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Abstract

The radial electric field in the plasma edge is studied in the Large Helical Device (LHD)
experiments. When magnetic field lines become stochastic or open at the plasma edge and
connected to the vessel, electrons are lost faster than ions along these field lines. Then, a
positive electric field appears in the plasma edge. The radial electric field profile can be used
to detect the effective plasma boundary. Magnetic topology is an important issue in stellarator
and tokamak research because the 3D boundary has the important role of controlling MHD
edge stability with respect to ELMs, and plasma detachment. Since the stochastic magnetic
field layer can be controlled in the LHD by changing the preset vacuum magnetic axis, this
device is a good platform to study the properties of the radial electric field that appear with
the different stochastic layer width. Two magnetic configurations with different widths of

the stochastic layer as simulated in vacuum are studied for low-£ discharges. It has been
found that a positive electric field appeared outside of the last closed flux surface. In fact the
positions of the positive electric field are found in the boundary between of the stochastic
layer and the scrape-off layer. To understand where is the boundary of the stochastic layer
and the scrape-off layer, the magnetic field lines are analyzed statistically. The variance of
the magnetic field lines in the stochastic layer is increased outwards for both configurations.
However, the skewness, which means the asymmetry of the distribution of the magnetic field
line, increases for only one configuration. If the skewness is large, the connection length
becomes effectively short. Since that is consistent with the experimental observation, the radial
electric field can be considered as an index of the magnetic topology.
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Figure 1. Poincaré plots for (a) inward (R,x = 3.6 m) and (b) outward (R,x = 3.9 m) shifted configurations are plotted for a horizontally
elongated cross section (¢ = w/M). Colors indicate the logarithm of the connection length of magnetic field lines.

For stellarators and heliotrons, nested flux surfaces cannot
be assumed because three-dimensional (3D) systems do not
have symmetry, although they can present other symmetries.
If a small perturbed field exists, the magnetic field structure
becomes easily stochastic. In the Large Helical Device (LHD)
[1], the stochastic layer of magnetic field lines in the plasma
edge can be expected for vacuum [2]. A pair of large helical
coils consists of 450 superconducting cables and cross sec-
tions of those coils are not simple rectangular. Sophisticated
shapes of helical coils make high-order perturbed field, and
unstable orbits of the magnetic field are overlapped in the
region of strong magnetic shear. In such a case, three layers
can be defined in the plasma edge of the LHD. The first layer
consists of nested flux surfaces. Nested flux surfaces are
obtained in the vacuum calculation. The second layer is the
stochastic layer where magnetic field lines become stochastic
but the connection length of magnetic field lines is very long
compared with the electron mean free path. That is a charac-
teristic of the LHD magnetic field structure. The third one is
the scrape-off layer (SOL). In the SOL magnetic field lines
are opened to the divertor and the vessel. From experimental
and theoretical studies, it has been found that these complex
magnetic field structures affect MHD properties and transport.
However, experimental identifications of these three layers, in
other words, identifications of the magnetic field structure, are
very difficult.

Recently, the radial electric field, E,, in the plasma edge
region has been studied in the LHD experiments [3-5]. If elec-
trons are lost along the open field lines of the edge magnetic
field, a positive E, must appear to guarantee quasi-neutrality.
This means that positive E; or strong E, shear appear at the effec-
tive plasma boundary that begins where open magnetic field
lines occur. In previous studies, the effective plasma boundary
defined by the positive E; shear clearly correlates with the
change of the magnetic field structure [3]. The shear layer was

considered as the plasma boundary in ATF torsatron [6] and
has been also used to define the boundary in a configuration
scan [7]. If the plasma beta value, 3, is increased, the effective
plasma boundary shifts outwards along the major radius [8, 9].
Comparing 3D MHD equilibiurm calculations, it was found
that positions of the boundary defined by the positive E; shear
correspond to boundaries between long and short connection
lengths of the magnetic field [4]. This topic is also important
for tokamak plasmas, since 3D perturbations are introduced.
Usually, the plasma boundary of tokamak plasmas is clearly
defined by the separatrix. However, with a superposed reso-
nant magnetic perturbation (RMP), the magnetic field struc-
ture becomes stochastic. In such a case, we cannot use the
separatrix as the plasma boundary. In addition, the magnetic
field structure might be similar to the LHD field, which has
three layers as described above. We have a common problem
with respect to the plasma boundary in helical devices and
tokamaks [10-18]. Thus, the experimental study of the magn-
etic field structure in the LHD will help to give answers to the
RMP experiment in tokamaks.

