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The new findings in the behavior of geodesic acoustic modes (GAMs) and turbulent particle flux dynamics on
the T-10 tokamak are presented. For the first time in T-10 the broadband oscillations (<250 kHz) of electric
potential and density in Ohmic and ECRH regimes (B, = 1.6...2.4 T, 1,,=0.15...0.3 MA, n.=(0.6...5)x10"° m*®)
were measured by Heavy lon Beam Probe (HIBP) in the core plasmas. At the periphery, at r/a > 0.8, the dominated
GAM peak with frequency ~ 14 kHz and noticeable peak of quasi-coherent oscillations in the frequency band
40...100 kHz were observed. The multichannel HIBP measurements were performed to measure poloidal electric
field Eyo and to retrieve the electrostatic turbulent radial particle flux driven by ExB drift. The preliminary
experiment shows that in contrast to the power spectral density of plasma potentials, GAM peak was almost
invisible in the E,, power spectrum and on the frequency resolved turbulent particle flux. These results are consistent
with the general concept of GAM as a high-frequency branch of zonal flows, having symmetric poloidal structure of

potential perturbation, which were supported by earlier observation of poloidal mode number m=0 in T-10.

PACS: 52.35.Ra, 52.55.Fa, 52.70.Nc

INTRODUCTION

Geodesic acoustic modes (GAMs) are the high-
frequency branch of zonal flows in toroidal fusion
devices. GAMs are actively studied in tokamaks and
stellarators as one of possible mechanisms of the plasma
turbulence self-regulation by the oscillating radial
electric field [1]. GAMs should transform the radial
turbulent oscillations, which transfer the energy of
plasma turbulence, into the torsional plasma
oscillations, which do not transmit the energy radially.
The linear theory predicts that the poloidal mode
number for GAM potential oscillations is m=0 [2]. Due
to this poloidal symmetry, a poloidal component of
electric field E,y is expected to be zero for GAMs.
Therefore, the radial turbulent particle flux should also
be zero at the GAM frequency. However, this
theoretical expectation was not yet validated
experimentally in the core plasma. The presented report
contains the preliminary results of such validation.

1. EXPERIMENTAL SETUP

The GAM oscillations are systematically studied at
the circular T-10 tokamak (R=15m, a=0.3m,
Bi=15...25T, Iy=0.15...0.3 MA) using heavy ion
beam probing (HIBP) [3, 4]. HIBP is a direct diagnostic
for studying the electric potential ¢ and its oscillations.
GAMs are typically observed very clearly as a
pronounced monochromatic peak in the frequency
power spectra of potential. This diagnostic has an
important ability to for study plasma potential
oscillations and, specifically, the GAM characteristics in
the core region, which is inaccessible for Langmuir
probes, which typically used to investigate potential
oscillations and the GAM at the edge [5]. Basic
principles of HIBP measurements of plasma parameters
in T-10 were described in [6]. We use the ions TI" with
energy E, up to 280 keV. Varying the beam energy and
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entrance angle into the plasma, we can spatially scan the
sample volume (SV) and form the detector grid: the
observation area in plasma. For the registration of the
secondary beam I, we used the energy analyzer with five
entrance slits Fig. 1 in [7]. The each slit provides the
spatial resolution < 1-2 cm, and the temporal resolution
<5 us in the radial range 6 <r<30cm for B;<2.1T.
This analyzer allows us to carry out simultaneous
measurements in few (up to 5) neighbor SV. The
magnetic flux surfaces in poloidal cross-section of T-10
are circular. The adjustment procedure can be
performed to get the location of SVs as close as possible
to desired magnetic flux surfaces that allows us to
estimate the local poloidal electric field

Epol = (9i- 9;)/0X, 1)
where dx~1cm, i, j=1..5 i=]j. This limits the
poloidal wave vector, k,< 3 cm™. The radial ExB drift
velocity is

V.= EpoI/Bt- (2)
The turbulent particle flux is defined as

Texg(t) = AV, = 1B fi,(t) E, (1) (3)

To analyze the frequency structure of the flux, we
use the flux spectral function [8]:

rExB(f t)=-2/ B, Re(SnEpol (f.0), 4
where Re(S, g, (f,t)) is a real part of the complex

Fourier power cross-spectral density (CSD) for plasma
density and Epq.

