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Abstract.
A theoretical
analysis
of radio-frequency
current
drive in a tokamak
at
frequencies
much less than the electron
cyclotron
frequency
is presented.
The global
model discussed
includes kinetic hot plasma effects and collisions.
It is found that all
kinds
of wave-plasma
interactions
(resonant
wave-electron
interaction,
resonant
wave-ion
interaction
and collisions)
can contribute
to the current
drive. The analysis
presented
discusses
the
following
important
current
drive
components:
the
momentum-transfer
current
and polarization
current,
the helicity
current,
the resonant
and non-resonant
currents,
the currents caused by kinetic and collisional
effects. The two
most important
new current drive components
are introduced
in this paper, the resonant
helicity
current
and the collisionless
part of the non-resonant
current.
Helicity
current
drive is proportional
to the parallel
helicity
flux. The helicity
conversion
coefficient,
expressing
the conversion
of the parallel helicity flux into the parallel induced current,
is
defined
by the wave-plasma
interaction.
The collisionless
part of the non-resonant
current
is proportional
to wave damping
on ions. However,
this is an electron
current,
and wave-ion
interaction
just creates necessary
polarization
of the wave to drive a
current.
Circularly
polarized
waves drive a current
differently
from linearly
polarized
waves,
and wave polarization
is an important
factor
for current
drive
efficiency.
Expressions
for all discussed current drive components
are derived,
and comparison
with
the results on helicity
current drive obtained
by other researchers
is given.

