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1 Introduction

Electrostatic turbulence is responsible for anomalous particle and heat losses from tokamak
plasmas. The equilibrium level of plasma fluctuations is determined by competition of the
growth rate v and the damping rate w of the most unstable modes.

The fluctuation growth rate is hardly to be deduced theoretically, namely at the plasma edge,
where various models of the core and scrape-off layer turbulence overlap. A reasonable lower
estimate of v can be found from the autocorrelation time of fluctuations 7, that can be easily
derived from experimental data, v > 1/74 [1].

On the other hand turbulence is damped by sheared plasma flows that are believed to be the
main mechani sm behind formation of transport barriers[2]. The plasmaflowsareclosely related
totheradial electricfield, £, = Vp/(en)+v,Br +vrB, . Inthe edge polarization experiments
the radial electric field is mostly linked to the poloidal flow term v,B7 [5]. Consequently,
damping of turbulent structures due to the sheared flow is characterised by the decorrelation rate
wexp = dv,/dr ~ (dE,/dr)/Br. Reduction of the electrostatic turbulence can be expected
if the £ x B decorrelation rate prevails the growth rate v. The described mechanism plays
an essentia role in the formation of edge [3] and internal [4] transport barriers as well as in
tokamak regimes with edge plasma polarization (see e.g. [5],[6]).

The aim of this contribution is to study the impact of a sheared electric field on the spatial
structure of edge fluctuations in the radial and poloidal directions on the CASTOR tokamak
(R=0.4m,a=0.085m) [9]. A biased electrode is used for external modification of the radial
electric field in the proximity of the natural velocity shear layer (VSL).
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2 Experimental arrangement

Experiments have been carried out at By = 1 T, I, = 8+-13 KA and line average densities
n. = 0.5+1.5.10m 3. Theradia electric field isimposed to the edge plasma by a mushroom-
like electrode biased with respect to the vacuum vessel by avoltage pulse. The fluctuations are
monitored with the spatial resolution of 2.5 mm using two multiple Langmuir probes arrays,
oriented in the radial and poloidal directions [9]. Individual tips measure either the floating
potential Uy; or the ion saturation current I,,.

All the key elements of the biasing experiments on the CASTOR tokamak are depicted in
Fig. 1.
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Fig. 1. Key elements of the biasing experiments. a) biasing electrode, mushroom-like shaped, made of

carbon, with surface of 27 cm? (toroidally 80° from the limiter); b) radial probe array consists of 16 tips

spaced by 2.5 mm, each tip is 2 mm long and 0.6 mm in diameter (220°); c) poloidal probe array has 18
tips, spaced also by 2.5 mm, the uninsulated part of each tip isagain 2 mm (40°).

The specific feature of the analysed discharges is a downward shift of the plasma column, as
schematically shownin Fig. 2.

Theminor radius of the plasmacolumn isaready not determined by the radius of the poloidal
limiter, but itisreduced to a — A. Asaconsequence, an additional scrape-off layer appears. Its
width is2A at the top of the torus. The connection length in this region is much larger than the
circumference of the torus (27 R) and varies with the safety factor ¢(a — A).

The radia electric field, which is one of the basic parameters of the biasing experiment, is
deduced in a single shot using the radial probe array. The individual tips measure the floating
potential, which isrelated to the plasmapotential as ® = Uy, + 2.5 x kT, /e. Theradia electric
field is estimated as the gradient of the floating potential

E,= -V®~ -VU; -25x kVT,Je ~ —=VUj

since the edge temperature profile israther flat on the Castor tokamak (kVT. /e ~ 0.1 V/mm).

The vertical displacement of the plasma column is deduced from the vertical shift of the
Velocity Shear Layer (VSL), defined here asthe radiuswhere VU, = 0. Simultaneous measure-
ments of VU, and propagation velocity of fluctuations in the poloidal direction [7] show that
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Fig. 2. Poloidal crosssection, schematically showing thelocation of plasmacolumn and biasing el ectrode.
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Fig. 3. @) Radial profile of the floating potential without biasing as measured by the radial probe array
from the top of thetorus. b) The gradient of the floating potential correspondsto theradial electric field:
Er ~ — VU fl-

the position of the real VSL is still afew millimeters more inside the plasma column (probably
because the VT, # 0). However, in this contribution we refer the apparent position of VSL.

