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Introduction

| Electron heat diffusivity
In RFX-mod the feedback control on multiple maghgttrodynamic (MHD) modes allows to improve axisymmetnd to safely operate

at high current (Ip=1-2 MA). In-these high curr@mcharges, only for/m; 0.3, magnetic topology spontaneously self-organizes

Quasi Single Helicity state (QSH), in which thegmatic dynamics is dominated by the high amplitaflehe innermost resonant mode
(the dominant mode), with a low amplitude of theewstMHD modes (secondary modes). For a ratio betwleemnant mode and total B N _
above about 4%, the separatrix is expelled and ihgleSHelical Axis (SHAX) regime is obtained, withe new magnetic axis helically R e
twisting around the geometrical axis of the torlmside the helical structure electron temperateveseeding 1 keV are measured, with |
steep gradients, which identify an internal tramsparrier. The transition to this regime corres®io confinement enhancement, since it

c. has been evaluated for several SHAX by solving tlexggntransport equation in helical geometry, udimg
helical equilibrium calculated by VMEC and the estpental T, profiles At the barrier the thermal confinement
Improves significantlyce decreases to 5-1CGfs well below ~40-100 #&fs typical of the outer regions

IS accompanied by the formation of a thermal islaokering a large part of the plasma core. E
) of The ASTRA transport code, coupled to the RFX-mddakequilibrium (perturbative code
Equilibrium reconstruction and temperature evolution in helical states ok . . SHEQ), has been applied to calculatgtime evolution, by solving the heat transport
The helical nature of the equilibrium reached wREX-mod approaches the SHAX state sets a strondpsityiwith the Stellarator R equations during the time rising phase of the daminmode (and of the electron

temperature gradients).

topology. The equilibrium and transport analyside®developed for the Stellarator has been appligtet®&FP: the equilibrium codes s _ _ _
. . . The ASTRA prediction averaged in the barrier rediblue dots) agrees with the ‘VMEC’

VMEC and V3FIT have been successfully adapteddomnstruct RFX-mod equilibria with the inclusion odgnostics and these equilibria >0

|
® VMEC

have been used to perform stability and transpulyais . .. | ol & A neer Il . ] evaluatipns (b!ack dots) and shows a progressi\mdvr_ement of th_ermal confingment In
1200 ] | _ ) the barrier region. Both calculations show a weskaasing/decreasing trend®fwith the
1000 | : : : : : : OB | @ 3L _ ® L * - | secondary/dominant mode amplitudeear gyrokinetic calculations show that Micro
. sool Typical SHAX T, profile along the major radius on a poloidal sect@not S 50 | 8 'E  ( i I —— | Tearing (MT) modes are usually unstable during SHAXxstates, driving transport
= ool Symmetric relative to the geometric axis. — s00f & 2 201 '% - E ! } 1 ¢  across the thermal barrier in agreement with the egerimental estimate ofc(red). It
00| , | s00 [€p over poumis £1 %0 " i o . 1 *g has to be remarked that for the presented compafi$ds have been assumed to be
s The asymmetry vanishes if thg i§ remapped as function of the normaliTed P — s g‘i San' o |0 0 o8 it J unstable mlda” the cases, Wlt'lhobtljt perfolrmlng gl"'eli‘_c S'TT“'T‘“?”S’ an exact evaluation of
o | helical flux coordinate. (m) oL——=—1__&- ¢ 2 o & - . ( u7) Would require not available non-linear gyrokieetalculations
. byee/ By (a) [70] baom/ By (a) [%]T
TR The safety factor g profile is non-monotoni¢the existence of a point of null in the g denwvatresults to be a
0.00 ' necessary condition for building a helical equilibon (VMEC): if the reversed shear is lost, the talistate C. lowest values are greater than the neoclassiacalass of abou
o002z o4 0e0s .o disappears and an axisymmetric case is recoveredfobh of the internal transport barrier is foundtbe shear g Cenecl MF/s: other mechanisms are still deteriorating the
i null position confinement
To make more clear the effect on the magnetic surtas of the m=0,1 secondary mode activity on the nagfic surfaces, the Poincare plot has been drawn, ltle field
The best plasma performances in QSH states have Imegchieved with shallow reversal line tracing code FLIT

To explain the anomalous transport and the flattela temperature profile observed inside the artsbarrier a model for self-consistently genexatertical drift

At small values of the safety factor g at the ed@e01<g<0, the shear g null point moves toward the motion due electrostatic turbulence has been pempddore recently the effect of magnetic chaos pced from m=2 modes has also been evaluated. lbrthwo be
%’ edge, thus increasing the volume involved by thedlestructure and the plasma thermal content. The noted that errors affecting the evaluation of the2rtearing mode eigenfunctions from external measangsnare typically twice those affecting the m=ithwene order
£ helical equilibrium, ruled by the m=1, n=-7 modg,no more achieved at deeper reversal configuration of magnitude amplification of the edge measurensemr. Only after the recent correction of Bt-Bp edqigobes crosstalk an acceptable uncertainty ievh&iation of
= when the mode is ho more resonant m=2 eigenfunctions has been reached.

