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Abstract

   Resistive wall  modes  (RWM) associated  with  ideal magnetohydrodynamic  current-driven  (& <  O.2)

and  pressure-driven (fiN >  2.4) kink modes  with  low toroidal mode  number  n  (n =  1) have been identified

in JT-60U, The  pressure-driven RWM  occurs  at  the plasma toroidal  rotation  of about  1% the Alfven

speed  without  clear continuous  slowing  down  of  the plasma toroidal rotation. Occurrence ofn  =  1 RWMs

result  in thermal  quench accompanied  by higher n  (n 2 2) modes.  In the case  of  current-driven  (-- zero  fi)
RWMs,  a thermal  quench occurs  only  at the periphera] region  just after the RWM.  In contrast, a  thermal

quench occurs  in the whole  plasma  region  following a drastic increase in the growth rate  of  the RWM

from the order  ef  TL,Li (T" is the resistive diffusion time  of  the wall)  to ]arger than 102 TL,'t in the case  of

pressure-driven (high fi) RWMs,
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1. Introduction

   High fi operation  with  a  reversed  rnagnetic  shear

configuration  is an essentia] concept  for an  economical

steady  state  tokamak  fusion reactor. The  higher 6 results

in the larger bootstrap current  and  the higher fusion

power at the fixed magnetic  field. A  reversed  magnetic

shear  configuration  is consistent  with  a steady  state of  a

tokamak  discharge with  large boetstrap current  fraction

[1-3], Magnetohydrodynamic  (MHD) instabilities which

limit attainable B of reversed  shear  discharges have been

reported  to be ideal kink modes  with  low toroidal mode

numbers  n  in several  tokamaks  including JT-60U [4-7].
   The  stability  limit of  ideal low n  kink modes  is

significantly improyed by placing a  perfeetly conducting

wall  near  the  plasma  surface.  Resistive wall  modes

(RWMs) which  are a branch of  ideal Iow n  kink modes

are, however, destabilized owing  to the finite resistiyity

of  the nearby  conducting  wall  when  the ideal low n  kink

medes  are  stable with  the perfect wall  but unstable

without  the  wa}1  [8], Since the stability  ]imit of a

reversed  magnetic  shear  configuration  against ideal low

n  kink modes  is relatively  lower than  conventional

configurations  without  a  conducting  wal]  [9], wall

stabilization  of  ideal low n  kink modes  and  suppression

of RWMs  are  crucial  for achievement  of  steady  state

high fi reversed  shear  discharges,

   Theoretical studies  of  stabilizing  effects  of  a

resistive  wall  have revealed  that plasma  rotation  is

essentially  important for wall  stabilization  and  sup-

pression of RWMs  [8,10-13]. Experimental studies  of
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stabilization  of  ideal low n  kink modes  by  a  nearby

conducting  wall  have been carried  out  in several

tokamaks  [14-17]. High  P. (= rv(I,/aB-T-) (%m･TfMA),
here Ip is plasma  current  in MA,  a  is plasma  minor

radius  and  BT is toroidal magnetic  field) discharges
exceeding  the ideul stability  limit without  the  wall

fig"'"aii have been demonstrated for a  few 10 times  the

resistive  diffusion time of  the  wall  T. with  certain

plasma  rotation  and  RWM  have  been observed  to

degrade the Ag in DIII-D [14,15] and  PBX-M  [16]. Wall

stabilization  of  current-driven  iow n external  kink
modes  has been studied  in HBT-EP  [171. Dependence  of

RWMs  on  wall  coupling  has been  investigated by

changing  the plasma shape  or the waLl  position [16,l7].
Active stabilization  of  RWMs  has been canied  out  by

means  of  feedback control  of  the perturbed magnetic

field[18,19],

    ln JT-60U,  we  have  reported  wjth  respect  to

reversed  shear  discharges that the upper  boundary of  the

achieved  &  is consistent  with  the theoretical ew'Waii and

resistive  rnodes  reiate  to major  collapse  in the regime

PN <  6k'O-""ii [7,20]. High  &  exceeding  I3RU'W"ii were

obtained  transiently  with  the help of  a  nearby  conduct-

ing wall  and  MHD  perturbations which  are attributed  to

the RWM  was  observed  to terminate the high 6N
discharges [20]. In this paper, direct obseryation  of

