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Comparison of edge plasma behavior at different poloidal positions in Heliotron J
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The edge plasma profile (the ion-saturation current profile) and its time evolution at three different
positions of the field topology (near inboard-X, outboard-O and outboard-X points) are discussed focus-
ing on the spontaneous transition to an improved mode in Heliotron J ECH-plasma. For all three posi-
tions it is found that the plasma profile becomes steeper as progress of the transition. In the early
phase of the transition, however, the different time response is observed between the profiles near X-
and O-points.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Heliotron J [1,2] is a flexible helical-axis heliotron device with
an L = 1/M = 4 helical coil (hR0i = 1.2 m, B0 6 1.5 T) based on the
helical-axis heliotron concept [3]. One of the objectives of the
Heliotron J experiments is to extend the understanding of the roles
of edge plasma control in the omnigeneous (quasi-isodynamic)
optimization scenario for this concept. In heliotron/stellarator de-
vices the edge rotational transform i(a)/2p is closely related with
the edge field topology and the shape of the last closed flux surface
(LCFS). In the standard configuration of Heliotron J, for example,
there are seven ‘‘points” like the X-point of a tokamak divertor
(see Fig. 1) [4] since i(a)/2p � 0.56 is close to the resonance condi-
tion of n/m = 4/7. Here n and m are the toroidal and poloidal mode
numbers, respectively. Since this type of the edge field topology is
commonly observed in advanced heliotrons/stellarator devices, it
is important to investigate and understand the edge plasma char-
acteristics in such a field topology.

In this study the edge plasma behavior near the X-point and O-
point (a position between two adjacent X-points) has been investi-
gated mainly with three movable Langmuir probes installed at
ll rights reserved.
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three different positions in Heliotron J; outboard O-point, inboard
and outboard X-points.
2. Experiment

In Heliotron J, the edge plasma behavior has been studied with a
SOL-probe [5], divertor-probes [6] and also with fast cameras [7].
Recently, two more sets of movable Langmuir probes have been in-
stalled to investigate the edge plasma at different poloidal posi-
tions in one helical field pitch. Fig. 1 schematically shows the
scanning line of the probe with vacuum magnetic surfaces and
the puncture plots of edge magnetic fields at (a) #11.5, (b) #8.5
and (c) #7.5 sections. The Probe-#11.5 scans the plasma edge near
an outboard O-point. Probe-#8.5 and Probe-#11.5 scan near in-
board and outboard X-points, respectively. With these probes,
the time evolution of the ion-saturation current Is is monitored.
The surface area of an electrode calculated by the mechanical
dimension for #7.5, #8.5 and #11.5 probes are about 4 mm2,
35 mm2 and 21 mm2, respectively. It is not easy, however, to esti-
mate the effective collecting area of each probe in the magnetic
field. The incidence angle of the field lines to the collecting surface
of the electrode depends on the probe position. In this study we
discuss the relative differences in the time behavior and/or spatial
profile of Is.

In this paper we focused on plasma initiated and maintained
only by 2X-ECH (70 GHz, �0.3 MW). To obtain the spatial profile,
the positions of those probes were changed by shot-by-shot basis.
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Fig. 1. Probe scanning-line for each probe section, (a) #11.5, (b) #8.5 and (c) #7.5. The flux surfaces, mod-B surface and the puncture plots of the edge magnetic filed lines are
also plotted.
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3. Experimental results and discussions

Fig. 2 shows an example of the time traces of the stored energy
(Wdia

p ), line-averaged density (�ne), Ha intensity (H#3:5
a ) monitored at

#3.5-section, 180� toroidally apart from #11.5, and ion-saturation
currents at three positions, I#7:5

s , I#8:5
s and I#11:5

s , respectively. The
line of sight of the Ha monitor is almost a parallel one crossing
the magnetic axis. In this study we focused on the edge plasma
profile. To eliminate the effects of plasma fluctuations, the data
in this figure are smoothed by a 5-kHz low-pass filter. The distance
from LCFS along the scanning-path in the vacuum condition is de-
noted by DL, where negative value means the probe is inserted into
Fig. 2. A typical example of the time traces of the stored energy (Wdia
p ), line-

averaged density (�ne), Ha intensity at the 3.5-section (H#3:5
a ) and ion-saturation

