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The Plasma Microturbulence Project

A DOE, Office of Fusion Energy

Sciences, SCiDAC (Scientific
Discovery Through Advanced % P P P l

Computing) project (~2001-2004)

» devoted to studying plasma
microturbulence through direct

numerical sumulation D”’.D

NATIONAL FUSION FACILITY

» National Team (& four codes): S0 BGO
—  GA (Waltz, Candy)
— U. MD (Dorland)
— U. CO (Parker, Chen)
— UCLA (Lebeouf, Decyk)
— LLNL (Nevins P.1., Cohen, Dimits)

— PPPL (Lee, Lewandowski, Ethier,
Rewoldt, Hammett, ...)

— UCI (Lin)

» They’ve done all the hard work ...



Part 1. Intuitive picture of the ITG instability
-- based on analogy with Inverted pendulum / Rayleigh-Taylor
Instability
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“Bad Curvature” instability in plasmas
~ Inverted Pendulum / Rayleigh-Taylor Instability

Top view of toroidal plasma: Growth rate:

y /geff _ Vi _ W
L VRL JRL
Similar instability mechanism
in MHD & drift/microinstabilities

1/L = Vp/p in MHD,
oc combination of Vn & VT
in microinstabilities.

plasma = heavy fluid

TP t—, B ="light fluid”
~—_

2
l Ot = Vﬁ centrifugal force



The Secret for Stabilizing Bad-Curvature Instabilities

Twist in B carries plasma from bad curvature region
to good curvature region:

PURELY TOROIDAL B TWISTING E

/i GRAVITY
\ | i ERAVITY
Similar to how twirling a honey dipper can prevent honey from dripping.
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Spherical Torus has improved confinement and pressure
limits (but less room in center for coils)

Good Curvature

Bad Curvature

Magnetic Field Line

Tokamak



Understanding Turbulence That Affects the
Performance of Fusion Device

(Candy & Waltz, GA 2003)

Central temp ~ 10 keV ~ 108 K

Large temperature gradient
— turbulent eddies

— cools plasmas

— determines plasma size
needed for fusion ignition

Major progress in last decade:
detailed nonlinear simulations
(first 3-D fluid approximations,
now 5-D f(X;v;,v 1))

& detailed understanding
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Comprehensive 5-D computer simulations of core plasma turbulence being developed by

Plasma Microturbulence Project. Candy & Waltz (GA) movies shown: d3d.n16.2x_0.6_fly.mpg &

supercyclone.mpg, from http://fusion.gat.com/comp/parallel/gyro_gallery.html (also at

http://w3.pppl.gov/~hammett/refs/2004).
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Simple picture of reducing turbulence by
negative magnetic shear

Particles that produce an eddy tend to
follow field lines.

Reversed magnetic shear twists eddy in a
short distance to point in the ~"good
curvature direction".

Locally reversed magnetic shear naturally
produced by squeezing magnetic fields
at high plasma pressure: “"Second
stability" Advanced Tokamak or
Spherical Torus.

No Magnetic Shear

Shaping the plasma (elongation and
triangularity) can also change local
shear

"Normal" Magnetic Shear

Antonsen, Drake, Guzdar et al. Phys. Plasmas 96

! Negative Magnetic Shear
Kessel, Manickam, Rewoldt, Tang Phys. Rev. Lett. 94



Sheared flows can suppress or reduce turbulence

Most Dangerous Eddies: Sheared Eddies
Less effective Eventually break up

Transport long distances
In bad curvature direction

Sheared Flows

[

) 1
Biglari, Diamond, Terry (Phys. Fluids1990),
Carreras, Waltz, Hahm, Kolmogorov, et al.



Sheared ExB Flows can regulate or completely
SUPPIress turbulence (analogous to twisting honey on a fork)

Dominant nonlinear interaction
between turbulent eddies and
+0-directed zonal flows.

Additional large scale sheared zonal
flow (driven by beams, neoclassical)
can completely suppress turbulence

Waltz, Kerbel, Phys. Plasmas 1994 w/ Hammett, Beer, Dorland, Waltz Gyrofluid Egs., Numerical Tokamak Project, DoE Computational Grand Challenge



Fascinating Diversity of Regimes in Fusion Plasmas.
What Triggers Change? What Regulates Confinement?

TFTR

* Two regimes with very different confinement
for similar initial conditions and neutral beam heating

* Access depends on plasma heating and reducing
current density on axis

« Can we attribute a difference in turbulence to these
two different confinement regimes?

NB power High

Low

Transition
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R. Nazikian et al.



All major tokamaks show turbulence can be suppressed w/ sheared
flows & negative magnetic shear / Shafranov shift
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Internal transport barrier forms when the flow shearing rate dv,/dr > ~ the max linear
growth rate v, ™ of the instabilities that usually drive the turbulence.
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Shafranov shift A’ effects (self-induced negative magnetic shear at high plasma
pressure) also help reduce the linear growth rate.

Advanced Tokamak goal: Plasma pressure ~x 2, P oc pressure? ~x 4

fusion



Transition to Enhanced Confinement Regime is Correlated
with Suppression of Core Fluctuations in TFTR

* Theory predicts fluctuation suppression
' when rate of shearing (wg,g)

exceeds rate of growth (v;)

» Qutstanding issue:
Is suppression accompanied by
radial decorrelation?

] = oo
2.55 2.65 :gjbl_h@@@?

time [s]

» Similar suppression observed on JET (X-mode reflectometer)
and DIII-D (FIR Scattering)

Hahm, Burrell, Phys. Plas. 1995, E. Mazzucato et al., PRL 1996. %FELEEFHE&‘:EJEEU

R. Nazikian et al.



Improved Stellarators Being Built

Magnetic field twist and shear provided by external coils, not plasma currents.
More stable?

Computer optimized designs much better than 1950-60 slide rules?
Quasi-toroidal symmetry allows plasma to spin toroidally: shear flow
stabilization?

Coil 1

Front view




Part 2: Rigorous derivation of ITG growth rate &
threshold (in a simple limit) starting from the
Gyrokinetic Eq.
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