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Confinement in the Reversed Field Pinch (RFP) configuratiorrgeliadetermined,

at least in the inner plasma region, by magnetic perturbatitwsenorigin is well
described by visco-resistive MHD [1]. These fluctuations aregmized to be
responsible for the RFP sustainment through dynamo action but, atntlketisze,
they lead to stochastization of the magnetic field, allowingaforenhanced radial
transport, thus degrading energy and particle confinement. This istoduke
combined effect of a relatively high amplitude of magnetic peations (of order one
hundredth of the confining magnetic field, to be compared with typaies two
orders of magnitude smaller in tokamaks), coupled with a large nuofbeternal
resonances, that hence overlap over most of the radius, effectalstcircuiting”
plasma centre and perifery. Investigating the transport due toeti@dluctuations,
hence, is one of the main experimental and theoretical tasR&ERF research. Fully
numerical MHD approaches can provide substantial quantitative iniormabut
simplified methods are preferred as long as they are ableotaderan intuitive
picture of the problem at hand with quantitative (although possibly gessise)
predictions. The standard reference is ref. [2], where explicitidlas for field line,
heat and particle diffusivity are given. Provided that the totajnetic field may be
written asB = By + b, whereBy is the unperturbed magnetic field, such that good
magnetic surfaces do exist, whides a small perturbation that breaks these surfaces,
the Rechester-Rosembluth (RR) field line diffusivity is

D, =b?A (1)
where b =b/BandA is the autocorrelation length of the field lin€article (heat)
diffusivity is related to (1) through ion (electiaimermal velocityuy, :

Dy =Dy Uy ()
This formula is to be corrected for highly collisal regimes:
/100 ACO
Dy ot =Dy, /]_k” , /]_k” <1 )

whereg = Acoi/Ak = (Mmean free path between collisions)/(Kolmogdength).

The issue is whether experimental transport datan fRFPs can be compared with
and interpreted in terms of RR’s formula. In actu@FPs no direct local
measurements of transport coefficients are rouwtiaehilable, hence one must resort
to comparisons with global quantities. In literat(i8,4] comparisons have been made
against theoretical and experimental scaling ofrggneonfinement timeag, on the
basis of the qualitative scaling

a2
.= E (4)
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with a typical length of the device (minor radius). Sirthe relevant parameter in RR
diffusivity is the normalized magnetic perturbatiamplitudeb, Eqg. (4) translates
operatively into a scaling ofg versus the amplitude of the magnetic fluctuations
(together, possibly, with other relevant plasmaapeters). Admittedly, such
comparison, in a RFP, is dubious since it is knawat a relevant fraction of
confinement (hence, afg), in these machines is due to edge mechanismspfnot
purely magnetic origin, rather electrostatic onéerEfore, the scaling (4) will be
followed by empirical data only approximately, ash Earlier studies gave, to this
regard, conflicting results: Hattogt al [3] claimed verification of RR scaling from
measurements taken on TPE-1RM15 machine, while fi@veset al [4] denied it on
the basis of RFX data. Fairly recently, thoretiwakk is appearing where the validity
of diffusive paradigm itself, in realistic RFP madgic fields, is being questioned
[5,6].

In this work we will make a re-examination of thearge data used in the study [4], and
show that, indeed, they may still be consistenhwitmodified RR scaling, according
to some corrections provided in earlier papers ynDelo and Paccagnella [7].
Taking into account the temperature dependenceujnt&q. (4) may be written as a
scaling relation involving the measurable quarditieand temperatur@. The exact
form of the scaling depends upon the regime onpaags to work in. We can divide
the possible regimes into:

) Standard RR regime, characterized by a sma#aflg vanishing) Kolmogorov
length (equivalently, diverging Lyapunov exponent field line divergence) all
across the plasma volume. This regime is, obviocslysionless.

II) Collisional RR regime, in which the ratm= Aco/Ak < 1 but bothA.oy andAy are
very small with respect to all the other lengthsined. This regime, however, won't
be further considered; actually, it shares somtufea (the field line diffusivity) with
regime (l), while, for some others (the explicitpeassion for¢) must rely upon
calculations done for next point. Hence, it is iy between regimes (1) and (ll1).

llI) Collisional regime in presence of finite Kolmgorov length. This regime was
studied numerically in two papers by D’Angelo anac€agnella [7] for a realistic
model of RFP magnetic field. Basically, since Kofooov length may theoretically
be related to the amplitude of fluctuations throwgipower law,A, Ob*(a>0),
regimes (I) and (ll) are defined by a huge levehafgnetic fluctuationst(= O(l) );
this regime is instead defined liy<< . A related consequence is that the level of
magnetic fluctuations is likely to be not complgtabmogeneous across the plasma.
Due to the finiteness @& , it is quite natural invoking a finite value aliw the ratio

¢, for this reason we label this regime as “colinsil.

