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1. Introduction

All pulses of REX evidence wall locking of MHD modes [1]. Rotation of phase locked
modes has been obtained in MST by reducing the field errors at the shell vertical gap [2]:
significant confinement benefits derived from these actions. In REX, the influence of tield
errors at the shell vestical gap on confinement is clear since they can be varied by acting on the
equilibrivin cantrol, whereas no information is available on effects of equatorial gap and pert
errors, since they depend only on plasma behaviour and cannot be varied on purpose. Since the
vertical ports on the shell give = little contribution to field errors [3], it has been decided to act
on both the vertical and the equaterial gap errors. The feedback control of cursents in the field
shaping coils has been improved [4] and one of the two vertical gaps and the outer equatorial
gap of the shell have been short-circuited.

Since the error reductions did not succeed in unlocking modes (with some exceptions that
will be discussed in the last section}, the paper presents the effects of gap modifications mainly
in terms of loop voliage variations. In the first section, the relationships batween loop voltage
and magnetic perturbations are given; then the field quality improvements after closing the gaps
are shown and their effects on loop voltage are discussed. Finally, some evidences of
temporary, low-speed mode rotations are shown, whose enhanced rate can be also related to
shell modifications.

2. Sensitivity of loop voltage to magnetic perturbations

Owing to several improvements on the gap field error compensation system (introdugtion of
feedback control, shorter response time of the amplifiers), the correction of field ermrors at the
vertical gaps is now very effective. In the present range of field errors (By at the shell surface is
always less than 6-8% of the poloidal field Bg and on the plasma surface it is typically less than
2-3%) no clear correlation with the loop voltage is found, The significant dependence presented
before [5] is overcome, since errors are kept within the range where their influence on ioop
voltage is negligible,

The sensitivity of the loop voltage to the amplitude of the stationary field perturbation (mcde
locking to the wall) has also been analysed. Two parameters have been chosen to quantitatively
characterise the perturbation: the peak-to-peak amplitude of the toroidal field undulation along
the toroidal coordinate ABy and the energy of the modes m=1, n=7 to 15. Both parameters
show a very weak correlation to the loop veltage; the loop voltage is slightly lower (1.5 ¥V on
average) in the case of locking located far from the gaps. It is worth noticing that ABg ranges
between 20 and 45 mT in all the pulses and thus no data are available for the case of small
perturbations,

These results suggest that the locked magnetic perturbation is "saturated”; its amplitude
mainly depends on machine parameters like the distance between piasma column and stabilising
shell.

3. Reduction of magnetic perturbations

Field error correction at the equatorial gap, The outer equatorial gap of the shell has
beenn shart-cicuited by means of 96 copper bars, bolted to the shell halves as near as possible to
the insulating gap. The radial field through the equatorial gap is measured by means of probe
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coils, located around the 12 pumping ports, which also link the flux due to eddy currents in the
stabilising shell, in the vacuum vessel and in the pumping port itself, A numerical mode! of a|]
these conductors has been developed to caleulate the radial field at the plasma boundary ag 3
function of the flux measured by the probes; the short-cireuiting bar effect can be also taken into
account. The experimental results show that the short-cireuit preduced a clear reduction of the
fast (500 Hz) radial field fluctuations; the peak-to-peak amplitude, calculated at the plasma
edge and averaged on 2 number of comparable pulses, has been reduced from 6.3 mT t0 2.3 mT
during the start-up phase. A similar reduction applies to the fast fluctuations during flat-top. but
in this phase the radial field is mainly composed by low frequency (<50 Hz) harmonics, and
marked differences between signals from adjacent probes are always measured close to the
toroidal position of the locking [3]. Since the electromagnetic time constant of the short-
circuiting system is around 5 ms for the horizontal field, frequency components below 200 Hz
are not attenuated; in fact, no variation of the low frequency radial fisld components duting flat-
top has been observed after modifying the equatorial gap.