RWMs  associated  with  both current-driven  (-･ zero  6)
and  pressure-driven (high fi) tow n  kink modes  is

reported  frorn a  large tokamak.JT-60U.  We  also  pay

attention  to the process of  major  collapse,  which  results

from the growth of  RWMs,  in comparison  between the

cases  of the RWMs  associated  with  current-driven  (-
zero  6) and  pressure-driven (high fi) kink modes,

Identification of  the RWMs  associated  with  current-

driven and  pressure-driyen idea] n  =  1 kink modes  are

described tn Sec. 2 and  3, respectively.  Thermal quench
folLowing the RWMs  is discussed in comparison

between - zero  6 and  high fi cases  in Sec. 4. Results

obtained  in this experimental  study  are summarized  in

Sec. 5.
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2. RWMs  Associated  with  Current-Driven

   Kink Modes

    Current-driven ideal low n kink modes  can  be
unstable  nearly  at  zero  fi with  an  amount  of  plasma

surface  current  with  low internal inductance ei. Such
situation was  realized  in ohmic  discharges with  fast
                     '
plasma current  ramp-up  (Ip >  O) and  RWMs  associated

with  a current-drivcn  n  =:  1 kink mode  were  directly

observed.

  6.3 6.31 6.32 6.33

                  Time (s)

Fig. 1 Waveforms of  a typical current  ramp-up  experi-

     ment  for observation  of current-driven  external

     kink modes;  (a) plasma  current  -, plasma  internal
     inductance e, and  safety  factor q", and  (b) n  =  1,2

     and  3 components  of  time-derivative  of  the

     perturbed magnetic  field in the  radial  direction at

     the  occurrence  of  the  instability.

    Figure 1 shows  typical  waveforms  of  an  ohmic

discharge in the  experiments  of  current-driven  kink

modes.  Safety factor near  the edge  q:e decreases with
increase in the plasma  current  and  an  n  =  1 mode  grows
at t= 6.319 sjust  after  q* passes through  three, Here, q"

is defined as  5a2BT/(2Rl,)[1 +  K2(1  +  262 - 1.26])]; R:
major  radius,  rc: elongation,  6: triangularity. The  typical

plasma  current  ramp-up  rate  was  O,5 MAfs  and  ei ==  O,5,

The plasma current ramp-up  rate was  increased up  to 1.2

MAIs  occasionally  to destabilize the n  =  1 modes  at 2.5
<  q'  <  3, A  growth  rate  7of the n  =  1 modc  is about

430 s'i in the early  phase and  is about  1,020 s'i at t =

6.322 s. Since the estimated  Tk, of  the  JT-60U  vacuum

vessel  is =  1O ms,  the growth rate of430  s-t corresponds

to =  4 T.-i, Toroidal rotation  velocity  of  the ohmic

discharges is nearly  zero  within  the uncertainty  of the

measurement  by a  charge-exchange  recombination

spectroscopy  (CXRS) [21]. The diarnagnetic drift is a

dominant fluid drift in the poloida] direction in such

ohmic  discharges and  its velocity  is typically x  5 kmls.

    Time  eyolution  of  electron  temperatures  T,
rneasured  by electron  cyclotron  emission  (ECE)
heterodyne radiometers  [22] at  the occurrence  of an  n  =

1 mode  and  the following thermal  quench  is shown  in

Fig. 2 together  with  perturbed rnagnetic  fieLd measured

by eight  saddle  sensors  located toroidal]y  on  the
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Fig,2 Time  evolution  of (a) electron  temperatures  Tk

     and  (b) n =  1, 2 and  3 components  of  time

     derivative of the perturbed magnetic  field in the

     radial  direction at the occurrence  of  the  instabiiity.

