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Electron-Cyclotron Current Drive at the Second Harmonic in the WT-3 Tokamak
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Electron-cyclotron current drive (ECCD) (cv =2tt, ) is demonstrated for two types of plasma in the
WT-3 tokamak. When microwave power PEc is injected into a plasma after Ohmic-heating (OH) power
is shut down, the plasma current is sustained and ramped up by the EC wave only. Here 20, EC-driven
current is generated by 2Q, EC heating of an energetic electron tail existing in the OH plasma. When
PEc is injected into a microwave discharge plasma, 2A, EC-driven plasma current is started up and 20,
ECCD plasma is formed without OH power. The 20, ECCD eSciency is the same order as that at
m Q„but no 30, EC-driven current is generated, in contrast with theoretical prediction.

PACS numbers: 52.50.Gj, 52.35.Hr, 52.55.Fa

In recent years there has been a great interest in
noninductive current drive (CD) to realize the steady-
state operation of tokamak reactors. ' Experiments
have shown successfully that the plasma current is start-
ed up, ramped up, and sustained "

by the lower-
hybrid (LH) wave in many tokamaks. Meanwhile,
many other noninductive CD methods have been pro-
posed theoretically. ' The electron-cyclotron current
drive (ECCD) suggested by Fisch and Boozer' is espe-
cially important, since it is achieved by asymmetric EC
heating along the magnetic field, whose mechanism is
quite different from LHCD, and its efficiency including
the harmonic waves' (co nQ„n 1, 2, and 3) is al-
most the same as in LHCD. However, there are few
ECCD experiments. In the Ohmic-heated (OH) plasma
on the TOSCA and CLEO tokamaks, there were
different loop voltage drops by 2Q, EC waves, propaga-
ting in different directions, from which weak EC-driven

currents were estimated. ' By the injection of an 0, EC
wave into the WT-2 tokamak, the plasma current (I& =3
kA) was sustained after OH power was shut down. ' '
In this Letter we report the first experiment in the WT-3
tokamak, in which plasma current (Ip=25 kA) is sus-
tained and ramped up by the 2Q, EC-driven current
without OH power. Here the extraordinary (X) wave is
injected from a low-field side and absorbed at m 2Q,
without meeting the cyclotron cutoF layer, unlike in the
case of Q, ECCD. ' Thus 2Q, ECCD is simple in wave
propagation and an efficient, localized CD is expected for
high-density plasmas, where co2/co 2 ( —,

' .
The experiments were carried out in the WT-3

tokamak, ' which has an iron core, major and minor ra-
dii R =65 and a =20 cm, respectively, the toroidal field
Bt (1.75 T, and the plasma current Ip(150 kA with
the aid of feedback control. Microwaves from a gyrotron
(co/2tt=56 6Hz, PFc=200 kW, r=100 ms, and TEpz
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FIG. 1. Temporal evolution of (a) loop voltage Vc, (b) plasma current Ir, (c) line-averaged electron density rt, measured by a 4-
mm interferometer along the vertical chord, (d) soft x-ray emission I,„(0.2 keV), (e) 1,„(0.9 keV), (f) 1„(2.5 keV), (g) hard x-ray
emission It, (35 keV), and (h) electron cyclotron emission 1„(70GHz). Full curves are for operation with 2Q, EC-heating power
PEc 48 kW, r 75 ms (parallel injection), and dotted ones without PEc. Initial filling-gas pressure is p =8.4x10 Pa in Hz and
additional gas is puA'ed during PEc. 8, 1.09 T.
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mode) were transferred through circular waveguides to a
Vlasov antenna with a parabolic reflector placed along
the major radius and injected from the low-field side. By
rotation of the antenna around the guide axis, a linearly
polarized electromagnetic wave, propagating parallel or
antiparallel to the toroidal field B, with an angle of
~60, is radiated as the X mode. Further, the elec-
tromagnetic wave propagating perpendicular to B& with
inclination of + 60' to the horizontal plane is injected as
the 0 (ordinary) mode.

