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1. Introduction. Measurements of electron temperature fluctuations aid in understand-
ing the behaviour of the MHD phenomena and turbulent transport in fplsismas [1-
3]. On Tore Supra tokamak (R/a = 2.40 m/0.7Bms 4 T, circular cross-section), first
experimental observations of the electron fishbone mode in the LHGIhas, as well
as hot ion instabilities in the combined LHCD and ICRH plasmas haen made by
means of a correlation Electron Cyclotron Emission (ECE) diagnfgst]. A link be-
tween the evolution of the local safety factor and the frequenthedast hot ion mode
has been investigated.
2. Diagnostic setup and the basic correlation technique. The correlation ECE
scheme, in which disjoint frequencies are coming from the samele plasma volume
to observe coherent temperature fluctuations and to decorreldkethel noise (or, in
other words, the radial resolution of the sample volume can be desaslies over-
lapping Gaussians), has been implemented on Tore Supra. For this pur@ise, a
channel heterodyne ECE radiometer [6] has been upgraded to includdannels for
temperature fluctuation measurements. The central frequency ¥iG@hélter on each
channel is remotely monitored by a driver, allowing to shiftahservation volume in
the plasma radially. In experiments reported in this paper, teguéncy-tuneable
channels of the correlation ECE were separated by 4-5 mm imath& direction,
meaning that signals are received from highly overlapping plasmale volumes. The
3 dB video amplifier bandwidth\Bis about 150 kHz. The Intermediate Frequency (IF)
YIG filters bandwidth is about 110-140 MHz (depending on the filter defineguency;
Single Side Band mode). For a single channel, the minimum dekecemperature [3]
(under the assumption of the black body radiated power) is cadulmt be

4T, /<T.>=,B, /B =37% (1), in agreement with measurements. To resolve the fluc-
tuation amplitude of 0.2% by doing the cross-correlation, integration time of abagit 1 s
required for a statistical error level of 0.1% [5]. The diageadstits present state has a
poor sensitivity for low- and medium-scale turbulence due to thegssppectra attenua-
tion for k,> 0.5cm* and k > 1.5cm’ ( for Te < 5 keV) because of the large spatial

sample volume.
The root mean squaren{s) value of the normalized temperature fluctuations

can be obtained a\%ﬁ,z(t)/i =JR,(0) (2), in which Rx0) is the value of the cross-

correlation function of two normalized signals at zero time lag. broadband mode
with a bandwidtiBgg exists in the plasma, it causes a peak in the cross-carelatic-

tion that decays according the following time scatq,;cay:,/InZ/ﬂ/BBB (3), or,
roughly, 7,..,,=1/(2Bg;) (3a). A mode with a narrow bandwidth exhibits itself in the



32nd EPS 2005; V.S.Udintsev et al. : Electron Temperature Fluctuation Studies in Different Confinement Regim... 20f4

cross-correlation function as an envelope of oscillations that sl@a#ty increased time
lag. In this caseBgg should be substituted by the width of the envelope.

3. Observation of the electron fishbone mode. Fast (6-14 kHz) MHD modes have
been observed near the minimum of the safety fatyprin plasmas with a large frac-
tion or even with non-inductive LHCD. These modes can be superimposedowea s
double-tearingn/n= 2/1 or 3/2 mode and/or oscillations of the central electron tempera-
ture (Fig. 1) [7-8]. Unlike the large 2/1 perturbation, these fasta®s are hardly visible
by Mirnov coils. As follows from the MHD analysis, they cannot bienpreted as a
conventional tearing mode. This instability is likely to be the dleda‘electron
fishbone” mode that corresponds to the destabilization ofnfhe= 2/1 double-tearing
mode by barely trapped fast electrons with the energy above 4{rkesollowing Eq.

(2), the (averaged over 3 s of sampling) relative amplittfgél'e for the electron
fishbone is estimated to be 0.8% in the shot #33982. Interestingly, theampdieude
may vary on the phase of a lower-frequency oscillation (doublaitpasr Te-
oscillation), for example, havinqe/Te = 1% during the decay of oscillation, and less

than 0.4 % during its rise. The bandwidth of the mode equals to 450 Hzeeawmided
from the envelope shown in Fig. 1(c). From the radial extension ¢étmgerature per-
turbation due to the electron fishbone, as measured by the profileaBBethradiome-
ter, the radial structure sizé& equals to 8 - 10 cm. In terms kf (at 7.7 kHz), one
would expectk, =277/ to be about 0.8 — 0.6 émHowever, due to the small radial
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Figure 1. Observation of the electron fishbone mode at byptiofile radiometer during the phase with
Te-oscillationga). A spectrogram for the ECE channel at r/a = 0.2gjiven in(b). From the correlation
ECE, after 5 kHz high-pass filtering, the relat@eplitude of the fast mode, as well as the bandyvidt
can be determineft). The cross-coherence functif) gives the frequency of the mode.
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separation between channels, no useful information about the radialpnopdegation
from the time delay can be deduced.

