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Abstract

A new and interesting phenomenon showing that the toroidal current profile for the
n=0 mode, which at first exhibits a peak due to ohmic heating and later flattens around
the magnetic axis, is obtained through a compressible resistive MHD simulaiion in a
fully 3-D toroidal geometry. We conclude through a detailed analysis that the current
flattening is caused by the strong excitation of a nonlinear resistive kink mode. The
time-scale of the current profile flattening is of the order of the MHED time-scale. When
the current profile is largely flattened, the plasma dynamic pressure due to the strongly
excited kink mode pushes the hot core plasma in the radial kink flow direction and the hot
core starts deviating from the magnetic surface because of the plasma compressibility and
the dynamic pressure. Since the flattening of a current profile weakens the shear effect of
the poloidal magnetic field in the q < 1 region where the resistive kink mode is growing,
the poloidal magnetic field reconnection is driven by the strong kink flow and leads to
complete destruction of the magnetic surface within the q=1 rational surface (minor
disruption), and the poloidal magnetic field configuration recovers to an axi-symmetric
profile. The effect of the thermal conduction on the evolution of such a process is also

discussed.




1. INTRODUCTION

The MHD stakility problem such as the resistive/ideal kink mode and the tearing
mode as well as the minor/major disruption process has long been a subject of vital
interest. In such MHD activities, the toroidal current profile plays an essential role. The
important point is to note that the current profile, realistically, does not remain static
in the actual tokamak plasma. Nevertheless, most of the studies have been made under
a given (i.e. static) current profile, except for simulation researches such as Aydemir’s
simulation studies on the tokamak sawtooth phenomena [1,2]. In fact, the analytical
method often fails to investigate the MHD activities in the tokamak plasma under the
time evolving circumstances. In other words, the dynamic behavior of the current profile
and its dynamic effects on the MED activities call for a thorough investigation, which
can be best performed by means of an elaborate computer simulation.

Our present study aims to clarify the process of dynamic response of the current profile
change on the MHD stability in a tokamak plasma within the classical MHD framework.
To fulfill this aim, we execute a three-dimensional compressible resistive MHD simulation
for a torus geometry, taking into account a thermal conduction effect in the direction

parallel to the magnetic field.

2. SIMULATION MODEL AND RESULTS

The basic equations are

P%_?:;XB—V;J, (2)
2B _ v (7 x B) - V x(7/s), )
%? + V-(p?) = (v—D(=pV-7 + 7 /S) + xBAT, (4)



where the magnetic Reynclds number S is classical and proportional to the 3/2 power
of the temperature. The thermal conduction effect, kAT, is introduced only in the
direction parallel to the magnetic field, where « is constant. Here, it should be noted that
the time-scale of the thermal conduction effect is assumed to be of the same order as the
MEHD time-scale in this study.

The tokamak device is modelled by a torus surrounded by a conducting wall with a
square cross section as shown in Fig. 1, where the cylindrical coordinates (R, 4, Z) are
adopted ; R is the major radius, # the toroidal angle, and Z the vertical axis. We solve
the above MHD equations using a high precision code recently developed by us which
advances the physical quantities in time using the fourth order Runge-Kutta-Gill method
and makes a spatial differentiation using the fourth order centered-difference method {3,4].
The simulation is performed through the following two stages :

First, in order to obtain the initial equilibrium configuration without resistivity, we
solve the Grad-Shafranov equation under the above geometry where the torcidal 4 and
the aspect ratio are taken to be 0.1% and 3, respectively. The on-axis q value is set to be
1.03, and thus, the obtained equilibrium state is confirmed to be stable for the n=1 mode
by running the simulation code.

Next, we impose a very small plasma flow disturbance of n=1 mode as well as the
resistivity upon the initial equilibrium configuration, and start simulation. Here, the
initial on-axis S value is set to be 40000 and its distribution is known from the temperature
distribution.

In Fig. 2, shown are the toroidal current distributions of the n=0 mode against the
minor radius at a poloidal cross section for t=0, t=415 7,4, t=447 7, and 480 7,4, where
the magnetic axis corresponds to r = 0 ( 5,4 = afV,4 = Ry/Vis denotes the poloidal
Alfven transit time). As can be seen in the figure, the toroidal current undergoes peaking

around the axis till t=415 7,4, because the resistivity distribution changes subject to



spatially dependent ohmic heating and the guantity 5/ S tends to become curl-free. The
toroidal current profile, however, becomes flattened quickly during a short period of 65
T4 from t=415 7,4 till 480 4. The flattened region extends almost over the q = 1
magnetic rational surface.

