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The unique capabilities of the dual HIBP system allow the investigation of multi-scale mechanisms to be
expanded from the plasma edge to the plasma core in the TJ-1I stellarator. Experiments with combined NBI and
ECRH heating have shown direct experimental evidence of the influence of ECRH on turbulent mechanisms,
increasing the level of fluctuation, on the amplitude of Long-Range-Correlations (LRC) as proxy of Zonal Flows
(ZFs) for potential fluctuations but not for density and poloidal magnetic fluctuations and on neoclassical radial
electric fields. Whereas ECRH influences the level of fluctuations in a wide range of plasma densities, ECRH
induced reversal of the neoclassical radial electric field has been observed only in low-density plasmas. The TJ-II
unique experimental capabilities would allow validation of nonlinear saturation of turbulence simulations (e.g.
TEM), including quantitative assessments of discrepancies (e.g. level of fluctuations, correlation lengths and
interplay with ZFs) between theoretical and experimental results.

PACS: 52.70.Nc, 52.55.Hc, 52.35.-g, 52.35.Ra

INTRODUCTION

The measurements with dual HIBP system will
allow us to obtain the important information on the
spatial structure of ZFs in helical device TJ-1I. The dual
HIBP experiment can give chance to see the correlation
between fluctuations registered in different poloidal and
toroidal locations practically in the whole plasma
volume: on the same field line, on the same magnetic
surface or on different magnetic surfaces at different
points, disposed toroidally and/or poloidally. The dual
HIBP system containing both HIBP-1 and HIBP-2 is
aimed for the following physical tasks: 1) toroidal long-
range correlations via simultaneous measurements by
HIBP-1 and HIBP-2; 2) poloidal long-range correlations
via simultaneous measurements by two energy
analyzers in  HIBP-2; 3) poloidal short-range
correlations via simultaneous measurements in the set of
slits by each of two energy analyzers in HIBP-2.

In the present paper we have investigated the
influence of ECRH on neoclassical (radial electric
fields), anomalous (fluctuation levels) and zonal flows
mechanisms in the TJ-11 stellarator.

1. EXPERIMENTAL SETUP

TJ-1l stellarator is a four-period flexible low
magnetic shear Heliac with major radius of 1.5 m,
minor radius of about 0.22 m and magnetic field of 1 T.
TJ-Il plasmas studied here were heated by Electron
Cyclotron Resonance Heating (ECRH) (2 x 300 kW
gyrotrons, at 53.2 GHz, 2-nd harmonic, X-mode
polarisation) and Neutral Beam Injection (NBI)
(2 x 500 kw, port-through power at 33 kV). Central
electron temperature and plasma density up to 1 keV
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and 1.7 x 10 m® are achieved in ECRH plasmas,
whereas in NBI sustained regimes core plasma
densities and electron temperatures in the range
(0.5...2) x10®m™® and 400eV respectively were
investigated.

The TJ-1l vacuum vessel is divided into four sectors
that are marked in Fig.1 as Sector A, B, C and D,
corresponding to its four-fold toroidal symmetry. Each
Sector is divided into 8 regions. The results reported in
the paper were obtained using a unique experimental
set-up in operation of the TJ-II stellarator that includes
two HIBP systems (see Figs.1, 2). The dual HIBP
system [1] was used to study the temporal and spatial
evolution of density and plasma potential profiles,
fluctuation levels and Long-Range-Correlations (LRC)
as proxy of zonal flows (ZFs) in the whole plasma
cross-section.

