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The parallel current driven by radio frequency (rf) waves in a presence of electro-
static fluctuations is theoretically studied in tokamaks. We start with a steady-state
relativistic Fokker-Planck equation for an electron distribution function f(r,p) in a

presence of rf waves and low-frequency fluctuations:
’UHbe—O(f)‘I‘(SvJ_ Vf = Srf7 (]‘)

where b = B/B; v = v - b; C is the Fokker-Planck collision operator; dv, = B X
Vié¢/B? is the velocity fluctuation due to fluctuating electrostatic potential d¢; and
Syt is the momentum-space diffusion term due to rf waves. Applying a renormalized
perturbation theory to this Fokker-Planck equation, we can obtain a closed set of
equations for the ensemble-averaged distribution function and the response function
to an infinitesimal external perturbation within the framework of the direct-interaction
approximation [1]. These equations for the ensemble-averaged distribution function

g = f_/fo and the response function G are given by
(- V —C)g(r,p) = V. -/dr’dp’F(M — v )G(r' —7,p,p')-V.g(r,p') = S, (2)

~(ub-V+C+ V. D -V)Gr—r"p,p") = 6(r —r"o(p—p")  (3)

with

D = [ drdp'F(r.)G(r,p,p), (4)
where Sy = St/ fo and é(g) = C(gfo)/ fo with the relativistic Maxwellian fo; F(r, —
r| ) = év(r )év, (7" ); ~~ denotes the ensemble average due to fluctuations; the

spatial Markovian approximation is used in (2); and in addition the momentum-space
Markovian approximation is used in (3). In this paper, from the rather complicated
closed set of equations (2) and (3), we derive a more tractable radial diffusion equation
for the rf-driven current density.

Introducing the function x; determined from the equation
vb-Vx1 + é(xl) = ev.y) B, (5)

and using (2), we derive the expression for the rf-driven current density in the form:

(BI) = (BJyo+ -+ So 0 [ dpfu(p) Ag(r,p)), (6

ver Or Or
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where r = |r |, v, = dwnetlog A/m?c®, ( - ) denotes the flux-surface average,

(BJ)g /de1Srf> (7)
is the rf-driven current density in the absence of fluctuations, and
A= /dp'dr'F(rL — 2 )x1(p',?)G(r' — r,p,p") (8)
with F' = e, - F - e,. Furthermore, we define the another function y, satisfying
b - Vs + C(x2) = veA. (9)

When the broadening of the current profile due to fluctuations is small, the mean-
squared width of the flux-surface averaged current density driven by rf power absorp-

tion at | = v is written as

Jdri(ri —7ri0)(BJ)  [dri(]dpxsS)
[dr (BJ) ~ Jdri{(fdpxiSu)

We now apply the approximate method discussed in ref. 2 to the equation (6).

(10)

oG =

Following this method, we rewrite the equation (6) in the form:

16 8
s P,

where the diffusion coefficient D¢ is written as

p(+)
<f de2Srf> <f (“—) dPIISw <% + NII%) X2>

T S (+) (12)
 dpx1 5] <f( - dP||Sw < NII%) X1)

<BJ> - Vc<BJ> = _Vc<BJ>07 (11)

v=N)p)Hwe/w
with 5 5
0P (5 + Mg ) (13)

where N = kjc/w; v = V/1+p?% a = Nprw/we; U = EypyJi(a) + [E_Ji—1(a) +
E_Ji;1(a)]pL/v/2; 1 is the harmonic number; w, is the electron cyclotron frequency;
w, k) and E are the frequency, the parallel wave number and the amplitude of in-
jected waves; J; is the Bessel function; and the momentum is normalized by mc with
the electron rest mass m. The upper and lower limits of the integrals in (12) for

the cyclotron damping and the Landau damping are given by pﬁi) = [Nlec/w—

\/(lwc/w)2 —1 —I_‘]VH?J /(1 - Nﬁ) for | = 1727"'7 and p|(|_) = 1/\/]Vﬁ - 17 p|(|+) =

oo for | = 0. We note here that the expression (10) for the mean-squared width can

be reproduced from the diffusion equation (11).
The wave-induced flux Sy, includes the unknown function f. However, the expres-

sion for D, which is the ratio of the linear response to Sy, is relatively insensitive to
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the detail of the wave-induced flux. Therefore, we can estimate the diffusion coeffi-
cient using such the approximate (or model) function for f as Maxwellian and the
distribution function in the absence of fluctuations. In the current-drive concerning

the high-energy resonant electrons, the diffusion coefficient D ; is well approximated
by
o) o)
<g + ‘N“Wm) X2

o) o)
<5 + -N||m> X1 e

p||—p|| s 'Y:N”ph_)‘l'lwﬂ/w

-Drf:_

; (14)

where all the quantiles are now evaluated at the position of resonance.

