
Nonlinear Simulations of Drift-Wave Turbulence
in Alcator C-Mod H-mode Plasmas

D. R. Mikkelsen, G. Taylor, Princeton Plasma Physics Laboratory

 W. Dorland, University of Maryland

D. W. Ross, University of Texas

 M. Greenwald, C. Fiore, A. Hubbard, J. Irby, E. Marmar,
D. Mossessian, J. Rice, J. Terry, S. Wolfe

Massachusetts Institute of Technology

19th IAEA Fusion Energy Conference
Lyon, 14-19 October 2002



Overview
Linear microinstability theory in conflict with experiment. Expect
temperature gradient close to marginal stability, but C-Mod’s
measured temperature gradient exceeds the linear critical gradient.

Nonlinear simulations may be in agreement with experiment.
Zonal flows raise the effective critical LTi.
Transport increases slowly just above the linear critical gradient.

New results on the roles of non-adiabatic electrons and collisions.
Electron kinetic effects suppress the upshift for low n, but
High collisionality suppresses kinetic electron effects and transport.

‘Cyclone’ benchmarks used adiabatic electrons, and no collisions.
Cyclone results may not be applicable to low n plasmas.
»Most tokamaks may have a smaller nonlinear upshift than expected.

Effective critical gradient depends on the magnetic shear, 
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ˆ s .
Need MSE to constrain the experimental estimate of 
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Need to modify critical LTi of IFS-PPPL model

IFS-PPPL predicts Ti is near marginal stability, so
critical LTi and Tedge determine the core Ti .

Predictions use TRANSP's OH & ICRH profiles,
and measured Te, ne, and Zeff.

IFS-PPPL model successful w ith TFTR & JT-60U,
but typically not for C-Mod.

TRANSP Ti 
    Ti ~ Te 

Standard IFS-PPPL prediction
Multiply χ by 1/3 (standard LT)

Multiply χ by 1/15 (standard LT)

IFS-PPPL predict ions
ICRH,  EDA H-mode



GS2 Gyrokinetic Stability Code
• High-n gyrokinetic stability code; implicit, initial-value algorithm.

• Benchmarked against FULL code of Rewoldt and Tang; see
   Kotschenreuther, Rewoldt, Tang, Comp. Phys. Comm. 88,128, '95
   GS2 and FULL have comparable physics content.
   Arbitrary number of fully gyrokinetic ion species.
   Maxwellian or slowing down distributions.
   Non-adiabatic gyrokinetic electrons; trapped and passing.
   Fully electromagnetic, with dB||.
      (EM benchmark with FULL code: C. Bourdelle).
   Momentum conserving Lorentz collision operator.

• General geometry
      (Stellarator benchmark with FULL code: E. Belli).
   Can use Miller local equilibrium, or EFIT equilibrium.

• GS2 can do nonlinear calculations in flux-tube geometry.



Compare IFS/PPPL to Linear Simulations

• How accurate is the IFS/PPPL analytic fit for the critical R/LTi?
  Was based on simulations using circular magnetic surfaces.
  Employed many simulations over a 'typical' range of parameters.
  C-Mod's collisionality is above the range used for the fits.

• Compare to new GS2 runs (IFS/PPPL based on ancestor code).
  Directly calculate the critical R/LTi for C-Mod parameters.
  Include new shape parameters K, d; use higher collisionality.

Result: errors are generally 10-20%, but less accurate for Zeff~1.

Linear GS2 results are not consistent with experimental R/LT.

Look for nonlinear upshift of critical R/LTi caused by zonal flows.
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Use C-mod collisionality and geometry
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Non-circular geometry has smaller effect.

Need still more stabilization.

Expt.

GS2 simulations 
    Electrostatic
C-mod's q, shear, L
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Linear stability is far from experiment.
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Dilution by low Z impurities is stabilizing.

Lower magnetic shear is destabilizing.
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Nonlinear GS2 Simulations
Electrostatic nonlinear simulations
• Linear electromagnetic effects were found to be small.

Flux tube domain; approximately ‘square’ box at outer midplane.
Zeff = 1.0, electrons and deuterium.

Fully kinetic electrons and ions in standard simulations.
• Adiabatic electrons only in comparison runs.

C-Mod’s high collisionality used in standard simulations.
• Low collisionality only in comparison runs.

Wavenumber spectra have maximum kqri=0.5, maximum krri~3.
• Low resolution runs use 4 kq, 23 kr..
• High resolution runs have 7 kq, 71 kr.

Estimate of heat flux uncertainty uses Nevins’ ‘maximum tint’.
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IFS-PPPL model predicts a large power  for measured  R/L
T
.
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Linear critical R/L
T
 are at 3.6 and 4.5 (low/high shear).

Large upshift for high and low shear.

High-resolution simulations (filled) confirm trends.
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Kinetic electrons and collisions are important

Nonlinearly driven zonal flows cause upshift of the critical R/LTi.

Kinetic electron effects important if collisionality is low.
• Upshift largely disappears at lower collisionality.
• Similar collisionless result: Chen & Parker PoP 8 (2001) 2095.
• Trapped electrons raise growth rate; zonal flows stabilize only low g.
• Trapped electron nonlinearity (L. Chen, Hahm,…) plays a role?

Collisions can suppress electron kinetic effects, and reduce transport.
• Electron response is pushed toward adiabatic limit by collisions.
• High C-mod collisionality allows upshift due to zonal flows!

Z. Lin’s collisional, adiabatic-electron simulations were near threshold.
• Near-threshold collisionality dependence may not be typical.
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Lower ν
e
 plasmas have small Dimits shift?

5 times lower ν
i
 has little effect.

5 times lower ν
e
 increases the heat flux.

Increased flux is due to TEM effects?
Upshift much weaker in other tokamaks?!

Simulations with adiabatic electrons
incorrectly predict an upshift at low ν

e
?
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Stronger upshift with adiabatic electrons
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Kinetic electrons with high  ν
e
 approach 

the adiabatic limit, and recover an upshift.

5 times lower ν
i
 has modest effect.

Near threshold collisions increase transport,
 as reported by Z. Lin.
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Estimate of ion temperature gradient
Ion temperature measurements (spectroscopy and neutron rate)
confirm that Ti≈Te in the core, but cannot provide a useful estimate of
the ion temperature gradient since the data is of poor quality for r≥a/2.

CXRS Ti may be available in 2002 (Siberian DNB now operational).

We assume Ti and Te are nearly equal everywhere, and that LTi≈LTe.
This is supported by power balance calculations with 

† 

ci ª ce that
reproduce the observed central Ti≈Te.

The ECE emission measured by the MIT grating polychrometer (GPC)
is most suitable for estimating LTe in the plasma core.
The core and edge Thomson scattering systems align with GPC data.
Btor sweep for single channel estimate of LTe; agrees with profile and
this method has no dependence on absolute or relative calibration.

Time averages (±2 msec) of 20kHz GPC data give smooth profiles.
Fits to the data are differentiated to obtain Ro/LTe~ 6-8 @ r=0.56a


