1 TH/2-3

Non-disruptive MHD Dynamicsin Inward-shifted LHD
Configurations

H. Miural), K. Ichiguchi 1), N. Nakajima 1), T. Hayashi 1) and B.A. Carreras 2)

1)National Institute for Fusion Science, 322-6 Oroshi, Toki, Gifu 509-5292, JAPAN
2)Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

e-mail contact of main author:miura.hideaki @nifs.ac.jp

Abstract. Two kinds of nonlinear simulations are conducted to study behaviors of the pressure-driven modes
in the Large Helical Device (LHD) plasma with the vacuum magnetic axis located at Ry = 3.6m (so called

inward-shifted configuration). One is the three-field reduced magnetohydrodynamic (RMHD) simulations.
The other is the direct numerical simulations (DNS) of fully three-dimensiona (3D) compressible MHD
equations. The RMHD results suggest that the plasma behavior depends on the strength of the interaction
between the unstable modes with different helicity. Similar plasma behaviors are also obtained in the DNS.
In addition to some basic coincidence between RMHD and DNS, substantial toroidal flow generation is
observed in the DNS. It is shown that toroidal flow can become stronger than the poloidal flow.

1 Introduction

The Large Helical Device (LHD) is a heliotron type device with a set of L=2/M=10 helical coils
with the mgjor radius 3.9m [1]. When the position of the vacuum magnetic axis Rax is smaller
than 3.75m, the system is called “inward-shifted” configuration. Recent advances of the LHD
experiments in inward-shifted configurations show that plasma is confined relatively well even
though it passesthrough Mercier unstableregion [2, 3]. Itisreported in Refs[2, 3] with Ragy = 3.6m
vacuum magnetic axis, MHD instabilitieswith poloidal (m) and toroidal (n) Fourier modes (m, n) =
(2,1) appearsin the course of the plasma pressure growth but disappears when the pressure (or the
B vaue, B =2p/ |B|2 where p isthe pressure and B represents the magnetic field vector) becomes
sufficiently large. In stead of (2,1), (1,1) and (2,3) modes whose resonant surfaces are in the
neighbourhood of the outermost magnetic surfaces appear to dominate the fluctuations. Although
these MHD instability are observed, the plasma confinement are maintained longer than we expect
from its unstable properties of the configuration. It is now required to clarify the reason of the
good confinement because it can bring about good confinement in further high-g state.

An explanation for the good confinement in the linearly unstable region was proposed by
Ichiguchi et al. based on the three-field RMHD simulationg[4]. They found that strong overlap
of the vortices with different helicity causes a disruptive phenomenon. They showed that such dis-
ruptive phenomenon can be suppressed by the self-organized deformation of the pressure profile
which results from the nonlinear evolution of the interchange mode itself at lower 3 value. In the
present study, this stabilization scenario is further confirmed for higher B value than those in the
previous work.

Though the RMHD simulations have tractable natures to investigate the complex helical-
toroidal system, the approximation used to derive the RMHD equations restrict their applicability.
For example, the compressibility and poloidal motions are assumed to be negligible in the three-
field RMHD equations. It is desirable to investigate effects of physical mechanism which are not
incorporated in the RMHD system to study plasma dynamics more precisely and reach to aconclu-
sive understanding. Here the direct numerical ssimulation (DNS) code of the 3D compressible and
nonlinear MHD equations developed by Miura et al[5] are made use of for this purpose. The code
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includes most of essences of MHD dynamics such as compressibility and toroidal flows. Hereafter
we call these which are included in the DNS and not included in RMHD as “full MHD effects”.
We examine how thefull MHD effects appear in the plasmaevolutionin LHD from the view points
of detailed MHD dynamics.

2 RMHD simulations

The RMHD simulations are conducted by the use of the NORM code. The toroidal geometry
is incorporated by utilizing the toroidally averaged equilibrium quantities, which is obtained by
using the 3D equilibrium calculated with the VMEC code[6]. Details of the code are given in
Ref.[4]. In order to consider the stabilizing mechanism for the interchange mode in the LHD
plasma, we have focused on the evolution of the pressure profile in the increase of the 3 value. In
the present RMHD simulations, the magnetic Reynolds number is assumed to be S= 10° and the
fixed boundary condition is employed.

