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The first experimental evidence of Alfvén Wave Current Drive (AWCD) in a tokamak is shown. In
a low-density experiment, an estimated 20—35 kA out of 65 KA total current, or 30%—55% of the

total current has been driven. The estimated efficiency for current driven per unit RF innut nower
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is approximately /op/Pg~0.2 A/W, which is near the predicted efficiency, and cotresponds to the
commonly used figure of merit, 72,Rolcp/Prr~0.4X10" A m™2 W™, where n, is plasma density
and R, is the major radius. The ‘significant 30%~=40% drop in loop voltage observed cannot be
explained by any plausible increase in electron temperature T, , of decrease in inductive plasma

energy, or changés in plasima resistivity. Independently measured loop voltage,

., effective ionic

charge Z.g, and plasma inductance and resistance are all consistent with this conclusion. © 7995

American Institute of Physics.

I. INTRODUCTION

Even though tokamaks are usually operated as pulsed
devices, they will not be attractive as controlled fusion
power reactors until some way of continuously driving the
plasma current! is practical. Typically the pulsed toroidal
tokamak plasma current is driven by an inductively coupled
Ohmic transformer. A pulsed design with its attendant ther-
mal and mechanical stresses would not be compatible with
continuous reactor power output.

Of the several noninductive current drive schemes that
have been tried, Lower Hybrid Current Drive (LHCD) has
been the most successful so far in tokamaks®>™> including
synergism (LHCD+FWCD)® with fast magnetosonic waves
(FWCD), 7 and current drive from electron cyclotron waves
(ECCD),? and neutral beams (NBCD) We show in this pa-
per evidence that Alfvén Wave Current Drive (AWCD) of
20-35 kA out of 65 kA or 30%-55% of the total plasma
current has been achieved in a low-density plasma in the

Phaedrus-T tokamak. The primary evidence is a large (30%— -

40%) drop in plasma loop voltage, while the Ohmic resis-
tance rises during the RF pulse. Measurements of Thomson
Scattering electron temperature, effective ionic charge Z .
from visible bremsstrahlung emission, plasma inductance
from a plasma termination experiment, and estimated overall
power balance all support this conclusion. The AWCD in-
creases the internal inductance by approximately 4%—8%,
and we estimate that 3% of the RF power has been converted
to poloidal field energy.

There are numerous theoretical predictions that in an in-
homogeneous magnetized plasma Alfvén waves can have a
resonance.!® Electron heating by Alfvén waves at a spatially
locahzed surface,11 12 can then occur, e. g., in the solar
corona’® or during the formation of auroral arcs'* or in
tokamaks.!> In a tokamak, electron heating'®~!® and currerit
drive!® for frequencies below the ion gyrofrequency w<w,;
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(Alfvén regime) is accessible using the Ion Cyclotron Range
of Frequencies (ICRF)- fast wave antenna heating systems.
This scenario takes advantage of mode conversion from an-
tenna launched fast.magnetosonic (FM) wave. fields. 62021
The FM wave is a compressional wave polarized in the right-
hand circular or electron diamagnetic direction, which can
propagate perpendicular, as well as parallel to the magnetic
field lines. The Phaedrus—T antenna launches predominantly
FM waves. '

There are many reasons why it makes sense to investi-
gate AWCD. Low wave phase speed (v,) Current Drive
(CD) is attractive because less power is required to push a
slow electron than a fast one. These waves resonate near the
electron thermal speed v, and Landau damp on the large
bulk electron population. ‘There is no high-density cutoff,
which is an advantage over LHCD. In fact, higher densities
will lead to lower Alfvén speeds, hence a lower ratio v 4/v,
and therefore higher current drive efficiency. Spatially local-
ized waves?®?® and mode conversion®* have been observed
in several Alfvén wave experiments, and some success with
AWCD was observed in the RO ‘stellarator.?® If this local RF
power deposition scales to larger devices, it should be pos-
sible to tailor profiles of plasma current /,, and electron tem-
perature T,. Radio frequency (RF) hardware in this fre-
quency range of 1-20 MHz is reliable and large transmitter
power is inexpensive. For electron heating or CD (even with
FM waves), ion resonances and undesirable ion heating can
be avoided, provided w<ew,;. The Alfvén regime is therefore
being considered for the International Thermonuclear Ex-
perimental Reactor (ITER).2

Historically AWCD has not gotten much experimental
attention because mirror electron trapping?’ is. theoretically
predicted for v y~v, in tokamaks. If one assumes that par-
ticles orbiting along helical magnetic field B lines conserve
magnetic moment W, /B, then those particles traveling “up”
the magnetic field gradient will increase their perpendicular
kinetic energy W, at the ‘expense of parallel energy W).
Since the toroidal magnetic field increases at small major

© 1995 American Institute of Physics 2263

Downloaded 19 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



radius, particles with relatively small W) compared with W
tend to reflect near the high-field side and be “‘trapped” on
banana orbits. Since low phase speed current drive affects
these slower electrons, and if the “passing” population is
thus reduced, then trapping may reduce or eliminate CD. The
trapped fraction of electrons is proportional to the ratio of
banana bounce frequency w,, to (Coulomb) collision detrap-
ping frequency v, . One potential pitfall of low phase speed
CD is that thermal electron heating from waves with v 4~v,
would tend to increase v, , decrease v, , and exacerbate these
trapping problems Others conjecture trapping is not a
problem.”®? In any case, this issue has never been experi-
mentally tested. The pioneering Alfvén wave experiments on
the Tokamak a Chauffement Alfvén (TCA)* that could have
addressed this issue were plagued by an uncontrollable den-
sity rise that greatly complicated their experiments. In
Phaedrus-T the use of insulating antenna limiters solves this
problem.”!