     The  broken lines indicate the  period  for
     calculation  of 67L in Fig. 3(a}, (c} Peloidal mode
     structure of the perturbed magnetic  field showing

     that m  =  3 is dominant.

horizontal mid-plane  in the weak  field side  inside the

vacuum  vessel.  A  poloidal mode  structure  of  the

perturbed magnetic  field mode  measured  by fifteen

pick-up coils  located poloidally on  a poloidal cross-

section  is shown  in Fig. 2(c). A  radia]  distribution of

p]asma radial  displacement e, due to the n  =  1 mode  was

estimated  from the  7L evolution  as C, =  6T,tVTk (Fjg.
3(a)). Here 67L is the change  of  7L during the growth of

the n  ;  1 mode  from t =  6,201 s until  t =  6.206 s in Fig.

2(a). and  V71 is the Iocal gradient in the  7:, profile.

Figure 3(b) shows  a  radial  profile of  theoretical plasma
radia]  displacement and  its poloidal Fourier components

of  an  ideal n  =  1 external  kink mode  which  can  be

unstable  with  a  certain  plasma surface  current computed

by the ERATO-J  code  [23]. The experimental  profile of

4, clearly  shows  that the n=1  mode  is aglobal  external

mode  and  is similar  to the theoretical one  of an ideal n=

AEV.sU'
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Radial profiles of  (a) plasma  displacement in the

radial  direction due  to the n  =  1 instability
estimated  from  L perturbations as g, =  5LIVL,

and  (b) theoretical radial  plasma  displacement of
a current-driven  {-- zero  P) n  =  1 external  kink

mode  and  its Fourier components  computed  by

the  ERATO-J  code,

1 external  kink mode.  The  fact that m  =  3 is the

dominant po]oidal mode  number  of  the n  =  1 magnetic

perturbations (Fig, 2(c)) is in agreement  with  that the

observed  mode  is an  ideal n =  1 external  kink mode

destabilized at  q* S 3,O, No evidence  of magnetic

islands nor  loca]ized MHD  perturbations which  is a

typical characteristic of  resistive  MHD  instabilities are

observed.

    The growth rate of n =  i modes  are･shown  as  a

function of  Lhe  ratio  of  the  wall  radius  d to the  plasma

minor  radius  a  in Fig. 4. The growth rate ranges  413-

1,085 s'i. We  confirmed  from  stability  analysis  using

the ERATO-J  code  that an  ideal n=  1 mode  is stab]e if

a  perfect]y conducting  wall  is placed at dla g 1.3.
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Fig, 4 Growth rate'of  the  n =  1 external  kink modes

    Cclosed circles}  versus  the  ratio  of  the  wal1  radius

    to the  plasma  minor  radius  dia. Solid line is a

    Finn's analytical  solution  with  the  actual

    parameters  such  that BT =  2 T, a  =  1 m  and  k  =

    1O'2 s. The  safety  factor at the magnetic  axis and

    the plasma  flow are  assumed  te be qo =  2.15 and

    R  =  O, respectively.  Unstable region  of the  n  =  1

    mode  computed  by the  ERATO-J  code  is also

    illustrated.

Theoretical growth  rate  of  the  n  =  1 mode  calculated

from  the Finn's formulation r12] with  parameters
similar  to the  experimental  condition  is also  illustrated

as  a  solid  line. The  observed  growth  rates  are  of  the

same  order  with  the growth  rate  expected  from the

Finn's solution  although  the dependence of  the growth
rate  on  dla is not  clear,

   Then, it is confirmed  that the n  =  1 mocles  which

have  a  similar  mode  structure  with  the  idea] n =  1
external  kink mode  are  observed  in the stable region

with  a perfectly conducting  wall, and  have the growth
rate similar to the theoretical one  with  the  resistive  wall.

