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Noninductive current drive can be accomplished through ponderomotive forces with high efficiency when the
potential changes sign over the interaction region. The effect can practiced upon both ions and electrons. The
current drive efficiencies, in principle, might be higher than those possible with conventional rf current drive

techniques, since different considerations come into play.

PACS numbers: 52.55.Wq, 52.35.Mw, 52.40.Db

Radio frequency (rf) waves can drive currents efficiently in
plasma in several frequency regimes [1-3]. The most promis-
ing effects rely upon resonant wave-particle interactions: In
the range of the lower hybrid frequency, electrostatic waves
with high phase velocity can efficiently drive superthermal
electrons in the direction of the wave phase velocity [1]. In
the range of the electron cyclotron frequency, the current drive
effect relies upon the perpendicular heating of electrons trav-
eling in one toroidal direction [2]. In the ion cyclotron fre-
quency regime, low frequency waves can resonantly drive ei-
ther electrons [4] or ions [5] to produce current drive effects.
All of these effects enjoy considerable experimental verifica-
tion.

The efficiency in any resonant rf current drive is limited in
that it is essentially a diffusive process, with low energy parti-
cles propelled to higher energy to drive current. In the absence
of a population inversion, kinetic energy to the particles must
be provided by the wave. (The exception to this rule is when
a population inversion exists along a diffusion path that con-
nects to a low density region [6].) These current drive schemes
tend to be less efficient than is current drive with a dc electric
field, since a dc electric field drives all electrons in the same
direction. Hence, in the case of a dc field, momentum is im-
parted by braking electrons traveling against the force field,
thereby extracting kinetic energy rather than by providing ki-
netic energy to half of the electrons.

The question is whether higher efficiencies can be achieved
via the so-called “ponderomotive” forces, which have been
studied in a number of contexts [7-31]. These possibilities
include the use of the non-resonant ponderomotive forces in
driving plasma current [7-11]. Litwin [12] suggests that there
is cancellation that reduces the so-called alpha effect relied
upon by others [9]. What we show, however, is that the cur-
rent drive effect can be achieved efficiently in an inhomoge-
neous magnetic field, where an important asymmetry of the
ponderomotive potential may be realized [7], rather than in
the absence of a magnetic field or in the presence of only a
uniform magnetic field, where this effect cannot be realized.

To show the current drive effect in an inhomogeneous field,
suppose a plasma is immersed in a magnetic field By largely
in the z-direction, with some variation in z, so that By =~
By(z) 2. The cyclotron frequency of a particle with charge e
and mass m is then 2(z) = eBy(z)/me. Suppose an elec-

tric field spectrum of the form E.;s = & E,(z) sinwt and the
consistent magnetic field given by 8B,s/0t = —cV x Eys.
This imposed field is assumed for simplicity in demonstrating
the current-drive effect; a more precise calculation, beyond
the scope of this effort, should consider the propagation of
realizable fields, obeying the plasma dispersion relation. In
the magnetic field and electric field imposed here, the charged
particle experiences an average (over the rf period) “pondero-
motive” potential, which may be written as
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where v2,, = (eE,/mw)?. A charged particle, in the pon-
deromotive potential (1), exhibits reversible motion if the beat
frequency w — €2 changes little in a period, i.e,, v, (2)/(w —
0)? « 1, where v, is the particle velocity along the magnetic
field [24]. Near the cyclotron resonance, ! = w, this con-
dition is clearly violated, resulting in chaotic motion of the
particle. The characteristic width of the resonant interaction
region is given by 6z = y/Lpv,/w, where L is the charac-
teristic scale of the dc magnetic field.

Note that the potential given by Eq. (1) is asymmetric in
the z-direction, as shown in Fig. 2. Ponderomotive poten-
tials of this form have been proposed for rf confinement of
plasma (for a review, see Ref. [7]) and stabilization of low-
frequency modes in magnetically confined plasmas [23], as
well as for isotope separation in plasmas composed of multi-
ple ion species [18]. These applications make use of the en-
hancement of the potential near the resonance, rather than the
sign reversal. What we show here is that it is precisely the
sign-reversal in the potential that can be exploited to produce
a non-resonant current drive effect with high efficiency.