There is a significant database for Alfvén wave and Al-
fvén heating experiments and theoretical work done at TCA,
and the somewhat smaller Torus of the University of Sydney
(TORTUS)* tokamak. Alfvén heating was observed on stel-
larators such as Proto-Cleo® and Heliotron-D,34 and AWCD
was apparently observed in the RO-5 stellarator.’ In small
tokamaks such as Tokapole,” in situ measurements of Al-
fvén wave fields were carried out, and evidence of discrete
Alfvén eigenmodes were observed in the Texas Experimental
Tokamak PRETEXT.® In linear solenoidal devices with a
hot cathode source,”” an arc jet®® device, theta pinch,* and
tandem mirrors,***! measurements of Alfvén wave field
structures have been made.

The organization of this paper is as follows. In the Intro-
duction we outline the significance of Alfvén Wave Current
Drive in tokamaks and this proof of principle experiment.
Section II includes an experimental description, Sec. Il a
definition of current drive efficiency, in Sec. IV we present
the experimental evidence for AWCD, in Sec. V we describe
measurements of plasma inductance and resistance with a
plasma turn-off experiment, in Sec. VI we estimates the frac-
tion of AWCD, in Sec. VII we outline an approximate power
balance, in Sec. VIII we describe the relevant time scales,
and Sec. IX shows a relationship between the optimal wave
number and plasma density or ion skin depth, with conclu-
sions offered in Sec. X.

Il. EXPERIMENT DESCRIPTION

Phaedrus-T is a medium-sized tokamak*? with a major
radius R(==0.93 em and minor radius a =0.25 m, with a peak
central electron temperature of 7,(0)=300-500 eV. For this
experiment we operated the device with a nominal hydrogen
gas fill, plasma current of 1, =65 kA, edge safety factor g(a)
~3.5, line-averaged den31ty (n,)=23x10'® m™3, toroidal
magnetic field of By=0.67 T on axis. Boronization w1th Tri-
methyl Boron® and time programmable gas puffing was
critical to wall conditioning and control of RF-induced gas
reflux.

A two strap fast wave antenna array>° consisting of two
low-field side toroidally spaced poloidal current straps sub-
tending 60° of a poloidal arc was used to drive wave fields,
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with phase speed v,=w/k,, corresponding to an ejectron
thermal speed where T,~50-150 eV, or a paralle]l index of
refraction N“%ckz/aw?O. There is no Faraday shield,* and
vacuum loading, or Ohmic dissipation in the antenna and due
to image currents in the tokamak walls, accounts for approxi-
mately 30% of the total 300-400 kW available from the
transmitter. Operation was at a frequency of 6.53 and 7.00
MHz or w/w. ;~0.7 on axis. Two straps were spaced at 15
cm and phased at [0,71/2], corresponding to traveling wave
launch parallel to the direction of the electron current. The
measured peak of the vacuum k, spectrum was at k,~0.1
em™!, and the poloidal mode spectrum includes [ml<2 The
ICRF antennas at the edge launch evanescent Fast Magneto-
sonic (FM) fields that extend into the plasma, approximately
“k_ Jn the usual cylinder model picture of the Alfvén
resonance, the density and B, gradients affect the local Al-
fvén speed v A(r) and the Alfvén frequency,

+mlq(r)]? 2
ki Ll (1 :;%)vi(r),

ci

wi(r)y= (1)
where the toroidal and azimuthal mode numbers are », m,
the ion cyclotron frequency is w (R=R,), and the safety
factor is g{(r). If v 4<v,, theory predicts***1245 mode con-
version to a Kinetic Alfvén Wave (KAW), with substantial
Landau damping onto the electrons. A directional wave
launch would thus induce more AWCD, and a nondirectional
launch would heat the electrons.

lil. CURRENT DRIVE EFFICIENCY

If RF power density is applied to a plasma, the portion-of
it dissipated by collisions is

APp=nmv| Avy vegu(vy), 2)

where the collisions mediate a transfer of momentum be-
tween RF waves and the electrons. In this case the Coulomb
collision frequency scales as

InA o

Veon(Vy) = Ere _3'~”e(vﬂ+v )73, (3)

The resulting plasma current from the momentum transfer is
AJ=n.e Avy. “)

A suitable figure of merit is the current density driven per
unit RF power density," 647

(m) AT e 1 5)
v APp  m, vpreai(vy)’ ‘
A dimensionless efficiency quantity 7 (Fisch—Karney)' cal-
culated using a Fokker—Planck collision operator is given by

J AJlen,v,

PD APD/I'I ml)zvcou(l)e)

7=

In Fig. 1 we plot 7 vs v¢/ve from the original Fisch~
Karney' calculations, where 7 (Fisch- Karney) is given on
the left-hand vertical axis. This axis scale coincides with
2X 7 (Ehst—Karney) from the formulation of Ehst—Karney,*®
which accounts for a more realistic Z 4> 1, where the respec-
tive 7 for Landau damping (labeled LD) and Transit Time
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FIG. 1. Plot of normalized current drive efficiency Here 7¢p defined in Eq.
(6) versus v /v, , with efficiency Icp/Pre in A/W on the right-hand scale.
The upper and lower experimental data regions indicated by the diagonal
hatched lines are, respectively (Icp/Pre)™™ and (Iop/Pgp)™®. Error bars for
Z.=3 follow from the *20% uncertainty in T,. The figure of merit,
Yep(A W™ m™) can be calculated from Eq. (8) using (n,)=2.3x10'8 m™3
and Rp=0.93 m.

