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Core Transport Improvement during Poloidal Current Drive in the RFX Reversed Field Pinch
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We describe plasma profiles evolution during pulsed poloidal current drive experiments performed
with the RFX reversed field pinch device. With external drive of edge poloidal current, magnetic
fluctuations are reduced suggesting a concomitant reduction of the spontaneous dynamo action. The
electron temperature profile is seen to peak in the plasma core, consistently with a reduction of
the heat conductivity due to a substantial decrease of MHD dynamo fluctuations. Our results also
indicate that the magnetic turbulence due to these fluctuations, which dominates heat transport in the
core of the reverse field pinch configuration, does not drive an appreciable heat flux at the edge.
[S0031-9007(98)08371-9]

PACS numbers: 52.55.Hc, 52.25.Fi, 52.25.Gj, 52.35.Py

A growing body of experimental and theoretical work Reducing the impact of magnetic turbulence on trans-
is indicating that in the reverse field pinch (RFP) con-port has become one of the major challenges of RFP re
figuration [1] for magnetic confinement of a thermonu-search. In particular, external poloidal current drive has
clear plasma a large fraction of the energy losses is due toeen proposed as a tool for improving confinement prop-
transport mechanisms linked to MHD turbulence. In facterties of the RFP configuration by alleviating the need of
magnetic fluctuations are intrinsic to the RFP, since theéhe dynamo field. Driving poloidal currents inductively
configuration is usually maintained by a strong dynamdoy pulsing the toroidal field coils, a technique dubbed
mechanism, which converts part of the energy externallypulsed poloidal current drive (PPCD), is a simple way to
supplied by the toroidal transformer to the poloidal mag-test this concept inducing transient modifications of cur-
netic field componenB, into energy associated with the rent and magnetic fields profiles. Pioneering experiments
toroidal componenB,. This process regenerates toroidal with this technique, performed on the Madison Symmetric
magnetic flux lost by resistive diffusion. Torus (MST) RFP [13,14], have shown a strong reduction

Many of the mechanisms (see [2], and referencesf magnetic fluctuations and a noticeable plasma perfor-
therein, and [3,4]) proposed to explain the dynamo arenance improvement.
based on the nonlinear interaction of global, lew- In this Letter we describe the first measurements of
resistive MHD modes resonant inside the toroidal fieldplasma profile evolution during PPCD experiments in a
reversal surface. According to the most developed theonRFP. These data have been exploited to perform a local
the MHD dynamo (see [2] for a review), they producetransport analysis which provides direct evidence of trans-
coherent magnetic field and velocity o fluctuations  port improvement in the plasma core. The experiments
which combine to generate an electromotive electric fieldhave been performed in the reverse field pinch device RFX
E; = (# X b). This dynamo electric field is found in [15], the largest RFP presently in operation (minor radius
three-dimensional numerical simulations [5-7] and has: = 0.46 m, major radiusR = 2 m, maximum plasma
been directly measured [8]. Magnetic fluctuations in thecurrent 2 MA). The principal new result obtained con-
RFP are then intimately connected to the dynamo, and isists in the peaking of the electron temperature profile in
standard conditions they are somewhat unavoidable. Thithe plasma core when the external drive of poloidal cur-
leads to the stochasticization of the magnetic field linesent is applied. The steepening of the c@tegradients
over a large part of the core plasma and, as a consequendaglicates that the thermal diffusivity in the plasma core
thermal isolation is only provided by a thin layer locatedbecomes comparable to the edge and reaches record low
at the plasma edge. The mechanism controlling the edgealues for RFX.
energy transport in a RFP is still a matter of debate, as The quantitative transport investigations presented in
there are not yet definite conclusions on whether electrcthis paper are made possible by the availability in RFX of
static or magnetic turbulence is mostly responsible for itan extended diagnostics setup capable of providing profile
Recent measurements [9—11] have shown the existenceeasurements for electron temperature and density and
of a strongly sheared plasma flow in the edge region ofor radiation losses [16—19].

