Suppressing magnetic island growth by resonant magnetic perturbation
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The effect of externally applied resonant magnetic perturbations (RMPs) on the growth of
magnetic island is investigated based on two-fluid equations. It is found that if the local bi-normal
electron fluid velocity at the resonant surface is sufficiently large, static RMPs of the same helicity
and of moderate amplitude can suppress the growth of magnetic island in high temperature
plasmas, which will otherwise grow, driven by an unfavorable plasma current density profile and
bootstrap current perturbation. These results indicate that error field can be stabilizing for the
island growth, if the error field amplitude is not too large and the local bi-normal electron fluid
velocity is not too low, and that applied rotating RMPs with an appropriate frequency can be
utilized to suppress the island growth in high temperature plasmas even for a low bi-normal
electron fluid velocity. A significant change in the local equilibrium plasma current density
gradient by small amplitude RMPs is found for realistic plasma parameters, being important for
the island stability and expected to be more important for a fusion reactor with low plasma

resistivity.
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1. Introduction

It is well known that resonant magnetic perturbations (RMPs) have important effects on
tokamak plasmas such as affecting magnetic islands inside the plasma [1-15], changing the plasma
rotation velocity and density [4,16-20] and mitigating or suppressing edge localized modes (ELMs)
[21-28].

As shown in tokamak experiments, externally applied RMPs of a sufficiently large
amplitude can lock existing rotating magnetic islands or generate islands at the resonant surface
even if the plasma is originally stable to tearing modes [1-11]. In some experiments, however,
static RMPs are found to have a stabilizing effect on the tearing mode instabilities, and rotating
magnetic islands have been stabilized by applying static RMPs of a moderate amplitude [1-4,9].
Theoretical results based on single-fluid equations have shown that RMPs can cause a non-
uniform mode rotation due to the electromagnetic torque applied by RMPs. The island stays for a
longer time in the half period when the RMP is stabilizing than in another half period when the
RMP is destabilizing, and therefore there is a net stabilizing effect by RMPs [4,9,12]. Existing
numerical studies on the stabilizing effect of RMPs on tearing mode instabilities, however, are
limited to the single-fluid case applicable only for low electron temperature [4,9,12]. As
neoclassical tearing modes (NTMs) can degrade plasma confinement or even lead to disruptions in
existing tokamak discharges, the stabilization of NTMs is a very important issue for a fusion
reactor. It is of great interest to investigate whether the stabilizing effect on tearing mode by
RMPs also works for NTMs in high temperature plasmas, and to clarify the effect of the
diamagnetic drift and the associated ion polarization current. Existing theories have already
revealed the important role of diamagnetic drift and ion polarization current for the stability of a
small magnetic island [29-35]. The island stability is of concern not only for NTMs but also for
other MHD instabilities, since ideal lineal MHD instabilities can also trigger islands if the mode

growth rate is slowed down in the nonlinear phase such that the plasma resistivity or other non-



ideal effects play a role.

In this paper the effect of RMPs on the growth of an m/n=2/1 magnetic island is investigated
numerically using the (reduced) two-fluid equations (m and n being the poloidal and toroidal
mode numbers). It is found that for a sufficiently large local bi-normal electron fluid velocity,
static RMPs of the same helicity and of moderate amplitude can suppress the growth of magnetic

island in high temperature plasmas.

2. Numerical model

The large aspect-ratio tokamak approximation is utilized. The magnetic field is defined as
B=Botet-(ki/ko)Boteo+Vyxet, where y is the helical flux function of the minor radius r and the
helical angle, ke=m/r and k=n/R are the wave vector in eo (poloidal) and e: (toroidal) direction, R
is the major radius, and the subscript O denotes an equilibrium quantity. This definition implies
that the equilibrium poloidal field is described by contributions from the last two terms in B. The
plasma velocity is given by v=vje+Vdxet, where ¢ is the stream function.