Magnetic Pumping (labeled TTMP) damping mechanisms
are displayed. The damping is expected to be mostly LD
with some fraction of TTMP. Apparently % (Ehst—Karney)*®
is normalized, such- that - it corresponds to 7/2
(Fisch—Karney).! The right-hand vertical axis shows the ef-
ficiency Iop/Pre(A/W)=nma’/(2wRyma”) rescaled to our
experimental parameters, where

m 7(Fisch—Karney) T, (keV
n(—)=1.92><1019 77( NILkV) o)

A" n,(m~>)In(A)

For comparison with other experiments, a standard figure of
merit is . ' ,
YeplA m ™2 W) =(n)Rolcp/ Pre. S ®

For low phase speed v4<v,, so that the collisionality
Vveou(v)=~const, and therefore the efficiency 7~1/v) gets
large, as seen in Fig. 1 for v 4/v,<€1. In this regime the large
ratio of momentum to energy content*"! (k /o) would yield
high efficiency if trapping were not a problem.>® The cross-
hatched regions near v 4/v,~1 correspond to the error bar
limited region, where our AWCD data is estimated to lie on
this plot. The lower value is an engineering efficiency
based on the total Py that gets into the core, the larger value
is a physics efficiency that is based only on the estimated
Py that does the AWCD, and not the portion that does
the electron heating, as outlined in Sec. VIIL. The experimen-
tal data lie near 7 the predicted efficiency. This experimental
data corresponds to an engineering yCD~O.34~0.47X1018
AW 'm™, and a physics yep~0.68-0.92x10"®
AW lm™

Several competing considerations constrained these ini-
tial experiments to fall near the minimum of the efficiency
curve in Fig. 1. Frequency and wave number determine the
experimentally available wave phase speeds v 4, which in
these data fall near v y~uv, . Frequency was chosen so that
the hydrogen (nominal fill gas) and deuterium (or fully
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stripped impurity) cyclotron gyroresonances do not interfere
with the interpretation of the experiment, and fall, respec-
tively, outside the low-field side antenna limiter and near the
high-field side limiter. The wave number spectrum is con-
strained to k,~0.05-0.15 cm™' when our antenna array is
phased for a traveling wave launch. Larger k, (smaller v ¢)
might result in less FM wave access to the core because of
the radial edge evanescence mentioned in Sec. II, or miss the
Alfvén resonance altogether. On the other hand, one might
exploit more extensive antenna arrays, or the radial upshift
for inward propagating %, 1 or heavier ion species with
lower Alfvén speeds (e.g., He®) or Alfvén ion—ion hybrid
scenarios to gain access to more efficient AWCD regimes.

IV. EXPERIMENTAL EVIDENCE FOR AWCD

Since the CD efficiency # favors low density, we chose a
low-density experiment where #,(0)~3X 10" m~3, com-
pared with the typical operation at n,(0)~2x10" m™>, to
show that a substantial fraction (20—40 kA) out of the total
tokamak plasma current (65 kA) could be driven. At low
density there is less collisional relaxation, therefore, more
momentum avajlablve' per particle. AWCD is not measured
directly, but inferred from a drop in loop voltage not explain-
able by any measurable changes in plasma conductivity cal-
culated from Thomson scattering T, , visible bremsstrahlung
emission Z.; line density #n,, launch RF power, or induc-
tance inferred from the plasma position and a plasma termi-
nation experiment. '

A typical tokamak shot is summarized in Fig. 2, where
approximately 200 kW of ICRF coupled power (vacuum
loading is already subtracted out) gates on with approxi-
mately four times the Ohmic power during time 110-160
ms. The plasma current is maintained by a feedback system,
but the loop voltage Vi, drops promptly some 30%—-40%,
and drifts up slowly, while the RF power droops by 30%, and
RF-generated impurities increase the plasma resistivity. Dur-
ing the RF pulse, the plasma current /, changes less than
+0.3%, the interferometer line density changes by less than
+5%, and the plasma position as measured by sine—cosine
coils is stable to within £0.2 cm or 0.2%. The total plasma
emission increases by 40%—70%, as shown by the pyrobo-
lometer signal that views. the entire poloidal section, and the
Soft X-Ray (SXR) signal that increases. Visible bremsstrah-
lung radiation ey from which we infer Z g is shown here to
increase 40%—70%. In Fig. 3, the radial electron temperature
profile as measured in a vertical chord by Thomson scattei-
ing is shown. Within the error bars of £20%, T,(r) does not
change during the RF pulse. -

The AWCD drop in loop volts cannot be due to a de-
crease in plasma resistivity. The Z. radial profile data in Fig.
4 show that plasma resistivity increases during RF. Visible
bremsstrahlung radiation emissivity®? eyp~Zozn-T, "% is
measured, and Abel inverted Z {r) increases by 40%—70%
during the RF pulse. This would correspond to either a de-
crease in T, or an increase in density, but these are measured
to be constant. In Fig. 4, the Z.; profile does not change
much, but increases from Z.z~1.5 some 10 ms before RF
begins, to Z.4~2.5 some 10 ms after the RF pulse begins. As
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FIG. 2. Typical tokamak shot showing AWCD with diagnostics from top to
bottom, loop voltage (V), RF power excluding vacuum loading (kW), an-
tenna plasma loading excluding vacuum loading (£2), horizontal plasma po-
sition {(cm), total toroidal plasma current, SXR emission at r=6 em low-
field side (nA), total radiation from pyrobolometer (a.u.), visible
bremsstrahlung eyg signal used for the Z 4 calculation (a.u.), line-averaged
density from the interferometer (cm™3).

shown in the next section, the AWCD drop in loop volts
cannot be due to a change in inductance.

