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   ECHINBI  experiments  in Heliotron J have rcvealed  the existence  ot' a  spontaneous  transition to improved

confinement  modes.  Based  on  the experimental  database obtained  up  to now,  the characteristics of  the transition and

the  density and  power thresholds are  discusscd paying attention  to the configuration  effects.  For ECH+NBI  discharges

with  iniection powers of  PEcH -- O.29 MW  and  PNBi -･ O.57 MW,  transition phenomena  were  observed  in almost all

t(a)/2x  configurations.  The  globaL plasma  confinements  before and  after  the transition are  affected  by the value  of  the

edge  rotatii]nal  transforrn t(a)/2x.  During the improvcd mode,  the t(a)12x-dcpendcnce  of  the plasma stored  energy

is rnitigated  compared  to the pre-transitgon phase. The  database indicates the cxistence  ol' a  critical  value  in the line-

averaged  eiectron  density under  which  the transition  cannot  be observcd.  This threshold iinc-averaged density is in

the range  ef 1.1-2.0× 10i9 m'3  in most  configurations,  indicating that it is not  a strong function of  the injection power

and/or  thc heating method.  The existence  of  an  t(a)/2x  value  where  the transition was  not  observed  for ECH-only

discharges but observed  for NBI-only  or  ECH+NBI  discharges suggests  the existencc  of a configuration  effoct  andtor

heating-method  effect  on  the threshold  pewen
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1. tntroduction

   The  Heliotron J deviee [1-3] is a  flexiblc concept-explo-

ration  fucility for optimization  of  the helical-axis heliotron

configuration  [41. This configuration  is one  of  thc advanced

helical configuratLons  based on  the quasi-isodynamic  approach.

The advanced  helical concept  is frequent[y characterizcd  by

the Fourier components  of  the  confinement  field in the Boozer

coordinates.  In the he]ical-axis heliotron concept,  in addition

to toroidicity  an([  helicity, bumpiness is introduced as  a  third

knob  to control  
'.he

 neo-classical  transport. As for the  MHD

stability  in high-B plasrnas, the Heliotron J device creates  a

magnetic  well  fo ' the whole  confinernent  region  instead of  the

strong  cdge  magnetic  shear  in conventional  he]iotrons.

attthor's e-mait.' mi.'/ttuchi@iae.kFoto-tt.acJp

   One  of  the main  objectives  of  the He]iotron J experiment

is to study  configuration  etfects  on  the  plasma performance:

the effects  of  each  Fourier  component  of  the confincmcnt

ficld, effects  of  the existence  of  rational  surfaces,  effects

of  the magnetic  shear  andlor  magnetic  wcl],  effects  of  the

distance to the  first wall  or  other  piasma facing materials,

etc. This configuration  study  should  bc perfOrmed not  only

from the neoctassical  transport vicwpoint  but also from the

anomalous  transport  viewpoint.  Altheugh the helica]-axis he-

[iotron concept  aims  at the reduction  of  neoclassicaL  transport,

the  control  of  anomalous  transport is one  of  the key issues

in plasma experiments.  The  formation of  internal transport

barriers (ITB) and/or  edge  transport burriers (ETB), which  is

7kis' article  is basect on  tlte inL,ited talk at  the 21th rsPFAnnetal  iVeering  iShi.titoka.  2004),
'
 Present qMliation. Graduate Schooi of Engineering, Osaka  UniL'eJ'.sit.v, Siina, Japan
-
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observed  in many  tokamaks  and  sorne  ste]larators,  is also  an

attractive  phenomenon  lbr thc hclical-axis heliotron concept.

    The Heliotron J experiments  have revea]ed  the existence

oi' 
"good"

 confinement  states  compared  to the energy  confinc-

ment  time  scaling  in stcllarators,  the ISS95  sca]jng  l5], For
higher-density discharges under  thcse 

"good

 eonditions",  we

have found a  spontaneous  transition to improved confinement

modes  [6]. Here the increase in the stored  energy  and  core

e]eetron  density is observed  after  the spontaneous  drop of  the

intensity of  Ha/Da-emission.  These observations  are  simi]ar

to the characteristics  of  the H-modc  in tokamaks.  There ure

some  reports  of  these kinds of  observations  in Heliotron J for
ECH-on]y  [7-9], NBI-only  and  ECH+NBI  plastnas LIO.11].
RecentLy, the configuratien  cffccts  on  the lransition were

studied  by changing  the cdge  rotational  transform  l(a)12x  as

a  label of  the  configuration  [12].
   This paper reviews  these  experimental  observutions  of

the transitien to improved modcs  in Heliotron J and  discusses
the conditions  for the transition.

Fig. 1A  schematic  view  of  the  Heliotron J devlce.

2, Experiments
    The details oi' thc Heiiotron J deviee are  described in

Rcf. L31, The coil  systcm  of  the device consists  of  a continu-

ous  helical fie]d coil  (HFC) with  his.h pitch-modulation,  two

sets  ot' toroidal  field coils  (TFC-A and  TFC-B,  8-coi]slsct) and

three pairs of  vertical  tie]d coils:  the rnain  vcrtical  ficld coil

(MVFC), thc inner vertical  field coil  (IVFC) and  thc auxi]iary

venica]  fie]d coil  (AVFC). Due  to the streng  pitch modulalion

ef  the M  
=

 4 helical coil, the  toroida] shape  of  thc p]asrna
looks square  in the top view  as  shown  in Fig. 1. Due  to the