Assume a z-dependence of electric field E,(z) and mag-
netic field By (z) such that, at z = 0, E,(z) has a maximum
and w = € (see Fig. 1). Define the region | (say z < z1),
for which w < (2}, and for which the particle motion is es-
sentially adiabatic. Similarly, define the adiabatic region IlI
(say z > z2), for which w > €(z). Define resonant region II,
z1 < z < zg, for which the particle is essentially in resonance
(z2 — 21 ~ 62). Particles encountering the adiabatic regions
may be reflected, whereas upon traversing the resonant region,
they are subject to perpendicular heating. Electrons imping-
ing on the ponderomotive region traveling in the — 2 direction
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FIG. 1: Schematic of the magnetic field configuration. The electric
field energy profile is shown by dotted lines. The maximum of the
electric field occurs at z = 0, which is also where the local gyrofre-
quency coincides with the frequency of the applied electric field.

FIG. 2: Schematic of the ponderomotive potential ®(z) (solid line)
for the electric and magnetic fields given in Fig. 1.

can be reflected, but because of the sign reversal, electrons
encountering the barrier traveling in the +2 direction will be
further accelerated precisely in the +2 direction. Thus, such
a barrier, operating essentially as a Maxwell’s demon, might
be very efficient in generating current.

In addition to the ponderomotive force, a magnetic force
F = —uV B, accelerates particles along the dc magnetic
field, where the quantity u = mu? /2By is an approximate
integral of particle motion [7], analogous to the adiabatic in-
variant of free gyromotion in a slowly varying magnetic field.
(Here uy, = vy — vy is the perpendicular velocity in the
absence of the velocity oscillation, v,¢, due to the rf field.)
Note from Fig. 2 that both the magnetic (uV By) and pon-
deromotive forces (V®) tend to drive particles in the +2-
direction in the regions, where the ponderomotive potential
is established (regions | and Il1). Inside the region |1, where
the ponderomotive approximation does not hold, the force ex-
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FIG. 3: Region of current drive excitation. The magnetic field go-
ing in and out of the excitation region is of the same magnitude and
direction. The field lines return on themselves outside of the current
drive region. Particle can be either reflected or transmitted by the
rf barrier. The particle velocity v» after scattering is mapped by the
nonlinear operator T" to the velocity v before scattering.

erted on a particle also has the same sign, since it is primarily
the magnetic force, with the magnetic moment g changing in
time because of resonant interaction with the rf field. Because
of these nonadiabatic effects, the integrated magnetic force,
F = —uV By, does not vanish over a return of the particle to
the same magnitude magnetic field.

To calculate the current drive effect produced by the rf bar-
rier, imagine a region in space where the ponderomotive force
is applied (see Fig. 3). Suppose that the magnetic field go-
ing in and out of this region is of the same magnitude and
direction, although the field lines pinch inside the region. In
the pinch region,, the cyclotron resonance is satisfied locally.
Suppose also that collisions are negligible over the time a par-
ticle crosses the pinch region. Then, electrons (or ions) com-
ing into this region are either reflected or transmitted, but in
any event, the slowing down of the electrons occurs indepen-
dently of the ponderomotive field. As such, what matters is
only that, as a result of encountering the barrier, electrons go
from velocity space location v, to location w,. If one knew
the transformation function vy = T'(v1), one would be able to
calculate the efficiency by simply averaging over all particles.

To calculate the current drive efficiency, note that the re-
gion of current drive excitation (Fig. 3) can be thought of as
a current source. The source operates as a selective barrier.
The number of particles in the velocity interval dv; scattered
off the barrier during time dt within the cross-section dA is
dNp = f(v1)|v.a|d3vi dtdA, where f(v1) is the electron
velocity distribution function.

Suppose the plasma is toroidal with period 27 R. The in-
stantaneous particle velocity v, in the 2 direction changes
as a result of collisions with background particles, so that
it is a function of both initial coordinates and time, i.e,
v, = U,(v,t), where 7,(v,t = 0) = v,. The current
carried by dNpg electrons beginning with v, = w,; is then
dI{V = e dNp 7, (v1,t)/2wR. Then the current generated
by dNp particles scattering from velocity space location (1)
to velocity space location (2) is then given by the difference
between the current generated over time by an electron begin-
ning in location (2) and the current generated by an electron
beginning in location (1). Under continuous scattering by a



barrier from location (1) to location (2), the generated current
can then be written as

7= oon [ 10[xn) - x@)] ol ¢, @

where x () is the current response function:

szﬂm@mﬂﬁ. @3)

For example, for constant slowing down rate v, we get
x(vz,v1) = v, /v(v). For superthermal velocities, the ve-
locity dependence of the collisions cannot be ignored; in the
high-velocity limit x(v,,v1) = (v./vo)(w/vn)3/(5 + Z;),
where Z; is the ion charge state, vy, is the electron thermal
speed, and vy is the collision frequency of thermal electrons
[2].

