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Suppression of a pressure driven  m=1 mode in a lower hybrid current
drive plasma by electron cyclotron heating in the WT-3 tokamak

S. Yoshimura,® M. Watanabe,” K. Tanabe,”® A. Nakayama,? M. Asakawa, T. Maehara,®
M. Nakamura,” H. Tanaka,? T. Maekawa,? and Y. Terumichi
Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan

(Received 16 July 1999; accepted 6 October 1999

A pressure driveim=1/n=1 mode is excited by lower hybrid current drive in the WT-3 tokamak

[T. Maeharaet al, Nucl. Fusion38, 39(1998 ]. The excitation of the mode is accompanied with the
decrease of the magnetic shear and with the peaking of the soft x-ray emissivity profile inside the
g=1 surface. The crescent-shaped mode structure appeared on the contour map of the soft x-ray
emissivity is consistent with that of the quasi-interchange modenThé& mode can be suppressed

by electron cyclotron heating near tlyge=1 surface. The range of the location of the electron
cyclotron resonance layer effective for the complete suppression is much wider and the time scale
for the suppression is much faster than those in the case of the suppression of the tearing mode in
the ohmic heating plasma. @000 American Institute of Physids$$1070-664X00)03301-2

I. INTRODUCTION of the q=2 surface through the modified plasma conductiv-
ity by ECH2'23|n JFT-2M8 direct ECH of the O-point of

Suppressmn_s .(.)f I(.)W mode number magnetohydrody;[he m=2 tearing mode was quite effective to avoid a major
namic(MHD) activities in tokamaks have long been the SUb_Qisruption

ject of intense study, related to the suppression of the majo | lassical . d b di
disruption and the improvement of the confinement. It is no- Recently, neoclassical tearing modes were o served in
ticeable that electron cyclotron heatitCH) yields a well- neutral beam heated super shots on Tokamak Fusion Test

localized modification of the electron temperature profileReactoTFTR) and they caused a strong deterioration in the
near the electron cyclotron resonan@CR) layer. There- plasma performanck. Their excitation was related to the
fore, ECH is a powerful tool to suppress MHD instabilities in neoclassical current which was driven by a pressure gradient

tokamaks. in the high beta plasmd.In a recent experiment on Axial
In th_es_g ten years, ECH has been foulqd to suppresSsymmetric Divertor Experiment Upgrade(ASDEX
MHD activities effectively in many tokamaKs: Upgrade,*® electron cyclotron current driveECCD) at the

The sawtooth oscillations were suppressed by applying.point was found to be effective to suppress the neoclassi-

— H 2,3
iCH at theq_—l surface 'an(;”'lj andd\./}l.T-3_. Ian\r/]T'?" cal tearing mode. Similarly, various pressure driven MHD
the suppression was ascribed to a modification of the curren - jiies were observed in tokamak€! and they have

rofile in such a manner as to lower the magnetic shear lo- . .
Eally at theq=1 surfac & 9 attracted attention related to the confinement. However, there

On the other hand, the effectiveness of ECH for the sup?/aS N° experiment to control pressure driven MHD instabili-

pression of the classicai=2/n=1 tearing mode, which was {i€S €xcept for that in ASDEX Upgr.ade. . '
driven by the gradient of the plasma current at tire2 In WT-3, anm=1/n=1 mode is excited by applying
surface, has been pointed out by theoretical calculafioris.  lower hybrid current drive(LHCD) in an ohmic heating
Them=2 tearing mode suppression was observed when th€OH) plasma. The excitation of the mode is accompanied
ECR layer was located on a narrow region near gse2  with the decrease of the magnetic shear and with the peaking
surface in Tokamak-10(T-10),> Jaeri Fusion Torus-2M of the soft x-ray(SXR) intensity profile inside the=1 sur-
(JFT-2M)” and WT-3'%1* A possible mechanism of the sup- i i i i