1. Introduction

Radio-frequency
(RF) current drive in a tokamak is a very important issue, crucial
to the concept of the tokamak as a future thermonuclear reactor. A lot of research
on this subject has been published in journal papers and conference proceedings
(see, for example, Karney and Fisch 1979, Fisch and Boozer 1980, Fisch et al 1981,
Cordey et al 1982, Yoshioka and Antonsen 1986, Giruzzi 1987, Cohen 1987, Fisch
1987, Chiu et al 1989, Elfimov and Puri 1990, Ehst and Karney 1991, Moroz et al
1992b)). The conventional momentum-transfer
current drive can be viewed as the
result of momentum
transfer from waves to particles during the wave absorption
process. The modern theory of RF current drive efficiency includes the effects of the
phase velocity to thermal velocity ratio (Karney and Fisch 1979, Fisch and Boozer
1980, Fisch et al 1981) and effects of electron trapping in a tokamak magnetic field
(Cordey et al 1982, Yoshioka and Antonsen 1986, Giruzzi 1987, Cohen 1987,
Elfimov and Puri 1990; Ehst and Karney 1991).
Relatively recently a new scheme of current drive via RF helicity transfer from
the waves has been proposed (Ohkawa 1989) and analysed in the resistive MHD
limit (Ohkawa 1989, Mett and Tataronis 1989, 1990, Taylor 1989, Chen et aE 1990a,b,
0741-3335/93/091145
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Bellan and Schalit 1991). Although the first predictions of helicity current drive were
very optimistic (Ohkawa 1989, Mett and Tataronis 1989, 1990), later analysis (Bellan
and Schalit 1991) showed that it is not possible to drive a significant current by this
mechanism if the only wave damping processes are those caused by collisional
mechanisms, such as plasma resistivity or viscosity.
In the paper by Chan et al (1990a) the helicity current was considered on the
basis of the two-fluid cold plasma model. However, that paper was unique in sense
that in its section VI ‘Minority ion cyclotron damping’ it included the hot plasma
terms with the goal of showing a significant effect of minority ion cyclotron damping
on current drive. Also, the authors introduced the various current drive components:
Jp’, Jp’, Jr’, and Ji4’. The quantities Jp’, and SF) are proportional to the Imk,,, and
hence absent in a tokamak. The quantities JF’, and JF’, formally, both contain part
of a momentum
transfer current, .&, and part of the polarization
current, JP,
described below in our paper. However, the cold plasma model used in that work
did not permit the authors to find the strong effects, such as the collisionless part of
the non-resonant current, JNR1, and the resonant helicity current, JHELl, discussed in
our paper. During an estimation of induced currents in the section ‘Minority
ion
cyclotron damping’ the authors used some not very well justified, for the minority
heating regime, assumptions, for example, E, = iEY or &32Ey = .cj3Er. Also, they
considered only the limits of u/k,,ute >> 1 and w/k,,q, << 1 avoiding the most
important resonant region with the strong wave-electron interaction. The authors
concluded that their current JF) (they referred to it as a helicity current) is enhanced
by the ion cyclotron resonance absorption. However, the current drive efficiency
obtained was too small to be of interest for fusion applications.
Fukuyama et al (1900) considered the ‘nonresonant internal (polarizing) force’
and called the corresponding current the helicity current. This is an absolutely
different point of view from the one mentioned above. This current drive mechanism
does not rely on any wave absorption process. In spite of the different physics
involved the authors found exactly the same scaling for the helicity current as
obtained by Chan et al (1990a,b), showing that helicity current drive is inefficient in
practice for any parameters relevant to tokamak experiments. In this paper we
report on a different vision of the helicity current drive which is closer to the first
publication
on the subject (Ohkawa 1989), where waves with intrinsic magnetic
helicity (circularly polarized waves) were considered, and we have absolutely
different conclusions about importance of the helicity current drive for fusion
experiments from those just mentioned. In contrast to the results of Fukuyama et al
(1990), we show that all RF driven current components, even helicity current and
non-resonant current, are caused by the definite wave-plasma interaction processes
and wave absorption.
Let us also discuss briefly a few of the most recent publications. Mett and Taylor
(1992) criticized previous studies of RF helicity current drive in that they ‘did not
realistically represent a steady-state situation’. Based on studies of the incompressible MHD fluid model they concluded that there is no any steady-state helicity
current except maybe the small component proportional to plasma resistivity. Using
the same model, they considered also the local AlfvCn resonance layer in an
inhomogeneous plasma. However, it was stated that its contribution to the helicity
current ‘averages to zero across the layer’.
Mett (1992) analysed helicity current drive on the basis of the drift kinetic
equation in the first order in pJL, which he solved in the plane slab model. Again,
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as in Mett and Taylor (1992), the author was not able to find any helicity current
independent of resistivity, and stated that ‘any current associated with a wave
helicity flux is either ion current (and therefore inefficient) or electron current
stemming from effects not included in drift-kinetic treatment’.
Graddock and Diamond (1992) discuss helicity current drive by the kinetic shear
AlfvCn wave (KSAW) near the resonant layer. The authors concluded that the
helicity injection by KSAW redistributes the current radially. They also concluded
that current drive by KSAW is significantly less effective than MHD viscoresistive
AlfvCn wave helicity current drive discussed by (Chan et al (1990a,b).
From this brief historical review it is evident that opinion about RF helicity
current drive has not been undivided. It has varied from very optimistic (Ohkawa
1989, Mett and Tataronis 1989) stating that the helicity current is more efficient than
the conventional momentum-transfer
current, to the very pessimistic (Mett 1992)
stating that there is no helicity current except maybe for a small component
proportional
to plasma resistivity.
The above-mentioned
extreme variation of the results on RF helicity current
drive is often due to different definitions of what is the helicity current. We should
mention here that the helicity content of a plasma in a tokamak depends on plasma
current and its radial distribution.
Hence, one can relate, in principle, any current
drive mechanism that changes plasma current with the helicity change, and hence
describe it as helicity current drive. In this paper, however, we will follow the
original idea of Ohkawa who related the helicity current to the circularly polarized
waves (waves with intrinsic helicity) and has found in the MHD limit that this
current is much more efficient than the current driven by the linearly polarized
waves. From this point of view, for example, there is no reason to consider helicity
current drive by KSAW because this wave does not have any circularly polarized
component.
In this paper our analysis includes not only MHD but higher frequencies relevant
to the AlfvCn wave and fast wave current drive, and we consider not only collisional
damping but also damping due to kinetic wave-plasma interactions. We call the
analysis presented a global kinetic current drive model. The reason for this is that
we, in analogy with the previous works on the helicity current drive, do not solve the
Fokker-Planck
equation for the electron distribution
function. In this paper,
instead, we consider only the moments of the distribution function and the electron
momentum equation which are the global characteristics of the electron distribution
in velocity space.
Our analysis clarifies the question raised by Chan et al (1990a) on effects of the
minority ion cyclotron resonance on current drive, and shows that it has two
constituents. First, the minority ion cyclotron absorption increases the collisionless
part of the non-resonant current which, although being an electron current, is
proportional
to the ion absorption. Second, in the situation when the minority
concentration
is large enough, or approximately
when the relative minority
concentration
K = nil/Yliz
satisfies the relation, K > kllVil/w,
the ion-ion
hybrid
resonance layer is formed. Our paper shows that the ion-ion hybrid resonance layer
affects the helicity current in a way similar to the Alfven resonance. Namely, the
helicity current increases on each side of this resonant surface, but these contributions have opposite signs due to opposite helicity fluxes. The net helicity current
enhancement can be only due to non-symmetry of the wave amplitudes on both
sides of the layer, which is the usual situation in the mode conversion regime.
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Our analysis also leads to a current drive component,
which we call the
polarization current, because it depends essentially on the wave polarization. The
polarization current has resonant (depending on &renkov resonance, o = k,,u,,) and
non-resonant parts. Estimations show that this additional polarization current in a
hot tokamak plasma can be of the same order of magnitude as the conventional
momentum-transfer
current. Helicity current makes a signifiant contribution
to the
polarization current. As a result, the polarization current can be directed along or
opposite to the momentum transfer-current, depending on wave polarization (wave
helicity flux). Elfimov et al (1991) reported on the current drive component
additional to the momentum-transfer
current (they call it the helicity current), and
their expression is close (in some sense) to what we call here a polarization current.
The results on helicity current drive obtained before on the basis of viscoresistive
MHD by other authors are replicated here by considering an MHD limit with
collisions as the only wave damping mechanism, including the imaginary current and
neglecting the polarization current. It is found that the expression for the helicity
current, previously considered, is not fully correct because the assumptions on
including
the imaginary
current and neglecting the polarization
current are
groundless. The correct expression is given for RF driven current in the resistive
MHD limit, including the Alfven resonance effect; this shows that this current is
really a non-resonant helicity current caused by collisions.
The helicity current drive discussed in previous publications did not include such
hot plasma effects as Landau damping, transit-time magnetic pumping (TTMP) and
the cross-term effect. In our paper it is found that these effects give the main
contribution to the helicity current, and the corresponding expression for the helicity
current has been derived. The resonant helicity current found in this way is much
stronger than the non-resonant helicity current discussed in previous publications.
That is why we are talking about a really new and important helicity current drive
component.
Another important part of the polarization current is the collisionless component
of the non-resonant current. It is proportional
to the wave damping on ions.
However, this is an electron current, and the wave-ion interaction just creates the
necessary polarization of the wave to drive a current.
The plan of the paper is as follows. The momentum-transfer
current is described
in section 2, and some general expressions for the main current drive components
are derived in section 3. The polarization current and its components are discussed
in section 4. The presentation of the total driven current as a sum of resonant and
non-resonant components is given in section. 5. The helicity conservation equation,
helicity flux and helicity current are considered in section 6. The MHD limit and
comparison with the previous publications
are presented in section 7. Wave
polarization estimations and a numerical example of the helicity current drive for
the parameters of ARIES-I tokamak reactor are given in section 8. Effects of AlfvCn
and ion-ion hybrid resonances are described in section 9. The RF-induced forces
relevant to the current drive problems are considered in section 10, and discussion
and conclusions are given in section 11.
2. Momentum-transfer

