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ABSTRACT

A method for obtaining efficient current drive in Tokamaks using low-phase-
velocity (vp = w/ky ~ 0.1vs.) kinetic Alfvén wave is proposed.

The wave momentum, imparted primarily to the trapped electrons by Landau
damping, is stored as the canonical angular momentum via the Ware pinch. In steady
state, collisions restore the pinched electrons to their original phase-space configuration,
in the process releasing the stored canonical angular momentum to the background ions
and electrons in proportion to the respective collision frequencies. Despite the loss of a
part of the original impulse to the plasma ions, well over half the wave momentum is
ultimately delivered to the bulk-plasma electrons, resulting in an efficient current drive.

A normalized current-drive efficiency v = Ry < nao > I /P ~ 2 would be fea-
sible using the subthermal kinetic-Alfvén-wave current drive in a Tokamak of reactor
parameters.

Optimum antenna loading conditions are described. The problem of accessibility
is discussed. In an elongated, high-/ plasma with a density dependence n, ~ (1—p?)xn,
accessibility is restricted to p 2 3/(4Axn), where A is the aspect ratio. For current

drive at still lower values of p, operation in conjunction with fast-wave current drive is
suggested.

1. INTRODUCTION

In the absence of toroidal effects, the transfer of parallel momentum Av) to an

electron produces a current eAv), of duration v.;! and requires an energy input mupAvy,
where v; is the Spitzer collision frequency and v, is the wave phase velocity along the
static magnetic field By. The current density is related to the power density by

. e p
J=— - -
m Uplei

(1)

From Eq.(1), Wort [1] identified the low-phase-velocity (v = vp/vie < 1) subthermal
regime as being the most suitable for current drive.

In a torus, the subthermal wave momentum is primarily imparted to the trapped
electrons constituting the dominant fraction 3; = exp [—v2/25], where € = p/A, p =
r/a, a is the plasma radius and A is the aspect ratio. Since the trapped particles do
not directly contribute to the current drive, Bickerton [2] concluded that subthermal
waves are unsuitable for current drive in toroidal geometry. Fisch [3] suggested that the
canonical angular momentum stored by the trapped electrons via the Ware [4] pinch
could cause current drive in a manner analogous to bootstrap [2] current, although a
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quantitative estimate of this effect was not attempted. Confronted with the perceived
complexity of momentum recovery, this hopeful stand was later reversed [5].

The strand was picked up once again by Puri and Wilhelm [6] who were able to
precisely quantify the extent of recovery of the canonical angular momentum initially
delivered to the trapped electrons for the purpose of current drive. Their arguments
based upon the rigorous conservation of canonical angular momentum in an axisym-
metric toroidal geometry are reproduced in Sec. 3.3

In another significant development, Elfimov and Puri [7] have shown that a,, the
fractional wave momentum imparted to the untrapped electrons greatly exceeds their
relative abundance, 3, = 1 — 3; due to the toroidal modification of Landau damping.
This effect, together with the canonical angular momentum recovery, results in high
current-drive efficiency for the low-phase-velocity kinetic-Alfvén-wave.

2. THE KINETIC ALFVEN WAVE

2.1 Dispersion characteristics

Fig.1 shows the qualitative low-frequency Alfvén wave dispersion characteris-
tics in a slab geometry for ky = 0. Plasma density and temperature are assumed to
increase along z while the magnetic field is along the z direction. €, €, and €, are
the components of the dielectric tensor, n = k/ko, and €L, r = €; £ ¢,. The exter-
nally launched evanescent compressional Alfvén wave (COM) partially couples to the
propagating COM and is partially steered by the Hall term arising through ¢, to the
propagating kinetic Alfvén wave (KIN) in the plasma interior. The wave converted
KIN is efficiently absorbed through Landau damping giving rise to plasma heating and
current drive.

In the absence of electron inertia, the KIN dispersion curve assumes the vertical
stance of the well-known Alfvén resonance independently proposed by Winterberg (8]
and Grossman and Tataronis [9] for plasma heating. Inclusion of electron inertia and
temperature by Hasegawa and Chen [10] lead to the discovery of KIN and of Landau
damping as the mechanism responsible for energy absorption.

