. AIP Adv. 7, 115114 (2017).

9. G.S. Lakhina, S.V. Singh, A.P. Kakad, F. Verheest,
R. Bharuthram. Study of nonlinear ion- and electron-
acoustic waves in multi-component space plasmas. Non
Linear Processes in Geophys. 15, 903 (2008).

10. C.P. Olivier, S.K. Maharaj, R. Bharuthram. Ion-acoustic
solitons, double layers and supersolitons in a plasma with
two ion and two electron species. Phys. Plasmas 22, 082312
(2015).

11. F. Verheest, M.A. Hellberg, 1. Kourakis. Acoustic solitary
waves in dusty and/or multi-ion plasmas with cold, adi-
abatic and hot constituents. Phys. Plasmas 15, 112309
(2008).

12. T.S. Gill, P. Bala, H. Kaur, N.S. Saini, S. Bansal, J. Kaur.
Ton-acoustic solitons and double layers in a plasma con-
sisting of positive and negative ions with non-thermal elec-
trons. Eur. Phys. J. D 31, 91 (2004).

13. H. Schamel, V.I. Maslov. Adiabatic growth of electron
holes in current-carrying plasmas. Phys. Scripta T 50, 42
(1994).

14. V.I. Maslov, H. Schamel. Growing electron holes in drifting
plasmas. Phys. Lett. A 178, 171 (1993).

15. H. Schamel, V. Maslov. Langmuir wave contraction caused
by electron holes. Phys. Scripta T 82, 122 (1999).

16. 1.V. Borgun, N.A. Azarenkov, A. Hassanein et al. Double
electric layer influence on dynamic of EUV radiation from
plasma of high-current pulse diode in tin vapor. Phys. Lett.
A 377 (3-4), 307 (2013).

17. V.I. Maslov. Electron beam excitation of a potential well
in a magnetized plasma waveguide. Phys. Lett. A 165 (1),
63 (1992).

18. V.I. Maslov, A.P. Fomina, R.I. Kholodov et al. Acceler-
ating field excitation, occurrence and evolution of elec-
tron beam near jupiter. Prob. Atomic Sci. Technol. 4, 106
(2018).

19. S.G. Tagare. Effect of ion temperature on ion-acoustic soli-
tons in a two-ion warm plasma with adiabatic positive and
negative ions and isothermal electrons. J. Plasma Phys.
36, 301 (1986).

20. S.G. Tagare, R. Virupakshi Reddy. Effect of ionic tempera-
ture on ion-acoustic solitons in a two-electron-temperature
plasma with adiabatic positive and negative ions and
isothermal electrons. Plasma Phys. and Controlled Fusion
29, 671 (1987).

21. M.K. Mishra, R.S. Chhabra, S.R. Sharma. Obliquely prop-
agating ion-acoustic solitons in a multicomponent magne-
tized plasma with negative ions. J. Plasma Phys. 52, 409
(1994).

22. S.K. Maharaj, R. Bharuthram, S.V. Singh, G.S. Lakhina.
Existence domains of slow and fast ion-acoustic solitons in
two-ion space plasmas. Phys. Plasmas. 22, 032313 (2015).

519



Sankar Chattopadhyay

23. S. Sebastian, M. Michael, G. Sreekala, Venugopal Chandu.
Fast and Slow mode solitary waves in a five-component
plasma. Brazilian J. Phys. 47 (1) (2016).

24. G.S. Lakhina, S. Singh, R. Rubia, S. Devanandhan. Elec-
trostatic solitary structures in space plasmas: Soliton per-
spective. MDPI J. Plasma 4, 10.3390 (2021).

25. K. Stasiewicz. Theory and observations of slow-mode soli-
tons in space plasmas. Phys. Rev. Lett. 93, 12 (2004).

26. A.E. Dubinov, I.N. Kitayev, D.Y. Kolotkov. The separa-
tion of ions and fluxes in non linear ion-acoustic waves.
Phys. Plasma 28, 083702 (2021).

27. X. Mushinzimana, L.L. Yadav.
Large amplitude slow ion-acoustic solitons, supersoli-
tons and double layers in a warm negative ion plasma
with superthermal electrons. AIP Advances 11, 025325
(2021).

