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Nonlinear simulations based on the reduced set of resistive MHD
equations with the transport equation of electron temperature are carried
out to investigate the effect of electron temperature perturbation induced
by local heating of ECH on a tearing mode activity. Effect of poloidal
plasma rotation is also considered in the simulations. It is shown that
the local heating can suppress low-m tearing mode instability when O-point
of the rotating magnetic island is effectively heated. TLarge parallel
heat conduction causes the radially extending heat deposition profile for
small width of magnetic island and magnitude of parallel heat conduction
determines the heat power mecessary for complete stabilization of the

tearing mode.

Keywords: Nonlinear Simulation, Tearing Mode, Reduced MHD, ECH, Heating

Power, Magnetic Island Rotaticn, Parallel Heat Conduction
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1. INTRODUCTION

For achievement cf thermonuclear fusion reactor using
tokamak, there are many problems toe be solved, and the
major disruption, which limits the maximum plasma current
and the plasma density([1-4], 1s one o¢f the most important
problem among them. An m=2 (m;pcloidal mode number) tearing
mode is considered te be responsible to this major
disruption process, and the suppression cf the m=2 tearing
mode in a tokamak is an urgent target to be accomplished,
because it could provide not only disruption-free operation
at relatively low g values, but also an improvement in
confinement by allowing increased total plasma current.

There have been many proposals to suppress the m=2
tearing mode, for example, by externally applied resonant
helical field using negative feedback{5-8]. The feedback
control is very powerful means 1f it 1is possible to
determine precisely the phase of the magnetic island and
if the time reguired to produce a feedback field is short
enough to avoid phase instabilicy. The local heating by ECH
just near the singular surface proposed by Yoshioka et
al.[9] has been performed in JET-2M tokamak,
recently[10,11]. It is shown that the m=2 tearing mode can
be completely stabilized by ECH if the g=2 rescnant surface
is effectively heated. The local heating of ECH 1s also
applied to the m=1 mode and the sawteeth oscillation is
successfully stabilized[12]. The purpose of this research
is to investigate the effect of local heating on the m=2
tearing mode activity, to clarify the mechanism of
stabilizing effect, for example, which has more important
role in the stabilizaticn, the heating of O-point, where
the helical poloidal flux function has its maximum value,
of magnetic isiand(9,13,14] or the background modificatlon
of m/n=0/0 current density profile[l15-17]. To this end, the
caleulations wusing the egquation of magnetic islanc
evolution and the sgimulations based on the reduced set of
resistive MHD equations are carried out. The latter

includes the transport eguation of electron temperature and
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the local heating affects the MHD activity through the
perturbacion of plasma resistivity . The tearing mode
activity with the 1local heating are also studied
extensively by the simulaticns.

Tn Section 2, the basic eguations and numerical
procedure are briefly described. In Section 3, condition cf
the stabilizaticn is investigated analytically on the basis
of the equation of magnetic island evolution, and also
numerically by the simulations. The simulations to study
the effect of local heating on saturated magnetic island
are carried out in Section 4. In Section 5, local heating
effect on rotating magnetic island, as in usual condition
of experiments, are alsc studied Dby the simulations. The

discussion and conclusions are given in Section 6.

2. BASIC EQUATIONS AND NUMERICAL PROCEDURE

As basic equations, we employ the reduced set of
resistive MHD equations of a low B, cylindrical

tokamak[18,19] with the transport eguation of electron
temperature. The eguations with the assumption of helical

symmetry are shown as follows,

U

=G VU B VU (H
W o | 2
ot =-(_ . VOy +nJ-E ? )

(?]“ — — o R g R — —
==V, VT, + (B V(B VTV, (e V. T+ en/ +h

(3)
J=ALW*+% , (4)
U=A.¢ , (5)
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the local heating affects the MHD activity through the
perturbation of plasma resistivity . The tearing mode
activity with the local heating are also studied
extensively by the simulations.

In Section 2, the basic equations and numerical
procedure are briefly described. In Section 3, condition of
the stabilization is investigated analytically on the basis
of the eguation of magnetic island evolution, and also
numerically by the simulations. The simulaticns to study
the effect of local heating on saturated magnetic island
are carried out in Section 4. In Section 5, local heating
effect on rotating magnetic island, as in usual cendition
of experiments, are also studied by the simulations. The

discussion and conclusions are given in Section 6.

2. BASIC EQUATIONS AND NUMERICAL PROCEDURE

As basic eguations, we employ the reduced set of
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tokamak[18,19] with the transport equation of electron
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v, =€, xV ¢ , (6)

B =& xV y , (7)

where U, v, B.J,v,v,n E, T,, x,, K, ¢ h are vortex,
plasma velocity, helical magnetic field, current density,
viscosity, helical polecidal flux function, plasma
resistivity, electric field, electron temperature, heat
conduction coefficients parallel and perpendicular to
magnetic field, coefficient of joule heating and heating
source term, respectively, and m, n and €, are poleoidal,
torcidal mode numbers and unit vector in z directiorn,
respectively. The parallel and perpendicular thermal
conduction coefficients are functions of electron
temperature as KuthTf' and Kl==KmTfi. The electron
temperature perturbation, Eqg.(3), affects MHD phencmena,
Egs. {1) and (2), through plasma resistivity perturbation,
which is obtained by using Spitzer's conductivity relatiomn;
N=KsTe 2/3. In these equaticns, uniform plasma density is
assumed and the time is normalized to the polcocidal Alfvén
transit time TM==JER/BJwith p the plasma density, R the
major radius and Bt the torcidal magnetic field), which 1is,
in other word, the major radius divided by toroidal Alfvén
velocity. All lengthg are normalized to the plasma minor
radius a, and the electron temperature is normalized in
such a way that the Spizter's coefficient ¥Ks=1 as MN=Te"3/%.
The above set of non-linear eguations is sclved with the
predictor-corrector time integration scheme. The viscosity
term in Eg. (1) and the diffusion term in Eg.(2) and also
the parallel and perpendicular conduction terms in Eg. {3},
are approximated by the full implacic representation. All
variables are Fourier expanded about poloidal and torecidal
directions. To include the rotation effect of plasma, all
variables are treated as complex numbers in the simulations
in Section 5. Therefore, the effect of feedback control cf
local heating can bpe included consistently as in the