current

The natural definition
tion of the momentum

of the momentum-transfer
current comes from a considerabalance during the wave absorption process. Let P, represent
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power absorbed by electrons, and 4, be the parallel

momentum

of electrons:

Rek,,
aa,,=-P,.
0
In steady-state conditions,
collisions

momentum

input is balanced by momentum

loss due to
(2)

which gives the relation

between absorbed power and the induced current:

Re k,,
4, = - -Pp,’
w-q

-qp,.

(3)

In the above expressions, e and m are the electric charge and the mass of an
electron, n, is the electron number density, w and k,, are the wave frequency and the
parallel wave number, Y, is the electron collision frequency (see equations (25) and
(26) below), q = my,/n,e2 is the parallel Spitzer resistivity and +j is the current drive
efficiency. Let up = o/k,, be a parallel phase velocity, and vt, be a thermal electron
velocity. Then, the familiar dependence (Karney and Fisch 1979, Fisch and Boozer
1980, Fisch and Karney 1981) of the efficiency, %j, on the ratio of vp/vt, can be
obtained (%j is proportional
to l/_vp at up << vte, and proportional to v”, at v,, >> vte) if
one takes into account the Ccrenkov resonant conditions,
up = v,,, and the
dependence of collision frequency, Y,, on the velocity, while v,> vt,. A similar
discussion on current drive efficiency can be found, for example, in Fisch (1987).
More exact models based on the Fokker-Planck
analysis (Karney and Fisch 1979,
Fisch and Karney 1981, Cordey et al 1982; Yoshioka and Antonsen 1986, Cohen
1987, Fisch 1987) give some additional details. Namely, the current drive efficiency,
+j, depends on the wave absorption process and on the trapped particle effect in a
tokamak.
In this paper we do not consider the trapped particle effect and we take equation
(3) as a definition of a momentum-transfer
current
JM = -fjPe.

(4)

Then we show that the total RF driven current, .7,,,includes also another component,
Jp:
4, = JM + Jp

(5)

representing an additional, polarization current. The polarization current depends
on wave polarization
and, as will be shown in the following, includes the
non-resonant current and the helicity current. As a result, total current drive
efficiency cannot now be only a function of the ratio of phase velocity to thermal
velocity, but should include effects of wave polarization as well. Absorbed power, P,,
in equation (4) includes all possible absorption mechanisms
pe = pm + Ph4P+ PCR + PcolY

(6)

In this paper we consider only the relatively low frequencies w << R,, mpe,
corresponding to the fast waves or AlfvCn waves. Expressions for absorbed power
PMp, the
due to Landau damping, PLD, transit-time magnetic pumping (TTMP),
cross-term effect, PCR, and collisions, PCOL, in the case of a Maxwellian plasma, can
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be calculated on the basis of hot plasma dielectric tensor with collisions, and can be
written in a form independent of the coordinate system (Moroz and Colestock 1991,
Moroz et al 1992a,b):
PLD

=

PCOL

-$

=

G

IEd

--Ye Oge ( IE1112
- 2
&
w2

e

tJi Re(Zli

lE+/’ + Z-Ii IE-I’)).

The following standard definitions have been used in the above expressions:
n,, = k,Jko, ko = W/C,
[e,i = W/kllute,ti, Zni = Z[(O - nQ)/kllu,i],
2 is the plasma
dispersion function, E* = E, f iE,, are the left- and right-circularly
polarized
components of the wave electric field, B,, is the parallel component of the wave
magnetic field, mpe and Q2, are the electron plasma and cyclotron frequencies, Szi and
Uti are the ion cyclotron frequency and ion thermal velocity, T, is an electron
temperature, and
Y=Ez

*

T,

G= &

e

(11)

le exp(-52,).

In the case of non-Maxwellian
or non-isotropic
electron distribution,
the
wave-particle interaction will be different, which changes wave absorption (Moroz
et al 1992a,b) and current drive.

3. Main current

drive components

To obtain an expression for the steady-state RF driven current, Jl,, including
plasma effects, we start from the kinetic equations for electrons and ions

the hot

with fol to be a distribution function of species CX,and S,+ to be the collisional term
of species (Y with the species p. As usual, the number density, n,, and the fluid
velocity, u,, of species CYare defined as
n, =

I

fadu

(13)

n,u, = c vfa dv.
J
Integration

of the kinetic

equations

over the velocity

spaces gives continuity
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2

(15)

equations

and integration

+ V&Y,)

=0

with the coefficients m,u gives momentum

equations

+V&+R,
where the right-hand
pressure tensor

side represents

Pa = -p&

(16)

forces acting on species (Y. Here pa is a

- fi,

(17)

while pa is a scalar pressure and &, is a viscous stress tensor:
pa = $n,m,Z
(iim)ij

=

(18)
+

-n,WZ,(=$&3ij

(19)

C,iCaj)

c, = v - 21,.

