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The continuous operation of a tokamak fusion reactor requires, among other things, a means of providing
continuously the toroidal current. Such operation is preferred to the conventional pulsed operation, where
the plasma current is induced by a time-varying magnetic field. A variety of methods have been proposed
to provide continuous current, including methods that utilize particle beams or radio-frequency waves in
any of several frequency regimes. Currents as large as half a mega-amp have now been produced in the
laboratory by such means, and experimentation in these techniques has now involved major tokamak facili-
ties worldwide.
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I. PRELIMINARIES

A. Introduction

The theory of current drive relies upon a number of
other concepts: the tokamak, plasma ~aves, wave-
particle interactions, and other elementary notions. In
this first section, we briefly review these notions, outline
the scope of our problem, and try to give a feel for the pa-
rameter regime, about which we are concerned in this pa-
per. Here, we try to acquaint the nonspecialist with the
motivation behind driving current. Subsequent sections
are written with a less. casual reader in mind.

B. The tokamak

Current drive refers to the production of toroidal elec-
tric current in a plasma torus —that is, current that encir-
cles the torus hole. We review here a number of methods
that have been invented to drive such a current. The in-
tended use of this current is to enable a tokamak fusion
reactor to operate continuously. This is an exciting pros-
pect. Current generation is a fundamental process and
may enjoy broader applications than to tokamaks alone,
but the focus here will be on tokamaks, where these tech-
niques can be assessed with one particular goal in mind.

The tokamak, a toroidal magnetic trap, has emerged to-
day as the leading approach to controlling nuclear fusion
for the purpose of electrical power generation. The cen-
tral proble'm of controlled nuclear fusion is the confine-
ment of the charged constituents of the fusile fuel. These
particles are so hot that they form a completely ionized
plasma. Since a large magnetic field inhibits charged-
particle motion perpendicular to it, the confinement prob-
lem may be reduced from three dimensions to one dimen-
sions by immersing the plasma in a strong magnetic field;
unbounded charged-particle motion is then permitted only
along the field lines, except for a much slower diffusion
of particles across field lines when particles collide. Con-
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176 Nathaniel J. Fisch: Theory of current drive in plasmas

finement in the third dimension is achieved by bending
the field lines into a circle, hence, the toroidal geometry.

Unfortunately, however, bending the magnetic field in-
troduces other forces on the plasma that tend to destroy
the confinement. The effect of these forces can be neu-
tralized by twisting the magnetic lines of force while they
are being bent into the toroidal shape. The resultant,
twisted field is the sum of two fields: a toroidal field
encirchng the torus hole and a poloidal field encircling
the center of the minor cross section of the torus (see Fig.
1). In a tokamak, the toroidal field component is large
compared to the poloidal field component.

How does a twist in the field lines stabilize particle
motion'? The stabilization here is somewhat analogous to
the stabilization against gravity of coal particles in a coal
slurry in a long pipe by superposing on the longitudinal
flow a swirling (poloidal) motion around the pipe axis.
The coal particles are always falling relative to the liquid,
but because of their entrainment in the swirling motion,
they spend the same amount of time falling towards the
pipe axis as away from it. The particles are then en-
trained in nested, somewhat off-center, surfaces. In a
tokamak, the magnetic field plays the role of the liquid
flow lines, and charged particles do not stray far from
what are called magnetic surfaces.

The toroidal magnetic field is easily produced by po-
loidal electric currents flowing in coils outside the plasma
that encircle the mirror cross section and thread the torus
hole. The poloidal magnetic field is more difficult to
produce —. it may be produced by a toroidal current, but
this current must flow inside the plasma. The natural
way to produce this current is by inducing a constant
toroidal electric field in the plasma. This may be done by
treating the plasma as a secondary in a transformer cir-
cuit. Placed outside the plasma is a primary coil whose
axis threads the hole of the plasma torus. This is the
basic tokamak design. In fact, the word tokamak, coined
by Golovin, is a Russian acronym for "toroidalnaya

kamara i magnitnaya katushka, " meaning "toroidal
chamber and magnetic coil," after its salient features.
Note, however, a fundamental limitation: a toroidal elec-
tric field has curl, so by Maxwell's equation
(V && E= —BB/Bt) a constant toroidal electric field can be
sustained only by a monotonically changing magnetic
field, hence, only temporarily; the field is limited by the
magnetic Aux available from the primary circuit. In a
tokamak reactor, the required electric field is small, so
each pulse might last as long as 1 h.

There is a considerable technological advantage in
building a tokamak that could operate in a continuous
rather than pulsed mode. For steady-state operation, a
method of continuously driving the toroidal current is
essential. This paper reports on methods of providing
such a current.

C. Brief overview of current-drive apparatus

To provide a toroidal current continuously, some
toroidal asymmetry must be introduced into the tokamak.
We shall consider several means of tampering with a
toroidal plasma to favor one toroidal direction over the
other.

For example, traveling waves may be induced in the
tokamak. These waves may be injected via a phased array
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FIG. l. %'aves injected into a tokamak {schematic). Tokamak
magnetic field has two components: a toroidal component
encircling the torus hole and a poloidal component encircling
the minor cross section. Wave energy. is absorbed by resonant
particles.

FIG. 2. Apparatus for injecting waves into tokamaks. The
lower-hybrid grill is a phased array of wvaveguides; the ion-
cyclotron resonance heating {ICRH) apparatus is a phased array
of current loops; the electron-cyclotron resonance heating
(ECRH) horn is a flanged waveguide pointed tangentially into
the torus.
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FIG. 3. Schematic representation of the TFTR tokamak with neutra1-beam injector.

of waveguides or coil arrays at the periphery of the
tokamak or, at higher frequencies, a horn waveguide may
be pointed at the tokamak tilted with respect to one
toroidal direction. In such a manner, an asymmetry is
produced; we shall examine shortly the physical basis for
the current generation. One may imagine, for now, that
the traveling wave-could carry toroidal momentum that
might be transmitted either to the plasma electrons or to
the ions, but not both. Figure 2 gives a feel for apparatus
that -might be used to provide asymmetry by injecting
waves in various frequency regions.

Alternatively, one might direct neutral beams into the
tokamak. These beams penetrate the magnetic fields as
neutrals, but are quickly ionized when in contact with the
hot plasma. The ionized beams are then confined by the
magnetic fields. Directing the beams with a component
in one toroidal direction may provide the required asym-
metry. Figure 3 depicts a neutral-beam injector designed
for the TFTR (toroidal fusion test reactor) tokamak at
Princeton.

Other roads to asymmetry are available as well. The
tokamak walls might be asymmetry reflectors of radiation
or particles. Frozen pellets of hydrogen might be injected,
in some way, asymmetrically.

Thus particle beams, traveling waves, and reflectors all

exemplify tools for current generation. Not every asym-
metry leads to useful current production. The goal of this
review is to identify the most promising possibilities.

as early as 1952, when Thonemann et al. produced a
current in a small, cold plasma confined in a toroidal
glass tube. A traveling wave was induced around the de-
vice so that electrons were pushed relative to ions. The
wave itself was evanescent in the device, but that mattered
little because the device was so small.

The challenge to apply this technique to larger devices
did not come until much later. The tokamak approach
had been formulated in 1950 by Tamm and Sakharov, but
it was not until a serie's of successful tokamak experi-
ments in the 1960s headed by Artsimovich of the Kurcha-
tov Institute, that the concept gained serious acceptance.
In 1968, a very hot plasma with a long confinement time
was reported on the Soviet T-3 tokamak.

It was recognized then that the basic tokamak design
might be improved considerably if the toroidal current
could be produced continuously. The leading suggestions
at the time were to do so by means of neutral beams
(Ohkawa, 1970) or by means of Alfven waves (Wort,
1971), the latter method being somewhat reminiscent of
Thonemann's experiment. These methods were both
motivated by the two principles that guided early
current-drive research:

(1) An external source that deposits toroidal momen-
tum'into electrons is necessary for current generation.

(2) It is most efficient to push slow electrons.

D. Early principles

The fact that waves could be employed in generating
toroidal electric current in a plasma torus was recognized

It is worthwhile to explore these early principles, al-

though, as it turned out, neither is exactly correct.
The first principle is exemplified by each of these early

Rev. Mod. Phys. , Vol. 59, No. 1, January 1987
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suggestions, neutral beams and Alfven waves. Neutral
beams (discussed in more detail later) enter the plasma,
ionize, and then collide primarily with the electrons, re-
sulting in a drift of electrons relative to ions. Alfven
waves similarly push the electrons: the Alfven wave is
somewhat like a moving magnetic mirror and, as en-
visioned by Wort, pushes electrons in a peristaltic fashion.
Exemplifying the second principle, in both cases, is the
fact that thermal electrons (as opposed to superthermal,
v & vT, electrons, where vT is the electron thermal veloci-
ty) are pushed. In the case of neutral beams, this occurs
because, while all electrons contribute to slowing down
the beams, most electrons are thermal. In the case of
Alfven waves, this occurs because the wave phase velocity
is picked so that only slow electrons are pushed by the
wave.

Let us digress for a moment to review the basics of the
wave-particle interaction. Momentum and energy can be
exchanged between waves and particles obeying a reso-
nance condition: either the so-called Landau resonance
co —k v=O, or, in the case of a strong magnetic field, the
cyclotron resonance, co —kllvll —nQ=O, where ~ and k
are the wave frequency and wave number, A is the parti-
cle cyclotron frequency, v is the particle velocity, and n is
an integer. Vector quantities may be decomposed into
projections parallel and perpendicular to the magnetic
field —thus v

l l
and uz are the particle speeds, respectively,

parallel and perpendicular to the strong dc magnetic field
B. (The problem, of course, is to generate current in the
parallel, which is roughly the toroidal, direction. ) The
sense of the wave-particle interaction is dictated by the
sense of a diffusion process: particles near equilibrium
generally occupy lower-energy states rather than h&gh-

energy states; hence it is the wave that transfers its energy
(a positive quantity) and momentum to the resonance par-
ticles. In the case of Alfven waves, the Landau resonance
condition m kllvll O pertains, and the wave frequency
and wave number are picked so that ull is subthermal, i.e.,
ull & uT, while the perpendicular velocity of resonant elec-
trons is, on average, uz —vT.

The first early principle is merely an intuition; the
second principle rests on the notion that it is easier to
push a slow electron than a fast electron (slow and fast
refer here to motion in the direction parallel to the push).
Suppose an electron with mass m and charge q (q =——e),
in interacting with a wave or other source of momentum,
is accelerated from velocity v =v

l l

r
l l
+v& to velocity

+b'ull)ll whe e
fall

is the unit vector in the parallel direc-
tion. The parallel momentum absorbed by this electron is
mAull, the incremental current carried by this electron is
hj =qAull, ' and the incremental increase in the electron
kinetic energy is Ac=mullAvll. The fact that the ratio of
absorbed energy to incremental current, Ac. /Aj, is propor-
tional to the velocity projection ull indicates that it is en-
ergetically favorable to accelerate a slower, rather than
faster, electron. Thus Ohkawa's neutral beams push
thermal electrons, and Wort's Alfven waves are designed

puhl-- 1:--

E. Fast electrons

Although it may be easier to push slow electrons, it
may actually be more effective to push fast electrons. In
practice, this would be done by injecting waves with faster
parallel phase velocities to deposit momentum in faster
resonant electrons.

The Coulomb collision cross section becomes smaller
with increasing relative speed between the colliding parti-
cles. Thus fast, superthermal electrons collide less often
than slower, thermal electrons, since the average relative
speed between superthermal electrons and most other
electrons and ions is far greater than the relative speed be-
tween thermal electrons and most other electrons and
ions. In fact, the ratio of these speeds is roughly v/uT,
where v is the superthermal electron velocity.

Although it may be energetically expensive to ac-
celerate fast electrons in the first place, this energy depo-
sition need occur less often. Current lasts longer when
carried by relatively less collisional electrons, so the power
requirements to sustain a given current against coHisions
can be sma11. To derive this, assume that the velocity v
of an electron is randomized by collisions in a momentum
destruction time of 1/v(v). An incremental energy input
Ac then produces an incremental current Aj that persists
for time 1/v. From the preceding section, we have the re-
lationship

Pd ——vAc . (1.2)

Combining Eqs. (1.1) and (1.2) and adapting the notation
J=6j (the only current is the driven current), we have
the steady-state efficiency

J q (1.3)
Pd mV~(V(V)

Evidently, the efficiency (or current per power dissipated)
is maximized when the expression v~~v(v) is minimized.
There are two important limits: for V~~ ~0, but vj =vT,
we have v- const; for v

ll ~~ uz, however, we have
v- I/v~~. The first limit, which characterizes the case of
Alfven waves, results in a high efficiency, since
J/Pd —1/vll and vol is small. The second limit, which
characterizes the case of waves with high parallel-phase
velocity, also results in a high efficiency, since J/I'd -v ll,
with vll large. The second case, identified by Fisch
(1978), argues for the utilization of the so-called lower-
hybrid wave, which can easily be excited in a plasma with
high parallel-phase velocity. These two regimes in which
high efficiency might be attained are depicted in Fig. 4.

Although, in principle, high current-drive efficiency
can be realized in either of these limits, the low-phase-
velocity approach suffers from a serious drawback. In
tokamaks, it is just the low-vll, average-vz electrons that

hj =DE
mull

The power requirement to refresh this current at time in-
tervals of 1/v is
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calculation (Karney and Fisch, 1979). The details of this
calculation are reserved for Sec. II. ' note however that

ion of both interparticle collisions and uni-
directional waves results in an asymmetr1c 1s ri u

'

function, in icating ethe presence of current. Note also
that electrons slower than the phase velocity o the ingect-
cd waves tcn to c axU be Maxwellian; in the resonant region,
however, there exists a plateau of electrons wit hig per-
pendicular temperatuI'e.

'fThc asyIIlIDctfy, 1t tUIQs out, 1s laI'gc cIlough to s1gIl1 y
very large currents, in eth vicinity of what would be need-
ed for a tokamak reactor. Progress in the laboratory smce
1978 has proceeded at a quick pace, as shown in ig.
Currents 1Q excess 0f 500 kA have now been generated by
this method.

F. The cyclotron resonance

Kx. 5. (a) Contours of steady-state electron velonty dlstnbu-F . . a
h 1 -hybrid waves are injected with para e -p

velocities between 3 and 5 times thermal velocity vT. ur-
face of f, truncated at low speeds (Karney and Fisch, 197 ).

In the preceding sect1on, it was shown p
'

gt at ushin fast
electrons IDay cbe efficient, something contrary to early"' k' current drive. Here, following isc ant In 1ng OIl

her rinci leBoozer (1980), we show, in contrast to the ot er p
' 'p

of early current- rived theory that an outside source of
11 I t m is not a necessity for efficient current

generation. The falsification of the principle means a
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waves such as electron-cyclotron waves may be useful for
driving current.

To see that momentum input is not necessary, consider
pushing in the perpendicular direction [say, from
velocity-space position 1 to position 2 as depicted in Fig.
7(a)] an electron that is moving to the right in the parallel
direction. The probability that current is retained by an
electron, decays with time, although this decay is quicker
for slower, more collisional electrons. Thus the current
carried by the electron at later times, depicted in Fig. 7(b),
is a function of its initial velocity-space coordinates. Al-
though the initial dislocation of the electron does not in-
crease its parallel momentum, or equivalently there is no
instantaneous production of current, there is net produc-
tion of current that appears, with delay, subsequent to the
push; essentially, this current is the difference between the
two curves of Fig. 7(b). One may imagine that, at first,
the electron velocity distribution is symmetric, with equal
numbers of electrons going to the left and to the right. If
the right-going current persists longer as a result of our
pushing in the perpendicular direction those electrons go-
ing to the right, then an imbalance will appear at some
later time in the form of a current. The repeated pushing
of electrons in this manner results then in a steady
current.

Note that current has been produced in the absence of
momentum input. Lest this appear to violate the conser-
vation of momentum, observe that if electrons moving to
the right are heated perpendicularly and hence are less
collisional, they will drag less on the ion population than
do the unheated electrons moving to the left. Ions, there-
fore, on balance are dragged to the left, conserving the to-
tal momentum of both species.

The electron-cyclotron wave interacts with electrons in

just the way envisioned here, by pushing resonant elec-
trons largely in the perpendicular direction. Electrons
with v~~

——(co —0, )/k~~ are resonant with the wave, and by
pointing a horn antenna tangentially into the plasma (so
that the k~~ spectrum is not symmetric), we select elec-
trons moving in one toroidal direction over counter-
streaming electrons.

The cyclotron resonance would have been of little use
for current drive were momentum input required. This is
because these waves are nearly-free-space waves with su-
perluminous parallel phase velocities (co/k~~ &c). Since
wave energy is proportional to hen, while wave momen-
tum is proportional to hk, these waves have relatively
negligible parallel momentum. Consequently, when they
do interact with electrons, they impart their energy in
such a way as to push the electrons largely in the perpen-
dicular direction. There is a hierarchy of sorts in the
waves as yet discussed: Alfven waves have a high content
of parallel momentum, lower-hybrid waves have a low
content, and electron-cyclotron waves are almost totally
lacking in parallel momentum.

G. Application to reactors

The preceding sections have already introduced a num-
ber of steady-state current-drive techniques. Here we re-
mark upon the utility of these schemes for the application
of interest, the steady-state tokamak reactor.

At present, the parameters of what will eventually be a
successful tokamak reactor are pure1y speculative. In the
1970s, the UWMAK (University of Wisconsin Tokamak)
reactor studies (e.g. , Badger et al. , 1973) offered a reactor
with a major radius R of 13 m and a minor radius a of 5
m. This is now considered to be too large to be attractive
to commercial utility interests. Designs now tend to be
smaller, say, R =8 and a=3. Something like 10 MA will
be the required toroidal current.

Two rough formulas illustrate the quantities and pa-
rameters with which we are concerned. One quantity is
the ratio of current-generated I to power-dissipated P,
which may be written, in the case of lower-hybrid waves,
as

0 I (v I /vr) Tio

P 30 R)nj4
A/W, (1.4)

FIG. 7. (a) Pushing an electron along path S from velocity-
space position 1 to velocity-space position 2. (b) Current carried
by an electron as a function of time and initial coordinate.

where T&o is the temperature normalized to 10 keV, n&4

is the density normalized to 10' cm, and R
&

is the ma-
jor radius in m. Note that the right-hand side of Eq. (1.4)
is strictly independent of temperature; the thermal veloci-
ty was introduced to accentuate the importance of the pa-
rameter vz~/vT, which governs wave damping. Typically,
one might expect (vph/vT)2=20. For Tlo ——0.1, Rl ——1,
and n &4

——0.1, typical of present-day experiments, it
would take about 3 W absorbed by the proper electrons to
drive 2 A of current. Typical needs might be several hun-
dred kA, and up to several MW of rf power might be
available. The power I', referred to in Eq. (1.4), indicates
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15 1

f +/Pd (n)4, T&pa)R]) (3T]p —2)
(1.5)

where a, is the minor radius in m and J/Pq is a dimen-
sionless efficiency parameter; for lower-hybrid waves with
(u~q/uT) =20, we have J/Pd —30. Equation (1.5) is a
reasonable approximation in the regime 1 & T~o & 3,
which is the contemplated regime for deuterium-tritium
(D-T) tokamak fusion reactors.

Two designs are considered in Table I. For the small
and cold design, P~/Pf -0.1; considering then other inef-
ficiencies, which might waste as much as twice the ab-
sorbed power, a circulating power of about 30% of the
fusion output is required to drive the current. It would be
debatable whether the large circulating-power require-
ment is worth the trouble. On the other hand, for the
large and hot design, P~/Pf (0.02, which implies that,
were such a reactor desirable, the current-drive power re-
quirements to make it steady state would be easily met.

The desire for tokamak reactors that are both small and
continuously operating, forces us to take factors of 2 in
power requirements very seriously. At present, contem-
plated current-drive mechanisms are neither so power in-
tensive that they could be dismissed out of hand, nor such
meager consumers of power that their exact power re-
quirement is not of interest. As a result, it has been

TABLE I. Paradigmatic reactor designs. (H is the wall load-
ing and P~ is the rf power that is absorbed by targeted elec-
trons. )

Design 1

{small and cold)

Tlp= 1

n lg ——1

Ql =3
Ri ——8

Pf—1.8 GW
H=1.5 MW/m
P 15 2Py
Pg J/Pd

Design 2
(large and hot)

Tl P —2
1

n14 3

a) ——5

R) ——13
Pf 3.3 GW
H 1 MW/m2

15
3%%uo

Py J/Pd

wave power that is absorbed by targeted resonant elec-
trons. Not included in the measure of efficiency, I/P, is
the efficiency of producing and delivering this power to
the targeted electrons. Our concern in this review will
focus on the ratio I/P, with the understanding that fur-
ther sources of inefficiency need to be considered, too.

A quantity of interest for reactor applications is the ra-
tio of rf power needed to sustain the current required for
confinement to the fusion power Pf generated by the
reactor. The ratio P,r/Pf gives a rough estimate of the
circulating-power requirements, once the inefficiencies of
producing the rf power and delivering it to the targeted
electrons are taken into account. . A rough estimate of
P~/Pf in terms of macroscopic plasma parameters may
be written as

necessary to evaluate carefully the power requirements of
schemes for generating current. In part, because different
schemes work better in different tokamak parameter re-

gimes and because the ultimate reactor regime is still a
matter of great debate, it is still worthwhile to consider, at
present, a large number of possibilities.

H. Advantages of steady-state operation

Steady-state operation is desirable for a number of very
different reasons. It is very difficult, at present, in the ab-
sence of working reactors, to assess exactly how impor-
tant these advantages are. Here we briefly enumerate
some of the chief attractive features of steady-state opera-
tion.

Structural components of the pulsed tokamak will be
subjected to large temperature variations, resulting in heat
stresses that may significantly shorten their lifetimes.
The continuously operating tokamak presents a constant
temperature environment, which should increase com-
ponent lifetime and allow a wider choice of materials.
Additionally, the pulsed tokamak presents fluctuating
magnetic forces to the large magnets, incurring mechani-
cal fatigue. As a result of these forces, which occur both
in and out of the coil plane, extensive and expensive
structural reinforcement may be necessary.

Tokamaks are subject to disruptions, that is, unpredict-
able, sudden losses of confinement. Presumably some pa-
rameter regimes are less prone to disruption than others,
and with steady-state operation, the steady-state tokamak
parameters can be chosen to lie in a favorable regime. A
frequently pulsed tokamak, on the other hand, must nego-
tiate often through many parameter regimes, some of
which are no doubt perilous. Disruptions are taken, at
present, quite seriously; as much as a kilogram of material
might be ablated from the tokamak walls as the result of
one disruption, and only several hundred might be tolerat-
ed in a reactor lifetime.

The apparatus that produces the steady-state current is
less cumbersome than the transformer coils that produce
the Ohmic, pulsed current. Replacing the transformer
coils frees up valuable space in the tokamak hole, which
could instead be used, e.g. , for shielding material or for
energy extraction means. Alternatively, it might be
geometrically favorable to build a low-aspect-ratio
tokamak (a /R large) and shrink the hole.

The toroidal magnetic field in tokamak reactors is like-
ly to be provided by superconducting coils. The refrigera-
tion requirements for these coils are likely to be greater in
a pulsed reactor where time-varying magnetic fields could
produce inductive losses in the coils.

The continuously operating tokamak also has the
economic advantage of less downtime. The downtime in
pulsed reactors is utilized to reset the transformer coils.
Shortening this well period requires more expensive elec-
tric power supplies, and some form of temporary storage
of the plasma thermal energy may be required.

Against these and other benefits, the liabilities associat-
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ed with the capital cost, the circulating-power require-
ments, and the reliability of the current-drive apparatus
must be weighed.

I. Intent, scope, and additional resources

-------==~ Wove
. . . . . . . . , . . . , . . . . .—.. . Absorption

Wav
:::::::::::::::::ji'::::: awe

asmo

;:,V n, VT
':;,:: Drift-Wave

:: Turbulence

Evanescent
Layer

V/aveguide
Gril i

FIG. 8. Schematic illustration of lower-hybrid wave coupling
from a waveguide to the plasma, propagation through the plas-
ma, and eventual absorption by the plasma. Plasma density n
and plasma temperature T increase with distance into the plas-
ma. Magnetic field 8 is perpendicular to density and tempera-
ture gradients. This wave, a mode of the plasma, cannot propa-
gate in the free-space region at the periphery; it may be scat-
tered by a turbulent region; and it propagates through the plas-
ma along characteristic "resonance cones, " with well-defined
boundaries, and with electric field E polarized in the direction
of propagation.

The intent of this work is to acquaint the nonspecialist
with an exciting area of plasma physics, as well as to
direct the active researcher towards what I consider to be
the present frontier in the field. Accordingly, the materi-
al here is in part tutorial, in part advanced, and in part
fairly opinionated. Sections can be omitted on a first
reading, although this is not directly indicated. This
work is also intended to be a compilation of the relevant
resources on the topic of current drive.

Insufficient attention in this review is paid to the topic
of wave propagation. Here, we focus on the wave-particle
interaction that occurs after the waves have been injected
at the plasma boundary, have possibly tunneled through a
small region of wave evanescence, have possibly propagat-
ed through a region of plasma turbulence, and have ar-
rived at the plasma center, where they may be absorbed
by the plasma. Figure 8 schematically illustrates these re-
gimes for the case of lower-hybrid waves. The lower-
hybrid-wave grill, an endfire waveguide array pioneered
by Lallia (1974) and Brambilla (1976), optimizes the cou-
pling of the wave to the plasma vessel. Different waves,
however, propagate differently, and it is a separate project
to explore, in detail and for each wave, the theory of wave
propagation. Of the waves we consider here, the
electron-cyclotron wave is a free-space wave, while the
lower-hybrid wave exists only in the plasma, but can be
described, using an eikonal approximation, in terms of
rays. Other waves, such as low-frequency magnetosonic
waves, are global eigenmodes of the plasma torus.

There has been, of course, much work devoted to trac-
ing waves from the plasma periphery to the plasma
center, the details of which are only touched upon here.
For a review of recent work on ray tracing, one may con-
sult Bonoli (1984); Santini (1985) recently reviewed the
theory of lower-hybrid waves. The theory of plasma
waves is presented in the classic work of Stix (1962).

Other general sources may be useful. Recent tokamak
developments towards a working fusion reactor are
described by Furth (1979). Engineering consideration is
given by Conn (1983). A fine set of course notes on the
topic of current drive has been prepared by Uckan (1985),
including, among other things, more emphasis than is
given here on the propagation characteristics of different
waves. For a more elementary review of wave-driven
currents see Fisch (1983). A classic text on plasma phys-
ics and controlled nuclear fusion is Rose and Clark
(1961). Its still-relevant preface contains precious pas-
sages from Ben Jonson's "The Alchemist;"

J. Outline of succeeding sections

In Sec. II we present the theory of current generation
by methods that exploit the small collisionality of super-
thermal resonant electrons. The most useful approxima-
tions and precise numerical and analytical results are
available in this regime, which has enjoyed particular ex-
perimental attention too.

