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1. Introduction

Recently the efforts have been made
to produce pure pair-ion fullerene (cgo)
plasmas in laboratories [1. Phys. Rev.
Lett. 91 205005 (2003); 2. Phys.
Rev. Lett. 95, 175003 (2005)].
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hree kinds of electrostatic waves,
propagating only In the direction
narallel to the external magnetic field
nave been discussed In the pure pair-
lon plasma [2].

These are the 1on plasma wave
(IPW), the 1on acoustic wave (IAW)
and the third one has been named as
the intermediate frequency wave
(IFW) because It’s frequency lies in
between the frequencies of the other
two waves I.e. the IPW and the IAW.
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FIG. 1. Dispersion relations for electrostatic waves propagat-
ing along B-field lines. Solid lines and dots denote results
calculated from two-fluid theory and measured experimentally.
respectively.
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Important Points

A.

W

It will be shown that the
experimental observations itself
Indicate the existence of
electrons In the system at a
significant level. Therefore it
does not seem to be a pure pair-
lon plasma.

Quasi-neutrality I1s not a
reasonable approximation In
such plasmas, when these are
perturbed.
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Definition of a Plasma

A quasi neutral statistical ensemble
of charged particles which exhibits
collective behavior due to long range
electromagnetic  forces.  Neutral
atoms (molecules) may also be
present In the system.

Ex: H-Plasma

U = T R 7S g S T 7

Ny; Nge = Ny



Let. 2 S I |. 2 noez
ﬁ“De i y ’a)pe —
n,€ €, M

A 5. Electron Debye length
L System’s dimension
V' Collision frequency of charged
particles with neutrals
@, Plasma oscillation frequency

The Plasma demands

1) v<<w g (1.e. em forces
dominate

2) A, << L (quasi neutrality)
il N = (%ﬂﬂée)no

(statistical ensemble)



Quasi Neutrality N,, = N,; (Consider an
El-Plasma)

Perturbation E=-Vo
(D)
V_E:i(ni—ne)z—vz(p 1.4l
S0

Assumption : ‘/léevz <<1

For a linear wave ‘Vz —>‘k2‘
If Ay, << wavelength

Then the long wavelength perturbation
does not see the effects of charge
separation. Therefore

n.=n, 12
may be used
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But o0 or E=0 1.3
(1.2 together with 1.3) Is the
concept of quasi neutrality Iin
plasmas.

|AW In EIl- plasmas:

\'4

) B,=B,z
i) uniform plasma.
lon dynamics:

m.n. (0, +\\/'i.V)\'/i 14
V 71 V

8tni+V.(ni\\;i):O 1.5
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l_Inearization:

Perturbationoc exp(ik,z — ot)16

M ny,0\V; =en,(-0,9)

iz 1.7
=fl 19 0
g 1.8
on +n,0,v., =0
Electron dynamics:  (m, — 0)
€

~ nO(l egnge)
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Using n, = n 1.10

e

Eqgs . (1.4--1.9) yield linear dispersion
relation as,

T T
a)zz[e_l_}/lljkf 111
m;
1/2
(THTY).
where C.= IS 10n sound

speed . My

13



15
m.

A2
For T << T ;¢ =
(1.11) becomes

2__ A2],2 Non dispersive IAW) 1.12
= (e p )

|f ﬂéekz + 0 we have

21, 2
2 CS kz (Dispersive IAW) 1.13

i A5k’

2 2 21,2
0" =y, for 1<< /IDek
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Electron-lon and Pair Plasmas:

a. El- Plasmas: Let B,=B,?

m.,#m;,Q .= Ak L O =
m . m
Wy << @,
C C
hNi=——>> A = ——
o ; O
2 Te . 2 T|
Wy = VR
m m

ﬂ.Di 7% ﬁDe Q(T ,#T.) ingeneral
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Slow time scales |9, or o << Q,
Fast time scales 0,~Q,, 0,
Hybrid time scale ®,;, 2 < ® <€,,®,

b. Pair plasmas m, = m_, No diff in
time scales. lon acoustic wave does
not exist In such plasmas.