Fig. 3 shows the time development of the magnetic field energies of the n=1 mode
(linear mode) and the n=2 mode (nonlinear mode). Since the initial q value is greater
than 1 in the whole region, both the magnetic field energy and the kinetic energy of
the superposed plasma flow disturbance suffers damping at first. As the ohmic heating
changes the distribution of the plasma temperature, and hence, the resistivity, current
peak develops around the plasma axis and this leads to reduction of the q value. At
t = 817,4, the on-axis q value falls below 1. Then, the m=1/n=1 resistive kink mode
becomes unstable and the magnetic field and plasma flow of n=1 mode start growing
around the axis. As the q value decreases further, the excited magnetic field intensity of
n=1 mode, as well as the plasma flow, becomes larger and larger. It should be noted here
that the q value is defined in the present work as the ratio of the number of the toroidal
rotation to that of the poloidal rotation around the initial magnetic axis by tracing the
magnetic field line along the torcidal direction. The on-axis q value becomes smallest at
t=415 7,4 due to current peaking, so that the magnetic field and the plasma flow have
large enongh magnitude by this time. At t=480 7,,, a nonlinearly excited mode (n = 2
mode) is also grown roughly up to the amplitude of the most unstable mode (n=1), thus
suggesting that the n=0 mode must also have been excited to a substantial amplitude.

In order to confirm that the excited unstable mode shown in Fig. 3 is the resistive
kink mode, we made several simulations with different S pumbers in which the on-axis q
value is fixed to be 0.85 initially. The linear growth rates obtained in these simulations
are shown in Fig. 4. In this figure, the theoretical growth rate of the resistive kink mode

5], being proportional to 5-1/3_is indicated by the solid line. The observed growth rates
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show a good agreement with the S curve, hence, it can be confirmed that the excited
mode in these simulations is the resistive kink mode, not the tearing mode whose growth
rate is proportional to S=3/°. The detailed features of a rapid change in the current profile
can be found in Fig. 5 by looking into the evolutions of the equi-contours of the toroidal
current of the n=0 mode(upper panels), the magnetic field lines mapped on a poloidal
plane(middle panels), and the equi-contours of the temperature(lower panels) at the same
moments as those adopted in Fig. 2, namely, at t=0, t=415 7,4, {=447 Tpa and 480 7, 4.

It can be surely confirmed that the toroidal current which showed peaking at t=415 Tpa
becomes flattened at t=480 7,4. Through this process, no apparent difference is observed
in the magnetic surface structure. It is interesting to observe that, at t = 415 7,4, the
temperature axis still stays at its initial position ( Fig. 5-(a) and (b) ), but at t=480
T4, the temperature axis has substantially shifted, although the magnetic axis remains
almost at the same position during the period (Fig. 5(c) and (d)).

This deviation between the magnetic axis and the temperature axis results from the
following fact : The strong kink flow, which directs from the center of the axis to the right-
side and flows back along the magnetic surface to the left-side to merge into the central
flow, pushes the plasma towards the right-side. During this process a dynamic equilibrium
is kept where the magnetic pressure is almost in balance with the plasma dynamic pressure,
since the plasma static pressure is small in this case. In order to confirm the role of the
dynamic pressure causing such a deviation, we executed a linearized simulation run in
which the feedback effect of the plasma dynamic flow on the plasma total pressure is
discarded. Then, no such a deviation is observed at all. Thus, we conclude that the
dynamic plasma pressure surely gives rise to the deviation between the magnetic surface
and the temperature equi-contour.

When the toroidal current profile becomes flattened, it is expected that the shear

efiect of the poloidal magnetic field be lost and that the magnetic surface be destroyed.




In fact, right after the current profile flattening, the plasma kink flow pushed the poloidal
magnetic field lines towards the q=1 surface to start triggering driven reconnection [6]
from the central part of the plasma at t = 493 7,4. The flux reconnected by driven
reconnection expands radially from the central part and eventually reaches to the q=1
surface. Thus, the whole magnetic flux within the q=1 surface is completely mixed up at
the time t = 504 7,4. In the final stage of this driven reconnection process the magnetic
structure returns to the axi-symmetric one { at t = 513 7,4 ), as shown in Fig. 6-(a)
through (c), respectively.