: - pos echanism Sup- face, suggesting that this mode is a pressure driven mode.
pression was the current profile modification in the vicinity This mode resembles those observed in Princeton Large
Torus (PLT)?? and ASDEX?® where the current profile was
®Electronic mail: yosimura@ppl.eng.osaka-u.ac.jp Permanent addreslattened in the central region and the electron temperature
Plasma Physics Laboratory, Graduate School of Engineering, Osaka Unjs . _ ¢ : - _
versity, 2-1 Yamada-oka, Suita, Osaka 565-0871, Japan. .bI'Oflle was fairly peaked t.)y applying LHCD. Ilf] WT-3, ECH
PPresent address: NEC Corp., Tokyo 183-8501, Japan. is found to be quite effective for the suppression of the pres-
“Present address: Asahi Chemical Industry Corp., Shizuoka 416-8501, Jayre drivenm=1 mode in the LHCD plasma. The range of
pan. . .
Ypresent address: Toshiba Corp., Yokohama 247-8585, Japan. the IO_Catlc_m of the E_CR layer effectlvg for the.complete S_Up_
®Permanent address: Department of Physics, Faculty of Science, Ehinfaression is much wider compared with that in the previous

,University, Ehime 790-8577, Japan. suppression experiment of them=1 and m=2 tearing
)Permanent address: Osaka Institute of Technology, Osaka 535-8585, Japan. d in the OH ol ﬁ'i]g'll| dditi the ti le f

9Permanent address: Graduate School of Energy Science, Kyoto Universitw0 esin e_ plas —ina '_lon' e ume ;cae or
Kyoto 606-8501, Japan. the suppression of the pressure drivesr 1 mode is much
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<350kW) and injected into the plasma via two stacked
four-waveguide launchers with a waveguide phasing ¢f
=/2. The parallel refractive index of the launched LH
waves is in the range &f,=1-6 for the upper launcher and
N,=1-4.2 for the lower onéFig. 1 of Ref. 24. The power
source of ECH is an 89 GHz gyrotrorPgcy=150 kW).
Microwaves from the gyrotron are transferred through a
quasi-optical transmission line as a Gaussian beam and in-
jected into the torus from the low field side using a focusing
mirror in order to concentrate the ECH power around the
plasma center. The launching angle is perpendicular to the
toroidal magnetic field and the excited EC wave propagates
in X-mode and is absorbed at the second-harmonic ECR

Ct layer, R, -2, -
The MHD activities are detected by magnetic probes and
SXR detectors. Four sets of magnetic probe arrays are in-
FIG. 1. The arrangement of five soft x-ray detector arrays for computerizetalled 90° apart from each other around the torus. Each
tomography in the minor cross section. The hatched region represents tt@rray has 12 magnetic probes which surround the plasma
plasma. poloidally. In order to investigate the internal MHD activities
in detail, we install five SXR detector arrays which surround
faster than those for the suppression of e 1 andm=2 thﬁetee:ltisr?as:r?ski)tlisglI?oa;)ilgomntlhneF[I)%o%(.)nEi%Z%r;a?/azgz 20(]2
tearing modes. These results suggest that the su ressiﬁ . 2
g 99 PP v=0.2-27 keV. The spatial structure of the SXR emissiv-

mechanism of the pressure driver=1 mode in the LHCD ity i tructed b terized t 25T

plasma is different from that of the previous suppression extY 1S reconstructed by computerizec omograj 55 ) €
periment on then=1 andm=2 tearing modes in the OH other three SXR detector arrays at different toroidal locations
plasma are used for the measurement of the toroidal mode number of

In Sec. I, we will describe the experimental apparatusesMHD oscillations.

