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Traditionally, three transport regions have been considered in the THII stellarator: the plasma core, where heat
deposition physics seems to dominate transport and therefore the radial electric field; a confinement or bulk plasma
region where collisona and, very likely, turbulent fluxes cooperate interlinked by radia eectric fields and plasma
rotation; and a third region near the edge where plasma-wall interaction and magnetic topology add new phenomena.
This latter region, however, may till preserve the transport properties of the bulk region. We present our latest
experimental results on edge fluctuations based on probe data and fast cameraimage analysis, as well as HIBP plasma
potential and heat diffusion profilesin the bulk plasma, al of them tuned under a same experimenta knob: the plasma
density, which isindication of a close intertwinement of transport, turbulence and electric fields in stellarator plasmas.

PACS: 52.25.Fi, 52.25.Gj, 52.55.Dy, 52.55.Hc, 52.70.Ds, 52.70.Gw

1. INTRODUCTION

Already in 1990, with a first generation of medium-
sized stellarators operative, low collisionality plasmas
obtained with Electron Cyclotron Heating (ECH) showed
that the plasma core region could be reasonably well
described by collisonal transport, but most of the bulk
plasma presented an anomalously high electron heat
transport [1,2]. The present gyro-Bohm stellarator scaling
of the energy confinement time [3] is compatible with
diffusive processes based on microscopic transport. In
addition, global scalingswith heating power, as it happens
with tokamaks, support the notion of transport dominated
by mechanisms fed non-linearly on thermodynamic
gradients, of which turbulent transport is a paradigm.
Since sheared ExB flows (DC or fluctuating) are expected
to affect turbulent transport, it is worth looking for any
systematic relationship between flows, turbulence and
transport.

In TJIl experiments up to date, plasma potential and
heat transport vary with density in a systematic manner.
Here we summarize the experimentd relati onships found
between poloidal flows, plasma potential, fluctuations and
heat transport as one experimental controller, the plasma
line density (<n.>), isvaried.

2. EXPERIMENTAL RESULTS

The Heavy lon Beam Probe (HIBP) diagnostic
installed in the THI is able to resolve a flattening of the
plasma potentia profile, j (r), in the presence of a low
order rational value of the rotational transform. This
situation of close to null or smal E, = -Nj (r) in an
extended radia region can be found aso without the
presence of major magnetic resonances. A transtion of
j (r) evolving from positive to negative as the density is
increased is known in stellarator devices (see eg. [4]). In
the case of the TJI, it has been seen on a shot to shot
basis (stationary plasmas) and dynamically. In Fig. 1 we

see j(r) varying as the density grows during an
ECH+NBI discharge. Near the edge (positiver ), the lope
of the plasma potential profile reverses sign when the
average density reaches some 0.8:10"° m?, Thereiis little
chan%e in j (r) for line average densties above some
2:10" m. The smooth change from everywhere positive
to everywhere negative plasma potential is known to be a
systematic feature not dependent on configuration as far
as it has been checked.
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Fig.1. HIBP profiles decaying during the growth of the
plasma density in a discharge with ECH+NBI heating.
When <ne>~1.4-10" m? the plasma is sustained by NBI
alone

The higher densities of Fig. 1 are obtained in the pure
NBI phase of the discharge (densties above ECH cutoff,
<ns> >1.2:10" m®), when the density profiles change
from hollow to peaked. More HIBP data for different
density scans show that the region -Nj (r) ~ 0 moves
inwards in a rather smooth way as the density increases.
The shear layer caused by the corresponding structure of
the ExB drift moves inwards and seems to widen. Here
we define shear layer as the radia region where E;
reverses sign, athough in most of the experimental data
shown in this work, it extends (within resolution) to a
considerable part of the plasma.
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Fig. 2. Mean frequency of the reflectometer spectra vs.
cut-off radiusin discharges with increasing densities

