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The effect of a helicon moving along a stationary magnetic field Ho on the loss-cone and drift-loss-
cone instabilities of a plasma is investigated. It is shown that at a relatively low helicon field

strength the instabilities may be suppressed.

THE cone and cone-drift instabilities that arise in a
plasma contained by a magnetic field lead to the per-
turbations of the equilibrium values of the density,
potential, etc., in the form of grooves (flutes) elongated
along the magnetic force lines. In other words, waves
are built up, in which the projection of the wave vector
on the direction of the magnetic field is small. If
simultaneously with the indicated instabilities, the fre-
quency of which is w, there propagates in the plasma
along the constant magnetic field H, a magnetosonic
wave (helicon) with frequency > w, min (wpj, wje)
< © < wHe, which influences only the motion of the
electrons, then the latter, executing electric drift
across the grooves of the perturbation, will decrease
the electric fields, and consequently will stabilize the
instability.

The condition under which the high-frequency (HF)
field exerts a noticeable influence on the instability is
clear from the foregoing: within a time on the order of
the period of the HF field, the magnetized electrons
should drift across the grooves of the instabilities (in
practice, across the constant magnetic field) and
traverse a distance of the order of the transverse
wavelength of the instability aj ~ kll , l.e.,
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(E, and H, are the amplitudes of the fields of the mag-
netosonic wave, k, is its wave vector along H,). If it
is recognized that in the frequency limit indicated
above the longitudinal wave vector of the fast magneto-

sonic wave is
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then the inequality can be written in the form
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Ivanov, Rudakov, and Teichmann!), who considered the
stabilization by a HF magnetic field, have shown that
the condition for a noticeable influence of this field on
the instability is

We see that under the condition
cYQwe/ trewpe > 1

which is easily realized experimentally, stabilization
by means of a helicon can be realized at lower HF

field amplitudes. In this connection, a clarification of
the possible stabilization of the instability by means of
weakly-damped helicons is of definite interest.

CALCULATION OF THE CORRECTION TO THE
ELECTRON DISTRIBUTION FUNCTION

We consider a plasma which is not bounded in space
and has a density that varies along the x axis, con-
tained by a constant magnetic field H, directed along
the z axis. A fast magnetosonic wave with frequency
Q (wHi K Q < wHe), propagating along H,, has in
this frequency interval a wave vector k,

= wpec ™ V@/wHe'*! and a circular polarization

H,(z, t) = Hi[e.sin (koz — Qt) -+ ey cos (koz — Q1) ],
E (s, t)=k‘—gc-Hl[eJc cos (koz — Qt) — ey sin (koz — Q2)].
0
We investigate furthermore the stability of such a
stationary state of the plasma against perturbations of
the loss-cone and drift-loss-cone type, with frequen-
cies w and wave vectors ky satisfying the inequalities
w <KX Q and kz<<ko.
The equilibrium electron distribution function,
satisfying the equation
% _ e 1 afo (1)’.l
5 TV o= —(Ei+ = [v Bo+ Hi] ) =0,
should be a function of the integrals of the characteris-
tic equations
& v ﬂ———‘-(E + v H+H (2)
at " d m\ T hi '])'
The integrals are the initial coordinates xo, yo, zo, and
also, accurate to terms of order (H,/H,)?, the quantity
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Here vy, is the constant velocity component along Ho.
In the absence of the helicon, the equilibrium distribu-
tion function depends on € and on the coordinate x,.
We can therefore put f, = fo(€, Xo).

The small correction to the stationary distribution
function, corresponding to the instabilities in question,
satisfies the equation

oh Ly S (3)

dt m v

*[v,Ho +H,] =v, X (Hp +H,).
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where the total derivative with respect to t denotes
differentiation along the trajectory (2), and ¢ is the
perturbation potential, Integrating along the trajectory,
we obtain

ajo dt' (4)

fi(v,n,t -————j. th
The derivative with respect to f, must be expressed
in terms of the integrals of motion, which are constants
along the trajectory:
o _ O
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+e [— V.10 sin (Ot + 0) + 0.0 g cos (Qt — kov,% — kozo)]
° (5)
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All the quantities connected with the perturbation
are assumed to be proportional to exp (ik -r — iwt). In
the presence of a helicon, however, the Fourier coef-
ficients are themselves periodic functions of z and t.
We therefore put

400

Pro = Z @n exp{i [kr — ot + n (ke — Q1)]},
oo
fire = Z fisexp{i [kr — ot + s(koz — Q2)]}. (6)

Using (4)—(6), we can obtain expression for
fis(v{, vz ), which reduces, after integration with re-
spect to the transverse velocities, to the following:

fis(v0)=ie Ez,ffﬂdt Z Qnlm(v)e™ j ap1tvz) f°(vz )
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where Iy (v) is the modified Bessel function,

k k —
= 'Lv'L —<1, B=arctg(—-ij—), ky=Vk2+ k2> k,.
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After integration, expression (7) can be reduced, as-
suming |kzvy - w | < |kovy, — l, to the form
v,°
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X Y (= gl (W) s (w) e, (8)
where J,(u) is a Bessel function of u =k H;/keH,.
The obtained expression can be used to investigate
the result of the action of a helicon on instabilities
whose parameters satisfy the conditions for the appli-
cability of (8). We shall use expression (8) to investi-

gate the stabilization of the cone!®! and drift-cone!*]
instabilities.

