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BASIC EQUATIONS FOR RF-CURRENT DRIVE THEORY
IN TURBULENT PLASMA

M. Taguchi

College of Industrial Technology, Nihon University ,Narashino 275-0005, Japan

Basic equations for the current drive by radio-frequency (rf) waves in a presence of elec-
tric and magnetic fluctuations are investigated using a renormalized perturbation tech-
nique of statistical dynamics.

We start with a relativistic Fokker-Planck equation for an electron distribution function

f(r,p,t) in the presence of rf waves and low-frequency fluctuations

8tf—|—v|b-Vf+5vL-VLf—C(f):%-Sw, (1)

where the subscripts || and L refer to the parallel and the perpendicular to an averaged
magnetic field B; b = B/B; v = v - b; C is the Fokker-Planck collision operator; and
Syt = 0/0p - Sy is the momentum-space diffusion term due to rf waves. We write the
velocity fluctuations as dv; = b x Vio(r,t)/B for electrostatic fluctuations and §, v =
v 0B /B = v 0b, (r,t) for magnetic fluctuations, where d¢ is the fluctuating electrostatic
potential and 0B is the fluctuating perpendicular magnetic field. Let us here assume
the correlation functions of fluctuating electrostatic potential and fluctuating magnetic
field in the form: ((0¢(r,£)0¢(0,0))) = ¢f exp [—|t]/7c — 2% /2X] — 4 /2X7 — 22/2)\ﬁ] , and
((0b) (r,t)0b, (0,0))) = —(V x b)(V x b){{A(r,t)A(0,0))) with ((A(r,t)A(0,0))) =
BPAeAy exp [—|t| /7 — 2 J202 — y? J2X] — 22/2)\ﬁ].

Applying a renormalized perturbation theory to the Fokker-Planck equation (1), we can
derive the following equation for the ensemble-averaged distribution function f(r,p) =
({(f(r,p))) in the steady-state current drive:

(vb-V=C)f(r,p)— V.- /dPID(PIaP) Vo f(r,p) = % - Sw. (2)

The momentum-dependent diffusion tensors due to electrostatic fluctuations in the weak

and strong turbulent regimes are obtained :
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in the weak turbulent regime, and

%o ——1 2 2
D(p,p)=6d6p—p D(7 ' a) (Mege, + Ne,e 4
(pp) (p p)\/i)\z)\y (ce )(z yyy) ()
in the strong turbulent regime, where ¢y = ¢o/B; v = /1 + p%/m2c?; P(p) = p/mc —

tan~(p/mc); Tee = (V200/Ae)y)Te; ¢ = py/p; ve = 4dmnetlog A/m?c?; H is the Heav-
iside step function; e, and e, are the unit vectors in the plain perpendicular to the
averaged magnetic field; K(v,7,7) = exp [-c*¢*Ga(v,7',7)/2A[v2] with R(v,7') =
(v + DO = D/ (y = Dy + D]+ W—l)/ ?J; and Ga(3,7,7) = | [ dR (v, wf
a) = D(7.)/[1 + v/2/ra D(7;)] with
a = (AN /V200)(Ipy|/myA)) and D(7:.t) = 7ee/(1 + 7ee). The momentum-dependent

and Z is the effective ion charge; and D(7_,

diffusion tensor due to magnetic fluctuations in the collisionless regime is given by

)|

V2my

where D(7.!) = aDy/(a + Dy) with a@ = BN/ Aays Tem = (\/§\p|||/77”ry)\||)7'C and
Dy = o2\/meTmerfe(71).

A large number of Fokker-Planck codes for calculating the rf-driven current density are

D(p'.p) =6(p — p)—=———D(7.,) (Noeses + Neye,) (5)

developed with and without taking account of fluctuations. The Fokker-Planck equation
(2) for the ensemble-averaged distribution function accompanied with the momentum-
dependent diffusion tensors (3), (4) and (5) can be used as a basic equation in developing
the computational code for the rf current drive in the presence of fluctuations.