Normally, the regions of flat | are bounded by
regions with high poloidal velocity. Therefore, it makes
sense speaking of boundary shear layers not only in the
plasma edge but aso in the confinement zone. The
existence of a shear layer in the bulk plasma of the THII
has been confirmed by means of microwave reflectometry
[5] (MWR). In Fig. 2 we plot the mean frequency of the
spectra obtained in four ECH discharges with different
line averaged densities. The diagnostic can give with
good spatial accuracy theradial position of the inner shear
layer, here detected as the location where the mean
frequency changes sign as a consequence of the reversal
in the rotation of the detected fluctuations. Since the
diamagnetic drift here is quite smaller than the ExB drift,
the data from the reflectometer should be compatible with
the electric fields deduced from HIBP data. Aside from
the spatia uncertainty of the HIBP, the qualitative result
is confirmed: a shear layer moves towards the center as
the plasma density increases. For densities above the ECH
regime, the radid electric field is negative and
monotonous in essentially al of the plasma and a shear
layer can only exist in the plasma edge.

HIBP data show that the regions of approximately null

E, and their corresponding inner shear layer can begmh_ S

followed in every radia region of the plasma as density is
augmented. A link between flows and transport is a
natural expectation already from the basic formulation of
transport in a cylindrica column. However, despite
notable difficulties in quantifying fluctuation leves,
MWR in the TJIl indicates that there is significant
turbulence in the entire radial range of Fig. 2. Therefore,
it isnatural to suspect that the link between electric fields
or plasma flows and turbulence responds to the same
mechanisms than further out in radius, where eectric
probes can be used.

The edge region can be explored with detail by means
of different kinds of electric probe. THI plasmas (as well
as other confinement machines) are characterized by flat
j profiles from the plasma border out. Thus, the plasma
edge can develop naturaly a shear layer as soon as there
is achange of plasma potentia near (inside) the edge.

Werecall from experiments in the Advanced Toroida
Facility [6] that a change in poloidal rotation as seen in
the phase velocity of fluctuations at the plasma periphery
(r ~ 0.9) correlates with the onset of a shear layer with
altered fluctuation levels. More recent data from the TJ-|
evidence a threshold line density, near 0.6-10" m* in
typicl ECH plasmas in standard configuration, that
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marks the start of a systematic link between density
fluctuation levels, plasma potential and poloidal rotation
[7]. Fig. 3 shows (left panels) the profiles of probe ion
saturation current, proportiona to plasma density in the
corresponding experimental  conditions, for different
values of <ng> obtained in different discharges. At low
line dengties the gradient in the ion saturation current
remains roughly the same. After reaching
<ne> ~ 0.6:10m*, alarger gradient develops and, at the
same time, the floating potential measured by the same
probe drops to negative values (bottom panel). As a
consequence, an edge shear layer develops.

It is interesting to follow the formation of the edge
shear layer on the evolution of time-traces in a fixed
radial position: Also in Fig. 3 (right panels) we plot with
dots the rms value of the fluctuating ExB radia veocity
estimated from the tip separation on the probe, as a
function of <ng> for alarge set of discharges. The bottom
panel shows the corresponding values of the phase
velocity of the fluctuations. The relationship between
fluctuations, poloidal phase velocity and density is robust:
when <ng> is changed in one discharge by modulation of
the gas puffing waveform, we obtain the data shown with
thin lines in the right panels of Fig. 3. At the threshold
density we see a change in the phase velocity that
correlates with increasing fluctuations. However, once the
new (negative) vaue of such velocity reaches its
maximum magnitude, the fluctuations stop growing and
tend to diminish instead. Here we assume that the line
density can be associated in this region to the loca
density scale length, which is really considered as a more
relevant parameter. The threshold <ng> is marked in the
rlght panelsof Fig. 3with verticd bands.
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Fig. 3. Left: edge profiles of ion saturation current
(top) and floating potential (bottom). Right: rms value of
the fluctuating poloidal electric field (top) and phase
velocity of the fluctuations (bottom) for a set of stationary
discharges (dots) and for a single discharge with evolving
density (lines). Probe radial position: r = 0.9

