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Abstract. Long-distance correlations (LDC) of floating pies potential fluctuations
measured by an array of multi-pin Langmuir probesthe plasma edge have been
investigated in TCABR experiments of small powefvAh heating and external biasing H-
mode. Experimental data confirm the effect of sgramplification of LDC in the potential
fluctuations by biasing, recently observed in otbeperiments, whereas correlation of the
density fluctuations is low. The frequency-wave h@mpower cross spectrum of fluctuations
is concentrated in the low frequency rarige 50 kHz, accumulating for < 5 kHz (zonal
flow) and with isolated maxima &t 15 kHz (effect of MHD instability) anfl~ 40 kHz. The
effects of the MHD activity on the LDC and on thensooth oscillations in Alfvén heating
experiment are also investigated.

1. Introduction

One important issue related to zonal flows (ZFshhes long distance correlation (LDC) of
potential and density fluctuations along the equilim magnetic field lines. Recent results
obtained in edge polarization experiments carriad an the TJ-IlI stellarator and on the
ISTTOK and TEXTOR tokamaks indicate that while tberrelation length of floating
potential fluctuations can be of the order of tkagth of the plasma column, the density
fluctuations show almost no correlation [1-4]. Tédsghly correlated potential fluctuations
have vanishing poloidal and toroidal wave numbaers; n ~ 0, as predicted for zonal flows.
Similar experiments carried out on the TJ-K staliar have observed LDC also in the density
fluctuations [5]. Actually, from a theoretical poiof view, one expects that the potential
fluctuations corresponding to zonal flows (ZF) ® &f quite low frequency and to have no
associated density fluctuations, whereas the ossscated with the geodesic acoustic modes
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(GAMs) should have frequencfcay = 5x[TJ/10eV]*YR kHz and associated density
fluctuations withm = 1 poloidal variation [6]. In this approximatepegssion forfgav, valid
only for tokamaks close to the plasma edfeis the electron temperature aRdhe major
radius of the plasma column. An important questi@i has to be fully investigated and taken
into consideration when comparing LDC measurementgellarators and tokamaks is how
they are affected by the presence of MHD actiwifiat essentially means investigating the
interaction of saturated rotating islands with ZFs.

Another question that remains to be properly eleid in tokamak physics is impurity
accumulation in low density Alfvén heating experirtse Since the pioneering investigations
carried out on TCA in Lausanne [7], this effect hasiained a major hinder for high power
Alfvén wave heating experiments in tokamaks.

In this paper we present results obtained in erpants carried out on the TCABR tokamak
(a=0.18 m,R=0.615 mB; = 1.1 T) to investigate these questions as part experimental
campaign organized within the framework of t#%&EA Coordinated Research Project on
“Joint Experiments Using Small Tokamaks” (May 2009).

2. Experimental Setup and Typical Discharges

In these experiments, the plasma current was kepirvthe rangd, = 80-85 kA and the line
averaged plasma density was adjusted at1.0-1.2x 10"° m™. The external electrostatic
polarization was applied through a graphite elektr(8 mm high, 20 mm diameter) inserted
vertically 10 mm into the edge plasma, at the botwf the plasma column The floating
potential and density fluctuations were measurdd thiree multi-pin Langmuir probe arrays:
a 6-pin forked probe, 5-pin probe, and 20-pin rakabe.

In some discharges, a small power (20-30 kW) Alfwé&ve heating pulse was applied before
or without the application of the external biasisTbauses small electron heatifygje ~ 30-
50eV, approximately 10% of the average electronperature as measured by the ECE
radiometer and Thomson scattering systems [8]. @amtenna modules separated by “180
the toroidal direction were employed, exciting thén =1/2 basic mode [9] appropriate for
AW heating. To avoid a too large density increasend) the application of the RF pulse, the
gas puffing system is pre-programmed, decreasiigtst the gas inflow. Even though,
impurity accumulation was detected through its uefice on the sawtooth oscillations
observed in central SXR channels, as discussdtiadquel.

The time evolutions of plasma current, plasma dgnbki-alpha emission, and MHD activity
are presented in Fig 1 for two typical dischargethe experiments with external biasing. For
the parameters of TCABR and plasma current in &émgel, = 80-85 kA, the 3/1 rational
magnetic surface is located close to the plasmadsry,r = 16 — 18 cm, and frequently the
2/1 MHD mode tearing mode is triggered, as showiig 1. This mode generates a 3/1
magnetic island, due to toroidal coupling, whiclm te large enough to destroy the transport
barrier [10,11]. In discharge 24126, the strong MiHidde appeared before biasing. In
discharge 24128 the MHD instability was initiallypsent but was subsequently triggered
during the electrostatic biasing. To keep the MHiilvity somewhat under control and avoid
disruptions, the electrode voltage was kept at evdawer than in previous experiments
[10,11]. With these parameters, the density in@eam to 1.6-1.8 10" m™,
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3. Analysis of Edge Fluctuations

