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Plasma confinement and turbulent transport in tokamak
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3-2 Self-organized critical transport (SOC)
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SOC

Bak et.al. Phys. Rev. A 38, 364 1988

!A:$3;$&(D&E#)-&23"+F&;03?;#"&C0#-3+),

1/f2 spectrum
GB

#"
#)

;A
+&
H0
+=

/+
);
:

1       2       3       4       5       6!Magnitude (mb) - LogE!

1000!
!

100!
!

10!
!

1!
!

0.1!
!

0.01!

<#0,A=/#4+&3),+)$3,:&B8$8&H0+=8&
1/ f1.5 spectrum!

@&!)-&<7&$(31!4&&!'#H&-!3+H!/$!I+(7-&:!

G7(&$8&-6J=/%9(&-!=+H

KL)!!$#/M&

F&3)J#-6+$/M&0!%-/5%+3/(1 414(&2!H/33!8&%#2&!%-/5%+3!81!/(4&3)N!?&-!O+CP

P. Bak, Phys. Rev. 
A38(1988)364!

E+"D6(0C#)3I+-&;03?;#"3,:

Q-
&<

:L
1&
+-

?31&(9-&$!
G3+44!8&+04

RA+3+$%9&!4/M&



Laminar flow !
and turbulent flow

P.H. Rebut(former JET director) is 
first to explain turbulent plasma 
transport by critical temperature 
gradient transport (1988). 

3-3. Self-organized critical transport (Rebut)
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Sound wave (!2=k//
2Cs

2) coupled to drift motion (!*) is called “Drift Wave”.

Including polarization drift                             , dispersion relation becomes

If we include ion/e temperature gradient, we obtain following dispersion relation. 

Critical temperature gradient
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as measured by correlation reflectometer

R. Nazikian, K. Shinohara et al., PRL94(2005)135002, “Turbulence de-correlation during ITB formation”



T1 (>T2)!

Hwa’s Joint Reflection Symmetry: !
  Flux !("P) is invariant for x -> -x, "P -> -"P transformation.!

3.7 Avalanche dynamics of (dT/dr)c  transport!
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T1 (>T2)!
3.7 Avalanche dynamics with Er shear!



3.8 Gyrokinetic simulations 

Gyro kinetic/fluid simulation clarified self-organized criticality in ITG  
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3.8 Gyrokinetic simulation 
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Hoang et al., PRL87(2001)125001(ETG)!
Jenko, PRL 89(2002)!

Ryter et al.  , PRL95(2005)085001 (TEM)
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3.10 Zonal flow and streamer in ETG turbulence



KW!

2D turbulence to have 
inverse cascade and 
zonal flow

3D turbulence to 
have radially 
stretched streamer

3.10 2D and 3D turbulences in tokamak w and w/o mag. shear
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3D turbulence :              produces wave with wave number!
                               2 times larger.!
! ! ! !So, energy flow is in the direction of high k. !
! ! ! !And energy dissipates at high k regime.!

!
For isotropic 3D turbulence, Kolmogolov spectrum F(k)~k-5/3.!
!
2D turbulence : Energy flow is from high k to low k, opposite 
to 3D turbulence.!
!
Spectrum in isotropic 2D turbulence : spectrum F(k)~k-3.

C

QNCP

CJcLd CJd

C

QNCP

db!7$/)#-2!
!(7-873&$%& Ub!(7-873&$%&

;$&-61!\#H ;$&-61!\#H
See : P. Diamond, SI Itoh, K. Itoh!
Modern plasma physics : volume 1,!
Physical kinetics of turbulent plasmas
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2D turbulence: Hasegawa-Mima equation

P. Diamond, !
A Hasegawa, !
K. Mima!
Alfven Prize 
winner 2011.

Boltzmann relation for electron

Turbulence is assumed electrostatic!
B and Te  are uniform                            B=Bz!
Density gradient to drive drift wave!

Continuity equation!

E x B drift

Polarization drift

Ion flow is E x B and polarization drifts

(important for ion)

Doppler shift

Wave length

Larmor radius

Fluctuation is small and low frequency

=O("3)



2D turbulence: Hasegawa-Mima equation

E x B convection of Polarization drift is key to 
nonlinear drift wave coupling (See DII Appendix A) 

E x B nonlinearity is zero. Since

2nd order polarization term is small

=O("3)

Since in 2D, we obtain following H-M equation.



We define MHD vorticity as 

MHD fluid eq.

SinceMHD fluid eq.

Take its rotation 

Since

Since

or

MHD Vorticity Equation



2D turbulence: Vorticity Equation

2D turbulence
~

Only z component is important for 2D turbulence:  !m=!mz= (!+#i)z , #i=eB/mi 

Vorticity

HM eq.
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2D turbulence: Vorticity Equation

2D turbulence
~

Only z component is important for 2D turbulence:  !m=!mz= (!+#i)z , #i=eB/mi 

Vorticity
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