The results of Fig. 3 suggest that when there is enough
avalable free energy the plasmaflow system self-
regulates. near (below) the threshold density, the level of
fluctuations and the magnitude of flow rotation increase
in parald until the shear flow is established at the edge;
then the fluctuations decrease while edge gradients and
plasma density increase. The critica nature of this
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phenomenon is suggested by observations at the density
threshold, when fast trandents (tens of ps) can be
obtained in the phase velocity measured with the probes
[8], as shown in Fig. 4. There we see a case in which the
threshold is reached from below: the time-trace of the
floating potential in r ~ 0.9 stays positive on average but
it explores intermittently the negative val ues.
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Fig.4. Detail of the transients observed when sheared
flows are being developed at the critical density

The data shown above are obtained from fluctuating
electric dgnas in the plasma edge region. The phase
velocity of the fluctuations is intuitively associated to the
movement of elongated turbulent structures convected by
the mean poloidal flow. Recent results, coming both from
the NSTX spheromak and the TJIlI Heliac indicate
similar behaviour of turbulent structures, which we shall
refer to as “blobs’, in the plasma edge region [9]. The
data have been obtained with recordings of fast cameras
that are able to resolve typica time-scales of eectrogtatic
turbulence. After processing, it has been found convenient
to define such geometrical parameters as scale size,
orientation and aspect ratio of the blobs. All three
parameters get affected during the L-H transition in the
NSTX: the net orientation and aspect ratio of the blobs
population increase in H mode with respect to the L
mode, while the overal population decreases.
Interestingly, the same qualitative results, abeit less
pronounced, are seen in the TJIl but taking as
“trangition” process the formation of a shear layer
commented above. Therefore, these recordings confirm
what has been said on the existence of a shear layer that
develops after the threshold density is reached, and add
the information that there are statigtically significant
morphological changesin the visualized structures.

A detailed quantification of the above and some other
aspects of the images recorded by the high speed cameras
still require further study. What can be cast out of any
doubt in the T3 is that the blobs reverse rotation at the
density threshold. Let us recall that, below such density,
E; as obtained from the HIBP diagnostic is everywhere
positive. Above the density threshold an edge shear layer
shows up and the inner one moves inwards as the density
keeps on rising (Fig. 1). The bi-dimensional structures
detected by the cameras reverse their poloidal movement
at that density, in close agreement with the behaviour of
the phase veocities obtained with electric probes: Fig. 5
shows six consecutive frames of a recording where such
reversal of the detected poloidal rotation occurs.
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Following the frames from top to bottom and from left to
right, we see (marked with small sguares) one of these
blobs moving counterclockwise (left) and then clockwise
(right) a the density threshold. The fast transients
(~10 ps) detected by the Langmuir probes (like those
shown in Fig. 4) share the densty threshold with the
reversal found with high speed imaging.
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Fig.5. Evolution of the poloidal movement of blobs when
the threshold density is reached in a discharge with
density ramp-up

3. DISCUSSION AND CONCLUSIONS

For low densities or typicad ECH plasmas of the TJII,
the region of normalized radii r < 0.3 is dominated by the
electron dynamics, e. g. ECH-driven pump-out. Recalling
Fig. 1, we see that the core values of | in that case are
what one would expect from a simple radia momentum
balance with frozen ions and electrogtatically “stopped”
electrons: the N(neTo)/(ene) contribution yields a core E,
like the one found in the experiments. These values of E;
are expected also from neoclassical calculations for the
TXHI [9]. Fig. 6 shows ] obtained after integrating the
quantity Eg. = -N(neTe)/(ene) (with j = 0 at the edge),
which can be compared with HIBP data in Fig. 1. Since
the core density gradient is very small in ECH plasmas,
j = Tde. The close relationship found between centrd
electron temperature and plasma potentia in low density
plasmas is compatible with the results from ECH
modul ation experiments, where the modulation of ECRH
power causes a small (~10%) change in beam ion current
(say plasma density), but a much more marked change
(~50%) in j in most of the core region, r < 0.6 [11].
Furthermore, the time-scales associated with the fast
transients of j in these modulation experiments, are
compatible with time-scales of the electric field dynamics
according to the equations for radial and poloidal eectron
momentum balance,
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and Poisson's @ = (e/e)G . Here we smply consider
that an initia (and local) condition of non-equilibrium
eectron radia flow G must alter the radial eectric field
and, consequently, the balances. The plasma response
should come through E,-dependent transport coefficients.
These equations yield a characteristic time-scale of order
Ung, much faster than typical transport time scales but
slower than plasma oscillations.