We start from the investigation of the interchange mode at 3, = 0.5%, where 3, denotes the 3
value at the magnetic axis. Theinitial equilibriumis calculated with the almost parabolic pressure
profile of peq = Py(1— p?)(1— p®) under the constraints of the no net current, where p is the
square-root of the normalized toroidal flux. This pressure profile is consistent with the experimen-
tal data at low B.[7] This equilibrium is unstable against the linear ideal interchange mode. In
the time evolution, the (m,n) = (5,2), (7,3) and (2,1) modes are excited. However, all of them
are saturated mildly without disruptive behavior. This is due to the fact that the vortices of the
modes are |localized around the corresponding rational surfaces, and therefore, they do not overlap
each other. Such mild saturation results in the generation of the local flat regions in the average
component of pressure profile (p), as shown by the blue line in FIG.1. Here (p) is defined as
(p) = ¢ § pdOd{, where 6 and ¢ denote the poloidal and toroidal angles, respectively.

Next we consider the increase of the B valueto 3, = 1.0%. In the nonlinear calculation with
the initial pressure profile fixed to the parabolic one, a disruptive phenomenon is obtained[4]. In
this case, the pressure in the central region is decreased in a short time. This phenomenon is
caused by the significant overlap of the vortices due to the enhancement of the driving force. On
the other hand, the actual pressure profile changes continuously in the increase of the 8 value. In
order to simulate this situation, we employ the profile of the saturated pressure in the calculation
at B, = 0.5% asthe initial pressure profile of the nonlinear calculation at B, = 1.0%. In this case,
the interaction of the vortices is weak and the unstable modes are mildly saturated as in the case
of B, = 0.5%. The disruptive phenomenon is suppressed because the localy flat structure in the
initial pressure profile reduces the driving force at the resonant surfaces. The saturated average
pressure profile is shown by the purplelinein FIG.1.

In order to examine whether this mechanism explainsthe stable LHD plasmaat higher 3 value,
we investigate the nonlinear behavior at 3, = 1.5% by applying this scheme. The saturated pressure
profile at 3, = 1.0% is employed as the initial profile. In the nonlinear evolution, the fluctuations
are saturated mildly and the resultant pressure profile also shows the locally flat structure again.
(See the red solid line in FIG.1.) Figure 2 shows the bird’'s eye view of this pressure profile at
B, = 1.5%. The profile is not only locally flattened in the average component but al so reorgani zed
to have a precise structures corresponding to the poloidal mode number of the saturated mode at
each resonant surface. This structure is formed by the local vortices of the interchange mode.
This result shows that the disruptive phenomenon is suppressed by the local deformation of the
pressure profile in the series of the B value. Thus, it still suggests that the the self-organization
of the pressure profile due to the interchange mode can be the main stabilizing mechanism in the
LHD plasma.
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FIG. 1. Average pressure profileinthenon-  FIG. 2: Bird's-eye view of pressure profile
linear saturated stage inthe seriesof the 3 at B, = 1.5%.
value.

3 DNSof full 3D compressible MHD

3.1 Unstable Fourier mode growth

Here DNS of the 3D compressible and nonlinear MHD equations is conducted. We pay special
attention to detailled MHD dynamics which are brought about by the full MHD effects. In the
analysis we make use of the Boozer coordinate system for the initial equilibrium. The Boozer
coordinates (p, 6, {) is obtained by the use of the HINT[8] and VMEC]6].

There are some numerical results which have been obtained earlier by the DNS code. The
first work[5] is on simulations under the L=2/M=10 stellarator symmetry of the LHD, in which
(m,n) ~ (15,10) and (20, 10) resistive ballooning modes are excited sequentially and saturated
mildly. Next, full-torus DNS has been carried out[10, 11]. In the full-torus simulations, DNS
under the stellarator symmetry are carried out prior to them so as to skip the long quasi-stationary
period. (Hereafter we call the DNS under the stellarator symmetry prior to the full-torus simulation
simply asthe pre-calculation.) In FIG.3, the averaged pressure profile (p) is shown asthe function
of p. The red solid line is the ideal MHD equilibrium with Rax = 3.6m and 3, = 4% provided
by the HINT code[8]. The green line represents (p) of the initial condition for the full-torus
simulation[10, 11] provided by the pre-calculation. It is seen in FIG.3 that the pressure gradient
becomes less steep by the pre-calculation. In the full-torus simulation starting from the less-steep
pressure gradient, the pressure-driven instability leads to formation of two pairs of mushroom-like
structures of the pressure associated with the (m,n) = (2,1) mode[10]. The structure formation is
similar to those observed in RMHD simulations. Furthermore, we have found that toroidal flow
grows as energetic as poloida flows in the simulation[11]. In these earlier DNS, the pressure-
driven modes are saturated mildly whether the system is under the stellarator symmetry or full-
torus.

