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Abstract

An improvement of the global confinement is reported from CASTOR
and ASDEX tokamaks during lower hybrid current drive (LHCD) regimes at
moderate LH powers (PLy < 1.5P8,, P§,; is the initial ohmic heating power).
Simultaneously a significant reduction of edge electrostatic fluctuations is
observed. The best global confinement and the maximum reduction of the
edge fluctuations is reached when the total power Pror delivered into the
plasma is minimum (Pror = Py + P§y). Behaviour of the edge plasma
parameters, namely the level, frequency spectra and poloidal velocity of elec-
trostatic fluctuations, are documented for CASTOR tokamak.
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1 Introduction

‘In present-day tokamaks the experimentally determined energy confinement time
is roughly two orders of magnitude lower than the neoclassical prediction. This

anomalous transport is generally attributed to the microscopic plasma turbulence,
?

see e.g. a rewiev paper [1], where electrostatic turbulence is identified as the most
probably candidate. A large number of theoretical and experimental studies has been
devoted to this topic in the last years, however, there are a lot of open questions
which have to be still answered.

A direct link between the level of plasma turbulence and global plasma con-
finement has already been established experimentally in many tokamaks without
any doubts. It has been also proved that regimes with the improved confinement
(including H-modes), reached under different conditions, are generally characterized
by a reduced level of the edge plasma turbulence.

The reduction of edge plasma fluctuations followed by an improvement of global
particle confinement has been observed also in tokamak CASTOR [2-4] and tokamak
ASDEX as well [5] during the LHCD regimes. In the following a comparison of this
observation on both tokamaks is given. Mechanism of such Jower hvbrid wave effect
1s not clear, however. )

As it was suggested in [6-8] and experimentally investigated in [9-19], an impor-
tant role in the creation of a transport barrier plays a rearrangement of radial electric
field at the plasma edge and the consequent increase of the poloidal rotation velocity
in this transport barrier region. This paper gives some experimental evidence
about the radial behaviour of these quantities in tokamak CASTOR during the LH
wave application. Simultaneously the changes in frequency spectra of edge density
fluctuations are discussed. i

2 Experimental arrangement

CASTOR tokamak:

Top view of tokamak CASTOR (R/r, = 0.4m/0.1m, By = 1T, 7 < 50ms
a,l.)erture limiter a=85mm) is given in Fig. 1 together with the most i1£portantj
diagnostics. A multijunction 3-waveguide grill with a broad power spectrum| Ny =
= 1 —4 was used as a launcher (spectral power density of the wave irradiated by this
launcher, enumerated in [20], see the corresponding curve in Fig. 2). A magnetron
with the frequency 1.25GHz and power Pry < 40kW ~ 1.5P%,, is used as a LHW
gener.ator (P8 is the initial ohmic heating power before the LHW is applied). The
exp‘ex_'nnents were carried out at /p = 12kA and 72, =4 — 10 - 10"¥m~3. The plasma
position was feed-back stabilized.

The global particle confinement time was determined from the plasma density
and H, line intensities in three toroidal positions (at the limiter, at the grill mouth
and in the cross-section opposite to the limiter denoted as H, chamber, see Fig. 1).
The line average electron] density 7, was measured by a 4mm interferometr. the
changes in the density profile n.(r) were estimated using a measurement along; two
vertical chords (through the plasma center and at distance 5.4cm from the center)

o

supposing the density profile in the form n.(r) = n.(0)[1 — (r/a”)?**. Here a
— 90mm was determined by Langmuir probe measurement.
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Figure 1: Toroidal geometry of the tokamak CASTOR with schematical set-up of
the LH launcher and with the most important diagnostic tools.

Several Langmuir probes, located in the equatorial plane, have been used for
measurement of the edge CASTOR plasma: '
1. A rotating single probe to determine radial profiles of the floating potential

and the ion saturation current during a single shot (placed 135° toroidally
away from the grill in the electron drift direction); for more details see [21].