#24599, t=0.098 s
The residual magnetic chaos in the external
The transition to the helical state is linked te suppression of the m=0 low n(=1,2) number, respnfor the coupling region can still prowd_e the a_nor_nalous transpart| \with the inclusioln of m=2 modes, From top to bottom:
- between dominant mode (m=1,n=-7) and the secortdgher order (m=1, |n|>7) modes. observed in SECh region, while inthe plasma | | the core magnetic surfaces are Magnetic thermal
= 012t | | - centre _the m=0,1 modes provide good nested | nearly completely destroyed diffusion computed
0.08 - 2 - magnetic surfaces with and without
o on Ex In very shallow configurations: m=2 modes,
£ o.00L 0 | 3 | | computed safety
& —0.05 0.00 othe (Mm=0,n=1,2) amplitude drops, stabilized by sh&t of their factor and
- resonance (the gq=0 surface) closer to the exteomucting shell. experimental Te
m=0 resonance amplitude normalized to the poloickdif *The nonlinear mode coupling is then reduced, thraidant mode profile
at the wall towards g (m=1,n=-7) is free to grow up to form the helicajuéibrium
e 0.012 - without dragging the secondary modes amplitude.
O R e S I *The low level of secondary modes reduces the niamgcieaos, as
ST T L . A R expected from the non linear 3D MHD modeling angegirise to
R S A I T B T the QSH enhanced confinement
000 bl b bpmbgo 0.000k

The evaluation of_, according to the Rechester-Rosenbluth (RR) relatieD,,vth provides values close to those coming from thex gy
balance but at the position of the transport barirat is no more present. The discrepancy coulasioabed to the errors on the evaluation
Dependence of the dominant m=1, n=-7 and of the sum of m=2 modes and/or on the evaluation of thermifisibn from magnetic diffusion since, as seen V@RBIT simulations, the RR relation
the secondary (m=1, n<-7 modes) an q between DM and, could be not suitable to the experimental situation




The QSH magnetic states are not stationary all ovehe plasma discharge. They show back transition® tMultiple Helicity
(MH) regime, however their duration at Ip>1.5 MA can cover more than 90% of the plasma current flat-tp.

The high T gradients do not persist for all the magnetic Q@¢élec

*The rising phase of the QSH (increase of the dantimode and decrease of the secondary ones)
corresponds to a continuous increase of the Taagred

 The magnetic QSH flattop phase correspond tolasoihs of Te gradients with values lower than
the maximum reached at the end of the rising phase.

» The overall time in which a certain thresholdhe hormalized gradienNTe/Te,core = 2 ) is
exceeded (even in non consecutive time framesjfeyent in the rising (75%) and flattop phase
(50%) of the dominant mode.

(a)Time evolutions between 90 and 114.5 ms of tmeirgmt normalized toroidal mode
amplitude (in red) and of secondary normalized mabmode amplitude (in blue). (b) Time
evolutions olT, estimation in blue and Te core in red

There is not a strict correlation between th@dcillations and the amplitude of the dominant andécondary modes. To investigate the reason of the
oscillations a more detailed analysis of the MHDvaty IS in progress, such as 3D analysis of tiage relation among the secondary modes.
Suggestions in interpreting the observed oscilfetiof the helical thermal structure could come fribi@ 3D nonlinear simulation of the effect of
helical boundary conditions on the MHD dynamicsRRP. The simulations highlight that the chaos ieste of the helical configuration rely on
peculiar phase states of the dominant and secofaanyer components, and it is not explainableemmis of magnetic island overlap.

MHD control optimization

To improve the feedback effectiveness, both tHd imeasurements and feedback algorithms have h@anized.

The magnetic field measurements at the edge, usé#telfeedback system, have been ameliorated. dss talk of the (higher) poloidal

field on the (smaller) toroidal field measurementhat edge has been measured for each of the 198grahd it resulted about 1%, giving
an error on the toroidal field harmonics estimatinhe edge of the order of 10%. The real-time obiwe of the cross-talk has allowed to
remove localized field errors. Possible optimizatitas been recently identified in the correctiorsygétematic errors in the edge field
measurements and of the fields induced by the pcesef a conductive wall with 3D structures. A dymatecoupler (DD) algorithm has

been developed to reduce the radial field harmdistortion due to the 3D wall structures, throulgh production of radial magnetic field
harmonics inside the wall. A reduction of the erfieid harmonics at the edge is observed and iatemadial field evaluation with the

Newcomb equation shows that the m=0, n=7 harmamsnificantly reduced at the edge, but it iscl@nged in the core, where most of |

IS due to toroidal coupling, and not to 3D wall etfe the m=1, n=7 plasma response, which corregptind non-resonant, stable mode i§

reduced over the whole radius. The effects of Dpliagtion on plasma performances is under investiga

To extend the QSH persistence and effectivenessaeexperiments have been performed with differeaginetic boundaries. During the
QSH the plasma boundary shows a helical patternm thd dominant mode helicity, which is counteradigdhe feedback control system.
To support the plasma helical self organization @ndistribute all over the wall the plasma walkiraction (PWI), an active rotating n=-7

perturbation has been applied to the edge. Theipnogresult was the extension of the magnetic @8#sistence and the increased densit)

range where it exists up to nga®.4.