CONE AND DRIFT-CONE INSTABILITIES

A. A homogeneous plasma, 8f,/8x =0, contained in
a trap with magnetic mirrors, has an instability due to
the anisotropy of the ion distribution function, resulting
from the lost cone (cone instability). The dispersion
equation of this instability, for a plasma of a density
such that wpj > wyj and kz < k|, has the following
form in the limit of low electron temperature!(®®

Ope’ wpe? k? 0pi? 1]
= = T (orr) ®

Equation (9) has been derived under the assumption
v = Im w > wygj. The maximum increment is possessed
by oscillations with

M\
O =X kvr & 0pi & kzvri(—) .
m

The dispersion equation of the cone instability, with
allowance for the helicon, is obtained in the following
manner. Substituting in the Poisson equation for each
of the components of the expansion (6) the perturbation
of the electron density, obtained by integrating (8) with
respect to the longitudinal velocities, and the perturba-
tion of the ion density, used in (9) (we take into account
the fact that a helicon with € > wpgj acts only on the
electrons), we obtain an infinite system of equations
with respect to ¢g:
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Here g0 is the Kronecker symbol. From the system
(10), using the property of the Bessel functions

—+oco
Z J2=1,

we obtain a dispersion equation, which after calcula-
tion of the integrals under the assumption that Q/k,
and w/ky > vTe, takes the form
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The number of zeroes of this equation in the upper
half of the complex w plane, i.e., the number of un-
stable solutions, is determined by the formula!®!

1 dln @
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(the argument principle), where C is the contour in the
upper half-plane of w, inside which there are no singu-
larities of the function &(w).

Choosing the contour C along the real w axis from
- to +%, with an infinitesimally small half-circle
above the pole w =0 and closed by a circle of infinitely
large radius, we can obtain for N the expression



140 A. A,

N=1+

Analyzing the 1ncrement of the argument of the vector
% when w changes from -« to + at different values
of Jo(u), bearing in mind a form of the function

Flw/ va'}) which is typical for the ion distribution in
a trap!®®| we can show that the unstable solutions
vanish if

[Arg(D(+ ) — Arg ®(— o)].

Re®(w;) < 0, (12)

where w; = kvTiy,, and the point y, is characterized
by the fact that in it Im F(y,) = 0. However, the waves
are stabilized only in a limited range of ky:

<0 (13)

Wpe? wpe k2
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and at definite helicon parameters:

1+

@pe? @pe? ko?

ont Qe >0.

On the other hand, if the inequality sign in (13) is re-
versed, then the mcrement remains positive and pro-
portlonal to J3(p) (JS K 1).

It is possible to write down for ky; formal condi-
tions that determine the stable solutions. At small J3
we obtain from (11) the following approximate expres-
sion for the increment:
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Here
(15)

is the spectrum of the stable solutions of (11) when
Jo(u) =0.

The increment (14) is positive if Im F(wo/kvTi)
> 0. It is known[® that this is the region of frequencies
wo from 0 to w, = kvpiy,. Alternately, if we take (15)
into account, this is the k; region from 0 to kz,,
satisfying the relation

k -1
0)]2—_— k @pe (1+mpe)
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In other words, the range of k; in which y > 0, as
already determined, is

2 22
© Wpe k
1 P82 pe bz > 0.

WHe W %k?

If we calculate y from (11) with greater accuracy, then
we can readily find that with increasing J%(u ) the
region of kz in which ¢ > 0 broadens in the direction
of larger kz. In other words, the range of ky

2 272
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1
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yields stable solutions only in the limit J3(u)~ 0
(sufficiently large amplitudes of the HF fields). On the
other hand, with increasing J%(u ), a region of small
positive increments appears also in this range. But
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small increments can be disregarded, since the insta-
bility in question exists only when y > wgi!®”’

Thus, with increasing amplitude of the helicon, i.e.,
with decreasing Jo(k H,/KkoH,), the increment decreases
for all k,, albeit differently for different k;. And
since the increment y vanishes everywhere when J,
= 0, there exists a minimum Jo(u) (maximum H/H,)
such that the condition for the existence of the insta-
bility ceases to be satisfied even for the maximum
increment (ymax > wgj).