TJ-1l top view

HIBP1

Fig. 1. Schematic view of TJ-11 showing the locations of
dual HIBP system
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A 20-channel stainless steel split plate was used as
ion beam detector in HIBP-2, while 8-channel detector
is in operation in HIBP-1 at the moment [2]. The unique
possibilities of the dual HIBP system allow us to expand
the investigation of multi-scale mechanisms from the
plasma edge, using the dual Langmuir probe system, to
the plasma core.
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Fig. 2. The dual HIBP system
2. EXPERIMENTAL RESULTS

2.1. INFLUENCE OF ECRH ON RADIAL
ELECTRIC FIELDS AND PLASMA PROFILES

Fig. 3 shows the time evolution of plasma parameters in
on-axis ECRH/NBI heated plasmas and the
corresponding radial profile of plasma potential. In low
density plasmas (n=~0.6x 10 m?®) according to
neoclassical predictions there appears a transition from
negative (ion root of the ambipolarity equation) to
positive (electron root) radial electric field (Er), once
ECRH is turned on [3,4]. So far the reversal in E,
induced by ECRH has been observed at low density
plasmas (see Fig. 2, #39894) but not in high density
> 1 x 10" m™ regimes (see Fig. 2, #40187).

As ECRH is added to the discharge at plasma
densities below the ECRH density cut-off
(=1.7x10"m?), a pronounce increase of electron
temperature can be observed with central electron
temperature reaching values up to 1 keV (see Fig. 3). It
should be noted that the influence of long-scale length
(neoclassical) radial electric field components on zonal
flow-like structures has been recently reported in the TJ-
IT stellarator. The ExB shearing rate corresponding to
the short scale length structures of the radial electric
field may be sufficient to regulate turbulence. It is
interesting that direct observation of fine scale
structures in radial electric fields have been also
reported in the JET tokamak to be consistent with
stationary zonal flows.

2.2. INFLUENCE OF ECRH ON FLUCTUATION
LEVEL

The influence of ECRH heating on the profile of
total current fluctuation levels is illustrated in Fig. 4. In
these studies the HIBP-1 system was in the radial
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scanning mode covering the whole TJ-1I plasma cross-
section (from low to high field side). The level of
density plasma fluctuations significantly increased from
the deep core (rho=0) up to the edge (rho=0.8) in
ECRH phase.

The growth of the fluctuations level is due to the
amplification of broad-band fluctuations in the
1...300 kHz range. It is empirically correlated with the
peaking in the electron temperature profile while
keeping plasma density roughly constant in the ion root
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Fig. 3. Time evolution of plasma density and electron
temperatures with combined ECRH / NBI regimes and
corresponding plasma potential profiles in the TJ-11
stellarator. The plasma potential reverses from negative
values to positive values in low density plasma (#39894)
but not at high density (#40187) regimes with combined
ECRH and NBI heating. ECRH was on axis for shot
#39894 and off-axis for shot #40187
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Fig. 4. Influence of ECRH on density fluctuation
profiles (shot # 41725) measured with the HIBP-I
system in the scanning mode
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(negative radial electric field) regime. Thus, electron
temperature driven instabilities (e.g. TEM) as well as
ECRH induced kinetic effects can explain the observed
influence of ECRH on TJ-II fluctuation levels.

It is worth noting that previous experiments in the
AUG tokamak have shown that the influence of ECRH
power on the turbulence level is only observed in the
regions that are close to the ECRH deposition location.
However, in the TJ-I1 stellarator the influence of ECRH
on the level of fluctuations is observed in the whole
plasma cross-section, as shown in Fig. 4.

2.3. INFLUENCE OF ECRH ON LRC

The amplitude of Long-Range-Correlations (LRC)
increases for potential fluctuations but not for density
and poloidal magnetic fluctuations as shown in Fig. 5.
Furthermore, LRC of plasma potentials dominate in the
low frequencies (< 20 kHz) with cross-phase near zero
value, which is consistent with previous LRC studies
using edge probes.
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Fig. 5. Long-Range-Correlations at f<20 kHz measured
with HIBP-1 in the scanning mode and HIBP-2 at point
rho=-0.63 (shot #39894) for plasma potential (a),
secondary ions (density ) (b) and toroidal shift (poloidal
magnetic fluctuations)(c), the phase of potential LRC at
f < 20 kHz(d)
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These results are consistent with the development of
ZF structures that are amplified by ECRH. It should be
noted that previous experiments in the TJ-1I plasma
edge region have shown that as plasma density
increases, and ECRH-heated plasmas (n <10 m™)
give way to pure NBI-heated plasmas (n > 10*° m™), the
amplitude of LRC (characterized by the dual Langmuir
probe system) increases. An experimental programme is
in progress to compare the influence of ECRH on
fluctuation level and LRC characterized by the dual
HIBP (core and edge regions) by Langmuir probe
systems in the edge region of the TJ-I1 stellarator.