In Sec. III we consider, in less detail, a wide range of
current-drive effects. Some of these methods are quite
promising, such as the injection of neutral beams. Other
methods are included to emphasize the diversity of possi-
ble effects and the opportunity this problem affords for
imaginative solutions. In Sec. IV we review the experi-
mental effort to date. Of particular interest is the very
substantial convergence now of our experimental capabili-
ty and our theoretical understanding of the lower-hybrid
current-drive effect.

In Sec. V we consider methods of driving current in
which not all plasma parameters are held constant. Such
so-called "quasi-steady-state operation" leads to some in-
teresting effects, but it is not favored over completely
steady-state operation.

In Sec. VI we review the leading current-drive methods
in light of application to first-generation D-T tokamak
reactors. The reader more interested in the possibility of
steady-state tokamak operation than in the description
and mathematical quantification of current-drive methods
might skip immediately to Sec. VI and then skim the in-
tervening sections as necessary.

II. CURRENT DRIYE WITH FAST ELECTRONS

A. Introduction

For electron-based current-drive schemes, it is always
necessary to calculate the balance between effects due to
collisions, which tend to drive the electrons to thermal
equilibrium, i.e., to a Maxwellian distribution, and effects
due to injected waves, which tend to produce the asym-
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metry that is necessary for the current drive. The equa-
tion at the heart of the matter is the Fokker-Planck equa-
tion, which describes mathematically the evolution of the
electron-distribution function in the presence of these
competing effects.

Solutions to this equation have dominated the work on
current drive. At first, research centered on the nature of
momentum transfer in a wave-particle interaction and the
possibility for current drive in the first place (Wort, 1971;
Klima, 1973a; Midzuno, 1975). The first solutions to the
Fokker-Planck equation were crude, one-dimensional ap-
proximations (Fisch, 1978; Klima and Longinov, 1979)
that purported to capture the important effects. To a
surprisingly large extent, one-dimensional approximations
were backed up by numerical solutions (Karney and
Fisch, 1979; Harvey, Marx, and McCoy, 1981) to the
Fokker-Planck equation.

Numerical solutions to the Fokker-Planck equation
have been valuable for several reasons. First, they provide
a check on analytically derived quantities, such as the
current-drive efficiency. Second, they provide a revealing
picture of the solution of a model equation for a specific
set of wave data and boundary conditions. Numerical
solutions alone do not, however, fully satisfy us. First,
there are many permutations of the parameters, and what
we need, rather than the solution in one instance, is an
idea of what is possible, say, as we vary our wave or plas-
ma data. Second, the full unapproximated equations are
too difficult to solve even numerically, and guidance is
necessary to decide which approximations should be at-
tempted. Finally, plasmas are now described by very
complicated numerical cod.es that incorporate far more
than the effects that we desire to isolate here. What is
needed is a succinct expression for the wave-induced ef-
fects that can then be included in the larger, more compli-
cated picture that might contain, for example, the effects
of wave propagation, fusion production, and particle and
heat transport. The numerical solutions offered at present
would be too time consuming to be included in such a cal-
culation.

To remedy this deficiency, researchers have focused
their attention on linearizing the Fokker-Planck equation
and reformulating the problem, in order to find useful
Green's functions for various plasma responses including
the current-drive effect. It is then possible to pose very
general problems that, in some cases, even have useful an-
alytic solutions. These techniques involve solving
Langevin or adjoint equations, rather than solving the
Fokker-Planck equation directly.

At present, the field makes use of all the techniques
described here in dealing with the Fokker-Planck equa-
tion. This section reviews these techniques and useful ap-
proximations for describing the major current-drive ef-
fects involving fast electrons.

B. Fokker-Planck equation

The evolution of the electron distribution function f is
described by the Fokker-Planck equation (see, for exam-

pie, Montgomery and Tidman, 1964):

df„=C(ff)+C(f f;)di Bv
(2.1)

where C (f,f) represents the self-collisions of electrons,
C(f,f; ) represents the scattering of electrons off-ion dis-
tribution f;, and the wave-induced flux S„depends, in
general, on both the nature of the wave-particle interac-
tion and the velocity-space gradient of the electron distri-
bution function, i.e.,

S.= —D~, af/av. (2.2)

We refer to D~L as the quasilinear diffusion coefficient.
(The unusual nomenclature derives from its connection
with the propagation and damping of small-amplitude
waves. Deviations of f from a Maxwellian depend on the
wave amplitude, the small parameter in this derivation.
Diffusion depends both on the wave spectral energy densi-
ty and on the gradient of the wave-perturbed distribution
function, and so, in this sense, it is a nonlinear effect in
the wave amplitude —hence the nomenclature. For our
purposes here, however, S~ is linear in f; the nonlineari-
ties in the Fokker-Planck equation are associated with the
collision terms. ) For the case of lower-hybrid waves, for
example, D~L, —i~

~

i
~
~, indicating parallel diffusion by

parallel gradients only. Representing the wave effect as
an induced diffusion of electrons in velocity space is an
excellent approximation. Alternative, more complicated
representations produce the same effect (Gell and
Nakach, 1984, 1985).

The total time derivative for the guiding-center motion
of electrons in a strong magnetic field is most directly
written for f (p, E,r), i.e., using for independent variables
the magnetic moment p =mu ~ /2B and the energy
c=mU /2. The total time derivative can then be set in
the form

B
+(vd„+uiib )' +

Bt Br Bt Bc

where Bp/Bt=O and

BE, 2

t
=qu E~~ pBV v~—+(

m~~
upB)vE (b V)b, —

(2.3a)

(2.3b)

where vd, is the drift velocity perpendicular to magnetic
field B (with unit direction b and v~ =EXB/B )

For describing the homogeneous plasma, 8/Br~0, and
it is then convenient to write f as f( ~~,uqu) and to solve

Eq. (2.1) with

B eE))+
dt Bt m BU))

(2.3c)

The homogeneous plasma approximation is generally ade-
quate to describe well the most efficient current-drive
methods. In this review, therefore, except for Sec. III.C,
where trapped-electron effects are considered explicitly,
we shall assume the approximation B/Br —+0 and define
d/dt as in Eq. (2.3c).

The collision operator is given by (Landau, 1936)
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«f. fb)= a/b (2.4a)
electrons. Accordingly, we let f=f +f, and approxi-
mate

with C(f f)=C(f,f)+C(f,f ), (2.&)

2 2

S /b 989b
1

/bn
8~v.om.

where the zeroth-order term, C(f,f ), vanishes, since a
Maxwellian distribution has no further to relax via col-
lisions. The distribution f is defined byf (v) a

X fU(y), fb(v')
mb v f—:n (2m. T/m) ~ exp( —E/T), (2.6)

fb(v') a f.(v) d'v', (2.4b)
mg, Bv

where particle kinetic energy s is defined by c,:—mu /2.
For notational convenience, we group

C(f)=C(f f )+C(f,f)+C(f f;), (2.7)

where

x'& —svU(y) —= , y—:v —v' . (2.4c)

so that the linearized Fokker-Planck equation that will
occupy our attention may be written as

f qE a f C(f)=——a
S —~E

Bt m Bv Bv m Bv
Thus we intend to solve Eq. (2.1) under a set of simpli-

fied circumstances: namely, we assume that f possesses
azimuthal symmetry ff=f ( v~~, uq )] and we generally
consider the homogeneous case 8/Br~0 only.

+
n

c 3 T
T 2 T

(2.8)

C. Linearized Fokker-Planck equation

There are several powerful simplifications that may be
employed now in order to extract information from the
rather complicated Fokker-Planck equation. First, for
electron-based current-drive problems it is always a su-

perb approximation to treat the ions as infinitely massive.
The only role that ions then play is to scatter electrons in
direction, not in energy. The justification for this approx-
imation is that the electron-ion energy equilibration time
is orders of magnitude longer than other times of interest.
For ion-based current-drive schemes, for example, when
more than one species of ion is present, this approxima-
tion can still be made with respect to electron-ion col-
lisions, but not with respect to ion-ion collisions.

Second, as discussed above, we often restrict ourselves
to the case of homogeneous plasmas, i.e., 8/Br —+0 in Eq.
(2.3). This assumption represents a large simplification
and isolates the effects we wish to calculate. It is an ex-
cellent assumption for current drive using fast electrons,
because trapped-electron effects are small. For current
drive using marginally trapped electrons, this assumption
cannot be made. Other approximations might then be
employed (see Sec. III.C).

Third, it is always an excellent approximation to linear-
ize the collision operator, even when the rf power is in-
tense. This is because the main effect of even intense rf
waves is to distort the distribution function f only in
some resonant region of velocity space, while the bulk of
the distribution remains Max wellian. An example is
shown in Fig. 5. Therefore, even though the distortion in

f(v) may be large for some v, e.g. , the "plateau" in Fig. 5
is a large distortion in the tail of the electron distribution,
all electrons collide most frequently with the bulk elec-
trons, which are still more numerous than the plateau

where we neglect spatial derivatives and use

af
at

a„af aT af
Bt Bn Bt BT+

f +——E. 3 Tf—
T 2 T

(2.9)

, n = S~ ae—/avd v+E J,3 BT 3

Bt

where

J—= —f evfd'v.

(2.10)

(2.11)

The first term on the right-hand side of Eq. (2.10) ac-
counts for heating by injected ~aves, and the second term
represents the Joule heating due to an electric field.

The linearized Fokker-Planck electron-electron col-

with f assumed to evolve on a slow time scale compared
to f.

Boundary and initial conditions Inust be specified on
the distribution f. The initial condition is usually taken
to be that f is Maxwellian, i.e., that f(u, t =0)=0, al-
though this need not be so. Boundary conditions will be
discussed in greater detail as specific problems are solved,
but we note here that the linearization f=f+f is
unique only if the density and energy contained in the dis-
tribution f is specified. It is natural and easiest to allow

f to evolve slowly according to Eq. (2.9), while demand-

ing that f contain no particles and no energy, i.e., that its
zeroth and second moments in v vanish. The Maxwellian
background then evolves uniquely'and compatibly; for ex-
ample, integrating Eq. (2.8) over all velocity space, we
find n, =0, since all terms conserve particles. Multiplying
Eq. (2.8) by E and then integrating gives us the evolution
equation for the temperature,
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lision operator shares many of the "nice" mathematical
properties of the original operator. In particular, we have
the relations

I C(f„fI,)d U =0,
PlgVC g, g +mbVC b, g d v=0 ~

—,
' I [I,U C(f„fb)+II,U C(fb,f, )]d U =0,

(2.12a)

(2.12b)

(2.12c)

which correspond to conservation of number density,
momentum, and energy in collisions between distributions
a and b. Both the linearized and original Fokker-Planck
equations exploit these properties to conserve these quan-
tities, so long as both distributions, a and b, evolve. In
practice, in the limit m;/m, —+ ao, the ion distribution is
presumed to be a nonevolving momentum sink, while the
electrons'conserve number and energy.

The linearized Fokker-Planck equation does not, how-
ever, in the presence of Joule or wave heating, guarantee
the non-negative nature of f, a guarantee which is a pmp-
erty of the original equation. Also lost is a strict H
theorem. On the other hand, in the calculation of all
quantities of interest, the linearization is an excellent ap-
proximation, and it produces an equation that may be ex-
ploited using Green's-function techniques.

«f f)=Ca(f f)
2

+1 8 T df
BU U BU

1 —UT/2U g 2(1—p') f
Bp Bp

(2.13)

C(f,f,)=,'
(1—p')

&
f .a

2u3 ~p ~p
(2.14)

The high-velocity-limit equation is then

=C~(f,f)+C(f,f; ) — .S,. (2.15)
m au~~ Bv

Here p—:U~~/U and I =nq lnA/4~EOI . (Note that the
direction cosine p defined here is not to be identified with
the magnetic moment. ) The first term describes energy
diffusion and frictional deceleration, while the second
term describes diffusion in direction or "pitch-angle"
scattering. Electron-ion collisions with I;/m, ~ oo are
automatically in the high-velocity limit (even for thermal
electrons) since only U ~ Uz; need be satisfied, so we have

D. High-velocity limit

Much that we wish to describe involves only the
dynamics of fast electrons. Thermal electrons, i.e., U & UT,

are all, in velocity space, roughly a speed vT distant from
most other electrons; hence they all experience about the
same electron-electron collisionality with collision rate

. v-vT . Fast electrons are defined by v »vT. These
electrons are, in velocity space, roughly a speed v distant
from most other electrons; hence the collision frequency
of these electrons will be (UTIU) smaller than for other
electrons. In practice, even an electron with U/UT —3 may
be considered fast, and hence relatively collisionless, and
be amenable to the approximations employed in this sec-
tion.

The picture we have then (see Fig. 7) is that a fast elec-
tron slows down in energy in collisions with slower elec-
trons; as it loses energy it collides also more frequently
with ions; and, eventually, it becomes a thermalized elec-
tron, frequently colliding with ions, and no longer having
any directed motion. For our purposes here, where we are
interested in the current carried by an electron, the details
of an electron's trajectory as it slows down to subthermal
speeds no longer interest us. Initially, at high speed, it
does carry substantial current; when it slows down it car-
ries a much smaller- current and, because it is colliding
frequently by then, even this small current persists only
for a very short time. Therefore it is a very good approxi-
mation to assume in Eq. (2.4) that collisions always take
place in the high-velocity limit, meaning v »uT, where
we can simplify

Note that in the presence of collisions only, i.e.,
E,S~—&0, the steady-state solution to Eq. (2.15) is a
Maxwellian with thermal velocity vT. The high-velocity-
limit equation corresponds physically to the immersion of
test electrons in a Maxwellian background of electrons
with temperature T. The test distribution then tends to
equilibrate to this temperature.

In the limit U &)UT, the first term in Eq. (2.13) is of or-
der (UT/U) smaller than the other terms; strictly speak-
ing, it should not appear, and CH(f, f) should be tempera-
ture independent to lowest order in UT/U. However, the
retention of this somewhat higher-order term leads to
correct behavior of the equation for U~0, namely, that
the. distribution tends to a Maxwellian. The rate, accord-
ing to Eq. (2.15), at which f tends to a Maxwellian near
u —+0 is grossly inaccurate; however, that turns out to be
inconsequential for applications of interest. Competition
between wave and collisional effects, in the case of lower-
hybrid current drive, occurs only for U large, so that f
tends quickly to a Maxwellian in any event as v~0. The
precise rate is not important since events associated with
v large occur on so much longer a time scale. Note, how-
ever, that effects associated with the electric field, such as
Spitzer conductivity, will be incorrectly described by Eq.
(2.15).

In addition to having the above desirable properties, the
high-velocity-limit equation also preserves both number
density and the non-negative nature of f, although, as dis-
cussed above, neither momentum nor energy is conserved.
Examples in which the high-velocity-limit equations can-
not be used are Spitzer conductivity (Cohen, Spitzer, and
Routley, 1950; Spitzer and Harm, 1953) and current drive
with low-phase-velocity waves (Fisch and Karney, 1981).
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E. Langevin equations

The Boltzmann equation written in the strict high-
velocity limit (i.e., neglecting energy diffusion) is a linear
equation describing the action upon fast electrons of drag
(dynamical friction) by background electrons, acceleration
by an electric field, and pitch-angle scattering due to col-
lisions with both electrons and ions. These effects can be
expressed in a set of Langevin equations (Chandrasekhar,
1943; Wang and Uhlenbeck, 1945), ordinary differential
equations that track the trajectory of a single electron, i.e.,

dU

dt
I qEU+ P3 I (2.16a)

dp (qE/m)(1 —p )=8 t+
dt U

(2.16b)

where the stochastic term 8(t) is responsible for pitch-
angle scattering and is itself described by the statistical
properties

Here, for notational convenience, we have set v2 ——v& in
the limit, and have taken the limit for incremental dis-
placement along the displacement direction, which for
electrons pushed by waves is, by definition, in the direc-
tion of S„,the wave-induced flux.

A special case of Eq. (2.19) occurs for constant power
input density, P(r)=Pd. Here, for taboo, the integral
may converge, in which case a steady-state current-drive
efficiency may be defined by

S ~ (B/Bv, ) f, (qull(t, v, ) )dt

S~ 'BE/Bvi
(2.20)

dU

dt
U,

v
(2.21a)

It remains, of course, to find the integral of (qull ), and
this can be done by tracking the Langevin equations.

The Langevin approach becomes particularly simple
when there is no dc electric field, i.e., when E=O. Taking
the ensemble averages of Eqs. (2.16), we find that u is
nonstochastic, i.e., (u ) =u, which satisfies

(&(t)&(t')) =

(2.17a)

(2.17b)

while the average pitch angle evolves according to

d(p) I (1+Z)(p) =(1+Z)(p, )d(lnu)/dt,
dt

bj (t)=q(vll(t —7,V2)) —q(vll(t —r, v/)) . (2.18)

Here the angular brackets denote averaging over the en-
semble defined by all realizations. In practice, the
Langevin equations may be advanced numerically from
time t to time t +At by picking the integral of 8 in this
interval from an ensemble with mean —b,t(1+Z) and
with variance ht (1+Z), with p and u evaluated at time t.

Solving the Langevin equations gives the trajectory de-
fined by p(t) and v (t). The ensemble average of these tra-
jectories, weighted by various functions of p and v, gives
us quantities of interest. For example, the ensemble-
averaged current (qull ) carried by an electron as a func-
tion of time, as sketched in Fig. 7(b), is a quantity of in-
terest. Our notation is that an electron has elementary
charge q = —e. Note that ull VII t,v), where v is the ini-
tial velocity of the electron at time t=O.

Suppose that we expend energy E.2
—c&, in pushing an

electron from velocity-space position I to position 2, as
depicted in Fig. 7(a). The ensemble-averaged current
difference at time t as a result of such a push at time ~ is

(2.2 lb)

where we substituted for I"/u from Eq. (2.21a) to write
the second equality in Eq. (2.21b). We can then integrate
Eq. (2.2lb) to obtain

1+Z
p
P&

(2.22)

2+Z
oo u(t)f (qUII )dt =qpiui f dt (2.23)

The integral may be evaluated by parametrizing t by v

using Eq. (2.21a), i.e., dt = —u du/I' with u(t = oo)=0,
with the result

where p(t =0)=p& and u(t =0)=v& are initial condi-
tions. Note that Eq. (2.22) expresses a parametrization of
the likely pitch angle in terms of the electron speed and
the initial coordinate.

The quantity we wish to calculate is ( qu
I I

)
=(qup) =qu(p), or more precisely, its integral over
time. Using Eq. (2.22), we have

The rate of pushing a density of electrons is simply
P/(E2 —E~), where P is the power density expended. The
current density J that appears at time t can then be writ-
ten as

P(~)J(t)= dr (qUII(t —r~v2) —qUII(t —r, v)) )0 F2 —F

f (qVII )dt =
3

gPjv i

I o U~

4
QP)U i

(5+Z)I

' 4+Z
dv

(2.24)

S„(B/Bv))(qull(t —r, v)) )
d&P(r)

limv2~v& S„(B/Bv))E(v))

(2.19)

The efficiency for steady-state current drive by pushing
fast electrons at velocity-space location v (i.e., for nota-
tional convenience we now define v& as v) is
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J '

q S '(8 /Bv)( O'
U)[ )

I (5+Z) S~ (BIBv)(mu /2)
(2.25a)

The steady-state current drive is often expressed in nor-
malized quantities: J is normalized to - —envz- and Pd is
normalized to vnmUT, where v—= I /UT. Our convention is2, 3

that an electron carries charge q = —e, where e is the ele-
mentary charge unit. Additionally, velocities may be nor-
malized by u =v/UT, with the further convention
w=v~~/UT and x =uz/UT. The convention we employ is
that the thermal velocity UT is ( T, /m, )' . (The reader is
cautioned that some authors adopt a convention wherein
the thermal velocity is defined to be larger than ours by a
factor of v 2. ) The normalized efficiency is then written
as

S .(8/Bu)(wu )

5+Z S..(a/au)(u /2)
(2.25b)

The normalized quantities will generally be distinguished
here by context, rather than by a separate notation.

This result (Fisch and Boozer, 1980) indicates that not
only is it efficient to push electrons in the parallel direc-
tion (S„-i~~), as in the case of lower-hybrid current
drive, but it is almost as efficient to push them in the per-
pendicular direction (S -iz). The precise ratio of these
efficiencies is 4:3. This result is quite precise: it has been
verified numerically to be accurate for U & UT (see Fig. 9,
reproduced from Karney and Fisch, 1981). Relativistic
effects are ignored here, but they may be handled similar-
ly using relativistic Langevin equations (Fisch, 1981c). A
more important limitation, however, is that while the effi-
ciency is accurately given in terms of the wave-induced
flux, that quantity is only surmised, not found, in this cal-
culation. In the case of finite electric field, the Langevin
equations cannot be solved analytically, and numerical in-
tegration is necessary (Fisch and Karney, 1985a). Further

calculations of the electron-cyclotron-wave current-drive
effect were carried out by Eldridge (1980) (neglecting
electron-electron collisions) and by Parail and Pereverzev
(1982).

The Langevin equations are useful because the physical
interpretation at every step is transparent. An entirely
equivalent formalism, the adjoint method, exploits
outright the linearity of Eq. (2.8) and derives the Green's
function directly (see Sec. II.I). The adjoint method
makes use of more powerful and more easily implement-
able mathematical techniques, and it is usually the pre-
ferred method of solution now.

F. One-dimensional theory

A very crude, but very useful, simplification in solving
the Fokker-Planck equation is the so-called 1D (one-
dimensional) approximation (Vedenov, 1967). Both the
Langevin equations and the adjoint formalism (which we
discuss later) are suitable for solving for plasma responses
once the wave-induced flux S~ is known. Neither formal-
ism, however, is capable of easily solving for f, which
may be necessary if one is to know S„. (Note, however,
that sufficient information concerning the flux may often
be deduced as described in Sec. II.G;) To find f precisely,
there is generally no recourse other than to solve numeri-
cally the Fokker-Planck equation. Even linearized, this
equation still demands considerable numerical computa-
tion (see Sec. II.H). Often, however, 1D theory provides a
suitable solution, and it is used for the important special
case of lower-hybrid current drive, where D~L -i~~i~~.

In 1D theory, it is argued ad hoc that the most impor-
tant velocity-space dynamics is in the parallel rather than
the perpendicular direction. Moreover, it is arbitrarily as-
sumed that the distribution function f is a Maxwellian in
the perpendicular direction with the same temperature
that characterizes the bulk of the electrons. Thus one
substitutes into the high-velocity-limit equation the ansatz

60 f=f (uz )F(w), (2.26)

50—
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where w =U~~/vT, and then one integrates both sides of
the resulting equation over Uz. The. result is an equation
to be obeyed by Eat large w, namely,

BF(w) 8 8 +
31 OLD 8l8

+(2+Z)~,
~

+a 1 a 1

w g~ w

(2.27)

where we normalized r=vt and D(w)=D~L, /vUT For.
E~O, and with constant wave excitation D(w, t) =D(m),
this 1D equation has a steady-state solution,

FIG. 9. Normalized efficiency J/Pd as a function of average
w in a narrow spectrum for small S . The waves exist only for
x & 1. 0, cyclotron damping; , Landau damping. Lines show
the theoretical predictions of Eq. (2.25) (Karney and Fisch,
1981).

W —w dw
E(w, ~~ po ) =C exp (2.28)

1+m D(w)/(2+Z)

where C is a constant that may be determined by a nor-
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188 Nathaniel J. Fisch: Theory of current drive in plasmas

malization condition. Note that Eq. (2.27), however, arbi-
trary its derivation, still conserves both particles and the
non-negative nature of f.

Note that where D(w) vanishes, F is locally Maxwelli-
an, and where D(w)w &&1, F is locally flat. A useful
model for lower-hyrbid waves is to take

D, w & & l8 ( l82Dw=.
0 elsewhere,

where D —+oo. It is remarkable that this very crude,
reasonable, but ultimately unjustifiable, method gives very
good answers to questions of interest. For example, f in

Fig. 5 corresponds to w& ——3 and w2 ——5; integrating that
2D (two-dimensional) numerical solution over U~ gives
F(m) (numerically) as shown in Fig. 10. Note that the
1D derivation of F(w), Eq. (2.28), captures the salient
features of the numerical solution, except for the regime
w &w2, where I' falls off too rapidly with w. For w~O,
F is Maxwellian as it should be, even though Eq. (2.27) is
derived, albeit ad hoc, in the high-velocity limit.

The most important use of the 1D theory has been to
predict the high efficiency of current drive by using
high-phase-velocity waves and to give reasonable esti-
mates for the current and power dissipated (Fisch, 1978).
From Eq. (2.28) we find the current density for D~ oo:
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FICx. 10. Parallel distribution function F(m) for the case shown
in Fig. 5. In (b) the vertical scale has been magnified tenfold
over that in (a). The dashed curve in {b) shows the initial
Maxwellian distribution (Karney and Fisch, 1979).

J= —enUT J dw wF(m)

2 2e—nUTF~ (w & )(w2 —m
&
)/2

=6.5)&10 n&4TIO F~(w~)w~b, A/m (2.30)

2 W2=vnmv T(2+Z)F~ (w)ln

=5X10 n&4T&p' (2+Z;)F (w&)w&b W/m . (2.31)

The quantity J/I'd gives the 1D steady-state efficiency,
which (for Z=1) is about a factor 2.5 smaller than the
correct numerically derived 2D result (Karney and Fisch,
1979).

The 1D equations have been elaborated upon in several
ways. Justification for the model has been sought by
Wegrove and Engelmann (1984). Better agreement with
the 2D results has been achieved by Fuchs et al. (1985)
by formulating 1D equations taking into account two per-
pendicular moments of the Fokker-Planck equation.
Note, however, that both the current and the power dissi-
pated are extremely sensitive functions of w ~, although
their ratio is not. Since the spectrum location, experimen-
tally, is not in any event accurately determinable, it is not
necessary to demand a more accurate calculation of the
current or power dissipated. %'hat is important is to give
correctly the relationship between these quantities.
Therefore an entirely adequate and time-efficient ap-
proach is to accept the 1D estimate for the power dissi-
pated, but to use the Fisch-Boozer efficiency, Eq. (2.25),
to calculate the current. Of course, if a very accurate cal-
culation off is required, which is generally not the case, a
fully 2D numerical treatment would be necessary.

The 1D theory has also been employed to good effect in
the case of a small electric field (Borrass and Nocentini,
1984) and for more complicated wave models. A similar
model has been employed by Liu, Chan, and Lee (1985).
Of course, in some cases, the 1D theory is hopelessly
inadequate. For example, the 1D theory is incapable of
uncovering the current-drive effect associated with

electron-cyclotron-wave current drive, where 8 -i&. A
second example is the impossibility of describing the
physics of backward runaway electrons, a topic which
perhaps deserves a short digression.