4. Hot ion instabilities on Tore Supra. Two branches of high frequency (40 — 60 kHz
and 90 - 150 kHz) modes have been observed for the first time i di3Bharges with

a fraction of LHCD Picry = 3-7 MW, Py = 1.7-3 MW, } < 0.6 MA, ny(0) = 3-5x16°
m3, majority species: D, minority: H (~10%)) by means of coti@aECE and the
fluctuation reflectometer. Measurements have been made=alOrk? at the LFS (that
Is in the temperature gradient region). A cross-spectral dewsgitytwo clearly seen
frequencies at 48.8 kHz and 142.5 kHz is shown in Fig). Kelative amplitudes are
0.33 % and 0.3 % for 48.8 kHz and 142.5 kHz modes, respectively, as calculated from
the biased cross-correlation function at the zero time lag fat-pass filtered data (de-
pending on particular frequency of interest) and corrected for theofjéine video am-
plifier. Bandwidths are determined to be 2 kHz for the 48.8 kHz modé& kHz for
the 142.5 kHz mode. Interestingly, after performing the FFT analgsspectrogram)
for a single ECE signal, the high-frequency mode with a matrandwidth at 142.5
kHz can still be seen, but the 48.8 kHz one with a wider bandwidth rresarsotse
level. It has been concluded that the minimum detectable tempefate Eq(1)) for

the narrow-band mode (NBM) should be determined®g, /<T.>=,/B,s,/Bx (1a), in

which Bygwm is the bandwidth of the mode bounded between O0Byn&ndBg is the
bandwidth corresponding to the “effective” radial structure size and boundeekinedw
andBj. For the 142.5 kHz and 48.8 kHz modes, and taBing B, 4T, /<T,> are

calculated to be 0.21% and 0.42% respectively, in agreement with observations.
The upper branch of high-frequency modes is thought to be relatee &o-
called Toroidicity-induced Alfvén Eigenmodes (TAES) [9]. Due to theClHand the
low loop voltage (<100 mV), most of plasmas with high-frequency modes ha
slightly reversed central magnetic shear. The radial positfiora = 0.10-0.15 corre-
sponds tagmin between 1.2 and 2 (depending on the particular plasma conditions), as
evidenced from the localisation of 2/1 or 3/2 double-tearing and/otr@befishbone
modes, or calculated by means of the 1D-transport code CRONO%-¢t@hese Tore
Supra discharges, the Alfvén velocity i in the range between 0.6 — 2X0L0" m/s,
which corresponds to the mode frequency of [8].. =V,/27(29gR)=100-165kHz
(4). For those shots, an existence of the TAE gap=2.42w, (for example, for a TAE
with the toroidal number n = 2) has also been predicted by the cd&ldKW [11]. The
frequency of the fast mode depends strongly on local density antechj&RH power,
and a threshold for the fast mode to appear, with resp&gdg andne, can be identi-
fied. For the discharge mentioned above, the energy of hot igpmnsale for the exci-
tation of TAEs is estimated to be above 250 keV [12]. The frequengg rf@r 40 — 60
kHz modes lies outside of the possible TAE range. Possibly, these mwaru®e identi-
fied as so-called Geodesic Acoustic Modes (GAMs) [13]:

foam =C</27R, =/(T,+T, /M, /2rR0=50 kHz(5), in whichTe = 4 keV, T, = 2 keV
andRy = 2.45 m. Mass ant@ dependency of the frequency has been observed [14].
5. TAEs and the evolution of the local g-profile. In reversed shear plasmas with
LHCD and ICRH, the TAE frequency is found to depend on the phase o$¢hkation

of the central temperature (at the constant density) (Fig. 2(Be¢ause the evolution
of the temperature in the Oscillation (O)-regime is linkech&evolution of the current
density profile [8], this observation is a good proof that the value of theqacdéed
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Figure 2. Cross-spectral power density (a) show a presefdegh-frequency modes in combined LHCD
and ICRH discharge (shot #33894). During the O-megjiin the shot #34176 (b), the frequency of the
TAE (white trace in (c)) depends on the phase eb#tillation (red trace in (c)). The evolutiontbé g-
value at r/a=0.12 (position of the measurement)tifias shot is shown in (d).

evolving periodically during the oscillation cycle. In the shot shawhig. 2(b,c), ob-
servation is made close to the r(gmin). The change in frequency of 2 kHz corresponds
to the change in the locglof 1.5 — 3.0%, depending on the plasma parameters of the
shot (Fig. 2(d)).

6. Future plans. In upcoming experimental campaigns, an emphasis will be given to
detailed studies of high-frequency narrow-band modes at various$ padiions under
different plasma conditions. In the future, an improved correlation di&fnostic setup
with a crossed line of sight, a smaller sample volume, redueetra@hagnetic pickup
and instrumental noise will be needed for studies of both radial and pgloigerties

of the broadband turbulence and TAE-modes on Tore Supra.

Acknowledgement. Authors are thankful to Dr. G.Y. Antar (UC San Die¢SA) and Dr. W.A. Peebles
(UC Los Angeles, USA) for providing YIG-filters arikde acquisition card.

References

[1] B.H. Denget al, Phys. Plasmas 4117 (1998).

[2] G. Cimaet al, Phys. Plasmag 720 (1995).

[3] H.J. Hartfuss, T. Geist and M. Hirsch, Plasnhg$? Control. Fusio9, 1693 (1997).

[4] V.S. Udintsev, M. Goniche, J.-L. Ségtial, in the Proc. of the 2CPP, Nice, France (2004).

[5] V.S. Udintsev, M. Goniche, J.-L. Ségui, G. Gizuet al, submitted to Rev. Sci. Instrum. (2005).

[6] J.-L. Séguket al, submitted to Rev. Sci. Instrum. (2005).

[7] P. Magetet al, O2-002, this Conf. (2005).

[8] G. Giruzziet al, Phys. Rev. Let®1, 135001 (2003); F. Imbeawt al, P1-034, this Conf. (2005).

[9] D. Borbaet al,Plasma Phys. Control. Fusiale, 809 (2004).

[10] V. Basiuket al, Nucl. Fusior3, 822 (2003).

[11] G.T.A. Huysmanet al, Phys. Fluid®85, 1545 (1993).

[12] V. Basiuket al, Nucl. Fusiord4, 181 (2004).

[13] G.R. McKeeet al, Plasma Phys. Control. Fusiéb, A477 (2003).

[14] R. Sabott al, 7th Int. Reflectometry Workshop, Garching, Gengné2005).



