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    Neoclassical tearing modc  (NTM) stabilization  by an  e]ectron  cyclotron  current  drive (ECCD) has been studied
by using  the numerica]  modc]  on  the  basis of  the  modifled  Rutherford equation  coupled  "'ith  the 1.5 D transport code

and  the EC  code.  The transport code  solN,es  the current  diffusion equation,  including the EC  currcnt  profile. The
background current  modification  and  thc rcsu]tant  movement  of  rationa]  surfacc  by ECCD  are  takcn  into account.  The

EC  code  censists  of  the ray  tracing method  and  the Fokkcr-Planck calculation.  Undetermined  parameters in the
modified  Rutheribrd  equatien  are  cstimated  from a comparison  Nv'ith the JTL60U experiments.  Sensitivity of  stabilization

to the EC  current  location is inx,cstigated by simulation.  The low EC currcnt  and  peaked EC  current  profilc mitigates

the sensitivity,  whereas  the high EC  current  and  peaked EC  current  profile moves  the  rationa]  surfacc  more  largely via

background current  modification  by  the  EC  current  and  intensifics the sensitivity.  The high EC  current  and  broad EC

current  profile mitigates  the sensitivity.  The EC  current  necessary  for the  ru]1 stubi]ization  is studied  for ITER

parameters. The  iieuessury  EC  current  strong]y  dcpcnds on  the parameters  of  bootstrap currcnt  und  ECCD  terms  in

the modified  Rutherford equalion. Necessary ECCD  power on  ITER is evaluated  on  the basis of  parameters estimated

th'om comparisons  with  JTL60U experiments.
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1. Introduction

    Neoclassical tearing  mode  (NTM)  soi't].v [imits the

p]asma beta or  lcads to disruption in long-pulse tokamak

discharges. NTM  stabilization  is one  ef  the crucial  issucs in

tokamak  reactors  such  as  ITER  [1], NTM  is drivcn by thc

lack of  bootstrap eurrent  inside the magnetic  island where  the

pressure  profilc is fiattcncd. An  additional  current  compen-

sates  for the lack of  bootstrap current,  and  has a  stubilizing

effect  on  NTM,  A  localized current  by an  electron  cyclotron

wave  (ECCD) is considered  one  of  the eiTective  methods  te

stabilize  NTM.  NTM  stabilization  by ECCD  has been

demonstrated experimentally  in several  tokamaks  L2-51. The

stabiEizing  efficicncy  of  ECCD  is scnsitive  to the EC  current

profile and  thc relative  Location bctwcen the rationaL  surface

and  the EC  current.  Optimum  control  of  ECCD  is necessary

for effeetive  stabilization.  For the purpose  of  designing ECCD

in ITER, the EC  power required  for NTM  stabilization  shou]d

be examined.  An  effective  method  to  lower the required  EC

pewcr moderates  the demand  for EC  poNfo'er. From  these points
of  vicw,  NTM  stabilization  by ECCD  should  be  numerically

studied  in order  to clarify  the effective  stabilization  and  the

tiurttor's  e-rrtail.' ha.vashin @.fithion.nakaJaeri.go,ip
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necessary  ECCD  power.

    Tb investigate NTM  stabi]ization  by ECCD,  the modified

Ruthert'ord equation  r61 is s,cncrally uscd.  The  modified

Rutherford equation  is useful  to analyze  NTM  behavior, such

as  thc  onset  condition  of  NTM  and  the  time  evotutien  of

NTM  is]and width.  In the  modified  Rutherford  equation.

however, there are  severtt1  uncertaintics  relative  to models.

such  as  cocfficicnts  of  models,  model  formulae, and  so  on.

The  NTM  bchavior may  depend on  the  parameters of  the

app[ied  medel.  In erdcr  to validatc  the models,  a  comparison

ol' time  evolution ot' NTM  is]and width  bctween the numericat

results  and  the experhnenta]  ones  has been dene in severul

tokamaks.  Ranges  of  the  pararneters in the  modii'ied

Rutherford equation  have been estimated  by fitting the

numerical  results  to the experimentul  enes.  which  are

summarized  in Ref. [61.
    NTM  stabi[ization  by ECCD  is sensitivc  to the relatiyc

]ocation between  the  rationa]  s"ri'ace  and  thc EC  current.

Precise adjustment  of  EC  cun'ent  location to thc island center

is required  to achicve  full stabilization.  Mereovcr, the  EC

current  may  meve  the rationat  surfacc  via  baekgreund current

based t)n tke invited talk at  the 20th JSPI  Aiinttal Mueting  rNtn'.
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modification  by the EC  current.  This movement  of  the  rationa]

suri'ace  by ECCD  makes  the  adjustment  of  EC  current

location to the island center  further diencu]t, In order  to  tuke

into aecount  thc background current  rnodMcation  by the EC

current,  thc  EC  current  is included in thc calculation  ot' the

current  diffusion equation.  The modi[led  Rutherford equation

is ceuplcd  with  the  current  dM'usion equation.  As a resu]t,

the cffcct  of  the movement  of  the rationa]  surface  by  ECCD

on  the NTM  stabilization  can  be examincd.

    An  evaluation  of  the  ECCD  power necessary  for the

NTM  stabilization  on  ITER  has been done by Pustovitov [7].
Pustovitov showed  that a  modulated  EC  power of  28 MW  is

necessary  to stabilize  saturated islands of  m/n  =  211 and  312

where  m  and  n  dcnote poloidal and  toroida]  mode  numbcrs,

respectivcly.  Pustovitov also  pointed out  that carly  EC

injcction to growing  islands can  rcducc  the necessary  EC

power to 1g MW  if the ion polarization current  [81 has a large
stabilizing  effcct  on  the NTM  island. In a recent  design of

ITER  [9.1O], an  initial installation of  20 MW  EC  power is

p]anned for the NTM  stab-ization,  and  an  additional  power
of  20 MW  is considered  as  a  possible upgrade  option,

Pustovitov's  model  was  also  based on  the  moditled

Rutherford equation.  A specific  set o[' parametcrs was  used

in the  modified  Rutherford equation,  An  ECCD  power
evaluation  by use  of  experimcntally-estimated  parameters is

necessary  to improve the uceuracy  of  the evaluation.