oxperiments[11].
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The boundary conditions necessary for numerical
integration of Egs.(1)-(3}) are as follows; U“g}g, D g0,
T'g/0, ¥'o,0=0 at r=0, Ugso., Poso, Tos0. Y'y,0=const. at r=a,
and Um/n, @Pu/n: Tone ¥m/n=0 at r=0 and r=a.

The initial profiles of the safety facteor is chosen as
1/4
q(r)=qo[1+(r /1)) . (8)

The initial poloidal flux function Wos0 is obtained by

integrating r?/g with respect to r, and the equilibrium
current profile can be calculated with Eg.(4) using W¥g,o

Then, the resistivity profile mMpoi{r) 1s obtained from the
condition Mewl(r)Josplr)=const., from which the initial

electron temperature profile is determined. The initial

profile of the stream function is chosen as
‘Dom=¢ao[l—(r/a)"] , (9)

where @, =-2m/(y7,) and Ts is initial period of plasma

rotation at the plasma surface.

We adopt the following local heating profile, A(r,6), in

two dimensional real space for simplicity, unless otherwise
noted, where O is the helical coordinate expressed by

poloidal angle, ©, and toroidal angle, ¢, as 6=0-(n/m)¢.
The heat profile divided by the wvalue of electron

temperature at the magnetic axis is

Br,0) =P (1-f(r.)")* : f(r,8)<1 , (10)
Ar,8)=0 ;o f(r.oy>1 , (11)
with
2 2
f(rge):[_r__j_é’fi).} +[9_;9€.5_] , (12)

where, Prg, hi, nz, dr, 09, rsic) and 6§ denote amplitude,

peaking factor, broadening factor, width of radial,
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poloidal directions, radial and poloidal positions of the
heat deposition profile, respectively. The radial positidn,

of the deposition center, rgit) can be changed in time

s

according to the position of resonant surface. The heating

power is turned on during the time interval; CThg<t<Che.

The eguilibrium and numerical parameters Iin the
simulations carrving out in sections 3., 4. and 5 are 1in

the following:; as the equilibrium parameters, we use
ao=1.2, A=2, rp=0.606 in Eq.(8), where g=2 resonant surface

is located at rg=0.7 and the safety factor at the plasma
surface 1s g;=3.48. The values of wviscosity, plasma
resistivity and parallel and perpendicular conduction are
v=10-5/ M(rs)=5%x10-5, %, {0)=102 with £;,=2.5 and K =107°
with f; =0, and for the peaking and broadening factors of
heating profile, we choose hi=2.5 and hy=1.5 in Eq. (10},
unless otherwise noted. The coefficient of Joule heating is
set to be zero(g=0 in Eg.({(3}}., for simplicity, because it
is not so important for m=2 tearing mode activity. The
simulations are carried out with 200 radial grids with

regular intervals and 10 single helicity Fourier modes.

3. STABILIZATION CONDITION

In this section, the stabilization mechanism of the
m=2 tearing mode by means of local heating is investigated.
Tn subsection (3.1}, the egquation of magnetic island
evolution using A' wvaluel[12,19,20] is extended to include
effect of large parallel conductivity, and the simulations
to obtain the atabilization condition and also to check the
applicability of the extended equation of magnetic island

are carried out in subsection (3.2).
3.1 Evolution of magnetic island width

Tn this subsection, we extend the equation of magnetic
island evolution with the effect of electron temperature

perturbation[9,13] under the effect of large parallel
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poloidal directions, radial and poleoidal positions of the
heat deposition profile, respectively. The radial positidn,
of the deposition c¢enter, r§lt), can be changed in time
according to the position of resonant surface. The heating

power is turned on during the time interval; thg<t<CThe.

The eqguilibrium and numerical parameters in the
simulations carrying out in sections 3., 4. and 5 are in

the following; as the eguilibrium parameters, we use
Qo=1.2, A=2, rp=0.606 in Eg.(8), where g=2 rescnant surface

is located at rg=0.7 and the safety factor at the plasma
surface 1s gz=3.48. The values of wviscosity, plasma
resistivity and parallel and perpendicular conduction are
v=10-5. M(rs)=5%10-5, ¥,/ (0)=102 with £,;=2.5 and x,=10"°
with f, =0, and for the peaking and broadening factors of
heating profile, we choose hi=2.5 and hy=1.5 in EqQ.(10),
unless otherwise noted. The coefficient of Joule heating 1s
set to be zerol(g=0 in Eqg.(3)}, for simplicity, because it
is not so important for m=2 tearing mode activity. The
simulations are carried out with 200 radial grids with

regular intervals and 10 single helicity Fourler modes.

