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Abs t rac t . In the CHS heliotron/torsatron, dynamic phenomena associated with
transitions in radial electric field were observed during combined ECH+NBI heated
plasmas. The observations with high temporal resolution confirmed a nonlinear
relation between radial electric field and radial current to cause these phenomena
associated with electric field bifurcation.

1. Introduction

The discovery of H-mode in ASDEX tokamak(Wagner et al 1982) has stimulated a
research of better confinement regimes in toroidal helical plasmas(Erckmann et al
1993, Toi et al 1992). Bifurcation of radial electric field has been intensively discussed
as a main working hypothesis to understand the H-mode physics is(Itoh et al 1988,
Shaing et al 1989), and many experimental works have been extensively performed
to investigate relation between the L-H transition and the electric field (Taylor et
al 1989, Groebner et al 1990, Ida et al 1990, Weynants et al 1992, Burrel 1997).
Experimental study of possible bifurcation of the radial electric field, which could
happen spontaneously, has vital importance for understanding of confinement and
structural formation in toroidal plasmas(Itoh and Itoh 1996).

In toroidal helical plasmas, transport can be enhanced by helically trapped
particles, and the transport induced by helical ripple is intrinsically affected by
the radial electric field(Kovrizhnykh 1984, Hastings 1985). Nonlinear dependence
of the radial electric field allows the multiple equilibrium states in the toroidal helical
plasmas, and can give birth to dynamic phenomena related to the radial electric field.

In the Compact Helical System (CHS) heliotron/torsatron, a heavy ion beam
probe (HIBP) was installed to investigate the statics and dynamics of potential. The
excellent temporal resolution allowed to observe a spontaneous transition in the radial
electric field during a combined ECH+NBI heating phase(Fujisawa et al 1997). Here,
we will describe these observations of dynamic phenomena associated with electric
field bifurcation, and present obtained nonlinear relationship between radial electric
field and current to induce the transition.

2. Experimental Set-up

The CHS is a medium size heliotron/torsatron device(Matsuoka et al. 1988). The
present experiments were performed in the magnetic field configuration whose axis

- 5 -



is located on Rax = 92.1cm, with its strength of 0.9T. The necessary beam is
71keV for this magnetic configuration in case that we use cesium. The HIBP adopts
a unique method, which we call 'active trajectory control', to manage the beam
trajectory(Fujisawa et al 1996). The method extends the accessible region of plasmas
with different configurations. The observation location of HIBP is continuously altered
by the sweep voltages to control the beam trajectory. The time evolution of potential
profile can be observed by repeating a process of sweeping the voltages (radial scan
mode), while fine temporal change in the potential at a spatial point can be detected
by fixing the sweep voltage (fixed sweep mode).

3. Transition in Radial Electric Field

The first transition phenomenon was observed in a combined ECH+NBI heating
phase of the CHS plasma. The target plasma is produced with 300kW ECH with its
resonance on the magnetic axis. Then the neutral beam is injected into this plasma
with port-through power of 800kW. The electron temperature is 800±200eV from
a Thomson scattering system. The ion temperature is expected to increase from
lOOeV to 300eV. The electron density gradually changes from ne = 3 x 1012cm~3 to
ne = 6 x 1012cm~3 during the combined heating phase.

Figure 1 shows the potential evolution at several spatial points in the combined
ECH+NBI heating phase of the discharges. The data is taken in the fixed sweep mode
for the sequential shots with an identical operational condition. A drastic change in
potential occurs around t = 55ms. The potential at the plasma center exhibits abrupt
drop by ~200V. It is followed by an abrupt rise by ~400V after a steady state in a
short period of ~ lms. The timescale of this change can be also analytically obtained
by fitting a function of tanh((< — to)/r) to the slopes. The analysis shows that the
timescale parameters are r = 60/JS and r — 220/is for the drop and rise, respectively.
The timescale is much faster than the confinement time, which is a few milliseconds.
The transition nature of the potential change is manifested in the fast timescale. At
the location of the normalized radius of p ~ 0.3, another rise and drop, that should be
coincident with those at the plasma center, is observed around t — 55ms in a similar
interval after the NBI turns on. On the other hand, no significant change can be seen
outside of the radius of p > 0.4.

