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The high-order structure functions have been analyzed to characterize the edge plasma intermittency in
fusion devices. The scaling properties of edge turbulence have shown a strong deviation from a prediction of the
Kolmogorov’s K41 model. The turbulent fluctuations demonstrate a generalized scale invariance and log-Poisson

statistics.
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1. Inroduction

Incompressible hydrodynamic turbulence is described
by Kolmogorov theory [1] (K41) which considers a hierar-
chical energy cascade and the energy scaling E(k) ~ k=>/3.
At large Reynolds numbers Re > 1, statistical quasi-
equilibrium of fluctuations is established in the process
of energy transfer from large turbulent eddies towards the
smaller ones in the inertial range [ (n < [ < L, where
L is the largest eddy/structure scale, n dissipation Kol-
mogorov’s scale). Investigation of self-similar turbulence
properties resulted in multiplicative hierarchical cascade
models [2]: the log-normal model K62, the S-model, and
most favorable the log-Poisson model [3,4]. To quan-
tify whether boundary conditions influence the statistical
properties in turbulence it was proposed multifractal for-
malism (see [2]). Intermittency leads to a local break-
ing of the turbulence homogeneity, when ‘active’ regions
coexist with quasi-laminar ones. The intermittent fluctu-
ations demonstrate non-Gaussian statistics, self-similarity
and multifractality. The intermittency is observed in turbu-
lent hydrodynamic fluids [3] and in turbulent magnetized
plasmas (see e.g., [5]).

The spectrum of magnetohydrodynamic (MHD) tur-
bulence was first addressed by Iroshnikov and Kraich-
nan (IK) who considered the turbulent energy cascade af-
fected by a magnetic field (see [6, 7]). The IK model
yields E(k) ~ k=32 resulted from Alfven decorrelation ef-
fect. The validity of the two phenomenologies (K41 and
IK) in MHD turbulence and plasma confined in fusion de-
vices is still under a discussion. Numerical and experimen-
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tal data indicate that in MHD turbulence the energy trans-
fer occurs predominantly in the field-perpendicular direc-
tion [6]. This raises a question whether anisotropy is cru-
cial for the energy cascade, and whether it changes the
spectrum of turbulence. The two-dimensional direct nu-
merical simulations (DNS) support the IK picture, while
three-dimensional simulations and recent analytical results
suggest K41 energy spectra (see [6]). A phenomenology
of “intermediate” turbulence by Goldreich and Sridhar [8]
(GS95) postulates a balance between K41 and IK energy
cascades and accounts for the local anisotropy induced by
a magnetic field. The GS95 assumes one-dimension fil-
aments as the most dissipative structures, the same as in
hydrodynamic turbulence. Other MHD turbulence models
assume the singular structure shape of a current sheet [6,7].

There are numerous experimental observations of the
magnetized plasma turbulence that share a lot of fea-
tures of neutral fluid turbulence including many scales,
the cascades, strong mixing, non-linear scalings and so
on. Despite equations described neutral fluids and plasmas
are different they have the same type of scale invariance
(dilatation symmetry, namely, x — Ax, t — Al-ht
v — A"v). This common dilatation symmetry is responsi-
ble for a common scaling property.

Most favorable log-Poisson model of intermittent tur-
bulence consider anisotropic stochastic cascade and the
generalized self-similarity implying the long-range corre-
lations, which drive an anomalous transport (superdiffu-
sion). An experimental analysis of the statistical moments
in the frame of the log-Poisson model suggests a descrip-
tion of the transport processes in turbulent plasmas. It
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helps to describe transport scaling law (5x?) oc 7%, where
(6x?) is a displacement of particles across a magnetic field
with time 7, « is a scaling exponent, @ = 1 corresponds to
normal diffusion (Einstein law), @ > 1 superdiffusion, @ <
1 subdiffusion. Despite the large amount of experimental
data that has been obtained in fusion devices, our under-
standing of the turbulence and diffusive transport process
in magnetized plasmas is still rather limited. In this work
we focus on the scale invariance property and scaling laws
of the edge plasma turbulence in fusion devices and test
analytical fits.