a RFP discharge, suggesting a quenching of turbulent The poloidal electric fieldEy, which drives poloidal
transport with a mechanism similar to the one identifiedcurrent in the plasma is induced by using a series of
in tokamaks [12]. capacitor banks, whose timing and charging voltage can be
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independently adjusted, in order to fire up to 5 fast currentonsistent with the observation reported from MST [14].
pulses in the toroidal field coils. Effective PPCD shotsThis is shown in Fig. 2a which displays the time evo-
were obtained at three different plasma currents: 0.4, 0.6ution of the mean square value over the toroidal angle
and 0.8 MA. Here we will describe in detail the resultsof the m = 1 toroidal component of the fluctuating

obtained at the highest current level where the operationathagnetic field, normalized to the total edge magnetic

density is higher and the diagnostic system produces thg|q [;—2” The measured spectrum of these fluctuations
cleanest measurements. _ _in RFX has mostly a poloidal mode number= 1 and
The waveforms of plasma currenj, toroidal magnetic  y5r5idal mode numbers in the range 7—24 with a peak
flux _<I>, toroidal field at the surfaced_)(a)_, toroidal and  5round 5 ~ 7-10, as expected for internally resonant
poloidal components of edge electric fieldy, and_ Eg, dynamo tearing modes. The = 0 modes resonating
and reversal and pinch Bpagameta‘?sand ® B(C(igf'”ed' at the reversal radius are also detected but they have
respectively, asF” = ma’~%— and © = 7Ta2_"T) are  ysually a smaller amplitude. The spectral composition
shown in Fig. 1. As a result of the application of PPCD,of magnetic fluctuations remain unchanged during the
the toroidal magnetic field at the wall becomes morePPCD pulse in the shot being analyzed while a nar-
reversed and the toroidal flux decreases. rowing of the spectrum around one or two dominant
The time response of confinement-related plasmanodes has been observed in other shots.
gquantities to the poloidal current drive pulse is shown
in Fig. 2. First of all, a strong reduction of magnetic

fluctuations measured at the plasma edge is observed,
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FIG. 2. Waveforms of (a) nhormalized mean square value of
FIG. 1. Waveforms of (a) plasma currei}; (b) toroidal  the toroidal component of the fluctuating magnetic field; (b) on-
magnetic flux ®; (c) toroidal field at the surfaceB,(a); axis electron temperature; (c) central electron density; (d) input
(d) toroidal and (e) poloidal components of edge electric field,power (solid line) and Ohmic dissipation (dashed line); (e) total
E, andEy; (f) F and (g)® during RFX shot 8183. The region radiated power; (f) poloidal beta; and (g) energy confinement
between the two lines indicates the PPCD-on period. time for RFX shot 8183.
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Connected with the reduction of magnetic fluctuations 400
we observe a simultaneous warming up of the plasma core, i
as indicated in Fig. 2b by the behavior of on-axis electron
temperature7.(0). The increase of’,(0) can reach up
to 75% of the pre-PPCD values. In the meantime a small = |
decrease in the electron density without appreciable profile = 200!
modifications (Fig. 2c¢), a marked reduction of the input i
power (Fig. 2d), and a small variation of the total radiated
power,P..q (Fig. 2e) are measured. The iontemperature is
measured in the outer half of the plasma cross section, and L
it remains always close to the electron temperature. Given 0f | | |
the high collisionality, we assun® = T; over the whole
plasma radius. Taking into account the profile evolution,
as described below, the poloidal beta is calculated to
increase from 5% to more than 6% (Fig. 2f). The energy
confinement time on the average doubles during PPCD
(Fig. 2g), with improvements up to a factor of 3 in the
best cases.

Similar to MST, a large fraction of the estimated con-
finement improvement derives from the decrease of the
Ohmic input power during PPCD (Fig. 2d), as deduced 910‘ —— o5 00 05
from a magnetic energy balance. This includes a signifi- ' ' ' ~rla
cant contribution from changes in the internal magnetiq-i. 3. (upper panel) Electron temperature profiles during
energy calculated from the andp model magnetic-field standard operation (open dots) and during PPCD (full dots).

profile [2]. With this approach the normalized parallel cur- (lower panel) Electron density profiles before (dashed line) and
. _ . during PPCD (solid line). The standard temperature profile is
rent density profile is reconstructed assuming a depen-taken in discharges with values 6f similar to the one obtained

dence as — r%, wherea is chosen to match the F and during PPCD.