Thus, we  identified that the  n  =  1 mode  is the  RWM

associated  with  the current-driven  (-- zero  6) ideal n =  1
external  kink mode.  Effects of  the diamagnetic drift on

the growth  rate  of  the RWMs  is not  clear  in this
expenment.

3. RWMs  Associated with  Pressure-Driven

  Kink Modes

   High  l3N discharges exceeding  l3N'O'""ii of  pressure-
driven ideal low n  kink modes  were  obtained  in reyersed

shear  discharges without  a plasma current  ramp  (Ip =  O)

3
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Fig. 5 Region  of  achieved  Il" just before major  collapse

    in reversed  shear  discharges  with  clla = 2.0

    (plasma shape  A). Close circles refer to the data
    with  no  clear  precursor and  open  circles  refer  to

    the data with  clear precursor with  y  >  O.3 ms.  The

    solid  line indicates the  computed  stability

    boundary  of  the  n  =  1 ideal kink-ballooning mode

    with  the  wall  at  inf]nity, An  open  square  shows  a

    data with  dia S 1.3 (plasma shape  B) and  the

    scratched  region  indicates an  estimated  region  of

    attained  I$" in the discharges with  dia <  1.3.

with  the  help of  stabilizing  effect  of  the  wall,  and

RWMs  associated  with  pressure-driven ideal n  
=

 1 kink

modes  were  directly observed,

   Figure S shows  the region  of  achieved  1]N just
befOre disruptions or major  collapses  in reversed  shear

discharges. Upper  ]imit of  the achieved  fu in dischaTges
with  the wall  at  dla nt  2.0 is in agreement  with  the

theoretical 6aO'Waii which  is calculated  by the ERATO-J
code  with  a typical experimental  equilibrium  [7]. Hcre d

is the distance between the magnetic  axis and  the waLl  in
the weak  field side  in the case  of  high S discharges.

High fiN exceeding  13N'"'""ii were  obtained  transiently in
discharges with  d/a S 1.3 and  n  =  1 modes  emerged  to

terminate the  discharges,

   Figure 6 shows  radial profiles of measured  plasrna
t'emperature, density and  a  poloida] cross  section  of  the

flux surface  of  a typica] high 6 reversed  shear  discharge,
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Fig.6 Radial profiles of  (a} ion temperature  7; and

    electron  temperature  L, (b) electron  density n.,

    and  (c) a poloidal cross  section  of  the  flux surface

    of  a typical high P reversed  shear  discharge, and

    (d) radial  profiles of  the  reconstructed  pressure p
    and  the  safety  factor q for stability  analysis.

Radial profiles of  reconstructed  pressure p, safety  factor

q are indlcated in Fig. 6Cd). The p]asma parameters are
that Ip =  O.9 MA,  BT  =  2,4 T, e, =: O.7, q* =  5.4, rc 

=:
 1.5,

6 =  O.38 and  dla =  1.2. The reconstruction,  of  an

experimental  equilibrium  for stability analysis  incerpo-

rates  with  measured  profiles of  ion temperature  from the

CXRS  [21J, electron  temperature from Thomson

scattering [24,25] and  ECE  [22], electron  density from

Thomson  scattering  and  FIR  and  C02  interferometer

chords  [26,27], and  q from motional  Stark effect

measurements  [28]. Fast ion pressure calculated  by the

OFMC  code  [29] is also  included in the  pressure profile,

   Figure 7 shows  time  eyolution  of  plasma  pa-
rameters  and  MHD  perturbations of  a reversed  shear

discbarge in which  the achieved  PN exceeded  the

calculated  6N["W"ii. The  ca]culated  fisc'O'"i'i] is =  2.2 in the

similttr  discharge with  ei , O.7. The  normalized  fi
increases gradually in time  and  exceeds  l3FP'"aii at tr 6 s.
The  clischarge is terminated  in disruption at  I3N =  2.6