Let us estimate this necessary value of H,/H, (it
is important that H;/H, turn out to be much smaller
than unity). Using the expression for y given by (14),
we estimate the upper bound of ypyax:

(16)

It follows therefore that the condition for the existence
of the instability is certainly violated when
ky H [0:¢]
]o(ko Ho)<(1)pi.
Recognizing that for the cone instability k min
S 1/rpj (rpj is the Debye radlus) the wave vector of
the helicon is equal to ko = wpeC™ 'YQ/wHe, and the
minimum frequency is § < wpj, we obtain
. kJ_ Hl c / WHi H1
Hmin = ( kl) HO)mm i .V(Dp,‘ fl_o

Uri

Ymax < (Dpifoz(!.t).
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Since wyj K wpj for the instability in guestion, the
inequality (17) is satisfied when @min < 2, i.e., when

H1>2V Opi vTi .

OH;i

Thus, if wyj/wpi =0.2, then to sat1sfy the inequality
(17) in the entxre range k) < r}); it is necessary to
have

Y02 ¢ c

We note for comparison, that to stabilize loss-cone
instability in a plasma with cold electrons by means of
an HF magnetic field!! the amplitudes required were
H,/H, > vTi/vTe, i.e., much larger.

B. In a spatially inhomogeneous plasma there can
develop an instability with k; =0 and whi K€ w K wye
(drift-loss-cone 1nstab111ty)tzl By a method analogous
to that proposed in subsection A above, using (8), we
can obtain a dispersion equation for this instability in
the presence of a helicon:

(1+ Ope? * 4 1 m_’)(1_|_ op? cope"'ko2)

k? rDi2 ® Q)Hez Q22
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(the notation is the same as inm). It turns out that the
maximum increment corresponds to the same ky, as

in a plasma without helicons, and the maximum incre-
ment itself has an order of magnitude

vt () () () e = e 49

e., it decreases by a factor J3(u) in the presence of
the helicon. On the other hand, the condition for
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eliminating the instability (y < wgil*) takes the form

knH, WH; (l)pe2 g v\t a s (20)
2 (" —_— —_— —_—
Jo ( koH1)< Wpi (1+U)Hez) ( Uc) (p,) !
Let us estimate the necessary helicon amplitude
under concrete assumptions:

Wp? = OHSP, Ur ~ U, 0mi ~ 0.1Q ~ 0.1y,
We get
kmH,
2 <01,
% ( FoHo )H
kmH, >2, ﬂ?zv opi vri (14 0)pe2/mHlez)ll‘ ~ V(l)pi Uri
koHo Hy oHi ¢ (avr/pive) ' ori ¢

(vT is the thermal velocity of the ions).

DISCUSSION OF RESULTS

Thus, the effect of stabilization of instabilities by
means of a helicon occurs and is observed at lower HF
field amplitudes than in the case of stabilization with
an HF magnetic field (see!), If we speak, for con-
creteness, of stabilization of loss-cone instability of
a plasma with cold electrons, for which it is necessary
in both methods to have

ki H L H
— =1, = — =1,
HUr TroHo ~ b %) UTeHO ~

then, even by choosing the worst conditions (from the
point of view of stabilization) for the helicon (komax

~ wpe/c) and the best ones (Qpmin ~ “’pi) for the HF
magnetic field!!), we find that upe] > 1y at the same
value of H,. Thus, indeed, in the case of a helicon
smaller HF field amplitudes are necessary. This is
connected with the fact that the motion of the electrons
in the HF field across H,, and consequently (for the
instabilities in question) across the grooves of the
instabilities, which lead to the smoothing of the poten-
tial, at identical HF field amplitudes, occurs with a
larger velocity cE; /H,) in the case of stabilization by
means of a helicon than in the case of stabilization by
means of an HF magnetic field (vTeH,;/H,). (This fol-
lows from the fact that the phase velocity of the stabil-
izing helicon is larger than the thermal velocity of the
electrons.)

From the computational point of view, the use of the
helicon is also successful. Owing to the fact that the
arguments of the Bessel functions do not depend on the
velocities in the case under consideration, it is possi-

ble to obtain in a simple manner a dispersion equation
that takes into account the influence of all the harmon-
ics of the helicon.

The harmonics of the HF field can be easily taken
into account also in the case of stabilization by means
of an HF magnetic field!!'. By a method analogous to
that proposed above, it is possible to obtain an infinite
system of equations with respect to HF harmonics of
the perturbations of the potential. However, owing to
the resultant dependence of the arguments of the Bessel
functions on the velocities, the dispersion equation cor-
responds to the vanishing of an infinite determinant.
The convergence of the determinant is ensured by the
rapid decrease of the Bessel functions with increasing
order. Taking this into account, it is possible to con-
fine oneself to approximate dispersion equations, as
was done indeed in'*!. We note that for universal insta-
bility it is possible to obtain also in this case a disper-
sion equation in closed form (the arguments of the
Bessel functions do not depend on the velocities), from
which it follows that the role of the higher harmonics
is slight.

The authors are grateful to L. I. Rudakov for fruit-
ful discussions.
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