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Abstract

　　　On 　the　JFr −2M 　tokamak ，　the　edge 　localized　mode （ELM ）induced　by　an 　exteI
層
nal 　ergodic 　mag

−

netic 　field　is　reproducibly 　obtained ．　After　several 　single 　pulses，　ELM 　behaves　as　bundles （30r 　more

bursts）．　Within　one 　ELM ，　several 　separated 　bursts　of 　magnetic 　fluctuations　are 　observed ．　A 　statistical

analysis 　shows 　that　there　are　two 　kinds　of　coherent 　modes ．　One　is　a　fixed　Iow £ reqllency 　mode 　which

eXists 　f（）r　all　events 　and 　all　shots ．　Another　is　a　high　frequency　Wide−spectrum 　mode 　which 　occurs 　only　at

the　second 皿 agnetic 　burst．　Some　properties　of　the　coherent 　modes 　are 　described．
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1．lntroduction

　　The 　 edge 　localized　 modes （ELMs ），
　 characterized

by　a 　sharp 正y　increasing　in　H α　signals ，　cause 　an 　en −

hanced　particle　 and 　 energy 　loss　 ln　 tokamak 　H −
mode

discharges，　 The 　fin重te 藍oss 　is　proved　to　 be　 useful 　for

controlling 　the　continuous 　impurity　accumulation 　 and

density　increase　for　 a　 steady −state 　H −mode 　operation ．

There　are　mainly 　two　kinds　of　ELM ，　depending　on 　the

net 　transport　energy 　f［ux 　Psep　through　the　edge 　plas皿 a

（separatrix 　or 　last　closed 　magnetic 　surface ），　type 　I　and

type 　III【1］．　 Type　 III　 ELM 　appears 　when 　 Psep　is　just
above 　a　power 　threshold 　of 　H −mode ，　Pth，　and 　its　repeti −

tion　frequency　decreases　with　Psep．　When　Pscp　is　large

enough 　type 　III　ELM 　disappears．　Contrast　to　type　III，
type　1　ELM 　appearS 　at　a　hlgh　Psep，　and 　the　higher　Psep

makes 　the　higher　its　repetition 　frequency．　In　ITER ，　an

ELMy 　H −mode 　is　 considered 　to　be　 a 　 normal 　 oper
−

ational 　 mode 【21，　 Active｝y　 controlling 　 of 　ELMs 　 in

H −mode 　is　a　key　issue　for　a　steady −st駐te　ELMy 　H −mode
operation ．　There　are 　several 　ways 　to　control 　ELM ［3

