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Discovery of Electric Pulsation in a Toroidal Helical Plasma
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A pulsating behavior of the electrostatic potential has been discovered in a low-density, high-electron-
temperature plasma of the CHS heliotronytorsatron. The potential profiles were observed to swing
repeatedly between two distinctive states in a constant external magnetic field under a continuous
supply of particles and energy. The change of the potential profile, which occurs on a much faster time
scale (microseconds) than the diffusive time scale (milliseconds), is accompanied by changes in density
and temperature. This discovery clearly demonstrates that even in a low beta regime a toroidal helical
plasma can produce a self-sustaining dynamic steady state, like the sawtooth oscillation in tokamaks.
[S0031-9007(98)07099-9]
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Among fusion oriented devices, toroidal helical plasma
(e.g., stellarator, torsatron, and heliotron) are supposed
realize a “plasma with static state.” This is because sta
external coils alone can produce the necessary magne
field for confinement, without an internal plasma curren
which sometimes leads to violent instabilities such as di
ruptions [1]. The current driven instability relaxes the
plasma to a lower magnetic energy state and forms d
namic steady states with the well-known sawtooth oscill
tions, which were discovered in the ST tokamak [2].

The edge localized mode (ELM) is another example o
a dynamic steady state [3]. The ELM is considered t
be deeply associated with theH-mode transition [4–7],
where the radial electric field plays an important role
For toroidal helical plasmas, the radial electric field has
primary importance since it affects the bipolar collisiona
transport caused by their own helical ripples. Nonlinea
dependence of these bipolar fluxes onEr allows the
existence of multiple equilibrium states and has bee
expected to give birth to a dynamic behavior associat
with transitions between these states in the toroidal helic
plasmas [8,9].

We have recently discovered a “dynamic steady stat
in the toroidal helical plasma, which is termed her
“electric pulsation.” In this state, the plasma is though
to exhibit successive transitions between two distinctiv
profiles. This Letter is the first report of a new kind
of oscillatory state accompanied by global structura
reformation in the toroidal helical plasma.

The compact helical system (CHS) is a heliotrony
torsatron device whose major and averaged minor ra
are 1.0 and 0.2 m, respectively [10]. The CHS has
theoreticalb limit of more than 5% and has achieved
the highestb of 2.1% in toroidal helical plasmas [11].
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The electrostatic potential of the plasma interior has be
directly measured with a heavy ion beam probe (HIB
[12,13]. The temporal resolution of our HIBP is up t
300 kHz in the presented experiments. Simultaneou
the HIBP signal gives some information about dens
profilesnesrd and internal magnetic field fluctuation.

The detected beam intensityID is expressed asIDsrd ~

Q12srd expf2a1srd 2 a2srdgDy, where Q12srd is the
local rate of beam ionization from singly to doubl
charged states, andasrd andDy are the beam attenuation
and the sample volume, respectively. The attenuat
factor is defined asaisrd ;

R
r Qi dli , whereQisi ­ 1, 2d

is the total ionization cross section from theith charged
states to a more highly charged state. The ionization r
is proportional to electron density [e.g.,Q12srd ~ nesrd]
provided that the electron temperature is sufficiently hi
s,100 eVd. The beam movement on the detector
associated with a change of the internal magnetic fie
thus HIBPs can detect internal magnetic fluctuations [1

The electric pulsation has been observed in hydrog
or deuterium plasmas using electron cyclotron heat
(ECH) after adequate wall conditioning. The densi
is rather low (ne ­ 3 , 7 3 1012 cm23) and electron
temperature is high (,1 keV) for the case of an on-
axis field strength of 0.88 T. This dynamic steady sta
usually can be attained by applying ECH at the seco
harmonic resonance (53.2 GHz,,300 kW) on target
plasmas sustained by neutral-beam injection (NBI) (w
a port-through power of,700 kW). The NBI deposition
in this plasma is,10% 30% of the port-through power.

Figure 1 shows an example of an electric pulsation o
served in the potential at the center of a hydrogen plas
together with the time evolution of the line-averaged ele
tron density. After the ECH is on, the electron dens
© 1998 The American Physical Society
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sured
FIG. 1. Pulsating behavior of the central potential of CHS plasmas (solid line). This phenomenon, referred to as electric pul
is observed in a combined ECH1 NBI heating phase. The dashed line represents the line-averaged electron density mea
with a hydrogen cyanide interferometer.
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decreases and relaxes to a steady state ofne . 4 3

1012 cm23 in approximately 5 ms. The net toroida
current including the beam driven and the bootstra
contributions is less than 0.5 kA. This current may cau
a slight change in the safety factor ofdqsrdyq , 0.2%.
The internal energy measured by a diamagnetic loop a
the averageb are about 400 J and 0.2%, respectively.