(20)

The bar over the quantity means averaging
frictional force, R,, is given by

over the distribution

function.

The

(21)

and the derivative

d,/dt means
(22)

In this paper we are interested

in the parallel current, J,,

4 = -n,e(~, - S>ll
(23)
where u, and Vi represent respectively the electron and ion fluid velocity, and
e = -e, is an electron charge. To obtain J,, we will consider the parallel projection of
the momentum equations. One of the results of Braginskii (1965) is that the parallel
component of a frictional force between electrons and ions can be approximated by
the expression
4

= -m,n,y,(v,

- vi)ll

(24)

where
ye = %/Z,
3

‘~5= 46

(25)
m1”Tz2

e4Z2ni In A’

(26)

Here 2 = ei/e is the ion charge number, m = m, is the electron mass, and In A is the
Coulomb logarithm. The quantity (Yeis a slowly varying function of 2 and (Ye= 0.51
for 2 = 1. If one uses the parallel Spitzer resistivity of a plasma in magnetic field
(Spitzer and Harm 1953)
rl=-

my,
n,e2

then one can find an average parallel

(27)

RF driven current by averaging (designated
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below by angular brackets) the electron momentum equation over the RF period of
the wave:
md,u,
1
Jl, = 1 e,, E + 1 u, x B + -e ,,+-g(vPe+VwJ
c
rl ((
e
where pe and ii, are, respectively, the scalar electron pressure and the electron
viscous stress tensor, and e,, = B,,/B,, is a unit vector along the steady magnetic field,
Bo. Because we are interested in RF driven parallel current, all quantities inside the
angular brackets can be considered as fluctuating under the influence of RF.
Everywhere below in this paper we will always understand E and B as a fluctuating
wave electric and magnetic field components, and a fluctuating velocities v, are
defined by the relation

where faI expresses a small perturbation

to the distribution

function faO of species (Y
(30)

under the influence of RF. Equation (28) is written in a more general form than is
really necessary for the current drive problem. After averaging over the magnetic
surfaces in a tokamak, the effect of terms with the wave electric field, E, pressure,
pe, and viscous stress tensor ii-,, in our approximation
can be neglected. These
omitted terms can contribute
to the standard ponderomotive
force (see, for
example, Lee and Parks (1983)), but being a complete gradient of some potential
cannot drive an average current. Only the term with the stress tensor, ii,, in a
geometry with trapped electrons, for example, such as a tokamak, can lead to an
average current-the
bootstrap current (see, for example, Hirshman and Sigmar
1981 and Hirshman, 1988), which, however, is beyond the scope of this paper.
One can proceed straightforwardly
with the rest of equation (28) by using
Maxwell’s equations
V x E = ikoB
V x B = -ik&E

(31)
(32)

where 2 is a dielectric tensor. After some algebra one can obtain
presentation for the total parallel current:
4, = JI + J&q+ Jp

the following
(33)

where
4 =&Imh)Im[K(E-)*
Jo = &

Reh)

Re[C(E-)*

+ u,+(E+)*

- 2v,,,E$]

+ u:(E+)*

+ 2+?qy
(36)

and u,’ = u,, f iv,. Fluctuating electron velocity, u,, and a fluctuating electron
current density, j,, can be found in the standard way through the mobility tensor,
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&, and through the conductivity tensor, B,, where the subscript,
electron contribution to the corresponding tensor:

j, = -e I I& dv = -en,v,

e, means an

= 6,E.

The dielectric tensor, 8, in Maxwell’s equations
conductivity tensors by the well known relation

(38)

can be expressed through

the

where 1 is a unit tensor.
We call the current Jr an imaginary current, because it is absent in a tokamak:
due to periodicity conditions the parallel wave number, y1,,,has to be real (Chan et al
1990a). However, we still decided to consider this current because it was considered
in earlier publications (see, for example, Ohkawa 1989, Mett and Tataronis 1989,
1990, Taylor 1989, Chan et al 1990a, Bellan and Schalit 1991) in context with helicity
current drive. The current, Jhl, is the momentum-transfer
current, because it can be
written in the form of equations (5)-(10) i f one uses a substitution (37) and the
mobility tensor, M,, includes the thermal kinetic effects and collisions. The last
current component, .&, we call the polarization current because, as will be shown
below, it depends on the wave polarization.