Particle transport

The experimental electron density profiles (from ,Q@ulti-chords interferometer) have been very repceduwith the ASTRA code by varying the particlefusfon
coefficients D in the centre, at the edge and thehpvelocity V as input to the code in a minimipatiprocedure. The diffusion coefficient is assurtede D()=D,(1-
r 9v+D r 15 and the velocity is given by(W)=V gtV r 11 2], where \L,; is the inward pinch velocity and the termg ¥ 1r 2] is not zero only in the regiom I+ 2] of the
Internal temperature gradient. D and V are varil the difference between the measured and stexildensity profile is minimized .

The analysis has been done in stationary conditmms database of 10 SHAX states, with [p=1.6-14, &t different average densities, with the restilts,
Inside the thermal barrier, the average value efgarticle diffusion coefficient results smaller &yfactor about 2-3 with respect to the MH reginths,
pinch velocity is outward, of the order of 10 m/sldower than the velocity required by a transporé istochastic field; the outward velocity doesstaiw a
dependence on the normalized temperature gradmafitrming that particle transport in RFX-mod in Q$¢tjimes is no more ascribable to stochasticization
of the confining magnetic field .

Transient phenomena allow to better quantify tlfeision and convection terms in the electron tramspquation and ASTRA code has been recently used
to simulate the density time evolution after pellgection in SHAX regime The experimental densitpfpes have been satisfactorily reproduced by
assuming that the outward velocity be external (&) during the MH phase (green curve) and aptsgtion of the internal temperature gradientdhm t
SHAX phase ( pink curve). The outward velocity ie BHAX phase is lower than what expected for particdnsport in a stochastic field , in analogy with
the simulations of the stationary cases. In thérakregion, the average value of the particleudibn coefficient during the SHAX phase results sandly

a factor about 5 with respect to the previous atldwing MH ones

Top to bottom:

Central line-integrated density as measured byGRR interferometer and simulated with ASTRA (red)
Time evolutions of central fand of the dominant MHD mode amplitude

Time evolutions of )/: green in MH phaser(a=0.9), pink in SHAxX phase (at the ITB location).

Summary and Conclusions

A self-consistent 3D helical RFP equilibrium, tagkimto account both magnetic and kinetic experimeatdta, has been obtained for RFX-mod to deschbeSHAX regime.

The time evolution of the thermal structure asdeddo the SHAX has been analyzed in detail, thamkbee high time resolution_profile measurements done with the double
filter soft-x ray (SXR) diagnostics, recently ingd. The thermal gradient at the barrier is nabkt during the magnetic phase, it shows osciliatwithout strict relation with
the dominant/secondary mode amplitudes.

T, profiles and helical equilibrium have been usedvaluate the value @, during several SHAXx, confirming that at the intdrbarrier position the heat confinement improves:
significantly (by a factor at least 5-10, with pest to the outer region). A weak increasing/destreptrend ofc, with the secondary/dominant mode amplitude has be:2n
observed, meaning that a relevant fraction of traasport is provided by magnetic stochasticitywdar gyrokinetic calculations have been appliedhéosame experimental data
and Micro Tearing (MT) modes are found to be urstaft the highest value of the dominant mode Mivalof transport across the thermal barrier isgnreament with the
experimental estimate of.

The chaos produced by m=2 tearing modes has b&en tato account, resulting quantitatively in agneat with the anomalous heat transport observadanse thermal
barrier.

Particle transport analysis showed that in thenpéasentre the value of the particle diffusion coefht is smaller by a factor about 2-5 with redgedhe MH regimes, the pinch
velocity is outward, of the order of 10 m/s and lowean the velocity required by a transport inachkastic field, confirming that particle transportRFX-mod in QSH regimes
IS N0 more ascribable to stochastization of theinord magnetic field.

The properties of the RFX-mod plasma core in tHed&leegimes have been presented. The large plastoane external to the barrier is however crutaimprove the global
confinement. Lithium wall conditioning experimerdse ongoing aiming at producing higher edge tentperaand temperature gradients through a reduceidti@an and
recycling: promising experiments with good densiytrol up to n/g=0.5 have been produced.



