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Fluctuation-induced fluxes have a bursty character. As a consequence, a significant part of the total
particle flux is carried out by sporadic, large transport bursts. The local flux distribution function is
consistent with a near-Gaussian character of the fluctuations. The radial dependence of the statistical
properties of plasma fluctuations and induced fluxes have been investigated in the plasma boundary
region of the TJ-I tokamak@I. Garcı́a-Cortés et al., Phys. Fluids B4, 4007~1992!# and the TJ-IU
torsatron@E. Ascasibaret al., in Plasma Physics and Controlled Fusion Research, Proceedings of
the 15th Conference on Plasma Physics and Controlled Nuclear Fusion Research, Seville
~International Atomic Energy Agency, Vienna, in press!#. There is a striking similarity between the
statistical properties of turbulent transport in both devices. ©1996 American Institute of Physics.
@S1070-664X~96!04407-2#

I. INTRODUCTION

To improve our understanding of edge plasma turbu-
lence, comparative studies of the structure of the turbulence
in tokamaks, stellarators, and reversed-field pinch devices
have been carried out in the last few years.1–3 A reversal in
the phase velocity of the fluctuations~shear layer! has been
seen in the plasma boundary region in tokamaks and
stellarators.1,4,5The shear layer location determines a charac-
teristic plasma radius6 and provides a convenient way to
compare the structure of the fluctuations in different mag-
netic confinement devices.

The overall similarity in the structure of the turbulence
for currentless plasmas@such as those in the Advanced Tor-
oidal Facility7 ~ATF!# and tokamak plasmas@such as in the
Texas Experimental Tokamak8 ~TEXT!# suggests that plasma
current and applied toroidal electric field are not the domi-
nant drive for turbulence in the plasma boundary region.1 A
detailed comparison of the spatial and temporal correlation
functions of the scrape-off layer~SOL! turbulence9 in the
Axially Symmetric Divertor Experiment~ASDEX!10 toka-
mak and the Wendelstein 7 Advanced Stellarator11 ~W7-AS!
has been reported; in both devices the turbulence shares the
same basic properties.3

In order to delve deeper into the mechanisms underlying
turbulent transport, it is important to measure not only the
fluctuation-induced transport, which can account for most of
the particle transport in the plasma edge region in tokamaks
and stellarators, but also the statistical properties of the time-
resolved turbulent flux.12

In this paper, we study the statistical properties of
plasma fluctuations and induced particle flux in the TJ-I
tokamak13 and TJ-IU torsatron.14 We have carried out com-
parative studies of the statistical properties of the turbulent
transport in both devices. The experimental results have also
been compared with predictions from different turbulence
models. Gaussian fluctuations induce bursty turbulent fluxes.

Therefore, the near-Gaussian character of the measured fluc-
tuations is probably responsible for the bursty character of
the experimentally determined fluxes.

The remainder of this paper is organized as follows. In
Sec. II, the experimental setup for the measurement of the
turbulent flux is described and its statistical properties are
presented in Sec. III. Section IV is dedicated to the interpre-
tation of the experimental results, and they are compared to
theoretical models in Sec. V. The variation of the local flux
probability distribution function~PDF! with radial position is
discussed in Sec. VI, and the conclusions are presented in
Sec. VII.

II. EXPERIMENTAL SETUP FOR THE TURBULENT
FLUX MEASUREMENTS

The time-resolved radial turbulent flux,GT5ñẼu/BT ,
has been measured in the plasma boundary region in the TJ-I
tokamak13 and in the TJ-IU torsatron.14 Here ñ and Ẽu are
the fluctuating electron density and poloidal electric field,
respectively, andBT the toroidal magnetic field. The turbu-
lent flux is measured by means of Langmuir probes and by
using the experimental technique described in Ref. 6. The
Ohmically heated TJ-I plasmas are characterized by a major
radiusR530 cm, minor radiusa510 cm, plasma current
I p'30 kA, toroidal field BT'(1.0–1.4) T, and density
ne'(1–3)31013 cm23. Around the velocity shear location,
the electron temperature is aboutTe'30 eV with electron
densities in the rangene'(1–2)31012 cm23. The TJ-IU
electron cyclotron resonance heated~ECRH! plasmas are
characterized byR560 cm, the central rotational transform
i~0!'0.21, the averaged minor radiusâ510 cm,BT'0.6 T,
andne'0.531013 cm23. At the velocity shear layerTe'20
eV andne'(0.5–1)31012 cm23.