−8］．
On 　the　JFT−2M 　tokamak ，

　an　external 　ergodic 　magnetic

field　was 　 successfully　used　to　control 　 the　type　III

ELMs ．　By　increasing　the　streDgth　of 　the　 ergodlc 且eld
，

ELMy 　H −mode 　can 　be　achieved 　in　a　wide 　range 　of 　net

transport　power　pf　ep ［4，91・By　testing　many 　configura
−

tions　 of 　three　 ergodic 　coil 　sets ，　it　was 　f（）und 　that　the

helical　 field　 component 　 which 　 has　 the　 toroidal　 mode

n ≧ 4is　effective 　to　produce　ELMs ［10］，

　　 ELMs 　are　believed　to　be　MHD 　activities，　which 　oc −

curring 　at　the　edge 　plasma，　causes 　a　temporal 　def（）rma −

tion　of　the　transport　barrler　folr　H −mode ．　Larger　mag −

netic 　fluctuations　are 　always 　f⊂，und 　accompanying 　with

ELMs 　on 　many 　devicesl1　1−13］，some 　of 　them 　appear 　as

precursors　and 　some 　as 　a　resul ．t　of　ELM 　events．　How −

ev 早ら the　mechanism 　of 　ELM 　and 　ELM 　controlling 　is　far

from　clear ．　The 　 coherent 　modes 　 of 　magnetic 且uctua −

tions　are 　observed 　in　the　JFr−2M 　ELMs ．　To 　understand

the　relationship 　between　the　effi：ctive 　mode 　of 　the　exter −

nal 　field　and 　the　mode 　of 　the　magnetic 且uctuations ，
　the

mode 　evolution 　and 　the　locatioll　of　ELM 　are 　fu匹damen −

tally　important．　 In　this　paper，
　the　phenomena 　 of 　the

ELMs 　stimulated 　by　external　ergodic 　magnetic 　field　are

reported 　and 　the　propert量es 　of 　the　magnetic 　fluctuations

are 　investigated　by　means 　of 　a　statistica 正method ．
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2. Generai  descriptions  on  the  experiment

2,1 Experimenta[conditions

    By  means  of  applying  an  external  ergodic  magnetic

field, type-III ELM  (named as  ergodized  ELM)  appears

in a  wide  range  of  a,, on  the  JFT-2M  tokarnak.  The

reproducibility  of  ELMs  stimulated  by ergodic  field

makes  it easy  to study  the ELMs  in detail. Here  we

focus on  the  behaviors of  magnetic  fluctuations associ-

ated  with  the  stimulated  ELM  activities.

   JFIr-2M is the D-shaped  divertor tokamak.  In this

experiment,  it is operated  in an  upper  single null  diver-
tor configuration  with  a  major  radius  of  1.3 m,  an  aver-

age  minor  radius  of  O.33 m,  an  ellipticity  of  1.4, a  trian-

gularity of  O.33. The working  gas is hydrogen. H-mode

discharges are  obtained  by neutral  beam  iajection with

a  total power  of  1.0 MW.  Ergodic field is applied  at

550 ms,  150 ms  before neutral  beam  injection. Since

the  value  of  edge  safety  factor has some  effects  on  the

ergodized  ELMs[14], the toroidal field B, and  the

plasma current  4 and  thus  the edge  (5 mm  inside the

separatrix  surface)  safety factor q are  kept unchanged

in the experiment,  Bl =
 1.02 T, 4 

=
 215 kA  and  %  

=

3.1 respectively.

   Two  fast magnetic  probes, one  is fixed at  r==  O,3

m  and  z 
==

 O.1 m  and  the  other  can  be radially  moved

from r=  O.305 m  to r=  O.255 m  at z  ==  
-O.1

 m,  are

used  to measure  the  poloidal magnetic  field fiuctua-

tions. The  position of  r == O.255 m  is just outside  the

separatrix. They  are  separated  with  a toroidal angle  ri¢
=

 x18  and  a  poloidal angle  zie ==
 2sc!9. The  sampling

time  is 1 ps and  so that the effective domain of fre-

quency is up  to 500 kHz,

2.2 Statisticaimethod

   To  demonstrate the  spatial  coherency  or  the  mode

of  magnetic  fluctuations, a  statistical analysis  for co-

herency between the  signals  of  the probes are  em-

ployed. Taking X(  aJ) and  Y( to)  as  the Fourier transfor-

mations  of the two  probe  signals, one  can  define the
statistical  cross-spectral  density h.y(co), cross-amplitude

spectrum  A.y(w), cress-phase  spectrum  Yly(tu) and  co-

herency spectrum  q,(tu) by,

hx}'(tu)

q,(co)

where  <

=
 A.,2(tu) exp[i  V'k,(tu)]

=
 <X(tu)  Y*(tu)>,

-=
 1<X(tu) Y*(to)>1 /

  1<JY(tu)> <qtu)>IY2,

(1)

(2)

>  represents  an  ensemble  average.

Coherent global modes  can  be determined if Cl,(tu)N

1, and  some  information of  the modes  can  be obtained

from \ly(to)･

   Time  series signals are  divided into time  slices  to

form the statisticai  samples,  According to the  time  re-

lated to ELM  pulse, they are  selected as the elements  of

different statistical  ensembles.  The  elements  in a  statis-

tical ensemble  can  be from several  similar  shots  for a

better and  more  general statistics. [[he length of  time

slices  is chosen  as  128 ys (128 points of  data) and  two

adjacent  slices are  half overlapped.  Thus  in the context

the temporal  resolution  is 64 -s and  the  frequency res-
olution  is 7,8 kHz.