4. Polarization

current

Consider now in more detail the additional current drive component, the polarization current, Jr, introduced by equation (36). Let us obtain an estimation of Jr in the
WKB limit, when all wave components have a form E, B - exp(-iwt + ikr), and
one can use a substitution V exp(ikr) = ik. In this case equation (36) is replaced by

(40)
Using the hot plasma dielectric
Jp = Jiw

+ JHEL~ +

and mobility

tensors gives the following

JCOM+ JCOL~

where J NR1 represents the non-resonant

result:
(41)

current
(42)

which can be written in a simpler

form, because the two last terms in parentheses
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almost cancel each other:
(43)
J HELl

represents the helicity current
J HELl

=

-~

InLIz nil Im c3
-((IE-I’fwo

J COM

IE’I’)

l&312

stands for the resonant compensation

(44)

current

and the last current component is JcoL2, which reflects the effect of Coulomb
collisions, and can be written in an approximate form
J co~2=-i~[(1+$2)(Pcl~,i’+~(iE-12-lE+12))-~l~,~2]

(46)

where Pe is the standard electron beta defined as Pe = 8nn,T,IB$
We are using the following standard definitions:
E, = e, - E

Ey = e,, - E

(47)

where e, = k,lk,,
eY = e,, x e,, k, = k - k * e,,, and cj designates the .s33component
of the plasma dielectric tensor:
E3

= 1 + 2%

JE[l + &J(&)].

The meaning of the compensation current is becoming clearer from its presentation
in the usual condition for tokamaks of small Pe (more exactly at teJIe -K 1).
Suggesting ni >> w&/Cl& which is well satisfied at the relatively low frequencies
considered, one can obtain the following presentation for the compensation current:
JCOM

=

q (PLD

+

PCR

+

%vw)

(49)

which shows that the compensation current cancels out the part of the momentumtransfer current which is due to Landau damping and the cross-term effect, and
cancels half of the current caused by TTMP.

5. Resonant

and non-resonant

currents

Resonant current drive appears due to resonant wave-electron
interactions that
correspond to the Cerenkov resonance, o = k,,u,,, while the non-resonant current
component does not include these resonant terms. From this point of view one can
divide the momentum-transfer
current, JM, and the polarization
current, Jp, into
resonant and non-resonant parts. For the momentum-transfer
current, JM, it is clear

Global analysis of RF current drive
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that the Landau damping, TTMP, and the cross-term contributions represent the
resonant current, and the collisional part, JcoLl = - jjPcoL, gives the non-resonant
current drive.
Analysis of the polarization
current component, Jr., presented in WKB approximation
in the preceding section, shows that Jp is significant and cannot be
neglected in comparison with the momentum-transfer
current. Moreover, part of
this current, the compensation current, JCoM, totally cancels the Landau damping
and cross-term contributions and also cancels half of the TTMP component of the
momentum-transfer
current. As a result, the total resonant current is given by
J RES

=

(&l

+ &>RES

= JRESl

+ JHELl

(50)

where
J RESl

=

(51)

-5S4P

and the total non-resonant
.&JR

=

(&I

+

current is
&),R

= JCOL

+ &RI

(52)

current drive via the wave-particle
where JCO~ = JcoLl + JcoL2 is non-resonant
interactions due to collisions. Another non-resonant current component, JNRI,
reflects the influence of wave polarization. It follows from equation (43), that JNRl
increases quickly when the electron temperature increases (JNRI - Tz”). This current
can be significant in the case of small I, (the regime of low phase velocities in
comparison with the thermal electron velocity) when resonant electron absorption is
negligible. Also, as will be shown later in section 8, the non-resonant current, JNRl,
is proportional to the wave damping on ions. As one can see from equation (43) the
current JNRl disappears in a case when the wave is totally circularly polarized. In
that sense this current is contrary to the helicity current, JHEL1, which is maximal for
circular polarized waves. The non-resonant current, JNR1, can be appreciated in
comparison with the momentum-transfer
current. The following estimation can be
derived on the basis of equations (4), (7)-(9) and (43):
J
AS

JtVl

= SNRONR

where the coefficient aNR reads

6NR=Y
and the polarization

@JR=

y3J
Im sj
factor eNR is given by
Im[E+(E-)*]

(55)

The coefficient aNR and the non-resonant current JNRl increase with increasing
electron density and temperature.
For the collisional current, JCoL, one can find the interesting result that this
current does not depend on the collisional frequency or on plasma resistivity. This
fact is noted from the coincidence that both plasma resistivity and absorbed power
due to collisions are proportional to the collision frequency.
In analogy with the polarization current, the collisional current, given by equations
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(10) and (46), can be presented as a sum of helicity and non-helicity
JcoL=

&OL)HEL+

components:
(56)

VCOL)NH

(57)
(JCOLLIH = -f

2

[ A( 1+ &)

e

IBId - $

ti Re(Zc + Z-Ii) IELI’]

(58)

where IELI = lEx12 + &,I’. The above expressions show that collisional current drive
consists of components which are unaffected (first terms in the square brackets in
equations (57) and (58)) and which are affected by ion cyclotron resonance. The
component affected by ion cyclotron resonance can contribute significantly to the
current when the frequency is approaching the ion cyclotron frequency if the
parameter [i is not very small, typically if [i > 1. However, the neighbouring regions,
where o < 52i and o > Qi, contribute opposite signs. As a result, they can change the
local current profile, but changes to the total plasma current are still defined by the
current components unaffected by ion cyclotron resonance.
6. Helicity

current

The helicity current appears due to the wave-particle
processes (current J,,,,) and due to collisions:

via the kinetic

(59)
combination
of the wave electric fields in a specific form,
us show now how this form can be expressed in terms of the
of the wave helicity density flux, Q,,.
of the wave is defined (see, for example, Moffat 1978, Ohkawa
Mett and Tataronis 1989, 1990, Chan et al 1990a,b) as

JHEL=(JM+JP)HEL=JHEL~

and includes the
(IE-1” - IE’I”). Let
parallel component
Helicity density
1989, Taylor 1989,

interactions

+ (J~OL)HEL

h=(A*B)=iRe(A*B*)

(60)

where B and A, respectively, the wave magnetic field and the corresponding vector
potential. Angular brackets mean averaging over the wave period. As is well known,
the helicity density, h, satisfies the helicity conservation equation:
k$+V-Q=

-Re(E*B*)

where Q is the helicity density flux:
Q=$Re(@B*-AXE*)

and @ is the electric potential. Expression (62) is not gauge invariant.
can obtain the invariant form of the helicity density flux

(62)

However, one

Q=-&lm(BxE*)
0

by using the identity
V~(awxE+V~xx)=0.

