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A major challenge in the study of advanced tokamak scen#sits understand the causes
and associated rates of anomalously large cross-fieldpwaisvhich is thought to be caused
by plasma turbulence. One experimental signature of plasiialence in the plasma edge
of a tokamak is the fluctuating behavior of the electrostfitiating potential. Such signals
often display a broad fluctuation spectra, as observed iBthgilian tokamak TCABR [1]. A
number of probes have been built in TCABR to measure thegbaudiensity and temperature
fluctuations in the edge region. The experimental resulggest that the turbulent transport
is mainly electrostatic in nature [2, 3]. These fluctuatians known to depend critically on
the radial position such that the electrostatic turbulamtélations should also exhibit some
radial dependence. However, the radial variation of therdehistic content of the plasma
turbulence may not be immediately apparent from the experiat data obtained in tokamaks.
This problem calls for alternative quantitative descdp# of chaoticity and stochasticity in
turbulent time series.

One promising technique to analyze turbulent fluctuaticais dn tokamaks is the use of
recurrence plots. We start from a univariate time seriepsaarat equally spaced time intervals
Xi = X(t = ih), whereh is the inverse of the sampling frequency. The second stegisterof
defining vectors with time-delayed points of the originalisexi = {X, X+, "+, X(d-1)7}»
whered is the embedding dimension amds the time delay. The basic idea of a recurrence plot
is to start from such a phase space embedding and comparmbesiding vectors with each
other, drawing pixels when the Euclidean distance betweetovs is below some threshatd
defined as a small fraction of the standard deviation of tine Series being considered. More
formally, recurrence plots are graphical representatairthe matrix [4]Ri; = ©O(€ — ||xj —
Xjl),1,j =1,2,---N, wherex; is a time-delayed vectog, is the threshold®(.) is the unit step
function, ||---|| stands for the Euclidean norm, aNdis the total number of points. The RP is
thus obtained by assigning a black (white) dot to the pomtsvhichR; j = 1 (0).

Recurrence plots can be used to study non-stationarity mhe $eries as well as to indi-
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cate its degree of aperiodicity. In particular, this metldoés not demand that the time series
be stationary, very long, or with low noise, what makes resnee plots a highly desirable
way to investigate experimental data in a many fields [4].His work we used recurrence
plots as a tool to quantify the recurrence properties oftedstatic fluctuations in the toka-
mak plasma edge, in order to provide a quantification of thewarmhof deterministic chaos
present in a turbulent signal, as well as its dependencesomathal position at the plasma edge.
The many kinds of structures present in arecurrence
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entire plot, excluding points from the main diago-

nal line (which are always recurrent by definition);igure 1: Time evolution of the floating
Another measure is theeterminism(DET): is the otential measured at radii (2)= 16.5
fraction of recurrence points belonging to diagongl,: (p)r — 18,0 cm, and (cy = 21.0 cm

lines, which are structures parallel to the main djjith the corresponding power spectra.

agonal line. Along a diagonal line, two pieces of a

trajectory undergo for a certain time (the length of the dragj) a similar evolution and visit the
same region of phase space at different times. Hence thieesésof many diagonal lines is a
signature of determinism. The quantiET is related with the predictability of the dynamical
system, because a random process would have a recurreneeétpl@most only single dots

and very few diagonal lines, whereas a deterministic pbes a recurrence plot with very
few single dots but many long diagonal lines.

