PHYSICS {F PLASMAS 13, 112302 (2006]

Obliquely propagating ion acoustic solitary waves in a dusty plasma
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The obliquely propagating nonlinear ion acoustic wave in a dusty plasma subjected to an external
magnetic field is sludied in e Sapdeev’s psevdopotential framework. The Sagdeey™s polzntial is
derived in two cases, one of which atsumes the guasineotrality condifion and the other nzes the
Boissan equation instead. The respective ranges of parumcicrs for which solitary waves exist in boih

the cases are studied in some detail numenically. |

(. INTRODUCTION

Dusty plasema can be defined as a plasma with highly
charged and exireneely massive dust grains. It occurs in van-
ous astrophysical as well as laboratory envitonments.' Dif-
fereat types of wave p:henmnﬂnm in dusty plasma have been
stedied extensively.’

The presence of the highly charged and massive dust
grams in a plasioz intoduces e igeamodes. They are, for
example, dust wuusn: mode,” dust i mn aconstic mode,” dust-
lower hybrid mode,” dust drift mode,” s1c. Experirnental ob-
servalions on dusl acousiic waves and dusl ion acoustic
wmres have been report-:d by Barkan & af, Thompson e
af.! and Nekamura ¢f ai" Several authors™* have studied
waves in dusty plasmaz in the presence of o magnetic field.
Electrostatic modes in a magrehzed dusty plasma have alsu
been studied by some amhors.'”'* Chot er at. ™™™ have smd-
wd the nonlineac ion acouslic solitary wave in a magnetized
dusty plasma, obliguety propagating (o an externg! megnetic
field in the famework of the Sagdeev potential.'” They have
reported that when the ion charge density is high, the
Sagdeev potential needs o be ewpanded wp @ ' near
n=l. They also found tha rarefactive ion acsustic solilry
waves as well ax the kink-type double lager solutions could
eXist, m addition o that conventional hump-tvpe oncs found
in the & expansion, Choj er oL used the charge neutrafity
condition, which is valid when the length scale L of the
saljtary wave is preater than the Debye length i, or gyroca-
divs 7. W derive the psendopotential for the ion acoustic
solitary wave in a dusty plasma. Mamun er al.'® investigated
vblqucly propagaving eleciron acouslic solilary waves in 4
magnetired plasma with ewo temperature electrons and ions
where the hot electrons follow a vonex-like distribution.
They obtnined 2 modified Xomewep-de Yries (KdY) equa-
tien and derived its stationary solilary splution, We consider
a plasma comprising. apart from the jons and BoStzmann
disinbuted clecirons, massive dust grains. The magnetic Held
{B) is taken ulong the = axnis. so that B=8.e,. The dust dy-
namics is nol aken into account and the charge of the dust
grains are assumed to be constant, Our work differs from Lhe
one by Chaoi er o' in the sensc that we have not assumed
the charps nebrality condition, which means {he panmeter

£, to be explained later, cannat be taken too large. It may pe
mentioned thal the ¢harge newlality condition should &e
critically examined, pamicularly in the case of doghla hayors
where the potential drop can be large enough to necelemie
the kons. Alse we have derived the exact Sagdeev's polential
in the quasineutral eaze and found some discrepuancies i fhe
result given in Ref. 15, However, like Choi ef al." we 35
sume that the ion mass alone provides the inenia and the
masslesy electrons follow the Bolizmann relation and ihe ion
temperature is considered to be small compated to thal of ihe
electron. In fact the ion temperalure 3 nedlecled in 1his
study. Experimental and theorctical invesiigations of wuyrs
in a plasma with hot elecirons as well a5 cold ions have been
done by several authors.'® For cxample, 25 in a cold plasma,
where the ion emperature i near that of ambient, the ehec-
tron temperature may be of several thousand degress, The
organizatson of the paper is as follows. In Sec. il the basic
equations governing the plasma sysicm are given. Alse the
Sapdeey's potenmial for this system is derived here. Discus-
sion of the resolts and the conclusion are mennoncd in
Sec. 1.