Field error correction at the vertical gaps. To reduce the stray field through the
vertical gaps, in particular during the setting-up phase when the feedback efficiency is lower due
to the limited bandwidth of the contrel amplifiers, one of the two vertical gaps has been shost-
circnited by means of metallic plates [6} and the currents through them are routinely measured.
Their distribution in the poleidal direction gives a useful information on the actual distribution of
the currents induced in the stabilising shell. Both gaps are equipped with two saddle coils which
give a measutement of the vertical field component on the inner surface of the shell. The open
~rertioal ol =t Giapl and Gapz - Sbor #3564 __| vertical gap is also equipped with 16 radial

field probes located at the outer surface of

| the shell.
Fig, 1 shows the effect of the short-circuit
A in a pulse where the locking is far from both
gaps. Before gap closure, the two signals
-1 were approximately the same; presently the
maximum amplitude of the vadial field on the
| closed gap is reduced by a factor of three and
o : I a very effective filtering action is cvidenced
20 40 o 80 100 tfms]| on fast fluctuations. With locking far from
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Fig.1 Field Error ai the vertical Gaps afrer short-cireuiting both gaps, the cesf (horizontal) component
Gapl. Locking is far from botl the Gaps of the radial field at the open gap is

negligible and the sin@ (vertical) component is the predominani one. Its temporal evolution is
very similar to the cosB companent of the current distribution in the short-circnit.

Locking still occurs sometimes near the closed gap, in spite of the field error reduction, but
now the region near the open gap exhibits a higher number of locking events. When the locking
is near to the open gap, the cosO component of the radial field at this gap becomes significant
and can be even larger than the sind component, reaching 10% of the poloidal field. Since the
REX feedback system is not able to produce horizontal field, such component is due to the
locking and not to a lack of equilibrium control.

"Matched Reversal" mode. The "matched reversal” mode is a particular setting up of the
REP configuration, in which the poloidal voltage around the plasma boundary is kept near to
zero during the whole phase of toroidal current rise. Compared to the "aided reversal”" mode,
where the toroidal field at the edge is quickly reversed when the plasma current has already
reached a level close to the final one, the "matched reversal” gives the advantages of lowering
the eddy currents (and consequent field ripple) induced on passive elements and of reducing the
plasma-wall interaction during the reversal phase, where losses are relatively large due o the
poor confinement. On the other hand, the "matched reversal" mode precludes operation with
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e R e s large vertical bias field, so reducing the
possibility of centring the plasma column
1 with respect to the first wall,

During the startup phase, before reversal,
modes with increasing n become resonant in
sequence, and show a growth followed by a
decay [3]. The matched programming has
produced a beneficial effect on the maxirum
amplitude reached by these modes, both in
absolute and relative terms. Flg.2 shows the
toroidal field modes amplitnde, normalised
Fig.2 Amplitude of toroidal field modes with dided and O the poloidal ﬁclq, with aided afld matched
atched reversal. reversal, A reduction of 30% in matched
discharges is clearly observed for the strongest modes (n=4-9). Furthermore, the same modes
are excited at a much lower level of plasma current than in aided discharges, so that in absolute
terms a reduction of more than 50% js achisved, Nevertheless, after reversal no reductian is
gbserved on the amplitude of the locked pertubation,

4. Effects on confinement

An improvement has been observed in the average dependence of loop voltage on the UN
parameter (ratio between toroidal plasma current I and average line density N) after the machine
modifications: the most recent data show an average decrease of 3-3 V on the loop voltage
(fig.3). Fig.4 shows the dependence of loop voltage or the magnetic shift; after the short circuit
of the two gaps it is possible to operate with & larger horizontal displacement of the plasma
column witheut significantly increasing the