A probe with three tips is used in these measurements.
Two of the tips are aligned perpendicular to the magnetic
field and poloidally separated by a distance ofD50.2 cm.
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They are used to measure the fluctuating poloidal electric
field by measuring the floating potential fluctuations,F̃ f , at
two poloidal positions,Ẽu5[ F̃ f(u1)2F̃ f(u2)]/D. All fluc-
tuating quantities are indicated by a tilde and are defined as
having zero time-averaged value; thus,^Ẽu&50. From this
two-pin measurement, we can also infer the poloidal phase
velocity of the fluctuations. The third tip of the probe is
located between the other two, but at a slightly displaced
radius. It is biased at a fixed voltage in the ion saturation
regime to measure electron density fluctuations; we assume
that ñ} Ĩ s whereI s is the ion saturation current.

The statistical properties of the radial particle fluxGT

has been computed from the measured values of the ion satu-
ration and floating potential fluctuations with the electron
temperature (T̃e) effects being neglected.15 The turbulent
flux has been measured both in the plasma edge (r,as) and
in the scrape-off layer (r,as), whereas is the radial loca-
tion of the velocity shear layer.

In Fig. 1, typical radial profiles of the ion saturation
current (I s) and floating potential (F f) in the plasma bound-
ary region of the TJ-I tokamak are shown. The velocity shear
layer location has been used as a point of reference.13 The
time evolution of the normalized turbulent radial flux mea-
sured in the proximity of the velocity shear layer is shown in
Fig. 2. As in other devices,12,16,17 the flux is predominantly
positive ~i.e., the particle transport is, on average, outward!
and bursty. This temporal behavior of the turbulent particle
flux is typical of all measurements carried out in TJ-I and
TJ-IU, and to better understand its significance, we perform a
statistical analysis of the local flux measurements.

III. STATISTICAL PROPERTIES OF THE MEASURED
FLUCTUATION-INDUCED FLUXES

In order to carry out the statistical analysis, we calculate
the local flux PDF. The PDF of the time-resolved normalized

turbulent flux,Gn[GT(t)/^GT(t)& ~i.e., the time-resolved lo-
cal flux normalized to its mean value!, is calculated by

p~Gn!5
NGn

N
. ~1!

For each time sample,NGn
is the number of values ofGn

that fall within the rangeGn6W/2, whereW is the length of
an interval centered atGn andN is the total number of data
points in the sample. Typically the value ofGn is in the range
220 to 20; hence, to calculatep(Gn), the full range ofGn

values~from 220 to120! has been divided into 80 intervals
of equal length (W50.5). The number of data values in each
class interval has been tabulated and divided by the sample
size. Because of the bursty behavior of the flux, it is also
interesting to evaluate the fraction of the total flux carried
out by the large bursts. To do so, we calculate the flux frac-
tion function defined asFF(Gn)5p(Gn)3Gn .

The local flux PDF is not symmetric. This asymmetry
gives a measure of the average flux out compared to the
maximum instantaneous fluxes. To quantify these properties
of the PDF, we also calculate the skewness (S) and the kur-
tosis (K), that is, third and fourth order moments of the PDF,
respectively. We use the same interval of amplitudes~620!
and the expressions

S5^@Gn~ t !2^Gn&#3&/s3, ~2!

and

K5^@Gn~ t !2^Gn&#4&/s4. ~3!

Here,s is the standard deviation. In these evaluations, the
accuracy of these higher moments of the PDF is a serious
question. We will discuss later other ways of documenting
the asymmetry of the local flux PDF.

