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Electron-cyclotron-current-drive (ECCD) experiments performed in the DIII-D tokamak have pro-
duced rf-driven currents of up to 100 kA. The experimental results, which exceed predictions using
linear theory, are enhanced by the presence of a residual, toroidal dc electric field. These ECCD experi-
ments are performed with plasma conditions sufficient to result in strong localized deposition of the rf
power and good confinement of the rf-generated current carriers. These improved conditions permit a
test of theory under reactor relevant conditions. Theoretical predictions obtained using a Fokker-Planck
code are in good agreement with the experimental results when effects due to electron trapping and the

residual dc electric field are included.

PACS number(s): 52.50.Gj, 52.25.Sw, 52.35.Hr, 52.55.Fa

Investigation of non-inductively-driven toroidal
currents is an important topic within the field of
magnetic-fusion energy research. Continuous or steady-
state operation of a tokamak fusion reactor offers many
engineering benefits [1]. In the case of electron-
cyclotron-current-drive (ECCD), several specific advan-
tages [2] make its use attractive for either fully or partial-
ly supporting the toroidal current in a tokamak. These
advantages include the ability to remotely locate the rf
sources, easily pass the rf power through the vacuum-
vessel interface, and the capability to focus, aim, and
efficiently deposit the microwave power at any internal
location.

In this article, experimental results of the ECCD ex-
periments performed in the DIII-D tokamak [3] and their
comparison with theoretical predictions are presented
and discussed. These experiments, performed with plas-
ma conditions relevant to future machines, contrast with
other ECCD experiments [4] in two important aspects.
First, the measured rf-driven current is equal to or larger
than the current predicted by linear theory [5], whereas
experimental measurements from the other ECCD exper-
iments are typically a factor of 2—-3 times smaller than
linear predictions. Second, the plasma conditions are
significantly improved and permit a test of theory under
reactor-relevant conditions. The DIII-D discharges are
characterized by thermal-target plasmas with electron
temperatures and densities sufficient to result in complete
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first-pass absorption and localized deposition of the rf
power. In addition, the energy-confinement time (75) is
large compared to the expected slowing-down time of the
rf-generated current carriers (7). Both of these condi-
tions are essential in obtaining good performance; strong
localized deposition aids the formation of a high-energy
electron tail and good confinement of these electrons im-
proves the efficiency of ECCD. The absence of good en-
ergy confinement and/or insufficient first-pass absorption
is attributed to the degraded performance obtained in the
other efforts [4].

The physics of ECCD [5] can be understood as follows.
When a resonant electron absorbs power from the rf
wave, its perpendicular velocity increases with little or no
change to its parallel velocity. As the total energy of the
electron increases, its collision frequency decreases.
Thus, over a time long compared to the collision rate, if
this electron is well confined, it will contribute a larger
amount of toroidal current (j,=—ev;) than the
equivalent electron that has not been heated. By selec-
tively heating electrons moving in one toroidal direction,
a net toroidal current results. The total momentum of
the plasma is conserved as ions are preferentially dragged
in the opposite direction.

The experimental parameters for the discharges dis-
cussed in this paper are the following. The plasma has a
major radius R,, =~1.60 m, a minor radius of a ~0.60 m,
and elongation of k=~1.2, and is limited on the inside
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wall. The toroidal magnetic field is 2.14 T at R _~1.6
m, placing the fundamental electron-cyclotron resonance
at the center of the discharge. High-power microwaves
(rf) at 60 GHz are generated by up to eight gyrotrons and
transported to the tokamak in circular waveguide [6].
The 1f is launched from the high-field side (inside wall) of
the torus and polarized in the extraordinary (X) mode.
The launching hardware is 0.13 m above the plasma mid-
plane, and consists of several fixed reflectors, seven aimed
at 15° and one aimed at 30° with respect to perpendicular
injection. The antenna pattern is approximately a Gauss-
ian beam with a 10° 1/e half-width. The rf power in-
cident on the plasma is approximately 1 MW with pulse
lengths up to 500 msec. Experimental profiles for the
electron temperature 7,(r), electron density n,(r), and
Z 4(r) are determined using electron-cyclotron emission,
CO, interferometry, and visible bremsstrahlung emission.
Discharges with a fixed toroidal current (1) between 300
and 500 kA are used.