In Figs. 1(a)-1(h) the temporal evolution of plasma
parameters with and without PFC is shown. First, a
low-density slideaway discharge (dotted curves) with
bulk electron density n, =2&&10' cm is produced by
OH discharge. When PFc is injected after the primary
voltage of the OH transformer is shorted, the plasma pa-
rameters change drastically and a constant plasma
current Ip continues to flow with loop voltage VL =0 as
long as Pac is applied (full curves). The data show that
the plasma is sustained by 20, EC-driven current only,
since no OH current flows for VL =0. It is noteworthy
that in this ECCD plasma (flat-top discharge: 16 kA, 70
ms) strong hard x rays (HXR) Ip,„(hv & 35 keV) appear
and the soft x-ray (SXR) I» (0.9 keV), I» (2.5 keV),
and the EC emission I„(706Hz) become more than 10
times as intense as those in OH plasma. This result
means that a high-energy electron tail carrying the EC-
driven current is generated. On the other hand, the den-
sity n, and SXR I,„(0.2 keV), representing the behavior
of bulk electrons, do not change during Pac injection and
also the impurity lines IL (OII-Ov) and IL (Cttt, Cv)
do not vary, suggesting that T, of the bulk electrons does
not change and is nearly the same as that in OH plasma.
Measurements of Thomson scattering and SXR spec-
trum analysis show that T, =200~40 eV in both OH
and ECCD plasmas.

The behavior of the energetic electron tail can be seen
from the temporal evolution of the energy spectrum of
HXR in Figs. 2(a) and 2(b). The equivalent tempera-
ture of the HXR spectrum (curve 1) is T,h =40 keV just
before Pqc injection. When Pac is applied, T,h in-

creases and attains 90 keV and the maximum photon en-

ergy extends to 400 keV at the end of the Pqc pulse. At
the same time, the photon count (h v & 92 keV) increases
strongly and becomes saturated during Ppc injection.
After PFC is turned off, I~ and It,„are kept at the same
levels within 10 ms, suggesting that the electron tail con-
tinues to exist. It is concluded that in this 20, ECCD
plasma the electrons are composed of bulk electrons with

?,b=200 eV, tt, =2x10' cm, and an energetic tail
with T,h =80 keV, n, =2X10' cm, carrying I~ =25
kA. In addition, the fact that HXR up to 200 keV is
emitted from the initial OH plasma suggests that a weak
electron tail is present. For low filling-gas pressure,

p (0.5-1.2)X10 Pa, nonthermal emissions I„and
Ip,„appear in the OH plasma; then flat-top discharges
are formed and the emissions increase further when Pac
is injected. In contrast, for p &1.4X10 Pa, these
emissions are weak and I~ decreases with time, even if
Pqc is applied. These results show that the presence of
the energetic electron tail in the initial OH plasma is

necessary for formation of 2Q, ECCD plasma, since
asymmetric EC absorption by the tail is strong. '

As Pac increases, the 2Q, EC-driven current I~
changes from ramp down to flat top, then to ramp up,
and M~/ht varies from a negative to a positive value
[Fig. 3(a)]. Correspondingly, the voltage VL changes
from a positive to a negative value and Ih„, I„(1.7 keV),
and I„, emitted from tail electrons, increase, while I,„
(0.2 keV), emitted from bulk electrons, does not change
as Pac increases [Figs. 3(b) and 3(c)l. Further, experi-
ments show that the duration of the flat-top discharge in-

