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Abstract. The paper presents an overview of the main resut® the modified RFX since its restart in
December 2004. The new machine has a thin Cu witélivertical field penetration times, lowered from 450

to 50 ms and shell/plasma proximity from b/a = 1t@41.1. Toroidal equilibrium is feedback-contralland
new power supplies provide bettey, Bontrol. Newly designed graphite tiles protect thessel from highly
localized power deposition. A mesh of 192 extesadldle coils independently controlled by a digfeddback
system, controls radial fields due to field errared MHD modes.

A dramatic improvement of plasma performance waaioét by using the saddle coils to cancel all thdial
field components, an operation mode dubbed VirthellSThe toroidal voltage was lowered by more thanv
and the pulse length was tripled, i.e. up to 7 fittee 7. Steady-state RFP pulses are now limited only by the
applied volt-seconds. The improved magnetic boyntias also an effect on the tearing modes undeylthie
sustainment of the RFP, the dynamo modes, whoseaoguktude is more than halved. This results in08%
increase of the particle and energy confinement tiatative to the previous experiment. RFX-mod is awery
flexible machine used for a variety of mode congsqgderiments, such as Oscillating Poloidal Currerivel and
Quasi Single Helicity studies. One of the most g results obtained is the feedback stabilizatiof
Resistive Wall Modes. Hence RFX-mod initial operatemonstrated the possibility to operate a large RFP
without a thick conducting shell, actually greaitiyproving its performance in terms of plasma pararssand
confinement and, moreover, opened the possibilifyrther develop advanced RFP scenarios.

1. Introduction

The need for a close-fitting thick conducting sHell stabilizing ideal kinks and resistive
tearing modes [1] has often cast serious doubtth@mRFP as a configuration for controlled
nuclear fusion. On the other hand, previous expeeewith RFP operation with thin shells
had been rather disappointing [2]. Extended studieshe behaviour and the control of
locked MHD modes shed light on the nature of theblams encountered [3]. An important
role is played by the “dynamo” modes: internallgaeating tearing modes with poloidal
number m = 0 and 1 and a wide spectrum of toraidahber n. Such modes are intrinsic to
the RFP. They arise even with a perfectly condgcittose-fitting wall and with their
saturated amplitude provide the dynamo which sostdie RFP profiles in steady state. Due
to non-linear coupling, dynamo modes lock in phéstween themselves creating an
interference pattern, in the following dubbed latkeode (LM), where all m=1 modes
maxima coincide and all the m = 0 nulls are in ghasarby [4]. Because of the finite
conductivity of the structures surrounding the plas such as the vacuum vessel and the
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shell, and due to the high n content of the spettrwhich entails a faster radial field
diffusion through the shell, the LM has also a styaendency to become wall locked [5].
Such LM worsens the power losses associated to etiagfield line stochastization by
creating a toroidally localized loss channel [6]ofgover it causes a non-axisymmetric
perturbation of the plasma [7], which grows to sall&m in fractions of the shell time
constant for B penetrationts, and results in a highly localized Plasma Walktattion, PWI
(FIG.1) [8]. In addition, over timescales longeanhs, the RFP, similarly to the tokamak, is
affected by Resistive Wall Modes (RWM) [9]. Suchdae were first found on the HBTX-1C
RFP [2]. In the RFP they are non-resonant curremed instabilities (in RFX typically m =
1, n> -7 or n > 0), and, contrary to the Tokamaie not stabilized by plasma rotation.
Recently, feedback stabilization of RWMs has beema@hstrated on EXTRAP T2R [10].

A solution to the above problems [3] consists
relying on a thin conducting shell only for th
stabilization of fast modes arising during tt
RFP setting up phase, and utilizing acti
feedback control by external coils to mimic ¢
ideal shell afterwards, thus preventing tl
growth of RWM and mitigating the effect o
dynamo modes. The concept of an “intelliger
shell for the RFP had been proposed in the &
[11]. Modern digital feedback technology ar
present knowledge of RFP MHD dynamics ma
it possible to realize it on the RFX device [1Z
which has been modified [13] and resum
operation in December 2004 as RFX-mod [14]

Plasma surface
distortion x 10

. .FIG.1 LM perturbation: perturbeqblaigme
The paper presents the results of the init ) .
period of operation and highlights how the acti§urface (top); localized  plasma w

MHD control led to a major progress in trmteraction (CCD camerabottom left)
plasma performance [15, 16] and to nEmagnetlc perturbation (bottom right, colo

advanced RFP scenarios. The organization isqgge refers to plasma-wall distance).

following: in Section 2 the main machine modificeits are described; in Section 3 the initial
“passive” shell and subsequent “active” MHD contopkration are presented and compared
to the previous performance; Section 4 presentsi¢gindy developed mode rotation schemes
which permitted to perform experiments at plasmaeru up to 1MA,; in Section 5 the results
obtained for advanced RFP scenarios along with RVEMs control experiments are
summarized; in Section 6 conclusions are drawn.

