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A localized collisionless instability that occurs in a nonuniform or skin current flowing
along an external magnetic field is shown to produce an anomalous viscosity giving cross-
field diffusion of the current. The instability can occur under conditions where the ion-
sound wave is stable and is then the dominant process for penetration.

In this Letter we present a collisionless mech-
anism for the penetration of a skin current into a
plasma under conditions where the ion-sound
modes are stable. The collisionless penetration
is shown to occur through turbulent E xB drifts of
the electrons produced by fluid instabilities oc-
curring in the nonuniform current profile. Previ-
ous studies' ' have shown that shear in a beam or
current profile can drive fluid instabilities. The
growth rates obtained" are sensitive functions
of the angle of wave propagation to the magnetic
field, and the angle remains an arbitrary param-
eter. The theory presented here gives a self-con-
sistent determination of the angle of propagation
and yields a growth rate and critical gradient
free of the angle parameter.

We show that a nonuniform current j,(x) flowing
along a magnetic field B,e, can diffuse across the
magnetic field by turbulence from a fluid instabil-
ity with a maximum growth rate of the order y- —,

' Idu/dx I, where u is the drift velocity of the
electrons in the current j, = —en, u. The unstable
mode has a small parallel electric field which is
determined self-consistently in the presence of
the sheared magnetic field produced by the cur-
rent j,. In the following analysis the plasma den-
sity and temperature are assumed sufficiently
uniform with respect to the current nonuniformity
to neglect their effect. The important electron-
temperature gradient modes' as well as the ion-
sound instability are driven by resonant elec-
trons, in contrast to the present fluid instability
driven by Idu/dx I. As a consequence, the quasi-

linear change in the parallel electron velocity dis-
tribution, 4 which can saturate the resonant tem-
perature gradient and ion-sound instabilities,
has little effect on the present instability. In-
stead, we estimate that saturation of the current
gradient mode occurs through the anomalous vis-
cosity and diffusion of the current profile in x
space. The anomalous viscosity in the saturated
state is estimated in Eq. (17) below.

The equilibrium plasma in slab geometry has a
nonuniform current j,(x) which can be taken as a
linear gradient in the neighborhood of the local-
ized mode with j,(x) = —en, (u+x du/dx). The
shear in the magnetic field B=B,(x)e, +B,e, is
given by

dB, /dx = —4@en,u/c

which yields B,(x) =B,(0) +B,(x/L, ), where the
distance L, given by L, '= ~~, '(u c/')&u„ is the
characteristic distance over which the magnetic
field rotates through an appreciable angle.

We take as our basic equations the fluid equa-
tions with an electrostatic field E = —Vp(x, t).
For the electrons we have

Bn cn BX pep B'+V ', — + (n, u) =0,
ll

Bgg gB X gy Bgg 8 By

EiVi (p = —4718(n; —ne),

where ei= 1+v~, '/&u„', and it is assumed that
h~v, (m„, ~„&&a&hiiv„where v, , =(T, ,/m, ,)' '.
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The mode is basically an electron oscillation, and qualitatively the ion motion can be entirely neglect-
ed. The ion motion does contribute in general, however, and a simple regime occurs for relatively
hot ions where kin, . &y&~„/&. In this case the ions are essentially unmagnetized in the wave and ccn-
tribute 4vp, =(e~ /v, ')y to the charge density. For beams where y =

2 u'-u&u~, /2c, the ion motion can
be neglected entirely, and the corresponding results are obtained from the following in the infinite ion
mass limit with constant v,

I inearizing Eqs. (1), (2), and (3) and taking the perturbation to vary as y(x) exp[i(k, y +k,z —et)], we
obtain the equation for the potential,

+ spiky 2 + &p8 kll kll (~ kll +)
Vc 4d ce

where ki, (x) = [k,B,(x) +k,B,]/B, and the Doppler shift is negligible since &u &keir, &kiiu.