The local flux PDF at different radial locations is shown
in Fig. 3~a!. The PDF has a clear non-Gaussian character.
The corresponding flux fraction function is plotted in Fig.
3~b!. There are large amplitude transport bursts that account
for a significant part of the total flux. To quantify this effect,
let us calculate the fraction of the flux carried by flux events
equal to or larger than a givenGn :

F.Gn
5E

Gn

`

dGn8 p~Gn8!Gn8 . ~4!

FIG. 1. Plasma profiles of the ion saturation current (I s) and floating poten-
tial (F f) in the plasma boundary region in the TJ-I tokamak.

FIG. 2. Time evolution of the turbulent particle flux in TJ-I tokamak mea-
sured in the proximity of the velocity shear layer location.
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We plotted the probability of such flux events versus the
fraction of the flux in Fig. 4 for a typical shot in TJ-I. For
instance, we can see from this plot that 10% of the largest
flux events carry out 50% of the averaged particle flux, giv-
ing a measure of the intermittent character of the flux. In this
figure, the fraction of the flux goes above 1 because there are
also inward flux events.

The form of the local flux PDF seems to be quite gen-
eral. In Fig. 5~a!, we have plotted the local flux PDF for TJ-I
and TJ-IU plasmas. Measurement were taken in the plasma
edge region (r,as). The fraction of transport as a function
of the normalized flux is shown in Fig. 5~b!. There is a strik-
ing similarity between the local flux PDF in both devices.
This result is particularly interesting in view of the strong
differences between TJ-I and TJ-IU plasmas. Furthermore, in
both devices a significant fraction of the total flux can be
attributed to the presence of large sporadic bursts. Therefore,

the local transport has an intermittent character. The com-
parison between TJ-I and TJ-IU suggests that the statistical
properties of turbulent fluxes are not determined by plasma
parameters like plasma current, magnetic shear, plasma den-
sity, or magnetic field.

To do more detailed comparisons between PDFs, it is
useful to introduce a variant of the quantile–quantile plots.18

These plots are constructed in the following way. Iff 1 and f 2
are the two distribution functions to compare, we calculate
the corresponding cumulative PDFs,F1 andF2 , as

Fi~G!5E
2`

G

dG8 f i~G8!, i51,2, ~5!

and plotDF[F12F2 vs F1 . These types of plots allow us
to apply directly the Kolmogorov~for an analytical versus a
numerical PDF! and Smirnov~between two numerical PDFs!
goodness-of-fit tests18 and, at the same time, to distinguish
between statistical and systematic differences between PDFs.
If we know the theoretical form of the PDF, when we com-
pare it with the experiment, the quantile–quantile plot should
show scattered points; that is, the difference between the
theory and the data should be due to statistical noise. How-
ever, if the plot shows a continuous function, it indicates that
the theoretical PDF probably does not give a good descrip-
tion of the experiment. Possibly, the functional form is not
right and the differences are not statistical but systematic. To
test if that is the case, we repeat the plot with half of the
statistical sample and test whether the deviation has the same

FIG. 3. Experimental measurement of particle flux at the plasma edge in
TJ-I at different radial positions:~a! local flux PDF and~b! flux fraction
function.

FIG. 4. Cumulative probability of flux events that carry a given fraction of
the averaged particle flux.

FIG. 5. Comparison of the statistical properties of turbulent transport in the
plasma edge region (r,as) in the TJ-I tokamak and TJ-IU torsatron:~a!
distribution function and~b! flux fraction function versus flux~normalized
to the mean!.
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dependence regardless of the statistics. This type of test has
proven very valuable in comparing PDFs. An example is
given in Fig. 6, where we have plotted the deviation of the
distribution functions at different radial positions with re-
spect to the PDF atr /as51.07. These data have the same
sequence of PDFs as in Fig. 3. However, Fig. 6 shows that
the change in the PDFs with radius is a systematic change,
not a difference due to statistical errors. Hereafter, we will
use these plots to compare PDFs and to separate statistical
from systematic effects.

