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Original scientific paper

This paper demonstrates dynamic stabilisation of the drift instabilities in an inho-
mogeneous plasma by applying an oscillating electric field parallel to the magnetic
field. Unlike the previous studies, this demonstration hinges on the parametric effect
of the high-frequency electric field, and does not involve any requirement of an
increase in the frequency of the drift waves in the presence of the high-frequency
field.

1. Introduction

Stabilisasion of micro-instabilities driven by spatial inhomogenities in the
plasma is of interest in connection with the confinement of high-temperature plas-
mas. One way of achieving this stabilisation is to use a sheared magnetic field (Pearl-
stein and Berk!, Antonsen?’, Shivamoggi®’). Another method is the dynamic
stabilisation by applying an oscillating electric field parallel to the magnetic field
(Fainberg and Shapiro®, Okamoto et al.>’). Experimental demonstration of this
result was given by Nishida et al.®. The theoretical demonstration of this dynamic
stabilisation given by Fainberg and Shapiro®’ and Okamoto et al. >’ was based on a
model that excluded any parametric action produced by the oscillating electric
field, and hinged on an increase in the frequency. of the drift waves in the presence
of the oscillating electric field. Furthermore, the calculations given by Okamoto et
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al.® apparently have some errors. The purpose of this paper is to demonstrate the
dynamic stabilisation of drift instabilities using a model that focusses attention
instead on the parametric action produced by the oscillating electric field. This
parametric stabilisation is found not to be hinged on any requirement of an increa-
se in the frequency of the drift waves in the presence of the oscillating field.

2. Electrostatic drift waves

Consider an inhomogeneous, low-8 (8 being the ratio of the particle pressure
to the magnetic pressure) plasma with n, = 1, (x), (n being the number density
of the particles and the subscript O refers to the equilibrium state), placed in a uni-

form magnetic field B, = By i,. An oscillating electric field E, =i, E, cos wo ¢
is applied in the direction of the magnetic field. The former is assumed to be uni-
form in the plasma (the sdipole approximation¢). One may choose for the equilibrium
distribution function of the particles (Fainberg and Shapiro*),

myud
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eByg - - ef ) = [ .
'Q’=:n_,co’ u=v—%w(o), E, (¢) = 1, Eq sin wqt
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o being the velocity, m the mass, e the charge, T the temperature, K the Boltzmann
constant, ¢ the velocity of light, @ the Larmor radius, and the subscript s refering
to the ions and electrons.

If the equilibrium specified by (1) is perturbed, the perturbations evolve accor-
ding to Vlasov’s equation and Maxwell’s equations,

Bf. pa €s [" | —.], =
Ft' v Vf.!+'7’ E+?'DXB Vufa—o (3)
v-E=4nze,fd3f, @
va—Tge,fdvvf,+?a—t (5)
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- 1 0B
VXE-——Ta—z (6)
v-B=0. ©)

Let us write all the relevant variables as

g =0+ qus lg1] < lgo| ®

where the subscript 1 refers to the perturbations. Upon linearising the perturba-
tions with respect to the state of equilibrium, Eq. (3) becomes

of
ot

+- Vfa +%[’:Eocoswot+%; X Bo) * Vofu =

E—-——[‘_éz +Tl:_;><§1] * Vofsor ®)

",

Let us transform o to # (defined in (2)), and put

- - - - lk,a.wEom%’
fs1 (ua x, 1) = Fyy (u, x, ne mog (10)

E being the wave vector of the perturbations. Eq. (9) then becomes

]- -

+u VFBI'I' (C“XBO)’Vqu1=

anl

—ipycos gt

"’E") X B, | vafe )

- [E?l +— (u +
where,

ke E,

My = ™, w: .

One may formally solve Eq. (11) by introducing the parameter ¢, and defining
the transformation (Rosenbluth, Krall snd Rostoker®?)

L ;, U= ts Py ), u' ()
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by
U=t
dx -,
_— Yy
de ® (12)
du’ -
T QW X 1) J

which describe the orbits of the charged particles moving in unperturbed force
fields

I_‘:s= %‘(;X §o)-

In terms of this transformation, Eq. (11) becomes

d - & [ 1 {- ejg' = ~ipscoswpt”
.d_I':F’l (x', ﬂ’, t’) = -— ??T [El +?(‘H -+ -—2))( Bl] - Vurf_;o [ (13)

moe)

and choosing the initial condition

)

— —.' —
=t x=x,u=u (14)
one obtains

‘ —r
— — - 1 . e;E
Falown == 2 & [El +?(“'+M‘i

£ ¥

—ipscoswgt’

) % B}] * Vufoe . (15)

o,

One now assumes that all perturbed quantities have space-time dependence

given by eik-x—e 0 (Now, because the equilibrium distribution function f;, is
a function of x, strictly speaking, it is not possible to express the fields and the per-
turbed distribution function exactly in terms of single harmonic dependence, as
in the foregoing. But, such complications can be avoided by adopting a »local appro-
ximation¢, Krall”), It will be assumed further that o has a small positive imaginary
part so that the perturbations vanish at ¢ = —oo.