Since the plasmabehaviors are sensitive to theinitial pressure profile, the pre-cal culations may
have brought about qualitative changes to the plasma behaviors. It is worth carrying out the full-
torus DNS starting from the HINT equilibrium, without the pre-cal culation, and studying detailed
physical processin it in order to find out what classifies the plasma behaviors disruptive or non-
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disruptive. For simplicity, we call the full-torus simulation starting from the pre-calculated initial
condition as “run 1" and the one starting from the HINT equilibrium as “run 2”. The magnetic
Reynolds number is set S= 108 in both runs. Figure 4 shows time evolutions of the kinetic energy
K = (pmv?) /2 and the poloidal contributiontoit K, = (pomv3) /2inruns 1 and 2, where pm, v and
vp arethe mass density, the total velocity vector, poloidal part of the velocity, respectively. At early
stages in the two runs, main parts of the kinetic energy K come from K. When K ~ K, the fluid
motions are nearly two-dimensional and the RMHD approximation is supported. The difference
between K and K, gradually becomes large gradually. The difference in run 1 is relatively large
compared to that in run 2. We have to keep in mind the possibility that the pre-calculation in
run 1 has worked to add 3D compressible perturbations[9] to the initial condition and led to early
generation of toroidal flows. Though it is interesting to study whether the plasma obeys to 3D
compressible perturbations or incompressible perturbations, it is a tough work and should be left
for future work. After the linear growth, both runs 1 and 2 show two peaks of K. The saturation
levels of run 2 are as large as twice of those in run 1, suggesting that the time evolution of the
former is more violent than the latter. After the saturation of K, K becomes much smaller than K.
Namely, the toroidal flow dominates the fluid motions for t > 4007,. Though FIG.4 shows only
for t < 600t,, we have carried out run 1 till t ~ 130071, and verified that the kinetic energy decays
monotonically after the saturation. Below, we concentrate on studying the dynamicsin run 2 and
try to find out qualitative viewsthe full MHD effects.

Next we study the Fourier components of the pressure. Figure 5(a) is the time evolutions
of the spatial power spectra of the pressure with low m and n wave numbers. We find that the
(m,n) = (2,1) mode grows exponentially first. The (1,1) mode aso grows exponentially and
finally overcomesthe (2,1) modes. In the late stage of the evolutionst > 4501 ,, the (1,1) mode
remains as the most dominant modes. In the points of views of the kinetic energy growth, the
saturation time of the (2, 1) mode, t ~ 4001 ,, coincide with the first weak saturation of the kinetic
energy K of run 2 in FIG.4, whereas the clearest saturation of K coincide with the saturation time
of the (1,1) mode. It impliesthat the kinetic energy saturates when the driving force, the pressure
gradient, islost.

Note that the (m,n) = (1,1) mode has two stages of the exponentia growth, before and after
t ~ 3701, in FIG.5(a). The evolutions of the Fourier modes around the time are magnified in
FIG.5(b). The growth of (1,1) after the time is still exponential but slower than that before the
time. Since the growth rate of this mode in the earlier stage is amost the same with that of the
(2,1) mode, the (1,1) mode is considered being a side band of the (2,1) mode. However, the
(1,1) mode becomes the dominant mode after the saturation of the (2,1) mode and begin to grow
with different growth rate. A crucial point is that the (3,2) mode grows simultaneously and the
distance between the three rational surfaces, 1 /2= 1/2,2/3 and 1/1 are narrow. Furthermore,
asisshown later, the (2,1) and (3,2) mode structures are overlapping to each other. Therefore, the
situation is similar to the dangerous scenario suggested from the RMHD simulations.

In FI1G.6(a) and (b), the Fourier modes resonant to 1 /2rm= 1/2 and 2/3 are shown respectively.
Thesetwo rational surfaces are the most dangerous onesinthe DNS under the stellarator symmetry,
that is, for middle or high wave number Fourier modes. We find both in FIG.6(a) and (b) that the
lowest modes grows first. The components of the lowest mode numbers have the largest growth
rates at each rational surfaces because of the large viscosity and the higher modes grow later asthe
consequent of the nonlinear interactions.

In FIG.7, the mean profile of the pressure (p) at some typical times are shown. At t = 4507,,
the mean profile of the pressure is quite different from the initial one. The pressure increase as the
function of p at p < 0.3. The adverse pressure gradient is stable in the system, being consistent
with the saturation of (2,1) mode. Att = 6001, the pressure deformation proceeds. At this stage
of the evolution, the magnetic surfaces are destroyed (figure is omitted) but there are remains of
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the magnetic surfaces, preventing the plasma from loosing the stored pressure instantaneously.
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FIG. 3: Comparison of the initij:al pressure
profile. The red line represents the ideal MHD
equilibrium calculated by the HINT code. The
green line represents the initial condition for
run 1, provided by the pre-calculation under
the stellarator symmetry. The vertical axisis
normalized by |B|? /2 of the HINT equilibrium.
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FIG. 4. Time evolution of the kinetic en-
ergy (green for run 1 and red for run 2) and
poloidal contribution to it (blue and black for
runs 1 and 2, respectively).
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FIG. 5: Time evolutions of the Fourier power spectra of the pressure in Boozer coordinate.