Examples : Electron-Positron Plasmas
I

1) Pulsar Magnetospheres

11) Active Galactic Nuclie (AGN)

l11) Laboratory

Pair-lon plasmas:

1) Recent claims that pure pair-ion
fullerene plasmas have been
produced in laboratories(?)
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2. Pair-lon Plasmas

Let B=B,z= constant, E = -V ¢ and consider
the plasma to be homogeneous. [3.Phys.Lett. A
350,375(2006)]. For & -species

manaat\r/ a:naqa(E_I_\r/axBOZ)_vpa, 2.1

I I
(02+Q 2, = e (3 E+Q E, x2)22

az 2 i 2.3

I \'A
on +n, V,v_+n,0o,v_,=0 24
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Egs. (2.2-2.4) give,

{wz(wz_Qj)_VTa2k2w2+VTa2k§Qc§}na 25

DNoela o252, Doala (42 ) 2525 =
m

(04 (04

Writing Eq. (2.5) for @ = * and then subtracting
one equation from the other, we obtain

[02(@02-0Q2) - vik o P+ vik 2Q 2](n,-n )

—(nf+n(_))mikfa)2go 2.6

—(n°+n%) 1k (@2-Q%)p =0
m .

where Q.= qB,/m. s the ion gyro frequency.

Also g,=q.=q and M, =M_=M; has been
assumed
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Let T.=T =T., v.=(yT./m)"* and Y; be
the ratio of specmc heats. The Poisson equation
reads

(n,—n_)=——2V?q. 2.7

Let us assume for the time being that electrons
are also present in the system and they obey the
Baltzmann density distribution,

e — nOeexp(eTi 2.8

€
€

The set of equations (2.5--2.7) yields a few
simple but interesting results. Let us discuss the
limiting cases one by one. We observe that a new
mode which may be called a finite frequency pair
plasma convective cell (PPCC) can exist in such
systems in the quasi neutral approximation. Let’s
assume N, ~nN_, then Eq.(2.6) withn .~ 0 and
o << Q; gives, 2

2

o 2.9
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Note:

In dusty plasmas a similar mode has
been investigated. It may exist due to the
presence of stationary dust in EIl plasmas.

Dispersion relation is

D = Ny M; K, Q. 2.10
nOi me kL

20



3. Criterion to Determine a Pl Plasma

|AW can not be observed in pure Pl plasma. We

nOe

r]O

+

want to find out a criterion to determine

Let N,=n Kk, =0 thenfor @° << Qiz

Eqgs.(2.6) & (2.8) yield,

/2= %(Nocfkf)+v$ikf 3.1
0 0
n,+n- 1+e
where NigEa————5
N, 1- €
0
r.|O

+

If 1<<N, the frequency of

21, 2
the wave may become larger than CS kz .
21



We may have also ;< ®evenif c Kk, <Q.
The observation of IAW indicates the presences

of electrons in the system. Therefore we expect
n,.#0

c.k, < (Ds(@s #ck ®n’ = O)

In the experiment as the plot of acoustlc wave in
Fig.2 of [2] shows (our Fig 1). Since ¢ ’k *< ?
holdsif 1 < N ,,therefore we can determine N,
by measuring the frequency of IAW.

