


The tokamak configuration just described represents the
dominant approach to controlled nuclear fusion via magnetic
confinement. The steady toroidal plasma current so crucial to
its functioning is on the order of megamperes in present large
devices and has been traditionally created by applying a
steadily growing magnetic induction through the hole of the
torus, the associated stationary toroidal electric field driving
an "Ohmic" current IOh (the plasma acts as the secondary of a
transformer). The drawbacks of such an inherently transient
operation (e.g. impossibility to work continuously at
optimised reactor conditions, material fatigue due to varying
magnetic and thermal stresses) have stimulated a search for
alternate noninductive schemes for driving this current which
allow steady-state operation.

I I . CURRENT DRIVE EFFICIENCY

Theoretical discussions of current drive may consider
ideal situations where all quantities are homogenous, in
which case a "local" efficiency of a current drive method can
be unambiguously defined as the ratio of the driven current
density, J, to the power density deposited in the plasma to
create the current, Pd. In experiment one commonly defines a
scaled figure of merit: hCD = n eRoI/P where n e=line-
averaged electron density (m-3), P=total injected power
(MW), I=total driven current (MA) (the notation gCD i s
frequently used in place of hCD with the latter occasionally
denoting I/P). By taking J and Pd as constant and substituting
the relations Iªpa2J (a=minor radius of plasma edge,
Ro=major radius of magnetic axis), P ª pa22pRoPd, the
quantity hCD is seen to be proportional to n eJ/Pd. Since J/Pd
scales roughly as n e-1, hCD allows comparison of different
machines and densities. There is a certain elasticity in usage,
hCD being sometimes referred to as efficiency or global
efficiency. Application of current drive to replace the Ohmic
current can be done with minimal inductive perturbation by
keeping constant the total current, I+IOh, the lowering of IOh
required by this entailing reduction of the previously
mentioned stationary toroidal electric field and its associated
loop voltage (its single-circuit line integral in the toroidal
direction). I and thence hCD are then deduced from this
reduction in loop voltage.

I I I . CURRENT DRIVE BY PUSHING
ELECTRONS

The conceptually most direct manner to drive current
with radio-frequency waves involves the injection of waves
(fixed frequency w, wavevector k) with subsequent absorption
on "resonant" passing electrons which see a stationary wave
field when the Doppler-shifted wave frequency is zero: w -
k/ /v// = 0 (Landau damping or transit-time magnetic
pumping (TTMP)). Peaking the injected wave spectrum about
a given k/ / value thus allows selective deposition of parallel
wave momentum on electrons traveling at the resonant
velocity v//res  = w / k/ / , causing asymmetry in the parallel
velocity distribution with resulting current flow. This current
ultimately becomes steady with a balance being established
between the effect of the driving wave and that of collisional
relaxation toward a Maxwellian distribution.

In particular, the choice of k/ / allows one to select
v//res for resonance with either slow (on the order of thermal
velocity, vte) or fast (several times vte) passing electrons.
Slow electrons are easily pushed since a given increment of

wave energy causes a change of parallel particle momentum
~ v/ /-1: DEwave = D(mev/ /2/2) = mev/ /Dv/ / or Dv/ / =
DEwave/mev/ / . On the other hand, slower electrons are more
collisional, and hence relax toward a currentless condition
more rapidly than fast electrons. The net result of these
conflicting tendencies is that pushing of a single passing
electron generates current most efficiently at either very low
or very high v/ / (analogous result for a distribution of
electrons shown in Fig.2). However, the density of passing
electrons becomes negligible in the two limits; only (non
current-carrying) trapped particles exist at v/ / = 0 (Fig.1)
and particle densities are exponentially small at high v/ /.
High efficiencies per particle are of no avail if the particle
population itself is negligible. In pushing fast electrons, one
thus peaks the wave k/ / spectrum to yield the highest v//res
value consonant with an adequate electron population for
wave absorption. The reactive propagation characteristics of
the wave employed can also influence this choice. In the fast
electron limit (w>>1) J/Pd of Fig.2 loses temperature
dependence, the asymptotic behavior for general Zeff then
being

