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A thermal transport barrier resulting in a high central electron temperatur€ &eV is established
in the core of electron-cyclotron-resonance heated plasmas of the Compact Helical System Heliotron/
Torsatron. The formation of the barrier is correlated with the reduction in the density fluctuations and
with a structural change of the radial electric field profile at the barrier location. The results suggest
that the decrease in fluctuation should contribute to a reduction of anomalous transport and a drastic
increase in electron temperature at the barrier. [S0031-9007(99)08825-0]

PACS numbers: 52.25.Fi, 52.35.Nx, 52.55.Hc, 52.70.—-m

The formation mechanism of transport barriers infrequency of 53.2 GHz has a resonance exactly on the
the plasma periphery and the interior [1-6] that isaxis. The line-averaged density is rather low about
associated with the transition to improved confinementi, = (3-4) X 10'>2 cm™3. The cesium beam energy is
modes is an important issue to be addressed. Theé2 keV for the HIBP measurements under this operational
impacts of the derivative of a radial electric field&,( condition. The radial length of the sample volume is
shear) have been theoretically suggested as a cause affew cm according to a trajectory calculation. The
the fluctuation suppression leading to the reduction of aetected beam current is100 nA at maximum, while
fluctuation-driven transport at the barrier location [7—12].the amplifier noise level is approximatety0.2 nA. The
A good correlation between the low fluctuation level andtime resolution is up to 250 kHz.
the excellent transport property has been experimentally Density fluctuation can be known from the de-
shown in negative magnetic shear modes of severdkcted beam intensityp of the HIBP that is expressed
tokamaks [13,14]. The effects d. shear, as well as a as Ip(r) « Qpp(r)exd—ai(r) — ax(r)]AV. Here,
favorable change of the magnetic field structure, on th&,(r) (= n.{ovivg') is the local rate of beam ion-
formation of internal transport barriers have also beerization from singly to doubly charged statés;v),vg ',
reported in improved confinement modes [15-19]. vg, and AV are the effective cross section, the beam

In toroidal helical plasmas that are nearly a currentvelocity, and the sample volume, respectively. The beam
free configuration, strondg, shear can be caused by its attenuation factora is defined asa;(r) = fr Q, dl;,
own bifurcation nature. Neoclassical theory for toroidalwhere Q;(i = 1,2) is the total ionization rate from the
helical plasmas predicts two solutions with differentith charged states to a more highly charged state. The
electric fields due to helical ripple losses [20,21]. Inionization rate is proportional to the electron density [e.qg.,
the Compact Helical System (CHS) Heliotron/TorsatronQ,(r) =« n.(r)] provided that the electron temperature is
[22], a strongE; shear is produced by using electron- sufficiently high(~100 eV).
cyclotron-resonance (ECR) heating [23,24]. There an Then the intensity fluctuation is expressed by
internal transport barrier for an electron has been recentlgIn(r)/In(r) = dn.(r)/n.(r) — Sai(r) — Sax(r). |f
observed. Both density fluctuation spectrum and the finéhe second and third terms on the right-hand side are
structure ofE;, using the Heavy lon Beam Probe (HIBP), negligible compared to the first term, the intensity fluc-
have been directly measured around the barrier locationyation mainly reflects the local density fluctuation. The
with sufficient temporal and spatial resolution. This papercondition is reduced inté, < (3 (ov)vg'L;)~!, where
presents the first observation of an internal transporL; and#, represent the path lengths of primagy= 1),
barrier for electrons in a toroidal helical plasma, togetheior secondary i(= 2) beams, and the line-averaged
with the density fluctuation reduction, particularly of low density, respectively. According to the ionization rate
frequency waves 050 kHz, exactly at the barrier point based on Lotz's empirical formula [25], the local density
that has the maximurf, shear. fluctuation can be measured when the density is lower

The CHS is a medium size device whose major andhani, ~ 5 X 10'2 cm™3.
averaged minor radii are 1.0 and 0.2 m, respectively. Potential profiles are obtained using the HIBP for
The presented experiments are performed at the axiSBCR heated plasmas with a different powerRycy =
magnetic field strength of 0.88 T, where the gyrotron150 kW and 200 kW, as is shown in Fig. 1a. For
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FIG. 1. (a) Potential profiles with different ECH powers. The circles and squares show the potential profiles with the power of
200 kW (H state) and 150 kWI( state), respectively. (b) Electron temperature profilesHoand L states. (c) Density profiles

for the H and L states. The line-averaged densities aye= 4 X 10> cm 3 andn, = 3 X 10'> cm™ for the H and L states,
respectively.