The perturbed electromagnetic field can be taken to be electrostatic for waves
for which

o B
kz 4 V47[ nom;

(Krall”), ard this is valid for low-§ plasmas. Thus, putting

Ex = —V@ (16)
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the dispersion relation follows from Eq. (14)

Vi =—4n3Te [dof, (17)
on using (10) and (15).
Noting,
Yoy - Vaf b s, |
ulso = KT Q ] 50

d ]

T=T ity ve tilaoy, - (18)

—ipnscosmg ! —ilo

e D—Zl'lz( —us) e oo

J. (x) being the Bessel function of order n, one obtains from (15),
' Ba 1
. 2 e _m . _wm, ke lwgm,
Fa=_Z o -le|= g, +‘j( ®T, T 0, T KT ) X

ilky (=) + kz (3'—3) — (@+lwg) (¢'—12)) . ) -
x ¢ dt'] i' T, (—pp) 91 (B ). (19)

Noting from (12) and (14) that

u, =u, cos (2,7 + @)

u, =u, (20)
and
f—y = sin (@, © — sin

y—y [ ;7 +9) ¢ an

d—z=u-
where 1=1¢—1
(19) becomes

F,=" [ § (—i)' T, ( )( ms )3/2 _m _(wms_gskl)x
I=— 1) \ 27 KT, KT, KT, 2,
I L A N
s s i(n—m w iﬁ; - _

nﬁgx ,.:.2‘1m — o+ &k, u, + n8, e X e }?’1 (ko lwo)] (22)

where 8, =k, k) =&,
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The perturbed charge density is then given by

2n
oa =e [ dp f du, j duy uy F,,. (23)

-0

-]

Using (22), (23) gives

ea=— 22§ (0w R aE R Go ) 08

where,
S 1 o  (k? KT,| _MKT,

s (R 0) = 1+ I, ‘m.zx Z A 25

s (B ) P:"{E[ "=§w (";-Q,)e 2 “Vr. (C)] (25)
and

Ao, = aI:r. Vs, 2 KT,, wp, = V4 7L Noel
P32 My Hi
é:l — E,k_]_ KT, H&I—HQ,

! m&2, ° b= k, Vr,

1 . e
Z({) “‘Ifﬂd"?“f;

I,, (x) being the modified Bessel function of the first kind and order n.

Using (10), equation (17) gives

nEo)= gz [ 3 (i) T (=) 0 w—zw)] (26)

=—O°

Neglecting the ion-response to the high-frequency field, (26) gives

o —lo) =5 § (0 Tai(—ho) en o —mao) +
4z =
+ 3z eu (R, @ — lwo) 27

where g = pe.
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3. The dispersion relation

Using (27), (24) gives

@@ =20 | I@aue-tw)| @
a@en@= 2| 5 0hWe—tod] @

where
& (@) = 1+ 2, ()

we have used the relation
! E Jl(a)‘,m—l(b) =Jm(a+b)

and have suppressed the argument 2.
(2 8and (29) can be expressed differently as

e (@ — 109) 0t (0 = 00) = = £ (0 —loo) | FTus () 0 0 —mg)]

n=-—0co

g (0 — lwg) iy (0 — lwg) = —31 (@ — ) ,i J =1 (18) Per (w——mo)o)]
€2))

where the charge densitics have been redefined to absorb the factor containing i.

Following Okamoto et al.*’, let us take the oscillating field to be weak so that
|#] < 1. Then one may retain in (31) only the terms corresponding to m — I = 0,
+1. Thus, (31) gives

Oe1 (@ — (wo) + I (0 — wo) [Jo (1t) 011 (@ — o) + Jy (1) @11 (@)] =0
0e (0)+ T (0) [—J;1 (1) 011 (w0—00) + Jo (1) i1 (@) +JT;1 (1) 041 (0+w0)]=0  (32)
e1 (@ + wo) + I' o(w + o) [—T 1 (1) 011 (@) + Jo (&) 011 (0 + wg)] =0

o (@ — o) 4+ I'y (0 — wo) [Jo () ger (0 — @o) — gey (w)] =0
o1 (@) + Iy (@) [Ty () @er (@ — o)+ o (1) ey (0)—JT; () ey (0+5)]=0 1 (33)

011 (@ + wo) + Iy (w + wo) [@er (@) + Jo (1) ge1 (@ + )] = 0
where,

= X
Ps ((0) = m.

F1ZIKA 17 (1985) 4, 543—552 549



SHIVAMOGGI: DYNAMIC STABILISATION OF DRIFT...