2. Experimental Data

We analyze Langmuir probe signals of ion saturation
current I, that is essentially plasma density. On Large
Helical Device [9] Iy was measured by 16 graphite dome-
type electrodes (diameter of 1 mm separated by 6 mm) em-
bedded in the divertor plate and by reciprocating probe.
On JT-60U tokamak measurements (L-mode) in the SOL
has been done by reciprocating Mach probes [10] installed
at the low field side (LFS) mid-plane and just below the
X-point .On T-10 tokamak [5] (R/r = 1.5m /0.4 m, I, =
200~220kA, B = 2.2~2.4T) Langmuir probe (tungsten
tips of 0.5mm in a diameter and 3 mm in a length) I
was measured at SOL in a steady state of repetitive ohmic
discharges with no MHD activity. In the linear divertor
plasma simulator NAGDIS-II (n ~ 10 m=3, 7.~ 1-3eV,
B = 0.25T) attached and detached plasmas were investi-
gated [5, 11].

All signals are digitized with the sampling rate
0.5MHz in JT-60U and LHD and 1 MHz in other devices,
the sample number 10° - 10°. No filtering has been used for
the signal analysis. Signals (Fig. 1) have the intermittent
behaviour typically observed in edge of fusion devices [5].

Frequency bandwidth of the spectrum is in the range
of ~1kHz - 0.5 MHZ corresponding to the drift-wave tur-
bulence. Power spectra have typically decayed with a fre-
quency exhibiting a complicated frequency dependence
without a trivial power-law behavior [5].

Previous studies of edge plasma turbulence in these
devices [5,9-11] have revealed radial variations of the tur-
bulence parameters, such as power spectrum, amplitude
fluctuations, correlation property, cross-field particle tur-
bulent transport etc. The dominant driving mechanisms of
turbulence in these devices could be different. At the same
time, common properties of edge turbulence such as inter-
mittence, power laws, a self-similarity, long-range correla-
tion are observed in these devices with different magnetic
topology, heating and average parameters (density, elec-
tron and ion temperature, electric field) of the core and
SOL plasma. Origin of these common features is not re-
vealed. It was mentioned above that a hypothesis of the
universal property of turbulence intermittency (e.g., based
on the log-Poisson statistics of the process) is discussed in
the literature. We analyze the intermittent turbulence sig-
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Fig.1 Time-dependent signals of I, subtracted by a mean value
and normalized by its standard deviation: LHD (#10
probe of the divertor plate); the SOL of T-10; the attached
plasma in NAGDIS-II at » = 18 mm, the mid-plane LFS
SOL of JT-60U at r = 41.8 mm.

nals from the SOL of different fusion devices to illustrate a
relevance of this approach for the interpretation of experi-
mental data.

3. Generalized Scale Invariance

The classical approach [12] for an exploration of sta-
tistical features is an analysis of statistical moments (struc-
ture functions) S,(7) = (X + 1) — X(®)|?), where (---)
means an ensemble average of the time-dependent signal
X(1). The structure function technique is equivalent to the
detailed investigation of the probability distribution func-
tion of the turbulent fluctuation. The Kolmogorov the-
ory K41 of isotropic turbulence infers Gaussian statistics
for fluctuations. It predicts the structure function scaling
S (1) ~79D (q) = q/3, in the inertial range. Experimen-
tal investigations of the developed hydrodynamic turbu-
lence demonstrate a departure of the high-order structure
function scalings (¢ > 3) from the Kolmogorov K41 pre-
diction due to the intermittency. The experimental struc-
ture functions typically shows a power law only over a
limited (inertial) range n < [ <« L (of ~10ups in Fig. 2).
Whereas the generalized self-similarity is registered in a
broadened range extended to the dissipation scales [2, 13].
A generalized scale invariance (extended self-similarity -
ESS) was proposed in [13], and then considered in the log-
Poisson model of turbulence [3,4]. Hidden statistical sym-
metries of the Navier-Stockes equations, hierarchy of mo-
ments, multifractality are behind the property of the ESS.
The ESS infers a scaling S (/) ~S3())*@/¢® for the ex-
tended range [ > 5 7. All data from fusion devices, that we
analyzed, demonstrate such ESS property (linear behavior
in Fig. 3) over the time scales ~1 msec substantially longer
than an inertial range in Fig. 2. The ESS corresponds to the
considering of the scaling in a turbulent cascade not with
respect to the usual distance, but with respect to an effec-
tive scale defined by the third order moment of the velocity
field.
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Fig.2 The structure functions S,(7) of high orders (g = 2~8
from bottom to top) vs. time scale 7. (a) LHD divertor
probe #10 (b) LFS SOL JT-60U, shot#44421.
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Fig. 3 ESS plot of the structure function S,(7) of high orders
(g = 2 ~ 8 from bottom to top) from the third-order one.
(a) LHD divertor probe, (b) LFS SOL JT-60U, distance
from separatrix 42 mm (c) SOL T-10.