IV. INTERPRETATION OF THE PDF OF THE LOCAL
PARTICLE FLUX

The functional form of the local flux PDF does not nec-
essarily imply a non-Gaussian character of the fluctuations,
on the contrary, it can be interpreted as a consequence of the
nearly Gaussian nature of the fluctuations. To see this, let us
consider two fluctuating fields,ñ and Ṽr5(1/rB)(]F̃/]u)
with Gaussian statistics, but correlated. Here,Ṽr is the radial
velocity fluctuation. If the electrostatic potential fluctuation,
F̃, is Gaussian, its derivative with respect to the poloidal
angle is also Gaussian. Therefore, we assume thatṼr is
Gaussian. The PDF for the two-field system is

f ~ ñ,Ṽr !5
1

2p

A12g2

WVWn
expF2S Ṽr

2

2WV
2 1

ñ2

2Wn
2

1g
ñṼr

WVWn
D G , ~6!

whereg measures the strength and the sign of the correlation
between density and velocity fluctuations~ugu,1!. The pa-
rametersWn andWV are the square root of the variances of
Ṽr and ñ, respectively, in the absence of correlation. From
Eq. ~6!, we find that the PDF for the fluctuation-induced
turbulent flux,GT5ñṼr , is

p~GT!5
1

p

A12g2

WVWn
K0S uGTu

WVWn
DexpS 2g

GT

WVWn
D . ~7!

TheK0 is the modified Bessel function, and its argument is
symmetric with respect to the direction of the flux. The ex-

ponential factor breaks theGT→2GT symmetry. This factor
takes into account the relative phase between the density and
velocity fluctuations. From Eq.~7!, the averaged flux is

^G&52
g

12g2 WnWV . ~8!

For the averaged flux to be outward,g,0. By measuring
experimentally theñ andṼr PDFs, we can determineWn and
WV , respectively. Then, the PDF of the local flux gives the
correlation parameterg.

The functional dependence of the local flux PDF given
by Eq.~7! is very similar to the experimentally measured one
~Fig. 3!. In Fig. 7, we have plotted the flux PDF for three
different values ofg. The figure shows the similarity with the
experimental results and how the direction of the averaged
flux changes by changing the sign ofg. For this model, the
rms values of the fluctuating fields are

^Ṽr
2&5WV

2 1

12g2 and ^ñ2&5Wn
2 1

12g2 . ~9!

Therefore, the relative phasea betweenñ andṼr is given by

cosa[
^Ṽr ñ&

^Ṽr
2&1/2^ñ2&1/2

52g. ~10!

Therefore,g is an indirect measure of the relative phase be-
tweenñ andṼr . For fluctuations with Gaussian statistics, the
parameterg contains the information on the dynamics and
determines all the moments of the PDF. In particular, the
variance is

^~G2^G&!2&5~WVWn!
2

11g2

~12g2!2
. ~11!

The skewness of the local flux PDF is

S522g
31g2

~11g2!3/2
. ~12!

As the correlation parameterg varies between21 and 1,S
varies between 2.83 and22.83. The fourth-order moment,
the kurtosis, is

K53
3114g213g4

~11g2!2
, ~13!

FIG. 6. Quantile–quantile plot for the local flux PDFs of the radial scan, all
referred to the PDF atr /as51.07.

FIG. 7. Local flux PDF as calculated from Eq.~7! for g50.5, 20.5, and
20.2.
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andK can vary between 9 and 15. The dependence of both
skewness and kurtosis on the parameterg is shown in Fig. 8.

