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Dynamic Behavior of Potential in the Plasma Core of the CHS HeliotronyyyTorsatron
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During combined electron cyclotron and neutral beam heating, an abrupt drop and rise in potential b
about one half of the central electron temperature (,400 V) was observed in the core of the compact
helical system heliotronytorsatron plasma. Drastic changes of radial electric field between positive and
negative states occur over periods as short as 60ms, which is much shorter than the energy confinement
time scale of about a few milliseconds. A nonlinear relation between the radial electric field and radia
current is obtained. This is the first experimental observation of a microsecond time scale spontaneou
transition based on an electric field bifurcation in toroidal helical plasmas. [S0031-9007(97)03842-8]

PACS numbers: 52.55.Hc, 52.25.Fi, 52.35.Nx, 52.70.–m
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Structural formation of the radial electric field in toroid
plasmas, such as tokamaks and stellarators, is a key ph
issue associated with improved confinement modes, s
asH mode [1,2]. It has been postulated that the origin
theL-H mode transition should be ascribed to a chang
the structure of the radial electric field near the plasma e
[3,4]. A nonlinear dependence of plasma confinemen
radial electric field should cause a bifurcation into tw
quite different states of better and worse confinement

For toroidal helical plasmas, an absolute value of
dial electric field is intrinsically influential to the confine
ment, since the helical ripple induced transport and l
cone loss are sensitive to the structure of the radial e
tric field. Neoclassical analysis has already shown
toroidal helical plasmas bifurcate into two states and p
sess the possibility of the existence of a solitary wave
the radial electric field [6,7]. This nonlinearity inherent
toroidal helical plasmas gives rise to dynamic and dra
behavior in the radial electric field. The formation mech
nism of the radial electric field, therefore, is essentia
governed by nonlinearity which is one of the main su
jects of modern physics.

Heavy ion beam probe (HIBP) is a diagnostic
directly measure the internal plasma potential [8–
with a high temporal and spatial resolution. A 200 ke
HIBP [11,12] is installed on the Compact Helical Syste
(CHS). CHS is a heliotronytorsatron device of medium
size; its major and averaged minor radii are 1.0 a
0.2 m, respectively, and its periodicity is toroidally 8, a
poloidally 2 [13]. In the first results with the HIBP, th
steady state potential profiles exhibited widely vary
characteristics for electron cyclotron heating (ECH) a
neutral beam injection (NBI) plasmas [14].

In other earlier CHS experiments, charge exchange
combination spectroscopic (CXS) measurements were
formed with a temporal resolution of about 17 ms.
change of electric field atr s­ ryad . 0.8, from nega-
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tive to positive, was observed, when an extra electron fl
was induced with the use of ECH local heating [15,16
However, the temporal resolution was too long to identi
the transition nature of the electric field. The tempor
resolution of the HIBP allows us to observe microseco
time-scale changes of the potential, and gives new inf
mation about the electric field transitions. In this Lette
we will describe a dynamic transition in the potential pro
file observed in the plasma core of the CHS plasma dur
a combined heating phase of ECH1 NBI. We will also
present the nonlinear dependence of radial current on
dial electric field that causes this bifurcation phenomeno

The experiments presented here were performed wit
magnetic field configuration whose magnitude and a
positions were 0.9 T and 92.1 cm, respectively. T
working gas was deuterium and the injected neutral be
was hydrogen. A 300 kW gyrotron of 53.2 GHz was use
to produce target plasmas with its resonance position
the magnetic axis. After the pure ECH phase, the N
with port-through power of 800 kW was also injected int
the plasma. Electron temperature profiles were measu
with a YAG Thomson scattering system with a repetitio
rate of 10 ms. The ion temperature profile was obtain
with a CXS system. Line averaged electron density w
monitored on two chords with HCN interferometers. Th
observable range of the HIBP covers almost all magne
flux surfaces [11,12] of this magnetic configuration. Th
HIBP signal is acquired with a sampling rate of1 ms. The
current amplifier has a frequency band width of 450 kH
Amplifier noise gives false potential fluctuation with a
amplitude of ,20 V in the present experiments. The
HIBP has the capability to observe three spatially adjac
points simultaneously using three beam current detecto

In the ECH heating phase, the central electron te
perature is about800 6 200 eV, and the line averaged
electron densityne is 3 3 1012 cm23. In the combined
heating phase, the electron density gradually increa
© 1997 The American Physical Society
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from 3 3 1012 cm23 at t ­ 50 ms to 6 3 1012 cm23 at
t ­ 70 ms. No significant change in electron temper
ture was observed with YAG Thomson scattering, whi
the central ion temperature increases approximately fro
100 to 300 eV.