However, a difficult task still remains. That is, the impacts
of the magnetic field structure on the radial electric field
must be considered. In a previous study, clear differences
of the E; shear in two magnetic configurations, which have
thin and wide stochastic layer, were found [5]. In this study,
we examine more extensively the influence of the magnetic
field structure on the radial electric field. To understand the
radial electric field in the stochastic field layer, we study two
magnetic configurations which have different stochastic field
widths. As discussed above, the radial electric field should
be connected from the nested flux surfaces layer to the SOL
through the stochastic layer. Since the electron temperature
gradient has an important role on the radial electric field in
the SOL [19], we study the correlation of the radial electric
field and the electron temperature gradient in the edge region.
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In this study, we examine the radial electric field in the edge
region but the radial electric field in nested flux surface region
is outside the scope of this study.

In the LHD device, the vacuum magnetic configuration
can be controlled by the preset vacuum axis position, Ry. In
figure 1, Poincaré plots of inward and outward shifted config-
urations are shown for a horizontally elongated cross section.
The inward shifted configuration is the standard configura-
tion in the LHD experiment. This cross section corresponds
to the cross section of the Thomson scattering and charge
exchange recombination diagnostics. The vacuum magnetic
field is obtained by KMAG code [20, 21]. The KMAG cal-
culates magnetic field produced by external coils with finite
cross sections using Todoroki’s method [22] based on the
Biot—Savart law. Magnetic field lines are traced by MGTRC
code [23]. The colors of the dots in the Poincaré plot indicate
the connection length of the magnetic field lines, Lc. The L is
plotted from 10 m to 1000 m in a logarithmic scale. The preset
vacuum magnetic axis position of the inward shifted configu-
ration is 3.6 m and that of the outward shifted configuration
is 3.9 m. In both configurations, conserved, nested flux sur-
faces are seen inside the vacuum LCFS. The outer position of
the LCFS for the inward shifted configuration is R = 4.55 m
on the Z = 0 line. For the outward shifted configuration, the
position of the LCFES is R =4.56 m on the Z = 0 line. This
means that the position of the vacuum LCFS is almost the
same in both configurations. Outside of the LCFS, open field
lines appear and the magnetic field lines become stochastic.
In particular, for the outward shifted configuration, the width
of the stochastic layer is wider than that of the inward shifted
configuration. To see differences for both configurations, con-
tours of the connection length, Lc, and Kolmogorov length,
Ly [24, 25], for (a) inward and (b) outward shifted configu-
rations are shown in figure 2. The upper part (Z > 0) shows
the connection length and the bottom part (Z < 0) shows the
Kolmogorov length. The Kolmogorov length is calculated by
the same numerical scheme given by Strumberger [26] and
that had already applied to study the edge magnetic topology
in the LHD [27, 28]. At the outside of the LCFS in both con-
figurations, magnetic field lines become stochastic in figure 1.
Comparing with the Kolmogorov length in figure 2, the con-
nection length becomes longer than the Kolmogorov length.
That means this region corresponds to the ergodic region
given by Tore Supra [25]. To understand these characteristics,
rotational transform, ¢, profiles for both cases are plotted in
figure 3. For the inward shifted configuration, the rotational
transform on the axis (LCFS) is decreased (increased) com-
pared to the outward shifted configuration. This means the
magnetic shear of the inward shifted configuration is stronger
than the magnetic shear in the outward shifted configuration.
Thus, the width of the stochastic layer is increased for the out-
ward shifted configuration because of weak magnetic shear.
Since the stochasticity of the magnetic field in the peripheral
region can be controlled for the vacuum field, the LHD is a
good platform to study MHD and transport in a stochastic
field. Here, it is noted that ELMs are mitigated for only the
high-3 in ASDEX [29]. That means the impact of the plasma

(b)
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Figure 2. The connection length of magnetic field lines (Z > 0 m)
and Kolmogorov length (Z < 0 m) are compared with (a) inward
and (b) outward shifted configurations, respectively. Colors indicate
the logarithm of the length.
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Figure 3. A comparison of the rotational transform is shown for
inward (red) and outward (blue) shifted configurations.
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Figure 4. Profiles of the radial electric field (top) and electron temperature (bottom) for the inward (left) and outward shifted (right)
configurations are shown as a function of R. The black arrow indicates the position of the vacuum LCFS.

response should be considered. However, if the stochasticity
of the magnetic field can be considered as key for ELM
mitigation or suppression, the LHD can be used to study the
magnetic field structure.