3. STABILIZATION CONDITION

In this section, the stabilization mechanism of the
m=2 tearing mode by means of local heating is investigated.
Tn subsection (3.1), the equation of magnetic island
evolution using A' value[12,19,20] is extended to Iinclude
effect of large parallel conductivity, and the simulatlons
to obtain the stabilization condition and also to check the
applicability of the extended equation of magnetic island

are carried out in subsection (3.2).
3.1 Evolution of magnetic island width

Tn this subsection, we extend the eguation of magnetic
igland evoluticon with the effect of electron temperature

perturbation[S,13] under the effect of large parallel
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conductivity. The evolution of magnetic island width, w,
ig obtained by integrating Eg.{2) along the fliux surface
inside the magnetic island as;
dw . C, Jj, (v .
——= U[CIA (W)+,,—2]—0J n,.dr . (13)
dt Y, M2
where 7jg and 1y are equilibrium current density and plasma
resistivity and W, and fiy are perturbed polecidal flux

function and plasma resistivity perturbation induced by

local heating. In Eq. (13}, A" {w) 1s,

A%w)zyf&s+w/2}—W(Q—nd2) ’ (14)
y(r,)

where the prime denctes the derivative with respect to 1,
and rg is the position of singular surface. The constants

Cy1 and Cy in Eg.(13) are constants of order 1, which are

obtained by the averaging procedure in poleoidal direction
within the magnetic island region. We set C1=1 in the

following for simplicity. Tn this subsection, we adopt the

following heat profile,

h(r,8) = P_(r)cos(m8) , (15)

where ﬁﬁﬁj has finite constant value, Prf{heat power), only
in the region, 2ir-rgl<dy, where & is the radial wlidth of
heat profile. This form of heat profile, which corresponds
to O-point heating and X-point cooling, is considered to Dbe
the most effective one to stablilize tearing mode[l3]. In
the following, we consider the three cases classified
according te the gize of magnetic igsland, w: Case(a); w >
8., Case(b); 8,< w < 8 and Casel(c); w < §,;, where o
is the regicn, where the effect of large parallel
conduction on the deposition of the lecal heating is
ineffective in the diffusion process of the local heating

source term near the singular surface (2lr-rgl<8;,), and is

expressed as,
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where Ls(quZ/nf) is the shear length along the magnetic
field line. FEquation (16) is obtained by Eg.(3) with the
condition of steady state. In the case(a), we can set the

to be zero at

perturbation of electron temperature, T,
2lr-rsl>w, because the input power in the intericr of
magnetic island 1s constant, and does nct depennd con the
width of the magnetic island, w,. In the second case(b),
the input power in the interior of magnetic igland
decreases with that of the width of magnetic island, and we
can set fmzo at 2ir-rgl>w as in the previous case. Finally,
we consider the case({c). In the region considered in this

case, the perturbation of electron temperature is
determined by the width of §,, and does not depend on w.

After replacing the plasma resistivity perturbation by
that of electron temperature using Spitzer's conductivity
relation; ﬁm/noz—{3/2XTm/7}) in Eg.(13), and integrating
it within the island width with each conditions mentioned
above, we get the following three eguations of magnetic

island according to the width of magnetic island,

dw P

“Honl A -C, —%_5 . §,<<8 < , 17
= AW=C | (<<8, <w (17)
aw P

Vel A ~C = . S <w<éd , (18
0 n[ A(w)-C, 1.” ] I <W<0 )
dw P, &

Y_nl Ay =C ' ; <§ <<8, (19
7 T,f[ (w)—-C, T, w ] W<, r )

where the coefficient Cy 1is determined by the eguilibrium

guantities as;

. 2
Chzéhhll (20)
4 B, rq )

The coefficient of 3/4, including the constant Cz 1n
Eqg. (13), of the right hand side of Eqg. (20} ig numerically

estimated value in Ref.{13], the analysis of which is
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equivalent to the second case, Eg.(18). The value of Cp is

about 0.42 for the equilibrium considered in this paper.

If the magnetic island evolves according to Eg. (18}, the
local heating effect also vanishes with vanishing w{iw—0).
Therefore, the complete stabilization of tearing mode,
i.e., complete elimination of magnetic island, need
infinite heating power. The situation contradicts the
results of experiments[10]. On the other hand, we can
easily expect complete stabilization in the third
case{Eg. (19)) because of w-+ dependence of heating effect.
This inverse proportionality of dw/dt to w is the same as
current drive casel[l3]. Typical heat power for the
saturation of magnetic island width for these three cases
are shown in Fig.(l). In these calculations, we assume the

function of A'{w) as,

A(w)= Ay (1-—) , (21)

Wy

where A'g is A'(w=0} and wg is the saturaticn width of

magnetic island without heating. At first, the necessary
neat power for the saturation increases with the decrement
of w from wp until the width decreases tc 0r. Then, the
increment of the necessary power becomes larger because
Prreew~l in the region & <w<é,, and finally it reaches
maximum value at w=wg/2 in the region O<w<§,, if w,/2<54,

Equation (19) has no solution in the region w<wg/2. In
the case of w,/2>§,, Eg.(19) has no solution except w=0,,
which determines the value of Pyrf max, 1.e., the maximum

heat power for the island saturaticn. Prf,max <an be
written according to the value of % in the following;

k. TA, w w
P A Rl el A . —L<8 , (22)
T 2 <9
p, . =5ldl LN ;5 <X . (23)
' C, 6 W 2