4. The log-Poisson Model of the Tur-

bulence

The scaling of the third-order moment can be deduced
analytically (£(3) = 1), therefore scaling of {(q)/{(3) can
be analyzed in experiments to improve the precision of the
scaling estimation, especially at moderate Reynolds num-
bers assessed in experiments. It allows to obtain more ac-
curate values of {(q) by using a property of the ESS plot-
ting S, as a function of §3, Fig. 3. We treat experimental
scalings in the frame of log-Poisson turbulence model [4]
predicted a scaling:

_ q, _A e
§(q)—(1—A)§+m[l—ﬁ |- 8
It is based on the hypotheses of a “hidden symmetry” and
a hierarchical structure of the moments of the energy dissi-
pation. The logarithm of energy dissipation obeys the Pois-
son statistics (so-called the log-Poisson statistics) charac-
terized by special scale-covariance properties. A hidden
symmetry can be interpreted as a generalized scale co-
variance and 3 is a characteristic of the intermittency of
the energy dissipation (8 = 1 for non-intermittent fully
developed turbulence). The quantity £;° (associated with
the most intermittent dissipative structures) has a divergent
scaling &}° ~ I, as [ — 0, where A is a parameter depend-
ing on the dimension of the dissipative structure. In an
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Fig. 4 (a) Structure function scaling vs. order q. Kolmogorov
K41 (a dashed line) and She-Leveque (SL) log-Poisson
(a solid line) models and (b) the same for a departure of
the scaling from the K41.

isotropic 3D turbulence A = 8 = 2/3 (She-Leveque log-
Poisson model) which is obtained if the most dissipative
structures are filaments. The ESS property is involved in
the log-Poisson model. We use the wavelet transform mod-
ulus maxima method (WTMM) [5] to estimate {(g) from
experimental signals. In Fig. 4, the scalings {(g)/{(3) are
shown in the same plot with the scalings predicted by the
K41 and the log-Poisson models. The scalings are anoma-
lously deviated from the K41 scaling, Fig. 4b. Each experi-
mental scaling could be fitted by (1) with adjusted parame-
ters A and 8. A solving of non-linear least-squares problem
of fitting to (1) gives indexes in the range A = 0.15~0.8,
B = 0.25~0.7. Some signals have non-intermittent be-
haviour (8 = 1). The observed range of A (between 1/3
and 2/3) can be interpreted [14] that the most intermittent
dissipative structures are one-dimensional filament struc-
tures in these cases. Such dissipative structures have most
likely not a trivial geometrical topology but a fractal one.

