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Intermittency and turbulence in a magnetically confined fusion plasma
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We investigate the intermittency of magnetic turbulence as measured in reversed field pinch plasmas. We
show that the probability distribution functions of magnetic field differences are not scale invariant; that is, the
wings of these functions are more important at the smallest scales, a classical signature of intermittency. We
show that scaling laws appear also in a region very close to the external wall of the confinement device, and
we present evidences that the observed intermittency increases moving towards the wall.

PACS numbds): 52.35.Ra, 52.55.Ez, 52.55.Hc

The issue of self-similarity is of paramount importance inconfiguration represents a near-minimum energy state to
turbulence studies. Indeed, self-similarity is one of the keywhich a plasma relaxes under proper constrajiis The
hypotheses of Kolmogorov theoryl,2], which leads for toroidal field changes sign in the outer part of the plasma, a
fluid turbulence to the famous 5/3 exponent for the power feature which gives the name to the configuration. Such field
spectrum decay in the inertial ranéthe intermediate range reversal, which improves the MHD stability of the configu-
of scales between the large scales where energy is injectg@tion, is spontaneously generated by the plasma, and is
and the small ones where it is dissipateNotwithstanding maintained against resistive diffusion by the dynamo process
the success of the Kolmogorov theory, the study of the probt8]. This is achieved through the action and nonlinear cou-
ability distribution functiongPDP of velocity fluctuations at ~ pling of several resistive MHD modes, which give rise to a
a given scale has shown a departure from Gaussianity in theigh level of magnetic turbulendef the order of 1% of the
PDF tails. The same phenomenon is usually evidenced bgverage field in present day experiments, i.e., two orders of
looking at the scaling exponents of higher order moments omagnitude larger than in tokamaksThis high fluctuation
fluctuations, which appear to be nonlinear functions of thdevel makes the RFP very suited for the study of MHD tur-
order index. Intermittency described by multifractal modelsbulence properties, mainly for their magnetic part. The mag-
[2] is usually invoked to be the cause of the observed breaRetic turbulence has been demonstrated to be the main cause
of pure self-similarity. Even if Kolmogorov theory was origi- of energy and particle transport in the RFP core, whereas at
nally developed for homogeneous and isotropic turbulencehe edge its contribution is still under investigation. In this
the evidence for self-affine fields has been studied also insidegion the electrostatic turbulence has been proved to give an
the boundary layer turbulence in fluid laboratory experimentsmportant contribution to the particle transpdd]. It is
[3], which is neither homogeneous nor isotropic. The onlyworth mentioning that a recent investigation of the edge elec-
hypothesis required to perform these studies from an expertrostatic turbulence in different fusion devicemcluding
mental point of view, in order to apply the usual Taylor's RFP and tokamakshas shown the existence of long range
hypothesis, is the statistical stationarity of turbulence. Retime and space correlatiof0].
cently, it has been showj#] that only after a suitable de- The measurements described in this paper have been ob-
composition in terms of irreducible representations of thetained in the(RFX) experiment, which is the largest RFP
SQ(3) groups one can hope to properly disentangle isotropi@resently in operatiofmajor radius 2 m, minor radius 0.457
from anisotropic effects in Navier-Stokes equations. Ofm) [11]. RFX is designed to reach a plasma current of 2 MA,
course, this should be true also in magnetohydrodynamiend currents up to 1 MA have been obtained up to now. The
(MHD) flows, even if it is not clear how to recover aniso- measurements were performed in low currents discharges
tropic and nonhomogeneous effects from real data. (300 kA) using a magnetic probe inserted in the edge

While in ordinary fluids the statistical properties of turbu- plasma. The probe consists of a coil housed in a boron ni-
lence have been well characterized, both theoretically anttide protecting head. The coil measures the time derivative
experimentally, in magnetized fluids only recently this hasd;B of the radial componerB(t) of the magnetic field. The
been undertaken, mostly in relation with velocity and mag-radial direction in this case goes from the core plasma to the
netic field fluctuations measured in the solar wiBdl In this  edge. The sampling frequency of the measurements is 2
Rapid Communication we report evidences for the presenc®lHz. Measurements have been collected at different values
of intermittency in another type of magnetized fluid, namely,of the normalized radius/a (r/a=1 identifies the location
a plasma of interest for controlled thermonuclear fusion reof the last magnetic flux surfagdn RFX two different com-
search, confined in reversed field pin@FP configuration. ponents of the magnetic fluctuations can be identified: a lo-