2.3 Properties of  ergodized  ELM  and  mag-

    neticfluctuations

   L-H  transition occurs  about  20 ms  after  the  neutral

beam  heating and  the  first ELM  appears  about  30 ms

afterwards.  Figure 1 shows  a  typical shot  for the

ergodized  ELMy  H-mode,  Figure 1(a) and  (c) are Ha
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Fig.1 Typical shot  for the  ergodized  ELMy  H-mode, {a)
    and  (c) are  Ha  signals,  ib) and  (d) are  magnetic  fluc-

    tuations  Bp, and  (e) is a  contour  plot for the ampli-

    tude  of  Bp spectruin.
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 signals  which  are  the  symbols  of  ELM  phenomena,  (b)
 and  (d) are  the magnetic  fiuctuations B,  picked by

 magnetic  probes (in fact it is the time derivative of  Bp),

 and  (e) is a  contour  plot of  the amplitude  of  B,  spec-

 trum (A. =  IX(ca)1), From  the upper  part of Fig, 1, one

 can  see  that after  several  single  pulses, ELM  behaves as
 bundles, There are  3 or more  ELMs  in a bundle. ELM

 burst has a short rising  time (tens of vs) and  a  Iong

 decay time  (NO.5 ms).  The  time  between two  single

 ELMs  or  bundle ELMs  is more  than 3 ms  during which

 Hct signal  can  be completely  recovered.  But in a

 bundle, the succeeded  ELM  appears  on  the  decay stage

 of  the former one.  They  cannot  be thought  as  inde-

 pendent each  other.  As  shown  in lower part of  Fig, 1,

 there are  two or  more  separated  bursts of  Bp  assoeiated

 wnh  each  ELM  pulse. Since it lasts for a  short  time

 comparing  with  the  decay time of  Ha, the  magnetic

 burst shows  no  much  difference for different ELMs.

 The  first magnetic  burst begins at  the same  time  of  Ha

 rising within the  uncertainty  of  the response  time of Ha

 detectors (30 us). The  second  magnetic  burst appears

 about  50-100  Fs after  the  first one  ceases and  lasts for

 100-500  ys. Except the oscillations  with  very  low fre-

 quency ( < 2 kHz)  in the last ELM  in bundle or  part of

 single ELM,  no  precursor magnetic  fiuctuations with

 higher frequency have been observed  for this experi-

 ment,

     As shown  in Fig. 1(e), the main  power of  magnetic

 fiuctuation is accumulated  in two  separated  frequency

 domains. One is the lew frequency (LF) domain  Cf <

 50 kHz)  and  the other  is the  high frequency (HF) do-

 main  (f >  200 kHz).

 3. Results of  statistEcat  anagysis

 3.1 CoherentModes

     Naturally, three statistical  ensembles  are  analyzed,

 B,  between ELMs(EO),  in the first bursts(El) and  in

 the second  bursts(E2), Sometimes, ensemble  EO  are

 divided into 4 sub-ensembles  (EO-1 to EO-4) according

 to the  tirne related  to the  beginning of  the ELM,  t =

  [O, 
-O.64],

 [-O.64, 
-1.28},

 [-1.28, 
-1.921

 and

 [-1,92, 
-2,56]

 ms,  respectively.  Because  the phase

 spectrum  is found changing  gradually during a  shot,  en-

 semble  E2  is also  divided into several  sub-ensembles

 according  to ELM  number,  For all the  sub-ensemble  of

 EO, although  its amplitude  is small  the fiuctuations have

 an  obvious  coherent  LF  mode  (f <  40  kHz)  with  the

 coherency  as  high as  O.8, The cross-amplitude  spectrum

 A.y keeps at a low  level for all the sub-ensembles.