In addition, let us remember that plasma rotation
measurements taken since the earliest TJI campaigns
(ECH plasmas) [12] indicated positive E; near the core,
with a strong increase in E; in cases of high T¢(0). The
electric field here is obtained under the assumption that
al the plasma rotation is due to the ExB drift, a far
assumption for the ions. Lower temperature (higher
density) plasmas in the same campaigns yield smaller E;
that decrease more gently as T, decreases. Further studies
showed a qualitative behaviour of the estimated plasma
rotation in far agreement with neoclassical calculations
of theradia dectric field [13].
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Fig. 6. The electrostatic potential obtained integrating the
diamagnetic contribution to E, for TJ-11 ECH plasmas
looks alike for different densities. There is agreement with
HIBP measurements only for the lowest densities

In the bulk plasma region of ECH discharges, heet
diffusion has been quantified from T, measurements and
an estimate of the heat deposition zone [13]. Fig. 7 isa
surface plot of c(r) as a function of <ng>. The vaues
have been obtained from a large set of ECH discharges of
the THII with stationary conditions and using a typical
diffusive description of transport. The heat source is
assumed to be Gaussian-shaped and centered, and
experimental profiles of density and temperature are
obtained from Thomson Scattering data. Discharges have
been grouped and averaged by small density ranges. It
was checked that including total radiation does not alter
significantly the results. The data in Fig. 7 are presented
only for the region 0.2 < r < 0.8 bhecause outside this
range the statistical errors are too large. A fit of the data
for the variation of loca c(r) with line-density only
yields significant dependencies in the density gradient
region, 0.5 < r < 0.8, where we can appreciate that the
thermal diffusivity decreases as the line-density increases.

Generally speaking, the cdculations of collisiona
diffusivities and E; in the densty gradient region of ECH
plasmas of the THII are reliable within the hypothesis of
the calculations [10]. Qualitatively, the eectric fied
should be found in the so called ion root in this radia
region with larger magnitude the larger the densty.
Except for the very low densities of Fig. 1, thisisthe case
according to the experiments. ¢ is expected to decrease
with <ng> in this region because of the smaller ambipolar

particle fluxes that correspond to the ion root. On the
other hand, the thermal diffusion expected from these
calculations appears to be too small with respect to the
experimental values of Fig. 7, something in agreement to
well established results from several other machines
(CHS, L-2, W7-AS...). Therefore, the TJ 1l seems to be
no exception to the importance of, presumably, turbulent
ambipolar fluxes.
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Fig. 7. Density scan of ¢ profilesin TJ-1l ECRH plasmas.
The contours indicate i so-diffusivities with val ues
according to the vertical palette

Turning to HIBP data, we can roughly relate the inner shear
layer or, perhaps, the extension of the flatter j region with
the extension of the furrow in c(r) of Fig. 7. From MWR we
know that thereis turbulencein thisregion, but it is unknown
to what extent turbulent transport can explain the changesin
diffuson there. What can be said in view of Figs. 7and 2 is
that the shear layer is compatible with better heat
confinement, at least in the density gradient region of TJI
ECH discharges (<ne> < 10" m™). Let us dso recdl that
improved confinement achieved in the TH I with polarized
limiters affects density but not eectron temperature [14],
which isthe behaviour found in the density scan: what Fig. 7
shows is consequence of the densty profiles developing
larger gradients (r > 0.5) and ao larger absolute values
while the eectron temperatures stay roughly the same, i. e,
the therma transport must be decreasing as represented by
the interpretative therma diffusivity of Fig. 7. According to
this, the heat diffusion also fdlows closdy any changesin E;
with a reasonable chance that not only the establishment of
an ion root, but aso a flow regulated turbulence, is tailoring
the trangport. An important question for which we gill do not
have data is whether the flatter ] regions can be rdlated with
null or small E; or, rather, with fluctuating fields of null time-
average (for the time resdlution of the diagnogtics) but able
to moderate transport, as is expected from zona flow
dynamics.