    In this papcr, three important results  in the numerical

analysis  of  NTM  stabilization  by ECCD  are  presented. The

numerica]  inodel  is based on  the  modii'ied  Rutherford

equation  coupied  with  the 1.5 dimensionul (1.5 D) transport

code.  The transport cede  solvcs  thc currcnt  difusion equation.

including the EC  current  profile. The background current
modit'ication  and  the resultant  movement  of  the  rational

suri'ace  by  ECCD  arc  takcn  into account.  The EC  currcnt

profilc is modeled  by a Gaussian distribution bascd on  the

resu[ts  ef  thc EC  code  L1 1]. First, in order  te estimatc  un-

determined parameters in the modificd  Rutherford equation,

numerical  results  are compared  with  JT-60U experiments.

Secend, the sensitivity  of  the  stabi]izatien  to the EC current

]ocation is studied  by simulation.  The etTect  of  the movement

of  thc rational  surface  by  ECCD  en  the sensitivity  is

considcred.  Finally, the  EC  current  necessary  fer NTM

stabilization  is investigated for the ITER  paramctcrs, Charac-

tcristics of  the  EC  current  necessary  Ibr the stabilization  are

shown.  Bascd  on  the  estimated  parameters from  the

comparison  with  thc JTL60U  experiment.  the ECCD  pewer
neccssary  in ITER  is evaluated.

2. Numerical  Model

   NTM  stabilization  by ECCD  is investigated by using  a

numcrical  model  explained  as  follows. The time  evolution  of

an  island width  of  NTM  is ca]culatcd  by the modified

Rutherferd equation.  The  modified  Rutherford equation  is

couplcd  with  the 1.S D  transport codc.  In order  to take into

account  the background current  protlle modification  by the

EC  current  the current  diffusion equation  is calculated  in the

1,5 D  transport code.  The EC  current  protilc is modeled  by  a

Gaussian distribution based on  the results  of  the EC  code  [1 1].
tn the next  sub-section,  details of  the modified  Ruthcrford

equation  are  previded. Undetermined  parame{ers in the

modified  Ruthert'ord equation,  which  shou]d  be estimatcd

from comparisons  with  experimcnts,  are  briefly summarized,

The  transport equations  and  the current  diffusion equation

used  in the transport code  are  describcd in sub-section  2.2. In

thc last sub-section,  we  explain  thc model  for the EC  current

protlle.2.1
 Modified Rutherford equation

   The time  evolution  ot' a NTM  island full-width, Ui, on

the coordinate  of  the norma]ized  minor  radius.  p, defined by
the square  root  of  the toroidal flux, O, is calculated  according

to  the modificd  Rutherfbrd equation  [6,12] as

dWdt
 

=
 
FA'

 
+
 
FBs

 
+
 
Fc]GJ

 
+
 
rp,,i

 
+
 
FEc

 
･

F.･ =k.  iZ,/A'(ut)<1 Vp  i!),

FBs=kBsllLqJBs(1vp1B, ) wlW     ,+W1d

kGJ =  
-kGGJ

 un, Ee6,.ltL//, ( i - qi ,, )(1 Vp  12)Il7 ,

FL.i=-k,,,iu7,g(E.,v,)fi,.(Pbifrs)

2(1vp12)-Hi,i,

(1)

(2)

(3)

(4)

-c =-kEcn  f;lli (vpB p)nEc
 
t.'
 
EE･'

 WJ '

(5)

(6)

wherc  Fa･, rBs. FGGJ, Fp.i, and  Fi/c represent  thc respective

et'fects  of  the  cquilibrium  current  protlle, the  bootstrap

current,  the toroidal geometry (callcd Glasser-Green-Johnson

efi'ect [6]), thc ion polarization current,  and  the EC  current.

The  value  ol' k, is chosen  as  k. =  1,2 based on  the  theory

L6,8,12] and  confirmcd  by low-beta experiments  [13]. The
coefficients,  kBs, kGGJ, kp.t, and  kEc, are  constant  values  of

order  unity.  The  neoc]assicat  resistivity,  ny, and  the bootstrap

current  density, ,iBs, are  obtaincd  according  to Ref. f14]. The

standard  tearing stability  index. A'(VV), is ca]cuiated  by the

ey]indrical model  L151. Here, Bp, E. fip,, p,, ppi, and  a  are  the

poloidal magnctic  field, the  inverse aspect ratio,  the local

poloidal beta, the ratienal  surface  position, the normalized

poloidal larmor  radius,  and  the  plasma minor  radius,

rcspective]y.  The va]ues  of  <x> are  the  fiux suri'acc  averagcd

va[ues  of  x  obtained  on  the ptasma cquilibriurn  without  the

island. The sca]e  lengths, Lq and  Lp, are  defined as  L,i =

(dqldp)'i and  Lp =  
-(dpldp)'i,

 rcspectively,  where  q denotes
the safety  facter andp  the total plasma  pressure. The width.
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Wd, in Eq,  (3) describes the characteristic  is]and width

resulting  from the effect  of the para]lel and  perpendicular heat

transport, and  is obtained  by the trunsport threshold  model

L16] as

Wd=51(Xxe.t/)V4(eipg,n)

inA,

(7)

where  n, x.11, and  x.. are  the  toroidal mode  number  and  the

electron diffusivity parallel and  perpendicular to the magnetic

field. respectively.  The  value  of  g(E,, vi) in Eq. (5) is a

function of  e, and  the ion-ion collisional  frequency, vi, and  is
assumed  to be in the low collisional  regime  as  g(E,, M) =  aji2
[8]. In Eq. (1), for the sake  of  simplicity  the polarizatien term

of  Eq. (5) is taken  to be stabilizing  [81. The  localization
efficiency  of  EC  current,  np/c, in Eq. (6) is given as  [12]

nE(･=J-
 dp if 

d2f
 cos  (m oo << f ,,>>

J'dp 
/f
 
-d2ff

 <<j Ec>>,
(8)

and  is calculated  numerically  according  to the EC  current

profile on  thc  flux surface  of  an  island structure,  which  is
assumed  to be reconstructed  on  the p coordinate.  The  value

of  <<j'tic>> is the fiux surface  averaged  ya]uc  of.iEc  on  thc

island structure.  The value  of  IEc in Eq. (6) is the tota] amount
of  the EC  current.

