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Fusion device(Tokamak) & magnetic fields

Magnetic fields are designed to minimize

various plasma fluctuations based on linear theory
n

D o

' B2T1/2

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
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Various fluctuation with different scales
k
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1 / P Electron scale
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» many eigen modes, o
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Global turbulent simulation of
ion temperature gradient mode (ITG)

e
AX : correlation length
7. . correlation time
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Global flow generation from turbulence

>
-
=
>
ot
=
=
ol
=
o
<
=
o
<P]
-
-

World dominated by
turbulence and flows




Z.onal flows show a complex radial structure

» Radial structure of zonal flows are very complex !

S. S. Limaye, Icarus 65, 335( 1986)
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Turbulence in quasi-two dimensional bounded system

Drift wave : Hasegawa-Mima Rossby wave : Charney equation
eq.

o o9 2 _y2\%h oh . 2 _
1-v2)2 v 2@ _[hxve)Vie=0 U-V?)—+vg——[(@xVh)-V[V?h=0
(15220 vy 2 [loxve) vl -0 (V250w

Bt : , gt t 4, Vp=peVH

I =pfv x z

Conserving quantities

Energy: W= (Vd))z +¢° Enstrophy : U = (V(I))2 + (vz(l))l



Interaction between flows & fluctuations

Shearing decorrelation

of turbulence
0 dgy .
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Shearing decorrelation 1s a local interaction in k space ~AT ¢
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Configuration of “Magnetic Shear Reversal”

» Tow resonant surface
 Zero magnetic shear region
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A high performance plasma
s realized by having “structure”

| %4 - - -

JT-60 High Performance Shot

Transport barrier

?.:i ' 200M degree
:
~ L T 20M degree

Low confinement plasma High confinement plasma




% /(p /L )(cT /eB)]

<|do”/dx>"/2

1072

—
-

\]III|II|III|IIIIII

J

>E DIEE

v

& il 1]

[Kishimoto,Li, et al., IAEA’02]

(B) S=0.1 : weak magnetic shear
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Turbulence dominated by large scale structure

s=0.1 n,=6
k, turbulence j— zonal ﬂ(...’ _
o, pecwonseae | HEL ol QYE AL ) LA
“ B T MEAUE ¢of 4 I
Ion scale IR IR A BN

Ve, Ion scale .blllI{

I/a \1" t/a
1/a 1/p; 1/pe k’f/a

> Emergence of largé scale vortices

micro

» Mixed turbulence Wlth

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

Macro
Scale KH



Coherency and phase between E, and n

High coherency, but keeping
phase relation that produces no

coherence

Z.onal flow d

ominated plasma
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“Marginal nature” of global mode

10° ¢ 14 . . . .
: Zonal flow 1 * Linear analysis intoroducing
1o' | 12 ETG-driven zonal flow
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Total fluctuation N,r

= turbulent fluctuation + zonal fluctuation
(= induce transport)
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Snapshot of Specific Humidity Q(g/kg) at 500hPa




Comparison of atmospheric zonal flows

[ Koshyk-Hamilton, JAS, 01]
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Generation mechanism of secondary fluctuation

(I—Vi)gcpk =iq>k + Z[(pkf,vi%"]

Modulational instability : P ov
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Control of Secondary Instability
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Dynamics of mixed MHD-Turbulence system

by Ms. Janvier Miho
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Linear property of double tearing mode

Resistivity dependence of growth rate Y ~ na o=1/3 ~3/5

(A) strong coupling (B) Intermediate coupling (C) weak coupling
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Non-linear destabilization of DTM and the structure (1)

Y. Ishii, M. Azumi and Y. Kishimoto, Phys. Rev. Lett. 89, 205002 (2002)
“Structure-driven Nonlinear Instability of DTMs and the abrapt growth after long time scale evolution”

(A) strong coupling
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Non-linear de-stabilization of DTM and the structure (2)
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Characteristics of current point

0.6 062 064 066
r/a

Reconnection rate mJ is almost constant
w/o depending on .

Growth rate in the explosive phase
weekly depends on “resistivity”

y~n® (a~0)

Possible trigger mechanism of
“resistivity free” explosive growth ?
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Possible mechanism of nonlinear instability (1)

* Linear drive via equilibrium distortion

W. Park, E.D. Fredrickson et al., , Phys. Rev. Lett. 75, 1763 (1995)
“High-b Disruption in Tokamaks”

Helical equilibrium due to low m/n=1/1 kink mode causes
the local pressure steepening, leading to high m/n ballooning mode

Linearly stable for 2D, but nonlinearly Explosive distraction due to different
unstable for 3D with helical distortion scale coupling, leading to thermal quench
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FIG. 2. Pressure contours of the 3D equilibrium.