(64)

Global analysis of RF current drive

From equation

1157

(63) it follows that

Q,,= -&WI’

- lW+l*).

From this point of view, the helicity current drive is proportional to the parallel
helicity density flux of the wave and to the damping mechanism, which defines the
wave-plasma interaction. It can be due to the kinetic hot plasma processes (current
J,,,,),
or to collisions (current (Joo&&.
The coefficients, xKIN and xcoL,
expressing the conversion of the parallel helicity density flux to the parallel induced
current, respectively, due to the kinetic and collisional wave-plasma interactions,
can be written in a form
JHELI = XKINQ~~
X

VCOL)HEL

=

XCOLQ,,

_ ~Re k,,lb, I* Im E
IF312 3

(67)

K1N-2$10

X ,:oL=z

[In,‘(l

(66)

+&)

+&<iRe(Z,i-Z-n)].

The resonant helicity current JHELl can be appreciated in comparison with the
momentum-transfer
current. One can estimate their ratio from equations (4),
(7)-(9) and (44) as
J HELl
~

J&l

=

(69)

8HEL@HEL

where the coefficient &EL reads
6 HEL

(70)

and the polarization

factor &EL
IE-l*

&EL

=

-

is given by
lE+l*

4Wx12 + IYE3Jq2)’

Equation (70) and (71) show that the helicity current can be significant in the
regimes of high Pe >> 1, or high 5, >> 1 (regime of the high phase velocities in
comparison with the thermal electron velocity) if the polarization factor @HnL is not
very small.

7. Helicity current in MHD limit

Many previous papers (Ohkawa 1989, Taylor 1989, Mett and Tataronis 1989, 1990,
Chan et al 1990a,b, Mett and Taylor 1992) considered helicity current drive on the
basis of resistive MHD equations. Let us consider the same approximation
of a cold
plasma with collisions at low frequencies:
Ye << W << Q

T,=O

pe=O.

(72)
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In this situation collisional terms represent the only contribution
to the RF driven
current. The cold plasma mobility tensor gives the following relations between u,
and E components:
iov,
Q5tw

II,,,

=

- le

-

1 -

2
mw

1y,

T

E*.
W

E,,.

3w

Hence, in place of equations (34)-(36)

one has
(75)

JhJ =JcoLl

= ---

Wn,,) yew ~F-l2 + ~lE+l* + 5
IR, ( O+~i

4~Bo

O-Qi

(IE-I’

JP= Jax2 =

IE,,12)

- lE+12) -?

(76)
jE,,12).

(77)

Equation (77) has been obtained by using a WKB presentation for the polarization
current, discussed above in section 4. That is why this equation contains a term with
IE~ instead of the one with a gradient operator.
As mentioned before, the total RF driven current in a tokamak includes the
momentum-transfer
current JM and the polarization current Jp but plot an imaginary
current JI. In this case, as one can see, the effect of E,, on current drive cancels.
Using the expression for the parallel helicity density flux, equation (65) gives
(78)

Equation (78) shows that in the resistive MHD limit considered, the total current is
really a helicity current. Near the resonant surfaces for AlfvCn resonance the value
of InLIz increases sharply that can significantly effect the driven current (more
discussion on this subject is presented below in section 9).
For comparison with the previous papers (Ohkawa 1989, Taylor 1989, Mett and
Tataronis 1989, 1990) we have to take the imaginary current JI into consideration,
and also neglect the polarization
current contribution
and finite E,,. Taking into
account the relations (Taylor 1989)
Re(n,,) = ?rA = c/VA

(79)

where aA = @pi/Q, vA is the AlfvCn velocity and /1 is the kinematic viscosity of a
plasma, we arrive at the following expression for the total parallel current:
J

=
II

_

Re(k,,)
B,&

w
-

.;)QII.

(81)

Equation (81) replicates some results obtained by Taylor (1989) and Mett and
Tataronis (1989,199O) that viscosity and resistivity make opposite contributions to
the driven current. However, in a tokamak, as we have mentioned above, the
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current Jr is absent, and the total current in the MHD

limit

is

which is independent of plasma resistivity (or collision frequency), and is proportional to the parallel wave helicity density flux. The second term in parentheses
expresses the influence of Alfven resonance. For higher frequencies, or when kinetic
effects are included, the current Jl,, as follows from the analysis presented above,
cannot generally be viewed as only a helicity current.