The experimental calculation of the rf-driven current
1 is complicated by the presence of a non-zero-loop volt-
age during the rf phase. This residual voltage V,(rf) is the
result of having insufficient electron-cyclotron-heating
(ECH) power to drive all of the toroidal current and of
using feedback control to keep the total toroidal current
Ip constant. Under these conditions, the steady-state cir-
cuit equation for the plasma current becomes

V,(rf)
Rp(ef)

I, =1+ 1Tgg(rf)+ (1
where Igg(rf) is the bootstrap current [7] and R p(rf) is the
plasma resistance during the rf phase. Using a one-
dimensional numerical code, R (rf) and Igg are calculat-
ed using the experimental profiles for 7,(r), n,(r), and
Z.4(r). The plasma resistance is calculated assuming
power balance and toroidal symmetry; Rp(rf)
=(27R,, /I?l)fn”(r)Jfl(r)r dr, where 7, is neoclass-
ical resistivity, Jq =J . —Jps is the Ohmic current den-
sity, Jiya 1S determined from magnetics, and
IQ=27TfJQ(r)r dr.

We now define V}* as the loop voltage that is expected
during the rf phase if [I,=0, ie, V*
=[Ip—Igg(rf)]Rp(rf). Since the magnitude of V* is
determined by the plasma resistance, this voltage is re-
ferred to as the “resistive” voltage of the plasma. Using
this definition, Eq. (1) can be recast as

VI* - V[ ( rf)

Io=[Ip—Igs(rf)
¢=[Ip—Igs(rf)] v

(2)

The validity of the numerical calculation of the plasma
resistance is demonstrated in the Ohmic phase. On aver-
age, the numerical calculations of the plasma’s resistive
voltage during the Ohmic phase, V*(Oh.)
=[Ip—1Igs(Oh.)]Rp(ON.), agree within +5% of the ex-
perimental measurements. As a result of this strong sys-
tematic agreement, the experimental error bars during
the rf phase are determined by assuming a 5% error in
the calculation of V*(rf). Note that through the use of
Eq. (2), the error in I is substantially larger. In addi-
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tion, this error exceeds the error that results from inaccu-
racies in the determination of the experimental profiles.

The time history of relevant plasma parameters for a
typical discharge is shown in Fig. 1. The existence of a
stationary state is indicated by the essentially steady-state
values of T,, n,, and R,, during the majority of the ECH
pulse. For this discharge, the numerically calculated
resistive loop voltage, during the rf phase, is V;(rf)~0.38
V. With an experimental loop voltage of V,(rf)=~0.32 V
and Ip =400 kA, an rf-driven current of I ;~63+17 kA
is calculated. During the Ohmic phase, the calculated
resistive loop voltage of ¥*(Oh.)=0.63 V is within 3%
of the experimental value. The numerical calculations of
the bootstrap current are approximately 20 kA during
the Ohmic phase and 31 kA during the rf phase. In gen-
eral, during the rf phase the electron-temperature profiles
become more peaked, the electron-density profiles be-
come flatter, and Z.; increases across the profile. For
different discharges, central values for these parameters
vary over the following ranges: 2.0<T,(keV)<3.6,
1.0<n,(10"/m?*) <2.0, and 2.5< Z 4 <5.5. The magni-
tude of the loop voltage during the rf phase is between
0.22and 045 V.
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FIG. 1. Time history of plasma parameters: (a) electron-

