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This Letter predicts, on the basis of the structure of mode-coupling equations, that
if the plasma P exceeds the square of the inverse aspect ratio, (a/R)2, the cross-mag-
netic-field diffusion is greatly enhanced by the appearance of convective cells even in
the presence of magnetic shear.

The purpose of this Letter is to show that under
a reasonable scaling for a toroidal plasma with
magnetic shear, (1) the electric potential obeys
the two-dimensional convective cell equation'

(8/Bt) V y —(Vp XZ/Bo) ~ V(V cp) = 0, (1)

if P)(a/R)', while if )3«(a/R)' it obeys the mode-
coupling equation for the electrostatic drift-wave
turbulence obtained by Hasegawa and Mima, '

plasma density, Bp is the flux density of the ambi-
ent magnetic field, and u„(=eBo/m, ) is the ion
cyclotron frequency.

Let us first derive mode-coupling equations for
a finite P plasma with magnetic shear. We intro-
duce the following ordering:

~t Bp~„T,
~ v(

' —Inn, )=0, (2)

and (2) this difference produces a greatly en-
hanced diffusion in a plasma as p increases over
(a/R)'. Here P is the ratio of plasma to magnetic
field pressure, a and g are minor and major
radii of the torus, z is the unit vector in the di-
rection of the ambient magnetic field, V'~ is the
gradient operator perpendicular to z, n, (x) is the

(3)

p, 8/8z ~ 0(s()/q) . (4)

Here, «„(=
~
Vlnn,

~ ) is the measure of the density
gradient, p, [=(T,/m, .)' '/u„] is the effective ion
Larmor radius, T, is the electron temperature,
y and g are the Kadomtsev potentials defined by
E~=-V~y and E,= —Bji/sz, 5 (=a/R) is the in-
verse aspect ratio, and q is the safety factor.
The e ordering is justified by the saturated am-
plitude of drift-wave turbulence, ' while 5 ordering
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in Eq. (3) is justified because

p, a a
a L, qR'

where I., is the shear length and k
ll

is the wave
number in the direction of the local magnetic
field.

In this Letter, the role of the magnetic shear
is identified as such to allow free motion of elec-
trons in the z direction. Because of such free
electron motions in the z direction, electrostatic

~ll ~e ~ll i (6)

where v, and v,. are electron and ion thermal
speed and co is the magnitude of the typical fre-
quency range.

On the basis of (6), we treat ions to be cold.
Then ion dynamics may be described by the two-
dimensional vortex equation' of order e',

convective cells are destroyed in the presence of
magnetic shear. Hence, we treat electrons to be
an inertialess fluid in the equation of motion in
the z direction. The usual drift wave ordering
allows us to assume ions to move two dimension-
ally in the x-y plane. These assumptions are
equivalent to the assumption

(7)

Under the assumption of quasineutrality, the perturbed density n, can be described by the electron con-
tinuity equation obtainable by taking the zeroth moment of the drift kinetic equation of order e':

1 8J,- B x 8 ni V'y xz n' + — ~ V'iJ, —8 ——' +e 'V lnpzo+ =0)
no 8z Bo ' 8t no g no

where B, is the perturbed magnetic field given by

8H/8t = (8/8z) V(q —y) xz, (9)

and the z component of the current density J, is
given by

poJ, = (V xB~) z . (10)

J, /en, c,= O(c5/qP), (i2)

where P=c, '/v„', and v„'=Bo'/(ponom, ). If we

Taking the first moment of the drift kinetic equa-
tion, and neglecting the electron inertia, we have

n, eg B~ n, eq+ —~ V lnno+ —' — = 0. (11)z no T, Bo n, T,
In the derivation of Eq. (11), the nonadiabatic
term due to the Landau resonance has been
dropped in view of the ordering given by Eq. (6).
However, the existence of such a term is impli-
citly assumed to provide the source of the turbu-
lent energy. Equations (7)—(11) are appropriate
nonlinear equations which describe the mode
coupling in finite-P drift Alfven wave turbulence.

We note that these sets of equations contain an
additional small parameter, P. If P«e, B~=O
and Eqs. (9) a.nd (ll) give y= p, n, /n, =eg/T,
=ey/T, . Hence Eq. (7) reduces to the Hasegawa-
Mima equation (2), the mode-coupling equation
for electrostatic drift waves. 4 Qn the other hand
if p is finite, since Eq. (9) gives p, V xB~/B,
= O(e5), from Eq. (10) we see that

use Eq. (12) in Eq. (8), we see that the first two
terms have order e'P/(Pq) while the rest have
order e'. Hence if P= 8'/q' Eqs. (5)-(9) produce
coupled drift-Alf van wave equations. However,
if P & 5', since q &1 we see that the first two
terms become smaller than the rest. Then the
ordering requires

"" . —"' ln.. =Q.

If we use Eq. (13) in Eq. (7), we see that y satis-
fies

8Vi y/8t —(Vy x z/Bo) V(Vi q) = 0,
which is the convective cell equation, Eq. (1).
The above finding indicates that in a plasma with
p&(a/B)', the line-tying effect by thermal mo-
tion of electrons along the field line is ineffective
and plasma behaves like a two-dimensional fluid.