The new feature of Eq. (4), giving rise to a localized instability, is the splitting of the usual kii'=0
turning points by the sheared current du/dx. The potential in Eq. (4) forms a well for (e —kiiu)'&0 and
0 &kg &k&M /&a) &

Choosing either k, or the arbitrary origin x = 0 such that k, B„(0)+k,B,= 0 and letting
~ =i@, we obtain from Eq. (4)

d&y ~ 2 4 2k 2 / gal 2 (x x )2e» + - &~k, — 2-+ — '2 —'
I,

—
L 2 9'=0&

Vi y - i2+ce Ls

~here x /L =~'/2~„. The fastest growing mode from Eq. (5) is

y(x) =exp[-(&u& k /2ye / L )(x -x,)'],
and the quantization condition determining the growth rate is

(d/ eked k 2 1 (d/, k Q

Y&i L~ &~~Dg 7 &z 24)«j1/2 y + 2 2

Solving Eq. (7) for the growing mode we have

(6)

(7)

~~e&~~Di
2e ' 'I.

1/2

(8)

The growth rate increases linearly with k, up to k, h, D;
= &j

' ', where the maximum growth rate

y ..=!Idu/dx l~,./~..~."'
is reached. The condition on the current gradient required for instability follows from requiring con-
sistency with the assumption y&k, iu„where kii =k, u /2~„ is the average kii(x) in the normal mode.
(At smaller growth rates a kinetic theory description is necessary. ) At small current gradients the
growth rate given by Eq. (8) reduces to

y =(k, c'/4u)~, (u„e,'/2)(u')'/lu L

Imposing the condition y&2K„v„we obtain the critical current gradient

c 1 dQ 'U~)4~/ /

QAc c (10)

required for fluid instability. Additional requirements on the plasma gradients are readily obtained
from the above for consistent neglect of the ion-cyclotron resonances (wy/~„&1) and the temperature
and density gradients (y&ar „). Further study of instability including these effects will be presented
in a subsequent paper.

For current gradients appreciably greater than the critical gradient we obtain from Eq. (8) the
growth rate

ca)~q dQ @~A,D~
1/2 dx (k 2g 2+6 1)1/2'

The width of the normal mode centered about k„(x,) = k,u'/2~„ is related to the growth rate by Eq. (6)
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and is
2

((g )2) Di (y 2)„2+s -1) -1/2
2 QPp~, Q 6c

(i2)

For a skin current with a gradient exceeding the critical gradient, a spectrum of unstable modes
will develop and produce diffusion of the background current profile. Since the parallel electric field
in the waves is small, the nonlinear effects of electron trapping are unimportant compared to the con-
vective nonlinearities contained in Eq. (2). Likewise, diffusion of the parallel electron distribution
function is not a significant stabilizing effect for these fluid instabilities. For a spectrum of unstable
waves, we have

y(x, t) = Q, y, (x, t) cos(k „y + 5„),

and from Eq. (2)

~e I s ~ce

where y„(x, t) = y„(x) exp(y„ t). Substituting
Eqs. (13) and (14) into Eq. (2) and averaging over
the wave spectrum, we obtain

(»)

where

~ c i(,, 'l(p„(x, t)]' v„'
(i6)

c ADq 4Q (i7)
8 ~u„(up, lul dx

as an estimate of the anomalous viscosity. [In the
high-frequency limit where the ion mass is taken

The turbulent viscosity ]L(.~ produced by the short-
wavelength modes k, A. n; =a~ 'i' has a weak stabil-
izing effect on the long-wavelength modes since
y&k~'p. „. On the other hand, the short-wave-
length modes become strongly nonlinear and pre-
sumably saturate when, in one growth period for
the wave, the convective velocity V„=cE,/B is
sufficiently large to take the electrons across the
entire width of the mode. Taking this limit (v„Wy
= hx) for the amplitude of the turbulence, we ob-
tain

(i4)

to be infinite the result is p.„=~ (c'/~~, '&u„e~'i')
xu ')du/dxl'. j The level of the fluctuating poten-
tial in Eq. (16) in the saturated state correspond-
ing to Eq. (17) is of the order e y/T = (cu'/&u~, u)'i'
x(u'/cv, )"'«1. We note that the diffusion equa-
tion (15) for the profile is nonlinear with p„
~(u')'/u, and as a consequence the diffusion rate
is considerably enhanced in profiles with large
gradients.
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