To measure Zrxg(t), the density fluctuations 0,
should be obtained simultaneously at the same position
asE, that is provided by combined potential and beam

current measurements with HIBP. For the analysis of
the flux dynamics in arbitrary units, or for frequency
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spectra analysis, the relative data for density oscillations
on, () =T ()71, is sufficient. In the low-density case,
for estimation of the absolute value of Txg(t), i, may
be replaced by T (t). In the higher-density case, one
should take into account the attenuation effect by the
expression: A, =1, /1,-A,, where oscillatory component

i, /1, is measured by HIBP, and normalization factor n,
is provided by other diagnostics like interferometry.

This way allows us to extract 7zxg for the first time in
the core plasma of T-10.

2. EXPERIMENTAL RESULTS

Fig. 1 shows the amplitude of GAM activity (over
extended frequency domain covering GAM and
satellite) obtained from difference of potentials between
neighboring poloidally shifted sample volumes as
function of radial difference between them. Figure
shows that for Ar<1 cm (the beam diameter) the radial
component E, may be omitted, and the GAM amplitude
is invisible on the noise background. When Ar
increases, the role of E, becomes more important, and
the measured GAM amplitude grows.

Fig. 2 shows the time evolution of power spectral
density (PSD) for potential oscillations measured at the
central slit @3 (a); and PSD for difference of potentials
oscillations between the central and edge slits ¢; - @3,
i.e. the electric field (b). The time evolution of the
frequency resolved flux spectral function calculated as
cross-spectral density (CSD) for difference of potentials
¢, and ¢z and density oscillations (eq. 4) is shown in (c).
We see that GAM is clearly pronounced on the potential
spectrum, but is not seen on E and so in the flux spectra.

Fig. 3,a shows the time evolution of spectral
function of turbulent particle flux (4). The quasi-
coherent (QC) modes are dominated on the spectrum.
The total turbulent particle flux driven by QC modes is
shown in Fig. 3,b. It is determined as follows:

Foe () =2/ B, [Re(S, g (1), ©)

where ;=100 kHz, f,=175 kHz for the considered case.
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Fig. 1. Dependence of potential difference vs the
distance between the sample volumes for GAM+satellite
frequency domain
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Fig. 2. Time evolution of: power spectral density (PSD)
of potential oscillations measured by the central slit ¢
(a); PSD for difference of potentials on central and
edge slits (¢1- 3) (b); the frequency resolved flux
spectral function (c)
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Fig. 3. Time evolution of: spectral function of turbulent
particle flux (a); turbulent particle flux driven by
quasicoherent (QC) modes (b)

The time-frequency domain for QC mode is shown
in Fig. 3,a as a black rectangle. Figure shows that QC
mode generates pronounced outward particle flux,
contrary to GAM, which does not generate neither
outward nor inward flux for the examined experimental
conditions.

ISSN 1562-6016. BAHT. 2017. Nel(107)



CONCLUSIONS

The multichannel energy analyzer makes the heavy
ion beam probing an effective tool to study Epo, up to
250 kHz. In combination with simultaneously measured
density perturbation HIBP allows us to retrieve the

electrostatic radial turbulent particle flux driven by ExB
drift. The preliminary data shows that GAM-driven
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UCCJIEJJOBAHUE 'AM U TYPBYJEHTHOI'O ITIOTOKA C IOMOIIBIO ITYUKA TAXKEJIBIX
MOHOB B TOKAMAKE T-10

JLI. Enucees, C.E. JIvicenxo, A.B. Menvnuxos, JI.H. Kpynuuk, A.C. Kozauek, B.H. 3enun u komanoa 3IITH

