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The temporal evolution of the potential is measured with the heavy ion beam probe (HIBP) in the Large
Helical Device (LHD). A rapid change in the potential is observed early in the tangential neutral beam injection
(NBI) phase, just after the switch from tangential to perpendicular NBI, and in a low-power electron cyclotron
heated (ECH) discharge in the LHD. The radial profile of the potential is measured before and after the potential
change. This rapid potential change is considered to indicate the bifurcation of the radial electric field in the edge

region of the LHD plasma.
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1. Introduction

The radial electric field E; is an important parame-
ter for studying the confinement physics of magnetically
confined plasmas. The radial derivative of E, drives the
shear flow, which improves the confinement characteris-
tics of the plasma for the suppression of turbulence. It
is important to understand the formation physics of E; to
use the shear flow to realize good confinement properties.
In helical devices, which have three-dimensional magnetic
field configurations, E; is determined mainly by the bal-
ance of non-ambipolar flux in the neoclassical context, and
this field suppresses ripple diffusion in the 1/v regime. The
positive E, (so-called electron root) and negative E, (ion
root) are predicted theoretically in helical plasma [1]. The
appearance of these roots depends on the profiles of the
density, ion/electron temperature, and magnetic configura-
tion. In some cases, both roots are predicted theoretically
in some radial region, and bifurcation between these two
roots is expected.

In the Large Helical Device (LHD), we have been
studying the E; formation physics in plasma using a heavy
ion beam probe (HIBP) [2-5]. With this diagnostic system,
we can directly measure the potential in high-temperature
plasma with good spatial/temporal resolution. This report
presents a resent experimental result of potential measure-
ment in the LHD in which a rapid change in the poten-
tial is measured with the HIBP. This change is considered
to be related to a bifurcation phenomenon. The typical
time trace and potential profile are reported when this rapid
change of potential is observed.
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2. Experimental Setup

The LHD is a heliotron device, the magnetic field con-
figuration of which is characterized by the major radius of
the magnetic axis Ry, toroidal magnetic field strength By,
pitch parameter y and quadrupole component of the mag-
netic field By. The typical discharge reported here is ob-
tained under the following conditions, R,x = 3.6 m, B, =
1.5T, vy = 1.254, and By = 100%. The averaged minor ra-
dius of the plasma is 0.6 m, and the typical line-averaged
density and electron temperature in our experiment are 0.5
~1.0x 10" m=3, and 0.5 ~ 1 keV respectively.

In the HIBP in the LHD, the tandem accelerator is
employed to generate a maximum voltage of 3MV. Neg-
ative ions (Au~) are produced by the target sputtering ion
source [6]. The Au™ beam is extracted and accelerated by a
pre-accelerator to 64 keV. Thereafter, this beam is injected
into the tandem accelerator and accelerated by the posi-
tive accelerator voltage. In a gas cell located at the cen-
ter of the tandem accelerator, the Au~ ions are stripped of
two electrons and changed to Au* ions. These ions are
re-accelerated so the beam is accelerated twice by the ac-
celerator voltage. The energy of the probe beam in the
experiments reported here is 1.55 MeV. The probe beam
is transferred through the beam line and injected into the
plasma. The injection and ejection angles of the probe
beam are controlled by eight-pole electrostatic deflectors
at the injection and ejection ports. By controlling these an-
gles, the observation point can be changed. The Au™ ions
of the injected probe beam (primary beam) are stripped of
an electron by collisions with the plasma, and then gain
potential energy at this ionization point. The energy of the
produced Au?* beam (secondary beam) is measured out-
side of the plasma by the energy analyzer. The difference
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in energy between the injection and ejection beams corre-
sponds to the plasma potential at the ionization point.

To detect the secondary beam current, microchannel
plates (MCPs) were used. The order of the detected cur-
rent is from a few tens of pA to a nA. The equilibrium
value of the potential and its radial profile can be mea-
sured below the line averaged density of 1.5x 10! m™3.
However, the fluctuation measurement is possible only at
low densities (below 0.5x 10" m™3). At high densities
(> 2.0 x 10" m™3), the attenuation of the probe beam in the
plasma is strong, therefore, potential measurements with
our present system are difficult.