8. Wave polarization

The polarization current components, the helicity current and non-resonant current,
depend on wave polarization. To be able to predict how large these currents can be
for the particular plasma parameters, it is necessary to get an estimation of wave
polarization, which can be done on the basis of the dispersion relation:
kx(kxE)+k;BE=O

(83)

where 8 is a hot plasma dielectric tensor. Using the dispersion relation, one can
obtain an estimation for the polarization factors, ONR and OHEL, respectively, for
non-resonant and helicity currents:
Re(c - Ed)

@i-JR==Im.si

Id

+ b312

(84)
(85)

where I = cl - ni, and

El = 1 + 7 3
&2 =

7

$j

[i(zli

li(Zli + Z-Ii)
-

z-li)*

(87)

Equations (86) and (87) suggest summation over all ion species. From equation (84)
one can conclude that, because Im .si is proportional
to ion absorption, the
non-resonant current, JNR1, is also proportional to ion absorption. However, one has
to remember that JNRl is the electron current, and the wave-ion interaction just
creates the necessary polarization of the wave to drive a current. The conditions,
Re(& - s2) = 0, correspond to the fast wave cut-off surface. Inside (outside) this
surface the non-resonant current, JNR1, is positive (negative).
Let us consider a numerical example for the parameters of proposed fast wave
current drive in the tokamak reactor ARIES-I
(Mau et al 1990): f = 148 MHz,
B. = 11.3 T, n,, = 2. Estimations
give
T, = 17.5 keV,
n, = 1.45 * 102’ m-3,
1.6,
and
hence
the
contribution
of
the
helicity
current
is
very
significant
JHELIJM=
and contradicts to the scaling for the helicity current published by Chan et al
(1990a,b) and Fukuyama et al (1990).
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9. Effect of AlfvCn

and ion-ion

hybrid

resonance

The effect of AlfvCn resonance on the helicity current has been considered recently
by Mett and Tataronis (1990) and Mett and Taylor (1992) on the basis of the
incompressible MHD fluid model. The authors have found that on both sides of the
resonant layer the helicity current increases significantly. In their model such an
increase has been defined by resistivity and viscosity coefficients, and in the limit of
zero resistivity and viscosity it goes to infinity. However, because the contributions
of the different sides of the resonant layer had an opposite sign, the total helicity
current was averaged to zero during the integration across the layer.
In the kinetic model, however, such an increase depends on the electron inertia
terms or on the hot plasma terms including finite Larmor radius effects (see, for
example, Hasegawa and Chen 1976). The same is true for the ion-ion hybrid
resonance.
Our results for the helicity current, following from equations (66)-(68), show
similar effects. Near the AlfvCn or ion-ion hybrid resonance surface the value of 1~1~1
increases sharply. The helicity conversion coefficients xKIN and xcoL include terms
proportional
to l~1~1’, and hence also sharply increase near the resonant surfaces.
However, according to equation (84), the wave polarization changes sign near the
surface E = 0 which corresponds to the AlfvCn or ion-ion hybrid resonance, and
hence the helicity current, JHEL, also changes sign near such a surface. As a result,
the AlfvCn or ion-ion hybrid resonance can significantly change the total driven
current only if there is an essential non-symmetry
in the helicity flux or wave
amplitudes on both sides of the resonant surface, which can easily be the case in a
tokamak in the mode conversion regime. Even in cases when the total driven
current is not affected, Alfven or ion-ion hybrid resonance can significantly modify
the driven current profile. This effect can be important, for example, for sawteeth
stabilization in a tokamak (Start et al 1991).

10. Induced

forces

Our analysis shows that any wave-plasma interaction can contribute to the current
drive: resonant wave-electron interaction, resonant wave-ion interaction, or interaction due to collisions. One can relate the forces exerted on a plasma species due to
such interactions with the driven current, that can be derived from the balance of
RF-induced forces against collisional drag. This method has been used recently by
Chan and Chiu (1992) who tried to find the non-resonant force corresponding to the
helicity current drive. However, details have not been published, and the final result,
from our point of view, includes both resonant (through the E, component) and
non-resonant contribution. The relation of the force presented with the helicity has
not been proved. As follows from our results, the non-resonant force corresponds to
the non-resonant current but not to the helicity current.
In this section, we will consider only forces relevant to the current drive problem.
Forces expressed as a gradient of some potential, such as the standard ponderomotive forces (see, for example, Lee and Parks 1983) cannot drive a current and will
not be discussed here.
For any current drive component discussed in this paper-momentum-transfer
current and polarization current, the helicity current, the resonant and non-resonant
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drive

currents, the currents caused by kinetic and collisional effects-we
RF-induced force acting on electrons by using the rule:

can relate some

F, = -wM,,,

(88)

where subscript a denotes the particular current drive and force components.
Proceeding this way one can obtain the following results.
The force, FM, corresponding to the momentum-transfer
current is given by
kll
FM=-Pe.
w

(89)

According to equations (6)-(10) this force can be presented as a sum of forces
corresponding to the different absorption mechanisms, FLD, FMp, FCR and FcOLl. We
will not present here all the forces which can be easily derived from the given
expressions for the current drive components, but instead we write down only the
following most important forces.
From equation (36) one can obtain the force corresponding to the polarization
current:
F,=&Im[(j:V)(Et+Fv&)]
which includes, according to equations
non-resonant force,
~

FNRl=---

and the force corresponding

(41)-(44),

Im[E+(E-)*]

such important

components

as the

(91)

to the helicity current

ln,12k,,Im ~3
IE3,2n~eQl~*

FHELl = ~~8B,

(92)

The total non-resonant force includes not only FNRl but also, according to equation
(52), the force FCOL which corresponds to collisional interactions. The same is true
for the helicity force which includes not only FHELl but also, according to equation
(66)-(68),
the force (F ooL ) HEL corresponding to the current (JcOL)HEL.
As has already been mentioned not all current drive components add constructively, some of them give opposite contributions or partially cancel each other. The
same is true for the RF-induced forces, some of which act in opposite directions.
The helicity force corresponds to the waves with a parallel helicity flux and is
absent for the linearly polarized waves. This shows the importance of the wave
polarization factor. The non-resonant force is a force acting on electrons. However,
its main component, FNR1, is due to wave interaction with ions, which creates the
necessary polarization of the wave to generate a force on electrons.

