
1

Introduction to Tokamak Core Turbulence

T.S. Hahm

Princeton University, Plasma Physics Laboratory

   U.S.A.

Acknowledgment:

Gyrokinetic Simulation Team at PPPL, UC Irvine,
P.H. Diamond,  TFTR Team, NSTX Team, DIII-D Team

Summer School on ITER Physics, 18 Juillet, Aix-en-Provence, France



2

Flux-Gradient Relation

Generalization of Fick’s Law:
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Outline

Properties of Tokamak Core Turbulence

Gyrokinetic Description of Microturbulence

Some Outstanding Confinement Physics Issues:
Ion Thermal Transport

 Electron Thermal Transport
Momentum Transport and Transport Barrier

Emphasis: Physics Mechanisms, Recent Progress
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TFTR         Fonck, Mazzucato, et al.

Vermare, et al., 2004
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k-spectra of tokamak micro-turbulence

kθ ρi ~ 0.1 - 0.2

-from Mazzucato et al., PRL '82 (µ-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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Cinématique Aspect de Gyrocinetique Théorie

GTC simulation of ITG Turbulence:  S. Ethier et al.
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Bad curvature or
Negative compressibility

> ρe              <  ω*pe
Electron Temp. G Mode

      Te

Trapped electron precession
resonance (coll-less)
Collisions btwn trapped and
passing e-s (dissipative)

∼ ρi               < ω*e
Trapped Electron Mode
  n   or   Te

Bad curvature or
Negative compressibility

> ρi                < ω*pi
Ion Temp. Grad. Mode
   Ti

Trapped ion precession
resonance (coll-less)
Collisions btwn trapped and
passing ions (dissipative)

∼ ρθ        ~  ω*e
Trapped Ion Mode
n, Te,
(ITG-TIM) Ti

Accessibility Mechanism
for Instability

Spatio-temporal Scales
(wavelength, frequency
direction, rough mag.)

Classification:
Free energy

Electrostatic Microinstabilities in Tokamaks
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Outline

Properties of Tokamak Core Turbulence

Gyrokinetic Description of Microturbulence

Some Outstanding Confinement Physics Issues:

Ion Thermal Transport
 Electron Thermal Transport

Momentum Transport and Transport Barrier

Emphasis: Physics Mechanisms, Recent Progress
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Ion Thermal Transport

* Better understood, compared to other transport channels
* In Aux-heated plasmas, typically   χ i >> χi,Neo   (cf. ITBs )
* Ion Temperature Gradient (ITG) Turbulence: Best Candidate
* With recent advances in gyrokinetic codes, simulation results begin
   to converge for simple cases, not only in numbers,
   but also in underlying physics.

The effective upshift
of onset condition
for large ion heat flux is
caused by Zonal flows
[Dimits et al., Phys. Plasmas, 2000]
from Cyclone project
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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

3

From GTC
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Basic Physics of a Zonal Flow

Drift wave
turbulence

Zonal flows

Shearing

Collisional
    flow 
damping

SUPPRESS

Nonlinear
   flow 
damping

energy

return

DRIVE

<vx vy>~~

!T, 

!n...

<vx p>
~~

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



Spectrum peak at GAMs, in addition to zero freq.,
are observed worldwide

22

See also other tokamaks (e.g., JIPP-TIIU, HT-7,….)

DIII-D
McKee

JFT-2M
Ido

ASDEX-U
Conway

0 0.006

1
S ZF

/ i

Hahm , et al., PPCF 00,

Characterization
from simulationTEXT(93)

Schoch

T-10
Vershkov

from APS-Review 2006, by K. Itoh

using Gyrokinetic
Toroidal Code
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Key Physics Mechanisms behind Size Scaling

• Global Toroidal ITG eigenmode
[Horton-Choi-Tang, PF ‘82] [Cowley-Kulsrud-Sudan, PF B’ 91]

[Romanelli-Zonca, PF B’ 93]

Bohm Scaling ?

• Self-regulation by Zonal Flows:
[Cast of Thousands][Review: Diamond et al., PPCF ‘05]

GyroBohm scaling ?

• Turbulence spreading
[Hahm, Diamond, Lin, et al., PPCF ‘04, PoP‘05]
[Chen, Zonca, White, PRL ‘04, PoP ‘05]
[Waltz et al., PoP ‘05] [Yagi, Itoh, Itoh et al., PPCF ‘06]

Deviation
from 
GyroBohm ?

