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Abstract

The particleand energytransport nechanisms have been investigated in RFXtHa core
the particle diffusivity andhermal conductivity are consistent with a stochastic magrfitid
model. At the edge particle transport is mainlydriven by electrostatic fluctuationsyhereas
radiation, electrostatic and magnetic turbulence account only for 50% of the total energy losses.

1. INTRODUCTION

Transport in a reversed field pinch (RF€)nfiguration is anomalous and fluctuatidniven
as confirmed by measurements in different RFP experiments [1]. In order to investigate the
mechanisms underlying the particle and energgnsport in the RFX experiment new
measurements of electron density dachperature profileand of their time evolution have been
performed in various plasma conditions with a setdeflicated diagnostics, including18-chord
mid-infrared CQ interferometer, a 20-points Thomson scattering systegige probes, a
bolometric tomographic systemnd a multifoil soft x-rayspectrometemwhich allowshighly time
resolved electron temperature measurements. Electrostatic fluctuationbdeveneasured at the
edge by triple Langmuir probes and the corresponding energy and particle flux have been derived.
The energy flux driven by magnetic fluctuations has been measured at the edggrbp@ometer
combined with magnetic coils. In this paper particle and energy balance in two regiortmréhe
and the edge, separated by the toroidal field reversal surface at r/a~0.85-0.9, will be addressed.

2. TRANSPORT IN THE CORE PLASMA

Density profiles are found to be flat or hollow in the core withole the gradientappearing
at the edge in a 24 cm thick layer [2]. The shape of the profitlepends only orthe I/N
parameter (defined as the ratio of plasma current over line density), varying from flat or slightly
peaked at high/N to clearly hollow atlow I/N, as shown in Fig. 1The systematic existence of
stationary hollow density profiles implies the presence of an outward dirgittdelocity in the
core. A one dimensional partickeansportcode has beensed[2] to simulate the densitprofiles
and the neutral source from the wall and to deriver#itdal profiles ofthe diffusioncoefficient D
and of the convective velocity. The analysis indicates that the particle diffuBvittythe core is
of the order of 10 As*, consistent with the value expected from a stochastic diffusion niacet
on the quasilinear estimate of the magnetield line diffusivity D, [3]. Indeed awide stochastic
region is expected in the core of RFX due to the overlapping of the maggietids produced by a
wide spectrum of MHD instabilities with high amplitudé/B>1%) and with poloidalperiodicity
m=1 and toroidal periodicityn in the range 7-20. These instabilities correspondinternally
resonant resistive MHD modes, related to dynamo process [4] and are locked to the wall giving rise
to a stationary magnetidisturbance localized in a toroidally restricted arBlae picture forcore
particle transport is consistentittv what is found for energyransport. A typical electron
temperature profile at=0.65 MA standard conditions is shown kig. 2. Asfor the density, the
largest gradient appears at thdge, outsidehe reversal surface, thus indicatitight most of the
energy confinement in RFX takeslace there. Moving from this pedestal regimward, the

temperature profile in the core is characterized by a regibere a secondradient [T, cor IS

present, as also shown in Fig. 2. The magnitude of this gradient and the radial extension over which
it is present have been found to depend on electron density and on plasma current, with a trend for
the profile to peak at low,and highl [5]. This behaviour has been summarized in a trend with the
magnetic Lundquist numb& in particular asS increases, more peaked profiles are observed, with

the region spanned by the core gradient extending further inward [5].
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FIG. 1. Density profile for three 800 FIG. 2 Temperature profile with=D.65 MA.

Starting from these measurements an effective thermal conduckivityas beerestimated

asy . (r)= ___ () where the energy flux has been derived from the local power balance as
eff
Ne(N)HTe(r)

OLgn(r) = Q(r) —€(r), whereg(r) is the experimental total radiation emissiviand Q(r) the
ohmic power deposition profile given Ii(r) j(r); the electricfield is modelled via a locaDhm's
law with Spitzer's resistivity and the current density profile is reconstructed with exteataletic
measurements. It must be noticed that in standachargesadiation lossesaccount forlessthan
20% of the totallosses andnost of the radiation is lost in the outer region [6]. The resulting
effective core conductivity is of the order of 400 200 nfs', a valueconsistent withthat
expected in the quasi-linear estimate [3] corrected for collisional effects [AHiglrB the particle
diffusivity and the thermal conductivity for plasma current ~800kA are shown. It is interesting to
note that the ratig(./D is of the order of 40 i.approximately thesquareroot of the ion and
electron mass ratio, in agreement with a stochastic model applied to a hydrogen plasmayith T

The role played by magnetic fluctuations dniving core energytransport finds a striking
confirmation when the behaviour of the cofg is studied As a function of S [5]. As a consequence

of the previously discussed trend 0T, ... @ function ofS, also the average value gy in the core

is found to decrease with Sincemagnetic fluctuations decrease wihas predicted by numerical
simulations [8] and measured in various RF®R40-11], theobserved trend of.; with S offers a
direct experimental confirmation of the theory [3], indicating that an improved confinement, with
the onset of coréransportbarrier, is measured when magnetic fluctuations decr&dse crucial

role played by dynamo related magnetic fluctuations in the taresporthas been confirmed also
by a substantial modification of the core thermal diffusivtyserved in regimes wheraagnetic
fluctuations arereduced. Anexample comes fromPulsed Poloidal Current Driv§ PPCD)
experiments, where a poloidal current iexternally driven thus alleviating the resort to
spontaneous dynamo [12-13Dne of the most clear effects of this technique is a substantial
reduction of magnetic fluctuations, which is associated with a strong peaking aof phefile and a
decrease of.in the core, wherg.« becomes comparable to its absolute minimum value reached at
the edge. Anoticeableimprovement of confinement igbtained in these conditions. Asfiaal
point it is worth mentioning that a receiterpretation [14] opensnew perspectives for the
understanding of corransport in theRFP. It has been in fact observiidit in RFX, as inother
RFPs, the plasma, under certain spontaneous or driven (like PPCD) conditions, movesfaten a
characterized by a broad toroidal spectrum tauasi single helicity state, characterized by a
toroidal mode spectrum where ome1, n=n, ~7-8 mode is dominating over the others. This single
helicity situation corresponds to one branch of a bifurcated sthéeconfinement is improved;
this fits theoreticalexpectation [15]since a turbulent dynamo is replaced by a lamimarcess,
thus recovering a situation where good flux surfacespagsent and a much narrowstochastic
region is expected.