 Figure 2(a) shows  q,, A., and  A. for ensemble  El  in a

 typical shot,  A.  hasa  sharp  LF  peak (f <  40 kHz)  and

Coherent Magnetic  Fluctuatiens Ergodized ELMy  H-Mode in
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Fig.2 Statistical coherency  spectrum.  cross-amplitude

     spectrum  and  amplitude  spectrum  of  (a) the 1st and
     (b) the  2nd  magnetic  bursts in a  shot.  The  coherent

     regions  are  shaded.

a wide  HF  peak (f >  300 kHz). From q, and  A., one

can  see that the LF  part is co]herent  and  the HF  part is

incoherent. Figure 2(b) shows  the case  of  ensemble  E2.

AIthough the  LF  part Cf <  40  kHz)  is still a  coherent

mode  as  before, its auto-power  (A.2) of  LF  components

is much  smaller  (about one  order)  than that in the lst

burst. The  shape  and  value  of  the  HF  (f >  300 kHz)

auto-power  are  not  quite diiferent from that in the lst
burst, but now  the  wide-spectrum  HF  components  are

coherent  because of their large coherency  (qy >  O.6).

    The  LF  coherent  mode  keeps at a  low level before

ELM,  sharply  bursts at  the  beginning of  ELM,  and  re-

covers  to its original level soon  after the 2nd burst.
Since it always exists  and  its amplitude  does not  in-

crease  until  the ELM  begins, the  LF  coherent  rnode

may  not  be considered  directly as  a  precursor or  a

cause  of  ELM  event,  but it strongly  correlates  to the

degrade of transport barrier, together with  wide-

spectrum  incoherent HF  fiuctuations. There are  two

possible reasons  for statistical  incoherent results.  One  is

that no  fixed spatial modes  exist  (if there is, coherency
should  be high), and  the  other  is that the  mode  number

is very  high so  that it is really  a  localized or  turbulent

fluctuation. Because the  2nd magnetic  bursts is on  the

decay stage of Ha, or  the convalescence  of  transport
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barrier, the coherent  HF  modes  are  linked to the  estab-

lishment of the  transport barrier rather  than to its

collapse.

3.2 Statistical phase spectrum  and  delay
     -
    tlme

    For a  coherent  mode,  the  statistical  phase spec-

trum  LPIy is the statistical  phase difference between the

magnetic  fiuctuations at the two locations, nAip-mAe.

Together with  the  safety  factor of  resonant  layer q,,,,
the mode  numbers  (m, n)  can  be evaluated  frorn }Pky. A

wide-spectrum  coherent  mode  can  be composed  of

some  independent coherent  modes.  But if so,  the  value

of phase spectrum  in the coherent  region  is most  possi-
bly irregular because it is from different independent

modes.  In the experiment,  it is found that for both the
LF  and  HF  coherent  modes  the phase spectrurn  in the

coherent  regions  is a  linear function of  frequency.

Figure 3 shows  the statistical  phase spectrum  for differ-

ent  ensembles  in LF  region.  Figure 3(a) shows  \1, for

six  statistical  ensembles  (EO-1, EO-2, EO-3,  EO-4, El,

E2) in a  shot,  and  Fig, 3(b) shows  LPk, for ensemble  El

in different shots,  In the incoherent region,  the value  of

SPIy widely  spreads  for different cases.  But in the LF

coherent  region  (f <  40 kHz), \1, increases linearly

with  frequency (f =  a)f2sc) with  a fixed slope of T =:
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   Fig.4 Cross-phase spectrum  of  HF  coherent  modes  and

        its evelution.