Prf, max denoted by Egs. (22) and (23) are shown by the bold

line with arrows and numbers 1 and 2 in Fig. (1),
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respectively. If the heating power, Prf, Dbecomes greater
than Prf,max. the maximum heating power for the island
saturation, the plasma encounters the catastrophic change
of the phase of magnetic island O-point, and new magnetic
islands appear in the opposite phase. These phenomena,
which we c¢all r"phase inversion", will be shown in the
simulations in next subsection{3.2) and Section 4 for the
case of non-rotating magnetic island. In the real
situation, however, the plasma rotates in toroidal and/or
poloidal directions, and the magnetic islands always
encounter the stabilizing effect of local heating, when the
poloidal position of O-point of the magnetic island almost
coincides with that of lccal heating. In this case, there
is no phase inversion, as shown 1in the simulations 1in
Section 5. Therefore, for the tearing mode to be completely
stabilized, heating power must be greater than Prf,max., &nd
the magnetic island must rotate in toroidal and/or poloidal
directions. It is to be noted that as the value of §
becocmes smaller, the power necessary for complete
stabilization becomes larger. The dependency of Te on the
parameter &, is 68,1, where we use the classical

dependencies of the thermal conductivity on electron

temperature.

3.2 Simulations

The simulations of local heating effect on tearing mode
activity are carried out to obtain the stabilization
condition and to check the applicability of the equation of
the width of magnetic island derived in the previous

subsectlion.

There are proposed two main stabilization mechanisms by
local heating, one due to the modification of plasma
current profile of m/n=0/0 component and the other due CO
that of m/n=2/1 component. The former is related to the

value of A'{w), and the latter O-point of magnetic island

neating. To investigate which has dominant effect on the

_9_
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stability of tearing mode, we consider the following four

cases;

Case I: no heating {(Pys=0).

Ccase TII: peloidally localized heating with prefile
of Egs.(10-12) with 8g=w/10 (Prs=5.5x10"4)

Case III: almost poloidally symmetric heating with
profile of Egs.{(10~12} with dg=7/2

(Prg=5.5%x10"4)
Case TIV: heating with profile of Eg.(15) (Prg=10-%)

In Case IV, we adopt the same radial dependence of the
function for f%(n@) as that in Eg. (12). The heat powers ,
P, of the Case II and III are adjusted to have the same
stabilizing effect as in the Case IV. The results are
shown 1in Fig.(2), where Fig.(2.a) and Fig{2.b) show the
evolution of the width of magnetic island and the evolution
of A'{w), respectively, and Fig.(2.c) and Fig.{(2.d) show
the evolutions of amplitude of electron temperature and
current density of m=2 compcnent at the resonant surface,
respectively. The deotted, solid, broken and dotted solid
curves in each subfigure correspond to the Cases I, II, IIL
and IV, respectively. In almost pcloidally symmetric heat

case(Case IIT), the change of A'(W) 1s much larger than

other two heat cases (See dotted solid curve in the
figure). This change of A'(w), however, has 1little
contribution to the stabilization of the tearing mode as
shown in Fig.(2.a). The evolutions of electron temperature
and current density of m=2 component at r=rg, shown in
Fig.(2.c) and (2.d), shows that the increment of Tri{rg)
also increases the current density at the resonant surface
and stabilizes the tearing mode. The stabilizing mechanisms
of tearing mode by the increased current density are
described in Ref.[13]. If the tearing mode is completely
stabilized by the local heating, the stabilizing effect is
rurned into the destabilizing one for the tearing mede in

opposite phase, which leads to the phase inversion. The
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profiles of electron temperature and current density cf the
m=2 mode at t=130, when the width of magnetic island
becomes almost zero, are shown in Fig. (3} for each cases in
Fig.(2). The amplitude of the m=2 component for heating
profile of Case II and III are about 7.7x107° and 9.5%x10"3,
respectively, both of which are almost the same as 10°% for
the Case IV. Therefore, the amplitude of m=2 compocnent
determines the effect of heating. Tt is impossible to give
the pure m=2 component of electron tCemperature
perturbation, the local heating only near the O-point of

the magnetic island can be said to be essential.

To show the phase inversion phenomenon clearly., we
carried out another simulation with different turming on
time of heating: tns (tns=500), using heat profile of
Eqg. (15) with Prg=10-%, while, in the above simulations, the
heating power is turned on at t=0 {tns=0). The evolutions
of the magnetic island width and contour of helical
polecidal flux are shown in Fig.(4). The evoluticn of
helical poloidal flux function shows the phase inversicn of

magnetic island between t=1200 and t=3500.

Next, we describe the simulations performed to check
the applicability of Egs.({17~1%). As the difference
between Egs.(17) and (18} 1s not essential, only the
difference between Egs.(18) and (19) is considered in the
following. As for the heating profile, we adopt Eg. (15} for
simplicity. We show the evolutions of magnetic island in
Fig.(5) for two different heat power, Prg=10"% and 3x10-3,
and no heating for Dbroken, solid and dotted curves,
respectively. While, the solid curve (Prg=3X107°) shows the
saturation of magnetic island with smaller size compared

with the case of no heating({dotted curve) the broken curve
(Prf=10_4) shows "phase inversicn". We show the dependency

of heat power Prf on the saturation size of the magnetic

island Dby sclving Eg. (18] in Fig.{6). Iin these
calculations, we use the functicn A' of w obtained in the

simulation results. Two closed circles with the characters

s and b in the figure correspond to sclid and broken curves
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in Fig.(5), respectively. To explain the phase inversion of

broken curve in Flg.(3), we need Eg.(19). To check the
applicability of Eg.(19), we must show thal Prf max is the
function cof & , by the simulation. To this end, the