3. Experimental Results of Neutral

Beam Heated Plasma

The rapid change in the potential is measured with the
HIBP in plasma heated by neutral beam injection (NBI).
The typical wave form of the line-averaged density and
heating methods are shown in Fig.1(a). Plasma is pro-
duced and sustained by tangential NBI heating (NBI#1 and
NBI#2). The density increases just after the NB injection
(3.3 s), and then decreases to ~ 0.4 X 10'° m~3. The heating
method is switched from tangential NBIs to perpendicular
NBI (NBI#5). The line-averaged density increases after
this switch. Additional electron cyclotron heating (ECH)
is applied at 5.2 s, which reduces the line-averaged density.
The time evolution of the potential at the center of plasma
measured with the HIBP is shown in Fig. 1 (b). The po-
tential at the center becomes positive in the tangential NBI
phase (3.3 ~ 4.8 s), and it decreases to a small negative po-
tential after the NB is switched from tangential to perpen-
dicular. In the additional ECH phase, the potential again
becomes positive because of low density and high electron
temperature.

To investigate in more detail, the potential evolutions
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Fig. 1 (a) Typical wave form of line-averaged density and heat-
ing methods when the rapid change in potential is ob-
served. (b) The time evolution of potential measured with
HIBP.

in Fig. 1 at the beginning of tangential NBI (3.45 ~ 3.555s),
just after the switching of the NB (4.80 ~ 4.90 s), and after
the additional ECH is turned on (5.17 ~ 5.27 s) are shown
in Figs.2 (a), (b), and (c), respectively. In Fig.2 (a), the
potential gradually increases, and a rapid increase is ob-
served at 3.478s. In Fig.2(b), after the tangential NBs
(NBI#2,#3) are turned off at 4.80s, the potential gradu-
ally decreases, and a rapid decrease is observed at 4.856s.
In Fig.2(c), the potential gradually increases to positive
just after the application of additional ECH (5.20 s). Rapid
changes can be observed at 5.242 and 5.248 s. A rapid in-
crease in the potential (forward change) is observed at a
line-averaged density of 0.8 x 10! m™3, however, a rapid
decrease of potential (backward change) is observed be-
low 0.5x 10" m™3. Regarding the density, the potential
change exhibits hysteresis character. The typical time con-
stant of these rapid potential changes is a few hundred mi-
cro to a few milliseconds. Figures 3 (a) and (b) show mag-
nifications of Figs.2 (b) and (c), respectively. The typi-
cal time constant is estimated using the fitting function of
the hyperbolic tangent, ® = @y + a X tanh[(¢-1y)/7]. In
Fig. 3 (a), at 4.856 s, the time constant of the potential drop
is 0.11 ms. In Fig. 3 (b), the time constants of the first and
second increases in the potential are 0.29 ms and 1.1 ms,
respectively. These are shorter than the confinement time
(~20ms), therefore, this rapid change is considered to be
related to bifurcation phenomenon of the radial electric
field. A similar bifurcation phenomenon was observed in
CHS [7, 8], but the time constant of the potential change is
30 ~ 70 us, which is shorter than that of the LHD.

The radial profile of the potential was measured with
the HIBP, as shown in Fig.4. This is not the same shot
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Fig. 2 Potential evolution in the beginning of tangential NB
phase (a), just after the switch from tangential to per-
pendicular NB (b), and just after the additional ECH is
applied (c).
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Fig. 3 Time expansion of potential evolution of Fig. 2 is shown.
Figures 3 (a) and (b) corresponds to Figs.2 (b) and (c),
respectively.
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Fig. 4 Potential profiles in the phase of tangential NBI with ad-
ditional ECH (Case A), tangential NBI (Case B), and per-
pendicular NBI (Cases C and D).

as in Figs. 1 and 2, but its plasma parameters are similar
to those of the shot in Fig. 1. Only the timing of addi-
tional ECH is different: the ECH is applied at 5.2-5.7 s in
Fig. 1, whereas it is applied at 3.9-4.4s in this shot. The
radial profiles of the potential in the phase of tangential
NBI (NBI#1,#2) with additional ECH (Case A), tangen-
tial NBI (NBI#1,#2) (Case B), perpendicular NBI (NBI#5)
just after the switch from tangential to perpendicular NBI
(Case C), and perpendicular NBI (NBI#5) (Case D) are
shown in Fig. 4. Here r.¢ and agg are the effective minor
radius and that of the outermost flux surface, respectively.
In this shot, the ECH resonance position is not at the cen-
ter of the plasma, therefore, off-axis heating is applied, and
temperature profile is relatively flat in the core region. No
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Fig. 5 Time evolutions of ECE when rapid potential change is
observed. (a) in the beginning of tangential NBI and (b)
just after the NB is switched.