cyclotron-heating (ECH) power level in megawatts (MW), (b)
central electron temperature from ECE, in keV, (c) loop voltage
near the plasma surface in volts (V), (d) radial position of the
magnetic center of the plasma in meters (m), and (e) the line-
averaged electron density in 10'°/m>. The staircase behavior at
the beginning of the ECH pulse results from the sequential tim-
ing used for turning on the gyrotrons. The numerical calcula-
tions of the “resistive” voltages ¥;*(Oh) and V;*, during both
the Ohmic and rf phases are shown as dashed lines in part (c).
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In Fig. 2, data are shown which demonstrate that I ; is
driven in the intended direction. In this figure the quan-
tity [V*—V,(rf)]/V}*, which represents the relative
difference between the predicted and measured loop volt-
age, is plotted for both coinjection and counterinjection
discharges. For coinjection, the rf is launched in the
same direction in which the toroidal current I is direct-
ed. Counterinjection is accomplished by reversing the
direction of Ip. The behavior illustrated in this figure is
explained by noting that for coinjection, I, should aid I.
Thus with I, held constant, V;(rf) should be less than
V/*. In contrast, for counterinjection, I should oppose
Ip, thus V;(rf) should be greater than V}*.

As will be discussed next, the residual, toroidal (paral-
lel) dc electric field E, = V,(rf)/27R,, strongly enhances
the rf-driven current. Experimentally, E, /E ., reaches a
maximum of 40%. E =~n,(10"°XZ 4+2)/87T,(keV) is
the critical field [8] for runaway of thermal electrons.
Under these conditions, a linearized theoretical treatment
[9] of the experimental data is not adequate. Thus, in or-
der to quantitatively model the experiment, we rely upon
a detailed Fokker-Planck code [10]. The code is fully rel-
ativistic, bounced-averaged, and accounts for effects re-
sulting from trapped electrons and the presence of a
parallel dc electric field. The code is coupled to a ray-
tracing code, using 45 rays to represent the launched an-
tenna patterns. Using the experimental profiles for T,(r),
n.(r), and Z 4(r) as inputs, a steady-state calculation of
felv,vy,r) is performed. Calculations of the local rf
damping are self-consistent with the distorted electron-
velocity distribution. At low rf power levels and with
effects due to electron trapping and E| turned off, the
computational results are in agreement with Fisch-
Boozer theory [5]. When effects due to trapped electrons
are turned on, the computational results are in agreement
with the appropriate analytic theory [11].

In Fig. 3, the experimental measurements of I /P are
plotted as a function of T, /n,(Z 4+5). This parameter,
which is derived from linear theory [5], describes the
functional dependence of the plasma parameters which
influence the rf current-drive efficiency. In deriving this
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FIG. 2. The magnitude of the quantity [ V,* — V,(rf)]/V}* vs
Ip. Coinjection discharges are with positive values of I,. For a
fixed Ip, the data variation results from operation with different
electron temperatures and densities.
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FIG. 3. Experimental measurements of I /P vs the central
value of T, /n,(Z.s+5). The experimental data are grouped ac-
cording to its approximate residual-loop voltage and for
V,(rf)=~0.42 and 0.22 V, is fitted with a parabolic curve.
Fokker-Planck calculations for each discharge, with E 1 =0 fall
within the shaded region. The width of this region results from
having used the measured profiles.

parameter, the normalized resonant velocity v /vy, is as-
sumed to be approximately constant, an assumption sup-
ported by our Fokker-Planck code for these experimental
conditions. The (Z .4+ 5) term results from current dissi-
pation via drag and pitch-angle scattering [S]. For each
discharge, the Fokker-Planck prediction with E, =0 falls
within the shaded region in Fig. 3. As can be seen, the
experimental measurements are equal to or greatly
exceed the computational predictions. Electron trapping
has been included in these computations because the
deposition profiles, calculated by the Fokker-Planck code
are peaked off axis; thus some degradation of the
current-drive efficiency by trapped electrons is to be ex-
pected [11]. With electron trapping turned off, the
Fokker-Planck computations, which increase by between
40% and 60%, are also inconsistent with the experimen-
tal data.