The function y; is well studied in the neoclassical transport theory and, apart
from the normalization, it is considered as the perturbed distribution function in the
presence of the parallel d.c. electric field. The function y; for bulk electrons in the

banana regime is given by
X1 = —een” H(\ — NANK (2), (15)

where v, = /2T /m, © = v/ve, p = mc?/2T, H is the Heaviside step function, T is the
electron temperature, and A(A) = ((B*)/2f.) o [y dA/(~/1 — AB) with ¢ = v /|y,
A= (1—v}/v?)/B, A = 1/Buax , and f. = (3(B*)/4) JgdA\\/(vI— XB). The
function K(z) can be obtained using the expansion in a series of the generalized
Laguerre polynomials of order 3/2. We here use the following approximate expression

for K(z) obtained by retaining the first two expansion terms:

K(e) = v ot — (5 — o) ab] (16)
where o], = (,ue3—|—\/§—|—13Z/4)/De and ay, = (—pe2+37/2)/ D, with D, = (,ue3—|—\/§—|—
13Z/4)(per+2Z)— (pe2—3Z/2)?, the effective ion charge Z and the conventional viscous
coeflicients per, (K =1,2,3). The function x; for the high energy electrons is obtained
using the high-energy form for the collision operator C' = v.mc®[—(1/v?)8/dp + (1 +
Z)ym/(2vp*)8/8¢(1 — ¢2)9/8¢), where ¢ = p||/p- This function is given by

(Z+1)/
X1 = —ecBC ("“) [Nave (1)

where R(7) = [(y —1)/(y+1)]#+V/2(42 —1) /4%, We have neglected the toroidal effect
for the high energy electrons.

In the similar way, we can calculate the function y; by assuming the explicit form
of the correlation function. We now assume the correlation function of fluctuating

electrostatic potential in the form:

54(r 1)39(0) = g2 exp(—r2/2X2). (18)
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The analytic expressions for the function y, are obtained in the weak and strong

turbulent limits. In the weak turbulent limit, the function s is derived in the form:

ng) = eCVc)\iéz

y { H(A. — MA(X) (%\/7?>3 p Sz [alq — (g — w2> a2q] for bulk electrons

%B{ (1—1’1>(z+1)/2 [ dy'R(y)[P(p) — P(p'))? for high energy electrons ’
(19)
and in the strong turbulent limit, it becomes
a1
X = e Xie
H(\, — M)A~ 7/2 (%\/EY T [als — (g — w2> a23] for bulk electrons
X ?
B¢ (%i)(z“)/? [ dv'R(v")[P(p) — P(p')] for high energy electrons
(20)

where ¢, = ¢o/v. A3 B and P(p) = p — tan"*(p). The coefficients o, and oy, for
k=1,2in (19) and (20) are given by a1, = [(ttes + V2 + 13Z/4)(a'13d§0) - agsdﬁ”) —
(5/2)(er — 32/2)(}, 6 — b, &8)]/De, asg = [~(per — 32/2)(}, 60 — a,at)) +
(5/2)(per + 2)(0t,68” — 04,68"))/ Dey oy = [(pes + V2 + 13Z/4)al, — (5/2) (pez —
37/2)a,]/D., and s, = [—(pes — 3Z/2)ct;, + (5/2)(per + Z)at},]/ D, where &% =
(es + V2 + 132/4)/D., 6 = (—pes +32/2)/D., " = (5/2)(prez — 37/2)/ D, and
&Y = —(5/2)(pe1 + 2)/D...

Interpolating the functions x; and x»

1000

for bulk electrons and those for high en- ol Landau amoie

ergy electrons, we calculate the diffusion
coeflicient from (12). In Fig.1, the diffu- N=t1
sion coefficients normalized by v A% are b N;=50
shown as a function of ¢, for the Landau
damping (I = 0).
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