The experiments were performed in a hydrogen circular pgasnthe Brazilian tokamak
TCABR [1] (major radiusR = 61 cm and minor radiua = 18 cm). The floating potential
fluctuations were measured by Langmuir probes are mountedravable shaft that can be
displaced radially froom = 15 cm to 23 cm, with respect to the center of the plasma column.
In this work we shall focus on the range from 16 to 21cm so asotercboth the plasma
edge and the so-called scrape-off layer, the latter coingrart of the vacuum layer existent
between the plasma column and the vessel wall. The natutedléctrostatic potential fluc-

tuation is dependent on the radial location where the prslpaced, as suggested by Fig. 1,
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where the first 2 ms of the time window in the plasma currentepla has been selected, as
well as the corresponding power spectra. Within the plasohanan [Fig. 1(a)] the potential
fluctuations present a50 V - +50 V range. As we move outside the plasma column [Fig.
1(b)], just after its radius (imposed by a material limitelniah plays no role in this discus-
sion) such fluctuations increase by a factor of 4, indicatirag the turbulence level augments
as we approach the plasma radius. This increase is not nmogtioough, as revealed by Fig.
1(c), where the floating potential range decreases to aetiween level. Hence the turbulent
fluctuations become weaker as we move outside the plasmasrsmivard the vessel wall.

The radial dependence of the electrostatic turbu-

lence level at the vicinity of the plasma radius is a ®
signature of the role played by radial density gra-os{ ,

dients in the generation of drift waves [5]. How- o

ever, characterizing turbulence in order to qua- . . .
tify its level and radial dependence is a difficult 4. -
task, what can be illustrated by Figures 1(d) to (f), 02 e o v o o

where we show the power spectra of the poten-
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tial fluctuations in the three radial positions just time (ms)

analyzed. All of them are broadband, which is al- o o .
_ ) Figure 2: Variation of determinism with

ready expected from the chaotic behavior related | ' o
the time window (each of them containing

to turbulence but, apart from some unessential riio- ' o

_ o ,000 points) selected from the original
pling, those spectra do not show a distinguish fea- ,

' . signal forr = 16.5 cm (circles),r = 18
ture which could be used to quantify the turbulence
o ' ~ cm (squares) and= 21 cm (stars).

level and specific different dynamical regimes.
The success of using these recurrence methods in chazaugethie turbulence level observed
in tokamak experiments suggests that RQA can be also okstiezspecially because it does
not impose stationarity nor long series length as necessargitions, and can also work satis-
factorily with moderate noise levels. We have performedsadéstationarity of the data using
the consistency of recurrence-based diagnostics, likdeéterminism, the results being shown
in Figure 2, where the determinis®ET) of a sequence of recurrence plots have been deter-
mined for consecutive pieces of an original series, eacheshtwith 1 ms of length (equivalent
to 1000 points, as before). For data acquired-atl6.5 cm [depicted as empty circles in Fig. 2]
the values oDET for each series segment are distributed around a mean Vialu®.47 and
with a small dispersion, indicating a consistency of su@gdostic against the total extension

of the series and thus suggesting that the original sergatisnary enough for our purposes. In
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Figure 3 we consider potential fluctuation data from out ofis¢harges involving 9 radial po-
sitions of the probe (in each discharge the probe posititvelid fixed at a given position). The
mean values dDET obtained in different discharges are plotteuisusthe radial positions. The
line joining those points is a polynomial fit just to guide #ee, i.e. it is not intended to give a
radial profileDET(r) but rather a trend: the degree of determinism increasesisagrtly as we
approach the plasma radius, and decreases afterwardsuggssts a diminishing contribution
of stochastic effects at the plasma edge.

In conclusion, the deterministic content of these

fluctuations is not spatially uniform, but it is more (‘b)
pronounced just before the plasma border. Our ree.s-
sults suggest that theoretical models for describingo.ei
such fluctuations, using nonlinear mode coupling 'grf

drift waves, can be used in the vicinity of the pIasmaOA’

border, but may not give reliable results when ap-o21

plied in the internal edge plasma or the far scrape-
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off layer separating the plasma column from the Radial position (cm)
tokamak wall. The radial location of the maximum_ ' .
S _ Figure 3: Radial profile for the mean
level of determinism is within the region of steep o ) _
. ) . value of determinism for various dis-
density gradients observed in tokamaks, the latter .
. ) ) ' charges (see text for details).
being considered as the main cause of drift wave
instabilities leading to electrostatic plasma turbulence
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