In comparing Eq.~7! with the PDFs of the experimental
data, it is necessary to be careful with the singular behavior
of theK0 function. After choosing a set of intervals for the
flux as is done for the experimental data, we can construct an
equivalent PDF by integrating Eq.~7! over each one of the
bins, in particular, in the two bins around the origin. This
step removes the singularity and permits detailed compari-
sons. In this way and using the functional form of Eq.~7!, we
can obtain good fits of the experimental PDFs by chi-square
minimization. To test whether the theoretical PDF is a reli-
able representation of the experimental PDF, we use the
quantile–quantile plots. An example is shown in Fig. 9. In
this figure, we compare the experimental local flux PDF at
r /as50.94 from the TJ-I radial scan with the theoretical flux
PDF for g520.48. The theoretical PDF gives a good de-
scription of the experimental one because the deviation be-
tween the two does not show any systematic trend, but it
results mostly from statistical errors. The maximum devia-
tion, in this case, is about 0.012. Naturally, we cannot distin-
guish between high-moment systematic deviations and statis-
tical ones. It is with this caveat that we take the results in
Fig. 9 to be dominated by statistical errors. To test the good-
ness of the fit, we can use the Kolmogorov test. The criterion
for rejection of the fit with 5% confidence level is if any
deviation is larger than 0.025. Therefore, using this criterion,
the fit is acceptable. For the radial scan in TJ-I, the PDF of

Eq. ~7! gives an acceptable description of the data except
outside the shear layer region. These cases will be discussed
in Sec. VI.

V. LOCAL FLUX PDF PREDICTIONS FROM
CLASSICAL AND SELF-ORGANIZED CRITICAL
TURBULENCE MODELS

We look at the predictions of very different turbulence
models in order to find distinguishing features in the pre-
dicted flux that could be used for experimental tests. Here we
do not discuss the theoretical models because they have been
discussed elsewhere. We will focus only on their predictions
for the local fluxes.

First, we analyze the results from the modeling19 of the
ATF outer region using resistive pressure-gradient-driven
turbulence.20 The model includes the evolution of the per-
pendicular and parallel momentum balance equations and the
density evolution equation,

]¹'
2 F̃

]t
1V–“¹'

2 F̃52
1

hmin0R0
¹ i
2F̃1

B0

min0

Te
r c

1

r

]ñ

]u

1m¹'
4 F̃ ~14!

and

]ñ

]t
1Ṽ–“ñ5

d^n&
dr

1

r

]F̃

]u
1x'¹'

2 ñ, ~15!

respectively, for the fluctuations, and the averaged density
evolution is given by

]^n&
]t

1
1

r

]

]r
r ^Ṽr ñ&5x'

1

r

]

]r S r ]^n&
]r D , ~16!

wherex' is the collisional diffusivity. Here, the tilde indi-
cates fluctuations and the angled brackets^ & averaged quan-
tities. The toroidal magnetic field isB0 , mi the ion mass,m
the collisional viscosity, andr c the radius of magnetic field
line curvature.

The three-dimensional nonlinear codeKITE21 was used to
advance these equations. These calculations are high-
resolution calculations that include 4605 Fourier compo-
nents,Dr'1/1500, and they describe the nonlinear interac-
tion of over 1000 different helicities. A problem with the
evaluation of statistical quantities from these numerical cal-
culations is the short range of the time samples. To compen-
sate for this, we have used at a fixed time samples of 360
data points at different poloidal angle positions and com-
bined several of these time samples. We have done separate
analysis for the L-mode and H-mode phases of the calcula-
tion.

The PDF of the fluctuations, both density,ñ, and elec-
trostatic potential,F̃, have Gaussian character within the sta-
tistical limitations of the sample. In Fig. 10, we plotted the
PDF for electrostatic potential fluctuation at a fixed radius,
r /a50.76, and compared it with a Gaussian fit. Because the
samples contain only 1080 points, the results are noisy. At all
radial positions, the PDFs are equally close to a Gaussian
distribution. At the same radial position as the results of Fig.
10, we have calculated the PDF of the particle flux~Fig. 11!.

FIG. 8. Skewness and kurtosis for the PDF of Eq.~7! as a function ofg.

FIG. 9. Quantile–quantile plot for the experimental flux PDF atr /as50.94
referred to the theoretical fit using Eq.~7! with g50.48.
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There is striking similarity between Figs. 3 and 11. The PDF
of the local flux obtained in the numerical calculations can
be fitted very well with a function of the form of Eq.~7!.
Similar results were obtained when the radiation-driven drift
wave turbulence model22 was used.