The experimental results will be shown in Sec. Ill, discussed
in Sec. IV, and summarized in Sec. V. IIl. EXPERIMENTAL RESULTS

A. Excitation of a pressure driven ~ m=1 mode by

Il. EXPERIMENTAL APPARATUS LHCD
The experiments are carried out in the WT-3 tokamak, The OH plasmas with the safety factor gf=3 at the
with major and minor radii ofRp=65cm anda=20cm, limiter and the line averaged electron density mf=0.7

respectively. The toroidal magnetic field R=R, is Bt x 103 cm™2 are used for the target plasma. Figure 2 shows a
<1.75T. The radio frequencyrf) power for LHCD is gen- typical shot for the excitation of a pressure driven=1
erated with a klystron amplifier f(,,cp=2 GHz, P ucp mode by LHCD. The temporal evolution of plasma current

A [ iacomooew] | ® moomei m=3/n=2
@1, [kA] 200— 7 T T — ,
0 L s 1 (0.2
® VooplV1 2 [- &-—_—/_‘ 0.0
4 0L : : : 'Og = — FIG. 2. (A) Waveforms of(a) plasma currentp, (b)

L g'[: . ' . . j| (9] W loop voltageV,,,, (€) safety factorg, at the limiter,
@ 4 LS T ) ) T ‘,-—1 4 . \ X (d) line averaged electron density, along the vertical
B : ; @ ol AT T T ] chord atR,=65 cm, the center of the vacuum vessel

By [a.u} 28 — : : E outer il i . and (e) a magnetic probe signal. LHCD P(}cp
N R i j ] ] e Rl | 1 =100 kW) is applied after 51 msec. The temporal evo-

da L N Iy T

(g)lsx(~0.4,!)60mw ) TFinner m=1 mode ' | . : lution of the reconstructed soft x-ray emissivity,
[au] * 30LOH m=1 mode, 62 ] Isx(r/a,t), at local locationg along the major radius

@ Isx £02,0) 80 e ] — across the magnetic axis is shown(fj—(1). The tem-
(i) 1sx (0.0, 1) 9OE awieeh T ™ "wda @ 725 poral evolution of the radius and the width of the
. <§"2“'1) e : z : a0 =1 mode is shown ifim). The closed squares show the

D) GOm0 70 P T T T T location of the peak of then=1 mode. The vertical
(k) Isx ({g.ﬁ,}t) ggw 62W bars represent the full W|dth at half-maximum of the
D080 15 Hm=l moded oL LHCD m=1 mode . == m=1 mode structure.(B) Figures (¢)—(I') show

lad)  obm2mede | = &) 45 ] waveforms in(e)—() on an extended scale in the time
™ w0 T ) ol ouerm=lmode, ", ] window, indicated by the horizontal bar in the figure

radilles 0.4 @ gfF T T T T T ] (a).
T a1 /2 0.2¢ Hﬂ |
0.0l — - i i I BN S B
48 52 56 60 64 540 550 560 570 580
Time [msec] Time [msec]
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[Fig. 2(@)], loop voltage[Fig. 2(b)], safety factorqg, [Fig. —_ -

2(c)], line averaged electron densitlfig. 2(d)] and a mag- 380 j

netic probe signalFig. 2(e)] is shown. Figures @)—2(1) =

show the time evolution of the local SXR emissivity recon- §40

structed by the SXR CTlgy(r/a,t), at several pointy 1

along the major radius across the magnetic axis. Here,
=R—Rc andR¢(=66.5cm) is the plasma center estimated

r/a

from the magnetic measuremé&hand the SXR profile.
Before LHCD, a stationary exciteth=2/n=1 mode is
observed on the magnetic probe sigffilg. 2(e)]. The fre-

quency isf=8 kHz and the amplitude is as large Bs/B,

~10"2. Here, B, denotes the time averaged value. This

mode can be also observed bg(+0.8f) [Figs. 4f) and
2(1)]. There is also am=1/n=1 modé®* at |r|/a=0.4

FIG. 3. Reconstructed soft x-ray profildgy(r/a,t), at the time marked by
the charactergl), (Il) and(lll) in Fig. 2 (m). The typical profile in the OH
plasma is shown by the cur®. Profiles about 5 and 10 msec after LHCD
on are shown by the curvef) and(lll), respectively. In order to remove
fluctuation components on the soft x-ray profile, each profile is time aver-
aged during the period which is shown by thick horizontal bars in Fig).2

[Figs. 2g) and 2K)]. It has the exactly same frequency as and 2k)] quickly grows and saturates in about one period of

that of them=2 mode. The oscillation amplitude of thme
=1 mode is comparable with that of tme=2 mode[Tsx
(£0.41)/Tgy(+0.81)=2.5, whereTgy=Igx—lsx and the
over bar onl gx denotes the time averaging over 1 miséo
addition to them=1 andm=2 modes, a sawtooth oscilla-
tion is observed orlgy(0.0f), as shown in Fig. @). The

the oscillation and then becomes stationary. On the contrary,
the oscillation amplitude on the SXR signals|efa=0.2
gradually increases after the onset and reaches the maximum
aroundt=61-62 msec as shown in Figgh2and Zj).