simulations with larger value of parallel conductivity,
x,(0)=10", are carried out. Time evolutions of the width of
magnetic island are shown in Fig. (7), where Fig.(7.a), (7.b)
and (7,c) are the cases with the heat powers; Pr=10"%,
3x10~4 and 103, respectively. It is easily seen from the
figure, that the large parallel conduction makes the neat
power necessary for the phase inversion larger, which is

considered due to smaller value of 6. The value of §

becomes about 0.3 times, and smaller than the simulation
with K, (0)=10%, of which the estimated value of §, is almost
0.05. The perpendicular diffusion induced by this large
parallel conduction coefficient with perturbed radial

magnetic field 1is about 2x10-6 and even less than the
perpendicular ohe, Kl:10_5. Therefore, it is shown that

the Prf max 18 the function of §,, and it can be said that

Egs. (17-19) explain the results of the simulations.
4. LOCAL HEATING EFFECT ON SATURATED MAGNETIC ISLAND

In this section, the effect of local heating'on the
saturated magnetic island without plasma rotation is
investigated by the simulaticns. The depenﬁencies of the
radial and poloidal positiens of heating on the
stabilization of the tearing mwmode are investigated
extensively.

We adopt the heat profile of Eg.{10~12), in this
section, where the parameters are chosen as Prf:5x10‘3,
8y=0.05, rg=rs+drg, Og=m/10, We carried out the simulations
changing the parameters of 8rg and 6§in the following. We
first show the results of 8r5=88=0 in Fig.(8), where the
evolutions of (a) magnetic island and () magnetic energy
of each mode are shown. The heat power 1s turned on at
£=1500, when the magnetic islands are in saturation state.
The evolution of magnetic island width shows rapid

stabilization, and becomes zero (w=0) at t©=2037, which
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in Fig. {5}, respectively. To explain the phase inversicn of
broken curve in Flg.(3), we need Eg.(19). To check the
applicability of Eg.(19), we must show that Pyf,max 1S the
function of § , by the simulation. To this end, the
simulations with larger value of parallel conductivity,
K, (0)=10", are carried out. Time evolutions of the width of
magnetic island are shown in Fig. (7), where Fig.(7.a),(7.0b)
and (7,c) are the cases with the heat powers; Pﬁ:10"4,
3x104 and 10-3, respectively. It is easily seen from the
figure, that the large parailel conduction makes the heat
power necessary for the phase inversion larger, which is
considered due to smaller value of §,. The value of §
becomes about 0.3 times, and smaller than the simulation
with KMO):IOZ, of which the estimated value of ¢, is almost
0.05. The perpendicular diffusion induced by this large
parallel conduction coefficient with perturbed radial

magnetic field 1is about 2x10-6 and even less than the
perpendicular one, Kl:lO_S. Therefore, 1t is shown that

the Prf, max 18 the function of §,, and it can be said that

Egs. (17-19) explain the resulcts of the simulations.
4. LOCAL HEATING EFFECT ON SATURATED MAGNETIC ISLAND

In this section, the effect of local heating'on the
saturated magnetic island without plasma rotation is
investigated by the simulations. The depenﬁencies of the
radial and poloidal positions of heating on the
stabiiization of the tearing mode are investigated
extensively.

We adopt the heat profile of Eg.(10~12), in this
section, where the parameters are chosen as Pre=5%x1073,
8y=0.05, rg=rg+drg, Og=n/10, We carried out the simulations
changing the parameters of 8rg and 6§in the following. We
first show the results of 8r5=8§=0 in Fig.(8), where the
evolutions of (a) magnetic island and (b) magnetic energy
of each mode are shown. The heat power 1s turned on at
+=1500, when the magnetic islands are in saturation state.
The evolution of magnetic island width sheows rapid

stapilization, and becomes =zero (w=0) at t©=2037, which

_12_
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leads to phase inversion. As mentioned in the last
section and will be shown in the next section, the rotation
of the plasma in toroidal and/or poloidal direction
inhibits this phase inversion, and we assume that once the
width of magnetic island reaches zero, the tearing mode 1is
completely stabilized, in this section. Altheough, the
magnetic energy of each mode shows different reaction after
heat power is turned on because of many Fourler components
of the 1local heating, the effect of m=2 component
stabilization is dominant in the final stage. Time
evolutions of the electron temperature contours and current
density contour with their sectional £figures at 0=0,m, are
shown in PFig.(9).  In each subfigure of electron
temperature contour in Fig.(9), the heat region is denoted
by the beold lines on the constant 0 line, and the figure
shows how the electron temperature in the interior of
magnetic island is raised by local heating and decrease the
width of magnetic island. The evolutions of contour and
the sectional planes of current density, Fig.(9), shows the
1ocal current perturbation corresponding to that of
electron temperature as predicted by _L/jf:Q/3XTMIT@.
These positive current perturbations flowing in the O-point
of the magnetic island reduces the width of magnetic
island, until it reaches zero, if the heat power is greater
than Prr max. the maximum power for the saturation. Even
after new magnetic islands appear in the opposite phase,
the small magnetic islands remain in the original roloidal
position (See Fig.{%)). This magnetic island 1s caused by

the local heating.
Next, we change the value of Srs, the radial position

of heating as in the experiments. Almost the same regults
are obtained for Srg=10.04 as that in the case of 8rg=0.
The necessary time for the plasma to Dbe stabilized 1is
smaller for the case of 8pg=0.04(t-thg=537) than that for
8rg=-0.04 (t-tng=613), because the radial position of heat
center for the former case is nearer to the O-point of
magnetic island than that for the latter case. In Fig. (10},