V. PLASMA TURN-OFF EXPERIMENTS

The plasma inductance (L) and resistance (R) was mea-
sured with a plasma termination experiment. For a series of
nominally identical shots, Ohmic power supply and RF
power are cut off, and the plasma column presumably dissi-
pates on L/R time scales. Prior to the plasma termination,
total plasma current /, is clamped at a constant value by
Obmic and operator feedback, while the loop voltage is al-
lowed to change from RF effects, as in Fig. 2. The circuit

equation,
Il dL
Vi=lgppR+L r + 1 e

is solved before and after cutoff time, yielding two equa-
tions, and two unknowns (L,R). We assume that to lowest
order L?, R do not change too much during the *1.5 ms

©
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FIG. 3. Multipoint Thomson scattering electron temperature, measured in a
vertical chord, averaged over 18 shots with RF (solid circles) and 20 (empty
circles) without RF,

averaging window about the plasma cutoff time, where en-
ergy confinement time is approximately 4—6 ms. The lowest-
order approximation for Ohmic current,

Ig)h)m=ltot—ICD’ (10)

is estimated to be proportional to the difference between
AWCD reduced loop voits and the fitted loop volts, as seen
in Fig. 5. We initially treat /,,(dL/Jt) as a small correction,
and from a series of nominally identical shots calculate
L), R(¢) without it. From Eq. (9), we find the adjusted
18) . using I,.(8L/oty, L, RO, and recalculate LV(s),
RY)(#). The result shown in Fig. 6 is that LV(¢) increases
some 4%—8% over 40 ms during the RF pulse. Here RV(r)
increases 40%—70% over this time interval, which is consis-
tent with the Z ¢, eyp data, which is overlaid for comparison
and corresponds to the increase in resistivity due to RF-
induced impurity generation. The Ohmic JY)  decreases
from 65 to 30—-40 kA, corresponding to AWCD /op=25-35
kA during the entire RF pulse.
A check on I,,(3L/3) shows that it is approximatety 0.1—
0.25 V, which is smaller than the RF-induced change in loop
volts, consistent with the initial presumption.

The total inductance of the toroidal current channel de-
pends on the geometry and internal inductance [;,

Bremsstrahlung 523.6 nm

. RF on K

28Mar94

Zeff
S o= W s

10 15 20 256
radius (cm)

6 5

FIG. 4. Calculated Z.; radial profile, Abel inverted from multiple chord
measurements of eyy, as shown in Fig. 2, taken at times 10 ms before and
after the start of RF.
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FIG. 5. Example shot showing a time record of loop voltage, with the curve
fitted estimation of what Vo, would be with rising Z ¢, but no AWCD to
depress the Vi,

L=poRo[In(8R/a)—2+1;/2]. (11)

The measured L(¢) from Fig. 6 at plasma turn-off increases
slowly, 4%—8%, during the RF pulse, which would induc-
tively drive the loop voltage up, not down. The plasma radial
position is held steady within 0.2%, so that the internal in-
ductance,

L= ° %,E_p_; p dp, (12)

must be affected by the RE. As thé AWCD flux diffuses in-
ward, the shape of I, probably peaks slowly throughout the
RF pulse, to account for the [; integral that increases an
estimated 20% with time.

VI. ESTIMATE FRACTION OF AWCD

We estimate the amount of current drive with a circuit
model, using Spitzer resistivity for the Ohmic portion of the
current. A uniform toroidal electric field is assumed from
Joop voltage,

Bt
z 2‘7TRO’

with a circuit model given by Eq. (9). Ohmic current Iy,
driven by the measured loop volts decreases during RF
pulse. For now, we neglect the small inductive corrections.
Including them will increase our estimate of AWCD. From
(9) we can estimate the fractional ratio of AWCD to total
tokamak current as Iop/li,

(13)

7ICD =1— V;{F RnoRF (14)
InoRF V;m RRF ’

where the plasma resistance R Zg/T>'2, so that the ratio
RF 3/2
I CD V Zeff no RF T
~ 1= o RF .
Vl Zeff RF Te,no RF

For T, and Z g~const during RF, AWCD fraction would

Ino RF (15)

be
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D ~30%-40%, (16)

no RF

corresponding to Icp=20-25 kA. But the experimental ratio
Icop/Pgg, following from Eq. (16), was predicated on con-
stant Z.¢, whereas Fig. 4 shows that it rises 40%, increasing
the estimate [cp/I,, gp~40%—-60% corresponding to a maxi-
mum I-p=30-40 kA, consistent with Fig. 6(d). We estimate
a pessimistic engineering efficiency (Iop/Pgrp)®™® assuming
205 kA to 325 kA from Fig. 6 and assuming RF power
input Pgp from Fig. 2. We estimate from LION, a two-
dimensional toroidal cold plasma code and a kinetic code
ALFA>* that 70%—85% of the Py gets past the edge to the
plasma core and Alfvén resonance region, so that during the
RF pulse the Pgp varies between Prp~150-200 kW
X(0.70-0.85)=~=105 to 170 kW RF power coupled to the core
plasma, yielding

(Icp/Pre)t™~0.19£0.04 A/W. (17
6.53MHz 1Jun94
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E 2.0F () { { ____________ i L, RF %
N . A by
1.8F g LymoRF ]
;—‘( ) B 1.0
20f (B ;g RE 19 —
o AF -
N % * 18 &
2 b ] R Vo T
" 3 Evs %_${ [
:_,_,}__..."i _______ T 46
12% + i R, no RF |
{ S S 1 ) o~ 8

60F . J/
g' 50 L opm DO RF\\% 1 RP I,’ 3.
,_:g 40 \

3 y
30¢ (o)

(]
(=]
e
\
—
.
I

= F N ]

& 20f (@) § k-4 3
C \

,__3'3 10:‘ I,' \\\ ~

Qfe -~ - —os¢ e _ o]

80 100 120 140 160 180
Ohmic turn—off(msec)

FIG. 6. (a) Plasma inductance L, and (b) resistance R, time evolution as
inferred from a plasma termination experiment. Solid circles indicate data
from times during RF pulse, open diamonds from other times for this shot
series, and open squares are from similar shots with no RF during tokamak
discharge. The curve fit to diamonds and squares. corresponds to L,(f),
R, () with no applied RF power. (b) Chord measurement at =0 of eyp,
scaled 50 €yp matches R, before the RF pulse, agrees well with the inferred
, both in time evolution and magnitude. (c) Ohmic fraction and total I,
and (d) inferred time evolution of ICD peaking at 35 kA from AWCD mclud—
ing the L, , R, data. .
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TABLE 1. Comparison of Phaedrus-T experimental AWCD efficiency (both engineering and physics efficien-
cies) with CD experiments on other devices. The various acronyms have CD appended for Current Drive, where
AW denotes the Alfvén Wave CD, LH denotes the Lower Hybrid CD, FW denotes the Fast (Magnetosonic}
Wave CD, FW+LH denotes the synergistic Fast Wave+Lower Hybrid CD, ECCD denotes the Electron Cy-
clotron CD, and NB denotes the Neutral Beam CD experiments. We note that the conventional scaled param-
eter, Yop = (Icp/ Prp)exp #1.Ro favors larger denser machines than Phaedrus-T.