We can find the radius of the peak amplitudg,(;) and

the width of them=1 mode structure from thegy(r/a,t)

amplitude of the sawtooth oscillation is smaller than that ofradial profiles. The temporal evolution of,_,/a is shown

the m=1 mode.

in Fig. 2m). The vertical bars represent the full width at

By the application of LHCD, the loop voltage decreaseshalf-maximum of them=1 mode structure. In the OH

from Vy0p=2.4 to 1.0 V[Fig. 2b)]. The plasma current and
g, are kept nearly constaffigs. 2a) and Zc)]. About 60%

plasma, them=1 mode is localized around,,—;/a=0.38
and the width of the mode is kept constant until applying

of the total plasma current is replaced by the LH drivenLHCD. The radiusry_, is considered to be near the=1
current. The line averaged electron density increases gradgurface. We cannot measure the inversion radius of the saw-

ally during LHCD from n,=0.7x10%cm™> to 1.1
x 10cm™3, as shown in Fig. @)).

In accordance with the decrease\gf,, by LHCD, the
amplitude of m=1, m=2 and sawtooth oscillations de-
creasegFigs. 2e)-2(g), 2(i), 2(k), and Z1)]. The MHD ac-
tivities look quiescent during the time=54-58 msec in
Figs. 2e)-2(1). Actually, weak MHD activities are observed

tooth collapse due to the large amplitude of the 1 mode.
Therefore, we apply the biorthogonal decomposftidn the
SXR detector signals and separate the 1 mode and the
sawteeth. It is found that the inversion radius of the sawtooth
collapse is equal to the radiug,—,. Therefore, we refer to
rm-1 Of the OH plasma as the origingk= 1 radius for con-
venience. After LHCD on, the Olrth=1 mode is suppressed

on | signals as well as magnetic probe signals. Figureé‘nd a doublen=1 mode structure is observed. The locations

(e")~(") in Fig. 2B) show (e)—(l) in Fig. 2A), respec-

tively, on an extended vertical scale as well as on an ex=
tended time scale in the time window, indicated by a hori-

zontal bar in Fig. 2a). It is found that there are twon

=1/n=1 oscillations. One is observed on the inner SXR

signals,lsx(+0.2f) [Figs. 2h’) and 2j’)] and the other is
on the outer signalksy(*0.41) [Figs. 29’) and 2k’)]. The
oscillations of the inner and the outer=1 modes are ex-

actly out of phase. The amplitude of both modes is ver

weak ([sy/1sx=0.02) compared to that of the Ohh=1
mode (sx/1 sx=0.12). No MHD oscillation is observed on
the peripheral sx(=*0.8t) signals[Figs. 2f') and 21')] and
the central gx(0.0t) signal[Fig. 2(i")]. On a magnetic probe
signal [Fig. 2(€')], a weakm=3/n=2 oscillation B,/B,
=10"%) appears after the complete suppression of rthe
=2 mode.

