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Statistical Characteristics from Gyro-fluid Transport Simulation
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Abstract

Statistical characteristics are analyzed from gyrofluid simulation for sheared slab electron temperature gradient
turbulence. It is found that the autocorrelation time is enhanced by zonal flow formation. For turbulent plasma, rela-
tively high correlation dimension (~ 8) is obtained. On the other hand, the formation of the zonal flows is found to
cause the reduction of the correlation dimension less than 3. Then, it is concluded that the variation of turbulent struc-

ture is well reflected in the correlation dimension. For turbulent plasma the deviation of probability density function
from Gaussian profile at high amplitude region is supposed to be the origin of intermittent large heat flux.
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1. Introduction

For magnetic confinement fusion research, it is impor-
tant to clarify and control the turbulent transport mechanism
that governs the performance of confinement plasma. In
recent years, it has been clarified that magnetic confinement
plasma autonomously generates a variety of structure such as
internal transport barrier through dynamics of the fluctua-
tions with various temporal and spatial scales [1-2]. Then, it
is necessary to find out the rules to identify what kind of tur-
bulent structure is generated there.

For understanding the transport mechanism in toroidal
plasmas, the statistical characteristics of the plasma turbu-
lence have been investigated by experimental observations.
The fractal dimension of density and temperature fluctuations
was found to characterize the attractor of the turbulence [3-
4]. It was shown that the fractal dimension is affected by the
difference of the plasma heating method [3]. The relation
between the tail component of probability density function
(PDF) and the intermittency of turbulent structure have been
discussed in recent years. function (PDF) is affected by the
turbulent structure. However, from a viewpoint of difficulty
of preparing detail experimental condition, the knowledge of
such statistical characteristics enough to identify turbulent
structure has not been understood well.

Then, it is instructive to simulate microturbulence for
finding out the rules to identify turbulent structure by induc-
tive method, in particular, from a viewpoint of feasibility of
preparing detail condition. In this research, the relations
between statistical characteristics of turbulent structure and
parameters such as temperature gradient, magnetic shear,

zonal flow intensity, which characterize plasma performance,
have been systematically investigated by using gyrofluid
simulation of sheared slab ETG modes [5].

2. Simulation model and analysis method
2.1 Model equations

Gyrofluid models for ITG (ion temperature gradient)
modes have been developed in recent years [6]. For ETG tur-
bulence, gyro-fluid models including the Landau damping
effect are described from the symmetry to those of ITG tur-
bulence, although the treatment for electron adiabatic
response to zonal flows is different from ion one [6]. Thus,
the gyrofluid equations for sheared slab configuration in the
collisionless limit are described as
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where I"'= 5/3, and coordinates are normalized to characteris-
tic scales as X = x/p,, y = y/p,, 2= L, and = v,.t/L,. Here, the
perturbed quantities, the electrostatic potential, the electron
parallel velocity and the electron pressure, are normalized as
¢ = (L/p)(eI T, By = (L/p)(wyv,) and p = (L/p)(Blpo),
with L, = (dInn/dx)!, where p, is the electron Larmor radius,
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v,, is the electron thermal velocity, T, is the electron tempera-
ture, v, is the electron parallel velocity and n is the electron
density. In this model, the adiabatic ion response is assumed,
so that 7, = dInT,/dlnn. The magnetic shear parameter s is
defined as § = L,/L,, where L, = B,/(dB,/dx) and B, is the lon-
gitudinal magnetic field.

The dynamics of fluid are computed in a three dimen-
sional rectangular box with the Cartesian coordinates (x, y, 7).
A periodic boundary condition is adopted in y and z direc-
tions, Numerical parameters are selected as L, = 100p,, L, =
10mp,, L, = 2np,L,. For numerically stable and efficient cal-
culation, the viscosity terms are introduced in Eqgs. (1) ~ (3)
as a damping effect for the instabilities with wave length
smaller than electron Larmor radius, which does not change
the linear growth rate of ETG turbulence. Then, the perpendi-
cular viscosity t,, 11, and the perpendicular diffusivity y, are
assumed to be 0.5. The detail of computation is described in
Ref. 5.

2.2 Autocorrelation time
Autocorrelation function of time series data, x(¢,)[i =
1,2,3,...,N], is calculated as
((x () = CNx (1 +7) = (D)), 4)
where (...) means time average and 7 is delay time. The auto-
correlation time 7, is defined as the delay time when the

autocorrelation function has zero at the first time, so that {(x

(1) = N (1 + T,0) = (X)) = 0.