11. Discussion

and conclusions

RF current drive in a tokamak at frequencies much less than the electron cyclotron
frequency has been analysed, and different classifications of its components
presented. It is shown (and all necessary expressions are derived) that the total RF
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driven current can be viewed as a sum of momentum-transfer
and polarization
currents, as a sum of resonant and non-resonant currents, as a sum of currents
caused by collisional and kinetic effects, or as a sum of helicity and non-helicity
currents. All kinds of wave-plasma interactions: resonant wave-electron interaction, resonant wave-ion interaction and collisions, can contribute to the current
drive. Let us describe our results in more detail.
It is shown that the conventional,
momentum-transfer
current is essentially
supplemented by an additional, polarization current, so the total driven current is
given as their sum, 4, =JM + Jp. The analysis of the polarization current Jp in the
WKB approximation
shows that Jp, in its turn, can be represented as a sum of four
different components, Jp = JNRl + JHELl + JCoM + JcOLz, where JNRl is the nonresonant current, JHELl is the resonant helicity current, JCoM is the resonant
compensation current and current JcOL2 reflects the influence of Coulomb collisions.
An essentially different classification of the driven current components is also
presented: both momentum-transfer
current and the polarization current consist of
resonant (due to the resonant wave-electron interactions involving the &renkov
non-resonant
components:
resonance,
JREs = (JM + J,),,,,
0 = k,,u,,) and
current,
Jim = (JM+ JP),,. The resonant component of the momentum-transfer
(JM)RES, is significantly cancelled out by the resonant component of the polarization
current, (JP)RES, so the total resonant current, JRES, is equal only to one-half of
the TTMP
driven current plus the resonant helicity
component,
JREs =
- V&d2
+ JHELI. The non-resonant current, JNR = JcOL + JNRl is, respectively, due
to collisions and due to nonresonant polarization effects, which are proportional
to
the wave damping on ions. The non-resonant current can be significant in the regime
of the small phase velocities in comparison with the thermal electron velocity.
This paper also separates clearly the collisional and kinetic effects on current
drive. In order of magnitude,
and for typical tokamak conditions, their ratio
JCOLIJKIN= Y,/W is generally small. Estimations show that practically only the
kinetic effects can be of importance for the RF current drive in a tokamak, because
the collisional effects are too weak.
One of the important results of this paper is presentation of the total parallel
current as a sum of helicity and non-helicity components. It is shown that JHEL is
proportional
to the parallel wave helicity density flux and to the wave absorption
strength, and includes the resonant (due to the resonant wave-electron
interactions), JHEL1, and non-resonant
(due to collisions),
(JCO,jHEL, components:
J HEL -J
-

HELl

+

(JCOL)HEL.

Expressions for the current drive components have also been analysed in this
paper in the MHD limit to link our results on the helicity current drive with those
obtained before by other authors. In the MHD limit we turned off all kinetic effects,
and the resulting current was the one caused by collisions alone. We were able to
replicate the results on the helicity current drive published before if we included
imaginary current JI and neglected the polarization current Jp and finite E,,. It was
found that the expression for the helicity current in a tokamak,
previously
considered, is not fully correct because the assumptions on including the imaginary
current and neglecting the polarization
current are groundless. The correct
expression for RF driven current in the resistive MHD limit, including the AlfvCn
resonance effect, is given; this shows that this current is really a non-resonant
helicity current caused by collisions.
In this paper a really new helicity current drive component is discussed. It is

Global analysis of RF current drive

1163

caused by the kinetic processes, and is not a part of a momentum-transfer
current. It
is much bigger than the helicity current caused by the collisional effects. It can be
significant in regimes of high fie. Estimations show the importance of the helicity
current for the parameters of current advanced tokamaks and future reactors in
contradiction with the scaling presented by Chan et al (1990a,b) and Fukuyama et al
(1990).
From the above consideration it is evident that the total current drive efficiency
is not only a function of the ratio of the phase velocity to the thermal electron
velocity, but also depends on the particular regime of the wave-particle interaction,
and includes effects of wave polarization.
We have analysed the different current drive components and derived the
expressions for the driven current related to the different components. Substituting
parameters of any particular tokamak will show which mechanism is the most
important one. Current drive efficiency can be improved if tokamak parameters and
antenna configuration are chosen such a way to excite mainly the most efficient
waves.
In this work the RF-induced forces exerted on electrons due to wave-plasma
interactions have been found by using the expressions obtained for the current drive
components and the balance of RF-induced forces against collisional drag.
The global analysis presented in this paper suggests the Maxwellian background
electron distribution
function. In the case of non-Maxwellian
or non-isotropic
electron distribution,
the wave-particle
interaction will be different, which will
change not only wave absorption (Moroz et al 1992a,b) but RF current drive as well.
This will be the subject of future research. We are also planning the detailed
numerical
analysis and scaling of various current drive components,
that can
essentially supplement the analytical studies presented here.
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