internal transport barrier is observed in this shot. In Case
A, a positive radial electric field is formed in the plasma,
which is the so-called electron root in the neoclassical con-
text. In Case B, a small positive radial electric field is ob-
served in the core region, which is the so-called ion root.
In Cases A and B, the tangential NBs sustain the plasma,
and the large positive radial electric field in the outer re-
gion (reg/agg > 0.7) is deduced from experimental data,
although the potential data cannot be obtained in this re-
gion owing to the limitations of the diagnostic port. In
Cases C and D, the central potential becomes almost zero
and negative, respectively. The radial electric field has a
small positive or negative value in the entire radial region
in Cases C and D. Even in the outer region (7.g/agg > 0.7),
the radial electric field is considered to be almost zero or
slightly negative in these cases, and this E, is the ion root.
A rapid change in the potential occurs between Cases B
and C. Bifurcation is considered to occur from the electron
root to ion root in the outer region.

The time evolution of the electron cyclotron emis-
sion (ECE) signal is shown in Fig.5 with the potentials
at the beginning of tangential NBI (same as Fig. 1(a)),
and just after the NB is switched (same as Fig. 1(b)). In
Fig. 5 (a), the electron temperature gradually increases af-
ter the NB injection. At the time of rapid increase in the
potential (3.478 s), the electron temperature stops increas-
ing for a while. Subsequently, the electron temperature
increases again, but the increase rate is less than that be-
fore potential transition. The plasma parameter is tran-
sient: therefore, the transport property is not clear, but the
experimental result suggests that the transport properties
of electrons before and after the potential transition differ.
In Fig. 5 (b), the electron temperature gradually decreases
with the potential. At the time of rapid decrease in the po-
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tential (4.856s), the electron temperature stops decreasing
and remains at the same value for a while, after which it
decreases. Transport property of electron is also changed
by this potential transition.

4. Experimental Results of Low

Power EC Heated Plasma

A rapid change in the potential is observed in the
plasma sustained by low-power ECH (about 300 kW). The
magnetic configuration is the same as that in Section 3,
namely, R, = 3.6m, B; = 1.5T, y = 1.254, and By =
100%. The time evolution of potential, line-averaged elec-
tron density, and heating methods are shown in Fig. 6 (a).
Figure 6 (b) is a time expansion of Fig. 6 (a). In Fig. 6 (b),
the potential decreases as the density increases. A rapid
decrease in the potential is observed at 3.655 s. Thereafter,
back transition occurs. The time constant of the potential
drop at 3.655 s estimated from a fitting function, @ = @y +
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Fig. 6 Time evolutions of the potential in the low-power ECH
discharge. Figure (b) shows a magnification of potential
evolution (a).
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Fig. 7 Radial profile of the potential before and after the transi-
tion in the low power ECH discharge.

a X tanh[(z - t9)/7], is 0.1 ms, which is shorter than the en-
ergy confinement time (~30ms). The time constant of the
recovery phase from 3.655 s is about 0.93 ms, that is slower
than the potential drop phase, but at 3.677 s, the time con-
stant of the recovery phase is very short (~0.07 ms). Thus,
the phenomenon is relatively complicated. After several
forward and back transitions, the potential drops and sus-
tains a gradual decrease. The radial potential profiles be-
fore (3.64 ~ 3.65s) and after the transition (3.73 ~ 3.74s)
are shown in Fig. 7. These profiles are obtained from eight
sequential shots, and the measurement point of the HIBP
is changed shot by shot. The plasma parameters of these
shots are similar, however, the timing of potential oscilla-
tion differs slightly. At 3.65 ~ 3.73 s, some shots of the
potential are before the transition, but the others are after
the transition: therefore, we do not show the profile in this
phase. Note that the potential change due to the temporal
change in the plasma parameters is included in Fig. 7. The
potential in the entire radial region changes between before
and after the transition, especially in the region where r.g
> (.2 the radial electric field decreases with time.

5. Summary

The temporal evolution of the plasma potential is mea-
sured with the HIBP in the LHD. A rapid change in the po-
tential is observed at the beginning of tangential NB heat-
ing phase, after the switch from tangential NB to perpen-
dicular NB, and in a low-power ECH discharge. The time
constant of the potential change is roughly a few hundred
us, which is shorter than the confinement time, and this po-
tential change is considered to be related to the bifurcation
phenomenon of the radial electric field in the helical de-
vice. The time constant of the potential change in the LHD
(100 pus ~ 1 ms) is longer than that in CHS (30 ~ 70 us). A
comparison with theory, such as neoclassical theory, is a
future issue to investigate the mechanism of E; formation
in detail.
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