[IpencTaBneHs! HOBBIE pe3yIbTAThl UCCIEAOBaHNH reoaesnyeckux akycrnaeckux Mo (I'AM) u TypOyneHTHOTO
noToka yactuil Ha Tokamake T-10. Brepseie Ha T-10 B paspsigax ¢ omuueckum u DIP-narpesom (By = 1,6...2,4 T,
Iy =0,15...0,3 MA, n.=(0,6.. .5)x10" M%) B ropsiueii 30He MIA3MBI C TOMOIIBIO 30HIUPOBAHHS TyYKOM TSKEITBIX
noHoB (3I1TH) n3mepeHsl MIMPOKONOIOCHbBIE KOJICOAHHS AJICKTPUUECKOTO MOTEHINANa W IUIOTHOCTH € YacTOTaMHU
J0 250 kI'u. Ha nepudepun, r/a > 0,8, nabmoaancs npeodbnanarouuii muk [AM ¢ gactotoit ~ 14 k['i 1 3ameTHbIN
MUK KBa3UKOTepeHTHBIX Kojebanmii ¢ dactotamu 40...100 k['m. MHorokananeasie 31T u3mMepeHus MO3BONHIH
OLIEHUTB M0JI0M/IATBEHOE SIIEKTPUUECKOE T0J1e Eyol M HAWTH pasianbHbIM 271€KTPOCTaTHYECKUI TypOYJIEHTHBIN TOTOK
yacTuI, Bo30Oyxmaembiii ExB mpefidom. I[IpenBaputenbHble 3KCIIEPUMEHTH MOKa3anu, 9to 'AM mHK BUAEH Ha
CIeKTpe KoJieOaHMi MoTeHIrana, Ho NPaKTHYECKU HE BUJIECH Ha cleKTpe Epg ¥ Ha 4acTOTHO pa3peléHHOM IOTOKE
4acThll. DTU Pe3yJIbTaThl COTIACYIOTCS ¢ 00Iel TeopeTudeckor kKoHuemnmuei, uto 'AM — 3TO BBICOKOYACTOTHAs
BETBb 30HAJbHBIX IOTOKOB ¢ CUMMETPUYHOM IOJOUJAIBHON CTPYKTYpOl BO3MYILEHUH INOTEHLHUANa, a TaKkKe C
NPEXXHUMHU HAOJIOIEHUSMHE MTOJIOUIAIBHOT0 MOJIOBOTO unciia m = 0.

JOCJIIKEHHS 'AM TA TYPBYJIEHTHOI'O IIOTOKA 3A 1OIIOMOTI'OI0 TYYKA BAKKHNX
IOHIB Y TOKAMAII T-10

JLI. €nicees, C.€. Jlucenxo, O.B. Menvnikos, JI.1. Kpynuix, O.C. Kozauoxk, B.H. 3enin i komanoa 3I1BI

[IpencraBneHo HOBI Pe3yNbTaTH IOCTIIKEHb Te0e3NIHUX aKycTHIHUX Mox (”AM) i TypOyJIeHTHOTO MOTOKY
yacTok Ha Tokamaui T-10. Bmepiue Ha T-10 B pospsmax 3 omiynuM i ELIP-narpisom (B;=1,6...2,4 Tx,
I =0,15..03MA, n,= (0,6...5)x10" m®) y rapsuiii 30Hi MIa3MH 3a JOMOMOTOK0 30HLYBAHHS ITYYKOM BAKKHX
ioniB (3[IBI) BuMipsiHI IIMPOKOCMYTOBI KOJMBAHHS €JIEKTPUYHOrO MOTEHIialy Ta LIUJIBHOCTI 3 4YacTOTaMu [0
250 kI'u. Ha nmepudepii, r/a > 0,8, cnocrepirascst nepeBaxatounid mik '’AM 3 yactororo ~ 14 k' i MOMITHUI miK
KBa3ikorepeHTHUX KonmBaHb 3 dactoTamu 40...100 k['u. baratokananeni 3[1BI BuMipH m03BONWIM OLIHUTH
nonoinanbHe enekTpuuHe mone Eyg 1 3HalTH pagianbHMil eNeKTpOCTaTMYHMH TypOyJE€HTHHH IIOTIK 4YacTok,
30ymxkyBannii ExB npeitpom. Ionepenni ekcnepuMeHTn mokaszanu, mo ['’AM mik BHAHO Ha CHEKTPi KOJWBaHb
NOTEHIIialy, aje NPaKTUYHO He BUJHO Ha CNeKTpi Eyg 1 Ha 4acTOTHO N03BOJEHOMY moToLi yacTok. Lli pesynbraTu
Y3TOJUKYIOTBCS 13 3arajlbHOI0 TEOPETUYHOIO KOHIeNiero, 1o 'AM — 11e BUCOKOYacTOTHA T'JIKa 30HAIBHHUX TTOTOKIB
3 CHUMETPUYHOIO MOJIOINALHOIO CTPYKTYpPOIO OOypeHb MOTEHIialy, a TaKOXX 3 KOJHUIIHIMH CIIOCTEPEKCHHIMHU
MOJIOTNAILHOTO MOJJ0BOTO uncia m = 0.
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