The log-Poisson model of 3D turbulence was modified
in MHD case to account for the IK phenomenology [7].
To test IK model we plot in Fig.5 a deviation of relative
exponents {(gq)/{(4) from IK scaling g/4. The scaling of
data in the vicinity of X-point in JT-60U is close to the
IK indicating strong MHD turbulence property. The data
from SOL are deviated strongly from IK scaling (see [6]).
At the same time they are not fitted by the scaling for IK
MHD log-Poisson model [7] :

_q 1 q/3
§(Q)—§+1—(§) . 2)
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Fig. 5 Deviation of scaling from Iroshnikov-Kraichnan scaling
q/4 (solid line). IK MHD log-Poisson scaling (dashed
line). Scaling in the vicinity of X-point JT-60U is close
to IK.

It can be interpreted that IK phenomenology (two-
dimension strong anisotropy) is not available for a treat-
ment of the SOL plasma turbulence.

5. Transport Scaling Laws

The statistical description of transport processes in fu-
sion plasmas is an alternative approach to the traditional
characterization of a transport based on the computation of
effective transport diffusion coefficients assuming Einstein
law of the diffusion. Traditionally, a displacement of par-
ticles across a magnetic field with time 7 is considered as
(6x%) o« DT with a constant (or independent on time scale)
diffusion coeflicient D. In these models, D is estimated
from some assumptions supposing some dominant phys-
ical mechanism and eliminating other contributions. In
such approach, effects of a non-linear coupling of modes
with different scales (large and small) is excluded that
could lead to a significant deviation of the model properties
from the real plasma properties. It relates especially to the
SOL plasmas where many mechanisms (such as pressure
gradient driven instabilities, stochastic magnetic structure,
flow shearing, neutral drag, radiation instabilities, effect of
the boundaries, etc.) can contribute to the transport pro-
cess. Statistical approach is based on a general consider-
ation of turbulent fluctuations suggesting some universal
properties of intermittent turbulence. It allows skipping
a consideration of concrete mechanisms driven the turbu-
lent and transport process. Because a plasma transport in
edge of fusion devices is a multi-scale process consisting
of events of different scales (e.g., large scale blobs, and
small scale coherent events, etc.), the statistical approach
is most appropriative for a self-consistent description of
turbulence and transport phenomena.

The log-Poisson model could be used to estimate a
transport scaling based on the self-similarity indexes 8 and
A (Eq. (1)) that responsible for percolation effect in the tur-
bulence. In a simplified approach [14], the diffusion scal-
ing depends on the structure function scaling as D oc 7K1,
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Fig. 6 Diffusion scaling index (a) JT-60U LFS SOL (shot#
44421) (b) SOL LHD high 3 shots vs. vertical coordinate
z, B = 0.425T, fast scanning probe data.
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Fig. 7 (a) Connection length L. profile on the divertor probes
plane regarding the probes numbering. (b) Signals of I,
on divertor probes in LHD SDC shot #68995.

the exponent K(q) relates with the scaling of the high-order
structure function {(q) as K(q) = g—{(3q). A displacement
of particles across a magnetic field with time 7 is scaled
as (6x%) o« DT o« 7% with an exponent @ o« 1 + K(-1).
This index was estimated from experimental scalings. It
varies with a radius in JT-60U SOL (Fig. 6a). At radial dis-
tance 20-50 mm, scaling exponents @ exhibit a scattering
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behaviour between 1 and 1.5. This area is characterized by
a specific behaviour of the SOL parameters [10].

In LHD SOL (Fig.6b) the superdiffusion process
(@ > 1) is observed at vertical distance 0.97-1.15m in high
S shots.

In LHD the natural island layers overlap and the
stochastic field structure (a natural helical divertor) appears
between the LCFS and the residual X-point. The magnetic
field line with large connection length L. reaches the er-
godic layer surrounding the core plasma region [15]. L.
varies from less than a few meters to over a few kilome-
ters (Fig. 7a). The probe connected to the field line with
a large L. has a large ion particle flux (Fig. 7b). Statistical
properties of the signals show a dependence on the connec-
tion length L. (Fig.7, 8). Ion particle flux to the divertor
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Fig. 8 LHD divertor probes data, shot #68995 with SDC. (a)
Multifractality level, (b) Diffusion scaling index o, Mag-
netic connection length L. (logarithm of magnitude, a.u.)
in black line, and plasma storage energy evolution (ma-
genta) (c) Structure function scalings, deviation from
K41 (dashed line), She-Leveque (SL) log-Poisson scal-
ing (line).

