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P has to increase much further for the disruption
to occur in the second case than in the first one.
This would be seen as longer sawteeth in the sec-
ond ease. Both results are in qualitative agree-
ment with the results of TFR. Nonideal effects,
like finite resistivity and finite-Larmor-radius
stabilization, may also be important in explaining
the experimental results. " However, a theory
including these effects which is also valid near
the magnetic axis remains to be developed.
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Continuous toroidal electron currents, which sustain the poloidal magnetic field in
tokamaks, may be generated by injecting waves with net parallel momentum into the plas-
ma via phased waveguide arrays. Waves with high phase velocity can produce a current
capable of confinirg a reactor plasma so that steady-state tokamak operation with accept-
able power dissipation becomes possible.

Plasma confinement in tokamak fusion devices
is maintained, in part, by a poloidal magnetic
field sustained by a toroidal current. The cur-
rent is usually driven by an inductively produced
dc electric field, so that the tokamak operates
only in a pulsed mode. For steady-state tokamak
operation, a method of continuously driving the
toroidal current is essential. One scheme of pro-
ducing continuous current relies upon the Landau
damping of high-phase-velocity rf waves travel-
ing in only one direction parallel to the magnetic
field. These waves may be launched from an end-
fire waveguide array, which directs the power

flow substantially in one of the directions parallel
to its axis. The waves have net parallel momen-
tum, which upon being absorbed by electrons
traveling with the wave parallel phase velocity,
exerts a force that drives an electric current.
The current is mainly carried by these resonant
high-velocity electrons because, being relatively
collisionless, they retain momentum longer than
bulk electrons. The effective plasma resistivity
is diminished, allowing steady-state tokamak re-
actor operation with acceptable power dissipation,
an achievement previously thought infeasible be-
cause of the incorrect modeling of the current as
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where I have normalized w = v,/v@, 7 = v,t, v,
= vw', v=~~ irA /22nv, ', and D(3v)=Do„/v, v„'.
The perpendicular-velocity-space structure,
which is neglected, manifests itself mainly in a
flattening in the resonant region of velocity space
and may be important in other plasma dynamics,
e.g. , interaction with a dc electric field or rf
runaway in a high-Z, ~f plasma. ' It can be shown,
however, that for parameters typical for current
generation in reactors, this flattening does not
significantly affect the number of resonant elec-
trons nor their absolute velocity. ' The collision-
ality of the resonant electrons, which depends on
their speed and determines the power dissipated,
is thus not affected. Since the perpendicular flat-
tening affects neither the parallel current nor the
power dissipated, the one-dimensional analysis
is adequate for my purposes. Furthermore, it
allows me to determine that the distribution can
eventually have many more resonant electrons
than initially, a significant but previously over-
looked possibility, and to find the time in which
this steady state is reached.

Under the assumption that the temperature of
the bulk particles is essentially constant, the
steady-state solution of Eq. (2) is given by

a single electron fluid. '
The presence of the rf power results in parallel

velocity diffusion which competes with the colli-
sional relaxation of the plasma, so that the evolu-
tion of the space-averaged electron velocity dis-
tribution is governed by

Bf/Bt=[(8/Bv, )D&„(v,)]Bf/Bv, +(Bf/Bt), , (1)

where we have neglected any dc electric fields
and where D« is the quasilinear diffusion coeffi-
cient and (Bf/Bt), is the Fokker-Planck collision
operator, which describes both parallel and per-
pendicular velocity scattering. My main interest,
however, is in the dynamics in the parallel direc-
tion, where the quasilinear diffusion tends to flat-
ten the distribution and the collisions tend to re-
store it to a Maxwellian. These dynamics are re-
tained when Eq. (1) is integrated over the perpen-
dicular velocity direction, where f is assumed to
be Maxwellian, obtaining for high-velocity elec-
trons in a singly ionized plasma'

where C is a, constant determined by conservation
of particles. The situation of interest for rf heat-
ing schemes and especially for current generation
is when D(w) is very large in a finite velocity in-
terval, say ~v, &su (m~, and vanishes elsewhere.
The steady-state solution is then Maxwellian out-
side this interval and flat in the resonant region.
For Lhv, 2&6, &1/3v„where t), =3v2 —3v„ the plateau
in the resonant region, which contains far more
electrons than initially, acts as a fast beam with
current density

Z = (6.5 x10')n„T„"'
xf(3v, )(u 2 -38,2)/2 A/m2,

where n, ~ is normalized to 10' cm ' and T1p ls
normalized to 10 keV. In the steady state, the
power dissipated by the waves in the resonant
electrons balances the power dissipated in the
bulk particles from the collisional slowing down
of this fast beam of resonant electrons and so is
given by

