1998 | CPP& 25th EPS Conf. on Contr. Fusion and Plasma Physics, Praha, 29 June - 3 July. ECA Vol. 22C (1998) 2101-2104.

THE NONLINEAR FORCE FROM FLUCTUATIONS
AS A SOURCE OF PLASMA ROTATION

Julio J. Martinell! and César R. Gutiérrez-Tapia’

L Ingtituto de Ciencias Nucleares, UNAM, A. Postal 70-543, 04510 México D.F., MEXICO
2 Instituto Nacional de Investigaciones Nucleares, A. Postal 18-1027, 11801 México D.F,,
MEXICO

Abstract

The ponderomotive (PM) force due to radiofrequency wavesis analyzed as the cause of plasma
rotation in toroidal magnetic configurations, considering an arbitrary average force in different
situations. A mechanism for rotation with aradial poloidally asymmetric force is described.

1. Introduction

When high-power radiofrequency (RF) waves are injected into a toroidal plasma, or turbulent
fluctuations are present, nonlinear forces arrise that influence the plasma dynamics. The force
associated with RF wavesisthe so-called ponderomotive (PM) force, and the one resulting from
turbulence is the Reynolds stress. Mathematically, these are the result of time-averaging the
momentum balance equation over the fast oscillation time-scale, and in doing so some nonlinear
termsremain that keep the effect of the fluctuations. Their nonliearity makes PM forces to be of
importance in high amplitude electromagnetic waves, such as those involved in the interaction
of high intensity lasers with a plasma. In magnetic confinement, the present requirements for
RF heating and current drive in large devices, use an RF power high enough (tens of MW) to
make the nonlinear effectsimportant. On the other hand, there is experimental evidence that RF
waves, in particular lower-hybrid waves, can influence the dynamics of atoroidal plasmaas a
whole, by producing bulk rotation [1]. This rotation may well be driven by nonlinear forces by
giving momentum to the plasmaionsin a preferential direction.

We consider two different mechanismsthat have been proposed for the non-resonant drive
of poloidal plasma rotation by a PM force: (@) a poloidal drift due to a radial PM force [2],
and (b) a direct angular momentum transfer by the angular (toroidal or poloidal) PM force
[3]. Although the first mechanism as previously proposed is not operative when viscosity is
included, we show here that it becomes important for a poloidally asymmetric radial PM force,
which can effectively drive poloidal rotation around a resonant surface, due to the action of
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either of two dissipative processes. friction with neutral particles; and the resistive action of the
poloidal current. This process is most important near the outer regions of the plasma, where
it can then give rise to an H-mode, once a sheared poloidal flow is established, which would
lead to fluctuations suppression. The advantage of this method of driving rotation is that there
is no need for a complicated antena array to launch the wave in the poloidal direction, as with
the second mechanism, which is the one being explored by some authors [4]. In this case, the
wave can propagate radially and when it is absorbed at the resonant surface the radial PM force
is produced. We estimate that the effect is large enough to drive a considerable flow, due to the
small extent of the resonant surface.

2. Therole of external forces

We start from the fluid equations in toroidal geometry, with inclusion of an external force F;,
that weidentify with the PM force. The continuity and momentum balance equationsfor species

jare,
dn
E—i—nv-vj:() (1)
d
mj%(nvj):—ij—V-Hj+an(E+vj XB/C)+Rj+Fj, (2)

where d/dt = 0/0t + v; - V, Ry isthe friction force, II; is the viscous stress tensor and the
other quantities have the usual meaning. Charge neutrality is assumed. The magnetic field is
represented by B = V¢ x V( + Beec, and E = —V¢. Following the standard procedure,
we consider an ordering in the ratio of the ion gyroradius to the minor radius, and sepparate
the lower order asv; = U; + v;. The lowest order contribution in steady state is the balance
between the pressure gradient and the el ectromagnetic force, assuming the PM forceis of lower
order (when this is not assumed the radia component of F; drives a drift rotation directly).
Taking this together with continuity in terms of parallel and perpendicular (to B) velocities:
V- Uy = =V - Uy, onefinds,

cB

B Hme) B

Cc

UJ_J‘:?