FIG. 4. The nonlinear time development of the pressure.
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FIG. 7. The experimental ECE signals.
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Possible mechanism of nonlinear instability (2)

* Linear drive via equilibrium distortion

Slab equilibrium with magnetic island
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Multiple resonance surface in space and solar plasmas

Multiple current sheets
i.e., Multiple resonance surfaces

Field Lines Ll= 283

e

Figure 1. Peloadel sl vy scljoininge coronal helmer streamers
and defimition sketch of tmple current sheet.

-10 -4 g 5 10
R.B.Dahlburg, et al. JGR 1995 ¥ Yan, et al. JGR 1994

Neighboring islands drive each other strongly




Fast reconnection regime of DTM in slab geometry

7.X. Wang, X.G. Wang, J.Q. Dong et al., Phys. Rev. Lett. 99, 185004 (2007)
“Fast Reconnection Regime in the nonlinear evolution of Double Tearing Modes”
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» Fast reconnection can take place with no
triangular deformation of the magnetic island

: : : : (d)” —
> Fast growth is resulting from the neighboring S —

magnetic separatrix merging and equivalent
inward flux driven

> Strong vortex shear flow is generated at the
boundaries of magnetic islands

Z.X. Wang, X.G. Wang, J.Q. Dong, Y. Kishimoto,
and J.Q. Li, Phys Plasmas 15, 082109 (2008)




Magnetic configuration

Z7.X. Wang, X.G. Wang, J.Q. Dong et al., Phys. Rev. Lett. 99, 185004 (2007)

General rule 1n predicting the final state of multiple-resonant-reconnection
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Energy lkevel

-1.00E+01

N

140Es01 remains quite steady...

Evolution of Magnetic and Kinetic Energies
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Sudden growth of the Kkinetic
energy while magnetic energy
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Tearing-type evolution (linear T
growth followed by a slow

down (Rutherford-type))




Energy Level

Energy Evolution for xs=0.80, Ly=1.2

Time
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Physics ingredients in mixed MHD and turbulence model

ky
1/p.
Ion scale
I/Pi
MHD scale
) -~
1/a 1
¢
0.025
0.02 - /|
/4 0.015

0.01 —

Growth rate

0.005 —

3-field ITG

2-field MHD




Gyrofluid modeling equations

Modeling equation — 5-field EM gyrofluid ITG with MHD in slab
(Miyato et al. PoP 04 for toroidal version)

0 o, 2 0 o, - 4
r _V¢¢= _[¢9V¢¢]+(1+ ni)a_yvl¢+v//1// + DUVJ_¢

ot
o . __ op _
atn—[n,¢]+a

0
< ﬂ@t A// - // 1
0 oA,
EU”' =—[g,0,. |1-A+7)V Nn-V T + BA+7+7,)
0 od
\ atT =—[g,T,]- ﬂ.a—y—O’ DV, v, - - 1)(|V//|T +D,VIT,
with J// = VJ_A// A /4

V//U//i +V//j// + Dan_n
oA, . T

V//‘(U//i - j//)

+DVu

/i

1. Ion temperature gradient for ITG fluctuations

Mean parameters: o . .
p n Resistivity for MHD (kink-tearing) modes

¢/ Here the spatio-temporal scales and all corresponding quantities
are normalized by 1on-scale, similar to those in ITG turbulence.



Evolution of multi-scale turbulence

* Case of Strong ITG drive m; =3 n= 2x10™* B=0.01, §=0.2

(1) (1D) (11D
=250 =350 =400  t=600
10" - AT L E Sl
107
% B i 1al Flow
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10 -15 \f r‘f /A ! \ \ |
0 100 200 300 400 500 600 700
t (v ti/L n) .
Micro-scale Macro-scale
turbulence - MHD mode

Energy Transfer



Structure and energy in mixed MHD and turbulence

> Spectral dependence on resistivity and ITG

n=5x10" m;=2

1012\\\\ T T \\\\\\‘

MHD & ITG

y

<d(k )*>/2

> “Structure” 1s supported by MHD mode
> “Energy” 1s supplied by micro-turbulence
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