Runaway electrons occur in the presence of a dc elec-
tric field; electrons fast enough to overcome the dynami-
cal friction of Coulomb collisions with background elec-
trons may be accelerated indefinitely by the dc field, with
collisional effects growing fainter and fainter as the field
accelerates the essentially free-streaming electrons
(Dreicer, 1960). In contrast to these "forward" runaways,
for which the collisional effect is monotonically decreas-

where in the last approximate equality we used
A=w2 —w) «w) and norma1ized quantities. Similarly,
the power dissipated may be calculated as

Pd vn——mvT f dm D Fw 8 8
2 Bw Bw
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ing, there exist also what might be called "backward"
runaways. These electrons initially travel counter to the
force exerted by the dc electric field. As the field de-
celerates these electrons to lower kinetic energy, collision-
al effects first increase. If, however, these collisional ef-
fects are too small to thermalize these electrons (this can
happen if vq is large when an electron nears U~~

——0), then
the electric field succeeds in subsequently accelerating
these electrons to higher energy, just as for the forward
runaways. These runaways, born backward-streaming,
are distinguished as backward runaways, and, in contrast
to the forward runaways, cannot be described by the 1D
theory because all electrons, in iD, emerging from the
backward direction, possess the same properties as they
pass through the singularly collisiorial region U~~

——0.
A final note to correct a misconception concerning 1D

theory is that it is not a physically 1D model in the sense
that electrons are modeled as if living in a 1D world, like
beads on a string. Certainly, in such a world there could
not even be like-particle collisions, since to conserve ener-

gy and momentum in one dimension colliding like parti-
cles could only exchange positions in phase space. Rath-
er, by 1D theory we merely refer to a sometimes very use-
ful, rather arbitrarily posited, partial differential equation
with one independent velocity variable.

G. Calculating the wave-induced flux

Quantities of interest, such as the current, could be cal-
culated with precision using the Langevin formalism if
only the wave-induced flux S~ were itself known precise-
ly. Unfortunately, since S =D~L (8/Bv)f, and f is un-
available, this luxury is not generally to be had. It is
often possible, however, to deduce S, or at least a great
deal'about S~, without solving for f. When this is possi-
ble, it renders the Langevin and the equivalent adjoint ap-
proach quite powerful.

Information about S might be divided into three
parts: its direction, its location in velocity space, and its
magnitude. The direction of S is available immediately
as a consequence of the nature of the wave-particle in-
teraction. Resonant electrons obey the resonance condi-
tion cu —

k~~u~~
—nQ, =0. For lower-hybrid waves, for ex-

ample, we have n=0, the Landau resonance, and we
deduce that S must be in the parallel direction. This is a
consequence of energy and momentum conservation be-
tween wave and particle. For n&0, such as for the cy-
clotron resonance, the direction of S is along velocity-
space contours of constant energy in the wave frame of
reference, i.e., moving with v=co/k~~. This conclusion,
again, is a consequence of energy and momentum conser-
vation between wave and particle. (Consider that in the
wave frame, ~=0, so a particle is caught in a static po-
tentia1 well, able to exchange unlimited momentum, but
not energy, with the well. ) For current-drive applications
of interest, in the case of cyclotron waves, the wave-
induced flux S is very nearly in the perpendicular direc-
tion.

It is often the case, particularly for current drive in
reactor-grade tokamaks, that the spectrum of the injected
waves is narrow in k~~, or, equivalently, in parallel phase
velocity co/k~~. Consequently only electrons with u~~

—U„,
would be resonant with the wave, where the parallel
resonant velocity U„, is found from the wave dispersion
relation, If this resonant region is not only narrow, but
also fast, i.e., U„, »v~, then one may surmise that, unless
the distribution function is grossly distorted, most
resonant electrons satisfy u

~I
-U«s &&UT, and U j —UT,

which very nearly pinpoints the region in velocity space in
which S~ is finite. The exact slope of f, of course, would
be required to deduce S exactly, but even if f is not
known, for an important class of problems S~ may be
surmised except for magnitude, i.e., up to a multiplicative
constant.

Knowledge of all but the magnitude of S~, together
with the fact that S drives a linear system, means that,
with no further information, statements can be made
about current-drive efficiency J/Pd, since it is formed by
the ratio of two linear responses to S, i.e., the current
and the power dissipated. Similarly, ratios of other
responses, such as incremental radiation per power ab-
sorbed, can be computed. The result is that, without
knowledge of f, a great deal can be inferred about how
the plasma responds to injected rf waves.

Of course, the magnitude of S indicates the amount of
power absorbed and the extent of all other wave-induced
effects, and so it, too, is needed. Here, also, there may be
adequate approximations. For low levels of rf power,
linear damping theory is appropriate, i.e., the calculation
of S on the basis of an unperturbed f=f . For the im-
portant problem of the injection of intense lower-hybrid
waves at high parallel-phase velocity, the linear theory is
no longer adequate, but the 1D quasilinear theory gives a
reasonable estimate. The extent here to which one strives
for precision in deducing S~ given the wave excitation is
limited by the accuracy with which one can ever produce
or detect m& and w2 in any event. Since the power ab-
sorbed or the current generated is so sensitive to the loca-
tion of the spectrum, it is not often worthwhile to seek a
much more accurate account of S than is afforded by
these estimates.

H. Numerical characterizations of f

Before turning our attention to the equation adjoint to
the linearized Fokker-Planck equation, we present some
numerical solutions of the Fokker-Planck equation. Our
aim here is merely to outline the major characteristics of
these solutions in the case of current drive by fast elec-
trons. For a thorough treatment of numerical solutions to
the Fokker-Planck equation, an excellent review is provid-
ed by Karney (1986). For other related numerical
descriptions see the more general review of Appert et al.
(1986).

The first numerical studies to check the assertions of
the 1D theory concerning lower-hybrid current drive were
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performed by Karney and Fisch (1979) and Harvey er al.
(1981). The model used by Harvey et al. (1981) was to
solve the nonlinear Fokker-Planck equation along lines
suggested by Rosenbluth et al. (1957) together with an ad
hoc loss term modeling heat transport across field lines.
A somewhat simpler approach was adopted by Karney
and Fisch (1979), who solved an approximate linearized
Fokker-Planck equation, approximating C (f,f)
=C(f,f ). The background Maxwellian electron distri-
bution then acts as a heat sink, and the test distribution
function f evolves to a steady state. Both approaches,
however, appear to be in agreement on the most impor-
tant elements of the problem.

In either model, there are three dimensionless parame-
ters that characterize collisions: m;/m„T;/T„and Z.
Taking m;/m, ~oo also renders the problem insensitive
to the ratio T;/T„as the ions are so much slower than
electrons that in electron-ion collisions the ion velocity is
unimportant. The ion-charge state Z does remain as an
important parameter; it indicates the relative importance
of pitch-angle scattering collisions to electron-electron
collisions that induce energy diffusion and slowing down.

It is important also to minimize the number of parame-
ters used to describe the wave spectrum. For waves
resonant with high-velocity electrons, even a small
amount of wave power tends to dominate collisional ef-
fects and tends to plateau the distribution function in the
resonant region. Therefore an adequate characterization
of wave spectra is to take D~ oo in Eq. (2.29), reducing
the number of spectrum parameters to two, i.e., the spec-
trum edges (in phase velocity space) tU, and mz.

In the model considered by Karney and Fisch (1979),
over 50 cases, varying w~ and toz with Z= 1 (hydrogen
plasma), were examined. An example of the resulting
steady-state distribution f(v, t moo) is shown in—Fig. 5,
and its integral over vz, giving F(w), is shown in Fig. 10.
%hen the collection of cases was compared to what would
be predicted by the 1D theory, the expectations expressed
in the last section were confirmed. As shown in Fig. 11,
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The dots give the numerical results. The line is the prediction
of the 10 theory given in Eq. (2.30) (Karney and Fisch, 1979).

the 1D prediction of the current is eminently adequate.
More significant deviation from 1D theory occurred in
the calculation of the steady-state efficiency J/P~. The
numerical efficiency was found to be greater than in 1D
theory with a different dependence on Z and the spec-
trum width. A rule of thumb, for Z=1 and not too large
a resonant region, was an increase in efficiency by a factor
of about 2.5 The 1D theory is inaccurate here for two
main reasons: it fails to take into account that pitch-
angle scattering dissipates no energy, and it does not take
into account the larger perpendicular speeds of resonant
electrons during wide-spectra excitation. It should be em-
phasized, however, that the theoretical efficiency predict-
ed by the Langevin analysis is, for narrow spectra, accu-
rate and supported by other numerical studies (e.g., see
Fig. 9).

One other area in which there is some discrepancy be-
tween the 1D theory and the numerical results is the ques-
tion of turn-on time, ~, „of the current, i.e., the time it
takes the current to reach about half its steady-state value.
The prediction of 1D theory (Fisch, 1978) is

(2.32)

where A =m2 —m&, whereas the numerical 2D result is
(for Z=1)

r, ,=(6b '/~w
~ )/v, (2.33)

which is substantially longer than the 1D result. Note,
however, that in either of these analyses the turn-on time
is short (typically about 1 sec in a reactor), so that, in fact,
the calculations are likely to be invalidated by the pres-
ence of a large counter-induced electric field. The ques-
tion of current increase is, therefore, more complicated
than the models here describe. We address this question
with a fresh approach in Sec. II.I, when we consider ad-
joint methods.

Although the numerical solutioris evolve to a steady
state, they do not prove the existence of a steady state to
the original equations. The computational solution is too
crude at high energies, where collisional time scales are
exceedingly long and the numerical mesh grows coarse, to
resolve the question of steady state in an unbounded velo-
city domain. Note that the heat sink provided by the
background Maxwellian is a necessary but not a sufficient
condition for the existence of a steady state in the pres-
ence of the rf-induced quasilinear diffusion.

An asymptotic analysis (Fisch and Karney, 1985b),
however, shows that a norrnalizable steady-state solution
does, in fact, exist. This solution treats with rigor the
simultaneous limits D~L —+m, U —+oo, and w~ &&1. The
utility of the details of this solution in describing
f ( U ~ ao ) is probably greater with respect to the problem
of plasma radiation, which is sensitive to f(U~ oo ), than
with respect to current-drive, for which the distribution
of the more numerous intermediate-energy electrons tends
to be more important. In Fig. 12(a) we show a compar-
ison between numerical and analytical estimates of brems-
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0 0 2

FIG. 14. Streamlines of the flux S for the case shown in Fig. 5.
Equal amounts of flux flow between adjacent contours (Karney
and Fisch, 1979).

ed by a flux plot of streamlines of S, where the flux S is
defined through

Bf/Bt = —(8/Bv) S . (2.34)

In the steady state, S is divergence-free and may be ex-
pressed as the curl of a stream function, i.e.,

A(v~~, vj )
S(v) =VX

2~v sinO
(2.35)

I. Adjoint techniques

Adjoint techniques for solving the Fokker-Planck equa-
tion were employed in the problem of neoclassical trans-
port theory (Robinson and Bernstein, 1962; Grad, 1963;
Rosenbluth, Hazeltine, and Hinton, 1972; Ware, 1973;
Hinton and Hazeltine, 1976) and were first introduced
into the problem of steady-state current drive by Hirsh-
man (1980). Hirshman (1980) and Taguchi (1982) studied
adjoint equations for neutral-beam-driven currents. The
technique was presented particularly clearly by Antonsen
and Chu (1982), who formulated the problem of current
drive with fast electrons in toroidal geometry. Taguchi
(1983) considered the same problem and demonstrated

where in the cylindrical coordinate system ( v~~, vz, y), p is
the azimuthal coordinate and cosO=v ~~/v. Contours of 2
represent streamlines of S, projected onto the v~~

—v&

plane; the difference between the values of 3 on two con-
tours equals the flux flowing between those contours. For
the case of Fig. 13, i.e., u, =3 and u, =5, the flux plot
(from Karney and Fisch, 1979) is shown in Fig. 14.

A second numerical technique in analyzing rf-driven
currents is to simulate directly many particles (Abe, 1984;
Decyk, 1984; Decyk and Abe, 1986). Such particle simu-
lations are not yet advanced enough, however, to uncover
new phenomena, and researchers are, in the present
developmental state of the art, content merely with exhib-
iting in the simulation what is perceived by other tech-
niques to be the relevant dynamics.

agreement with a calculation by Cordey, Edlington, and
Start (1982). Antonsen and Yoshioka (1986) generalized
the method to calculate rf-induced radial transport.

The advantage of the adjoint technique is its directness.
One recognizes at the outset the linearity of the governing
equations and solves them by Green's-function tech-
niques. Researchers using this technique also identified
new problems of interest. Pursuing this technique, and
including a small electric field, Fisch (1985a) found the
so-called "hot conductivity, " the enhanced conductivity
of a plasma due to its contact with an outside source of
heat. Ehst (1985) formulated plasma equilibria. A rela-
tivistic adjoint equation was written by Karney and Fisch
(1985).

The method was further generalized by Fisch (1986),
who wrote an adj oint equation suitable for dynamic
(8/Bt&0) problems with possibly large electric fields. In
this work, moreover, quantities of interest such as the rf-
induced runaway rate, in addition to the current, were
identified and shown to be amenable to calculation by ad-

joint techniques.
Key response functions were calculated numerically by

Karney and Fisch (1986), and were set into a form that al-
lowed both easy comparison with experiments and easy
implementation in transport codes describing the plasma
more completely. This work also showed the equivalence
of the adjoint technique to the physically transparent, but
more cumbersome, Langevin approach.

. The idea behind the adjoint techniques is to separate
out the wave-induced flux as though it were a known
quantity. Thus one writes the Boltzmann equation in the
form

+M f= — .S
Bt Bv

(2.36a)

where M is a linear operator that depends on the particu™
lar approximation to the collision operation that we em-

ploy. Associated with Eq. (2.36a) is a Green's function g,
which solves

8 +M g(v, t;v')=0,
at

(2.36b)

with initial condition g(v, t;v')=5(v —v'). Then f is
found by

tf= f dr J d'v' S(v', )r, g(v, t —r;v'), (2.37)
0 BU

and moments off may be obtained from moments of g.
The advantage here, of course, is that Eq. (2.36b) need

not be solved separately for each excitation S . The
method is useful only when S can be reasonably sur-
mised or hypothesized.

The Green's function g has the following physical in-
terpretation (Karney and Fisch, 1986). Suppose an elec-
tron is observed to travel with velocity v' at time t=O.
Then g(v, t;v')d v is the probability, conditional on the
observation at t=O, that the velocity of that electron is lo-
cated at time t in the velocity-space element d v centered
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at v. Thus the Green's function g in Eq. (2.37) can be
determined by following the Langevin equations for an
ensemble of electrons, as shown by Karney and Fisch
(1986). This, in fact, was the approach first taken in nu-
merically finding the Green's function for conversion of
wave energy to magnetic energy (Fisch and Karney,
1985a). The adjoint approach we now describe is
equivalent, but computationally more easily achieved than
this Langevin, or Monte Carlo, approach.

Following Fisch (1986), we consider the two linear
operators I. and D„where D is parametrized by subscript

g(v, t'=0) =go(v),

S(g)=Sb(v, t') on X,
where S is the total flux, i.e.,

(2.45a)

(2.45b)

ensure that the orthogonality conditions on g are obeyed
subsequently, given that they are obeyed initially. These
constants are independent of v, but are linear functionals
of P obtained by taking the appropriate moments of Eq.
(2.44). Initial and boundary conditions on P must be
specified; we take

Lp(v, t') =,f g)+ f~y C(f p—), (2.38)
8 eE(t') B

Bt' I Bv~~

D,g(v, t')=f, g — f P C(f f—) .Bt' m Bv~~

(2.39)

S(P)—=S,(g) — f (2.46)

where $0 and Sb are arbitrary functions to be chosen, as
we shall see, to give us the Green's functions that we seek.

The linearized, dynamic, spatially homogeneous
Boltzmann equation may be written as

where V is a possibly finite velocity-space domain, and
where the operation [ ] is parametrized by t. It can then
be shown that, for operands g and g obeying homogene-
ous boundary and initial conditions, the operator D, is ad-
joint to the operator I. with respect to the inner product
[ ]„i.e.,

[V»Dilly = [Le»@l~ (2.41)

where, in writing Eq. (2.41), we made use of the self-
adjoint property of the collision operator in the event of
homogeneous boundary conditions, or, equivalently, in
the limit V~ co. Actually, for problems of interest to us,
especially in the presence of a nonzero dc electric field or
for problems to be solved numerically in a finite domain,
the boundary terms are significant. Therefore we employ
a more general property for the collision operator

f, [v«f 0) 4«f v»ld'U—
yS, —S, qp

.d a, 2.42

where X is the boundary surface in velocity space to the
domain V, and S, is defined by C = —(8/Bu) S,. For
V~co, the surface terms vanish, and the well-known
property of the collision operator results. For our needs
here, however, we keep the boundary terms.

Consider functions y and g, which are orthogonal both
to f and to Ef over the finite velocity domain V. For
g we have

f d'vf~P(v, t) = f d'vlf g(v, t) =0 . (2.43)

Suppose, further, that g obeys the evolution equation

D,p(v, t') =Q,f~+92Ef~, (2.44)

where the constants (of v) q~(t') and q2(t') are chosen to

Define a commutative operation on two functions p(v, t')
and g(v, t') by

(2.40)
(2.47)

where T/T is chosen to ensure that y remain orthogonal
to ef in the finite domain V, given that the orthogonali-
ty. holds initially. Additionally, y is orthogonal to f~ be-
cause there are no particle sources in Eq. (2.47). Taking
the indicated inner product of y and D,g and using the
orthogonality properties, one finds

f d Uf~p(v, t)go(v)+ f dry(v, t)S~(v, t r) da-
= f d v f drS, (v, t r). P(v,—r)

t
+ f dr f g(v, t —r)[S(y)+S ].da,

where

eZ(t)S„(v,t) =S~(v, t)+ f~i~~

(2.48)

(2.49)

J. Response functions

Using Eq. (2.48), we may calculate various Green's
functions or response functions. Here we consider several

is the sum of the wave-induced flux S~ and the flux in-
duced by the dc electric field accelerating the background
Maxwellian electron distribution. This last flux leads to
the Ohmic current and to the runaway-electron current.

By choosing go(v) and S~(v, t), it is possible to con-
struct Green's functions for either arbitrary moments off
or arbitrary functions off on the boundary. For example,
to find the current, we choose $0(v)=U~~ and S~=0 in
solving Eq. (2.44) for the Green's function g. Once f is
determined, then, of course, the right-hand side of Eq.
(2.48) gives the contribution to the current in the domain
V for arbitrary wave excitation S . The problem now is
to recognize interesting quantities for which we would
want these Green's functions.
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eE. I v
if]

—
3 'p m

m
(2.51)

Here I v/v, just as in the Langevin equations, represents
the dynamic friction due to collisions. Thus, solving Eq.
(2.44) for 1' with conditions

g(v, t =0)=0,
eE. Iv

S(v, t —t )= lii — on X
m

(2.52a)

(2.52b)

and then substituting into Eq. (2.48), gives

N~ ——f d v f drS, (v, t —r). g(v, t), (2.53)

where, had we written S above rather than S„we would
have included only the rf-induced contribution to the
runaway number.

Note that g(v, t) may be interpreted as the probability
with which an electron appears on the boundary X by
time t, given that it had velocity v at time ~. In the pres-
ence of finite temperature, all electrons eventually run
away, i.e., appear on the boundary X. A useful definition
is to consider as runaway electrons only those that appear
on X without first becoming bulk electrons, i.e., without
first having speed u &uT. Bulk electrons also appear on
X, but only after spending considerable time dominated
by collisions with other electrons and ions; the time for
bulk electrons to run away will be exponential in
(vol/vT), where vol, defined later in Eq. (2.56), is the
runaway velocity (the velocity at which collisional drag

important examples.
First, we calculate the rf-induced runaway rate in the

presence of a dc constant electric field. Let us cast the
relatively old question of runaway production (Dreicer,
1960; Bernstein and Kruskal, 1962; Kulsrud et al. , 1973)
in conceptually new terms. Rather than calculate runa-
way rates directly from solutions to the evolution equa-
tion for f (see, for example, Chan and McClain, 1983), we
follow Fisch and Karney (1985) and associate a runaway
probability R(v) with electrons of velocity v. The ques-
tion of runaway production is then cast as an incremental
problem: how does an rf-induced flux affect incremental-
ly the number of runaways? Again, the linearity of the
equations means that this question is sensible as long as
the rf-induced flux can be determined or reasonably sur-
mised. The runaway probability function R (v) then cap-
tures the necessary response information.

Suppose that the velocity-domain boundary X is placed
at sufficiently high velocity to make collisional effects
negligible, so that any electron appearing on X may be
safely defined as a runaway, i.e., R (v)=1, for v on X.
The number of runaway electrons appearing on X between
time ~=0 and time ~= t may be written as

Nz(t)= f dr f S da, (2.50)

where, in the high-velocity limit that by assumption is
valid on X, we have

equals the field force). Typically, vz »vz, and the time
scale for bulk runaway is long compared to other times of
interest, such as the particle confinement time.

To distinguish runaways originating in the bulk from
what we have defined now as true runaways, one can
tabulate Xz only for times short compared to the bulk
runaway time. Alternatively, one could introduce into the
electron evolution model a particle sink or an artificially
large collision frequency near u —+0, thus preventing bulk
electrons from running away at all. This, in fact, occurs
when using the high-velocity limit of the collision in-
tegral. Then the probability of an electron's running
away in the sense that we define here may be written as

R (v) =g(v, t~ ao ) . (2.54)

The operator adjoint to the strict ( vT —&0) high-
velocity-limit Coulomb collision operator C~, defined by
Eq. (2.13) with vT —+0, may be written as

fMI
&H(f 4)= —v +(1+Z) (1—p )

BU Bp Bp

(2.55)

The operator CH may be substituted for C in Eq. (2.39) in
order to get the high-velocity-limit adjoint operator. Kar-
ney and Fisch (1986) solved numerically the high-
velocity-limit adjoint equation by using CtI in Eq. (2.39)
and solving D, ltd=0, with initial and boundary conditions
given by Eqs. (2.52). Note, however, that employing the
collision operator of Eq. (2.55) reduces the equation from
elliptic to parabolic; hence boundary conditions are im-
posed only where the total flux S points into the domain
V. A convenient normalization in this work is u=v/uz,
where

mr
vol =——sgn(qE)

/qE [

(2.56)

The magnitude of the runaway velocity uz is the speed at
which the collisional dynamic frictional force (for elec-
trons with vt ——0) equals the acceleration due to the elec-
tric field. The more familiar Dreicer velocity (Dreicer,
1960) is given by —(2+Z)' vol. The convention here is
that where electrons runaway to the right, uz is negative.
The result for the response function R(v/vol) is repro-
duced in Fig. 15.

Note that for
~
v/vol

~
& 1, R vanishes, indicating that

frictional retarding forces are larger than the electrical
forces that accelerate the runaways. In Fig. 15, the force
of the electric field carries electrons to the left, so the
runaway probability of left-going electrons tends to be
greater than the runaway probability of right-going elec-
trons. Note, however, the finite probability of right-going
electrons; this is the "backward" runaway probability, a
quantity that is not available in a 1D formulation of the
problem.

The runaway probability R is a distinguishing property
of electrons. It is often helpful to use such a property to
distinguish the contributions of distinct groups of elec-
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FIG. 15.
(a) and

'5. Runaway probability R(u:—v/v ) f Z =1.
a an (b) show A on two different scales. In (a) the contours

are equally spaced at intervals of 0.05. In (b) the lowest seven
contours are geometrically spaced at intervals of 10'~ be

e remaining contours are equally spaced at in-
tervals of 0.05 as in (a) (Karney and Fisch, 1986).

trans to a given effect. It would then be possible to see at

group, such as the runaways, were not confined.
~ ~For example, it is possible to write the current densit

as
ensi y

J=Jg+J, , (2.57)

where J is ththe runaway-electron contribution to the
current and J, is the contribution of stopped electro
i.e., electrons that do not run away in the sense that we

r ns,

defined here. Having the runaway probability function
R (v) now allows us to write

J, t)= I d Uf p(v, t)IVii[1 —R(v)]+Ci+sCi],
(2.58)

for & (v t=O . The subsequent orthogonality properties
of ib (v t 0ib, v, & ) are, of course, guaranteed by choosing ap-
propriate constants qi and q2 in Eq. (2.44). Solving then
or g„we determine the wave-induced contribution to the

current carried by stopped electrons:

J,= —[P„(BIBv).S„]. (2.60)

W, (v)= f Ej,(v, t)dt . (2.61)

The uantit 8'q y, 'v is an important response function
that chc aracterizes the ramp-up process. In particular,
what matters is the ratio of the incremental energy that
flows into the field to the incremental energy injected into
an electron using waves. We can write this efficiency as

P„S„.(axav) W, (v)

S. (aZav)s(v)
(2.62)

where the numerator is proportional to incremental ener-

Ug

As an electron decelerates, it contributes part of its ki-
netic energy to the bulk electrons with which it collides
and the remainder of its kinetic energy to the electromag-

tion appears as magnetic energy storage, while the former
contribution appears merely as heat. The problem of
current "ramp-up" refers to using current drive to in-
crease the toroidal current and thereby to increase the in-
ductive energy stored in the poloidal magnetic fields (i.e.,
I.I 2, w ere L, is the tokamak inductanc d I '

h
oroi a current). For current ramp-up, an important ef-
iciency criterion is the fraction of rf energy that is con-

verted to magnetic field energy. This fraction will depend
on the nature of the wave-induced flux S

The
elec

e (electric) power delivered to the field b t d'e yasoppe
e ectron may be written as P,~ Ej,(v, t), w——here j,(v t) isere J, v, i
t e expected current as a function of time carrie'd b a
single electron, given that the electron is located at coor-

inate v at time t=O, e.g., as sketched in Fig. 7(b). The
electron decelerates from velocity v to some bulk speed
with eventually no directed motion. The amount of ener-

gy that flows into the electromagnetic field during this
deceleration is

where C and Cd C2 are constants to be determined, but, in
view of the orthogonality properties of y, the terms multi-

p ied by these constants do not directly affect the current
By inspection of Eq. (2.58), it is readily apparent th t

e appropriate Careen's function for J„solves E .
~ p a

(2.44) with
„soves q. 0

-2

S(g~)=0 on X, (2.59a)

(2.59b)g, (v, t =0)=
u~~ [1—R (v)]+C& +EC2,

where we now exploit our freedom to choose C~ and Cq
in a way that gives the required orthogonality properties

FIG-. 16. Ener gy imparted to the electric field by the sto ed
electrons, 8'(u=—v v

y e s oppe

e uall s ac
v~ or Z =1. The innermost conto

q y spaced at intervals of 0.005 between —0.05 and 005.
n ours are

The remaining contours are equally spaced at intervals of 0.05
(Karney and Fisch, 1986).
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I.O K. rf-induced conductivity

Pet

Pin

-0.5

—I.O
—

t

I.O

0.5

Pel

Pin

2
II

(2.63)

where 7 solves

Analytic solutions to the adjoint equations can often be
found with surprising ease. The problem of current drive
in the presence of a small dc electric field has been ap-

roached using various approximations by several
researchers (Muschietti, Vaclavik, and Appert, 1982; An
et al. , 1983; Appert et al. , 1983; Start, 1983). Here we
show an analytic calculation of the so-called "hot conduc-
tivity, " the conductivity in the presence of a small
(L~~O) electric field, but in the presence of rf-induced
fluxes (Fisch, 1985a). Since E~O, we have R (v) —+0 for

X in the adjoint equation at v~oo and apply a homo-
geneous oun ary cb d ry condition. For the initial condition we
ta e y=qu~~. incSince we are not interested in transient ef-
fects, it is only necessary to calculate

X(v)= J dt's(v, t),

-0.5 f X+C(f X)= f qop —. (2.64)

-I.0—
—

I 0

Taking the high-velocity-limit form of C from Eq.E . 2.13
and expanding

X—XP+EX I ++ X2+ (2.65)

FIG. 17. Efficiency for two types of current drive: (a) lower-
hybrid wave, ' (b) electron-cyclotron wave (Karney and Fisch,
1986).

gy to the field, and the denominator is proportional to the
incremental energy expended. The variables I',

~
and I';„

are defined to have dimensions of power density; I';„ is
the wave power absorbed by resonant electrons, and I',

&
is

the power delivered to the magnetic field.
In Fig. 16, we reproduce a plot of the response function

W, (v/Uz). For U/v~ small, collisions, rather than the
electric field, tend to slow down the electron, and the elec-
tron kinetic energy will be converted into heat. Thus

the other hand, for u/vz ~~1, the electron is decelerated
by the electric field and is insensitive to collisions, so that
all of its parallel kinetic energy could be converted to
magnetic field energy. Thus, for u/u& &&1, we have

calculation here is applicable only for stopped electrons,
which eventually slow down to u~t

——0, but do not then
runaway in the negative-U~I direction. Such electrons are
runaways, and their kinetic energy would increase indefi-
nitely at the expense of field energy.