P, = (5 x10')n„'T„-"'
xf(w, ) in(w2/I, ) W/m'. (5)

In order to appreciate the power cost for gener-
ating the current it is helpful to define an effec-
tive rf resistivity

Pv 10 ' ln(2v, /w, )
1«f g2 Zr 3/2 f(~ )(~ 2 ~ 2)2/4

10 ' n/n,
3/2 3

1P 1

where the last approximate equality was written
for b, /zv «1, and n~/n is the fraction of electrons
in the plateau. Note that for equal rf and Ohmic
current densities, we have ))lz/q„= 10/3v, 'vv„
where g~~ is the Spitzer resistivity and vD, is the
bulk drift velocity of the Ohmic current. The fac-
tor of 10 arises, in part, because the rf current
suffers friction with all bulk particles, not just
ions. The ratio of the effective resistivities is
simply the ratio of the dynamic friction encoun-
tered by the different current carriers. This im-
plies that whereas the rf current dissipates more
power than the Ohmic current at low current lev-
els (v» small), as the current level increases,
or as the spectrum is shifted to higher phase ve-
locities at constant current, the rf current begins
to dissipate less power than the Ohmic current.

The current generated by rf power differs in
several important ways, other than simply in the
amount of power dissipated, from an inductively
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generated current. It must be appreciated that
when net-momentum waves are damped, the plas-
ma itself acquires a net momentum, and tends to
rotate. A similar situation occurs in unidirec-
tional neutral beam injection. A calculation de-
termining the extent of the plasma rotation is be-
yond the scope of (he present study; note, how-

ever, that momentum may be lost to particles
leaving the plasma or to particles trapped in rip-
ple fields. ' In any case, one may write momen-
tum-balance equations of the form

(e/st+@.)m, n,v„
PIB

~ee e+P~P+ ~ei +o~e( Di ~De)t
B/B

(S /8 t+ y,.)m,.n,DD,.

(7)

An rf-driven current also differs from an induc-

tively driven current in that there is no dc elec-
tric field in steady-state operation. However, as
the rf current is turned on in a tokamak, it does
generate a time-varying magnetic field, which,
in turn, induces a toroidal dc electric field that

opposes the motion of the plateau electrons. The
dc field instantaneously produces a counter cur-
rent of electrons, primarily in the bulk of the ve-
locity distribution (since most electrons are situ-
ated there), so as to oppose any abrupt change in
the flux linkage to the plasma. The counter-cur-
rent decays in an I /R time of the tokamak, where
L and R are the plasma inductance and resistance,
after which the rf current flows in the absence of
the dc field. %hen even very intense rf power is

where v„, for example, indicates the collision
frequency for slowing down or momentum trans-
fer of plateau with bulk electrons and y, and y,.
model any momentum sinks for electrons and

ions, respectively. Equations (7) and (8) describe
the transfer of momentum from the fast plateau
electrons, at velocity v~ and density n~, to the
bulk ion and electron distributions, drifting re-
spectively with velocities vD; and ~D„which, in

turn, experience a mutual friction to the extent
that these drift velocities differ. Solving Eqs.
(7) and (8), not for the overall toroidal rotation,
which necessitates an evaluation of y, and y, , but

for the relative drift between the ions and elec-
trons, and assuming y„y,- «v„', I find a steady-
state bulk current, which is negligible compared
to the plateau current, i.e. ,

turned on, there is, initially, very little rf cur-
rent, since the number of electrons initially in
the resonant region is quite small. I can define
an rf current turn-on time, ~, „occurring on a
collisional time scale, during which bulk elec-
trons are collisionally scattered into the reso-
nant region to form the "raised" plateau that is
characteristic of the time-asymptotic distribu-
tion. In the event that the rf power is turned on
in an inductively driven tokamak, the current is
transferred from bulk carriers to plateau carri-
ers in a time ~, „but the total current does not
change, although the dc electric field is effective-
1.y shut off. In the event that the rf current ex-
ceeds the original Ohmic current in less than an
I/If time, the rf current will begin to drive the
primary transformer coils in reverse. In steady-
state tokamak operation, it is desired to switch
from the Ohmic current to the rf current, so that
after a turn-on time the Ohmic coils should be
disconnected. It should be noticed that the ab-
sence of a dc electric field in the steady-state
operation implies that no runaways are produced.