CD method Experimental data

From theory %icp

Standard scaled experimental

Iep Iep Iep )
(P_RF) <P_RF) Ye™ ( Pgg Ko
expt theory expt
_L9x10° T, |
S2wRoInAn, "
(ATW) (A/W) (AM™2w-lyx10"
AWCD engineering  0.19%0.04 Phaedrus-T 0.25-0.8 0.04+0.008
physics 0.27+0.05 0.06%0.01
LHCD* 0.2-1 PLT 0.5-3
FWCD’ 0.11 D-1IID 0.09-0.12
FW+LHCD® 0.1-2 JET 2-4
ECCD?® 0.06 T-10 0.15
NBCD? 0.08 DITE 0.2-0.3

We estimate from ALFA that approximately 70% of the
P that gets past the edge resides in wave numbers that
should contribute to AWCD, instead of electron heating. A
more optimistic physics efficiency follows from reduced
Prp=150-200 kWX (0.70-0.85)X0.7=~75 to 120 kW RF
power coupled to the core plasma, yielding

(Icp/ Pre)P™=~0.27+0.05 A/W. (18)

This lower value of Pyp turns out to be consistent with the
power balance arguments of the next section. The inductive
dL/5t term will increase this estimate further.

The usual calculations of efficiency*®*’ from Egs. (6)
and (7),

Icp(A)  1.9%10% T,(keV) _
Pre(W)  27@Ry In A n,(m™3) e

(19)

where 7cp~8~—15 and for T,~0.5%0.1 keV yields the theo-
retical estimate of Iop/Prp=0.25-0.8 A/W for Phaedrus-T
parameters, and a theoretically estimated physics figure of
merit, Y= cp/Pre) Ro=0.55-1.7X10 AW ' m™2 In
order to raise the conductivity enough to account for the
AWCD data, i.e., the observed drop in V), we would re-
quire a decrease in R, in spite of measured increase in Z
inferred from eyg. Therefore, the T, would have to rise
35%-40%, significantly exceeding estimated errors in Th-
omson scattering 7, of ~*+20%.

Table I shows a comparison of the current drive effi-
ciency for the Phaedrus-I AWCD benchmarked against vari-
ous other better known experiments. The experimental data
in column 2 shows a favorable comparison with other CD
scenarios, and (Jop/Pgre)P™ overlaps the theoretical expecta-
tion. The experimental scaling from Eq. (8) most commonly
used to compare CD efficiency is shown in column 3, and
tends to favor larger and denser experiments than that of Fig.
2, where (n,)=2.3Xx10"® m™3,
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VIi. POWER BALANCE

Even though the RF power input (Pre=~160-200 kW,
180 kW average) is three to four times the Ohmic power
input (Popm=~55 kW before RF), measurements of the edge
density and temperature, radiated power, or stored plasma
particle energy do not account for the excess power input.
Possibly some of the exira power is converted to poloidal
field energy by the increase in plasma internal inductance
that we show in Fig. 6. The edge temperature is observed to
increase approximately 50% from 25 to 30-40 eV, requiring
some 4—6 J. For the following discussion, we will neglect
this edge energy deposition, and also note that we cannot
experimentally distinguish between heating power and cur-
rent drive power, The particle energy is

Wor=3n(T:+T,) X V=250 ], : (20)

where V is the plasma volume, and the inductive energy
increases with time, :

W ~1L12+1jt12(9Ld 112L+AL 21
ind™ 2 2 0 at r== 2 ( )’ ( )
so that 3LI*~4300 I and the poloidal field energy far ex-
ceeds the particle energy, i.e., W, >W,r. A 4%-8% in-
crease in L leads increases inductive energy by 250 J, which
is approximately equal to W,r, corresponding to approxi-
mately 6 kW power input over 40 ms. RF power input is
three to four times the Ohmic power input, but energy con-
finement degrades from L-mode scaling,

TE== Tol (1 + Prp/ P opm) 12, (22)

relative to Ohmic 7%, so with additional RF power, Tg(RF)
decreases to 0.5-0.77%.

In order to maintain the degraded power balance, we
would require approximately twice the previous Ohmic input
power, 2XPap, (before RF)~110 kW. The Ohmic input
power during the RF pulse Pgp, (during RF)=20 kW is
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estimated as the reduced Ohmic current from Fig. 6 times the
loop voltage from Fig. 5. The RF power input Pgp is taken
from Fig. 2, where we estimate from LION a two-dimensional
toroidal cold plasma code™ that 85% of the average Pgg is
absorbed in the Alfvén resonance region. The Pyp peaks at
t=120-130 ms, so for peak AWCD we take Prp=200 kW
X0.85=170 kW. Then power in minus the power out is es-
timated as ‘

Pre+ Poun [during RF]—2X Poyy, [before -RF]
~170 kW+20 kW—10 kW=80 kW. (23)

Almost half the RF power is unaccounted for. We specu-
late that the “extra” 80 kW of RF power is available to
increase the poloidal field energy and inductance. This is
consistent with the reduced Prp~75-120 kW available for
AWCD we invoked for Eq. (18)..The ratio of RE power
converted poloidal field energy would then be approximately
6 kW/80 kW=~7.5%, corresponding to 3% of the total Pgg.