Most relevant to ramp-up experiments is the case when
electrons with high u~~, but Uj ~/UI~, are resonant either
with lower-hybrid or with electron-cyclotron waves. The
power conversion efficiences that may be expected are
reproduced in Fig. 17. These results will be compared to
experiments in Sec. IV.

we get to lowest order

I UT

u u BU
1+

2 2

(1— ')—X = —qup
2U BP BP

(2.66)

from which we may solve asymptotica11y in UT/U,

1 pu4 9 UT

1 (5+Z) 3+Z U
1+

2

4
9 +(3+Z)(1+Z)

(2.67)

The first-order equation then becomes

eEC(f XI)= f—1 —pP + Xp
Bv v Bu

(2.68)

with solution

1 e v
1 p3 —1

1 3r m 5+Z 3+Z u

2

(2.69)

S BX/Bv

I'd S Bc/Bv
(2.70)

For a narrow spectrum of waves, one can now write
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parallel direction does not immediately create current, as
the current carried reaches a maximum. Each of these ef-
fects reduces the efficiency by a factor of p, where p is the
electron momentum; hence the efficiency approaches a
constant of p as p —+oo for lower-hybrid current drive.
Moreover, the injection of momentum, as opposed to
merely selectively increasing the perpendicular energy, is
not critical. Increasing the perpendicular energy of a rela-
tivistic electron without tampering with its parallel
momentum results instantaneously in that electron's car-
rying less current, since to conserve momentum, the
parallel velocity must decrease when the electron becomes
heavier. Thus, for electron-cyclotron waves, this further
effect iinplies that J/Pd~0 as p~ ao.

To find the current-drive efficiency for relativistic
resonant electrons, either the Langevin method or the ad-

/

joint method may be used. Fisch (1981c) solved the rela-
tivistic Langevin equations and wrote the efficiency in
closed form for the case of zero-background temperature.
Since relativistic electrons are fast compared to thermal
electrons for temperatures of interest in first-generation
fusion reactors, this result is generally applicable. Here,
however, we summarize the more accurate adjoint
analysis of Karney and Fisch (1985), who included finite-
temperature effects and solved numerically the relativistic
adjoint equation. These effects tend to increase the
current-drive efficiency, as bulk electrons get dragged by
resonant electrons. The efficiency increase can be about
10—25 '1/o for parameters of interest (see Fig. 18).

Define momentum p such that v=p/my(p), where m

is the electron rest mass and y(p) =(1+p /m c )' . The
steady-state current and power dissipated may now be
written as

J= f S~ X(p)dp,
Bp

Pd ——f Sz E(p)d'p,P gp

(2.74a)

(2.74b)

where S& is the wave-induced flux in momentum space,
kinetic energy E may be written as (y —1)mc, and P
solves the relativistic adjoint equation

C(f 7)= —
quiff (2.75)

which is a generalization of Eq. (2.64) for E=O. Expand
g in a Legendre series, i.e.,

X= QP„(p)X„(p) .
0

(2.76)

1
p~A (p)

p Bp Bp

ZB(p)+I Z/u .X)+I X) +gu =0,
p

(2.77)

Clearly, from Eq. (2.75), we see that the solution consists
of only the first Legendre harmonic; accordingly, we set
X(p)=@X&(p). Substituting into Eq. (2.75), Karney and
Fisch (1985) derive the equation for X&,

( )
4vrl

3n

( )
4ml

3n

r

I2

f, p'f (p'), dp'+ f p'f (p') , dp"'—
2 &2

f p' f (p')
3

dp'+ f p' f (p') , dp'—
(2.78a)

(2.78b)

r

V P1U y' ——,
' (4y' +6) dp'

p 'v

!
I2 / y t 4 2+6 1

4 3

p' y mc

p

2

y ——, (4y +6) dp' (2.78c)

Here f is the relativistic Maxwellian (see, for example,
de Groot, van Leeuwen, and van Weert, 1980) that solves

C(f,f) =0 and is given by

E—:P1C

0—:T/mc

(2.80a)

(2.80b)

(2.79)

where

f (p)=,exp( e/T), —
4rrm cTK2(0 ')

and E„ is the nth-order modified Bessel function of the
second kind (recently, Franz, 1986, has provided a com-
plete treatment).

Equation (2.77) has been considered nonrelativistically
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FIG. 20. Efficiencies for a narrow Landau spectrum as a func-
tion of phase velocity v~. The curves correspond to the various
values of 0. In all cases Z = l. The top scale gives the parallel
index of refraction n

~ ~

——c /v~. The right-hand scale gives the ef-
ficiency for the same conditions as in Fig. 19.

practical use is to show the efficiency as a function of the
total flux induced by a lower-hybrid wave, summing over
contributions to the fIux at finite pz for the case of a nar-
row spectrum of waves absorbed by a Maxwellian distri-
bution of electrons. This is depicted in Fig. 20. Including
summation of the wave-induced fluxes (as compared to
including only the contribution at pj =0) produces no ef-
fect for vI~ ))vT, but results in a somewhat larger effi-
ciency for v1I

—vT. It is perhaps worth correcting here a
misleading, but often cited, result in the review by Cordey
(1984), who finds an efficiency I/I'=0 15/(&. ~n~4) A/~
in his consideration of lower-hybrid waves driving 100-
keV electrons in a 17-keV plasma. This result, based on
an erroneous equation given by Hewitt et al. (1983), is too
low by a factor of about 5. The correct efficiency is as
shown in Fig. 20.

Several further remarks ought to be made about relativ-
istic effects: First, the calculations here do not include
synchrotron and bremsstrahlung emissions. For relativis-
tic electrons, these effects can be large; in fact, it would be
a worthwhile effort to derive response functions for these
emissions. Presumably, in the regime where relativistic
effects are the largest, these effects will render invalid the
analyses offered here. Additionally, relativistic effects
play a role in determining which electrons are resonant
and what the diffusion path is (Fisch, 1981c; Karney and
Fisch, 1981). These paths are constant energy contours in
the wave frame of reference. Wave propagation in a
weakly relativistic plasma is considered by Fidone, Gra-
nata, and Meyer (1982).

One helpful relativistic effect is that the absorption of
the electron-cyclotron wave near the resonant surface
co=A, (x) (where x measures horizontal direction) is not
symmetric with respect to that surface, so that single-pass
absorption is not necessary for current drive (Cairns,
Owen, and Lashmore-Davies, 1983). The asymmetry is a

relativistic effect; nonrelativistically, absorption would
take place equally on both sides of the resonance if the
damping were very weak, so that, even if after many re-
flections the wave were absorbed, equal currents would be
generated in opposite directions.

To see this, consider that the resonance condition for a
weakly relativistic electron may be written as

(2.85)

where Q=eB(x)/m is the nonrelativistic cyclotron fre-
quency. For v/c~0, note that changing the sign of the
quantity co —0 produces a resonance with v1~~ —

v11, in-
dicating that, as x, is traversed, the resonant region is
mirrored about v~~

——0. However, for v/c finite, a sign
change in ~—0 no longer produces v~~

—
v~~, so that the

oppositely flowing currents, which are generated on oppo-
site sides of the resonance, need no longer be comparable.
Note, however, that single-pass absorption, if not a neces-
sary condition for the current-drive effect, does often
mean a higher current-generation efficiency.

III. SURVEY OF CURRENT-DRIVE METHODS

A. Introduction

The most detailed experimental and theoretical atten-
tion has been paid to current drive by fast electrons, but
eventually the most useful method may well be one of the
other techniques. Here we survey more briefly these other
ideas, primarily with a view towards demonstrating the
variety of possible current-drive effects. Included here, in
addition to the neutral-beam technique which has been
experimentally demonstrated, are techniques that must be
considered rather speculative, or at least not experimental-
ly testable on present-day tokamaks.

Several different waves can give rise to essentially the
same current-drive effect. Thus, for example, high-
phase-velocity whistler waves, which have propagation
and absorption characteristics different from those of
lower-hybrid waves, could be substituted, possibly to ad-
vantage, for the lower-hybrid waves. The current-drive
effect is the same; more precisely, the current-drive effi-
ciency depends only on the parallel-phase velocity of the
wave and the velocity of resonant electrons. Similarly,
the low-phase-velocity kinetic Alfven wave will achieve
the current-drive effect (Hasegawa, 1980) characteristic of
other low-phase-velocity waves. Although here we are
concerned more with portraying the different effects pos-
sible, rather than in compiling the number of ways each
effect can be attained. , different ways of attaining a given
current-drive effect may be critical in realizing the utility
of that effect for different reactor parameters.

The techniques presented here can generally be em-
ployed concurrently, possibly to advantage. This is espe-
cially true of passive techniques, such as reflection, which
could supplement, without interfering with, current
driven by other means. Other methods are, in effect, hy-
brid means, such as injecting a neutral beam and then
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maintaining its energy with supplementary rf heating.
Some of the more speculative means of producing

current drive are presented here somewhat in the spirit in
which they were probably suggested by the authors in the
first place—to stimulate thought on pursuing new and
different avenues for more efficient, yet practical,
current-drive methods.

60

J/Pd

40—

B. Low-frequency waves
20—

The advantages and disadvantages of Alfven waves, an
example of low-frequency waves that interact with low-U~~

electrons, have been remarked upon earlier. Here we con-
sider these waves in greater detail.

In a homogeneous plasma, i.e., a plasma with aspect ra-
tio R/a~oo, there would be no trapped electrons, and
the steady-state current-drive efficiency would scale as
predicted by Wort (1971), i.e., J/Pd —I /u~h. This scaling
would lead to a relatively high efficiency, especially for
hot plasmas where the collision frequencies become small-
er. Note that hotter plasmas benefit current-drive tech-
niques, such as neutral-beam or Alfven-wave injection,
that rely on the dynamics of bulk electrons, more than
they benefit techniques, such as lower-hybrid or electron-
cyclotron-wave injection, which rely on the dynamics of
fast, superthermal electrons and are eventually, in hot
plasmas, limited in efficiency by relativistic effects. The
favorable scaling notwithstanding, the efficiency of
current drive by Alfven waves is seriously diminished by
trapped-electron effects for realistic aspect ratios (Bicker-
ton, Connor, and Taylor, 1971).

It has been conjectured (Fisch and Karney, 1981) that
these trapped-particle effects might not be as serious as
first supposed. The conjecture runs roughly as follows:
since the tokamak is axisymmetric, trapped electrons con-
serve canonical angular momentum. Upon absorbing
toroidal mechanical momentum from a wave, they must
pinch inwards towards the magnetic axis. This is analo-
gous to the Ware pinch effect (Ware, 1970), where the
trapped electrons absorb momentum from an imposed dc
toroidal magnetic field rather than from rf waves. The
inward pinch is not a steady-state process; eventually
electron-density gradients steepen near the magnetic axis.
At that point, electrons will tend to diffuse outwards,
driving the bootstrap current. The conjecture was that
this bootstrap current might compensate for the loss of
current in the first place. Unfortunately, a closer exam-
ination reveals that this rf pinch effect, while it might
very well be potent in producing large gradients, does not
lead to sufficient compensating current.

In the absence of trapped-electron effects, or, alterna-
tively, near the magnetic axis in a tokamak, the Alfven
wave would be an efficient current driver. Solving nu-
merically the Fokker-Planck equation for electrons, Fisch
and Karney (1981) calculate the efficiency of current
drive with low-phase velocity waves and compare this ef-
ficiency to that using high-phase-velocity waves such as
lower-hybrid waves, as reproduced in Fig. 21. The nu-

00
I

W
0

FIG. 21. Normalized J/Pd vs average normalized parallel-
phase velocity w-, : 0, Landau damping; &&, magnetic pumping;
~, Alfven waves in the limit D~I ~0. The solid curves are
rough semianalytic fits to the data (Fisch and Karney, 1981).

merical results confirm the scaling predicted by Wort
(1971). Cordey, Edlington, and Start (1982) show that for
U ph (Q U p it is possible to neglect electron-electron col-
lisions, and they give an analytic solution agreeing with
Fig. 21. This figure illustrates how in a homogeneous
plasma it is most efficient to push either very fast or very
slow electrons.

Despite its unpopularity because of the trapped-electron
concern, this wave deserves experimental testing. There
are enough uncertainties surrounding the physics of
trapped electrons and the neoclassical bootstrap effect to
shake our confidence even in the best theoretical models.
Because of the high efficiency that might be attained with
the readily available low-frequency (10—100 MHz) power,
it would be worthwhile to risk a probable negative result
in testing this current-drive method.

C. Exploiting trapped electrons and toroidal effects

Although the presence of trapped electrons, an artifact
of the toroidal geometry, diminishes the efficiency of
current drive by Alfven waves, these same trapped-
electron effects have also been exploited, in some cases, to
drive current. Ohkawa (1976) has suggested that selec-
tively trapping or detrapping electrons can result in
current. Toroidal effects have also been invoked by Parks
and Marcus (1981) and Hayes and DeGroot (1981) to
drive currents with electron-cyclotron waves.

Ohkawa s suggestion is illustrated in Fig. 22. Perpen-
dicular heating of electrons, possibly by electron-
cyclotron waves, can result (see Fig. 22) in a circulating
electron in velocity-space position 1 becoming trapped in
velocity-space position 2. The result would be a deficit of
current-carrying circulating electrons traveling to the
right. An alternative method of producing a net flux of
electrons to the left would be to heat in the parallel direc-
tion electrons in velocity-space position 3, such that they

Rev. Mod. Phys. , Vol. 59, No. 1, January 1987



202 Nathaniel J. Fisch: Theory of current drive in plasmas

v

FIG. 22. Schematic representation of current drive by electron

trapping and detrapping. Trapped electrons are located between

slanted lines.

become detrapped in velocity-space position 4. This in-
teraction, which Inight be accomplished by lower-hybrid
waves traveling to the left, produces a surplus of left-
traveling circulating electrons.

Parks and Marcus (1981) and Haye~ and DeCiroot
(1981) use a somewhat different, but related, toroidal ef-
fect. Circulating electrons traveling along field lines in
tokamak geometry periodically decelerate and accelerate
as they pass through the more intense field region near
the torus hole. Imagine, then, an equivalent situation in
which an electron traverses periodic magnetic mirrors as
illustrated in Fig. 23. Parks and Marcus (1981) and
Hayes and DeCxroot (1981) suggest that perpendicular
heating of electrons as they pass through the mirror
throats (maxima of the parallel magnetic field) will, on
average, increase the parallel velocity of these electrons.
This occurs because, as ihe electrons leave the mirror
throats, their perpendicular energy is converted into
parallel energy, since each electron's magnetic moment
p=mvz /2B is conserved over its trajectory.

The method of perpendicular heating at the mirror
throats is somewhat like the method of lower-hybrid
current drive, in that waves are employed to increase the-
average parallel velocity of fast electrons. This likeness is

Mirror Throat

more apparent when the change in velocity-space coordi-

nates at the mirror throat is related to a change in

velocity-space coordinates at the field minima for the

same trajectory. We expect, therefore, that the efficiency

for this current-drive method will scale similarly to that

for other methods of pushing fast electrons. Note, how-

ever, that electrons that are heated perpendicularly absorb

no mechanical angular momentum. In an axisymmetric

device, such as a tokamak without field ripple, there can

be no exchange of momentum with the coils generating

the magnetic field, and hence the canonical angular

momentum of the electron is preserved. Therefore, in ad-

dition to increasing on average its v~~ because of the heat-

ing at the magnetic throat, the electron will also increase,

on average, its (radial) distance from the magnetic axis.

The equations for current drive by rf heating of elec-

trons in toroidal geometry, where the effects of trapped

electrons come into play, have been analyzed by Cordey,

Edlington, and Start (1982) in the Lorentz limit, i.e.,
neglecting electron-electron collisions. This limmit is ap-

propriate for calculating current driven by low-parallel-

phase-velocity waves, such as Alfven waves. The kinetic

theory of current drive with electron-cyclotron waves, in-

cluding resonance regions appropriate for tokamak

geometry, has been pursued by Chan et al. (1982), but it
is difficult to recover from their analysis the homogene-

ous (straight-cylinder) limit. The problem has also been

considered by Belikov, Kolesnichenko, and Plotnik

(1982b). Current drive by electron heating in toroidal

geometry has been formulated introducing an adjoint

equation by Antonsen and Chu (1982), Taguchi (1983),
and Antonsen and Hui (1984). Further neoclassical ef-

fects were pursued by Yoshioka and Antonsen (1986) and

Antonsen and Yoshioka (1986).
Antonsen and Chu (1982) consider the steady-state

Fokker-Planck equation for electrons in toroidal geometry

[see Eq. (2.3a)] and write an adjoint equation for the

current response. An approximate expression for the

flux-surface-averaged response function for the current is

given by Antonsen and Hui (1984):

gI, (1—U~/U~~), U~~ )Ug

gg(1+ U, /U)( )~ U)[ & —c ~

(3.1)

where gz is the homogeneous-current response function,

and where U, is the critical parallel speed (at any point

along an electron trajectory) below which an electron is

trapped, i.e., below which it will not penetrate the mirror

throat along its trajectory; v, is given by

u, = [1 B(z)/B,„]'~&2—s/m (3.2)

Electron
Trajectory

Wave Heoting
Region

FICx. 23. Current drive by perpendicular heating at mirror

throats.

where the kinetic energy c. is a constant of the electron

trajectory and z measures the distance along the trajecto-

ry. Equation (3.1) represents a useful, although somewhat

arbitrary, approximation that captures the essential

features of an otherwise much Inore complicated func-

tion.
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It is revealing to consider a schematic representation of
the level curves of g, as reproduced by Antonsen and Hui
in Fig. 24. Current production is proportional to
S Bg/Bv, where S„ is the wave-induced velocity-space
Aux; it is easy to see, therefore, how perpendicular heating
near v~~

——v„ the trapped-untrapped particle boundary,
can result in current flow in a direction opposite to the
sense in which current would flow in the absence of the
trapped-particle effects.

Current-drive by the method of perpendicular heating
at the mirror throats can also be understood with refer-
ence to Fig. 24 if the electron velocity near the field max-
imum (where the heating occurs) is related to the velocity
of the electron at the trajectory position indicated by Fig.
24. In other words, velocity-space coordinate v in Fig. 24
is related to velocity-space coordinate v at the mirror
throat by

V

8
vg =

Bmax

2 (3.3a)

2 —2 2
U[( =Umj( +( I B/Bmax)vml (3.3b)

0
so that a wave-induced flux entirely in the perpendicular
direction at the field maximum translates into a wave-
induced flux, S, in Fig. 24 with direction

0

1 —B/B
jl+

B/B,„
ly (3.4)

Thus a purely perpendicular flux at the field maximum
has a parallel component when viewed elsewhere along
the particle orbits, and the current may be found from the
same response function g with the appropriately translat-
ed flux.

The efficiency can be determined as before, i.e., by Eq.
(2.70) with g taking the place of g. It should be noted,
however, that in order to exploit effects associated with
trapped electrons, slower electrons must be accelerated.
This is because resonances affecting high-U~~ electrons do
not include many trapped or nearly trapped electrons, i.e.,
if uj —UT, but if U~~ &&Ur, then the electron is unlikely to
be trapped. If, however, slower electrons are accelerated,
then their higher collision frequency indicates a lower ef-
ficiency. For this reason, among others, methods that
rely solely on the toroidal effects discussed here will not
be as efficient as other current-drive schemes. These ef-
fects, however, must be taken into consideration in realis-
tic tokamak experiments, especially where optimized con-
ditions are not achieved.

On the other hand, methods that do rely upon fast elec-
trons in order to attain the highest efficiency are not like-
ly to be much affected, under conditions where the effi-
ciency is highest, by effects associated with toroidal
geometry.

0
0

D. Wave-induced diffusion along nearly constant
energy paths

Here we remark on the possibility of exploiting at'once
the advantages of the two favorable wave regimes, low.

FIG. 24. Schematic representation of contours of response
function g: (a) for homogeneous plasma; (b) in toroidal
geometry (Antonsen and Hui, 1984).
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Diffusion
Path Constant Energy

Resonant~ Region

phase velocity and high phase velocity. The efficiency of
steady-state current drive via the Landau resonance in a
homogeneous plasma is maximized, as depicted in Fig.
21, at extrema of co/kll, which corresponds to these two
regimes.

The advantage of high-phase-velocity waves, such as
lower-hybrid waves, is that they interact with super-
thermal electrons, which collide infrequently. The draw-
back is that these waves have little parallel momentum
for a given energy. Waves with a high content of parallel
momentum are, equivalently, waves with low parallel-
phase velocity, because parallel momentum is proportion-
al to kll, while energy is proportional to ~. These slower
waves, however, interact via the Landau resonance with
low-Ull electrons. Apart from the inefficiencies associated
with trapping effects, depositing momentum in slow elec-
trons is a method that suffers from the relatively high fre-
quency of current-destroying collisions experienced by
these electrons. Clearly, the best of both worlds would be
to employ low-parallel-phase-velocity waves to deposit
momentum in superthermal electrons. This may be possi-
ble through a cyclotron resonance, but, as we show here,
waves that accomplish this effect are probably difficult to
excite in the plasma.

The interaction that we seek is depicted in Fig. 25.
Waves with parallel-phase velocity ~/kll small compared
to electron thermal velocity Uz interact via a cyclotron
resonance with superthermal electrons satisfying
V

II
——(co+0, ) lkII. Thus high-momentum waves ac-

celerate relatively collisionless electrons. The advantage
of using these waves can be appreciated by noting that the
diffusion of resonant electrons is along contours of nearly
constant energy; thus resonant electrons convert perpen-
dicular energy into parallel energy as they diffuse from
the more densely populated low-energy states to higher-
energy states along the wave-induced diffusion path.
These diffusion paths are contours of constant energy e in
the frame of reference moving with the wave parallel-
phase velocity, since in this frame co=0, so that particles

can exchange momentum, but, on average, not energy
with the wave. Note, however, that this exchange does
not take place over the full contour of constant energy; it
takes place only in the resonant region of velocity space.

The contours can be found, including relativistic ef-
fects, by noting that if by interacting with a wave a parti-
cle experiences motion along S„' in the wave frame, then
we must have S (BIB@')E'=0 in that frame, which im-
plies that in the laboratory frame of reference, where the
wave frequency is co, we have

S (0/Bp)(E —pIIco/kII) =0 . (3.5)

This, in turn, implies that the direction of S is such that

S~ (c PII/E —&/kII)Pl —(c Pl!E)+II (3.6)

where pz is the unit momentum vector perpendicular to
pll. Note that nonrelativistically S~ traces concentric
spheres in momentum or velocity space, as depicted in
Fig. 25. In the relativistic limit, this simple geometric re-
lationship no longer applies, and S traces in pll

—pz
space nonconcentric ellipsoids for co/kIIc & 1 and noncon-
centric hyperboloids for co/kllc ~ 1.

Using, for example, the nonrelativistic limit of Eq. (3.6)
in Eq. (2.25a), we obtain for resonant electrons satisfying
U~Ull Q) UT

[3+UII/(co jkII)] . (3.7)

Here f'or Ull =~/kll we recover the Landau resonance,
and we recover in the limit of purely perpendicular heat-

ing, i.e., u/kll —+oo, the result that these efficiencies are
exactly in the ratio 4:3 as depicted in the numerical solu-
tion of Fig. 9. Of interest here is the fact that in the limit
co/kll «Ull there is the opp«tu»ty for substantially
higher efficiencies.

To realize the substantially higher efficiency, we must
assure ourselves that such waves exist in the plasma, that
they can be efficiently excited, and that a substantial
amount of the wave power will be absorbed by the intend-
ed resonant electrons, rather than, say, ions or electrons at
the Landau resonance. Such waves do, in fact, exist in a
homogeneous magnetized plasma (see, for example,
Stringer, 1963). The question of damping of the waves is,
for the present, moot, because it does not appear that the
second criterion can be satisfied, i.e., that these waves can
be efficiently excited.

The excitation problem is difficult because of the fol-
lowing inequality. The resonant electrons satisfy

e)+Q,
Ull

= &C (3.8)
I

& —Qe tLI

kI,

VT QJ+Qe

kI, and, since co/kll «Ull for the effect to be substantial, we
have also co « Q, . Thus

FIG. 25. Wave-induced diffusion along nearly constant energy
contours in velocity space. Diffusion is from low energy to high
energy along the contours marked by arrows, by taking place
only at the resonant regions denoted by vertical lines.

or the parallel wavelength A,
ll
=2~/kll satisfies

A,
II

&(0.1/8~0) cm,

(3.9a)

(3.9b)
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where 8~0 is the toroidal magnetic field in units of 10 T.
For D-T reactors, where 8 ~0 —1 is expected, this inequali-
ty implies that waves with 1 mm or less parallel wave-
lengths must be excited. It is impractical to build such
small structures in the plasma; even if they are built out-
side the plasma, which is difficult, there is likely to be an
evanescent layer of about the same magnitude, i.e., 1 mm,
as the wave enters the tokamaks. Unfortunately, too,
parametric means of exciting this wave, say by the beat-
ing of two high-frequency waves, are likely to be ineffi-
cient.

Thus a promising approach to very much higher effi-
ciency appears not to be implementable, although this is
by no means proved. An alternative possibility in very
hot plasmas might be to exploit the smaller cyclotron fre-
quency of ultrarelativistic electrons (because of their rela-
tivistically heavier mass). Then the inequality in Eq.
(3.9a) might not be quite as severe, although other
deleterious effects, such as radiation, might be present.

{bj

'(9

'Q Zb I

Zb- I

E. Neutral-beam current drive

Neutral beams may be directed into the tokamak plas-
ma largely in tangential directions. Upon colliding with
the hot plasma, they ionize and form a positively charged
ion beam that circles the tokamak in the toroidal direc-
tion. Although this ion beam carries substantial toroidal
current, there is a tendency for electrons to catch up and
cancel the ion current. The result is that the whole plas-
ma then rotates, but with no net current. What must be
done is to exert a force on the electron fluid in the ion
frame of reference.

Consider, then, a homogeneous plasma composed of
two groups of ions, one left streaming and one right
streaming, such that the total ion current vanishes. If,
say, the right-streaming group of ions were to collide
more frequently with electrons than does the left-
streaming group, then electrons would experience a net
force pulling them to the right, and a right-flowing elec-
tron current would develop. By assumption, the ions in
this frame of reference have zero current, so on balance
there is a net electric current in the plasma. Since current
is a Lorentz invariant for neutral plasma, it does not
matter in what frame of reference we derive its existence.