Following this, a newm=1/n=1 MHD oscillation with
a frequency of =3 kHz suddenly appeaf&igs. 2g)—2(k)].
Hereafter, we refer to thim=1 mode as the LHCDn=1
mode in distinction from the Olth=1 mode. The oscillation
amplitude of the LHCDm=1 mode afr|/a=0.4[Figs. 4g)

of the inner and the outer modes change temporally, as
shown in Fig. 2m). Therefore, the amplitude of the twao
=1 oscillations on the local SXR emissivity signdlsigs.
2(g"), 2(h"), 2(j"), and 2k’)] does not have a steady value
during this time. Then, the double=1 mode disappears
and after short time interval the LHC®=1 mode appears.
After the appearance, the width of the mode expands gradu-
ally and it saturates arounid=60 msec. The width of the
LHCD m=1 mode extends from the plasma axis to the ra-
Ydial position of|r|/a=0.4. The LHCDm=1 mode is found
to share the entire interior domain of the origitg+ 1 sur-
face. On the contrary, the OM=1 mode is localized at the
original g=1 surface. The internal structure of the LHCD
m=1 mode is quite different from that of the Ohhi=1
mode.

The SXR profile changes in accordance with the change
of the MHD activities. In Fig. 3, thd gx(r/a,t) profiles at
the time marked by charactefly, (1) and(lll) in Fig. 2(m)
are shown by three curves. The typical SXR profile in the
OH plasma is shown by the cur¢B in Fig. 3. The curvdll)
in Fig. 3 shows the profile at about 5 msec after applying
LHCD when the doublen=1 mode structure is observed.
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LHCD

J ’

OH m=1 mode I Idouble—l LHn%Ddgl:II

o0
(=2
(=

[=:3
[
(=3

lsx(r/a, t)- lsx(rlla, )} 2rdr

g &
==

< 2

I

Time [msec]

FIG. 4. The temporal evolution of the integral bf,(r/a,t) — | sx(r, /a,t)
inside theq=1 surface. Herex;, is the radius of the original=1 surface.

The curve(lll) in Fig. 3 shows the profile when the width of

the LHCD m=1 mode expands most. It is found that the
target OH plasma has a flat profile near the center. Afte[:IG 5. (a) The change of the amplitude of tie—

applying LHCD, the SXR intensity outside the origingl
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1 mode after applying
LHCD. (b) The change of the amplitude of tme=1 mode is shown with

=1 surface begins to decrease, while the central profile ighe enlarged vertical scale.
not so changed and keeps a flat profile for a while, as shown

by the curve(ll) in Fig. 3. After the time(ll), the central
SXR intensity begins to increadéig. 2(i)] and finally a
peaked profile is producedhe curve(lll) in Fig. 3] inside
the originalq=1 surface and the LHCDn=1 mode ap-
pears.

It is found that the excitation of the LHCBh=1 mode

is closely related to the peaking of they profile inside the

cally that in these experimental conditions on WT-3 there
was almost linear relation between the electron temperature
and the SXR intensity if the density was kept constant. In
addition, we have measured the electron temperature of a
similar LHCD plasma accompanied with the LHOD=1
mode by a Thomson scattering apparatus. The electron tem-

original =1 surface. Therefore, it may be the case that theyerature at the plasma center increased slighfly=600

LHCD m=1 mode is excited by the increase @f,. Here,
Bp1 is the poloidal beta inside thg=1 surface and is de-
fined as follows?®

_JTp(r)—p(ry)J2rdr
P [By(r)*2ulr]
Here, p(r) is the pressure profile,, is the radius of they

=1 surface andB, is the poloidal magnetic field. As a mea-
sure of 3,1, we calculate the numerator of the equatidn

with replacing the pressure profilg(r) by thel_sx(r/a,t)
profile, on the assumption that the pressure praiile) is
proportional to thel_sx(r/a,t) profile. The calculation is the
integral of | sy(r/a,t)— 1 sx(r1/a,t) inside theq=1 surface
and it is defined as follows:

D

r
Jol[lsx(r/a,t)—ISX(rl/a,t)]Zrdr. 2
Here, we use the radius of the origirgs 1 surface forr ;.
The time evolution of the integral of the equatid®) is
shown in Fig. 4. After applying LHCD, the central
I sx(r/a,t) profile keeps nearly flat for a while, so the inte-
gral of the equation2) increases only slightly. After 55
msec, it begins to increase clearly. Then, the LH@B 1
mode appears.