Although the bulk region is further in than the zone
explored with fast cameras and eectric probes, we may
assume that the relation between flows and turbulence
remains the samein the entire density gradient region, which
really extends up to the very edge (seee. g. Fig. 3). We have
seen tha there is a spontaneous generation of shear flow
right a the edge, which in turn moderates turbulence levels
and, assuming steady sources, particle (and hest) trangport.
Genera condiderations about the effect of shear flows on
turbulence levels and transport [15] lead to the notion that
turbulence and macroscopic flows must be considered
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together, espedially when the physica conditions are closeto
developing structura changes in the turbulence levels, as is
the case in the vicinity (in parameter space) of L-H
trangtions [16]. The results found in the edge of the THI
seem to confirm this notion. Furthermore, the smilarity
between results in the TJII (where no L-H trangtion has
been achieved) and measurements in other machines in
conditions of actual L-H trangtion, suggests that the
underlying physics is the same. There are, however, two
important aspects to consider in a generd description such
trangtions[17]. Firg, athreshold in some relevant parameter
must mark the beginning of the transition mechanism. Once
reached the threshold value, the system heads rapidly to the
new confinement regime. And, second, after the trangtion
the threshold condition (which in many theoriesis a critical
gradient) for the back transtion changes implying hysteresis
in the system. With thisin mind, the fact that thereisno such
hysteresis (neither L-H transition) in the T3, but the link
between shear flow and turbulence can be observed as in
other machines that do undergo L-H transtion, may be an
indication that the plasma conditionsinthe T 1 (perhapsthe
srong plasmawall interaction) can make apparent the
seeding mechanism for the transition but there is not enough
power to force the, so to speak, hard transition. By seeding
mechanism we mean atrigger for the amplification of shear-
flow due to Reynolds stress momentum redistribution.
Further shearing should make the Reynolds stress drive for
poloidal momentum decrease due to decreasing turbulence
levels and perhaps turbulent anisotropy. A hard trangtion
can be maintained by steep gradients that dlow for ExB
shear flows through the diamagnetic contribution to the
radia eectric field. In this frame, TJI experiments are
exploring the pre-transgition dynamics. Further studies and
experiments are aimed at clarifying these aspects, extending
themif possible to the bulk plasmaregion.
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SKCIIEPUMEHTAJIbHOE NCCJIIEAOBAHUE B3AUMOCBA3U PA/IMAJIBHBIX SJIEKTPUYECKHNX
MOJIEH, (I).JIYKTYAI_II/Iﬁ N INEPEHOCA C IIVIOTHOCTBIO B CTEJVIAPATOPE TJ-I
. Jlonec-bpyna, A. Anonco, 3. branko, H. Kanveo, @. Kacmexon, T. dcmpaoa, /[nc. Xeppans, K. Xuoanveo,
JI. Kpynnuxk, A. Menvnuxos, b. éan Munuzen, M. A. Iledpoca, B. Bapzac u konnekmueg TJ-1|