The damping length of KIN estimated from the approximate dispersion relation

n? = (e, —n?), (2)
€z

in the absence of finite ion-gyroradius correction is given by [11]

- /1 ¢ exp(v?)
L 171 A N
[Sk]” = S T (3)

Inclusion of gyroradius correction limits A; = (1/2)k2r?; to A; < 1 so that

(k] ~ \/E—M . (4)

Wei v

In either case, the absorption length is typically only a few centimeters. For all practical
purposes, KIN is absorbed close to the Alfvén resonance region €, = n? even in a hot
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plasma. The coupling remains materially unaffected by the finite-temperature as well
as by the finite-gyroradius effects.
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Fig. 1 Qualitative dispersion curves Fig.2 Antenna loading versus N

2.2 Coupling considerations

For the k, = 0 case shown in Fig. 1, coupling to propagating COM dominates over
wave conversion to propagating IXIN. An increase in ky, corresponding to an upward
translation of the abscissa in Fig. 1, moves the right cutoff away from the Alfvén layer
and reduces coupling to the propagating COM. In cylindrical (or pseudo-toroidal) ge-
ometry this is achieved by using m = +1 poloidal mode. Increasing k; (or the toroidal
wave number n) while maintaining the Alfvén layer fixed at a given radial location
raises the frequency of operation w; the corresponding increase in the Hall term ¢, is
accompanied by an increased wave-conversion efficiency to KIN. Thus the combination
of finite m = £1 and large n ~ 5 — 8 defines the optimum coupling conditions for KIN.

The profound influence of m and n on the Alfvén wave coupling was seen in the
boundary value analysis of Ross, Chen and Mahajan [12]. They included equilibrium

plasma current (safety factor ¢) in their treatment and pointed out the enhancement of
the Hall term ¢, by a factor

| P e (5)
€y gkoRo wwpi ?

induced by the Doppler shift associated with electron drift. Another important contri-

bution of equilibrium current is to involve m in the parallel refractive index, modifying
the Alfvén resonance condition to

2

egzngznzcoszx(l-i——q%) . (6)
where £, 1, ¢ are the local coordinates with the ¢ axis tilted at an angle x with respect
to the 2 axis. In addition to heating by the wave-converted KIN, the plasma is also
susceptible to undesirable surface heating by the direct excitation of torsional Alfvén
wave (TOR), particularly in the twisted magnetic field geometry in the presence of the
plasma current [12,13].

Lowering w moves the Alfvén resonance layer radially inwards to higher densi-
ties until the Alfvén resonance continuum disappears completely. Appert et al. [14]

3



discovered that at some still lower values of w one encounters fluid magnetohydrody-
namic resonances of the plasma column. The so-called discrete Alfvén wave resonances
possess neither kinetic nor resistive absorption mechanisms [15] and are not suited for
plasma heating and current drive because of the extremely high antenna Q's. Further
references to the extensive literature on Alfvén wave heating and current drive by the
Austin, Lausanne, Sydney and Sukhumi groups are to be found in Refs. [12 — 14, 16].
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2.3 Antenna configuration

Puri [17] has conducted detailed computations of antenna loading for realistic
antenna configurations including feeders, finite antenna width, self-consistent current
distribution, Faraday screening, kinetic effects, surface dissipation, equilibrium current
and multi-mode excitation in a cylindrical plasma. Fig.2 taken from Ref.[17] shows
representative values of antenna resistance R, reactance X, quality factor @, antenna
coupling efficiency 14 (assuming silver-plated antenna) and frequency of operation f
for plasma parameters corresponding to ng = 3 X 102°m~3, T.o = TkeV, By = 3T,
go ~ 1, ¢ = 3, and with the resonant layer located at p = 0.67 as a function of the
fundamental toroidal wave number N.

It is immediately clear that low (N < 4) toroidal wave numbers are unsuited for
coupling to KIN. As already pointed out, for low N with correspondingly low w, the
Hall term e, is too meagre to affect significant wave conversion of the launched COM to
KIN. Further analytic confirmation of this assertion occurs in the Appendix of Ref. [17];
it is also shown how finite k, (m # 0) has a salutory effect in reducing COM evanescence
in conjunction with the radial gradients. The importance of using high values of N are
further evident from the antenna loss curves [17] shown in Fig. 3.