We next present an idea of decoupling the calculation of anomalous effects due to
fluctuations from that of rf-driven current density. In this method, the rf-driven current
density in the presence of fluctuations can be calculated only by knowing the current density
in the absence of fluctuations. Applying the method discussed in ref.2 to the equation (2),

we can derive a following radial diffusion equation for the rf-driven current density:

10 0

L rDy={BJ) — (BJ) = —(B.). (6)

where ( - ) denotes the flux-surface average and (B.J)¢ is the rf-driven current density
in the absence of fluctuations. The diffusion coefficient in this radial diffusion equation is
expressed in the form:

0 d
<fdpSW-ain> 5 apX2

= - ) (7>
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where Sy /|Sw|; p in the last equation represents the momentum at the position of
il
resonance; and xi(p) = —ecB(G4(7y) with G1(v) = / dy'R(~,7").
1
The diffusion coefficient due to electrostatic fluctuations is explicitly calculated in the

form:

Dys(weak; c/\jve)

Drf(Weak; C/)\HVC) ’
1= Ale/Agve) + Dys(strong; ¢/ ve)

where A(c/A\jv.) = Dyg(weak; c/\jv.)/Dy(strong; c/\v.

Dy = (8)

)’£c=0.01 with & = do/Aadyve

and

9)

Dye(weak; c/xjve=0)
Dye(Weak; ¢/xjve>>1)

The diffusion coefficients D,¢ (weak; ¢/Ajv. = 0) and D, (weak; c¢/Ajr. >> 1) in (9)

Dy (Weak; L) — Dy¢(weak; c/N\jv. = 0)

1+

are calculated using the following functions in (7):

wlp) = eBevmeN / " dyR(7.7) [P(p) — P()

s e e e |

A c 7 / /
valp) = eBeet2 1 |—§|\/§ [ are) (1)

C

for ¢/A\jv. = 0, and

for ¢/A\jv. >> 1. The diffusion coefficient Di¢(strong; c¢/\v.) is obtained using

gc)\i v+1 (1+2)/2  py p/ ’7,—1 1+2)/2 o
X2(p) = ecB \/QC ﬁ ! drylmcy’ Y1 Gl(”Y/)D(Tcel§a/)a (12)

where ' = a (p'y/py)[(v + D = 1)/(y = Dy + )] #FV2

The diffusion coefficient due to magnetic fluctuations is given by

1 c aDy

Dy = —=X\]

We now explicitly calculate the rf-driven current density by solving both the Fokker-

Gi(7)- (13)

Planck equation and the radial diffusion equation in the uniform averaged-magnetic-field.
Let us assume the following current profile in the absence of fluctuations: Jo(x) = (Jy
/21 A) exp [—(z — 20)?/2A2%] . Then the current profiles in the case of the Landau damp-
ing for Z = 1,p/mc = 1 and A\,/A = 1 are plotted in Figs. 1 and 2. The plots
by solid curves show the current profiles obtained by the Fokker-Planck equation in
the weak turbulent regime ( £, = 10,v.7. = 0.01 ) and the strong turbulent regime (
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& = 100, v,7, = 100 ), respectively. The current profiles calculated from the radial dif-
fusion equation are also depicted by dashed curves. The current profiles in the absence
of fluctuations are plotted by dotted curves. These explicitly calculated results show that
the current profiles obtained by the radial diffusion equation agree well with those by the
Fokker-Planck equation.

In the formulation up to here, we have as-

sumed that the ensemble-averaged distribution o
function changes little over a characteristic e
length of the correlation function (spatially lo- % V)_”jj:AOf:

J/ Jy (x

cal approximation). We finally consider the effect
of spatially nonlocality on the rf-driven current

density. Let us here concentrate on the strong

turbulent regime for electrostatic fluctuations

and the collisionless regime for magnetic fluctua-

tions since the spatially nonlocality is important Figure 1: Rf-driven current density in

for these regimes. In consideration of the spa- the weak turbulent regime

tially nonlocality, the radial diffusion equation

is found to be rewritten by an integro-differntial 5 - éc/ = 100
L . p/mc =1
1 ~ . vt =100
e(il;atloilo T ol . r/ A=
0 | dx'Dyg(x — ') J(2') — J(x) = —Jo(x), 3l
(14)
where
o ~ / 0'00 ; ; ; 1‘1 :.3 6
. s gpxa(p,x — ')
Dy(r —2') ~ — op : . (15) b

S %Xl(?)
The function ys is calculated by solving the Figure 2: Ri-driven current density in
equation C'(Ya(p,z — 7)) = x1(p) K (z — 2'; p),
where C(g) = C(gfo)/fo with the relativistic
Maxwellian fo(p); F(r —r'.t —t',p,p') = ({6vL(r, p,t)ov, (v, p/,t))); K(z —2"sp) =

the strong turbulent regime

[dydze, - F(r — v',p,p) - e,Gi(r —7';s = 7.7%); and Gi(r — r',s = 7.7, pip) =

[

§(p— p)G'(r —r';s = 7.!) is the Laplace transform of the response function to an
infinitesimal external perturbation.
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