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Dynamic Behavior of Potential in the Plasma Core of the CHS Heliotroif Torsatron
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During combined electron cyclotron and neutral beam heating, an abrupt drop and rise in potential by
about one half of the central electron temperaturd(0 V) was observed in the core of the compact
helical system heliotrgftorsatron plasma. Drastic changes of radial electric field between positive and
negative states occur over periods as short ag§0~hich is much shorter than the energy confinement
time scale of about a few milliseconds. A nonlinear relation between the radial electric field and radial
current is obtained. This is the first experimental observation of a microsecond time scale spontaneous
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

Structural formation of the radial electric field in toroidal tive to positive, was observed, when an extra electron flux
plasmas, such as tokamaks and stellarators, is a key physiess induced with the use of ECH local heating [15,16].
issue associated with improved confinement modes, sudHowever, the temporal resolution was too long to identify
asH mode [1,2]. It has been postulated that the origin ofthe transition nature of the electric field. The temporal
the L-H mode transition should be ascribed to a change imesolution of the HIBP allows us to observe microsecond
the structure of the radial electric field near the plasma edgeéme-scale changes of the potential, and gives new infor-
[3,4]. A nonlinear dependence of plasma confinement omation about the electric field transitions. In this Letter,
radial electric field should cause a bifurcation into twowe will describe a dynamic transition in the potential pro-
quite different states of better and worse confinement [5]file observed in the plasma core of the CHS plasma during

For toroidal helical plasmas, an absolute value of raa combined heating phase of ECHNBI. We will also
dial electric field is intrinsically influential to the confine- present the nonlinear dependence of radial current on ra-
ment, since the helical ripple induced transport and losslial electric field that causes this bifurcation phenomenon.
cone loss are sensitive to the structure of the radial elec- The experiments presented here were performed with a
tric field. Neoclassical analysis has already shown thamagnetic field configuration whose magnitude and axis
toroidal helical plasmas bifurcate into two states and pospositions were 0.9 T and 92.1 cm, respectively. The
sess the possibility of the existence of a solitary wave inworking gas was deuterium and the injected neutral beam
the radial electric field [6,7]. This nonlinearity inherent in was hydrogen. A 300 kW gyrotron of 53.2 GHz was used
toroidal helical plasmas gives rise to dynamic and drastito produce target plasmas with its resonance position on
behavior in the radial electric field. The formation mecha-the magnetic axis. After the pure ECH phase, the NBI
nism of the radial electric field, therefore, is essentiallywith port-through power of 800 kW was also injected into
governed by nonlinearity which is one of the main sub-the plasma. Electron temperature profiles were measured
jects of modern physics. with a YAG Thomson scattering system with a repetition

Heavy ion beam probe (HIBP) is a diagnostic torate of 10 ms. The ion temperature profile was obtained
directly measure the internal plasma potential [8—10)with a CXS system. Line averaged electron density was
with a high temporal and spatial resolution. A 200 keVmonitored on two chords with HCN interferometers. The
HIBP [11,12] is installed on the Compact Helical Systemobservable range of the HIBP covers almost all magnetic
(CHS). CHS is a heliotroftorsatron device of medium flux surfaces [11,12] of this magnetic configuration. The
size; its major and averaged minor radii are 1.0 andHIBP signal is acquired with a sampling ratelofts. The
0.2 m, respectively, and its periodicity is toroidally 8, andcurrent amplifier has a frequency band width of 450 kHz.
poloidally 2 [13]. In the first results with the HIBP, the Amplifier noise gives false potential fluctuation with an
steady state potential profiles exhibited widely varyingamplitude of ~20 V in the present experiments. The
characteristics for electron cyclotron heating (ECH) andHIBP has the capability to observe three spatially adjacent
neutral beam injection (NBI) plasmas [14]. points simultaneously using three beam current detectors.