creases, corresponding to the pulse length of Pac. In ad-
dition, the 20, EC-driven current I~ changes from ramp
up to flat top, then to ramp down as n, increases. Corre-
spondingly, Vt, changes from a negative to a positive
value and the nonthermal emissions, Ih„, I,„(1.7 keV),
and I„, decrease with increasing n, These r.esults are
very similar to those in LHCD and imply that the
current I~ is generated and fully sustained by the 20,
EC wave when Pac is injected into the target plasma
having weak tail electrons.
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FIG. 2. (a) Energy spectra of hard x rays emitted from the plasma (PEc=100 kW, r =30 ms, I~=25 kA) during time, (1)
t =30-25 ms (OH plasma); (2) t =40-45 ms (ECCD plasma); (3) t 50-55 ms; and (4) t =60-65 ms. (b) Temporal evolution of
temperature of energetic electron tail, T,t, (circles) and photon count with h v & 92 kev (triangles) as functions of time.
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FIG. 3. (a) 2Q, EC-driven current ramp-up, flat-top, and
ramp-down discharge for various PEg. (1) 100 kW, (2) 57
kW, and (3) 30 kW. Dotted curve is without PEc. (b) Ramp-
up rate ddr/ht (filled circles) and loop voltage Vq (open cir-
cles); (c) soft x-ray emissions 1,„(1.7 keV) (solid circles) and
I,„(0.2 keV) (open circles) as functions of PEc.

The 20, ECCD is examined by changes in 8& for vari-
ous wave injection methods in Figs. 4(a)-4(e). As 8, in-

creases, the ratio M~/ht during PEc injection approaches
zero, becomes positive, and then negative, while it is neg-
ative with time constant of L~/R~ =30 ms in the case of
no PEc. Correspondingly, VL, varies from positive to
negative, then to positive. Also, nonthermal emissions
become intense near the range of LU~/At~0, though
thermal emission I,„(0.2 keV) does not change with 8, .
The flat-top or ramp-up discharge is obtained only when

the field 8, (0) at the plasma center is near 2Q, ECR
(resonance) [2Q, (0)/ro =1-1.15], or the 2Q, ECR layer
is located at r(2Q, ) =0-10 cm. For the perpendicular
propagation of the 0 mode, almost the same curves as in

Fig. 4 are obtained. We have examined the temporal
evolution of radial profiles of Ig„and I,„measured with

HXR and SXR detector arrays. When PEc is injected, a
broad HXR peak appears and its amplitude increases
with time, while the peak position is kept near the center
of the plasma (r =2.5 cm). The peak of the SXR profile
is slightly outward (r=7-8 cm). These peak positions
are not varied by changes in 8, and the wave-injection
method. Then it is concluded that the current is generat-
ed by 2Q, EC heating of the electron tail formed near
the plasma center in the initial OH plasma. Such uni-
directional tail electrons and their EC heating may elim-
inate the canceling effect of EC-driven current on the op-
posite side of the ECR zone. Numerical calculations on
2Q, EC absorption along the x-ray trajectory were car-
ried out, including the Doppler and relativistic effects.
Single-pass absorption is rather weak (=25%) and 60%
of it is due to the tail electrons. The resonant absorption
occurs near 2Q, /to=0. 93-1.21 for ki&~0, which is con-
sistent with the experimental results in Fig. 4. The fact
that the 2Q, EC heating effect does not depend strongly
on the polarization of the waves may be ascribed to low

single-pass absorption and many reflections at the vessel
wall.

The 2Q, ECCD flat-top discharges of I~ 16-27 kA
were obtained in n, =(1.0-2.3)X10' cm for PEc

30-100 kW. With use of these data, 2Q, ECCD
efficiency is obtained as

rIPP =rt, I,R/P«-(2. 8-4.4) X10 ' (10"A/W m').