Using the same three-dimensional turbulence model, a
transition was triggered by reducing the effective viscosity of
the averaged poloidal flow. The objective was to simulate a
transition from the low confinement mode~L mode! to the
high confinement mode~H mode!, although such transition
was never observed in ATF. Because of the decreased viscos-
ity, the averaged poloidal flow shear is amplified and the
fluctuations change. The fluctuation amplitude is reduced,
and the relative phase between density and potential fluctua-
tions modified. However, there is no evidence of a change in
the Gaussian character of the fluctuations after the L–H tran-
sition. An interesting result of the local flux analysis is ob-
tained by comparing the PDF before and after the transition.
There is a significant narrowing of the local flux PDF after
the transition. One reason for the change of the PDF is that
the averaged rms level of fluctuations has been reduced in
the H mode. However, a difference between L- and H-mode
PDFs is still present when the fluxes are normalized to their
mean value~Fig. 12!. In particular, we have obtainedg50.42
for L mode andg50.54 for the H mode, indicating that not
only the level but also the phase of the fluctuations has
changed at the transition. This effect has already been ob-

served in our previous calculations23 and is induced by the
sheared flow decorrelation effect.

Models based on self-organized criticality~SOC!24,25

have, in principle, quite different fluctuation dynamics than
the classical turbulence models.26 The former corresponds to
a subcritical state with added noise while for the latter the
turbulence is supercritical. The same drive can be used to
describe these two types of turbulence dynamics. Hence, we
have used the resistive pressure-gradient-driven turbulence
model, Eqs.~14! and ~15!, and relaxed the profile to a SOC
state. The average density equation was evolved without col-
lisional diffusivity and with added random noise:

]^n&
]t

1
1

r

]

]r
r ^Ṽr ñ&5S̃. ~17!

This model leads to transport in a subcritical state: the
transport is locally diffusive, and the diffusivity is a frac-
tional power of the noise level. In these calculations, the
noise is randomly distributed in radius. In spite of the differ-
ent dynamics, the PDF of the fluctuations is again close to
Gaussian~Fig. 13!. Because of the small size of the time
samples, the noise level is large. From the Gaussian charac-
ter of the fluctuations, we can obtain the usual form for the
PDF of the local flux.

Using the sandpile analog for SOC transport,26 we can
accumulate large data samples. In this case, we calculate the

FIG. 10. Electrostatic potential fluctuations PDF from a numerical calcula-
tion using resistive pressure-gradient-driven turbulence model.

FIG. 11. Local flux PDF from a numerical calculation using resistive
pressure-gradient-driven turbulence model.

FIG. 12. Comparison of the local flux PDF in the L- and H-mode states.
This is a result from a numerical calculation using resistive pressure-
gradient-driven turbulence model.

FIG. 13. Electrostatic potential fluctuations PDF from a numerical calcula-
tion based on a model realization of a self-organized criticality.
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PDF of the duration of flux events at the edge of the sand-
pile. This PDF is also well described by aK0 Bessel func-
tion. This result supports the previous result using the more
detailed SOC transport model.

Therefore, the comparison of the local flux PDFs by
themselves does not give a good criterion to distinguish be-
tween theoretical models. However, there are other distin-
guishing features related to the measurement of local fluxes
as discussed in Ref. 26. Because in SOC models most trans-
port is caused by large-scale avalanches, the most relevant
distinction between models is in the different characteristic
radial scale length associated with the flux as compared with
the fluctuations. From this analysis, one concludes that it is
necessary to compare correlations of fluxes at different radial
positions to distinguish between these two types of theoreti-
cal models.