3.2 Flow generation and pressure defor mation

The growth of unstable modes shown above are observed in a poloidal section. In FIG.8, the color
contours of the pressure on a vertically-elongated poloidal section are shown for t = 350, 400 and
6001,. The white lines represent streamlines drawn only by the poloidal velocity components. At
t = 3501,, the streamlines show formation of two anti-parallel vortex pairs associated with (2, 1)
unstable modes. Thetwo anti-parallel vortex pairs advect the pressure and mushroom-like pressure
structures similar to those observed in run 1[10] are formed by the advection. Att = 4001,, the
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FIG. 6: Timeevolutions of the spatial power spectra of the pressure associated with (a)1 /2rm=1/2
and (b)2/3 rational surfaces. In (@), the lowest mode m/n = 2/1 and its higher harmonics up to
m/n = 20/10 are shown. In (b), the lowest mode m/n = 3/2 and its higher harmonics up to
m/n = 30/20 are shown.
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streamlines show three vortex pairs. The emergence of the the third vortex pair is associated with
excitations of (m,n) = (3,2) modes seen in FIG.6(b). The third vortex pair is generated between
the first two pairs, showing interactions of the (3,2) and (2,1) modes. At t = 6001,, pressure
deformation proceeds further. In these three figures, there are sinks or sources of the streamlines.
They come from either the compressibility of fluid or from the toroidal contributions of the fluid
motions. As far as we have verified by means of the visualization, generations of toroidal flows
and occurrence of relatively large dilatation happens simultaneously at the same place.

In order to see the 3D properties of fluid motions, full-3D streamlinesare drawnin FIG.9. Fig-
ures 9(a)-(c) are the 3D streamlines correspondsto FIG.8(a)-(c). In FIG.9(a)(t = 3501,), contribu-
tions of the toroidal flows to the vortices are not very large and the fluid motions look like quasi-
two-dimensional. However, some streamlines are convergent and advected toward the toroidal
direction forming spirals of streamlines. It suggests that compressibility and toroidal flows play
finite roles in the flow topology. In FIG.9(b)(t = 4001 ,) it appears that the toroidal flow is as en-
ergetic as poloidal motions and in FIG.9(c) at t = 6007, the toroidal flows overcome the poloidal
motions. Recall here that the toroidal motions have longer length scale than the poloidal motions
with the same wave number. Thus toroidal motions are less dissipated by the viscosity compared
to the poloidal motions. It impliesthat the toroidal motions are slow to decay once they are excited
and influence long time behaviors. We aso note that the dominance of the toroidal over poloidal
flows may be strengthened because of the disruptive nature of this run, because the generation of
the poloidal motions are stopped in these cases. In fact, thetoroidal flows are much more dominant
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inrun 2thaninrun 1, as has been seen in FIG.4.

4 Concluding Remarks

The dynamics of the pressure driven modes in LHD is investigated by means of the two kinds
of simulations, RMHD and DNS. The RMHD simulations are carried out aiming to investigate
plasma stabilization mechanism. The stabilizing scenario proposed in Ref.[4] is confirmed in the
higher B value than the previous work. The basic dynamics suggested by the RMHD simulations
isthat the plasma can be non-disruptive when the interaction of the modes with different helicities
isweak whileit can be disruptive when the interaction is strong. The DNS results also ook similar
to the RMHD results especially in the pressure deformation. Either non-disruptive or disruptive
results are observed depending on the initial pressure profile in the DNS.

One of theremarkable results of the DNS runsisthe appearance of the substantial toroidal flow.
The flow generation may be associated with the pressure deformation, because the fraction of the
toroidal flow in the kinetic energy is larger in the disruptive run than that in the non-disruptive
run. The 3D compressible perturbation may also be related with the generation. Further investiga-
tion should be nesessary to understand how the substantial toroidal flow generation influences the
stabilization mechanism scenario based on the RMHD results.

In summary, some basic viewsfor the stabilization mechanism suggested by the RMHD results
seem to be supported by DNS. The influences of the toroidal flows and the other full MHD effects
on the mechanism will be carefully studied.
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FIG. 8. Pressure contours and the two-dimensional streamlines on a vertically-elongated
poloidal section at (a) t = 350, (b) 400 and (c) 6007,. Snk or sources of the streamlines are
attributed to toroidal motions or compressibility of the fluids.

FIG. 9: The three-dimensional streamlines
near a vertically-elongated poloidal section
at (a) t = 350, (b) 400 and (c) 6001,. The
convergent streamlinesin (a) comes fromthe
compressibility of fluid.



