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Tight coupling between “time” and “space” structure

Pasko et.al. Nature 416, 152 (2002)
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v~10°m/sec



Basic Equations for description of plasma

Maxwell and Boltzmann system 6D phase space + time

Particle method :




MRAGEMETSXTIaL—avFEE

EENFETIL OFIKETFIL 2FIEKETIL-
(Vlasov X R) (v ARE) BIRILF—AF4>

BSIRILF—AFY

BB oM DEENR BRI R Ty T D #IFE D AEF
(JEEEELIZT ) EEEGRII R DERE

1A/ ORF
PLF R

—RAEETIL-

TrMAOHF
(AA>-BF)

BIRILF—AFD

NT)YRETIL

- S—REEHRENBHER . i
~ADIBYIAH (/4 XIER) B R T 7 D IR DAEFD



TJ5ARIIBELRITHE
TS5 AR5 ITH5-o>DME: EBHMNHEAEIEHEERFHEE/EA

B N#R(T/N— R F— BN TLWTHLESZER
PEANS D BRI H (BIEORE) (2 BHISERELEASERMMICEENT=
R = R - B S (R e TIXATEBBRRM. EIRERTE

(FSRTDSEMIEH) (TSR DEEB RIS )



Motivation : Reconsideration of non-local heat transport

Relation between “flux” and “thermodynamic force”

“Fick Law”
P (el el

Flux  Thermo-dynamic
force Multi-value (hysteresis nature)

in flux-gradient relation

(a) local transport Lo <<L
dT

e

dx

=827 (nT,v, )(’%j

Q=—k¢y




Motivation : Reconsideration of non-local heat transport

A.R. Bell, R. G. Evance, and D. J. Nicholas, Electron Energy Tranport in Steep
lemperature Gradients in Laser Produced Plasmas, Phys. Rev. Lette. 46, 243 (1981)

Break up of “Fick Law”
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Non-local nature in flow-gradient relation

An Extension of Spitzer-Hahm Theory on Thermal Transport
to Steep Temperature Gradient Case

g<>\& he <L
B : : cf : A.(T)/L ~0.01

AN

< = 9 e-
\®\ ¢ (x.v) Non-local
~—— thermal equilibrium

Kishimoto and Mima,
J. Phys. Soc. Jpn, 52, 3389 (1983)

ot o) ()3

Multi-value nature

J

Kishimoto, Mima and Haines, J. Phys. Soc. Jpn. 57, 1972 (1988)

fo o) = [ WXy () + [, () + 25 V)



Transport and coupling with ionization

Non-linear and non-local relation between “flow” and “gradient”

Ao <<L

Fick law
F=M:-X

e-

(a) local transport

\ }\'e ~L
e- ® ) N\ >
< \0 e
(b) non-local transport (d) field ionization
F=M -X(I +a1X2 +a2X’+a3X”X‘1---) Non-local transport

accompanied by plasma generation
F= j )- Xdx'+[g, (a)+g_(5)]
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Fusion device(Tokamak) & magnetic fields

Magnetic fields are designed to minimize

various plasma fluctuations based on linear theory
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collisional diffusion

turbulent diffusion

B, B = (B, +Byb)
Toroidal magnetic field Poloidal magnetic field Tilted Magnetic cage




Fusion device(Tokamak) & magnetic fields (2)

Magnetic fields are designed to minimize
various plasma fluctuations based on linear theory

BiZ DIEFR tEREDOEE BoENHAX LR R B
(REFRH) (HR>7)



Global turbulent simulation of
ion temperature gradient mode (ITG)

correlation time
AX?
D=

Te
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A high performance plasma
is realized by having “structure”

June 11, (June 25 :press) 1998 Shot number E31872 , Q,~1.25

Transport barrier
' 200M degree

e % 20M degree

Pressure

Qpr~ 1.25

High confinement plasma

Low confinement plasma

[Ishida, et al.,IAEA,’98, NF, 99]
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Linearly unstable profile
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Global flow generation from turbulence
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World dominated by
turbulence and flows