1 23 4 56 7 8 9 101112
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& .;_be:iferegapc.rlosure 3 loop voltage. Since in RFX the plasma
B afterpapcloswre 3 horizontal position is only controlled by a
50 £ i bilas vertical field, a lower bias cculd be
& s -# 7 used, allowing gas breakdown at a lower
& a0k 1 toroidal field. This improvement opened the
S 5t ? ‘”{33""*(’;:“"“‘ Loy POssibility of operating with the above
o ¥ "(if“ G 1 mentioned "matched reversal mode”. As
oy §  discussed in Sect. 3, the short-circuit of the
2§ P Ly ool onter equatorial gap significantly decreased
. /N [A m 1014] the high frequency magnetic fluctuations in
Fig.3 Leop voltage Vs. N for well centred discharges in  the outer equatorial region; this can partially
the range (500 kA>T>600 kA), justify the reduction in loop voltage and can
30 T fter pag closure ) explain why the minimum in loop voltage is
P 4~ 4 before gap closure '_?'_ now obtained for a larger horizontal
) 5 r" . % displacement, i.e. when plasma is shifted
5 4 :gk:_ - Aoyl pa— towards the short-circuited gap.

g 'C‘:,-%M “ﬁ/ 5, Mode locking and rotation
E s La LR Despite the presence in every discharge of
© A {_‘;' o RFX of modes locked both in phase and to
L the wall, some moede rotation events have
% been observed by high-pass filtering the
-0.01 0 GOL 002 003 00 magnetic field signals with a 100 Hz

Horizontal Displacement fm] numerical filter. Measutements of the

toroidal component are made by two toroidal
arrays of 72 probes each, which allow to
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Fig.d Loop voliage Vs. Horizontal displacement for
discharges in the range (500 kASI>600 A} and
UN=3 114 A m A parabolic fit of datu iy alse shown,




obtain the odd m perturbation. The
frequency range of the signals is DC-5 kHz,
An example of rotation is shown in fig.5,
where the toroidal magnetic field for odd 1y
modes is plotted as a function of the toroidal
angle ¢ and of time, after high-pass filtering,
In this discharge the locked pecturbation wag
at ¢=310 degrees, and in fact a region of
enhanced fluctuation is observed around thig
location. It is also possible to observe g
rotation which appears at t=36 ms and lasts
for 15 ms. Fourier analysis shows that in
this case the rotating mode is 0=9%. Ia
Fig.5 Example of mode rotation. Toroidal magnetic field  general, rotation events are observed to last
for odd m mode.s is plotted as a function of the toraidal  from a few ms up to 10-15 ms. Often only
angle ¢ and of time. . . o
one mode is seen to rotate, with a toroidal
mode number a in the range §-16, n=9 being the most frequently observed one. In some other
cases mors than one mode retates.

By assuming rigid plasme rotation, it has been possible to compute the rotation frequencies
in the toroidal and peloidal directions, fy and fy, through the formula £ =fg + n fy, where m
has been taken equal to 1 and f represents the rotation frequency of the mode with the specified
n. In typical 600 kA discharges, fy is in the range 50-200 Hz while fp is in the range 0.5-2.5
kHz.

{t is important to abserve that, although the dominant moede of the locked perturbation (n=8)
is sometimes seen to rotate in the 0.1-5 kHz range, a stationary n=8 is also present as a part of
the perturbation. This is alse true for higher n modes, although in some cases these are seen to
rotate alse in the BC-5 kHz range.

The magnetic measurements referred to above are taken outside the vacuum vessel, which
behaves like a low-pass filter, Its transfer function relative to the toroidal compenent of the
magnetic field has been computed. By approximating the vessel with a first order system, it
exhibits the cut-off frequency at approximately 420 Hz. For several pulses, the signals of the
toroidal arrays have been numerically reconstructed, applying the transfer function, but no clear

‘change in the mode structure and no mede rotation at higher {requency (>200 Hz) have been
observed,

Rotation events are more frequently observed after the closure of the gaps, but no visible
effect on the main plasma parameters, such as loop voltage or confinement time, is observed ag
a consequence of them.
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6. Conclusions

The short-circuit of the shell equatorial and vertical gap allowed to reduce loop voltage by
more than 10 %, probably owing to the relevant reduction of magnetic fluctuations. Mode
locking to the wall is still present, but tempoerary rotaticns of single modes are evidenced in
selected pulses. Wark is in progress to relate these events to operational conditions.
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