    Undetermined parameters in Eq, (1). which  should  be
estimated  from comparisons  with  experlments,  are  briefly
summarizcd  as  foliows, The values  of  kBs, kGa, and  kp,,i vary

depending on  theoretical  models  [6,8,I2,16], and  those

obtained  experimentally  in several  tokamaks  huve various
ranges  of  values  [6]. The va]ue  of  kEc, based on  the theory,  is

about  6 [12], though  this has not  yet been experimentally

confirmed.  rn high  collisionu]  p]asmas, the usual  classical

formula [ 171 can  be uscd  for x,11, However, in low collisional

plasnias, the usua]  classica]  ibrniula yields an  unphysica]ly

large heat flux. A  few models  that limit the parallel hcat

transport (flux-limit model)  have been proposed t4,16]. The

value  ot' Vlid yaries  depending on  these  models,  A  typical

model  is considered  in this papcr. The parallel heat transport

is limited by the  effcctive  parallel wavelength  of' the mode,

111 =  LqR,/nWd, as  proposed by Fitzpatrick [16]; i.e.. x.11 =

vrh,cl",  where  vth,, is the electron  thermal  speed  and  Ro is the
major  radius.  The  value  of  Wd  calculated  by the usual  c]assica]

formula r17] for xEHI gives the ]ower bound because  the value

o[' U{t is amplified  by the flux-limit model.  In the comparison

with  experiments,  the  value  of  kBs can  be estimttted  from the

saturated  island width  because the saturation  is almest

determined  by  Jli･ and  I'bs in Eq. (1). Other parameters of
kGcll, kp.i, and  Wh  can  be estimated  frorn the comparisons  at

small  W, becausc the sma]t  island behavior  strongly  depends
on  the  va]ues  of  kc:GJ, kp.], and  Uili, as  shown  in Eqs.  (3-5),
The va]ue  of  kEc can be estimated  from the comparisons  with

expenments  on  the stabi]ization  by ECCD,

2.2 1.5 D  transport  code

   The modified  Rutherford equation  is coup]ed  with  the

conventiona)  transport code.  The  transport eodc  consists  of

the 1 D  transport  and  currcnt  diffusion equations  on  the MHD
equilibrium  of  the  Grad-Shafranov equation  in the  2-D  plane
(R, Z)  without  the island structure.  The  transport equations

are  the continuity  cquation  for the deuterium ion density, and
the power  balance equations  for electrons  and  ions, which  are

expressed  as

'0o7'=.･",,(v'(

o-0t Gn, T, ) .0

Vp2)  D, 
0opni)+s,(9)

V'op(v'(:  vp 12)n,x, 
0oTp'
 )+ P, , (10)

where  .i -- ior e. The values  of  D,  z, S, and  P  denote the

particlc, heat diffusivities, and  the particle and  energy  source

dcnsities. respectively.  The value  of  V is the plasma volume
within  the radius  p and  V' =  dV/dp. The  diffusion equation  of

the parallel current density, .i, is so]ved  to take into account
the back.oround current  modification  and  the variation  of  A'
by the EC  current,  and  is expressed  as

oOt (p 0oidi+' ) =  onp ( pT?, D.poOp (E, [l$- ) - S. ) ,
y .  

2ptO,'
 D.(R-!> 

]np

 oOp (Ec llll )
  (R-2><B;>(eVlOil,)

(11)

(12)

where  D,=(<R'2>V')'2,  E,=  
2,
 and  S.=

n<CiBs +jEc)B>/2 ¢ iRBt<R']>.  The  quantities 
N}'

 and  ¢ , are

the po]eidal fiux and  O  at  p =  1, respectively.

2.3 EC  current  profile
   The  EC  current  profile is mode]ed  by a Gaussian
distribution based on  the results  of  the EC  code  [111 t'or
saving  the calculation  timc.  In the EC  codc,  the EC  ray

trajectory is obtained  by a  standard  ray  tracing method,  and

the EC  driven current  profile is calculated  by the relativistic
Fokker-Planck equation.  From  EC  code  rcsults,  the  EC

current  profile can  be modeEed  by a Gaussian distribution as

JEc =i  Ecn eXP  (- CEc("iil:.iC )
]

) (13)

where  CEc =  4 ln 2, jEco is calculated  from  thc total EC

current  JEc, pEc is a peak location of  the  EC  current  profi]e,
and  Wkc  is the  fu]1-width at  half maximum  of  the EC  current

profile. In the results of EC  code,  the value  of  WF/c is

detennined not  only  by the beam  divergence but also  by the

injection angles.  Optimized injection angles  create  the peaked
EC  current  profile f1 1l. The  tota] EC current  IF.c is a]most
proportional to the ECCD  power.

3. Results

   Threc important results  of  the numcricat  analysis  of
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NTM  stabilization  by ECCD  are  shown,  First, in order  to

estimate  the undeterrnined  parameters, numerical  results  are

compared  with  JTL60U experiments.  Second, the  sensitivity

of  NTM  stabilization  by ECCD  to the EC  current  location is

studied  by simulations.  The  effect  of  the movement  of  the

rationa]  surface  via  the background current  moditlcation  by

ECCD  on  sensitivity  is considered,  Finally, characteristics  of

the  EC  current  necessary  for NTM  stabilization  arc

investigated for ITER  parameters, Paramctcr dcpendence of

the necessary  EC  currcnt  is cxamincd.  The necessary  ECCD

power in ITER  is evaluated  based on  thc estimated  parameters
from  the  comparison  with  the JTL60U  experiment.