Research has focused on ways of coaxing electrons to
collide preferentially with one of the groups of ions. A
method that would not be practical is illustrated in Fig.
26(a). This method, in analogy with the successful
methods of current drive using fast electrons, would ex-
ploit the velocity dependence of the Coulomb collision
cross section. Suppose that the right-streaming group of
ions were small in number, but energetic. Then, even
though the ion currents cancel, electrons would collide
more frequently with the slower group of ions and thus
tend to go to the left. Unfortunately, for this effect to be
appreciable, the energetic group of ions would have to
have a speed much greater than the electron thermal
speed (which is the average relative speed between the

FIG. 26. Schematic representation of current drive by counter-
streaming ion populations in the frame of reference of zero ion
current: (a) One ion species (say, hydrogen, Z;=1) with beam
velocity Ub much greater than electron thermal velocity uT, ', (b)
counterstreaming ions with disparate ionic charge states.

slow ions and the electrons). Producing ions with speeds
greater than the electron thermal speed in thermonuclear
plasmas is impractical.

The problem was solved by Ohkawa (1970), who sug-
gested that a disparity between the collision cross sections
of the two groups of ions could be achieved if the two
groups of ions were of different charge state. The
Coulomb collision cross section of an ion is proportional
to the square of its ion-charge state Z;, while the current
it carries is only linear in Z;. Thus ions of disparate
charge states carrying the same current collide unequally
with electrons. Consider, then, Fig. 26(b), where electrons
collide preferentially with ions going to the right. The net
ion current is zero in this frame of reference, hence a net
electric current is produced. Ohkawa (1970) suggested
producing these counterstreaming (in the zero-ion-current
reference frame) ion beams by injecting one of the beams
as neutrals into the tokamak.

Ohkawa (1970) treated the electrons as a streaming
fluid with a Maxwellian velocity distribution. More pre-
cise models have been employed by Connor and Cordey
(1974) and by Fomenko (1975, 1977), but only in the limit
of small beam velocities, where electron-electron collisions
may be ignored. These studies suggest that in tokamaks
the requirement for disparate charge states may be- re-
laxed. A full numerical treatment of the problem is pro-
vided by Cordey et al. (1979). This treatment proceeds
along the lines of the solution to the electric conductivity
problem (Spitzer and Harm, 1953). A variational ap-
proach, employing a polynomial expansion for the Spitzer
function, was constructed by Hirshman (1980), and it
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yielded an analytic expression for the, beam-driven current
in excellent agreement with the numerical solutions.
Start, Cordey, and Jones (1980) and Taguchi (1982) ex-
tended the numerical results of Cordey et al. (1979) to in-
clude effects associated with trapped electrons.

When electrons are trapped, the near cancellation of the
ion current by electrons (when only one ion-charge state is
present) no longer holds. Only circulating electrons can
catch. up to ions, so a fraction of the electrons are exclud-
ed from canceling the ion current. The actual effect
might be somewhat greater, since the circulating elec-
trons, in colliding with the trapped electrons, are them-
selves restrained from catching up to the ions.

To calculate the steady-state neutral-beam-driven
current, the linearized Fokker-Planck equation for elec-
trons may be formulated as in Eq. (2.8) (Taguchi, 1982),
i.e., for electron distribution f=f +f,
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FIG. 27. Ratio I' of net current to fast ion current as a function
of U, /Uq for Z,~f =2 and several values of c I,'Start, Cordey, and
Jones, 1980).

(3.10)

where Sb is the electron flux induced by collisions with
the injected ion beam (or ionized neutral beam). This flux
is given approximately by the collisions of the Maxwellian
part of the electron distribution with the beam ions, i.e.,

(3.11)

For a given ion-beam distribution, this flux may be com-
puted through Eq. (2.4b). In practice, the ion-beam distri-
bution must be computed too; this can be done through a
separate Fokker-Planck treatment of the beam ions. Once
the flux is known, the techniques discussed in Sec. II may
be applied directly to solve this equation. It should be
noted, however, that the beam-induced fIux is less specific
than is the rf-induced flux, so the utility of the response
functions will be different. In practice, only the first
Legendre component of the beam-induced Aux is kept,
and that is sufficient for finding the beam-induced
current.

The effect of trapped electrons is illustrated in Fig. 27,
reproduced from Start, Cordey, and Jones (1980). Here
E:—a/R =qBe/BT is the inverse —aspect ratio, and Z, rf is
the effective ion-charge state. The number of trapped
electrons is roughly V2c. Note that for small beam ve-
locities ubluT —&0 (here u, =ur), and for no trapped elec-
trons (E=O), the current obeys the Ohkawa prediction,
i.e.,

J/Jb ——1 —Zb /Z;, (3.12)

where J is the net current, Jb is the beam current, and the
ratio of the beam to majority ion-charge states, Zb/Z;,
gives the extent to which the electron current cancels the
ion-beam current. The current carried by the majority
ions is assumed to be negligible. In the opposite limit of
low temperature, ubluT~ao (here, u, /ub~0), there is no
canceling current; this is the impractical case depicted in

Fig. 26(a). For the more practical limit of high tempera-
ture, the analytical result of Connor and Cordey (1974)
applies, i.e.,

J/Jb ——1 —Zb/Z;[I —1.46WEA (Z,ff ub/uT)]j, (3.13)

0 6T~o
P' n)gR) Zb Z

A/W . (3.14)

Thus the largest efficiencies are achieved for either Zb or

where A is a numerically tabulated function of two vari-
ables. In this limit, electron-electron collisions become
unimportant, which considerably simplifies the analysis.

To calculate the efficiency of steady-state neutral-beam
current drive, it is necessary to solve for the steady-state
ion-beam distribution. This can be obtained from the
beam slowing-down equations, where the beam ions are
assumed to collide with Maxwellian distributions of back-
ground ions and electrons (Cordey and Core, 1974, 1975;
Callen et al. , 1975). The electron canceling current can
then be determined through an integration over the total
beam-induced fluxes. The power dissipated is the steady-
state beam power than must be injected to sustain the
steady-state beam distribution. The result of such a cal-
culation is given by Start, Cordey, and Jones (1980) and is
illustrated in Fig. 28. The cases here illustrate the pro-
duction of current in the direction of the beam current,
rather than, as envisioned by Ohkawa, in the opposite
direction, when the electron reverse current exceeds the
beam current.

As noted by Cordey (1984), the optimum injection ener-

gy for neutral-beam current drive is about 40Ab T„where
Ab is the beam atomic number. For T, —15 keV and us-

ing deuterium beams, an injection energy of about 1.5
MeV would be required. An approximate expression for
the efficiency in the homogeneous case at this optimum
energy is given by Cordey (1984) as
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Z;=1, with the other species having Z —+co. The high
beam energy implies that a negative-ion source will be re-
quired. Note that the efficiency exhibited in Eq. (3.14)
does not take into account inefficiencies in producing and
delivering the beam power to the plasma.

FICx. 28. Net current times plasma major radius per MW of in-

jected neutral power as a function of electron temperature for
deuterons injected into a 1:1 deuterium-tritium (D-T) plasma.
The upper set of curves are for Z,fq

——1 and the lower set for
Z ff —2. Curves are for beam energies of 40 and 160 keV and
for a=0.03 and 0.1. The electron density is 1&10'" cm
(Start, Cordey, and Jones, 1980).

minority concentration of helium ash. (Note that, if
necessary, D and He may be distinguished by their dif-
ferent thermal speeds. ) Suppose that the less dense ions
(minority ions) are initially distributed symmetrically in
velocity space. Now if minority ions, say, moving to the
right, were heated in perpendicular energy (we have in
mind by rf waves), then these ions would collide less with
the majority ions than do the unheated minority ions
moving to the left (Fig. 29). The result is that majority
ions will be dragged to the left, and, by momentum con-
servation, minority ions, on average, must move to the
right. Hence counterstreaming ion populations have been
produced in a manner entirely analogous to the asym-
metric electron heating that produced current drive with
electron-cyclotron waves, with the minority ions here tak-
ing the place of the electrons.

In order to produce efficiently the counterstreaming ion
distributions, one must ensure that the minority ions col-
lide more often with the majority ions than with the elec-
trons. Collisions between minority ions and electrons are
not as sensitive to the speed of the minority ions as col-
lisions between minority and majority ions, since the elec-
trons are, in any event, much faster than the minority
ions. Hence, if collisions with electrons were to dominate
the minority ion slowing down, asymmetric perpendicular
heating would not produce asymmetric slowing down.

Qn the other hand, the current drive is also inefficient
if collisions between the two ion populations are too fre-
quent compared to collisions between the ions and elec-
trons. In this case, power is expended to create and main-
tain the counterstreaming ion populations, but relatively
little current is produced because the electrons, which are
to carry the current, are not greatly affected.

The solution, therefore, is to choose waves that resonate
with minority-species ions with intermediate velocities, so
that they collide roughly equally with electrons and with
majority ions.

To derive this result, consider, in analogy to the result
for electrons, that a wave-induced flux S~ of minority-
species ions will produce a minority-species parallel
momentum p~ at a power expense I'd in the ratio

F. Minority-species current drive

S (8/Bv)(m UII/v)

S .(8/Bv)e
(3.15)

The method of neutral-beam current drive relies upon
counterstreaming ion flows of disparate charge states to
produce an electron drift. One of the main drawbacks of
the method is the technological difficulty in producing
and delivering efficiently high-energy neutral beams to a
tokamak reactor. Technologically easier is to produce
and inject rf power. The method of minority-species
current drive (Fisch, 1981a) seeks to employ the rf tech-
nology to produce the counterstreaming ion beams.

The basic mechanism is similar to that exploited when

using electron-cyclotron waves to drive current. The idea
here is to begin with a plasma containing two species of
ions with disparate charge states; this may naturally occur
in D- He fusion reactors or in D-T fusion reactors with a

where E~—:m v /2 is the resonant minority ion kinetic

FICx. 29. Current drive by asymmetric wave heating of
minority-species ions with ion charge state Z ~ 1 in hydrogen
plasma. Hydrogen thermal velocity is denoted by uT;.
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energy, I is its mass, and v(v) is a collision rate that
characterizes the slowing down in parallel velocity of
minority ions with velocity v.

In the absence of trapped-electron effects, the Qhkawa
result may be used to relate the net current to the
minority-species momentum by

eZ~ /m
=1—Z~/Z; . (3.16)

Using now Eq. (3.15) to substitute for p, we obtain the
efficiency

Z. S„(a/av)(u„/v)=eZ 1—
I'd Z; S .BE /Bv

(3.17)

1/3-J m M 1

P 3, Z;

envT
(3.18)

Za vpnmvT

where M—:m m;/(I +m; ), and the maximum is typi-
cally broad as a function of u and near u=5ul- .

Toroidal effects have been calculated by Chiu et al.
(1983). For Z ~ Z;, the presence of trapped electrons
should result in a smaller current-drive efficiency than
that given in Eq. (3.18), since the trapped electrons cannot
contribute to the current. For Z; ~Z, electrons only
subtract from the current, so the inclusion of toroidal ef-
fects should give a larger estimate for the current. The
calculation by Chiu et al. (1983) actually gives an effi-
ciency somewhat higher than that given by Fisch (1981a),
although with the same scaling, even when Z & Z;,
presumably because of a more precise treatment of the
collisions. Chiu et al. (1983) also point out that wave ab-
sorption may be asymmetric with respect to the resonance
layer, so that single-pass absorption, while helpful, is not

The collision rate v may be separated into v=v, +v;,
where v, characterizes collisions of minority ions with
electrons, and v; characterizes collisions of minority with
majority ions. For the resonant minority-ion velocity v

much less than electron thermal velocity vz, v, is approxi-
mately constant, so that Bv, /Bv may be neglected com-
pared to Bv;/Bv. For S in the perpendicular velocity
direction, only the term in Eq. (3.17) proportional to
S .(8/Bv)(1/v) need be retained. It then follows that the
efficiency tends to zero both for v;~0 (unco ) and for
v;~ao (v~o). The maximum efficiency may be shown
to occur for an intermediate resonant velocity v such that
v, =v;, as expected. Note that, were the wave to carry
parallel momentum, i.e., were S to have a component in
the parallel velocity direction, then the maximum effi-
ciency would occur at the minimum of v, (u)+v;(u). The
global minimum occurs at the impractical limit v~~
where v„v;—+0. The more useful minimum, however,
will occur, as before, for resonant electrons such that
Ve —VI ~

The maximum efficiency for current drive using per-
pendicular heating of the minority ions, occurring for
resonant minority ions with velocity v such that v, -v;,
may be calculated approximately (Fisch, 1981a) as

necessary (compare a similar effect in Sec. II.L). Some
suggestions for wave and minority candidates to accom-
plish the effect are given by Longinov, Pavlov, and
Stephanov (1986), and a detailed study of the effect is
provided by Krasheninnikov (1983).

The possibility of combining neutral-beam injection
with minority-species heating has been suggested by
Okano, Inoue, and Uchida (1983). The idea here is to in-

ject the neutral beam as before, but to energize it with
waves once it enters the tokamak. There are several ad-
vantages to pursuing this hybrid approach.

On the one hand, the technology requirements on the
neutral beam are relaxed, since. a less energetic beam may
now be adequate. Additionally, the efficiency of produc-
ing wave power in the ion-cyclotron range of frequencies
(a suitable frequency range for minority-species heating)
is substantially greater than the efficiency with which en-

ergetic neutral beams can be produced. This advantage
can be stated more tellingly when one considers the effi-
ciency in terms of the incremental electric power neces-
sary to produce a neutral beam that is incrementally more
energetic; in other words, to produce a neutral beam of
slightly more energetic ions can demand significantly
more power, and that incremental power can be more effi-
ciently provided by wave heating.

On the other hand, the requirements for the rf system
are also relaxed, since the beam provides resonant ions
that might otherwise be more difficult to extract from a
Maxwellian distribution function. There is the possibility,
for example, of using faster resonant ions, so that
discriminating between the minority and majority ions
might be easier. Thus this hybrid system is an interesting
suggestion, although it may still be preferable to employ
just one system because it is simpler, and because, to some
extent, the hybrid system may also combine the draw-
backs of both systems.

Bhadra and Chu (1982) calculate how to exploit the
presence of helium ash (a particles) in a thermonuclear
plasma. Here, asymmetric minority-species heating of the
u particles produces the current. It is possible, too, that
the n-particle distribution in any event evolves asymme-
trically, for example, because a particles traveling in dif-
ferent directions have different orbits, and may be con-
fined differently, for example, if those traveling in one
direction strike the tokamak limiter (McNally, 1978;
Kolesnichenko et al. , 1981).

G. Thermoelectric effects

The possibility of exploring a thermoelectric effect in
hot plasma to maintain current has been pursued by Fisch
(1984). Although this effect can be large, and although
the current-drive efficiency, in theory, can be much
greater than by other techniques, this method cannot be
seriously considered because of apparently insurmount-
able technological problems. The basic idea, however, is
interesting.

A thermoelectric effect could exploit the free energy in
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the plasma heat itself. First, consider a "driven" ther-
moelectric effect as depicted in Fig. 30. Suppose a ma-
terial barrier, possibly an injected frozen pellet of plasma
fuel in the process of ablating, exists in the plasma, and
electrons are heated to the right of the barrier. Although
the electron heating may be symmetric, electrons emanat-
ing from the heated region to the right encircle the
tokamak, while electrons emanating to the left immedi-
ately slam into the barrier. As a result, there will be a
surplus of electrons in the region of the barrier and a defi-
cit of electrons in the heated region. Surplus electrons
then diffuse (the short way around) along the large spatial
electron density gradient that arises between the region of
the barrier and the heated region. This completes the
electric circuit of right-traveling electrons; a thermoelec-
tric current has been produced.

The efficiency of creating current in this manner is
easily estimated to be, at best, less than that of competing
techniques. We may compare it, for example, to the effi-
ciency of generating currerit by means of unidirectional
waves. Here, only, say, the right-going current is created;
no wave energy is expended to create the left-going
current that slams into the barrier. Thus the efficiency
would be twice that of using the thermoelectric effect.
There is a way, however, to employ the thermoelectric ef-
fect while making use of the internal plasma heat itself to
drive the current, avoiding altogether the need for exter-
nal heating.

Consider the injection of frozen pellets into the
tokamak in a phased manner, such that succeeding pellets
entering the tokamak are shadowed by preceding pellets
from electrons impinging from one toroidal direction, as
depicted in Fig. 31. An asymmetry then develops in the
electron distribution function in accordance with the ther-

FIG. 31. Phased pellet injection. Shadow effect is maximized
for pellet spacing satisfying Ax =MvT, /v~ (Fisch, 1984).

moelectric effect. The pellets essentially regulate electron
traffic much in the same way that a phased array of traff-
ic lights can favor north-heading cars over south-heading
cars on a north-south-oriented street.

The injection of frozen pellets of hydrogen into a
tokamak reactor is something that in any event might be
used to accomplish the plasma fueling. Thus the
current-drive effect comes essentially free, in terms both
of power cost and of capital equipment cost. Unfor-
tunately, however, pellets in a fusion environment tend to
ablate at too fast a rate for the effect to be useful. To
generate an appreciable current, an impractical amount of
matter would have to be injected into the tokamak.

H. Asymmetric reflection

FICx. 30. Thermoelectric effect of plasma heating adjacent to
pellets (Fisch, 1984).

Dawson and Kaw (1982}suggest that the large amount
of synchrotron radiation generated by a hot fusion plasma
may be reflected asymmetrically back into the tokamak in
such a way that the reflected radiation sustains a current.
Such a method is attractive because of its passive nature, '

no power need be supplied if the tokamak walls are prop-
erly constructed. The asymmetric reflection is accom-
plished as illustrated in Fig. 32.

The amount of power that must be~reflected to sustain
an adequate current cannot be less than the amount of
power needed for current drive by injected electron-
cyclotron waves. This power might typically be Pf/10.
The advantage here, of course, is that this power may be
free. The technique, however, can be useful only when
the tokamak is a very copious emitter of synchrotron ra-
diation, typically at a power level P,y„considerably
greater than Pf/10, in order to account for inefficiencies
in the reflection of the wave power to the proper direc-
tion. On the other hand, a tokamak with Fsy Pf will
not be ignitable unless the synchrotron radiation is very
efficiently reflected and reabsorbed to replenish the plas-
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Jensen and Chu (1984) elaborate on the Bevir and Gray
proposal and derive a helicity transport equation,

P lasma

~ ~ ~

BK +V Q= —2qJ B,
0t

where q is the plasma resistivity and

Q=BC„+EXA,

(3.20)

(3.21)

Ref lect ing~Ia I I s

+ Absorbing
Na I Is

Asymmetrical Reflection of Radiation

FIG. 32. Asymmetric reflection of synchrotron radiation.

where @,~ is the electric potential. The right-hand side of
Eq. (3.20) gives the resistive decay of helicity. (Note that
this term would vanish if, say, the current were rf driven;
J here represents the difference between the total current
and and any noninductive current. ) Jensen and Chu
(1984) show that the Bevir and Gray proposal can be
described by balancing the resistive decay against a time-
averaged nonzero helicity flux ( Q ) . The nonzero time-
averaged helicity injection can be expressed as

ma heat, let alone the current. These considerations nar-
row the parameter window (in electron temperature) for
which reflection can be useful.

The idea of radiation reflection had been considered
and discounted by Ohkawa (1970), because, at that time,
it was considered far too power intensive to push fast
electrons.

Dawson and Kaw (1982) calculate that the reflected
synchrotron waves produce current with an electron tem-
perature dependence J-T, . For 90% reflecting walls
and other parameters characteristics of tokamak reactors,
the plasma current could be sustained by this means for
T, -50 keV. This is a considerably higher temperature
than is contemplated for D-T reactors, but might be use-
-ful for D- He tokaroak reactors.

I. Helicity injection

Helicity density K is defined by K = A-B, where vector
potential A satisfies 8=V& A. It has been proposed
(Taylor, 1974) that magnetically confined plasmas tend to
relax to configurations that minimize the total magnetic
energy while conserving the total helicity

K„,= I A BdV, (3.19)

where the integral is taken over a volume bounded by a
magnetic surface. [For a more general definition of E„„
see Finn and Antonsen (1985) and Finn (1986)r] The
means by which the plasma attains this final state
remains an open question, but some experimental evi-
dence supports the Taylor relaxation proposal.

Relying on the Taylor relaxation proposal, Bevir and
Gray (1981) proposed that steady-state plasmas may be
maintained by helicity injection. Helicity is injected by
oscillating toroidal and poloidal magnetic fields at the
plasma periphery, and the injection balances the con-
sumption of helicity in the presence of finite plasma resis-
tivity.

(3.22)

where V is the loop voltage at the plasma periphery and
4T is the toroidal magnetic flux. Bevir and Gray (1981)
suggest oscillating V and @T phased so that the time
average of their product is nonzero. Bellan (1984, 1985)
showed that the Bevir and Gray proposal relies on a force
that can be thought of as the beating between an E&&B
oscillatory velocity and an oscillating magnetic field.

Although detailed calculations have not been supplied,
the current/power efficiency associated with this scheme
is expected to be comparable to the efficiency of Ohmic
current drive, rather than comparable to the much lower
efficiency of noninductive schemes. The effect, however,
relies on a key assumption: that plasma relaxation to a
Taylor configuration occurs on a time scale short com-
pared to the time scale for inward helicity diffusion. The
oscillatory poloidal and toroidal field components, whose
product creates the time-averaged force, can then be oscil-
lated on an intermediate time scale, during which the
plasma acts as a perfect conductor, yet allows field
penetration and relaxation.

The ramifications of such oscillatory components have
not yet been explored, and it is possible that deleterious
effects, such as outward particle transport, could be asso-
ciated with the inward helicity transport. Bellan (1984,
1985) expresses an efficiency as current generated per am-
plitude variation of the oscillating magnetic field, finding
2% magnetic field variation sufficient to sustain the
current in a small tokamak reactor. Jensen and Chu
(1984) raise questions concerning the extent to which the
plasma approaches the Taylor configuration. In a true
Taylor configuration, the plasma would not maintain a
pressure gradient.

A similar ponderomotive force capable of current gen-
eration and relying on crossed oscillating magnetic fields
occurs in the Rotarnak, a containment device of some-
what different geometry (Hugrass et al. , 1980; Jones,
1986). Here plasma relaxation due to finite resistance is
also critical; in the limit of scarce collisions, where such
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relaxation does not occur, the Rotamak current-drive ef-
fect becomes more difficult (Fisch and Watanabe, 1982).

Current drive by helicity injection is especially promis-
ing because of the possibility of low power consumption
and because the oscillatory fields can be produced rela-
tively easily. However, the approach must be considered,
at this point, highly speculative because of the lack of ex-
perimental evidence in tokamaks for even the basic in-
gredients of the scheme (e.g., the Taylor configuration),
and because of the lack of a broader theoretical under-
standing of basic plasma phenomena under conditions
that, in fact, differ substantially from normal tokamak
operation. Moreover, recent theoretical studies by Liewer,
Gould, and Bellan (1986) question the amount of current
that can be produced in this manner. Boozer (1986) treats
comprehensively the relationship between helicity injec-
tion and current drive and finds serious limitations to the
scheme. [More promising in Boozer (1986) is the
bootstrap current. ]

It should be noted that if toroidal current produced on
the periphery of the tokamak can, in fact, support a
toroidal current on the magnetic axis, as helicity injection
mould have it, then many techniques of current drive be-
come more attractive. For example, lower-hybrid (or oth-
er) waves can drive a current on the plasma periphery
much more efficiently than on an axis because the density
is much lower. In addition, the lower-hybrid wave has no
problem penetrating the periphery. Therefore the helicity
could equally we11 be created by lower-hybrid or other
waves, as opposed to oscillatory magnetic fields. Discus-
sion should therefore be focused on the basic question of
current penetration rather than on the specific means of
achieving the boundary conditions.

IV. THEORY AND EXPERIMENT

A. Introduction

The methods of current drive for which experimental
evidence is available are those employing neutral beams,
electron-cyclotron waves, and lower-hybrid waves. By far
the most extensive evidence has been accumulated for the
lower-hybrid current-drive effect. This effect is no longer
held in doubt, and the theory of current-drive efficiency
has been confirmed in a large number of experiments con-
ducted by different experimental groups.

Nonetheless, details of the effect remain the subject of
debate, particularly the relation between the launched and
absorbed wave spectrum. Caution must also be exercised
in extrapolating results from present regimes to reactor
regimes, where the higher density and temperature, as
well as the presence of energetic u particles, could modify
substantially the propagation and absorption of the waves
considered here. The apparatus for coupling the wave to
the plasma needs to be tested, too, in a reactor environ-
ment. For example, it has been observed that power
transmission into the plasma is sensitive to the cleanliness
of the waveguide windows, and the effect of exposing

these windows to a fusion plasma is unknown.
Not all of the current-drive methods suggested here

have been subject to laboratory testing. - Some of these
techniques, e.g., those relying on a particles or intense
plasma radiation, are testable only on fusion-grade plas-
ma. Other techniques are perhaps too unsure or specula-
tive at present. An interesting experiment is being devised
now (Gahl et a/. , 1985) to test current generation by
minority-species heating, but no results have been report-
ed yet. A current-drive effect using the fast Alfven wave
has been reported recently by Goree et al. (1985) and by
McWilliams and Platt (1986). This wave has propagation
characteristics different from those of the lower-hybrid
wave, yet, in theory, enjoys the same current-drive effi-
ciency.

B. Early experiments

Early experimental efforts paralleled the early theoreti-
cal concerns, which centered:on the mere possibility of
generating currents with waves. Currents of 100 A were
generated by Thonemann, Cowhig, and Davenport (1952)
when 4 kW of rf power were imposed on a glass-confined
cold plasma, with toroidal chamber dimensions of 9-cm
major radius and 2-cm minor radius. Similar, but much
scaled up, experiments were conducted by Borzunov
et al. (1964) and Demirkhanov et al. (1965). Yoshikawa
and Yamato (1966) observed a current on the C-stellerator
in the presence of ion-cyclotron heating.

Hirano, Matsuura, and Mohri (1971) imposed traveling
waves on a glass-tube-confined plasma, but with the plas-
ma immersed in a toroidal magnetic field. They observed
current generation maximized when a whistler wave was
excited. In a similar toroidal device, Qsovets and Popov
(1972, 1976) detected currents as large as 3 kA in the
presence of a toroidal magnetic field. Here the largest
currents were observed when compressional Alfven waves
were excited. Klima et al. (1978) showed dragging of
electrons by waves in a small toroidal device.

A series of experiments carried out on the Synchromak
device (Fukuda et al. , 1976; Fukuda, 1978) examined in
detail, among other things, the radial distribution of the
current. The Synchromak is a small toroidal device (ma-
jor radius 25 cm, minor radius 5 cm) in which a cold
(4—10 eV) plasma is immersed in a toroidal magnetic
field and a small vertical magnetic field (see Fig. 33).
Currents of about 200 A lasting 0.2 msec were detected
when about 50 kW of rf power were absorbed from coils
wrapped around a glass section of the otherwise stainless-
steel toroidal chamber. Rather hollow current profiles
were observed even in the steady state and in spite of good
penetration of the rf fields. These experiments are reason-
ably explained using a fluid model (Fukuda and
Matsuura, 1978).