In the steady state (55 , t , 95 ms), negative pulses
of potential of20.6 kV occur quasiperiodically approxi-
mately every 2 ms. The time scale of a pulse (appro
mately a few dozen microseconds) is much faster than
diffusive one (approximately a few milliseconds). Poten
tials at other locations also exhibit quasiperiodic pulses
similar intervals but with different amplitudes and polar
ties. In contrast to the pulses near the plasma center, p
tive pulses are observed in the outer plasma radii. T
pivot point at which the pulse changes its polarity is lo
cated around the normalized plasma radiusr ­ 0.53, as
is shown in Figs. 2a–2c. In Fig. 2d, the averages of loc
maxima and minima in the periods including a pulse a
FIG. 2. Spatial structure of a global electric pulsation. (a) Time evolution of potential atr ­ 0.43; (b) at r ­ 0.53; (c) at
r ­ 0.63; and (d) spatial structural change of the potential before and after crashes. Herer is the normalized minor radius.
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plotted as a function of the normalized radius. Hen
the fitting curves represent two states before and after
crashes. The plotted data were sequentially taken sho
shot with an identical operational condition. Around th
center, the derivative of the potential (the electric fiel
does not change considerably before and after the cras
A large change of the electric field, as a result, occu
around the pivot during a crash.

Figure 3 shows that other plasma parameters are a
pulsating with the potential. The soft x-ray emission alon
the central line of sight (r1 ­ 0) decreases with the po-
tential crashes, while the soft x ray on an outer line of sig
(r1 ­ 0.4) increases. Herer1 indicates the normalized
smallest tangency radius of chordal measurements. T
may be interpreted as a heat flux propagating from the
ner to the outer region. An increase in the electron c
clotron emission (ECE) (93.5 GHz) signal from an out
region of the plasma (r . 0.5) supports this interpreta-
tion, although a plasma at such a low density is not su
ciently optically thick for the ECE to reflect the electro
2257
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FIG. 3. Correlation of the potential change with other plasm
parameters. (a) Potential signal atr ­ 0.1. (b) Chord
integrated soft x-ray emissions of two lines of sight ofr1 ­
0.4 and r1 ­ 0.0, together with ECE from the plasma edge
region (r . 0.5). Here r1 indicates the normalized distance
of a chord from the plasma center. (c) Change ofDb estimated
from plasma shift. The plasma shift is measured by Mirno
coils located at the inner and outer points on the equator
plane andHa emission from the plasma edge. (d) Line
averaged electron densities withr1 ­ 0.4 and r1 ­ 0.6.
(e) Detected beam intensity of the HIBP.

temperature. In the CHS magnetic configuration, the EC
emission has several resonant points; therefore, the cha
of the temperature profile cannot be deduced.

Mirnov coils at the inner and outer points of the
equatorial plane indicate that the plasma starts movi
inward when the potential reaches its minimum durin
a pulse. The inward shift implies that the plasma los
an internal energy of about 20 J (approximatelyDb .
0.01%) with a potential pulse. Good correlation ofHa

emission with the potential pulses also shows that t
electric pulsation should affect the plasma peripher
Thus this oscillation limits or deteriorates the confineme
property of the plasma.

The line-averaged density signals on chords ofr1 ,

0.4 show an increase synchronized with a potential cras
while the other ones on outer chords show no cle
correlation; the line-averaged density ofr1 ­ 0.6 is
given as an example in Fig. 3d. The detected bea
intensity, which has faster temporal resolution than th
interferometer, also exhibits a good correlation with th
potential signal; the intensity increases (or decreases)
a similar time scale with the potential drops (or rises)
observation points ofr , 0.4 (or .0.4). Using Lotz’s
empirical formula [15], the condition ofa , 1 is satisfied
2258
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in this low-density plasma for both completely flat and
parabolic density profiles. Consequently, the change
the detected beam intensitydIbsrd reflects a mainly local
density change, except at the plasma edge [13,16].