introduction o(' bumpiness in the tie]d component,  the strength

of  the coniinement  field on  the mugnetic  axis  is highcr at the
"corner

 sections"  than that at the 
"straight

 sections"  in regu]ar

configurations.  Figures 2 (a) and  {b) show  the shapc  of  the

magnetic  surfaces  and  the mod-B  contours  at  the eerner  and

straight  sections,  respectively,  Aftcr the initial experimcntal

verification  of  the  sound  magnctic  surfaces  [3], thc initial

plasma experiments  wcre  performed by using  53 GHz  ECH

systems  in FY2000-2001  l13,14]. Aftct' thesc cxperiments,

thc installation of  other  heating  systems  was  performed: a 70

GHz  ECH  system  [15] (PEcH g O,4 MW)  in FY2001,  and  one

bcam-line of  a  tangential NBI  system  (30 keVL O.7 MW,  H"-

beam) and  an  tCRF  system  with  a  loop antenna  (- 20 MHz,

O.5 MW)  in FY2003  L161.
    The  first 70 GHz-ECH  experiment  was  performed us-

ing the  second-harmonic  ECH  with  a  well-focused  Gaussian

beam  (the beam  radius  at the magnetic  axis  is about  2 cm)

r151, where  the microwaves  wcrc  taunchcd from a  horizontal

port located at one  of  the corner  sections  of  Heliotron J (see
Fig. 1) [7, Sl. The  first experimental  findings of  a spontaneous

transition to an  improved confinement  mode  in Heliotron J

wcrc  obtained  with  this ECH  system,  After that, thc launching

pesition of  the 70  GHz  microwave  beam  was  moved  from  the

horizontal pert at the 
"corner

 sectionTT  te a  top  port at one  of

the  

"straight

 sections"  of  the device (see Fig. ]). Due  to the

niechanical  timitation in this section.  the focusing and  stecr-

Fig.2
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jng system  of  thc launchcr, which  was  used  in thc horizontal

launching cxperiments,  was  not  installcd, and a  non-focuscd

Gaussian beam was  launched. Here, thc bcam  radius  at  thc

magnctic  axis  is about6  cm.  SLnee the inod-B  structure  und

the bcam  focusing are  different fOr each  gaunching position.
a significant  difference is expected  in the powcr deposition

profile and  the toLa] power abserption  rate  fOr thesc launching

conditions.  The  E,ingle-path  power dcposition profile and  the

IBI-dependence of  the total single-path  power  absorption  rate

for each  launchi/ig condition  were  evaluated  using  the ray-

tracing code  TRECE  [17]. Figures 3 (a) and  <b) show  typica]

examples  of  the calculations  (assuming TL =  O.5 keV  and  ii, =

1×1O]g m'3)  for horizontal well-focused  launching and  vcrtical

(non-focused) launching, respectively.  In thc latter case,  due

to the non-fOcusing  launching, thc deposition  profi]e is much

wider  than that .n thc former case.  On  the other  hand, the

tota] single-path  power absorption  rate  is limited to - 60 %  in

the horjzontal lattnching case  due to the steep  gradient of  the

magnetie  field sti'ength  at the corner  section whilc  thal for the

vertical  launching casc  is -- 100 %.

    For NBI-onty or  ECH+NBI  plasmas, the  target  p]asma

was  produced by the second-harmonic  70 GHz  ECH.  Although

the working  gas 1'or the  target ECH  plasmas has been changed

from hydrogen  to deuterium sincc  the FY2004  campaign  for

ICRF  H'-mjnerity heating experiments,  the HC}-beam has been

irijectcd in the NBI  heating casc.

    In erder  to rescarch  the transition condition  under  a lixed

configuration  and  a  hcating scheme  with  a fixed valuc  of

input power, the line-averaged electron dcnsity was  eontrolled

by changing  pre-programmed  gas puenng frum 2-4 valves

distributed around  the torus.

    For the first-step configuration  study  in Heliotron J, we

focuscd  on  the  ciangc  in the global confinement  property for

ditTerent values  `)f the  edge  rotational  transform  !Ca)f2x.  The

He]iotron J device can  produce a  wide  variety  ef  field configu-

rations  by changing  the combination  of  the coil  currents.  It is

 not  so  easy,  hov'evcr, to control  oniy  t(a)12x  whilc  keeping

 constant  all other  geomctrical parameters (the magnetic  axis

 position, the plasma volume,  the distance from the plasma

 facing matefials  etc.)  and  cembinations  of  Feurier compo-

 nents  of  the confLnement  field (helicity, toroidicity, bumpiness.

 ctc,). Therefore, it should  be considered  that  t(a)/2z  is a  label

 of  the configuration.  Up  to now,  we  have tried to change

 t(a)t2x in two  ways:  by control]ing  the poloidal iields L61 and

 by controlling  the current  ratio  of  HFC  and  TFCs  [l2]. In the

 ]atter case,  coil  currcnts  were  se]ected  to maintain  both the

 magnetic  axis  pc･sltion and  the field strength  on  the axis  at the

 ECH  launching section  in order  to rca]ize  the central  plasma

 heating condition.

    Thc  irnporlant diagnostics are  diamagnetic loops fer

 Xifiii", an  intert'erometcr for n. , and  Ho  IDa  detectors (sce FiLu..

 1). Changes in cdge  plasma propcrties were  monitored  with  a

 poloida] array  ol' Langmuir  probcs located in the SOL  {SOL

 probe), The  array  has four probe pins Ccach 5 mm  apart).  The

 first pin with  a  fixed bias voltage  was  used  fbr the  ion-satura-

 tion current  (J,) neasurcment,  the  second  and  lhird pins wcre
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Single path powerdeposition  profile and  total  power
absorption  rate  for (a) the  horizental well-focused

launching and  {b) the vertical  {non-focusing} launch-

lng  cases.

used  for the  fioating potentials (Vr) at two  different poloida]

positiens, and  the fourth pin was  used  with  1OO-Hz scanning

bias voltage  for the estimation  of  electron  temperature  (TL).
These probc  pins are  aligned  nearLy parallel to the shape  of

951



The Japan Society of Plasma Science and Nuclear Fusion Research

NII-Electronic Library Service

TheJapanSociety  of  Plasma  Science  and  Nuclear  FusionResearch

Journul of  I']us.ma and  Fusion Resenn'hVot.81,No.l1Noveni ber 2005

thc ca]culated  last closed  fiux surface  (I.CFS)  in the poloidal
cross  section  of  the torus. The radial  position of  the probe
R-RLcFs  can  be changed  on  a  shot-by-shot  basis. Here R is the
radial  position of  the probe aleng  the  major  radius  and  RLcFs
is the radial  position of  the Iast closed  flux surface  under  the
vacuum  condition.

