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The aim of this 3D ballooning mode growth rates study is to point out the existence of ballooning activity
in outward LHD configurations near the edge, and to find out how these instabilities are triggered in equilibria
that simulate plasmas of high density core operations with internal transport barrier. 3D ballooning mode growth
rates and Mercier stability were studied for several magnetic configurations with different beta values, and the
research reveals an intense activity in outward configurations near the plasma edge, where Mercier criterion
predicts stability for interchange modes and experimental data situates the density collapse events [S. Ohdachi et

al., Contrib. Plasma Phys. 50, 552 (2010)].
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1. Introduction

Magnetohydrodynamic (MHD) stability behaviour is
quite sensitive to the magnetic axis location in the Large
Helical Device (LHD) [1]. Relative shift between the mag-
netic axis and the last close flux surface affects the MHD
properties of the system, like the location of magnetic hill
regions where the interchange modes can be triggered.

Different magnetic axis configurations have been
tested in the experimental activity of LHD. Not only the
interchange modes are destabilized, ballooning modes can
be triggered too in configurations with a strong local bad
magnetic curvature. For inward configurations, previous
studies relate this activity with 3D ballooning-like instabil-
ities [2, 3], and the mode structure was found under global
MHD instability analysis using the cas3d code [4—6]. This
paper had expanded the 3D ballooning study to outward
configurations, where its activity looks like more restric-
tive to the device operation, because they are a candidate
to be the main driver of density collapse events observed
in outward configurations for operations with high density
cores and internal transport barrier [7].

In the present paper, we have used VMEC [8] fixed
boundary reconstructed equilibria, with broad P(yn) =
Py(1 — 1/112\1)2 and peaked P(yN) = Po(l — 1//12\1) pressure
profiles, and field lines with different curvature properties.
VMEC equilibria for broad pressure profile shows a better
agreement than peaked profile between simulation and ex-
perimental profiles. The Mercier criterion [9] and high n
global mode growth rates y will be studied on each config-
uration to provide information about the instabilities nature
by using the Hn-bal code [2,10]. Hn-bal code uses the field
line coordinate system (¥, 7, @), related with Boozer coor-
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dinates (¥, 0,¢) like n = 6 and @ = £ — (1/¢)0, where « is
the label for the magnetic field line. 6, is the radial wave
number. Hn-bal uses a sixth-order Runge-Kutta numerical
method in the resolution of the ballooning equation (Ap-
pendix) [11-13].

The toroidal current is assumed zero in this research,
and only the instabilities driven by pressure gradients will
be considered. Destabilization due to currents is ignored as
a first approximation to the problem, because in the LHD
operations regimes under study the net current is nearly
null and the MHD stability of the system is dominated
by pressure driven modes [14]. Low n global modes are
marginally unstable at the edge of the plasma for high beta
operation with (B4,) = 4% for inward configurations [15],
but in outward configuration they are stable and only high
modes activity is expected. Bootstrap current is not con-
siderated because its effects in outward configurations are
negligible [16]. Fast ions effects are neglected too at first
step because total flux of fast ions is smaller in outward
configurations than inward configurations [17], and bal-
looning modes are not stabilized like for inward config-
urations [18].

Heliotron devices like LHD have a large Shafranov
shift[19,20] and magnetic surfaces suffer an intense defor-
mation. Local properties such as shear and curvature are
affected and the driving of instabilities depends on these
equilibrium characteristics.

We want to study the stability properties of the system
at the edge, and to understand the nature of the instabilities
onset in this region. The goal of this study is to relate the
so-called 3D ballooning modes with the MHD activity in
LHD outward shifted configuration, one candidate to ex-
plain the triggering of density collapse events as their main
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driver. We will carry out these comparisons by analyzing
the high n ballooning modes (n — oo) for LHD configura-
tions with several vacuum magnetic axis position and beta
values in regions with good and bad magnetic curvature. In
this study we have used VMEC fixed boundary equilibria
for broad pressure and peaked pressure profiles [21]. For
broad pressure profiles, the study has been made for two
regions with different magnetic curvature.

The rest of the paper is organized as follows: In Sec. 2,
we present the results of the Mercier criterion instability
region versus high n global modes growth rate for several
magnetic axis configurations and beta. Section 3 contains
the conclusions and discussion of the paper.

2. Calculation Results

We carried out the study for configurations with mag-
netic axis from R,x=3.5 m, inward configuration, to 4.1 m,
outward LHD configuration.

