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INTRODUCTION

Stochastic magnetic fields may be applied to tokamak edges to establish an ergodic
divertor [1] or they may arise spontaneously due to instabilities. In addition, they
may play an important role in the H-mode, since Neuhauser, et al [2] have recently
shown that asymmetries in the deposition profiles on ASDEX divertor plates may be
explained by imperfectly installed multipole windings leading to a stochastic magnetic
layer just inside the separatrix.

Transport in a stochastic magnetic field has been investigated in a number of earlier
papers based on the quasilinear theory [3,4], resulting in the well known diffusion
coefficient of Rechester and Rosenbluth [3] for the case of a steady-state perturbation
field. Thyagaraja, et al (5], using a simplified Fokker-Planck equation, considered a
fluctuating stochastic magnetic field and found a large increase of the transport in the
long mean free path regime.

In this paper we use the drift kinetic equation, including the effect of the electric
field, together with the Krook (or BGK) collision madel [6], which conserves particles,
momentum and energy. We consider a fluctuating stochastic magnetic field. It should
be noted that even for a time-independent applied perturbation, a frequency arises
through the azimuthal electron drift Vi = —(V¢ x B)/B?.

In agreement with previous theory we find that only modes that are in resonance with
the unperturbed magnetic surfaces contribute to the transport, but with a coefficient
that is larger by a factor v = 2),/Rg than that derived from quasilinear theory ( here
A, is the electron mean free path, R the torus major radius and g the safety factor). In
particular we find that inclusion of momentum conservation in like-particle collisions
plays a significant role. Using a simpler collision model that conserves only particle
number, we also obtain an estimate for the width of the resonant layer. We find that
transport occurs in the range
o<|im-nal < (72)"(5)"
rq v

Here m and n are the poloidal and toroidal winding numbers, and w and v the fluctu-
ation and collision frequency, respectively.
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We also present a self-consistent solution for the radial electric field based on a model
in which the radial electron transport is anomalous due to motion along the stochastic
field lines and the ion transport is neoclassical. Although there is no detailed flux
balance, overall ambipolarity yields a relation between the radial electric field and
the poloidal rotation velocity. Radial ion momentum balance and toroidal momentum
balance of the whole fluid enables one then to solve for the electric field, as well as
the poloidal and toroidal rotation velocities. Tt is found that the neoclassical perpen-
dicular ion current produces a toroidal rotation in the Co-direction, of approximately
Vi = —P'/en,By, where P' is the total radial pressure gradient and B, the poloidal
magnetic field.

COLLISIONAL TRANSPORT EQUATIONS
We consider cylindrical flux surfaces perturbed by a weak stochastic magnetic field
with radial component b,, which we expand as

be =333 bumn(r)ezp(i(wt + mf — ng)). (1)

The particle flux perpendicular to the unperturbed flux surfaces is given by
T =<b, [ fud'o>, )

where < .. > represents a time-average over the magnetic surfaces, i.e. over @, ¢ and
t, and f is the total distribution function.

To find f we solve the drift kinetic equation for the electrons in the rotating system,
given by V. We use the cylindrical approximation, neglecting the B x VB drift,

af

af - q, -
b NF—(H =l
ot Fo BN m,(B ve) Oy

= Ve (2 — f) + ves(f2 — 1). (3)

The Maxwellian f:’;’ has the self-consistent values of density n,, drift 4, and tempera-
ture T, of the total (perturbed) distribution, i.e.

() ()]

Here p is the magnetic moment. We see that particle number, momentum and energy
are conserved in like-particle collisions [6]. For electron-ion collisions we conserve par-
ticles and energy, but momentum transfer is allowed, representing electron-ion friction.

The distribution function is expanded, f = f; + fi, with fy a Maxwellian in the un-
perturbed magnetic field and f; being represented by a series similar to that for b,,
eqn. (1). The resultant radial particle flux (eqn. (2)) has been calculated for resonant
modes, i.e those for which the parallel wave number ky = % = 0. It may be written
as
Aa Ve, th
L= 72R—qu4DM (P: - engqﬁ'(,) § (5)
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Here Djs has the form of a magnetic diffusion coefficient

Dy = Rq Z Z Z bw.m.nb;,m,nA(kﬂ)’ . (6)

where b* represents the complex conjugate and A(k)) is a form factor which describes
the resonance width.

Using the simplified Krook model conserving only particles (as in [-5]), and expanding
in the parameter € = v,,ﬂ,k"/u << 1, we find

4 4
Uy in k)

A7 (k) =1+

?
viw?

from which one may deduce a resonance width

o[t < (2)"

This value is small enough to lie within the expansion range, and is considerably smaller
than that given in [4].

* Evaluating the radial thermal flux

m 2 ’
Q, =< b,.E./ ([v" — uu] + Z,U.B) (U” - u“) fdv >, (7)
we find that 5 -
5 e [
Qr = ~5 (R_q) ve,mneDME- (8)

Momentum conservation in the collision term, which is neglected, for instance, in [4]
and [5], yields a factor 2 in the electron particle flux and 2.5 in the electron thermal
flux, but causes the ion transport to vanish, even for kj = 0.

ELECTRIC FIELD EFFECTS

Because of the difference between the electron and ion thermal velocities, particle flow
in an ergodic magnetic field is not automatically ambipolar and a radial electric field is
set up to restore ambipolarity. We investigate here a model proposed by Stringer [7],
in which we consider the above aniomalous electron transport arising from the braided
magnetic field, and neoclassical ions .

Equating the neoclassical ion flux [8] and the anomalous electron flux (eqn. 5), one
finds that the radial electric field adjusts itself to the value of the poloidal rotation.
For a self-consistent calculation, however, one needs two further equations. These are
the equation for radial ion motion '

!

P’
o+ VigBo —VieBs = ——-, (9)




(with V; ;4 the toroidal ion rotation velocity) and the toroidal momentum balance for
the whole fluid
minii Vs g = maw; foTi + My (10)

(with »; a phenomenological drag frequency to describe the momentum sink, M, a
momentum source and f, = Bg/By). The three unknowns ¢y, Viy and Vi can be
found from the ambipolar transport condition and these two equations.

The term with T'; occurs in a stochastic magnetic field, as transport is not locally
ambipolar and the component parallel to the field lines cannot contribute to the ;X B
forces. Thus T'; can be replaced by the parallel electron flux T', . As the ; x B force
is a large quantity, the electric field is restricted to the value

en gy — Pi ~ 0. (11)

M is typically too small to control the toroidal rotation, which thus follows purely
from radial momentum balance (9) and neoclassical rotation (10),

P T o(lnndy")
W E T B (12)

(where P = P, + P; is the total pressure).

This rotation velocity can be considered an indicator of the presence of a stochastic
magnetic field and reaches values large enough to be measured - for ASDEX in the
H-mode a value of about 5 x 10* m/s may be estimated.
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