However, the requirement of a finite azimuthal wave number m = 1 and a large
toroidal wave number n = 5 — 8 imposes the serious penalty of limited radial access
of the antenna field into the plasma due to the increased evanescence experienced by
COM as shown in Fig. 4 taken from Ref.[17]. Thus, in a cylindrical geometry, it is not
possible to gain access to p < 2/3 while maintaining a high antenna coupling efficiency.
Fortunately, the situation improves dramatically for the practically relevant case of
non-circular cross-section plasmas.



2.4 Non-circular plasma cross section and finite-53 effects

In an elliptical plasma of elongation e, the antenna situated near the plasma
surface in the meridian plane has a radius of curvature r4 =~ ae?. The increase in r4
by the factor e? causes a corresponding drop in the azimuthal wave number k, = m/r
while the toroidal wave number k. = n/R remains unaltered. The net effect is an
enhancement in the penetration depth from p = 2/3 to p = 1/3 for e ~ 2 [18]. This
estimate assumes that the antenna length L4 2 a, so that the COM evanescence is
dominated by k., and not by the short antenna length.

Further significant enhancement in the penetration of antenna energy into the
plasma interior is contributed by the finite 4 in a reactor-grade plasma. Finite 3 is
accompanied by an outward shift

AR = va , (7)

of the plasma axis which for the reactor parameters may amount to 0.25a. Thus a
combination of non-circular cross section and finite-3 effects would ascertain efficient
penetration of the antenna energy right down to the plasma core, for sufficiently peaked
density profiles as discussed in the following section.

2.5 Density profile and accessibility

In Sec.2.4 it was shown that the combination of plasma elongation and 8 would
allow wave penetration to the plasma core through the reduction in COM evanescence.
In this section yet another obstacle confronting KIN accessibility to plasma interior
arising from flat density profiles is considered.

The radiofrequency power is principally deposited in the narrow vicinity of the
Alfvén resonance condition

2 2
W m
pt 2 2
€ 2 = n% cos 1+
i “"gi : X( qn) ’
or
m\ Wei
wzkzccosx(l-é——)i. (8)
qn /) wpi

In cylindrical geometry, w ~ w;‘-l decreases monotornically as the plasma center is ap-
proached. However in a torus, since k.w,; increases as R~? whereas (1 —1/gn) decreases
roughly as R towards the plasma axis, w goes through a minimum at

1-1
2 ; 9
S v (9)

where 1 is the fractional outward shift of the plasma axis due to finite 8. Assuming
¥ = 1/4, accessibility till p = 0.3 requires that A > 2.5/x,. For the parabolic density
profile with x,, = 1, one needs A > 2.5, i.e., accessibilty is possible for all foreseeable
aspect ratios. A density profile with x, = 1/2 would demand that 4 > 5. Substantially
flatter density profiles would require unrealistically large aspect ratios. Thus, the flattest
density profile consistent with the accessibility requirements corresponds to xn ~ 1/2.
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3. CURRENT DRIVE

3.1 Current-drive efficiency

As indicated in Sec. 1, there are two distinct contributions to current drive. A
fraction a, of the wave momentum (power) is directly given to the untrapped electrons.
These drive a current
€ Qup

M VAVei

Ju = ; (10)
where v4 = ¢/n. is the Alfvén speed and 7.; = vei/(1 — 1/€) is the Spitzer collision
frequency enhanced by the trapped particle effects [19]. The method for determining
@y, given in Ref. (7], is briefly reviewed in Sec. 3.2. The remaining fraction ay = 1—ay of
the wave momentum is stored as canonical angular momentum in the trapped-electron
population via the Ware [4] pinch. Under steady-state conditions, collisions transfer
a fraction ¢ of this stored canonical angular momentum to the bulk-plasma electrons.
The corresponding current is given by

. € OQ&
g = — é ~tp 3 (11)
m vAVe;

where £ = 1— 4/ is the fraction of the bulk-plasma electrons partaking in current drive.
The momentum-recovery index ¢ was determined in Ref. 6; the relevant arguments are
outlined in Sec. 3.3. The total current j = j, + j; induced by p becomes

; e ay +ocfa
j=oe I, 2 (12)
m  VAVe; T
where _
F - m UAVeg ) (13)

e ay + ofay

Equation (12) prescribes the power density profile p(p) = I'(p)j(p) required to impose a
specified current density profile j(p). The normalized current-drive efficiency becomes

1.
I > d
¥ =< Tngz > RO — = < n2o fo ](P)P P (14)

P 2 [ T(p)j(p)pdp

where Ry is the torus major radius, I = f_] ds, P = fpdV, and < nge > x102°m~3 is
the volume-averaged plasma density.