The RFP is a configuration of magnetic field§ charac- calized and stationary magnetic perturbation, originated by
terized by toroidal and poloidal components of comparablehe tearing modes responsible for the dynamo, which tend to
magnitude(in a tokamak the field is mainly toroidalThe  be phase-locked and locked to the wglR], and a high
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FIG. 1. We show the values of the flatneigs/a) for the de- FIG. 2. We show the PDFs of the normalized magnetic fluctua-
rivative of the radial magnetic field, as a function of the insertiontions for four different scales, at a given positiofa=0.95. The
r/a. The Gaussian valuef € 3) is shown as a dotted line. solid line represents the fit made with the convolution function.

frequency broadband activity, which is investigated here. Allions grow up as the scale becomes smaller. Stronger events

measurements presented were made away from the statioft Small scales have a probability of occurrence greater than
ary perturbation. that they would have if they were distributed according to a

We start by looking at the statistical properties of theGaussian function. This behavior, that is, the presence of

normalized variabless(t) = ,B/\{(¢,B)2) (brackets being self-affine fields, is at the heart of the phenomenon of inter-

time averages In Fig. 1 we show the flatness of these sto-mittency as cgrrently observe_d in fluid flows,14). .
chastic variable$ = (s%)/[(s?)]? for some positions/a. As The behavior of PDFs against the scale can be described

can be seerf(r/a) is higher than the Gaussian value and by introducing a given shape for the distribution. At eaph
tends to decrease aga increases. This is a first rough evi- SC&le7 the PDF oféb. can be represented as a convolution

dence that the observed magnetic field is intermittent; that i©f Gaussian functions of widthe whose distribution is
the time evolution of3B is dominated by strong magnetic 91ven by a functionG, ()
fluctuations. The intermittencysay the departure from a
Gaussian statisti¢gs more visible near the external wall. p _ 1 f” 2/ 2 do
s ; : (db,)=—==| Gy(o)exp—db7/20%)—, (1)

To get some insight into the nature of intermittency actu- J2mlo T o
ally present in the fusion device, following the usual analysis
currently made in fluid flow$2], we investigate the scaling which can be interpreted in the framework of a cascade
behavior of the stochastic variable$B(7)=B(t+ ) model as the signature of an underlying multiplicative pro-
—B(t), which represents characteristic fluctuations acrossess[14—16. We use a log-normal ansatz
turbulent structures at the scate For each position within
the device, we can study the statistical behavior of fluctua- 1 Ina/ o
tions at different scales. The interest of this resides in the Gy(o)= ﬁe)@( N T)
fact that, if we introduce a scaling law for magnetic fluctua-
tions 8B(7)~ 7" as MHD equations seem to indicdt8], @ even if other functions do not give very different resijilt].
scale variatior—\ 7 (X is the parameter which defines the The free parametex? represents the width of the distribu-
change of scajeleads to tion G, , while o is the most probable value af. The
scaling behavior oP(6b,) is translated in the scaling varia-

@

SB(AT)=\""5B(7).

This is interpreted as an “equality in law[2]; that is, the g

right-hand side of the equation has the same statistical prop- \:'at::;\_g\ e

erties as the left-hand side. If is constant we can easily 0.1r B Sy Ny 1

show that the PDFs of the normalized stochastic variables ANyt e e

ob,=6B(7)/\{[6B(7)]?) collapse to a unique PDF, inde- L 1 $

pendent on the scale. This is true in a pure self-similar | } { |

(fracta) case. On the contrary, we must invoke the multifrac-

tal model to describe intermittend], which is introduced 00— T

by defining a range of values &of 1 10 100
In Fig. 2 we report the PDFs afb ., at different scales for T (us)

a given value ofr/a. As can be seen the PDFs do not col-

lapse to a single curve, but follow a characteristic scaling FIG. 3. Scaling behavior of the exponext(r,r/a) for three
behavior that is visible for all values ofa. At large scales different insertionsr/a, namely:r/a=0.97 (closed circley r/a
the PDF are almost Gaussian, and the wings of the distribu=0.95 (open circleg andr/a=0.91 (stars.
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FIG. 4. Structure functionS(Tp) are shown fop=2 (circles and
p=3 (squares Open symbols refer to the positiaa=0.96, p
closed symbols refer to/a=0.86.