J
Pd

 ~ -4e

Gme 5+Zeff

c
n/ /

2

(1)

where G=wpe4lnL/4pne (lnL=Coulomb logarithm), and
n/ /=ck/ //w. Noting Gμne, one finds hCD μ 1/(5+Zeff)n/ /2 in
this limit.
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Figure 2 . Scaled theoretical local efficiency from
Landau damping, J̃ / P̃ d versus w=v//res/vte,
(vte=÷Te/me). Unscaled value from
J/Pd=(1.919¥1019Te/nelnL) J̃ / P̃ d (mMA/MW) where
J=current density, Pd=absorbed power density,
lnL=Coulomb logarithm, Te and ne are electron
temperature (keV) and density (m-3). Narrow wave
spectrum in k/ / assumed in homogeneous plasma with
electrons Maxwellian, ions stationary, Zeff=2.
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Attempts at driving fast electrons (flux 1 in Fig.1) via
Landau damping of the lower-hybrid wave3 have confounded
expectations, producing currents orders of magnitude greater
than the small number of such electrons implies4. It appears
that a fraction of the imposed high parallel phase-velocity
wave spectrum is downshifted in velocity (upshifted in n/ /
across the so-called "spectral gap") so as to interact with the
vastly more numerous slow electrons and diffuse a certain
number of them to the high parallel velocities where they can
resonantly interact with the imposed main wave spectrum.
Values hCD ~ 3-4¥1019 are seen on large tokamaks, this
enabling driving of the full current at low densities with this
wave. However, limitations in penetration met at higher
densities and temperatures constrain its application in
reactors. In contrast to the temperature-independent scaling
of hCD indicated below Eqn.(1), a monotonic growth of this
quantity with Te has been seen in some experiments, this
probably having to do with the downshift in phase velocity
mentioned above5.

At frequencies much below the lower hybrid frequency,
typically comparable to the ion cyclotron frequency, wci, the
fast wave (magnetosonic wave), or wave modes to which i t
converts in the plasma, avoids the penetration difficulty;
experiments with the fast wave alternative without mode
conversion on large tokamaks show figures of merit, hCD, up
to .45¥1019. Conversion of the fast wave to an ion
Bernstein wave with current being driven by the latter has
been implemented with hCD ~ .7¥1019 6. Direct excitation of
the ion Bernstein wave, though confronting its tendency to
switch direction toroidally, has been tried7. Theory indicates
that the fast wave at high frequencies approaching that of the
lower-hybrid provides yet another possibility for avoiding
the density limit (experimental evidence is not supportive;
see references cited in Ref.8). More exotic approaches have
also been put forward, such as using the beat wave resulting
from irradiation by free electron lasers or else plasmons
coming from parametric decay of laser radiation. The
resonant -ev^¥B^ parallel Lorentz force which an electron-
cyclotron wave exerts on an electron with parallel velocity
near v//res = (w - wce)/k/ / (Section IV.) can subject it to a
phase locked autoresonant acceleration, an intermittent
sequence of such interactions in a multiwave environment
being proposed to push electrons for current generation9.
Examination of this mechanism in less idealized geometry
(e.g. inhomogeneous confining field (Bo⋅—Bo≠0); finite
cyclotron wave beam-width) appears opportune.

At frequencies w~wci, the fast wave suffers mode
conversion to ion Bernstein waves before it can access the
core to drive central current in the high beta plasmas foreseen
in an upcoming generation of "fat" tokamaks (hole of torus
proportionately small; Bp/Bt~1), variously termed spherical,
or low/tight aspect ratio, tokamaks/tori (see Section VIII B.;
such configurations are distinct from "spheromaks" where
there is no central hole through which material objects such
as vacuum vessel walls or magnetic field coils pass10).
Though raising the frequency to a high multiple of wci has
been cited as a means of avoiding this difficulty11,
limitations on wave penetration have been still predicted12

(operation at frequencies below wci was suggested as remedy).
Positive preliminary experimental results have been
presented13, though with further reservations voiced as to
penetration in the high beta case13,14. Off-midplane launch
of electron Bernstein waves holds promise, at least in initial

current ramp-up and for edge driven current drive15.

Driving slow passing electrons is finally receiving
experimental attention, enthusiasm for this alternative
having been dampened by the above-discussed predominance
of trapped electrons about v/ / = 0 (electron trapping and
relativistic effects are neglected in the analysis underlying
Fig.2; see Ref.16). The situation is not unambiguously
negative here since pushing trapped particles, though
producing no current directly, causes them to store toroidal
angular momentum by gravitating toward the center of the
plasma column (they cannot store it in unidirectional toroidal
motion)17. Their eventual diffusion out of the column is
accompanied by the transfer of stored toroidal momentum to
passing particles, this creating additional current (see
Section X A.). At frequencies below the ion cyclotron
frequency, a radiated fast wave converts to a shear Alfvén
wave which can drive current (Alfvén wave current drive); a
test of this possibility has found 18 hCD ~ .04¥1019.