 3. Characteristics of  the  Spontaneousftansi-

    tion to the  lmproved  Confinement
 3.1 ECH-onlyplasmas

    The first experimental  findings of  a  spontaneous  transi-

 tion to an  improved confinement  inode  in Heliotron J were

 obtained  in second-harmonic  on-axis  ECH  experiments  with

 a  well-focused  Gaussian beam  (70 GHz,  O.3 MW)  from the

 horizontal porL Fjgure  4 shows  an  examp]c  of  the time  history

 of  ECH  discharge (H' plasma in this case)  in the configura-

 tion of  l(a)/2z = O.542. Spontaneous drops in Lhe Ha  signal

 and  ion-saturation currcnt  of  the SOL  probe located near  the

 last c]osed  fiux surface  4, and  a subsequent  risc  in the line-
averaged  density fi. and  in the plasma stored energy  measured

with  diamagnetic loops WS{" were  observed.  The increment in
the plasma energy  AilGgia/IXgia rcached  -･ 70 %. The  estimated

global energy  confinement  time  TEXP was  1.7 times  longer
than  that  expected  from the ISS95 sca]ing  TkSSVS, whereas

TE"P  just before the transition was  almost  at  the scaling  ievel.
Since it was  diracult to control  the density increase after

the transition, it was  not  sure  that the  observed  rg"P was  the
maximum  one  obtainable  under  the heating condition in this
fieldconfiguration.

    Aftcr the  change  of  the launching position of  the micro-

waves,  simi]ar  transition phcnomena were  observed  again  fbr

secend-harrnonic  ECH  plasmas [1 1},

    The transition could  be observed  only  for higher-density
discharges for both launching cases.  Thc threshold density,
below which  the H-mode  transition is not  obtained,  is almost
the same  value  for both launching condLtions.  The  details are
discussed in Sec. 4.

3.2 NBI-only plasmas
    A  similar  spontaneous  transition to an  improved confine-
ment  mode  was  also  observed  for NBI  (HO bcam  of  -- 28
keV)  plasmas LIO,11]. Figure 5 shows  an  examplc  of  the

timc  history of  NBI-only discharge jn the standard  configura-

tion (l(a)f21 =  O.560). After a  few ms  frem the end  of  the

70 GHz  ECH  short  pulse. the co-irijection of  NB  (the port
threugh  power was  Pts-Bi 

-･
 O.5 MW)  was  turned  on  te the

afterglow  plasma for this shot.  During the NBI  pulse, the

gas-puff was  kept on  to increase the density. As  shown  in the

figure, two  clear  drops in HO  /Da  intensity were  ebserved  in

this discharge. The first one  starts at t -- 207 ins  and  ends  at

-
 222 ms.  The second  one  sLarts  at a  higher density tirning

(t -･ 255 ms).  In some  cases,  more  than  two  transitions were

observed  during a single shot,  A]though the change  in the

increasing rate  of  fi, is not  clear  in this  particular shot,  WBii`'

starts  to increase whcn  intensities of  HalDa  and  I, drops.

The increases of  fi, and  iMgi" are  stepped  when  the HaLDa

intens{ty and  I, returri  to a higher level.
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Time  history of  an  ECH-only  discharge  in the  con-

figuration of  i{a)/2x  "  O.542 with  the  transition to the
improved mode  [S].
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Time history of  an  NBI-on[y  discharge in the standard
co  nfiguration  {t(a)12- =  O.560) with  the  transition to the
improved mode  [11].

   It is interesting to note  that the aboye-mcntioned  char-

acteristics  of  the transition wefe  clearly  obserycd  for the first
transition event.  As  typica]ly shown  in Fig. 5, 10-15 ms  after

from the NBI  is tumed  on,  the third-harmonic  ECE  signal

jEcE and  UiSja stop increasing or  start  to decreasing, which
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indicates the occurrence  of  confinement  degradation. At'ter

that, the transition to the improved mode  seerns  to come  abeut

if n, is high enough  near  this timing. The  lower limit of  Ji. for

the transition is - 1.1-15× 10i9 m'3,  and  it does not  depend
on  PNBJ in the range  of  O.3-O.55 MW.

   During  the Low-Ha/Da  phase, it was  obseryed  that the

incrcasing rate  c,f SX  photo-diode array signa]s  was  larLo.er

than  that at othei'  timings  [11]. This tcndency  is clear  for the

edgc  chord.  Aftcr the back transition, the increasing ratc  of

the signal  for edge  chords  decreases whereas  that fOr the cen-

ter chords  does not  change.  This indicates that the SX-signal

profile become  rnore  peaked after  the back transition. These

observations  suggest  that the ehange  of  confincment  occurs

in the edge  region.

3.3 ECH+NBI  plasmas
   Figure 6 shows  an  exarnple  of  the time  history of

ECH+NBI  combination  heating discharge for the standard

configuration  (t(a)f2x "  O.560) [1 1]. Thc initial plasma was

produced and  heatcd by 70 GHz  microwaves  (second-har-
monic  ECH,  PEc i - O.3 MW).  After -- 15 ms  from thc start of

ECH, the NBI (I'NBT - O.5-O.6 MW)  was  superposed  up  to the

end  of  the ECH  pulse. Due  to a  rather  low gas-puffing rate  in

the earlier  phase of  this discharge and  to the density clamping

caused  by  ECH,  the NB  was  injeeted to a rather ]ow-density

target plasma. Increasing the gas-puffing rate,  the density

increased gradually beyond the cut-off  density of  the second-

harmonic X-mode.  A  clear  drop in the UorIDor signal  was

observed  at t - 242 ms  and  the signal  intensity was  kept at a
low level up  to the  end  of  the discharge. At almost  the  same

time, the increasl,ng rate  of  W"ii:i was  enhanced.  Depending on

the density evolutien,  some  

"dithering"
 of  Ha/Dct  intcnsity

andlor  ion-saturation currents  in the edge  region  was  observed

bctbre the transition (This phase is similar  to that defined as

Phase I in [12]). During the dithering phasc, ncither  "IY`" nor

fie decreases.