In this study, we examine low-3 discharges (8<0.5%)
in order to focus on the relation between the radial electric
field and the magnetic field structure. To accomplish that, dis-
charges are reproduced in the same experimental conditions
of fueling, heating, and equilibrium. Five and four discharges

are reproduced for inward and outward shifted configurations.
In figure 4, the connection length of magnetic field lines, Lc,
radial profiles of radial electric field, E;, and electron temper-
ature, T., are shown for the inward and the outward shifted
configurations. The radial electric field, E;, is decided by
charge exchange recombination spectroscopy (CXRS) diag-
nostic [30]. The CXRS uses a charge exchange recombina-
tion line of fully ionized carbon (the n = 8 — 7 transition of
CVI) and it measures the radial profiles of ion temperature T;,
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Figure 5. Comparisons of the radial electric field and gradients of the electron temperature, V7¢, shown for (a) inward and (b) outward

shifted configurations. Symbols indicate the E, and lines indicate VT...

density nce,, toroidal and poloidal flow velocities V and Vjy
for carbon impurity ions. The figures on the left show cases
of the inward shifted configuration and the figures on the right
show cases of the outward shifted configuration. Figures in
the upper row are E; profiles and figures in the bottom row
show T, profiles. These profiles are plotted along the R-axis
in the horizontally elongated cross section corresponding to
figure 1. Black arrows in figures indicate the position of the
LCFS in vacuum on the cross section. We are only interested
in E; outside the LCFS. The radial electric field in the inside
of the LCFS is not discussed in this study. For the inward
shifted configuration, E; profiles change from negative values
to positive values at R ~ 4.55 m. That is almost the same posi-
tion of the vacuum LCFS. And then, E, becomes almost zero
at R~4.6 m and maximum at R ~4.65 m. The maximum,
positive E; is close to the boundary of the opened and closed
magnetic field lines shown in figure 2. Comparing E; profiles
with T, profiles, the 7. outside the maximum E, positions is
sufficiently small. That suggests the region with maximum E;

means a boundary of an effective plasma confinement region,
where the connection length, Lc, becomes longer than the
Kolmogorov length, Ly in figure 2. On the other hand, for the
outward shifted configuration, the E; changes from the nega-
tive value to the positive value at R ~4.58 m, which corre-
sponds to a slightly larger R, compared to the inward shifted
configuration. However, the positive E; shear is more gradual
compared with the inward shifted configuration. The E.
becomes almost zero at R ~4.65 m and the maximum value
at R ~ 4.7 m, but the T, at R = 4.7 m is still higher than in the
case of an inward shifted configuration. Comparing with the
inward shifted configuration, the region where the E; becomes
zero or maximum corresponds to the region of Lc > Ly. In
figures 1 and 2, a boundary between opened and closed magn-
etic field lines for the outward shifted configuration is the
outside of R = 4.7 ~ 4.75 m. Unfortunately, the range of the
CXS diagnostics is limited to R < 4.7 m within small errors.
Therefore, according to a physical interpretation for the
inward shifted configuration based on figure 2, the maximum
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Figure 6. The variance and skewness of magnetic field lines
are shown as a function of R. The inward and outward shifted
configurations are compared. (a) Variance. (b) Skewness.

E. might appear in the further outward region of R ~4.75 m
because the stochastic layer is wider compared with that for
the inward shifted configuration.

In a 1D fluid transport model in the SOL region [19], which
assumes fast parallel electron transport along opened field
lines, the radial electric field E, can be shown to be considered
simply related to the T, gradient as

0® dT
—— .

or dr
In figure 5, profiles of E; and VT, are shown for the inward
and outward shifted configuration. To study the 7, gradient,
those figures are plotted as functions of the effective minor
radius, rer [31]. The vacuum LCFES for the inward shifted con-
figuration is r.¢ ~ 0.62 and the LCFS for the outward shifted
configuration is 7eg ~ 0.48. For the inward shifted configura-
tion, good correlations of E; and VT, profiles are found. The
positive E; in the plasma edge is about SkV m~!. The V7, is
about —5 keV m~" at r of E ~ 0. The order of both values are
the same and those values are similar within small factors. On
the other hand, for the outward shifted configuration, the posi-
tive E, is about 2kV m~! and the maximum VT, is about —3.5
keV m~!. The order of magnitude of those values is the same,
but the factor is different compared with the inward shifted

E =

ey

Long L Short L

Symmetric deviation
(R,,=3.9m)

Asymmetric deviation
(R,,=3.6m)

Reference surface

Figure 7. An interpretation of different diffusion properties for the
inward and outward shifted configuration is shown as a schematic view.

configuration. In addition, the correlation of E; and VT pro-
files is good but the slope of VT, profiles corresponding to the
positive E; shear shifts to outward. As was discussed above,
if the positive E; in the plasma edge means the boundary
between open and closed field lines, the maximum E, might
appear around 7. ~ 0.6. In such a case, both results in the
inward and outward shifted configuration are consistent. To
confirm that hypothesis, we need further studies, especially
studies of the E; in the SOL. That is a future subject, and will
be discussed in a separate paper.