(Fig. 7(a)). Ptasma  rotation  frequency in the  toroidal

direction A., is about  4 kHz in the counter-direction  to

the plasma current  at  the radial  region  corresponding  to

the q =  4 surfaces. The toroidal rotation in the counter-
direction to the  plasrna current  is due  to an  inward

electric fie]d induced by a ripple loss of  fast ions from
the near-perpendicular  neutral  beams [30]. The  time
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Fig. 7 Time  history of  a  discharge (#35167) showing  {a)
    fiN relative  to the  computed  no-wall  stability  limit

    6RO'Wni' and  the  plasma  toroidal  rotation  frequency

    a., near  the  q =  4 surface,  (b} n  =  1, 2 and  3

    components  of  time  derivative of  the  perturbed
    magnetic  field, (c) electron  temperature  n, and  (d)
    a  contour  piot of  time  derivative of  the  perturbed
    radial  magnetic  field measured  by saddle  sensors

    at  the  occurrence  of  the  n  =  1 mode.  The  broken

    lines in Fig. 7(c) indicate the  period  for calculation

    of 67L in Fig. 8.

resolution  of the plasma rotation measurernent  by means
of  the  CXRS  is 16,7 ms  [21]. No  significant  slowing

down  is observed  onA.,  near  the outer  q =  4 surfaces

before the growth of  the n  =  1 mode,  Change in A,,
during the  growth of  the n  =  1 mode  is not  measured

within  the time resolution,  An  eight  saddle  sensor  array
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detected a  growth  of  mugnetic  perturbations with  n  
=

 1

just before the disruption with  7" 120 s'i which  is close

to k'] =  1OU s'i. Any other  mode  numbers  such  as n =  2

and  n  =  3 were  not  observed  at  the  same  time  (Fig.
7(b)).

    The  time  evolution  of  Tk suggests  that  the n  =  1

mode  with  7=  120 s'i is rotating at a period of  =  50 ms

which  corresponds  to the toroidal rotation  frequency of

the n =  1 rnodef,.t  = 20 Hz  (Fig, 7(c)). A  contour  plot

of  the perturbed radial  magnetic  field clearly shows  that

the n  =  1 mode  with  the growth rate  of  =  Tk,'i is rotating

in the counter-direction  to the plasma current  (the same
direction with  the plasma rotation  in the  peripheral
region)  with  the frequency.L.] =  20 Hz  f= 1f(2nTL,) (Fig.
7(d)).

    A  radial  distribution of  plasrna radial displacement

g, due to the n =  1 mode  estimated  as  4, =  571,/V71 is

shown  in Fig, 8, Here  the period for calculation  of  57',

is indicated as broken ]ines in Fig. 7(c). A radial profile
of  theoretical plasma  disp]acemcnt of  the unstable  ideal

n=1  mode  cornputed  by the ERATO-J  codc  is shown

as a  so]id  line in Fig. 8. The comparison  of  the experi-

mental  profile of  C, with  the compuled  one  is not

straightforward  in this case  unlike  the  case  of  the  RWM

associated  with  current-driven  kinks at low q*  since

many  significant poloidal modes  exist  in such  a  high q'

discharge. The  experimental  e, profi]e js, however,
similar  to the  theoretica] one.  Moreover, no  evidence  of

o
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magnetic  islands nor  a  loca]ized perturbation is observed

at the same  time,

    Then, the MHD  characteristies  of  the n  =  1 mode

emerged  at fiN 2 fikO'WUit are  in agreement  with  those of

the RWM  at high fi predicted theoretica]]y [8]. Thus, we

concluded  that the  n  =  1 mode  is the  RWM  associated

with  the pressure-driven ideal n  =  1 kink mode.