    Besides  these  H-rnode  like transitions, the  t(a)f2z scan  in

the FY2004  campaign  revca]ed  thc existence  of  two  different

types of  transition to improved modes  at  two  different t(a)f2n

values,  - O.50 and  O.61. They have different charaeteristics  in

their pre-transition phase from the H-mode-like transition de-

scribed  aboye.  Figures 7 and  8 show  examplcs  of  time  traces

of such  discharges at t(a)/2x -- O.51 and  O.61, t'espectively.

    The  spontaneous  transition observcd  at  l(a)t2x  
-
 O.51

is characterized  by the  appearance  of  low-frequency and

large-amplitude osciElations  in the signals  of  WIYi", ri., Ip and

HafDct  before the spontaneous  increase of  Wpdi" and  ri. (Fi.a.
7). As  shown  in .he figure, "iSia and  fi. (and HalDa  intensity)

are  almost  constant  before the appearance  of  thc  oscillation.

The  non-inducti'Je  p]asma current  (mainly the bootstrap cur-

rent  and  the beaTn-induced current)  is gradually increasing in

this phase. Before and  during the oscillation  phase. no  clear

MHD-activity  is observed  as  shown  in the figure. Since the

value  of  t(a)/2sc  is close  to a  low mode  resonance  condition.

the islands near  i.he  rational  surface  might  bc rclated  with  this

low-frequency osciliation.  For  exarnple, thc  non-inductii'e

plasma current  can  change  in L(a)12x  and  cause  largc-scale
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deformation of  the flux surfizices and/or  resultant  contact  with

the  wall.  At a  certain  timing  C-- 267 ms  for the discharge

shown  in Fig. 7), the oscillation  is spontaneously  stopped  and

Wpdi" and  n'. start  to rap{dly  {nerease beyond the leveL before
the oscillation.  In this IVSia-increase phase, HalDa  intensity

decreases to a  lower level almost  the same  as  that observed

before the oscillations,  although  n, increascs far beyond that

befere the oscillation  phase.

    Another different type  of  transition observed  at l(a)/2x  
=

O.611 is characterized  by the occurrence  of  strongly  bursting

MHD  modes  before the spontaneous  increase of  llilYi" and  n'.

(see Mag. probe in Fig. 8) [18]. According to the  analysis

of the magnetic  probc  signals,  the toroidal mode  number  of

the MHD  modes  should  be =  3. These bursting modes  seem

te degrade the confinement:  IVSin and  n. are  decreased or

suppressed  after  the  appearance  ef  bursting MHD  modcs.

A dccreasc of  ECE  signals  is simultaneously  observed.  At a

certain  timing  (-- 263 ms  for the discharge shown  in Fig. 8),

howeven the confinement  ls spontancous]y  improvcd, and  thc

values  of  LllYi'i and  n'.  are  rapid]y  increascd although  similar-

type  of  MHD  activitics  are  still observed.

    Although these two  types of  spontaneous  change  of  the

confinement  state  are  very  interesting and  important phenom-
ena.  our  present database on  these events  is net  yct suMcicnt

to undcrstand  the mcchanisms  of  these unfavorable  behaviors

of  plasma  and  the physical processes of  the transitions to

favorable states.

3.4 Edge  plasma  properties

    Figure 9 shows  an  exampLe  of  the  time  evo[utions  of  WFli"

and  Ji,, and  Ha/Da  signals  at  two  dil'ferent toroidal positions

(see Fi.o... 1), the radia{ion  loss measured  with  an  AXUV  diode,

and  4 at  R-RLcFs =  2.7 cm  for an  ECH+NBI  plasma  ttt t(tt)/2x

=  O.54. The tluctuation-induccd particle fiux ffi..t is also  plot-
ted in thc figure, which  is estimated  from thc equation  rfi..t
oc  1, × (i]1- - Vl-), where  I. is the fiuctuation component  of  thc

ion-saturation currcnt  and  V;, V; are  the fioating potential
fluctuations from  two  ditTerent pins i'or the Vl- measurement

[19]. The positive value  of  Fn.., corresponds  to the outward

fiow. At the timing  of  a  rapid  HafPa  drop (- 248 ms),  the

value  of  I, suddenly  decreases; the normalized  fluctuatjon

level, Zl I-,, and  fifi,,t decrease simultaneously.  In this par-
ticular shot,  repetitive  increases and  decreases in Fn.,t were

obscrvcd  during the  time  interval of  218 ms  <  t <  248 ms

in correspondence  with  the dithering of  the HalDa  signal.

Sharp spikes  with  large amplitudes  were  also  observed  in l,,

Vi- (not shown  in the figure) and  rH,,,, indicating the intermit-

tent nature  of  the  edge  plasma turbulcnce, After thc transition,

{he intensity of  such  intermittent bursts dccreased. Since the

avcraged  values  of  Ffl.., aiso  decreased after  the  transition,

it is not  clear  at present whether  the apparent  decrease of

burst level indicates a change  in the characteristics  of  the

turbulence.