Theoretical investigations during the period of these
early experiments (Klima, 1972, 1973a, 1973b, 1974,
1976; Midzuno, 1973, 1975; Klima and Sizonenko, 1975:
Belikov, Kolesnichenko, and Plotnik 1982a) focused on

Rev. Mod. Phys. , Vol. 59, No. 1, January 1987



2 t 2 Nathaniel J. Fisch: Theory of current drive in plasmas

pUfA p

Q power
meter

Oscil lotos

FIG. 33. Schematic diagram of the Synchromak device (Fuku-
da, I978).

the ability of monochromatic traveling waves to drag
electrons. Expressions were written for current genera-
tion based on trapping of electrons by the wave. The
power dissipated was calculated based on a fluid model.
Both the theoretical and the experimental investigations
centered on the regime co/k~~ & vr, where it was assumed
that the current-drive effect was maximized. Bickerton
(1972) raised serious concerns about this regime with re-
gard to toroidally trapped particle effects, putting in
doubt the optimistic calculation by Wort (1971).

These early experimental and theoretical programs es-
tablished in many ways the existence of rf-driven currents
and the transferability of momentum from wave to elec-
tron. Electrons were assumed to flow as a fluid, and
indeed in the experiments this was largely so, since
co/k~~ & vT was the regime studied. Following these pro-
grams, the attractiveness of the regime co/k~~ &~vT was
recognized in a theoretical model (Fisch, 1978), in which
the fluid model was not employed, and later in confirma-
tory theoretical treatments (Klima and Longinov, 1979),
although the undue emphasis placed on momentum input
was not dispelled until fully two-dimensional effects
(Fisch and Boozer, 1980) were appreciated.

C. Lower-hybrid wave

— Favorable theoretical predictions concerning the effi-
ciency of driving currents in the regime ~/k

~ ~

& v T, and
the possibility of building tokamak reactors using this re-
gime, stimulated experimentation on the lower-hybrid
wave. That the lower-hybrid wave in particular could, in
fact, deposit momentum in fast electrons was first ob-

d I.IV= ——— + V„, ,I dt 2
(4. 1)

where I, is the plasma inductance and V„, is a voltage
applied by the external transformer circuit. The current
can be divided into

served on a linear device (Wong, 1979; McWilliams et al. ,
1980; McWilliams and Motley, 1981), on an octopole de-
vice (La Haye et a/. , 1980), and on small toroidal devices
that were operated with a toroidal magnetic field but no
induced current (Wong et al. , 1980; Kojima et al. , 1981).
These early experiments confirmed that current genera-
tion was possible not only with the waves previously re-
ported on the Synchromak and other devices, but also
with the lower-hybrid wave, which tended to interact with
fast electrons. It remained uncertain, however, whether
the lower-hybrid wave could operate as intended in a
tokamak, in more important parameter regimes, and with
the theoretically predicted efficiency that had provided
impetus for the experiments in the first place.

Experiments on tokamaks are complicated by the pres-
ence of an inductive current in addition to the rf-driven
current. Qn toroidal devices in which there is no dc elec-
tric field, the mere detection of current in the presence of
wave injection is indicative of a noninductive current-
drive effect. On tokamaks, this is not so, since there is
natura11y a toroidal current, and just heating the electrons
at constant loop voltage lowers the resistivity and in-
creases the current. This occurs in the absence of any
noninductive effect, so the unambiguous observation of a
noninductive current-drive effect is more difficult in
tokamaks.

The generation of noninductive current in tokamaks
and other toroidal devices is generally deduced from
changes in the loop voltage, for which there are two in-
dependent measurements. One method is to measure
directly the voltage across the ceramic break in the vacu-
um vessel. This voltage may then be equated with the
loop voltage at the plasma periphery. An alternative
method employs a coiled conducting loop, called a Ro-
gowski coil (see Fig. 33). The axis of the coils encircles
the minor cross section of the tokamak (the center of the
loop coincides with the center of the minor cross section).
The poloidal magnetic field B~ external to the plasma
then threads these coils, so a measurable voltage is in-
duced along the loop proportional to 880/Bt. The line in-
tegral of Bs gives us, by Ampere's law, the toroidal plas-
ma current. Moreover, using Faraday's law, we can ob-
tain from the integral of Ms/dt over the torus hole the
loop voltage at the plasma periphery. Note that both
measurements of the 1oop voltage are made outside the
plasma (the plasma is generally too hot for measurements
to be taken within it, but see Secs. IV.E and IV.F), and
neither measurement gives the current or loop voltage
profile.

To deduce the noninductive current-drive effect, the
loop voltage Vis related to the toroidal current I by
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I =Ioh+I (4.2) 0 50
I

100

where I~ is the rf-induced contribution and Ioh is the
Ohmically induced current given by

V
Ioh =

Rsp
(4.3)

Rs~ is the Spitzer conductivity (Cohen, Spitzer, and
Routley, 1950; Spitzer and Harm, 1953). Assuming that
the plasma current and the plasma inductance are approx-
imately constant, a change 6V in the loop voltage may be
found from Eqs. (4.1)—(4.3) to obey
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where ARs„ is the change in the Spitzer conductivity that
might arise due to the rf heating. From Eq. (4.4) it can be
seen that a drop in the loop voltage (b, V &0) can be asso-
ciated with the presence of current drive if no heating has
taken place (b,Rs„——0). The first lower-hybrid current-
drive experiments made use of this reasoning (Yamamoto
et al. , 1980; Maekawa et al. , 1981; Nakamura et al. ,
1981; I.uckhardt et al. , 1982; Gormezano et al. , 1983),
taking pains to argue that changes either in the resistance
or in the inductance could not account for the loop volt-
age drop. An example of these data is reproduced from
Yamamoto et al. (1980) in Fig. 34, but note that the loop
voltage is not entirely reversed and I, /Rsp ~ ~~, where w,f
is the duration of the rf power. Further confirmation of
the current-drive effect was obtained in experiments in
which the loop voltage drop was correlated with the phas-
ing of the wave. I.uckhardt et al. (1982) showed that
waves traveling in the direction of the induced electron
drift contribute far more to the current then do waves
phased to travel in the opposite direction, as shown in
Fig. 35. The increase in current in the countertraveling
case is presumably due to the heating effect. Additional-
ly, performing these experiments on Versator, a slightly
smaller tokamak, Luckhardt et al. succeeded both in rev-
ersing their loop voltage and in achieving ~f—I./Rs~.

These experiments were informative, but not con-
clusive. It was still not clear how much of the current
was generated due to heating and how much due to the
current-drive effect. In the Versator experiment, , the tem-
perature was observed to decline during intense current
drive, but it was thought that a preformed, Qhmically in-
duced tail was necessary for the current-drive effect. In
the experiment by Maekawa et al. (1981), the loop volt-
age was actually reversed, but for a duration of less than 2
msec, and in a plasma in which the electron velocity dis-
tribution was determined to be far from Maxwellian. For
short times, the loop voltage measurement taken at the
tokamak periphery is not a reliable indicator of the loop
voltage in the plasma interior, where, presumably, the
current is driven.

A series of experiments on the PLT tokamak in Prince-
ton countered these doubts concerning the lower-hybrid
current-drive effect. Bernabei et al. (1982) and Hooke
et al. (1983) reported sustaining an rf current of 150 kA
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FICjr. 34. Typical phase shot with 8 =14 kG and 90 phasing
between waveguides. The solid curves show the shot with the rf
power on (top frame), and the dashed curves show the typical
shot with no rf power added. The third frame from the top ex-
hibits the loop voltage drop; the bottom two frames show
electron-cyclotron (I, ) and hard x-ray (8 3 emission (Yamamo-
to et a/. , 19803.

for 3 sec in the absence of a loop voltage In early ex. peri-
rnents on PLT, the discharge was initially confined by an
Ohmic current before the rf power was injected. In a very
encouraging experiment reported by Jobes et al. (1984),
both the plasma and the current were initiated without
the aid of the Ohmic transformer coils. A current of over
100 kA was generated by the rf waves alone. The "start-
up" experiment demonstrated conclusively the lower-
hybrid current-drive effect. Additionally, it allowed
tokamak reactor designers to take the current-drive ap-
paratus seriously as a method of sustaining a
transformer-induced discharge, or of initiating a
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FIG. 36. Steady-state current-drive efficiency at B =8 T. (a)
Line-averaged density times current vs power. (b) Efficiency vs
density (Porkolab et al. , 1984).
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FIG. 35. Versator data. (a) Superimposed signals with and
without rf power: one-turn loop voltage (Vl ) 0.8 V/div; total
current (I, ) 8 kA/div; rf power 30 kW/div. {b) Loop voltage
with dI/dt =0 at high rf power: loop voltage 0.4 V/div; total
current 4 kA/div (baseline suppressed); rf power 30 kW/div. (c)
Current increment AI, normalized to rf power transmission
coefficient T as a function of array; phase AP with a 4-tnsec rf
pulse. Plasma parameters, I, =30 kA, n =2X10' cm ', 8 =8
kG (Luckhardt et al. , 1982).

transformer-sustained discharge, or possibly of replacing
the transformer coils altogether. The advantage of initiat-
ing the current with rf waves is that the valuable volt-
seconds of the transformer coils are saved until the plas-
ma is hotter, and not expended on the initial colder plas-
ma, which requires a higher loop voltage to sustain the
current. Thus the waves might be useful in prolonging
the pulses in otherwise Ohmically sustained reactors; ad-
ditionally, the waves would help to heat the plasma to ig-
nition. Despite these possibilities, the primary hope
remains to use the waves to achieve truly steady-state
currents.

While the PLT data exhibited agreement between
theory and experiment, these experiments were performed
at relatively low density (n & 10' cm ). Higher-density
experiments, more relevant to the reactor regime, were
performed on the Alcator C tokamak at MIT, and, in par-
ticular, the theoretical efficiency scaling J/I'd —1/n was
confirmed by Porkolab et al. (1984) in a more interesting
(high-density) parameter regime as reproduced in Fig. 36.
In these experiments a normalized efficiency J/I'd —50

was reported and found to be consistent with theoretical
estimates using the modeling code (which included the
propagation of the waves) of Bonoli et al. (1983).

The high-density operation of the current-drive experi-
ments on the Alcator C tokamak was possible because of
the relatively high frequency (4.6 GHz), the high magnet-
ic field (11 T), and the relatively high power (1.1 MW)
employed. In general, it has been observed that efficient
current drive is obtained only when co/coLH~2, where
cot H is the lower-hybrid frequency [coLH-co~;/
(1+co~,/0, ), where co~; is the ion plasma frequency]. A
systematic experimental study of this observation (May-
berry et al. , 1985) suggests that there is no absolute densi-

ty limit for the current-drive effect, but that when

co/mLH(2, the lower-hybrid power tends to be deposited
in ions rather than in electrons. Recently, Knowlton
et al. (1986) characterized the tail energy content and
confinement properties of lower-hybrid current-sustained
discharge on the Alcator C tokamak.

Confirmatory evidence of the lower-hybrid current-
drive effect has been reported by a number of other exper-
imental groups. In a series of experiments in the Petula
tokamak (Gormezano et al. , 1985), large rf-driven
currents were observed, consistent with theoretical predic-
tions and over a wide parameter range of density, magnet-
ic field, and waveguide phasing. The effect was also re-
ported on the Ioffe FT-2 tokamak by Budnikov et al.
(1984) and on the JAERI JFT-2M tokamak by Uesugi
et al. (1985). Lower-hybrid waves were used to initiate
and sustain ("start up") the current on the Nagoya T-IIU
tokamak (Toi et al. , 1984). Significant in this experiment
was the long pulse width of the rf power compared to the
I./Rs„ time of the tokamak. Additionally, the turn-on
time for the current was found to be in rough agreement
with Eq. (2.33). Start-up was also achieved by using an
electron-cyclotron-wave-produced target plasma (Kubo
et al. , 1983, 1984) in the Kyoto WT-2 tokamak. Shimo-
zuma et al. (1985) have numerically simulated the Kyoto
experiments using quasilinear theory. Successful lower-
hybrid current-drive experiments were carried out on the
Kurchatov T-7 tokamak (Alikaev et al. 1983, 1985),
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where, recently, lower-hybrid start-up was achieved in an
electron-cyclotron-wave-initiated plasma. Measurements
of the hard x-ray emissions in the PLT experiments [von
Goeler et al. (1985); Stevens et al. (1985)] showed that
energetic tail electrons were distributed in velocity space
consistent with quasilinear theory [see Fig. 12(b)].

D. Converting wave energy to magnetic field energy

250

I—
4J
Ck

~ 200-

QH

Off

The most compelling evidence for the theory of
steady-state current drive came, ironically, from experi-
ments in which the current was either increased (ramp-up)
or not quite maintained (ramp-down) by the injected
lower-hybrid waves. The evidence was compelling be-
cause the steady-state problem was embedded in the larger
problem of current drive in the presence of a dc electric
field. Thus data obtained under very different plasma
conditions could be related and combined to support a
single theory.

During steady-state current drive, rf power is injected
into the tokamak, maintaining the current, but this power
is eventually .lost as heat. During current ramp-up, the
current increases and, consequently, so does the storage of
poloidal magnetic field energy W, where W =LI /2.
The important efficiency parameter during ramp-up is the
ratio of the electric power flowing into the magnetic field,
I',], to the power absorbed by the resonant electrons, I';„
[see Eq. (2.62)]. Under steady-state conditions, P,~

——0,
and this efficiency is zero. Nonetheless, this efficiency is
int1mately related to the efficiency commonly used for
steady-state operation, i.e., J/Pd, since we have

J . i ~i= 11m
I'& E 0 E I';„ (4.5)

This suggests that P,~/P;„ is the more general efficiency
parameter and that the problem of accumulating experi-
mental evidence for the theoretical prediction of J/Pd
might be alleviated by broadening the parameter space on
which evidence is defined.

The ramp-up results on the PLT tokamak (Stevens
et a/. , 1982; Jobes et al. , 1985; Motley et al. , 1985) were
remarkable in that a large fraction of the incident rf ener-

gy appeared to have been converted to magnetic field en-
ergy. Figure 37, reproduced from Jobes et al. (1985),
shows the ramp-up phenomenon. A raw measure of the
efficiency, given by W/P, r, is shown in Fig. 38, where
W:d(I.I /2)/dt and —P~ is the incident of power. This
raw measure of the efficiency, which differs from the effi-
ciency defined here ( P,~ /P; „), can be seen to approach
20%%uo. That a fifth of the incident energy is converted to
field energy is viewed as notable, especially in light of
various inefficiencies that are unavoidable in these experi-
ments. These inefficiencies arise, for example, because a
fraction of the rf energy may be launched in the wrong
direction, may be scattered off various plasma inhomo-
geneities, or, for other reasons, may not be absorbed by
the intended electrons.
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FIG. 37. Current vs time at n =2.2&&10' cm at different rf
powers (Jobes et al. , 1985).
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FICx. 38. Efficiency W'/P, r vs injected rf power P„r [where
W'=(d/dr)(I. I /2) P,„,] for I =200 kA a—nd a range of other
parameters (Jobes et a/. , 1985).

This significant experimental finding served as an im-
petus for a theory of current-drive in the presence of a dc
electric field (Fisch, 1985a; Fisch and Karney, 1985a).
Very close agreement between the theory and experiment
was shown by Karney et al. (1985). The method of com-
paring theory and experiment bears examining in some
detail, in part because of the unusually close agreement
over a wide parameter range, and in part because of the
very narrow specificity (in order to isolate the critical
mechanism) in what was actually compared.

First, let us review briefly the major microscopic physi-
cal processes we seek to describe. Electrons absorbing
wave energy and momentum may slow down either by
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colliding with the background plasma or by decelerating
under the effect of the dc electric field, as depicted
schematically in Fig. 39. In the former instance (region A
in the figure), the wave energy is eventually dissipated as
heat and P,~/P;„+0.—In the latter instance (region 8), the
background plasma does not participate; hence, by energy
conservation aH energy must go into the field, i.e.,
P,~/P;„~1. These regimes correspond, respectively, to
UJU~ &&1 and to v/Uz ~&1, where the runaway velocity
uz, given by Eq. (2.56), serves to divide the two regimes.
The Landau resonance, u~~

——upq(u~I, ——co/k~~ ), determines
which regime applies.

It is advantageous, therefore, to use high-phase-velocity
waves (u~q large) or, alternatively, to try to ramp up
quickly ( uz small). Quick ramp-up might be achieved by
op'crating at low density or at high rf power (we avoid dis-

cussing, for the moment, the cost of high-power opera-
tion). Unfortunately, if u~b/uz is too large, the resonant
electrons tend to run away, since R (v/u~ ), given by Eq.
(2.54), rapidly increases with u/uR for u &uz. In the
PLT experiment, even if only a small fraction (1%) of the
resonant electrons were to run away and yet remain con-
fined, there would be a significant diminution of the effi-
ciency (Valeo and Eder, 1985). An electron decelerated by
the dc electric field first gives up its kinetic energy to the
field, but, as it changes direction, i.e., as u

~ ~

passes
through zero, it is then accelerated as a backward ruria-

way to higher kinetic energy at the expense of the elec-
tromagnetic field energy. Therefore the regime

u~I, /u~ &&1 must be avoided if there are to be both effi-
cient energy conversion and good particle confinement.

It turns out that between the regimes of collisional inef-
ficiences (u/uz small) and rf-induced runaways (u/u~
large) there exists an intermediate regime where efficient
energy conversion is possible without inducing too many
runaways. This conclusion is borne out by Figs. 15 and
16. The PLT experiment evidently operated in this favor-
able regime.

To relate the experimental observables to the theoretical
analysis, we express the data in terms of the critical di-
mensionless parameters, P,&/P;„and u~I, /u~, that charac-

terize the theoretical results. To carry out this program,
first note that the circuit equation gives

f72
P,(

——8'+ —P„, ,
&s

(4.6)

P;„=qP~ . (4.7)

The input power P~ is generally a known quantity, and
the fraction absorbed g, may be calculated in principle by
means of a numerical code that solves the propagation
and damping equations for the waves. The other critical
dimensionless parameter, u~q/uz, may also be expressed
in terms of experimental observables; the runaway veloci-

Pext Vext

which can be understood easily by inspecting the
schematic power Aow diagramed in Fig. 40. Some frac-
tion g of the rf power P,~ that is injected at the plasma
periphery is absorbed by resonant electrons in the plasma
interior. The absorbed power P;„ then flows, as argued
above, either into heating the bulk electrons (and, on a
longer time scale, into heating the ions too), or into in-

creasing the storage of poloidal magnetic field energy 8'.
This stored inductive energy, in turn, flows by Ohmic
heating ( V /Rs„) into the bulk particles. Alternatively,
the inductive energy can be exchanged through mutual in-
ductance with an external magnetic field necessary for
plasma equilibrium, or, if connected, with the transformer
circuit that provides the usual toroidal current in
tokamaks. Power flowing from an external circuit into
the tokamak is represented in Fig. 40 by P„„and Eq.
(4.6) follows accordingly.

The right-hand side of Eq. (4.6) may be measured ex-

perimentally or reasonably surmised. The dimensionless
parameter P,~/P;„may then be formulated in terms of ex-
perimental observables by using, together with Eq. (4.6),
the expression for P;„,

FEG. 39. Current ramp-up regions (schematic). Electrons ac-
celerated by, waves in collisional region 3 lose incremental ener-

gy to plasma heat. Electrons accelerated in collisionless region
B, are subsequently decelerated primarily by the dc toroidal
electric field.

By Resonant
E I ectrons

( I-q} Pr

FKx. 40. Power flow (schematic) in rf ramp-up experiments.
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ty Uz is dependent on the loop voltage and the density,
which are measurable.

The calculations of u~h makes use of the parallel index
of refraction, n II, at the plasma periphery, which is deter-
mined through a Fourier analysis of the launched spec-
trum. As the waves propagate into the plasma interior,
the index of refraction at the point of power absorption is
generally upshifted by some factor f3, so that

Up" =c/n (4.8)
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FICx. 41. P,I/P, fupp/UQ for 250 PLT shots. The rf power P~
varied from 0 to 300 kW, the density n from 1.5X10' to
6.0)&10' cm, the plasma current I from 150 to 400 kA.
Three waveguide phasings were used, 60 ( + ), 90 (+ ), and 135'
(g) (Karney, Fisch, and Jobes, 198S).

where c is the velocity of light, nI~ is given by the
waveguide phasing, and P may be determined by solving
the propagation and damping equations for the waves.

The experimental data from PLT, which included a
large (over 250) number of shots with various values of
density, waveguide phasing, and rf power, were plotted by
Karney et al. (1985) in terms of P,~/P~ and U~h/Uz as
reproduced in Fig. 41. On the basis of x-ray emissions,
the ion charge state was chosen to be five. The relatively
small scatter in the experimental data, when plotted in
this way, strongly indicates that the critical dimensionless
parameters were correctly identified, and the resemblance
of the data to curves shown in Fig. 17 confirms that a
reasonable theoretical interpretation is at hand. Karney
et al. (1985) noted that the absorption fraction r) and the
n ~~-upshift factor )33 could reasonably and most simply be
assumed to be constants, in which case they merely serve
to scale the axes in Fig. 41 without changing the shape of
the curves. The theoretical fit in Fig. 41 was then chosen
by optimizing over choices of q and P. This optimization

dI MA/sec,
dt lnR /a

(4.9)

where E& is the electric field in units of V/m. To main-
tain the PLT parameter regime we keep both E/n and UT

approximately unchanged from the PLT experiment, so

procedure did not detract from the very close agreement
(only two adjustable parameters in fitting over 250
points), while it made possible a comparison of the theory
and experiment without solving the wave propagation
equations. In solving these equations, further debatable
assumptions would have had to be introduced in the
model of the plasma, and further debatable choices would
have had to be made in the theoretical treatment. The
theoretical treatment also ignored the presence of runa-
way electrons, which, in view of the powerful agreement,
would appear to be justified.

The data in Fig. 41 correspond to several different
current-drive regimes and serve to corroborate at once the
current-drive theories derived for these regimes. The
point Uzh/Uz

——0 corresponds to steady-state current
drive, where the ramp-up efficiency vanishes. The second
derivative of the theoretical curve, taken at the origin,
however, is the steady-state efficiency (J/Pq) The. re-
gime

~
v~h/U~

~

&&1 corresponds to a small electric field,
where the rf-induced so-called "hot conductivity" theory
holds. The regime U~h/ug &0 corresponds to current
ramp-up, whereas the regime U~h/Uz &0 corresponds to
the case where rf power is either insufficient or misdirect-
ed, so that the current decreases. Interestingly, in this
latter regime, I',

~ ~ 0, which means that power flows from
the field energy into the kinetic energy of resonant elec-
trons. The close fit of the data over all these regimes
clearly indicates solid confirmation of the theories.

Moreover, the two free parameters g and )33 are in fact
related through the wave damping mechanism. Heavy
damping should accompany large upshift (because bulk
electrons become resonant). The fact that the values for
these parameters that optimize the numerical fit are also
consistent with the quasilinear damping mechanism can
be viewed as further confirmation of the theory.

Other experiments on current ramp-up have also been
shown to agree with the theories of current-drive efficien-
cy. Leuterer et al. (1985) ramped up the current in the
ASDEX tokamak at a rate of 50 kA/sec by injecting 675
kW of LH (lower-hybrid) power. Ramp-up experiments
were also performed on the MIT Alcator C device, and
the data have been plotted (as in Fig. 41) in terms of the
dimensionless parameters P,&/P;„and U~h/Uz (Porkolab,
1985b). In these experiments, performed at higher densi-

ty, the parameter U~h/Uz was generally smaller than in
the PLT experiments, and the theory of hot conductivity
alone was sufficient to explain the data.

Because the efficiency of converting wave energy to po-
loidal field energy depends on the ratio U~h/u~, we may
easily contemplate how to extrapolate the favorable re-
sults achieved on PLT to ramp up current on larger de-
vices. In this regard, a useful formula is
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that both efficiency and the wave damping can be reason-
ably extrapolated. An example given by Fisch and Kar-
ney (1985a) gives E =0.6 V/m, n = 5 & 10' cm, T = 1

keV, and Z = 1 in order to ramp current to 10 MA in 30
sec in a large tokamak (I =8 pH). Assuming then a
33% efficiency, 40 MW of rf power is required.

In designing such ramp-up possibilities, Eq. (4.9) is
used to relate the ramp-up rate to E, the electric field,
while to maintain the PLT regime, E is further related to
n. The power required to maintain the ramp-up may be
written as

I.I /2
eff~ T„p (4.10)

where eff is the conversion efficiency I',&/I';„, and T„p
is the current ramp-up time. Thus less power need be
used if the ramp-up is slow (T„~ small), but then to
maintain similar efficiency, the density must be kept low.
At high density, but the same ramp-up rate, somewhat
faster waves Inay be employed, but then the plasma must
be hotter in order to absorb these waves. The danger in
hotter plasma is that there may be significant energy loss
due to Joule heating. This implies that the plasma must
be kept resistive, and a short bulk energy confinement
time is necessary (about 30 msec in the above example).
In the above example, care was taken not to produce
backward runaways. If, however, some method of remov-
ing these runaways were possible, then somewhat higher
efficiencies could be obtained by employing higher
v~1, /Uz. Alternatively, should the backward runaways
lose energy to collisionless instabilities, their effect would
be mitigated. This latter possibility was studied recently
by Chan et al. (1986).

E. Launched and absorbed waves

One of the curiosities of lower-hybrid current-drive ex-
periments has been that the spectrum launched at the
plasma edge often appears not to be slow enough to in-
teract with a substantial number of resonant electrons.
From hard x-ray measurements (e.g., Bernabei et al. ,
1982), it is known that many very energetic electrons are
created, with energies as large as 200 keV in a 1-keV plas-
ma. This is consistent with the presence of very fast
parallel-phase-velocity waves in the spectrum. The pres-
ence of many of these electrons, however, also implies a
wave spectrum that extends into the bulk of the distribu-
tion function and that can interact with less energetic
electrons, on the order of only several keV. The apparent
absence of low parallel-phase-velocity waves in the excit-
ing spectrum, i.e., waves that could extend the resonant
region in velocity space into the plasma bulk, has been
termed the problem of the "spectral gap. " To "plug this
gap,

" several researchers have contributed ideas on how
waves that apparently have not been launched at the plas-
ma periphery appear nonetheless in the plasma interior.

One possibility is that there is an upshift in the k
~ ~

spectrum merely as a result of a focusing effect, possibly
in conjunction with multiple reflections of the lower-
hybrid wave before it is absorbed (Englade et al. , 1983;
Bonoli et a/. , 1984). What is conserved, as waves propa-
gate from the tokamak periphery to the tokamak interior,
is by axisymmetry only the toroidal mode number. Solu-
tions of the ray-tracing equations (e.g. , Ott, 1979; Ignat,
1981), reveal that there is a significant variation in k~~ as
the wave propagates towards the interior. This is due to
two effects: at smaller major radii the toroidal wave-
length decreases due to focusing, and at small minor radii,
the parallel wavelength, to the extent that the parallel
direction coincides with the poloidal direction, decreases
due to a radial focusing effect. The result is an explana-
tion of the "spectral gap" problem based entirely on linear
propagation theory; the possible difficulty with this ex-
planation occurs only to the extent that the ray-tracing
trajectories are sensitive to the initial conditions of both
wave and plasma, while the number of reflections can be-
come unrealistically large. Results of a numerical code
using the ray-tracing equations together with models
evolving the electron distribution function and the plasma
current (Valeo and Eder, 1985) show that minority hydro-
gen ions could explain a density limit to current-drive ex-
periments conducted in deuterium plasmas (Stevens
et al. , 1982). The numerical code also gives a reasonable
picture of ramp-up experiments.