In the shot series shown here, the vertical displacement A =6 +~ 7 mm.

Due to a strong poloidal asymmetry of the scrape-off layer, the probe arrays as well as the
biasing electrode are located at the top of the torus, to define better their respective radia
positions. Thebiasing electrodeisradialy located in the SOL, slightly outside the natural VSL.
In fact, the electrode acts as a biased limiter. The aim of this configuration is to modify the
shear of the radial electric field (defined as dﬁf) just in the proximity of the natural VSL by
positive biasing. Another practical advantage of such configuration is that the radii » < rp are
accessible by the probe arrays (r 5 is the distance of the electrode from the center of the vacuum

chambe).
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3 Experimental results

3.1 Evolution of polarised discharges

The temporal evolution of a typical discharge with positive biasing is shown in Fig. 4.
A voltage pulse is applied to the electrode during the quasistationary phase of the discharge.
Typicaly, a current Iz = 30 + 40 A is drawn by the electrode at Ug=+200 V. A fraction of
the return current flows to the poloidal limiter (~ 30%), the remaining part flows directly to
the vessel wall. The next panel shows the evolution of the intensity of the H,, spectral line
Iy, which is proportional to the influx of neutral hydrogen atoms from the chamber wall. The
small increase of Iy, observed at biasing, can not explain the significant increase of the line
average density observed in the experiment. At the sametime, the influx of impurities remains
unchanged. Therefore, we conclude that the global particle confinement improveswith biasing.

Quantitatively, the relative increase of the global particle confinement time Tf / TpOH can be
estimated from the relation
o I
TOH = nOH T3,

Therelative increase of 7, by ~ 50% is evident from the bottom panel.

Electrode ot rg = 65 mm; Ug = 200V (# 7272)
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Fig. 4. Time evolution of some basic plasma parameters. a) plasma current (upper line, left y-axis),
electrode current, and return current to the limiter (both right y-axis) b) Intensity of the H,, spectral line
¢) line average density 7. d) lower estimate of the relative increase of the particle confinement time.
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When the biasing pulse terminates, the plasma density starts to decay exponentially to the
original level asn ~ e /™. The characteristic time 7y ~ 1.4 msis areliable estimate of the
particle confinement time without biasing TpOH .

These observations clearly indicate the formation of a transport barrier during the biasing
period when the electrode is slightly outsidethe VSL.

It should be noted that even a stronger improvement of 7, is observed, if the electrode is
deeper immersed into the plasma, i.e. into the confinement region [8]. Moreover, in this case
the H,-lineintensity drops with biasing by ~ 50 %. In contradiction with phenomena observed
onthelSTTOK tokamak at limiter biasing experiments, the negativebiasing on CASTOR shows
only slight effect on the plasma confinement.

3.2 Radial profilesat the plasma edge

Theresponse of the edge plasmato positive biasing is measured by theradial probearray. An
example of theradia electric field measurementsis shownin Fig. 5.
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Fig. 5. Left: Radial profile of E, without (dashed line) and with positive biasing + 200 V (solid line).
Right: Gray scale plot of the spatial-temporal evolution of E;; the scale (in V/mm) is indicated on the
right hand side.

Theleft panel comparesthe time averaged profiles of theradial electric field without and with
biasing. It iswell seen that the electric field increases significantly with biasing at both sides of
the VSL, i.e. inthe SOL aswell asin the edge plasma, reaching there values ~ 4+ 20 V/mm.
The shear of the radial electric field increases from 0.8 up to 4 V/mm? at the separatrix.

The right panel shows an instantaneous radial profile of E,, recorded in a single shot with
the sampling 1 us. The bright colours indicate regions with E,. > +15 V/mm, while the dark
regions correspond to the negativeradial field (£, < -15V/mm). Theradial position of theVVSL
(marked by the white line) remains unchanged at biasing.