Interaction between flows & fluctuations

Shearing decorrelation

of turbulence
0 dgy .
1+ kT =@, =—ik ¢, +0l\l+k] )k, —=+|p,V] T
( l)6t¢kx J’¢kx Sf( J—) Y dkx [¢ J‘¢:|kx \ | | radius
W
‘ | '\l 0
. . . . . . AN 0
Shearing decorrelation 1s a local interaction in k space ~AT ¢

P > P, <5k2> = tzszLpz




Turbulence in quasi-two dimensional bounded system

Drift wave : Hasegawa-Mima eq. Rossby wave : Charney equation
1-v2)2 v, 2 _[bxVe) VIVie=0 (1-v2) 2 v P [(3xV)-V]v?h = 0
ot oy ot 0y
Bt 1 . gt t 4, Vp=peVH
I =pfv x z

Conserving

%%{”lgtl}’t = w= (V(b)z +¢° Enstrophy : U = (V(I))2 + (Vzcl))l



YorLume 59, Numpcr 14

Hasegawa and Wakatani, 1983

2 field extension of HM including instability source

PHYSICAL REVIEW LETTERS

5 OCTOBER 1987

Seif-Organization of Eiectrostatic Turbuience in a Cylindrical Piasma

Akira Hasegawa
AT& T Bell Laborarories, Murray Fill, New Jersey 07974

Masahiro Wakatani

Plasma Physics Laboratory, Kyoro University, Uji, Kyoto 611, Japan
(Reccived 8 July 1987)

FIG. 1. (a) The density contour and (b) the potential con-
tour from the three-dimensional computer simulation of elec-
trostatic plasma turbulence in a cylindrical plasma with mag-
netic curvature and shear. In (b) the solid (dashed) lines are
for the positive (negative) potential contours. Note the devel-
opment of closed potential contours near the ¢==0 surface.

In summary we have shown 4 self-organization of elec-
trostatic turbulence of a cylindrical plasma with magnet-

ic curvature and shear. The resultant axisymmetric po-
tential profile is explained by means of the variational
principle of minimization of the potential enstrophy.
The sell-organized axisymmetric potential contours show
generation of azimuthal zonal flows: hence, they indicate
Inhibiti adial_diffusion. In particular, near the
0=0 surface, the radial particle flux is minimum since
{gn)=0. This fact in turn produces a steep density gra-
dient around this surface. The diffusion is likely to occur
intermittently when a small cell moves across the closed
stream lines,




Various fluctuation with different scales

k

y

. 1/pe
» many eigen modes,

Ak ~10° Aw~10°
» coexistence of 1/p;
multi-scale fluctuations

1/a

Elec

tron scale

Ion scale

A

Ion scale

\4
-
1/pe

k

- Meso-scale

[courtesy of Kagei (JAEA)]

[Y Kishimoto et al.’96, PoP] [Y. Idomura et al.’04, IAEA, NF ]
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(B) S=0.1 : weak magnetic shear
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Turbulence dominated by large scale structure

s=0.1 n,=6
k, turbulence + zonal ﬂQ\ZV _
o, Flecron scae REM LIt Al M
“ B T MEAUE ¢of 4 I
lon scale I LEREITIRIN A BN

Ve Ion scale uleci Ea

I/a \w t/a
1/a 1/p; 1/pe k’f/a

» Emergence of large scale vortices

» Mixed turbulence with

* micro-scale ETG
* ETG driven ZF
« ZF driven Large scale structure

Macro
Scale KH
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. (ZF) (ZF)
Total fluctuation Ny = E E

. ) = L(tot) 1 (turb) (ZF)
= turbulent fluctuation + zonal fluctuation E E +E
(= induce transport)

AFES(Kuo) T42L24 Sy JAN/11
Snapshot of Specific Humidity Q{g/ k;) at HGGhI’




Comparison of atmospheric zonal flows

[Koshyk-Hamilton, JAS, 01]
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