The signals corresponding to the floating potentiadnd ion saturation current measured by
the probes were acquired with a 2 MHz sampling. ratee cross-correlation between two
signals x and y) is defined as

Cyy =[xt + 1)~y - 9 (Ix0 - 7Y [y - 1)

wherer is the time lag. The time evolutions ©f, are shown in Fig. 2 for both discharges.
Here the same pin was chosen as the referenceTbeepoloidal distance between probes
located at different toroidal positions is definasl the distance between second probe and
magnetic line started at the reference probe. &dirst consider the cross-correlation between
two pins located the same poloidal cross sectioth separated 0.4 cm in the poloidal
direction; this is indicated by curves (a) in FigThe correlation is quite high, 0.85 to 0.99
during the entire period of measurement. Curves@lespond to pins located in the same
poloidal cross-section separated 0.5 cm radialye \falue of the correlation decreases to a
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FIG. 2. Time evolution of cross-correlations between different probes for shots 24126 and 24128.
Vertical dashed linesindicate time interval of high MHD activity and biasing (75 - 100 ms).
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0.4 - 0.9, in both discharges. This smaller valtithe radial correlation is expected for both
ZFs and GAMSs, which have finite radial wave number.

The LDCs are evidenced in the other two curves igf E. They correspond to various
separation between pins: 56 cm in toroidal direcdod 2.5 cm in poloidal direction (c) and
2.2 m in toroidal direction and 14 cm in poloidaedtion (d). One can see significant LDC
of ~ 0.2-0.4 already in the ohmic phase. With Imigsthe correlation increases strongly both
for short and long poloidal and toroidal distanaed also for radial distance (b). For the case
of mild separation in the toroidal direction, i.eurve (c), the correlation increases with the
appearance the MHD activity, in discharge 24126@oreethe biasing phase. Clearly this is
just an effect of the edge MHD fluctuations asstedawith the 3/1 island. The correlation
also increases substantially during the first 5719 of the biasing phase and later saturates
and starts to decrease. That the increase in #®nlgi phase has a different nature from the
one associated with the MHD activity becomes evidi@m the analysis of the amplitude and
cross-correlation spectra carried out in the secualally, when the MHD activity appears
after biasing, its effect is always to reduce oergph the LDC amplified by biasing. This is
more clearly shown for curves (c) and (d) for desgje 24128; they all rise sharply during the
first 2-3 ms of the biasing phase, but the increfasethe correlation between the probes
separated in 2.2 m reduces sharply as the MHDicsets in.

Cross-power spectrum provides information on thentrdoution of different spectral
components to the correlation. The amplitude speatrd cross-spectra of oscillations in
ohmic ¢ = 60-75 ms) and biasing £ 75-90 ms) phases are shown in Fig. 3. The iraport
experimental fact is appearance with biasing ohlyigoherent fluctuations with very low
frequencied < 5 kHz. In spite of low level of magnetic fluctiats measured by Mirnov

probes, I§p :2—3><10‘3Bp0 in the biasing phase of shot 24126, there is thak pof
amplitude at the frequency of 10-15 kHz close @t if the MHD during the ohmic phase.

The same peak also occurs in spectra and crossapacV;. The third rather smooth
maximum of amplitude is observed reproducibly ie basing H-mode at tHe- 40 kHz. The

coherence spectrum defined as normalized cros$|=ﬂpe%2:|812(f]/ S(f)S,(f),

where S}, is (complex) cross-spectrum adgjand S, are the autopower spectra, is presented

in Fig. 4. One can see that coherence decreasag)lstwith distance in the ohmic phase. The
coherence increases with biasing. In the casengf diistances, it is significant for frequencies
below 60 kHz and increases strongly for very loggfrencie$ <5 kHz.
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FIG. 3. Amplitude spectra (black) and cross-spectra (red) in ohmic and biasing phases for different
distances fromreference probe: d rad=5mm (a); d pol = 25cmandd_tor = 56 cm(b); d rad=5
mm, d_pol = 14 cmandd_tor = 22m(c); d_pol = 14 cmand d_tor = 2.2 m(d).
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FIG. 5. Local wavenumber-frequency power spectrum S (k,f) and power spectrumin wave
number space S (k) for ohmic (a) and biasing (b) phases.
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FIG. 6. Wavenumber-freguency cross-spectrum S, (k,f) for poloidal distance 3 cm (| eft)
and toroidal distance 220 cm (right).