VI. RADIAL DEPENDENCE OF THE LOCAL FLUX PDF

As seen in Fig. 3, the local flux PDF presents a system-
atic variation as a function of the radial location. The results
are for the TJ-I tokamak in the rangeur2asu,1 cm. This
variation implies a decrease in the cross-correlation between
density and poloidal electric field fluctuations as one moves
toward the edge. We can see that effect by plotting the rela-
tive change of the theoretical PDF, Eq.~7!, when the param-
eterg changes. These plots are shown in Fig. 14, where we
can see that the deviation of the PDF has a form similar to
the one shown by the experimental results in Fig. 5. We have
also calculated directly from the experimental results the cor-
relation between ion saturation current and poloidal electric
field fluctuations, showing the expected decrease as the ra-
dial position moves outwards~Fig. 15!. The coherence ob-
tained directly from the experiment@left-hand side of Eq.
~10!# is compared with the value ofg obtained by fitting the
PDFs@right-hand side of Eq.~10!#. This change of coherence
also implies a change in the relative phase between density
and potential fluctuations.

The theoretical models also give a radial dependence for
the relative phase of density and poloidal electric field fluc-
tuations. As can be seen in Fig. 16, there is a slow change in
the phase, and superimposed on it is a sharp variation near
the low-resonant surfaces. The slow change of phase is op-
posite to the one observed experimentally. However, the

theoretical calculation is for stellarator geometry and outside
the range of the experiment,ur2asu.1 cm. Therefore, no
other conclusion can be drawn by this comparison except
that of the possible relevance of low rationalq surfaces in
producing abrupt changes in the relative phase of the fluc-
tuations.

The change of the PDF with radial position can also be
quantified in terms of its skewness and kurtosis~Fig. 17!. We
can see that the values of both moments of the PDF are
consistent with the predicted variation~Fig. 8!. This finding
gives us confidence that the values obtained are meaningful
in spite of the accuracy problem. It is also consistent with an
increase ofg as the probe moves inward in radius, as was
obtained from the phase measurement~Fig. 15!. This system-
atic change of the PDF with radial position being consistent
with the change in skewness and kurtosis gives credibility to
these results, in which statistical significance is often in
question. The values of both skewness and kurtosis also
agree well with the ones obtained from Eqs.~12! and ~13!
usingg from the fits to the PDF.

In the case of the TJ-IU, the variation of the relative
phase between density and potential fluctuations with radius
is not smooth. The phase dependence has radial structure
with peaks~quasicoherent modes?! that could be related to

FIG. 14. Quantile–quantile plot for the theoretical flux PDF for different
values ofg and referred to the case withg520.1.

FIG. 15. Correlation parameter between ion saturation current fluctuations
and poloidal electric field fluctuations as a function of the radius as mea-
sured in the TJ-I tokamak.

FIG. 16. Relative phase between the density and potential fluctuations as a
function of the radius from the resistive pressure-gradient-driven turbulence
model.
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the existence of rational surface.27 This type of structure is
shown in results of the theoretical model~Fig. 16!. This dif-
ference between TJ-I and TJ-IU could be attributed to the
stellarator configuration versus the tokamak. In the stellar-
ator, resistive interchange modes can be the relevant edge
instability. These modes are localized near the lowestq reso-
nances. However, in the case of the tokamak, the instability
has a more ballooning character, and the fluctuations have
smoother behavior near the singular surfaces. Another reason
could be the low shear of the stellarator versus the higher
shear of the tokamak. The magnetic shear dependence of the
instability width could make the tokamak quasicoherent
modes very narrow, below the radial resolution of present
TJ-I experiments. This explanation would be consistent with
the results from the TEXT tokamak.28

Both the ion saturation current and the floating potential
signals have a nearly Gaussian distribution function in the
edge region of the plasma (r,as). However, theI s fluctua-
tions systematically and increasingly deviate from the Gauss-
ian distribution as the probe moves into the SOL region of
the plasma. This change in the probability distribution func-
tion for I s fluctuations is clearly observed by comparing the
data measured at two different radial locations~r /as'1.05
and r /as'0.95! as shown in Fig. 18. This change does not