Figure 1 shows the time evolution of potential at sever
fixed spatial points [1(a)], and potential profiles [1(b)
taken in ECH, ECH1 NBI, and NBI phases. A radial
scan to obtain a profile took about 9 ms in this case.
the pure ECH phase (A), the potential profile has a sha
peak in the core forr , 0.3 [open circles in Fig. 1(b)].
Negativer in Fig. 1(b) means that the observation poin
is located below the magnetic axis. As is seen in Fig. 1(
just after NBI turns on, the central potential increas
by 200 V on a time scale of 1 ms, while no significan
change is seen at other location. Then the central poten
gradually decreases, followed by a sudden drop and rise
the core potential observed att ­ 54.5 and t ­ 56 ms.
On the other hand, the potential near the plasma ed
monotonically decreases, and the electric field forr .

0.8 becomes negative in about 5 ms. In the later peri
of the combined heating phase (B), the potential profile
develops into a shape like a “Mexican hat” [closed circle
in Fig. 1(b)]; the radial scan is performed fromt ­ 59 to
t ­ 68 ms. A potential profile similar to this shape ha
been observed in 100 kW ECH heated plasmas withne of
8 3 1012 cm23 [14]. After the ECH turns off, the plasma
relaxes into the steady state potential profiles [squares
Fig. 1(b)] typical of NBI plasmas in1 , 2 ms.

Spatial and temporal structure of the drastic change
the core potential, being denoted “transition” in Fig. 1(a
should be examined in more detail. Figure 2(a) demo
strates potential changes at several spatial points, when
observation points are fixed during a shot. The dashed l
represents potential profiles taken using a radial scan d
ing an initial phase of ECH1 NBI heating as a reference
The data were taken from sequential shots under iden
cal operational conditions. The open squares and clo
e open
FIG. 1. (a) Time evolution of potential for several spatial points. (b) Potential profiles measured in radial scanning. Th
circles, closed circles, and squares represent potential profiles during ECH phase (A), combined heating phase of ECH1 NBI (B),
and NBI phase (C), respectively.
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circles are potential values before and after the transiti
respectively [see the arrows in Fig. 2(b)]. In the expe
mental results we have obtained so far, this dynamic
havior is limited to core radii withr , 0.4. This figure
suggests that the profile changes from sharply peake
a flat or hollow profile. It is difficult to obtain the fine
structural change of profile during the transition, which
happening in a few dozen microseconds. The differen
between potential signals from three detectors, which
multaneously observe spatially adjacent points, show
change their signs. These observations imply that the e
tric field changes from positive to negative. An increa
in magnetic field fluctuations was detected at one poloi
position just around the time of the transition, although t
causality needs further investigation.

Figure 2(b) shows an expanded view of the rapid r
and drop in the core potential (r ­ 0), together with the
detected beam current (signal) intensity. The time sc
of the potential change can be examined in more de
by fitting a function offst, r ­ 0d ­ 0.5Dfhtanhfst 2

t0dt21g 1 1j 1 f0 to the wave form in the transien
phase. The fitting parameters for the abrupt drop and
are Dfsr ­ 0d ­ 2179 V, t ­ 60 ms, t0 ­ 54.6 ms,
and Dfsr ­ 0d ­ 395 V, t ­ 220 ms, t0 ­ 56.0 ms,
respectively. The solid lines indicate the fitting curves.

The signal intensity detected with the HIBP exhibits a
increase and decrease correlated with the potential d
and rise on a similar time scale. This suggests that
electron density profile is changing in a very local regio
especially since no significant change in line averag
density is observed with the interferometer during th
rapid change. The signal intensityID is expressed as
IDsrd ~ Q12srd expf2

Rr
edge Q1dl1 2

Redge
r Q2dl2g, where

Q12srd f~ nesrdg represents the local ionization rate from
the singly charged to the doubly charged state. T
exponential term represents the beam attenuation al
the beam trajectory, withQ1 and Q2 being the total
ionization cross sections from the singly charged st
1055
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FIG. 2. (a) Potential profile aroundt ­ 54 ms obtained in scanning mode. The potential changes at several spatial points
t ­ 54.5 to t ­ 55 ms are also shown. (b) Time evolution offs0d, and the fitting to the sudden drop and rise, together with ti
evolution of signal intensity.
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and that from the doubly charged state, respective
The relation ofDQ12yQ12 . Dneyne indicates the local
electron density increases by 15% att0 ­ 54.6 ms, and
decreases by 30% att0 ­ 56 ms, being accompanied with
the structural change of the radial electric field. The ord
of density change is estimated to be,1012 cm23.