The influence of the residual dc electric field is illus-
trated by grouping the experimental data according to
the approximate value of the residual-loop voltage. As
depicted in Fig. 3, the experimental data for V;(rf)=~0.42
and 0.22 V appear to scale as the square of
T,/n(Z.4+5). This effect is postulated to be the result
of the fact that for a fixed-loop voltage
E\/E,<T,/n(Zg+2). Thus the measured rf-driven
current is the product of the linear current and a parallel
dc electric-field enhancement. In addition, under condi-
tions for which linear theory would predict essentially the
same rf-driven current, the four discharges clustered
around T,/n,(Z 4+5)=0.27 demonstrate that I /P,
increases as E,/E, increases, I,¢/P=0.06, 0.07, 0.08,
and 0.11 (A/W) corresponding to E\l /E_=0.24, 0.32,
0.38, and 0.41.

In Fig. 4, the experimental measurements of I are
compared to the Fokker-Planck predictions with
E, =V (tf)/27R,,. Good agreement, as illustrated in
this figure, is obtained only when effects due to electron



8786

100.0 T ‘ +
'rf (expt) ‘i ° # o
‘ \
(kA) et
o %
50.0 - s i
1 ‘ | L i
-
1
0.0

0 20 40 60 80 100
Irf (theory) (kA)

FIG. 4. The experimental measurements of I vs the
Fokker-Planck code calculations of I;. Both electron trapping
and the experimental values of E| are included in the computa-
tional calculations. The dotted line represents perfect agree-
ment.

trapping and E, are included. Thus we conclude that
these aspects of the kinetic theory of ECCD are verified.
Several additional agreements exist between the
Fokker-Planck calculations and the experimental results.
First, for the more robust discharges, the steady-state
electron-velocity distribution function, calculated by the
Fokker-Planck code, indicates a strong distortion of elec-
tron velocities between 2 <v /v, <5. Energetic electrons
with these energies are observed by several diagnostics,
including an energy-resolving hard-x-ray detector and
electron-cyclotron emission (ECE). In these plasmas, the
calculated slowing-down time (7,) for electrons with
these velocities is between 0.3 and 5 msec. This is much
smaller than the experimental energy confinement time
(tg) of ~30 msec, indicating that these electrons should
be well confined. As stated earlier, good confinement is
essential for maximizing the rf current-drive efficiency
since I appears on the time scale of 7,. Second, the
Fokker-Planck code predicts that the first-pass absorp-
tion is essentially 100% and that both the rf deposition
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profile and the resulting rf-driven current are localized off
axis, inboard of the midplane between about 1.40 and
1.55 m. With I, held constant, the current profile should
broaden and the central current density should decrease.
For discharges with sawteeth present, the temporal be-
havior of signals from the soft-x-ray diode array show
that the inversion radius (¢ =1) has contracted during
the rf phase, indicating a broadening of the current
profile.

As a final comment, Fig. 3 shows that an increase in I ¢
and thus an increase in the rf current-drive efficiency re-
sults when a toroidal electric field is present. In addition
to Ohmic induction, toroidal electric fields will be gen-
erated during plasma initiation and current-profile
modifications. Although these electric fields will decay
with time, the resulting current-drive enhancement
makes it important to include their effects in predicting
results.

In summary, ECCD experiments in the DIII-D
tokamak have successfully produced rf-driven currents of
up to 100 kA. The plasma conditions result in strong lo-
calized deposition of the rf power and good confinement
of the rf-generated current carriers. Systematic loop volt-
age behavior for coinjection and counterinjection
discharges confirm that [ is driven in the expected
direction. Good agreement is obtained between the ex-
perimental measurements and the theoretical predictions
using a Fokker-Planck code which includes nonlinear
effects due to electron trapping and the residual dc elec-
tric field. The strong agreement between theory and ex-
periment serves to verify these aspects of the kinetic
theory of ECCD.
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