convenience, the states Bfcy = 150 kW and Pgcy = typical example of the measurements with a spatial
200 kW are termed L” states and H” states, respec- resolution of 2 mm. The electric field can be ex-
tively. The potential profile of thel state exhibits a pressed by a form of taffp — po)/a]. Then the
prominent peak (or a dome) around the core that is ngpbotential profile takes the following function form:
seen in theL state. The power threshold for the tran- ¢(p) = Aln[cosh(p — po)/a] + Bp + C, where A,
sition was found to be in the range of approximatelyB, C, py, and « are the fitting parameters. By fitting
~150-170 kW in the density regime ofi, = (3—4) X this function to the data in Fig. 2a, we have obtained the
102 cm™3. The gradient of the potential (df,) inside following results: A = 0.028, a = 0.047, po = 0.259,
of p = 0.25 is considered to bifurcate into a branch of and B = —0.891. Figure 2b shows the obtaingg and
higher value. The plasma rotation due EoX B ve- its shear as a function of a normalized minor radius.
locity is clearly different inside and outside this point; The E; values inside and outside of the barrier are
vpvp ~ 9 km/s, andvpyg ~ 2 km/s. 7.8 + 0.7kV/m and 1.7 = 0.3 kV/m, respectively. In
Thomson scattering measurements reveal a clear diffee real dimension, the full width at half maximum and the
ence of electron temperature profiles in these two states.
Figure 1b presents electron temperatiireprofiles. The
circles and squares show tlig profiles with theH and (a) T L sthte | | |
L states, respectively. The electron temperatures are ob- |
tained by a statistical average in a few dozen shots withan  © / ¢ ()=0.028 x In(cosh(p-0.259)/0.047]
identical operational condition since the scattering light is -0.891p+0.451
not so sufficient in this low density regime. The central ™
temperature of théf state is2.0 = 0.2 keV, while that of
the L state is1.4 = 0.1 keV. TheT, profiles outside of — .
the normalized radius gf = 0.27 are almost the same for 2
both states. The drastic change of the temperature gra-
dient occurs ap = 0.25, and there thg', gradients are o
estimated asiT,/dr = —0.57 keV/cm and dT,/dr = S | Py | |
—0.12 keV/cm for theH andL states, respectively. 0.1 0.2 0.3 0.4 0.5 0.6
Figure 1c shows the:, profiles measured with the (p)w '
Thomson scattering system. The profiles have a
flat or slightly hollow shape for both cases. The line-
averaged densities in thé& and L states aren, =
4 X 102 cm™ and ii, = 3 X 10'2 cm™3, respectively. E (L-state)
Around p = 0.25, where the steef, gradient exists, of — - = , ,
no significant change can be seen in the density. The 0.2 p 0.3 0.4
drastic change in pressure gradient, consequently, exists at
p = 0.25 for the H state. Therefore, an energy transportFIG. 2. Precise measurements around the barrier location

barrier for electrons is formed at the normalized radius of!SiNg an HIBP.  (a) Fine structure of potential around the
o =025 arrier point. Here two data sets from sequential shots are

- . . . plotted and used for the fitting process. (b) Dedudgd
A fine structure of potential has been investi-structure and its shear. Profiles of the potential &naf the
gated around this barrier point. Figure 2 shows alL state are shown as a reference.
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FIG. 3. (a) Power spectra of density fluctuation at several points around the shear-maximum poirft istéte. (b) Integrated
fluctuation powers. The circles and marks represent those of tif¢ and L states, respectively. (c) Pegk and widthAf of
frequency spectrum. The circles (thin line) and squares (thin dashed line) show the peak and normalized bandwiditisiatéhe
(L state), respectively.Ar represents the distance from the shear-maximum point.