—700 eV just after the excitation of the LHGR=1 mods,

while that at r/a=0.5 decreased T,=400—150eV)3°
These results indicate that the peaking of tgg profile dur-

ing LHCD represents the peaking of the electron temperature
profile rather than the impurity accumulation. Therefore, it
may be reasonable to use the value evaluated from the equa-
tion (2) for the study of the time evolution ¢8,, as shown

in Fig. 4.

Although we do not measure the current profile directly,
the change of thg profile can be suggested from the behav-
ior of the m=1 mode. The time evolution of the amplitude
of the m=1 mode after applying LHCD is shown in Fig.
5(a). In Fig. 5b), it is shown with the enlarged vertical scale
to enhance the visibility of the temporal evolution of the
doublem=1 mode. After applying LHCD, the amplitude of
the OHmM=1 mode is reduced, as shown in Figapb After
53.5 msec, the innem=1 mode appears in addition to the
outerm=1 mode. The amplitudes of both=1 modes be-
gin to increase and saturate with small amplit{iBig. 5b)].

The appearance of the doubte=1 mode indicates that the
safety factor at the magnetic axigg, increases to bej

>1 and there are twg=1 surfaces after 53.5 msec. There-
fore, the magnetic shear seems to be reversed in the central
region. After 56 msec, the amplitude of the inme+1 mode

and then that of the outen=1 mode start to decrease. On

The radial profile of the electron density in the rangethe other hand, only small change of thg_; of both modes
[r|/a=0-0.7 is measured by a HCN laser interferometeris observed during 56—-58 msec, as shown in Fig)2Fi-
The electron density increases over the whole area duringally, both modes disappear completely at about 58 msec.

LHCD, maintaining the same profile. It was found empiri-

During 58—-59 msec, nm=1 mode is observed on the SXR
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ECH [100kW] | =
(a) Isx (-0.4,1) 80 s, 80 1
[au.] 40 =
(b) Tsx (-0.2,1) 80 < a0l ]
fawl 40 = 40
(©) Isx (0.0, 1100 -4 w=20,
[a.u.] 60 0 Lea L s
@ 800 08 04 00 04 08
J;l[Tsx(r/a, 1) r/a
-Tsx(r/a, 9] 2r dr 1 L= . -
© T O L L L | FIG. 7. Reconstructed soft x-ray profildsgy(r/a,t), with (solid line) and
(10t3%em3 1 or s without (dashed lineECH. The location of the ECR layer is indicated by an
@ SXfaw)] 3 T T T T T 1T 4 arrow.
09-27keV) oI
(® SXfaw] o4f T T T T T T T ]
(2.5 - 27keV) 0.0 L 1 1 1 L ! P i X i i i
1) Tx [auw] 4 T T T ] the integral of the equatiofi2) is decreasindFig. 6(d)].
(35-500keV) ¢l ) . L | — H
T G 60 640 Xthn the LHCDm=1 mode is completely suppressed, the
Time [msec] | s increases at the plasma center as well as at the ECR layer