IV . CURRENT DRIVE BY ASYMMETRIC
ELECTRON COLLISIONALITY

It is possible to drive current without injecting parallel
momentum by use of electron-cyclotron waves with a
component circularly polarized in the sense of the electron
gyration about Bo lines at wce. When the Doppler-shifted
frequency of the wave matches this cyclotron frequency, w -
k/ /v/ /  = wce , the electron perpendicular velocity will rotate
with this component of the wave field, maintaining a
nonfluctuating value of -eE^.v^ ~ d/dt(mev^2/2) with
ensuing steady energy exchange with the wave (cyclotron
resonance). This will augment the average perpendicular
velocity of the electrons. In v/ /, v^ space a flux results
primarily in the v̂ ^ direction for electrons having the
resonant velocity v//res  =  (w - wce)/k/ / (flux 2 in Fig.1).
Consequently the electrons with this v/ / lie at greater v
values than their unheated counterparts at -v//res, therefore
colliding less with the other plasma species and relaxing
more slowly toward v/ / = 0 . The resulting asymmetry in the
electron distribution in v/ / creates a steady current density,
J/ / 19. As with electron pushing, it is advantageous to
resonate with fast, noncollisional electrons. Some
experiments use interaction at 2wce.

The preceding physical rationale wilfully omits one
point. The cyclotron frequency wce is a function of space,
having a dependence R-1. This restricts power deposition to
the region around the resonant surface, w = wce. As further
consequence, the resonant v/ / doesn't assume a single value
throughout the plasma, but rather a continuum of values
passing through zero at the surface where w = wce . Resonant
velocities and driven currents are therefore of opposite sign
on either side of this surface, with resulting current
cancellation. Only when the driving wave is strongly
asymmetric about the surface will resulting inequality in
these opposing currents lead to weak cancellation with
significant current being driven. One typically relies on wave
absorption being adequate for this to hold (large enough
optical depth20).

Experiment shows a maximal hCD value for electron
cyclotron current drive on the order of .35¥1019, similar to
that for the pushing of electrons with the fast wave. There i s
some confirmation of a theoretically predicted linear increase
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in hCD with Te. Moreover, the localization of the wave
absorption about the surface w = wce (or 2wce) makes this
method a candidate for tailoring tokamak current profiles to
optimize confinement (see Ref.21 with regard to lowering
confinement degradation caused by MHD instabilities).

V . SYNTHESIS

Let us consider the simplest case of a homogeneous
plasma in linear magnetic geometry with no steady electric
field so current only arises from the imposed waves. The
absorption of these waves will induce a flux in velocity
space, S(v), which is balanced in steady state by collisional
Maxwellianization. If we take the absorption to be localized
in velocity and to occur on electrons having significantly
greater than thermal velocities so that pitch-angle scattering
predominates, consideration of their collisional slowing
down leads to the following relation between driven current
density and density of power deposited on electrons19

J
Pd

= -e

G 5+Zeff

S ⋅ ∂/∂v v//v3

S ⋅ ∂/∂v mev2/2
(2)

where G is given in Eqn.(1). Noting Gμne, one finds the
figure of merit, hCD, to reduce through the above relation to a
function only of the point of power deposition in velocity
space and the direction of induced flux in this space (to within
the slowly varying Coulomb logarithm factor). Assuming S
parallel to v̂ / /, using vªv/ />>vte and setting v/ /=v//res
reproduces Eqn.(1). In particular, creating electron flux in the
perpendicular direction (Section IV.) is seen to be almost as
efficient as pushing in the parallel direction (Section III.),
with efficiencies in the ratio 3:4. However, the necessity of
minimizing self-cancellation of driven current in the
presence of inhomogeneity must be kept in mind for the
perpendicular flux scheme (see Section IV.). Particle trapping
can degrade current drive by these methods16,22.

Even in the case of parallel pushing with a wave
spectrum well-peaked in k/ / so as to push particles at a single
v//res value, the induced flux, S(v), is only restricted to the
plane v/ /=v//res; thus the localization of induced flux
assumed in deriving Eqns.(1)-(2), though a fair
approximation for v//res>>vte, is worth recalling. Landau
damping and transit-time magnetic pumping, while both
pushing electrons in the parallel direction, exhibit different
figures of merit owing to their differing distributions of S(v)
over the aforesaid plane. Note that the velocities relevant to
the electron cyclotron resonance application described in
Section IV. can be relativistic, the relativistic v dependence
of wce causing the resonant surface to be nonplanar23. The
result in Eqn.(2) can be adapted to the case of nonlocalized
S(v) by substituting for the numerator and denominator
therein their integrals over velocity space.