2.3 Correlation dimension

To evaluate the fractal dimension D of x(t;), it is neces-
sary to reconstruct a trajectory in multi-dimensional space by
embedding theorem. For one-variable time series data, it is
appropriate to use a time-delay coordinate,

{x: @), x(t; + 7),....x (t;+ (m— 1)1}, (5)
in a viewpoint of noise reduction [7], where m is embedding
dimension and 7 is embedding log (time delay). In order to
obtain precise D, m should be larger than the twice of result-
ant fractal dimension D, i.e. m = 2D + 1 [8]. The linear corre-
lation between embedding coordinates would be too strong
for too small 7. On the other hand, the deterministic relation
between coordinates would disappear for too large 7. Then,
the autocorrelation time 7,. would be appropriate for the
embedding log 7.

To evaluate the fractal dimension, the correlation dimen-
sion D, is useful from the point of view of computational fea-
sibility. The correlation dimension can be calculated with
Grassberger-Procaccia algorithm [9] by taking correlation
integral of time series data as

1 z H(r—|x;— x))

: (©6)
N
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ij=1

where H is the Heaviside function defined by H(r) = 1 for r 2
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0 and H(r) = 0 for r < 0. For each m, C(r) would have a scale
like C(r) ~ r". The correlation dimension D, is obtained as
the exponent v saturated for enough embedding dimension m

3. Simulation results

We have simulated ETG turbulence in three cases. For
the case (A) where magnetic shear is relatively weak (§ =
0.1), zonal flow can be obviously excited for large 7,. Then,
electron heat conductivity is restricted. Kelvin-Helmholtz
(KH) instability is also generated as a result of zonal flow
formation [5]. On the other hand, for small 7,, several modes
compete and the formation of zonal flow is restricted. For the
case (B), the magnetic shear is the same to (A). However,
zonal flow component (0/0 mode) is artificially off to distin-
guish the pure effect of zonal flow component. For the case
(C), magnetic shear is relatively strong (s = 0.2). In each
cases, electron temperature gradient is changed within 1, = 3
~6.

A typical behavior of time series data of poloidal elec-
tric field E|, for the strong ETG turbulence is shown in Fig.1.
There is no periodic behavior and large spiky bursts are inter-
mittently observed. On the other hand, for the coherence with
zonal flow, the time series data has large periodic oscillation
with small spiky fluctuation.

3.1 Autocorrelation time

Figure 2 shows the autocorrelation time 7,. obtained
from E, after the saturation of linear growing modes. For
weak shear case (A), the steep jump by one order is observed
from 7, = 3 to 4. This is because the effect of zonal flow for-
mation, that is, the 0/0 mode becomes dominant for 1, < 4.
On the other hand, 7, is kept small regardless of n, for (B)
and (C). Then, it is found that the autocorrelation time is
enhanced by zonal flow formation because long time scale
characterizing KH mode appears through the dispersion rela-
tion.

We have also analyzed autocorrelation time for the radi-
al electric field E,, the electrostatic potential qs and the heat
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Fig. 1 Time series data of E, for the case (A) §and 1. = 3.
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flux @ (= pE,). The steep jump is also observed for all of
these physical quantities. Then, hereafter, we mainly discuss
the statistical characteristics for E,.

3.2 Correlation dimension

Figure 3 shows the correlation dimension D, obtained
from E, of the case (A). As embedding dimension, D, linear-
ly increases and saturates to the original correlation dimen-
sion of the dynamical system. For small temperature gradient
(n, = 3), relatively high dimension (D, = 8 ~ 9) is obtained
because the strong turbulence with various temporal scales
has large degree of complexity.

However, as increasing 1,, D, significantly decreases. In
particular, D, becomes less than 3 for 1, = 6. At the same
time, the time series data have dominant periodic oscillation
with small fluctuations because the zonal flow excited by
ETG turbulence drives KH instability. Then, D, is mainly
determined by the coherent oscillation rather than the turbu-
lent fluctuations.