FIG. 6. Waveforms of plasma parameters of a typical shot tttid line) as shown in Fig. 7. The gradient on they profile,
and without(dashed I'in)a ECH. (a)—(c) The temporal evolution of recon- dl_sx(r/a,t)/d|r|, become positive aroudd|/azo.25.
structed soft x-ray signalssy at r/a=—0.4,-0.2 and 0.0. ECH IPECH The hard x-ray intensityl in the range ofhv
=100 KW) is applied after 61.2 msec to the LHCD plasrd). The time HX o
evolution of the integral of g(r/a,t)— I sx(r{/a,t) inside the originalq =35-500keV, does not C_han_ge by ECH as shown in Fig.
=1 surface is shown by closed trianglésith ECH) and open squares 6(h). Four SXR detectors viewing the whole plasma column
(without ECH. The others are waveforms @) line averaged electron are installed. They have Be foils of different thicknesses by
density n, (f) soft x-ray detector signals which are viewing the whole which the manifestation of the microwave absorption by tail
plescon e ST b 097 HBUZS 271V, ) O BIK eectrons can be checked. They are sensive 0 SXR
Y SIgnaliix 9 gnihep "in the range of 0.2—27, 0.9-27, 1.7—27 and 2.5-27 keV with
more than 10% detection efficiency. Although the SXR sig-
signals. These results suggest that after 56 msec the magnefigls of 0.2—27 and 0.9-27 keV clearly increqbey. 6(f)],
shear at the twaj=1 surfaces begins to decrease withoutthose of 1.7—-27 and 2.5-27 keV increase only sligffig.
changing the location of the= 1 surfaces and the, begins ~ 6(g)]. The line averaged density does not change as shown in
to decrease to bgy,=1. Theq profile in the central region Fig. 6(). These results indicate the bulk electron heating by
seems to become flat with=1 before the appearance of the ECH.
LHCD m=1 mode. On the other hand, tlme=2 mode is The ray tracing calculation shows that the single pass
completely suppressed by LHCD, suggesting that the currer@tbsorption of the EC wave is about 60% under the experi-
gradient at they=2 surface may be reduced. These changenental condition. The profiles of the electron density and
of the current profile in both the central region and the petemperature of the target plasma are assumed ta.b
ripheral region will result in the steepening of the current=neo(1—r?/a?) and T(r)=Teo(1—r?/a?) in the calcula-
profile near theg=1.5 surface. This is one of the plausible tion, where Tg=400€eV, ng=1.0x10%cm ® and By
accounts for the appearance of the=3/n=2 oscillation. =1.47T.

The flattening of the current profile and the peaking of ~ Responses of the LHCh=1 mode for the various lo-
thel s, profile inside the originatj=1 surface just before the catio_ns of the ECR layer are investigated systematically. The
onset of the LHCDm=1 mode suggest that this mode is location of the ECR layer is scanned by changing bth
driven by the pressure rather than the current gradient. Ignd!p with g, to be kept constant. The complete suppres-
addition, the time interval between the disappearance of th&ion is obtained when the ECR layer is located in the range
doublem=1 mode and the excitation of the LHCm=1  Of [r|/a=0.27-0.40 as shown in Fig(d. Itis noted that the
mode is much shorter~(1 msec) than the time scale of the time needed for the complete suppression after ECH on is in
global change of the current profile-(L0 msec). Therefore, (he range ot=0.4-0.75msec and depends only weakly on
it seems to be reasonable that the current profile in the cerit® location of the ECR layer as shown in FigbB When
tral region keeps flat even after the excitation of the LHCDthe ECR layer is located in this region, the positive gradient
m=1 mode and the excitation cannot be ascribed to th@n thelsy profile is always observed and the integral of the
steepening of the current gradient. equation(2) is decreased. When the ECR layer is positioned
near the center of the plasma or in thg/a=0.5 region,
there is no suppression of the LHCD=1 mode. In this
case, the decrease of the integral of the equa@®ns not

Figure 6 shows a typical shot for the suppression of theobserved.

LHCD m=1 mode by ECH. Here, the ECR layer is located
at|r|/a=0.34 in the high field side and ECH is turned on at
the time when the LHCDOn=1 mode expands most. After
ECH on, the mode is suppressed quickly in about two peri-  The excitation of the LHCDn=1/n=1 mode is accom-
ods of the oscillation 0.5 msec)[Figs. 6a) and Gb)] as  panied with the decrease of the magnetic shear and with the

B. Suppression of the pressure driven ~ m=1 mode by
ECH

IV. DISCUSSIONS
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Tu0,/ 8 The fact that the LHCDm=1 mode is not a resistive