CONCLUSIONS

Dual HIBP diagnostic is the unique tool for direct
measurements of potential, density and poloidal
magnetic field Long Range Correlations. Experiments
in plasmas with combined NBI and ECR heating in the
TJ-11 stellarator have demonstrated possible influence of
ECRH on turbulent mechanisms, which increase both
the level of broadband fluctuations and the amplitude of
LRC, as well as neoclassical radial electric fields. The
TJ-1Il unique experimental capabilities would allow
validation of data obtained by different numerical codes
for turbulence simulations. Such codes evaluate
guantitative assessments of discrepancies (e.g. level of
fluctuations, correlation lengths and interplay with
Zonal Flows) between theoretical and experimental
results [5]. The additional experiments are planned to
investigate the distribution of LRC in different plasma
heating scenarios.
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HOBBIE BO3MOKHOCTH U3MEPEHUS IIVIOTHOCTHU U NIOTEHIHUAJIA IIJIA3MBI ITPH
HCMOJb30BAHUA IBOMHOT O IMATHOCTHYECKOI'O KOMILIEKCA HA ITYYKAX TSXKEJIBIX
HMOHOB (3IITU) HA CTEJIVIAPATOPE TJ-11

A.U. Kexcepa, A.A. Umwiza, I'.H. /lewxo, JI.I. Enucees, K. Hoanvzo, A./l. Komapos, A.C. Kozauekx,
JLU. Kpynnuk, A.B. Menvnukos, X.JI. oe Ilabnoc, C.B. lleppunoé u komanoa TJ-11

YHUKaTbHBIE BO3MOXKHOCTH JBOMHON cucTteMbl 3[ITU mo3BOAIOT paclIMpUTh UCCIEAOBAaHUE BIMSHUS MYJIbTHU-
MaclITaOHBIX MEXaHWU3MOB YJAEPXKaHUsI OT I'PaHMIBI O LEHTpa IUia3Mbl B creiutaparope TJ-II. DxcrnepumeHTsI ©
KOMOMHUPOBAaHHBIM HarpeBOM HEUTPAIBHBIM ITYYKOM M 3JIEKTPOHHO-IIMKIOTPOHHBIM pe3oHaHcoM (DL[P) nmokazanu
npsIMOE  SKCHEpPHMEHTANbHOE JI0Ka3aTeabcTBO BiMsHMA OL[P Ha TypOyneHTHble MeXaHW3MBl, HPHUBOAAIINE K
YBEJIMUCHUIO YPOBHsI (QIIyKTyalnii, aMIUIUTYIbl JATbHUX KOppesinuid (Kak MoKa3aresib 30HAJbHBIX TCUCHHUH) AJst
KoJieOaHWH NOTEHIMAIa, HEOKJIACCHYECKOTO PAIHAIEHOTO 3JIEKTPHYECKOTO MOJIsl, HO HE ISl KoJieOaHMH TIIOTHOCTH
IUIa3MBbI U TIOJIOMAATBHOTO MarHUTHOTO Nosd. B To Bpems kak OLIP Bimsier Ha ypoBeHb (QUIyKTyanuii B JOCTaTOUYHO
IIMPOKOM JWana3oHe IUIOTHOCTEH IUIasMbl, WHIyIUpoBaHHBINH OI[P-niepeBOpoT HEOKIACCHYECKOTO PagHantbHOTO
IIEKTPUUECKOTO IO HAOMI0JaeTCsl TOIBKO JUIS TUIa3MBbl C HU3KOH INIOTHOCTBIO. Y HUKAIbHBIC SKCIIEPHUMEHTAIbHBIC
Bo3MOo)kHOCTH TJ-II mo3Bommmm OBl TPOBEPKY YHCIEHHOTO MOJECIMPOBAHMS HEIMHEHHOTO HACHIMICHUS
TypOynenTHocTH (HanpuMmep, TEM), BKiIto4asi KOJMYECTBEHHBIC OLICHKH B PACXOXICHUH (HampuMmep, aMIUTHTYIbI
KoJieOaHWH, JJIMHBI KOPPENSIIMM W HMX B3aUMOJCHCTBUE C 30HAJIBHBIMH NOTOKAMH) MEXIY TEOPETHYECKUMH M
9KCIIEPUMEHTANBHBIMU PE3yIbTaTaMU.