The two fluid equations used here include the mass conservation equation, the generalized
Ohm's law, and the equation of motion in the perpendicular (after taking er-V>) and the parallel (to
magnetic field) direction [36]. Normalizing the length to the minor radius a, the time t to the
resistive time tr=a’po/m, the helical flux y to aBg, Vv to a/tr, and the electron density ne to its

value at the magnetic axis, these equations become [18]
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where d/dt=0/0t+v.-V1, j=-Vi?y is the parallel plasma current density, nn the normalized
resistivity, jo=-Co\e(8pe/dr)/Bp the bootstrap current density, ¢, a constant of order of unity, e=r/R
the inverse aspect ratio, Pe= neTe the electron pressure, Te the electron temperature, B, the poloidal
magnetic field, and me the electron mass. Eo is the equilibrium electric field, U=-V.2¢ the plasma
vorticity, Sy the particle source, and S the poloidal momentum source leading to an equilibrium
poloidal plasma rotation frequency meo. Q=pd1, di=wce/Ve, P=47Pe/Bot?, e and ve are the electron
cyclotron and the collisional frequency, S=tr/ta, where ta=a/V4 is the toroidal Alfven time. Cs,
pwand Dy are the normalized ion sound velocity, plasma viscosity, and perpendicular particle
diffusivity. A constant electron temperature is assumed, and the cold ion assumption is made. The
third term on the right hand side of equation (2) takes into account the electron inertia.

Equations (1)-(4) are solved simultaneously using the initial value code TM1, which had
been used earlier for modelling the drift tearing mode instability and RMP-related physics
problems [15,37]. The effect of RMP with m/n=2/1 is taken into account by the boundary
condition

W2/1lr=a = YadBotcos(MO-+nd), %)
where . describes the normalized m/n=2/1 helical magnetic flux amplitude at r=a. The radial

magnetic field perturbation at r=a is given by by,=-my.Bot sin(m6+ng).

3. Numerical results

The radial profile of the original equilibrium plasma current density used for our
calculations is of the form j=jo[1-(r/a)?]?, where jo is the current density at r=0. The corresponding
radial profile of the equilibrium safety factor g is monotonic with the q=2 surface located at

r21=0.628a. The m/n=2/1 classical tearing mode is unstable with this g-profile, and the magnetic
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island grows to a width of 0.2a in the single fluid calculation for y.=0, even when the bootstrap
current perturbation is neglected.

The input parameters are based on ASDEX Upgrade experimental parameters. The toroidal
magnetic field is Bo=2T, the plasma minor and major radius are a=0.5m and R=1.7m (plasma
current 1,=0.37MA in cylinder geometry), Te=2 keV, and ne=3x10'm=. These parameters lead to

S=2.6x108, Cs=2x107(a/tr), N~ =1, and d1=3.1x10". A parabolic profile for the electron density is

taken, leading to an electron diamagnetic drift frequency w+0=1.5X10%/1tr (fx0=3.18 kHz) with
Q=6.1 X 10%1r. Assuming that the plasma momentum transport is at an anomalous transport level

of 0.2m?/s, one finds p=18.8(a%/1r) in normalized units. The perpendicular particle diffusivity is
assumed to be Di=p/5. These parameters are used as input for our calculations except when
specified otherwise.

In tokamak experiments the plasma rotation is essentially toroidal [4], while in Egs. (1)-(4)
due to the large aspect ratio approximation only the poloidal rotation is included, so that a larger

plasma viscosity for the m/n=0/0 component, po0=18.8 X 10? (a?/tr), is used in calculations, if not

explicitly specified. This value guarantees a reasonable balance between the electromagnetic and
viscous force, based on the following considerations [4]: (a) The electromagnetic force in the
toroidal direction is smaller by a factor (n/m)(rs/R) than that in the poloidal direction. (b) To have
the same mode frequency due to the plasma rotation, the toroidal rotation velocity should be
(m/n)(R/rs) times larger than the poloidal one. These two effects lead to a larger viscous force
compared to the electromagnetic force for the toroidal rotation case by a factor [(m/n)(R/rs)]?,
which is of the order 102. It will be shown in the following that the results are essentially not
changed without the factor 102 for poo when the island width is small.