Viil. TIME SCALES

For this experiment, the short 5-10 ms experimental
time scale for loop voltage drops is consistent with poloidal
AWCD flux deposition near the edge. Fractional changes in
the I,,~const current profile and inductive energy are small,
so loop voltage changes can occur much faster than changes
in the current profile. Changes in tokamak plasma current (in
series with the Ohmic Power Supply) ought to occur on an
inductive L/2 R=~70 ms time scale. On the other hand, if the
inductance increases, then the poloidal flux must diffuse in-
ward much faster than resistive time scales,

™~ poa’ 7k (24)
which are smaller on the edge because resistivity is high at
the edge 7g~Z.xIn(A)T>?. At lower densities, theory
and code predictions*** locate Alfvén resonances -and
continuum damping nearer the plasma edge than.the core,
near r/a=~0.7. At higher densities,  theory and code

predictions‘”"”s locate Alfvén resonances in the plasma core,
and hence more centrally localized AWCD.

IX. OPTIMAL WAVE NUMBER

Density scaling can be observed when the wave number

is normalized to the ion skin depth ¢/w,, . In Fig. 7 we show
the AWCD-induced change in loop voltage normalized to the

loop voltage prior to the RF pulse plotted versus the domi-
nant vacuum launch &k, component of the antenna. This ap-
pears to show an optimum wave number location,
k.c/w,(r=0)~1, for this frequency, @w=~0.7w g (r=-0),.on
the Alfvén ion—ion hybrid dispersion relation.!” These data
suggest that for high-density operation, a compact antenna
launching large k, would be usetul. )

Larger k, (smaller v¢) might result in less FM wave
access to the core because of the radial edge evanescence

mentioned in Sec. II. On the other hand, one might increase .

density with ion mass, or exploit more extensive antenna
arrays, or the radial upshift for inward propagating k, 2or
heavier ion species with lower Alfvén speeds and lower
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FIG. 7. Normalized drop in AWCD-induced loop voltage plotted against
dominant vacuum spectrum wave number normalized to the ion skin depth
k=k,clw,; , where the density and ion skin depth is calculated from aver-
aged line density on the bottom scale, and estimated peak density on the top
scale.

U4lv, (e.g., D, He’; T) or Alfvén ion—ion hybrid'®> sce-
narios to gain access to AWCD regimes more efficient than
shown here.

X. CONCLUSION

We have shown the first experimental evidence of
AWCD in a tokamak. We estimate a minimum of 20 kA to a
peak 32 kA*5 kA out of 65 kA total current, or 30%—-55%
of the total has.been driven. The experimental estimate
for efficienicy depends strongly on what fractions of the
launched RE power Ppg-we assume are coupled to AWCD
and electron heating. For peak AWCD the engineering effi-
ciency is'calculated from the inferred current drive and total
Pgp applied (Iop/Pre)*"8=0.190.04 A/W. The physics effi-
ciency (Iop/Prp)P™~0.2720.05 A/W follows from the
smaller estimated Py fraction that is coupled to AWCD.
= The predicted I op/Pgp=~0.25-0.8 A/W for a Z =~2-3 is
slightly above (Icp/Prp)"%, overlaps our physics estimate
(Iep/Pre)®™, and is consistent with a smaller estimate of
coupled Pgp and our inability to distinguish between heating
and CD Pgg. The significant 30%—40% drop in loop voltage
we observe cannot be explained by any plausible increase in
T,, or decrease in inductive plasma energy W4, or the as-
sociated inductive loop voltage corrections LJI,/dt or
1,(L/3t), or changes in Z.

Independently measured Voo, T, Zegr, and calculated

i L', R are all consistent with this conclusion.

The bootstrap current fraction for the tokamak dis-
charges, such as shown in Fig. 2 is, at most, a very small
fraction of the noninductive current driven. We estimate™ it
as

- Igs/i=0.67B,€2<2%, : ’ (25) -

where the inverse aspect ratio e=a/R, and the poloidal beta
B,=<0.1.

Low phase speed CD is attractive because less power is
required to push a slow electron than a fast one, and these
waves resonate near v, and Landau damp on the large bulk
electron population. AWCD has the potential to provide spa-
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tially tunable noninductive current profiles, tailoring profiles
of plasma current /,, and electron temperature T, , with no
high-density limit, which is an advantage over LHCD. In
fact, high density would be an advantage, because of the
consequent low Aifvén speed, and hence iow v 4/v, and high
efficiency. In a low aspect ratio tokamak, where the densities
are high and the toroidal B field is low, the low v, is espe-
cially attractive, and investigations of whether trapping is an
issue would be crucial.

Several issues are left for future investigations. We hope
to reduce the value of Z 4 to increase the CD efficiency, as
seen from the calculations of Ehst-Karney and shown in Fig.
1. This would probably be more effective than merely adding
more RF power. Some experimental evaluation of the valid-
ity of the electron trapping arguments needs to be carried

nnnnn ¢a thaca ahiantinne £ vyalid Araley mache:ad

Uul., bcvauoc tnes€ OUjeCtioiis, il vaiia, Luhld bcv'cu:ly' TCSLTiCK
the usefulness of AWCD. On the other hand, to gain access
to AWCD regimes more efficient than shown here, one might
exploit more extensive antenna arrays, or the radial upshift
for inward propagating kz, or heavier ion species with
lower Alfvén speeds and lower v ¢/ v, (e.g., D, He?, or T), or
Alfvén ion—ion hybrid'®*> scenarios.

ACKNOWLEDGMENT

This work was supported by U.S. Department of Energy
Grant No. DE-FG02-8853264.

'N. Fisch, Rev. Mod. Phys. 59, 175 (1987).