. BASIK: EQUATIONS FOR DIFFERENT SPECIES

The basic equations for jons are

et
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where 1, {¥=i.e,d) are the number density of Lhe sth species.
Here f.e,d stand for ion, eleciron, and dust grain, respec
l.ive!y. 0 oo e, respeciively, the vebooity arrd mass of 1he
ions. Mere ¢ is the plasma potential and 2 I‘BPE"E"“ e
dust charge number so that charge of the dost is given b
g1=—eT, where ¢ is 1he elementary charge. The density o
the electrons is given by
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We ausding that the wave is propagariog in the x-z plane.
Alter normzlization the rystem meduces to

%?1- i{nﬂ,} +i{nuzﬁ =}, (3}
%+(ux£+u;£}nk=-ﬂn 7
a:‘ e azl]qﬁ=13lﬂp #= &z + &), 9]

wherz ﬁ:r]fhl. Sy=agla, dmng g re=0 0 s e
ion gj.'rﬂmdlus and h, =(T.{41m_qe*1"? is the Sectron Debye
length.

The normehzations are fr—r, (CSO)V —¥, v/C;
—au, ming—r, ed! T,— ¢, where C.=(T,fm )" is the ion
aopustic velociry, 1k=28,/m ¢ iz the ion gyrofrequency. .,
fip are the electron and jon densities, Tespectively, in the
unperturbed state. It can pe seen thm when 7, is small, £
carnnt he assumed to ke oo larpe and hence & priori charge
neutrality roadition cannot be assumed To gbtain the disper-
sion Telation For low frequency waves we write the depen-
dent vurkables a3 e sumt of the equilibrinm and perturbed
parts, We put 7= 147, v,= 0, 6.=F,. ¢=4, v, =0,. Equations
[5¥=(%) can be wrilten as

§+%+%=n, (10)
%=';_ﬁ+-?' {1E)
., (12)
(;; :;)»# a3- 5. (14)

We assume the perturbation is of the form expi(ky+kz
—wf), where k.. k. wre the wave numbers in the & and z
directions, respectively, and w is the wave frequency. The
dispersion relation [pr the low frequency (w <2 {}) ion acous-
tic wave is obtained a3
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1y g
= +k1[ 1+——]+—4—] 15
“ k‘[ YT 1)
In ocder 1o have a raveliing wave solution of the system of
Egs. [3-[9} we infroduce 2 new variable
fm |!'rx+IIE-MI, (16)

where [,, i are directional cosines and M is the Mach num-
ber of the localized wave. Equations [3}-{9) can then be
resduced to ondinary differential cyuations in leans of £

M{l ~wh+{{o + Lo )n=0, (7
dv, d
+[¢!,r.:Jt ”‘F“dg) ,d§+v}, {1%)

_ a3y A =

N +( xdﬁ“ b‘d.g‘] —¥n (im

dtr,

M—+( nf£+!rutd§) :Eff {200
B+ E = dn+ 5 {2y
From {18} and (171,

M.riu .:Iﬂ_
Y dE =/ g . (22}
and from {19} and {17}

Mdey _

e o (23)
From (20% and (17),

Eft e (24)
w df e

Let
)
Fla)= f wddh, 2%
]
then

- ‘!E

= SR (26}
From (26}, (257, amd (17

# 1
S - . ——
L+ MF(.;-] [1 =y ﬁ]u. {27)

ard from {27)
(2 + ﬁ-(-—) = fle¥ =t - §F(S)+ Byl (28)

As we canl see, Eg- (21) can be integrated to the firm
Ld /! dEF + ¥ ¢1=0. The equation can be interpreted a5 an
“cnergy inlegral™ of an orcillatory particls of an onit mass
with velocity deé/d and position ¢ in a poteniial well W],
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This 1% the reason for #44) Lo be callead a psendopatential or
sometimes referred to as Sagdeey's patential.”