3,1 Comparison  with  JT-60U experiments

   Numcrica[  results  are  compared  with  JT-60U

experiments.  The undetcrmined  parameters  kBs, k{;c}J, kpei, kEc･

and  Wd  in Eq, (1) are  estimatcd  by fitting te experimental

results  so  that the root  mcan  square  error (RMSE)  is

minimized.  TXvo  discharges in JTL60 experimcnts  are  se]ected:

one  produces the  NTM  island growth (E36705), the  other

performs the stabilization  by real-timc  control  of  ECCD

(E41666 [21). Parameters of  these discharges are  as  follows:

Ro =:
 3.3 m.  a  =  O.8 m,  B, =;

 3.7 T, and  the plasma  current  lp =

1.5 MA.  A  mln  =  312  mode  NTM  is destabilized at fiN =  fi,
[%] aB,ll,  [MA] =  2 for E36705  and  1.5 for E41666  by a

neutral-beam  (NB) injection of  about  20 MW.  Plasma

parameters are  n-, =  2.4 × 10]g m'i  7-', =  4.3 keV, and  Z =

6,9 kcV  for E36705, and  n-. =  2,4 × tO" m'3,  72 =:  3.2 keV,

and  7i =t  5.4 keV  for E41666. The  rational  surfacc  position of

q =  3/2 is p, = O,4 in both experiments.  A  method  to evaluate

the island width  in experiments  is briefly explained  as  fo11ows.

The  island width  is assumcd  te be propertiona] to the square

root  of  the radial  magnetic  perturbation, B,, on  the basis of

the cylindrical  formula [1 g]; i.e., W  oc Cw  M, where  Cw  is a

constant  value,  ln the experiment,  the value  of B, is estimated

as B, =  1BUf where  B is mcasured  by saddle  coils  andfis  the

mode  l'requency. The constant  value  Cw  is chosen  for fitting

to the island width  evaluated  from the  electron  temperature

perturbation profilc measured  by the electron-cyclotron-

emission  (ECE). On  the other  hand, conditions  of  numerical

calculations  are  as  follows. Plasma profiles of  n., 71, and  Ti

are  assumed  to bc fixed to those experimentally  measured  at

the start time  of  calculation.  Thc time  evolution  of  the plasma
currcnt  profi]e and  the MHD  equilibrium  are  solved.  An  initial

island width  is given according  to that in expcriments.

    The comparison  at NTM  island growth CE36705) is first
investigated. Figure 1 shows  the  time evolution  of  island
width  W  evaluated  from the cxperiment  and  obtained  from

numerical  calculations  where  one  of the pararneters (a) kBs,

(b) kGGJ, (c) kp.i, or  (d) Wd  is varied  from a  set  of  kBs =  5,

kGc" =  kp.i =  1, and  Wh =  O.O08, which  almost  fit the numerica[

result  to the experimental  one  (RMSE  
=:
 O.e2). As  shown  in

Fig. 1(a), the numerical  result  strongly  depends on  kBs, and

the value  of  kBs is estimated  as  kBs =  5 to fit the numerical

resu]ts  to  the  experimental  data. When  the value  of  kqGJ

increases from l to 5 or  le, shown  in Fig. 1(b), the island

width  decreases slightly.  Thus, the value  of  kGGJ is not

Fig.1

O]6

)

  oO.16

9

  oO.16

l

  oO,16

l

o6.46.6
 6,8

   tlme
  7(s)

654

F.

7,2

Time  evolution  of  island width  W  evaluated  from
experiment  and  obtained  from numerical  calculations

for a JT-60U  discharge {E36705} where  one  of

paremeters (a} kBs, (b} kdGJ, (c) k,., and  (d} Wk is varied
from a set  of  kBs =  5, kGGJ =  k,. =  1 and  VVh =  O,O08,
which  elmost  fit numerical  result  to experiment

important for the range  of kcK].i <  1O, When  the value  of  kp.i

increases from 1 to  3 or  5, shown  in Fig. 1(c), the  NTM

growth becomes more  gradual. The value  of  kp.i is estimated

as  kp.i <  3 to fit to the experimental  data. The  value  of  IVIi =

O,O08 corresponds  to that  calculated  by the  usual  classical

t'ormula [17] for x,11. When  the value  of  Wd  increases from

O.Oe8 to O.024 or  O.037, shown  in Fig, 1(d), thc island grows
more  gradually. The value  of  Wli is estimated  as  IVd g O.02,

which  almost  equa]s  that calculated  by  Eq. (7) with  the  flux-

limit model  [l6].
   The  comparison  at thc  NTM  stabilization  by ECCD

(E41666) is next  investigated. With regard  to the EC  current

profile, a  Gaussian distribution of' EC  current density is
applied  on  the basis of  EC  code  resutts  (IEc =  52 kA, WEc  =

O.12). In the  experiment,  the  real-time  control  of  EC  current

location was  applied  to adjust  the EC  current  [ocation to the

island ccntcr.  Howevcr, there remains  some  degree of  the

misa]ignment  between the EC  current  location and  the rational
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surt'ace  due to an  interva] of  ECE  measured  points  of  the

e]ectron  tcmperature  profile (2 cm)  L21. Here, we  define thc
rnisalignment  as  Ap  =  pEc - p,. The maximum  rnisalignmcnt

is )Apl =O.021a  =  O.025 for the experiment.  In the numerical

calculations,  the  EC  cLtrrent location traces the rational  surfaee

without  <Ap =  O) and  with  a constant  misalignment  of  IApl =

O.025. Figure 2 shows  the  timc  evolution  of  Wevaluated from
the experifnent and  catculated  numerically  where  kEc is varied
for (a) IApl =O  and  (b) O.025. 0ther parameters arc  fixed as

Fig.2

O,15

g

  oOA5

l

o7.58
 8.5   -
   tlme(s)9

.4

9.5

Time  evolution  of  island width  W  evaluated  from
experiment  and  calculated  numerically  for a JT-60U
discha[ge (E41666) whefe  kEc is varied  for misalignment
of  EC current  iocation {a) IApl= O and  (b) O.025. 0ther
parameters  are  fixed as  kBs =  4.5, kcGJ =  kb.i =  1 and  VVk
=  O.02.
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1

'

