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The relationship between the edge toroidal field B, and the rotation of the spatial structure of visible light
emitted from reversed field pinch (RFP) plasmas is reported. The rotation of the spatial structure of visible light
is captured by a high-speed camera attached to a horizontal viewing port of the RELAX , which was designed
for RFP experiments. It is found that the rotation velocity and the direction of the spatial structure of visible
light depend on B,. In the non-reversal case, the structure rotates in the co-current direction, while in the counter-
current direction in the reversal case. The frequency and direction of the spatial structure of visible light are
consistent with magnetic fluctuations measured by magnetic probes.
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1. Introduction

In magnetically-confined plasmas, plasma rotations
and their shear are essential in forming and sustaining a
transport barrier [1-3]. In reversed field pinch (RFP) plas-
mas [4], spontaneous zonal flow in the plasma edge was re-
ported [5]. Moreover, from the perspective of transition to
three-dimensional (3-D) helical structure [6], a correlation
between plasma flow with the phase velocity of magnetic
fluctuation was investigated with ion Doppler spectrometer
(IDS) to measure the velocity of impurity ions [7,8]. As of
this moment, methods to control plasma flow have been ex-
plored. Improvement of the particle confinement time due
to the E X B shear flow was investigated on MST with a
method of a plasma biasing [9]. In addition, IDS measure-
ments indicated the switching of the direction of plasma
flow with changing the polarity of the toroidal magnetic
field B, at the core [10]. However, the relationship between
the edge magnetic field and the plasma flow has yet to be
investigated.

Measuring visible light radiation captured by a high-
speed camera is a valuable passive method for measuring
the plasma flow. In experiments, a high-speed camera re-
vealed a rotating helix spatial structure in the visible light
image [11-13]. Moreover, the camera diagnosed that spa-
tial distributions of visible light corresponded to the phase
of the mode of magnetic fluctuation [14].

Given the above facts, the time evolution of visible
light distribution should help understand the plasma flow.
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In this paper, we describe results concerning the role of B,
at the plasma edge on the rotation direction of the spatial
structure of visible light captured by a high-speed camera.

2. Experimental Setup

All experimental data were obtained in RELAX [15],
which has the major radius of R = 0.51 m and the minor
radius of a = 0.25 m. Typical parameters are follows: the
plasma current [, of 50 ~ 60 kA, the electron density of 5
~ 10 x 10" m=3, the electron temperature of core is 50 ~
100 eV. The experimental setup is shown in Fig. 1. We have
observed horizontal images during RFP discharges using
a high-speed camera (Photron FASTCAM SA-4) with a
time resolution of 100 ~ 300 kfps. A concave lens (Sigma
Koki SLB-30-40N) is set in front of the horizontal view-
port. Solid lines represent the limit of the visual field. Di-
rections of I, and B, in the plasma core are counterclock-
wise viewed from the above. Magnetic probes are located
at the points indicated by solid color circles, which will be
referred to in Fig. 4.

3. Experimental Results About the

Rotation of Visible Light Pattern

In Fig.2, we compare the time evolutions of visible
light images obtained in case of the reversal and non-
reversal discharges. The time evolutions of 1, and the re-
versal parameter F are shown in Figs. 2 (a) and (b). Blue
and red curves correspond to a non-reversal and a rever-
sal discharge, respectively. The cross symbol in Fig. 2 (b)
indicates the reversal moment for the reversal discharge.

© 2023 The Japan Society of Plasma
Science and Nuclear Fusion Research
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Fig. 1 Experimental setup of the installation of a fast camera
onto RELAX from a horizontal port. Solid lines represent
the limits of the visual field. A large open arrow indicates
the direction of the plasma current /,, in the plasma core
and B,. The measurement positions of magnetic probes
are indicated by closed color circles, which will be re-
ferred to in Fig. 4.

75

(@) /
— 50_ ”5 -
= /“ 7
= i
& sl 4 ]
¥
/
z
7
/
7 ——
v / —
7
. ; /
oo A _
Wl {
5 !
05 P S . \
0 05 1.0 15 20 25
time [ms]
©
1110ps 1120ps

@
417ps 427ps 437us 447ps

Fig.2 Time evolution of I, (a) and F (b) for two discharges.
Blue and red lines in (a, b) correspond to a non-reversal
and a reversal discharge, respectively. (c) and (d) show
the time evolution of visible light images obtained from
the horizontal port corresponding to the non-reversal and
the reversal discharge, respectively.

Figures 2 (c) and (d) show the time evolution of visible
light images obtained from the horizontal port, correspond-
ing the non-reversal and the reversal discharge, respec-
tively. Each time window is indicated by shaded areas
in Figs.2 (a) and (b). In both cases, a part of the visible
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Fig. 3 Time evolutions of F' (a) and 2D visible light image (b)
at the initial phase of reversal discharge corresponding to
the red line in Fig. 2.

light structure was coming into view, distributing diago-
nally from the bottom left to the top right. The spatial
structure of the visible light had the periodicity m = 1/ n
= -4, where m is the poloidal mode number, and » is the
toroidal mode number [12]. In the non-reversal discharge,
images are shown from 1110 ps to 1120 us after plasma ig-
nition, and F is approximately 0.15. As shown in Fig. 2 (¢),
the helical structure moves to a co-current direction with
a phase velocity of approximately 6.3 x 10* rad/s corre-
sponding to 3.9 x 10° m/s under the assumption that it
locates on the surface of the wall. On the other hand, in
the reversal discharge, images are shown from 417 us to
447 ps, and F is approximately —0.35 as seen in Fig. 2 (d).
The helical structure moves to the counter-current direction
with a phase velocity of approximately 4.0 x 10* rad/s cor-
responding to 2.5 X 10° m/s under the same assumption.
The experimental results clearly show that the change in
the direction of rotation of the helical structure corresponds
to reversal or non-reversal discharges.