Double probes with poloidally separated tips (placed 180° and 2257 toroidally
away from the grill) for determination of edge plasma turbulent characteristics

using a correlation technique.

[\]

3. Triple probes for determination of the electron temperature (placed 180° and
225° to the grill).

The radial position of the last two probes could be changed from shot to shot to

obtain radial profiles of measured quantities.
The electrostatic fluctuations are investigated either by an analog technique
or by digitizing of the probe signals. In the first case, using a three channel



analog correlator [3,22], the rms values of density 7. and poloidal electric field Ep
fluctuations as well as the radial turbulent flux T, induced by the cross-field drift

Ep x B, were monitored. #
In the second case, the signals are filtered to remove their quasistationary values,

processed in the frequency range 0.1-500kHz and digitized by means of A/D conver- -

tors with the sampling rate 0.2us. Afterwards, the correlation functions, frequency
spectra and the velocity of the poloidal rotation are determined.
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Figure 2: Spectral power densities of the wave irradiated by three types of multi-
junction grills used for the LH experiments on tokamak CASTOR, enumerated for
the plasma density in the grill mouth 3 X 10"8m=2 with a gradient 10*m ™%

ASDEX tokamak:
Experiment on tokamak ASDEX (R/a = 1.65m/0.4m, Br = 2.8T, 7 < 3s) has

been performed in the LHCD regime with /p = 420kA (Pgy = 390kW) at frequency
2.45GHz and LH power Pry < 600kW ~ 1.5FP5y (note that the maximum relative
value of Pry/Pgy is the same for both ASDEX and CASTOR tokamaks). The
ASDEX LH launcher (phasing 90°) consists of two independently powered parts
(upper and lower grills). The electrostatic fluctuations were monitored by a triple
Langmuir probe, located near the equatorial plane, 3cm outside the separatrix and
91° toroidally away from the LH antenna (the flux tube connected with the probe
crosses the front of the lower grill). For their processing the same three channel
analog correlator [22] as in the case of tokamak CASTOR was used. Simultaneously,

the energy confinement time 75 was measured.

3 Experimental results

3.1 A link between the edge fluctuations and global con-
finement in tokamaks CASTOR and ASDEX during

LHCD operation :

Typical temporal evolution of the LHCD shot on CASTOR tokamak is shown
in Fig. 3. It may be seen that the line averaged density . (Fig. c) increases
during the LHCD. Moreover a certain broadening of the radial density profile is
observed (d). The gas influx remains unchanged or even slightly decreases (see next
figure). Intensities of impurity spectral lines do not increase as well. Therefore, an
improvement of the global particle confinement at LHCD can be deduced at least
qualitatively. Simultaneously, the level of density fluctuations decreases significantly
(i). Similar decrease of potential fluctuations as well as the fluctuation-induced flux
at LHCD on CASTOR has already been demonstrated earlier [2].

As follows from temporal evolution of SXR intensities, the signal from the
detector with the Al-foils (0.6-1.5 keV) decreases during LHCD hy 40-50 %. while the
signal from the detector with the Be-foil increases about 10-40 %. Such behaviour
can be explained by formation of a tail on the electron distribution function with a
temperature Tr47r = 60keV and density of about 106m ™3 [23]. At the same time,
the electron temperature of the bulk plasma decreases from 7, = 135¢V (OH) to
T. = 110eV during LHCD. It corresponds to results of the determination of 7, by
the filters-method.

Evolution of the global particle confinement time is given in Fig. 4. It may be
seen that this value (denoted in LHCD regime as 7y ) increases by a factor 2-3 at
the LHCD density ramp-up period.

Fig. 5 shows the variation of the relative reduction of the edge density fluctu-
ations A = (foy — Ay )/foy and the ratio 7oy /70y on LH power. It may be
seen that both quantities correlate very well and it is worthwhile to note that the
maximum effect is reached for such a LH power at which the total power input Pror
is minimum (Pror = 0.8P8,).