Let us assume |« (m,/wo)| < 1, (this assumption was also made but not stated
by Okamoto et al.*’), and keep only terms to O (J?). Then (32) becomes (on using

(33),
et (0 — @o) + L' (w0 — wo) [—T3 () I't (0 — wo) @y (w — wo) —
— Jy () Ty (0) (T (&) 0er (0 — o) + Jo (1) 9e1 (0) — T (1) @er (@ + wo)}] =0
et (@) + Te () [—Jo (1) I't () {J1 (1) @er (0 — wo) + Jo (1) @ex (@) —
— J1 (1) er (@ + wo)}] =0

e (0 + wo) + I (w + wo) [/ (1) Iy (w) {71 () ger (w — wo) + Jo (&) @e1 iw)—
- J (.“) Qe1 (w0 + wo)} —J: (l‘) I'(w+ Wo) 1 (w0 + wg)] = 0. (34)

One obtains, from (34), the dispersion relation

[D (0 — wo) — Ji (1) I'e (0 — wo) I'y ()] X [D(w) D (w + wo) +
+ J1 () T'e (0 + wo) I', ()] + T} (1) T'e (0) T'e (0 — o) I'; () D (@ + wo) =0

(35)
where,
D(w)=1—=J2(w) I'e (w) I'; (w).
Approximating J3 (1) = 1, (35) can be simplified to
_ " T'e (0 — wo) Fe(w"'wo)]
D = — 71 () I [0 4 Telo tod), (36)

Approximating further

- & (w) - B
D@~ minsa@r W7
(36) gives

e =~ 0@ 0+ g [0 Lot od] g,

Notc that the dispersion relation given by Okamoto et al.’ is apparently in error,
who missed the terms y. (w 3= ®,) on the right hand side in (37).

4. The dynamic stabilisation of drift waves

Observe that the left hand side in (37) describes the ordinary drift modes in
the absence of the oscillating field. Let us now consider cases wherein the latter
becomes parametrically effective so that € (w — w,) =~ 0. Then, assuming that
De

wﬂc

W — Wo
kll VTc

—_—

(41

> 1,

<1 <1
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one obtains from (25) and (30),

(w—A4+ilY) (38)

where,

4 =wo—w, /T + 323,

w0,V TF BRI, —iby) - —Lo
l (P" 3k3}‘:)D )e R“z,-

Assuming Vi > —
and (38), (37) gives

k -> V', (as done by Okamoto et al.®) and using (25), (30)
I

_ —_& o 2 2 2 12
B2 Z';v)‘ [l +i (0 — ®,) — k2 )':)e %} — 134 [O)M(l + 3k AD;)]. (39)

k,Vr, 20, (0 — 4 +il)
Writing
w=0+iy (40)
(39) gives
De (Q - we) #? [o, 0}, (1 4 3k% 23,)]
— k= 4 (2w, (2 = D7 F°X, ] Ty “0

which clearly illustrates the stabilising effect of the oscillating electric field on the
drift waves. Physically this is apparent that under the condition € (w — wg) = 0,
the drift wave will be in resonance interaction with the Langmuir wave and the
pump electric field and will lose its energy to the latter in the process. Note that
this parametric stabilisation, unlike the mechanisms in Fainberg and Shapiro?’,
and Okamoto et al. 3, does not involve any requirement of an increase in the fre-
quency of the drift waves in the presence of the oscillating electric field.

5. Parametric destabilisation processes

It may be noted that the parametric processes do not always necessarily pro-
duce stabilisation. For instance, in a homogeneous plasma, consider processes
wherein the high-frequency pump electric field couples low-frequency ion-acoustic
modes (@ < w,) and high-frequency side-bands (w 4 wy) — which are electron
plasma waves. This leads to a resonant parametric decay of the pump mode. In
order to see this, assume as before.

e(lw—we) =0
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& that one obtains from (25) and (30)

g0 — wo) & — (wz “’3 3@ =4 +iTy. (38)

Assuming further that Vr > kﬂ > Vr, and using (25), (30) and (38), (37) gives
"

2 _ E(l 3R 22
2 a2 o L pwn( '+" Bc)
k ;'Dc (l+l|1ku Vl".)+ w:; swm(ﬂj—d—i—ifl)' “2
Writing, :
0=0,+iy (43)
(42) gives
s g O (44)
@ =T T IR,
2 Pl +3R2A)T
ot (38N 5 45)

2w, V' )
— 2
2 m.ﬂ'g (ml' A) ( k VT‘

which illustrates the parametric amplification produced by the pump.
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DINAMICKA STABILIZACIJA DRIFTNIH NESTABILNOSTI U NEHO-
MOGENOQ] PLAZMI

BHIMSEN K. SHIVAMOGGI
Institute of Mathematical Science, Madras 600 113, India
UDK 533.95
Originalni znanstveni rad
Obraduje se problem stabilizacije driftnih valova pomoéu dodatnog vanjskog
visokofrekventnog elektri¢nog polja. Uslijed parametarskog djelovanja ovog polja

dolazi do efekta stabilizacije odnosno energija driftnih valova se smanjuje a njihova
frekvencija ostaje nepromijenjena.
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