VI . TRAPPED ELECTRON METHODS

By lowering v//res one can employ either electron
pushing (Section III.) or electron cyclotron resonance
(Section IV.) techniques on electrons which are respectively
marginally trapped or marginally passing22,24 We recall
that current is carried by passing particles, trapped particles
being constrained in their toroidal motion. Pushing
marginally trapped electrons will detrap them in the direction

of the push (flux 3 in Fig.1), transforming them into current
carriers. Alternatively, employing cyclotron resonance with
marginally passing electrons will increase the v^ of those
moving in the parallel sense of wave propagation (flux 4 in
Fig.1) hence trapping them and leaving the current of their
negative v/ / counterpart uncancelled; current again results. It
should be remarked that the marginal particles in question
exhibit highly nonuniform parallel motion and therefore
satisfy the Doppler-shifted resonance condition only locally
along their trajectories.

A third approach exploits the fact that repulsion of
passing particles from high-Bo regions (-m——//Bo force2) i s
proportional to v^2 and hence modified by cyclotron
resonance. While this repulsion has primary impact on
trapped particles (Section I.), it also affects the passing ones,
causing them to see the high-field side of the plasma column
nearest the torus hole as a potential hill in their parallel
motion along spiraling Bo lines. Drawing an analogy with a
passing charged particle in a periodic electrostatic potential
where electric charge plays the role of v^2, selective
augmentation of this charge at peaks of the potential is seen
to accelerate the average particle "downhill" motion and by
symmetry, that "uphill" also. Similarly in the magnetic case,
the effect of augmentation of v^2 by electron cyclotron
resonance is to accelerate passing electrons and create current
when resonance takes place on the high-field side of the
plasma column25. As in Section IV., possible current
cancellation is an issue here. The last paragraph of Ref.26
proposes a variant of this scheme, prefiguring Ref.27 which
incorporates indispensable collisions.

VII. METHODS FOR CURRENT DRIVE BASED
ON RELATIVE DRIFT OF ION SPECIES

VII A.  NEUTRAL  BEAM  INJECTION

A neutral beam injected into a plasma obliquely with
respect to Bo can penetrate across this field and undergo
collisional ionization in the plasma interior, the beam ions
and electrons being confined by the field thereafter28. If the
beam and plasma ions have identical charge state, the mean
electron parallel velocity collisionally equilibrates with that
of the ions (plasma + beam), leaving no net current. If, on the
other hand, one uses ions of differing charge state, the
unequal ion-electron collision cross-sections of the ion
species (~Zi2) will cause the equilibrated electron velocity to
match more closely that of the ion of higher charge state,
producing current in consequence. With neglect of trapped
particle effects one finds29

J
Jb

 = 1 - Zb

Zeff
(3)

where beam quantities carry the subscript b. The effect of
trapped electrons modifies this result30; when the beam ions
have a velocity substantially inferior to vte and Zb=1, Ref.31
gives a fitted approximation to this effect. Despite a
demonstrated figure of merit below that of the lower hybrid
wave (hCD ~ 1.5¥1019), this method has proven an effective
means of driving current on sizeable tokamaks. For
application to a reactor its favorable scaling with Te bodes
good; a major drawback is a limit on beam energy which
implies inadequate penetration of large dense fusion plasmas.
Adequate penetration of a reactor requires a new beam
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technology which accelerates negative ions28; hCD quoted
above was achieved using negative ion based injection in the
JT-60U tokamak.

VII B.  ION-MINORITY  CURRENT  DRIVE

We turn to a method which avoids the penetration
problem afflicting neutral beam injection; this scheme
creates the relative drift of unequally charged ion species by
means of a magnetosonic wave which freely accesses the
plasma center. The ath ion species is in minority relative to
the others such that the driving wave can resonate with i t
efficiently at its cyclotron frequency, wca, causing its
parallel drift by asymmetric collisionality in direct analogy
to the electron case (Section IV.). The minority therefore
drifts with respect to the majority ion species, just as if it had
been injected as a neutral beam. Its "beam" current, Ja, ,
follows from the electron result in Eqn.(2) with -eÆeZa and
suitable regrouping of factors in a collision frequency of the
minority on ions and electrons, n(v). Substitution of Ja and
Za for their b-subscripted counterparts in Eqn.(3) gives32

J
Pd

 = eZa 1- Za
Zeff

S ⋅ ∂/∂v v///n v

S ⋅ ∂/∂v mav2/2
(4)

where Pd is density of power deposited on the minority.
Current drive via the ion minority is thus a hybridization of
two basic schemes. The result in Eqn.(4) is derived for a
homogeneous plasma. As with resonance with electrons at
wce, the amount of current driven in the inhomogeneous case
depends on the detailed structure of the driving wave in the
resonance region (see Section IV.). Also as with electrons,
the localization of the resonant interaction to the plane
w=wca suits this method to current profile tailoring, a
possible mechanism for a stabilizing effect seen on the JET
tokamak with use of the magnetosonic wave33.