2.1 Broad pressure profile and field line in
bad curvature region (6, = @ = 0)

Constant growth rate lines y normalized by 74, Alfven
time, are shown in Fig. 1 versus 8y and normalized radius
p. Information of the most important rational surfaces and
averaged magnetic well d*V/ dzplz\I = 0 location is added in
the plot. Mercier criterion stability lines are also plotted,
like zero and positive (unstable) Mercier lines. Mercier
criterion predicts instability for Ry;x < 3.7 m, and stability
for outward R, > 3.7m configurations, it is said, inter-
change modes are unstable in inward configurations and
stable in outward configurations. Ballooning growth rate
study agrees with Mercier prediction in the inward con-
figurations, but in outward configurations, near the plasma
edge, MHD activity is reported. For Ry = 3.9, the un-
stable region predicted by the Mercier criterion is narrow
compared with the high n activity region. For R,x > 3.9 m,
all region is Mercier stable but the study of high n growth
rate shows an important MHD activity. The position of
low m/n rational surfaces is added to the plot. This allows
us to follow the instability onset for each rational surface.
For high beta, at the edge, the most unstable regions are
related to m/n = 2/3,2/5 and 1/2 rational surfaces. For
lower beta configurations and near the core, the 1/2 ratio-
nal surface dominates. This behaviour does not change for
the rest of magnetic axis configurations except for R, =
4.0m and 4.1 m, where the 1/2 and 2/5 rational surfaces
will be related with the most unstable regions for high beta
at the edge.

Average magnetic well null value location is also
shown in Fig. 1. For inward configurations, R,y = 3.5m
and 3.6 m configurations, d*vy dgb%\I = 0 line divides minor
radius in two regions, the inner (outer) part where averaged
magnetic well (hill) is located. This is because in averaged
magnetic hill regions, averaged bad curvature, interchange
modes are easily perturbed while in regions of magnetic
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Fig. 1 Constant growth rates lines in a 8, - p plane for different
magnetic axis positions from R,x = 3.5 to Ryx = 4.1 m.
The pressure profile is broad and the field line is in bad
magnetic curvature region.

well, averaged good curvature, interchange modes are sta-
ble. The d*V/dyZ = 0 line drifts to the edge as Ry in-
creases and magnetic well region reaches the periphery.
For outward configurations there are large growth rates in
the magnetic well region; only the local bad curvature and
not the averaged bad curvature could be the driver of this
instability, i.e., they are ballooning modes destabilized in
local bad curvature regions near the plasma periphery.

In Fig. 2, the normalized radial position is fixed and
constant Mercier criterion parameter lines and growth rate
lines are shown for several magnetic axis configurations
versus different beta values. Mercier criterion and growth
rate study predicts interchange activity in the inner part of
the torus, p = 0.3 and p = 0.5, but at the plasma edge
in p = 0.8 for outer magnetic axis configurations for high
beta, strong MHD activity is reported in a stable Mercier
region.

2.2 Growth rate for field line in good mag-
netic curvature region (60, =0, = /M)

We make again the study in good magnetic curvature
region because, if the MHD activity is ballooning like,
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Fig. 2 Constant Mercier criterion lines (left) and constant high n
mode growth rate lines (right) for broad pressure equilib-
rium. They are plotted in a 8 - R, plane for three values
of normalized radius.
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Fig. 3 Constant growth rates lines in a 3, - p plane for field lines
in good curvature regions. Constant growth rates lines for
field lines with bad curvature are also represented by y =
1072 line (marginal stability), y = 0.03 (slightly unstable)
and y = 0.1 (unstable).

these modes are stabilized because their main driver, the
curvature, is now favourable.

Figure 3 shows the high n ballooning behaviour for
field lines in the good curvature region. For Ryx = 3.5m,
the behaviour is similar for good and bad curvature lines,
i.e., this is an interchange mode. But for R,x > 3.5 m the
results begin to differ, as can be seen in R,x = 3.7 m figure,
where the growth rates for the good curvature field lines are
lower than bad curvature ones, and for R,x > 3.7m high n
balooning modes are stable. Other graphs with R,x > 3.7 m
are not shown because the growth rates for high n modes
and Mercier criterion predict stability, even for outward
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Fig. 4 Constant growth rates lines in a ;- p plane. They are
plotted for four drifted magnetic axis positions. The pres-
sure profile is peaked and the field line is in bad magnetic
curvature region.

configurations with R;x = 4.1m. This result points out
the instability is ballooning like.