we show the time evolutions of the width of magnetic island
for 8rg=-0.08, Fig.(10.a), and 8rg=0.08, Fig.(1l0.b). The
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dotted region in each subfigure denctes the radial extent
of heat profile. After heat power is turned on, the width
of magnetic island reduces, but after the center of heating
goes out to the extericr of the magnetic 1island, the
stabilizing effect is lost and the finite size of magnetic
igsland saturation appears, for both cases. We carried out
the simulations for other 6 values of &rg, Org=%0.12,
+0.16, *0.2. The results of the squared ratio of
saturated width of magnetic island , w, to that at t£=1500,
wg, versus radial position of heating center are plotted in
Fig.(1l). The dotted rectangle for each point denotes the
radial extent of heat profile, and wg in the figure denotes
the width of saturated magnetic island without heating. The
gualitative good agreement with the experimental
results[10] 1is obtained. The larger stabilizing region
compared to that of experiments may be attributed to the
large width of magnetic island saturaticn 1in the
simulations.

Next, we investigate the dependencies of stabilizing
effect on poloidal position of the heating, 88. In these
simulations, the heat power is turned on at t=1500 as in
the previous simulaticns. The time evolutions of magnetic
island with different poloidal position of heating are

shown in Fig.(12), where Fig.{12.a), (12.b) and (l2.c} show
the cases of 0§=n/8, n/4 and w2, respectively. While,

heating with ©§=n/8 shows fast stabilizatlon, the
stabilizing effect of heating with 0§=n/4 is much smaller

than the above case. The contcour of electron temperature,

current density and the helical poloidal flux at t=3000 of
05=n/4 case(Fig.{(12.b)) are shown in Fig.(13}. In the case

of 0§=m/2, which corresponds to X-point heating, there 1is

little stabilization effect, as shown by Fig.(12.c}.
Therefore, it 1is shown that the heating of O-point has a
dominant effect in stabilizing process of tearing mode by
the local heating.

1f the magnetic island is locked at some poloidal
position by the error field, and if, furthermore, the

heating position is just O-point of the non-rotating
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magnetic island, the heating only induce phase inversion.
Therefore, to stabilize the tearing mode in non-rotating,
locked, plasma by local heating, we must use the feedback
control of the poloidal position of heating, which seems
very difficult actually.

In the simulations carried cut in this section, we use
the large input power for the local heating because cof CPU
limitation of the computer. One run for the case of
rotating plasma takes about a few 10 hours of CPU time by

using FACOM VP-2600 vector machine. The input power for
2 Y

Prr=5x10"3 ((ZIE)f d@f h(r,G)rdranlOé )is about 4 times larger
4] Q

than that of Joule input power (j nOJ%rdrESXIO%). But as
. a

shown in the simulation of the previous section, cne order
lower power, Prg=5.5x107%, is sufficient for the m=2 tearing
mode to be completely stabilized. The input power for ECH
in the suppression of disruption experiments 1is also about

a few 10 percent of the Joule input power[11].

5. LOCAL HEATING EFFECT ON ROTATING MAGNETIC ISLAND

In this section, we consider the effect of local
heating on rotating magnetic island. The main purpose of
+he simulations in this section is to show the complete
stabilization of the tearing mode instead of phase
inversion, which is observed at the final stage of the
stabilization in the case of non-rotating magnetic island,
and also to show the effect of feedback control to reduce

the total heat power.

The initial poloidal flow velocity is determined by
Eg. (9) with x=2, which corresponds to rigid body rotation,

and as an initial rotation period, we checeose 1T4=250. The
amplitude of heat power 1s chosen as Pre=3X1073. Other
parameters are the same as the simulations 1in Secticn 4.
The time evolutions of (a) rotating magnetic island width
and (b) the poloidal position of magnetic island O-point

are shown in Fig.(14). Heat power is turned on at t=1500,

—_— 15 o
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magnetic island, the heating only induce phase inversion.
Therefore, to stabilize the tearing mode in non-rotating,
locked, plasma by local heating, we must use the feedback
control of the poloidal position of heating, which seems
very difficult actually.

In the simulations carried cut in this section, we use
the large input power for the local heating because of CPU
limitation of the computer. one run for the case of
rotating plasma takes about a few 10 hours of CPU time by

using FACOM VP-2600 vector machine. The input power for
2 2

P, s=5x10-3 @zm{f dg[l(ne)uhz2x105_)is about 4 times larger
0 Ju]

than that of Joule input power ([ nOJ%rdr55x10£). But as
. 0

shown in the simulation of the previous section, one order
lower power, Pyg=5.5x1074, is sufficient for the m=2 tearing
mode to be completely stabilized. The input power for ECH
in the suppression of disruption experiments is also about

a few 10 percent of the Joule input power[11l].

5. LOCAL HEATING EFFECT ON ROTATING MAGNETIC ISLAND

Tn this section, we consider the effect of local
heating on rotating magnetic island. The main purpcse of
+he simulations in this section is to show the complete
stabilization of the tearing mode instead of phase
inversion, which is observed at the final stage o©f the
stabilizaticn in the case of non-rotating magnetic island,
and also to show the effect of feedback control to recuce

the total heat power.