‘Fig. 6 demonstrates the link between the relative edge fluctuations of the poloidal
electric field and global energy confinement time 7z in tokamak ASDEX. The similar
character of the results obtained on both ASDEX (Fig.6) and CASTOR (Fig.5)
tokamaks is striking. Namely, also in the case of much greater tokamak ASDEX, the
improvement of the confinement (in this case the confinement of energy; nevertheless,
particle confinement exhibites the same features) is the most expressed under such
LH power, at which the total power input is minimum (Pror = 0.8P§, again). The
fact that this minimum Pror occurs at relatively lower LH power (Pry/Pgy ~ 0.3)
comparing to the tokamak CASTOR (Pry/P§y =~ 0.5) may be understood through .
the higher LHCD efliciency in the case of ASDEX.
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Figure 3: Plasma characteristics in OH/LHCD operation of tokamak CASTOR:

a) plasma current, b) loop voltage, c) line average density measured along the central
chord, d) parameter p characterizing a change in the density profile n,(r) supposed
in the form n.(r) = n.(0)[1 — (r/a*)?|P (decrease of p means broadening of the
profile), e,f) 2 channels of SXR, g) HXR, k) ion saturation current on the probe in
the limiter region, 1) density fluctuation measured by this probe, j) LH power.

Figure 4: Temporal evolution of the line averaged density (a), H, line intensities
measured in three toroidally distributed places (b-d) and from these quantities eva-
luated improvement of global particle confinement time rry /70 (e); CASTOR,
Pry = 15kW.
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Figure 5: (a) relative drop of the edge density fluctuations A = (figy — 7ipy)/Ton,
(b) relative increase of global particle confinement time 7.y /7oy, (c) total and
residual OH power and (d) velocity of poloidal rotation of the edge density
fluctuations measured in tokamak CASTOR at 2, = 6 x 10'®*m™3 in dependence
on the input LH power; all values are taken 2ms after the LH power is applied.

Figure 6: (a) relative drop of poloidal electric field fluctuations A= (EPOH —
—Eﬁ”)/EPOH, (b) relative increase of global energy confinement 77, /75, and
(c) total and residual OH power measured in tokamak ASDEX at i1, = 1.3 x 10'%m~
in dependence on the input LH power; Ip = 420k A, Br = 2.8T. Probe position:

Jcm outside the separatrix.
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3.2 Characterization of the CASTOR edge plasma during
LHCD

To understand better the mechanism of fluctuations reduction, the edge plasma was.

investigated by Langmuir probes in the region 0.97 < r/a < 1.2 (a beeing the limiter
radius), see Fig. 7.

The electron temperature slightly, increases during LHCD but its radial profile
remains quite flat near the last closed flux surface (LCFS). Therefore, the radial
profiles of Is and Uy can be roughly interpreted as the profiles of density and space
potential. The ion saturation current decreases at LHCD. As the line average
density increases and the radial density profile broadens, some steepening of density
profile should be expected deeper inside the plasma, i.e. for r/a < 0.97. In fact,
such steepening during LHCD has been observed earlier on CASTOR by means of
the thermal Li beam diagnostics [24]. Note also an increase of the gradient of Uy
for 7/a < 1, which indicate that the radial electric field is more negative at LHCD
in this region.

The absolute levels of density and potential fluctuations are reduced throughout
the SOL. However, the relative level of density fluctuations decreases only slightly
near the LCFS. The same situation is reported for LHCD shots on DITE tokamak
(25]. The density fluctuations rotate poloidally in direction of the ion diamagnetic
drift and the radial profile of the poloidal velocity changes at LHCD. Note, that
the poloidal velocity of density fluctuations increases when 71/n is reduced (near
LCFS) and vice versa. The close link between these two quantities inside SOL,
observed also under different experimental conditions (e.g. at the edge polarisation
experiments), is demonstrated in Fig. 8.