The increase of the E, — shear strongly impacts the edge plasma density as demonstrated in
Fig. 6. These plots are arranged in a similar way as the previous ones. The probe tips are
operating in the ion saturation current mode. It is evident that the increase of the dE, /dr is
followed by areduction of the edge density by afactor ~ 2 at » < 65 mm, i.e. insidetheVSL.
This, together with the increase of the line average density, indicates the formation of a steep
density gradient somewhere deeper in the plasma column. Note also the reduction of density
fluctuations in this region. One of the peculiarities of the biasing experiment is the increase of
L,; Inthe scrape-off layer.
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Fig. 6. Radia profile (left panel) and gray scale plot of the spatial-temporal evolution (right panel,
#7355) of the ion saturation current.
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The quasiperiodical structures (f ~ 10 kHz) in E,. and I,,; are formed in SOL during
biasing as seen in Figs 5 and 6. They appear, when the biasing voltage exceeds ~ +100 V.
Similar "coherent” structures have been observed also on TEXTOR-94 [1], however, at higher
frequencies.

3.3 Correlation analysis of fluctuations

The correlation analysis is used to deduce the characteristic dimensiong/lifetimes of the
turbulent structures and their propagation velocities [9].

Thecorrelationlength and phasevel ocity inthepoloidal direction arededuced from correlation
analysis of data from the poloidal probe array. The method and interpretation of results are
described in [10]. The 2D plots of the spatial temporal correlation functions of the potential
fluctuations are shown in Fig. 7 for nine shots differing in theradial position of the probe array.
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Fig. 7. Spatio-temporal correlation functions of the potential fluctuations for nine shots differing in the
position of the poloidal probe array. The left (right) column corresponds to the situation without (with)
biasing.
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The horizontal axis of each panel isthetimelag 7;,, (in 1s), while the vertical axis represents
the distance d,, along the probe array (in mm). The bright elliptical patterns correspond to
combinations of 7;,, and d,, with a high correlation (> 50%). The poloidal correlation length
of turbulent structures is deduced here as the FWHM (Full Width at Half Maximum) of the
correlation function at 7;,, = 0. The sense and module of the poloidal velocity can be deduced
from the slope of the correlation patterns.

Further, we compare here again the correl ation patterns without (left column) and with (right
column) biasing. Itiswell seenthat, inthe unpolarised plasma, the poloidal propagation reverses
at the VSL, which is located at » ~ 62 mm in this shot series. During the polarised phase of
the discharge, an increase of the propagation velocity is apparent outside as well as inside the
V SL ( compare the slopes of the correlation patterns with and without biasing at » = 57 mm and
r =75 mm). However, the form of correlation patternsin the region of the highest shear does
not allow to determine neither the sense of propagation nor the module of poloidal velocity.

In theradial direction, the turbulent structures are characterised by computing the correlation
coefficient C; ; (4, j = 1 + 16) between the signals of thetips of the radial probe array. Thetime
lag was taken as zero. Examples of the resulting radial profiles of C; ; are shownin Fig. 8.
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Fig. 8. Spatial correlation of the potential (left column) and density (right column) fluctuations in the
radial direction. Correlations without (dashed line) and with (solid line) biasing are compared. First
row: the referencetip isin the proximity of the VSL; Second row: the referencetip isinthe SOL.

We seethat the spatial cross-correlation functionswithout biasing (dashed green lines) appear
to be symmetric around the position of the reference tip independently, whether the tip isin
the proximity of the VSL or elsewhere. The radia correlation length, deduced here as the half
width of the cross-correlation function is of about 10 mm. On the other hand, with biasing, the
gpatial correlation function is strongly asymmetric, namely if the reference tip isin proximity
of the VSL (seethefirst row in Fig. 8). Thisis because the radia correlation length is already
comparable or even shorter than the distance between the tips. To overcome this problem, the
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correlation coefficients C; ;, of signals of the adjacent tips are taken as a measure of the radial
correlation length in polarised discharges.

Theresulting radial profiles of the quantitieswhich characterise the turbulent structuresin the
radial and poloidal directions are plotted in Fig. 9.
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Fig. 9. Radia profiles of the parameters, characterising the potential (left column) and density (right
column) fluctuations without (dashed lines) and with (solid lines) positive biasing. The positions of the
electrode and of the poloidal limiter are marked by shadowing. The profiles shown in the first two rows
are derived using the radial probe array, while the last row corresponds to data from the poloidal probe
array measured on the shot-to-shot basis. Individual rows (from top to bottom): Correlation coefficient
C;.i+1 of signals of adjacent tips (proportional to the radial correlation length), the autocorrelation time
(determined as the FWHM of the autocorrelation function) and the poloidal correlation length.