O06sruHO B cremutaparope TJH | paccmarprBaeTcest mepeHOC B TpeX 00IacTsIX: B TOPSTISH 30He, TIIe TIEPEHOC U, CIISI0BATEIIBHO,
paIuaIbHOE HIEKTPHIECKOE ITOJIe OTPEIEIIIOTCS, T0-BUIUMOMY, MEXaHI3MOM BKJIa/Ia MOIITHOCTH HarpeBa; B 30HE yACPKaHMS
WIT OCHOBHOM 30HE IIJIa3MBl, T/I€ CTOJKHOBHUTEIBHEIE M TYPOYICHTHBIE IOTOKH CBS3aHEI C PaANaIbHBIM IEKTPUYECKIM TT0TIEM
W BpaIlCHWEM IUIa3MBl, U B TPETbeH mepudeprudeckoil o0macTu, rie B3anMOICHCTBHE IUIA3MBI CO CTCHKOM W MAarHUTHAS
TOMONOTHsL J00ABISIIOT HOBBIC siBIeHHsT B (DM3MKY mepeHoca. OfHAKO 3Ta MOCHEHssE O0JNAcTh ellle MOXKET COXPaHATh
TpaHCHOPTHBIE CBOICTBA OCHOBHOW oOmactn. B pabore mpeacTaBieHBl MOCTENHWE 3KCIEPHMEHTANBHBIE TAaHHBIE IO
HCCIEIOBaHMIO (TyKTyaluii Ha nepudepur ¢ TIOMOIIBIO 30HI0B U OBICTPON BHICOKAMEPHI, a TAKKe W3MEPEHHs MOTCHIINAIA
TUTa3MBI TlyTEM 30HIUPOBaHMS IydkoM Tsokenbsx HoHoB (HIBP), u npodmmi koshduimenTa TemonpoBOIHOCTH B OCHOBHOM
30He. Bee 9TH JlaHHbIe PEryMpYOTCS OJTHUM M TEM JKe SKCIIEPUMEHTAIBHBIM MapaMeTPOM — IIOTHOCTBIO IIa3MbL. JTOT (akT
YKa3bIBaeT Ha TECHYIO B3aHMOCBSI3b TIEPEHOCA, TypOYICHTHOCTH M NEKTPUUYECKIIX TTOJIEH B TIa3Me CTeIIapaTopa.

EKCIHEPUMEHTAJIbHI JOCJIKEHHS B3AEMO3B'SI3KY PAJIAJIbHUX EJIEKTPUYHUX TOJIIB,
®JIYKTYALIH I TEPEHOCY IIJIA3MM Y CTEJAPATOPI TJ-11
/. Jlonec-bpyna, A. Anonco, E. Branko, 1. Kanveo, @. Kacmexon, T. Ecmpaoa, /[oic. Xeppan3, K. Xioanveo,
JI. Kpynnik, O. Menwnikos, b. éan Minizcen, M. A. Iledpoca, B. Bapzac i konexmue TJ-|

3BryaiiHo B crenapatopi 1| posrmsimaeTsest mepeHoc y TppoX OONacTsX: y rapsdiid 30Hi, e IEpeHOC 1, OTKE, padiaabHe
eIIEKTPUYHE TI0JIe BU3HAYAIOTHCS, OUEBHIHO, MEXaHI3MOM BHECKY HOTY)KHOCTI HarpiBy; B 30HI yTpuMaHHA ab0 OCHOBHII 30Hi
TUIa3MH, JIe 3ITKHEHHI 1 TypOYJIeHTHI MOTOKH TOB'3aHi 3 pajiajlbHAM eIEKTPUYHUM ToJieM 1 00epTaHHsIM TUIa3MH; 1 B TPETIid,
niepudepiiiHiii 001acTi, e B3a€MO/Iisl TUTa3MH 31 CTIHKOIO 1 MarHiTHA TOMOJIOTs J0/IaI0Th HOBI siBUIIA y (i3uky nepeHocy. [Tpore
ISl OCTaHHs OONacT Ie MOXKe 30epiraTé TPaHCIOPTHI BJIACTHBOCTI OCHOBHOI oOmacti. [lpencraBieHo —ocranHi
eKCIepUMEHTANIBHI JIaHI 10 JOCIIPKeHHIO (uIyKTyarliid Ha nepudepii 3a TOMOMOror 30HIB 1 MIBUIKOI BiJEOKaMepH, a TAKOX
BUMIPIOBaHHS TIOTCHINATY IUTa3MH IIUBIXOM 30HAyBaHHSA TrydkoM Bakkux ioHiB (HIBP), i mpodimi koedimienta
TETUIONPOBIIHOCTI B OCHOBHIM 30HI. YCI 1 JaHI PEeryiolOThCs THM CaMUM EKCIEPUMEHTAIIbHUM TapamMeTpoM — T'yCTHHOIO
ruiazmu. Lel dakT ykasye Ha TiCHHMIA B3aEMO3B'S30K MIEPEHOCY, TYPOYIICHTHOCTI i €IEeKTPUYHUX OB Y IIa3Mi CTeIapaTopa.
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