In other earlier CHS experiments, charge exchange re- In the ECH heating phase, the central electron tem-
combination spectroscopic (CXS) measurements were peperature is abou800 = 200 eV, and the line averaged
formed with a temporal resolution of about 17 ms. Aelectron densityz, is 3 X 10> cm 3. In the combined
change of electric field gb (= r/a) = 0.8, from nega- heating phase, the electron density gradually increases
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from 3 X 102 cm™3 at+ = 50 ms to6 X 102 cm™3 at  circles are potential values before and after the transition,
t = 70 ms. No significant change in electron tempera-respectively [see the arrows in Fig. 2(b)]. In the experi-
ture was observed with YAG Thomson scattering, whilemental results we have obtained so far, this dynamic be-
the central ion temperature increases approximately frorhavior is limited to core radii wittp < 0.4. This figure
100 to 300 eV. suggests that the profile changes from sharply peaked to
Figure 1 shows the time evolution of potential at severah flat or hollow profile. It is difficult to obtain the fine
fixed spatial points [1(a)], and potential profiles [1(b)] structural change of profile during the transition, which is
taken in ECH, ECH+ NBI, and NBI phases. A radial happening in a few dozen microseconds. The differences
scan to obtain a profile took about 9 ms in this case. Irbetween potential signals from three detectors, which si-
the pure ECH phase (A), the potential profile has a sharmultaneously observe spatially adjacent points, show to
peak in the core fop < 0.3 [open circles in Fig. 1(b)]. change their signs. These observations imply that the elec-
Negativep in Fig. 1(b) means that the observation pointtric field changes from positive to negative. An increase
is located below the magnetic axis. As is seenin Fig. 1(a)n magnetic field fluctuations was detected at one poloidal
just after NBI turns on, the central potential increasegposition just around the time of the transition, although the
by 200 V on a time scale of 1 ms, while no significant causality needs further investigation.
change is seen at other location. Then the central potential Figure 2(b) shows an expanded view of the rapid rise
gradually decreases, followed by a sudden drop and rise iand drop in the core potentiab (= 0), together with the
the core potential observed at= 54.5 andt = 56 ms.  detected beam current (signal) intensity. The time scale
On the other hand, the potential near the plasma edgef the potential change can be examined in more detail
monotonically decreases, and the electric field for> by fitting a function of(z,p = 0) = 0.5A¢{tanH(r —
0.8 becomes negative in about 5 ms. In the later periody)7~ '] + 1} + ¢ to the wave form in the transient
of the combined heating phasB){( the potential profile phase. The fitting parameters for the abrupt drop and rise
develops into a shape like a “Mexican hat” [closed circlesare A¢(p = 0) = —179 V, 7 = 60 us, tp = 54.6 ms,
in Fig. 1(b)]; the radial scan is performed fram= 59to and A¢(p = 0) = 395V, 7 = 220 us, tr = 56.0 ms,
t = 68 ms. A potential profile similar to this shape hasrespectively. The solid lines indicate the fitting curves.
been observed in 100 kW ECH heated plasmas wijtbf The signal intensity detected with the HIBP exhibits an
8 X 10'2 cm™3 [14]. After the ECH turns off, the plasma increase and decrease correlated with the potential drop
relaxes into the steady state potential profiles [squares iand rise on a similar time scale. This suggests that the
Fig. 1(b)] typical of NBI plasmas in ~ 2 ms. electron density profile is changing in a very local region,
Spatial and temporal structure of the drastic change iespecially since no significant change in line averaged
the core potential, being denoted “transition” in Fig. 1(a),density is observed with the interferometer during this
should be examined in more detail. Figure 2(a) demonfapid change. The signal mtensWys is expressed as
strates potential changes at several spatial points, when thg(r) < Q12(r) exd—[i, Q1dl; — 15 0,d1,], where
observation points are fixed during a shot. The dashed lin@12(r) [* n.(r)] represents the local ionization rate from
represents potential profiles taken using a radial scan duthe singly charged to the doubly charged state. The
ing an initial phase of ECH- NBI heating as a reference. €xponential term represents the beam attenuation along
The data were taken from sequential shots under identthe beam trajectory, withQ, and Q, being the total
cal operational conditions. The open squares and closd@inization cross sections from the singly charged state
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FIG. 1. (a) Time evolution of potential for several spatial points. (b) Potential profiles measured in radial scanning. The open
circles, closed circles, and squares represent potential profiles during ECH phasenibined heating phase of ECH NBI (B),
and NBI phase), respectively.
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FIG. 2. (a) Potential profile around= 54 ms obtained in scanning mode. The potential changes at several spatial points from
t = 54.5t0 t = 55 ms are also shown. (b) Time evolution $f0), and the fitting to the sudden drop and rise, together with time
evolution of signal intensity.