(a)
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Time  evolution  of  island width  VV evaluated  from
experiment  and  caiculated  numerically  without

miselignment  of  EC  current  ]ocation (Ap =  O) where  one

of  parameters  Ca) ig., and  (b} VVk is varied  from  a set  of

kes =  4･5, kGGt =  kb.J =  1, kLc =  2.9 and  va{, =  O,02. which
almost  fit numerical  result  to  experiment

kBs =  4.5, kc}G.T =  kp.! =  1, and  Wd  =  O,02. The  value  ot' kBs is
estimated  from the saturated  island width  at t =  7.5 s. This

value  ot' kBs =  4.5 is smaller  than  that of  5,O estimated  in
Fig. 1. The  variation  from kBs =  4.5 to  5.0 does net  mueh

change  the RMSE  in Fig. 1(a). Thus, in these ana[yscs,  the

value  of  kBs is estimated  as  kBs =  4-5. In Fig. 2(a), the
numerical  results  almost  correspond  te the experimental  value

for k.c =t
 3 (RMSE  

=
 O.O]). On  the other  hand, in Fig. 2(b),

the numcrical  results  almost  correspond  te the experimentat

value  for (Ap, kEc) =  (O.025, 3.4) and  (-O.025, 4) (both RMSE
=

 O.Ol). From  the  resu!ts  in Fig. 2, the  value  of  kEc is
estimated  as  kEc =  34.  Figure 3 shews  the time  eyolution  of

W  eva]uated  from the experiment  and  calculated  numerically

without  misa]ignment  of  the EC  current  location (Ap =  O)
where  one  ot' the  parameters (a) kp.] and  (b) H{t is varied  from
a set  of  kBs =  4,5, kc;cn =  kp.] ==  1, kFc･ =  2.9, and  Wd  =  O.02,

which  aLmost  fit the  numerical  result  to the experiment.  In
this case.  similar  to  that  in Fig. 1, the value  of  kGGj does not
much  vary  the numcrical  result,  and  is not  important for the
range  of  kGG.p <  1O. The  vulue  of  kp.i is increased from 1 to 2
as  shown  in Fig. 3{a). For  larger va]ues  of  kp.i above  l, the

is]und width  decreases more  slowly  and  deviates from thc

experimentul  value.  The value  of  kp.r is estimated  as  kp.t ==  ].
In Fig. 3(b), the  value  of  Wd is varied  from  e,02 to O,Ol and

O.045. For both cascs  of  IM, (O.Ol and  O.045), the variation  ol'

W  separates  from the experimenta]  value.  The  value  of  Wb is
estimated  as Wli =  O.02, which  a]most  corresponds  to a  value

calculated  from Eq. (7) with  the flux-]imit model.

    The  numerical  model  reproduces  the  JT-60U  experi-

mental  results  fora set oi' valucs  of  paramcters  in the modified

Rutherford equation. Undetermined parameters are  estimated

frem  the comparison  with  the experiments,  Estimated

parameters  are  consistcnt  between two  discharges of  the NTM
island growth (E36705) and  the stabilization  by ECCD

(E4t666), From the comparisons  between the  numerical

results  and  the JTL60U experiments,  the  estimated  purameters
are  as  folLows: kBs =

 4-5. kGG) <  10 (net important), kp.i =  1,

kEc -" 34,  and  Wli =t
 O.e2 (a]most corresponds  to Eq.  (7) with

the i'lux-iimit modeb.

    These  parumeters are  compared  with  ranges  of

parameters estimated  in several  tokamaks  [61. In ReC  [61, the

parameter ranges  were  estimated  as ab,  = O.4 kBse:]'SLgJLp =

O.5-O.9, aGGJ  
=:
 O.8 kc,me,2L,2(1-e'2)1(p,L,) [=  O.1-O.3, ap.,  =,

O.8 &i'5(appiLg/Lp)2 =  1-5 cm2,  and  vt,d =  aLVk  =  O,5-2 cm.  By

using  experimcntal  conditiens  in two  discharges of  JT-60U

(i.e., P, = O,4, E, 
=:
 O.1, L, : O.6, L, =  O.3 and  p,, =:  5.6 ×

LO'!), the parameters according  to formulae in Ref. f6] are

obtained  for JTL60U experirnents  as  ab,  =  1, aGGJ  = ̀O･2, cip{,r =

2 cm2,  and  wd  =  2 cm.  These values  are  ulmest  consistent

with  the  parameter  ranges  estimated  in ReE  L6].
3.2 Simulation study  of  the  sensitivity  of

    stabilization  to the  EC  current  location
   The sensitivity  of  the NTM  stabi]ization  by ECCD  to

the  EC  current  ]ocation is studied.  The effect  of  the  movement

of  the rational  surface via the background modification  by
ECCD  on  the  sensitivity  is taken  into account.  In the
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numerical  model,  the current  diffusion  including  the  EC

current  of  Eq, (11) is solved  to evaluate  the mevement  Df  the

rational  surface.  Simulation ef  the  3/2 mode  NTM  stabili-

zation  by ECCD  has been donc  for typical JIL60 super-

conducting  tokamak  parametcrs: Ro =  2.9 m,  a  =  O.85 rn, Bi

=  3.8 T, and  the plasma  current  Ip =  3 MA  [191, The

parameters in Eq.  (1) are  set  as  kBs =
 4, kGGJ =

 1, kped =
 t, kEc

=  6, and  M<d =  O.Ol. Here, the value  of  k,,, =  6 is based on  the

theory  [121, and  is larger than the estimatcd  value  in JTL60U

cxperiments,  The  value  of  VIC] R  O.Ol corresponds  to that

calculated  by the classical  formula [17] for x,1i, and  is smaller

than  that evaluated  with  the  flux-limit model.  These
differences do net  much  change  the  characteristics  of

sensitivity  of  stabilization  to the EC  current  IQcation discussed

here. The  time  evolution  of  plasma profiles is solved  by

Eqs.  {9-10). Steady-state  plasma parameters are  l]N k  1.8,

n-, =  4.2 × 10'" m'].  Tt =  6.4 keV. and  71 =  ̀ 7.5 keV. The

fundamental O-mode  EC wave  with  a  frequency of  1 1O GHz
is launched fron] a  pesition of  R =  3.7 m  and  Z  =  O.95 m.