2T, Yamamoto, T. Imai, M. Shimada, N. Suzuki, M. Maeno, S. Konoshima,
T. Fujii, K. Uehara, T. Nagashima, A. Funahashi, and N. Fujisawa, Phys,
Rev. Lett. 45, 716 (1980).

3S. Luckhardt, M. Porkolab, S. Knowlton, K-I. Chen, A. Fisher, F. Mcder-
mott, and M. Mayberry, Phys, Rev. Lett. 48, 152 (1982).

*S. Bernabei, C. Daghney, P. Efthimion, W. Hooke, J. Hosea, E. Jobes, A.
Martin, E. Mazzucato, E. Meservey, J. Stevens, S. Von Goeler, and R.
Wilson, Phys. Rev. Lett. 49, 1255 (1982).

5E. Jobes, J. Stevens, R. Bell, S. Bernabei, A. Cavallo, T. Chy, S. Cohen, B.
Denne, P. Efthimion, E. Hinnov, W. Hooke, J. Hosea, E. Mazzucaio, R.
McWilliams, R. Motley, S. Suckewer, G. Taylor, J. Timberlake, S. Von
Goeler, and R. Wilson, Phys. Rev. Lett. 52, 1005 (1984).

6. Jacquinot, V. Bhatnagar, C. Gormezzano, and the JET team, Plasma
Phys. Controlled Fusion A 35, 35 (1993).

"R. I Pinsker, F. W. Baitty, S. C. Chiu, J. S. DeGrassie, C. B. Forest, R. H.
Goulding, D. J. Hoffman, H. Ikezi, Y. R. Lin-Liu, T. C. Luce, C. C. Petty,
M. Porkolab, R. Prater, I. P. Squire, D. W. Swain, and the DIII-D group,
Recent Results from Fast Wave Current Drive Experiments on DII-D,
Proceedings of the 21st European Physical Society Conference on Con-
trolled Fusion and Plasma Physics, Montpelier, 27 June-1 July 1994, ed-
ited by E. Joffrin, P. Platz, and P. E. Stott (European Physical Society,
Petit-Lancy, Switzerland, 1994), Vol. HII, p. 1118.

8V, V. Alikaev, A. A. Bagdasarov, A. A. Borshchegovskij, V. V. Chistyakov,
M. M. Dremin, Yu. A, Gorelov, Yu. V, Esipchuk, D. B. Evdokimoy, D. A,
Kislov, V. A. Krupin, S. E. Lysenko, G. E. Notkin, Yu. D. Pavlov, K. A.
Razumova, I. N. Roi, A. N. Sushkov, P. V. Savrukhin, V. M. Trukhin, N. L.
Vasin, V. A. Vershkov, C. Forest, and J. Lohr, in Ref. 7, p. 1057.

°J. Wesson, Tokamaks (Clarendon, Oxford, 1987), p. 80.

195, Tataronis and W. Grossman, Z. Phys. 261, 203 (1973).

"L, Chen and A. Hasegawa, Phys. Fluids 17, 1399 (1974).

2D W. Ross, G. L. Chen, and S. W. Mahajan, Phys. Fluids 25, 652 (1982).

133, M. Davila, Astron. Astrophys. 317, 514 (1987).

MR, L. Lysak and C. T. Dum, J. Geophys. Res. 88, 365 (1983).

15A. Hasegawa and L. Chen, Phys. Fluids 19, 1924 (1976).

Y8R, Majeski, P. Probert, P. Moroz, T. Intrator, R. Breun, D. Brouchous, H.
Y. Che, J. R. DeKock, D. Diebold, M. Doczy, R. Fonck, N. Hershkowitz,
R. D. Johnson, M. Kishinevsky, G. McKee, J. Meyer, P. Nonn, S. P. Oliva,
J. Pew, J. Sorenson, T. Tanaka, M. Vukovic, and G. Winz, Phys. Fluids B
5, 2506 (1993).

2270 Phys. Plasmas, Vol. 2, No. 6, June 19385

17G. A. Collins, F. Hoffman, B. Joye, R. Keller, A, Lietti, ]. B, Lister, and A,
Pochelon, Phys. Fluids 29, 2260 (1986).

1®T, Inirator, P, Probert, M. Vukovic, A. Elfimov, R. Durst, S. Wukiich, M.
Cekic, R. Breun, D. Brouchous, D. Diebold, M. Doczy, D. Edgell, R.
Fonck, N. Hershkowitz, M. Kishinevsky, R. Majeski, C. Litwin, G. Mc-
Kee, and G. Winz, “Alfven ion—ion hybrid heating in the Phaedrus-T
tokamak,” submitied to Phys. Rev. Lett.

195, Wukitch, M. Vukovic, R. Breun, D. Brouchous, D. Diehold, M. Doczy,
D. Edgell, A. Elfimov, N, Hershkowitz, T. Intrator, M. Kishinevsky, C.
Litwin, P. Moroz, and P. Probert, Phys. Rev. Lett. 74, 2240 (1995).

B, Joye, A. Liettj, J. B, Lister, J. M, Moret, and W. Simm, Phys. Rev, Lett.
56, 2481 (1986).

2‘A B Murphy, Nucl. Fusmn 31 465 (1991).

g p. Wltherspoon, s.C Prager, and J, C. Sprott, Phys. Rev. Lett. 53, 1559
(1984).

M, Weisen, K. Appert, G. G. Borg, B. Joye, A. J. Knight, J. B, Lister, and
1. Vaclavik, Phys. Rev. Lett. 63, 2476 (1989).

BR. A. Demirkhanov, A. G. Kirov, G. . Stapenko, S. E. I'inskij, Eh. M.
Lomakin, V. V. Onischenko, L. F. Ruchko,A V. Sukhachev, V. V. Medun,
and N. L Malykh, Plasma Physics and Controlled Fusion Research, 9th
Conference Proceedings, Baltimore, 1-8 September 1982 (International
Atomic Energy Agency, Vienna, 1983), Paper IAEA-CN-41/1-1-2, Vol. 2,
p. 91

%y, P, Bhatnagar, J. Jacquinot, and the JET Team, *Fast wave heating and
current drive scenarios for JET and ITER,” JET-P(94)23, submitted to
Fusion Eng. Design

7R, J. Bickerton, Comments Plasma Phys. Controlled Fusion 1, 95 (1972).