If T =0, k 0 and N, =N _, Egs. (2.6)
and (2 8) yleld

‘(02 + N c2k?)o?
e

+ AN c2k202 =0 3.2
e
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In the electron ion plasma case N, =1 and for the
ion cyclotron wave we have kz<< K |y therefore
Eq.(3.2) yields the well known dispersion relation
2 2 21, 2 L _
W = Qi + C, Kk <. In the present situation] << N, 1S
possible along with 2 <N, Cs k2, therefore we
retain the last term in Eq.(3.2). It gives for g = e,

Ral %[(Qf + N,c2k?)+ 33

(QF + Nock?®)*=4N,c k;Q7)"]
This is the modified ion cyclotron wave dispersion
relation. In the limit @ << €2 .it reduces to the
lon acoustic wave:

2 gN ,c’k? /e

R aINE e

w 3.4

2
S

This is obliquely propagating IAW. In our
opinion,(6.3) gives the so called IMF wave of Ref

[2]. But K | should also be measured along withl o

C
2
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4. Instability of A New Mode and Nonlinear
Dynamics

Let there be an external electric field E,=-V@,
and let the plasma flow be along y- direction such
that both positive and negative ions move with the
same shear velocity, 1. V_(X)=V_(X)=V,(X)
and, hence the background current is zero. The
steady state demands E,= —-B,V,.

For ‘8t‘<Qi Egs.(2.1) gives,

V V
v =i(EL Y ¥)—i(at+¥a.V)¥ax¥
BO Qa
V4V, 4.1
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and
(at_l_\\;a'v)v aZ: qa E

m_ Z 4.2
No\;e: 5
i i
V.(V, -V__)=-— [0+
p p B,Q. t
1 v V v 2
B ZXVJ_((0+¢O)-VJ_]VJ_(¢+¢O)
0

Then (4.2) yields

25



and continuity Egs.yield the nonlinear Eqg.

0 1 r r r
+ 7 xV + Vv
{at Bo J_((D (90) J_:| 4.4
aV (o + )——i(v —y )
A go ¢O 62 + 7 —7 7]

where a=-2/(B,€)and b =2q /mi

Assuming the linear perturbation of the form
¢(x)expi(k,y+k,z—mt) , we obtain from
above Eqgs.

~klp +
dxz 7 a)—voky¢ i
W2 A5 4
RRTROOIE s

where the superscript double prime indicates the
second-order differentiation with respectto X .

Let =@ +1), where ® and" denote the real
and imaginary parts of the frequency, respectively.
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Then the instability condition turns out to be

k v, 20 2
2)’ O2 0 24kzg2|(;)22 :O, 4.6
W, + 7y w, +4y ‘o]
where
:(a)r_VOky)

Let us consider the nonlinear stage of instability In
a frame which is moving with velocity componentsU
and U, in the yz — plane with o =U /U, . Eq.

(7. 3) can be written in this frame as
[e,xV (®-B,U x)V ] 4.7

[(v,,-V_,)-Byabx]=0

where ® = ¢ +¢,.Then the solution of Eq. (4.3)
becomes

(V,,-Vv_,)-Byoabx=F®-B,U x) 48

where F Is an arbitrary function of the given
argument. We choose a linear form of this function
F(@-B,U)X)=F, (®-B,U,x) with Fan
arbitrary constant.

27



Thus the above equation becomes
(v,,-v_,)=F ,® + B,gx 4.9

where 9 = (ab —F (U ) Similarly, Eq. (4.4)
can be written as

V (@-BU,X)xV  (aV*®—F B, ax)=0,4.10

which yields
ViO-G,@+(G,B,U, 4.11
F
-—2B,a) =0,
04

where G, is a constant. It is well know that
equation (4.11) admits dipolar and tricolor vortex
solutions.
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5. Break down of quasi neutrality in Pl

plasmas )

V. E =—(q.n,—q_n_-en,) >l
S0

Let , = =€ and E = -V ¢

_vzq)zi(n+_n—_ne) 5.2
o
n
_7\‘2Dev( ) ( =)

Oe nOe r]Oe

Itn =0 ,then ne:neoee“” * is assumed and
for n , 1on continuity eq Is used. then quasi
neutrality (N.~nN;) yields (for K,=0) ,

2 21, 2
o; =CK; 5.3
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Since A%, k*<<1 for low frequency IAW,
therefore quasi neutrality is valid in general.
If A2k °<1, then the above dispersion relation
becomes, o

2 Cs kz

Fil i Aalkia 5.4

For 1<< Ap.k? | and k,=0

(short wavelength limit), (5.4) becomes

®° = 0 55
pi
=]
Note : Ag, = ——%.
N,.©

Small Ny, implies large A, .