   Figure 4 shows  the time  evolution  ef  island width  W

(width between upper  and  lower lines) and  rational  surface  p,

(a middle  line) fOr the fo11owing three cases  of  the EC  current

location: (a) inside p,, (b) just on  the island center,  and  (c)
outside  p, at  t =

 10 s, where  the EC  current  width  LVEc =

O.045 and  the total EC  current  IF.cllp =  O.02 (peak ratio  of  the

EC  current  density to the bootstrap current,  jEcijBs 
:
 1), The

EC  current  !ocation is fixed in each  case. The  island width  is

decreased by an  on-centcr  EC  current,  and  the NTM  is fully

O,6

aO.5

O.4

Fig, 4

10  11

 time (s)
iOtime

 (ll}
totime

 (S
Tjme  evolution  of  island wjdth  W  {width between
upper  and  lower  lines} and  rational  surface  p, (a middle
]ine) for EC  current  location Ca) inside p.. {b) just on
island center  and  {c) outside  p, at  t =  10  s,  where  EC

current  width  vaiL, =  O.e45 and  total EC  current  tEclts 
=

O.02 Cpeak ratio  of  EC current  density to  bootstrap
current,  jEcijBs =: 1)-

stabilized  as shown  in Fig. 4(b). On  the other  hand, in
Fig, 4(a) and  (c), off-center  EC  currents  can  decrease is]and

width,  but not  fully stabilize  the  NTM.  As shown  in Fig. 4,

the rational  surface  p, moyes  away  from  {hc EC  current

location. The EC  current  moves  the rational  surfttee  via

background  current  profile modification.  The  EC  current

profiles become  further off-center.  This movement  further

decreases the  stabilizing  efficiency  of  the  EC  current.

Figure 5 shows  the time  evolution  of W  for the same  three

cases  as  those in Fig. 4 where  IEcUp =  O.04. Higher EC  current

induces ]arger movement  of  the rational  surface.  As  a  result,

the island width  at the high EC  currcnt  in Fig. 5(c) (i.e., W=
O.1 att=  11 s)  js larger than  that at the low EC  current  in

Fig. 4(c) (Ui = O,05) at the same  ti me.

   The  conditions  of  fulL stabilization  are  investigated for

various  values  of  IEc, WEc, and  the EC  current  location pEc,
Figure 6 shows  stabilized  regions  on  a  plane  of(VVFc,  PEc),

in which  the NTM  can be fully stabilized,  where  (a) JEcfJ, =

O.02, (b) O.03, and  (c) O.04. At the low EC  current  of IEc/I, =

O.02 in Fig. 6(a), the  NTM  is not  fully stabilized  for a  large

value  of  EC  current  width  such  as  1ittc >  O.053. The stabilized

region  appears  and  the range  of  pEc in the stabilized  region

becomes wide  for smal]  VVEc･ <  O.053 because the  locttlization

eff'iciency  of EC current, nEc of  Eq. (8), becomes large for
small  WEc. Frem  a  different viewpoint,  the EC  current  density

has a  threshold value  required  for full stabilization.  At  WF/c =

O.053. the  ratio  of  a  pcak value  of  the EC  current  density to

the bootstrap current  density at  the rational  surt'ace,  j'EcijBs, is

about  O.7. For thc stabilized  regien  wide  for the pE(･ direction,
the  sensitivity  of  the stabilization  on  the  EC  current  location

is weak,  Low  power and  peaked current  profile mitigates  the

sensitivity.  On  thc other  hand, at a  high EC  current of  IEc/lp

=  O,04 shown  in Fig. 6(c), the  high  EC  current  density moves

the rational  surface  more  largely and  narrows  the range  of

pF.c in the stabilized  region  for small  IVEc. Thc  high current

and  the peaked currcnt  pref-e intensify the sensitivity  as  a

result  of  the  background  current  modification  by the  EC

current.  For the larger WEc in Fig. 6(c), the range  of  pEc in
the stabilized  rcgion  becomes wider,  The high EC  current  and

broad EC current  proiile mitigates  the sensitivity.  This effect

of  the movement  of  the rational  surface  via  the background

modification  by the EC  current  en  the sensitivity  wi]1  be

studied  experimentally  in the future. From  these results,  the

real-time  contro]  of  EC  current  jocation is required  for

O,6

a05

O.4

Fig. 5

iOtime
 as) iotime

 (IS)iotime
 (IS>

Time  evolution  of  island width  VV  for the  $ame  three

cases  as  those  in Fjg. 4 where  EC  current  is higheF than

in Fig. 4, 4ic/l, =  O.04.

O.54owaO.52

O.5O.03

Fig. 6

O.05 O.07o.o3 O,05                   O.070.03 O,05  O.07

WEc              WEC                            WEc

Stabilized regions  on  a  plane of  {VUt., p,c), in which  the

NTM  can  be  fulLy stabMzed,  where  (a) Cclt, #  O.02,

(b) O.03 and  (c) O.04,

610

NII-Electronic  



The Japan Society of Plasma Science and Nuclear Fusion Research

NII-Electronic Library Service

The  JapanSociety  ofPlasma  Science  and  Nuclear  FusionResearch

Contributed Puper Numerical Analysis ol' Ncoclassiual Tearing Mode  Stab-zation  by Electro"  Cyc]etron  Current  Drive N. Havashi  et  til.

effective  stabilization.  Careful ad.iustment  of  ECCD,  such  as

current  amount  and  width,  is necessary  for real-time  eontrol.

3.3 EC  current  necessary  for stabilization

    in ITER

   Characteristics  of  the  EC  current  nccessary  for NTM

stabilization  are  shown.  Numerical analyses  haye been

performed for almost  the  same  parameters as  those  in the

scenario  of  ITER  inductive opcration  [20]; i.e,. Ro =  6.2 m,

a  =  2 m.  B, =  5.3 T. Jp =  15 MA  [21]. Plasma profilcs of  n,,

TL, and  T; are  fixed, Plasma pararneters are  Ac =  1.8. it, =  1.0

×  102f) m'3.  i =, 9.1 keV, and  Z =  8.3 keV, The rational  surfacc

positions are  p, : O.76 for  q =  3/2 and  O.9 for 2/1, The

fundamental O-modc  wave  with  a  frequency of  170  GHz  is

launched from a  position of  R =  6.5 m  and  Z=  4.0 m.  which

almost  corresponds  to an  upper  launcher in the design of

]TER  [91. The  full-width at half maximum  of  EC  current

profiles, UiEc, is about  O.04. The EC  current  profile is assumed

to locate just at  the island center  and  to trace the  movernent

ol' the  rationa]  surt'ace.