   Figure IO shows  the radial  distributions of  J,, Vi-. 7k and

Ffi..L before and  after  thc transition obtained  by changing  thc

probe position on  a  shot-by-shot  basis. Due  to the poor time
resolution  of  the 7k measurement  with  the SOL  probe, the

    2Ane

 1.s:1oU

 O.5
  -"g

 AR2

 sV81

HJ150381(a)12sc--O.611

ECH+NBI

NB.I
ECH

t

ll

o

W-r'-tj'-'

l1

2
la...Ns

 1

: 
Ip

        o

sn

ono-ptabst}5t'`sti

 odiv-5

,,

l

tiQ6: e.se=

 .ecK.V

   o

1

1il11

Fig.8

1802ee220240

time (ms)

260280

Time  history of  an  ECH+NBI  discharge  in the  configu-

ration  of  ttaY2i  =  O,611,

HJ15374(87175I82:26156)

.2

tg,'-
 
e

g.i
i'

Ag

!.5
   oA
  -=

 di tv
  ti

 eek

-

          :
          !
          I
        -.:.
    .-.

 :   t t
  './

:,

 ECH

--
 -WAp-t-il.tl"NN 

N

         : nel 
N

         :
         :NBI   ''

Fig. 9

O.2time

Time  history of  an

figuration of  i(a)12x

is R-RLcFs =  2.7 cm.

(s)O.25

ECH+NBI  discharge  in
=  O,538. The SOL  probe

32?s1o

the  con-position

954



The Japan Society of Plasma Science and Nuclear Fusion Research

NII-Electronic Library Service

TheJapanSociety  of  Plasma  Science  and  Nuclear  FusionResearch

Review Paper ExperimentalConditionsferImprc"'edConfinementModcsinHeliotro"J T, Mizuuchi etal.

i(a)/2J･,=O.538  ECH+NBI  #1 5369-#1  5377
O,20 ･---

O,15Cl

 e.io=-

   O.05o.oo

 -20
 4e3Dse

 lo810

2S2e･15105･e-520
M':ftlo.･e

g2o

i'`e

o

±±±h4
:lo 4o  tLt'L 

'se

/1//
/d//
/1/'
-e-''
/:/L/'/'
//'1.-

'--li-l-,1

F///tl':-:1b-..!l1 1dd-
±--Ii

o ;!a 4o 6o se

R-RLcFs (mm)

n>v

 =>-20

1

l+"4ii
"6'ptt

 4o- 6e so

G  
lsdiv

 le
 -
    1-,tL.o52Lo

 
d

o

.L...ee

 AA

 aAA

20 40 60

R'RLcFs (mm)

Il1BiO

Fig. 10 Radial profiles of  the  ion-saturation current.  floating

      potential, electron  temperature,  and  fluctuation-in-
      duced  particle radial  flux from the SOL  probe  before
      and  after  the  transition for the same  discharge series

      as  the  shot  shown  in Fig. 9.

averaged  7'. near  the transition timing  is plotted in this figure.

The  radial  profile of  l, is a  monotonically  decreasing function

of  R-RLcFs  for both Limings  befOre and  after  the transition.

The change  in thc radial  prefile ef  I, around  the transition tim-

ing i$ not  clear  for this particular discharge set. This suggests

that the transpor/ barrier might  be set at an  inner region  from

LCFS  beyond the available  radial  rangc  of  the movab]e  probe.
On  the other  hand, a change  in the va-profile is observed,

The  profile of  the fieating potential after  the transition has a

positive maximum  near  R-RT.cFs =  1,O cm  whereas  the floating

potential monotonieally  increases with  insertion of the probe
toward  and  beyond the last closed  flux surface  before the

transition (- 248 ms).  In ordcr  to study  the cffect  of  the  radial

electric  field E, on  the plasma turbulcnce  and  resu]tant  panicle
fiux, the space  potential (Vb) profile shou]d  be inyestigated

instead of  the V}-pro(ile. Neglecting thc change  of  T, through
thc transitjen, the drop of  Vi near  the last closed  fiux surface

suggests  thc change  of  the radial  electric  field from positive
to negative  (or a significant  change  of the E,-shear) after  the

transltlon.

    As  will  be discusscd in next  section,  the transition to the

impreved confinement  mode  is observed  in al] configurations

investigated so  tar. A  clear  change  of  the radial  electric  field

such  as shown  in Fig. 10 was  observed  en[y  for some  limited

field configurations  and/or  heating scenarios.  It is interestin.g

to note  that such  a clear  change  of  Vf-profile, indicating the

formation of  negative  E,, was  obserycd  only  for the transitions

with  higher improvement factors as  defined in the next  section

r20]. The detailed investigation of  thc rclation  between  the

formation of the negative  E, (or El-shear) and  the transition

to the improved mode  andlor  its irnpact on  the edge  plusmu
turbulence  remains  as  a future work  including the confirma-
tion of  the edge  transport banier.

4. Discussion
4.1 Effects of  the magnetic  field configura-

    tion

   Thc  investigation of  configuration  cffect  on  the transi-

tion phenomena. especially  the effects  of  the edge  rotational

transt'orm, is one  of  the kcy issues in the Heliotron J program
since  the operating  condition  of  the H-mode  in W7-AS  is

strong[y  related  to the  rotational  transfonm  [21]. It is not  so

easy  to scan  only  i(a)/2i  without  changing  other  configuration

parameters as  mentioned  in Sec. 2. Moreover,  non-inductive

plasma currents  (bootstrap currents,  beam  induced currents

andlor  ECCD  currents)  can  change  the edge  rotational  trans-

form. A]though the absolute  valucs  of  such  non-inductive

currcnts  arc  not  so  ]arge, they  can  change  the topology  of

the edgc  ficld lincs, espccialiy  near  the resonancc  condition,

Neverthelcss, as  the first step  or  the investigation, we  take the

edge  rotational  transform  t(a)/2x in a vacuum  condition.

    In Refs  6 and  9, we  rcported  the existence  of  two  op-

erational  t(a)12x-windows  for the transjtjon: O.S4 <  t(a)12x

<  O.56 (a magnetic  liiniter configuration)  and  O.62 <  t(a)12z

<  O.63 Ca partial[y wall-limiter  configuration),  where  the

contlguration  was  controlled  by changing  the verticaHield.