plates [9] and multifractality level (deviation from Gaus-
sian statistics, see a definition in [5]) follows the deposi-
tion profile of the magnetic field lines, Fig. 8a. In LHD, an
increasing of @ > 1 was observed in domains that are char-
acterized by short connection length L.. Especially, this
characterization is detected by probe #7 (Fig.8b) where
the connection length L. is less than 4 m. The log-Poisson
scaling characterizes a specific behaviour of #7 probe sig-
nal (Fig. 8c). Other domains are closer to the K41 scaling
(Fig. 8c). Minimal exponent « is observed at the domain
related to the longest L. (probe #9, Fig.8b). This prop-
erty is kept even at discharge evolution at super-dense core
(SDC).

The intermittency properties don’t depend on density
(Fig.9): the substantial increasing of the plasma density
at IDB phase don’t lead to a detectable change of statisti-
cal property. We have investigated the scaling at different
discharge periods corresponded to different plasma density
at the probe location (Fig.9a). At ITB phase, a change of
pressure gradient in the edge may lead to a reconstruction
of the turbulence structure. Amplitudes of fluctuations are
changed (Fig. 9a) substantially. But the statistical property
of fluctuations in the domain related to the long L. does not

LHD SDC #68995, divertor probe #9, long Lc
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Fig. 9 The substantial increasing of the plasma density at LHD
IDB phase (a) keeps the scaling close to K41 (b), I on
probe #9 at long L.. The K41(line) and She-Leveque log-
Poisson (dashed line) scalings are shown for the refer-
ence.
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Fig. 10 Intermittency characterization 8 vs. connection magnetic
length L. on divertor probes. 8 = 1 corresponds to a
non-intermittent behaviour. Intermittency is degraded at
large L.. Divertor probe measurements on LHD in shots
(## 68955, 68995, 68996, 69357, 70146, 68921, 69261,
69268, 69325, 69360, 69286) with different magnetic
axis position R,;x = 3.6 m~4 m at ITB phase.

change. We detected this property related to the domain as-
sociated with the long L. It demonstrates a preservation of
the scaling close to the K41 (Fig. 9b).

We investigated a dependence of intermittency level
in the series of LHD experiments with the different mag-
netic topology at different magnetic axis position R, (from
3.6 m to 4 m). The parameter 8 characterized intermittency
(Eq. (1)) is estimated from the analysis of a stable period of
discharges at super dense core phase with minimal plasma
current (less than 5 kA). It was observed a degradation of
the intermittency at large L. (Fig. 10). At short L. a ten-
dency of parameter to be in the range 0 < S < 1 is ob-
served, that is a case of the intermittent turbulence. We
stress that this result is obtained in the series of experi-
ments with different magnetic topology and edge plasma
profiles. Despite a scattering data for the short L., a clear
degradation for the long L. could be interpreted in favor of
hypothesis considered a dependence of the intermittency
property on a magnetic connection length. The study of
this effect should be continued in the future.

6. Conclusions

In conclusion, the statistical properties of the inter-
mittent turbulence show a striking empirical similarity
in the SOL plasma region of fusion devices. Scalings
of the structure functions strongly deviate from the Kol-
mogorov’s K41 theory prediction. The anomalous behav-
ior of scaling is similar in the SOL plasma of helical de-
vice, tokamaks, and linear machine. Experimental scal-
ings are close to the log-Poisson model. One-dimension
filament structures are likely the most intermittent dissipa-
tive structures. The similar behavior of the scalings has
been observed in the edge of fusion devices with differ-
ent magnetic topology and heating. It supports a view that
the edge plasma turbulence displays universality. By us-
ing self-similarity indexes, transport scaling indexes are
estimated from percolation property of the turbulence with
non-trivial self-similarity. The results of our study improve
our understanding of intermittent turbulence in the edge of
fusion devices.
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