The current-density profile is dependent upon gq, the safety factor at the plasma
edge and upon the available bootstrap current Ip. Maximum current-drive efficiency 1s
obtained if the wave-driven seed current I, = I, — I, is spread with a constant density
js in the region 0 < p < py = \/Is/qalp, where j, = (2/Ro)(B¢/po) is the maximum
current density consistent with the MHD stability requirement g, > 1. Equation (14)

. assumes the simple form
p
‘pd
M R L Y (15)
27 7" D(p)pdp




An alternate useful figure of merit is contained in the effective current-drive efficiency
given by

Yerf = (Ip/Is)7s - (16)
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3.2 Toroidal modification of Landau damping

The extreme variation in v encountered by the particles in toroidal geometry,
most particularly by the trapped particles, is accompanied by modification in Landau
damping. Using the theory developed by Grishanov and Nekrasov [20], it is found
[7] that a, the fraction of the wave momentum imparted to the untrapped electrons
considerably exceeds their relative abundance §,. Figs.5 and 6 taken from Ref. 7 show
@u, Bu and Ky = ay /By as functions of v and p, respectively, for representative Tokamak
reactor parameters. For v ~ 0.1 for the case of KIN current drive, ay ~ 0.25 while
By ~ 0.1. The weakened Landau damping causes the KIN absorption length to increase
beyond the value given in Eq.(4), thereby adding to the energy penetration depth into
the plasma core.

3.3 Canonical-angular-momentum recovery

Despite the appreciable momentum transfer to the circulating electrons, the bulk
a; = 1 — ay ~ 0.75 of the wave momentum goes into the trapped electrons which do
not directly contribute to current drive. Conservation of canonical angular momentum
for a trapped electron in a radio-frequency-driven steady-state Tokamak implies [21]

eRE,

— |mR
m U‘p+w—k¢v¢,

dt

where the last two terms in the square brackets are contributed by eRA,, A, is the
o ; R

vector potential, (R, ¢, z) are the cylindrical coordinates, ® = fo 27RB,dR, and B,

is the z component of the magnetic field due to the plasma current. Under resonant

interaction of duration At, the electron gains (assuming favorable phase relative to the
electric field) an angular momentum

€ €
RAp, = mRAv, = eRE,At = 5—(®0 = @) = 5 A®, (18)

cos {(w — kpve)t} + 2—67;@] =0, (17)
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and is pinched inwards from flux surface @y to ¢ (Fig.7). In steady state, collisions
restore the particle to its original orbit with its starting velocity vy o and the flux sur-
face ®g, in the process releasing a mechanical momentum Ap, to the background ions
and electrons in proportion to their respective collision frequencies. Thus the wave acts
as a continuous pump delivering angular momentum to the trapped electrons resonant
with the wave; whereas collisions redistribute the momentum to the bulk plasma over
a period lasting €(vee + vei)~!. Alternatively, the collisions may be modeled by an ap-
propriate electric-field-spectrum term in Eq. (17). Summing Eq. (17) over the ensemble
of accelerated population and requiring 5 Ap, = 0 (since ) Avyo = 0 and SA®=0
in the steady state) shows that the mechanical momentum imparted by the pump wave
to the accelerated particle population is redistributed to the background plasma in the
manner already described. The fraction of the recovered canonical angular momentum
transferred to the bulk-plasma electrons is given by

oc=(14veifvee) P = (14052)7". (19)
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3.4 Computational results