currents at the three positions, I#8:5
s , I#11:5

s and I#7:5
s :
the confinement region across LCFS. The data for the ECH-pulse
and gas-puff are also plotted in the top two figures. The ECH with
almost constant injection power was activated during 0.165�0.284
s. The density was controlled by the pre-programmed gas-puff.
From the initial phase of the discharge, �ne gradually increases but
seems to stop its increase around t = T1 (�0.23 s in this shot). Since
the gas-puff rate is slightly decreased just before this timing, the
stop of �ne-increase might be related to the decrease of fueling rate.
However, the intensity of H#3:5

a still continues to increase or keeps
almost the same level as that for t < T1 and some MHD modes are
observed around this timing. Therefore it should be careful to ex-
clude the possibility of confinement degradation due to the MHD
activities. At t = T2 (>T1), H#3:5

a starts to gradually decrease
although the fueling rate is kept constant. Simultaneously Wdia

p

and �ne starts to increase. These observations indicate the start of
transition to the improved confinement mode reported in [8]. At
t = T3 the increasing rate of �ne and Wdia

p goes up while the decreas-
ing of H#3:5

a is accelerated (or H#3:5
a shows rapid drop). At t = T4,

about 5 ms after T3 in this discharge, Wdia
p turns to decrease and

H#3:5
a goes back to increase while �ne still keeps increasing, indicat-

ing the start of the radiation collapse. Corresponding to these
events observed in Ha and the core plasma parameters (�ne and
Wdia

p ), some characteristic behaviors are observed in I#7:5
s , I#8:5

s

and I#11:5
s . In the particular discharge shown in Fig. 2, I#8:5

s starts
to decrease slightly at t � T1 while I#7:5

s and I#11:5
s still keep increas-

ing. At t � T3, all Is in this figure shows rapid drop and the low-Is

state continues until t � T4. After t � T4, I#7:5
s and I#8:5

s rapidly in-
crease but I#11:5

s stays at the low value. In this study it is found that
these characteristic behaviors of Is strongly depends on DL.

Fig. 3 shows the time traces of (a) I#11:5
s , (b) I#8:5

s and (c) I#7:5
s

with H#3:5
a for several DL. Since DL was changed by shot-by-shot

basis, the reproducibility of the discharge is an important factor
to analyze the dataset. In this study, some probes were inserted
to the confinement region across LCFS for some shots. Probably
due to such deep insertion of the probe, the reproducibility was
not so excellent but the same time sequence of the concerned
events was always observed for all the dataset although the abso-
lute time for each event was not the same among the dataset. The
scattering range of �ne and Wp at each timing is about (±20–30%).

As shown in Fig. 3, the time evolution of Is in all three sections
depends on DL. Focusing on the time span of T3 < t < T4, we can
find a critical distance DLT3�T4

cr . The ion-saturation current raises
up during this period for DL < DLT3�T4

cr , although it drops down for
DL > DLT3�T4

cr . For Probes-#11.5, -#8.5 and -#7.5, DLT3�T4
cr s are

�16 mm, �8 mm (This position corresponds to q � 0.98 for the
vacuum condition.) and �10 mm (q � 0.98), respectively. For the
period of T2 < t < T3, there is another critical distance DLT2�T3

cr for
I#11:5
s and I#7:5

s . While H#3:5
a gradually decreases in this period



Fig. 3. Time trace of Is for several DL. (a) I#11:5
s , (b) I#8:5

s and (c) I#7:5
s with the intensity of H#3:5

a . Short arrows in the figures indicate the event timing T2, T3 and T4, respectively.
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(Fig. 2), for DL < DLT2�T3
cr , I#11:5

s and I#7:5
s clearly increase. For DL >

DLT2�T3
cr , however, almost the same value of I#11:5

s (I#7:5
s ) was kept

or slightly decreased (increased) until t � T3. In this case, DLT2�T3
cr

is about 20 mm for Probe-#11.5 and about �20 mm (q � 0.95)
for Probe-#7.5. The critical distance DLT2�T3

cr for Probe-#7.5 is more
core side than DLT3�T4

cr , while DLT2�T3
cr for Probe-#11.5 is more outer

than DLT3�T4
cr . On the other hand, I#8:5

s is almost constant or de-
creases during this period at least for examined range of DL and
no clear critical distance is observed for this time span.