2. The RFX-mod experiment

The modifications of RFXa/R = 0.46 m / 2 m; ¥ 2 MA) [13] where aimed at improving the
plasma boundary, both in terms of plasma facing pmments and “passive” magnetic
boundary, and at introducing an active MHD mode tmdncapability. The first set of
modifications entails a new conducting shell, whikhin (3mm Cu) and has one overlapped
poloidal gap and one toroidal gap. The has been reduced from 450 to 50 ms and
shell/plasma proximity from b/a = 1.24 to 1.1. Newksigned graphite tiles improve PWI by
reducing the heat flux peaking on leading edges.

As for the plasma control, RFX-mod is equipped vetfull coverage of 192 external saddle
coils for MHD mode control and more flexible poveerpply for the toroidal field circuit. The
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saddle coils are arranged in a regular mesh ofodddal x 4 poloidal stations, each one
independently fed and equipped with a sensor fiakatoroidal and poloidal magnetic field.
They can generate magnetic field harmonics with y=D:-24 and m=1, n=-234. The
maximum radial field generated at the plasma edd®imT DC and decreases to 3.5 mT at
100 Hz. A digital feedback system [17] controlsoidal and poloidal circuits, toroidal
equilibrium and the saddle coils. For MHD contitgbérforms the two-dimensional FFT of B
and/or B, measurements, compares it with the preset wavefe@mad computes via inverse
FFT the required references. This allows contrgllthe MHD modes selectively and has
been used for several control schemes. In thetaadédirtual Shell (VS) some modes are set
to zero and other are left unperturbed (e.g. th&, m=0 equilibrium B). A second scheme,
dubbed VS + rotating perturbations, adds a finitglgude (static or rotating) reference to a
selection of modes. This is used for mode rotat®ection 4) or for studying the controlled
growth of some modes, e.g. for QSH studies (SediorFinally, the Mode Control (MC)
scheme applies the regulators to the modes rdtbharto the individual sensors. In this way a
“complex gain” can be preset to each mode, i.efékdback system applies an out-of-phase
cancellation of the mode, realizing an alternagilgorithm for mode rotation.

3. Experimentswith passive and active shell

Initial RFX-mod experiments [14] at 36600 kA without active mode control (“passive
shell”) produced RFP pulses similar to those of RIFX5.2). Feedback control of toroidal
equilibrium was effective, controlling the plasmhifs within a few mm. Dynamo mode
dynamics was also benign, with amplitudes and spesttnilar to the past. On time scales of
the order ofts, the penetration of the radial field componentstlgh the thin shell and the
initial growth of RWMs led to enhanced plasma watkeraction and higher loop voltage
(FIG.2). For the same reason also the peak temyvesatvere lower (FIG.3). The improved
graphite tiles design partially countered this niegaeffect by spreading the power deposition
over their plasma facing surface rather than oir #dges and some benefit was also found
by the Rotating Toroidal Field Modulation, RTFM |1&n active rotation of the LM by an
external m=0 perturbation generated by thedils. Despite the improved shell proximity, in
RFX-mod no spontaneous rotation of the dynamo mades seen, even at low currents
(200 kA) and low density (10"°m™). In summary the passive shell operation proved e