Figure 3 shows the behavior of helical visible light
structure on the initial phase of reversal discharge, corre-
sponding to the data by red in Fig.2. Time evolutions of
F and the 2D visible light image are shown in Figs. 3 (a)
and (b), respectively. One notes that Fig. 3 (a) is the en-
larged time window around a reversal moment indicated
by the cross symbol in Fig.2 (b). The edge B; is switched
from positive to negative at 220 us, as shown in Fig. 3 (a).
In Fig. 3 (b), a part of the helical structure comes into view,
distributing diagonally from the top left to the bottom right.
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The difference in the appearance of visible light struc-
tures between Fig.2 and Fig. 3 corresponds to the differ-
ence in the phase of the helical structure. These snapshots
show the switching of the direction of rotation of the heli-
cal structure from the co-current direction to the counter-
current direction at approximately 230 us, i.e., just after the
edge B; reversal.

Figure 4 (a) shows the spatially resolved B, fluctua-
tions of non-reversal discharge, corresponding to the blue
curve in Fig. 2. These signals are measured by toroidally
separated magnetic probes at the top of each 7/8 whose col-
ors correspond to Fig. 1. The signals indicate that the fluc-
tuations propagate toroidally with a frequency of ~ 10 kHz.
The direction of propagation is the co-current direction,
which is consistent with that of the helical visible light.
Figure 4 (b) shows the time evolution of B, fluctuations

Bt [mT]

Bt [mT]

time [ms]

Fig. 4 Time evolution of the edge B,. (a) Four signals were ob-
tained with toroidally separated magnetic probes located
at the top. (b) Two signals were obtained with probes lo-
cated top and bottom of the blue symbol. Square symbols
indicate the phase of the visible helical image.
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Fig. 5 Rotation velocity is plotted as a function of F. The rota-
tion velocity shows an increasing trend with the increase
of F. The direction of toroidal rotation changes as the
sign of F changes.

obtained with probes located top and bottom of the blue
symbol in Fig. 1. The signals show opposite phases with
each other and provide odd m modes. Moreover, observed
visible light patterns are superimposed as square symbols
with a slash. Blue squares with a slash from the bottom left
to the top right correspond to the pattern Fig. 2, and the red
symbols correspond to the pattern Fig. 3. It is recognized
that the helical structure relates with the magnetic fluctu-
ation. The frequency and direction of propagation of the
magnetic fluctuation are the same as those of the helical
visible light structure.

According to the results in Fig. 4, we can estimate the
phase velocity of rotation of helical visible light from mea-
sured images. Figure 5 shows the dependence of the rota-
tion direction of helical visible light on F. Each data is
obtained from a different discharge with I, ~ 60kA. The
rotation velocity and direction depend on the edge B;. In
non-reversal discharge, the helical structure rotates in the
co-current direction. In reversal discharge, on the other
hand, the helical structure rotates in the counter-current di-
rection. It is found that the rotation speed in reversal cases
is slower than that of non-reversal cases.

4. Discussion

In experimental observations, a correlation between
fluctuation and flow exists, while rotation of the spatial
structure of visible light depends on the edge B;. A plausi-
ble reason for those observations is that the plasma rotation
is caused by E X B drift. Figure 6 shows a schematic of the
hypothesis for the rotation of the spatial structure of visible
light. A spatial profile of visible light with a phase corre-
sponding to the pattern Fig. 3 is described by a point blank
line, which is labeled as A. An outward radial electric field
E, exists at the plasma periphery because of the potential
difference between the finite plasma space potential and
the vacuum wall that is grounded. Moreover, the poloidal
magnetic field B, is produced whenever 7, flows mainly in
the toroidal direction in plasma. The total magnetic field B
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Fig. 6 Schematic of hypothesis due to E x B. The red and blue
symbols correspond to negative and positive F.
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is thus expressed by B, + B, which is indicated by the col-
ored dashed arrows. The color of the arrows corresponds to
the edge’s direction of B;. Therefore, the direction of E,xB
is indicated by the solid colored arrows. When F is nega-
tive, the point blank line moves to the right lower direction
along the red E, X B arrow. Subsequently, the point-blank
line moves from A to A’ (red one), which means it has
moved from the right- to the left-hand side. On the other
hand, when F is positive, the point-blank line moves from
A to A” (blue one). This means that the point-blank line
moves in the opposite direction, from the left- to the right-
hand side. Data show that the helical visible light structure
moves to the left- or the right-hand side, depending on the
edge B;.

5. Summary

The relationship between the edge B, and the rotation
of the spatial structure of visible light was investigated.
Rotations of the spatial structure of visible light were cap-
tured by a high-speed camera in RFP experiments on RE-
LAX. In the non-reversal case, the helical structure rotates
in the co-current direction, while in the counter-current di-
rection in the reversal case. The rotation velocity and di-
rection of the helical visible light structure seem to corre-
late with the edge B;. Magnetic probes indicate that the fre-
quency and the direction of magnetic fluctuations are con-
sistent with those of helical visible light structure. These
results strongly suggest that a E X B plasma flow should be
related to the spatial structure of visible light. This will be
double-checked by using complex probes constituted with
magnetic, capacitive, and mach probes to measure B, E,
and the ion flow V simultaneously. In addition, we will
install an IDS measurement to establish the relationship
between V and the spatial structure of visible light.
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