Tt should be noticed again that the time span of the last two panels in Fig. 5 in which
the current profile becomes flattened is 65 7,4, and the time span of the first and last two
panels in Fig. 6 is only 20 7,4 during which the driven reconnection process is completed.
In this respect, it should be noted also that the time span of the former two panels in
Fig. 5 during which the q value suffers a substantial resistive change is as long as 415 7.
Therefore, it is concluded that the condition for current profile flattening and magnetic

surface disruption is made up in the MHD time-scale rather than the resistive one.
3. DISCUSSION

From the simulation results shown hete, the toroidal current profile starts being flat-
tened in accordance with the manner that the equi-temperature contours deviate from
the magnetic surface. Thus, a question naturally occurs : Is there any correlation be-
tween them ? In order to examine whether or not there is any physical necessity in this
coincidence, we have made an artificially controlled simulation for ¢ > 40774 in which the
magnitudes of the n=0 component of all physical quantities are fixed to those values at
t=407 7,4 when the temperature axis remains yet in coincidence with the magnetic axis
and the current profile remains peaked. The results at (a) t=447 7,4, (b) t=480 7.4, (¢}

=493 7,4, and t=504 7,4 are shown in Fig. 7 which , respectively, correspond to {c) and



(d) in Fig. 5 and (a) and (b) in Fig. 6. No current profile flattening occurs, and hence, no
destruction of the magnetic surface is observed, although the equi-temperature contours
deviate much from the magnetic surface as was observed in the previous origiral run.

This fact indicates that the current profile flattening and resultant disruption of the
magnetic surface evidently result from strong nonlinear excitation of the resistive kink
mode, not from the deviation between the equi-contours of the temperature and magnetic
surface .

However, a pertinent question may be raised on the influence of parallel thermal
conduction on the current profile flattening. We have thus made a simulation in which
the thermal conduction effect is removed completely. The magnetic surface and the equi-
contours of the toroidal current and temperature at t = 366 7,4, 407 7,4, 451 7,4 and
459 7,4 are shown in Fig. 8. Ome can easily find that the current profile flattening and
resultant disruption do occur in a similar way except that the evolution occurs slightly
earlier, say, about 40 7,4 earlier, than that of the case when the thermal conduction effect
is taken into account. This indicates that the thermal conduction plays an active role
in impeding the evolution and delaying the onset time for the slide-away of the hot core
from the central part. Thus, it is conjectured that the transition from the slow ramp-up
phase to the fast crash would be very sharp when the parallel thermal conduction is much
faster than the MHD behavior.

This impeding effect of the thermal conduction can be explained in the following way.
The spatial distribution of the magnetic Reynolds number, S, which is proportional to the
3/2 powers of the temperature, shows a similar dependence to that of the temperature.
Therefore, as long as the magnetic surface coincides with the equi-temperature contour,
namely, until t = 415 7,4, the S value is uniform along the same magnetic surface. Once
a current profile is flattened in the central part by the nonlinear evolution of the kink

mode, however, the quantity }’/ S deviates from the curl-free condition. This is because




the evolution of ; is primarily governed by the MHED activity, while the evolution of S
is highly dependent on the thermal conduction. It is likely therefore that the nonlinear
current profile flattening is impeded by the parallel thermal conduction.

Regarding the magnetic surface disruption, it should be remarked that, in a com-
pressible plasma, the time-scale of the driven magnetic reconnection process is weakly
dependent on the resistivity, but strongly dependent on the magnitude of the driving
plasma flow [7]. Therefore, it is conjectured that the time-scale of the destruction of the
magnetic structure within the q=1 rational surface be controlled by the kink flow, not by
the resistivity.

It is important to note that the nonlinearly driven reconnection process and the resul-
tant magnetic island formation appear and rapidly grow after =480 7,4 in the original
case. Detailed magnetic field line plots are shown in Fig. 9. Before the time t=480 7,4,
this kind of global reconnection has not been observed, but a gentle resonant reconnection
at q=1 surface appears and gradually grows after the on-axis q value becomes below 1.
Note that the nonlinear driven reconnection point is located on the opposite side of the
q=1resonant reconnection point in the radial direction with respect to the magnetic axis.
In Fig. 9, it is interesting to find that the g=1 resonant reconnection is activated as soon
as driven reconnection invades into the magnetic island of the resonant type reconnection
at q=1 surface. The magnetic field line plots and the plasma flow at t=505.1 7,4 are
indicated in Fig. 10. It is clearly seen that the q=1 resonant reconnection is strongly
driven by the plasma flow which goes back around the original magnetic axis to merge
with each other on the left-side, while the teconnection inside the q=1 surface is driven
by the central main kink flow which directs to the right-side.