thin shell of RFX-mod produces an RFP with perfanoeclose to that of a thick shell, with
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some degradation seen after age
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As soon as the saddle coils were used in -
mode, the radial field errors at the plasr
edge reduced by one order of magnitude
fractions of 1 mT [17]. This quenched tF
radial bulging associated to the LM, ¢
shown in FIG. 4, where it decreases fromr
to = 0.5 cm for the m = 1 component ar
from 6 to= 1.5 cm for the m = 0 one. As
consequence, a dramatic improvement
plasma performance was obtained.
shown in FIG. 2, the loop voltage was lower by mitven 10 V and the pulse duration was
more than doubled. In practice, steady state REgepware now limited only by the applied
volt-seconds. The improved magnetic boundary nt¢ oesults in a more uniform plasma-
wall interaction, but also has an effect on thealgn modes. By reconstructing the dynamo
mode eigenfunctions in the plasma by means of acew solver code [8], we estimatea
50% reduction the core radial fields associatethéon, which is expected to entail less field
line stochastization and better confinement. IndedelG. 3 one sees that ih RFX-mod VS

is systematically higher than in RFX. Moreover frefiles are characterized by steeper edge
gradients and, in the best cases, they show somepeaking, with reduction of the thermal
conductivity by a factor= 5 in the region r/a < 0.9. Overall we estimate aatdr 2
improvement in particle and energy confinement.[19]
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FIG.4 Plasma surface perturbatiaitue to LM
with VS (red) and without (blagk m=1
component (left); m=0 one (right).

4 Moderotation and IMA pulses

° RFX

In RFX the lack of control of radial fields at th "
plasma boundary hindered operation at hi®°7
current. Nearly 50% of pulses gf> 0.9 MA so-
suffered “fast” terminations [20] and most ¢, |
the remaining ones were plagued by cark

blooms due to highly localized PWI. In thos3°"
conditions some relief was found by Oscillatir 2o -
Poloidal Current Drive (OPCD) [21] or rotatin'
the LM by RTFM [18] 0 5 10 |/N-10%4(Am)

Conversely, the improved material arFIG.5 On axis toroidal loop voltage vs I,
magnetic boundary of RFX-mod VS makes ' RFX‘and RFX-mod pulsesatl MA
possible to perform long and well controlled 1 MAlges, where the on axis loop voltage is
in the range 2630 V, compared to the 380 V of RFX pulses at the same current (FIG. 5).
The temperature and the confinement time are algoeh with a positive current scaling,
which, contrary to the past, does not show anyraatun at 1 MA [19], leading tog [11.5 ms.
Nonetheless, the incomplete field error correctigrihe saddle coils still causes the PWI to
concentrate in the region of the LM. This resultsa rapid deterioration of the wall

conditioning, which calls for frequent session$iadind He GDC.

A solution to this problem is to spread power dépms around the torus by externally
induced the rotation of the MHD modes. To this eéR@iFM can be used also in RFX-mod.
The LM is rotated around the torus at-20 Hz by applying an m = 0 n = 1 mode of a few
mT in terms of Ba). Unfortunately, although such values are lothan those needed in the
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past, in RFX-mod with VS they cause an increasa ¢ 360 ¢
few volts of the loop voltage. This is explained | 300 |
considering that the largest residual deformatibthe 240 -
edge magnetic surface with VS is due to the m = 180
component (FIG. 4). Hence, even the small additio & 120 -
error due to RTFM gives a non-negligible contribati 60 -
to localized PWI. -
On the other hand, we developed several new sche
for the rotation of internally resonant m = 1 modgs
rotating m = 1 perturbations applied via the saddiés.
They take advantage of the direct coupling of et
perturbation with the homologous mode, which occi
at the corresponding resonant surface. We used
MC with complex gains and VS + mode rotatic
sche_mes. As ;ald in Section 2, the MC_ + complersy: toroidal angle (deg)
applies a spatially out-of-phase correction to eackle, FIG.6: Footprint of LM maxima
.thus applyl_ng a torque that can be |ncrea§ed with active rotation: with MC +
increasing (in modulu_s) the phase of the complen.g;complex gains (top): with VS +
Of course the larger is such a phase, the high#reis
residual field error, because of the incomple
correction. The scheme results in a rotation ofditer
of 10-20 Hz. In the VS + mode rotation schemes the applteque on each mode is
proportional of the applied perturbation. We fouhdt a B(a) perturbation smaller than 0.5
mT, i.e. comparable to the VS residual error, iscaeite for mode rotation at frequency up to
40 Hz. 1200

18741

poloidal angle (d

0 60 120 180 240 30036(

rotating perturbations (bottom
patr of an m=1 n=7 mode in re.