4. Impurity and MHD instability effect on saw-tooth oscillation during AW heating

In TCABR standard ohmic discharge 23987 shown m Bi (similar to discharge 24126
before biasing), a regime with the sawtooth (STjilladions establishes when the ohmic
current is about~l80-90 kA. The ST oscillations are detected with H@&erodyne and soft
X-ray (SXR) emission from different cords viewirfgetplasma cross section, which signal is
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Fig. 7. Discharge waveforms of 23987 and 23989, current (a), density (b), loop
voltage (c), core SXR signal (d), core ECE (€), and Mirnov oscillations (f).

proportional to 4 (effective plasma charge), what helps to clarfg tmpurity behavior in
the plasmas. Detection of the saw tooth inversamhus with SXR ati;=4-5cm helps in the
identification of theg=1 surface and, therefore, the approximate plasmerat distribution.
This typical ST regime suddenly disappears durigiBtermediate oscillations after a small
increase in the loop voltage &t0.066s shown in Fig. 7(a-c) for discharge 2398fMictv is
externally applied to maintain the plasma curienfCABR. Then it is replaced by a regime
with strong Mirnov oscillations accompanied by E&sing impurity emission detected by
SXR and optical spectroscopy. This sudden overshtirnov oscillations with frequency,
reduced from 16 to 12.5 kHz as shown in Fig. 7(as&) Fig. 8, is nonlinearly coupled with
5kHz oscillations as a prolongation of the old STilbations in the period 0.055-0.073 s.

The same effect is usually observed in a small p&®xe=30 kW Alfvén wave heating pulse,
which is applied at = 0.06 s during the discharge 23989 shown in Figvith the similar
initial characteristics as discharges 2987 and @4The AW pulse produces small electron
heatingAT. = 30-50eV detected by ECE emission, which is accomeplaby increasing line-
averaged density, Clll and CV lines and Soft X-ragnission, indicating impurity
accumulation with & increasing of 10% in the plasma core. In Fig. d Big. 8, strong MHD
oscillations withm = 2 appear with time delay about 3-4 ms after t'é¢ @pplication, as well
as the ones appear at t=0.066s in the discharg&/2a® at t=0.054s in the discharge 24126
before biasing discussed in previous section. ThéDMburst is accompanied by strongly
growing SXR emission from the plasma core and dshing amplitude of the ST
oscillations. Finally, the ST oscillations disappa#ier 3-5 oscillations, indicating flattening
of the electron temperature and current profiled sinong stable tearing mode island. The
frequency ofm = n = 2 island =ma*+nV/Ry) is mainly attributed to the toroidal plasma
rotation { = 22-28 km/specause the ion drift frequency is rather snfilk 1.5 kHz.
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Fig. 8. Spectrogram of SXR- emission over line just 6mm outer of the

magnetic axisin shot 23989.

The impurity accumulation in the plasma core carekxgained as follows. Since the source
of impurities is located outside the confined plastie abrupt increase of the electric field
due to the externally imposed loop voltage risethe application of RF power at the
plasma border may produce impurity, and generat@nth impurity fluxl, = -ZI'; due to D

>> D.. In the plasma region 1<g<2, the impurities argadiwith hot core plasmas after each
saw-tooth crash.

Then, the impurity core density will only depend the ratio of the respective transport
coefficients and the inward velocity v* and thefalsion coefficient D. In neoclassical theory,

we have v*/D) ~ Z, so that, the impurity will accumulate in thiasma core if the electron

transport is not anomalous [12].

5. Conclusion

Experimental data obtained on TCABR confirm recdrgervations [1-5] of the amplification
of the long distance correlations in potential fliations in the biasing H-mode, whereas
correlation of density fluctuations is low. The rdigcant LDC is already observable in the
low confinement regime but LDC increases signifittamat L-H transition. Together with
these common features, there are distinct dataoamndnt components i¥;. for the LDC.
The LDC is caused by low frequencies 20-40 kHz without coherent modes in JT-II [1,3],
while it is dominated by coherent mode~1.6 kHz) in TEXTOR. Our data are more close to
that of JT-II, i.e. the LDC is dominated by frequesf < 40-60 kHz in our case. Under
transition to biasing H-mode, the turbulent broadgnn space of wavenumb&rdecreases
substantially, and the coherent peak$ @) spectrum have maximum valueskat O.

We observed strong increase in the H-mode of vasyftequencyf < 5 kHz fluctuations and
coherent peaks of fluctuations amplitude at thgueamcies of around 15 kHz and 40 kHz.
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Under transition to biasing H-mode, the turbulemaaening in space of wavenumber
decreases substantially, and the coherent pea&gkdj spectrum have maximum valueskat
~ 0. The low frequency < 5 kHz fluctuations withk ~ O is clear indication of zonal flows.
The peak ~15 kHz may be caused by the low amplitdéhD instability with the same
frequency measured by external magnetic probes.thageak of amplitude at ~ 40 kHz may
be considered as GAMs; while with measured, by bauig probes, electron temperature at
the plasma edge ~30 eV, one have to expect inamg frequencfsam ~ 15 kHz.

The flattening of the electron temperature due lflwéh wave heating or loop voltage rapid
increment increases the inward impurity flux thelps the strong 2/1-tearing mode formation
and, as a consequence, plasma core cooling.
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