Let us now discuss the implication of this re-
sult on the particle confinement. Since V ~ [y(Vy
x z)]= 0, the ion flux I" across the magnetic field
in the drift-wave turbulence described by Eq. (2)
is given by the nonlinear polarization drift, '

I"„=&nv)„

= —no ((V q x z /Bo'm „)~ V 8 q /8x),

which is nonvanishing if the spectrum is spatially
inhomogeneous and anisotropic. The ion flux in
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the convective cell turbulence is given by the
same term plus an additional term given by

&—n, sq/8y/a, ) ".
Since the ratio of fluctuation ener gy of the drif t

wave turbulence' to that of the convective cell
turbulence' is given by

Eg (+ + Ps ) I V'a I KI +
~ O'I I

64 I

I

~p)t = 6000

if k'«p, ',
~
y„~'of the convective cell becomes

much larger than that for the drift-wave turbu-
lence for the same level of fluctuation energy.
Now, the mode coupling described by Eqs. (1)
(Refs. 5-8) and (2) (Refs. 9 and 10) is found to
cascade the energy spectrum into the small wave-
number regime (i.e., inverse cascade). However,
the rate of cascading at k ~ «p, ' in the electro-
static drift-wave turbulence described by Eq. (2)
is much slower than that of Eq. (1) because the
nonlinear term of Eq. (2) is smaller than that of
Eq. (1) by a factor of k~'p, '. This further re-
duces the magnitude of y in the drift-wave turbu-
lence in the small wave-number regime, resulting
in a reduced diffusion. Secondly, the inhomogen-
eous term, Vlnno, in Eq. (2) (which gives the drift
wave) is shown to produce an anisotropic spec-
trum at k~'p, '«1 which may result in the produc-
tion of zonal flows in the azimuthal direction. "
This effect is also considered to reduce the diffu-
sion.

We have shown that at p=0 and p&(a/ff)', the
mode-coupling equations can be reduced to two-
dimensional forms a,s given by Eqs. (2) and (1)
even in the presence of magnetic shear (where
free electron motions are allowed in the 2 direc-
tion). In order to confirm the large difference in
particle diffusion in these models, numerical
simulations have been performed with a two-
dimensional particle simulation model in a uni-
form magnetic field. Although the model is two-
dimensional, it suffices to simulate Eqs. (1) and
(2). Both ions and electrons are pushed, with use
of full dynamics for simulating the convective
cell turbulence, ' Eq. (1), while only the ions are
pushed to simulate the drift-wave turbulence, Eq.
(2), and the electrons are assumed to be an adia-
batic fluid (Boltzmann distribution). " In addition,
the background density of electrons is continuous-
ly adjusted to match with that of ions in the latter
case so that no ambipolar potential develops.

Figure 1 shows the particle positions for the
drift-wave turbulence (top) and the convective-
cell turbulence (bottom) at t = 6000&@~,. '. The
initial macroscopic density profile was taken to
be n(x) -exp( —x'/h') for both cases where b, was

&jj I iy~~+~)i +ggl Q
' lc g& ),

~ '

0IL
0 64

"pi t = 6000

Y
I, . '. '

J

FIG. 1. Plot of the particle positions at t =6000&&,.
for drift-wave turbulence (top) and convective-cell tur-
bulence (bottom), starting from the same condition.
64x 64 mesh, 128&128 particles, and tu» /&u« =0.5 are
used for both cases.

typically a few ion gyroradii. The initial fluctua-
tion energy was the same for both cases. The
large difference in diffusion is apparent. The den-
sity profile for the drift-wave turbulence remains
almost unchanged while it is completely spread
out for the convective-cell turbulence. We note
that in the limit of zero ion temperature, the
mode-coupling equations for these models can
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be shown to reduce to Eqs. (1) and (2), respec-
tively.

In conclusion, we have shown that convective
cells can be excited when 13 exceeds the square
of the inverse aspect ratio even in the presence
of a magnetic shear. In this regime of P, the
particle confinement is expected to deteriorate
drastically.
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Ohmic-current-driven magnetohydrodynamic instabilities in the Heliotron-D device,
which has large external rotational transform (&~») and stro~ shear (8 ) 0.5), have
been studied experimentally. Since those instabilities satisfy the regular relations be-
tween the external and the ohmic-current transforms (&OH), kink and resistive tearing-
mode instabilities are supposed to exist. The strong shear plays a major role to sup-
press the magnetohydrodynamic instabilities, and the Ohmic current exceeds the ~oH
= 1 limit stably.

In many stellarators such as Wendelstein VII A

(W VII A), ' CLEO, ' L-2,' and TORSO, Ohmic cur-
rent is used to produce and heat the plasma. In
these devices, studies have been carried out to
analyze the effect of the stellarator field on cur-
rent-driven magnetohydrodynamic (MHD) insta-
bilities. The observed MHD activity is consid-
ered to be due to the kink and resistive tearing
modes. " In addition, the current disruption,
which is familiar in tokamaks, is observed in
these devices. In W VII A which has an external
rotational transform with low shear, the internal
disruption has been observed when the resonant
surface of e = 1 is present in the plasma column,
where 1,

' is the sum of the rotational transforms
due to the Ohmic current (t oH) and the external
field (t„).This experiment also shows that the

rn = 2 (poloidal mode number) oscillation seems
to play the dominant role in major disruptions.
In the case of L-2 and CLEO, which have fairly
large shear, the rather peaked plasma current
has a tendency to make the t profile flat. Once
the g = 1 condition is satisfied within the plasma,
the major disruption occurs. Thus, in these stel-
larators, the value of t cannot stably exceed
unity, just as in tokamaks.

On the other hand, the external rotational trans-
form of the Heliotron D is larger than unity at
the boundary of the plasma column as shown in
Fig. 1(a). The magnetic surface with t = 1 exists
in the middle of the plasma; or it can be removed
with a small Ohmic current, corresponding to
to„(a)from 0.2 to 0.4, where the argument a re-
fers to the value at the boundary. In this Letter
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