Figure 4 shows D, as a function of 7, for the cases (A)
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Fig. 2 Autocorrelation time of E,. The open circles, crosses
and triangles denote the cases (A) § = 0.1 with 0/0
mode, (B) § = 0.1 without 0/0 mode and (C) s = 0.2,
respectively.
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Fig. 3 Correlation dimension of E,. The open circles, cross-
es, triangles and squares denote 1, = 3, 4, 5 and 6,
respectively. The broken line and dotted line mean
white noise case and the enough condition for
embedding, respectively.
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Fig.4 Correlation Dimension of E,. The open circles and
crosses denote the case(A) § = 0.1 with 0/0 mode and
the case(B) § = 0.1 without 0/0 mode, respectively.

and (B). By comparing D, for 1, = 3 and 6 of (B), it is found
that the pure temperature gradient effect without zonal flow
is small (AD, ~ 1). The increase of electron temperature gra-
dient without 0/0 mode is not accompanied with the variation
of turbulent structure. Then, the degree of complexity is not
so changed, although the electron heat conductivity is
enhanced a lot.

On the other hand, by comparing D, of (A) and (B) for
n. = 6, the pure effect of zonal flow formation is relatively
large (AD, ~ 7 for n, = 6). Therefore, it is clarified that the
variation of turbulent structure is well reflected in the corre-
lation dimension.

3.3 PDF
Figure 5 shows PDF of E, for 1, = 3 and 6 of the case

(A). In general, for strong turbulence, PDF is close to
Gaussian profile. Fig. 5(a) has good agreement with Gaussian
at small amplitude region. However, the deviation from
Gaussian is observed at large amplitude region. This tail
component corresponds to the large spiky bursts observed in
time series data of Fig.1.

In the PDF of heat flux for 17, = 3 of the case (A), the
deviation from Gaussian is found to be localized at positive
amplitude region. This asymmetry generates net heat flux.
Then, it is supposed that E, and the pressure perturbation p
could synchronize at the intermittent burst,

On the other hand, Fig. 5(b) is also different from
Gaussian because the periodic oscillation with small fluctua-
tions is dominant in the presence of KH instability. Then, it is
concluded that the variation of turbulent structure is also well
reflected in PDF.

4. Summary and discussion

For sheard slab ETG turbulence, the relation between
the statistical characteristics and parameters characterizing
plasma performance have been systematically investigated by
using gyrofluid simulation. It is found that the autocorrela-
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Fig. 5 Probability distribution function of E, for (a) §=0.1, n,

=3 and (b) § = 0.1, n, = 6. The dashed lines indicate
Gaussian profile for reference.

tion time is enhanced by zonal flow formation because long
time scale characterizing KH mode appears through the dis-
persion relation.

For turbulent plasma, relatively high correlation dimen-
sion (~ 8) is obtained. On the other hand, it is found that the
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formation of the zonal flows causes the reduction of the cor-
relation dimension less than 3. Therefore, it is clarified that
the variation of turbulent structure is well reflected in the cor-
relation dimension.

The deviation of probability density function from
Gaussian profile is observed for both turbulent plasma and
coherent plasma with zonal flow. For turbulent plasma the
deviation at high amplitude region is supposed to be the ori-
gin of intermittent large heat flux. For coherent plasma, PDF
is very different from Gaussian due to the periodic oscillation
excited by KH instability.

Acknowledgements

This work was supported in part by a Grant-in-Aid for
Scientific Research from Japan Society for the Promotion of
Science.

References
[1] A. Hasegawa and M. Wakatani, Phys. Rev. Lett. 59,
1581 (1987).
Y. Kishimoto et al., Plasma Phys. Control. Fusion, 40,
A663 (1998).
A. Komori et al., Phys. Rev. Lett. 73, 660 (1994).
V. Budaev et al., Plasma Phys. Control. Fusion, 35, 429
(1993).
J. Li and Y. Kishimoto, Phys. Plasmas 9, 1241 (2002).
G.W. Hammet et al., Phys. Rev. Lett. 64, 3019 (1990).
N.H. Packard et al., Phys. Rev. Lett. 45, 712 (1980).
F. Takens, in Dynamical Systems and Turbulence, edit-
ed by D.A. Rand and B.S. Young (Springer-Verlag,
Berlin, 1981), p.366.
P. Grassberger and 1. Procaccia, Phys. Rev. Lett. 50, 346
(1983).

(2]

(3]
(4]

(5]
[6]
(7]
8]

(9]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