I is seen thet @) =0, devdym at ¢=0. Hence soli-
tary wave sghotions exist If

{1) Bwifdg? <0, at $=0;

(i) therw akisls & nonzerp dy,, the maximom (or, mini-
mum} valne of &, &t which ¢, )=0;

{#id) () <0, when o Lies between O and &,

From (22}, (23}, (27), and {28} oo can get an equation
in £{#), which when solved wonld give F{df) in terms of
However, in case of 2 small amplitode Fi(g) is expanded in
termis of ¢ given gs,

F=dtad tad vad'vadis - 129)
From (27),
u =Ad+ B + Pl + DY, {30)

The: values of A, A, T, [ are given in the Appendix. From
{28},

1-.9]‘__#_{ } (1_ ‘
(# = Eap| $ - 28e0+ 5 260
+ &(érzﬁﬂs)]. '[3”
;li‘.hes:l:aiugin.-.t'rla.mlptl:-rrﬁn3
‘ E’ LS. g (a2
where,
L
2&__.3? ~28.a), aFﬁ(i—aslaq), (33)
From (23},
b,
Mg 29 =0 (@), (34)
and Fom 122)
_M_du )20
o ["‘ 9 a‘@] i (%)

Frauny (33) and (34). equating equal powers of ¢, a|, a-
are determined from the eguatjons

A=Y¥,(1- 28,8, (363
M
:11[—-‘:—1’2 + 3?.-&.] =2 X, —2Aq, + X (1 - 2£|ﬂ-|:|}’iﬂ'|
X
) 7
|
5 {37)
The expressions fou X, X5, V). Z; arc given in the Ap-
pendix. Inlegraling Eg, (32),
3] - 28,) 1( VA, £
T i el )
L= 6Bz seg 2 J 138)

Keeping terms up to o,

$=-
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et e =t
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FIG. 1. (@] Sapdecv's potentisd 9=y 107 ws ﬁpsw where the dusc
Plaama parameters are A=Ddf, el =01 L= J1-15 The vales of §
ae o =53.058,3.48, Hre the solid core mrﬂruh i & =16 2l the
maddk and Jower dolied curwes reprecom the cases §y=24 and #=21.5,
resfraively. (h) Supdocw's poicndal =g 107 |5 plobed apainer ¢ whars
Balt73 078, Herr Mml2 =0, and &=2.5 G=07% corctponds bo Lz
solbl surve and the dotted corve s ploned for S=0078,

d g .
Emmm#mw’, (39)
where
g i ' ,
=T, fﬂﬁ *45'“3) : )

and a; is determined from the equation

[w X, 01 - 25,2, )M
es| TTH T
I

T

+4Y a‘,] = —u - 28]

X[ - 4Ba, + Aldat — da,)] + X, {41}
when: X, iz given in @2 Appendix. Integring Eq. (39),
(A A& ol
fim 34 ~ Vil '!Mz 24, cosh{ A,.E]—| . (42}