barrier position from the plasma center dr@ = 0.5 cm  fluctuation in the beam intensity. The noise level of an
and4.7 = 0.4 cm, respectively. The resulting. shear is integral fluctuation can be assumed to ®g,is. = 70 X
~39.7 = 17.4 V /cn?. 1073, Then the reduction of fluctuation power at the
Density fluctuation around the shear-maximum point isshear-maximum point is 48%, if the integral fluctuation
measured shot by shot in the sequential discharges undiewvel subtracted by the noise is used for the estimation.
the identical operation condition with the cases of Fig. 2. The integral of power spectrum is also shown in Fig. 3b
The fluctuation spectra of the detected beam currerfor the L state. In this state, the fluctuation increases
from several spatial points for thE state are illustrated monotonically toward the plasma edge. The power level

in Fig. 3a: Ar = =3, —1, 0, 1, and 3 cm, wherd\r is approximately twice as large as tli& state; thus, the
represents the distance from the shear-maximum poingbsolute value of fluctuation is-+/2 times larger. The
and Ar = 0 corresponds tay = 4.3 = 0.9 cm (py = difference in the fluctuation level should be ascribed to

0.23 = 0.05) here. The spectrum atr = 0 cm shows the lower density in thé state. Figure 3c also plots the
a reduction in power whose frequency ranges from 5 tgeak frequency of thé state, which is obtained in the
70 kHz, while the other spectra have a larger power. same manner. The frequenty20 kHz) does not show
Figure 3b shows the integral of power spectrum fromany significant change, being different from tHestate.
5 to 70 kHz as a function of the observed position: In another set of discharges withi, = 3.5 X
Q(Ar) = [Pdf. The figure clearly demonstrates 10'> cm™3, E, shear of 34 + 10 V/cn? is obtained
power reduction at the shear-maximum point by 39%jn a potential profile with a domeH state) when
which is estimated from[Q(1 cm) — Q(0)]/Q(1 cm)  Pgcy = 170 KW is applied. In this case, the fluctuation
with  Q(1 cm) = 0.5[Q(1 cm) + Q(—1 cm)]. Fig- spectra around the shear maximum show a peak about
ure 3c shows a peak frequency and width of spectrum-15 kHz with the bandwidth of 20 kHz. The observed
normalized by the peak frequency. Those valuedluctuation reduction is by 26% and 28% according to
are obtained by fitting the function ofP(f) =  the definition without and with consideration of the noise
Poexd—(f — fp)*/Af?] + Ppye, to the spectrum level; Q(1) =92 x 107* and Q(0) = 6.8 X 1073.
around the peak, wheréy,., Py, fp,, and Af are This reduction is mainly caused by a decrease in the
the fitting parameters. Figure 3c shows that the peaKuctuation power around the peak frequency. The back-
frequency has a maximum and the normalized width beground fluctuation level 0© (1 cm) is almost the same as
comes narrower at the shear-maximum point. Figure 3that of theL state. Therefore, the fluctuation reduction is
indicates that the waves with lower frequency suffer acorrelated with the existence of tii& shear.
more effective reduction. According to a neoclassical theory [21], the electron
The integral is performed from 5 to 70 kHz. This is heat flux at the shear-maximum poinp ¢ 0.25) is
because the low frequency should contain other effectestimated ag"*® ~ (1-2) X 10* W/m? in the L state,
such as plasma movements, and the power spectrumhen the available parameters ®f, n., and E, are
above 70 kHz just shows a nature white noisethat taken into account. The experimental electron heat flux
corresponds to the paramet®g,. ~ 1 X 1075, This in this case is, however, roughly estimated ¢& ~
fluctuation level could be mainly ascribed to the pathl X 10° W/m?. On the other hand, the neoclassical
integral effects [26,27]. The fluctuations independentlectron heat flux can become closer to the level of
along the beam orbit contribute to the base level of thehe experimental value in thH state due to the higher
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temperature gradient. The estimation implies that the In conclusion, we have described several observations
anomalous transport is reduced at the shear-maximumssociated with the formation of an internal thermal trans-
point. The location of the steedT./dr is in good port barrier for an electron in ECR heated plasmas of the
agreement with thek,-shear-maximum position within CHS. The present observations show a correlation be-
the present error bar. It is suggested that Bieshear tween the transport barrier formation, fluctuation reduc-
reduction of fluctuation should, therefore, lessen theion, and structural change &f at the barrier location.
anomalous heat transport and form the transport barrier,
similar to discussions in the barrier formation of the
tokamaks.
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