2.3 Peaked pressure profile and field line in
bad curvature region (6, = o = 0)
Similar analysis of Sec.2.1 has been done for equi-
libria with peaked pressure profile. The results are simi-
lar to broad pressure equilibriums, and conclusions are the
same (Fig.4). Broad pressure equilibriums are more un-
stable under ballooning activity, and its strongest activity
is reached for Sy = 5% while peaked one at 5y = 6%. An-
other conclusion is that, for broad equilibriums, the bal-
looning activity is strongly located in the edge but the
peaked ones are spread more widely along minor radius.
With respect to the behaviour at regions close to the
rational surfaces, 2/3 and 1/2 are the most unstable ratio-
nal surfaces for high beta at the edge for inward magnetic
axis configurations. The growth rates at the rational sur-
faces 3/4 and 2/5 are smaller. The highest high n modes
activity in outward magnetic axis configuration is related
to rational surface 1/2. The behaviour of the d*V/ dl//zN =0
line is similar to the broad cases; for inward configurations
there is stability in the inner part of the minor radius and
instability in the outer part for inward magnetic axis con-
figurations, interchange modes are unstable in regions with
averaged bad magnetic curvature, but in outward configu-
rations the d?V/dyZ = 0 line is drifted to the edge and
good averaged curvature region reaches the plasma periph-
ery where the high n ballooning modes are unstable.
Figure 5 shows the same study at fixed radial posi-
tion. Inward and outward configuration have similar high
n ballooning activity for p = 0.3 and p = 0.5, but near
the edge at p = 0.8, peaked pressure equilibriums have its
maximum ballooning activity for configurations with the
magnetic axis located between R,y = 4.0 and R,x = 4.1 but
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Fig. 5 Constant Mercier criterion lines (left) and constant high n
mode growth rate lines (right) for peaked pressure equi-
librium. They are plotted in a B; - R.x plane for three val-
ues of normalized radius.

the broad ones between R, = 3.9 and R, = 4.1

3. Conclusions and Discussion

High n mode stability properties have been studied for
several beta and magnetic axis configurations. By analyz-
ing the growth rates of high n modes for outward configu-
rations, in regions with bad magnetic curvature, we have
seen that instabilities are triggered in Mercier stable re-
gions and show dependence versus curvature, a character-
istic behaviour of ballooning modes. For inward configu-
rations, modes are not destabilized by local bad magnetic
curvature and high n modes activity is located in Mercier
unstable regions, properties of interchange instabilities.

This study was made for broad and peaked pressure
profiles, and the results show for the growth rate at R,y =
4.1m, Figs. 1 and 4, that in broad pressure profile the
most unstable region is more narrow, located in the edge of
plasma (p = 0.9-1.0) and the beta value where growth rate
reachs its maximum is around By > 5%, compared with
peaked pressure profile, where the most unstable region is
located between p = 0.7-0.9 and for 5y > 6%. Studying
Figs. 2 and 5, for broad profiles the strongest unstable re-
gion is more concentrated in the peripheral region and is
triggered from R,z = 3.9 m magnetic axis configurations
while peaked ones are spread more widely along minor ra-
dius and triggered from R,y = 4.0 m.

The aim of the study was to reveal the properties of
MHD activity found in LHD operation for outward config-

urations. Reference [7] shows that peaked pressure equi-
libria results point out that 3D ballooning modes strongest
growth rate is related with the operation region where den-
sity collapse events are driven, so present simulation has a
direct relation with LHD experimental data.

Appendix

The ballooning equation solved in the code is [2]:

2 (J\dp 1
Z ) e = sdnl @
Bo (bB) dy [K K"f Sd"}

9 9
— |k =
+377|L| on

2
+Q? (%) k P®=0 (1)

where Q = wt, are the eigenfrequency normalized by the
Alfven time T4, given by 734 = p,/[27e(d®,/dV)]*. p
is the pressure, V the volume, k, the perpendicular wave
number, @y the normalized toroidal flux inside the flux
surface  with @y = 2mfn with p = iy, ¢ the global ro-
tational transform and § the local magnetic shear. " is the
contravariant form of the normal magnetic curvature, and
is expressed like [2]:

YR - Vi
K'= ——— 2)
IVy?
and k, the geodesic magnetic curvature as:
B2d (1
=——|=]. 3
=5 39(32) )

This problem has been solved by other authors in different
devices [11-13], but this code was selected to be an op-
timized common tool used in the LHD ballooning modes
research.

The Mercier criterion parameter (DI) expresion is [2]:

b’2 pr Vv’ B2 . (J . B)PSN ,
=— - V" +{—— )¢
4 Qo2 \IVyP [Vyl*
+ p/V/ 2 1 (J B)lz’SN 32
2r ) |22 \ IVYPPB® [\ VYl
PG Besy\ [ B> \[1
+ - — @)
2 VP VuP [\ B
where (j - B)psy = —27B A Vi - VB = Pfirsch-Schliiter
current divided by p’, B - VBN = 1 - B?/(B?), (f) =
(d/dv) f fdr = average over flux surface and A’ =
[(1/27)(d/dy¥)]A. The first equation element is a stabi-
lizing term by the magnetic shear effect, the second term
can be stabilizing or destabilizing depending on the mag-
netic shear and the averaged magnetic hill sign, and the last

one is destabilizing and includes Pfirsch- Schliiter current,
geodesic curvature and diamagnetic current effects.
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