The efficiency of a current drive scheme is determined by
how much current can be produced per unit power taken from
an rf source. Perfect adiabatic reflection would generate cur-
rent with no power dissipation, acting like a Maxwell demon,
and thus violating thermodynamic laws. However, irreversible
heating inevitably accompanies the current drive. There are
two sources of heating to consider: One is the heating of the
antenna, or whatever is holding the electromagnetic barrier in
place, as particles bounce off of it. The other is the stochas-
tic heating of passing particles that are transmitted through
the barrier but stochastically heated, as they traverse the reso-
nance. We neglect here the antenna heating, which would only
become important in the limit of efficiencies much higher than
those generally achievable in driving currents by rf waves.
Then, the power dissipated by the rf barrier per unit cross-
section is given by

P= /f(Ul) AL (v1) [vz1] dPur, (4)

where AE(v1) = m(vZ — v2)/2 is the average irreversible
energy gain of an individual particle as it scatters off the rf
barrier.

The current drive efficiency = J/P can be determined
precisely for a Maxwellian distribution of electrons in a
straightforward if tedious calculation. However, one can give
a very rough estimate of the efficiency by considering a model
velocity distribution

(v —vie)
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where the positive quantities v, . and v, stand for the char-
acteristic transverse and longitudinal electron velocities of the
order of vy, Substituting (5) into Egs. (2), (4) and using
x(vi, —vz) = —x(vL,v:) one gets

(602 = v:e) + 80 +v20)], (8)
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where v+ = T(v..,tv,.), and A& stand for the energy
change of a particle with initial velocity (v, ¢, +v,.). Note

that, since we derived this formula without specifying the ac-
tual mapping T'(v), Eq. (6) is applicable for estimating the
current drive efficiency for a variety of mechanisms causing
the heating and acceleration of charged particles, as long as
those processes can be described by a velocity space mapping.

How large is the efficiency of the current drive in a pondero-
motive potential with sign reversal? The largest efficiency is
achieved in the regime where the heating is brought to min-
imum. Suppose that the effective height of the ponderomo-
tive potential @4y [7, 26] is larger than the electron thermal
energy: & = ®max/mug, > 1. (There are also asymmet-
ric magnetic mirroring effects, as particles traverse the bar-
rier; however, since in the absence of the effects that we dis-
cuss here the magnetic effects, i.e, the uV By forces, being
symmetrical, must cancel, we ignore them for the purposes
of this calculation. In principle, they would be included in
the full transmission function T'.) Then, the barrier is strong
enough to reflect most of the particles coming from region 111
(Fig. 2) adiabatically with AE = 0. In this case, the parti-
cles heated are those that travel backwards (from region 1),
and pass through the resonance region. It can be shown that
the transverse heating for these passing particles is approxi-
mately AL = (7/2)V/A ®rax, Where VA = y/Lpw/v, is
the number of cyclotron orbits completed in traversing the res-
onant region. For transmitted particles, for which, at A > 1,
the primary effect is heating rather than acceleration, substi-
tute x(v4) = vz (v2, + v, + 2481 /m)* 2oyt and
A&, = (m/2)kv/Amv?, into Eq. (6). For reflected particles,
substitute x(v_) = v, (v2, +v2 )% 2oyt and AE_ = 0.
Then, the efficiency of the ponderomotive (PM) current drive
can be written as

2u £ g
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where 19 = e/2rmR vovyn and v, and v_ . are measured in
Units vgp.