N. Fisch and C. Karney, Phys. Fluids 24, 27 (1981).

S, Pur and R. Wilhelm, Proceedings of the 8th Topical Conference on
Radio Frequency Power in Plasmas, Irvine, 1989, AIP Conf. Proc. 190,
edited by R. McWilliams (American Institute of Physics, New York,
1989}, p. 458.

305, Vaclavik and K. Appert, Nucl, Fusion, 31, 1945 (1991).

3IR. Majeski, P. Probert, T. Tanaka, D. Diebold, R. Breun, M. Doczy, R
Fonck, N. Hershkowitz, T. Intraior, G. McKee, P. Nonn, J, Pew, and J.
Sorenson, Fusion Eng. Design 24, 159 (1994).

3R, C. Cross, An Introduction to Alfvén Waves (Hilger, Bristol, UK, 1988).

8. N. Golovato and J. Shohet, Phys. Rev. Lett. 37, 1272 (1976).

3T, Obiki, T. Mutoh, S. Adachi, A. Sasaki, A, Tiyoshi, and K. Uo, Phys. Rev.
Leit. 39, 812 (1977).

B A, G. Kirov, A, Eifimov, D. Vojtenko, A. Sukachev, M. Stotland, S. Lo-
zovskij, and V. Dorokhov, Plasma Physics and Controlled Fusion Re-
search, 14th Conference Proceedings, Washington, DC, 1-6 October 1990
(International Atomic Energy Agency, Vienna, 1991), Paper [AEA-CN-53/
E-III-13, Vol. 1, p. 831.

3T, Evans, P Valanju, J. Benesch, R. Bengston, Y. Li, S. Mahajan, M.
Oakes, S. Ross, X. Wang, and J. Watkins, Phys. Rev. Lett. 53, 1743
(1984).

3"W. Gekelman, D. Leneman, J. Maggs, and S. Vincena, Phys. Plasmas 1,
3775 (1994).

Y. Amagishi, IEEE Trans, Plasma Sci. PS-20, 622 (1992).

M. Cekic, B. A. Nelson, F. Ribe, Phys. Fluids B 4, 392 (1992).

40D, Roberts, N. Hershklowitz, and J. Tataronis, Phys. Fluids B 2, 787
(1990).

4'M. Inutake, M. Ichimura, H. Hojo, Y. Kimura, R. Katsumata, S. Adachi, Y.
Nakashima, A. Itakura, A, Mase, and S. Miyoshi, Phys. Rev. Lett. 65,
3397 (1990).

#R. A. Breun, D. Brouchous, D. Diebold, R. Fonek, N. Hershkowitz, T.
Intrator, Y. J. Kim, M. Kishinevsky, W. Li, R. Majeski, J. Pew, P. Probert,
E. Y. Wang, Y. Wen, H. Che, M. Doczy, G. McKee, J. Sorenson, T. Tanaka,
M. Vukovic, P. Bellan, and M. R. Brown, Fusion Technol. 19, 1327
(1991).

431, Winter, H. G. Esser, and H. Reimer, J. Nucl. Mat. 176&177, 486 (1990).

A, Hasegawa and C. Uberoi, The Alfvén Wave, Technical Information
Center (U.S. Department of Energy, Washington, DC, 1982},

43A. Elfimov, J. Tataronis, and N. Hershkowitz, Phys. Plasmas 1, 2637
(1994).

#See National Technical Information Service Document No. DE-85005427
(N, Uckan, “Noninductive drive in tokamaks,” ORNL/TM-9296, 1985),
Copies may be ordered from the National Technical Information Service,
5285 Fort Royal Road, Springfield, VA 22161.

1D, W. Faulconer, Trans. Fusion Technol. 25, 188 (1994).

Intrator et al.

Downloaded 19 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



“8D, Ehst and C. Karney, Nucl. Fusion 31, 1933 (1991)

49D, J. Wort, Plasma Phys. 13, 258 {1971). .

A, Elfimov and S. Puri, Nucl. Fusion 30, 1251 (1990).. - -

S'Y. Ikezi and R. Pinsker, Bull Am. Phys. Soc. 38, 2068 (1993).

%21, H. Hutchinson, Principles of PlasmaDiagnostics (Cambridge Univer-
sity Press, Cambridge, 1990), p. 175.

3y, Villard, K. Appert, R. Gruber, J. Vaclavik, Comput. Phys. Rep. 4, 95..

(1986).

54N. Hershkowitz, P. Moroz. P. Probert, T. Intrator, E. Y. Wang, D. Diebold,
R. Breun, D. Brouchous, M. Doczy, D. Edgell, A. Elfimov, R. Fonck, M..

Phys. Plasmas, Vol. 2, No. 6, June 1995

Kishinevsky, C. Litwin, P’ Nonn, S. Regan, M. Vukovic, J. Sorensen, J.
Tataronis, M. Vukovic, X. Wang, and S. Wukitch, “Alfvén wave current

- drive and heating,” to_appear in Plasma Physics and Controlled Fusion

Research, 15th Conference Proceedings, Seville, 26 September—1 October
1994 (International Atomic Energy Agency, Vienna, in press), Paper
IAEA-CN-60/A3/5-P-10. ..

SR, Majeski, C. K. Phillips, and R. Wilson, Phys. Rev. Lett. 73, 2204
(1994).

' 568 B. Kadomtsév, Tokamak Plasma: A Complex Physical System (Institute

of Bhysics, Philadelphia, PA, 1992), p. 131.

Intrator et al. 2271

Downloaded 19 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