One result of the ray-tracing calculations is that it
makes a difference where on the torus periphery
waveguides are placed. The importance of wave guide
placement was brought out in experiments by Lloyd et al.
(1983), who showed how launching the waves from the
side rather than the top of the tokamak could lead to
better coupling to the electrons. Bernabei et al. (1986)
performed confirmatory experiments on the Princeton
PLT tokamak, and showed that to some extent launching
faster waves at the top can reduce the discrepancy in the
coup11ng.

Alternative explanations for the spectral gap involved
nonlinear effects (Canobbio and Croci, 1984), which could
broaden the resonances, i.e., the extent to which
~—

k~~U~~
——0 need be satisfied exactly. It is also possible

that, as the wave passes through a turbulence layer on the
periphery of the tokamak, it could be scattered off of lo-
cal inhomogeneities in the parallel direction (Ott, 1979;
Andrews and Perkins, 1983; Andrews et al. , 1985). Some
properties of the equation that describes this effect are
discussed by Fisch and Kruskal (1980). If the initial dis-
tribution of waves were to cause a large anisotropy in the
distribution function, the plasma could be unstable to oth-
er waves that would seek to diminish the extent of the an-
isotropy. Such instabilities often occur during low-
density Ohmic discharges with large runaway or slide-
away current (Parail and Pogutse, 1976). [A fine exam-
ination of the slide-away regime in an Ohmic discharge,
but relevant to the parameter regime most useful for
current drive, was performed on ASDEX (Fussmann
et al. , 1981).] It has been suggested that such an instabil-
ity could excite low parallel-phase velocities that plug the
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gap (Liu et al. , 1982; Parail and Pereverzev, 1983; Chan
et al. , 1984; Liu et ol. , 1984). Its presence is thought to
explain, for example, lower-hybrid wave experiments on
the FT tokamak (Santini et aj. , 1984). Other nonlinear
effects in current drive have been brought out by Chan
and Liu (1985). A treatment of the effects of low-phase-
velocity components of the wave spectrum, however gen-
erated, is provided by Succi et al. (1984).

The Parail-Pogutse instability appears to have been ob-
served in several current-drive experiments, where it has
also been quenched by the simultaneous application of
electron-cyclotron waves to the plasma (Luckhardt et al. ,
1982; Maekawa et al. , 1983; Nakamura et al. , 1984).
These-waves presumably isotropize the distribution func-
tion enough to stabilize the low-parallel-phase-velocity
modes. In a steady-state reactor, however, this instability
will not be present because the distortion of the distribu-
tion function is relatively small; it involves relatively few
electrons, and these electrons are only several times as fast
as thermal electrons. In higher density, higher tempera-
ture, or more completely steady-state experiments, this in-
stability is not observed to occur. For example, in high-
density experiments on Alcator C, instabilities appear
only after the rf power is terminated (Porkolab, 1984). In
such experiments the distortions to f are similarly not
dramatic.

Recent experiments by Ando et al. (1986) on the WT-2
tokamak also employed both lower-hybrid and electron-
cyclotron waves, and exhibited a dependence of the
current-drive efficiency and the current ramp-up rate on
the location (bulk or tail) of the electron-cyclotron-wave-
heated electrons. The reason here is unclear; confinement
properties of the heated electrons may be important.
Such confinement properties, incidentally, have been in-
vestigated recently under similar, but not identical, condi-
tions by Luckhardt et al. (1986) on the Versator
tokamak.

Two observations may be in order here. First, the latest
theoretical work exhibits a shift in emphasis from estab-
lishing the existence of the current drive and other physi-
cal effects to understanding often complicated experi-
ments. More complete and complicated wave and particle
transport models are then often needed [see, for example,
Dnestrovskij et al. (1983); Parail et al. (1985)]. Second,
as difficult as it may seem to relate the absorbed to the
launched wave spectrum, the problem in tokamaks is still
far more tractable than in other devices where the
current-drive effect may be useful. A recent theoretical
study of current drive using electron-cyclotron waves in
spheromaks was performed by Yoshioka et al. (1986).

F. Observation of neutral-beam currents

Currents driven by neutral beams were observed by
Start et al. (1978). These observations were made on the
Culham I.evitron, a small, cold, toroidal plasma confine-
ment device in which the poloidal magnetic field is gen-
erated by an internal superconducting toroidal current

ring. The major radius is about 30 cm and the minor ra-
dius is about 6.5 cm. Experiments are carried out with
temperatures in the range of only several eV. This allows
probes to be inserted directly into the plasma to measure
the local current and temperature. The Levitron is not a
design for fusion reactors, which are too hot to permit the
internal ring. As a device for basic physics experiments,
however, the I.evitron is an eminently suitable device.
The ability to measure local currents was especially help-
ful in discerning currents driven by electron-cyclotron
waves near the cyclotron resonance (Start et al. , 1980).

Neutral hydrogen beams, with energy of about 8.5 keV,
were injected into a hydrogen plasma with typical param-
eters 2&10"&n &1.5)&10' cm and 1& T, &4.7 eV.
The beams were pulsed on a time scale (kHz) long com-
pared to current penetration plasma induction times,
which are only about 30 psec for such cold plasmas.
Since Zb ——Z;, the primary current-drive effect should
vanish if Ub « vT„while in the limit vb )&UT„net
current would flow in the beam direction. In the experi-
ment, however, the beam current was cancelled by an
electron backcurrent for T, as low as 4.7 eV, which still is
in the regime vb/UT, -40, This is a result that could not
be explained either by trapped electrons or by a dirty
(Z & 1) plasma, since these effects tend only to decrease
the electron backcurrent. This puzzling result might be
explained either by a collisionless mechanism that slows
down the beam ions or by a large distortion of the elec-
tron distribution function.

The first measurement of a beam-driven current in a
tokamak was made by Clark et al. (1980) in experiments
on the Culham DITE tokamak. The DITE tokamak has
major radius R =1.17 m and minor radius a =0.26 m
and operates with a toroidal current of somewhat less
than 250 kA. The experiments consisted of injecting
atomic hydrogen beams with energies up to 24 keV into
deuterium or helium target plasmas. The presence of the
beam-driven current was then inferred from a drop in the
loop voltage.

These experiments confirmed the presence of the
beam-driven current, although only the parameter regime
Zb &Z; was investigated. The loop voltage drop could
not be accounted for merely by plasma heating, although
no overdrive data (b, V & V) were taken. The experiments
appear to be explainable by theory, and trapped electrons
appear to play a negligible role.

In these experiments, about half of the toroidal current
(half of 250 kA) appears to be beam driven. It appears,
too, that the electron countercurrent is as much as half
the injected beam current, which would be consistent, us-

ing Eq. (3.12), with a Z,ff =2 background plasma.

G. Currents driven by electron-cyclotron waves

Start et al. (1982) observed the electron-cyclotron-wave
current-drive effect on the Culham Levitron device, the
same device on which they had observed neutral-beam-
driven current (see the previous section). Up to 120 W of
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FIG. 42. Current vs probe position. Inset shows coil signals for
rf input above and below the ring (Start et a/. , 1982).

rf power was injected into the Levitron from the low-field
side of the device (large major radius). Plasma conditions
were in the range n=3&& 10" cm and T=7.5 eV.

The primary result was the observation of the effect.
This experiment was well suited to the observation of the
current-drive effect because the plasma was cold enough
that internal probes could be used to obtain a current pro-
file. Currents were observed to flow in opposite direc-
tions near the cyclotron resonance layer ~=A, (x), where
x measures the distance from the torus axis of symmetry
(i.e., along the major radius). As a function of x, Q, is
monotonically decreasing, so that, as waves with, say,

k~~ & 0 enter the torus, they are first absorbed by electrons
satisfying u~~

——[co—Q, (x))/k~~ & 0, but once they cross (at
some critical x, ) the so-called resonance layer, then only
electrons satisfying ull &0 absorb energy from the wave.
In the event that the wave is attenuated only mildly in one
pass through the plasma, the absorption should be very
nearly symmetric (only the nonrelativistic equations apply
here) with respect to x„so that, according to the theory
[Eq. (2.25)], nearly equal, but oppositely flowing, currents
should be generated on either side of x, . Thus, by obtain™
ing the current profile, this artifact of the theory could be
observed.

Start et al. (1982) observed the current to depend
linearly on injected power, and inversely with density,
again as would be predicted by theory. In addition, the
current per power dissipated was observed to depend
linearly on electron temperature. This, too, would be in
agreement with theory, provided that the damping of the
wave took place at a characteristic resonant velocity that
scaled linearly with uT. This is eminently likely since, at
low levels of power, u/uT is the only dimensionless pa-
rameter that governs the damping process. The experi-
mental findings are summarized by Figs. 42 and 43.

The net plasma current generated had an efficiency of
about 30 mA/W, which is reasonably consistent with
theoretical expectations too. It should be remarked, how-
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FIG. 43. Current per unit power times density (in units of 10'
m ) vs electron temperature (Start et al. , 1982).

V. QUASISTEADY METHODS

A. Introduction

The original, and still primary, goal of current-drive
research is the completely steady-state tokamak reactor.
There may be advantages, however, in generating instead
only nearly steady-state currents. These methods are
known as pulsed, cyclic methods, or as transformer re-
charging.

The quasisteady methods have in common a two-phase
cycle of operation, wherein the rf or other external power
is injected for part of the cycle, the "on" phase, and then
shut off during the "off" phase. The current increases
during the (rf) on phase and then relaxes during the (rf)
off phase. As depicted in Fig. 44, concomitant with the
cyclic injection of power, other plasma parameters may be
caused to vary. These methods seek to exploit the dispari-
ty in the resistivity laws. For Ohmic current drive, the
dissipated power obeys Pd —J /o. , where o.—T /Z.
For most non-Ohmic current-drive techniques, Pd -n J.

Transformer recharging can occur during the (rf) on
stage. During the off stage, the tokamak current may be
driven inductively. When the transformer volt-seconds
expire, the dc electric field reverses direction to recharge
the primary coil before the field can again point in the
same direction. In normal pulsed tokamak operation,
during the recharging the plasma is evacuated. Alterna-

ever, that the plasma parameters attained here are very
far from what is required in the useful implementation of
the electron-cyclotron-wave current-drive effect. It is
heartening, nonetheless, to see major aspects of the theory
in agreement with the experimental observations, in ap-
parent isolation from other competing or complicating
processes.
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cr, n

where rs —=L/R s~ is the so-called "L over R" time during
the current-generation stage, and where L is the torus in-
ductance and As„ the torus resistivity during this stage.
For constant rf-induced current J~, the steady-state
current will be reached in the characteristic time 7g Dur-
ing the current-relaxatiori stage, there is no driving term
to Eq. (5.1), and the current obeys

dJ J
(5.2)

FIG-. 44. Cyclic oscillation of plasma parameters synchronous
with injection of rf power I',f or some other external power
source designed to drive non-Qhmic current.

tively, if the plasma is not evacuated, noninductive
current-drive Ineans may be used to maintain the current
during the recharging stage. The noninductive current
must be greater than the equivalent steady-state current,
to the extent that it must also ca@eel the Ohmic current
produced by the reverse electric field.

The most straightforward variation of a parameter is to
lower the density during the (rf) on stage, since the effi-
ciency of noninductive current drive tends to increase
with lower density. The density may then be raised dur-
ing the off stage, since the relaxation time of the current
is independent of density. This scheme was first proposed
in connection with neutral-beam current drive by Bolton
et al. (1978) and then elaborated on in connection with
other scheines of current drive by Fisch (198lb).

In this section, we present the theory of these
quasisteady methods and explore the effects of further
permutations of parameters. The advantage of these tech-
niques is generally lower average power requirements.
Not all of the advantages of steady-state operation are re-
tained, and a higher peak power may be required.

The technological feasibility of these techniques is not
explored here in detail. However, one may assume that
the composition of the plasma may be varied on the time
scale in which particles are confined, which is in the
range of several seconds. This is ample time for most ap-
plications here, which require oscillating parameters only
with periods shorter than the plasma L/R time, which is
in the range of several hundred seconds. The rf ramp-up
experiments discussed in Sec. IV.D provide support for
the reasonableness of the suggestions proposed here.

where r,:L/R—s~with parameters defined during the re-
laxation stage so that r„ is not necessarily equal to rz. We
envision that the relaxation cycle of duration T„alter-
nates with a generation cycle of duration Ts. The electric
field during the generation phase obeys Ohm's law,

E =g(J —J~), (5.3)

where g is the Spitzer parallel resistivity for the parame-
ters present during the generation phase.

The circuit equations (5.1)—(5.3) are supplemented by
the constitutive relation

&ei =G(E),
+in ~in

(5 4)

where G(E) is the response function for energy conver-
sion efficiency. For experiments using fast electrons, it is
given by Eq. (2.62). [Fisch (1982) uses a constitutive rela-
tion less precise than Eq. (5.4) and strictly valid only for
E~O, but then goes on to derive Eq. (5.5b). The ap-
proach we adopt here derives the more precise Eq. (5.5a)
and shows more clearly the approximation involved in
writing Eq. (5.5b).] Neglected in these circuit equations
are mutual inductances with, for example, coils that pro-
vide the tokamak vertical field, and many other important
details of tokamak operation. The approach here, howev-
er, is expected to yield the main effects. Further discus-
sion of Inodel circuits in current-drive problems is found
in Mitarai and Hirose (1984).

The average efficiency is defined as the time-averaged
current over the time-averaged power dissipated, where
the time average is taken over a complete (generation plus
relaxation) cycle. Note that power is absorbed only dur-
ing the generation stage. Using Eqs. (5.1)—(5.4), and con-
sidering the case when Tg «~g, T, «~„ i.e., oscillating
the parameters on a time scale short compared to the
current relaxation time, so that J~, J, and E can all be
considered constant over the generation stage, we can
write the average efficiency as

B. Circuit equations ( J) G(E) 'T —7r g (5.5a)

7g
(5.1)

Following Fisch (1982), we note that the total toroidal
current density J satisfies during the current-generation
stage

where Jo is the current minimum (see Fig. 44) and J,r is
the current that mould Bow were the current to saturate
during the generation phase (i.e., were Tz & rz). In deriv-
ing Eq. (5.5a), we assumed that negligible kinetic energy is
stored in the resonant electrons (but see Sec. V.E). Note
that, for E~O, Eq. (5.4) reduces to the equation for the
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p 7g1+
Vg

(5.5b)

steady-state efficiency, i.e., J/Pd ——limE 0[6(E)/E]. In
this limit we can write Eq. (5.5a) as

Consider the class of current-drive techniques that rely
on pushing fast electrons, for example, by lower-hybrid or
electron-cyclotron waves. For these techniques,
J/Pd —(5+Z) '. By employing Z =Zs during the gen-
eration stage, we have by Eq. (5.6)

where ( J/Pd )& is the steady-state efficiency, given plasma
parameters characteristic of the generation stage. Equa-
tion (5.5b) is valid then for U/Uz ~&1, where v is the
resonant electron speed.

Note also that, if ~, =~g, then the average current-drive
efficiency is just the current-drive efficiency available
during the generation stage, yet the plasma parameters
during the relaxation stage could be very different. For
example, the density during the relaxation stage (on which
w„does not depend) could be much larger than during the
generation stage. This is the scheme of density oscilla-
tion, and it is useful in conjunction with any noninductive
current-drive mechanism that operates more efficiently in
low-density than in high-density plasmas. Most current-
drive schemes fall into this category, including current
drive with neutral beams and with lower-hybrid waves.

C. Resistivity oscillation

Of particular interest is the case 'T »'Tg Here, with
significant overdrive, i.e., J,f ~~Jo, and using Eq. (5.5b),
the average efficiency takes the form

(5.6)

from which it is clear that, over and above the advantages
of parameter oscillations of quantities, such as the densi-

ty, that do not affect the relaxation times ~, and ~g, there
is a factor of ~„/wg to be gained in the efficiency. Since
z, and ~g are inversely proportional to resistivity, this
means that we can make current drive more efficient by
making the plasma either less resistive in the relaxation
stage or more resistive in the generation stage. The first
possibility comes as no surprise, but presumably ~, is
determined primarily by the parameters that optimize for
fusion production. During the generation stage, however,
there is the opportunity to design for current-drive effi-
ciency. It is somewhat surprising that it could be advan-
tageous to minimize ~g, which is proportional to T /Z.
This might involve running the tokamak in the counter-
progressive downgraded regime of dirty (high-Z impuri-
ties) and cold plasma, as well as in a regime of underdense
plasma.

Not all current-drive mechanisms can exploit the full

r„/rs factor, because the steady-state efficiency ( J/Pd)s
might also suffer when ~g is minimized. For example, in
pushing slow electrons, J/Pd —1/Z-rg, so the two ef-
fects cancel and there is no advantage to increasing the
ion charge state Z during the generation stage. On the
other hand, several leading current-drive methods could
exploit this low-~g regime. Two examples are offered in
Fisch (1982).

(
J J 6Zg

Pd Pd, rg(Z = 1) 5+Zg
(5.7)

so that for Zg —+ oo there is an improvement by a factor
of 6 over the average efficiency obtained for Z = 1 during
the gegeration stage.

The second class of current-drive techniques are those
that employ disparate ion charge states, for example,
through neutral-beam injection or minority-species heat-
ing. For these techniques, J/P~- ~Z;

' —Zb
'

~, where
Z; is the majority ion charge state and Zb is the beam or
minority ion charge state. For Zb »Z;, we have
J/I'd —1/Z;, which cancels out any advantage associated
with increasing Z;. On the other hand, for Z; »Zb, we
have J/Pd —1/Zq, which is independent of Z;, so the full
factor ~„/~g is available by increasing Z; during the gen-
eration stage.

The reason that polluting the plasma (increasing Z)
helps is that the immediate presence of the noninductive
current induces an Ohmic countercurrent. This counter-
current, which subtracts from the total current, is imped-
ed by a more resistive plasma.

In practice, the effects described here may be employed
simultaneously. Thus density, temperature, and ion
charge state may be caused to vary all at once in an effort
to improve the average current-drive efficiency. Other
means of increasing the resistivity during the generation
stage, such as rippling the toroidal magnetic field to in-
crease the number of trapped electrons, could also be con-
sidered. The drawback in all these variations is that while
less average power might be required, the peak power re-
quired is a factor J,~/Jo greater than in the corresponding
steady-state method.

As a practical example of the multiplicative effect in
simultaneously varying parameters, consider oscillating
parameters in a tokamak of 8 m major radius and 3 m
minor radius. The parameters characteristic of the
current-gerieration stage are to be n =10' cm, T =1
keV, and Z =4.5. The parameters characteristic of the
current-relaxation, fusion-power-generation stage are to
be n = 10' cm, T = 15 keV, and Z = 1. The fusion
output of this D-T reactor is about 2 G%', and perhaps
150 MW of continuous lower-hybrid-wave power would
be required to sustain 8 MA of current. Alternatively, os-
cillating the parameters for about 20 sec in synchronism
with about 50 MW of rf power could sustain the current
for a relaxation stage lasting about 1500 sec. Confine-
ment would then be achieved with peak power of 30/o
and circulating power of 0.5%%uo of the steady-state case.

Achieving these parameters might require the injection
of perhaps a 50% neon impurity concentration during
current generation to obtain high Z. Means of removing
the neon within several seconds would then also be re-
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quired. The electron temperature would also need to be
regulated to prevent overheating. Note, however, that
these ramp-up parameters correspond closely to those em-
ployed in the very successful PLT experiment (Jobes
et aI. , 1985).

Lost in this scheme are several advantages of fully
steady-state operation, including the constant heat load to
the reactor blanket, the constant magnetic fields in the
possible presence of superconducting coils, and, possibly
most important of all, the, minimal tampering with plas-
ma regimes present in the true steady-state mode. On the
other hand, the Ohmic coils may not be needed, and the
plasma need not be started entirely afresh with each pulse.

(b)

Vo

.5 MeV

l3. Inverting the a-particle distribution

D+T~ He(3. 5 MeV)+n(14. '1 MeV) . (5.8)

This reaction'serves as a source of a particles isotropic in
a-particle velocity space, as depicted in Fig. 45(a). For
typical D-T fusion reactor temperatures, the o, particles
are subsequently slowed down primarily by electrons,
since typically UT; «Up «UT, . The slowing down is in-
dependent, in this regime, of the O.-particle velocity, since
the electrons are so much faster. The slowing-down equa-
tions may be written as

(5.9)

where in this regime

Bv
Bt

The solution to Eq. (5.9) is evidently
I

UpS~/V U UT) (&U (Up

0, U)Up

where the a-particle flux S is given by

S =(P /s )/4+U

(5.10)

(5.11)

(5.12)

Very quick cycling of tokamak parameters, such as the
fusion. reaction rate, may be equivalent to steady-state
operation if the cycling occurs faster than the important
time constants for temperature changes in the first wall
and the blanket of the reactor. It may be the case that
other advantages of steady-state operation, such as a
lessened tendency for disruptions to occur, removal of the
Ohmic coils, and smaller variations in the magnetic field
near the superconductor coils, may also be present. These
thoughts are entirely speculative, although it seems
reasonable that at some very quick cycling rate (perhaps
with period of a second or less), the plasma will appear to
be in an averaged steady state.

Accepting for the moment this possibility, we describe
now a speculative suggestion for making available free en-

ergy in the fusion products to drive the plasma current.
In a D-T tokamak reactor, energetic a particles ( He)

are produced through the reaction

(c) (

FIG. 45. Current drive exploiting a periodic inversion of the
distribution of a particles, which are born at 3.5 meV {a) and
tend towards a monotonically decreasing energy distribution {b).
For short times, the a particles temporarily assume an inverted
energy distribution {c).

P =Pf /5 is the amount of fusion power carried by the a
particles. For U =UT;, the a-particle distribution, thermal-
izing quickly with the ion distribution, will become
Maxwellian. Of the most interest here, however, is the
1/u dependence of f in the regime U & Uz;, as depicted in
Fig. 45(b). Because the a-particle distribution is rnono-
tonically decreasing, it may effectively damp waves such
as the lower-hybrid wave, which may satisfy the unmag-
netized resonance condition co/k=co/k~ =uo. [This ques-
tion has been raised by Perkins (1982).] For efficient
current drive by lower-hybrid waves, it is important to
choose the wave characteristics (co and k~~) such that
damping by electrons far exceeds the damping by a parti-
cles.

While there is some concern in steady-state current-
drive research lest a particles absorb lower-hybrid waves,
we consider, instead, a speculative possibility of cycling
the fusion production of a particles. This cycling might
be accomplished either by altering the ion mix of fusion
reagents in the plasma, by rf heating of energetic ions, or
possibly by neutral-beam injection. Let us suppose that
u-particle production is begun, but then stopped in a time
t less than ~„ the characteristic slowing-down time for
energetic o. particles. The distribution function for a par-
ticles then assumes the inverted profile depicted in Fig.
45(c).
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It is tempting now to consider exploiting the free ener-

gy in the inverted distribution. One suggestion (Fisch,
1985b) was that lower-hybrid waves could be amplified by
the inverted distribution, much in the same way that they
are damped by the steady-state distribution. Injecting and
amplifying waves in one direction then becomes a means
of channeling a-article energy to fast electrons traveling
in that direction. Unfortunately, this suggestion was mis-
taken; such waves are not amplified, because even a
monoenergetic distribution of a particles is monotonically
nonincreasing when projected onto the direction of the
wave phase velocity. A more fruitful approach might be
to try waves in the ion-cyclotron range of frequencies,
where the finite gyroradius of o. particles may allow for
wave amplification. Velocity-space shell instabilities
studied recently by Sentman et al (19.86) might be ex-
ploited. Alternatively, a combination of waves or waves
and neutral beams might be able to tap this energy. Of
course, once the a particles slowed down (r, —1 sec), it
would be necessary to suspend temporarily both the injec-
tion of lower-hybrid waves and the production of new a
particles, so that conditions for obtaining a new inversion
could be repeated. In practice, therefore, the cycling
period must be less than the slowing-down time of the o.
particle for maximum exploitation of the effect.

How useful can this effect be, assuming that both the
inversion and its exploitation can be accomplished'? The
available power in a particles is Pf/5. Let us suppose
half of the a-particle energy is extractable and only half
of the a particles may participate. This gives 5% of I'f
as a rough bound to the available current-drive power.
This is very near the window of utility: if a current-drive
mechanism normally requires, say, 30% of I'f to drive
the toroidal current, then the a-particle enhancement is
not large enough to make the scheme attractive; on the
other hand, if the mechanism requires only 3% of Pf to
produce the current, then the a-particle effect is not need-
ed and needlessly complicated. In the regime, however,
where the mechanism needs 10% of the fusion power to
produce the current, then the cx-particle effect can be tel-
ling, reducing the required injected power by perhaps
50%

The ideas here are clearly speculative and vague.
Nonetheless, it is perhaps worth bearing in mind that
unusual distributions of a particles in a fusion-producing
plasma are possible and might- be exploitable, even if not
as directly as at first thought.

The preferred order is first to inject the rf waves into a
low-density, low-plasma-current plasma, and then to em-
ploy the Ohmic current in a high-density, high-current,
and possibly higher-temperature plasma. This order is
advantageous because, at constant capital cost, rf-driven
current is energy limited, while Ohmic-driven current is
flux limited. The inductively stored magnetic energy is
given by I.I /2, so that, for example, increasing the
current from zero to, say, I/2 requires —, the energy
necessary to increase the current from I/2 to I. Injecting
the rf energy to provide the first I/2 rather than the
second I/2 would therefore require —,

' of the rf energy.
Providing this current at lower density might, in.addition,
relax the rf power requirements, since the same energy
conversion efficiency P„/P;„could be achieved at lower
ramp-up rates (since Uz —n/E).

In some instances, the preferred order may not be
achievable, possibly because of the cooling requirements
on the transformer primary coil, which are more severe if
its use is delayed. In such an event, one might be able to
store energy injected into the tokamak during the Ohmic
current-stage, and then to make use of it during a later rf
current stage.

This possibility relies on the good confinement of runa-
way electrons. Supplying the first half of the current by
Ohmic means provides, in addition to the magnetic stored
energy of I.I /2, particle kinetic energy. Some of that
particle kinetic energy is in the form of heat, but, if the
initial discharge is at low density, a large amount of ki-
netic energy can be injected into runaway relativistic elec-
trons (typically at 10—20 MeV). The fewer and more en-

ergetic the runaways, the more stored energy. These elec-
trons, if very energetic, store large amounts of energy, but
not current. When the rf waves are then injected to fur-
ther ramp up the current, a reverse electric field is in-

duced that opposes both the rf-generated current and the
confined relativistic electrons. When these relativistic
electrons are decelerated by this counter electric field,
their kinetic energy is converted to inductive energy. The
rf energy then required can be as low as when the pre-
ferred order is used. The method described here is con-
sidered speculative, however, because the runaway elec-
trons may not be well confined, and storing several MJ of
kinetic energy increases the vulnerability of the tokamak
to disruptions.