B x V(¢ + pi/ng;), Uy =|

recalling that ¢ and p are functions of ) for axisymmetry. Here X is an undetermined constant
that may be obtained going to next order. For the next order equations we take the parallel and
poloidal components of the momentum balance, averaged over a flux surface, omitting for the
moment the friction, to get,

m;(B - V(nU;Uj)) + (B -V -1I;) = (B - F;) (4)

m;(B, - V(nU;Uj)) + (B, - (Vp; + V - 11)) = —(ng;0;, B, B¢ /c) + (B, - Fj).  (5)
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Some remarks may be made about these equations. The work of Klima and Petrzilka [3] is
equivalent to including only the first and last terms of Eqs.(4-5) (i.e. no viscosity), with the v,
term zero by ambipolarity. So they get U,,; and U, directly intermsof F},; and F;; respectively.
In contrast, Tsypin et al. [5] use the equivalent to EQ.(5) without the first (convective) term,
together with its toroidal counterpart and ambipolarity. They find U; since it appears in the
stress tensor.

Itispossibleto find the rotation vel ocitiesfrom Eq.(4) if wewrite simbolically the viscous
stressas (B -V -11;) = u,U, + p1c U + k, wherethe parameters i = (1, 14c) and k are obtained
from the definition of I1;. For the Braginskii viscosity k& = 0, but it is non-zero when one uses a
Burnett-type viscosity [6] (£ isproportional to VT'), which allowsto get anon-zero equilibrium
poloidal rotation in an axisymmetric configuration (where 1., = 0). We use this, with Eq.(3)
and the ambipolarity condition (3ng;v,, = 0), in Eq.(4) neglecting the convective term, and get
A from there. The resulting velocities are,

B¢ Sty

Uc = 25 () = B2 + 1)~ 4 (©
Uy = 5 () + G + gy~ ) @

which depend on the parallel PM force. Noticethat in our case i = 0. Itisclear that aradia
force could not drive rotation. The situation does not change if the neglected convection is
included.

There is, however, a possiblity for a radial force that is not poloidally symmetric to give
riseto rotation, by a mechanism similar to the Stringer spin-up [7]. In order to have this process
it is necessary to have some neutrals friction, so that the radial force produces a steady radial
flow. Thus, the mechanism will be most important near the edge region, when the injected
waves have their resonant surface there. The same effect may result for a resistive current.
We will explain the process in its ssmplest form starting from Egs.(1,2), alowing for a radial
component of v, and including the friction with neutrals R; = —nv;ym;v;. Continuity gives

afield-aligned return flow
BqR 10

5o
The radial velocity is the result of the radial force balanced by friction, so from the radial
projection of the momentum balance equation tofirst order, neglecting viscosity and the pressure

UHJ = TUrj)de. (8)

gradient, we get

Uyj = ‘ 9)
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which can be used in Eq.(8). Since the parallel flow varies with the poloidal angle ¢, it drains
the plasmaflowing radially outwardsto keep steady state. But if thereisan initial poloidal flow
(from a perturbation), the draining region is displaced poloidally, decreasing the density there.
Thefield line curvature tendsto rotate the rarefied plasmain theinitial direction, thus producing
an instability [7].

3. Conclusions

Wehave madeageneral analysisof thedifferent waysan external force (in particular, aPM force)
may produce plasma rotation. With the standard analysis the force has to have a poloidal or
toroidal component to originate rotation. However, aradial force can also give rise to poloidal
rotation if it is poloidally asymmetric (as it is usually the case), through a Stringer spin-up
mechanism. This may be asimpler way to rotate the plasma with RF power, which could lead
in turn to an H mode.
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