   A  SPk,1zica 
N
 10 -s for different statistical  ensembles  and

   for different shots,  [I]he slope  of  the  line T  is the delay

   time between the  two  locations in which  waves  propa-

   gate from one  to another.  It supports  that the LF

   coherent  mode  is the  same  for all  cases,  The  linear rela-

   tion of  rpk}, with  frequency also  holds in the coherent

   HF  mode  for different sub-ensembles  of E2, as shown

   in Fig. 4. The slope  changes  gradually from T  
N

 1 -s to

   T  < O as  the statistics  is taken from the earliest ELMs

   (single ELMs)  to the latest ELMs  (bundle ELM

   #7-9), !Pl,N a)T  in a  coherent  region  implies that the

   coherent  mode  has an  unique  propagation velocity  for

   all  the wave  components.

   3.3 Mode  number

       If the safety  factor of  resonant  surface  q., is as-

   sumed  the poloidal and  toroidal modes  (m, n)  in the

   statistical sense  can  be determined from LPIy, by

       YPk,=nAip-mAO+2xi  (i=integer), (3)
   and

       q.  
'-

 mfn.  (4)

       The  main  frequency at  which  A.y gets its maximum

   is about  400 kHz and  20 kHz for the HF  and  LF  mode,

   respectively.  IKy decreases from O,7n to -O.lx for the

   HF  mode  (see Fig, 4) and  IPI, 
-J
 O.5x for the LF  mode

   (see Fig. 3). Figure 5 is the diagram showing  the

   possible combination  (m, n)  of  the HF  coherent  mode.

   The  thin solid  and  dashed lines are  for SPI,NO.7x  and

   
-O.lx,

 respectively.  The  constant  slope  of  the  lines is

   A  e/Aip. The thick lines are  for the  q 
= ±

 2 and  q 
=

 3 sur-

   faces. Assuming  that the  HF  mode  occurs  at  the edge

   regiOn,  (g,., 
==

 2 
rv
 3), the possible mode  number  (m, n)

   should  be changed  within  shade  windows. The  central
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                                     the 2nd bursts. The  delay time  T  decreases with time,
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     mode  and  its evolution  . The  thin solid  and  dashed

     lines are  for Ce{,,NO.7ff and  
-O.1n,

 respectively.  The

     thickIinesarefortheq=2andq=3surfaces,

one  where  m  is very  low is not  reasonable  because it

contains  the ortgin  (m 
==

 O, n  
=:

 O). As shown  by arrows

in Fig. 5, the  possible ways  fpr mode  evolution  with

lower mode  numbers  are, (i) n =: -5  or 
-6

 and  the res-

onant  layer moves  inward (frorn q., 
N

 3 to q,,, 
N

 2); (ii)
n  
=

 4 and  the resonant  Iayer moves  outward  (from
q,,N2  to q,, 

rw
 3). Higher modes  are  also  possible in

the remain  windows.  However,  we  can  get a conclusion

that for HF  coherent  mode,  1n1 2  4.

    For the LF  mode,  the line for \lyNO,5i  is be-

tween the thin solid and  dashed lines, Assuming  that

the  LF  mode  also  occurs  at  the edge  region,  (q.., 
=

2-3),  the lowest toroidal number  n  
=

 
-1

 is also

possible since  it is a  fixed mode.

4. Conclusions

    The  ELMs  stimulated  by  an  external  ergodic  mag-

netic  field for lower q discharge behaves as  bundles

after  several  separated  single  ELMs. Magnetic fluctua-
tions show  no  much  difference among  the  two  kinds of

ELMs. Generally, there are  more  than two bursts of

magnetic  fiuctuations within  an  ELM,  [[he power  of

fiuctuations occupy  two  separated  frequency regions,

LF  Cf <  50 kHz)  and  HF  Cf >  200 kHz).

    There are  two  coherent  modes,  LF  (f <  40  kHz)

and  HF  (f >  300 kHz). LF  rnode  always  exists  and  its

phase spectrum  keeps unchanged,  which  implies that it

is a  fixed mode,  possible with a  low mode  number  (n ==
1), Wide-spectrum HF  fluctuations are  only  coherent  in
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