Finally, it should be emphasized that the current profile flattening is not the effect
of reconnection, but the cause of reconnection. This gives a marked contrast to the

conventional Kadomtsev sawiooth model.



4. SUMMARY

The toroidal current profile flattening phenomenon is found by means of a full-torus,
compressible, resistive MHD simulation. In this phenomenon, the strong excitation of the
n=0 mode through the nonlinear (quasi-linear) coupling of the n=1 resistive kink mode
plays an essential role. Simultaneously, there arises a shift of the hot plasma core from
the magnetic surface as a result of the strong kink plasma flow that pushes the plasma
towards the wall, keeping a dynamic equilibrium. This hot core slide is boosted by the
current profile flattening and resulting magnetic flux mixing in the q < 1 region due to
the excitation of driven reconnection. This can account for the fast crash of a sawtooth
phenomenon.

The thermal conduction prevents the deviation from the magnetic surface, thus sup-
pressing the current profile flattening. Nevertheless, the strongly excited nonlinear mode
eventually overcomes this effect and leads to eventual current profile flattening and ensuing
magretic surface disruption. The time-scale of the current profile flattening is determined
by the time-scale of the mode coupling which is a few tens of 7, 4.

In the present study, we employed the parallel thermal conductivity of the order of the
MHD time-scale or smaller, because otherwise the type of the equation changes from the
hyperbolic to elliptic and the MED behavior cannot be simulated in a precise manner.
In the case when the electron temperature is much higher than the ion temperature, the
parallel thermal conduction may play a more active role. However, when the ion tem-
perature is the same order as the electron one, then, the thermal conduction effect may
become smaller and the transition may become milder. In other words, the transition
would become sharper as the thermal conduction becomes larger. Nevertheless, our sim-
ulation study indicates that the current profile flattening due to the nonlinear excitation

of the kink mode plays a crucial role in the tokamak MHD activities.
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Figure Captions

1. The simulation model of the tokamak device and its coordinate system.

2. Toroidal current distributions against the minor radius at t=0, t=415 7,,, 447
Tp4, and t=480 7, 4. The magnetic axis corresponds to r = 0.

3. Temporal evolutions of the magnetic field energy of n=1 mode and n=2 mode.

4. The growth rate of n=1 mode for different S numbers. The solid line, being

143

proporticnal to 57/° indicates a theoretical growth rate of the resistive

kink mode.

5 The evolutions of the equi-contours of the toroidal current (upper panels), the
magnetic field lines mapped on a poloidal plane (middie panels), and the
equi-contours of the temperature (lower panels) at (a) t=0, (b) 1=415 7,4, (c)
t=447 7,4, and (d) =480 7.

6. Magnetic field lines mapped on a poloidal plane after the toroidal current profile
flattening at (a) t=493 7,4, (b) t=504 7,4, and (c) t=513 7,,.

7 The evolutions of the equi-contours of the toroidal current (upper panels), the
magnetic field lines mapped on a poloidal plane (middle panels), and the
equi-contours of the temperature (lower panels) at (a) t=447 7,4, (b) t=480 7,
(c) t=493 7,4, and (d) t=504 7,4, when the magnitudes of the n=0 component
of all the physical quantities are artificially fixed to those values at 1=407 Tha-

8 The evolutions of the equi-contours of the toroidal current (upper panels), the
magnetic field lines mapped on a poloidal plane (middle panels), and the
equi-contours of the temperature (lower panels) at (a) t=366 7,4, (b) t=407 7,4,
(c) t=451 7,4, and (d} t=459 7,4, when the thermal conductivity effect is
removed completely.

9 The evolutions of magnetic field lines mapped on a poloidal plane at t=492.9 Tohs

494.5 7,4, 496.1 7,0, 500.2 7,4, 505.1 7,4, 505.9 754, 506.7 7,4, 507.5 7,4, 508.3

12



Tp4, and 512.8 7,4.
Fig. 10 The plasma flow vectors overlayed with the magnetic structure on a poloidal

plane at t=505.1 7,4.
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