    One of  the differences of  the pressure-driven
RWMs  ttt high 6 in JT-60U from those  rcported  in DIII-

D  is that no  clear  reduction  of  the plasma  toroidal

rotation  velocity  is obseryed  near  the mode  rational

surfaces  (q =  4) in JT-60U, while  the rotation  velocity  in

DIII-D continuously  s]ows  down  before occurrence  of

the RWM  unti}  it is essentially  zerojust  after the RWM

onset  [14,15]. Although  fl,, does not  decrease under  the

condition  that 6N 2 6ftO'W"ii, RWMs  grow and  are

foIIowed by rnajor  collapse  or disruption in JT-60U. The

result  suggests  that the toroidal rotation  frequencyf., =

4 kHz  (" 1O'2vAl(2n R)) is not  sutificient  for stabilization

of  the  RWMs.

EV-sU'-O.1

-O.2t=6.17-6.19si

-2

-3

       O O.5 t
                      p

Fig. 8 A  radial  profile of  radial  plasma  displacement due
     to the  n=  1 mode  estimated  from  %  perturbations

     as  4, =  fiTLtVTL (closed circles), and  a theoretical

     radial  profile of  the  n  =  1 radial  plasma

     displacement computed  by the ERATO-J  code  (a
     solid  line). The  error  bars are  mainly  owing  to

     uncertainty  of  VL-

4. Collapses Following RWMs

    Destabilization of  the RWMs  results  in major

collapse.  In the case  of  the pressure-driven RWMs  at

high  rs, the  RWMs  is almost  always  followed by

termination of  the discharges, while  discharges can  bc

survived  in the case  of  the  current-driven  RWMs  at -

zero  fi.
    Small current  qucnch  occurs  as a result  of destabili-

zation of the  current-driven  RWM  at  - zero  fi as  shown

in Fig. 1, The discharges are  maintained  after the current

quench  with  the retained  MHD  activity. Termination of

the discharge is often  follows a  few 100 ms  after  the

small  current  quench  caused  by the MHD  activity

existing  after  the RWM  and  it is not clear whether  the

termination of  discharge is directly led by the RWM  or

not,  Detai]ed process of  the colLapse  just after the RWM

can  bee seen  through the time evolution  of  71, and  the

perturbed magnetic  field (Fig. 2). The n  =  1 RWM

grows  with  7= o(Tk,Ji)  together with  the change  of 71

corresponding  to the  n  =  1 radial  plasma  displacement.

A  thermal  quench occurs  only  at the peripheral region

after the RWM  accompanied  by higher n  (= 2, 3) modes
with  a  recluction  of  the n  =  1 rnode.  The drop of the 71,

by  the thermal  quench propagates into the core  rcgion

within  a  few  1O ms  with  large n  =  1 activity. Higher  n

modes  appear  occasionally  corresponding  to the thermal

quenchs in the core  region.

    In contrast, a co]lapse  due to destabilization of

RWMs  results  in irnmediate termination  of the discharge
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    #35167  with  pressure-driven kink modes  appear  as a limiting

         instability of the attainable  fi, On  the other  hand, ideal

         low n  externa]  kink modes  can  be unstable  even  nearly

         at zero  fi due to the effect  of  the plasma  current. In the

         latter case,  RWMs  associated  with  current-driven  kink

         modes  are observed.  In this paper, RWMs  associated

                   with  ideal current-driven  and  pressure-driven low n  (n =

     6.2 6.201 6.202
                    Time  (s)

Fig, 9 Time  evolution  of {a) electron  temperatures  7L

     and  (b) n  =  1, 2 and  3 components  of  time

     derivative of the perturbed magnetic  field in the
     radial direction at the occurrence  of the  pressure-
     driven RWM  at high rs,

in the case  of  pressure-driven RWMs  at high fi, Figure 9

shows  time evolution  of  7le and  n  =  1, 2 and  3 compo-

nents  of  time  deriyative of the perturbed magnetic  field

at a collapse  caused  by the pressure-driven RWM.  The  n

=  1 RWM  gro,ws at r=  1,080 s'i until  t =;  6.201 1 s and

the growth rate of  the n  =  1 mode  increases drastically

to lt >  104 sii, A  therma[  queneh  occurs  in the whole

plasma  region  at t =  6.2012 s accompanied  by higher n

(n ) 2) magnetic  perturbations. The time  evolution  of  7le

suggests  no  significant change  in the internal mode

structure  of  the n  =  l mode  at the clrastic increase in the

growth rate.