When the equilibrium plasma rotation frequency weo is taken to be zero, the time evolution
of the island width, obtained by directly solving equations (1)-(4), are shown in Fig. 1 (left) for

four different cases, with the local bootstrap current density fraction f,=0.35 at r1. The island



width is calculated from W=4[y21/(B»0/q)]Y? at rz1, where yon is the perturbed flux of the
m/n=2/1 component. The blue, red and green curves in figure 1 correspond to y.=0, 10* and
1.2x10, respectively. It is seen that the island grows without applying the RMP or for a too large
RMP amplitude, w,= 1.2x10*. For a moderate RMP amplitude, e.g. y.=10", however, the island
width is suppressed to a low value, being smaller than 0.01a, i.e. comparable to ps, the ion Larmor
radius by using electron temperature. The black curve corresponds to the single fluid case
obtained with y,=0 and Q=d1=Cs=me=0, for which the island grows and eventually saturates at a

width about 0.2a in a time scale 0.03tr.
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Figure 1 (left) Time evolution of the island width with f,=0.35 and weo=0 for the single fluid case (with
wa=0) and two-fluid cases (with w,=0, 107, and 1.2x10™). For a moderate RMP amplitude, y,=10", the
island growth is suppressed in the two-fluid calculation. (right) Corresponding time evolution of the phase
of island’s o-point for two-fluid cases with w,=10" and 1.2x10™. For w,=10", the island is locked at -127°

(The phase of RMP is at 0°).

The time evolution of the phase of the island’s o-point is shown in Figure 1 (right) for two-
fluid cases with y,=10"* and 1.2x10. For the large RMP amplitude (y,=1.2x10"*), the island is
locked to the phase of the RMP at 0°when the island width is sufficiently large. For y,=10, the
island’s o-point is locked to a phase -127°. Such a relative phase between the island’s o-point and

the RMP, Ap=-127°, is unfavorable for the island growth, and thus the island is suppressed by the



RMP. There is a range in the RMP amplitude for island suppression. With the input parameters of
figure 1, this range exists for 0.5x10"<y, <1.1x10™* (corresponding to the radial magnetic field
from 0.1 to 0.22 mT at r=a, being comparable to that typically used in RMP experiments [28]). If
the RMP amplitude is too small, in the early nonlinear phase the island grows slower than that
without applying RMPs. If the RMP amplitude is too large to exceed this range, it will cause
locked mode at 0°.

To understand the cause of the stabilizing effect of RMPs, calculations have been carried out
with other input parameters. The mode stabilization by RMPs has also been found for the classical
tearing mode (fv=0), neglecting the electron inertia in Ohm’s law or taking the ion sound velocity
to be zero. The stabilizing effect of RMPs is however strongly affected by the diamagnetic drift
frequency. Decreasing the equilibrium electron diamagnetic drift frequency by using a smaller
value of Q in equation (2), the stabilizing effect of RMPs decreases and eventually disappears
when the value of Q is reduced by about one order of magnitude. With increasing value of S or
decreasing values of the perpendicular particle diffusivity, the suppression of island growth by the
RMP has been found for smaller RMP amplitudes. A large value of plasma viscosity is not
required for the stabilizing effect. The island growth is still suppressed if the value of plasma
viscosity is decreased by more than two orders of magnitude, e.g. for y,=6x107. Using the single
fluid equations with an equilibrium plasma rotation frequency being about the same as the
electron diamagnetic drift frequency of the two-fluid case, however, no island suppression is
found except for unrealistically large plasma viscosities, in agreement with the analytical finding
that plasma viscosity is stabilizing [35]. The mode stabilization by RMPs is thus much stronger in

two-fluid case with a strong influence of electron diamagnetic drift frequency.
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Figure 2 Time evolution of the island width with w, =107 f,=0 and weo=0 for nx=20, 10 and I,
respectively. The island grows only for large plasma resistivity. The island is also suppressed for reduced

viscosity too=18.8 (a’/tr) at low resistivity ny=1 (blue curve).