The radial electric field change is induced by a rad
current, which produces thej 3 B force to make the
plasma rotate. As a result, the time scale of the transit
is connected to the magnitude of the radial current in
following way [5],

jr sEr d ­ 2´'´0
≠Er

≠t
, (1)

where´' represents the perpendicular dielectric const
of the plasma, with́ 0 being the vacuum dielectric con
nt and

hows
FIG. 3. (a) Experimental radial current to induce electric field change. The solid and dashed lines show the radial curre
electric field, respectively. (b) Experimental radial currentjr as a function of radial electric fieldEr . The open circles are plotted
in every 64ms. (c) Diagram of calculated radial electric field and radial current using a neoclassical formula. This diagram s
critical conditions to cause transition based on bifurcation.
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stant. The perpendicular dielectric constant is given b
´' ­ Mtors1 1 c2yy

2
Ad, where c and yA are light and

Alfvén velocities, respectively. The toroidal enhancemen
factor is simply estimated asMtor . 1 1 2q2, whereq is
the safety factor; theq profile of the CHS is approximately
expressed asq ­ 3.3 2 3.8r2 1 1.5r4 1 . . . in a poly-
nomial series.

The radial current change can be estimated by usin
Eq. (1). We assume that the Alfvén velocity is8 3

106 mys, which corresponds to an electron density ofne ­
3 3 1012 cm23. The perpendicular dielectric constant
´' . 2.7 3 104 when q . 3. We will use an average
field instead of the local radial electric field in the following
analysis, since the exact change of the local electric fie
is difficult to obtain. The average radial electric field is
given byEr ­ 2ffs0.3ad 2 fs0dgy0.3a.
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Using a wavelet analysis on the estimated average el
tric field, we evaluate the radial current as is shown
Fig. 3(a). The maximum currents are4.5 6 3.0 Aym2

and23.6 6 2.4 Aym2 for the transitions att ­ 54.6 and
t ­ 56 ms, respectively. The error bars in the electric fiel
and radial currents come from the uncertainty in the pote
tial change atr ­ 0.3. Figure 3(b) plots the radial cur-
rent as a function of the radial electric field (E-J curve)
using wavelet analysis (solid line). The dashed line re
resents theE-J curve obtained from the fitting function in
Fig. 2(b). The difference between the curves represe
the uncertainty in the fitting functions. These two curve
unambiguously demonstrate a nonlinear relationship b
tween the radial current and electric field, which results
the transition of the radial electric field. When the plasm
is in the stateA (or C) in Fig. 3(c), a slightly negative (or
positive) change in the electric field drives the plasma
move from the original state to another stateB (or D). This
is because the induced current is in the direction to increa
the change of the electric field.

It is of some interest to compare the observed curre
with the estimate based on the neoclassical theory [1
19]. The neoclassical contribution could be domina
within various mechanisms to determine the radial electr
field for the present experiments [5]. Figure 3(c) indicate
two examples of the radial current as a function of radi
electric field when the bifurcation condition is satisfied fo
plausible parameters of the CHS plasma. The express
of fluxes given by Hastingset al. [18] is used in this
calculation [20]. The temperature and electron dens
profiles in the calculation are assumed to be all parabol
with the central values being 350 eV and5 3 1012 cm23.
The central electron temperature is assumed to be 630
800 eV for cases of (I) and (II).

The calculated radial current,5 Aym2 is within the
range of the experimental value. And the topology of th
E-J curve is identical with the experiment. The width o
expected electric field change from state (C0) to (D0) is
larger than that from (A0) to (B0). This property of the
width is in qualitative agreement with the experiment. Th
essential conclusion obtained here remains the same if
choose another density profile. With assumption of a fl
density profile, the neoclassical estimate of radial curre
is different from the parabolic case approximately by 50%

In the CCT and the TEXTOR tokamaks [21,22], anL-
H mode transition is achieved using biasing electrod
inserted into the plasma edge to produce an electric fie
The relationship between applied voltage and induc
radial current is obtained, and a gap in the radial curre
is seen at the electric field where the “forced” transitio
occurs [22]. In contrast, theE-J curve we presented here is
obtained for a “spontaneous” transition where no extern
disturbance exists.

Finally, another interesting discovery is that the potenti
profile has a sharp peak in the ECH heating phase. T
radial electric fields inside and outside of this bounda
are estimated to be about 50 and 20 Vycm, respectively,
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and the correspondingE 3 B drift velocities are 6 and
2 kmys. The existence of steep gradients in the elect
field and velocity atr ­ 0.3 , 0.4 suggests a momentum
transport barrier. The details about this prominent profi
feature will be discussed in another article.

In conclusion, we have observed a spontaneous tr
sition in a toroidal helical plasma. During a combine
heating phase of ECH1 NBI, the steep gradient of po-
tential is destroyed and recovered in 60 and 220ms by
achieving a bifurcation condition. It has been experime
tally confirmed for the first time that theE-J curve in the
toroidal helical plasma has nonlinear characteristics t
allow bifurcation in the radial electric field. The radia
current governing the time scale of the transition is e
timated experimentally to be about 5 Aym2, which is the
same order as neoclassical calculations. The HIBP sign
imply that this radial electric field change is accompani
by a local electron density change. We have successfu
observed the nature of the spontaneous transition in
radial electric field, and this observation gives new i
sight into the structural formation of radial electric field
in toroidal plasmas.
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