    Comparing  the  process of  collapses  after  the

growth of  the pressure-driven and  current  driven

RWMs,  it seems  that excitation  of  higher n () 2) is
important for therma]  quenches in both cases  und  the

drastic increase in the growth rate of  the n =  1 mode
larger than 102 Tk.ri is a  key phenomena for termination

of  discharges just after  occurrence  of  the pressure-driven

RWM.

5. Summary

    Resistive watl modes  are  destabilized owing  to the

finite resistivity  of  the  wall  in the situation  that ideal

low n  externa]  kink modes  are  stable  with  a  perfectly
conducting  wall  but unstable  without  a  wall.  Ideal luw n

external  kink modes  are  unstable  in high 6 plasmas

exceeding  the 6k'O'W"ii due to the effect of the plasma

pressure. In such  a case, RWMs  which  are  associated

1) kink modes  were  investigated, Resistive wall  modes

associated  with  n  =  1 current-driven  externa]  kink

modes  were  identified through direct observation  of the

radial  mode  structure  4,. The  current-driven  RWMs

destabilized at  - zero  6 (I]N <  O,2) wiLh  fast current

ramp-up  (J, =  O,5-1.2 MAIs) have the growth rate 7of
4-10 times TL,'i. No  evidence  of  magnetic  islands nor

localized MHD  actiyity  which  is typical  fer resistiye

instabilities is observed,  while  the time scale r=  4-10

T.'i is in the range  of resistive instabitities. Effects of

the diamagnetic drift, which  is a dominant fiuid drift in

such  ohmic  discharges, on  the  growth rate  of  the RWMs

is not  clear,

    Resistive wall  modes  associated  with  pressure-

driven n  =  1 kink modes  were  also  identified through

direct observation  of  the  radial mode  structure  4, and
other  MHD  characteristics  such  as  the  growth rate  and

the toroida] rotation  frequency. No  eyidence  of  magnetic

islands nor  localized MHD  activity  is observed  neither.

The,pressure-driven RWMs  are  observed  in reversed

shear  discharges without  a  current  ramp  (Jp =  O) at high

fi (6N >  2.4) in the range  7=  1-10  Tl.'i with  mode

frequencies from nearly  stationary  to a  few times

(2nT.)'i. The  pressure-driyen RWMs  occur  with  the

plasma toroidal rotation  of  abeut  1%  the Alfv6n speed

and  no  clear  continuous  s]owing  down  of  the plasma

toroidal rotation  is observed  before the growth of the

RWMs,

    Occurrence of  the n  =  1 RWMs  results  in major

collapse,  In the case  of current-driven  RWMs  at  --  zero

fi, the growth of  the RWMs  is followed by a  thermal

quench only  at the peripheral region,  then  the drop of 7L

propagates into the core  region  with  the time sca]e of  a

few 1O ms,  In the case  of  pressure-driven RWMs  at high

fi, the growth  of  the RWMs  is followed by a thermal

quench in the whoLe  plasma region  and  results  in

termination  of  the discharge just after  the increase in the

growth rate  from o(z.'i)  to larger than  102 Tk.'i. Why  the

growth rate  of  the  n  =  1 RWM  mode  can  increase

significant]y with  the similar  internal mode  structure  is

in analysis,

    Concerning to pressure-driven RWMs,  the experi-

ments  were  carried  out  using  the  reversed  shear

'
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discharge since  the stability limit ew'WEiit is expected  to

be lower than  those  of  normal  shear  discharges. It is,

however, theoretically  predicted that the MHD  charac-

teristics of Rwus  depends on  the current  profile [13], A

study  on  current  profile dependence  of  RWMs  is also  a

future work  although  achievement  of  high &  exceeding

Pg"'"ali with  the limited heating power is a technica]

matter  of  RWM  experiments.
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