This is the same order as rtp)=10 for Q, ECCD, and
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FIG. 4. (a) Loop voltage Vq, (b) ramp-up rate tilr/tit, (c) SXR I,„(0.2 keV), (d) I,„(1.17 keV), and (e) ECE 1„(70GHz) as

functions of B, (r 0) or 20, EC resonance layer r(20, ). Filled circles are for parallel injection of PEc, open circles for antiparaliel
injection, and crosses for OH plasma.
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is one order smaller then riLH=(3-4) x10 ' for LHCD
in WT-3. ' If the quasilinear theory on ECCD given by
Cordey et al. ' is applied, with the assumption that the
resonant electrons' velocity satisfies v«JvT, =(T,p, /
T,t, )'1 =20 and the effective Z;=2, the ECCD
efficiency is calculated as ri/tJ =1.0-1.2 for n =1, 2, and
3. This value may be reduced below —,

' if the trapped
electrons' effect is considered. However, the experimen-
tal values of rl/p for n =1 and 2 are one order smaller.
It is noted that 3Q, ECCD is not observed in Fig. 4,
where 3Q, (0)/co =1 at 8, (0) =0.67 T, in contrast with
the above theoretical prediction. ' On the other hand,
the 3Q, EC damping rate is T,/rrtc («1) times smaller
than those at a=A, and 2Q„suggesting that 30,
ECCD is not formed. Further, the experiments show
that the ratio is riEc/tILH=O. I, while it is 4 by the
theory. ' The reason for these discrepancies may be as
follows: The theory treats high-T, thermal plasmas,
while the experiments are carried out for low-T, plasmas
with the energetic electron tail where bulk electrons ab-
sorb ECW and produce no EC-driven current. So it can-
not apply directly to the theoretical calculation.

The 20, EC-driven current is also generated in a mi-
crowave discharge at ECR with a small gyrotron (40
GHz, 10 kW, 5 ms), where the primary coil of an OH
transformer is shorted. When PEc (56 GHz, 100 kW,
30 ms) is injected into this ECR plasma, the plasma
current is started up with the rate of t5I~/t5, t=70 kA/s
and VL = —0.2 V, and attains Iz~ ) =2 kA at the end of
PFc. The density of bulk electrons is low (n, =0.7 x 10'2
cm ), and nonthermal emissions appear at the late
stage and increase strongly with Iz, suggesting that an
energetic electron tail is produced. These 2Q, EC-
driven currents are generated in the field range of
8, (0) =0.92-1.22 T [2Q, (0)/to=0. 92-1.22] and the
maximum current is obtained at 8, (0) = 1.09 T
[2Q, (0)/co=1.09]. The experimental curves, I~~

) vs

8, (0), are almost the same among wave injection
methods and I~ decreases in the order of kii) 0,
kii (0, and kt =0. The current I~ increases with PEc,
though Ip does not start up below PFc=40 kW. The
2Q, ECCD plasma is formed at p =(0.3-1.5) x10
Pa, and I~~ and the nonthermal emissions I,„(1.7 keV)
and I„decrease, while the thermal emission I,„(0.2 keV)
increases as p increases. In these ECR plasmas, an
asymmetric velocity distribution of electrons along 8, is
formed when the vertical drift of electrons is canceled by
the vertical field B„. Here, the direction of I~ is deter-
mined by B, and independent of k of the EC waves as
shown by the experiments. Thus it is concluded that the
asymmetric tail electrons are enhanced by 2Q, EC heat-
ing of the tail electrons whose velocity distribution is
asymmetric since there is a difference in the confinement

time among electrons moving along 8, .
In conclusion, the 2Q, EC-driven current is generated

in two types of plasma. First, such current is generated
by 2Q, EC heating of the energetic electron tail and the
plasma current is sustained or ramped up after OH
power is shut down. Second, 2Q, EC-current-driven
plasma is formed by 2Q, EC heating of the energetic
electron tail in the ECR plasma. In the experiments, the
3Q, EC-driven current is not generated, in contrast with
the theoretical prediction. ' The 2Q, ECCD method is
useful in tokamaks, since EC wave propagation and
damping processes are simple and high power sources
such as gyrotrons and free-electron lasers are developing.
The ECCD efficiency is low in the present experiments;
however, it is suggested by theory's and experiment'
that the combined effect of EC and Landau damping is
high, though detailed experiments are necessary.
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