VI. REACTOR CONSIDERATIONS

E. rf-assisted current drive
A. Introduction

There is a preferred order for combining rf and Ohmic
current-generation means. Such a combination is often
known as rf-assisted current drive, since the rf current
supplements the Ohmic current to achieve a larger plasma
current than could be achieved by Ohmic means alone.
The advantage of the combination could be to reduce the
volt-second requirements, and hence the size, of the pri-
mary coil.

Methods of driving current are all suggested with appli-
cation to an eventual tokamak fusion reactor in mind. In
order to assess the utility of these methods, several ques-
tions must be answered both with regard to the method
and with regard to the reactor on which the method is to
be practiced. The method must operate reliably in a
fusion environment, and the power requirements must be
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small compared to the fusion power output. Additional-
ly, the capital cost of the apparatus must be small. At the
same time, the reactor must benefit from steady-state
operation and, of course, the larger the benefit, the more
relaxed the requirements for the current-drive method.

A rough and not quite well-defined measure of reactors
is the Q value that is attained, where Q is defined as the
ratio of power out to power in; Q & 1 is necessary for via-
bility, and Q »1 is necessary for economic competitive-
ness. The use of currents produced by non-Ohmic means
is likely to limit the attainable Q. Rather than examine
the effect on Q in each reactor design, we focus on the
quantity Pd /Pf. For Pd /Pf small, the effect on Q will be
minimal, although Q must certainly be less than Pf /Pd.

It is difficult to quantify the advantages of non-Ohmic
current drive. Several features were listed in Sec. I.H, but
even a rough cost-benefit analysis is elusive. The most
comprehensive attempt to quantify the advantages of
steady-state current drive in reactors was the Starfire
reactor study (Abdou et al. , 1982). This study was com-
missioned with the objective of identifying an economical-
ly attractive practical reactor (something like a best-case
scenario). In this study, the lower-hybrid wave was select-
ed as the driver of steady-state current. The reactor was
designed to produce a hollow current profile, because the
plasma was too hot ( —17 keV) to allow the waves to
propagate to the plasma center. Such a profile is likely to
be unstable to tearing modes. Were it possible, however,
to maintain a plasma with such a current profile, then the
efficiency of doing so could be high, because peripheral
currents flow in a less dense plasma than do central
currents. The result of the Starfire study, therefore, was a
desirable, but highly controversial, design. By focusing
on a particular realization of what was to be an economi-
cally attractive fusion reactor, the Starfire study did con-
struct, however, a strong case for the desirability of
steady-state operation. This point of view is expanded
upon by Sheffield (1985).

To attain more centrally peaked current profiles, Yuen
et al. (1980) suggest lower-density, higher-magnetic-field
operation, so as to allow the lower-hybrid wave access to
the plasma center. Ehst et al. (1982) present an improved
account of the Starfire approach, including a discussion
of the physics issues regarding stability and integration of
the rf system into the overall power plant design.

The utility of non-Ohmic means of current drive in
reactors may be broader than merely providing for
steady-state operation. Reiman (1983) has suggested that
lower-hybrid-driven currents might be stable to tearing
modes, and there is now some experimental evidence (Ca-
vallo et al. , 1985; McCormick et al. , 1985; Parlange
et al. , 1985; Soldner et al. , 1986) for the suppression of
sawtooth oscillations in current-drive experiments. Chu
et al. (1986) report suppression of internal disruptions in
inductively driven tokamak discharges through the use of
lower-hybrid current drive. These experiments point to
higher central electron temperatures and better energy
containment. Rutherford (1985) and Ignat et al. (1985)
have suggested that the periodic production of lower-

hybrid current at the frequency of magnetic island rota-
tion may control the island growth. Cho et al. (1986)
show that lower-hybrid current drive can provide enough
current to stabilize relaxation oscillations in a discharge
produced by electron-cyclotron resonance heating. There
have also been suggestions that the current-drive effect
might be used to pump impurities out of the tokamak
(Sperling, 1978; Klima, 1980; Antonsen and Yoshioka,
1986).

Here, we present the main issues concerning current
drive in reactors, with regard to electron-based and ion-
based current-drive methods. Electron-based methods
rely on the penetration of the tokamak by waves.
Trapped-particle effects make impossible, we think,
current drive by low-parallel-phase-velocity waves. The
efficiency of schemes that rely on fast electrons is then
limited in hot plasmas by relativistic effects. Ion-based
schemes, on the other hand, rely on pushing thermal elec-
trons and, subject to the production in the plasma of
counterstreaming ion populations, the efficiency of these
schemes is higher in hotter plasmas. The main problems
are technological.

Both electron-based methods and ion-based methods
could be assisted by other passive means of current pro-
duction, e.g., by the bootstrap effect or by asymmetric re-
flection of waves back into the plasma. Additionally, it
may be useful to employ these methods in a quasisteady
manner, as discussed in Sec. V. Here, however, we con-
fine the discussion to the major methods. Quasisteady
methods in reactors have been considered by Ehst et al.
(1985) and by Singer and Mikkelson (1983). Here, we
focus on the goal of entirely steady operation.

In terms of efficiency alone, both electron-based and
ion-based methods are satisfactory, although in each case
there are other concerns. These, concerns include the
propagation and damping of waves and the development
of efficient neutral-beam sources. Because our intention
is more to outline the issues than to present reactor blue-
prints, these concerns are left unanswered here, although
relevant literature is cited. It should be added that a more
thorough consideration now would still not yield con-
clusive answers. The message here is that these methods
of current drive are promising and cannot be ruled out,
but they are far from certain.

B. Electron-based methods

The most extensive experimental investigation and
theoretical scrutiny has been given to the method of gen-
erating current by lower-hybrid waves. Accordingly,
probably more concerns have been raised in connection
with this method than have been with any other method,
with the result that, in addition to the concerns, the
method per se enjoys the most confidence. The most dif-
ficult remaining concern is whether results obtained in
present-day experiments can be extrapolated to the reactor
regime, where relativistic effects are thought to limit the
current-drive efficiency and where penetration of the
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wave to the plasma center may be more difficult to
achieve.

In other respects, the method of accelerating fast elec-
trons, either by lower-hybrid waves or by other fast
waves, appears eminently viable. The rf power may be
generated efficiently (70%%uo electric to rf power is typical)
and may be brought conveniently to the tokamak by
means of waveguides. The fraction of the tokamak wall
area that need be taken up by the waveguides is small,
perhaps 1% if. modest demands on waveguide capabilities
are assumed (-20 MW/m ), and possibly an order of
magnitude lower for state-of-the-art waveguides. This
calculation is arrived at by noting that the neutron wa11
loading II is at most 2—4 MW/m . The waveguide
power required to sustain the current can then be written

P s ——(1/gD)(H/0. 8)(A/2 s)(Pd/Pf), (6.1)

where gD is the fraction of rf power absorbed and 3 g/3
is the fraction of available wall area devoted to the
waveguide opening. Since the current-drive efficiency
must in any event be designed for circulating power
Pd/Pf less than 10%%uo, and gD~1 is quite reasonable, a
modest demand on the waveguides themselves results.

In order for the lower-hybrid wave to be accessible to
the tokamak center, its parallel-phase velocity must not be
too large. This condition may be expressed approximately
as

n[~ =ck~~ /co & 1+0.6P&%/Tlo (6.2)

where n~~ is the parallel index of refraction, p4% is the ra-
tio of plasma to magnetic pressure in units of 4%%uo (a typi-
cal value), and T&o is the electron temperature normalized
to 10 keV. While the need for access of the wave
represents a lower bound on the index of refraction or,
equivalently, an upper bound to the parallel-phase veloci-
ty for the lower-hybrid wave, the requirement that the
plasma not absorb all the wave energy before the wave
penetrates the plasma center implies that too low a
parallel-phase velocity is also not possible. Low parallel-
phase velocities imply an interaction of the wave with the
bulk of the electron velocity distribution, which more
easily absorbs the wave power than does the tail of the
distribution (where there are fewer electrons). The damp-
ing of the wave could, in principle, always be made
manageably small if the spectrum of waves could be
focused in only a narrow range of parallel-phase veloci-
ties. Fewer resonant electrons imply a smaller damping
rate, since the velocity distribution of electrons, once a
q'uasilinear plateau is formed, is unaffected by higher
wave power. It is unclear, however, whether such focus-
ing can be achieved; it would require more waveguides
and it would be more susceptible to processes that tend to
spread the spectrum. An example of such a process is the
deflection of the entering lower-hybrid waves by drift-
wave turbulence at the plasma periphery.

Although reactors require more current and, hence,
more rf power than today's experimental tokamaks, non-

0.6
P n)4R j

TIO —1
A/W

3

(n~~-1. 8, 1(T,O (2.5) . (6.3a)

Note that waves with nl~ &1.8 satisfy the accessibility
condition, Eq. (6.2), for typical p in the indicated tem-
perature range.

linear effects in the rf power will actually be less likely to
occur in reactors. This implies the absence of some possi-
bly worrisome effects. There are several reasons why
such effects are less likely to occur. Because reactors are
larger, the current density J, which scales as B~/a, can be
smaller given constant peripheral poloidal magnetic field
Bz but larger minor radius a. Lower current density then
implies lower rf power density. The current density may
be written as J= —enUD, where UD is the electron drift
velocity. Because the density and temperature in reactors
is relatively high, and because the current density is rela-
tively low, the parameter U~/Uz will be small. This pa-
rameter is a measure of the distortion of the electron velo-
city distribution function from a Maxwellian distribution
(which tends to be stable). The same reasoning leads to
small distortions of the distribution function when all of
the current is assumed to be carried by high-energy elec-
trons. Because the reactor plasma is hot and dense,
resonant electrons are numerous and fast, so that only rel-
atively few and mildly energetic electrons (in comparison
to thermal electrons) need carry the current.

For example, a variety of nonlinear parametric decay
effects are sensitive to the parameter (Ez/8)l(T, /m; )'~
(Porkolab, 1977). When lower-hybrid waves are employed
to sustain the current in a reactor plasma, this parameter
can be shown (Fisch, 1978) to be approximately
pn ~~(vp/co&, )(a/R), which is quite small and indicates that
parametric effects are likely to be absent. Other nonlinear
effects that may concern us include resonance broadening
(Dupree, 1966), which has also been shown to have little
effect for parameters of interest here (Kritz et al. , 1981).
Some present-day experiments are thought to exhibit large
enough asymmetry in the electron distribution function to
excite the Parail-Pogutse instability (e.g., Liu et al. ,
1985). This effect does not always occur in present-day
experiments, and there is some debate concerning its im-
portance when it might occur. However, in any event, in
a steady-state reactor, the electron anisotropy would be
far too small to support this instability.

The efficiency of current drive produced by a narrow
spectrum of lower-hybrid waves, taking into account both
relativistic resonant electrons and reactor regime back-
ground temperatures, was exhibited in Fig. 20. The
relevant electron temperature regime for first-generation
D-T reactors is 1 & T~o &2, and in order to resonate with
sufficiently many electrons to produce the required
current, the waves must have wave phase velocities in the
vicinity co/k~~ —4.5uT. For T&~ 1, this correspon——ds to a
wave refractive index n

~ ~

——c /(co/k
~ ~

)=1.8 and to
resonant electrons of about 100 keV. From Fig. 20, we
have approximate1y
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In many experiments, it is believed that electrons with
energy on the order of 200 keV have been excited. Waves
that resonate with these electrons would have a parallel
index of refraction n~~-1.4. Such waves have parallel
velocity co/k~~ —4.5ur for electron temperature Tio—2, so
that for T&p & 2 there are sufficient resonant electrons to
produce the needed current. For such a parameter re-
gime, we have from Fig. 20

1.1+0.2(Tio —2.5)
A/WI' n)4R)

(n~~-1.4, 2& Tio &5) . (6.3b)

Note, also, that waves with n~~
—1.4 satisfy the accessibili-

ty condition, Eq. (6.2), for typical /3 in the indicated tem-
perature range, although this temperature range is unlike-
ly for first-generation D-T fusion reactors.

It is important to bear in mind that the application of
Eqs. (6.3) is limited by the ability of lower-hybrid waves
to penetrate the plasma center. Here we must be guided
by ray tracing and other wave propagation studies and by
experiments employing different launch structures. Al-
though we discount as unlikely the possibility of unwant-
ed nonlinear effects in the lower-hybrid energy, linear ef-
fmts such as those given by the ray-tracing studies or
scattering by plasma turbulence may prove worrisome,
but conclusions now are premature.

Other waves, with different propagation characteristics,
may be brought to bear on fast electrons. The efficiency
possible when using electron-cyclotron waves is only
somewhat lower than that available with lower-hybrid
waves, as indicated in Fig. 19. Possible reactor use of this
wave has been explored by Firestone et al. (1985).
Electron-cyclotron waves, which are free-space waves,
may more easily penetrate the plasma center. The tech-
nology of generating these higher-frequency waves con-
tinuously and efficiently is considerably more difficult.
In addition, these waves tend to deflect away from high-
density plasma. A third. wave that interacts with high-
velocity electrons is the fast wave. This wave, like the
lower-hybrid wave, diffuses electrons in the parallel direc-
tion, and so enjoys the same efficiency of current produc-
tion. In addition, high-power, high-efficiency sources are
available. The propagation characteristics of the fast
wave differ from those of both the cyclotron wave and the
lower-hybrid wave, and so this wave may penetrate where
the others fail. Theoretical calculations of current drive
employing this wave were performed recently by Andrews
and Bhadra (1986); Ehst et al. (1986) calculate the propa-
gation of this wave consistent with the magnetic equilibri-
um arising from the wave-generated current. Again,
however, firm conclusions are not yet possible, and there
is no experimental evidence in tokamaks for the current-
drive effect using this wave.

C. ion-based methods

Ion-based methods of.steady-state current drive include
current drive by neutral beams or by other schemes that

exploit counterstreaming ions. These other schemes pro-
duce or maintain the counterstreaming ion populations,
for example, by minority-species heating or by direct rf
heating of the injected ions.

The overall efficiency Eff of pr'oducing current by neu-
tral beams might be expressed as

ff (I/P) + lads+ abeam ~ (6.4)

where I/P represents the current-drive efficiency given
by Eq. (3.14), rl,d, is the fraction of the beam absorbed
near the plasma center, and rl», is the efficiency of pro-
ducing the beam. This last term is important because the
maximum efficiency tends to occur at energies (several
MeV) for which the technology of high-efficiency sources
(rib„high) is at present only in a developmental stage.

A comprehensive study of the optimization of steady-
state beam-driven tokamak reactors was performed by
Mikkelson and Singer (1983). Here, we limit ourselves to
discussing the important scalings and tradeoffs.

The fraction of beam energy that is usefully absorbed
rl,», is a sensitive function of the plasma density, the
plasma size, and the beam energy. Mikkelson and Singer
(1983) find that for INTOR (an International Tokamak
Reactor study) parameters (n 10' —cm, R =5.3 m),
the optimum beam absorption occurs for beam energies of
1—2 MeV/amu. For denser or larger plasmas, the beam
energy would have to be larger in order to penetrate the
plasma center. For less dense or smaller plasmas (not a
typical reactor regime), the beam must be less energetic,
or else it would merely pass through a relatively transpar-
ent plasma.

To appreciate the scaling for neutral-beam current
drive, or, more generally, all current-drive schemes that
exploit counterstreaming ion populations, let us reiterate a
rough derivation of the current-drive efficiency I/P. The
leading order effect is

J/Jb =1 Zb/Z;, — (6.5)

as given in Eq. (3.13). A crude measure of the power dis-
sipated is given by

Pd =vnbmbub/2=mbvb Jb(v, '+v," ')/2eZb, (6.6)

wher'e v, ' and v,
' denote slowing-down rates of beam

ions on, respectively, bulk ions and bulk electrons. Thus

J 2eZb( 1/Zb —1/Z; )
b/' b/e (6.7)

mb(v +v )ub

Now v," '-1/ub, while v, '-1/T, (and is independent
of ub). Therefore the efficiency J/Pd is maximized when

inch imphes that the maximum effr'crency
occurs at some ub ——u ~, where v, —T,' . Typically,
v —10UT, , corresponding to several MeV in a reactor
plasma (T;&15 keV). For ub &u„J/Pd-vb, and for
Ub Q U i' 9 J/Pd —1 /ub . Using u, —T, and v, ' =v,
-n, zb/T, , we can see that (except for a fairly insensi-
tive dependency on mb and m;), the optimum efficiency
scales as in Eq. (3.14), namely, I/P- T, /nR.

The regime vb & u, presents an important tradeoff: de-
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creased current-drive efficiency [—(U&/u„) ] versus in-
creased beam-production efficiency gb„, since less ener-
getic beams can be produced more efficiently. The regime
Ub &U~ is of marginal interest, since not only does the
current-drive efficiency decrease ( —U„ /ub ), but these
more energetic beams are even more difficult to produce
(smaller gb„). Unless the plasma were so dense or so
large that a less energetic beam could not penetrate, this
regime would not be of particular interest for driving
current.

Note that the efficiency (I/I') of current drive by neu-
tral beams can be quite large near Ub ——u, [Eq. (3.14)].
Moreover, since thermal electrons contribute to the effect,
the favorable scaling with electron temperature persists
even at higher temperatures, for example, when super-
thermal electrons become relativistic. The primary con-
cerns with this method are the production and absorption
of the beam ions. These concerns encompass both the ef-
ficiencies of production and absorption and the mainte-
nance of hardware in a fusion environment. Neutral-
beam sources must be placed close to the reactor, and
since, in contrast to rf waveguides, bends and windows
are not permitted in the structures that deliver the beam
to the plasma, the source itself may be subject both to
direct bombardment by fusion neutrons and to contam-
ination by tritium. Additionally, for tangential injection,
the neutral-beam source must itself be oriented tangential
to the tokamak, which can add to the shielding difficul-
ties.

Should it be possible to produce or maintain these
beams by rf waves, some of these concerns could be allevi-
ated. The beam could be optimized for penetration only,
for example, while rf waves might then accelerate the in-
jected beam. Note that in the scheme of minority-species
heating, where the beam is produced entirely by rf waves,
the efficiencies g,b, and gb„may be, effectively, quite
high while the technological problems associated with
neutral-beam injectors are absent. Note, too, however,
that the current-drive efficiency I/P of minority-species
heating is less than that attainable directly with neutral
beams, and the scheme relies upon the physics of the in-
jected wave. Methods of producing counterstreaming
ions, or maintaining counterstreaming ions, with waves
do share with the neutral-beam method the same attrac-
tive scaling with electron temperature. A fair summary is
that there may be considerable advantages associated with
using waves in this manner, but the use of these waves is
still untested and speculative.

Let us compare generating current by neutral beams
with generating current by lower-hybrid waves. In a
first-generatiori D-T reactor, operating at about 20 keV,
both methods may yield an efficiency as high as 0.5
A/W. It is possible that the lower-hybrid current-drive
efficiency could be a factor of 2 higher should lower n~~

waves penetrate the tokamak. The efficiency of produc-
ing neutral beams as energetic as several MeV, however, is
likely to be considerably smaller than the efficiency of
producing lower-hybrid waves. A second distinguishing
concern is the plasma purity. The neutral-beam current-

drive effect relies on an impure plasma, say, effective ion
charge state Z,f~

——2, if deuterium beams are to be em-
ployed. Such impurities contribute to the plasma pressure
and are confined at the expense of the fusile hydrogen. It
may be, however, that such impurities are unavoidable.
Their effect on the lower-hybrid current-drive efficiency
is slight; nonrelativistically the efficiency scales as
1/(5+ Z,ff). The remaining comparisons concern the
possible individual problems associated with each method:
on the one hand, whether the neutral-beam apparatus can
withstand the reactor environment and whether the ener-
getic ion sources can be developed; and, on the other
hand, whether lower-hybrid waves can successfully propa-
gate to the plasma center. At present, the experimenta-
tion on the lower-hybrid method is far more advanced,
and, in the best of theoretical worlds, wave current drive
is preferable. However, insurmountable problems associ-
ated with either method cannot be ruled out.

D. Steady-state reactors

Ehst et al. (1985a) compare steady-state and pulsed
operation, including quasi-steady methods, with particu-
lar concentration on costs associated with thermal fatigue
in the first wall, the limiter or divertor, the breeder ma-
terial, and the blanket structure. In addition, the capital
cost associated with thermal storage between pulses is ex-
amined. A companion paper (Ehst et al. , 1985b) consid-
ers the mechanical fatigue of structures associated with
the magnetic fields and compares reactors with different
burn cycles. Ehst et al. (1985b) conclude that burn pulses
longer than one hour should be sought because of costs
associated with thermal and mechanical fatigue. Addi-
tionally, unless plasma disruptions can be guaranteed by
other means to be rare (less than once in 10" pulses), to
release little energy (less than 200 J/cm ), or to be direct-
ed away from the first wall, they are likely to be a dom-
inant issue. Steady-state operation is thought to be help-
ful in reducing significantly the likelihood of occurrence
of these disruptions. Ehst et al. set a goal of 0.49/R&
A/W for the efficiency of current generated by noninduc-
tive means. The meeting of this goal, expressed by Ehst
et al. as 0.07 A/W in a 7-m major radius reactor, then
implies that the steady-state tokamak with current pro-
vided by non-Ohmic means is to be preferred over the
conventional pulsed tokamak.

The raw criterion of 0.07 A/W is, in principle, attain-
able either by electron-based or by ion-based methods.
The theoretical maximum, however, will doubtless not be
attained because of various inefficiencies such as those
arising from unwanted reflections of the waves or from
the lack of a perfect endfire antenna or waveguide array.

Qn the other hand, there are some possibly helpful ef-
fects not accounted for in the present calculations. The
most-hoped-for effect is the so-called neoclassical
bootstrap current (Bickerton et aI , 1971). T. he theory of
the bootstrap current is that sources of charged particles
or heat at the magnetic axis produce toroidal current as
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the particles or heat flow towards the plasma periphery.
The effect has not been verified experimentally. Were it
present, however, the bootstrap current in a fusion plasma
might provide more than half the required current, halv-
ing, or reducing by even more, the noninductive power re-
quirements.

Additionally, these calculations have not taken into ac-
count passive current-drive effects, such as those arising
from the asymmetric reflection of plasma radiation or the
asymmetric loss of a particles. Any current arising from
these effects, while not likely to provide the total required
current, reduces the amount of additional current re-
quired of the non-Ohmic current-drive means.

All noninductive current-drive schemes appear to work
best in low-density, large, high-temperature reactors. The
scaling is derived as follows: By Ampere's equation, to
produce a poloidal magnetic field B&, a uniform current
density

J=28~/ppa (6.8)

is required. Tokamaks are thought to operate best in the
regime

n(T, +T;)+E
Bp /c)po a

(6.9)

Taking P~ =R/a, and using Eqs. (6.8) and (6.9) neglecting
E, it is possible to write Eq. (1.5). A convenient formula
relating the normalized efficiency J/Pd (J normalized to
—enu z- and Pd normalized to vpnm, u T ) to the
current/power I/P used in Secs. VI.B and VI.C is

—=2g10-I
P

T10

R (n)4
A/W . (6.11)

Accordingly, Eq. (1.5) for. the fraction of circulating
power can be written in an alternative notation as

o 3Tip 1

Pf (I/p)R(nw (n~gT&pa~R~) (3T&p —2)

1&Tip &3 (6.12)

and I/P is given in A/W, e.g., from Eqs. (6.3) or (3.14).
Optimization of tokamak parameters is a separate art

in itself. From Eq. (6.12), it is apparent that large, high-
temperature tokamaks minimize the circulating power re-
quired for steady-state operation. Low density is desired
because it allows the temperature and size to be large,
keeping the wall loading and magnetic field constant. For
example, we can write the approximate relation

a)n )4(3T(p —2)=10H/(3. 5 MW/m ), (6.13)

where H is the wall loading (power of fast fusion-
produced neutrals per wall area). Large wall loading is ef-

where E is the a-particle pressure. The fusion power
density in a D- T reactor is given approximately by

Pf 8.8 && 10 n ]y(3T~p —2) W/m 1 & T~p & 3

(6.10)

ficient for energy conversion; too large implies deteriora-
tion of the wall (H &3.5 MW/m is a typical design pa-
rameter). While large reactors may be relatively cheaper,
in terms of circulating power, to operate continuously us-

ing noninductive currents, it is also true that these
tokamaks could operate in somewhat longer pplses any-
way using inductive means. Such a consideration may be
moot, however, in view of the preference at present for
smaller tokamaks (e.g., design 1 in Table I).

Application of noninductive current-drive techniques to
later-generation tokamak reactors, relying on reactions
other than the D-T reaction, is unlikely. This is because
the fusion cross sections for these reactions are much
smaller, so in order to extract the same fusion power den-
sity, these reactors tend to be designed much denser.

Vl I. CONCLUSIONS

The purpose of this review has been to summarize re-
cent exciting developments in the theory of current gen-
eration. One must hesitate before pronouncing on the
utility of these techniques for steady-state tokamak opera-
tion, because there is riot yet experimerital evidence of
these effects in reactor regimes, because the eventual
tokamak reactor design is itself still unclear, and because
there is not even a guarantee that the tokamak reactor
would be useful but for the problem of steady-state opera-
tion (see Lidsky, 1983, for a somber appraisal of
tokamaks).

It does appear, however, that powerful tech'. iques exist
for producing continuous current in reactor plasmas.
Several nicely crafted experiments have established the
underpinnings of the theory of current generation by
lower-hybrid waves. Other methods, too, enjoy favorable
prospects. Research is underway in finding uses for these
currents that go beyond continuous operation and in ex-
ploiting the theoretical constructs that have been
developed to quantify these effects.

Although it may be premature to pronounce on the fu-
ture of steady-state tokamak operation based on nonin-
ductive means of current generation, it is timely to be
enthusiastic that the extensive scrutiny to which these
methods have been subjected, as reviewed here, has failed
to uncover fatal flaws. The continuance of this trend
bodes well for the steady-state tokamak.

Note added in proofs Two remark. able experimental re-
sults were reported at the 1986 IAEA meeting: One, re-
ported by Abe et al. (1986), is that a current of nearly 2
MA was driven in the JT-60 tokamak by lower-hybrid
waves. The other, reported by Hawryluk et al. (1986), is
the observation of the neoclassical bootstrap currerit on
the Princeton TFTR tokamak. The huge current on JT-
60 represents impressive progress in the proved technique
of lower-hybrid current drive in relatively low-density
plasma, but there remains the serious question whether
the effect can be obtained in reactor grade plasmas. It is
significant not only that the bootstrap current was ob-
served on TFTR, but that its magnitude is deduced to be

Rev. Mod. Phys. , Vol. 59, No. 1, January 1987



230 Nathaniel J. Fisch: Theory of current drive in plasmas

roughly as predicted by neoclassical theory (Zarnstorff,
1986). The existence of the bootstrap current makes all
methods of current drive more attractive, since less
current need be provided by external means. Current
drive schemes which provide current near the magnetic
axis become especially attractive.
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