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Multiscale Turbulence in Tokamaks 



Sheared Zonal  Flow Regulates Turbulent Eddy Size and Transport 
  [Lin, Hahm, Lee et al., Science 1998] 

• Self-generated ExB zonal flow  
reduces  radial size of eddies 

No flow 

With flow 
• Breakup of radially elongated structures  
  reduces transport 

• Externally driven ExB Shear Flows  
      were used before 
  for the direct control of the turbulence 
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Role of E x B Shear in Reducing Turbulence 
•  Flow shear decorrelation in cylinder [Biglari-Diamond-Terry,  Phys. Fluids-B ‘90]

 
 

• Turbulence quenching in gyrofluid simulation [Waltz-Kerbel-Milovich, Phys. Plasmas ‘94] 
 

  
• ExB Shearing Rate in General Toroidal Geometry [Hahm-Burrell, Phys. Plasmas ‘95] 
 
 
 
  
• Made possible by developments of Experimental Diagnostics for Er and B   
   (Motional Stark Effects, Charge Exchange Recombination Spectroscopy, …) 
• Useful Rule of Thumb for Indication of the importance of ExB shear 
 
• Widely used for experimental results analysis  
(TFTR, DIII-D, JET, JT60-U, AUG, TEXTOR, NSTX,  
MAST, LHD, W7-AS,…)  
with linear growth calculations via  
various gyrokinetic codes. 
 
    E. Synakowski et al., Phys. Plasmas ‘97 -----> 
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What is a zonal flow? 

Drift Waves 

Drift waves 
+ 

Zonal flows 

1. No direct radial transport 
2. No linear instability 
3. Turbulence driven 

ZFs are "modes", but: Paradigm 
Change 

ITER m=n=0, kr = finite 
ExB flows 

Zonal flow on Jupiter 

From GTS 

Courtesy: K. Itoh, in made in Japan, edited in USA, and presented in Korea 
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Basic Physics of a Zonal Flow 

Drift wave 
turbulence

Zonal flows

Shearing

Collisional 
    flow 
damping
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Transport

Suppression of DW 
by Shearing 
 

Generation 
by Vortex Tilting 

Damping by Collisions 

from Diamond,Itoh,Itoh, and Hahm, “Zonal Flows in Plasma-a Review” PPCF ‘05 
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E x B Shearing by time-dependent Zonal Flow 
    [Hahm, Beer, Lin, et al., Phys. Plasmas ‘99] 
 
• Gyrofluid Simulations observed that instantaneous             
  while turbulence was at  L-mode level and transport was anomalous. 
 
• Effective E x B shearing rate has been analytically derived to take into 

account the time dependence of zonal flows 
 
• From Gyrofluid simulation data analysis,              
   has been observed: 
 
-- Shearing due to high frequency comp. ZF is predicted to 

be ineffective for core turbulence. 
  
• Gyrokinetic simulations demonstrated broadening of kr of ITG 

turbulence (a symptom of eddy breaking-up) 
  due to zonal flows quantitatively. 

E (t) lin

E
eff ~ lin









Duality of Flow Generation and Random Shearing of Eddys 

ZFk Drift Wave Action Density,        , is conserved. kN

From                                  ,            shearing      
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*
DW 1 sk

vk 2
rk Drift Wave Energy: 

kkk NE
Since total energy conserved between ZF and Drift Wave, 

Energy for ZF generation is extracted from DWs. 
 [Diamond et al., IAEA-FEC, 1994]; 
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Characterization of Zonal Flow Properties from Simulations 
Motivated Experimental Measurements 

     [Hahm, Burrell, Lin et al, Plasma Phys. Control. Fusion ‘00] 

From Gyrokinetic Turbulence Code  simulations: 
• n=0, m=0, broad kr, potential fluctuation 
• Broad-band zero-freq Zonal Flows   
& Geo-Acoustic side-bands 
• Properties of associated density fluctuations 
Experiments: 
DIII-D(Beam Emission Spectroscopy, Langmuir Probes) 
TEXT, JFT-2M, JIPPT-IIU (Heavy Ion Beam Probe), 
AUG (Doppler Reflectometry) 

DIII-D Data from Gupta et al., PRL ‘05 
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E x B Flow Shear 

MHD Instabilities Energetic Particles Excitation 

Er generation 

Er induced  
orbit distortion 

MHD-induced 
transport 

Stabilization  
of RWM,… 

Braking via non-axi-symm. fields 

Generation via 
Maxwell stress 

E x B Flow Shear Plays a Central Role in Magnetic Confinement 

Microturbulence 

Generation via 
Reynolds stress 

ExB shear 
suppression 
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Key Physics Mechanisms behind Size Scaling of Confinement 

• Global Toroidal ITG eigenmode 
[Horton-Choi-Tang, PF ‘81] [Cowley-Kulsrud-Sudan, PF B’ 91] 

[Romanelli-Zonca, PF B’ 93][Parker-Lee-Santoro, PRL’93] 

 Bohm Scaling ? 
 
• Self-regulation by Zonal Flows: 
[Cast of Thousands] 
[Lin, Hahm, Lee et al., Science ’98] 
[Diamond, Itoh, Itoh and Hahm, Review in PPCF ‘05] 

 
 GyroBohm Scaling ! 
 
     
 

Density fluctuations from a GTS simulation of 
a shaped plasma with typical DIII-D core 
parameters  
[Wang, Hahm, Lee et al., PoP `07] 

t=150 vti/LT 

t=210 vti/LT 

t=1260 vti/LT 
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Fluctuation Measurements provide useful info about rotation 

G.S. Yun and H. Park 
Private Communications  [2011] 
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Summary 

    
 
    Zonal Flows 
 
 

 Huge Effect on Tokamak Confinement Scaling  
   with respect to Machine Size: 
 
   GyroBohm Scaling ! 
 
 
 
       Not the End of Story … 

  
 