To gain an appreciation for the approximate efficiency, we
can compare the efficiency in this very approximate model
of the ponderomotive effect to that achieved in the electron-
cyclotron current drive (ECCD) scheme [2]. In ECCD, the
rf field heats in the perpendicular direction only those par-
ticles which travel in one direction. Thus, take x(vy) =
Vze (02, +02  +2AE /m)3 Puguy !, AEL = AE for the par-
ticles incident on the barrier with positive v,, and x(v_) =
—vze (V2, + 02 ,)% 2oy, AE_ = 0 for those incident on
the barrier with negative v,. According to Eqg. (6), in dimen-
sionless form, the EC current drive efficiency is then given by
MEC/Mo = 3v.e/v2, + v2_inthe limit A€ — 0. To estimate
the ratio npm/nEC, take & = 2, A = 4; for the normalized
energy of 2-D transverse motion, take v% , = 2; since in wide
range of the parameter the ratio of the two efficiencies appears
to be insensitive to v,. ~ 1, the precise value of the latter is
not important and can be taken, say, equal to unity. With these
parameters, one gets npm/nEc & 2-

What this crude calculation tells us is that the ponderomo-




tive current drive efficiency can be large, maybe even larger
than the EC current drive efficiency. What is necessary, of
course, is a much more precise estimate than that provided
here including an optimization over the relevant parameters.
In particular, if magnetic reflection can be used to lower the
ponderomotive barrier necessary to reflect electrons, then the
associated heating might, in principle, be made much lower.

The effects calculated here apply equally to ions as well
as to electrons. Driving a minority species ion current in a
plasma with two ion species can similarly lead to efficient cur-
rent drive [5, 32], and the ions driven by the ponderomotive
effects suggested here will lead to similar current drive effi-
ciencies. To drive an ion current, consider two species of ions,
one with charge state Z,, times the other charge state. Suppose
the ions drift relative to each other. Note that in the frame of
reference in which the ion current vanishes, the electrons will
tend to follow the ions with the higher charge state, since they
collide more often with the higher charge ions, resulting in
net current, density J = en,vaZ4(1 — Z,). Since current
in a neutral plasma is frame-invariant, the current appears in
the lab frame as well. To induce a drift of momentum p,, by
pushing ions from velocity space location (1) to velocity space
location (2), requires power Pp, such that

2 (v /V)2 — (v2/V)1
P, e AE ’

where v = v, + v; is the sum of the collisional slowing
down frequencies on electrons and majority ions respectively.
Now in the case of minority species current drive, which has
recently enjoyed experimental verification [33], if minority
ions are, say, cyclotron heated in the perpendicular direc-
tion, then velocity space location (2) is nearby location (1),
and we get p,/Pp = (3/2)mq (v, /v)(vi/v), where the ef-
fect is maximized when v, = v;. For the case of pondero-
motive barrier reflection, we get an induced drift p,/Pp =
2my (v, /v)/AE L, where we used a model two-delta function
distribution, like in the case of Eq. (5), except that we assumed
that the main current drive effect came from reflection, rather
than heating. The main inefficiency occurs from the perpen-
dicular heating, which is related to the maximum ponderomo-
tive potential, as for electrons, by A, = (7/2)VA®pax.
Comparing these two efficiencies, we can see that if the pon-
deromotive potential is several times the minority ion temper-
ature so as to reflect nearly all impinging minority ions, and
if A is kept small, say, then the current drive efficiency is of
the order or can exceed the minority species current drive ef-
ficiency.

In summary, these calculations are quite crude, but they il-
lustrate that the ponderomotive current drive effect with sign
reversal has an efficiency that can be on the order of the ef-
ficiencies of leading resonant rf current drive mechanisms.
Since, however, the new mechanism depends on very different
physics, with very different parametric dependencies, there re-
mains the possibility that an optimized implementation of this
effect could result in rf current drive efficiencies otherwise
unachievable. An important caveat to this speculation is that

(8)

it remains to identify suitable plasma waves that may be ex-
cited in confinement devices of interest and that can be made
to achieve the ponderomaotive potentials that result in high ef-
ficiencies of current generation. A toroidal device of interest
for the practice of this effect might be a spherical torus or a
stellerator, where the magnetic field strength tends to change
greatly along a magnetic field line.

The work is supported by DOE contract DE-AC0276-
CHO3073. One of us (NJF) is in debt to the late Dr. Christof
Litwin for stimulating discussions over many years, in which
Dr. Litwin predicted that ponderomotive effects could some-
how be put to important use in driving toroidal current.
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