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Multiscale Turbulence in Tokamaks 
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Outline 

Properties of Tokamak Core Turbulence 
Implications on Tokamak Confinement Scaling 

 
Self-organized Structures in Torus 
   
Radially Elongated Eddys 
    Zonal Flows 
   
Emphasis:  
Study of underlying Physics Mechanisms leading to 
Paradigm Shift 
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Outline 

Properties of Tokamak Core Turbulence 
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Microinstabilities in Tokamaks 

• Tokamak transport is usually anomalous,  even in the absence of 
large-scale magneto-hydro-dynamic (MHD) instabilities. 

• Caused by small-scale collective instabilities driven by gradients 
in temperature, density, … 

• Instabilities saturate at low amplitude due to nonlinear 
mechanisms 

• Particles E x B drift radially due to fluctuating electric field 
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Confinement gets worse with increasing Turbulence Level 

Global confinement scales with   
 turbulence level 
Equipe TFR & A. Truc, NF (1986) 
Brower NF (1987) TEXT 

Laviron et al., IAEA (1996) 
Zou et al., PRL  (1995) 
Hoang et al, Nuc. Fus. (1998) 

tcore 

Paul et al, PoF (1992) TFTR 
Durst et al,  PRL (1993) 

R=2.5m, a=0.89m 

L-mode 

Local confinement also scales 
with turbulence level 
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Tore Supra 
R=2.4m, a=0.7m 
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Amplitude of Tokamak Microturbulence 

• Relative fluctuation amplitude n / n0 at core typically 
less than 1% 

• At the edge, it can be greater than 10% 

• Confirmed in different machines using different 
diagnostics 
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k-spectra of tokamak micro-turbulence 

 
k  i ~ 0.1 - 0.2 
 
 
-from Mazzucato et al., PRL '82 ( -wave scattering on ATC) 
  Fonck et al., PRL '93  (BES on TFTR) 
 
-similar results from 
 
 TS, ASDEX, JET, JT-60U  and DIII-D 
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Properties of Tokamak Core Microturbulence 

• n / n0 ~ 1% 

• kr i ~ k  i ~ 0.1 - 0.2 

• k|| < 1/qR << k : Rarely measured 

•  - k  uE ~  ~ *pi: 

Broad-band  Strong Turbulence 

Sometimes Doppler shift dominates in rotating 
plasmas 

 from Measurements 
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Contours of Density Fluctuations Exhibit Turbulence Structure 

Fully Developed Ion Temperature Gradient (ITG) Driven Turbulence:   

from Gyrokinetic Particle Simulations by S. Ethier, W. Wang et al., 
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Outline 

Properties of Tokamak Core Turbulence 
 
 
 

 Implications on Tokamak Confinement Scaling  
   with respect to Machine Size  
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 Very rough estimation of the anomalous transport coefficient          

   using dimensional analysis based on  

 “Random Walk” argument 
TurbD

)(0 xn )(0 xn
t0t Each particles 

walk randomly in each 
                      direction 

x
tin 

Diffuse with a 
coefficient ~ tx /2

Since anomalous transport is caused by fluctuating          due to 

microinstabilities in plasmas, we can argue 
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It’s obvious that depending on the choice of         and      ,  

        scaling has many possibilities. 

If one takes a practical approach of using values of        and   

from experimental measurements, 

Then 

 

 

Since it’s reduced by a factor                        , “gyroBohm” scaling 

,       for drift waves,      for ITG turbulence, …so on 
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Then, 

xk yk
(where the spectrum 
                      peaks) 

:                is called the “Bohm” scaling. 
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While it’s more common to get “gyroBohm” scaling 

from simple local theory, most experiments in tokamaks exhibited 

results which are closer to “Bohm” scaling rather than “gyroBohm” 

scaling, especially for ion thermal transport (      ) in 

L-mode plasmas. It’s very important to achieve a thorough 

understanding of “size-scaling” of           , for 

prediction to larger devices in the future. 
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(                     integer) 

Then, what scales of      , and       can give us              ? 

“Bohm” came from experimental observations on very early 

basic devices (i.e., small). Then, even drift wave 

type instabilities have relatively low mode numbers. 

xk yk BohmD
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yy Mak ~
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ayx ,

a i100

yx , i

ayx ,

We learn that if                       (system size) 

      one can get “Bohm” scaling of transport. 

Then, what happens to present day larger tokamaks? say 

- From           B.E.S. 
             Microwave Scatt. 
                       etc. 

Eddy size ~             ~ several 

- From Nonlinear Gyrokinetic Simulations 
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 Toroidal Geometry, taking into account of  

         

 In the end, Self-Organization or Self-Regulation 

determines the spatial structure of tokamak micro-turbulence                          

 

So we want to know what physics mechanisms determine 

dominant         and            (eddy size to be more precise). 
x y
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“Nonlocal Analysis” is required to find 

                                             “spatial structure of micro-turburbulence.” 

Linear theory limit 

“eigenmode structure of 
                  microinstabilities” 
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If two coincide,                    . 

This radial location               is called the 

“mode rational surface.” 

but          has both 

       (toroidal) 

       (poloidal) 
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Radially Elongated Eddy is a Natural Structure

 
 
 
 
Radially elongated eddy 

 
 

          Streamers”  
 
Cf. This is a linear theory-based 
       simple illustration. 
Some strongly prefer “nonlinear“ explanation. 
 

r0

m0
  -3   -2    -1    j=0    1    2    3  

)(~ 1ar i

Since 
  
• Poloidal direction no longer symmetric in torus. 
 

• Poloidal harmonics couple to form a Global Eigenmode. 



Radially Elongated Eddys extract free energy efficiently, 
and minimize convective (vector) nonlinearity 

which increases with kr 
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From : 

Radially Elongated Eddys transport heat very efficiently ! : 

: Bohm ! 
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Partial Summary 

Radially Elongated Eddys (Streamers) can be formed in 
toroidal geometry and transport heat efficiently. 
 
---> Bohm Scaling of Confinement  ~  Experimental Trends  
 

    Why not sufficient ? 
 
Recall that from experimental measurements: 
 
Eddy size ~             ~ several 
  
 

iyx ,