To study qualitatively how magnetic field lines evolve when
moving from the stochastic layer to the SOL, i.e. from closed
to opened field lines in the inward and outward shifted configu-
ration, some statistical quantities are calculated in vacuum. In
figure 6, profiles of the variance and skewness of magnetic field
lines are shown for two configurations. To estimate those values
in the stochastic layer, we use the chaotic coordinate [32]. The
chaotic coordinate is a quasi-canonical coordinate. In this coor-
dinate, a coordinate surfaces is defined by minimizing (B - n)?
instead of B - n on a pseudo-periodic orbit. The variance is
increased in the stochastic layer for both configurations. That
means the radial deviation of magnetic field lines increases in
the stochastic layer. However, the skewness, which means the
asymmetry of the distribution function, is different among two
configurations. For the inward shifted configuration, an outward
asymmetry of the distribution is at R ~ 4.6 m. On the other hand,
for the outward shifted configuration, the skewness is almost
zero for R = 4.55-4.65 m. For outer values of R at R ~ 4.65 m,
a strong asymmetry appears. A possible interpretation to explain
the difference between two magnetic configurations is shown in
figure 7. For the inward shifted configuration, since the asym-
metry of the magnetic field line distribution appears at R ~ 4.6
m, unstable orbits of stochastic field lines in the region of long
Lc invade the region of short Lc because stochastic field lines
radially deviate. It might be considered that the effective Lc
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becomes short from the viewpoint of parallel electron transport.
For the outward shifted configuration, orbits of magnetic field
lines in the stochastic region are unstable but the distribution of
magnetic field lines is symmetric. At R = 4.55-4.65 m, magn-
etic field lines do not intersect between long and short L, and
the effective L might be long compared with the inward shifted
configuration. The maximum E, will appear in the outside of
R ~ 4.7 m. That is consistent with the experimental observation.

In summary, we have studied the radial electric field, E,,
to consider its impact on the magnetic field structure. Since
the LHD device can control the width of the stochastic layer
of the vacuum field, two magnetic configurations with dif-
ferent widths of the stochastic layer, which are the inward and
outward shifted configurations, respectively, are studied. To
study only the effect of the magnetic configuration on the E,,
low-/3 discharges are studied. In those discharges, no signifi-
cant fluctuations of MHD events are observed. For the inward
shifted configuration, which has the thin stochastic layer, the
positive E; appears outside of the vacuum LCFS and the T is
sufficiently small there. On the other hand, for the outward
shifted configuration, which has the wider stochastic layer, the
positive E, also appears in the outside of the vacuum LCFES but
the T is still high compared with the inward shifted configura-
tion. To study how the E; appears in the stochastic region, the
correlation of the radial electric field, E;, and the gradient of
the electron temperature, VT, are studied for both configura-
tions. In both configurations, good correlations are found, but
the VT, profile for the outward shifted configuration is shifted
outwards. To understand this difference, the distributions of
magnetic field lines are studied statistically in both configu-
rations. For the inward shifted configuration, the asymmetry
of the magnetic field line distribution is shifted outwards and
appears outside the vacuum LCFS. This corresponds to the
position where the effective connection length, Lc, becomes
short in the stochastic layer. However, although the stochastic
layer for the outward shifted configuration is wider than
that for the inward shifted configuration, the effective L¢ for
the outward shifted configuration is longer than that of the
inward shifted configuration. That is consistent with the VT
becoming small at R 2 4.7 m. Therefore, the positive E, might
be maximum at R 2 4.7 m. This study shows that the radial
electric field profile is directly related to the structure of the
magnetic configuration. However, it is still an open question
how the radial electric field in the nested flux surface region
and in the SOL region are connected through the stochastic
layer. To understand that, we need further studies of the
radial electric field in the edge region, especially in the SOL.
However, the measurement of the radial electric field in the

SOL is very difficult and the error is very large. Careful and
systematic analyses should be conducted. That is a future sub-
ject and will be discussed in a future paper.
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