and that from the doubly charged state, respectivelystant. The perpendicular dielectric constant is given by
The relation ofAQ,/Q12 = An./n. indicates the local &, = M (1 + ¢2/v%), wherec and v, are light and
electron density increases by 15%:at= 54.6 ms, and  Alfvén velocities, respectively. The toroidal enhancement
decreases by 30% at = 56 ms, being accompanied with factor is simply estimated a#,, = 1 + 24>, wheregq is
the structural change of the radial electric field. The ordethe safety factor; thg profile of the CHS is approximately
of density change is estimated to bd0'> cm™3. expressed ag = 3.3 — 3.8p% + 1.5p* + ... in a poly-

The radial electric field change is induced by a radialnomial series.
current, which produces thg¢ X B force to make the The radial current change can be estimated by using
plasma rotate. As a result, the time scale of the transitioEq. (1). We assume that the Alfvén velocity $sX
is connected to the magnitude of the radial current in tha0° m/s, which corresponds to an electron density of=
following way [5], 3 X 102 cm™3. The perpendicular dielectric constant
9E g, =27 X 10* whenq = 3. We will use an average

. (1) field instead of the local radial electric field in the following

9 analysis, since the exact change of the local electric field

wheree | represents the perpendicular dielectric constanis difficult to obtain. The average radial electric field is
of the plasma, withe, being the vacuum dielectric con- given byE, = —[¢(0.3a) — ¢(0)]/0.3a.
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FIG. 3. (a) Experimental radial current to induce electric field change. The solid and dashed lines show the radial current and
electric field, respectively. (b) Experimental radial curr¢gnts a function of radial electric fiel#,. The open circles are plotted

in every 64us. (c) Diagram of calculated radial electric field and radial current using a neoclassical formula. This diagram shows
critical conditions to cause transition based on bifurcation.
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Using a wavelet analysis on the estimated average eleand the corresponding X B drift velocities are 6 and
tric field, we evaluate the radial current as is shown in2 km/s. The existence of steep gradients in the electric
Fig. 3(a). The maximum currents ade5S + 3.0 A/m?> field and velocity ap = 0.3 ~ 0.4 suggests a momentum
and—3.6 + 2.4 A/m? for the transitions at = 54.6 and  transport barrier. The details about this prominent profile
t = 56 ms, respectively. The error bars in the electric fieldfeature will be discussed in another article.
and radial currents come from the uncertainty in the poten- In conclusion, we have observed a spontaneous tran-
tial change alp = 0.3. Figure 3(b) plots the radial cur- sition in a toroidal helical plasma. During a combined
rent as a function of the radial electric fiel&-§ curve) heating phase of ECH NBI, the steep gradient of po-
using wavelet analysis (solid line). The dashed line reptential is destroyed and recovered in 60 and 22Z0by
resents thé&-J curve obtained from the fitting function in achieving a bifurcation condition. It has been experimen-
Fig. 2(b). The difference between the curves representslly confirmed for the first time that the-J curve in the
the uncertainty in the fitting functions. These two curvestoroidal helical plasma has nonlinear characteristics that
unambiguously demonstrate a nonlinear relationship beallow bifurcation in the radial electric field. The radial
tween the radial current and electric field, which results incurrent governing the time scale of the transition is es-
the transition of the radial electric field. When the plasmaimated experimentally to be about 5/#?, which is the
is in the stateA (or C) in Fig. 3(c), a slightly negative (or same order as neoclassical calculations. The HIBP signals
positive) change in the electric field drives the plasma tamply that this radial electric field change is accompanied
move from the original state to another stBtéor D). This by a local electron density change. We have successfully
is because the induced current is in the direction to increasebserved the nature of the spontaneous transition in the
the change of the electric field. radial electric field, and this observation gives new in-

It is of some interest to compare the observed currensight into the structural formation of radial electric fields
with the estimate based on the neoclassical theory [17in toroidal plasmas.
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