® measurements. However, if the additional constraint of

matching the measured variation of the plasma internal in- 1 (7. .

ductance is imposed [14], we find that the changes in the ¢(r) = — f [E(r) - J(r) — €na()Ir'dr!, (1)
internal magnetic energy are weakly dependent on the class rJo

of profile chosen fol. Moreover, the estimated change Where€:,q(r) is the total emissivity profile. The electric

in power input is also in good agreement with the changegelId mlcluﬂes, thle dynahmo contribution and |s_r:]10d(~;-led via
in power dissipation, as described below, which furthe@ '0Ca o me aw Wlt_bISpltzer reIS|st|vc|jty V,V't a %ctor
strengthen our confidence in the confinement estimates. X 10 account for possible anomalous dissipation due to

The strongest signature of the transition towards adl'® dynamo mechanism. The current density profile is

enhanced confinement regime is given by the behavigieconstructed with the andp model, andZ; is assumed

of electron temperature profile. As illustrated in Fig. 3,uniform with a value corresponding to the line integral
which shows the’,(r) profile as obtained from an en- obtained with measurements of the visible continuous
e

semble average of many reproducible shots, the maiﬁ!as_ma_emission [20]. We find that the global power
change is recorded in the core/t = 0.5-0.6), with the issipation evaluated in this way is in good agreement, with

onset of a radial gradient in a region where in normalk = 1 within the experimental uncertainty, with the Ohmic

operation the profile was quite flat. The cdfe gradi- power input to the plasma as deduced from magnetic

entVT, ..., defined as the average slope of the profile in@nalysis both in stationary and time varying conditions. A

the region extending from the toroidal field reversal upSUPrathermal electron’s contribution to the plasma current
to r/a = 0.2, increases from about 470 ¢ to about S not observed at the electron density of the discharge

800 eV/m. No significant change in the very edge considered. Hence we addpt= 1 throughout the plasma

gradient is observed, although the limited amount of infor-CT0SS Section.

mation in this region suggests to consider this result with, AdoPting a single fluid approach, the plasma heat
some care. In the same figure the density profiles beforiffusivity x(r) is then obtained as
and during PPCD show no major modification except for q(r)
a slight decrease in the average value. x(r) = — VTG 2)

The beneficial effects of PPCD on the core plasma are ¢ ¢
demonstrated by a local transport analysis. In stationary We have neglected convective losses, which amount to
conditions we obtain the heat fluXr) from the 1D power less than 10% of the Ohmic input and are mainly con-
balance equation, centrated in the edge region [21]. In the standard phase
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1000 ———————————————————— get from a Rechester-Rosenbluth expression [25], consid-
F ering the decrease of the magnetic fluctuation amplitude;
i ] see Fig. 2a.
I —— ~ 1 The confinement enhancement takes place mostly inside
AN 1 the radius of toroidal field reversal: The steepening of the
N\ T, profile is evident in the core, whereas no significant
——//_\\y' modifications are detected in the edge valueyof This
i 1 confirms that magnetic transport due to dynamo modes
1 does not drive any appreciable heat flux at the plasma edge
where a different mechanism should be responsible for heat
0 b transport.
0.0 0.2 0.4 0.6 0.8 1 0 _In c_onclu5|on, RFX resul_ts confirm that poloidal current
) ) ) ) o drive is an effective technique to suppress heat transport
driven by magnetic fluctuations in a RFP by reducing the

FIG. 4. x profiles during standard operation (dashed line) andamplitudes of dynamo modes. Moreover, we observed for

during PPCD (solid line). The shaded region around eac . . . .
profile corresponds to 25%—75% confidence interval, estimate?he first time that by reducing the dynamo an effective

with a Monte Carlo code. thermal isolation is recovered in the plasma core of the
RFP configuration.
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