L _ , _ instability seems appear in the experimental results on the
FIG. 8. (a) The oscillation amplitude ratio of the case with EGHmsec . .
after ECH on and that without ECH for the LHCEn=1 mode is plotted as suppression by ECH. Namely, the range Of. the_ Iocatl_on Of
the function of the location of the ECR layey_,q . The oscillation am- the ECR layer where the complete suppression is obtained is
plitude is measured by the soft x-ray detector which has the viewing chordnuch wider Ar/a=0.13) compared with the previous cases
tangential to the peak location of the LHGD=1 mode. The scan of the of the suppression experiments of the tearing modesg
ECIE I‘ZyerTir? CLa:iCeg out in tgg Izandlewgiﬁe' é g: 0'10_56%6ki” t_hehh:gh ~0.05)!%'*and sawtooth oscillationg\¢/a=0.03%2in OH
clgnsf;n?-duriig the sf:fgeghe remi?(r;d tin?e for thpeO\évoe(mpIeteV?l;rs)prZssion p_Ie_lsmas b_y ECH. Itis also wider than the width of the depo-
of the LHCD m=1 mode is shown. sition profile of the ECH powerdr/a=0.04). In addition,
the time scale for the suppression of the LHB3-1 mode
is much faster 0.5 msec) than that for the tearing modes
. in the OH plasma {-2 msec). If the suppression by ECH is
peaking of thel g« profile inside the originaj=1 surface, due to the current profile modification, for the complete sup-
which suggests that this mode is a pressure driven mod@ression it may take a time corresponding to the current dif-
One of possible candidates for the identity of the pressuréusion time defined by a formula;= wuq(dr)?/ 5, wherez is
driven m=1/n=1 mode is the internal kink mode. The in- the parallel resistivity near thg=1 surface andir is the
ternal kink mode is excited by the pressure inside kel length from the heating layer to theg=1 surface. Herer is
surface and for the excitation it requirgh,=0.3 for the  estimated to be-1.3 msec withdr=Ar/2 using the present
usual current profilé However, in the present experimental experimental condition of ;=400 eV andZ.=2. The esti-
condition 8,,; is estimated to be as low @80.02, which is mated time scale is on the same order as the experimental
much less than the threshold for the excitation of the internatesults of the suppression time of the LHGD=1 mode.
kink mode. Therefore, at first glance the internal kink modeHowever, if the suppression is due to the current profile
may be excluded from candidates for the identity of themodification, the suppression time will depend ar)®.
LHCD m=1 mode. On the other hand, it was theoretically However, there is no such strong dependence of the suppres-
shown that when theg profile became flat inside thg=1 sion time on the location of the ECR layer in Figb8 These
surface withgy=1 at the magnetic axis, the criticg,; results suggest that the suppression cannot be ascribed to the
required for the instability was reducdtin this case, the current profile modification. On the contrary, the integral of
plasma displacement accompanied with the instability takethe equation2) [Fig. 6(d)] begins to decrease immediately
the form of a convection of the quasi-interchange type ratheafter ECH on, indicating that the suppression is ascribed to

than a rigid shift. the modification of the pressure profile inside te 1 sur-
Since the magnetic shear is found to be reduced beforface.
the excitation of the LHCDm=1 mode, this “quasi- Another distinctive feature of the present experiment of

interchange” mode may be the case. We investigate the timthe mode suppression is the shape of the dip denoted by a
evolution of the internal mode structure of the LHGD  dotted line in Fig. &), which takes a form of the figure
=1 mode on the contour map of the SXR emissivity, as“U.” In the suppression experiment of the OH tearing mode
shown in Figs. 889)—9(c). The point “X” in each figure by ECH, on the contrary, the suppression dip takes a form of
shows the location of the peak of the SXR emissivity. One othe figure “V,” that is, the complete suppression is obtained
the contours is shown by the dashed line in each figureonly at the ECR location corresponding to the bottom of the
Although just after the mode onset the shift of the<™  figure “V.” ®71%1When the location of the ECR layer is
point is small, as shown in Fig.(8, the dashed contour is outside of this very point, only incomplete suppression is
somewhat distorted. The shift of thex” point gradually — obtained. A computer simulatiGhsuggested that this char-
increases, as shown in Figgb®and 9c), and the shape of acter was ascribed to the location of EC heating zone on the
the dashed contour becomes crescent. Such a crescent shapegnetic island of the tearing mode. Namely, if the EC heat-
is a distinctive characteristic of the quasi-interchangeng layer is just on the O-point, a complete suppression may
mode3! be obtained. On the other hand, when the heating layer is
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