Fig,7
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Ca): Time evolution  of  island width  VVfor various  values

of  EC  current  IEclt,, EC  current  above  IEcll, = O.Ol can

fully stabilize  NTM,  (b): Growth  rate  d wrdtas  a  fu nction

of  island width  Wwith  Clewer broad  and  thin  lines) and

without  (upper broad  Iine) ECCD  where  lf.,/l, =  O,Ol.

Lower  broad  line represents  a  case  where  island of  W>

VVLs can  be fully stabilized  by EC current  of  IEc =  lf,o.
Thin line represents  a  case  where  island of  va/ <  vaILs
can  be fully stabilized  by IEc <  ltso. Early EC injection to

growing  island of  VV<  VVLs can  reduces  necessary  EC

current  for full stabilization  of  NTM  island. (c): Neces-
sary  EC  current  for full stabilization,  lf,, as  a  function of

[sland width  at  EC  injection. va4.,. Values  of  lf.o and  vavts

are  important  for NTM  stab"ization  by ECCD.

   Figure  7(a) shows  the tjme  evolution  of  312 mode  NTM

island width  W  for various  values  ot' the EC  current  IHcllp.

The  EC  current  aboye  IEc/tp ==  O.Ol can  fully stabilize  the

NTM  as shown  in Fig. 7(a). Here, the condition  for the ful]

stubilization  is defincd as  IEc 2  lf,. Figure 7(b) shows  thc

growth rate  dWldt  against  the island width  Wwith  and  witheut

ECCD  where  if,,/i, =:  O.O1. At the condition  of  IEc･ =  lf,e in

Fig. 7(b) {lower broad line). there is a  peak at  W  =  "iEs t=

O.Ol. If the island width  is once  larger than  WEs. the EC

current  of  If,o is required  to  decrease the  island width  below
WEs. The  value  of  lf,o is the threshold value  of  stabilization

for the  case  of  W>  WEs; i.e., Jr, =  Ir,o for VV >  VVEs. On  the

other hand, ir the island width  is smaller  than  WEs, EC  current

less than  tf,o is required  to fully stabilize  the  NTM,  as  shown

at the condition  of  IF.c <  If.o in Fig. 7(b) (thin line). Ear]y EC

irijection to the growing  istand of  W  <  WEs can  reduce  thc

necessary  EC  current  for the fuLl stabilization;  i.e., If, <  lt.o

for W  < WEs. Thc possibility of  lewering the required  EC

power  by carly  injcction to the  growing island was  first

pointed out  by Pustovitov [7]. Figure 7(c) shows  the EC

current  necessary  for full stabi]ization.  If,, as  a function ef

island width  at the EC  injection, Wi.j. The  values  of  If,o and

Wks are  important for the  NTM  stabi]ization  by ECCD.

   In order  to estimate  the necessary  EC  current.  it is

important to clarify  the dependence of  It,e and  WEs on  thc

undetermined  parameters kBs, kc}{;J, kp.i, kF.c, and  Wd in

Eq, (1). Figure 8 shows  the dependence of  If,o/lr,oe on  (a) kBs
and  (b) Vllt when  one  ot' the parameters is varied  from the

basc  set  of  parameters kBs 
=

 4, kGGJ 
=

 kp.i = 1, kEc = 4, and

Fig, 8
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Dependence of  lf,, and  valts on  (a) kBs and  (b) VVk where
one  of  the parameters  kss and  VVk is varied  from a  set

of  parameter$  of  kEs =  4, kGGJ =  k,d =  1. kEc =  4, va(ti ='

O.Ol, at which  lf,o =  lf,,,. In Fig, Ce), vaVL, is not  much

varied  from about  O.Ol. In Fig. (b). value  of  vek at left
side  of  shaded  region  is calculated  from Eq. {7} without
flux-limit model,  while  VVZ at right  side  is with  flux-limit
medel.
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IVd =  O.Ol in each  figure, and  If,oo is a value  of  If.,o for the

base set  of  parameters. In Fig. 8(b), thc va)ue  of  Wd  at the

left side  ot' the  shaded  region  is ca[culated  from Eq.  (7)

without  the flux-limit model,  while  Wd 
=

 O.Ol at  the right

sidc  is with  the tlux-limit model,  Thc value  ot' lf,v is slightly
reduced  by increasing the stabilizing  coefficients  of  kGui and

kp.i. Thus,  the dependence on  kc;c;J and  kp,,i is weak  and  is not

shown  here. In Fig. 8(a), the  yalue  of  VVEs, about  O,O1, does

not  much  vary.  As  shewn  in Fig. 8(a), the value  of  If,o is

varicd  by 20%  for a range  of  kBs == 4-5. The  value  of  If,o

strongly  depends on  the destabilizing bootstrap coethcient  of

kBs. In Fig. 8(b), the valuc  of  lf,o decreases  and  that  of  WEs

increases with  increasing the value  of  VVIi. This is because the

destabilizing bootstrap tcrm  in Eq. (1) has a maximum  va]ue

proportiona} to Wi] at the island width  of  ;V =  IVd us  shown

in Eq. (3). As  is easily  seen  in Eq, (6). the va]ue  of  if,o is

inversely proportiona] to kEc. The necessary  EC  current

strongly  depends  on  the parameters of  bootstrap current  and

ECCD  terms  in the  modified  Ruthertbrd equation.  The cxact

values  of  kBs, ktic, and  Wd  are  required  to  estimatc  the

necessary  EC  current.

    Based on  the paramcters cstimuted  from  the  comparison

with  the J[[L60U experiment,  the  necessary  ECCD  power  in

ITER  is evaluated. Parameters used  in the ITER  analysis  are

as  follows: kBs =t  4, kGeJ =  1, kp,,i =  1, kEc =  4, and  }lili 
=
 O.O1.