Asitisevident from thisfigure, the enhancement of the £, - shear by afactor of ~ 5 at biasing
is followed by a complex response of the edge turbulence. A dramatic drop of the potential as
well as of thedensity correlation coefficients C; ;; are observed intheregion, where E,. appears
to be more negative, i.e. in the confinement region. On the other hand, fluctuations seem to
be radially "untouched" within the scrape-off layer (E,. > 0). One should note that the drop of
C;.i+1 below 0.5 implies areduction of theradial correlation length below 2.5 mm.

The reduction of the autocorrelation time, observed at £, < 0 for potential fluctuation and
a E, > 0 for the density fluctuation can be explained either by areduction of the life time of
the fluctuations or by a Doppler shift, which appears due to an enhanced poloidal rotation. On
the other hand, an increase of 74 (observed in SOL for the potential fluctuations and in the edge
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plasmafor the density fluctuations) can be attributed only to an increase of average lifetime of
turbulent structures.

The poloidal correlation length is reduced or remains unchanged only at radii corresponding
to the radial position of the biasing electrode. However, it increases significantly with biasing
at both sides of the electrode.

3.4 Fluctuation-induced flux in polarised plasmas

The fluctuation-induced flux I, which is generally believed to be responsible for particle
losses from tokamak plasmas[11], is determined by the cross-correlation of the density é»n and
poloidal electric field fluctuations 6 £, as

=< déndE, > /Br (1)

Alternatively, I can be expressed as a product of the rmsvalues of the density (7 = v < dn? >)
and of the poloidal electric field (Ep = /< 0E2 >) fluctuations

= (aFE,cosa)/By (2)

where « isthe phase angle between the density and E,, fluctuations[1].

The flux I can be easily experimentally deduced using the poloidal probe array operating
with odd tips in the floating mode and even tips in the ion saturation current mode [10]. The
radial profiles of I without (green dashed line) and with (red solid line) biasing are compared
inFig. 10.
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Fig. 10. Fluctuation-induced flux " and the phase angl e between the density and poloidal electric field
fluctuations, cos « =< dndE, > /\/< on? >< OE2 >.

Czech. J. Phys. 49/S3 (1999) 189



M. Hron et al.: Edge turbulence at plasma polarisation on the CASTOR tokamak

As seen, the fluctuation-induced flux is practically suppressed outside the VSL. At the same
time, thelevelsof n and E, fluctuations are only slightly reduced. Therefore, the suppression of
I ismainly due to the increase of the phase between the density and poloidal field fluctuations.
Similar observation was reported in [1].

4 Conclusions

Experiments on the Castor tokamak demonstrate the possibility to form a transport barrier in
the edge plasma using a massive graphite electrode, positioned in the scrape of layer and biased
at +200 V. The radial electric field is affected not only between the electrode and the vacuum
vessel as expected but also by the formation of a negative field of the same order of magnitude
within the last closed flux surface. The global particle confinement improves by ~ 50%.

The resulting shear of the radial electric field in the separatrix region is as high as 4 V/mm?
whichreveasthe E x B decorrelationrate wp s ~ 4 x 10°s71, Thisvalueisessentially higher
than the expected growth rate of the edge electrostatic fluctuations vy ~ 10°+ 10° s,

The enhanced shear of the radial electric field in the separatrix region in polarised discharges
impacts dramatically on the edge e ectrostatic fluctuations as shown by the spatia-temporal
resolved probe measurements. Some observed features, such as the radial decorrelation in the
proximity of VSL, can be expected. However, the observed increase of the poloidal correlation
and lifetime of fluctuations is not understood up to now. The last effect could be related to a
quasi periodic low frequency component (f < 10 kHz) of the plasmafluctuations, which appears
when dE, /dr prevailsacritical value. Such modulation is even more apparent, if the electrode
is degper immersed in the edge plasma and biased to more than +150 V.

In conclusion, we show in this contribution that the polarization of the edge plasma, if it
is accompanied with the spatially resolved measurement of the plasma fluctuations, represents
an useful experimental tool to control the ExB decorrelation of the turbulent structures in the
edge plasma of tokamaks. It is evident, however, that the correct interpretation of the complex
behaviour of the edge turbulence shown here requires additional experiments.
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