30



If n.#0 and n_=n_, thenforn ,.<< N the
situation 1 < iéekj seems to be very
common in Pair-ion-electron (pie) plasmas.

The real freg @, In pie plasmas becomes,

3 vik?
0.(K) = 0,0+ =17 5.6
where 2 32

c. K
® ;=N 5.7

; Ll Al ke

Using kinetic model for T;# O, the dispersion
relation for IAW can be written as,

425 szxz {l+ivaw(z,)} =0 58
Dj
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where VT

\/7va Wy

471tn . T
(D:( Tt OJq )1/2,VT':—

pi
m; j

Here W(Zj) is called plasma dispersion function

w(zj)zl if ‘Z-‘<<1 5.9a

1 3
W(Zj) \/_Z (1+ 2 424)+exp(—2?) 5.9b

Z] J

For 1<<|z, |.

For analytical analysis of 1AW, let us assume,

@
Vi << E <<VTe 5.10
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2 21, 2 2 2
If 22 k<<l = o = N,c k “+3vi.k

If 1<< A2 k? for n,, << ng , then we have for

=0, -y
o (k)= (1+ €)oo 5.11
I 1 &1y ALl
(1_ - 2)_|_ + D +
i 215K 2 e - Ng
n’ n’e’
where e=—and ' =———.Eq.(53.11) =
n, i €, M.
O <O, (may hold) 5.12

in pie plasmas for n,, # 0
Let

n. e, T
2 2 . 0
ﬁ“De _El /1De+ o J(r) ( noege) 5.13
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For example if n, =0.9n,,N,=19

De+

Then A2, =107, . If ,1[2)G+k 2_10 is assumed

(which is equivalent to KZDG Lk =10 incase

of el plasmas) , then in pie

plasmas, we find €, =10 and hence
Ak °=10 *>>1

Imaginary part of the frequency can be written as,

+ +
y:%-kyi 5.14
where

Ye =Ng7Ye 5.15

Vi S Ngyi 5.16

T m c.k
k ([ 1/2 e\1/2 S 517
7 () = (@ O T e
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TT\172 0 Ve yai2
y (k)= (E) (T_.)

2
0)7

(K)

exp(—

2k *vZ,

)

C.K

X
L+ A7 .k?)?

5.18

For n? = 0 above relation reduce to the case of
ei plasmas where N ,= 1[5. Akhiezeret et. al.

1975]

In the limit1 << Zéekz we obtain

vs (K) =

and

7 (k) =

EXP| —
p( 2K

n |m, 1-€°
'JSJm 22 Wz%k e
i Depi |
\/E(L)WZ (1+ e)2
8 T 2 k2 2
3 i (o, k) 5.20

2

@,

) c.k
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6. Conclusion
|. Damping analysis:

exXp| — @ <<1
2k *vZ.

and e<lor e<<l1

Therefore Y <Y,

For the same A2 K % in ei and pie plasmas, we

De-+
find
) Y <Y

i) 7. <y, alwaysbecause (1— e?) <1
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So v <y for 1<< A2 k?. 6.1
II.1<< A%k may hold because 1<<e,

even for A%, K < 1. The quasi neutrality is
not a good approximation in such systems.
Therefore IAW can be easily excited in pair-ion
plasmas comprising electrons. This can be a
possible explaination for the density fluctuation
associated with AW in experiment [ 2]. Hence
these plasmas do not seem to be the pure ion
plasmas.

[11. A new mode may be interesting in pair
plasmas. It can also become unstable in certain
situations.

IV. C.K << @, for IAW in pair-ion plasmas
having electrons. I\/IeasuringTe and Csk . one

can estimate h .

nO

_|_
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