In the FY2004  campaign,  more  detailed investigations ef

the configuration  effccts  en  the occurrence  of  the transition

were  peribrmed  ibr the  tCa)12I-range  of  O.49-O.64 [12]. Here,

the L(a)12z  was  changed  by controlling  the ratio  of  the fie]d

strength  by HFC  and  that by  TFCs,  kccping the magnetjc

axis  position nearly  constant  in order  to maintain  the centrul

plasma heating of  ECH  as  well  as  NBI. These studies  re-

vea]ed  that transition phenomcna  were  observed  for almost  all

t(a)I2rt configurations investigated in thc FY2004  campaign,

at  least for the input power range  in these experiments,  The

only  one  exception  was  the  case  of  ECH-on]y  discharges  for

thc  configuration  of  t(a)12n  =  O.493, whcre  no  transition was

obscrvcd  for the avai]able  ECH  power range.  For NBI-only or

ECH+NBI  discharges, however, the  transhion  was  obscrved  in

the samc  configuration.

    In ordcr  to discuss the quality of  the  improved  mode,  in

Ref. 12, wc  take  the  ISS95 sca]ing  as  a measure  of  confine-

ment.  Here, it is observed  that the t(a)f2x-values for good
confinemenL  where  the peak  values  of  TEXPITkSS9S are over

1.3, are s]ight]y less than  the  values  for major  natural  reso-

nances.  In such  t(a)t2z-conditions, the enhancement  factor

of Tg"P/TkSSgS =  l.8 is observed.  When  t(a)/2n is far from the

"good"

 va]ues,  the enhancement  of  TEXPITLSSgfi is only  minor.

    On  the other  hand, in order  to discuss the improvement

by the transition itselL it is worth  looking at  the improvement
factor defined as  the ratio  of  the maximum  WSii" during the

improvcd mode  to that just before the transition. As  shown  in

Fig, 1 1, the  experiment  has also  revealed  that  the  improvement

factor also  depends on  the configuration.  Some  contigurations

show  a  remarkable  improvement factor (> 2) wher'cas  the

improvement factor for other configurations stays at 1.2-2.

It is interesting to note  that WpdiM increases by a  factor of  2 or

more  even  when  the enhancernent  of  TE"PITkSS9S is minor.

    Near  the resonance  eondition  of  l(a}12x, the  edge  mag-
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Fig. 12 Maximum  wyia obtained  during  the improved  mode

      as  a  function  of  [(a)/2z  Cthe same  discharge  set  as

      the  for Fig, 11}. The  data from Ref. I14] are  also  plot-
      ted as  a  reference.

netic surfaces  are  strongly  modified  by the edge  naturar  island

chain,  or  the size  ofthe  last closed  flux surface  is reduced  in a

low magnetic  shear  device as  observed  in W-7AS  [22,23]. This
effect  results  in the fine structure  of  t(a)/2z-dependence  (i.e.
clear  degradation of  the confinement  near  the major  resonance

condition  of  t(a)12n) in W-7AS.  The first configuratLon  ex-

perimcnt in Heliotron J from  this point of  view  was  perfOrmed
using  the 53 GHz  ECH  (oblique iajections with  non-focusing

TEo2-mode, Pi. -- O.4 MW)  and  initial observations  on  the

effect  of  t(a)12sc  on  the plasma performance were  reported

in Rcfs. 13 and  14. Here the t(a)12z  was  changed  through

thc control  of  the vertical  field (Fig. 3 in Ref. 14), and  the

maximum  attainable valuc  of  WBti" was  surveyed  by carefully

tuning the gas-purnng rate  for each  t(a)/2z configuration. In

this 53 GHz  ECH  experiment.  we  observed  the fine structure

of  {(a)12z-dependence,  but it was  not  so clear comparcd  to

the result  in W-7AS.  In addition,  this experiment  also  revealed

that the obtainable  va]ue  of  WSi" under  the samc  input power
had a  global tendency  to decrease as  t(a)12z departed from
t(a)f2z  =  O.54.

    Figure 12 shows  the !(a)12x dependence of  the maximum

IVSia during the  improvcd mode  (O) for the  t(a)t2z-scan ex-

pcriment (ECH+NBI dischargcs with  a  fixed input powcr) in

the FY2004  carnpaign  [12]. The figurc includcs data from the

configurations  of  I(a)/2n 
-

 O.51 and  O.61, where  degradation

of  the plasrna confinement  is observed  in the prc-transition

phase. In this figure, the data reported  in Ref. 14 are  also

plotted as  a  function of  l(a)/2z for reference.  Regarding the

glebal t(a)/2z-dependence,  it is found that higher IVSi" is ob-

tained again  near  l(a)/2x v O.54 also  for the improved mode,
and  that lagi" decreascs for t(a)12z away  from this value.  It
is interesting  to compare  the  gLobal tendency  between the S3

GHz  and  70 GHz  ECH  cases  using  normalized  values  (i.e.
L419'Hllll:]i"Mti"･) for each  ¢ ase.  The global t(a)f2z  dependence

become  mild  in the improved rnode,  especially  for t(a)12z

<  O.52. As  discussed in Refs. 13 and  14, the plasma-wall
interaction is considcrcd  a potentia] explanation  for the giebal
tendency.. Since t(a)12n  was  controllcd  by different ways  in

these two  experiments  and  the distances between the LCFS
and  the  walt  were  not  the same,  wc  should  make  more  careful

investigation to understand  the observed  diffcrence in the

global tendency  between the two  conditions.

    Relating to the improvement factor discussed with  Fig.

11, it is interesting to focus on  the fine structure  in t(a)/2z
dependence before and  after  the transjtioll. In Fig. 12, the

va]ues  of  llii{i" just before the transition are  plotted by (+). For
the  data from the pre-transition phase, a  clear  fine structure

in the dependence of  Hlgi" on  t(a)12x is observed.  In the pre-
transition phase, wyi'i is c]early  low near  the major  resonance

condition  of  t(a)12n. During the improvcd phase, howeyer,

such  a fine strucLure  bccornes not  so  clear,  resulting  in a high

improvement factor for some  t(a)/2x  configurations  as  shown

in Fig, 11, This suggests  that thc transition to the improved

modc  mitigates  the sensitiye  depcndence of' IKgia on  t(a)/2x.