It A5=5ﬂ|.43, then solution [(42) would not be valid and
a shock wave solhution is obtained which is given by
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i i FIG. 2 Sagdesv's poteotial W +5 n 15 phomed assoa-
W, ¢ iop quesioeutraiity whent the paranisrers ane & =15,
: { : ad £,m,1,0.11, 0013 other parameters ar the same as
: ! Fig. 1. Here the solid cumve corrasponds 2o L[l 13, Tha
T T : _,_r"f d mitklle dorted curva iz for L =0.11 and tha lower crve
1]_.;.- el -.-g e .-'llq . o [ L T
. 1 e 1.4 1
oo e '
-G, LL: I|
34, 1 MM -+ £ wt
b= — (1 +1anh alf+ &)}, {43) Ame —=2_ 2075 T Nt
24, ; 2" M, T uf“ Na)'s (50)
where & is an inkegraton constant and
Bus — Mi{{l NA6— Mg}
N "% F |V Nalle - Ny,
== (a0, (44) 6 {Ny- AT 24]
3y24, -3
— 2{’3 — Mﬂjm o) |
To comnpare oup tesult wath that of Ref. 15 we denve the A ) (51¥
Sagdeev polential assuming charge nemtrality condition, viz.,
2= 5 n— &, we have, 1 C M
s : i
1= e — | 15— 20N+ 62
(5] g0+ ot N IPMAL 24, .
LIRS
1 LM, 2{3— ML - N6~ N
= 3 " P 4 - :
o) {n= N7 { M ’2 (13) A, + O, {52)
nR= N, where Cy=(3=MP{1=NJ*7A% A, B, O, are the same as
where mentioned in Rel, LY. For double layers 10 samst g{n) should
have & double oot al $=0 and a noazero de= gt The con-
N,= & {46y  dition for doubls root of the polynomial on the nght-hand
& side of BEq. (49) is
aard B =4AC, {53}
My n—My =Ny (a=1 3?2 This condition imposes a congtant among the pacameters, If
il =N ln - 10+ ) In 1-N, In 1-N, 3 we keep other parameters fixed then we get a relulion be-
tween M and £ When M iz ploticd againat I, it can bt seen
_Mz{m "+ 1-n } (47) that this relation iy different from the one in Bef, 15,
K
. DISCUSSION AND CONCLUSION
(e = [1 . ﬁ"—_ﬁ"-i},n B Flna=-n+l Befote poing inte detail let us first obsarve that Eqs. (38)
TR P and {42] would not be valid fior £Lﬂ.=-_1; or aﬁ!zﬂé. In these
‘1 Vool cases one needs 8 higher order teem {0 ohtain solitary waves.
—MI( T2 |+ - (48)  Also when A; <0, unly oscillutory solutions wonld be ob-

Nate that the terms connecied to the M® term i (48)
waerz omitted in Ret, 15. 'T'his will alfect the numerical evaio-
ation of the Sagdesvis potencial as well. To smdy double
layers we expand Ha) in kenus of o we have

Wt =Ad? + Bdnd + O, (49}
whers

Tained. So o obtain solitary waves il is azsomed that A, >0
and A;# 0. In Fig. | w107 is plotted against ¢, taking terms
up to ¢ [Ey. (31]] when B=0.479. 1 =01 and §;=2.5, 2.6,
and 3.6_Tt is seen that #ith increasing &) the wave amplitede
Uevieases. This agrees with results from Choi er af.'?
S =36 is the critical walue beyongd which solitary waves
would not cxist. Ti 15 als0 seen that only o compressive-type
soluring is obéained, In Fig. 1{a] s+ 107 is ploned against o
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FIG. 3. Bapdesrv's poremtial =g+ 107 ve o is plotied tukicg temms up W o
and . The dosted curve mprosenis the Tower onder eml the sulid curve
comregndl to the hogher ooder case. Here 522 6 and the value of the other
phrkinters ke Ab fAme 24 topa in Fig. 1.

for S=2.6 and £=0.75,0.78. S=0.79 it the critcal valne of
B, for this value of & beyond which sclitons will not enist.

In Fig. 2 he exaci Sagdesy’s potential i5 plotted against
the ion density n in the qeasinentyal case. Here & =2.6 and
three. values of /, are used. The values of other parameters
are same 3s Fig. 1. It is seen that for i, =0.1 only rarefactive
solitary waves exist, whereas for {,=0.11 both fompressive
and rarcfactive solitary waves coexist. For {,=0.13 solituy
waves do not exist. In Fig. 3, T{¢) is plotwed taking terma up
to ¢ and &*. It is found that inclusion of higher order term
brings smoull changes in the amplinkds of the sollton, though
the nature ind shape of F{) remaine the same. From Fig, 4,
we find that fhe amplitade of the sech {Raf. 1) solution given
by (33) with respect to the veriation of & remaias negative.
Figore 3 shaws the range of parameters in the quesineutial

amplitudes
1.0
1.5
.5 1.¢ 1.5 2.0
1 S —— .}
-'!5
-1 jll"