In addition, analyzing the fluctuations from the single probe by the Fast Fourier
Transform, the frequency spectra of density fluctuations in the laboratory frame
can be derived, see Fig. 9a. In general, the form of the frequency spectra changes
at LHCD. To characterize these change more quantitatively the autocorrelation
function of density fluctuations R(7) has been evaluated, see Fig. 9b. The autocor-
relation time T is taken as a measure of the width of the frequency spectrum, as T
is roughly inversely proportional to the width of the frequncy spectrum [26). The
link of these both quantities can be also seen from brief comparison of Figs. 9a and
9.

Fig. 10, presenting the variation of the autocorrelation time T with the probe
position, shows that near the LCFS the autocorrelation time is shorter in LHCD case
(Tpy < Ton). It implies a broadening of the frequency spectra in the laboratory
frame. Going back to Fig. 9a, a reduction of the low frequency part of the spectrum
can be seen. Near the wall, on the other hand, the high frequencies are reduced and
the frequency spectrum is more peaked with respect to the OH case.

However, the form of the frequency spectrum can be influenced by the poloidal -

rotation. A simple relation between the autocorrelation time in the laboratory TraB
and in the convected frame T¢ is given in [25]: (1/Tpa)* = (1/Tc)* + (vy/A)?,
where ) is the correlation length. To estimate the autocorrelation time in the
convected frame a plot of (1/T45)* versus the poloidal velocity v2is given in Fig. 11.

We can see from this figure that the data follow the expression given above.
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Figure 7. Radial profiles of CASTOR edge plasma characteristics during OH and
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Figure 10: The variation of the autocorrelation time T: a) versus radial position of
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Therefore, an increase of the autocorrelation time T in convected frame can be
deduced for LHCD case. It suggests a peaking of the frequency spectra. Moreover,
the correlation length determined from the slope of the function (1/Tp45)* = f(v2)
decreases from = 1.5¢m (OH) by a factor of 3-4 during LHCD.
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Figure 11: Plot of the autocorrelation time (1/77,5) versus poloidal velocity v}.

An interesting results concerning so called "shear layer” existing in the vicinity
of the LCFS were obtained in the case of a low density (fi, = 3-10'®m™~2) discharge
without impulse gas puffing. Fig. 12 represents cross-correlation functions of fluc-
tuating signals from the double probe (r=84mm) during OH and LHCD periods
of such low density discharge (LH power applied at t=15-20ms). Fig. 13 gives
from Fig. 12 evaluated temporal variations of vp for three different probe radial
positions. For comparison two variations in pure OH shots (probe on the radius
r=86 and 82mm) are shown in this figure as well. It may be seen, that shear layer
staying around the radius r=84mm in the OH phase (limiter radius a=85mm) starts
to move outwards during the LHCD.

4 Conclusions

The results, concerning the investigation of the global confinement and the edge

plasma turbulence during the LHCD on CASTOR and ASDEX tokamaks, can be

summarized as follows:

e An improvement of the global confinement is observed at moderate LH power
in the both devices. Simultaneously, a significant reduction of the absolute
level of edge electrostatic luctuations near the LCEFS is measured.

¢ The best improvement of the global confinement and the maximum reduction

of fluctuations appears when the total power Poy + Pry delivered into the
plasma is minimun.

13
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at three different probe radii during the regime shown in Fig. 12.
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Moreover, the Langmuir probe data obtained on CASTOR tokamak show following
significant changes of edge plasma during the LHCD:

e The radial electric field increases, especially inside the limiter radius.
o A radial shift of the velocity shear layer is observed.

e The increase of the poloidal velocity of density fluctuations in SOL is observed.

However, it does not correlate with the improvement of the global confinement
generally.

o The local value of the poloidal velocity of density fluctuations seems to be

unambiguously related to their relative level n/n.

e An internal structure of the edge electrostatic turbulence changes noticeably

during the LHCD. Namely, a peaking of frequency spectra and a decrease of
correlation length of density fluctuations is observed.
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