If the plasma resistivity is sufficiently large, the mode stabilization by RMPs disappears.
The time evolution of the island width is shown in Fig. 2 with y,=10", f,=0 and wgo=0. The black,
green and red curves are obtained for nn=20, 10 and 1, respectively, keeping the other input
parameters unchanged. The island grows only for the largest plasma resistivity but is suppressed
for smaller ones. The blue curve in figure 2 is obtained for a small plasma viscosity (po0=18.8
(a%/tr), i.e. without the increase of poo by a factor 10%) and low resistivity (nn=1), and in this case
the island growth is also suppressed. It has been found that the value of the plasma viscosity poo is
important only for a sufficiently large RMP amplitude and/or island width.

It should be mentioned that, although the equilibrium plasma rotation velocity is taken to be
zero for the results shown in figures 1 and 2, RMPs always drive a m/n=0/0 component plasma

rotation towards the ion drift direction to decrease the local bi-normal electron velocity at r=ryz1, as
found before [19]. The driven rotation velocity is larger for a smaller values of poo. The
equilibrium electron rotation frequency at r=ry; can be defined as we:=(1-wo)w=eo to include the
contributions from both the plasma rotation (electric drift) and electron diamagnetic drift

frequency, where wo=—meo/®+eo.
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Figure 3 Time evolution of the island width for ax . @-0=0.72, 0.63, 0.065, -0.22, and -0.31 with y,=6x10"

and f»=0.35. The island grows for a sufficiently small |we,| but is suppressed for a large one.

For different equilibrium plasma rotation velocities, the time evolution of the island width is
shown in Fig. 3 with y,=6x10° and f,=0.35 for ®=0.28, 0.37, 0.935, 1.22 and 1.31,
corresponding to el/mw+0=0.72, 0.63, 0.065, -0.22, and -0.31, as marked in the figure. The
positive (negative) values of wei/m+o correspond to plasma rotation frequencies being smaller
(larger) than |o+eo|. The island grows for a sufficiently small value of |weL|, but is suppressed for
large ones. It is interesting to note that the island suppression by RMPs is asymmetric on the two
sides of we1=0, being more effective for we1<0, i.e., the plasma rotation in the ion diamagnetic
drift direction with a frequency being lager than |o=o|. This asymmetry can be explained by the
partial flattening of the electron density profile and the associated reduction of the electron
diamagnetic drift frequency, and the total bi-normal electron fluid velocity increases compared to
the unperturbed one for finite island size with we1<0. Such an asymmetry was also found in field
penetration experiments [8]. For the cases with |me1/®=e0|>1, island growth suppression by RMPs
is also found, and the range in the required RMP amplitude for suppressing island growth is larger

with increasing |me1/w+eo|.
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Figure 4 (left) Radial profiles of the (normalized) perturbed flux of the m/n=2/1 component, v, in steady
state with f,=0.35 and w,=6x10" for ax=0 (black curves) and 1.5 (red), where the solid (dashed) curves
show the real (imaginary) part. The phase of the applied RMPs is at 0°. (right) Corresponding radial

profiles of the (normalized) m/n=2/1 component plasma current density, jo:.