The initial pecloidal flow velocity 1is determined by
Eqg. (9) with x=2, which corresponds tc rigid body rctation,
and as an initial rotation period, we choose Tg=250. The
amplitude of heat power 1is chosen as Pre=3X1073. Other
parameters are the same as the simulations in Section 4.
The time evoluticns of (a) rotating magnetic island width
and (b) the poloidal position of magnetic island O-point

are shown in Fig.(14}. Heat power is turned on at £=1500,
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when the rotating magnetic island is in saturation state.
The rotating magnetic island completely vanishes at t=3000.
In Fig.{15), the time evolution of rotating electron
temperature contour is shown. Although, there is seen still
small magnetic island in the figure'in the region ©>3000,
it is not induced by the tearing mode but local heating
itself, as shown in the simulation of the last section (See
subfigure of t£=2550 in Fig.(9}). The O-point of the small
magnetic island remains about 8=0, where local heating is
applied as shown in Fig.{15). If heat power is turned off
at t=3000, the magnetic island of small width continues tLO
rotate with the plasma. Furthermocre, for the larger heat
power, Prr=10-2, the width of this steady small magnetic
island becomes larger than the case of Per3XlO_3. After
heat power is turned on, t»>1500, the maximum change of
plasma rotation at the resonant surface 1s less than 0.05%,
and the rigid body rotation of the plasma scarcely changes
during the simulation. In contrast with the case of
external helical fieldiz22,23], local heating makes little
torgue, because the heated electrons are instantaneocusiy
distributed to each magnetic field lines due toc large
parallel conduction. The reason why the magnetic island
induced by local heating can slip the plasma rotaticn 1s
also attributed to finite parallel conduction of electron

temperature.

As shown in the previous section, te heat O-point of the
magnetic island is essential in the stabilizing procedure,
there are much extra power for the continuous heating Lo
the rotating magnetic island. Therefore, we try to reduce
the power maintaining the same stabilizing effect by using
the feedback control. The feedback control has been
performed in the experiments already{1l], the main purpcse
of which is different from that of this paper, and is to
show that the O-point heating is essential in stabilizing
procedure. The feedback conditions used in the simulatiocon

is expressed by the following two eguations,

‘W2/1|/|W0/o|:=0|> £ , (24)
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[real( W2/1)|/|1V2/1‘> €, - (25)

Equations (24) and {25} are the conditions for <the
amplitude and the phase of the perturbation of poloidal
flux function, respectively. If these two conditions are
satisfied, the heat power 1is supplied at some pcloidal
position 0. The detector coil position is fixed at 6=0,

and we can change the phase of heating by the finite wvalue
of Oy.

The results are shown in Fig.(16), where we set €1=10%
and 82:0.707'and other parameters are the game as 1in
Fig. {14}. Althecugh, heat power is supplied only on the
time duration shown by the bold dotted line in the figure,
and the total power is about 0.25 times smaller than the
continuous heat case, almost the same stabilizing effect is
present as that in no feedback. After t£=2800, no heat
power is supplied because the perturbaticn of poleoidal flux

is too small to satisfy Eg.{(24).

The feedback contrel is also performed to heat the X-
point (8p=m/2), as 1in the experiments. There 1is no
stabilizing effect as easily expected, which is shown by

the broken curve in Fig.({le).

6. SUMMARY AND DISCUSSIONS

We carried out the non-linear calculations based on
the reduced set of the resistive MHD eguations with the
transport equation of electron temperature and poloidal
plasma rotation to investigate the effect of local heating
on the m=2 tearing mode activity. The results obtalned are

described in the following.

(1) An m=2 tearing mode can be completely stabilized by
local heating, if O-point of the magnetic isiand 1s
effectively heated. The positive current perturbation

induced at O-point of magnetic island by the temperature
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reai(w,,)|/|w..|> €, . (25)

Equations {24} and (25) are the conditions for the
amplitude and the phase of the perturbation of polcidal
flux function, respectively. If these two conditions are
gatisfied, the heat power is supplied at some pcloidal
position 0. The detector coil position is fixed at 6=0,
and we can change the phase of heating by the finite value
of On.

The results are shown in Fig.(16), where we set £1=107%
and €72=0.707 and other parameters are the same as in
Fig. (14). Althcugh, heat power 1is supplied only on the
time duration shown by the bold dotted l1ine in the figure,
and the total power is about 0.25 times smaller than the
continuous heat case, almost the same stabilizing effect is
present as that in no feedback. After t=2800, no heat
power is supplied because the perturbation of poloidal flux

is too small to satisfy Eg.(24).

The feedback contrel 1s also performed to heat the X-
point {(@p=m/2), &as in the experiments. There is no
stabilizing effect as easily expected, which is shown by

the broken curve in Fig. (16).

6. SUMMARY AND DISCUSSIONS

We carried out the non-linear calculations based on
the reduced set of the resistive MHD eqguations with the
transport equation of electron temperature and pololdal
plasma rotation to investigate the effect of local heating
on the m=2 tearing mode activity. The results obtained are

described in the following.

(1) An m=2 tearing mode can be completely stabilized by
local heating, if O-peoint of the magnetic island 1s
effectively heated. The positive current perturbation

induced at C-point of magnetic island by the temperature
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perturbation through that of plasma resistivity reducses

the width of magnetic island.

(2) For the small magnetic island, the radially extending
heat deposition profile by the local heating 1s not
determined by the magnetic island width, but 1is
determined by the magnitude of the parallel heat
conduction, and it avoids the minimum heat power
necessary for complete stabilization goes up infinite as

the width of magnetic island, w—0.

(3) If the magnetic island 1is locked at some poloidal
position by the error field, and if, furthermore, the
heat position is just O-point of the static magnetic
island, the heating only induce phase inversion, and the
new magnetic island appears in the opposite phase. The
rotatiocn of polecidal direction inhibit this phase
inversion, and keep the plasma in the state without

magnetic island due to the tearing mode.