Both techniques are very effective, with sor T ool S a
important differences. The complex gair £ 600 -

scheme works with somewhat smaller fie — podl

errors at the expense of a rotation veloc : :

which  “adjusts” itself to the plasm:s 40| rsutir(tjg\fvﬁomrouw b
conditions. The latter feature is a drawba = | |
for LM rotation at high current. In fact whei 0l
the complex gain is applied to several mod il
because of their non-linear coupling, they i & , C
rotate at the same frequency. This results i g )

“poloidal rotation” of the LM (FIG. 6), which < |

does not accomplish the desired toroic =

spreading of the localized power load. 500 d
A more effective LM rotation is obtained vii g

the VS + rotating perturbations scheme ° 200

which allow controlling the mode-mod: 100 ‘

relative phases. The best results are obtai - _ | s €
rotating several modes with frequencii & e s
equally-spaced according to their n-numt = ?® | R\‘J:j% —m
(e.g. n=-8 at 10 Hz, -9 at 20 Hz, -10 at 30 | & ™| T o
and so on). The initial phase of each mode  ™**%® | ‘ ‘

. 0 01 02 03 t(s)4
set equal to the one present in the plas

(computed in real-time). In this way th
modes are hooked up in the shortest poss
time, their relative phases are maintained &

FIG.7: Superposition of 8/S + rotating
perturbation 1 MA pulses: a) plasnturrent;
b) loop voltage; c) line average;nd) central
Te; €) LM toroidal angle.



Te (e)V 100.0
¢ ensenble av. 1 MA 0.4 <1, <0.55MA
700+ * — fit IMA o®
* 19531 OPCDt=0,095 s = <.
600 + + £ 100} 0.65<1,<09MA . &
5001 = YR
2
400+ =
300+ S 1.0F E
Z
200+ oy .
100 e o
o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 01 L eeee _
05 -04 03 02 -01 00 01 02 03 (r(mo5 ‘ ' ‘
_ , , 0.001 0010 0100 1.0
FIG.8: Te profile at 1 MA with VS + rotating OSH probability
perturbation (ensemble average dfIG.7 FIG.9: QSH duration vs QSH probabili
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the interference pattern of the LM is dragged ladliyjcalong the path of a stationary m=1
mode (n= -7 in the case of FIG.6). Moreover, thaokiie combined non-linear coupling, the
m=1 modes apply a rotating torque on the m=0 n=#lenavhich responds with occasional
large toroidal “jumps” not normally seen in stardi®iS pulses.

The effectiveness of such LM rotation scheme isiliggted in FIG. 7, where 8 pulses lasting
over 0.35 s are superimposed. As a result of algtell rotation, density control is not lost

from pulse to pulse and plasma performance is vepyoducible both in terms of plasma
current, loop voltage, electron density and tenipeea The T profiles are also very similar

and broad (FIG. 8) with central values of 400 eV.

=
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5 Advanced RFP Scenarios
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The enhanced flexibility of the new toroidal circpower

supply along with the saddle coils system is a
beneficial for advanced RFP scenarios aimed
confinement improvement by acting on the dynar §
modes, such as Quasi Single Helicity states (QQH), [ ¢

OPCD [21] and Self Similar Current Decay (SSCD)][2: <-
The QSH is an RFP state where the dynamo m

toroidal spectrum is dominated by a single n modié |

which is characterised by higher central tempeeaturd <
better core confinement. QSH states are offfoo’
spontaneously occurring in RFX-mod, particularlyemh 400
the edge error fields are minimized, i.e. when péffeor o0l Wi J¥  TF T 1T T ¥
MC with complex gains are applied. Long-lasting Q¢ ©° (@) !
states, where the hot helical core is seen forgimach -0.0e
longer thartg, are more likely observed at high currer*-o.o9
(FIG. 9) and shallow reversal €-0.1). Moreover, by 012}
using the saddle coils with a proper feedback &lyor it 50 " 7 0 Y

is possible control the onset of the QSH statetarsdudy 008 009 01 D5 012 013 014
its properties through the pulse. FIG.10: Standard Iflack) anc

_ OPCD (red) RFX-mod pulsex 1
OPCD had been first tested on RFX [21]. It proved \A: a) amplitude of m,n= 17-

possibility of improving the plasma confinemensteady mqgge: b) amplitude of other 1,-n
state (oscillating) by the reduction of dynamo mo#& mgges: c) T d) reversa
inductive poloidal current drive [24]. In REX iteWed a parameter F

600 [
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positive scaling with plasma current and a contidyu to the improvement of plasma
performance was also given by the periodic mitagaf localized PWI. The latter effect is
less important in RFX-mod with VS, because of tiprioved magnetic boundary, therefore
the confinement increase is not very large at lawrents. Conversely, a recent set of
experiments at 1MA shows that OPCD induces QSHeluceing the amplitude of secondary
dynamo modes (FIG. 10). This results in centrain€reases of 30%, with the onset of a
temperature gradient also in the plasma core (8)G.