Radial profiles of the (normalized) perturbed flux of the m/n=2/1 component, w1, in steady
state with f,=0.35 and y,=6x107 are shown in Fig. 4 (left) for wo=0 (black curves) and 1.5 (red),
where the solid (dashed) curves are for the real (imaginary) part. For these two cases the island
growth is suppressed by RMPs. The real part of y»/1 at ro1 is negative for mo=0 (Ap =-127°) but is
positive for mo=1.5 (Ap=69.2°). Corresponding radial profiles of the (normalized) m/n=2/1
component plasma current density, jo/1, are shown in Fig. 4 (right). The real parts of joare in the
same direction for both cases, since the shielding current density is always in the direction to

cancel the externally applied RMP.
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Figure 5 Corresponding to figure 4, radial profiles of the (normalized) m/n=0/0 component of the plasma
current density, joo, in steady state (solid curves). The dashed curve is the original equilibrium plasma

current density, being negative in our calculations.

Corresponding to figure 4, the radial profiles of the (normalized) m/n=0/0 component of the
plasma current density, joo, in steady state are shown in Fig. 5 by the solid curves. The dashed
curve is the original equilibrium plasma current density, taking to be negative in our calculations.
The change of the current density is due to the nonlinear terms in Ohm’s law, being particularly
important for low plasma resistivity (n~=1) in high temperature plasmas. When using the joo
profile of the case wo=1.5 as the equilibrium current density for linear calculations (without
applying RMPs), the 2/1 mode is found to be linearly stable, indicating that the nonlinear change
in the m/n=0/0 component plasma current density profile plays a stabilizing role in this case.
However, when using the joo profile for the case wo=0 for linear calculations (without applying
RMPs), the tearing mode is found to grow at an even larger linear growth rate compared to the
case of using the original equilibrium plasma current density. The significant change in the local
m/n=0/0 plasma current density gradient by small amplitude RMPs for high temperature plasmas
is important for the island stability, and it can be either stabilizing or destabilizing depending on
the plasma rotation velocity. Such an effect is expected to be more important for a fusion reactor

with low plasma resistivity.
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4. Discussion and summary

It is already known that the diamagnetic drift and the associated ion polarization current are
important for the stability of small magnetic islands [29-34,37]. Both effects have been included
in our calculations. The ion polarization current is particularly important for significant
equilibrium plasma rotation. This can be explained by looking at the modified Rutherford
equation, in which the ion polarization current term is proportional to -(c-og)(®-0r-0+)/W? [29-
34]. For vanishing mode frequency o and g, this effect is small, suggesting that in these cases
the suppression of island growth by RMPs is due to the looking of the small island in the
stabilizing phase of the RMP, i.e. 90°<A@<270°. In the case of significant plasma rotation into the
ion drift direction with a frequency being larger than electron diamagnetic drift frequency, i.e.
wel/m+0<0 or wo>1, the island’s o-point is locked in the destabilizing phase of the RMP as shown
in figure 4 (i.e. Ap <90°). In this case the ion polarization current is stabilizing. For small locked
island, the ion polarization current term in the modified Rutherford equation is proportional to -
or(orto+) )/W?. In addition, in such cases the modification of the m/n=0/0 component of the
plasma current density by RMPs is stabilizing. By including this effect as well as electron inertia,
our calculations go beyond existing analytical theory. For direct comparison with experiments,
toroidal geometry and shaping have to be taken into account.

In summary, the effect of an externally applied RMP of the same helicity on the growth of
NTMs is investigated based on two fluid equations. If the absolute value of local electron fluid
velocity at the resonant surface is sufficiently large, the magnetic island growth is found to be
suppressed by RMPs of moderate amplitude even with a significant fraction of local bootstrap
current density. These results suggest that error field can be stabilizing for the NTM’s onset, if the
error field amplitude is not too large and the local bi-normal electron fluid velocity is not too low,
and that applied rotating RMPs with an appropriate frequency can be utilized to stabilize magnetic

12



islands in high temperature plasmas even for a low bi-normal electron fluid velocity. A significant
change in the local equilibrium plasma current density gradient by small amplitude RMPs is found

for realistic plasma parameters, being important for the island stability and expected to be more

important for a fusion reactor with low plasma resistivity.
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