4.2 Density threshold  for the transition

   The transition to the improved rnode  has been observed

enly  for discharges with  densities higher  than a  certain  value.

According to Ref. 12, the threshold  is in the range  of  n'. -

1.1-1.3× 1Ot9 m']  for the 70 GHz  second  harmonic ECH  dis-
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Fig. 13  Relation of  the  density and  the injection power  at

      the incidence of  the transition for different heating
      schemes  in the standard  configuration  [25].

charges  in the standard  configuration  (i(a)12z =t  O.560). Figure

13 shows  the rel/ition  of  the density and  the injection power
at thc incidence (}f the transition in the standard  configuration

for ECH-only, NBI-only and  ECH+NBI  plasmas [25]. The

absence  of  data F,oints in the low-density region  (Ft, S 1× 10[`)

m'3)  means  that lhe tremisition could  bc obscrvcd  only  for the

higher-density region.  The  threshold  density (]ower density
limit for the transition) is again  in the range  of  n. -･ 1.1× 10i9

m'3.  Moreover, tnis graph indicates that thLs threshold  value

is not  sensitive io the heating method  and  iajection power

level.

   In the FY2004  carnpaign,  the  density thresholds for the

difTerent configu]'ations  were  investigated for ECH+NBI  dis-

charges  with  PE[H -- O.29 MW  and  PNBt -- O.57 MW.  Fis,ure

L4 shows  thc  thrcshold  dcnsity requircd  to obtain  thc transi-
tion for several  ](a)/2x  valucs.  Thc figure suggests  that the

threshold density is in the range  of  1.1-2.0×1Oig m  
i
 in most

cases. In the previous section, the fine structure of L(a)t2z-

dependence for IV,di" was  djscussed. Checking Fig, 14 rrom

this point of  vjei", a  fine structure  in l(a)/2x-dependence  is

found simi[ar  to Ihe dependence of  illg"' in the pre-transition

phase. Near the major  resonance  condition  of  tCa)12x, the

threshold density  is low. This  similarity  c{)uld  be partia]1>･
understood  by the strong  dependence of  WSia on  the densit}'.

For higher values  of  !(a)12" (> O.6), however, the figure shows

the existence  of  somc  exceptional  ]ow-thresho]d density cases

(lower than  -･ 1× ]Oig m'3).  In thcsc configurations,  the densit}'

in the pre-transition phase stayed  a  low level and  was  diilicult

to increase by gas purnng. A]though the confinement  degrada-
tion is cencerned  a]se  for these configurations  like the t(a)12rt
=  O.61 case  discLLssed in the previous  section,  there were  no

clear  signals  suggesting  MHD  activities  andlor  oscil]ations  for

these cases. It is remained  as  a  future work  to investigate the

confinemcnt  degradation mechanism  for these  discharges and
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Lower density limit to obtain  the  transition for several
t(a)/2-  values  CECH+NBI discharges with  PtcH - O.29
MW  and  PNBi - O,57).

the physical process by which  thc improyed mode.

   The  threshold  density at  the standard  configuration

(t(a)f2n =  O.560) is about  1.3xlOi9  m'3  in this experiment.

This threshold density seems  to be slightly  higher than that

for the previous experiments.  A]though the FY2004  campaign

was  perfbrmed  with  D' target plasmas,  it is not  c]ear  at pres-

ent  whether  the isotope effect  makes  such  difference or  not.

More  detailed experiments  should  be necessary  with  taking

care  ol' the wall  conditioning.

    As  for thc density thresho[d, it shou]d  be noted  that both

thc H-to-L and  L-to-H transitions are  observed  in the density
range  higher than  the  threshold value  as shown  in Fig. S. This

fact suggests  that the line-averaged density is not  a  sutlicient

eondition  for the transition but a necessary  condition.

4.3 Effects of  totaL heating  power
    H-mode  studies  in tokamaks  indicatc that another  nec-

essary  condition  fOr the transition is the heating power  or

the power outgoing  through  LCFS.  Based on  the  tokamak

database,  seme  empirical  formulas for the required  power
for the  L-te-H transition are  introduced as  a function  of  the

line-averaged density, the surface  area  of  LCFS,  thc strength

of  the confinement  field, etc. [26].

   Figure 15 shows  thc  thrcshold  density  for seyeral  ab-

sorption  power levels (O.1 MW  <  P.h, <  O.5 MW)  at t(a)12x

-- O.498 (onc of  the high TgXP/TkSS9'S configurations).  Herc

the PEcH was  centrolled  for ECH-onty  discharges and  PNBT

was  changed  for ECH+NBI  discharges under  a fixed value

or  PEcH. Although the  nuinber  of  data points is not  targe

enough  so  far, there is no  c]car  or  simple  relation  between
the  thresho[d  density and  thc absorption  power. In Fig, 15,
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Fig. 15 Threshold  density  for several  absorption  power  levels

      (O.1 MW  <  P,b, <  O.5 MW}  of  ECH-on!y  and  ECH+NBI

      discharges  in the  configuration  of  da)12x = O.498.The
      solid  curve  in the  figure denotes  the  threshold  power

      estimated  by  using  a  scaling  formula  for the  H-mode

      in tokamaks  [26].

the  solid  curve  denotes the thresho]d power  for thc H-modc

transition in tokamaks,  which  is simply  calculated  using  the

scaling  fbnnu[a  reported  in Rcf. 26, As  shown  in thc figure,

the minimum  power level cxamined  in the experiillent,  i.e.

thc operation  limit of  our  power  source  of  microwaves,  is

almost  the  same  level as  the  thresho]d  power expected  i'rom

the tokamak  sca]ing.  Similar resuits  are  obtained  for another

configuration  of  t(a)12z -- O,56 (the standard  configuration).