HOBI MOKJIMBOCTI BUMIPIOBAHHSA I'YCTUHMU TA IIOTEHIIAJLY IIVIA3MHU
IMPU BUKOPUCTAHHI NOJABIMHOI'O JIATHOCTUYHOI'O KOMILJIEKCY HA ITYYKAX BAXKKHX
IOHIB (3IIBI) HA CTEJIAPATOPI TJ-II

0.1. Kesrcepa, 0.0. Umuza, I M. /lewxo, JI.I. Enicees, K. Ioanveo, 0./1. Komapos, O.C. Kozauox,
JLI. Kpynnixk, O.B. Menvnixos, X.JI. oe Ilaénoc, C.B. Ilepghinos ma komanoa TJ-11

VHikaneHi MoHBOCTI moaBiiHOI cuctemu 3I[IBI 103BONAIOTE pO3MUPUTH AOCTIIKEHHS BIUTUBY Oararo-
MacIITaOHUX MeXaHi3MiB yTpuMaHHs 3 mepudepii mo meHTpy miasmu B cremaparopi TJ-II. Excmepumentn 3
KOMOIHOBaHMM HarpiBoM HEHWTpaJIbHUM IYYKOM 1 €JIeKTPOHHO-IMKIOTpOHHNM pe3onancoM (EL[P) mokazanu mpsme
eKCIIepUMEHTaJIbHE TiaTBepkeHHs BIMBY ELIP Ha TypOyneHTHI MexaHi3MU, 110 MPUBOJASATH /10 30UIbIIECHHS PiBHS
GduykTyaniif, aMmIUlTYIM JAaleKuX KOpeJsuid (SK IMOKa3HUK 30HAIBHMX Teuidl) /isi KOJMBaHb IOTEHIAIy,
HEOKJIACMYHOTO PaiallbHOrO EJEKTPUYHOrO II0JIs, ajle He /Uil KOJIMBaHb TYCTHHHU IUIa3MH 1 I10JI0iJajbHOTO
MarHiTHoro noisi. Y Toil 4ac sik ELIP BruiMBae Ha piBeHb (uyKTyalliii B JOCHTh HIMPOKOMY Jiana3oHi I'yCTHHH
wiasmy, inaykoBanuii EL[P-iepeBopoT HEOKIIaCHYHOTO pajiajbHOTO EIEKTPUYHOTO IOJIS CHOCTEPIraeThesl TITBKU
IUIA TUTa3MH 3 HU3BKOIO TYCTHHOK. YHIKalbHI ekcrepuMeHTanbHI MoxiauBocTi TJ-II mo3Bonmmm 6 mepeBipky
YHCEILHOTO MOJICIIFOBAHHS HENIHIHHOTO HacW4eHHs TypOyieHTHocTi (Hampukinaa, TEM), BriIo4a4u KidbKicHI
OIIIHKH B PO3XO/DKEHHI (HANPHUKIAJ, aMIUIITYAH KOJWBAaHb, JOBKHHHU KOpEIAMii i iX B3aeMOMis 3 30HAITBHUMH
MOTOKAMH) MIXK TEOPETHIHNMH 1 €KCIICPUMEHTAIbHUMH Pe3yIbTaTaMHt.
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