Without entering into details, for which we refer the original literature, the three
main findings from [7] are: A}he field line diffusivity is more weakly dependent
from b than suggested by (1" O b'®. The basic reason being the decreasA of
with b . B) The Kolmogorov length scales with magneticfliations asi, U (b)

C) the ratiog, for a realistic RFP, is of order unity. In orderdeal in an unlfled
fashion with the whole range af values, it will be convenient to use a unique
parametrization. The simplest interpolating formialadiffusivity is

D= Dno—coll y ' y:

5
1+1/¢ ®)
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The function y(g) interpolates between 1 (collisionless limig — o) and

¢ (collisional limit, ¢<1). Eqgns. (4,5) coupled with the above scaling mievi

formally a bivariate scaling forte: 7. =7.(b,T). However, empirically, the

temperature is found to be a decreasing functionamnetic disorder (see Fig. 1):
TOb™ (6)

Such a negative correlation could be expected:afmetic fluctuations degradate the

guality of energy confinement, the temperature-thatmeasure of the energy content

of the plasma-can hardly remain unaffected. _

Using scaling (6) with Eqns. (4,5), we may at lagte 7. (b) for the two regimes:

[Dﬂ Xuth]_l § [62 XTl/Z]_l ~b2xp 072 = L6 7-1)

-1

Tp = 1 1+C[E)‘_O'4 [6'1.4 1+Cm6)1'0
DEP XUy, X A = 61.5 6’—0.35 = 6'1.1 (7_ ”I)
1+ X

The labels (I) and (lll) refer to
collisionless RR model, and DP model,
respectively.
The latter curve, (7-ll) has two
asymptotic trends:z. Ob™, b - 0,
or 7. 0b™, b - w(this latter limit
is only virtual; by definitionp < L
The experimental data were taken as
0.02 - 0.03 004 follows: magnetic fluctuations were
measured by two toroidal arrays of 72
Fig. 1. T versus b . Red line, best fit using toroidal and poloidal field pick-up coils.
scalingk~)"’. Since these are edge measurements, we
must make the ansatz that the overall
profile of magnetic fluctuations is proportionalite edge value, which is a reasonable
assumption, supported also by theoretical modelse €lectron temperature is
measured by a 20-points, single-pulse Thomson esg&jt diagnostic, and by a
double-filter x-ray diagnostic, hendeis representative of core temperature. Finally,
the energy confinement time is estimated & = nT / P,, wheren is plasma density,
andPgq the Ohmic input power, which is a known quantitg.
The scalings (7) are hence compared against expetaindata in Fig. (2): it is
evident how, for each fit, the correlation with @as rather poor. This may be a
consequence of the fact that the true confinensedeiermined only partially by core
transport. Notice, however, that not taking exfglijdnto account edge losses does not
automatically invalidates our analysis. Edge lossesually, are likely to depend
indirectly on magnetic perturbations (since thegtet deform the plasma column and
make it to strike the wall) and it is just natuthht their scaling be qualitatively
similar to the central one (i.e., higher perturtiasi mean faster losses). It is easy to
show that, unless the two scaling are quantitativelry different (say, two widely
differing power-laws), over limited intervals adding edge losses is tantamount to
multiply the core energy confinement by an almaststant factor. A qualitative
estimate shows that this is the likely case. Athepretical studies showing that the
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mere existence of locked modes does not affect difiuesivity scaling have already
been performed [6,8]. Another salient feature @sF(1,2) is the short range spanned
by the independent variabke. This, still, is a consequence of the fact that lasin

of attraction for an RFP stationary state is reddyi small.

Fig. 2. Tz versus b . Red line best fit using

o a single power-law scalingp ; grey curve,

Se% fit using Tg f -
1l & | gTe from Eq. (7 - lll). The two curves
__ 08} : : 1 overlap almost exactly, and have a correlation
éw 06r p o © . coefficient, R = 0.4. The exponent 0.84
L] R o | represents a sort of average between the high-
L eq (7-) ] b and smallb trend of (7-1ll). Blue line,
o2l RR estimate from Eq. (7 - 1). It has the

0.02 b 0.03 smallest correlation coefficientR = 0.1.

Within the scarce accuracy imposed by experimetdatd, the naive collisionless RR
scaling has a fairly small correlation with dathud confirming findings [4] that
rejected it. On the other hand, that the more eeffiversion (Ill) of magnetic field line
diffusion, taking into account a variety of supptarary effects (finiteness of
Kolmogorov length and its scaling with magneticctluations, intermediate regime
between the collisionless and the highly collisiomi@e, scaling of temperature with
magnetic fluctuations) provided a more satisfacfocyure.

We remark again that ours was simply intended ta beexamination of a set of old
RFX data taken in standard confinement conditiofisere is no justification in
attempting to extrapolating the present resultsbjéat, furthermore, to large
uncertainties) to different improved confinemergimeges (e.g., Quasi-Single-Helicity,
where good magnetic surfaces are partially recoNem to perturbation amplitudes
very different from those included in the data get:particular, at very small
perturbations, good magnetic surfaces must exainagnd RR scaling must break
down. Of course, nothing can still be told-due &gkl of sufficient data-for the
renewed RFX-mod, however, the possibility now oking the modes rotate suggests
a beneficial effects on wall losses.
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