No  clear  power dependence on  the threshold density shown  in

Fig. 15 is consistent  with  the result  shown  in Fig. 13, where

the differences in the  density threshold  are  not  significant

among  the various  hcating schemes  and  powcr  lcvcls under

fixed fietd configuration.

   It is intcresting to notc  that for ECH-only  discharges at

t(a)t2I  pt  O.493, the transition was  not  obtained  fOr the avai]-

able  ECH  powcr range.  For ECH+NBI  discharges, hewevcr,

the transition was  observed.  This suggests  the existence  ef

sorne configuration  effects  and/or  heating-mcthod effect  on

the power threshold.

4.4 Effects of  heating profile
   According to the ECH  experiments  in Heliotron J with  a

we]1-focused  microwave  beam  [27], both the on-  and  off-axis

heating conditions  can  produce plasmas of  a  wide  density
region  ii. <  2× 1Oi9 m'],  where  the upper  density range  is prob-
ably  limited by the cut-off  oi' the second  harmonic X-mode  in

the centrai  region,  Howcver, optimal  heating (i.e. higher WSia)

was  found only  for the conditien  oi' highly localized on-axis

heating  (rla (  114). The  experimenta]  energy  confinement

time, TkXP, could  increase thc ratio  TaXPITIi 
S9S

 above  unity  (up
lo - 1.5-2) for this optimal  heating condition,  but the off-axis

heating could  not  reach  such  a  high level of  TfiXPfTLSSgfi. In

those experiments,  enly  high-density discharges in the on-axis

hcating were  accompanied  by the spontaneous  transition to

the improved confinement  mode,  This observation  raises  the

queslion of whether  the heat dcposition affects  the occurrence

of  thc transition. In tokamak  H-mode  studies, preferable ef-

fects of  the edge  ECH  heating on  the L-to-H transitien have

been  reported  [28]. The  experiments  under  the two  difft}rent

ECH  ]aunching conditions  in Heliotron J might  give us  a hint

on  the effect  of  thc pewer dcposition profile on  the occurrence

or  the transition.

    As  shown  in Fig. 3, the  sing]e-path power  deposition

profile is quite diil'erent between these two  launching condi-

tions.  The peak absorption-power-density  in the well-fbeused

case  is about  6-7 times  higher  than that in the non-focusing

case.  However, we  obscrved  the transition for both cases  at

least for thc input powcr level of  PEcH - O.3 MW.  This sug-

gcsts that thc power  absorption  profile itse]f is not  a  primary
factor fOr thc transition whenever  the  on-axis  heating condi-

tion is maintained.  However, it shouid  bc noted  that the  total

single-path  absorption  rate ibr the herizental launching case

was  
-
 60 %, whereas  that for thc vertical  launching case  was

-
 ]OO 91]. When  we  take into account  the power absorption

of  the  reflected  power, the  cffective  power absorption  profile
could  become  wider  than that shown  in Fig. 3(a) for the
horizontal launching case.  Therefore, the actual  differcnce in

the absorption  proMe  between the two  cases  would  diminish.

Experirnents usjng  etf-axis  hcating would  be necessary  to

clear  up  this question.

5. Summary
   Thc Heliotron J experiments  have revcalcd  the existcnce

of  a  spontaneous  transition  to improved confinement  modes

for all tested heating scenarios  (ECH-only, NBI-only and

ECH+NBI  heating). Based  on  the experirnenta]  database

obtained  up  to now,  characteristics  of  and  eonditions  for the

transjtion are  discussed, focusing on  the  configuration  ef-

fects.

   For the ECH+NBI  discharges with  the input power of

PEcH  - O･29 MW  aiid  Pts-Bi - O.57 MW,  the cfTect  of  the field

configuration  on  the occurrence  of  thc transition was  studied

by controlling  t(a)12n as  a labe] of  the configuration.  Our

findings are  as  follows:

   (1) the transition phenomena  is observed  for almost

       all t(a)12a contigurations under  this range  of  input

       power,

   (2) the t(a)/2sc-ranges  for good  confinement.  where  the

       peak  values  of  TEXP/TiESS9S reach  1.3-1.8 during the

        impreved mode,  are  located in the regions  slightly

       bc[ow the major  natural  resonances,

   (3) in the prc-transition phase, IMYta is conspicuously

       low ncar  thc major  resonance  condition  of  t(a)/2z,

   (4) the drop of  W"ii" is moderated  after  the transition.

   The transition is observed  only  for discharges with  a  den-

sity higher than  a  critjctt1 yalue,  As for this density threshold,

we  can  summarize  as  followsi
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(1) the threshold line-averaged density for the transition

    is in th/: range  of  1.1-2.0×1Oi9 m'3  in most  cases.

(2) near  the major  resonance  condition  of t(a)/2z, the

    thresheld density becomes low,

(3) in the higher t(a)/2z-region  (t(a)12n >  O.6), some

    exceptional  low-density cases exist,

(4) the line-averaged density is not  a  suMcient  condi-

    tion fo]' the transition but a necessary  condition.

As  for thc tlrLreshold of  the input pewer,

(1) there i/s no  clear  or  sirnple  Telation  between the

    thresheld  density and  the absorption  power for a

    fixed field configuration,

(2) here, the minimum  power  level examined  so  far,

    i.e. the operation  lirnit of  our  power source  of  mi-

    crowaves,  is almost  the same  level as  the threshold

    power expected  from the tokamak  scaling.  How-

    ever,

(3) the exi/gtence  of  a configuration  for which  the tran-

    sition  was  not  observed  only  with  ECH  discharges

    suggests  the existence  of  some  configuration  ef-

    fect andror  heating-method effect on  the threshold

    power.

   We  need  to /:ontinue  theoretical and  experimenta]  inves-

tigations to understand  the observed  transition phenomena
and  to  attain  long pulse operation  with  high-quality, improved

confinement  state  in Heliotron J.
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