3. TRANSPORT IN THE EDGE PLASMA
Electrostatic and magnetic fluctuations have been measurbe atige byinsertable probes
in low current dischargeq1~300kA) giving normalized values for densityn/n~0.5-1, electron
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diffusivity profile with F800KA. source. Lines results of a 1-D code.

temperatureT/T.~ 0.4-0.5, plasma potentiab¥,/T, ~1-2 and radial component of tmeagnetic
field b/B~0.5%. The electrostatic turbulence has broad band features with average wavevector <k>
and frequency <f> comparable to the respective spectral widths.

Electron temperaturand density profiles measured by insertable Langmuir probesirm
that most of theplasma pressure gradientdasncentrated at thedge.Particle and energyluxes
driven by electrostaticdurbulence have been measuredtfiyle probes. The particldux I' has a
maximum around r/a=0.97, as shownFig. 4, andthe radial behaviour has been related to the
neutral source at the edge. By comparing in stationary conditions the maximum of the particle flux
with the hydrogen influx masured on a chord viewirthe edgeplasma in the outer equatorial
region, it has been founthat most of the particle transport ascounted for byelectrostatic
turbulence [16].The particlediffusion coefficient D derived assuming a Fick's diffusidaw, i.e.
I =-D0n, is of the order ofl0 nfs®, consistent with Bohm likediffusion. This value of D is
consistent with the density profile analysis equatimg source and the sink rates from collisional
ionisation and total (radiativplusthree-bodies) recombination to thiéffusion rate. As shown in
Fig. 5, the resulting D at the edge shows a favourable dependence with increasing dedsitigleA
spontaneou&xB velocity shear takes place at the edge [17]. Change in plasma rotatioragiith
has been confirmed by impuritptation neasured byDoppler shift of line emission [18] and by
plasma flow measured by an array of Langmuir probes [19]. This velocity shear is of the order of
10°s* and results close [18] tthat required todecorrelate electrostatiturbulence in RFX. Indeed
the shearing frequenay,, which can be estimated ag = <k>A dvg,pg/dr, where di,pg/dr is the

radial derivative of th&xB velocity, in the region of high velocity shear (r/a = 0.9sultswg =

(1.620.9)x10° rad/s, i.e. close to the ambient turbulence speutidth Aw= (3.3:0.3)x10° rad/s.
The wg value has been derivelom the experimental data of the quantities entering in the

definition: dvg,g/dr=(1.10.4x106 s'1, <k>=12+2 nrl and the radial correlation= 12+5 mm has

been measured by reflectometer. Indeed a reduction of the particle diftwstiitient is observed

in the regionwhere the shear is maximum and the analysis of #iectrostatic fluctuations
indicates that this shear influences their amplitude and coherence [20]. The energy transport at the
edge has been also analysed. Radiation which is maximum a&d¢iedas beertaken intoaccount

and the radial energy fluxehie to electrostaticand magnetic fluctuations have been measured. It
has been found that the electron energy flux driven by electrostatic fluctuatich®wn in Fig. 6,

is mostly convectiveand < 15% of theotal power losses atow current. Byassuming arequal
contribution for ions the electrostatic contribution is less than 30% of the total trahsgses at

the edge [21]. The magnetic contribution has been derived by correlating the energy flux parallel to
the magnetidield with the radial component of themagnetic fieldqg,=[d, b,l] It has been found

that at low plasma current this contribution is negligible at the edge due to a low coherence between
magnetic fluctuations and energy flux fluctuations as observed in MST [22].

The snall contribution due to magnetic activity at thedge isconfirmed by thenegligible
effect on the thermal conductivity observddring PPCD. Even taking into account thadiation
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FIG. 5 Particle diffusivity at the edge vs

plasma density. FIG.6Electrostatic energy flux.

losses, which argypically of the order of 10-20% of the totddsses, almost 50% dhe power
balance is missing dahe edge. Candidates texplain this discrepancy are the idosses, the
electrostatic contribution of non-thermahil in the electron distributiorand the effect of the
locked mode.

4. CONCLUSIONS

Two distinct confinementegions have been identified RFX: a core region and amedge
region. The core region is controlled by dynamo related MHD instabilities which originaige a
stochastic region. Particle and energgnsport coefficientsare in agreement with stochastic
model. In theedgeregion particletransport is mainlydriven by electrostatic fluctuationshereas
the energytransport isstill under investigation since only 50% can be accounted for by
electrostatic fluctuations, magnetiarbulence and radiation. Energpnfinement in the core has
been improved at higher plasma currents or in regimes of reduced magnetic fluctuations obtained by
PPCD or through transition to single helicity state. At the edge it has been tfainelectrostatic
fluctuations are sensitive to the shear of the radial electric field, op#mengossibility toachieve
regimes of improved patrticle confinement by enhancing the plasma rotation.
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