FIG. 5. Normalized scaling exponengs of the structure func-
tion of the paramete}\2 [14,16. In fact, when the PDF is tions are shown as a function pffor different insertion points/a.
Gaussian\?=0 (G, becomes & function centered around Error bars, about 5% of the exponent values, are not displayed for
o), While the departure from a Gaussian function increaseglarity. The K41 scaling/,~p/3 is also reported for comparison.
as\? increases. In Fig. 2 we report as solid line a fit of the
data with Eq.(1). A satisfactory agreement at all scales isthe usual p/3 Kolmogorov's law. Note once more that
evident. _ _ . . the strength of intermittency, measured through the

Looking at the scaling laws fox?, atzdlfferent Insertion  gifference betweer, and p/3, is greater near the wall. In
pointsr/a, it can be seeriFig. 3) that\“ displays a power concjusion, scaling laws for PDFs of magnetic fluctuations,
law behavior and anomalous scalings for structure functions, are found

everywhere in the outer plasma region of the RFX
N2(r,rla)=A%(rla)? thermonuclear fusion experiment. We find that the anomaly
of scaling exponents, as well as scaling laws for PDFs,

all over the observed time scales, for insertion points neafongly depend on the position inside the plasma, so
the external wall. On the contrary, measurements mordhat magnetic turbulence inside the device |s_notun|versal, as
inside the device show a saturation of intermittency aff@’ @s scaling laws are concerned. Possible reasons for
scales 7¢=10 us. The values ofg we find are of the this are the presence of the first wall, the presence of the
order of 8=0.42+0.03, close to that found for the velocity toroidal field reversalwhich takes place ata=0.9), or the
field both in fluid flows and in the solar wind turbulence strongly sheared plasma flow measured in the RFX edge
[14,16, but higher than the value found for the magnetic[19]. Concerning this latter option, it is worth mentioning
field intensity in the solar wind16]. Finally the absolute that in principle different plasma velocities in different
values for\? are decreasing going from the wall inside points would only affect the relationship between time and
the device. Namely, we found)\fnaxz 0.21=0.01 for spatial scales obtained through Taylor hypothesis, and not

r/a=0.98, and )\ﬁwax: 0.086+0.006 for r/a=0.84. This the PDF scaling properties. However, the eddy breaking ef-
is a further confirmation of the stronger intermittency nearfect induced by a velocity shear is well known to affect elec-
the external wall. All the error bars have been estimatedrostatic turbulence in fusion plasmg20,9), and an influ-
starting from a Poisson statistical uncertainty on the PDF’$nce on MHD turbulence can also be envisaged, either
value. directly or through nonlinear coupling to electrostatic modes.
A complementary analysis of intermittency can be per-If this is not the case, the reason for the observed differences
formed by calculating the scaling exponents of the structurgould be perhaps found in the conjecture of Fdi2H. She
functions, say of thepth moments of fluctuationsS(®  proposed that turbylence could be described by interwovgn
=(5bP) (brackets are defined as time averagesFig. 4 we  S€ts of both intermittent structures and background Gaussian
flow on each characteristic scale. The nature of the intermit-
tent structures can evidently be influenced by waBs,
lg\_nd/or current sheets associated with field revdzz|l We
are actually reviewing and testing this idea on the RFX de-
To calculate the scaling exponents, we use the generalizevciCe in o_rder to identif_y structures W.hiCh generate intermit-
tency. Since a reduction of magnetic fluctuations has been

scaling introduced by Benzét al. [17], which has been inked to improvements in the energy confineméas], a

found to be useful also in magnetohydrodynamic turbulenc% . . . )

[13,18, thus obtaining the normalized scaling exponefs etter understanding of the generation of intermittency

defined throu (P ~[ 3] through structures could improve the understanding confine-
9rs; T ment in physics.

In Fig. 5 we report the scaling exponents obtained for
some insertions/a. The behavior of,, againstp shows that We are grateful to Francesco Pegoraro for some discus-
scaling exponents are anomalous, say, they are different frosions and for his interest in this work.

report the structure functior&" , for two values ofp, and

for two different positionr/a. The differences for different
positions are evident, and represent a signature of the a
sence of universality.
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