[Lin, et al., PRL ‘02]
Density fluctuations from a GTC simulation
of a shaped plasma with typical DIII-D core
parameters
[W. Wang, et al., PoP `07]

t=150 vti/LT

t=210 vti/LT

t=1260 vti/LT
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q dependence of transport  from Zonal Flow behavior

0

0.05

0.1
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0.10.20.30.40.50.60.70.80.9

1

1.5

2

2.5

3

0 0.2 0.4 0.6 0.8 1

GAM
Stationary
Zonal Flows

q profiles

Heat Flux

Ip scaling of confinement:
one of the remaining puzzles of ion thermal transport

 Zonal flow characteristics depend on q values:

GAMs  can exist only in high q region.
In low q region, Stationary Zonal Flows persists.

GAMs are less effective in reducing turbulence
and transport than Stationary ZFs,
 due to its high frequency
[Hahm et al., PoP ‘99]

Transport is consequently lower for lower q value
from gyrofluid simulations [Miyato et al., IAEA ‘04]

Similar results from GK simulations
[Angelino et al., PPCF ‘06]

Experimental Relevance?
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Collisionality dependence of Ion Thermal Transport
Near ITG marginality, collisional damping
of zonal flow controls the transport.

[Lin, Hahm, Lee, Tang, and Diamond, PRL ‘99]

Transport increases with Ion
Collisionality.

On the other hand, trapped electron
response decreases with collisionality.

[D. Mikkelsen et al, IAEA ‘02, paper EX-P5-03]

Transport decreases with e- collisionality.

While some experiments [DIII-D, C-mod,
JET,…] report transport increase with
collisionality, further parameter scans are
required to identify the underlying physics
mechanisms
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Outline

Properties of Tokamak Core Turbulence

Gyrokinetic Description of Microturbulence

Some Outstanding Confinement Physics Issues:
Ion Thermal Transport

 Electron Thermal Transport
Momentum Transport and Transport Barrier

Emphasis: Physics Mechanisms, Recent Progress
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Electron Thermal  Transport is Anomalous

• ALL operational modes of tokamaks and STs have exhibited anomalous
electron thermal transport.

• There is evidence that electron temperature profiles are stiff
     in tokamaks:
          Perturbative Experiments (e.g., Heat Pulse Propagation)
          Apparent Heat Pinch in aux-heated plasmas

•  Possible theoretical candidates include:
–  Trapped Electron Mode (and ITG with trapped electrons)
–  Electron Temperature Gradient Mode
–  Magnetic Flutter
–  Something  other than Turbulence
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Trapped Electron Modes

• Can produce χe of experimental relevance when strongly turbulent.
• Electron heat transport in ASDEX-U ECH plasmas exhibits:
            Threshold behavior in agreement with TEM theory
            Dependence on R/LTe  ~  that of  γlin     [F. Ryter, PRL ‘05]

In JET, low-k fluctuation reduction 
accompanies electron thermal transport 
barrier formation via localized
electron heating  [G. Conway., PPCF ‘02]

From X-mode Reflectometry
Fluctuation propagates in
ω∗e   direction

               λ⊥   ∼ 11 cm

TEM ?



19

Radial Correlation Length of ETG Turbulence can exceed ρe

• To produce electron transport at the level of experimental relevance,
  radial correlation length has to be significantly enhanced over ρe

• Radially elongated streamers are observed from many simulations,
  but there’s no consensus on “enhancement factor of transport “ as yet

[Jenko et al., PoP ‘01]        [Lin et al., PoP ‘05]

It still needs to be demonstrated that
χe increases with radial size of eddys
 from nonlinear simulations.
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χe  anomalous, even when low-k fluctuations are stable

 Predominant Electron Heating
 via Energetic Particles in NSTX
--- ITER relevant

With low B and
large ρe,

ideal place
to look for
ETG streamers
with good
spatial resolution

Mazzucato, Park                    Stutman
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Reducing χe in Burning Plasmas

• Various transport channels behave differently in forming ITBs.
• In most cases, Electron heat ITBs are formed by localized electron heating on
RS plasmas [cf., JT-60U high triangularity, PS plasmas]

• The following stabilization mechanisms are likely to be ineffective in BP:
      Density peaking for ITG, ETG,…
      High Te/Ti for ETG (High Ti/Te for ITG )
      NBI-driven Flow Shear (?)