The observed DL-dependence of the time behavior indicates
that the spatial profile changes as the progress of the transition.
Fig. 4(a–c) show the spatial profile of Is for each probe at three tim-
ing as a function of DL, (a) I#11:5

s (DL), (b) I#8:5
s (DL) and (c) I#7:5

s (DL).
Here Is are averaged over 2 ms during each phase, T�2 (from T2 � 1
ms to T2 + 1 ms), T2–3 (from T3 � 5 ms to T3 � 3 ms) and T3–4 (from
T4 � 4 ms to T4 � 2 ms). Probe-#8.5 and -#7.5 inserted into the
confinement region across LCFS without intolerable damage to
the plasma performance although Probe-#11.5 disturbed the plas-
ma performance even in the condition of DL > 0 and was hard to
cross LCFS. The reason of such difference of disturbance by the
probe insertion is not clear at present. It might be related the dif-
ference in the thickness of so-called the ergodic field-line region
and/or the interval between magnetic surfaces, which is wider near
the X-point compared to that near the O-point as shown in Fig. 1.
To discuss the difference in the absolute value of SOL plasma thick-
ness at each probe section, it should be consider such difference of
the field structure. It is possible to normalize with q for the con-
finement region but this technique does not work for the region
outside LCFS. Moreover it should be noted that the plasma pressure
and non-inductive plasma current can change the field topology
including the spatial shift of LCFS from those in the vacuum condi-
tion [9]. Although the plasma pressure is low enough in this exper-
iment to neglect its effect on the rotational transform profile, the
non-inductive plasma current (<1 kA) increases the rotational
transform and can deform slightly the edge field topology. To dis-
cuss the detailed deformation due to the plasma current, we need
the current profile data. Since we have no such data at present, we
use the field topology in the vacuum condition in this paper. In
Fig. 4, the value of q for the vacuum condition is also shown for
#7.5 and #8.5 sections. Fig. 5 shows the connection length profile
along the probes’ scan path in the vacuum condition. For the
probes near the X-point, the connection length profile has a ‘‘flat
part” due to the effect of the ‘‘fish-tail” part of the field topology.
As shown in this figure, the difference in the radial position seems
to be qualitatively understood by the difference in the connection
length profile.

As shown in Fig. 4, it is found some common features of the pro-
file change; (1) the profile becomes steeper as progress of the tran-
sition to the improved mode, (2) the clear decrease in outer part of
measured region contributes to this steepening and (3) the change
of Is is not large in the inner part of the measured region during the
transition although �ne rapidly increases. This suggests the reduc-
tion of diffusion takes place in more inner region. On the other
hand, some peculiarities at each probe are also found. In early
phase of the transition (T2�T3), near the outboard O-point, in-
crease of I#11:5

s is observed for DL < DLT2�T3
cr as discussed above

and resulting steep gradient for the region of DL > 17 mm. This in-
crease seems to be swept out at the beginning of the later phase of
the transition (T3�T4). On the other hand the spatial profiles by
both the X-point probes keep their profiles in this phase. For the
X-point probes, the I#8:5

s -profile has a deflection point of the profile
at DL � �8 mm and that for I#7:5

s -profile seems to be DL � 0 mm.
4. Summary

The edge plasma profile (Is-profile) and its time evolution at
three different positions of the edge field topology (near inboard
X-point, outboard O- and X-points) are compared focusing on the
spontaneous change of the discharge mode to an improved con-
finement state in Heliotron J ECH plasma. In the early phase of
the transition, Ha-emission gradually decreases while �ne and
Wdia

p increase. The later phase is characterized by rapid drops of
Ha and faster increases of �ne and Wdia

p .
For all three positions, it is found that (1) the profile becomes

steeper as progress of the transition and (2) the decrease of Is in
outer part of SOL region contributes to this steepening. In the early
phase of the transition, however, the different time response is ob-
served between the profiles near X- and O-points; only the ion sat-
uration current measured near the outboard O-point increases for
the region inside a critical distance from LCFS. This increase seems
to be swept out at the beginning of the later phase of the transition.

More careful studies on the locality of edge plasma response
during the transition period to the improved confinement mode



Fig. 4. Spatial profile of Is at three timing (T�2, T2–3 and T3–4) as a function of DL, (a)
I#11:5
s (DL), (b) I#8:5

s (DL) and (c) I#7:5
s (DL).

Fig. 5. Connection length profile along the probe path in the vacuum condition.
DL = 0 means the position of the last closed flux surface.
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will be necessary to understand the mechanism of this observation
in helical plasmas.
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