The  values  of  the important parameters kBs and  LVQi are  almost

the same  as  thosc suggested  in Ref. L6]; i.e., ab,  
=

 O.4

kBsE!"5LqlLp F=  S and  vvd st  2 cm  f'or ITER  profiles [21]. For
the set  of  parameters, values  of  If,t] = 74 kA  for the  3/2 mode

and  54 kA  for thc  211 mode  ure  obtained.  The  vaEue  of' lf,o

for the 3/2 mode  is higher than  that for the 2/1 mode  in the

present conditions;  
':,e.,

 a peak value  ef  the dcstabilizing
bootstrap  term  I'bs of  Eq. (3) is almost  proportional to

L"jBsAVd, and  thc  va]ue  of  LqjBs/IVd for thc 312 mode  is 1.3

times  ]arger than that for the 211 modc  [211. From  the EC

code  results.  the EC  power is proportional to the EC  current

as  PEc [MWI  
=:

 O.23 IEc LkAl for the 3/2 mode  and  PEc [MWI
= O.24 iEc [kAl for the  2fl mode.An  ECCD  powcr  of

30 MW  (17 MW  for the 312 mode  and  13 MW  for the 211

mode)  is required  for the fult stabilization  of  both the  3/2 and

2/1 modes  on  ITER. Our estima{ion  of  the necessary  ECCD

power  is slightly  ]argcr than that by Pustovitov l7], in which
the EC  power of  28 MW  is shown  to be sucacicnt  in thc case

without  early  injection to the  growing island. Parameters in

the modified  Rutherford equation  used  in Pustovitov's study

were  us  follows: kBs =  4, kGGJ =:  7, kp.i =9,  kEc F=  3, and  Wd  =

O.02. The value  of  Wli is about  twice  lurger than  that uscd  in

our  study  while  kEc is smatler  than  our  value.  The  vu[ue  of

g(E,, v,) in Eq.  (5) for the  2/] mode  was  assumed  to be in the

high collisional  regime,  given that g{E,, vi) =:  l in Pustovitov's

study.  These differenees cause  slight  variance  between

Pustovitov's study  and  ours.  In our  results  on  the EC  code,

the valuc  of  VVEc ]s ubout  O,04. However, a value  of  VVFc =

O.02 can  be obtained  if both the toroidal and  poloidal injection

angles  of  ECCD  are  optimized  as  indicated  in Ref, l1 1].
Because  the )oca]ized ef'ficiency  of  thc EC  current,  nyEc ef

Eq. (8). is 2.5 times  larger fer VVEc =  O.02  than  for IVEc =

O.04 [21], the necessary  ECCD  power  can  be rcduced  to

12 MW  for WEc  =  O,02. 0ptimizing injection angles  is

important for thc reduction  of  necessary  ECCD  pewer.

Additionally, when  the  ECCD  is injected te the  growing
island betow LVi,.s. the required  EC  power  can  be tower  than

12 MW.  However, the estimated  value  of  WF.s is about  O.Ol

(=t 2 cm),  as  mentioned  above.  An  island width  below 2 cm

seems  to be small  for early  injection under  the present

experimental  condition.  Pustovitov showed  that early  EC

in.jection to the growing islands can  reduce  the necessary  EC

power  from 28 MW  to 18 MW  [71. This rcductLon  was,

hewever, rnainly  caused  by the lurge stabilizing  effect  of  the

ion polarization current  term  of  Eq. (5) with  g(e,, vi) =
 1 in

the high collisional  regime.  A  transition regime  of function

g(E,, v,) from g(E,, vv  =  Egii2 to 1 has not  been clarified  yet

r7]. Thus, we  adopted  the small  stabilizing  effect  of  the ion

polarizatien current  with  g(E,, vi) =  oft! for evalualion  of  the

necessary  ECCD  powcn

4. Summary
   NTM  stabilization  by ECCD  has been studied  by using

the  numericat  model  on  the basis of  the medified  Rutherl'ord

equation  coupled  with  the 1.5 D  transport code  and  the EC

code. The transport  code  selves  the current  diffusion equation

including the  EC  current  profile. The  background current

modificatien  and  the resultant  movement  ot' the rational

surface  by ECCD  are  taken  into account.  The EC  code

consists  of  the ray  tracing method  and  the Fokker-Planck

calculation,  Thc EC  current prefile is modeled  by a Gaussian

distribution based on  results  of  the  EC  code  t'or saving

calculation  time. Three important results  have been obtained,

as  follows. Numerical  results  are  compared  with  JT-60U

experimenta]  ones.  The  numerical  model  reproduees  the  JTL

60U  cxperimenta]  results  for a  set  of  values  of  parameters in

the modified  Rutherford equation.  Undetermined parameters
in the modified  Rutherford equation  arc  estimated  from thc

cornparison  with  the jT-60U expcriments.  Sensitivity of  thc

stabilization  to the EC  current  location is investigated by

simu]ation.  The ]ow EC  current  and  peaked EC  current  profile
mitigates  the sensittvity.  whereas  the high EC  eurrent and

peakcd  EC current  profile moves  the  rationa]  surface  more

largely via  background current  modification  by the EC  current

and  intensifies thc sensitivity.  The  high EC  current  and  broad

EC  current  profile mitigates  the sensitivity.  As  a  result,  rea]-

time  control  of  EC  currcnt  location is required  for effective
stabi]ization.  tn the real-time  contro]  of  ECCD.  careful

adjustment  of  thc EC  current  amount  and  width  is necessary.

The EC  currcnt  necessary  for full stabilization  is studied  for

ITER  parameters.  Paramcter dependence  of  the necessary  EC

current  is shown,  The necessary  EC current strongly  depends

on  the  parameters  of  bootstrap current  and  ECCD  terms  in

the  modified  Rutherford equation.  Necessary ECCD  power
on  ITER  Ls evaluated  as  30 MW  on  the  basis ef  parameters
estimated  from comparisons  with  JTL60U  cxperiments.  The

necessary  ECCD  power  can  be reduced  to 12 MW  when  the
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Conlribu(ed ]'aper 
.

EC  current  width  is decreased  by optimizing  both toroidal

and  po]oidal injection anglcs  of  ECCD.  In the present
analysis,  the crror  of  the estimated  ECCD  power is about  20%

(from Fig. 8(a)) because the estimatcd  value  ol' kBs has a range
of  kBs 

==
 4-S.  Precise estimation  of  the  parametcrs  tbr more

JTL60U experiments  is our  future work.
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