To stabilize the tearing mode in no rotating locked
plasma by local heating, we must use the feedback control
of the pecloidal position of heating, which seems very
difficult actually. As mentioned in Ref.[11], the technigue
co trace the exact radial position of g=2 surface must be
developed for long time application of this method. T
reduce the heat power, feedback contrel is very powerful
means and it can be reduced to abocut 0.25 times lower with

the came effect than that without feedback control.
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perturbation through that of plasma resistivity reduces

the width of magnetic island.

(2} For the small magnetic island, the radially extending
heat depesition profile by the local heating 1s not
determined by the magnetic island width, Dbut 1s
determined by the magnitude of the parallel heat
conduction, and it avoids the minimum heat power
necessary for complete stabilization goes up infinite as

the width of magnetic island, w—0.

(3) If the magnetic island 1is locked at some poloidal
position by the error field, and 1if, furthermore, the
heat position is just O-point of the static magnetic
island, the heating only induce phase inversion, and the
new magnetic island appears in the ocpposite phase. The
rotation of poloidal direction inhibit this phase
inversion, and keep the plasma in the state without

magnetic island due to the tearing mode.

To stabilize the tearing mede in no rotating locked
plasma by local heating, we must use the feedback control
of the pecloidal position of heating, which seems very
difficult actually. As mentioned in Ref.[11], the technigue
to trace the exact radial position of ¢g=2 surface must be
developed for long time application of this method. TO
reduce the heat power, feedback control 1s very powerful
means and it can be reduced to abcut 0.25 times lower with

the same effect than that without feedback control.
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Necessary normalized heat power for saturation of magnetic
island versus width of magnetic island, obtained by Egs.
(17-19). 4y and §]] denote radial width of heat region
and the width of || ineffective region, respectively,

w, 6y and 8§ are normalized to the saturation width of
magnetic island without heating, wg. Ppax,1 and Ppgx,2
are maximum powers for the existence of solution expressed
by Egs.{(22) and (23).
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a b C d

Fig. 4 Time evolutions of width of magnetic island using heat profile
of Egq.(l5) with Prf=10_“. The heat power is turned on at
=500, and the bold line denotes the duration of the heating.
The lower subfigures are the contour of helical poloidal flux
function at four points of time, denoted by arrows in the upper
subfigure of magnetic island evolutiom.
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Fig. 5 Time evolutions of width of magnetic island for the heat
profile of Eq.(l53). Heat powers are Prf=lO'L+ for broken

curves, Prf=3x10'5 for solid curves and Pp¢=0 (no heating)
for dotted curves.
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Fig. 6 Saturation width of magnetic island versus heat power
obtained by solving Eq.(18). Two closed circles with
the characters s and b correspond to the cases of
simulations of solid and broken curves in Fig. 3,
respectively.
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Fig. 7 Time evolutions of magnetic island width for large
parallel conduction of electron temperature, K||=10”.
Heat power is (a) Prf=10_“, (b) Prf=3X10'3 and (¢)
Prf=lo_3' Other parameters are the same as in the
case of Fig. 3.
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Time evolutions of (a) width of magnetic island, and

(b) magnetic energy of each mode. Heat power is turned on
at t=1500, when magnetic islands are in saturation state.
The heat parameters are Prf?SXlO'3 with §,=0.05, &g=n/10,
rg(t)=rg and 95=0 in Eq.(12). The width of magnetic island
becomes zero at t=2037, and magnetic island appears in
opposite phase.
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Fig. 9 Time evolutions of contours of (a) electron temperature
and (b) current density at t=1500, t=1750, t=2025 and
t=2650. The simulation parameters are the same as
those of Fig. 8. Local positive perturbations of
electron temperature induce positive lecal current
perturbations.
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Fig. 10 Time evolutions of magnetic island for (a) Grg=-0.08 and
(b) 8pg=0.08. Radial heat regions are shown by dotted
rectangles in each subfigure. Stabilizing effect ceases
when the center of heat profile goes outside of the
magnetic island.
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Fig. 11 Squared width of saturated magnetic island normalized to
wp, the saturation width without heat effect, versus
radial position of heating. Dotted rectangles denote
radial extent ¢f heating.
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Fig. 12 Time evolutions of magnetic island width for different
poloidal position of heating. Subfigures (a), (b) and
(¢) show the cases of 8g=1/8, 85=m1/4 and §g=1/2,
respectively. Other parameters are the same as in Fig. 8.
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Contour of (a) electron temperature,
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(b) current density

b

and (c) helical poloidal flux function in the case of
8g=n/4(Fig. 12(b)). Four heat points appear because of

symmetry assumed in basic equations.
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Time evolutions of (a) rotating magnetic island width
and (b) poloidal position of O-point of magnetic island.
Plasma rotates as a rigid body with retation period
14=250 and heat power is turned on at t=1500.
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Time evolutions of electron temperature contour at
eight different time, which are shown below each

subfigure, in the case of Fig. l4. Heat positions
are denoted by beld solid lines on constant & line.
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Time evelutions of (a) width of rotating magnetic Island
and (b) O-point phase of magnetic island with feedback
control of heat power. Solid curves show the case of
O-point heating, while dotted curves are the case of X~
point heating. The heat powers are supplied only when the
poloidal position of magnetic island O-point is mnear §=0,
as shown by bold dotted line., The poloidal positions of
heating are at ¢=0,m for O-point heating and p=n/2, 3n/2
for X-point heating, respectively.
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