necessarily imply a change on the statistical nature of the
fluctuations. As the mean value of the fluctuations increases
relative to the averaged value, the Gaussian distribution
function is not a good description for a variable that is posi-
tive definite. A Poisson-like distribution function could be
more adequate. This is the case forI s . In Fig. 1, we can see
that the mean value ofI s decreases toward the plasma edge,
while the fluctuations remain large. However, the electro-
static potential does not have the positivity restriction. An-
other possibility is the nonlinear nature of the saturation cur-
rent. SinceI s } neATe, as the fluctuations increase, the
fluctuating part of the saturation current must include the
nonlinear coupling of density and temperature fluctuations.
To this point, we have neglected theT̃e effects inI s . Because
there are edge fluctuation measurements done with the fast
probes that allow the separation between the density and
temperature fluctuations, we can plot the PDF for each type
of fluctuation separately. In the SOL, both PDFs show a de-
viation from a Gaussian. Therefore, the most probable cause
of the deviation of a Gaussian PDF is the positive definite
nature of the density and temperature when the fluctuation
components are close to their mean value.

Because theI s fluctuation PDF deviates from Gaussian
in the SOL, we cannot expect that Eq.~6! describes the local
flux PDF in the SOL. Taking the results atr /as51.07, the
best fit to the PDF is forg520.22. However, when we
check the theoretical PDF deviation from the experimental
one, we observe a systematic discrepancy~Fig. 19!. This fit
also fails the Kolmogorov test, indicating that the functional
form of the PDF given by Eq.~7! is no longer right but still
gives a qualitative representation of the data.

VII. CONCLUSIONS

The measurements of the fluctuation-induced flux at the
plasma edge indicate that the particle loss is intermittent and
that the flux is bursty. This result is consistent with the quasi-
Gaussian statistics of the density and electrostatic potential
fluctuations, and it is not necessary to invoke non-Gaussian
statistics to explain the bursty character of the fluxes. On the
basis of Gaussian statistics, a simple expression for the tur-

FIG. 17. Radial dependence of the skewness and kurtosis of the flux distri-
bution function in TJ-I tokamak compared with the values given by Eqs.
~12! and ~13! with g obtained from fitting the experimental PDFs.

FIG. 18. Time evolution ofI s measured at~a! r /as'0.95 and at~b!
r /as'1.05.

FIG. 19. Quantile–quantile plot for the experimental flux PDF atr /as51.07
referred to the theoretical expression given by Eq.~7! for three values ofg.
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bulent flux can be derived that agrees well with the experi-
mental measurements. In separating systematic from statisti-
cal effects between different types of PDFs, the quantile–
quantile plots have proven to be very useful.

The statistical properties of fluctuations and turbulent
transport are different in the plasma bulk side and SOL side
of the velocity shear layer in the TJ-I tokamak. The local flux
PDF presents a systematic variation as a function of the ra-
dial location as a consequence of a decrease in the cross-
correlation between density and potential fluctuations as one
moves toward the edge.

The strong similarity in the statistical properties of the
turbulent fluxes in the TJ-I and TJ-IU devices suggests a
generic character of the plasma turbulence in magnetic con-
finement devices already observed in the comparison be-
tween ATF and TEXT plasmas. The present results empha-
size the importance of comparative studies between the
structure of plasma turbulence in tokamaks and stellarator
plasmas to critically evaluated edge turbulence models. Fur-
ther comparative studies would be desirable to test whether
the similarities between tokamak and stellarator edge fluc-
tuations reflect a universal character of edge turbulence.

Most theoretical models lead to Gaussian statistics for
fluctuations. Even in the two extreme situations of compar-
ing supercritical with subcritical transport, the fluxes have
similar statistical distribution. Therefore, the comparison of
the local flux PDFs by themselves does not give a good
criterion to distinguish between theoretical models. As dis-
cussed elsewhere,26 because in SOC models most transport is
caused by large-scale avalanches, the most relevant distinc-
tion between models is in the different characteristic radial
scale length associated with the flux as compared with the
fluctuations. From this analysis one concludes that it is nec-
essary to compare correlations of fluxes at different radial
positions to distinguish between these two types of theoreti-
cal models.
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