FIG. 4. The arplitude of te colitay wave piven by expression |36 kos
bect plotted sparnst & wilhowr ising quasinewtrality. The vabee of the dust
plans parametors ac 2=0.479, {201, M=02, ol parnnelzes are the
same a3 thaze in Flg, |,
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FHY 5. M s L, iz plotted in ihe quasinetral cast showiog Lha mepion of
exizence 6F the dowhle layer The relation bedwesn 8 oand O s obminsd
S whe comditean glven Tn En (533

case for which double layers will exist. Here M agoamst [, is
plonted when N, =03, Az menooned 2acdizsr this celation is
different from the one given in Ref. 15 [Fig. 6(b) of Ref. 15],
I Fig. 4, the dotied corve shows the potential profile agains
£ using the relatien (38) and the solid cutve comesponds o
the same when the relatien [42] 15 nsed. e 107 vs & is plar-
ted in Fig. 7 with 6, =2.3, ¥=02, /,=0.] for rwo values of
A viz_, f=03 and 0.4 Here the solid curye is for =03 and
the dotred curve is for S=0.4. Tt s seen that the amplild: of
the solitary wave increases with 5. To get a realistic picture
we use & from Ref, 19. Figuwe § shows that as f, decreases
the amplitude decreases which agrees with results From Bef
L5. In Fig. 9 we plot ¢ 10% for the case when A. <042

b -0.04

-0.06

-G08 - .
1500 100 &0 0 50 150 150

3

TIG. 6. ¢ v & 15 ploted wsing 1he cxpresgiona 470 aod (33) with & =26
wlhere her sorwmeiors see ahe same 23 these wsed m Fig, 1. The dosed

eurve: Cofeespomls 1o the Lower coder und the solid cwrve 6 For the Nghe
nhjer case
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FiG. 7. Sapdeav'z polential ‘P=y= 107 vz @& 15 plonzd, where the dust
plasma parameters are § =25 A7 and { have the same values as in Fig 1.
Two valass of 2 are §=003. 04 Here the domed eanie ooneiponds to
S=04 and the solid vonve i3 obtoined for =05

=34 A; which occurs in the case of the double Layer solitary
wave. Figure 10 shows the poientiad profile obtained by us-
ing the expression for & given in Eg. (43).

Manmun e af,"* considersd a different plasma model and
showed that the solilen amplitude is indeperdem of the ex-
ternal magnete feld. Contrary w this, we find that the am-
plitmte depends on the external magnetic Bald, However,
Mamun ¢ of considersd a differemt plzsma model withoet
pssuming quasineutrality,. We have fownd rhe respective
ranges of various patamsters for which solitary waves and

10

BRI 8. ¥r=yba 107 ve g g plonicd, where 1he dust plasma paremeicrs are
S=L5 M=02 F=048 The rwo velues I psed are £=0.1,0109. Hera the
wolid curve cormesponds to 4,=0] anc 112 demed ane i obtained For
Lm0,
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2 D) 0 0.1
¢

FIE. 0 Sagdeen's powena]l Fmget 1% ve o s plotted, whene the duda
plesms parneiers e §ou3908, A ed.2, e, |, =001

10

10 L
03

double lnyers exist. From Eq. (36}, (371, end (41) it is seen
that 2, a2 &y depend on the values of 5. So the amplireds of
solitary wave changes as the value of external magnetic Geld
chatges. To cenclode we have sidied ion-acoustic solitary
waves o a magnolized dosty plasma comprising Bolizmang
distributed electons, ions aod dudt grainy and found ot he
respective ranges of physical parameters for which solztary
waves and check waves wouid gdst It is alsp showo that
limse ranges differs from the case when quasinsutrality is
assumed. Also we found that the higher omder sohiion is
imporiant s it gives an ides how much effect higher order

—
0,06 | #
[ !
| f;
& 01} /;
015 | /
!
r
! p
_ﬂlz ——J'/ T T L 1 ' L
100 oy 0 50 100

FIC, 14 b ws £ &5 plolted usiog the eapresgion 30 with 8, m9.968, whae
ouher paremeters e the wme as those used in Fig. .
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terme bove atd 2lso provides justificution for trancating the
geries for sxataple, as wes done in Eq. (39).
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