This fact suggests that the density profile is als
reformed with the electric field (e.g.,ID ~ ne). Figure 4
demonstrates the change of detected beam intensity bef
and after crashes. The dashed line indicates the dens
profile of higher potential states after the Abel inversio
of the interferometer signals obtained shot by shot. B
taking account of the change of the beam intensity,
is inferred, thus, that a slightly hollow profile becomes
peaked after crash, with a change of central density fro
ne . 4 to 6 3 1012 cm23.

The presented example of the electric pulsation wa
obtained in plasmas with the line-averaged density o
ne . 4 3 1012 cm23. So far we have a dependence o
pulsation characteristics on electron density, as is show
in Fig. 5. The oscillation period becomes shorter (Fig. 5a
and its amplitude becomes smaller (Fig. 5b) as the dens
increases for a fixed heating power; simultaneously the pu
sating region becomes narrower and is confined to a regi
around the center. The effect of this “localized” electric
pulsation to the plasma periphery is small, judging from
the fact that the correlation ofHa becomes ambiguous.
Finally, the pulsation disappears above a certain critic
density; that is,ne , 8 3 1012 cm23 in this case with an
ECH power of 300 kW. In another series of experiment
with an ECH power of 200 kW, the pulsation cannot be
seen abovene , 5 3 1012 cm23. In experiments to date,
the threshold power used to obtain the electric pulsatio
appears to become higher as the density increases.

The mechanism of the pulsation should not be ascribe
to the magnetohydrodynamics (MHD) activity. Actually,
no special activity has ever been detected in any Mirno
coils for poloidal field before or during the potential
crashes. No precursor oscillation has been found in so

FIG. 4. Profiles of the detected beam intensity after an
before crashes. The dotted line indicates the density profi
with Abel inversion in the higher potential states. This sugges
that the density profile after a crash becomes a centra
peaked one.
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FIG. 5. Dependence of pulsation characteristics on electr
density. (a) Frequency of pulsation observed infs0d versus
line-averaged density. (b) Pulse amplitude of central potent
versus line-averaged density. Here the port-through NBI a
ECH powers are 700 and 300 kW, respectively.

x-ray signals. The HIBP beam movement has show
no correlation with the pulsation. The magnetic fiel
fluctuation indicates a turbulent nature with its level o
1025 , 1024 ( f . 1 kHz). A fast Fourier transform
analysis shows that any significant coherence does
exist between a Mirnov signal and the potential; the
coherence is,0.1.

In another electric pulsation near the power thresho
in a deuterium plasma, the period of a lower potenti
state (,1 ms) was nearly the same as that of the high
one. The feature of a pulse is very similar to a transitio
previously observed in a CHS plasma [17]. As the EC
power increased, the period of the higher state beca
longer. The time scales of the downward and upwa
changes are a few dozen and a hundred microsecon
respectively [18]. The properties simply demonstra
that electric pulsation should be recognized as repetiti
transitions between two distinctive states.

The most probable candidate for the mechanism
pulsation is the bifurcation property ofEr in a toroidal
helical plasma. A neoclassical calculation is able to sho
such a characteristic curve indicating a bifurcation ofEr

within a plausible plasma parameter range for CHS. T
transition characteristic was compared in more detail wi
the neoclassical estimation in a previous Letter [17].

Various repetitive oscillations have been observed
toroidal plasmas: sawtooth oscillations and ELMs (e.g
type I, type III, and dithering) [3] and relaxation oscil-
lations in the velocity space of runaway discharges
tokamaks [19]. The pulsation caused by velocity spa
instabilities consists of two phases of slow growth an
rapid drop, that is, buildup of anisotropy and its relaxa
tion. The sawtooth oscillation and type-I and type-II
ELMs have been discussed as being associated with c
rent driven, ballooning, and resistive MHD instabilities
on
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respectively. The type-III and type-I ELMs are charac
terized by precursors and the increase of highly turbule
magnetic fluctuations, respectively. The presented ph
nomenon is somewhat analogous to the dithering ELM
as a successive transition betweenL- andH-modes [20].
The radial extent of the pulsation, however, varies acco
ing to the plasma density, while the ELM is characterize
by a local structural change around a fixed edge transp
barrier.

In conclusion, we have discovered a dynamic stea
state in a toroidal helical plasma. Accordingly, nea
currentless toroidal helical plasmas are not static but can
dynamic, even in a low-b regime. In a future laboratory
plasma relevant to a fusion reactor, power from fusio
reactors could be a source of energy to drive the “globa
electric pulsation; then its effect on walls, diverters, and
on could be as severe as anticipated.
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