Application of a similar approach with fusion-
generated alpha particles playing the role of the minority has
been suggested; here one relies on cyclotron resonance with
marginally passing alphas34 (flux 4 in Fig.1) or on the
nonlinear interaction of a lower hybrid wave with the alphas'
v^35 (fluxes 2 or 2+4 in Fig.1).

VIII. HELICITY INJECTION

Defining helicity density in terms of the magnetic field
and the vector potential, K≡A ⋅B , the following
conservation relation follows from Ohm's law 36

∂K

∂t
+ —⋅Q = -2hJ ⋅B (5)

where
Q = { 2FB + A¥∂A

∂ t

FB + E¥A
, E= - ∂A

∂ t
 - —F

Q representing a flux of helicity and -2hJ ⋅B a sink term
causing helicity decay. In steady state ∂K/∂t=0 and the
helicity flux and current terms balance, current being
maintained by a flux of helicity (averaging Eqn.(5) over a
period is implied for the case of an oscillatory steady state).
In applying this equation to tokamaks, topological
considerations linked to gauge invariance motivate the
reduction of the helicity K by that associated with the vacuum

fields, Kv36. One effectively considers the surface-integrated
inward flux of Q, reduced by the volume integral of ∂Kv/∂t, as
the helicity injection rate to be balanced against the volume-
integrated right member of Eqn.(5) in steady state.

VIII A.  AC  HELICITY  INJECTION

We pass from resonant-kinetic methods of current drive
to examine current drive originating in the magnetic term
appearing in the single-fluid Ohm's law: <E> + Eosc +
(<U>  + Uosc)¥(<B> + Bosc) = h(<J> + Josc) where the
angular brackets and "osc" subscripts respectively indicate
the time averaged and oscillatory components of a periodic
quantity. Assuming <E>,<U> = 0 we time average Ohm's
law to find : <Uosc¥Bosc> = h<J> the left member being
assimilated to a "dynamo electric field". With appropriate
phasing of the components of Bosc the time-averaged vector
product will be nonzero, yielding steady-state current of
nonlinear origin. This fluid approach avoids the resonant-
kinetic one's necessary driving of current via a restricted
class of resonant particles, relying rather on a direct
nonlinear interaction with the bulk of the Maxwellian. One
thereby avoids the resonant methods' sensitivity to slowing-
down time (reflected in adverse density scaling) and to the
small numbers of resonant particles at high velocities (see
Section III.).

Consideration of the volume bounded by the poloidally
slit conducting wall of a tokamak (assumed to lie on a
magnetic surface) and use of the lower expression for Q in
Eqn.(5) lead to the helicity injection rate 2VFt, where V is
the toroidal line integral of the inductive electric field (the
loop voltage), and Ft the total toroidal magnetic flux36.
Oscillating these two quantities in phase thus results in
positive time-averaged helicity injection, this being the
mechanism employed in so-called "oscillating field current
drive"36-38 as adapted from its application in the reversed
field pinch39 (this phasing corresponds to poloidal and
toroidal Bosc components being p/2 out of phase). The
technique relies on a rapid anomalous penetration of helicity
to the tokamak center with driving frequencies far below the
ion cyclotron frequency. A frequency of tens of Hertz has
been envisaged in Ref.37 where a physical picture linking
<—⋅Q> to <Uosc¥Bosc> for this case is given. At higher
frequencies, circularly polarized Alfvén (w<<wci) and
magnetosonic (w~wci) waves have been considered for
injection and coherent transport of helicity to the plasma
center (so-called wave helicity injection) with an eye to
favorable high density scaling of driven current, and good
wave penetration in the latter case40. The tendency toward
higher frequencies is exemplified by Ref.41 which adds the
Hall term to Ohm's law and provides a bibliography which
outlines some of the limitations found more recently in this
area; points of controversy are highlighted in Ref.42. Ref.43
also provides a useful bibliography as well as a synthesis
from the point of view of ponderomotive forces. The
helicity/ponderomotive force approach has even been used to
evaluate the current drive from high frequency fast waves
(helicons)44, with continued application to that from Alfvén
waves45.

VIII B.  DC  HELICITY  INJECTION

DC helicity injection generates helicity flux via the
first term in the upper expression for Q in Eqn.(5). The
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