• q - profile control (eg., RS) remains effective in reducing
  electron heat transport in Burning Plasmas:

      Precession reversal of trapped particles
Suppression of ETG streamers
Stabilization of NTM
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Performance and Stability of RS plasmas
• BOX-type profiles and radially localized reduction of χe

in tokamak RS plasmas (JT-60U, DIII-D,…):
not ideal for performance
and macroscopic stability

RS and Shafranov-shift
do not always reduce χe
[TFTR, Mazzucato, PRL, ‘96]

        Is weak magnetic shear (in Hybrid scenario)
better for electron confinement?
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Outline

Properties of Tokamak Core Turbulence

Gyrokinetic Description of Microturbulence

Some Outstanding Confinement Physics Issues:
Ion Thermal Transport

 Electron Thermal Transport
Momentum Transport and Transport Barrier

Emphasis: Physics Mechanisms, Recent Progress
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Momentum Transport is important in ITER

Ince-Cushman & the ITPA Transport Physics Group

Empirical scaling [Rice, NF 2001] with
stored energy and Ip works.

But size scaling unknown:
             extrapolation to   ITER ?
Inter-machine comparisons underway.

• Plasma Rotation beneficial, not only for
ExB shear suppression of turbulence,
but also for stabilization of
Resistive Wall Modes.

• Will ITER have enough Wave and
Neutral Beam power
     to generate sufficient rotation?
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pinch is likely to be
inward for OH and
electron-heated plasmas

plasmas with strong ExB
shear, incl. H-mode,
ITB’s

Most likely to be relevant
for:

convective pinch-like
term (the TEP-like piece
is insensitive to mode
details)

residual stress driven by
ExB shear (or ∇Pi/ni and
velocity shear via radial
force balance)

Main consequence:

ballooning mode
structure causing finite
net parallel acceleration
over the flux surface

mean ExB shear shifting
fluctuations radially

Provided by:

curvature drift
over the flux surface

k|| over the spectral
width

Symmetry-breaking:

Net acceleration of
parallel flow:

Hahm, Diamond, Gurcan,
Rewoldt
 [Phys. Plasmas, July ‘07]

Gurcan, Diamond, Hahm, Singh
[Phys. Plasmas
14, 042306 ‘07]
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Issues in theory:

Electrostatic turbulence ---> momentum change within radius r.

Short mean free path “radiation hydrodynamics” )

Wave momentum influx ---> “plasma spin-up”

<VE>' can augment spin-up. Connects to [1].

[1] Gürcan Ö.D., Diamond P.H., Hahm T.S., et.al. Phys Plasmas, April, 2007

Intrinsic Rotation: A particle-quasiparticle approach

resonant particle momentum
flux  ()S,V)

wave momentum flux

Model sensitivity
Cross-phase for resonant and non-resonant particles
Wave momentum and momentum exchange (?!)

diffusive wave
momentum flux

Shear induced flux.

needs only :
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Poloidal Flows deviates from Neoclassical Prediction

Formation of ITBs (TFTR, JET) and L-H Transition (DIII-D) often initiate
with a sharp change in Uθ which is different from neoclassical theory
prediction.
Other possibilities include zonal flows driven by turbulence via
poloidal Reynolds stress: Πrθ = < Vruθ>:
Topic of active research in TH and EXPT, in the last decade.
JET [Crombe et al., PRL ‘05], DIII-D [Solomon et al., PoP ‘06]
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H-mode Transition

Mechanism sustaining H-mode [eg.,Burrell, PoP 97]:

We still lack quantitative predictions on:
Trigger, Power Threshold, Pedestal Width,…
ITER: tight margin on PLH
Hysteresis may help (eg., H-mode entry at low n,…)
but local prediction too optimistic ? [Lebedev-PHD ‘98 ]

Paradigm Extension:

S-curve at fixed r   ---> Flux Gradient Landscape
[Diamond et al., PRL ‘97]

Deterministic Theory ---> Probabilistic Theory
L-H transition probability [Itoh, Itoh, Fukuyama, Yagi]

Q

-∇T

Transport
Reduction

Pi peaking E x B Shear
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Remaining Issues

• Pedestal Physics:  no clear trend from empirical scalings

• L-H Power Threshold and Transition Physics:  not much theory insight

• Edge Localized Modes:  beyond mode identification

• Particle Pinch: quasi-linear prediction depends on collisionality, ηe, …  
equi-partition theory fits exps better (cf. RS plasmas)?

• Gyrokinetic Simulation of Momentum Transport

• Transport Control via Flow Shear  (IBW in upcoming Asian tokamaks?)

• Interactions among Different Topical Areas:

TAE, RS-AE,… :  Role in ITB Physics?

Turbulence Effects on NTM :  Nonlinear Threshold?
….



30

Rotation

MHD InstabilitiesEnergetic Particles Excitation

Er generation

Er induced
orbit distortion

MHD-induced
transport

Stabilization
of RWM,…

Braking via non-axi-symm. fields

Generation via
Maxwell stress

Rotation Plays a Central Role in Magnetic Confinement

Microturbulence

Generation via
Reynolds stress

ExB shear
suppression




