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The parallel current driven by radio frequency (rf) waves in a presence of electro-

static 
uctuations 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 
uctuations:
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is the velocity 
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is the momentum-space di�usion term due to rf waves. Applying a renormalized

perturbation theory to this Fokker-Planck equation, we can obtain a closed set of
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); � denotes the ensemble average due to 
uctuations; 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 di�usion equation

for the rf-driven current density.
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and using (2), we derive the expression for the rf-driven current density in the form:
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is the rf-driven current density in the absence of 
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When the broadening of the current pro�le due to 
uctuations is small, the mean-

squared width of the 
ux-surface averaged current density driven by rf power absorp-
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We now apply the approximate method discussed in ref. 2 to the equation (6).

Following this method, we rewrite the equation (6) in the form:
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where the di�usion coe�cient D
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is written as
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2; l is the harmonic number; !
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is the electron cyclotron frequency;
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and E are the frequency, the parallel wave number and the amplitude of in-

jected waves; J
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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 p
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1 for l = 0: We note here that the expression (10) for the mean-squared width can

be reproduced from the di�usion equation (11).

The wave-induced 
ux S

w

includes the unknown function

�

f . However, the expres-

sion for D

rf

which is the ratio of the linear response to S

w

is relatively insensitive to
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the detail of the wave-induced 
ux. Therefore, we can estimate the di�usion coe�-

cient using such the approximate (or model) function for

�

f as Maxwellian and the

distribution function in the absence of 
uctuations. In the current-drive concerning

the high-energy resonant electrons, the di�usion coe�cient D
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is well approximated
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where all the quantiles are now evaluated at the position of resonance.

The function �
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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 �eld. The function �
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for bulk electrons in the

banana regime is given by
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function K(x) 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(x) obtained by retaining the �rst two expansion terms:
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(k = 1; 2; 3). The function �
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using the high-energy form for the collision operator
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where R(
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. We have neglected the toroidal e�ect

for the high energy electrons.

In the similar way, we can calculate the function �

2

by assuming the explicit form

of the correlation function. We now assume the correlation function of 
uctuating

electrostatic potential in the form:
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The analytic expressions for the function �

2

are obtained in the weak and strong

turbulent limits. In the weak turbulent limit, the function �
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is derived in the form:
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and in the strong turbulent limit, it becomes

�

(s)

2

=

1

p

2

ec�

c

�

2

?

�

c

�

8

>

<

>

:

H(�

c

� �)�(�)�

�7=2

�

3

4

p

�

�

2

x

h

�

1s

�

�

5

2

� x

2

�

�

2s

i

for bulk electrons

B�

�


+1


�1

�

(Z+1)=2
R




1

d


0

R(


0

)[P (p)� P (p

0

)] for high energy electrons

;

(20)

where �

c

= �

0

=�

c

�

2

?

B and P (p) = p � tan

�1

(p). The coe�cients �

kq

and �

ks

for

k = 1; 2 in (19) and (20) are given by �

1q

= [(�

e3

+

p

2 + 13Z=4)(�

0

1s

�̂

(0)

1

� �

0

2s

�̂

(1)

1

)�

(5=2)(�

e2

� 3Z=2)(�

0

1s

�̂

(0)

2

� �

0

2s

�̂

(1)

2

)]=D

e

, �

2q

= [�(�

e2

� 3Z=2)(�

0

1s

�̂

(0)

1

� �

0

2s

�̂

(1)

1

) +

(5=2)(�

e1

+ Z)(�

0

1s

�̂

(0)

2

� �

0

2s

�̂

(1)

2

)]=D

e

, �

1s

= [(�

e3

+

p

2 + 13Z=4)�

0

1s

� (5=2)(�

e2

�

3Z=2)�

0

2s

]=D

e

, and �

2s

= [�(�

e2

� 3Z=2)�

0

1s

+ (5=2)(�

e1

+ Z)�

0

2s

]=D

e

, where �̂

(0)

1

=

(�

e3

+

p

2 + 13Z=4)=D

e

, �̂

(0)

2

= (��

e2

+ 3Z=2)=D

e

, �̂

(1)

1

= (5=2)(�

e2

� 3Z=2)=D

e

, and

�̂

(1)

2

= �(5=2)(�

e1

+ Z)=D

e

.

Interpolating the functions �

1

and �

2

for bulk electrons and those for high en-

ergy electrons, we calculate the di�usion

coe�cient from (12). In Fig.1, the di�u-

sion coe�cients normalized by �

c

�

2

?

are

shown as a function of �

c

for the Landau

damping (l = 0).
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Fig.1: Di�usion coe�cient D

rf

normal-

ized by �

c

�

2

?

versus �

c

. The di�usion co-

e�cients obtained from (14) are shown

by dotted curves.
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