The structural change during the transition is also demonstrated in Fig. lb. The
solid (circles) and dashed lines show the potential profiles which were taken in the
radial scan mode with an identical operational condition. Note that negative p means
vertically lower half of the plasma. The timing when the beam scans the lowest and
highest points are t = 51.8ms and t = 58.2ms, respectively. The profile indicated by
the dashed line exhibits a unique feature that the electric field (e.g., its derivative)
changes drastically inside and outside of p — 0.4. This steep gradient change suggests a
momentum transport barrier. Profiles with this feature have been observed in plasmas
with only ECH heating of 200 ~ 300kW.

The potential profile indicated by the circles shows clear asymmetrical peak in
the upper half of the profile. This asymmetrical peak should be seen due to that
the HIBP accidentally catches the potential change on the way of the back transition
from the lower potential state to the higher one. The transition could not be caught
since the beam scanned a point outside of p = 0.4 at the moment when the transition
occurred. On the other hand, no significant difference in potential profiles taken in
the radial scan mode has been found on the outside of p = 0.4. The closed and open
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squares in Fig. lc represent potential values taken in the fixed sweep mode, just
before (t — 54.5ms) and after (t — 55.0ms) the transition, respectively. Thus, these
facts support the proposition that the structural change of the transition should be
localized in the plasma core.
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Figure 1. Transition observed in the combined ECH+NBI heating phase, (a)
Time evolution of potentials at several spatial points. The transition occurs around
t = 55ms. (b) Structural change in potential profile during the transition in a radial
scan mode. The dashed and bold lines represents the potential profiles taken in the
radial scan mode, (c) Structural change in potential profile during the transition.
The losed an open squares indicate the potential changes observed in measurements
with fixed points in Fig. la.

This transition is caused by nonlinear dependence of radial current on the radial
electric field. The measured potential is transformed into the average radial electric
field, which is defined as ET = -(0(O.3a) - <£(0))/0.3a; here we make an assumption
of <jf>(0.3a) = const. The radial current can be estimated in the following manner,
exeodEr/dt = —jr, where e± and eo represent perpendicular and vacuum dielectric
constants, respectively. In the present case, the perpendicular dielectric constant is
e_L ~ 2.7 x 104. As a result, we can plot the radial current as a function of the electric
field (E-J curve) in Fig. 2a. The arrows represent the direction of transition. The two
curves for each transition are obtained in different methods to evaluate the electric
field; wavelet analysis (solid line) and fitting method (dashed line). The error bars in
the electric field and the radial current originate in uncertainty of potential change
at p = 0.3. The above formula is a basic formula derived from a combination of the
charge conservation law with the Poisson's equation.

A rough comparison with neoclassical theory should have some interests. Figure
2b shows neoclassical dependence of radial electric field on electron temperature.
Plasma parameters used in the calculation are plausible for the experimental condition;
2] = 350eV ne = 5 x 1012cm-3, (dT/dp)/T = -0.6 and (dn/dp)/n = -0 .3 . The other
parameters, such as e^ and et, are selected for p = 0.3 in CHS. Multiple steady states
are allowed when the electron temperature ranges from 630eV to 725eV. The transition



occurs from A to B, and from C to D. The radial current required for the transitions is
plotted in Fig. 2c as a function of radial electric field. The maximum current to induce
the transition is a few A/m2, which is also within the experimental observations.
Further investigations and accurate measurements of basic plasma parameters are
essential for conclusive comparison.
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Figure 2. Nonlinear relationship between radial electric field and current, (a)
Experimental nonlinear relationship between radial electric field and radial current.
(b) Neoclassical dependence of radial electric field on electron temperature, and
(c) nonlinear relation between radial electric field and radial current for the
corresponding bifurcation conditions. The plasma parameter used in the calculation
are T; = 350eV ne = 5 X 1 0 1 8

m - 3 , (dT/dp)/T = -0.6 and (dn/dp)/n = -0 .3 .

4. Summary

Dynamic phenomena related with transition are observed in the CHS he-
liotron/torsatron. The nonlinear relation to induce these phenomena is experimentally
confirmed using a high temporal resolution of the HIBP.
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