Assuming ne(p) = neo(1 — p?)X» and Te(p) = Teo(1 — p*)*T in Eq.(15), one
obtains

13.5u12< B>V < Thev > [§* pdp xT+ 1

s = P + n+1 1f2, 20
" T TTnA s [ o Tofa (L T a1 0T TX DT (20

where 1 is the atomic mass number, < 8 > is the volume-averaged toroidal 3, < Tkev >
is the volume-averaged electron temperature in keV, <InA > is the weighted Coulomb
logarithm, and x = 1.5xT — 0.5xn. Fig.8 is a plot of ~, as a function of p, = /Is/qalp
and A for xn =1, x7 = 1.5, p =25, < >=0.05, < Trev >= 15, Z = 1.5, g, = 3.5,
In A = 17 while Figs. 5 and 6 are used to approximate a, as

oay(v, p) = (11lv — 16v% + 20v*) exp(—9p + 11p%) . (21)

Fig. 8 shows that for 0.1 < Iy/I, < 0.9, one obtains a seed-current-drive efficiency
in the range 1.5 < v, < 3 which is at least five times higher than the corresponding
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figures for alternative non-inductive current-drive schemes. In fact, reactor-relevant
operation with v, ~ 1.5 is possible without any reliance on the bootstrap current.

3.5 Effect of Matsuda anomaly on momentum recovery

Matsuda anomaly predicts an enhancement of electron-ion momentum-transfer
collisions parallel to the magnetic-field direction for electrons with r.. < Ap and Vjle ~
v¢i, where Ap is the Debye length [22,23]. If v.; were to be significantly augmented
above its Spitzer value, the proportion of the canonical angular momentum received
by the bulk-plasma ions would increase, while that given to the bulk-plasma electrons
would decrease. Consequently, the current-drive efficiency would be diminished.

Fortunately, however, since the increased collisionality is exhibited precisely where
the colliding electrons possess little parallel momentum, the net effective increase in v,;
is negligible. In Ref.[24] it is shown that in the hot plasma interior where current
drive is intended, the Matsuda anomaly contributes almost no loss of canonical angular
momentum from the trapped electrons to the ions. This is despite the fact that the
ion-velocity-distribution model employed in Ref. [24] tends to overestimate the Matsuda
anomaly contribution.

Hence one may use the ratio of Spitzer collision frequencies with confidence in
allocating the relative proportions of the recovered canonical angular momentum to the
bulk-plasma ions and electrons.

4. DISCUSSION AND CONCLUSIONS

Of the two possible wave-driven non-inductive current-drive schemes, the one
using fast waves is by far the most popular. In the recently held international radiofre-
quency application conference [25] the slow-wave current drive is not even represented.
This is the result of legitimate apprehensions regarding (i) the role of trapped elec-
trons on current drive, and (ii) the feasibility of efficient coupling of the evanescent
low-frequency COM and its subsequent conversion to KIN in an efficient manner.

The present paper reviews, corrects and enlarges on the existing knowledge on
the subject. The objection concerning the calamitous role of trapped particles is found
to be faulty on two counts, namely (a) the markedly stronger tendency of the circulating
electrons to absorb wave momentum via Landau damping [7] in comparison with their
trapped counterparts leads to a significantly stronger current drive than that expected
from their relative abundance, and (b) the momentum absorbed by the trapped particles
is not to be disregarded; it reappears through collisions to drive significant current.

Efficient coupling (n4 ~ 1), at moderate () ~ 14 and antenna voltage V ~ 14 kV
for 1 MW input, is possible using ~ 20 antenna sections phased 7 /2 apart. The problem
of wave accessibility is more serious. Although the problem of COM evanescence in high-
3 plasmas can be solved by using elongated cross sections, one is still confronted with
accessibility restrictions caused by flat density profiles in combination with low aspect
ratios. Assuming that the maximum acceptable A = 5, gives the flattest density profile
corresponding to xn, = 1/2. If current drive for p < 0.3 is deemed necessary, one would
need to use KIN current drive (for 0.3 < p < 0.6) in conjunction with fast-wave current
drive (for p < 0.3).



The most heartening and significant feature is that it is possible to obtain reactor-
relevant performance using KIN current drive—a doubtful prospect with any of the
currently available alternatives [26]—in the region 0.3 < p < 0.6, provided that x, >
0.5. The seed current-drive efficiency figures are approximately five times higher than
other non-inductive approaches. A serious and concerted effort to further develop the
KIN current-drive scheme is warranted.
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