The Self-Similar Current Decay (SSCD) has been esitggl +.
as an interesting operation mode for the RFP [IBf 5
concept is that the dynamo should be “switched wffien
the magnetic field is forced to decay with suitaldée at
fixed radial profile. Numerical simulations predic S
decrease of modes amplitude and stochasticity. fitee * [\ ——"] SSCD

experimental test of SSCD has been recently peddrin 057 T start
RFX-mod. A regime, characterized by transient statese o ‘ ‘

to the m=1, n=-7 single helicity, establishes. Tinagnetic 60 0 tms
regime induced by SSCD results in a-500% increase of FIG.11. 7z during SSCDat
the energy confinement, as shown in FIG. 11. 600 kA (ensemble average)

Another important result obtained in RFX-mod hasrbéhe demonstration of full feedback
stabilization of RWMs. This is highlighted in FIG2, where three pulses with different MHD
control schemes are compared. When full VS corfttd287 black line) is applied through
the pulse, RWMs are completely stabilized. Convgrsevhen some RWMs are left
uncontrolled (17301 red line), the most unstable @n=1, n=-6 in figure) grows as expected
from theory and leads to early pulse terminatior248 ts. Finally, in the third case (17304
green) the same mode is initially left free = [MA]

grow and later stabilized. Remarkably, t| P :
mode is fully stabilized by feedback contr °®
in less than 10 ms, even after its growth .

large amplitude. The MHD control syste 3 sl Vil Shel
can also be used in open loop to investig — 17304 VS from t= 0.15
the so-called resonant field amplificatic 0 : ~a

m=1, n=-6

involving marginally stable modes ar

resonant static or rotating field errors. In tf RWM [mT]

way it is possible to assess the effect 2

RWMs growth of static error fields prese

during the setting-up phase. 0= Sos 3 oos o oas

t[s]
FIG.12 RWMs stabilization: Plasma current

The initial operation of RFX-mod clearl)’tom and mode m=1 r-6 (bottom]
demonstrated the possibility to successfully ogeratlarge RFP with a thin shell at MA
current levels. Configuration set-up is not hindeend benefits by more flexible toroidal
equilibrium control thanks to the faster penetratid the external vertical field. At later times
of the pulse, feedback control in Virtual Shell yides a magnetic boundary better than that
of a thick shell. As a consequence, plasma perfocmaramatically improves both because
of better plasma wall interaction and of the reduaeplitude of core dynamo modes. RFP
plasmas are sustained in steady state, as longltaseconds are available, toroidal voltage is
reduced by= 30% and confinement time is doubled, up to 1.5mstandard 1 MA pulses.
The demonstration of complete Resistive Wall Mosladilization by pure feedback control

6. Conclusions
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and with no plasma rotation effects is of intersb for the Tokamak. Moreover, the RFX-

mod high operational flexibility has been alreadsed for a variety of advanced RFP

scenarios. For instance Oscillating Poloidal Curierive and Quasi Single Helicity states

showed the onset of core pressure gradients antb léte highest central temperatures and
the best confinement times. Initial Self Similarrfamt Decay experiments gave results in
agreement with theoretical predictions. Several maade rotation schemes have been
successfully tested, which will permit to safelyexnd the current range beyond 1 MA.

Indeed future plans entail the exploration of ti&PRperformance at higher currents up to the
2 MA design value, along with the full exploitatiafi the MHD control. The Virtual Shell
algorithm is being improved by including the she#insfer function, to compensate for the
delay introduced by its interposition between caitgl measurements. Moreover the Closer
Virtual Shell is being implemented, where the cohtsystem is fed with error fields
computed at the vessel first wall, rather than §maging measuring coils located at its outer
surface. Progress is expected also in the m = OCencodtrol, where the relatively limited
correction capability of the saddle coils can bppd&mented by integrated feedback control
with the toroidal field coils. This will allow ustfurther develop advanced RFP scenarios and
to perform more physics studies.
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