To calculate the turn-on time, v., „- I assume
that during the turn-on, the bulk electron temper-
ature is essentially constant; in other words,
that v, ,«7.„, where v„ is a heating time defined,
in normalized units, by r„= 4 exp(w, 2/2)/ln(w, /wi).
It may be seen, upon use of Eq. (5), that in the
steady state the bulk electron temperature is
roughly doubled in a time ~„. A rigorous deriva-
tion, given elsewhere, ' corroborates the follow-
ing rough calculation of the turn-on time. The
flux of electrons from the region se &w, into the
resonant region is found by successive approxi-
mations of Eq. (2), assuming in the lowest order
that sf/87=0, but with .slowly varying boundary
conditions on f at w = 0 and w =w„obtaining

S(w, )= [f(0,7 ) exp{-w, 2/2) —f(w „7)]/w, 2. (10)

A comparison of the time-asymptotic state with
the initial distribution indicates that f(0, 7) is slow-
ly varying compared to f{w„7)and that very few
electrons are scattered into the region I &so,.
Furthermore, under intense rf excitation, the
resonant region is nearly flat, so that for h, say& lp
we have, by conservation of electrons, S(w, )
=A&f(w„7)/s7. . Solving now Eq. (10), I find T, ,
= Azo, ', so that the rf current in, as we shall see,
typical reactors can be turned on in about a milli-
second.

It remains to assess the practicality of rf cur-
rent generation in a reactor environment. Eco-
nomic considerations dictate tokamak reactor
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operation near p~=R/a which, assuming T,= T,
and neglecting the e-particl. e pressure, requires
a density of rf current carriers

m, /n = 4c/w, (u„(aR) '~'.

vr), whereupon, using Eg. (11), we find

(13)

Since n~/n=hf(w, ) is most sensitive to w„ I im-
mediately locate the spectrum at m, = 4, assuming
only thath, n, 4, a„R,-1 where a, and Ry are the
minor and major radii in meters. Assuming
operation near p~ =R/a with b. /w, & 1, I calculate
the crucial parameter

E =Pr /I g
= 4/w ~ (8 ~~ T ~ 0 a ~ R ~) (12)

where P f is the fusion power density for D- T re-
actions at temperatures near 10 keV. Low e, im-
plying low circulating rf power, is necessary for
the scheme of rf current generation to be of in-
terest. Furthermore, low e implies that in the
ignited reactor the rf power does not significantly
affect the plasma temperature, which, in any
case, may be stabilized by external means. Note
that low c is easily achieved in reactors, for ex-
ample, with UWMAK'-type parameters (n„= T»
= 1, a, = 5, R,= 13), where my nonrelativistic cal-
culation of PD is adequate.

It should be appreciated that for a reactor with
acceptable wall loading, the rf power may be con-
veniently brought into the tokamak by means of
waveguides, for example, by coupling to lower
hybrid waves. The power requirements on the
waveguides, assuming a D- T fuel cycle, are
bounded by the neutron wall loading IJ, i.e. , P„&
&(e/qo)(H/0. 8)(A/A &), where A„&/A is the frac-
tion of available wall area for the rf, and ga is
the fraction of incident rf that is damped. Since
H is typically 2-4 MW/m', only modest demands
on waveguide capabilities are required if a rea-
sonable fraction (- 1%) of the wall is used and
most of the incident rf power is deposited, i.e. ,
gD~ 1

Accessibility of the lower hybrid wave to the
tokamak center restricts the wave spectrum to
a parallel index of refraction n„&1+0.6P«„T„',
where P4q, is the toroidal P, again neglecting n-
particle pressure, normalized to 4%. The mini-
mum required n„corresponding to u, = 4 but 6
«w, is n~, (min)= 2(1 b, /w, )T„''2, —which allows
P = 4% at T = 10 deV and b, = 1. Significant absorp-
tion of the incident rf power concommitant with
penetration of the plasma center implies, for low-
er hybrid waves in the vicinity of the lower hy-
brid frequency, 1= 2k„,a= (m/b w„D)(n~/n)(a. m~, /

implying, as expected, significant plateauing. Al-
though the penetration of the lower hybrid waves
to the plasma center is accomplished, essential. -
ly, through the decrease in the linear Landau
damping due to plateauing at high power levels,
~,'»~, nevertheless, for reactor-type plas-
mas, the same intense rf waves do not suffer par-
ametric decay nor induce significant nonresonant
power absorption. Nonresonant power dissipation
scales asP = v, mme„,', where v„,is the non-
resonant jitter velocity. Using Egs. (5), (].1), and

(13), I find &„,/&D= &,4~,/4w, T„',which is small
for typical reactor parameters. Also, using Eqs.
(11) and (13), I may calculate the quantity (E ~/8)/
(T, /m, .)"'=pnt~'(v, /w~, .)(a/R) which, typically be-
ing quite small, implies that parametric-decay
interactions' are unlikely. It may also be shown
that strong turbulence or trapping effects are not
important here. I conclude that rf current gener-
ation, in particular with lower hybrid waves, rep-
resents an attractive possibility for steady-state
tokamak reactor operation.
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