28. ML.K. Mishra, A.K. Arora, R.S. Chhabra. Ion-acoustic com-
pressive and rarefactive double layers in a warm multicom-
ponent plasma with negative ions. Phys. Rev. E 66, 046402
(2002).

29. K.Y. Kim. Weak monotonic double layers. Phys. Lett. A
(Netherlands) 9TA, 45 (1983).

30. H. Schamel. Weak double layers: Existence, stability, evi-
dence. Z. fur Naturforchung (FRG) 38, 1170 (1983).

31. S. Sutradhar, S. Bujarbarua. Ion-acoustic double layers in
the auroral plasma. J. Phys. Soc. Japan 56, 139 (1987).

32. H. Schamel. A modified Korteweg-de Vries equation for
ion-acoustic waves due to resonant electrons. J. Plasma
Phys. 9, 377 (1973).

33. S.G. Tagare, R.V. Reddy. Effect of higher-order nonlinear-
ity on propagation of non-linear ion-acoustic waves in a
collisionless plasma consisting of negative ions. J. Plasma
Phys. 35, 219 (1986).

F.N. Nsengiyumva,

520

34. G.C. Das, S.G. Tagare, J. Sharma. Quasipotential analysis
for ion-acoustic solitary waves and double layers in plas-
mas. Planet Space Sci. 46, 417 (1998).

35. R. Roychoudhury, G.C. Das, J. Sharma. Quasipotential
analysis for deriving the multidimensional Sagdeev poten-
tial equation in multicomponent plasma. Phys. Plasmas 6,
2721 (1999). Received 19.09.25

C. Yammonadzxai

BILJINB ®A30BOI HHIBUJIKOCTI ITOBIJILHOI
MO/JIU HA HEJIIHIMHI XBUJILOBI CTPYKTYPU
YV IBOTEMIIEPATYPHIN HEI3OTEPMIYHIN ITJIA3MI

Y 0e331TKHEHHEBI, HEHaAMarHivyeHil HEPeJATUBICTUYIHIN ILTa-
3Mi, IO CKJIAJAETHCS 3 TEIUIuX afiabaTuYHUX MO3UTUBHUX 1
HEraTUBHMX 10HIB, TEIJIUX i30TE€PMiYHUX TO3UTPOHIB i JBOTEM-
IepaTypPHUX HEI30TEPMIYHUX €JIEKTPOHIB, METOJOM IICEBJIOIO-
Tennjany CarzeeBa qOCIiIZKEHO HETIHIAHI XBUIBOBI CTPYKTYpU
noBisbHOT Monu. “/lucnepciiine CriBBiAHOIIEHHS BUBOAUTHCS 3
6a30BOro HaboOpy HOPMAaJIi30BaHUX PIBHAHL IJIS PIAUHEU y IpU-
IYIEHH], 0 PO3B’A3KU MalOTh BUIVIS ITOOJMHOKOI XBHJII, &
IOTIM aHAIITHYIHO BH3HAYAETHC (Hha30Ba MIBUAKICTE ITOBIILHO-
ro pexxumy (Vg). Brumms nopmastizoBanol $ha3oBoil mBHIKOCTI
(Vs) Ha cosliToOHM NOBLIBHOI MOJM BEJMKOI aMIUNTyxd # Io-
ABIMHI mIapu MOBIIBHOI MOAM MaJjIol aMILUIITYu BCEOIYHO MpO-
aHaJIi30BaHO 3a JOIOMOroI0 HpodiniB noreHniaabHol MOYHKIHT
Cargeesa 1 (¢), po3B’si3KiB MOOAMHOKOI XBUJIl mepioro (¢1) i
npyroro (¢2) MOpsAAKy Ta pO3B’A3KIB MOABIHHOrO mWapy ¢pi, y
JBOTEMIIEpATypPHINl Hei30TepMidHii eJIeKTPOHHIN I1a3Mi.
Katwwoei caoea: da3zoBa MBUIKICT Y HOBIIBHOMY i IIBU/I-
KOMY peKrMax, HeizoTepMivuHa Ia3ma, rcesponorennian Ca-
rJi€€Ba, CTUCKAJIbHI COJIITOHM HMOBIIIBHOIO PEXKHUMY Ta IOJBiiiHI
mapu.

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 6



